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ABSTRACT: Reactions of Re2(CO)8(μ-C6H5)(μ-H), 1, with
naphthalene and anthracene have yielded the first multiply-
CH activated arene products through the reductive elimi-
nation of benzene from 1 and multiple oxidative-additions of
the dirhenium octacarbonyl grouping to these polycyclic
aromatic compounds under very mild conditions. In addition,
compound 1 was found to react with itself to yield the bis-
Re2-metalated C6H4 bridged compound Re2(CO)8(μ-H)(μ-
1,μ-3-C6H4)Re2(CO)8(μ-H), 3. Reaction of 1 with naph-
thalene yielded two doubly CH activated isomers,
Re2(CO)8(μ-H)(μ−η2-1,2-μ−η2-3,4-C10H6)Re2(CO)8(μ-H), 4, 41% yield, and Re2(CO)8(μ-H)(μ−η2-1,2-μ−η2-5,6-C10H6)-
Re2(CO)8(μ-H), 5, via the mono CH activated intermediate Re2(CO)8(μ−η2-C10H7)(μ-H), 2. Compound 4 contains two
Re2(CO)8(μ-H) groups on one C6 ring formed by CH activations at the 2- and 4-positions. Compound 5 contains two
Re2(CO)8(μ-H) groups; one formed by CH activation at the 2-position on one C6 ring and the other formed by CH activation
at the 6-position (or centrosymmetrically related 2′-position) on the second C6 ring. The Re2(CO)8(μ-H) groups are
coordinated to the C6 rings by binuclear σ + π coordination to two adjacent carbon atoms in the rings. Compound 1 reacts with
anthracene to yield the mono-CH activated compound Re2(CO)8(μ−η2-1,2-C14H9)(μ-H), 6, and two doubly CH activated
compounds, Re2(CO)8(μ-H)(μ−η2-1,2-μ−η2-3,4-C14H8)Re2(CO)8(μ-H), 7, and Re2(CO)8(μ-H)(μ−η2-1,2-μ−η2-5,6-C14H8)-
Re2(CO)8(μ-H), 8. Compounds 7 and 8 are isomers that are structurally similar to 4 and 5. Compounds 7 and 8 can also be
obtained in good yields from the reaction of 6 with 1. In the presence of a 5/1 ratio of 1/anthracene, a small amount (5% yield)
of the tetra-substituted anthracene product [Re2(CO)8(μ-H)]4(μ−η2-1,2-μ−η2-3,4-μ−η2-5,6-μ−η2-7,8-C14H6), 9, was formed.
Compound 9 contains four σ + π coordinated Re2(CO)8(μ-H) groups formed by oxidative additions of the CH bonds of
anthracene to the Re2(CO)8 groups at the 2, 4, 6, and 8 positions of the three ring system. Molecular orbital calculations have
been performed for all new compounds in order to develop an understanding of the bonding of the ring systems to the
Re2(CO)8(μ-H) groups. All new compounds were characterized by single-crystal X-ray diffraction analyses.

■ INTRODUCTION

In 1965 Chatt and Davidson reported the first example of an
aromatic CH activation by the oxidative-addition one of the
CH bonds of the naphthalene ligand in the ruthenium complex
Ru(Me2PCH2CH2PMe2)2(η

2-C10H8) to the metal atom to
form the complex Ru(Me2PCH2CH2PMe2)2(η

1-C10H7)(H).
1

Today, the activation of aromatic CH bonds by metal
complexes has paved the way for the synthesis and
functionalization of a wide variety of organic compounds.2 It
has proven to be one of the great achievements of modern
organometallic chemistry.3

Despite being so widely studied, there are still very few
examples of multiple oxidative addition of CH bonds of
unsubstituted arenes to metal complexes.4 The reaction of
Os3(CO)10(NCMe)2 with C6H6 is known to yield the ortho-
dimetalated benzene or “benzyne” ligand complex
Os3(CO)9(μ3-η

2-C6H4)(μ-H)2 by the activation to two
adjacent CH bonds of the benzene molecule, Scheme 1.4a

We recently reported that a second triosmium carbonyl
cluster grouping could be added to the furyne ligand in the

triosmium cluster complex Os3(CO)9(μ3,η
2-C4H2O)(μ-H)2 to

form the bis-triosmium “furdiyne” complex Os3(CO)9(μ-
H)2(μ3-η

2-2,3-μ3-η
2-4,5-C4O)Os3(CO)9(μ-H)2 that has for-

mally undergone a total of four CH bond activations on the
one C4O ring. The furdiyne ligand serves as a bridge between
the two triosmium clusters, see Scheme 2.5
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In 1984, Nubel and Brown reported the synthesis of a
number of dirhenium octacarbonyl complexes containing
bridging alkenyl and hydride ligands from the reaction of
Re2(CO)10 with alkenes in the presence of UV−vis irradiation
by cleavage of a CH bond in the alkene.6 The reactions were
proposed to proceed through a light-induced radical pathway.
Later studies indicated that these photoreactions proceed by a
decarbonylation pathway.7 Studies of reactions of the
compound Re2(CO)8(thf)2 with alkenes and alkynes produced
similar products via low temperature thermal reactions that
involved facile loss of the labile thf ligands and were
accompanied by CH activation pathways.8

In recent studies, we have obtained the remarkable
dirhenium complex Re2(CO)8(μ-C6H5)(μ-H), 1, from the
reaction of Re2(CO)8(μ−η1-C6H5)(μ-AuPPh3) with HSnPh3,
Scheme 3.9 Compound 1 contains a bridging η1-phenyl ligand
and a bridging hydrido ligand across the one and only Re−Re
bond in the complex.
Interestingly, compound 1 reductively eliminates benzene

and readily reacts by CH activation with other arenes, e.g.,
naphthalene, and even benzene itself, to undergo arene
readdition by oxidative-addition, e.g., Re2(CO)8(μ−η2-
C10H7)(μ-H), 2, for naphthalene, Scheme 4.10 In 2016, the
mechanism for the binuclear oxidative addition of the
activation of an aromatic CH bond of benzene to the
dirhenium octacarbonyl grouping was established.10

In this Article, the first two examples of double CH
activations in naphthalene by two sequential oxidative
additions of the dirhenium complex 1 to its aromatic CH
bonds are presented. There are two isomers, Re2(CO)8(μ-
H)(μ−η2-1,2-μ−η2-3,4-C10H6)Re2(CO)8(μ-H), 4, and
Re2(CO)8(μ-H)(μ−η2-1,2-μ−η2-5,6-C10H6)Re2(CO)8(μ-H),
5. Compound 4 contains two Re2(CO)8 groups that are
coordinated in a σ−π fashion on one and the same ring of the
naphthalendiyl ligand, one at the 1,2-position and the other at
the 3,4-position. Compound 5 contains two σ−π coordinated
Re2(CO)8 groups, one on each of the two rings of the

naphthalendiyl ligand. Similar products were obtained for the
reaction of 1 with anthracene, but we have taken the reactions
of 1 with anthracene an important step further by adding four
Re2(CO)8 groups to it to yield the first quadruply-CH
activated anthracentetrayl complex [Re2(CO)8(μ-H)]4(μ−η2-
1,2-μ−η2-3,4-μ−η2-5,6-μ−η2-7,8-C14H6). A preliminary report
of this work has been published.11

■ RESULTS AND DISCUSSION
The simplest of these dirhenium multiple-metalation CH
activation reactions that we have studied is the self-
condensation of 1. When solutions of 1 in CH2Cl2 solvent
were heated to 40 °C for 24 h, two molecules of 1 were
combined with elimination of one equivalent of benzene to
yield the new tetrarhenium complex, Re2(CO)8(μ-H)(μ−η1-1-
μ−η1-3-C6H4)Re2(CO)8(μ-H), 3, in 51% yield, see Scheme 5.

The molecular structure of 3 was established crystallo-
graphically, and an ORTEP diagram of its structure is shown
in Figure 1. The complex contains two Re2(CO)8(μ-H)
groupings bridged by a single C6H4 ligand.
Each Re2(CO)8(μ-H) group in 3 is bridged by a single

carbon atom of the C6 ring; one at the C(1) position and the
other at the C(3) position. The Re2(CO)8(μ-H) groups are
canted toward opposite sides of the ring and give the molecule
and an overall approximate C2 symmetry. The Re−C bond
lengths are slightly different in length. The Re−C bond to the
metal atom that lies in the plane of the ring is significantly
shorter, Re(1)−C(1) = 2.224(4) Å, Re(4)−C(3) = 2.224(4)
Å, than those that are out of the plane of the ring, Re(2)−C(1)
= 2.417(4) Å, Re(3)−C(3) = 2.424(4) Å. The two Re−Re

Scheme 2. Schematic of the Synthesis of the Compound
Os3(CO)9(μ-H)2(μ3-η

2-2,3-μ3-η
2-4,5-C4O)Os3(CO)9(μ-H)2

from Os3(CO)9(μ3,η
2-C4H2O)(μ-H)2

Scheme 3. Schematic of the Synthesis of the Compound Re2(CO)8(μ-C6H5)(μ-H), 1

Scheme 4. Schematic of Benzene−Naphthalene Exchange
with Compound 1

Scheme 5. Schematic of the Synthesis of the Compound 3
from 1

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03201
Inorg. Chem. 2019, 58, 2109−2121

2110

http://dx.doi.org/10.1021/acs.inorgchem.8b03201
http://pubs.acs.org/action/showImage?doi=10.1021/acs.inorgchem.8b03201&iName=master.img-001.png&w=239&h=113
http://pubs.acs.org/action/showImage?doi=10.1021/acs.inorgchem.8b03201&iName=master.img-002.png&w=299&h=75
http://pubs.acs.org/action/showImage?doi=10.1021/acs.inorgchem.8b03201&iName=master.img-003.png&w=239&h=82


bonds are similar in length, Re(1)−Re(2) = 3.0046(2) Å,
Re(3)−Re(4) = 3.0240(2) Å and are similar to that found in 1,
Re−Re = 2.9924(3) Å.9 Each Re2 group contains a bridging
hydrido ligand, and the two hydrido ligands are equivalent by
the approximate C2 symmetry of the molecule, and they exhibit
one resonance at δ = −12.27, in the 1H NMR spectrum. The
C6H4 ring formally donates only one electron to each
HRe2(CO)8 grouping. As a result, each HRe2(CO)8 contains
only 32 valence electrons, which is two less than the number
required for an electronically saturated dinuclear metal
grouping, i.e., each HRe2(CO)8 grouping is electronically
unsaturated by the amount of two electrons. The C−C bond
distances involving the carbon atoms in the C6H4 ring that are
coordinated to a metal atom, C(1)−C(2) = 1.410(5) Å,
C(1)−C(6) = 1.431(5) Å, C(2)−C(3) = 1.421(5) Å, C(3)−
C(4) = 1.413(5) Å, are slightly longer than those that are not
bonded to a metal atom, C(4)−C(5) = 1.393(6) Å, C(5)−
C(6) = 1.367(6) Å. This may be caused by changes in the π-
bonding in the C6 ring due to the coordination to the metal
atoms. This is further illustrated by ADF molecular orbital
(MO) calculations, see Figure 2.
As expected, the 1H NMR spectrum of 3 exhibits three

resonances for C6H4 ring: δ = 8.68 (s,br, 1H), 8.08 (dd, 2H, 3J
= 7.2 Hz, 4J = 1.5 Hz), 7.08 (t, 1H, H5, 3J = 7.2 Hz). The
substantial deshielding is consistent with the presence of
considerable aromatic character.12 The 13C NMR spectrum
exhibits four resonances for the C6H4 ligand, δ = 175.59(1C),
147.18(2C), 128.88(1C), and 124.56(2C), see Figure S9 in
the Supporting Information. The resonance at 124.56 ppm is
assigned to the metalated carbon atoms C(1) and C(3) as
confirmed by their absence in a DEPT spectrum.
The reaction of 1 with naphthalene in a 3/1 ratio provided

two new compounds, which are isomers: Re2(CO)8(μ-
H)(μ−η2-1,2-μ−η2-3,4-C10H6)Re2(CO)8(μ-H), 4, 41% yield,
and Re2(CO)8(μ-H)(μ−η2-1,2-μ−η2-5,6-C10H6)Re2(CO)8(μ-
H), 5, 10% yield together with a 13% yield of compound 2.7

Both new products were also obtained in similar yields; 4, 47%

yield and 5, 8% yield from the reaction of 1 with 2.
Compounds 4 and 5 were both characterized structurally by
single-crystal X-ray diffraction analysis. Both compounds
contain two Re2(CO)8(μ-H) groupings coordinated to a
C10H6 naphthalendiyl ring system that was formed by the
activation of two CH bonds, one CH bond by each
Re2(CO)8(μ-H) grouping.
An ORTEP drawing of its molecular structure of 4 is shown

in Figure 3. Unlike compound 3, atoms C1−C2 of the
naphthalendiyl ligand are π-bonded to Re1 and atoms C3 and
C4 are π-bonded to Re3. C2 is σ-bonded to Re2 and C4 is σ-
bonded to Re4, which leads to the classical bridging η2−σ + π
coordination mode to each Re2 group as typically observed for
bridging alkenyl ligands, such as found in the compound
[Re2(CO)8[μ−η2-HCC(H)C4H9]2(μ4-Hg) that contains an

Figure 1. ORTEP diagram of the molecular structure of Re2(CO)8(μ-H)(μ-1,μ-3-C6H4)Re2(CO)8(μ-H), 3, showing 15% thermal ellipsoid
probability. Selected interatomic bond distances (Å) are as follow: Re(1)−Re(2) = 3.0046(2), Re(3)−Re(4) = 3.0240(2), Re(1)−H(1) = 1.85(5),
Re(2)−H(1) = 1.89(5), Re(3)−H(3) = 1.92(5), Re(4)−H(3) = 1.72(5), Re(1)−C(1) = 2.224(4), Re(2)−C(1) = 2.417(4), Re(3)−C(3) =
2.424(4), Re(4)−C(3) = 2.224(4), C(1)−C(2) = 1.410(5), C(2)−C(3) = 1.421(5), C(1)−C(6) = 1.431(5), C(3)−C(4) = 1.413(5), C(4)−
C(5) = 1.393(6), C(5)−C(6) = 1.367(6).

Figure 2. Selected molecular orbitals in compound 3 that show the
most significant amounts of the π-bonding in the C6 ring system. The
isovalue is 0.03. The MO name and its energy in eV are given under
the drawing of the corresponding orbital. Atom color code: orange =
Re, gray = C, red = O, white = H.
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η2−σ + π bridging alkenyl ligand to each Re2 group.
13 The CH

bonds were activated at the C2 and C4 positions on the same
ring in 4. Through this σ−π coordination, the naphthalendiyl
ligand donates three electrons to each HRe2(CO)8 grouping
and each Re2 group has a total of 34 electrons, which is in
accord with the 18 electron rule for each metal atom.
Accordingly, the Re−Re bonds in 4, Re(1)−Re(2) =
3.0433(2) Å and Re(3)−Re(4) = 3.0792(2) Å, are slightly
longer than the unsaturated Re−Re bond in 1, but they are
similar to that in 2, Re1−Re2 = 3.0531(3) Å, which has a
similar bridging η2−σ−π coordination for its naphthyl ligand.10

As found in naphthalene, the C1−C2 and the C3−C4 bond
distances, C(1)−C(2) = 1.398(5) Å, C(3)−C(4) = 1.411(5)
Å, in 4 are significantly shorter than the C(2)−C(3) =
1.476(5) Å distance.14 The corresponding distances in
naphthalene, the free molecule, are C(1)−C(2) = 1.365(4)
Å, C(3)−C(4) = 1.377(3) Å, and C(2)−C(3) = 1.425(3) Å.12

The shortness of the bonds in naphthalene at the C(1)−C(2)
and C(3)−C(4) positions is due to a partial localization of the
π-bonding at these sites. The corresponding C−C distances in
the uncoordinated ring in 4 are very similar to those in
naphthalene itself, C(5)−C(6) = 1.386(5) Å, C(6)−C(7) =
1.400(5) Å, C(7)−C(8) = 1.375(5) Å. The hydrido ligands in
4 are inequivalent, and two resonances were observed in its 1H
NMR spectrum, δ = −13.10 and −13.63.
As found in 2, the changes in ring bonding may be due to

changes in the π-bonding network in the ring system. This is
supported by geometry-optimized ADF DFT MO calculations,

which show changes in the π-bonding of the complex 4 vis-a-̀
vis that of the free molecule. Selected MOs for 4 and
naphthalene itself are shown in Figure 4. As can be seen, the π-

bonding in the rings in the HOMO of 4 contains a significant
contribution from the HOMO−1 of naphthalene. The
HOMO−1 of 4 includes a significant contribution from the
HOMO of naphthalene, i.e., the bonding of the Re2 groups to
the HOMO in naphthalene is slightly better than that to the
HOMO−1. The coordination of the Re2 groups significantly
distorts the π-bonding on the rings in the region of the metal−
carbon bonds in both the HOMO and HOMO−1 of 4. The
HOMO−LUMO gap in 4 is 2.77 eV, see Supporting
Information.
An ORTEP drawing of the molecular structure of 5 is shown

in Figure 5. The molecule is crystallographically centrosym-
metrical having Ci molecular symmetry in the solid state.
Atoms C1 and C2 of the naphthalendiyl ligand are η2−σ−π
bonded to Re1 and Re2 in the classical bridging σ−π
coordination mode as observed in 4, i.e., C1 and C2 are π-
bonded to Re1 and C2 is σ-bonded to Re2. Atoms C1i and C2i

are similarly η2−σ−π bonded to Re1i and Re2i. In this
compound the CH activations occurred on different rings of
the naphthalene, namely, the 2- and 6- positions. The
distribution of the C−C bond distances is similar to that
observed in 2 and 4, C(1)−C(2) = 1.406(5) Å, C(2)−C(3) =
1.450(5) Å, C(3)−C(4) = 1.363(5) Å with the uncoordinated
bond C(3)−C(4) being the shortest. The equivalent Re−Re
bonds in 5 are similar in length, Re(1)−Re(2) = 3.0431(2) Å,
to those in 4. The hydrido ligands in 5 are also equivalent, δ =
−12.66.
The nature of the bonding in the ring system in 5 was also

investigated by geometry-optimized ADF DFT MO calcu-
lations. The MOs that contain the greatest amounts of π-
bonding in the rings are the HOMO−10, HOMO−13,

Figure 3. ORTEP diagram of the molecular structure of
[Re2(CO)8(μ-H)](μ−η2-1,2-μ−η2-3,4-C10H6)[Re2(CO)8(μ-H)], 4,
showing 50% thermal ellipsoid probability. Selected interatomic
bond distances (Å) are as follow: Re(1)−Re(2) = 3.0433(2), Re(3)−
Re(4) = 3.0792(2), Re(1)−H(2) = 1.88(4), Re(2)−H(2) = 1.92(4),
Re(3)−H(4) = 1.78(4), Re(4)−H(4) = 1.88(4), Re(1)−C(1) =
2.526(3), Re(1)−C(2) = 2.474(3), Re(2)−C(2) = 2.201(3), Re(3)−
C(3) = 2.482(3), Re(3)−C(4) = 2.489(3), Re(4)−C(4) = 2.219(3),
C(1)−C(2) = 1.398(5), C(2)−C(3) = 1.476(5), C(3)−C(4) =
1.411(5), C(5)−C(6) = 1.386(5), C(6)−C(7) = 1.400(5), C(7)−
C(8) = 1.375(5).

Figure 4. Selected molecular orbitals for compound 4 (HOMO and
HOMO−1 on the left) and, for comparison, for naphthalene
(HOMO and HOMO−1 on the right) that show significant amounts
of the π-bonding in the ring systems. The isovalue is 0.05. The MO
name and its energy in eV are given under the drawing of the
corresponding orbital. Atom color code: orange = Re, gray = C, red =
O, white = H.
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HOMO−15, and the HOMO−20. These orbitals are shown in
Figure 6.
The π-bonding in the rings in the HOMO−10 of 5 is best

described as an admixture of the HOMO and HOMO−1 of
naphthalene, see Figure 4 for the latter MOs. The HOMO−13
of 5 is most closely related to the HOMO−1 of naphthalene.
The HOMO−15 of 5 is closely related to the HOMO−2 of

naphthalene, see Figure 6 for the latter MO, and the HOMO−
20 in 5 is very closely correlated to the HOMO−5 in
naphthalene. The HOMO−LUMO gap in 5 is 2.76 eV.
Anthracene has been one of the most difficult ring systems

to engage in CH activation by oxidative-addition to metal
complexes. Jones has attributed this to strong η2-C−C
coordination of the rings to metal atoms.15 However, the
reaction of Re2(CO)8(μ-C6H5)(μ-H), 1 with anthracene,
C14H10, in a 1/2 ratio proceeds smoothly in CH2Cl2 solvent
at reflux (15 h) to give the new compound Re2(CO)8(μ−η2-
C14H9)(μ-H), 6, in 73% yield by reductive-elimination of
benzene from 1 and the oxidative-addition of the CH bond at
the 2-position of the anthracene to the two rhenium atoms of
1. An ORTEP diagram of the molecular structure of 6 is shown
in Figure 7.
Compound 6 contains a bridging η2-anthracenyl, η2-C14H9,

ligand across the Re−Re bond of a Re2(CO)8(μ-H) group in
the classical σ−π coordination mode as previously observed for
the structure of 2.13 The mechanism of CH activation is
believed to be similar to that which was determined for the
formation of 2. The C(1)−C(2) bond in 6 is π-bonded Re(1),
Re(1)−C(1) = 2.571(3) Å and Re(1)−C(2) = 2.431(4) Å.
Atom C(2) is σ-bonded to Re(2), Re(2)−C(2) = 2.205(4) Å.
The C(1)−C(2) distance, 1.389(5) Å, is similar to that found
in 2, C(1)−C(2) = 1.403(6) Å. The C2−C3 and C3−C4
distances are long and short, C(2)−C(3) = 1.472(5) Å, C(3)−
C(4) = 1.337(5) Å, as found in 2 and in anthracene itself,
1.428(1) and 1.361(1) Å, respectively.16 The Re−Re bond
distance, Re(1)−Re(2) = 3.0450(3) Å, is also very similar to
that found in 2, Re(1)−Re(2) = 3.0531(3) Å. The bridging
hydrido ligand was located and refined in the analysis, δ =
−13.02. We believe that the ability of the dinuclear Re2 group
to engage in π-bonding to complement the Re−C σ-bonding
permits sufficient supplementary stabilization of the complex

Figure 5. ORTEP diagram of the molecular structure of [Re2(CO)8(μ-H)](μ−η2-1,2-μ−η2-5,6-C10H6)[Re2(CO)8(μ-H)], 5, showing 50% thermal
ellipsoid probability. Selected interatomic bond distances (Å) are as follow: Re(1)−Re(2) = 3.0431(2), Re(1)−H(2) = 1.93(4), Re(2)−H(2) =
1.87(4), Re(1)−C(1) = 2.578(3), Re(1)−C(2) = 2.448(3), Re(2)−C(2) = 2.201(3), C(1)−C(2) = 1.406(5), C(2)−C(3) = 1.450(5), C(3)−
C(4) = 1.363(5).

Figure 6. Selected molecular orbitals in compound 5 (center and left-
hand side) and, for comparison, the naphthalene (HOMO−2 and
HOMO−5, far right-hand side) that show significant contributions of
π-bonding in the ring systems. The isovalue is 0.05. The MO name
and its energy in eV are given under the drawing of the corresponding
orbital. Atom color code: orange = Re, gray = C, red = O, white = H.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03201
Inorg. Chem. 2019, 58, 2109−2121

2113

http://dx.doi.org/10.1021/acs.inorgchem.8b03201
http://pubs.acs.org/action/showImage?doi=10.1021/acs.inorgchem.8b03201&iName=master.img-008.jpg&w=320&h=252
http://pubs.acs.org/action/showImage?doi=10.1021/acs.inorgchem.8b03201&iName=master.img-009.jpg&w=239&h=210


to drive the reaction through the CH activation step to yield
the isolable the product 6. Complexes containing only one
metal atom will not get this additional form of π-stabilization.11

MO calculations support this notion. The HOMO of 6 and the
HOMO of anthracene, the free molecule, are shown side by
side in Figure 8. It can be seen that the π-bonded HOMO of
anthracene serves as the basis for the π-bonding in the region
of the rings in the HOMO of 6. The nature of the σ-bonding of
ring atom C2 to the Re2 group is shown in the HOMO−8 of 6,
also shown in Figure 8. This orbital is strongly correlated to
the σ-bonding HOMO−6 of anthracene. Other MOs of
anthracene are supplied in the Supporting Information.
A most interesting property of the reaction of anthracene

with 1 is that one can add two equivalents of 1 to the
anthracene by a series of two CH activations to yield
complexes similar to those obtained from the reaction of 1
with naphthalene. The reaction of 1 with anthracene, C14H10,
in a 3/1 ratio yielded the new compounds: Re2(CO)8(μ-

H)(μ−η2-1,2-μ−η2-3,4-C14H8)Re2(CO)8(μ-H), 7, 24% yield
and Re2(CO)8(μ-H)(μ−η2-1,2-μ−η2-5,6-C14H8)Re2(CO)8(μ-
H), 8, 47% yield together with a small amount of 6 in 13%
yield. Compounds 7 and 8 are isomers containing two
Re2(CO)8(μ-H) groupings, which differ by the identity of
the CH bonds on the anthracene molecule, which have been
activated to form them. Compounds 7 and 8 can also be
obtained in 28% yield and 43% yield, respectively, from the
reaction of 6 with 1. Compounds 7 and 8 were both
characterized structurally by single-crystal X-ray diffraction
analyses.
An ORTEP diagram of the molecular structure of 7 is shown

in Figure 9. Compound 7 contains two Re2(CO)8(μ-H)
groupings on one and the same external C6H4 ring of the
anthracene molecule by CH activation oxidative additions at
the 2- and 4-positions. The molecule is very similar to 4 except
for the replacement of the doubly metalated naphthalen-2,4-
diyl group by the three ring anthracen-2,4-diyl ligand. The

Figure 7. ORTEP diagram of the molecular structure of Re2(CO)8(μ-H)(μ−η2-1,2-C14H9), 6, showing 25% thermal ellipsoid probability. Selected
interatomic bond distances (Å) are as follow: Re(1)−Re(2) = 3.0450(3), Re(1)−H(2) = 1.84(5), Re(2)−H(2) = 1.76(5), Re(1)−C(2) =
2.431(4), Re(1)−C(1) = 2.571(3), Re(2)−C(2) = 2.205(4), C(1)−C(2) = 1.389(5), C(1)−C(11) = 1.446(5), C(2)−C(3) = 1.472(5), C(3)−
C(4) = 1.337(5), C(4)−C(12) = 1.429(5), C(11)−C(12) = 1.423(5), C(5)−C(6) = 1.348(7), C(5)−C(14) = 1.421(5), C(6)−C(7) = 1.403(7),
C(7)−C(8) = 1.354(6), C(8)−C(13) = 1.427(5), C(9)−C(11) = 1.380(5), C(9)−C(13) = 1.396(5), C(10)−C(12) = 1.386(5), C(10)−C(14) =
1.395(6), C(11)−C(12) = 1.423(5), C(13)−C(14) = 1.421(6).

Figure 8. Selected molecular orbitals for compound 6 (HOMO far left and HOMO−8 second from right) and for anthracene (HOMO second
from left and HOMO−6 far right). The isovalue is 0.05. The MO name and its energy in eV are given under the drawing of the corresponding
orbital. Atom color code: orange = Re, gray = C, red = O, white = H.
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Re2(CO)8(μ-H) groupings in 7 are inequivalent, and two
resonances are shown for the two hydrido ligands, δ =
−13.15(s) and −13.68(s), in its 1H NMR spectrum. The two
π-coordinated C−C bonds, C(1)−C(2) = 1.383(9) Å and
C(3)−C(4) = 1.403(8) Å are slightly longer than those in
anthracene itself, 1.361(3) Å,16 but are similar to the π-
coordinated C−C bonds in 4. Due to a decrease in π-bonding
between C(2)−C(3) because of the coordination of the two
neighboring C−C bonds, the C(2)−C(3) bond is the longest
of all, 1.474(8) Å; however, the hydrogen atoms on atoms C1
and C3 remain highly deshielded in the 1H NMR spectrum of
7, δ = 7.02 (s) and 7.43 (s), respectively.
ADF DFT molecular orbital calculations were also

performed on a geometry-optimized structure of 7. The

HOMO of 7 correlates favorably with the HOMO of
anthracene and shows the nature of the π-bonding in the
anthracendiyl ligand with the two Re2(CO)8(μ-H) groupings
to the one ring, see Figure 10. The HOMO−16 of 7 shows
Re−C σ-bonding from the ring to Re(2) and Re(4). This
orbital compares favorably to the σ-bonding HOMO−17 of
anthracene shown to the right of it in Figure 10.
An ORTEP diagram of the molecular structure of 8 is shown

in Figure 11. Compound 8 contains two Re2(CO)8(μ-H)
groupings on the external C6H4 rings on opposite sides of the
anthracene molecule. It is similar to 5, except for the
anthracen-2,2′-diyl group located between the two
Re2(CO)8(μ-H) groupings. Similar to 5, compound 8 is also
crystallographically centrosymmetrical. CH activations oc-
curred at the 2- and 6-positions of the anthracene molecule.
The Re2(CO)8(μ-H) groupings in 8 are equivalent, and only
one resonance, a singlet at δ = −12.95, is observed for the
hydrido ligands in its 1H NMR spectrum. The Re−Re bond
distance, Re(1)−Re(2) = 3.0543(18) Å, is similar to those in
5, 6, and 7. Atoms C1 and C2, C(1)−C(2) = 1.404(4) Å are
π-coordinated to Re1, which lies out of the plane of the ring
system, Re(1)−C(1) = 2.520(3) Å, Re(1)−C(2) = 2.456(3)
Å. Atom Re2 is σ-bonded to C2 at a much shorter Re−C bond
distance, Re(2)−C(2) = 2.186(3) Å and lies in the plane of the
rings. Because of differences in their C−C π-bonding, the
uncoordinated C−C bonds on the metalated rings are quite
different in length as expected, C(2)−C(3) = 1.460(4) Å and
C(3)−C(4) = 1.358(4) Å, but these distances are similar in
length to those found in 5.
An ADF DFT molecular orbital analysis of 8 was also

performed. Selected bonding MOs for 8 that show the nature
of the bonding of the two Re2 groups to the anthracen-2,2′-diyl
ligand are shown in Figure 12. The arrangement of the ring
atomic orbitals in the HOMO of 8 are very closely related to
those in the HOMO of anthracene (see Figure 8) and shows
the nature of the η2−π bonding interactions of the two
equivalent Re(1) atoms to the rings. The HOMO−6 exhibits
an important component of the Re2 to C2 σ-bonding. The
HOMO−11 and HOMO−15 both show combinations of
Re(2)−C(2) σ-bonding and Re(1) to C(1)−C(2) π-bonding
interactions.
When compound 7 was heated to 40 °C for 40 h, small

amounts of 8 were formed, but the principal products were 6,
anthracene, and Re2(CO)10, presumably by reductive-elimi-
nations of the CH bonds from the “Re2(CO)8” grouping(s)
that led to these decomposition products.

Figure 9. ORTEP diagram of the molecular structure of
[Re2(CO)8(μ-H)](μ−η2-1,2-μ−η2-3,4-C14H8)[Re2(CO)8(μ-H)], 7,
showing 25% thermal ellipsoid probability. Selected interatomic
bond distances (Å) are as follow: Re(1)−Re(2) = 3.0566(4), Re(1)−
H(2) = 1.92(7), Re(2)−H(2) = 1.65(8), Re(3)−H(4) = 1.81(6),
Re(4)−H(4) = 1.80(6), Re(1)−C(1) = 2.500(6), Re(1)−C(2) =
2.463(6), Re(2)−C(2) = 2.202(6), Re(3)−Re(4) = 3.0484(3),
Re(3)−C(3) = 2.519(6), Re(3)−C(4) = 2.462(6), Re(4)−C(4) =
2.217(5), C(1)−C(2) = 1.383(9), C(1)−C(11) = 1.459(8), C(2)−
C(3) = 1.474(8), C(3)−C(4) = 1.403(8), C(4)−C(12) = 1.470(8),
C(11)−C(12) = 1.428(8).

Figure 10. Selected MOs: HOMO (far left side) and HOMO−16 (second from the right side) for compound 7 and the HOMO (second from the
left side) and HOMO−17 (far right side) for the anthracene ring system. The MO name and its energy in eV are given under the drawing of the
corresponding orbital. The isovalue is 0.05. Atom color code: orange = Re, gray = C, red = O, white = H.
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The most interesting and unexpected of all of the multiply-
CH activated compounds is the quadruply metalated
compound [Re2(CO)8(μ-H)]4(μ−η2-1,2-μ−η2-3,4-μ−η2-5,6-
μ−η2-7,8-C14H6), 9, which was obtained in only 5% yield
from the reaction of 1 with anthracene in a 5/1 ratio after 24 h
at 40 °C in methylene chloride solvent. Significant amounts of
7, 24% yield, and of 8, 33% yield, were also obtained from this
reaction. The molecular structure of 9 was confirmed by a
single-crystal X-ray diffraction analysis and an ORTEP diagram
of its molecular structure is shown in Figure 13. Compound 9
contains four Re2(CO)8(μ-H) groupings on the two external
C6H4 rings of the bridging anthracen-2,2′,4,4′-tetrayl ligand
with two Re2(CO)8(μ-H) groupings on each ring. Like 8,
compound 9 is also crystallographically centrosymmetrical in
the solid state. CH bond activations occurred at the 2-, 2′-, 4-,
and 4′-positions of the anthracene molecule. One half of the
molecule is very similar to that of 7, which has CH bond
activations at the 2-,4-positions on a single ring. One can then
generate the second half of the molecule by adding a center of
symmetry. The four Re2(CO)8(μ-H) groups are grouped into

two equivalent sets. Each set exhibits a single resonance for its
equivalent hydrido ligands that bridge the Re−Re bonds, δ =
−13.04 (s, 2H) and −13.64 (s, 2H). The Re−Re bond
distances in the two sets are similar, Re(1)−Re(2) = 3.0393(4)
Å, Re(3)−Re(4) = 3.0221(4) Å, and similar to those in 7 and
8. Each Re2(CO)8(μ-H) group is σ−π coordinated to a pair of
carbon atoms in the ring system. Re(1) is π-bonded to C(1)
and C(2), Re(1)−C(1) = 2.520(7) Å and Re(1)−C(2) =
2.429(6) Å; Re(3) is π-bonded to C(3) and C(4), Re(3)−
C(3) = 2.543(7) Å, Re(3)−C(4) = 2.438(7) Å. Re(2) and
Re(4) are σ-bonded to C(2) and C4, respectively, with much
shorter Re−C bond distances, Re(2)−C(2) = 2.202(6) Å and
Re(4)−C(4) = 2.216(7) Å. The π-coordinated C−C bonds
are similar in length, C(1)−C(2) = 1.388(9) Å, C(3)−C(4) =
1.417(9) Å to those in 7 and 8. The uncoordinated C−C
bond, C(2)−C(3), is very long at 1.472(10) Å, as expected,
due the diminished C−C π-bonding between these atoms.
An ADF DFT molecular orbital analysis of 9 was performed,

and selected bonding MOs for 9 are shown in Figure 14. The
ring orbitals in the HOMO of 9 are most closely related to the

Figure 11. ORTEP diagram of the molecular structure of [Re2(CO)8(μ-H)](μ−η2-1,2-μ−η2-5,6-C14H8)[Re2(CO)8(μ-H)], 8, showing 50%
thermal ellipsoid probability. Selected interatomic bond distances (Å) are as follows: Re(1)−Re(2) = 3.0543(18), Re(1)−H(2) = 1.88(6), Re(2)−
H(2) = 1.85(6), Re(1)−C(2) = 2.456(3), Re(1)−C(1) = 2.520(3), Re(2)−C(2) = 2.186(3), C(1)−C(2) = 1.404(4), C(2)−C(3) = 1.460(4),
C(3)−C(4) = 1.358(4).

Figure 12. Selected MOs for compound 8 with their energies. The MO name and its energy in eV are given under the drawing of the
corresponding orbital. The isovalue is 0.05. Atom color code: orange = Re, gray = C, red = O, white = H.
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HOMO−1 of anthracene itself (see Supporting Information).
This MO shows the nature of the π-bonding of the Re(1)
atoms to the C(1) and C(2) carbon atoms. The ring orbitals in
the HOMO−1 of 9 are most closely related to the HOMO of
anthracene and show the nature of the π-bonding of the Re(3)
atoms to the C(3) and C(4) carbon atoms. The HOMO−5

shows σ-bonding between the metal atoms Re(2), Re(2i),
Re(4), and Re(4i) and their attached carbon atoms C(2),
C(2i), C(4), and C(4i). The ring component of the HOMO−5
is most closely related to the σ-bonding HOMO−14 orbital in
anthracene itself, see Supporting Information. The lower lying
HOMO−16 of 9 shows some of the Re−C σ-bonding

Figure 13. ORTEP diagram of the molecular structure of [Re2(CO)8(μ-H)]4(μ−η2-1,2-μ−η2-3,4-μ−η2-5,6-μ−η2-7,8-C14H6), 9, showing 30%
thermal ellipsoid probability. Re(1)−Re(2) = 3.0393(4), Re(1)−H(2) = 1.80(2), Re(2)−H(2) = 1.80(2), Re(3)−H(4) = 1.78(4), Re(4)−H(4) =
1.88(4), Re(1)−C(1) = 2.520(7), Re(1)−C(2) = 2.429(6), Re(2)−C(2) = 2.202(6), Re(3)−Re(4) = 3.0221(4), Re(3)−C(3) = 2.543(7),
Re(3)−C(4) = 2.438(7), Re(4)−C(4) = 2.216(7), C(1)−C(2) = 1.388(9), C(1)−C(11) = 1.445(9), C(2)−C(3) = 1.472(10), C(3)−C(4) =
1.417(9), C(4)−C(12) = 1.479(9), C(11)−C(12) = 1.424(9).

Figure 14. Drawing of the geometry-optimized structure (upper left corner) and selected molecular orbitals for compound 9. The isovalue is 0.05.
The MO name and its energy in eV are given under the drawing of the corresponding orbital. Atom color code: orange = Re, gray = C, red = O,
white = H.
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character to Re(2)−C(2), Re(2i)−C(2i), Re(4)−C(4), and
Re(4i)−C(4i). This orbital contains a significant amount of
Re−C σ-bonding character and is strongly correlated to the σ-
bonding HOMO−17 of the anthracene molecule, which is
displayed in Figure 10. There is relatively little π-bonding to
the metal atoms Re1 and Re3 in this orbital. The HOMO−28
shows σ-bonding interactions of Re(2) and Re(2i) with atoms
C(2) and C(2i). The ring orbitals in this orbital correspond
nicely with the σ-bonding HOMO−6 of anthracene (shown in
Figure 8). The HOMO−LUMO gap for 9 is 2.47 eV.

■ SUMMARY AND CONCLUSIONS

A summary of the reactions and products described in this
Article are shown in Schemes 5−7. Compound 1 was found to
react with itself by the elimination of one equivalent of
benzene to yield the doubly metalated compound 3 having
meta-related Re2(CO)8H groups. The reaction of 2 with 1
yielded two isomers of doubly CH-activated naphthalene
complexes 4 and 5. Compound 4 contains two σ−π
coordinated Re2(CO)8 groups on one and the same ring of
the naphthalendiyl ligand, one at the 1,2-position and the other
at the 3,4-position. Compound 5 contains two σ−π
coordinated Re2(CO)8H groups, one on each of the rings of
the naphthalene ligand at the 1,2- and 5,6-positions of the
naphthalendiyl ligand.
Compound 1 reacts with anthracene to yield the mono-CH

activated compound 6, Scheme 7, but the reaction also yielded
two doubly-CH activated products, 6 and 7, that are similar to
4 and 5 and a small amount of the tetra-CH activated product

9 containing an anthracentetrayl ligand when there is a
sufficient excess of 1 in the reaction mixture.
All of the multiply metalated polycyclic aryl complexes

exhibit strong σ-bonding to the metal atoms at the CH
activation sites with important supplementary π-bonding
interactions to the second metal atom in each Re2 group.
We believe that the ability of the dinuclear Re2 group to engage
in π-bonding, particularly in the anthracene derived products,
to complement the Re−C σ-bonding that adds sufficient
supplementary stabilization to the complex to drive through
the CH activation step to yield the isolable the anthracenyl
products. This type of supplementary π-bonding is not
available to mononuclear metal complexes.15 Interestingly,
the doubly metalated benzene complex 3 does not show
significant η2−π bonding of the ring to the Re2 groups. The
lack of π-bonding to the metal atoms in 3 may be due to a
greater degree of π-delocalization on the single C6 ring of
benzene compared to the polycyclic ring systems. The
supplementary π-bonding provided by the polycyclic ring
compounds brings the valence electron count for the Re2
groups up to 34 electrons in accord with an 18 electron
configuration for each metal atom, whereas the lack of π-
bonding to the metal atoms in 3 leaves the Re2 group with only
32 electrons, and they are formally electronically unsaturated.
It is anticipated that multiple aromatic CH activation products
as represented by compounds 2−5 and 7−9 will open the door
to new pathways for the “multiple” functionalization of
aromatic ring systems.

Scheme 6. Schematic of the Reactions of 2 with Naphthalenea

aThe heavy blue lines show the locations of the Re−C σ-bonds. The CO ligands are represented as lines from the Re atoms.

Scheme 7. Schematic of the Reactions of 1 with Anthracenea

aThe heavy blue lines show the locations of the Re−C σ-bonds. The CO ligands are represented as lines from the Re atoms.
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■ EXPERIMENTAL DETAILS
General Data. All reactions were performed under a nitrogen

atmosphere by using the standard Schlenk glassware techniques.
Reagent grade solvents were dried by the standard procedures and
were freshly distilled prior to use. Infrared spectra were recorded on a
Nicolet IS10 Midinfrared FT-IR spectrophotometer. 1H NMR and
13C NMR were recorded on a Bruker Advance III-HD spectrometer
operating at 300 and 400 MHz, respectively. Mass spectrometric
(MS) measurements performed by a direct-exposure probe by using
electron impact ionization (EI) were made on a VG 70S instrument.
Re2(CO)10 obtained from STREM and naphthalene and anthracene
obtained from Sigma-Aldrich were used without further purification.
Re2(CO)8(μ-C6H5)(μ-H), 1, was prepared according to the
previously reported procedure.9 Re2(CO)8(μ-H)(μ−η2-1,2-C10H7),
2, was synthesized as previously reported.10 Product separations were
performed by TLC in air on Analtech 0.25 and 0.5 mm silica gel 60 Å
F254 glass plates. X-ray intensity data for the structural analyses were
measured by using a Bruker SMART APEX CCD-based diffrac-
tometer or on a Bruker D8 QUEST diffractometer equipped with a
PHOTON-100 CMOS area detector and an Incoatec microfocus
source using Mo Kα radiation (λ = 0.71073 Å). Crystallographic data
including CCDC deposit numbers and a summary of the results of the
refinements are presented in Table S1.
Preparation of [Re2(CO)8(μ-H)](μ-1,μ-3-C6H4)[Re2(CO)8(μ-H)],

3.8 A 25.0 mg (0.0371 mmol) amount of 1 was dissolved in 1.6 mL of
CD2Cl2 in a 5 mm NMR tube. The NMR sample was evacuated and
filled with N2 gas. The NMR sample was then heated to 40 °C for 24
h. A 1H NMR spectrum obtained after this period showed new
hydride resonance at δ = −12.27. The contents of the tube were then
put into a flask, and the solvent was removed in vacuo. The residue
was extracted in CH2Cl2 and then separated by TLC by using hexane
to give a yellow band of 12.0 mg of [Re2(CO)8(μ-H)](μ-1,μ-3-
C6H4)[Re2(CO)8(μ-H)], 3, 51% yield. Spectral data for 3: IR νCO
(cm−1 in CH2Cl2): 2107(w), 2085(m), 2020(vs), 1993(sh),
1969(sh), 1958(s). 1H NMR (CD2Cl2, δ in ppm) 8.68 (s, br, 1H),
8.08 (dd, 2H, 3J = 7.2 Hz, 4J = 1.5 Hz), 7.08 (t, 1H, H5, 3J = 7.2 Hz),
−12.27 (s, 2H, hydride). 13C NMR (CD2Cl2, 100.66 MHz,δ in ppm):
186.28, 184.47, 184.11, 180.94, 175.59, 147.18, 128.88, and 124.56.
13C NMR (CD2Cl2, DEPT, 100.66 MHz, δ in ppm): 175.59, 147.18,
and 128.88. Mass Spec. EI/MS m/z: 1272. Elemental analysis:
Calculated for Re4O16C22H6: C, 20.79%; H, 0.48%. Found: C,
21.68%; H, 0.47%.
Reaction of 1 with Naphthalene. A 50.0 mg (0.074 mmol)

amount of 1 and 3.0 mg (0.0234 mmol) of naphthalene, C10H8, were
dissolved in 1.6 mL of CD2Cl2 in a 5 mm NMR tube. The NMR
sample was evacuated and filled with nitrogen. The sample was then
heated to 40 °C for 24 h. A 1H NMR spectrum obtained after this
period showed new hydride resonances. The contents were then put
into a flask, and solvent was removed in vacuo. The residue was
extracted in CH2Cl2 and separated by TLC by using hexane to give a
yellow band of 20.0 mg of [Re2(CO)8(μ-H)](μ−η2-1,2-μ−η2-3,4-
C10H6)[Re2(CO)8(μ-H)], 4, 41% yield, as major product and yellow
band of 5.0 mg of [Re2(CO)8(μ-H)](μ−η2-1,2-μ−η2-5,6-C10H6)-
[Re2(CO)8(μ-H)], 5, 10% yield, along with 3.0 mg of compound 3,
6% yield, and 7.0 mg of known compound Re2(CO)8(μ-H)(μ−η2-1,2-
C10H7), 2, 13% yield. Spectral data for 4: IR νCO (cm−1 in CH2Cl2):
2108(m), 2084(s), 2023(vs), 1991(sh), 1976(s), 1959(sh). 1H NMR
(CD2Cl2, δ in ppm) 8.19−8.22 (m, 1H), 7.81−7.84 (m, 1H), 7.62−
7.65 (m, 2H), 7.52 (d, 1H, 4J = 1.5Hs), 6.90 (s,br, 1H), −13.10 (s,
1H, hydride), and −13.63 (s, 1H, hydride). Mass Spec. EI/MS m/z:
1322, M+, 1238, M+ − 3CO. Spectral data for 5: IR νCO (cm−1 in
CH2Cl2): 2110(m), 2084(s), 2023(vs), 1991(sh), 1969(s), 1961(sh).
1H NMR (CD2Cl2, δ in ppm) 8.35 (d, 2H, 3J = 7.2 Hz), 7.57 (d, 2H,
3J = 7.2 Hz), 7.21 (s, 2H), −12.66 (s, 2H, hydride).
Preparation of 4 and 5 from the Reaction of 1 with 2. A 30.0

mg (0.0445 mmol) amount of 1 and 20.0 mg (0.0276 mmol) of 2
were dissolved in 1.6 mL of CD2Cl2 in a 5 mm NMR tube. The NMR
sample was evacuated and filled with nitrogen. The NMR sample was
then heated to 40 °C for 24 h. A 1H NMR spectrum obtained after

this period showed the hydride resonances of 4 and 5. The contents
were then put into a flask, and solvent was removed in vacuo. The
residue was then redissolved in CH2Cl2 and separated by TLC by
using hexane solvent to give in order of elution, a yellow band of 4,
17.0 mg, 47% yield and a yellow band of 5, 3.0 mg, 8% yield.

Reaction of 1 with Anthracene in 1/2 Ratio. A 30.0 mg
(0.0445 mmol) amount of 1 and 14.0 mg (0.078 mmol) of
anthracene, C14H10, were dissolved in 15 mL of methylene chloride.
The solution was then heated to reflux for 15 h. The solution was then
cooled, and the solvent was removed in vacuo. The residue was
redissolved in CH2Cl2 and separated by TLC by using hexane solvent
to yield a yellow band of Re2(CO)8(μ-H)(μ−η2-1,2-C14H9), 6, 25.0
mg (73% yield). Spectral data for 6: IR νCO (cm−1 in CH2Cl2):
2111(m), 2083(s), 2016(vs), 1989(s), 1969(vs), 1954(sh). 1H NMR
(CD2Cl2, 300 MHz, δ in ppm): 8.51 (s, 1H), 8.31 (s, 1H), 8.09−8.12
(dd, 1H, 3J = 6.3 Hz, 4J = 3.3 Hz), 8.02−8.05 (m, 2H,), 7.57−7.60
(dd, 2H, H6, H7, 3J = 6.6 Hz, 4J = 3.3 Hz), 7.43−7.46 (d, 1H, 3J = 8.7
Hz), 7.31 s,1H), −13.02 (s, 1H, H2, hydride). 13C NMR (CD2Cl2,
100.66 MHz,δ in ppm): 186.05, 185.02, 183.66, 181.52, 146.77,
135.13, 132.72, 132.49, 130.56, 129.85, 128.18, 128.12, 127.94,
126.98, 126.61, 126.50, 126.16, and 113.02. 13C NMR (CD2Cl2,
DEPT, 100.66 MHz,δ in ppm): 146.77, 128.18, 128.12, 127.94,
126.98, 126.61, 126.50, 126.16, and 113.02. Mass Spec. EI/MS m/z:
774, M+, 718, M+-2CO.

Reaction of 1 with Anthracene in 3/1 Ratio. A 62.4 mg
(0.0927 mmol) amount of 1 and 6.0 mg (0.033 mmol) of anthracene
were dissolved in 1.6 mL of CD2Cl2 in a 5 mm NMR tube. The NMR
sample was evacuated and filled with nitrogen gas. The NMR sample
was then heated to 40 °C for 24 h. A 1H NMR spectrum obtained
after this period showed three new hydride resonances at δ = −13.15,
−13.68, and −12.94 in addition to the one of 6. The contents were
transferred to a flask, and solvent was removed in vacuo. The residue
was then dissolved in CH2Cl2 and separated by TLC by using hexane
solvent to give in order of elution: a yellow band of 15.0 mg of
[Re2(CO)8(μ-H)](μ−η2-1,2-μ−η2-3,4-C14H8)[Re2(CO)8(μ-H)], 7,
24% yield, and a yellow band of 30.0 mg of [Re2(CO)8(μ-
H)](μ−η2-1,2-μ−η2-5,6-C14H8)[Re2(CO)8(μ-H)], 8, 47% yield,
along with 5.0 mg of 6, 7% yield, and 10.0 mg of compound 3,
17% yield. Spectral data for 7: IR νCO (cm−1 in CH2Cl2): 2108(m),
2083(s), 2023(vs), 1990(sh), 1976(s), 1958(sh). 1H NMR (CD2Cl2,
δ in ppm) 8.67 (s, 1H), 8.28 (s, 1H), 8.26 (s, 1H), 8.08 (dd, 2H, 3J =
6.3 Hz, 4J = 3.3 Hz), 7.62 (d-d, 2H, 3J = 6.3 Hz, 4J = 3.3 Hz), 7.43 (s,
1H), 7.02 (s, 1H), −13.15 (s, 1H, H2, hydride), −13.68 (s, 1H, H4,
hydride). 13C NMR (CD2Cl2, 100.66 MHz,δ in ppm): 149.12, 141.49,
139.04, 135.87, 135.84, 133.36, 132.47, 128.54, 127.77, 127.49,
127.20, 126.85, 125.72, and 105.69. 13C NMR (CD2Cl2, DEPT,
100.66 MHz, δ in ppm): 135.87, 128.54, 127.77, 127.49, 127.20,
126.85, 125.72, and 105.69. Mass Spec. EI/MS m/z: 1372, M+, 1344,
M+ − CO. Elemental analysis (mass %): Calculated for
Re4O16C30H10: C, 26.28; H, 0.74. Found: C, 27.22; H, 1.42. Spectral
data for 8: IR νCO (cm−1 in CH2Cl2): 2110(m), 2084(s), 2019(vs),
1990(sh), 1970(s), 1958(sh). 1H NMR (CD2Cl2, δ in ppm) 8.40 (s,
2H), 8.17 (d, 2H, 3J = 8.7 Hz), 7.54(d, 2H, 3J = 8.7 Hz), 7.33 (s, 2H),
−12.95 (s, 2H, hydride). Elemental analysis (mass %): Calculated for
Re4O16C30H10: C, 26.28; H, 0.74. Found: C, 26.00; H, 0.80.

Preparation of 7 and 8 from Reaction of 1 with 6. A 25.0 mg
(0.0371 mmol) amount of 1 and 20.0 mg (0.0276 mmol) of 6 were
dissolved in 1.6 mL of CD2Cl2 in a 5 mm NMR tube. The NMR
sample was evacuated and filled with nitrogen. The NMR sample was
then heated to 40 °C for 24 h. The contents were then put into a
flask, and solvent was removed in vacuo. The residue was extracted in
CH2Cl2 and separated by TLC by using hexane to give a yellow band
of 10.0 mg of 7, 28% yield and 15.0 mg of 8, 43% yield. The yield of 7
is higher (56%) if the ratio of 1/6 is 1/1.

Preparation of [Re2(CO)8(μ-H)]4(μ−η2-1,2-μ−η2-3,4-μ−η2-5,6-
μ−η2-7,8-C14H6), 9. A 60.0 mg (0.089 mmol) amount of 1 and 3.2
mg (0.0178 mmol) of anthracene were dissolved in 1.6 mL of CD2Cl2
in a 5 mm NMR tube. The NMR sample was evacuated and filled
with nitrogen. The NMR tube was then heated to 40 °C for 24 h. The
contents were then transferred to a flask and solvent was removed in
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vacuo. The residue was redissolved in CH2Cl2 and separated by TLC
by using hexane solvent to give a yellow band of 3.0 mg of
[Re2(CO)8(μ-H)]4(μ−η2-1,2-μ−η2-3,4-μ−η2-5,6-μ−η2-7,8-C14H6), 9,
5% yield, along with 12.0 mg of complex 3, 22% yield, 15.0 mg of
complex 7, 24% yield, and 20.0 mg of complex 8, 33% yield. Spectral
data for 9: IR νCO (cm−1 in CH2Cl2): 2110(m), 2084(s), 2020(vs),
1990(sh), 1971(s), 1958(sh). 1H NMR (CD2Cl2, δ in ppm) 8.59 (s,
2H), 7.44 (s, 2H), 6.77 (s, 2H,), −13.04 (s, 2H, H2, H6, hydride),
−13.64 (s, 2H, H4, H8, hydride).
Thermolysis of 7 at 40 °C. A 20.0 mg (0.0146 mmol) amount of

7 was dissolved in 1.6 mL of CD2Cl2 in a 5 mm NMR tube. The
NMR sample was evacuated and filled with nitrogen. The NMR
sample was then heated to 40 °C for 40 h. 1H NMR spectrum taken
after 17 h showed hydride resonances for 6, 8, and anthracene, after
40 h. An 1H NMR spectrum showed that the solution contained a
mixture of 6, 7, 8, and anthracene. A TLC workup provided the
following amounts of the products: 4.5 mg of anthracene, 2.0 mg of
compound 6, 0.5 mg of 7, 0.5 mg of 8, and 3.0 mg of Re2(CO)10.
Computational Analyses. All calculations were performed with

ADF2014 program by using the PBEsol-D3 functional with ZORA
scalar relativistic correction17 and valence triple-ζ + 2 polarization,
relativistically optimized (TZ2P) Slater-type basis set, with small
frozen cores. All computations are done in gas phase. This choice of
computational model is based on prior testing of various functionals
and basis sets.18 The PBEsol functional, which was originally
developed primarily for solids, was shown to be superior to other
functionals in the PBE family in the structural parameters of large
organic systems19 and for metal clusters.20 This is also consistent with
our own testing of various functionals for the structures and relative
energetics in organometallic cluster complexes.18 The dispersion
corrections by Grimme et al.17h were included upon additional testing
once they became available in the current release of ADF. The
coordinates for the initiation of the geometry-optimization refine-
ments were obtained from the crystal structure analyses.
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