C—H Activation

Angewandte

DOI: 10.1002/anie.200801992

Iridium-Catalyzed H/D Exchange at Vinyl Groups without Olefin

Isomerization**
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Exchange of a hydrogen atom with a deuterium atom (H/D
exchange) was one of the first catalytic C—H activation
processes reported to occur by organometallic intermedi-
ates.!! This process has experienced a renaissance recently
because of the value of deuterated and tritiated compounds in
the study of reaction mechanisms and biological processes.”
In general, deuterium or tritium can be introduced during a
synthesis with a deuterated or tritiated reagent, or after the
synthesis is complete by H/D or H/T exchange. If regio- and
stereoselective H/D or H/T exchange could be developed, the
latter approach would be simpler to conduct and more cost
effective than the introduction of the label during synthesis.
Moreover, it would avoid the handling of tritiated synthetic
intermediates.”!

H/D exchange of aromatic hydrogen atoms is well known
and has been conducted with a variety of catalysts, including
acid, base, and metal complexes.l H/D exchange of non-
activated, aliphatic C—H bonds has also been conducted with
transition-metal catalysts,”! including [Cp*Ir(PMe;)],*”
[Cp*Ir(carbene)],®! and [(TpM)Ir] complexes.! H/D
exchanges catalyzed by the recently developed systems
afford a high degree of isotope incorporation, and some
have been conducted with D,O as the deuterium source.'"]

In contrast to H/D exchange at aryl and alkyl groups, H/D
exchange at vinyl groups has not been studied extensively.
Most existing examples of H/D exchange at vinyl groups have
been conducted with cyclic or isolated olefins, such as
cyclopentene, styrene, and tert-butylethylene, presumably to
avoid complications from olefin isomerization.®"! A more
general, selective H/D exchange of alkene hydrogen atoms
has been limited because alkene isomerization often occurs
under conditions that lead to C—H activation. For example, H/
D exchange of 1-pentene!” and 1-hexene®' has caused
isomerization to the more stable internal isomers at elevated
temperature,® at room temperature,' and under photo-
chemical conditions."¥! We report a catalytic system that
overcomes this limitation. We show that H/D exchange
catalyzed by an iridium complex containing an aliphatic
pincer ligand occurs at the vinylic positions without olefin
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isomerization. This selectivity, along with high functional
group compatibility, is demonstrated by H/D exchange
between C¢Dys and a series of olefins containing various
functional groups, as well as natural products and natural
product analogues.

The discovery of this H/D exchange chemistry resulted
from studies with the amidoiridium hydride complex
[(dtbpp)Ir(H)(NH,)] (1) (dtbpp =1,5-bis(di-tert-butylphos-
phino)pentan-3-yl) [Eq. (1)], that we had previously shown
to form by oxidative addition of ammonia.l'¥! The reaction of
pentene in CsDy in the presence of catalytic amounts of 1 led
to rapid H/D exchange of the olefinic hydrogen atoms with
the CyD¢ solvent. No isomerization of the olefin was
observed, and less than 1% deuterium was incorporated
into the alkyl chain, including the allylic positions.

PtBu,
H SmOIA H
M M I~ (M
CH, NHj; CgDg | “NH,
PtBu,

1

On the basis of this observation, a series of catalysts were
evaluated for H/D exchange between C¢D¢ and 5-hexenyl
acetate (Table 1). This substrate was chosen for the evaluation
of catalysts because it would reveal the relative rates for H/D
exchange at olefinic positions and at enolizable hydrogen
atoms that are known to undergo H/D exchange in the
presence of iridium catalysts.*® Complex 1 catalyzed
exchange at the olefinic positions faster than at the acetate.

Table 1: Selectivity pattern of H/D exchange catalysts (percentage of
deuterium incorporation)

5 mol% cat. O D

H, Dgc)ko/\/\/gco2
Entry Catalyst Conditions 0-CD; CD=C C=CD,
1 1 RT, 10 h 23 87 94
2 2 RT, 10 h 37 96 98kl
3 3 RT,3h 32 0 52
4 3 RT, 10 h 74 2 61
5 4 RT, 10 h 0 0 ot
6 4 50°C, 8 h 0 0 ob!
7 5 RT, 10 h 0 30 61
8 5 50°C, 8 h 0 45 214

[a] 11% hydrogenation byproduct. [b] 8% hydrogenation byproduct.
[c] 4% hydrogenation byproduct. [d] 5% hydrogenation byproduct and
8% olefin isomers.

Chemie

5783



Communications

5784

The distribution of products generated by tetrahydride 2 was
similar to that produced by amido complex 1, presumably
because these two complexes react through the same active

PtBu, TtBuz PtBu, PiPr,

H IrH; H F\"thH3 IrtH, IrH,
PtBu, PtBu, PtBu, PiPr,
2 3 4 5

catalyst. In contrast to the iridium catalysts, rhodium ana-
logue 3 reacted with both the terminal olefinic hydrogen
atoms faster than at the internal hydrogen atoms, and it led to
exchange of the enolizable hydrogen atoms.

Although iridium complexes with aromatic pincer ligands
readily activate aliphatic hydrogen atoms at elevated temper-
atures, H/D exchange at room temperature catalyzed by
aromatic pincer complexes 4 and 5! was much slower than
that catalyzed by 1-3. Because of the high reactivity of 1, a
majority of studies on the selectivity with substrates contain-
ing other functional groups were conducted with this catalyst.

Results of H/D exchange of different classes of olefins
catalyzed by complex 1 are summarized in Figure 1. The
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Figure 1. Percentage of deuterium incorporation into olefinic sub-
strates catalyzed by 5 mol% 1 in C¢Ds.

efficiency of exchange for individual hydrogen atoms
depended strongly on the steric environment. For example,
exclusive and nearly complete deuteration at the terminal,
trans position of the tert-butylethylene was achieved after
1 minute at room temperature,'” but facile exchange was
observed at similar rates with the more accessible trans and
cis-terminal hydrogen atoms of vinyltrimethylsilane. Like-
wise, the reaction of 1-pentene led to the exchange of more
than 90% of the fransterminal hydrogen atom after
5 minutes at room temperature, whereas less than 10% of
the exchange occurred at each of its cis terminal and internal
positions. A similar level of deuteration of 1-pentene was
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achieved with only 0.5 mol % of 1, although a longer reaction
time was required. Incorporation of 96 % deuterium into the
internal vinylic position of 1-pentene required about 20 hours
with 5 mol % of 1. H/D exchange of olefins containing amine,
ester, and nitrile groups occurred at rates that were similar or
slightly slower than those for H/D exchange of 1-pentene.

H/D exchange of the olefinic hydrogen atoms of
unstrained 1,1-disubstituted and cis-1,2-disubstituted olefins
with C¢D¢ proceeded more slowly than with the vinylic
hydrogen atoms of 1-pentene, but exchange did occur
selectively. For example, 84 % deuterium incorporation
occurred exclusively at the vinyl position of cyclohexene
after 50 hours at 50 °C. H/D exchange of the olefinic hydrogen
atoms of the strained norbornene was faster. H/D exchange of
norbornene with [Dg]benzene led to 92% deuterium incor-
poration into the olefinic positions within 3 hours at room
temperature.’ H/D exchange with trans-1,2-disubstituted
olefins did not occur. Thus, selective labeling of trans-hexa-
1,4-diene was observed at the terminal double bond.

In addition to the selectivity for exchange at different
olefinic C—H bonds, the method was compatible with many
functional groups. As shown in Table 1 and Figure 1, these
functional groups include nitriles, primary amines, unpro-
tected alcohols, esters, and ketones. When acidic hydrogen
atoms o to the functional group were present, such as those in
nitrile and ester groups, partial H/D exchange with these
hydrogen atoms was observed. Unactivated, aliphatic C—H
bonds did not react.

Complex 1 also catalyzed H/D exchange between C¢Dg
and substituted aromatic and heteroaromatic compounds
(Figure 2). The regioselectivity of H/D exchange was con-
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Figure 2. Percentage of deuterium incorporation into aromatic and
heteroaromatic substrates catalyzed by 5 mol% 1 in C¢Ds.

trolled by steric effects. For example, nearly complete H/D
exchange was observed after 1 h at room temperature at the
mutually meta position of 1,3-dibromobenzene, but negligible
H/D exchange was observed at the position ortho to both
bromines. Many heteroaromatic substrates, including substi-
tuted furans, thiophenes, pyrroles, and imidazoles also under-
went deuteration. Even pyridine, which has been reported to
deactivate several other iridium catalysts toward H/D
exchange,®”) underwent H/D exchange catalyzed by 1.

The functional group tolerance and selectivity shown by
the results in Figure 1 suggested that selective H/D exchange
could be conducted at the vinylic positions of complex
molecules. Results on H/D exchange between [Dg¢]benzene
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and two natural products and one synthetic steroid are shown
in Figure 3. Brief exposure of tiamulin to catalyst 1 in C¢Hy
led to selective labeling of one of the terminal olefinic
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Figure 3. H/D Exchange of vinylic hydrogen atoms in complex mole-
cules (percentage of deuterium incorporation).

hydrogen atoms. Exchange of the trans hydrogen atom was
more than an order of magnitude faster than exchange of the
cis hydrogen atom. Similar rapid H/D exchange of the olefin
of forskolin occurred almost exclusively at the trans position.
Likewise, H/D exchange of the three hydrogen atoms of the
terminal olefin of altrenogest occurred over 20 hours. In each
case, no detectable H/D exchange was observed by *H, 'H or
3C NMR spectroscopy at the internal olefins, and no isomer-
ization of the terminal olefin to internal isomers was observed
by 'H or ®C NMR spectroscopy.

To shed light on the mechanism of the H/D exchange
process, we monitored the catalytic reaction by using 5 mol %
of amide complex 1 by *P NMR spectroscopy. The resting
state of the catalyst in the H/D exchange of [Dg]benzene with
1-pentene was approximately a 1:2 mixture of amide 1 and
[(dtbpp)Ir(1-pentene)] (6). However, in the reaction of
[D¢]benzene with tert-butylethylene, the resting state was
approximately a 4:1 mixture of 1 and [{(tBu),PCH,CH,CH=
CHCH,P(:Bu,)}IrPh] (7). Iridium complex 7, containing an
olefin in the backbone bound to the metal, was prepared
independently by the reaction of [(dtbpp)IrH,] with norbor-
nene in benzene [Eq. (2)], and its structure was determined
by X-ray crystallography."”! The structure of 7 is shown in
Figure 4. The olefin on the dehydrogenated ligand!'®! is bound
to the iridium in an 1> manner, and the coordination geometry
around the metal is best described as square planar.

I‘DtBuz I‘DtBuz
CeH,
H IrH, *+ norbornene —>° » //lr/C5H5 + norbornane 2)
‘ 3 equiv RT, 12h ‘ 3 equiv
PBu, PtBu,
2 7

Backbone olefin complex 7 underwent reversible H/D
exchange between [Dg]benzene and the olefinic position that
was originally the central carbon atom of the backbone in 1.
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Figure 4. ORTEP diagram of 7 (thermal ellipsoids are set at 20%
probability, and methyl groups have been omitted for clarity).

The equilibrium shown in Equation (3) was established within
5 minutes at room temperature. However, the H/D exchange
of [Dg]benzene with tert-butylethylene, catalyzed by 7, was
slower than the reaction catalyzed by 1 (Figure 5). This result
implies that olefin complex 7 is not the complex that catalyzes
the majority of the H/D exchange of fert-butylethylene.

I|°tBu2
Dl _csD
7 +%D6==»2;T/6 ® + Cato &)

PtBu,
[Ds] 7

H/D exchange catalyzed by 5 mol% 1 E H/D exchange catalyzed by 5 mol% 7
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(RT, 2 min) (RT, 5 min)

Figure 5. Comparison of catalysts 1 and 7 in H/D exchange of tert-
butylethylene in C¢D.

Instead, we conclude that the H/D exchange occurs by a
mechanism in which the methine position of the backbone
acts as a shuttle. This proposal is supported by the observation
of deuterium incorporation into that position in amide 1.
Dissolution of 1 in [Dg]benzene led to the growth of a
H NMR signal at 2.5 ppm corresponding to the backbone
methine hydrogen atom in 1. The same deuterium signal was
also detected during H/D exchanges of [Dg]benzene with 1-
pentene and fert-butylethylene catalyzed by 5 mol % of amide
complex 1. This intimate participation of the central hydrogen
atom on the aliphatic backbone of the pincer ligand explains
why iridium complex 4, containing an aromatic ligand, does
not catalyze these H/D exchanges under similarly mild
conditions."

Two potential mechanisms in which the methine hydrogen
atom acts as a shuttle are outlined in Scheme 1. In the first
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Scheme 1. Proposed pathways for the iridium-catalyzed H/D exchange
in C¢Dg.

mechanism, the iridium(I) fragment, [(dtpbb)Ir'], generated
by reductive elimination of NH; and dissociation of the olefin
from resting states 1 and 6, could undergo oxidative addition
of the aryl hydrogen atom and subsequent reversible C—H
reductive elimination involving the methine carbon center on
the ligand to form aryl iridium(I) complex 8.2 Alternatively,
the complex resulting from oxidative addition of the arene
could undergo reversible a-hydrogen elimination from the
ligand backbone to generate iridium(IIT) carbene 9.7 We
favor the reductive elimination pathway in Scheme 1 because
of the facility of reductive elimination of alkanes from alkyl
hydride complexes relative to a-hydrogen elimination from
low-valent metal complexes. A parallel process with the
vinylic C—H bonds would lead to incorporation of deuterium
into the olefinic substrates.

In summary, selective deuteration of alkenes occurs in the
presence of iridium catalysts containing an aliphatic pincer
ligand. These reactions occur with reagents bearing a variety
of auxiliary functionality without isomerization of the olefin,
and these properties enable selective labeling of olefins in
complex molecules. Additional studies on the mechanism of
this process and reactions catalyzed by rhodium analogue 3
will be subjects of future studies.

Experimental Section

In an argon-filled glove box, a screw-capped NMR tube was charged
with iridium catalyst 1 (5.6 mg, 0.010 mmol), C4Dg (0.50 mL), and 1-
pentene (14 mg, 0.20 mmol). The tube was tightly capped and then
vigorously shaken to give an orange solution. After 5 min at room
temperature, the reaction mixture was exposed to air and passed
through a short plug of silica gel with CsD4 washings to remove
iridium complexes. The filtrate was judged to be pure by 'H and
13C NMR spectroscopy. The percentage of H/D exchange was based
on a decrease in the integral of the '"H NMR signals, as compared to
the integral of the corresponding signals in the starting material. The
"H NMR signals of interest were integrated relative to the resonance
for allylic hydrogen atoms that do not undergo H/D exchange. The
position of deuterium incorporation was also confirmed by *H NMR
spectroscopy. The same reaction was conducted with 1 mmol 1-
pentene in 2.5 mL of C;Dy with 5 mol% catalyst 1, and a similar
degree of H/D exchange was observed.
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