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Abstract: This paper describes mechanistic studies on the functionalization of arenes with the diboron
reagent B,pin; (bis-pinacolato diborane(4)) catalyzed by the combination of 4,4'-di-tert-butylbipyridine (dtbpy)
and olefin-ligated iridium halide or olefin-ligated iridium alkoxide complexes. This work identifies the catalyst
resting state as [Ir(dtbpy)(COE)(Bpin)s] (COE = cyclooctene, Bpin = 4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lanyl). [Ir(dtbpy)(COE)(Bpin)s] was prepared by independent synthesis in high yield from [Ir(COD)(OMe)].,
dtbpy, COE, and HBpin. This complex is formed in low yield from [Ir(COD)(OMe)]., dtbpy, COE, and B,-
pin.. Kinetic studies show that this complex reacts with arenes after reversible dissociation of COE. An
alternative mechanism in which the arene reacts with the Ir(l) complex [Ir(dtbpy)Bpin] after dissociation of
COE and reductive elimination of B,pin, does not occur to a measurable extent. The reaction of [Ir(dtbpy)-
(COE)(Bpin)s] with arenes and the catalytic reaction of B,pin, with arenes catalyzed by [Ir(COD)(OMe)].
and dtbpy occur faster with electron-poor arenes than with electron-rich arenes. However, both the
stoichiometric and catalytic reactions also occur faster with the electron-rich heteroarenes thiophene and
furan than with arenes, perhaps because n?-heteroarene complexes are more stable than the »2-arene
complexes and the »2-heteroarene or arene complexes are intermediates that precede oxidative addition.
Kinetic studies on the catalytic reaction show that [Ir(dtbpy)(COE)(Bpin)s] enters the catalytic cycle by
dissociation of COE, and a comparison of the kinetic isotope effects of the catalytic and stoichiometric
reactions shows that the reactive intermediate [Ir(dtbpy)(Bpin)s] cleaves the arene C—H bond. The barriers
for ligand exchange and C—H activation allow an experimental assessment of several conclusions drawn
from computational work. Most generally, our results corroborate the conclusion that C—H bond cleavage
is turnover-limiting, but the experimental barrier for this bond cleavage is much lower than the calculated

barrier.
Introduction R-H o
_ ) ) ) (R=aryl or alkyl) R-E j( (RBpin)
The selective functionalization of arene and alkaneHC + Iror Rh o
bonds under mild conditions with high efficiency has been O‘B_B/Oji catalysts, 0 M
sought for many years? We and others have made progress o o + 'B-H (HBpin)
toward this goal by developing the reaction of diborane(4) and (Bzping) 0

dioxaborolane reagents with alkanes and arenes in the presence

of rhodium and iridium catalysts to form alkyl- and arylboronate ~ The organoboronate esters produced by this reaction are
esters (eq 13-26 These reactions occur under mild conditions common reagents. They serve as precursors to alc@hmis
with certain catalysts. participate in SuzukiMiyaura couplings8 Arylboronate esters

are typically prepared by converting an aryl halide to an aryl

TYale University.
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this species was competent to be an intermediate in the catalytic
borylation of arenes, a reliable method to synthesize this
complex was not available at that time. The inability to prepare
this complex in appreciable amounts limited the scope and depth
of mechanistic studies that could be pursued, and the mechanism
by which this complex reacts with arenes was not deduced.
Grignard reagent, trapping of the Grignard reagent with a borate, A computational study and two mechanistic studies of other
and hydrolyzing the arylboronate product to the boronic &¢id. groups have been published that are relevant to the work
Alternatively, the aryl halide can be converted to the arylbor- reported here. After we reported the isolation of the trisboryl
onate ester by a transition metal catalyzed coupling of the aryl complex 1, a computational study was conducted of the
halide with a borane reaget®:33 This second method bypasses mechanism of the catalytic borylation initiated with the 16-
the need for Grignard reagents but still begins with an aryl electron compound formed by dissociation of cyclooctene from
halide. Thus, a synthesis of arylboronate esters from arenesisolated1.3* These studies suggested that the catalytic reaction
would improve upon each of these methods by avoiding the occurred by a mechanism in which the arene reacts with this
need to prepare the halogenated arene and to generate aniyisboryl complex. The barriers calculated for the individual steps

>

Bu' | _
/N,,,,lr“\Bpm
=~N""| ¥Bpin

But Bpin

Figure 1. Trisboryl complexl.

organometallic reagents.
The mildest direct borylation of arenes occurs with diborane-

of the cycle implied that the turnover-limiting step was-8
bond cleavage of the arene and that a pentaboryl Ir(V) complex

(4) reagents and is catalyzed by an iridium complex generatedformed by addition of Bpin; should be accessible.

from [Ir(COE)CI], or [Ir(COD)OMe}L (COE = cyclooctene,
COD = cyclooctadiene) and dert-butylbipyridine1214 This
chemistry occurs at room temperature with a 1:1 molar ratio of
arene to boron reagent in an inert alkane solv&mhe reactions
occur with both arene and heteroarene substiét€he regi-
oselectivity of reactions with arenes is controlled by steric
effects, while the borylation of heteroarenes occurs at thelC

A few experimental studies related to the borylation of
aromatic substrates have also been reported. Smith and co-
workers reported preliminary mechanistic data on the borylation
of arenes by phosphine-ligated iridium complexes. Their data
did not distinguish between reactions of arenes with Ir(l)
monoboryl or Ir(lll) trisboryl complexe3® A combined experi-
mental and computational study on the borylation of benzylic

bond o to the heteroatom, unless the heteroatom possesses &—H bonds catalyzed by a phosphine-ligated rhodium complex
large group. Turnover numbers on the order of 8000 have beenWas also reported recentty. This study suggested that an

reportedi? and this value exceeds that of most if not all
homogeneous catalytic functionalizations of-B bonds.

The mechanism of the borylation of alkanes and arenes has

been shown in several cases to occur byHCactivation of the
arene by a transition metal boryl comple$®11.1220 The
bipyridine-ligated iridium trisboryl complek in Figure 1, which

reacts readily with arenes to generate arylboronate esters, wa

isolated during preliminary studies on the mechanism of the
iridium-catalyzed borylation of arené$Although studies on
the selectivity of the reactions of this complex suggested that

(13) Takagi, J.; Sato, K.; Hartwig, J. F.; Ishiyama, T.; MiyauraTktrahedron
Lett. 2002 43, 5649.
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Ed. 2002 41, 3056.

(15) Ishiyama, T.; Nobuta, Y.; Hartwig, J. F.; Miyaura, Bhem. Commun.
2003 2924.

(16) Ishiyama, T.; Takagi, J.; Yonekawa, Y.; Hartwig, J. F.; MiyauraAib.
Synth. Catal2003 345, 1103.

(17) Iverson, C. N.; Smith, M. R., llIJ. Am. Chem. Sod.999 121, 7696.

(18) Cho, J. Y.; Iverson, C. N.; Smith, M. R. Am. Chem. So@00Q 122,
12868.

(19) Tse, M. K.; Cho, J. Y.; Smith, M. ROrg. Lett.2001, 3, 2831.

(20) Cho, J.Y.; Tse, M. K.; Holmes, D.; Maleczka, R. E.; Smith, MSRience
2002 295 305.

(21) Maleczka, R. E.; Shi, F.; Holmes, D.; Smith, M. R.Am. Chem. Soc.
2003 125 7792.

(22) shimada, S.; Batsanov, A. S.; Howard, J. A. K.; Marder, TABgew.
Chem., Int. Ed. Engl2001, 40, 2168.

(23) Tagata, T.; Nishida, MAdv. Synth. Catal2004 346, 1655.

(24) Datta, A.; A.Kdlhofer; Plenio, H.Chem. Commur2004 1508.

(25) Hata, H.; Shinokubo, H.; Osuka, A. Am. Chem. SoQ005 127, 8264.

(26) Coventry, D. N. B., Andrei S.; Goeta Andres E.; Howard, Judith A. K.;
Marder, Todd B.; Perutz, Robin NChem. CommurR005 16, 2172.

(27) Pelter, A.; Smith, K.; Brown, H. CBorane ReagentsAcademic Press:
New York, 1988.

(28) Suzuki, A.J. Organomet. Cheni999 576, 147.

(29) Ishiyama, T.; Murata, M.; Miyaura, N.. Org. Chem1995 60, 7508.

(30) Ishiyama, T.; Itoh, Y.; Kitano, T.; Miyaura, Nletrahedron Lett1997,
38, 3447.
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analogous trisboryl rhodium intermediate was too high in energy
to be part of the catalytic process and that the process occurred
by C—H activation by a rhodium hydride, instead of a rhodium
boryl complex.

Thus, we conducted studies to prepare the bipyridine-ligated
trisboryl iridium complexl in high yield and to use material

from such a synthesis to conduct a detailed mechanistic study

of the mild borylation of arenes with this catalyst. We report
such a high-yield synthesis of the trisboryl complex, kinetic
studies on the catalytic reaction that reveal the turnover-limiting
step, isotopic labeling studies that reveal whether an Ir(l)
monoboryl or Ir(lll) trisboryl complex reacts with the arene,
and kinetic studies with labeled diborane(4) reagents that assess
the possible generation of pentaboryl complexes. All of these
data support the intermediacy of the trisboryl complex in the
catalytic process and rate-limiting cleavage of theHCbond

of the arene by [Ir(dtbpy)(Bpig) (dtbpy = 4,4-di-tert-
butylbipyridine, Bpin= 4,4,5,5-tetramethyl-1,3,2-dioxaborola-
nyl).

Results

1. Synthesis and NMR Characterization of (dtbpy)§?-
COE)Ir(Bpin) 3 (1). We previously reported the isolation and
solid-state structure of the Ir(lll) trisboryl complek from
reaction of [Ir(COE)CI],, dtbpy, and Bpin, (bis-pinacolato
diborane(4))2 However, compound was formed in low yield
from this reaction because of several factors, including the poor
solubility of the iridium reagents and the bipyridine ligand in
nonpolar alkane solvents and the need to separaten excess
B,pin, and side products, such as pinBOBpin gpis.

(34) Tamura, H.; Yamazaki, H.; Sato, H.; SakakiJSAm. Chem. So2003
125 16114.

(35) Lam, W. H.; Lam, K. C.; Lin, Z. Y.; Shimada, S.; Perutz, R. N.; Marder,
T. B. J. Chem. Soc., Dalton Tran2004 1556.



Functionalization of Arenes by Diboron Reagents ARTICLES
We investigated further reactions of [Ir(olefiG)], complexes dtbpy COE t-Bu Bpin
with dtbpy and borane reagents. However, the combination of
dtbpy and either [Ir(COD)C}or [Ir(COE)CI]. in cyclohexane-
d;, formed an insoluble material that reacted only slowly with
B,pin, or HBpin upon heating (eq 2). From this procedure,
+65 °CJ . . %\J@@
Bu! Buf —
- S J\I\\._A_JLN%
A e 7 - jwhv_
+25°C__A W
frcopye, =N N—7 insoluble we sz T
(GO}l [~ products @ 0ec_| - - Na——
T 7 - - :JJL,/ AN
— k._J
A - /\JK‘,JL,__&A_JL
Bu! Bu! A5°C - A~ hgi«A_L
_ A /\J
Boping =N N insoluble 30 °C__! (S /\JkJJ
CiBpin [~ products ® 55 7 & 5 pom 4 12 10 08 ppm
Ty

complex1 was formed in less than 20% yield, as determined
by IH NMR spectroscopy. Further complicating these reactions,
dtbpy reacted with Boin, and the CIBpin that is generated from
reaction of the iridium chlorides with the borane reagents to
form insoluble Lewis acigtbase complexes (eq 3). Similar
reactions of CIBcat (cat= catecholate) with amines were
reported by Mardet®—38 Although these iridium complexes and
Lewis acid-base adducts were slightly more soluble in hindered

arenes, such as mesitylene, the conditions needed to evaporate

the high boiling arene led to the decompositionloBenzene

and toluene were not suitable solvents because they react rapidlyircopyome],

with 1 (vide infrg). Reactions in polar aliphatic solvents, such
as THF, formed complex mixtures.

The detrimental effect of CIBpin was circumvented by
conducting the synthesis affrom the iridium methoxide [Ir-
(COD)(OMe)}, and this precursor generatédn high yield
under the appropriate conditions. The reaction of [Ir(COD)-
(OMe)], with HBpin and COE, followed by dtbpy, generated a
homogeneous solution, addvas formed in 86-95% yield (eq
4). In contrast, no reaction was observed betwegpirB and

1. HBpin xs COE

(ICOD)(OMe)}, ————

=N

\Bp|n
. = N’ \Bpm
Bu

“@

d1 2
80- 95°/o

[Ir(COD)Cl]3, [I(COEXCI],, or [Ir(COD)(OMe)} after 30 min
at room temperature, as determined#NMR spectroscopy?

A particular order of addition of HBpin and ligand was also
necessary to forni in high yield. Although counterintuitive,
reactions conducted by adding dtbpy to [Ir(COD)(OMeifter
addition of HBpin (6 equiv at 20°C in cyclohexaned)

(36) Dai, C.; Johnson, S. M.; Lawlor, F. J.; Lightfoot, P.; Marder, T. B.; Norman,
N. C.; Orpen, A. G.; Pickett, N. L.; Quayle, M. J.; Rice, C.RRlyhedron
1998 17, 4139.

(37) Clegg, W.; Scott, A. J.; Souza, F. E. S.; Marder, TABta Crystallogr. C
1999 55, 1885.

(38) Coapes, R. B.; Souza, F. E. S.; Fox, M. A.; Batsanov, A. S.; Goeta, A. E;
Yufit, D. S.; Leech, M. A.; Howard, J. A. K.; Scott, A. J.; Clegg, W.;
Marder, T. B.J. Chem. Soc., Dalton Tran2001, 1201.

(39) Although HBpin reacted with [Ir(COD)GlJand [Ir(COE)CI],, the nearly
quantitative yield ofl was obtained only from reaction with [Ir(COD)-
(OMe)L..

Figure 2. Variable-temperaturéH NMR spectra (500 MHz) of complex

1 and 1 equiv of COE. The change in line shapes results from exchange
between freed 5.61) and bound COE)(3.92) and exchange between Bpin
groups located cisd(1.2) and transd 0.6) to COE.

generated the trisboryl complexin much higher yields than
reactions conducted by adding the ligand before the borane (eq
5), which formedl in only 30—-40% yield, as determined by

Bu! Bu’
=N N / Bu \©|
2. HBpin, xs COE g\l/ qr Bpin 5
y =~N""1 YBpin
(reverse order) But ) Bp| P
AN 30-40%
1. HBpin xs COE
[||'(COD)C|]2 =N \Bpln
o \ 6
(IHCOE),Cll, B N Boin " ©)
d12

15-45%

NMR spectroscopy with an internal standard. Even with this
order of addition, the reaction of dtbpy with the combination
of HBpin, COE, and either chloride dimer [Ir(COD)&br [Ir-
(COE)CI], formed 1 in only 40-45% and 1520% yield,
respectively (eqs 5 and 6). Because of the high solubility, of
even in methylcyclohexane at30 °C, complexl was isolated

in 55-65% vyield by the addition of tetramethylsilane to a
pentane solution ol at —30 °C. This procedure allowed for
the preparation of on a gram scale. Once pure, compleis
thermally stable in alkane solvent; no decomposition was
observed byH NMR spectroscopy after heating in cyclohexane-
di2 at 80°C for several hours.

The IH NMR spectra of compleX are consistent with the
structure we determined previously by X-ray diffractihe
spectra at room temperature contained aromati¢.{3, 7.96,
and 9.45) andert-butyl (6 1.42) resonances for the coordinated
dtbpy, and it contained an olefinic resonance forR«OE at
0 3.92. However, the methyl resonances of the pinacolate groups
and the methylene resonances of the COE ligand were not
observed in théH NMR spectrum at room temperature.

Thus, we obtained NMR spectroscopic data at various
temperatures (Figure 2). Three pinacolate methyl resonances

J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005 14265
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Scheme 1 3 2 1 3
COE COE COE M M M
N:.,llr,.\Bpin +ArH Nu..llr.-\Bpirl + ArH Nu.,llr,.\H
CN’é;Bpin - ArBpin N’lli\Bpin - ArBpin N’lli\Bpin M M M
I
1 2 3 M M MM M
in a 1:1:1 ratio were detected in thel NMR spectrum ofl at M
—20°C in methylcyclohexanéhs. The two resonances atl.24 o~ h M

and 6 1.21 correspond to two inequivalent methyl groups of

the mutually cis Bpin groups, and the third resonancg @69

corresponds to the Bpin group trans to the COE. Upon warming, L

the inequivalent methyl resonances of the mutually cis Bpin

groups broadened, and near 3D they coalesced. At 65C,

the methyl groups of all three boryl ligands were observed as i

one singlet ab 0.99.

These data indicate that the Bpin groups located cis and trans l

to the bipyridine undergo site exchange at elevated temperatures. l
A
A

o7 96 95 9.4 93 02 o1 9.0 89 PPM

The coalescence of the pinacolate groups is likely to occur by
dissociation of COE to form a 5-coordinate iridium complex,

followed by Berry pseudorotation to exchange cis and trans Bpin
groups. Consistent with this assertion, the resonances of the free
and coordinated COE coalesce at temperatures similar to those
that cause coalescence of the three Bpin signals. Using the
temperature of the initial broadenit?f the olefinic resonances
for free and coordinated COE, one can estimate @t is

between 14 and 15 kcal/mol for the exchange of free and . i . o for the dtbov lidand
coordinated olefin. Figure 3. *H NMR spectra of the aromatic region for the dtbpy ligan

L . . . and the more downfield portion of the hydride region during the reaction
2. Stoichiometric Reactions of Arenes with Isolated 1. A. of 1 with 1,3-bis(trifluoromethyl)benzene atC. These spectra correspond

Yields, Product Characterization, and Qualitative Rates.The to the decay ofl and the formation of the iridium hydride species assigned
reaction of complexl. with benzene at room temperature for ~as bisboryl monohydridé and monoboryl dihydrid@.

only 5 min generated 3 equiv of arylboronate ester in 80% yield. yat5 include resonances for a dtbpy ligand in a symmetrical
This complex also reacted with 1,2-dichlorobenzene (60 equiv) anvironment. a singlet hydride resonance at4.81, and two

in cyclohexane upon mixing to give 3 equiv of the corresponding  gjnglets from the boryl groups at1.25 and 1.20. The structural
arylboronate ester in 70% yield. These reactions were much assignment of the boryl dihydride compl&was also based
slower in the presence of added COE. In the presence of 0.21,, 1y NMR spectroscopic data, and these data included a set
M added COE, compled generated only trace amounts of ¢ 14 NMR resonances for a dtbpy group in an unsymmetrical

arylboronate ester upon reaction with 1,2-dichlorobenzene for ¢vironment and two mutually coupled hydride resonances at
0.5 h and only 40% yield after 24 h. To compare the rate § _5 72 ands —23.1. The coupling constant df= 5.3 Hz
constant for reaction df with arenes with the rate constant for - patween the two hydrides is consistent with a mutually cis

reactions ofl with labeled Bpin, discussed later in this paper,  grientation of these two ligands. A singlet for the methyl groups
we measured qualitatively the half-life for the reactioriofith of a Bpin ligand was observed at1.24.
benzene in cyclohexardi,. The half-life for reaction with 0.022 B. Isotope Effects on the Stoichiometric Reactions of

M benzene was between 0.5 and 1 h. Trisboryl 1 with Arenes. The isotope effect from the stoichio-
The reactions ofl with arenes at room temperature to form  mayric reaction ofl with benzene, as well as from reactions of
3 equiv of arylboronate ester did not produce a discrete iridium Bopin, with benzene catalyzed Hy(vide infra), were measured.
product, but reactions df with arenes at lower temperatures  ap, aggregate isotope effect of 446 0.4 was obtained for the
did provide species that could be characterized in solution. A tqrmation of the 3 equiv of PhBpin from the reaction of a 1:1

solution of1 in & mixture of cyclohexane:, and methylcy-  mixiure of benzene and benzede-This number is similar to
clohexaned;4 containing 2.5 equiv of COE was allowed to react  he yajye of 5.0+ 0.4 obtained from reaction of a mixture of

with 20 equiv of 1,3-bis(trifluoromethyl)benzene af0. The benzene and benzedgunder catalytic conditions and presented
formation of arylboronate ester was observed over the coursej, more detail in the section on reactions catalyzedLby

of 1-2 h, along with the formation of two additional iridium C. Electronic Effects on the Reactions of Trisboryl 1 with

complexes tentatively assigned as the bishoryl hydride complex arenes. A series of competition reactions was conducted with

(dtbpy)@>-COE)Ir(BpinkH (2) and the boryl dihydride complex  rishoryl complex1 and various arenes or heteroarenes to

(dtbpy)(*-COE)Ir(Bpin)(H), (3) (Scheme 1). _ determine the factors that control the selectivity of the reactions
Sections of théH NMR spectra obtained during this reaction complexl. In parallel, reactions of Bin, with a mixture of

are ;hown in Figure 3. The structural assignment of the bisboryl {1e same arenes catalyzed byere conducted to compare the

hydride complex2 was based ofH NMR spectroscopy. These  gsejectivities of the stoichiometric and catalytic reactiond.of

(40) Faller, J. W. InEncyclopedia of Inorganic ChemistriKing, R. B., Ed.; The SFOIChlomemC reaction df Wlth an_ excess amount of a
John Wiley and Sons: New York, 1994; p 3914. 1:1 mixture of mxylene and 1,3-bis(trifluoromethyl)benzene

il

3

48 50 52 54 56 58 PPM
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formed 1,3-bis(trifluoromethyl)benzene-5-pinacol boronate ester Scheme 2
as the major product, as determined by GC and GC/MS. m

Similarly, the reaction of a 1:1 mixture of these two arenes with T o -COE Bon Ak +AfBPi"H T o
B.pin, catalyzed by 1 mol % formed 1,3-bis(trifluoromethyl)- C\\:’;lrg“B;'n — ;ur;“B;': o, ;IrQBpin +COE (m';'lr;“Bsi':
benzene-5-pinacol boronate ester as the major product. In both |Iapin +OOF nlapin nlapin l-ll
cases, the borylatet-xylene product was formed in less than +szin2|l -Bpin, 152,,"12

6% yield by GC, while the 1,3-bis(trifluoromethyl)benzene-5- o \Bpin ARH W

pinacol boronate ester was formed in greater than 65% vyield. < A5 G + ArBpin

These data suggest that either the more electron-poor arene
undergoes faster-€H bond cleavage or that an electron-poor 9-pinacol boronate ester of phenanthrene was prepared inde-
arene forms a more stable precursor to theHbond cleavage  pendently from 9-bromophenanthrene by lithiation wight-
or both. The precursor to €H bond cleavage of arenes has butyllithium and quenching with isopropoxy pinacol boronate
been proposed to be;racomplex4t and Jones and Perutz have ester, in analogy to a reported procedtfr€he catalytic boryla-
shown that 1,3-bis(trifluoromethyl)benzene forms more stable tion of phenanthrene did not form the 9-pinacol boronate
n?-arene complexes than does benz&ne. ester, as determined by GC and NMR spectroscopic methods.
The analogous competition reactions between benzene andnstead, two products that we assume to be the 2- and 3-boryl-
furan and between benzene and thiophene implied that theated isomers were observed. During the course of this work,
selectivity did not simply favor cleavage of the-& bond of Coventry et al. reported the borylation of pyrene. Like the boryl-
the more electron-poor aromatic system. The reaction occurredation of phenanthrene, the reaction occurred at the 2-position
preferentially at the €H bond of the more electron-rich, ~ Of the outer aryl groups and not at the 4-position of the central
heteroaromatic ring. The reaction bfwith an excess of a 1:1  aryl rings?® Thus, the stability of ther-complex, if it is a
mixture of benzene and furan formed 2-furanyl pinacol boronate controlling factor, does not override the steric effect on
ester as the major product, as determined by GC and GC/MS.regioselectivity.
The reaction ofl with an excess of a 1:1 mixture of benzene 3. C—H Activation and Diboron Exchange Pathways.Two
and thiophene also formed 2-thienyl pinacol boronate ester aspotential pathways for reactions of arenes with trisboryl complex
the major product. Likewise, the reaction of a 1:1 mixture of 1 are shown in Scheme 2. Because I activation by Ir(lll)
the two arenes with Bin, catalyzed byl formed the 2-furanyl species is less common than by Ir(l) species, we considered
pinacol boronate ester as the major proddetnd the reaction  that the reaction could occur by reductive elimination of B
of a 1:1 mixture of benzene and thiophene formed 2-thienyl pin;to generate an iridium(l) intermediate that would add arene
pinacol boronate ester as the major product. In all four cases,and eliminate the arylboronate ester. Alternatively, the trisboryl
the phenyl pinacol boronate ester product was formed in lesscomplex could react directly with the arene by either an oxida-
than 2% vyield. tive addition to generate an iridium(V) intermediate or by a
The heteroaryl monoboronate esters were prepared indepena-bond metathesis. With these mechanistic alternatives in mind,
dently by the iridium-catalyzed reaction of heteroarenes and We conducted kinetic and isotopic labeling studies to determine
B.pin,.16 Both 2-thienyl pinacol boronate and 2-furanyl pinacol the identity of the iridium complex that reacts with the arene.
boronate ester were prepared in neat heteroarene to minimizé/Ve conducted a set of experiments to test whether reaction of
the production of diborylated products. the trisboryl complex directly with arene was faster or slower
Because these results show that the iridium complex doesthan reaction of the trisboryl by elimination ofin, to generate
not simply react faster with the more electron-poor arene, we & monoboryl intermediate that reacts with the arene.
suggest that the reactivity is controlled by either the stability A. Relative Rates for Elimination of Bapin, from 1 and
of ann2arene intermediate or by the electronic properties of for C—H Activation by 1. To assess the potential that an
the C-H o-bond. At the same time, the high reactivity of iridium(l) monoboryl complex is generated reversibly frdm
thiophene over benzene is unlikely to be dominated by the @ labeling experiment was devised. Reactionlofith 1,2-
polarity or electron-density in the €H o-bond, because the dichlorobenzene was conducted in the presence;pinBdza.
electronegativity of sulfur is similar to that of carbon. Thus, [f the reaction ofl occurred by initial reversible elimination of
we favor an explanation for the relative reactivity of the arenes B2pinz, then free protiated fin, would be generated prior to
based on the stability of the respectivecomplexes. formation of the arylboronate ester. If the reactiori afccurred
To see if the effect of the stability of the-complex could by initial irreversible elimination of Bpin,, then free protiated
override the steric preference for reaction at the less hinderedBzpin. would be generated on the same time scale as the
C—H bond, we conducted reactions of phenanthrene. If the arylboronate ester. If the reaction occurred directly from a
regioselectivity were controlled purely by the stability of the trisboryl complex faster than an iridium(l) monoboryl complex
m-complex, then the borylation would occur at the 9-position, is generated, then the arylboronate ester would form faster than
because the most stabtecomplex is formed by coordination ~ free protiated Bpin,.
of the metal to the carbons at the 9- and 10-positféhwever, To conduct this experiment, a solution bfn cyclohexane-
if the regioselectivity were controlled by steric effects, then a di2 was mixed with a solution of Biny-dz4 (2.6 equiv) and
mixture of 2- and 3-borylated products would be observed. The 1,2-dichlorobenzene (3.3 equiv) in cyclohexahgat 0°C. The
reaction was monitored by NMR spectroscopy at 7.5C for

(41) Jones, W. D.; Feher, F. J. Am. Chem. S0d.985 106 1650. 60 min (Figure 4). Inconsistent with rapid reductive elimination

(42) Chin, R. M.; Dong, L.; Duckett, S. B.; Partridge, M. G.; Jones, W. D.;
Perutz, R. NJ. Am. Chem. S0d.993 115 7685.

(43) A small amount of 2,5-borylated furan was also formed from the catalytic (44) Yang, R.; R.Tian; Yang, W.; Hou, Q.; Cao, ®ynth. Met2003 135—
reaction, but this material was formed in less than 4% yield. 136 197.
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Figure 4. 'H NMR spectra of pinacol methyl region during the reaction
of 1 with 1,2-dichlorobenzene at 7°& in the presence of Biny-dzs. The
final spectrum contains addedBn, for reference. Small amounts of HBpin
(6 1.184) and pinBOBpin{ 1.178) are present in solution &t 0.

of Bypin, from 1 and generation of an iridium(l) monoboryl
intermediate, no labeled borane was incorporated into the
arylboronate ester product under these conditions 1HH¢MR
spectra of reactions conducted withpB,-dz4 contained only
resonances from arylboronate esi®t(28) and pinacolborane

(6 1.18).

We also addressed the potential that comfleguld generate
a different iridium complex that catalyzes the reaction of arenes
with free Bypin, without the intermediacy ol or complexes
generated reversibly frot If so, then the initial organoboronate
ester formed from reactions obfin,-dy4 catalyzed by unlabeled
1 would contain the deuterium label. In this case, the ratio of
unlabeled to labeled product would be lower at the beginning
of the catalytic reaction than at the end of the reaction. If the
catalytic reaction occurred directly frofhor a boryl complex
generated fron, then the initial organic product would arise
from 1 and would lack the deuterium label. In this case the
ratio of unlabeled to labeled product would be higher at the
beginning of the reaction than at the end of the reaction.

The reaction of Bpin,-d4 with benzeneds catalyzed by 10
mol % unlabeled. (30% unlabeled Bpin groups) was conducted
with 1 equiv of added COE at room temperature and was
quenched at short and long times by dilution in ether. The
isotopic composition of the PhBpin product was determined by
GC and GC/MS Consistent with the reaction of arene with
intact boryl complexl or with a boryl complex generated
directly from 1, the ratio of PhBpin to PhBpin;, was higher
at low conversions than it was at high conversions. The ratio
of PhBpinds to PhBpine;; after 4 h and 10% conversion was

68:32, after 17 h and 50% conversion was 47:53, and the ratio

after complete conversion was 17:83.

The reaction of Bpiny-dy4 with complex1 was also studied
in the absence of arene to gain information on the rate at which
B,pin, eliminated froml. This reaction was also conducted to
assess a proposal that an Ir(V) pentaboryl complex would be
generated from the combination offn, and 1.3* A solution
of 1 was combined with Bpinz-d24 (14 equiv) in cyclohexane-
di, and the appearance of signals from fully and partially
protiated Bpin, was monitored byH NMR spectroscopy.

Fully and partially protiated Bpin, were generated slowly

from this reaction at room temperature. This slow rate contrasts

with the fast rate of reaction df with 1,2-dichlorobenzene at

(45) PhBpinds and PhBpind;; are easily separated by GC.
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room temperature and reaction even below room temperature
(vide supra). Thus, the rate of elimination offft, to generate

a monoboryl complex is much slower than the rate of reaction
of 1 with arene, and these data show again that a monoboryl
iridium(l) complex cannot be an intermediate in the reaction of
1 with this arene.

B. Mechanism for Exchange of Bpin, with 1. An exchange
between Bpiny-d24 and 1 did occur at higher temperatures,
however, and the mechanism of this exchange was shown by
kinetic data to occur by addition of JBin, to the trisboryl
complex. Because the exchange process is degenerate, an
exchange process that occurred by reductive elimination-of B
piny-dy4 after dissociation of COE would depend only on the
rate of reductive elimination of Bin, from 1. In this case, the
reaction would be zero-order in the concentration of added B
pinz-d24 when conducted with varied amounts of an excess B
pinz-do4. In contrast, reaction by addition of theBn, to the
trisboryl complex to form a pentaboryl complex would be first-
order in Bpiny-do4 when conducted with varied amounts of
excess Bpiny-daa.

The relative rate constants for the exchange process were
measured by monitoring the appearance of protiated Bpin groups
in the IH NMR spectra of samples containing a mixturelof
and 0.072, 0.143, and 0.216 M concentrations giiB-d,4 in
a mixture of cyclohexanés:, and methylcyclohexan@r,. This
mixture was monitored while being heated at“4D The rate
constant for the exchange process depended linearly on the
concentration of Bpin,-d4. These data show that the exchange
process occurs by reaction of,in,-dy4 with a trisboryl
complex. We presume that then,-dy4 reacts with the 16-
electron trisboryl complex generated by dissociation of COE
from 1.

The rate constants for the exchange process were also
measured over the temperature range@5°C with [1] = 2.10
x 1072 M and [Bypiny-dpq] = 2.88 x 1071 M. The rate constant
for the exchange process at 26 corresponded to a half-life
of 2.8 + 0.3 h. This half-life is between a factor of 2 and 5
longer than the half-life for the reaction df with the same
concentration of benzene presented in section 2.A.

The activation parameters for the exchange process were
determined from the Eyring plot in Figure 5 to héf* = 25.9
+ 1.3 kcal mol™%, ASF =9 + 1 eu. The small positive entropy
of activation is consistent with initial dissociation of COE,
followed by a bimolecular second step. If the initial dissociation
of COE were followed by a second dissociative step, then the
entropy of activation would be large.

4. Kinetic Studies of the Reactions of Arenes with Bin,
Catalyzed by Complex 1. A. Reaction OrdersKinetic studies
on the catalytic reaction were conducted to determine the
mechanism of the overall process. Because kinetic data obtained
on catalytic reactions in which the catalyst is generated in situ
can provide misleading kinetic data, we measured the rate
constants of reactions initiated with isolated compleand a
constant concentration of cyclooctene. The improved synthesis
and isolation ofl allowed for kinetic studies to be conducted
with pure samples of this complex.

The rate constants of catalytic reactions ofpiB, with
1-(trifluoromethyl)-3-methylbenzene in the presence oflB
mol % of 1 as catalyst were measured by NMR spectroscopy
in a 5:1 mixture of cyclohexane and cyclohexahgas solvent.
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The samples were prepared with concentrationk f0.0168 the reaction of 1,2-dichlorobenzene withpi, catalyzed byl.
M and 1-(trifluoromethyl)-3-methylbenzere 0.278 M. The
simplest data were obtained when the concentration,pin@
exceeded the concentration of arenegp(B, = 0.472 and 1.32
M). The reactions were conducted atDand were monitored 095
by %F{*H} NMR spectroscopy in a mixture of cyclohexane and
cyclohexaned;».

The concentration of arene decayed exponentially during all
reactions with an excess ofjin,. Plots of In[arene] vs time
were linear over 34 half-lives. These data show that the
reaction is first order in arene. Rate constants for the reaction
of 1-(trifluoromethyl)-3-methylbenzene (0.299 M) obtained at
two different concentrations ofBin, (0.492 and 1.38 M) were
within 10% of each otherkfps= 1.9+ 0.2 x 1074 s71 andkops
=1.74 0.2 x 1074s7%, respectively). These data indicate that
the reaction is zero-order inBin,.
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If the reaction rate is first-order in the concentration of 005 1
arene, then it should depend on the identity of the arene. Indeed,
the qualitative order of reactivity of four arenes in catalytic 0.00
reactions with 1 mol % catalyst was 1,3-bis(trifluoromethyl)- 0.010° 5.010° 1.010* 1510* 2010° 2510
benzenetf,,= abou 1 h at 0°C) > 1,2-dichlorobenzend;(;= Time (s)
abou 1 h at 10°C) > benzenetf,,= abou 1 h at 25°C) > Figure 7. Decay of 1,2-dichlorobenzene during the reaction witpis;
mxylene (1= abou 1 h at 40°C). catalyzed byl at 40°C in the presence of added COE. Inset: Relationship

The order of the reaction in added COE was determined betweenkys and [1] for the reaction of 1,2-dichlorobenzene withydn,
with 1,2-dichlorobenzene as substrate in cyclohexhaeol- catalyzed byl with added COE.
vent by conducting reactions with varied concentrations of
the added olefin and monitoring the reaction Hy NMR
spectroscopy. Reactions with added COE were conducte
with concentrations ol = 1.68 x 1072 M, B,pin, = 3.94 x

The reaction was also first-order in catalyst when conducted
dwith added COE. Reactions conducted with added COE contain
a constant concentration of this olefin. Reactions af@0n

10-1 M. 1.2-dichlorobenzene= 2.84 x 101 M. and concen- cyclohexaned;» solvent with concentrations of 1,2-dichloroben-
trations of COE ranging from 3.68 102to 1.47 x 10~ M. zene= 2.84 ><21071 M, Bzpin, = 4.41 x 101 M, and of COE
These reactions with added COE were conducted at@o = /-68x 107 M were monitored byH NMR spectroscopy.
The linear plot of s vs [COE] shown in Figure 6R2 = Variation of the concentration of between 8.41x 1073 M

0.98) demonstrates that the reaction is inverse first-order in @nd 3.36x 10~ M generated a linear plot dsvs [1] (R =

the concentration of olefin. This inverse dependence of the 0.997) that reveals a first-order dependence of the reaction on
rate on the concentration of olefin implies that rapid and revers- the concentration of iridium (Figure 7).

ible dissociation of COE occurs prior to slower cleavage of the  The order of the reaction in catalyst differed when the reaction
C—H bond. This reversible dissociation of COE is also consis- was conducted in the absence of added COE. In the absence of
tent with the rapid exchange of free and bound COE detected added olefin, the reaction was half-order in the concentration
by variable temperaturtH NMR spectroscopy (vide supra). of 1. The rate constants were determined for reactions containing
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Figure 8. Decay of 1,2-dichlorobenzene during the reaction withiB, Figure 9. A comparison of the rate of the reaction o, with 1,2-
catalyzed byl at_10°C. Inset: Relgtionship betwedgys and ] for the dichlorobenzene in cyclohexarmkg; at 25 °C catalyzed by 5 mol % [Ir-
reaction of 1,2-dichlorobenzene withyin, catalyzed byl in the absence (COD)CIJ, and 10 mol % dtbpy (relative to arene) initiated with 20 mol %
of COE. of HBpin, relative to arene, (curve A) and initiated without added HBpin
(curve B).

1,2-dichlorobenzene 2.96 x 101 M, Bopin, = 4.27 x 1071

M, and [1] = 8.76 x 1073, 1.75x 102 M, 3.50 x 10 2M in 5. Improvements in Turnover Frequencies and Assess-
cyclohexaned;, at 10°C. A plot of kypsfor the decay of arene  ment of Turnover Numbers. A. Improvements in Turnover

vs [1]¥2 that included the origin was linealR{ = 0.990), but a Frequencies.We sought to use information on the synthesis

plot of kops Vs [1] that included the origin was curved®y = _and reactivity o_fl to dev_elop improved procedure_s for conduct-

0.928). These data show that the reaction is half-order in iridium ing the catalytic reactions. We reported previously that the

under these conditions (Figure 8). reaction of Bpin, with benzene occurred with a significant
B. Isotope Effects on the Catalytic Reaction.lsotope induction period? We proposed that this induction period

effects on the catalytic borylation process were measured byresulted from the reduction of COD to COE and found that
several methods. First, the isotope effects from reactions-of B reactions initiated with 5 mol % of [I(COE}I] occurred faster
pin, with a mixture of benzene and benzemgas solvent and  than those initiated with [I(COD)Ci] However, the highest
reagent with 1 mol %1 as catalyst were measured. These Yields of1 are generated from reactions of [I((COD)(OMe)]
experiments led to a value of 5.& 0.4. This value is  and HBpin, in the presence of COE.
indistinguishable from the isotope effect from the stoichiometric ~ Thus, we considered that the reactions gbiB, with arenes
reaction of1 with a mixture of benzene and benzemieas catalyzed by these precursors would be faster if they were
solvent (4.6+ 0.4, see section 2B). The isotope effect for conducted with a small amount of HBpin to form the active
reaction of 1,2-dichlorobenzene was also measured by conductcatalystl. As shown in Figure 9, the reactions ofin, with
ing the reaction with a mixture of 1,2-dichlorobenzene and 1,2- 1,2-dichlorobenzene catalyzed by 5 mol % [Ir(COD)Cihd
dichlorobenzenek. These reactions occurred with a smaller, 10 mol % dtbpy, relative to arene initiated with 20 mol % of
but nevertheless primary, isotope effect of 2M®.4. HBpin, relative to arene, occurred much faster than those
We also measured the isotope effect from the rate constantsinitiated without added HBpin. Further, in contrast to previous
of two separate reactions of 1,2-dichlorobenzene and 1,2-reactions reported without added HBp#the reactions with
dichlorobenzenel,. The rate constants of reactions of protiated added HBpin occurred without any induction period.

and deuterated 1,2-dichlorobenzene at°€5were measured Our mechanistic studies also showed that COE inhibited the
by 'H NMR spectroscopy in cyclohexang, with concentra- reaction. Thus, the rates of the catalytic reactions could be
tions of 1 = 4.00 x 1073 M, Bopin, = 0.315 M, and arene= improved if the COE or COD of the starting complex could be
0.284 M. Rate constants for reaction of protiated and deuteratedconsumed after the catalyst is generated. To consume the free
arene were 7.3- 0.7 x 104 and 2.2+ 0.2 x 104 s71, which olefin, we conducted the catalytic reactions with an added borane

correspond to a kinetic isotope effect of 3:30.6. This isotope that would react with the free olefin in an uncatalyzed reaction.
effect for separate catalytic reactions of protiated and deuteratedWe examined catalytic reactions initiated with a small amount
1,2-dichlorobenzene is slightly larger, but similar in magnitude, of added 9-borabicyclo[3.3.1Jnonane (9-BBN dimer). The
to the isotope effect from a mixture of dichlorobenzene and reaction of Bpin, (0.430 M) withm-xylene (0.892 M, 2 equiv)
dichlorobenzenel, in the same solution. The observation of a catalyzed byl (2 mol % vs Bpiny) at room temperature in
kinetic isotope effect from separate reactions of the two arenescyclohexaned;, formed the arylboronate ester in 15% yield after
implies that C-H bond cleavage is turnover-limiting and is 8 h and in 25% yield after 20 h. A parallel reaction conducted
consistent with the first-order dependence of the catalytic with identical concentrations of Bin,, m-xylene, and catalyst
reaction on the concentration of arene. 1, but containing 20 mol % 9-BBN dimer, formed the
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Table 1. Maximum Turnover Numbers for Borylation Reactions Scheme 3
after 24 h at 100 °C
catalyst Q
loading yield turnover But
catalyst (%) (%) numbers { :N " Ilr‘ Bpin
(dtbpy)(COE)Ir(Bpin} (1) 0.0027 39 14 300 =N | Bpin
[Ir(COE).CI] /dtbpy 0.0023 18 7900 Bu! Bpin
[Ir(COD)ClI]./dtbpy 0.0091 94 10 300 i
[Ir(COD)Cl]/dtbpy 0.0030 75 24 800 Bpin
[Ir(COD)Cl]/dtbpy 0.0030 72 23800 HBPin ( . \‘
[I((COD)(OMe)L/dtbpy 0.0091 100 10 900 o oxidative addition or
[Ir(COD)(OMe)L/dtbpy 0.0030 49 16 000 . 6 Sroma bord merathesis
Bopin. :
a Sample contained 2. of pinacolborane to assist in catalyst initiation. 2pinz Ph b IV Eg;%ntlal B-H
. . N""I H s Bpin
arylboronate ester in 44% and 80% yields after 8 and 20 h. (Nf'\Bp,n <Nf \Bp,n
Thus, a method to consume the COE ligand does lead to pinB
significant rate enhancements. 8 ks 7

B. Assessment of the Maximum Turnover Numbers.
Previously, we obtained 8000 turnovers for the borylation of PhBpin
arenes catalyzed by isolatdd As part of our current studies,
we measured the maximum turnover numbers for reactionsinitial strong support for the relevance &fto the catalytic
initiated with various catalyst precursors. Due to the water process.
sensitivity of 1, solvents and diboron reagent were rigorously ~ Several more quantitative pieces of kinetic data provided
dried. Reactions containing (2-3.0) x 10~> M concentrations further support for the relevance tfto the catalytic process.
of one of the three iridium precursors [Ir(CQE])],, [Ir(COD)- First, an induction period was observed when the catalyst was
Cl],, or [Ir(COD)(OMe)} and 2 equiv of dtbpy were conducted generated in situ from [Ir(COD)(OMe)hnd ditert-butylbipy-
with Bopin, = 2.62 M at 100°C in benzeneds. Yields were ridine, but the induction period was absent when the reactions
recorded after 24 h. were initiated with isolated trisboryl complek Second, the

Turnover numbers equal to or exceeding 14 000 were isotope effects were similar for the catalytic reactions and the
obtained for reactions catalyzed bynd for reactions catalyzed  stoichiometric reactions of complek Third, the selectivities
by a combination of dtbpy and the chloride dimer or methoxide for reactions of Bpin, with different arenes and heteroarenes
dimer (Table 1). One reaction produced nearly 25 000 turnoverswere similar for the catalytic reactions and the stoichiometric
and 75% yield with 0.0030 mol % of the catalyst (mol % reactions of complex.
iridium) generated from the chloride dimer. Turnover numbers  B. Kinetics of the Catalytic Reactions.Quantitative kinetic
were clearly lower for reactions initiated with [Ir(COE)], as data provided strong evidence that the trisboryl complex rapidly
the source of iridium. The yields of these reactions tended to and reversibly dissociates cyclooctene to form a 16-electron
reflect conversions, rather than the amounts of side productstrisboryl complex that lies on the catalytic cycle (Scheme 3).
formed. The differences in turnover numbers with or a The rate equation for the catalytic cycle under conditions with
combination of dtbpy and [Ir(COD)G]or [Ir(COD)(OMe)L added COE is shown in eq 7.
are small, and for this reason we do not think it is appropriate
to comment on the relationship between the precursor and these
small differences. The purity of reagents from run to run are . .
likely to account for at least some of these differences. 1N€ complex rate equation for the overall process (see Experi-
Regardless of the precise relationship between the turnoverMental Section) simplified to eq 7 when the reassociation of
numbers and catalyst precursor, these turnover numbers excee$OFE 0 16-electron intermediaté is much faster than the

any previous value for a homogeneous arene functionalization Calytic process. This assumption is supported by the exchange
by at least an order of magnitude if not more. of free and bound olefin on the NMR time scale and a catalytic

reaction with added COE on the time scale of hours at@0

as well as the inhibition of the stoichiometric reactiorlafith

benzene by added COE. This rate equation shows that the
1. Evidence for the Intermediacy of Trisboryl Complex reaction would be first-order in catalyst, first-order in arene,

1. A. Direct Observation of 1 in the Catalytic Reactions A and inverse-first-order in COE. These reaction orders were

catalytic cycle that is consistent with our synthetic studies and opserved experimentally.

with our qualitative and quantitative kinetic data is shown  The somewhat counterintuitive observation of a half-order

in Scheme 3. Several qualitative observations suggested thajependence of the rate on the concentration of catalyst without
trisboryl complexl was the active catalyst or led to the active added COE is illustrated by eqs-81.

catalyst by a facile and reversible process. First, trisbaryl
was observed in the catalytic reaction mixture. Although rate= k,[6][benzene] (8)
the direct observation of a complex in a catalytic system does

rate= K,k;[Ir][benzene]/[COE] 7

Discussion

not require that the complex be relevant to the catalytic __[6][COE] _ [6_]2 .
process, this observation, in combination with the high reactivity K= [1 or K= [1] because g = [COE]
of this complex with arenes to form arylboronate esters, provided 9)
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therefore,
[6] = K, 11" (10)
and

rate= K,"%,[1]"4benzene] (11)

These equations show the derivation of the rate expression
for the catalytic process with rapid and reversible dissociation

of COE and a 1:1 molar ratio of COE and compéthat results
from the stoichiometry of the initial dissociation process and

Scheme 4
BR,
LM—R" — L,M—H Path A
H +RBR,
R-H
R-H BR2 1
L,M—BR, —— |[L,M_ R|—> L,M-H Path B
\\ H +RBR,
R-H
PRa H L,M—H
LM—H —= L,M—BR, — ", Path C
o o +RBR,

tion of Bopin,. Thus, the first-order dependence of the catalytic
reaction on the concentration of arene and the zero-order

the constant concentrations of the starting iridium complexes dependence on the concentration gbi, are inconsistent with

that result from the catalytic property of the reaction. Under
these conditions, the reaction would be half-order in the
concentration ol.. This half-order behavior was observed under

the conditions when COE is not added to the system and further

support reaction by the pathway in Scheme 3.
The 16-electron trisboryl compleg& that results from the

rate-limiting and irreversible elimination of ;Biny, or with
reversible elimination of Epin, to generate an iridium(l)
monoboryl complex prior to €H bond cleavage.

B. Comments on the Mechanism of &H Bond Cleavage.
The selectivity for reaction of various arenes suggests that the
C—H bond cleavage by the iridium(Ill) complex occurs through

dissociation of COE would then react with arene in the turnover- ann?-arene complex. This assertion, although tentative, explains

limiting step, perhaps through aryl hydride to generate a
bisboryl iridium hydride comple® and the aryl boronate ester
product. Reaction of the bisboryl monohydride with the diboron

the relative reactivity ofl with arenes possessing different
electronic properties and with arenes vs electron-rich, five-
membered heteroarenes. Compleeacted faster with electron-

reagent would then generate pinacolborane and regenerate thpoor arenes than with the electron-neutral arenes but reacted

trisboryl complex.

faster with electron-rich, five-membered heteroarenes than with

Kinetic studies on the catalytic reaction support the assertion electron-neutral arenes. The greater stability gf-arene

that the C-H activation step is turnover-limiting. First, trisboryl
complex1 was observed directly in the catalytic system, and
the species that lies before the turnover-limiting step typically

complexes with electron-poor arenes thgrarene complexes
with electron-neutral arenes and the greater stability,8f
heteroarene complexes of five-membered heteroarenegihan

accumulates in the highest concentration. Second, the catalyticarene complexé&would account for this seemingly disparate

reaction was first-order in the concentration of arene and zero-

order in the concentration of diboron compound. Third, a

set of relative rate data.
At the same time, our data do not reveal the detailed

primary isotope effect was observed when comparing the ratesmechanism by which the-€H bond cleavage occurs. Several
of separate reactions of 1,2-dichlorobenzene and 1,2-dichlo-pathways for G-H bond cleavage by transition metal boryl

robenzened, catalyzed by isolated.

2. Mechanism of the C-H Bond Cleavage by Trisboryl
Complex 1. A. C—H Activation by Ir(lll) Trisboryl or Ir(l)
Monoboryl Complexes. Although iridium(l) monoboryl and
iridium(lll) trisboryl complexes are both likely to be capable
of undergoing G-H activation of the arene, isotopic labeling
studies and kinetic studies of the stoichiometric reactionk of
with arenes imply that addition of the arene occurs to an iridium-
(1) trisboryl complex. The barrier for EH activation by the

complexes have been proposed and evaluated by computational
studies. Three such mechanisms are shown in Scheme 4. One
mechanism involves oxidative addition of the—8 bond,
followed by reductive elimination to form a carbeboron bond.

The second pathway involves-&1 bond cleavage by e-bond
metathesis process that forms a carbbaron bond in the
organoborane product and a metal hydride in the transition metal
product through a single transition state. A third mechanism
involves cleavage of the €H bond by ac-bond metathesis

monoboryl complex was calculated in separate theoretical work process that first generates a borane complex. This borane
to be lower than the barrier for-€H activation by the trisboryl complex subsequently rearranges to place the boron and carbon
complex3* However, the concentration of the trisboryl complex atoms cis to each other, if necessary, and undergess iBond

1 is much higher in the catalytic system than any monoboryl formation. Botho-bond metathesis processes would involve the
complexes, and our experimental results show clearly that the p-orbital of boron.

barrier for elimination of Bpin, from the trisboryl complex
formed by dissociation of COE frorhis higher than the barrier
for C—H bond cleavage by the trisboryl complex. Thus, the
labeling studies show that an iridium(lll) boryl complex, not
an iridium(l) boryl complex, reacts with the arene.

This conclusion is consistent with the reaction orders
measured for the catalytic reactions. If rate-limiting dissociation
of Bopiny occurred from the trisboryl complex and reaction of
the arene occurred with the resulting iridium(l) monoboryl

Computational studies reported recently concluded thatiC
bond cleavage by the 16-electron trisboryl com@egenerated
by COE dissociation fromd occurred by oxidative addition to
generate an iridium(V) intermediate and reductive elimination
to form the carborboron bond (path A} In contrast,
computational studies on the reactions of a rhodium trisboryl
complex, a tungsten monoboryl complex, and an iron monoboryl
complex imply that G-H bond cleavage occurs byabond
metathesis to generate a borane complex as the initial product

intermediate, then the reaction would be zero-order in arene. If (path C)* Thus, the energies for the oxidative addition pathway

reversible dissociation of Bin, occurred and cleavage of the
C—H bond were rate limiting, then the stoichiometric and

catalytic reactions would be inverse-first-order in the concentra-
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(46) Rauchfuss, T. BProg. Inorg. Chem1991, 39, 259.
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A and theo-bond metathesis pathway C are likely to be similar 6+ COE
and we are unable to distinguish between these pathways from * Celo
the experimental data. By computational studies, ¢dHgond
metathesis pathway B that forms the carbtworon bond in a
single step appears to have a higher activation energy than the
o-bond metathesis that first generates a borane complex prior
to formation of the carbonboron bond!é49 1+CgHs
One might imagine that the unoccupied p-orbital on the boryl 2+ PhBpin
ligand could lead to an electrophilic-@H activation process.  Figure 10. Qualitative energy diagram (enthalpy) that allows an
Although the selectivities for arenes vs heteroarenes are differentéstimate of the enthalpy of activation for the-8 bond cleavage by the
o 16-electron intermedia®generated by dissociation of COE from trisboryl
than the selectivities between two arenes, we have shown clearl

ycomplexl.
that more electron-poor arenes react much faster than the more

electron-rich arenes. This finding contradicts potential mecha- glectron intermediate with benzene). Consistent with this
nisms in which the boryl complex would be the electrophilic prediction, the related combination of dissociation of COE and
component in a €H activation process. addition of Bpin occurs with entropy of activation less than
The magnitude of the electronic effects on the k& bond 10 eu.
cleavage by trisboryl complekare larger than and opposite to The estimate of the enthalpy for the-€l activation process
those on the €H bond cleavage by iron monoboryl complexes s jllustrated in Figure 10. The overall free energy of activation
studied previously. The photochemical reactions of CpFe- for the G-H functionalization process starting withcan be
(CO)Bcat with different arenes occurred faster with more estimated to be about 22 kcal/mol, because it is a fast reaction
electron-rich arenes, but the magnitude of this difference was (k ~ 10-3) at room temperature wita 1 M concentration of
small. For example, the reaction of a mixture of toluene and arene (1 M is standard state). The enthalpy of activation will
chlorotoluene or a mixture of toluene and trifluorotoluene gave ziso be about 22 kcal/mol because the entropy of activation is
nearly 1:1 ratios of products from reaction with the two arenes, small. Because the COE complex is stable, theQOE bond
while reaction of a mixture of toluene and anisole or a mixture strength (the enthalpy to cleave the-BOE linkage) should
of tert-butylbenzene and\,N-dimethylaniline gave 1:3 ratios  pe at least 10 kcal/méP. Consistent with this assertion, the rate
of products in favor of the more electron-rich arene. of exchange between free and coordinated COE is between 14
3. Comparison of Experimental and Computational Stud- and 15 kcal/mol. By subtracting the estimated binding energy
ies of Trisboryl Complex 1. The experimental work in the  of COE from the overall enthalpy of activation, the experimental
current paper corroborates several of the conclusions drawn fromactivation energy for the elementary—@& bond cleavage
computational studies of the catalytic process initiated with process by the 16-electron intermediate should be between 8
complexl, but it also reveals some differences. Most generally, and 12 kcal/mol instead of the calculated value of 20 kcal/mol.
the experimental work and the computational work both show  The computational work also suggested that the trisboryl
that the turnover-limiting step of the catalytic process with complex and a pentaboryl complex would be similar in energy
diboron reagents is cleavage of the-@ bond of the arene and  in the presence of a high concentration of the diboron reagent.
that this cleavage occurs by the 16-electron complex formed Although we cannot compare the relative ground-state energies
by dissociation of olefin from trisboryl complek of a pentaboryl complex vs the unsaturated 16-electron trisbory!
More specifically, the experimental activation energy for the complex formed after dissociation of COE, because we cannot
C—H bond cleavage step is significantly different from the observe either species, we did obtain evidence that the pent-
computed value. The computed activation energy ferHC aboryl complex lies at an accessible energy. The studies on the
activation by the computed 16-electron complex with three boryl isotopic exchange of trisborglwith Bopiny-dz4 Were consistent
ligands and two dative nitrogen ligands is roughly 20 kcal/mol. with an exchange by association of the diboron reagent with
The experimental free energy of activation for the borylation the 16-electron intermediae Thus, our data imply that addition
by 1 is close to this value. However, the borylation of arenes of B,pin, to the 16-electron species to generate a pentaboryl
by 1 corresponds to a combination of dissociation of COE and complex is more favorable than elimination ofd, from the
activation of the G-H bond. Thus, one cannot compare these same 16-electron species to generate a monoboryl intermediate.
numbers directly. Instead, one must estimate the activation These findings are consistent with the computational work.
energy for the €&H bond cleavage step from the overall  |n addition to a small difference in energy between the
experimental activation energy and the binding energy of COE. pentaboryl complex and the combination of the trisboryl
Although we cannot provide a precise value, we can provide a complex and free diboron reagent, the reaction of the 16-electron
valuable estimate. species with the diboron reagent was computed to have a barrier
The overall enthalpy of activation should be similar to the of only 5.6 kcal/mol, relative to the free energy of the two
overall free energy of activation, because the entropy of separate reagents. This barrier lies about 15 kcal/mol lower than
activation for the overall two-step process should be small. This the computed one for-€H activation by the same 16-electron
entropy should be small because the two steps of the mechanisnintermediate.
for C—H activation by1 involve one dissociative step (dis- Our experimental work shows that the difference in energy
sociation of COE) and one associative step (reaction of the 16-for C—H activation of benzene and oxidative addition of B

<12
kcal/mol

enthalpy ca. 22 kcal/mol

14-15
kcal/mol

>10
kcal/mol

(48) Webster, C. E.; Fan, Y.; Hall, M. B.; Kunz, D.; Hartwig, J.JFAm. Chem. (50) This bond strength is based on a free energy of binding of at least 3 kcal/
So0c.2003 124, 858. mol and an entropy for the bimolecular event that would be 20 eu and
(49) Lam, W. H.; Lin, Z. Y.Organometallics2003 22, 473. would correspond to @ASterm of 6-9 kcal/mol near room temperature.
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piny is much different from the 15 kcal/mol difference deter- regiochemistry of the borylation process is controlled by steric
mined by the computational work. Moreover, inconsistent with effects!21415and the control of regioselectivity by steric effects

a higher barrier for €H activation than for addition of the = complements the predominant control of regiochemistry by
boron reagent, the stoichiometric borylation of benzene by electronic effects in electrophilic aromatic substitution.
isolatedl was faster than the exchange of Bpin groups between  Thus, the mild temperatures, lack of byproducts, and regio-
1 and Bpiny-d»4. From the observation that the rate constant chemistry that complements that of electrophilic substitution
for C—H activation of benzene bywas a factor of 25 larger generate a useful catalytic process. Information on the factors
than the rate constant for exchange of the diboron reagent withthat control the generation of the catalyst in situ allowed
1, one can conclude that the transition state feiHCactivation conditions to be developed in which the borylation of arenes
of benzene lies 0:51 kcal/mol below the transition state for  with Bopin, occurs under conditions that are even milder than
reaction with Bpiny. Further studies will be needed to determine those published previously. Studies on the scope and utility of
whether these large differences in relative energies between thehe reaction under these conditions will be reported as part of
experimental and computational work result from differences future studies.

in the true mechanism for-€H bond cleavage and the computed  gyperimental Section

mechanism or simply from truncation of the bipyridine ligand

. . General Methods. All the experiments were carried out in a
and the substituents on the boryl group to allow computational P

. glovebox under a nitrogen atmosphere or by using standard Schlenk
studies. techniques. Kinetic experiments were carried out under nitrogen in
4. Comparison of C-H Activation by Iridium Boryl and screw-capped NMR tubes with a PTFE septum or flame-sealed NMR
Hydrocarbyl Complexes.We have shown clearly in previous tubes. The temperature of the NMR spectrometer probe was measured
work on C-H activation by CpM(COR (R=Ar, Bcat) with a calibrated thermocouple inserted through the magnet into an
compounds that the boryl complexes are more reactivefddC ~ NMR sample tube containing the appropriate solvent. Deuterated
bond cleavage than the analogous alkyl or aryl complexes. Thissolvents were distilled from sodium benzophenone solutions or Na/K
type of comparison between the reactivity of iridium(lll) alkyl ~ alloy (75 wt % K), and arenes were distilled from calcium hydride.
or aryl complexes and the iridium(I11) boryl complexes toward All commercially available chemicals were used as received or purified

. : e as described in the individual sections. 2-Chloro-4,4,5,5-tetramethyl-
C—H bond cleavage is more difficult to make because few bpy 1,3,2-dioxaborolane was prepared by a slight modification of the

ligated Ir(l1) alkyl complexes are knowtt.A looser comparison literature procedur®. [I(COE)CI], and [I(COD)CI, were made by
can be made between these complexes and other iridium(Il) , nown method§® and [I(COD)OMe} was prepared by a recently
alkyl complexes, however. For example, the 16-electron (PCP- pyplished protocdl? 'H NMR spectra were recorded on samples in
pincer)Ir(H)(Ph) compound reacts with arenes by first generating c,D,,, C;D14 or a mixture of GD1» and GD14 at 400 or 500 MHz,
Ir(1),52 and this mechanism contrasts with the mechanism with Me,Si or residual protiated solvent as an internal chemical shift
involving activation of arenes by the Ir(lll) trisboryl complex reference.?H NMR spectra were recorded at 46 MHz and were
over activation by an Ir(l) monoboryl complex. The different referenced to €Ds as internal standard at 7.15 ppA¥{*H} NMR
mechanisms for reaction dfand (PCP-pincer)Ir(H)(Ph) with ~ Spectra were recorded at 376 MH2ZB NMR were recorded at 160
arenes may result from the severe steric hindrance of the PCPMHZz with BF:-OEt as an external standard. NMR yields were
pincer ligand containintert-butyl groups. Another comparison measured Wlth an |nterna_l sta_ndard of either dodecahydrotriphenylene
Cos (DHT, Aldrich) or 1,3,5-tris(trimethylsilyl)benzerfé.
can be m.a.d(.e between the actlvatlf)n of hydroca+rbons by the 16- Reaction of 4,4-Di-tert-butyl-2,2'-bipyridine (dtbpy) with B 2pin;
eIecFron '.”d.'um(lll) fragment [Cp*Ir(PMg)(Me)]™ generated and CIBpin. To an NMR tube was added dtbpy (25 mg, 0.093 mmol)
by dissociation of CLCl, from [Cp*Ir(PMes)(Me)(CHClp)] *.>2 and Bpin; (25 mg, 0.098 mmol) in cyclohexartk, (0.5 mL). The

This compound cannot elimin_ate alkane prior tel€activation sample was sonicated for 15 min (26) to dissolve solids and then
and does appear to react with benzene and methane at roonallowed to stand at room temperature. Slow formation of a white
temperature by oxidative additié. precipitate was observed, presumed to be the Lewis-d@de adduct

One factor that clearly distinguishes the-8 activation of dtbpyB2pin; (not detectable byH or *'B NMR spectroscopy, only
arenes byl and the G-H activation of arenes by these Starting materials observed). The NMR sample was heated in an oil
complexes is the subsequent formation of functionalized product, Path (50°C) for 10 min, redissolving the precipitate. Upon cooling to
This functionalization by the formation of arylboronate esters room temperature, Wh'_te precipitate was again observed. An NMR
results from the strong thermodynamic driving force for® sample containing identical concentrations of dtbpy agrB prepared

. . in benzeneds remained homogeneous, as any adduct formation
bond formation and the overall favorable thermodynamics for .. \oined soluble.

the reaction of Bpin, with arenes to form ArBpin and In an NMR tube, dtbpy (25 mg, 0.093 mmol) was dissolved in
HBpin>>*¢These favorable thermodynamics create a catalytic pentane (0.7 mL). 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
process that allows the direct generation of arylboronate esters(CIBpin, 75 mg, 0.46 mmol) was added, resulting in immediate
without the intermediacy of halogenated reagents, Grignard congealing of the entire sample as a white solid. Only excess CIBpin
reagents, or a hydrolytic workup that are characteristic of the was observed by'B NMR spectroscopy. The material was dried in

conventional synthesis of arylboronate esters. Further, thevacuo and dissolved in GBN, and art'8 NMR spectrum was acquired
to reveal an unidentified resonance @t11.3. An NMR sample

(51) Ogo, S.; Uehara, K.; Abura, T.; Watanabe, Y.; Fukuzumi,. $m. Chem. containing identical concentrations of dtbpy and CIBpin in benzne-
52 SKOC-20|84 126, &6_520- W B ML Krogh-J K. Gold resulted in immediate precipitation to afford a white suspension,
( )A_ag_zi A Chemn. So8000 192 11017, 00" ~espersen. B Boldma. “ingicating that the adduct dtbp@IBpin is insoluble, even in arene
(53) Arndtsen, B. A.; Bergman, R. Gciencel995 270, 1970. solvent.
(54) Strout, D. L.; Zaric, S.; Niu, S.; Hall, M. Bl. Am. Chem. S0d.996 118
68. 57) Herberich, G. E.; Fischer, ADrganometallics1996 15, 58.

(55) Rablen, P. R.; Hartwig, J. F.; Nolan, S.P.Am. Chem. Sod.994 116 (58) Herde, J. L.; Lambert, J. C.; Senoff., C. Morg. Synth.1974 15, 18.

4121. (59) Marigo, M.; Marsich, N.; Farnetti, El. Mol. Catal. A2002 187, 169.
(56) Rablen, P.; Hartwig, J. B. Am. Chem. So0d.996 118 4648. (60) Boudjouk, P.; Kapfer, C. AJ. Organomet. Cheni985 296, 339.
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Monitoring of the Borylation Reactions of Complex 1 Generated
from [Ir(COD)CI] , with and without Added HBpin (Data in Figure
9). A 4-mL vial equipped with a stir bar was charged with iridium
dimer (0.0091 mmol), which was dissolved in cyclohexanef0.75

Synthesis of Trisboryl Complex 1 from Pinacolborane and
[Ir(COD)OMe] 2. In a 200-mL Schlenk flask, [Ir(COD)(OMe)[0.950
g, 1.43 mmol) was dissolved in cyclohexane (60 mL). To this solution
was addectis-cyclooctene (2.5 mL, 19 mmol). The yellow solution

mL). The solution was stirred while pinacolborane (0.083 mmol) was
added via microsyringe. After 1 min, the mixture was transferred to a
second 4-mL vial containing 44li-tert-butyl-2,2-bipyridine (0.0205
mmol) and stirred for 5 min at room temperature. The red solution
was added to Bin, (0.236 mmol) and TM&h (internal standard, 5
uL, 0.016 mmol) in an NMR tube equipped with a screw-cap and

was stirred while pinacolborane (2.5 mL, 17 mmol) was added
dropwise. The solution turned red. 4[i-tert-butyl-2,2-bipyridine
(0.750 g, 2.79 mmol) was added in one portion as a white solid. The
solution immediately became dark red. The flask was sealed with a
rubber septum and stirred for 15 min at ambient temperature and then
at 40°C for 20 min. The mixture was evaporated to dryness while the

septum. 1,2-Dichlorobenzene (0.18 mmol) was then added through thetemperature was maintained at4D), and the resulting solid was heated
septum via microsyringe, and the reaction course was monitored by under vacuum for 30 min at 4@ to afford a brown solid. The material

'H NMR spectroscopy at room temperature for 160 min. The experi- was dissolved in pentane, concentrated in vacuo, and coole@@
ment without added HBpin was conducted in an identical fashion but °C. A yellow powder precipitated. The dark brown pentane supernatant

without adding HBpin prior to addition of ligand.

Synthesis of Trisboryl Complex 1 from Pinacolborane and [Ir-
(COD)(OMe)]z, [Ir(COD)CI] 2, and [Ir(COE) oCl].. An NMR tube

was removed via pipet, and the remaining yellow powder was rinsed
with 2 x 10 mL of cold (~30 °C) tetramethylsilane and dried in vacuo
to afford 1.69 g (62%) of. This material was further purified for kinetic

equipped with a screw-cap and septum was charged with iridium dimer studies and stoichiometric reactions at low temperature by dissolving

(0.0091 mmol) and dodecahydrotriphenylene (7.5 mg, 0.031 mmol) as

an internal standard. The solid materials were dissolvedsy 0.5
mL). cis-Cyclooctene (2%:L, 0.18 mmol) was added to the tube, the
sample was mixed, and pinacolborane 25 0.24 mmol) was added.
To the resulting solution was added ‘4¢h-tert-butyl-2,2-bipyridine
(0.019 mmol), and the sample was heated in an oil bath &CAfor

30 min. At this time, the sample was analyzed'HyNMR spectroscopy

at 25°C. Aromatic resonances for compléxvere observed at 7.10

(d, 2H,3 = 5.5 Hz, 3,3), 7.92 (s, 2H, 3,3, and 9.45 (d, 2H) = 6.0

Hz, 6,8). The yield of1 was determined by integrating the resonances

of the dtbpy ligand vs those of dodecahydrotriphenylene as internal

standard: [Ir(COD)(OMe)] = 95%, [Ir(COD)CIEp < 10%, [lr-
(COEXCI],; < 2%.

Synthesis of Trisboryl Complex 1 from [Ir(COD)(OMe)]2:
Importance of the Order of Addition of Reagents. The effect of the
order of addition of reagents on the yieldlivas assessed by reactions
performed in three screw-capped NMR tubes containing [Ir(COD)-
(OMe)L (9.5 mg, 0.014 mmol), dtbpy (7.5 mg, 0.028 mmol), HBpin
(25uL, 0.17 mmol),cis-COE (25uL, 0.19 mmol), dodecahydrotriph-

about 500 mg of material in ether, cooling @80 °C for 1 h, and
adding tetramethylsilane (precooled=80 °C) to the cold ether solution
while it stirred. After stirring for about 2 min, the sample was returned
to the—30 °C freezer for 1 h. After removing the supernatant with a
pipet, about 20% of further purified was recovered. Additional
material was obtained by combining the mother liquors from several
reactions and isolating from pentane/TMS at-30 °C. *H NMR
(CsD12, 60°C): 6 9.51 (d,J = 5.9 Hz, 2H, 6,6), 7.93 (d,J = 1.2 Hz,

2H, 3,3), 7.11 (d,J = 5.8 Hz, 2H, 5,5, 4.33 (br s, 2H=CH), 1.40

(s, 18H,Bu), 1.04 (s, 36H, Bpi); the aliphatic resonances of the COE
ligand were broad at the temperatures at which the Bpin resonances
were resolved, and they overlapped with the solvent and larger Bpin
resonances. Thus, we were unable to confidently assign these reso-
nances, even by 2-dimensional methods. The presence of the COE
ligand is shown by the resolved olefinic resonances and the X-ray
diffraction study published previoust.'B (CsD12, 60 °C): 6 34 (br

S, w12 = 500 HZ).lH NMR (CGDMCD?,, —60 OC): 0 9.44 (d,J =5.6

Hz, 2H, 6,6), 7.95 (s, 2H, 3,3, 7.13 (d,J = 5.5 Hz, 2H, 5,9, 3.90

(d,J = 7.6 Hz, 2H,=CH), 1.42 (s, 18H/!Bu), 1.23 (s, 12H, Bpin),

1.20 (s, 12H, Bpin), 0.69 (s, 12H, Bpin¥C NMR (CsD1.CDs, —60

enylene (internal standard, 7.5 mg, 0.0312 mmol), and cyclohexane-oC): 6 156.1 (C-2,C-2, 155.6 (C4,C-4, 153.1 (C-6,C-§, 120.0 (C-

d12 (06 mL)

Sample A.The solids [Ir(COD)(OMe)], dtbpy, and dodecahydrot-
riphenylene were dissolved ingB1,; to yield a brown solution.
Pinacolborane was added, and the sample was shakéH. MMR
spectrum was acquired at room temperature, which indicate80&6
yield of 1 (by integration vs internal standard) and unreacted dtbpy,
accompanied by low yields of multiple, unidentified dtbpy-ligated

3,C-3), 116.5 (C-5,C-5, 78.3, 78.1 (Guan Bpin), 74.3 C=C, COE),
30.2 (CH, COE), 29.2 (CH, t-Bu), 25.4 (CH, COE), 24.5 (CH, Bpin),
24.1 (CH;, Bpin), 23.6 (CH, COE), 23.3 (CH, Bpin). Anal. Calcd for
CuaH74B3IrNOs: C, 55.53; H, 7.84; N, 2.94. Found: C, 55.43; H, 7.64;
N, 2.87.

Kinetic Isotope Effect of the Reaction of Benzene with (dtbpy)-
Ir(COE)(Bpin) 3. In a reaction vial equipped with a stir bar, complex

iridium complexes with resonances in the aromatic region. Subsequentq (0.015 mmol, 0.011 g), benzene (3.00 mmol, 289, benzeneds

addition of COE and mixing increased the yieldIoélightly to 38%
vs internal standard.

Sample B.The solids [Ir(COD)OMej, dtbpy, and dodecahydro-

(3.00 mmol, 266«L), and DHT (0.10 mmol, 0.028 g) were combined.
The reaction mixture stirred overnight at room temperature. After 24
h, one product was observed by GC trace and GC/MS. The kinetic

triphenylene were combined in an NMR tube, to which COE was added isotope effect was calculated by taking the ratios of the parent mass

followed by solvent, @Di.. The sample was shaken vigorously,
affording a brown solution with a significant quantity of insoluble

peak for protiated and deuterated products. The same procedure was
followed to determine the kinetic isotope effect for a 1:1 mixture of

material. Pinacolborane was added. Upon mixing a homogeneous brown1,2-dichlorobenzene:1,2-dichlorobenzehend 1,3,5-benzengs; the

solution was generated. A4 NMR spectrum was acquired at room
temperature, which indicated a 50% yieldlofby integration vs internal
standard) and small quantities of unidentified dtbpy-ligated iridium
complexes with resonances in the aromatic region.

Sample C. [Ir(COD)OMe], and dodecahydrotriphenylene were
dissolved in GD1.. cissCOE and HBpin were then added, and a dark
yellow solution resulted. Subsequent addition of dtbpy, followed by
vigorous shaking, generated a dark red solutioAHANMR spectrum
was acquired at room temperature, indicating an 80% vyieldl @dfy

kinetic isotope effect was determined by normalizing the MS peak
intensities to the mass spectrum of a sample of pure 2-(3,4-dichlo-
rophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane and 4,4,5,5-tetram-
ethyl-2-phenyl-1,3,2-dioxaborolane, respectively.

Kinetic Isotope Effect of a Catalytic Reaction of Benzene with
B.pin, Catalyzed by (dtbpy)Ir(COE)(Bpin)s. In a reaction vial
equipped with a stir bar, catalyt(1 mol %, 0.01 g), benzene (3.00
mmol, 268uL), benzeneds (3.00 mmol, 266uL), B.pin, (1.50 mmol,
0.200 g) and DHT (0.1200 mmol, 0.028 g) were combined. The reaction

integration vs internal standard). The NMR tube was then heated at 60 mixture stirred overnight at room temperature. After 24 h, one product

°C in the spectrometer probe for 0.5 h, and the yield ofas found to
be ca. 95% vs internal standard.

was observed by GC trace and GC/MS. The kinetic isotope effect was
calculated by taking the ratios of the parent mass peak for protiated
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and deuterated products. The same procedure was followed to determine Independent Synthesis of 4,4,5,5-Tetramethyl-2-(thiophene-2-yl)-
the kinetic isotope effect for a 1:1 mixture of 1,2-dichlorobenzene:1,2- 1,3,2-dioxaborolane, 4,4,5,5-Tetramethyl-2-(furanyl-2-yl)-1,3,2-di-
dichlorobenzeneh and 1,3,5-benzends; the kinetic isotope effectwas  oxaborolane, 4,4,5,5-Tetramethyl-2-(3,5-dimethylphenyl)-1,3,2-
determined by normalizing the MS peak intensities to the mass spectrumdioxaborolane, and 2-(3,5-Bis(trifluoromethyl)phenyl)-4,4,5,5-
of a sample of pure 2-(3,4-dichlorophenyl)-4,4,5,5-tetramethyl-1,3,2- tetramethyl-1,3,2-dioxaborolane. Representative Procedure for the
dioxaborolane and 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane, Synthesis of 4,4,5,5-Tetramethyl-2-(thiophene-2-yl)-1,3,2-dioxaboro-

respectively.

Stoichiometric Reaction of 1 with Arene.Into an NMR tube was
placed complex (10 mg, 0.011 mmolis-COE (3.0uL, 0.023 mmol),
and an internal standard (TMRh, 3 ulL). These materials were

lane. In a reaction vial equipped with a stir bar were combined [Ir-
(COD)(OMe)E (0.015 mmol, 0.0093 g), dtbpy (0.030 mmol, 0.0081
g), thiophene (2.00 mmol, 158), and Bypin, (0.500 mmol, 0.127 g).
Cyclohexane (approximately 2.0 mL) was added to the reaction vial,

dissolved in a mixture of 0.32 mL of D1, and 0.25 mL of GD.. and the reaction mixture was stirred at room temperature overnight.
The sample was placed in a precooled spectrometer probe. An initial The reaction mixture was monitored using GC. The product was purified
'H NMR spectrum was recorded atl5 °C. 1,3-Bis(trifluoromethyl)- by column chromatography, eluting with 1:1 ethyl acetate:hexane. The
benzene (32uL, 0.21 mmol) was then added to the sample via Same procedure was also followed for the synthesis of 4,4,55-
microsyringe and quickly returned to the spectrometer. The sample wastetramethyl-2-(3,5-dimethylphenyl)-1,3,2-dioxaborolane and 2-(3,5-bis-
warmed to 0°C, and the reaction was monitored Bii NMR (trifluoromethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. The
spectroscopy. Trisboryll reacted with the arene to produce an 4,4,55-tetramethyl-2-(furanyl-2-yl)-1,3,2-dioxaborolane was purchased
equivalent of arylboronate ester and (dtbgyJCOE)Ir(H)(Bpink (2). from Lancaster chemicals. The-xylylBpin was isolated by column
IH NMR (CsD12/C7D14, 0 °C): 6 9.51 (d,J = 5.6 Hz, 2H, 6,6, 7.91 chromatography, and the 1,3-bis(trifluoromethyl)phenylBpin was iso-
(d,J=1.7 Hz, 2H, 3,3, 7.13 (ddJ = 6.1, 2.1 Hz, 2H, 5,9, 3.38 (m, lated by Kugelrohr distillation. Spectroscopic data for 2-thienylBpin:
2H, »?>-COE (H), —4.81 (s, 1H, IH). Subsequently, complexreacted IH NMR (C¢Ds, 400 MHZz): ¢ 7.87 (d,J = 3.6 Hz), 6.89 (ddJ = 3.6,
with arene to afford an additional equivalent of arylboronate ester and 4.4 Hz, 1H), 1.07 (s, 12H}!B (C¢De): 0 30.8 (br s). GC/MS (intensity,
(dtbpy)@>-COE)Ir(H)(Bpin) (3). *H NMR (Ce¢D12/C7D14, 0°C): 0 9.66 m/'z): 210 (97, M), 195 (100, M— CHs™). 2-FuranylBpin: 'H NMR
(d,J=6.1Hz, 1H, 6 or 6, 8.94 (d,J=5.6 Hz, 1H, 6 or §, —5.72 (CsDg, 400 MHz): 6 7.29 (d,J = 4.2 Hz), 7.20 (dJ = 3.2 Hz, 1H),
(d, J = 5.3 Hz, 1H, IH), —23.1 (d,J = 5.3 Hz, 1H, IH). 6.08 (dd,J = 3.2, 3.2 Hz, 1H), 1.05 (s, 12H}!B (CeDe): & 27.1 (br
Determination of the Half-Life of the Reaction of 1 with Benzene. s). GCIMS (W2): 194 (100, My, 179 (90, M — CHy)". 3,5-
In a reaction vial were placeti(0.011 mmol, 0.010 g) and DHT (0.050  dimethylphenyIBpin: *H NMR (CDsCl, 400 MHz): 6 7.34 (s, 2H),
mmol, 0.014 g). Cyclohexangx (0.5 mL) was added to the reaction ~ 7-03 (s, 1H), 2.25 (s, 6H), 1.42 (s, 12H}B (C¢De): 6 30.8 (br s).
vial, and the solution was mixed untll and DHT were dissolved. ~ GC/MS (intensity,mz): 232 (100, M), 217 (77, M— CHjs"). 1,3-
Benzene (0.144 mmol, 13/0.) was added, and the solution was then ~ Bis(trifluoromethyl)phenyIBpin: *H NMR (CeDs, 400 MHz): 6 8.3
transferred to a screw-capped NMR tube. The tube was removed from (S, 2H), 7.7 (s, 1H), 1.0 (s, 12H)!B (CsDe): 0 31.4 (br s). GC/MS
the glovebox, andH NMR spectra of the reaction mixture were (intensity,m/z): 340 (2, M¥), 325 (100, M— CHz").
obtained once every 60 min for 6 h. The borylated product was  Reaction of [Ir(COD)(OMe)], with Phenanthrene In a reaction
monitored by the appearance of a peak 4t26, corresponding to the  vial equipped with a stir bar were placed [Ir(COD)(OMe}p.002
methyl groups of the phenyl pinacol boronate ester. The decdy of mmol, 0.001 g), dtbpy (0.003 mmol, 0.001 g), phenanthrene (0.20
was monitored by integrating the doublebad.44, which corresponded ~ mmol, 0.034 g), Bpin, (0.10 mmol, 0.026 g), and DHT (0.10 mmol,
to the bound dtbpy ligand oh. 0.026 g). Cyclohexane (approximately 0.6 mL) was added to the
Reactions of 1 with a mixture of two Arenes.In a reaction vial reaction vial, and the reaction mixture was stirred at room temperature
equipped with a stir bar were placed comple§0.015 mmol, 0.010 g) overnight. The reaction mixture was monitored by GC and GC/MS.
and dodecahydrotriphenylene (DHT) (0.10 mmol, 0.023 g). Into a Independent Synthesis of 9-Phenanthryl-4,4,5,5-tetramethyl-
second reaction vial were mixed benzene (3.0 mmol, 0.27 mL) and 1,3,2-dioxaborolane.To a solution oftert-butyllithium (1.4 M, 3.2
thiophene (3.0 mmol, 0.24 mL); the diluted arene was then added to mL, 4.48 mmol) in 15 mL of THF was added a solution of
the vial that contained and DHT. The reaction mixture was stirred at ~ 9-bromophenanthrene (575 mg, 2.24 mmol) in 4 mL of THF@8
room temperature overnight in the glovebox. After 24 h, an aliquot of °C via syringe in small portions. The mixture was stirred for a further
the reaction mixture was removed, and a GC trace of the reaction 1.5 h at—78 °C to give a green suspension. 2-Isopropoxy-4,4,5,5-
mixture was obtained. The identity of each product was determined tetramethyl-1,3,2-dioxaborolane (1.9 mL, 11.2 mmol) was added in one
by comparison of the GC/MS to that of authentic material prepared portion. The reaction mixture was allowed to warm to room temperature
independently (vide infra) or purchased from chemical suppliers, and over 24 h, at which time the solution was clear yellow. The reaction
the yield of each product was determined by using GC. The same mixture was poured into water and extracted several times with
procedure was also followed for the reactions of a mixture of benzene dichloromethane, and the combined organic phases were subsequently
and furan, andn-xylene and 1,3-bis(trifluoromethyl)benzene. washed with water and brine and dried over MgS&iter evaporation
Reactions of Bpin, with a Mixture of Two Arenes Catalyzed of the solvent, the crude product was obtained as an oil. This crude
by 1. In a reaction vial equipped with a stir bar were placed catdlyst material was purified by column chromatography on silica gel with
(1 mol %, 0.001 g), Bpin, (0.005 mmol, 0.003 g), and dodecahydrot- n-hexane/ethyl acetate (30:1 v/v) as eluent to give a white sttid.
riphenylene (DHT) (0.050 mmol, 0.011 g). Into a second reaction vial, NMR (CDCls, 500 MHz): 6 8.86-8.84 (m, 1H), 8.71 (ddJ = 3.5,
benzene (0.10 mmol, 944.) and thiophene (0.10 mmol, 8:0.) were 9.6 Hz, 1H), 8.69 (dJ = 8.2 Hz, 1H), 8.41 (s, 1H), 7.90 (d,= 7.9
mixed; the diluted arene was then added to the vial that contdined Hz, 1H), 7.69 (dddJ = 1.3, 7.1, 8.2 Hz, 1H), 7.667.64 (m, 2H),
Bopin, and DHT. The reaction mixture was stirred at room temperature 7.60 (ddd,J = 0.9, 7.0, 7.9 Hz, 1H). The position of the boryl group
overnight in the glovebox. After 24 h, an aliquot of the reaction mixture was confirmed byH—H COSY spectroscopy3C NMR (CDC}, 125.8
was removed, and a GC trace of the reaction mixture was obtained. MHz): ¢ 138.3, 134.7, 132.1,131.2, 130.2, 129.5, 129.3, 128.0, 126.9,
The identity of each product was determined by comparison of the 126.6, 126.3, 122.8, 122,7, 84.1, 25.2 (the carbon atom attached to the
GC/MS to authentic material (see the next paragraph), and the yield of boron could not be detected}B (CDCls, 160.4 MHz):6 31.6 (br s).
each product was determined by GC. The same procedure was alsdGC/MS (n/2) (intensity, fragment): 304 (100, ¥}, 289 (10, M —
followed for the reactions with the combination of benzene and furan, CHg), 204 (100, M — C¢H1,0). Anal. Calcd for GoH,:BO,: C, 78.97;
andm-xylene and 1,3-bis(trifluoromethyl)benzene. H, 6.96. Found: C, 78.74; H, 7.12.
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Pinacol-d;,. This material was prepared from acetalhedy proce-
dures reported for the synthesis of pinacol from acetbhea glovebox,

The sample was frozen at30 °C, and trisboryl complex (10 mg,
0.0105 mmol) was added to the NMR tube as a yellow powder. The

magnesium powder (0.500 g, 20.6 mmol) was added to mercury (20.0 NMR tube was removed from the glovebox and placed in°€Gce

g, 100 mmol) in a 20-mL DRAM vial. The mixture was warmed on a
hot plate (100°C) and triturated with a spatula to form a molten

bath. The sample was thawed and mixed &€Qo give a red solution.
The NMR tube was then transferred to an NMR spectrometer probe,

amalgam. The amalgam was transferred to a Schlenk flask containingand the formation of bis(pinacolato)diborah .14, mixture of pinB-

acetoneds (10.5 mL, 143 mmol) in 80 mL of dry benzene. The flask
was sealed with a septum under nitrogen and stirred in &G50il

Bpin-di; and Bpiny) was monitored at various temperatures. The
observed rates measured at the respective temperatures wégs 25

bath for 10 h, resulting in a white suspension. The mixture was cooled 6.5 x 10°s™%; 30°C, kops= 1.3 x 1045 % 40°C, Kops= 6.0 x 1074

to room temperature, quenched with distilled water<38 mL), and
heated for an additional hour at 8. The mixture was extracted with
diethyl ether (2< 100 mL), and the solvent was removed by distillation
at ambient pressure to afford a yellow oil. The oil was dissolved in 15
mL of distilled water and cooled to @C to afford a white solid. The
solid was collected and dried azeotropically by refluxing in benzene
in a Dean-Stark trap. Evaporation of the benzene provided clear, oily
crystals (1.62 g, 60%¥H NMR (toluene): d 0.98.1°C NMR (toluene-

ds): 65.9 (s), 24.0 (septet, 1:3:6:7:6:31= 18.9 Hz).

B.pin2-dz4. This material was made by simple modification of the
preparation of Bpin,.52 In a Schlenk flask, tetrakis(dimethylamino)-
diboron (2.66 g, 13.4 mmol) and pinaat, (3.50 g, 26.9 mmol) were
dissolved in 40 mL of toluene and cooled t’0. The solution was
stirred as HCI was added dropwise (1.0 M in ether, 54 mL, 54 mmol),
forming a white precipitate. The mixture was stirred at@ for 60

s 50°C, kops= 2.0 x 10357% 60°C, kops= 7.1 x 103 s7%. A plot
of In[kepd T (K)] vs 1/T (K) was linear R = 0.999), which provided
the thermodynamic parametex$i* = 25.9+ 1.3 kcatmol-* andAS
=9+ 1eu.

Concentration Dependence of the Exchange Reactions of Tris-
boryl Complex 1 with Deuterium-Labeled Bpin,. In a glovebox,
Bopin,-da4 (10.0 mg, 36.Qumol, 7 equiv) and DHT (internal standard,
0.10 mL of a 78.8 mM stock solution in cyclohexadg) was added
to an NMR tube. The sample was frozen-80 °C, and a solution of
trisboryl complext (5.0 mg, 5.2¢mol) in 0.4 mL cyclohexaneh, was
added. The NMR tube was removed from the glovebox and placed in
an ice bath at 0C. The sample was thawed and mixed until all the
solids had dissolved, and a red solution was generated. The NMR tube
was then transferred to an NMR spectrometer probe &4C4@nd the
formation of bis(pinacolato)diboron(1.14, mixture of pinB-Bpin-

min and then at room temperature for 3 h. The suspension was extractedi;, and Bpin,) was monitored. An exponential fit of the approach to

with pentane (2« 120 mL) and filtered through a coarse frit to remove

equilibrium gave an observed rate constigat = 3.24 x 107* sL.

insoluble material. The solution was washed with degassed water (3 Samples with 20.0 mg (72&mol, 14 equiv) and 30.0 mg (1Q8nol,

x 75 mL) and dried over MgS£The solvent volume was reduced in
vacuo, and the concentrated pentane solution was coole®@C.
White crystals (1.49 g, 40%) formed and were isolated by filtration.
Additional material was obtained from the mother liquor. The crystals
were dried azeotropically by refluxing in benzene in a DeStark
trap, followed by sublimation (60C, 0.1 mm)2H NMR (CgHg): 0.94.

11B NMR (CsDg): 31.5.23C NMR: 82.7 (s), 24.2 (septet, 1:3:6:7:6:
3:1,J = 19.0 Hz).

Low-Temperature Reactions of Arenes with 1 in the Presence
of Bzpinz-tha. I @ glovebox, a stock solution of compléxvas prepared
by dissolving 50 mg ofl in 1.5 mL of cyclohexan&h, ([1] = 0.0350
M). An aliquot of stock solution of (0.4 mL, 0.0140 mmol) was added
to a screw-capped NMR tube and was frozer-30 °C. To the NMR
was added Bpinz-dz4 (10 mg, 0.0360 mmol) in 0.35 mL ofdD;, to
form a second layer above the frozen solutioriloffhe sample was
again frozen at-30 °C and then placed in a T ice bath outside of

21 equiv) of Bpinx-dz24 were prepared in the same way and inserted
into the preheated NMR spectrometer proble. The resonance for protio-
B.pin; was monitored, and the observed rates were: 14 equiw-of B
Pinz-Cas, Kops = 6.7 x 107* s71; 21 equiv of Bpiny-das, Kops = 1.2 x
103s%

Kinetics of the Catalytic Borylation: Dependence of the Rate
on the Concentration of Bpin,. The rate constants were measured
for reactions of 1-(trifluoromethyl)-3-methylbenzene B NMR
spectroscopy. NMR samples were prepared contaih{d@ mg, 0.0105
mmol) and GFs (15 uL, internal standard) in §D;,:CéH1» (0.1 mL:
0.5 mL). To the sample was added 75 mg (0.30 mmol) or 210 mg
(0.827 mmol) of Bpin,. To the sample containingpin, was added
1-(trifluoromethyl)-3-methylbenzene (25 mL, 0.179 mmol), and the
reaction was monitored at 3€ by °F{'H} NMR spectroscopy. Plots
of In[arene] vs time were linear over five half-lives. The first-order
rate constants for reactions with the two concentrations,piBwere

the drybox. The sample was transferred to a NMR spectrometer probe1.9 + 0.2 x 104 st and 1.7+ 0.2 x 104 s°¢, respectively.

that had been precooled to 7°&, and an*H NMR spectrum was

Catalytic Borylation: Dependence on Added Olefin.To test the

acquired. The NMR tube was removed from the spectrometer to a O orger of the reaction in addetis-cyclooctene, three reactions were

°C ice bath, injected with 1,2-dichlorobenzene (610 0.044 mmol),

performed in screw-capped NMR tubes. The reactions were conducted

shaken, and reinserted into NMR probe. The reaction course wasyith 1 (10 mg, 0.0105 mmol), Bin (62.5 mg, 0.246 mmol), and tris-

monitored at 7.5C for 70 min (50% conversion of 1,2-dichloroben-

(trimethylsilyl)benzene (internal standard, &, 0.0157 mmol) in

zene). The pinacol-methyl region showed new resonances only for thecyclohexanedlz (0.5 mL).cis-COE (3.0uL, 0.023 mmol; 6.QuL, 0.046

arylboronate este(1.28, 2-(3,4-dichloro-phenyl)-4,4,5,5-tetramethyl-
[1,3,2]dioxaborolane) and pinacolborael(18, HBpin). The tube was

removed from the spectrometer, and a small quantity of bis(pinacolato)-

diboron (approx. 1.0 mg, 0.0041 mmol) inl%, (50 uL) was injected

mmol; or 12ul, 0.092 mmol) was added to each NMR tube. Each
sample was inserted into a preheated NMR spectrometer &, 4nd
an initial 'H NMR spectrum was acquired. The sample was removed,
injected with 1,2-dichlorobenzene (20, 0.20 mmol), mixed, and

to confirm the assignment of the new resonances. The sample Wasretyrned to the probe. The borylation reaction was monitored for more

quickly returned to the probe. A new pinacol-methyl resonanc® at
1.16 for the added in was observed, confirming the peak assignments

than five half-lives at 40C. A first-order decay of arene was observed.
The rate constants, as a function of the concentration of COE were

and that no exchange of Bpin groups from the iridium center and the [COE] = 0.037 M,k = 1.1 x 103 s°%; [COE] = 0.074 M,k = 5.8 x

labeled Bpin,-dz4 occurred prior to functionalization.

Temperature Dependence of the Reactions of Trisboryl Complex
1 with Deuterium-Labeled Bypin,. In a glovebox, Bpinz-dz4 (40 mg,
0.144 mmol) and tris(trimethylsilyl)benzene (internal standardyug,0
0.016 mmol) in cyclohexandr, (0.5 mL) were added to an NMR tube.

(61) Binks, J.; Lloyd, D. JJ. Chem. Soc. (C}971, 2641.
(62) Ishiyama, T.; Murata, M.; Ahiko, T.-H.; Miyaura, NDrg. Synth.2000
77, 176.

104 s % [COE] = 0.15 M,k = 3.3 x 10* s L. A plot of keps * VS
[COE] was linear R? = 0.976).

Catalytic Borylation: Dependence on Catalyst 1 in the Presence
and Absence of Added Olefin.In a glovebox, three screw-capped
NMR tubes were prepared containingpBy, (70 mg, 0.276 mmol),
cissCOE (10uL, 0.077 mmol), and tris(trimethylsilyl)benzene (internal
standard, 5.@L, 0.016 mmol) in cyclohexandr, (0.60 mL). To each
NMR tube was added catalys{5.0 mg, 0.0053 mmol; 10 mg, 0.0105
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mmol; or 20 mg, 0.0210 mmol). The samples were inserted into a the Bypin,, dodecahydrotriphenylene, and benzepdegether. The
temperature-equilibrated NMR spectrometer at'@0for reactions in seventh sample was prepared by dissolving 10.2 mg of isolatad
the presence of COE and 2Q for reactions in the absence of added rigorously dried cyclohexane 1] = 5.36 mM). A 10uL aliquot of
COE. An initial '"H NMR spectrum was acquired. The samples were this solution was added to an NMR tube containingiB, (498 mg,

removed from the probe, injected with 1,2-dichlorobenzene (20 1.96 mmol) and dodecahydrotriphenylene (internal standard, 20.9 mg,
0.198 mmol), mixed, and returned to the probe. The borylation reaction 0.0871 mmol) dissolved in benzedg{0.75 mL). Each sample was
was monitored for more than five half-lives at 40. An exponential flame-sealed under vacuum and heated in an oil bath at@@or 24
decay of arene was observed. The rate constants, as a function of the, Yields were determined by integrating the pinacol methyl groups of
concentration ofl, were [I] = 0.0088 M kops= 1.9 x 10457} [1] = the product vs the resonances of the internal standard iHtIMR

0.018 M,Kops = 4.1 x 107* 7% [1] = 0.035 M,kops= 7.6 x 107*s7%. spectrum. The yields and corresponding turnover numbers are provided
A plot of kops s [1] that included the origin was lineaR{ = 0.997). in Table 1 of the text.

The same procedure was followed for reactions conducted in the
absence of any added COE. The rate constants for these reactions wer:
[1] = 0.00841 M,kops = 1.7 x 1074 s7%; [1] = 0.0168 M,kops = 2.6

x 1074 s7% [1] = 0.0336 M,kops= 3.7 x 10°*sL. The plot ofkons VS

[1]¥? was linear R? = 0.998), but the plot okops vs [1] that included

the origin was curvedR? = 0.928).

Measurement of the Isotope Effect from Separate Reactions of
1,2-Dichlorobenzene and 1,2-Dichlorobenzend: NMR samples were
prepared with catalyst (100uL of a 0.0263 M stock solution in D12,
2.63umol), Bypin, (50 mg, 0.20 mmol), and the internal standard tris-
(trimethylsilyl)benzene (20 mL, 0.063 mmol) in 0.625 mL of cyclo-
hexaned:,. 1,2-Dichlorobenzene or 1,2-dichlorobenzef¢20uL, 0.18
mmol) was added via microsyringe, and the reaction was monitored
by *H NMR spectroscopy at 2%C. A first-order decay of arene was
observed. The rate constants were 1,2-dichlorobenken@,5 x 104
s % 1,2-dichlorobenzends, k = 2.2 x 1074 s7L. These rate constants
correspond to a kinetic isotope effdetky of 3.3.

Experiments To Determine the Maximum Turnover Number for

Catalytic Reaction with Added 9-BBN. Two NMR samples were
Srepared with catalydgt (5.0 mg, 5.2¢mol), Bxpin, (60 mg, 0.24 mmol),
and the internal standard dodecahydrotriphenylene (11 mg, 0.046 mmol)
in cyclohexaned;» (0.5 mL). To one sample was added 9-borabicyclo-
[3.3.1]Jnonane dimer (9-BBN, 6.0 mg, 0.024 mmol), followed by
mxylene (60uL, 0.49 mmol). To the other sample was added only
m-xylene (60uL, 0.49 mmol). Initial'H and*'B NMR spectra were
acquired, and the samples were allowed to stand at room temperature.
The yield of arylboronate ester was periodically measured by integration
of the pinacol methyl groups of the product vs the resonances of the
internal standard. The yields are based on the formation of ArBpin
and HBpin from Bpin,. The reaction without added 9-BBN had
proceeded to 15% vyield after 8 h, and to 25% yield after 20 h; the
reaction with added 9-BBN had proceeded to 44% yield after 8 h, and
to 80% yield after 20 h. A resonanced@85 in the!'B NMR spectrum
indicated the formation of theiss=COE hydroboration product 9-cy-
clooctyl-9-bora-bicyclo[3.3.1]nonane.

the Borylation of Benzenegls with B pin.. In a glovebox, dilute stock Derivation of Rate Equations. The full rate equation for the
solutions of the iridium precursors were prepared by dissolving 10 mg catalytic cycle of Scheme 3 was derived by the schematic method
of iridium source ([I(COEXCI]2, 1.12 mM; [Ir(COD)CIp, 1.49 mM; developed for deriving the steady-state concentrations of enzyme-

[Ir(COD)(OMe)L,, 1.51 mM) in 10 mL of benzends that had been containing species based on the determinant meéff$@his equation
distilled from Na/K alloy. A 3.72 mM stock solution of dtbpy in this  and the assumptions made to simplify this equation are shown below:
rigorously dried solvent was also prepared. Into an NMR sample tube
was placed Boin; that had been dried by refluxing in benzene with a rate= KikokgK [Ar-H][B ,pin,][Ir oiaf{ Kiksk,[COE][B,pin,] +
Dean-Stark trap, followed by recrystallization from dnypentane and ; ; ;
sublimation, do%ecahydrotri);)hen)slllene (internal standwgrd, 25 mg, 0.10 ikgka[Bping] -+ [Ar-HIIB 5pin;] + kalok,[Ar-HIIB ppin] +
mmol), and benzends (0.75 mL). Kikoko[Ar-H] }

One sample was prepared by adding au20aliquot of the
[Ir(COE),ClI] stock solution (2.23< 10~ mmol) and a 2Q:L aliquot Becausek,JAr—H] < ks or ks, the third and fourth term of the
of the dtbpy stock solution (7.45% 10°5 mmol) to the NMR tube denominators are much smaller than the second. Beday@OE] >
containing the Bpin; (500 mg, 1.97 mmol), dodecahydrotriphenylene k;, the second term in the denominator is much smaller than the first.
(25 mg, 0.10 mmol), and benzeng(0.75 mL). A second sample was  Because NMR spectroscopy detects ohl\Ir] o ~ [1]. Therefore,

prepared by adding a 2@k- aliquot of the [Ir(COD)CI} stock solution this complex equation simplifies to
(2.98 x 10°° mmol) and a 2Q¢L aliquot of the dtbpy stock solution to

the NMR tube containing the Bin,, dodecahydrotriphenylene, and K,k JAr-HI[ 1]
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