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ABSTRACT: The gold(I)-catalyzed hydrogen isotope exchange reaction on indoles and related heterocycles is described, under mild condi-

tions and low catalyst loadings, using CD;OD and DO as readily available deuterium sources. C3-unsubstituted indoles are labeled at the C3

position with exquisite regioselectivity, while C3-substituted indoles are labeled at the C2 position. The method is also applicable to the regi-

oselective tritiation of indoles. Mechanistic studies revealed the involvement of aurated indoles as key intermediates.

Synthetic access to complex molecules labeled with hydrogen iso-
topesl is of paramount importance across various scientific domains,
from chemistry to drug development and materials science.” For ex-
ample, thanks to the deuterium kinetic primary isotope effect, * incor-
porating deuterium into active pharmaceutical ingredients has the po-
tential to enhance their safety, efficacy, and/or tolerability.* Tritium-
labelled radiotracers also play a crucial role in preclinical Absorption,
Distribution, Metabolism, and Excretion (ADME) studies, enabling
the investigation of the biodistribution and pharmacokinetics of drug
candidates.”® By virtue of their importance, indole derivatives have
been largely studied in the context of hydrogen isotope labeling. A
large number of transition metal-catalyzed methods targeting C3-re-
gioselective labeling have been reported various complexes® (Scheme
1a). Most methods, however, proceed under harsh conditions (>90
°C), use high pressure of D, and are endowed with poor regioselectiv-
ities. Strategies for the labelling of the C2 position are very efficient

but rely mostly on CH-activation strategies,*’

abiased strategy which
imposes a directing group on the indole nitrogen and either the use of
D as the deuterium source or harsh conditions. Highly acidic condi-
tions may also be used generally leading to multiple site deuterium
incorporation and potential chemoselectivity issues under harsh con-

ditions.5" 8

Recently, we developed Au(I)-catalyzed Pictet-Spengler reactions’
involving aurated indole intermediates (Scheme 1b). We became in-
terested in the fundamental issue of the auration of indoles and hy-
pothesized that indoles could act as ligands for Au(I) and be meta-
lated at their C3 position. Interestingly, this was also earlier reported

by Shi and Tang,"* who invoked similar species and used deutero-
deauration as a means to support their hypothesis.

In this paper, we report the regioselective deuteration of indole deriv-
atives using Au(I) catalysts under mild conditions with a large toler-
ance of chemical functions (Scheme 1c). The method was applied to
a number of indole derivatives, including bioactive drugs (44 exam-
ples). It is finally demonstrated that the method can be applied to the
tritiation of indoles using a similar strategy.

We initiated this study by optimizing the regioselective C3-deuter-
ation of indole 1a (Scheme 2, see the SI for full optimization).
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First tests performed using 5 mol% of Ph;PAuNTf, Au-1 and
[JohnPhosAu(MeCN)]SbFs Au-2 and CD;OD and D20 as isotopic
sources (9:1 ratio) led to virtually total conversions in a 2 h timespan.
Further optimization led to the use of [IPrAu(MeCN)]BF, Au-3 (0.5
mol%) as catalyst, which furnished 1b in 98% yield with 94% deuter-
ium labelling at C3. Control experiments assessed the role of the
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Au(T) complexsince no reaction occurred in the absence of the Au(T)
complex. Moreover, the combination of the Au(I) complex with a ste-
rically hindered base used as a proton scavenger supports that the
Au(I) complex is the actual catalyst.

Scheme 2. Optimization of the reaction.
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With these conditions in hand, we studied the scope of commercially
available indoles 1a-20a at room temperature using 0.5 mol% catalyst
(Scheme 3). This screening (20 compounds) showed that the reac-
tion is very versatile, fully C3-regioselective and tolerates EWGs and
EDGs at most positions of the indole ring. Substituents at positions 1
(19b, 20b) and 2 (17b-18b) led to high deuteration incorporation,
which are however partially lost during the purification. This first set
of results demonstrates the compatibility of this method with most of
the electronically diverse chemical functions, including on bigger
scale (1b, 10 mmol scale, 84% [D] incorporation). We next turned
our attention to more functionalized indole derivatives, in order to
demonstrate the high level of functional group tolerance of the
method. 2-Indolylmethanol 21b was obtained in 80% yield with iso-
topic enrichment reaching 77% using a catalyst loading of 0.5 mol%.
Considering the known reactivity of indolylmethanol towards acids,'!
this result is highly rewarding and demonstrates the unique mildness
of the method. Indeed, the same reaction performed with TFA as cat-
alyst (S mol%) only led to degradation of the starting material.
Amines 22a and 23a also participated in the reaction delivering rea-
sonable deuteration incorporation. Again, a control experiment with
5 mol% TFA led to 22b with only 26% deuterium incorporation. The
N-Boc protected analogues 24b and 25b were obtained in high yields

and labeling rates restoring the high catalytic activity of the Au(I)
complex and avoiding the Boc deprotection that would be triggered if
the reaction was performed using acidic conditions.

We next investigated C3-substituted indoles, in order to achieve C2-
regioselective deuteration. Conditions proceeding at 70 °C afforded
3-methylindole 26b in 91% yield and 94% deuterium labeling at the
C2 position, confirming that Au(I) complexes are competent cata-
lysts for C2 deuteration as well, despite a necessary increase of the cat-
alytic loading to S mol% (see the SIfor more details). Tryptophol 27a
was also well converted to 27b. Substrates embedding ester functions
such as 28a and 29a were labeled with 30% rate. Finally, tryptamine
30a was submitted to the reaction conditions and led to the corre-
sponding product 30b with 31% labeling at C2 and, unexpectedly,
38% deuterium incorporation at the C4 position of the indole. Alde-
hyde 31 did not engage in the reaction and remained intact. Finally,
3-arylindoles, known for their antibacterial or antifungal activities,"”
engaged in the reaction and led to the isolation of 32-34b. The deu-
teration incorporation, however, decreased with a methoxy group on
the aryl (40% D, 34b).

We next hypothesized that heterocycles with similar electronic fea-
tures to those of indoles may also be labeled via similar mechanistic
pathways. Indeed, 7-azaindole 35a reacted as well and furnished 35b
in 98% yield and 94% deuteration incorporation. 3,5-Dimethylpyr-
role 36awas labeled on both C2 and C4 positions (96% D). Similarly,
benzofuran provided 37b with 46% deuteration incorporation. Un-
fortunately, 36b and 37b proved difficult to purify and we were una-
ble to isolate them. This provided at least a proof of concept for the
labeling of pyrroles and benzofuran. Bioactive compounds™ embed-
ding different heterocycles were next engaged in the reaction. We first
used B-blocker and anti-hypertensive'> pindolol 38a containing both
amine and alcohol functional groups. Solubility issues led us to recon-
sider the solvent system (see the supporting information) and intro-
duce CDCl: to the solvent mixture. Deuterated pindolol 38b was ob-
tained in 55% yield and 90% deuteration incorporation after a 3 days
reaction at 70 °C. For comparison purposes, a reaction performed
with 50 mol% of TFA as catalyst did not provide any desired product,

while 3 equiv TFA led to aloss of the regioselectivity.



Scheme 3: C3- and C2-regioselective Au(I)-catalyzed deuterium labeling of indole derivatives and bioactive compounds*
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The method was applied to challenging anti-HIV compound Atev-
irdine 39a,"** which led to 39b in 84% yield and 88% deuteration in-
corporation. Finally, bis(indolyl)-hydrazide-hydrazones tubulin-as-
sembly inhibitors"** NMK-BH3 and NMK-BH4 40a and 41a have
been labeled with 15-19% deuterium labeling rates, with regioselec-
tivity towards the C3 positions. Tolmetin 42a, a pyrrole nonsteroi-
dal anti-inflammatory drug,'*® was selectively mono-deuterated
(80% D) on the more electron-rich position. Similarly, ketorolac

43a, used as a drug for the treatment of pain,'*

incorporated 92%
deuterium regioselectively on the pyrrole ring. Finally, thiophene

drug suprofen 44a, used as a topical ophthalmic solution,'* '% was

deuterated selectively with 30% deuterium incorporation. Not only
did these last results extended the scope of this gold-catalyzed hy-
drogen isotope exchange method to pyrroles and thiophene, but also
demonstrated exquisite regioselectivity and compatibility with car-
boxylic acids and ketone functions. We subsequently explored the
possibility to apply this gold-catalyzed methodology to hydrogen
tritium exchange, utilizing super heavy water (HTO) as the isotopic
source (Scheme 4). After optimization (see the SI), deuterated wa-
ter (HDO) was first generated in situ through the reduction of plat-
inum oxide in THF under D, atmosphere in tetrahydrofuran
(THEF), followed by the addition of the gold catalyst and pindolol in



the same reaction vessel."* This resulted in a 22% isotopic enrich-
ment at the C3 position of pindolol 38b (Eq. 1). The method was
then successfully applied to the radiosynthesis (using 5 Ci of tritium
gas to generate HTO) of *H-pindolol 38¢ (Eq. 2), obtained with
high radiochemical purity after HPLC purification and a molar ac-
tivity of 333 GBq.mol". Although the molar activity achieved may be
considered as moderate, it is nonetheless adequate to envision the
utilization of this tritiated product for biodistribution or pharmaco-
kinetic experiments within ADME studies.

Scheme 4: Towards a method for the regioselective tritiation of pindolol
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The mechanism of this reaction is intriguing. The Au(I) catalyzed
functionalization of indoles is an active field of study.'* However, ir-
refutable experimental evidence that indolyl-gold(I) intermediates
may form from coordination of indoles are scarce (Scheme §, eq.
1).!¢ The direct, unbiased, auration from unfunctionalized indoles is
poorly understood. 7 Intermediates such as a '’ or b "¢ have been
suggested but lack direct evidence. Shi and Tang hypothesized the
formation of indolyl intermediates c with a C3-Au bond," indirectly
evidenced by poorly efficient deuterodeauration. Asensio reported
the most tangible results showing that C2-substituted indoles lead,
upon coordination to Au(I) complex, to 3H-indolyl-o-N-bonded
complexes 45," a phenomenon that was already observed in rhe-
nium, iridium or platinum v'-complexes of C3-substituted indoles."
We prepared 47a by reacting 17a with stoichiometric amounts of
[IPrAu(MeCN)]BF; as reported'® (eq. 2). The structure was unam-
biguously confirmed in *C NMR with the signal of the C3 atom
which is largely shifted upfield (§=45.6 ppm) as a CH,, identified at
8= 3.93 ppm in 'H NMR. The same experiment performed with
JohnPhos ligand complex afforded the similarly coordinated com-
plex47b. The stability of complexes 47a,b towards CD;OD was next
studied. We found that the methylene group was deuterated on both
complexes when exposed to protic deuterated solvents (eq. 3). Fi-
nally, a catalytic quantity of complex 47a was used to catalyze the
deuteration of indole 1a, in order to determine whether complexes
47 are catalytically active (eq. 4). Indole was successfully labeled at
C3, with 94% deuteration incorporation. This indicates that com-
plexes 47 are catalytically active.

Scheme 5: Known auration of indoles, mechanistic experiments and catalytic cycle

Eq. 1: Putative aurated intermediates in the literature
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On the basis of all information gathered, we pictured a plausible

H ; v R v

mechanism (eq. 5).*Coordination of the Au(I) complex to indole
generates species as 1)° (i) then o-(N)-coordinated form (ii), that
will evolve to aurated intermediate iii (pathway a).* The latter could
then be labeled by hydrogen/deuterium exchange followed by elim-
ination and deauration. This pathway a, however, does not account
for the successful labeling of N-substituted indoles (such as 19a and
20a) for which intermediacy of ii is no longer an option. These reac-
tions could however be explained by a similar mechanism initiated
by n'-coordination at C3 of the indole ring (intermediate iv), aro-
matization of ivto aurated species v, followed by deuterodeauration.
A similar mechanism may be drawn for the deuteration at position 2
of C3-substituted indoles with 1'-coordination at C2 of the indole
ring. Noteworthy, the unique mechanism of these transformations
with Au(I) catalysts differs totally from most known deuteration re-
actions reported on indoles, which offers unique opportunities to
target selectivity.



In conclusion, we have shown the Au(I)-catalyzed regioselective
deuteration of indoles. High deuteration incorporations were ob-
tained and the method showed broad scope, as illustrated by the la-
beling of densely functionalized bioactive compounds. The reaction
conditions compare very favorably with most known methods, in
mild conditions, high regioselectivity and easily accessible and cheap
deuterium source. Extension of the method to the tritiation of in-
doles was demonstrated using pindolol as a representative example.
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