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ABSTRACT: An iridium(III) pentamethylcyclopentadienyl cata-
lyst supported by 6,6'-dihydroxy-2,2"-bipyridine displays exquisite
selectivity in acceptorless alcohol dehydrogenation of cyclic a,f-
unsaturated alcohols over benzylic and aliphatic alcohols under
mild aqueous reaction conditions. Hydrogenation of aldehydes and
ketones occurs indiscriminately using the same catalyst under

hydrogen, although chemoselectivity could be achieved when other potentially reactive carbonyl groups present are sterically
inaccessible. This chemistry was demonstrated in the reversible hydrogenation and dehydrogenation of the A ring of
glucocorticoids, despite the presence of other alcohol/or carbonyl functionalities in rings C and D. NMR studies suggest that an
iridium(IIT) hydride species is a key intermediate in both hydrogenation and dehydrogenation processes.

T ransition-metal hydrides are key reaction intermediates in
numerous catalytic organometallic transformations. The
formation of such species allows the efficient shuttling of
nucleophilic hydrides derived from primary and secondary
alcohols to electrophilic carbonyl groups (transfer hydro-
genation) or to protons to generate hydrogen gas (acceptorless
dehydrogenation)."”” A variety of hydrogenation/dehydrogen-
ation systems based on metal ions such as Ru,>"¢ Rh,”® Ir,>1°
Fe,“_16 and Co'” have been reported, which have demon-
strated practical utility ranging from enantioselective chemical
synthesis® to facile hydrogen release from liquid fuels.'®~>°

In our program to develop atom-economical methods to
elaborate complex biomolecules, we were intrigued by alcohol
dehydrogenation catalysts that require neither sacrificial hydride
acceptors nor base additives (Scheme 1).? During the course of
our studies we discovered an iridium(III) pentamethylcyclo-
pentadienyl (Cp*) complex*' >
benzylic/aliphatic alcohols but reactive toward allylic alcohols.
Such chemoselectivity is rare and, to the best of our knowledge,
has only been achieved using catalyst systems that employ
external oxidants.””*® We describe herein the unusual

that is unreactive toward

Scheme 1. Proposed Mechanism for Alcohol
Dehydrogenation by Irl
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dehydrogenation and hydrogenation chemistry of an organo-
metallic iridium catalyst and demonstrate its utility in the
selective interconversion of glucocorticoids,29 an important
class of naturally occurring steroids.

Recently, it was reported that [Cp*Ir(6,6'-dihydroxy-2,2'-
bipyridine) (H,0)]** (Irl; Scheme 1)** bearing a functional
bipyridine ligand efliciently converts benzylic and secondary
alcohols to aldehydes and ketones, respectively, in aqueous
media. Under the conditions tested in our laboratory (Table S1,
Supporting Information), including in aqueous buffers at
different pH values, we did not observe reactivity with benzylic
(entries 1—4, Table 1) or saturated aliphatic alcohols (entries
5—7). When we expanded the scope of our substrate studies,
we discovered that cyclic @f-unsaturated alcohols were
dehydrogenatively oxidized to their corresponding enones
using 2 mol % of Irl in air in fert-butyl alcohol/water (1/9),
with yields ranging from modest to excellent (entries 8—11).
For compounds containing six-membered rings, reversible
isomerization of the starting substrate was observed (Schemes
S1 and S2, Supporting Information).>*"*> However, dehydro-
genation to the enone is favored in the absence of added
hydrogen; in fact, a nearly quantitative yield of 3-methyl-
cyclohex-2-en-1-one was obtained from reaction of Irl with 3-
methylcyclohex-2-en-1-ol after 24 h (entry 9). Dehydrogen-
ation of the seven-membered ring cyclohept-2-en-1-ol
proceeded slowly, as indicated by its low conversion and
yield (entry 11). The five-membered-ring 3-methylcyclopent-2-
en-1-ol was fully consumed after 24 h, but no 3-
methylcyclopent-2-en-1-one was detected by GC (entry 12);
instead, this reaction afforded significant amounts of an
intractable solid.
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Table 1. Alcohol Dehydrogenation Study”
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“Conditions: alcohol (0.50 mmol), Irl catalyst (10 gmol), +-BuOH/
H,0 (1/9, 1.0 mL), sealed reaction vial in air. “Conversion defined as:
100% — [(starting material)/(starting material + product)] X 100%.
‘Determined by GC relative to internal standard. Averaged from
duplicate runs. “Addtional side products were obtained. See Schemes
S1 and S2 (Supporting Information). “An intractable solid was
isolated. “Determined by NMR spectroscopy.

Surprisingly, linear allylic alcohols were found to react poorly
in the presence of Irl at 40 °C (entries 13 and 14), with yields
only up to ~13% of the corresponding enone, as quantified by
'"H NMR spectroscopy and gas chromatography. Acyclic
enones have been shown to form strong s-cis adducts to
transition-metal complexes,”** which may result in catalyst
inhibition by blocking substrate coordination sites at the metal
center. In contrast, cyclic enones have s-trans geometric
configurations and thus, cannot bind to transition metal ions
as tightly as in the s-cis form. Nevertheless, the unusual
reactivity of Irl toward cyclic allylic alcohols over a variety of
other alcohols makes it an unusually chemoselective oxidation
catalyst.

Next, we explored whether hydrogenation of aldehydes and
ketones by Irl was possible. Table 2 summarizes the substrates
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Table 2. Aldehyde/Ketone Hydrogenation Study”

[o) Ir1 (2 mol %) HO
H, (1 atm) H
R JJ\H' : R P -
t-BUOH/H,O (1:9)
aldehyde or 25°C, 24 h alcohol
ketone
Entry Product Yield,%°
i gOH 98
OH
2® g 70¢
HO
OH
3° 99 (89°)
ON
4 ©)\OH 99
OH
5 ©/\)\ 15
OH
6 @N 94
R
; Oro .

“Conditions: aldehyde or ketone (0.50 mmol), Ir1 catalyst (10 gmol),
H, (1 atm), +BuOH/H,O (1/9, 3.0 mL). “To improve substrate
solubility, +BuOH/H,0 (2/8) was used as solvent. “Yields were
determined by GC relative to internal standard. Averaged from
duplicate runs. “Yield determined by NMR. “Isolated yield.

that were tested. The reactions were performed using 2 mol %
of Ir1 in tert-butyl alcohol/water (1/9) at 25 °C under 1 atm of
hydrogen gas. No special precautions were taken to exclude air
from the reaction vials. Under optimized reaction conditions,
hydrogenation of a variety of carbonyl-containing compounds
was achieved, including benzaldehydes (entries 1—3), aceto-
phenone (entry 4), aliphatic ketones (entry 5)/aldehydes
(entry 6), and enones (entries 7—8). As expected, substrates
with electron-withdrawing groups were reduced more effi-
ciently than those with electron-donating groups, showing the
trend 4-nitrobenzaldehyde ~ benzaldehyde > 4-hydroxyben-
zaldehyde, suggesting that hydride transfer is the rate-
determining step in the reaction.”> Complete hydrogenation
of cinnamyl alcohol to 3-phenylpropanol (entry 7) was not
observed, whereas a small amount of cyclohexanol was obtained
from hydrogenation of cyclohex-2-en-1-one using Irl/H,,
which presumably formed through a sequential isomerization
and hydrogenation mechanism (Scheme S1, Supporting
Information) rather than by direct reduction of the C=C
double bond.

To gain greater insight into the reactivity of Irl, further
mechanistic studies were performed. It is proposed that
acceptorless dehydrogenation proceeds by first dehydrogen-
ation of a 1° or 2° alcohol to give the metal hydride species Irl-
H and the corresponding aldehyde or ketone, followed by
catalyst regeneration via grotonation of Ir1-H to give H, as a
byproduct (Scheme 1).** The detailed mechanism by which
this process occurs has been suggested to involve metal—ligand
bifunctional catalysis, in which the 6,6'-dihydroxy-2,2'-bipyr-
idine ligand plays a pivotal role in facilitating proton exchange
during catalysis.***” Presumably, in the reverse process (i.e.,
hydrogenation), the catalyst first heterolytically cleaves H, to
yield a metal hydride and then transfers the resulting hydride to
a carbonyl acceptor. To provide evidence for the formation of

dx.doi.org/10.1021/0m5010258 | Organometallics 2014, 33, 6742—6745



Organometallics

Communication

Ir1-H during catalysis, a 1.5 M solution of Irl in D,O was
treated with 15 equiv of 3-methylcyclohex-2-en-1-ol and heated
for 2 min at 90 °C. Upon heating, the yellow solution rapidly
turned orange (Agouger ~450 nm). The in situ 'H NMR
spectrum of this mixture showed a peak at —17.74 ppm, which
is characteristic of an iridium hydride species.*® This signal was
not observed in the absence of cyclohexenol or when benzyl
alcohol was used as the hydride donor. The latter is consistent
with our observation that Irl does not react with benzylic
alcohols (entries 1—4, Table 1). Formation of Ir1-H was also
clearly seen upon stirring Irl under 100 psi of H, in D,O for 5
min. The '"H NMR signals at 6.83, 7.44, and 7.74 ppm are
attributed to the 6,6’-dihydroxy-2,2’-bipyridine ligand, whereas
the signal at 1.42 ppm is assigned to the Cp* ring of Irl-H.
Because Irl-H was observed under both dehydrogenation and
hydrogenation conditions, it is likely a key reaction
intermediate during catalysis. Further support of the accept-
orless dehydrogenation mechanism shown in Scheme 1 was
obtained from gas chromatographic detection of H, in the
reaction of Irl with 3-methylcyclohex-2-en-1-ol.

As discussed above, the chemoselectivity of the Irl catalyst is
unusual. To demonstrate its utility in chemical synthesis, we
explored the application of Irl in the derivatization of cortisol
(1; Scheme 2), a naturally occurring glucocorticoid that is

Scheme 2. Interconversion of Cortisol and Related
Compounds®
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“Percent yields shown are isolated yields. “Compound 2 could not be
separated from 3.

essential to many physiological functions. This compound is an
ideal model substrate because it has several potentially reactive
alcohol and carbonyl groups, including a cyclic enone in the A
ring of the steroid structure. Upon treatment of 1 with 1.1
equiv of sodium borohydride,*”** the more electrophilic C20
carbonyl moiety was reduced first to afford 1153,17a,20R,21-
tetrahydroxypregn-4-en-3-one (2),*' with a minor amount of
the doubly reduced compound 3,115,17a,20R,21-pentahydrox-
ypregn-4-ene (3). To obtain 3 in high yield, 1 was treated with
excess sodium borohydride. Interestingly, NaBH, reduction of
1 at C20 gives predominantly the 20R-OH stereocenter,*
whereas reduction at C3 affords 3a-OH (3a)/3$-OH
(3b)***"* in an 83/17 ratio.** When 3 was stirred in the
presence of 2 mol % of Irl in tert-butyl alcohol/water (1/9) at
60 °C for 11 h, dehydrogenation of the C3 alcohol occurred
preferentially over other primary and secondary alcohol groups
in rings C and D. Compound 2 was isolated in ~80% yield. The
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conversion of 3 to 2 was readily followed by 'H NMR
spectroscopy,*"”*® as indicated by the disappearance of the H3
peak at 4.05 ppm and downfield shift of H4 from 5.16 to 5.64
ppm (Figure 1; compare the spectrum of 3 vs that of 2).

435 oi
glucocorticoid

3 7 numbering scheme
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Figure 1. '"H NMR spectra of glucocorticoids 1—4 (CD,0D, 500
MHz). The signal marked with an asterisk is derived from an impurity
in the preparative TLC plate used during purification.

Although our substrate studies above (Table 2) indicate that
hydrogenation of aldehydes/ketones using Irl is not chemo-
selective, further investigations revealed that chemoselectivity
could be achieved in certain cases. When cortisol 1 was stirred
under 100 psi of H, and 2 mol % of Irl at room temperature
for 24 h, the '"H NMR spectrum of the product (95% yield)
showed an upfield shift of H4 from 5.65 to 5.17 ppm and the
appearance of H3 at 4.06 ppm (Figure 1, compare the spectrum
of 4 vs that of 1). The doublets at 4.25 and 4.61 ppm appear at
the same chemical shifts as those of the C21 methylene protons
in 1, indicating that the C20 carbonyl was not reduced. The
NMR data strongly suggest that 1 was selectively hydrogenated
to 3,1153,17a,21-tetrahydroxypregn-4-en-20-one (4), which was
obtained as a diastereomeric mixture of 3a-OH (4a)/35-OH
(4b) in a 90/10 ratio. The assignment of stereochemistry at C3
in 4 was based on similarities of its chemical shifts to those of
3a and 3b.*” To support the identity of 4, reaction of 4 with 1.1
equiv of NaBH, gave the expected compound 3 in ~70%
isolated yield (Scheme 2). Confirmation of the identity of 4 was
obtained from high-resolution electrospray ionization mass
spectral analysis, which shows m/z 387 corresponding to [M +
Na]". Finally, hydrogenation at the C3 position of 2 to 3 using
2 mol % of Irl and H, was also achieved successfully.

Although chemoselective methods to hydrogenate steroids
have been reported,””** they are often prone to give side
products. For example, hydroboration of progesterone affords
predominately the C3 alkenol product but also minor amounts
of the C=C double bond and C20 carbonyl reduced species.**
In contrast, the conversion of 1 to 4 using Irl yields a single
enone product under mild reaction conditions.

In summary, we have identified an air- and water-compatible
iridium(III) catalyst that is efficient at both oxidation of cyclic
allylic alcohols and reduction of aldehydes and ketones under
the appropriate reaction conditions. Spectroscopic studies
provide evidence for the formation of an iridium hydride
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intermediate during catalysis, and detection of H, as a reaction
byproduct supports an acceptorless alcohol dehydrogenation
mechanism. This chemistry allows easy access to several
glucocorticoid derivatives, which may be useful in studies of
steroid metabolism®”*" or as possible chemotherapeutics*>***°
and drug conjugates.’*~>* Future investigations will explore the
underlying reasons for chemoselectivity as well as the generality
of this behavior in related catalyst systems.
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