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Abstract: The saturated trihydride IrHa{>-P,0,P-[xant(PPr.).]} (1;
xant(P‘Prz)z = 9,9-dimethyl-4,5-bis(diisopropylphosphino)xanthene)
activates the B-H bond of two molecules of pinacolborane (HBpin) to
give H, and the hydride-boryl derivatives IrHx(Bpin){k*-P,0,P-
[xant(P'Pr2)z]} (2) and IrH(Bpin):{k*-P,O,P-[xant(P'Pr).]} (3) in a
sequential manner. Complex 3 activates a C-H bond of two
molecules of benzene to form PhBpin and regenerates 2 and 1 also
in a sequential manner. Thus, complexes 1, 2, and 3 define two
cycles for the catalytic direct C-H borylation of arenes with HBpin,
which have the dihydride 2 as a common intermediate. The C-H
bond activation of the arenes is the rate determining step of both
cycles, being the C-H oxidative addition to 3 faster than to 2. Results
from the kinetic study of the reactions of 1 and 2 with HBpin support
a cooperative function of the hydride ligands in the B-H bond
activation. The addition of the boron atom of the borane to a hydride
facilitates the coordination of the B-H bond through the formation of
k'- and k*-dihydrideborate intermediates.

Introduction

The direct C-H bond functionalization is one of the most
powerful, valuable, and straightforward methods for transforming
low cost hydrocarbons in valuable products." Transition-metal
complexes, most notably those of the platinum group, have the
remarkable ability to enhance the reactivity of some C-H bonds
while inhibiting the reactions of others of the same molecule.”?
As a consequence, the metal-mediated C-H activation-coupling
processes are efficacious tools in the current organic
synthesis.®! In this context, the versatility of the organoboron
compounds!® makes the design of catalysts for selective C-H
bond borylation a particularly attractive goal,” being the study of
the elemental steps of the catalysis the key.

The C-H borylation of arenes without the use of directing
groups provides products with regioselectivities which are mainly
governed by steric reasons.”® Although catalytic activity has
been observed with complexes of several metals, including
iron,® cobalt,”? rhodium,® nickel, and platinum,'” the most
prominent catalysts appear to be those of iridium.'" It is
generally accepted that the active species are 16e-iridium(lll)
complexes of formula Ir(Bpin)sL2, where L, represents two 2e”
donor ligands or is a 4e donor P-!'? or N-bidentate!™ Lewis
base. They are generated in situ by combination of a metal
precursor, usually [Ir(u-OMe)(COD)], (COD = 1,5-
cyclooctadiene), the Lewis base, and pinacolborane (HBpin).

According to the catalytic cycle proposed on the base of
experimental support and DFT calculations (Scheme 1), these
unsaturated compounds activate a C-H bond of the arene to
afford the borylated organic product and intermediates
IrH(Bpin).L2, which react with the borane to regenerate the
catalyst and release molecular hydrogen via dihydrogen-
iridium(l1l) or dihydride-iridium(V) derivatives.'"¥ In recent years,
some significant modifications to Ir(Bpin)sL. have been
performed. By using 3e” donor BN, SiN, and SiP!"® chelate
ligands, 14e-iridium(lll) species have been generated, which are
particularly active for the C-H borylation of sterically hindered
substrates.

[Ir(u-OMe)(COD)],
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Scheme 1. Proposed catalytic cycle for the borylation of arenes catalyzed by
Ir(Bpin),L,.

Pincer ligands have opened novel approaches in
catalysis.'"” However, they have been scarcely used for
stabilizing C-H borylation catalysts. Three classes of pincers
have received attention: neutral 6e” donors,®®”! monoanionic 5e”
donors, 8819181 ang dianionic 4e” donors.I"? The first type has
been employed by the groups of Chirik, Cui, and Kamitani.
Chirik*1 has developed cobalt complexes bearing NNN, NNP,
PNP, and PPP ligands, which promote reactions of heterocycles
and arenes through a cycle that relies on a cobalt(l)-(l1l) redox
couple. Cui " has synthesized a cobalt(ll) compound stabilized
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by a silylene-pyridine-silylene pincer, which enables reactions of
pyridines, furans, and fluorinated arenes, whereas Kamitani "
has achieved efficient C-H borylation of arenes and
heteroarenes using an iron complex bearing a quinoline-based
PNN ligand. Pincers donating 5e” and 4e” have been mainly
used to stabilize iridium catalysts,!"®' in addition to some
examples of iron,® rhodium,® and platinum."® Chianese’s
group”™ has observed that, in combination with NaO'Bu,
iridium(lll) complexes containing CCC-pincer N-heterocyclic
carbene ligands form active species for C-H borylation of
disubstituted substrates. Nishiyama’s group!® has reported that
the acetate derivative Ir(OAc).(phebox)(H20) (phebox =
bis(oxazolinyl)phenyl) promotes the reactions with benzene and
monosubstituted arenes. The Shimada's group!™®™ has
described the preparation of iridium(lll) unsaturated complexes
with a PSIiP pincer diphosphine, which catalyze the C-H
borylation of benzene with B,pin,, whereas Driess, Hartwig and
co-workers!"® have reported that iridium(lll) precursors with
bulky silylene-aryl-silylene pincers work for the reactions with
HBpin. Recently, Li's group has used a NNB-boryl ligand,!®
whereas Pérez-Torrente, Oro, and co-workers!' have isolated
unsaturated catalysts supported by an ONO ligand. From a
mechanistic point of view, it should be noteworthy the Ozerov’'s
studies on (POCOP)Ir systems, which have allowed them to
conclude that the C-H bond activation of the arene occurs on an
iridium(l) center devoid of boryl ligands (Scheme 2),'% in
contrast to the catalysts supported by neutral bidentate ligands.

O—P Pry
Ar-H
O PPr2
/\R
O—P'Pr, Oo— PPr2
\H «H
Ir—H ||r' Ar
O—P'Pr, O—PPr,
Ar-Bpin H-Bpin

Scheme 2. Proposed mechanism for the borylation of arenes catalyzed by
Ir(POCOP) systems.

Ether-diphosphines are neutral hemilabile POP pincer
ligands donating 6e". They have special interest by their flexibility,
which grants the ability to change their coordination fashion
between k*-mer, k>-fac, and k% As a consequence, they can be
adapted to the requirements of the catalytic intermediates,
playing relevant roles in catalysis.””  9,9-Dimethyl-4,5-
bis(diisopropylphosphino)xanthene (xant(P'Prz)) is a ligand of
this class,”?" which has demonstrated to have a higher capacity
than other POP-diphosphines to act as pincer.?? It even gets to
stabilize the mer-trisboryl derivative  Ir(Bcat)s{k*-P,O,P-
[xant(P'Pr);]}, which  challenges the concept of trans-
influence.?? In spite of it, complexes of groups 8, 9, and 10 with
k>fac-POP- and cis- and trans-k>-POP-coordination  of
xant(P'Pry); have been also reported.” Thus, compounds
bearing this pincer ligand have displayed notable activity in
processes related to the hydrogen economy,?**?! in addition to
a wide range of interesting organic reactions®?! including
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borylations.®*?”! Thus, it has been demonstrated that the
square-planar  rhodium(l)  complexes  Rh(Bpin){k*-P,O,P-
[xant(PPry)z]}, RhH{K*-P,O,P-[xant(PPr.):]}, and Rh(aryl}k>-
P,0,P-[xant(P'Pr,),]} are involved in the direct C-H borylation of
arenes according to Scheme 3.

H, H-Bpin Ar-H Hp

Tim TiPrz
O*‘Rh—Bpm O—Th»H
PiPr, O PPry

Ar-Bpin

H-Bpin

Ar-H Ar-Bpin
Scheme 3. Mechanism of the borylation of arenes catalyzed by Rh(POP)
systems.

The behavior of the Rh"{k*-P,0,P-[xant(P'Prz)2]} system
inspired us to developing an iridium counterpart. In the search
for an Ir-POP catalyst for the direct C-H borylation of arenes, we
have studied the B-H bond activation of HBpin promoted by the
trihydride IrH3{k>-P,O,P-[xant(P'Pr2).]} (1). Although the six-
coordinate 5d® metal center of this compound exhibits a strong
octahedral A, splitting, which is low spin and maximizes the
ligand-field stabilization energy,”® and furthermore xant(P'Pr.),
has a strong tendency to act as pincer,?** we reasoned that in
view of the presence of empty orbitals at the boron atom of the
borane and the basic character of the hydride ligand,”? the latter
would be cooperating in the coordination action of HBpin. The
addition of a borane to a hydride ligand of a transition metal
complex is a well-known reaction®® and the resulting
dihydrideborate can coordinate both k'-H and k*H,H.B"!

This paper shows the preparation of a saturated-iridium
catalytic system for the direct borylation of arenes and studies
the kinetic of the elemental stages of the catalysis,
demonstrating that the hydride ligands in fact facilitate the
coordination of the borane to the metal center and their
presence is therefore desirable in this type of catalysts.

Results and Discussion

Reactions of the trihydride 1 with HBpin: Characterization of
the reactions products. This trihydride activates the B-H bond
of two molecules of HBpin in a sequential manner. The products
of the activations are shown in Scheme 4.

PiPr,

‘ ~Bpin
O7I|rprin
PPr,

1 2 3
Scheme 4. Reactions with pinacolborane.
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Treatment of 1 with 1.0 equiv of HBpin, in octane, at room
temperature, for 8 h leads to the dihydride-boryl derivative
IrH2(Bpin){k*-P,0,P-[xant(PPr)z]} (2) and molecular hydrogen,
as a result of the B-H bond activation of borane. Complex 2 was
isolated as a white solid in 60% yield and characterized by X-ray
diffraction analysis. The structure (Figure 1) reveals a disposition
trans for the hydride ligands (H(01)-Ir-H(02) = 176.3(12)°). The
coordination polyhedron around the iridium center can be
described as a distorted octahedron with the ether-diphosphine
coordinated mer (P(1)-Ir-P(2) = 162.35(2)°, P(1)-Ir-O(3) =
81.35(5)°, P(2)-Ir-O(3) = 81.76(5)°) and the boryl group disposed
trans to the oxygen atom of the pincer (B(1)-Ir-O(3) =
178.27(9)°) The Ir-B(1) distance of 1.994(3) A compares well the
length of the bond Ir-B disposed trans to the oxygen atom of the
diphosphine in the mer-trisboryl derivative Ir(Bcat)s{k*-P,O,P-
[xant(P'Pr2)z]} (2.012(10) A).”® According to the presence of two
equivalent hydrides in the complex, the "H NMR spectrum of the
colorless crystals, in [Dg]benzene, at room temperature displays
a triplet (3Jup = 17.5 Hz) at -6.11 ppm whereas the 3'P{'"H} NMR
spectrum shows a singlet at 57.8 ppm, for the equivalent P'Pr,
groups, which splits into a triplet under off-resonance decoupling
conditions. The '"B{'"H} NMR spectrum contains a broad
resonance centered at 34.2 ppm.

Figure 1. Molecular diagram of complex 2 (ellipsoids shown at 50%
probability). All hydrogen atoms (except the hydrides) are omitted for clarity.
Selected bond distances (A) and angles (deg): Ir-P(1) = 2.2585(7), Ir-P(2) =
2.2502(7), Ir-O(3) = 2.3089(17), Ir-B(1) = 1.994(3); P(1)-Ir-P(2) = 162.35(2),
P(1)-Ir-O(3) = 81.35(5), P(2)-Ir-O(3) = 81.76(5), P(1)-Ir-B(1) = 100.37(9), P(2)-
Ir-B(1) = 96.54(9), H(01)-Ir-H(02) = 176.3(12), B(1)-Ir-O(3) = 178.27(9). CCDC
Deposition Number 1972855

Complex 2 reacts with a new HBpin molecule, in octane,
under reflux to give after 30 min the hydride-bisboryl derivative
IrH(Bpin){k*-P,0,P-[xant(PPr,),]} (3), which was isolated as a
white solid in 74% yield. The disposition mutually cis of the boryl
groups in the complex is strongly supported by the 'H, and
BC{'"H} NMR spectra of the white solid in
[D14lmethylcyclohexane at 253 K, which display two resonances
for the methyl substituents of the xanthene linker (811, 1.98 and
1.48; d13c, 34.9 and 24.5) and four signals for the methyl groups
of the P'Pr, moieties (®1n, 1.66-1.05; O43c, 21.9-20.9). The
hydride resonance appears at -5.66 (2Ju.p= 24.0 Hz) ppm, in the
"H NMR spectrum. The *'P{'"H} NMR spectrum shows at 49.1
ppm a singlet, which splits into a doublet under off-resonance
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decoupling conditions, whereas the "'B contains a broad signal
centered at 38.4 ppm.

The reactions of 1 and 2 with DBpin were also carried out
in order to know the position of the BH-hydrogen atom in the
final products. The addition of 1.0 equiv of DBpin, to both
[D1z]cyclohexane and cyclohexane solutions of 1, at room
temperature led to equimolecular mixtures of 2 and 2-d4 (dn, -
6.08; dp, -6.09). It is worth noting that the hydride chemical shift
of 2-d, is slightly shifted towards downfield with regard to that of
2, due to the higher trans effect of deuteride.® Under the same
conditions, the reaction of 2 with DBpin afforded equimolecular
mixtures of 3 and 3-d4 (Op, -5.76). The formation of 2 and 3
according to Scheme 5 suggests that the rupture of the H-B
bond occurs before the release of the hydrogen molecule. So,
the reductive elimination of H, from 1 and 2 to afford the
corresponding iridium(l) species, which add the B-H bond of the
borane to give 2 and 3, respectively, must be rejected.

3-dy (50%)

Scheme 5. Reactions with DBpin.

Kinetic and Mechanism of the B-H bond Activations. The
transformations, in octane, from 1 into 2 (k4) and from 2 into 3
(k2) were independently followed by *'P{'H} NMR spectroscopy
in the temperature range 323-363 K, for concentrations of HBpin
between 0.76 and 1.52 M and initial concentrations of 1 and 2 of
3.73 x 102 M. Under these conditions, the decreases of 1 and 2
with the respective increases of 2 and 3 are exponential
functions of the time, according to pseudo-first-order processes.
The rate constants k®* and k,*™ for each concentration of
HBpin used are given in Table 1. They were calculated by
means of the graphical representations (Figures 2 and 3) of the
expressions:

(1]

lnm = - k](_)bst (1)
(2] obs,
lnm = k b (2)
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Table 1. Rate constants for the transformations of 1 into 2 (k1Obs and k4, calculated according to eqs 1 and 4, respectively) and of 2 into 3 (k2Obs and k,, calculated

according to egs 2 and 6, respectively)

T Mo 2l [HBpin] [DBpin] k" x 107 ki x 107 k2°®* x 1073 ke x 107
(K) (M) (M) (M) (M) (s (M s™) (s") (M"'s™)
323 0.037 - 1.12 - (0.36 £ 0.08) (0.32£0.08) - -

333 0.037 - 1.12 - (1.13 £0.10) (1.01 +£0.10) - -
343 0.037 - 1.12 - (2.92 + 0.06) (2.61 +0.06) - -
353 0.037 - 1.12 - (6.73 £ 0.09) (6.01 £ 0.09) - -
363  0.037 - 1.12 - (11.12 £ 0.10) (9.93 £0.10) - -
343 0.037 - - 1.12 (2.42£0.07) (2.16 £ 0.07) - -
353  0.037 - - 1.12 (5.610.06) (5.01 £ 0.06) - -
363  0.037 - - 1.12 (9.27 £ 0.08) (8.28 £ 0.08) - -
343 0.037 - 0.76 - (1.830.12) (2.41£0.12) - -
343 0.037 - 0.95 - (2.35 +0.05) (2.47 +0.05) - -
343 0.037 - 1.33 - (3.25 £0.10) (2.44 +0.10) - -
343 0.037 - 1.52 - (3.73+0.10) (2.45 £ 0.10) - -
323 - 0.037 1.12 - - - (0.12 £ 0.10) (0.11 £0.10)
333 - 0.037 1.12 - - - (0.35+0.13) (0.31£0.13)
343 - 0.037 1.12 - - - (1.03 £ 0.07) (0.92 £ 0.07)
353 - 0.037 1.12 - - - (2.04 £ 0.10) (1.82£0.10)
363 - 0.037 1.12 - - - (4.49 £ 0.10) (3.58 £ 0.10)
343 - 0.037 - 1.12 - - (0.78 £0.10) (0.69 +0.10)
353 - 0.037 - 1.12 - - (1.58 +0.08) (1.41 £0.08)
363 - 0.037 - 1.12 - - (3.41£0.12) (3.04 £ 0.12)
343 - 0.037 0.76 - - - (0.68 £ 0.07) (0.89 £ 0.07)
343 - 0.037 0.95 - - - (0.820.10) (0.86  0.10)
343 - 0.037 1.33 - - - (1.18 £ 0.09) (0.88  0.09)
343 - 0.037 1.52 - - - (1.41£0.07) (0.93 £ 0.07)
Plots of In(-d[1]/dt) versus In[HBpin] and In(-d[2]/dt) versus
In[HBpin] vyield straight lines of slopes 1.03 and 1.05,

In([11/[110)

-4

1000 2000

t(s)
Figure 2. Graphical representation of eq 1 for the different concentrations of
HBpin employed at 353 K. 0.747 M (orange -); 0.933 M (blue A); 1.120 M
(gray m); 1.306 M (yellow #); 1.493 M (violet o).
0

In([2)/[2o)
& X

]
w

2000 3000 4000 5000

t(s)
Figure 3 Graphical representation of eq 2 for the different concentrations of
HBpin employed at 353 K. 0.748 M (orange -); 0.934 M (blue A); 1.122 M
(gray m); 1.309 M (yellow #); 1.496 M (violet o).

0 1000

respectively (Figures S1 and S2 in the Supporting Information),
which are consistent with reactions of first order also in HBpin
concentration. Thus the rate laws are described by eqs 3-6

d[2 d[1

% =— % = k, [1][HBpin] 3)
where

k, [HBpin] = kgbs 4)

and

d[3 d[2

% =— % = k, [2][HBpin] 5)
where

k,[HBpin] = k$"* (6)

Plots of ki°® versus [HBpin] (Figure 4) and k. versus
[HBpin] (Figure 5) provide the rate constants ki and k- for each
temperature (Table 1). The activation parameters calculated
from the respective Eyring analysis (Figures 6 and 7) are AH* =
19.5 £ 1.2 kcal mol™ and AS* = -13.8 + 3.5 cal K" mol™ for the
transformation from 1 to 2 and AH* = 20.0 + 1.2 kcal mol™ and
AS* =-14.3 £ 3.7 cal K" mol™ for the transformation from 2 into 3.
These values yield activation energies AG* and AG,* at 298 K
of 23.6 £ 2.2 and 24.3 + 2.5 kcal mol™, respectively. Table 1 also
contains the values of the first order rate constants k;®**% and
k2*5? obtained for the reactions with DBpin. The ratios
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Ke®S/ks5 9 and k,*"/k.*¢ give secondary isotope effects®®® of
1.2+ 0.1 and 1.3 £ 0.1, respectively.

4 4

0 0.5 1 1,5
[HBpin] (M)

k2403 (s7)
Li%]

Figure 4. Plot of k,°* versus [HBpin].
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e
b 11
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Figure 5. Plot of k™ versus [HBpin].
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Figure 6. Eyring plot for the transformation of 1 into 2.
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Figure 7. Eyring plot for the transformation of 2 into 3.

The values significantly negative of the activation entropies
indicate highly ordered transition states in the rate determining
steps of the activations. This suggests the presence of the
borane in them, in a consistent manner with the first order of the
reactions rate with regard to the HBpin concentration. However,

10.1002/chem.202001838
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the values of the secondary isotope effects reveal that the
borane has not a direct participation; i. e., neither the cleavage
of the B-H bond nor the formation of a bond with the hydrogen
originally on boron is likely occurring in the rate-determining
transition state So, once rejected the reductive elimination of H,
(according to Scheme 5) and given the saturated character of 1
and 2, it appears reasonable to think that the first steps of both
activations are the addition of the borane to a hydride to form
saturated k'-dihydrideborate intermediates (A in Scheme 6),
According to the exact 1:1 distribution of H- and D-containing
products in the reactions with DBpin, the free and coordinated
hydrogen atoms of this ligand should be involved in a fast
position exchange process. Intermediate A would subsequently
dissociate the oxygen atom of the diphosphine to afford B, in the
rate determining steps. In this way, the coordination of the free
B-H bond of the dihydrideborate of the latter could give the Ir(n*
HB) intermediates C via k*-dihydrideborate and bis(elongated
sigma)-dihydroborate species.”™ Once coordinated the B-H
bond, its oxidative addition and subsequent reductive hydrogen
elimination could generate D, which should lead to 2 and 3 by
the re-coordination of the oxygen atom of the diphosphine.

E =H (2), Bpin (3) D
Scheme 6. Mechanism proposed for the B-H bond activation.

Reactions with Benzene. The hydride-bisboryl complex 3
reacts with the solvent in benzene solution to give pinB-Ph and
the dihydride-boryl derivative 2 (ks), which also activates the
solvent to afford a second molecule of pinB-Ph and the
trihydride 1 (k4 in Scheme 7).

Bpin
Scheme 7. Activation of benzene.

Both transformations were independently followed by
¥P{"H} NMR spectroscopy as a function of the time between
333 and 353 K. The decreases of 3 and 2 with the respective
increases of 2 and 1 (Figures S3 and S4 in the Supporting
Information) are exponential functions of the time, fitting to
expressions of first-order:
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3
ln% = — kst N
and
121
Tlm = — k4t (8)

where [3]o and [2], are the initial concentrations of 3 and 2,
respectively, and [3] and [2] are the concentrations in the time t.
The obtained values for ks and ks are collected in Table 2. The
activation parameters obtained from the respective Eyring
analysis (Figures 8 and 9) are AH* = 19.3 + 2.3 kcal mol” and
AS*=-19.2 + 5.1 cal K" mol” for the transformation from 3 to 2
and AH* = 22,5 + 2.5 kcal mol” and AS* = -12.9 £ 5.4 cal K
mol™ for the transformation from 2 to 1. These values yield
activation energies AGs* and AG4* at 298 K of 25.0 + 3.5 and
26.3 + 3.8 kcal mol™, respectively.

Table 2. Rate Constants for the transformations of 3 into 2 (k; ) and of 2 into 1
(k4) and k; calculated according to egs 7 and 8, respectively

T [3lo 2o ks x 107 ke x 107
Arene P P
(K) (M) (M) (s7) (s”)
333 0.037 - CeHs (0.95 % 0.10) -
338  0.037 - CeHs (1.35 £0.08) -
343 0.037 - CeHs (2.34 £ 0.07) -
348  0.037 - CeHs (3.55+ 0.10) -
353  0.037 - CeHs (4.95 +0.10) -
343 0.037 - CeDs (0.75 + 0.08) -
343 0.037 - CH4Clo (3.74 £ 0.08) -
343 0.037 - CeHiMe, (1.94 + 0.06) -
333 - 0.037 CeHs - (0.17 + 0.06)
338 - 0.037 CeHs - (0.31£0.09)
343 - 0.037 CeHs - (0.52 + 0.06)
348 - 0.037 CeHs - (0.81+0.10)
353 - 0.037 CeHs - (1.26 + 0.09)
343 - 0.037 CeDs - (0.18 + 0.07)
343 - 0.037 CH4Clo - (0.73+0.10)
343 - 0.037 CeHiMe, - (0.40  0.09)
13,5 ~
\Q\\

= ~e

%ﬁ -14,5 1 \\\

— 5\\\

\\\
3
-15,5 ; .
2,8 29 3
1000/T (K1)

Figure 8. Eyring plot for the transformation of 3 into 2.
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Figure 9. Eyring plot for the transformation of 2 into 1.

The rates of the reactions of 3 and 2 with [Dg]benzene are
significantly slower than those with benzene. The ratios ka/ks.q
and ka/ks-q give primary isotope effects of 3.1 £ 0.1 and 2.8 £ 0.1,
respectively, which support the rupture of the aromatic C-H bond
as the rate determining step of the functionalization. This is
consistent with the strongly negative values of the activation
entropies, which suggest the coordination of the activated C-H
bond to the metal center in the transition state for the rupture
and therefore the dissociation of the oxygen atom of the
diphosphine before the rate determining step, in contrast to the
previous reactions involving B-H bond activation.

The behavior of 2 and 3 in 1,3-dichlorobenzene (ks°? and
ks%?) and meta=xylene (ks"*? and ks"**?) was also studied in order
to gain additional information on the C-H rupture. Both solvents
react with the boryl complexes to form meta-boryl-substituted
products, as expected for a steric control of the regioselectivity
of the arene functionalization (Scheme 8). The rate of the
reactions decreases in the sequence 1,3-dichlorobenzene >
benzene > meta-xylene; i.e., electron deficient rings are
borylated faster than electron rich rings. The ratios k;®%/ks,
ki®?/ks , ks"*?lks, and k,"*/k, are 1.6, 1.4, 0.83, and 0.77,
respectively. The increase of the reaction rate with the decrease
of the electron density of the ring is consistent with a homolytic
cleavage of the C-H bond, resulting from the nucleophilic attack
of the metal center. The cleavage should afford aryl-Ir(V)
intermediates.

k CI2 k
3 2 4 1
CI\©/CI CI\Q/CI
Bpin Bpin
k Me2 k Me2
3 2 2 4 1
Bpin Bpin

Scheme 8. Reactions with 1,3-dichlorobenzene and meta-xylene.

The results of the previously mentioned stoichiometric
reactions of complexes 3 and 2 with arenes can be jointly
rationalized according to Scheme 9. The coordination of the
organic substrate to the metal center of the unsaturated
intermediates D shown in Scheme 6 should give the o-
derivatives E, which would evolve to the Ir(V)-intermediates F by
oxidative addition of the coordinated C-H bond of the arene.
Thus, the rapid reductive elimination of aryl-Bpin could yield the
metal products

Catalytic Borylation of Arenes Promoted by 2. Reactions
shown in Schemes 4 and 7 define two cycles for the formation of
PhBpin by direct C-H borylation of benzene (A and B in Scheme
10), where the dihydride-boryl complex 2 is a common species.
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The rate determining step in both cycles is the cleavage of C-H
bond of the arene, being favored in cycle B with regard to cycle

E = Bpin (2), H (1)
Scheme 9. Mechanistic proposal for the C-H bond activation of arenes.

AGgggt = 23.6 + 2.2 kcal mol™ AGgggt = 24.3 + 2.5 kcal mol™!

H-Bpin Ho

T
oo UTQC

AGggt = 26.3 + 3.8 kcal mol™ AGgggt = 25.0 + 3.5 kcal mol™

Scheme 10. Mechanism of the borylation of arenes catalyzed by 1, 2, and 3.

Dihydride-boryl complex 2 efficiently promotes the
borylation of benzene, as expected from the cycles shown in
Scheme 10, with both HBpin and Bpin,, in the absence and in
the presence of cyclohexene as hydrogen acceptor (Table 3).
Because the rate determining step in both cycles is the rupture
of a C-H bond of the arene, the same arene was used as solvent,
at 110 °C. Under these conditions the borane is better borylating
reagent than the diborane. The olefin also improves the arene
borylation; the reason is thermodynamic, since the
transformations shown in Scheme 4 are equilibria shifted
towards the right, which change of direction under excess of
molecular hydrogen. The trihydride complex 1 removes the
generated H, by catalyzing the cyclohexene hydrogenation. By
using a CgH1o/HBpin ratio of 1.0, PhBpin was isolated in 90%
yield after 18 h.

Complex 2 also catalyzes the direct C-H borylation of
mono-, di-, and trisubstituted benzenes as well as furan. It
tolerates a variety of functionalities, including CHs, OCHs, CF3, F,
Cl, and Br. Under the conditions used for the borylation of
benzene, borylated products were isolated in almost quantitative
yields after 18 h, in all the cases, independently of the electron
donating or electron withdrawing nature of the substituents
(Scheme 11). In agreement with classical Ir(Bpin)sLz
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catalysts,!">"¥ the selectivity of the functionalization is governed
by steric factors, which are slightly modulated by electronic
influence of the substituents on the aromatic ring, as expected
for reactions controlled by the kinetic of C-H bond activation of
the arene. Thus, the borylation proceeds with high selectivity for
functionalization of the least sterically hindered C-H bond of the
aromatic ring. Toluene and anisole give meta- and para-
substituted products in a 60:40 molar ratio. Electron withdrawing
groups such as CF3, Cl, and Br increase the meta:para ratio
(70:30, 70:30, and 85:15, respectively). 1,3-Disubstituted
benzenes undergo exclusively borylation at position meta with
regard to both groups, in agreement with the stoichiometric
borylations shown in Scheme 8, whereas 1,2,3-trichlorobenzene
and furan give the respective 3,4,5-trichlorophenyl- and 2-furan-
boryl esters.

Table 3. Optimization of the reaction conditions for the borylation of benzene
catalyzed by complex 2.1

i Boron Cyclohe- Catalyst Yield
Run Time (h)
source xene (mol%) (%)

1 24 HBpin yes 5 100
2 24 HBpin no 5 47
3 24 B,pin; no 5 19
4 24 B,Pin, yes 5 52
5 20 HBpin yes 5 100
6 18 HBpin yes 5 94
7 18 HBpin yes 2.5 58
8 18 HBpin yes 1 21

1 mL of benzene, 110 °C, 0.20 mmol of HBpin or 0.10 mmol of Bypin, 0.2
mmol of cyclohexene. Yields were determined by "H NMR spectroscopy

The smaller size and higher electronegativity of the fluorine
atom has a marked influence on the selectivity. In contrast to Cl
and Br, the fluorinated arenes give mixtures containing a high
proportion of compounds bearing the Bpin group disposed ortho
to fluorine. Thus, fluorobenzene and 1,3-difluorobenzene yield
mixtures of the three possible isomers, whereas 1-chloro-3-
fluorobenzene affords two products: the arene with the Bpin
group disposed ortho to F (30%) and that bearing the Bpin group
disposed meta to both halides (70%). The reason of this
behavior appears to be related to an increase of the B-C bond
energy with the ortho-fluorine substitution.”™ The effect has
been explained in terms of an increment of the ionic component
of the bond by inductive effect of the ortho-fluorine atom.*

We have also analyzed the borylation of [Dg]toluene and
[Ds]bromobenzene (Scheme 12) in order to know the influence
of the isotopic substitution on the selectivity of the
functionalization. In both cases as well as for [Dg]benzene, a
slight decrease of the reaction yield after 18 h was observed,
which may be related to the decrease of the reaction rate as a
result of the increase of the strength of the activated bond of the
arene. The borylation of [Dg]toluene slightly increases the
selectivity at the meta position (65:35 versus 60:40). However,
the borylation of [Ds]bromobenzene displays a significant
reduction of the functionalization of the meta position with regard
to bromobenzene (50:50 versus 85:15), leading to an
equimolecular mixture of the meta and para isomers. This
suggests that the deuteration of monosubstituted arenes with
electron donating groups does not significantly affect the ratio
between the strength of the bonds situated in meta and para
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Bpin

5 mol% 2

en

1 mL arene

2.06 mmol HBpin
2 mmol cyclohexene
110°C, 18 h

Bpin CH3 OCHj3
(j @Bpln @Bpm @Bpln @Bpm @Bpln @Bpln
m:p=60:40 mip=60:40 mp=70:30 o:m:p=3545:22 mip=70:30 m:p=285:15
92 (90) 87 (83) 99 (95) 98 (95) 99 (95) 99 (93)
Bpin Bpin Bpin Bpin
H3C CHz H3CO Hs F3C
4 (92) ab:c = 25 38:37 9 (95) 99 (95)
98 (95)
Bpin Bpin Bpin Bpin
P P b Bpin P
a
G 0.
H;  F3C F3C F Cl cCl Cl O" 'Bpin
Cl
99 (95) 99 (95) 97 (95) ab = 30:70 99 (98)
99 (95) 99 (98)
Scheme 11. Borylation of arenes (isolated yields in parentheses).
with regard to the substituent, whereas the deuteration of
monosubstituted arenes with electron withdrawing groups Conclusion

increases the strength of the bond in meta position with regard
to that situated at para.

D Bpin
D D 5 mol% 2 D D
R
D 1 mL arene D
D 2.06 mmol HBpin D
2 mmol cyclohexene
110°C, 18 h
Bpin
rﬁ gsm xﬁsm
m:p = 65:35 m:p = 50:50
85 87

Scheme 12. Borylation of deuterated arenes.

Both complexes 2 and 3 promote the direct C-H borylation
of arenes and each boryl derivative generates a catalytic cycle.
In addition, it should be noted that complex 3 is the xant(P'Pr,),-
counterpart of intermediates IrH(Bpin),L2. shown in Scheme 1.
So, it appears to be reasonable to think that the direct C-H
borylation of arenes catalyzed by Ir(Bpin)sL. takes place through
a mechanism more complex than that shown in Scheme 1.
According to our observations, that mechanism should be
defined by three cycles, involving complexes Ir(Bpin)sLo,
IrH(Bpin),L2, and IrHx(Bpin)L; as key intermediates, although the
elemental steps within each cycle should be similar to those
shown in Scheme 1.

The kinetic study of the B-H bond activation of
pinacolborane promoted by the trihydride IrHs{k>-P,0,P-
[xant(P'Pr2)z]} (Scheme 4) and of the C-H bond activation of
benzene mediated by the resulting hydride-boryl derivatives
IrH2(Bpin){k*-P,0,P-[xant(PPry),]} and  IrH(Bpin),{k>-P,0,P-
[xant(PPry)z]} (Scheme 7) has revealed that the three
compounds are involved in two catalytic cycles for the direct C-H
borylation of arenes, which have the dihydride IrH(Bpin){i®-
P,O,P-[xant(P'Pr,),]} as common intermediate (Scheme 10). The
presence of basic hydride ligands in these saturated compounds
facilitates the coordination of the B-H bond of the borane to the
metal center, since they can bind to the acidic boron center. The
addition of the borane to one of the hydride ligands leads to k'-
dihydrideborate intermediates, which dissociate the coordinated
oxygen atom of the diphosphine and subsequently coordinate
the free B-H bond of the formed dihydrideborate group. Once
coordinated the B-H bond, its activation (Scheme 6) as well as
the C-H bond activation of the arene (Scheme 9) follow the
usual procedure. The C-H cleavage is the rate determining step
for both cycles, being faster the C-H oxidative addition to
IrH(Bpin){k*-P,0,P-[xant(P'Pr,),]} than to IrH,(Bpin){k>-P,0,P-
[xant(P'Pr,)z]}. Complex IrH(Bpin){k*-P,0,P-[xant(P'Pr,),]} is the
xant(P'Pry)-counterpart of intermediates IrH(Bpin).Lz in the
cycle generally proposed for the direct C-H borylation of arenes
in the presence of the classical Ir(Bpin)sL. catalysts.

In summary, this study points out two subjects of interest:
the hydrides are cooperative ligands in the B-H bond activation
reactions, since facilitate the coordination of the borane to the
metal center and are therefore useful and desirable in the
borylation catalysts along with monodentate boryl groups; and
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the catalytic C-H borylation of arenes with boranes takes place
through several cycles, which coexist. This is due to the
presence of intermediates L,M(BR2), and LnMHx(BRz)nx, Which
are in equilibrium during the reaction. Each species of this class
gives rise to a different catalytic cycle. All these cycle are formed
by similar elemental steps.

Experimental Section

General information. All reactions were carried out with exclusion of air
using Schlenk-tube techniques or in a drybox. Instrumental methods and
X-ray details are given in the Supporting Information. In the NMR spectra
the chemical shifts (in ppm) are referenced to residual solvent peaks ('H,
BC{'H}) or external 85% HsPO, (*'P{'H}), BF3-OEt, ("'B{'H}), or CFCls
(*°F). Coupling constants J and N (N = Jp.yy + Jpuy for 'H and N = Jpc +
Jpc for 3C{'H}) are given in hertz.

Improved method of synthesis of IrHs{k*-P,0,P-[xant(P'Pr;),]} (1). A
solution of IrHCKk*-C,P,0,P-[CH,CH(CHs)P(Pr)xant(PPr,)]} (200 mg, 0.3
mmol) in toluene (10 mL) was cooled to 0 °C and then NaBH4 (125 mg,
3.3 mmol) was added. Methanol (2 mL) was added dropwise to the
resulting suspension. After 15 min, the resulting yellowish suspension
was evaporated to dryness to afford a pale yellow residue. The addition
of toluene afforded a pale yellow suspension, which was filtered through
Celite to remove the sodium salts. The solution thus obtained was
evaporated to dryness to afford a yellow residue. Addition of cold
methanol (-78 °C) afforded a white solid, which was washed with further
portions of cold methanol (3 x 0.3 mL). Yield: 125 mg (65%). NMR data
agree with those reported previously.??!

Reaction of IrH3{k*-P,0,P-[xant(P'Pr;),]} (1) with HBpin: Preparation
of IrHz(Bpin){k3-P,0,P-[xant(P'Pr,)]} (2). A solution of 1 (100 mg, 0.16
mmol) in toluene (3 mL) was treated with HBpin (24 pL, 0.16 mmol) and
the resulting mixture was stirred at room temperature for 8 h. After this
time, the yellowish solution was evaporated to dryness to afford a yellow
residue. Pentane was added to afford a white solid, which was washed
with pentane (2 x 1 mL) and dried in vacuo. Yield: 72 mg (60%). Anal.
Calcd. for Ca3zHs4BIrOsP,: C, 51.89; H, 7.13. Found: C, 51.45; H, 6.90.
HRMS (electrospray, m/z): calcd. for C33Hs3BIrOsP, [M - H]® 763.3194;
found 763.3194. IR (cm™): v(Ir-H) 1743 (w), v(C-O-C) 1111 (m). "H NMR
(300.13 MHz, [Dg]benzene, 298 K): & 7.32 (m, 2H, CH-arom), 6.90 (m,
2H, CH-arom), 6.84 (t, 3JH.H = 7.5, 2H, CH-arom), 2.58 (m, 4H,
PCH(CHa),), 1.64 (dvt, %Jyn = 7.5, N = 16.2, 12H, PCH(CHa)y), 1.22 (s,
12H, CHjs Bpin), 1.23 (dvt, %3y = 6.9, N = 14.4, 12H, PCH(CHs),), 1.12
(s, 6H, CHs), -6.11 (t, 2up = 17.5, 2H, Ir-H). *C{'H}-apt NMR (75.47
MHz, [Dg]benzene, 298 K): & 155.0 (vt, N = 11.5, Carom), 130.5 (vt, N =
4.7, Carom), 130.2 (s, CH-arom), 128.9 (vt, N = 28.8, Carom), 127.1 (s,
CH-arom), 124.3 (vt, N = 5.1, CH-arom), 80.3 (s, C Bpin), 33.8 (s,
C(CHj3)2), 32.3 (s, C(CHz3)2), 27.6 (vt, N = 30.4, PCH(CHj3),), 25.3 (s, CH3
Bpin), 20.0 (vt, N = 6.5, PCH(CHa)), 19.3 (s, PCH(CHs)y). *'P{"H} NMR
(121.49 MHz, [Dg¢]benzene, 298 K): & 57.8 (s, triplet under off-resonance
decoupling conditions). "'B{'"H} NMR (96.29 MHz, [D¢]benzene, 298 K): &
34.2 (br).

Reaction of IrHy(Bpin){k®-P,0,P[xant(P'Pr,),]} (2) with HBpin:
Preparation of IrH(Bpin),{k*-P,0,P-[xant(P'Pr,),]} (3). A solution of 2
(100 mg, 0.13 mmol) in octane (3 mL) was treated with HBpin (29 pL,
0.19 mmol) and the resulting mixture was refluxed for 30 min. After
cooling at room temperature the solution was evaporated to dryness,
affording a yellowish residue. Pentane was added to afford a white solid.
Yield: 86 mg (74%). Anal. Calcd. for C39HesB2IrOsP2: C, 52.65; H, 7.36.
Found: C, 52.23; H, 7.22. HRMS (electrospray, m/z) calcd. for
CaoHesBaIrOsP, [M]*: 889.4053; found: 889.4037. IR (cm™): v(Ir-H) 1867
(W), v(C-O-C) 1090 (m). 'H NMR (400.13 MHz, [D14]methylcyclohexane,
253 K): d 7.62 (m, 2H, CH-arom), 7.44 (d, 3.]H_H = 7.4, 2H, CH-arom),
7.25 (t, *Jun = 7.4, 2H, CH-arom), 2.89 (m, 2H, PCH(CHs),), 2.73 (m, 2H,
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PCH(CHs),), 1.98 (s, 3H, CHa), 1.66 (dvt, *Juy = 7.2, N = 14.8, 6H,
PCH(CHj),), 1.56 (dvt, *Juy = 7.6, N = 15.6, 6H, PCH(CHs)y), 1.48 (s, 3H,
CHs), 1.34 (dvt, 3Juy = 7.2, 6H, PCH(CHs),), 1.35 (s, 12H, CHs Bpin),
1.20 (s, 12H, CH; Bpin), 1.05 (dvt, *Jyn = 7.2, N = 14.4, 6H, PCH(CHj),),
566 (t, 2Jup = 24.0, 1H, Ir-H). C{'H}-apt NMR (100.61 MHz,
[D14]methylcyclohexane, 253 K): & 158.2 (vt, N = 10.4, Carom), 133.2 (vt,
N = 4.5, Carom), 130.9 (s, CH-arom), 129.7 (vt, N = 30.9, Carom), 125.6
(s, CH-arom), 124.9 (s, CH-arom), 83.2, 81.4 (both s, C Bpin), 35.9 (s,
C(CHs)y), 34.9 (s, C(CHa),), 32.6 (vt, N = 27.4, PCH(CHs),), 30.1 (vt, N =
35.2, PCH(CHs),), 27.7, 26.2 (both s, CH3 Bpin), 24.5 (s, C(CHa),), 21.9,
216, 21.0, 20.9 (all s, PCH(CHas)). >'P{'H} NMR (121.49 MHz,
[D14]methylcyclohexane, 298 K): 6 49.1 (s, doublet under off-resonance
decoupling conditions). "B{"H} NMR (96.29 MHz,
[D414]methylcyclohexane, 298 K): & 38.4 (br).

Reaction of IrH3{k*-P,0,P-[xant(P'Pr,),]} (1) with DBpin: Two Wilmad
screw-cap NMR tubes were charged with 1 (10 mg, 0.016 mmol). To the
first NMR tube was added 0.42 mL of cyclohexane and to the second
was added 0.42 mL of [Dq;]cyclohexane. DBpin (3 uL, 0.02 mmol) was
added to both samples and they were periodically checked by NMR
spectroscopy. After 6 h at room temperature, the "H and ?H NMR spectra
showed the presence of 2-d4. The 'H NMR (300.13 MHz,
[D+2]cyclohexane, 298 K) data were identical to those reported for 2 with
the exception of the decrease of the intensity of the triplet at -6.22 ppm
(ZJH_p = 17.7 Hz) corresponding to IrH, and the appearance of a new
triplet at -6.08 ppm (3Jup = 17.7 Hz) corresponding to the IrHD
isotopomer, being the deuterium incorporation at the hydride position
50%. 2H NMR (46.07 MHz, cyclohexane, 298 K): 5 -6.09 (s, IrD).

Reaction of IrH,(Bpin){k*-P,0,P-[xant(P'Pr,),]} (2) with DBpin: Two
Wilmad screw-cap NMR tubes were charged with 2 (10 mg, 0.013 mmol).
To the first NMR tube was added 0.42 mL of cyclohexane and to the
second was added 0.42 mL of [Dsz]Jcyclohexane. DBpin (3 uL, 0.02
mmol) was added to both samples and they were periodically checked by
NMR spectroscopy. After 30 min at 110 °C, the "H and ?H NMR spectra
showed the presence of 3-di. The 'H NMR (300.13 MHz,
[D42]cyclohexane, 298 K) data were identical to those reported for 3 with
the exception of the decrease of the intensity of the triplet at -5.66 ppm
(3Jup = 17.7 Hz) (corresponding to IrH) and the appearance of a singlet
in the 2H NMR (46.07 MHz, cyclohexane, 298 K): & -5.76 (s, IrD)
(corresponding to the IrD isotopomer).

NMR spectroscopic study of the transformation of IrH;{k*-P,0,P-
xant(P'Pry);} (1) into IrHy(Bpin){k3-P,0,P-[xant(P'Pry).]} (2). The
experimental procedure is described for a particular case, but the same
method was used in all experiments, which were run in duplicate. In the
glovebox, a Wilmad screw-cap NMR tube was charged with a solution of
1 (10 mg, 0.016 mmol), HBpin (68 uL, 0.47 mmol) in octane (0.42 mL),
and a capillary tube filled with a solution of the internal standard (PPh3) in
[De]benzene was placed in the NMR tube. The tube was immediately
introduced into an NMR probe preheated at the desired temperature, and
the reaction was monitored by 3'P{'"H} NMR at different intervals of time.

Determination of the reaction order for HBpin in the transformation of 1
into 2. The experimental procedure is analogous to that described for the
transformation of 1 into 2, starting form 1 (10 mg, 0.016 mmol, 0.0373 M)
and variable concentrations of HBpin (from 0.747 to 1.495 M) in octane
(0.42 mL). The experiments were carried out at 343 K.

Determination of the reaction order for HBpin in the transformation of 2
into 3. The experimental procedure is analogous to that described for the
transformation of 1 into 2, starting form 2 (12 mg, 0.016 mmol, 0.0374 M)
and variable concentrations of HBpin (from 0.748 to 1.496 M) in octane
(0.42 mL). The experiments were carried out at 343 K.

NMR spectroscopic study of the transformation of IrH(Bpin){k*-
P,0,P-xant(P'Pr;),} (3) into IrH,(Bpin){k*-P,0,P-[xant(P'Pr,),]} (2). The
experimental procedure is described for a particular case, but the same
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method was used in all experiments, which were run in duplicate. In the
glovebox, a Wilmad screw-cap NMR tube was charged with a solution of
3 (14 mg, 0.016 mmol) in benzene (0.42 mL), and a capillary tube filled
with a solution of the internal standard (PPhs) in [Dg]benzene was placed
in the NMR tube. The tube was immediately introduced into an NMR
probe preheated at the desired temperature, and the reaction was
monitored by 3'P{'"H} NMR at different intervals of time.

NMR spectroscopic study of the transformation of IrH,(Bpin){k’-
P,0,P-[xant(P'Pry);]} (2) into IrH3{x*-P,0,P-[xant(P'Pr,);]} (1). The
experimental procedure is described for a particular case, but the same
method was used in all experiments, which were run in duplicate. In the
glovebox, a Wilmad screw-cap NMR tube was charged with a solution of
2 (12 mg, 0.016 mmol) in benzene (0.42 mL), and a capillary tube filled
with a solution of the internal standard (PPhs) in [Dg]benzene was placed
in the NMR tube. The tube was immediately introduced into an NMR
probe preheated at the desired temperature, and the reaction was
monitored by 3'P{'"H} NMR at different intervals of time.

Optimization of the borylation reactions. In an argon-filled glovebox
an Ace pressure tube was charged with complex 2 (1.6 mg, 0.002 mmol,
1 mol%; 3.9 mg, 0.005 mmol, 2.5 mol% or 8 mg, 0.01 mmol, 5 mol%),
HBpin (30 pL, 0.20 mmol) or Bypin, (26.2 mg, 0.103 mmol), 1 mL of
benzene, and in the absence of presence of cyclohexene (20 uL, 0.20
mmol). The resulting mixture was stirred at 110 °C for variable times.
After each time the arene was evaporated under reduced pressure to
afford a crude reaction mixture. The yield of the borylation reactions was
determined by '"H NMR spectroscopy by dissolving the crude reaction
mixture in [D]chloroform and adding 8 pL (0.10 mmol) of 1,2-
dichloroethane which was used as internal standard. In order to ensure
accurate integration of the signals, the spectra were recorded using eight
scans and 5 s delay.

General procedure for the borylation reactions. In an argon-filled
glovebox an Ace pressure tube was charged with complex 2 (8 mg, 0.01
mmol), HBpin (30 pL, 0.20 mmol), cyclohexene (20 pL, 0.20 mmol) and 1
mL of the arene. The resulting mixture was stirred at 110 °C for 18 h.
After this time the arene was evaporated under reduced pressure to
afford a crude reaction mixture. The yield of the borylation reactions was
determined by "H NMR spectroscopy by dissolving the crude reaction
mixture in [D]chloroform and adding 8 pL (0.10 mmol) of 1,2-
dichloroethane which was used as internal standard. In order to ensure
accurate integration of the signals, the spectra were recorded using eight
scans and 5 s delay. The isolated yields were calculated after purification
of the crude reaction mixture by flash chromatography over silica gel
using diethyl ether as eluent and by evaporation to dryness.

Hydrogenation of cyclohexene catalyzed by IrH:{xk>-P,0,P-
[xant(P'Pr2);]} (1). A solution of cyclohexene (211 L, 2.01 mmol) in
toluene (1 mL) was added, under hydrogen atmosphere, to a solution of
1 (15 mg, 0.02 mmol) in toluene (7 mL) placed into a 25 mL flask
attached to a gas burette, which was in turn connected to a Schlenk
manifold and had been previously evacuated and refilled with hydrogen.
The flask was then immersed in a 40 °C bath and the mixture was
vigorously shaken (500 rpm) during the run. The reaction was monitored
by measuring the hydrogen consumption and by periodic GC analysis of
samples removed via syringe. After 3 h total conversion of cyclohexene
to cyclohexane was achieved.

Exposure of IrH(Bpin){k>-P,0,P-[xant(P'Pr;);]} (3) to a hydrogen
atmosphere. A low pressure/vacuum NMR tube was charged with a
solution of 3 (10 mg, 0.01 mmol) in octane (0.42 mL), and the argon
atmosphere was replaced by a hydrogen atmosphere (1 atm). The NMR
tube was introduced in an oil bath at 50 °C and *'P{'"H} NMR spectra
were recorded periodically. After 8 h the complete conversion to 2 was
observed.
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Exposure of IrHy(Bpin){k*-P,0,P-[xant(P'Pr,);]} (2) to a hydrogen
atmosphere. A low pressure/vacuum NMR tube was charged with a
solution of 2 (10 mg, 0.01 mmol) in octane (0.42 mL), and the argon
atmosphere was replaced by a hydrogen atmosphere (1 atm). The NMR
tube was introduced in an oil bath at 50 °C and *'P{'"H} NMR spectra
were recorded periodically. After 18 h the complete conversion to 1 was
observed.
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Ph-H He
AGaegt = AGyegt =

25.0 + 3.5 kcal mol™! 24.3 % 2.5 kcalmol”’
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Complexes IrHa{k>-P,0,P-[xant(P'Pr,),]}, IrHo(Bpin){k>-P,0,P-[xant(P'Pr,),]}, and IrH(Bpin)s{k®-P,0,P-[xant(P'Pr,).]} are connected
through B-H and C-H bond activations of HBpin and benzene, respectively, and define two cycles for the C-H borylation of arenes
with HBpin, having IrH2(Bpin){x*-P,0,P-[xant(P'Pr,),]} as common intermediate. Kinetic measurements reveal that the rate

determining step of both cycles is the C-H activation of the arene.
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