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a b s t r a c t

Trialkylstannanes are versatile precursors for chemical transformations, including radiolabeling with a
variety of halogens, particularly iodine. In the present work a convenient, Pd-mediated stannylation
method is presented that can be performed in an open flask. The method is selective for aryl iodides
allowing selective stannylations in the presence of other halogen atoms. The reaction conditions are mild,
making the method compatible with chemically sensitive bioactive compounds.

� 2015 Elsevier Ltd. All rights reserved.

Trialkyltin groups participate in vital chemical transformations,
such as radiohalogenation, carbon–carbon and carbon–heteroatom
bond forming reactions (Scheme 1). These versatile precursors
undergo a wide range of electrophilic substitution reactions, which
tolerate a broad spectrum of functional groups.1–11

Radiohalogen-labeled bioactive compounds are important parts
of modern diagnostic imaging (F-18, I-131, I-123, I-124, and Br-76),
pharmacological and biochemical research, and cancer therapy (I-
125, I-131, and At-211). Radiotracers range from simple small
molecules to complex bioactive ligands such as alkaloids, carbohy-
drates and peptides. These radiohalogenated small molecules are
prepared through indirect and direct radiohalogenation routes.12

Indirect methods include halodeboronation and halodestannyla-
tion.13–16 In general, for radiolabeling of complex, bioactive mole-
cules halodestannylation is preferred, partly owing to the facile
separation of the radiohalogenated product and the metalated pre-
cursor.17–19

Traditional methods to access trialkylstannanes typically
require harsh reaction conditions and use flammable reagents as
in halogen-metal exchange.20 Therefore, these methods are infeasi-
ble to carry out in laboratories not equipped for organic synthesis.
Furthermore, excessive heating involved in most metal-catalyzed
stannylation methods limits their applicability, especially in
cases where chemically sensitive drug molecules need to be
stannylated.21 Although milder stannylation conditions have been

reported, those have not been demonstrated on molecules with
unprotected functional groups.22,23 Therefore, the aim was to
elaborate a stannylation method that works efficiently under
ambient conditions on a multitude of complex radioiodination
targets.

Herein, we report a simple, Pd-catalyzed stannylation method
selective for iodoarenes. The reaction is compatible with a wide
array of iodine-containing aromatic compounds including simple
iodobenzene derivatives, heterocycles, and complex, multifunc-
tional semi-synthetic and synthetic bioactive molecules. The pre-
sented stannylation method is carried out at rt and does not
require the use of dry solvents or inert gases, making it accessible
to researchers not specializing in organic synthesis. Using our
method, CNS receptor ligands of high importance were successfully
stannylated. To the best of our knowledge, single-step stannyla-
tions of 4-iodoclonidine (alpha-2 receptor agonist) and IPAG
(sigma-1 receptor antagonist) have not been described in the
literature before.24

Reaction conditions were optimized using 1-iodo-4-nitroben-
zene (1a). The primary goal was to find a Pd-catalyst and reaction
conditions, which allow for efficient stannylation with (Bu3Sn)2 at
room temperature using common laboratory grade solvents in an
open flask. Initially, Pd-catalysts were screened in i-PrOH using vari-
ous equivalents of (Bu3Sn)2 (Table 1). Hünig’s base (DIEA) was
added to neutralize any acidic species possibly forming under
non-anhydrous conditions, as even small amounts of acid could lead
to substantial protodestannylation of the product. The best yield
was achieved with Pd2(dba)3 (entry 5), while the versatile Pd(0)
catalyst tetrakis(triphenylphosphine) Pd(0) led to greatly reduced
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yields (entry 1), owing to its instability under non-anhydrous, non-
air free reaction conditions. Catalysts containing Pd(II) gave inferior
results (entries 2 and 3), presumably because reduction of the Pd(II)
to Pd(0) at ambient temperature is not facile. After careful optimiza-
tion (not shown) it was found that the catalyst loading could be
reduced to 2.5 mol %, and 1.1 equiv (Bu3Sn)2 was sufficient.

Next, the role of solvent and base was investigated. Changing
the solvent from i-PrOH conferred no advantage (entries 6–9).
The reaction yielded the desired stannylation product with a vari-
ety of bases, albeit in lower yields than with DIEA (entries 11 and
12). When no base was added to the reaction, product yield was
significantly diminished (entry 13).

With the optimal reaction conditions in hand, the reaction
scope was investigated, initially on simple aryl halides (Fig. 1A).
Under these mild conditions, the reaction is mostly restricted to
electron-deficient aromatic systems, which is in agreement with
previous literature reports.25,26 The best yields were achieved with
nitro-derivatives 2a and 2b, while decreasing yields were observed
in the presence of other electron-withdrawing groups (2c, 2d, 2g).
An electron rich morpholine derivative gave the desired product
(2f) in a significantly lowered yield. Under these conditions,
chlorine and bromine-containing substrates such as 1-chloro and
1-bromo-4-nitrobenzene failed to undergo stannylation. This high-
lights the excellent selectivity of this reaction for iodine, which is
preferred from a biology or medicinal chemistry standpoint, since
several of the relevant stannylation targets (i.e., 4-iodoclonidine
1o, AM251 1q) contain halogen atoms other than iodine as well.

Next, heterocyclic compounds were investigated (Fig. 1B).
Substituted pyridine derivatives reacted readily and afforded the
corresponding products (2h and 2i) in good yields. The vinyl iodine
afforded the desired tributylstannyl compound 2j in good yields.
Although the conversion was low, the reaction worked on the
naphthyridine derivative (2k) highlighting the functional group
tolerance of the method.

Finally, our reaction conditions were applied to a wide range of
iodine-containing bioactive molecules (Fig. 1C). These compounds
are clinically used drugs (1l) or important receptor ligands (1m–r)
extensively used by laboratories for radioactive imaging and recep-
tor binding studies. Their wide application in radiolabeling neces-
sitates a method that enables the convenient and efficient
generation of the stannylated radiolabeling precursors. Our proto-
col is compatible with a variety of unprotected functional groups:
alcoholic hydroxyl (2l, 2p), imide (2l), guanidine (2o, 2r), phenolic
hydroxyl (2p), hydrazide (2q), sulfonamide (2n), and amide (2m,
2p) are tolerated under reaction conditions. Stannylation of
IBNtxA (1p)—a powerful opioid analgesic labeling the recently
discovered 6TM/E11 opioid site with a safer side-effect profile
than morphine—was achieved in a single step, simplifying the
previously reported three-step procedure.6,27 Furthermore,
stannylation of IBNtxA using the traditional conditions showed
no product formation.

There is increasing evidence that sigma receptor antagonists
could be useful in decreasing cell proliferation and be used for can-
cer therapy.28,29 IPAG (1r), a sigma receptor antagonist is a valu-
able probe for investigating and exploiting sigma action. Single-
step synthesis of stannylated IPAG (2r) was possible for the first
time using our method, whereas in a previous report, a three-step
route was utilized.24

Similarly, a stannylated precursor of radiolabeled AM251 (2q),
and a stannylated 4-I-clonidine (2o), an adrenergic (a2) receptor
antagonist were synthesized. AM251 is a cannabinoid (CB1) receptor
inverse agonist with structural similarity to rimonabant, clonidine
(non-iodinated form of 1o) is used clinically in the treatment of
ADHD, high blood pressure, and pain.30,31 To our knowledge, this is
the first report of stannylated clonidine. To validate the experimental
usefulness of radioiodinated IPAG, clonidine, and AM251, the stan-
nylated precursors were labeled with 125I using standard protocols.6

These radioiodinated analogs were then assayed in radioligand bind-
ing assays in mouse brain (Table 2). The binding affinities (KD) are
consistent with literature values, demonstrating that analogs made
by our method bind their targets without loss of affinity. The stanny-
lated precursors can be used for radioiodination with other impor-
tant iodine isotopes (124I, 131I) as well.

In conclusion, a simple and efficient, Pd-catalyzed stannylation
method selective for iodoaryl compounds was developed.
Substrates ranging from simple iodoaryl and iodo-heteroaryl com-
pounds to complex multifunctional bioactive molecules under-
went stannylation to yield valuable radiolabeling precursors in
moderate to good yields. The reaction tolerates a wide range of
unprotected functional groups. The major advantage of our method
is the compatibility with ambient conditions and open flask setup;
no temperature control, anhydrous solvents or inert gases are
required to successfully carry out the reaction, making it accessible
to researchers looking to synthesize radioiodination precursors.
First synthesis of stannylated IPAG and p-tributyltin-clonidine is
reported, along with a simplified synthesis of stannylated IBNtxA
after traditional approaches to stannylate these molecules were
unsuccessful. The protocol allows aryl iodine-containing drugs or
probes to be stannylated, providing valuable precursors to imaging
agents or radioligands for receptor binding studies. Our method
thus provides a valuable additional tool to the toolbox of radio/
medicinal chemists interested in elucidating the biochemical and
pharmacological mechanisms of drug action.

Table 1
Optimization of the stannylation on 1a

I

O2N

SnBu3

O2N
1a 2a

conditions

(SnBu3)2
solvent, base,
rt, overnight

Entry Solvent Catalyst (equiv) Base (equiv) Yieldc (%)

1a i-PrOH Pd(PPh3)4 (0.1) DIEA (2.5) <10
2a i-PrOH PdCl2(PPh3)2 (0.1) DIEA (2.5) 0
3a i-PrOH PdCl2(PTol3)2 (0.1) DIEA (2.5) 19
4a i-PrOH Pd2(dba)3 (0.1) DIEA (2.5) 92
5b i-PrOH Pd2(dba)3 (0.025) DIEA (2.5) 97
6b Toluene Pd2(dba)3 (0.025) DIEA (2.5) 37
7b THF Pd2(dba)3 (0.025) DIEA (2.5) 44
8b Hexanes Pd2(dba)3 (0.025) DIEA (2.5) 14
9b MeOH Pd2(dba)3 (0.025) DIEA (2.5) 62
10b i-PrOH Pd2(dba)3 (0.025) DIEA (1.0) 94
11b i-PrOH Pd2(dba)3 (0.025) K2CO3 (2.5) 73
12b i-PrOH Pd2(dba)3 (0.025) Pyridine (2.5) 0
13b i-PrOH Pd2(dba)3 (0.025) No base 68

a 2 equiv (Bu3Sn)2.
b 1.1 equiv (Bu3Sn)2.
c Isolated yields.
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Scheme 1. Diverse transformations of alkylstannyl precursors.
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