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Transition metatboryl compounds? are intermediates in a
variety of catalytic processés? including the regiospecific
functionalization of alkane%.2 We recently showed that penta-
methylcyclopentadienyl rhodium and iridium complexes with
labile dative ligands catalyze under thermal conditions the
regiospecific borylation of alkanes at the terminal position (eq
1)® We proposed that high-valent Rh(V) and Ir(V) boryl

Cp*Rh(CeMeg),
Cp*Rh(CoHy)s,
Cp*lrHy, or

NN CpinCoHy),

+ HBpin or 1/2 pin,B,

/W\/\Bpin
+ 1 0r 1/2 equiv of Hy )

complexes were intermediates in these reactions. The hig
reactivity of the rhodium boryl compounds and the high temper-
atures thus far required to form them have prevented isolation o
rhodium intermediates in pure form. Thus, we have targeted
potential intermediates in the iridium-catalyzed process. In
particular, we have sought Ir(V) hydrido boryl compleXeale
report our recent success in the generation and the isolation of
series of Ir(V) boryl polyhydrides, including X-ray structural

characterization of one example. These compounds are the firs

fully characterized complexes that react regiospecifically with
alkanes to produce free functionalized products.

Scheme 1 shows our synthetic routes to the Ir(V) boryl
complexes. Thermolysis of Cp*Iff with a small excess of
pinacolborane (HBpin, 2 equiv) at 8C for 50 h in octane formed
the monoboryl trihydridel in 81% vyield after sublimation.
Reaction ofl with a large excess (720 equiv) of HBpin for 50
h at 100°C produced bisboryl dihydrid@ in 74% vyield after
sublimation. Thé'B NMR signals of these materials were singlets

and were located at 33.4 and 33.5 ppm. These chemical shifts

are slightly downfield of those for pinacolborane and chloropina-
colborane and are similar to the chemical shifts of other
dioxaborolanyl complexes of iridiuft 2 Monoboryl 1 displayed

a single hydride resonance at room temperature, but the two

hydrides were observed as a second-ordgs pattern at—40

°C, indicating that site exchange of the hydrides occurred on the

NMR time scale at room temperature. Similar behavior was
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observed for the related silyl compouttdrhe dihydrido bisboryl

2 showed a sharp hydride resonance.

Reaction of Li[Cp*IrH]° with haloboranes provided an
alternative route to the monoboryl species. This reaction was more
convenient for generation df and allowed for the synthesis of
Ir(V) boryl complexes with different substituents at boron.
Analytically purel was prepared in 87% yield, and catecholboryl
complexes3a and 3b were prepared in 8391% vyield. Pure
dialkyl boryl 4 was isolated in 85% yield. Compoun@8s and
3b showed NMR features similar to those band2: a singlet
1B NMR chemical shift near the corresponding borane and a
single hydride signal in théH NMR spectrum at room temper-

pature, which broadened at low temperatures and became resolved

into two signals at-30 °C. Important for the discussion below,

fthe two hydride signals showed similar line widths at this low

temperature. Compountidisplayed art’B NMR chemical shift
of 72.1. This shift was significantly upfield of the typical chemical
shifts for dialkylboryl compound¥}!® even those of iridiun®
but, like 1-3 was similar in chemical shift to that of the

ahaloborane.

Several possible binding modes far-4 are shown below.

LI'hese complexes may exist as dihydrogen complergs 4s

borane complexesB)), as hydridoborate complexe€); or as
classical Ir(V) complexedY). Cp*IrH, is an Ir(V) tetrahydrid&
and Cp*Ir(H)(SiEt), is an Ir(V) bissilyl dihydridel”:18

Thus, we disfavor formulatingl—4 as Ir(lll) dihydrogen
complexes. Unfortunately; measurements that have been used
to distinguish classical from nonclassical structiftesould be
affected in this case by the quadrupolar boron and would be
uninformative?® We and others have previously characterized
complexes of typeB—D with different metal centers. These data
provide a spectroscopic and structural platform to interpret our
data for1—4.
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The spectroscopic features expected for a borane complex
(B)?*2 are not consistent with the data fdr-4. A borane
complex would showH—1B coupling in the form of a doublet
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1B NMR signaf* and/or a broadH resonanc&23due to coupling
with the quadrupolat'B nucleus; hydrides cis and trans to the
boryl group would show different line widths. In addition, Mn
borane complexes have shown increasingly broadé&dedMR
signals at low temperature due to increased couplihgcontrast,
the hydride resonances far-4 were all sharp at temperatures
low enough to stop site exchange on the NMR time scale.

A hydridoborate structureQ) would also generate broad

resonances due to coupling to the quadrupolar nucleus and would?

display different line widths for the terminal and bridging
hydrideg*when the site exchange is slow on the NMR time scale.
Moreover, this structural class would generédi NMR signals
that are upfield of those for related boryl complexes. T
NMR signals ofl and3 were located at chemical shifts similar
to those of other iridium dioxaborolanyl compounds. Thus, the
formulation of1 and3 as Ir(V) complexes is the most consistent
with our data. Although the upfield boron shift dfvs those of
previous dialkylboryl complexé$ 16 suggests that this complex
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the boryl complex in these reactions decomposed to bridging oxo
compounds catBOBcat. Likewise, compkxormed (CyB),0,
and did not react with either benzene or octane solvent to form
phenyl- or octylborane products.

Heating of an octane solution dfat 110°C for 10 d instead
of 200 °C for 2 d eventually consumet] but did not form the
functionalized product. In this case several new iridium boryl
complexes were formed, as indicated B and *H NMR
spectrometry. We have not been able to isolate these materials
in pure form, but heating of this solution at 20Q for 140 h
generated octylboronate ester in 47% yield based on staltting
Thus, these compounds may be intermediates in the high-
temperature transformation df. Alternatively, they may be
formed reversibly by elimination of fHand may have structures
that are similar to those of dimeric Cp*Ir polyhydrid&sThese
compounds were not observed in the reactions with benzene and
were detected only at early reaction times for the reactioris of
with octane at 200C.

Reactions ofl with deuterated hydrocarbons provided mecha-
istic insight. Reactions in deuterated benzene led to deuterium
incorporation into the Cp* and hydride groups, with faster
incorporation into the hydridéH NMR integration of the hydride
and Cp* signals showed a decrease in intensity relative to that of
the boryl group signal. After 16 h at 8C, a deuteride signal for
Cp*IrH3-,Dn(Bpin) was observed biH NMR spectrometry. H/D
exchange with octane also occurred, but was much slower than
exchange with benzene. After 24 h at 1’IDthe hydride signal
had decreased in intensity, and a deuteride signal was observed
by 2H NMR spectrometry.

may possess some hydridoborate character, this character was not A kinetic isotope effect was observed for the reaction of octane

reflected in the hydride line widths.

X-ray structural analysis also supports this formulation, even
though the hydride ligands were not located. Ir boryl complexes
show M—B distances of 1.992.09 A, and metal hydroborate
complexes have longer distances than boryl compl&xés.
Moreover, our Mr-borane complexes also showed longer Bl
distances than those for related boryl complexes. TheBlIr
distance inl was 2.047(7) A (see Supporting Information for
details), which falls in the range of-B distances noted above
for iridium boryl complexeg!

The reactivity of the boryl compounds toward protic reagents,

dihydrogen, and hydrocarbons is summarized in Scheme 2. The

reactivity toward protic reagents varied dramatically. Pinacolboryl
complexes did not react within 12 h with alcohols to form the
tetrahydride, even at 108C, but the more electrophilic com-
pounds3ab and4 did form Cp*IrH, in 84—100% yield at 56-
60 °C and at room temperature, respectively. Comflegacted
with dihydrogen at 90C to form Cp*IrH, in 49% yield after 72
h under 2 atm of H

Dioxaborylanedl—3 reacted with hydrocarbons to give func-
tionalized products, antl and 2 reacted with alkanes. For each
reaction with octane, Cp*Iriiwas observed at early reaction
times, but this species decomposes at the temperatures and tim
of the reaction (vide infra). Reaction @fand3a in benzeneds
formed GDsBR; in 78 and 79% yield, respectively. Heating of
an octane solution of at 200°C for 2 d completely consumed
1 and formed the functionalized product in 50% yield. Reaction
of 2 formed 2 equiv of octylboronate ester in 45% vyield. In
general, boron oxide pinBOBpin was formed early in the reaction,
presumably from trace amounts of water. After this time, the
yields of octylboronate ester were high. The rate for reaction of
2 with octane was similar to that for reaction bf Although it
reacted with benzene, compl@xlid not react with octane. Instead
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with 1. Reaction ofl with a 1:1 mixture of octane and octane-
d;s showed &u/kp of 2.0. Although qualitative, the reaction bf

in octane was faster than the separate reaction in oclgne-
suggesting that the intermediate that reacts with alkane is formed
reversibly and/or that generation of this intermediate involves
cleavage of an kH bond. Reaction of. with a 1:1 mixture of
CeHes and GDs was uninformative because of isotope scrambling
in the free arene. With the caveat that H/D exchange can be
mediated by heterogeneous iridium, the H/D exchange of the
iridium hydride along with the primary isotope effect suggests
reversible addition of the hydrocarbon during the reaction.

A comparison of the reactivity of with that of Cp*IrH, and
Cp*IrH,(SiEt), demonstrates the unusual property of the boryl
group to induce €H activation and functionalization. The
tetrahydride decomposes before undergoing H/D exchange with
octane. The more thermally stable Cp*BIEt), is also inert
toward alkanes, even after 20 h at 2U0. No DSiEg or octyl
triethylsilane was observed. Thus, the boryl ligand generates
compounds that are distinct from both hydride and silyl complexes
in their ability to undergo reactions with alkanes. To date, boryl
complexes are unique in their reactivity toward regiospecific
replacement of a terminal hydrogen in an alkane with a functional

gdroup that is present in the ligand of a transition metal

complex?®-32
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