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Five-coordinate boryl complexes relevant to Ir mediated C-H
borylations have been synthesized, providing a glimpse of the
most fundamental step in the catalytic cycle for the first time.

In many transition metal catalyzed processes, ligand dissocia-
tion or some other rearrangement of the metal “catalyst™ is
required to generate the metal species that reacts with
substrate(s) in the catalytic cycle. Such is the case for
Ir-catalyzed borylations of C—H bonds, where the five-coordinate
boryl complexes believed to be responsible for C-H
functionalization have not been observed.'> The closest to
the five-coordinate complexes in phosphine and dipyridyl
ligated systems are the six-coordinate complexes 1 and 2.
While both of these compounds will borylate sp>-hybridized
C-H bonds, ligand dissociation precedes the key C-H inter-
action between the hydrocarbon and the Ir centre (Scheme 1).

Because Ir-catalyzed borylations exhibit unusual chemo-
and regioselectivities, the reactivity of five-coordinate trisboryl
complexes could offer important information regarding the
most fundamental step in the catalytic cycle—C-H bond
scission. Fully cognizant of the pitfalls embodied in Halpern’s
well-known maxim that true reactive intermediates are rarely
isolable,> we set out to prepare five-coordinate complexes
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Scheme 1 Generation of five-coordinate, reactive intermediates in
C-H borylations.
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Scheme 2 Arene displacement route to five-coordinate boryl complexes.

that could react directly with arenes and heterocycles. Our
preliminary results are described herein.*

We expected that the choice of Ir starting material ligand
would be critical for the successful preparation of five-coordinate
complexes. Since compound 2 retains an m>-olefin from the
starting material, we felt that displacement of an arene with a
bidentate chelating ligand might yield the desired five-coordinate
complexes since n°-coordination of the expelled arene would
carry the penalty of disrupting its aromaticity (Scheme 2). The
mesitylene trisboryl complex, 3, was selected as the starting
material, since the mesitylene methyl groups block access to
the arene sp> C—H bonds.

Complex 3 reacts cleanly with dmpe (1,2-bis(dimethyl-
phosphino)ethane) to yield a new species, 4. *'P NMR spectra
revealed two chemically inequivalent P environments present
ina2:1 ratio. '"H NMR spectra of crude reaction mixtures
showed unreacted 3 was present in addition to resonances for
4 with a 1 : 2 ratio of 3 : 4. At this point, it was clear that 4 was
a dinuclear species, which could be obtained in good yield
by adjusting the stoichiometry (eqn (1)). While equimolar
solutions of 3 and dmpe catalyze C—H borylation, no conversion
is observed when pure compound 4 is used. This is consistent
with our previous observation that catalysis ceases abruptly
when P : Ir ratios reach 3 : 1. The formation of 4 suggests that
a significant portion of the Ir may be sequestered in an inactive
form. Consequently, the efficiency of the active forms of Ir
phosphine catalysts may have been grossly underestimated.
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The most obvious tact for preparing a five-coordinate
complex is to increase the steric demands of the phosphine
ligand. Indeed, 3 reacts cleanly with 1,2-bis(di-tert-butyl-
phosphino)ethane (dtbpe) in cyclohexane or THF to afford a
new complex, 5, whose *'P NMR and '"H NMR spectra were
consistent with a five-coordinate structure (eqn (2)). This was
confirmed by X-ray crystallography and the structure of 5 is
shown in Fig. 1.1 The geometry about Ir is a distorted square
pyramid. The Ir atom lies only 0.14 A above the least-squares
plane defined by the phosphorus and basal boron atoms. The
apical boron atom shows the most pronounced distortion as
the Ir-B1 vector is ~ 15° away from being normal to the basal
plane, canting towards the boryl groups and away from
the phosphine ligand. Unique boryl resonances cannot be
discerned in low temperature 'H NMR spectra, indicating
either isochronous chemical shifts or rapidly exchanging boryl
environments. Likewise, a single resonance is observed for the
tert-butyl methyl groups down to —80 °C.
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The structure of 5 differs substantially from the most closely
related boron compound, trans-IrCI(BCat),(PEt;), (Cat =
catecholate), which is a distorted trigonal bipyramid with
trans axial phosphines.’ Given that many nominally five-
coordinate d® transition metal structures are stabilized by
agostic interactions from C—H bonds in their ligand periphery,®
we have examined this possibility for 5. NMR and IR spectra
lack the signatures associated with agostic C—H interactions,
which is consistent with the solid state structure where
the closest Ir—C distance of 3.169(9) A falls outside the range
of 2.65-2.94 A for Ir compounds with bona fide agostic
interactions,” "> and is ~0.5 A longer than the agostic
C-H distances for five-coordinate Ir'"" examples.”!"!

Complex 5 reacts only slowly with arenes at room tempera-
ture. This is not surprising considering the crowded environ-
ment at the metal centre (Fig. 1). This is also consistent with
the low catalytic activity of in situ generated catalysts using
dtbpe as the chelating ligand. To ease the steric crowding at

Fig. 1 X-Ray structures of compounds 5 and 6 with BPin methyl
groups omitted. The white carbons are those with the closest Ir
contacts (Ir---C = 3.169 A in 5 and 3.419 A in 6). In both cases,
the Ir-C distances are significantly longer than those in compounds
with Ir C-H agostic interactions.

the Ir centre, compound 6, the isopropyl analogue of 5, was
prepared in analogous fashion. The spectroscopic data for 6
are similar to those for 5 (Fig. 1). Refinement of the X-ray
crystal structure was less straightforward as the boryl group
containing B2 exhibited rotational disorder about the Ir-B2
vector. The conformer population was optimized by least-
squares analysis in the usual way and the structure of the
major conformer (73% of the total population) is the one
shown in Fig. 1. The closest Ir-C methyl contact (3.419 10\) is
even longer than that in 5, reflecting a bona fide five-coordinate
structure for 6.

Relative to 5, 6 is significantly more reactive at room
temperature as the borylation with 1,3-C¢H4(CF3), in
Scheme 3 attests, and borylation of 2-methylthiophene by 6
is even more facile, which is consistent with the greater
reactivities of aromatic heterocycles in C—H borylations.'!?
While the reactions are very clean with respect to the organic
substrates and products, it is evident from 'H and *'P NMR
spectra that a number of Ir hydride species form.'* The
differences in relative reactivities also translate to catalytic
reactions. Specifically, borylations of 2-methylthiophene
were examined in cyclohexane-d;, solutions at 100 °C. When
catalysts were generated in situ by adding 10 mol% of the
diphosphine ligand to 10 mol% (n’-indenyl)Ir(n*-1,5-cyclo-
octadiene), 93% conversion was observed for the dippe
catalyst after 2 h, whereas the analogous reaction with the
dtbpe catalysts yielded only 12% conversion. Similar relative
rates were seen using isolated compounds 5 and 6, although
the absolute rates approximately doubled. This is not surprising
since in situ generation will have an induction period and the
conversion of the precatalyst to its active form may not be
quantitative.

The enhanced reactivity of 6 relative to 5 arises from steric
relief in the metal coordination sphere that is incumbent with
removing four methyl groups from the diphosphine ligand.
Fig. 2 depicts a putative transition state 7 for the C—H cleavage
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Scheme 3 Relative reactivities of 5 and 6 with 1,3-bis(trifluoromethyl)-
benzene and 6 with 2-methylthiophene at 25 °C.
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Fig. 2 A comparison of the orientation for the B2 boryl ligands
in structures 5 and 6 with the qualitative transition state 7. For
compound 5, rotation about the Ir-B bond is required to reach the
transition state, whereas the boryl orientation in 6 is nearly ideal for
cleaving the arene C—H bond.

step. It is similar to that found by Sakaki in his computational
studies of related complexes with chelating nitrogen ligands
where the hydrogen is transferred from the arene to one of the
boryl ligands.'>'® For compound 6, the isopropyl substituents
make the metal centre more accessible for arene approach
relative to 5. Fig. 2 points out a subtler feature that may
contribute to the lowered barrier—namely, the orientation of
the boryl ligands. In Sakaki’s transition state, the boryl ligand
that facilitates transfer must be oriented such that the boron
and its pinacolate oxygen atoms lie in the basal plane of the
square pyramid. As seen in Fig. 2, the dihedral angle ¢
between the plane defined by B2 and its oxygen atoms and
the basal plane in 5 is significantly larger (¢ = 48°) than the
corresponding angle in 6 (¢ = 21°). Thus, transition state 7
should be more readily accessible from structure 6 relative to
5. The disorder of the BPin ligand containing B2 in compound
6 is also consistent with greater flexibility afforded by the
isopropyl-substituted diphosphinoethane as no similar disorder
was evident in the tert-butyl analogue, 5. Despite these
observations, the fact remains that compounds 5 and 6 are
fluxional, indicating that barriers for boryl reorientation are
small, and we hesitate to ascribe too much significance to the
boryl orientations in these ground states on the relative
transition state energies.

In summary, the steric influence of the chelating diphosphino-
ethane ligands has a dramatic effect on the structures
and reactivities of the trisboryl complexes obtained in their
reactions with arene complex 3. It is interesting that even
though equimolar solutions of 3 and dmpe are catalytically
active for borylation, the major product 4 obtained by
reaction of 3 and dmpe is ineffective. Consequently, it is
conceivable that the active catalytic species for certain
phosphine-supported systems are present in very low
concentration. Perhaps most importantly, the synthesis of
five-coordinate boryl complexes that react directly with arenes
makes it possible to probe the rate-limiting and most
fundamental step in the catalytic cycle, while avoiding the
potential for obfuscation by ligand dissociation that is
incumbent to most precatalysts. We are actively pursuing
further reactivity of compounds 5 and 6, with other arenes
and heterocycles, as well as boranes. In addition, we are
actively developing routes to related five-coordinate structures
with other bidentate ligands.
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