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Multiple aromatic CH activations by a dirhenium complex has
provided meta-related dimetallated arene rings in the
complexes Re,(CO)s(p-H)(1-n"-1,2-p-n"-3,4-C;4Hg)Re,(CO)s (-
H), 3 and Re,(CO)s(u-H)(H-n"-1,1-n"-3-CoHg)Re,(CO)s(n-H), 4.
Both products were characterized structurally by single
crystal X-ray diffraction and DFT molecular orbital analyses.

The activation of CH bonds in hydrocarbons has attracted
considerable research interest in recent years.“2 Multiple
activations of CH bonds have received considerably less
attention.®* Multiple CH activations generally proceed by an
oxidative addition at a metal atom and are followed by a (-
elimination at a neighboring carbon atom. Catalytic
dehydrogenations of alkanes generally proceed by a combination
of these two steps to yield an olefin.* Multiple CH bond activation
in aromatic compounds on a single ring are rare.>® There a few
examples of polynuclear metal complexes having benzyne
|igands6 that were formed by CH activations at neighboring carbon
atoms of the benzene ring, e.g. Scheme 1.
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Scheme 1. Synthesis of a benzyne ligand by CH activations at neighboring C
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atoms in benzene by a triosmium cluster.

We now report a new form of multiple aromatic CH activation
reactions which involves multiple additions of the metal containing
reagent to a single arene substrate and thus it does not need
occur at neighboring carbon sites of the arene. The reaction of
Re(CO)s(u-CsHs)(u-H), 1 with anthracene, Ci4Hi, has been
found to yield the new compound Re(CO)s(u-n>-C1sHo)(u-H), 2 in
73% vyield by reductive-elimination of the bridging phenyl and
bridging hydrido ligands of 1 as benzene and the oxidative-
addition of the CH bond at the 2-position of the anthracene to the
two rhenium atoms of 1.

Compound 2 contains a up-n>-CiusHe ligand that exhibits the
classical o-mr coordination mode observed for bridging alkenyl
ligands. The molecular structure of 2 was confirmed
crystallographically, see Supporting Information, and it resembles
that of the naphthyl compound Re;(CO)s(u-n*CioHy7)(u-H) that
was reported previously.” The most interesting feature of the
reaction of 1 with anthracene is that compound 2 will react with a
second equivalent of 1 by the elimination of benzene and the
oxidative addition the bridging C14Ho ligand at the meta-related 4-
position to the second Re, group. This produces the “doubly” CH
activated anthracenyl complex Rex(CO)g(u-H)(u-n?-1,2-p-n>3,4-
C14Hg)Re2(CO)g(u-H), 3, in 56% vyield, see Scheme 2.

The molecular structure of 3 was established crystallographically
and an ORTEP drawing of its molecular structure is shown in
Figure 1. Atoms C1 — C2 of the anthracenyl ligand are m—bonded
to Re1 and atoms C3 and C4 are m-bonded to Re3. C2 is o—
bonded to Re2 and C4 is o—bonded to Re4. As expected, the
C(1)-C(2) and C(3)-C(4) bond distances, 1.383(9) A and 1.403(8)
A, respectively, are slightly longer than those in anthracene itself,
1.361(3) A.® Despite the presence of four metal atoms on the one
ring, this ring appears to have retained the bulk of its aromatic
character, at least based on the NMR shifts of the hydrogen
atoms on C1 and C3 which remain highly deshielded, 6 = 7.02 (s,
H1) and 7.43 (s, H3).°
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Compound 1 is so aggressive toward aromatic CH activation that
in the absence of a substrate it will even attack another molecule
of its own kind. In this way we have found that 1 will react with
S another molecule of 1 by the elimination of benzene to yield the
e complex, Rez(CO)s(u-H)(u-n"-1,u-n"-3-CsH4)Rex(CO)g(u-H), 4 in
1 H 51% yield simply by heating a solution in CH,Cl, solvent to 40 °C
- CeHg for 24 h. An ORTEP diagram of the molecular structure 4 is
+ OQO shown in Figure 2. Compound 4 contains two Re(CO)g(p-H)
groupings attached to a single CgHs ring. One Rex(CO)s(p-H)
group is attached to the carbon atom C(1) in a p-n'-fashion and a
second Re(CO)s(u-H) group is attached to the carbon atom C(3)
in a similar arrangement, i.e. the Rey(CO)s(u-H) groups are
positioned on the ring in meta-related sites, see Scheme (3). The
C — C bond distances in the CgsHs ring that are involved in
coordination to a metal atom, C(1)-C(2)=1.410(5) A, C(2)-
C(3)=1.421(5) A, C(1)-C(6)=1.431(5) A, C(3)-C(4)=1.413(5) A,
are significantly longer than those that are not bonded to the
metal atoms, C(4)-C(5)=1.393(6) A, C(5)-C(6)=1.367(6) A, but like
3, despite the present of four metal atoms on the ring, on the
basis of the observed chemical shifts of the resonances of the ring
hydrogen atoms, & = 8.68 (s, 1H, H2, *J = 1.5 Hz), § = 8.07 (dd,
2H, H4, HB, ®J = 7.2 Hz, *J = 1.5 Hz), § = 7.05-7.10 (t, 1H, H5, 3J
= 7.2 Hz), this ring also appears to have retained most its
aromatic character.

Figure 2. An ORTEP diagram of the molecular structure of Rez(CO)s(u-H)(u-n'-
1,u-n'-3-CgH4)Rex(CO)s(u-H), 4, showing 30% thermal ellipsoid probability.
Selected interatomic bond distances (A) 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).
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Figure 1. An ORTEP diagram of the molecular structure of Re,(CO)g(u-H)(p-n"- 40°C/24 h \Re— Hy \R/
1,2-p-n*3,4-C14Hg)Rex(CO)g(u-H), 3, showing 25% thermal ellipsoid probability. - ,\ / i\

Selected interatomic bond distances(A) are as follow: Re(1)-Re(2)=3.0566(4), 1 4
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)- Scheme 3. Reaction of 1 with itself yields the doubly meta-CH activated
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), COMPlex4.

C(3)-C(4)=1.403(8), C(4)-C(12)=1.470(8), C(11)-C(12)=1.428(8).
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ADF DFT molecular orbital calculations have revealed the nature
of the bonding of the rhenium atoms to the carbon atoms of the
anthracene ring. The HOMOs of compound 3 and anthracene
shown in Figure 3 show the bonding of the metal atoms in 3 in

relation to the most relevant 1-orbital in anthracene.

HOMO

-5.949 eV HOMO  -5.024 eV

Figure 3. The highest occupied molecular orbital (HOMO) of compound 3 (left)
and anthracene (right), ISO value equal 0.03. The energy in eV is given under

the orbital. Atom color code: Orange = Re, Gray = C, Red = O.

ADF DFT molecular orbitals that show the nature of the bonding
of the Rey(CO)s(u-H) fragments to the relevant ring m-orbitals of
the CgH4 ligand in 4 are shown in Figure 4. The dirhenium groups
in 4 are both formally electronically unsaturated having only 32
valence electrons each. In previous studies, we have found that
aryl rings bond to the metal atoms in related unsaturated u-n'-
coordination modes by a combination of o-donation and -

donation.”® This seems to be the case in 4 too.

HOMO

-6.370 eV

HOMO-1  -6.464 eV

Figure 4. The HOMO and HOMO-1 of compound 4, ISO value equal 0.03.
Energy in eV is given under the orbital. Atom color code: Orange = Re, Gray =
C,Red=0.

It is anticipated that multiple aromatic CH activation products as
represented by compounds 3 and 4 will open the door to new
pathways for the “multiple” functionalization reactions in aromatic

ring systems.

This journal is © The Royal Society of Chemistry 20xx

We thank Professor W. D. Jones for helpful discussions. This
research was supported by a grant from the National Science
Foundation, CHE-1464596.

Conflicts of interest

“There are no conflicts to declare”.

Notes and references

© ©

(a) A. E. Shilov and G. B Shul'pin in Activation and Catalytic Reactions
of Saturated Hydrocarbons in the Presence of Metal Complexes, Kluwer
Academic Pub., New York, 2002; (b) M. Sun, J. Zhang, P. Putaj, V.
Caps, F. Lefebvre, J. Pelletier and J.M. Basset, Chem. Rev., 2014, 114,
981-1019; (c) R. G. Bergman, Nature, 2007, 446, 391-393; (d) A. E.
Shilov and G. B. Shul’'pin, Chem. Rev., 1997, 97, 2879-2932; (e) A.
Gunay and K. H. Theopold, Chem. Rev., 2010, 110, 1060-1081; (f) J.
A. Labinger and J. E. Bercaw, Nature, 2002, 417, 507-514; (g) D.
Balcells, E. Clot and O. Eisenstein, Chem. Rev., 2010, 110, 749-823;
(h) M. Lersch, and M. Tilset, Chem. Rev., 2005, 105, 2471-2526; (i) C.
Hall and R. N. Perutz, Chem. Rev. 1996, 96, 3125-3146; (j) W. D.
Jones, Acc. Chem. Res. 2003, 36, 140-146; (k) B. A. Vastine and M. B.
Hall, Coord. Chem. Rev. 2009, 253, 1202-1218.

(a) S. Tang, O. Eisenstein, Y. Nakao and S. Sakaki, Organometallics,
2017, 36, 2761-2771; (b) P. B. Arockiam, C. Bruneau and P. Dixneuf,
Chem. Rev., 2012, 112, 5879-5918; (c) K. M. Engle, T. S. Mei, M.
Wasa and J. Q. Yu, Acc. Chem. Res., 2012, 45, 788-802; (d) B. A.
McKeown, H. E. Gonzalez, M. R. Friedfeld, T. B. Gunnoe, T. R. Cundari
and M. Sabat, J. Am. Chem. Soc., 2011, 133, 19131-19152; (e) B. A.
McKeown, H. E. Gonzalez, T. R. Gunnoe, R. Thomas, T. R. Cundari
and M. Sabat, ACS Catal., 2013, 1, 1165-1171; (f) M. Lail, C. M. Bell,
D. Conner, T. R. Cundari, T. B. Gunnoe and J. L. Petersen,
Organometallics, 2004, 23, 5007-5020; (g) N. A. Foley, J. P. Lee, Z. Ke,
T. B. Gunnoe and T. R. Cundari, Acc. Chem. Res., 2009, 42, 585-597;
(h) J. R. Webb, T. BolaCo and T. B. Gunnoe, ChemSusChem, 2011, 4,
37-49.

(a) M. V. Shree, D. Fabulyak, R. A. Baillie, G. P. Lefévre, K. Dettelbach,
A. Béthegnies, B. O. Patrick, P. Legzdins and D. C. Rosenfeld,
Organometallics, 2017, 36, 2714-2726; (b) M. A. Esteruelas, |I.
Fernandez, A. Herrera, M. Martin-Ortiz, R. Roberto Martinez-Alvarez,
M. Olivan, E. Onate, M. A. Sierra and M. Valencia, Organometallics,
2010, 29, 976-986.

(a) A. Kumar, T. M. Bhatti and A. S. Goldman, Chem. Rev., 2017, 117,
12357-12384; (b) J. Choi, A. H. R. MacArthur, M. Brookhart and A. S.
Goldman, Chem. Rev., 2011, 111, 1761-1779; (c) G. E. Dobereiner and
R. H. Crabtree, Chem. Rev., 2010, 110, 681-703; (d) W. Yao, Y. Zhang,
X. Jia and Z. Huang, Angew. Chem., Int. Ed., 2014, 53, 1390-1394.

(a) R. E. Mulvey, Accts. Chem. Res., 2009, 42, 743-755; (b) P. Albores,
L. M. Carrella, W. Clegg, P. Garcia-Alvarez, Alan R. Kennedy, J. Klett,
R. E. Mulvey, E. Rentschler and L. Russo, Angew. Chem. Int. Ed.,
20009, 48, 3317 —3321.

(a) R. J. Goudsmit, B. F. G. Johnson, J. Lewis, P. J. Raithby and M. J.
Rosales, J. Chem. Soc., Dalton Trans., 1983, 2257-2261; (b) T. Takao,
M. Moriya, M. Kajigaya and H. Suzuki, Organometallics, 2010, 29,
4770-4773, (c) M. Moriya, A. Tahara, T. Takao, M. Kajigaya and H.
Suzuki, Eur. J. Inorg. Chem., 2009, 23, 3393-3397.

R. D. Adams, V. Rassolov and Y. O. Wong, Angew. Chem. int. Ed.,
2016, 55, 1324 —1327.

C. P. Brock and J. D. Dunitz, Acta Cryst., 1990, B46, 795 — 806.

R. H. Mitchell, Chem. Rev., 2001, 101, 1301-1315.

R. D. Adams, V. Rassolov and Q. Zhang, Organometallics, 2013, 32,
6368-6378.

J. Name., 2013, 00, 1-3 | 3



