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Abstract: Isotopes have played an important role in chemistry, biology, and medicine. For the
last three decades, we have focused on the use of organoboron compounds as precursors to
isotopically labeled physiologically active reagents. During that period, we have successfully
developed methods for incorporating short- and long-lived isotopes of carbon, nitrogen, oxy-
gen, and the halogens using a variety of reactive organoboron precursors. In addition, label-
ing strategies employing polymer-supported organoboron derivatives were developed. In this
report, we present a short overview focused on the evolution of radiolabeling techniques
based on boron chemistry.
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Isotopes have played an important role in chemistry, biology, and medicine since they were first used
as tracers by Hevesey [1,2]. Both stable [3–5] and radioactive [6,7] isotopes have been used extensively
in the synthesis of isotopically labeled compounds. The use of radioisotopes has increased significantly
because of advances in radiation detection techniques such as single photon emission computerized
tomography (SPECT) and positron emission tomography (PET). These newer systems permit non -
invasive, in vivo, three-dimensional imaging of living systems after administration of appropriate radio -
labeled molecules. The use of stable isotopes for labeling organic molecules has also increased because
of rapid advances in analytical instrumentation such as multinuclear magnetic resonance spectroscopy
(and imaging) as well as gas chromatography-mass spectrometry techniques.

The preparation of isotopically labeled compounds generally begins with a few basic building
blocks such as carbon dioxide, carbonate salts, nitric oxide, water, and halide salts [8–10]. These are
the species that are generated in cyclotrons and nuclear reactors or that are the most amenable to cryo-
genic distillation (the most common method for separating stable isotopes). The availability of these
building blocks has traditionally been a significant barrier to the synthesis of complex isotopically
labeled agents (radiotracers) [11–13]. In addition, the chemical stability of these reagents preclude
many classic organic synthetic methods. For example, methodologies based on powerful fluorinating
reagents such as SelectfluorTM are not applicable to radiolabeling chemistry because the desired
radioactive fluorine-18 labeled analogue cannot be prepared. Generally speaking, incorporation of
radioisotopes at a late stage of a multistep synthesis is important to minimize reagent loss due to
radioactive decay. The incorporation of isotopes at a late stage is critical in the syntheses of molecules
containing short-lived isotopes such as carbon-11 (t1/2 = 20.4 min), nitrogen-13 (t1/2 = 10 min), oxy-
gen-15 (t1/2 = 2 min), and fluorine-18 (t1/2 = 110 min). Although not particularly efficient, the early
installation of a radioactive carbon fragment was often required because of the stringent reaction con-
ditions required by the available chemistry (Grignard reactions and various solvolytic approaches).
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The application of organoboron to the synthesis of isotopically labeled compounds began in the
1970s [14,15]. Initially, only the hydrogen isotopes (tritium and deuterium) had been investigated, and
the major purpose of the deuteration study was to determine the stereochemistry and regiochemistry of
organoboron reactions [16,17]. Later, studies centered on the incorporation of stable and radioisotopes
of elements other than hydrogen were initiated. The new radiolabeling chemistry-based organoboranes
was attractive because of the fact that a wide variety of functionally substituted organoboranes could be
prepared using the simple techniques developed by Nobel Laureate Herbert C. Brown and his research
associates [18–20]. At that time, organoboranes were unique among the reactive organometallic and
organometalloidal reagents available because they could be prepared with a variety of functional groups
while maintaining high chemical reactivity. 

The use of organoboranes as precursors to isotopically labeled reagents has been of continuous
interest in our laboratory for over 30 years [15,21]. In that time, we have investigated the feasibility of
using a variety of reactive organoboron precursors for isotope labeling purposes. Precursors investigated
include the organoboranes, organoboronic acids, organoboronate esters, organotrifluoroborates, and
organotriolborates. To date, we have successfully developed methods for incorporating numerous short-
and long-lived isotopes of carbon, nitrogen, oxygen, and the halogens (Scheme 1). In addition, labeling
strategies employing polymer-supported organoboron derivatives were also developed. These new
radio labeling technologies dramatically facilitated the incorporation of short-lived isotopes. In this
report, we present a short overview focused on the evolution of radiolabeling techniques based on boron
chemistry.

In 1981, we discovered that the iodination of organoborane intermediates occurred readily using
sodium iodide in the presence of mild oxidants [22], Scheme 2. Unlike the traditional nucleophilic sub-
stitution methods [23], the iodination of organoboranes proceeds via electrophilic substitution. A sig-
nificant aspect of the new iododeboronation reactions is that they can be carried out utilizing “no-car-
rier-added” radioiodine, which simply means that the radiolabeled product is not diluted by the
corresponding non-radioactive isotope (important when the quantity of radiolabeled agent is to be kept
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Scheme 1 Isotope incorporation based on organoborane precursors.



below a pharmacological dosage). Owing to their ready availability and lack of toxicity, organoboron
compounds have found wide application in the synthesis of a plethora of isotopically labeled agents of
use in medicine and biology [23,24].

Later we discovered that this combinative system (sodium iodide and mild oxidants) was effec-
tive for radioiodinating vinylborane derivatives to generate stereodefined iodoalkenes. The oxidative
iodination sequence was used successfully in the preparation of 17-α-iodovinylestradiol, the first use of
a terminal iodovinyl group as a method for increasing the in vivo retention of a radioiodine [25], Fig. 1.
The report of the preparation of radioiodinated vinyl iodides via vinylborane chemistry quickly led to
the discovery of radiohalogenations using other vinyl and aromatic organometallic reagents, such as tin,
mercury, and silane. Those halodemetallation reactions have become valuable methods for obtaining
aryl halides or alkenyl halides that are otherwise inaccessible using other methods [26].

It should be noted that organoboranes were also used to incorporate isotopes of oxygen [27,28],
nitrogen [29], and carbon [30,31]. [15O]-Butanol, [13N]-putrescine, and a wide variety of [11C]-fatty
acids were prepared.

Although the radiolabeling of trialkylboranes, alkenylboranes, and arylborane derivatives is very
efficient (high radiolabeling yield and short reaction time), we and others realized the preparation of the
prerequisite organoborane reagents could be difficult. The preparation of arylborane derivatives was
more problematic since transmetallation reactions were generally required. The air-sensitivity of many
organoboranes was also a drawback. Thus, organoborane routes to isotopically labeled compounds were
supplanted by routes involving more easily synthesized reagents, such as organotin and organomercury
reagents, even though they necessitated the use of heavy metals.

The situation changed dramatically due to the development of Suzuki/Miyaura chemistry (trans-
metallation), which has made a wide variety of aryl-, vinyl-, and alkylboronic esters readily available
in the laboratory (and commercially) [32]. Direct boration of arenas (via C–H activation) developed in
recent years made the preparation of functionalized organoboron esters even more straightforward [33].
Recent advances in potassium organotrifluoroborate chemistry [34] provided an alternative route (after
the boron incorporation) to functionalized organoboron derivatives. The trifluoroborates are remarkably
stable when compared to the corresponding boronic acids, exhibiting shelf lives on the order of years
under atmospheric conditions. 

The newly developed radiohalogenation chemistry works efficiently at the no-carrier-added level
for boronic acids [35], boronic esters [36,37], trifluoroborates [38–40], and triolborates [41]. Although
these boron derivatives display varying efficiencies, the facile interconversion [42–44] between boronic
acids, boronic esters, and trifluoroborates allow us to choose whichever precursor is most effective for
the task at hand, Scheme 3. 

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 11, pp. 2309–2315, 2012

Isotope incorporation using organoboranes 2311

Scheme 2 Incorporation of radioiodine via organoborane precursors.

Fig. 1 The first radioiodinated iodovinylestradiol.



We used the newly developed radioiodination chemistry to synthesize reagents for use in medical
imaging. We have, for example, synthesized iodine-123 labeled N-isopropyl p-iodoamphetamine (IMP)
using arylboronic acid precursor [45], refecoxib [46], and iodocurcumin [47] using organotrifluoro -
borate precursors, Fig. 2. 

Recently, in collaboration with G. J. Meyer’s group in Hannover, Germany, the new chemistry has
also been used for incorporation of astatine-211 [48].

The palladium-catalyzed Suzuki cross-coupling reaction also provided new strategies to incorpo-
rate carbon-isotopes into molecules. Coupling of organoboron reagents with organic halides in the pres-
ence of carbon-11 labeled carbon monoxide provides a new route to carbon-11 labeled benzophenone
derivatives [49]. The coupling of aryl boronic esters and aryl boronic acids with carbon-11 labeled CH3I
has been successfully used in [11C]-MTEB synthesis [50]. Interestingly, an approach based on aryltri-
fluoroborate synthesis [42] was utilized to prepare carrier-added F-18 labeled organo trifluoroborate
[51]. Using this methodology, a number of potential radiopharmaceutical trifluoro borates have been
produced [52].

The removal of excess starting reagents from radiolabeling reactions is important in obtaining
pure radiotracers for in vivo applications. Although preparative high-performance liquid chromatogra-
phy (HPLC) can be used for this purpose, it is time-consuming, which can be problematic when work-
ing with short-lived isotopes. To address this issue, we evaluated the feasibility of using polymeric
reagents for radiolabeling chemistry [53,54]. The principle of this approach is that, upon reaction with
a radionuclide, the desired radiolabeled product will be released into solution from the polymeric pre-
cursor. By simple filtration, the excess polymeric precursor can be easily removed. As proof of princi-
ple, we successfully prepared nitrogen-13 labeled γ-aminobutyric acid and putrescine using poly-
styrene-supported organoborane reagents [55]. This methodology found few practical applications
because the polymeric organoboron precursors were unstable under atmospheric conditions. However,
the concept of applying solid-supported precursors in radiolabeling chemistry has continued to be of
interest to a number of research groups [56–60], including our own [61].

To combine the advantages of both polymer and organotrifluoroborate chemistry in the prepara-
tion of radiotracers, we synthesized and performed quantitative analyses on resin-supported organo -
trifluoroborates [62]. We then used them in radioiodination reactions [63], Scheme 4. The advantage of
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Scheme 3 Radioiodination of organoborane derivatives.

Fig. 2 Radioiodinated agents of use in nuclear medicine imaging research.



the new polymer-supported reagents over previously reported polymer-supported materials is that
libraries of air-stable, polymer-supported organotrifluoroborates can be easily prepared.

We are currently investigating the use of the newly developed polymeric trifluoroborate reagents
in the preparation of radiolabeled reagents. The growing need for structurally complex compounds
labeled with stable and radioisotopes will continue to challenge organic chemists. It is clear that
organoborane reagents will play an ever-increasing role in the area of research. 
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