Journal of Labelled Compounds and Radiopharmaceuticals
J Label Compd Radiopharm 2007; 50: 888-894.

Published online in Wiley InterScience
(www.interscience.wiley.com). DOI: 10.1002 /jlcr.1426

Review Atrticle

JLCR

Isotope incorporation via organoboranes’

GEORGE W. KABALKA*

Departments of Chemistry and Radiology, The University of Tennessee, Room 612, Buehler Hall, Knoxville, TN 37996-1600, USA

Received 2 March 2007; Accepted 7 June 2007

Abstract: Organoboranes can be used as precursors to a wide variety of functionally substituted, isotopically labeled
compounds. Straightforward boron-based methods for incorporating short-lived and stable isotopes of carbon,
nitrogen, oxygen, and the halogens have been developed over a period of 20 years. Application of these methods to
biology, agriculture, and medicine has been slowed by the limited availability of boronated precursors containing
functional groups appropriate to those fields. The situation has changed markedly with the advent of metal catalyzed
boron-based reactions, which now produce a variety of important boronated materials readily available in the
laboratory and from commercial sources. This is especially important in the medical and pharmaceutical
communities where short-lived isotopes of carbon, nitrogen, and the halogens are demonstrating great value in
positron and single photon emission tomographic procedures. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

Although organoboranes were first reported in 1859, they
were virtually ignored as synthetic organic intermediates
until the discovery of the hydroboration reaction by
Herbert C. Brown in 1956."2 Notably, the first report of
isotope incorporation (tritium) via borane intermediates
appeared shortly after Brown’'s initial report of the
hydroboration reaction.® The emphasis of the early
tritiation study was on reaction mechanisms rather than
the synthesis of radiolabeled organic molecules. My own
introduction to the versatility of organoborane compounds
in organic synthesis came about when I joined Professor
Brown’s group at Purdue in 1965. Even though he had
‘written the book’ on the use of organoborane reagents,*
no organoborane-based routes to carbon-carbon bond
formations were known until the high-temperature/
pressure conversion of trialkylboranes to trialkylcarbinols
was reported.® That situation changed rapidly in

R,B % ﬁ» R,COH

*Correspondence to: George W. Kabalka, Departments of Chemistry
and Radiology, The University of Tennessee, Room 612, Buehler Hall,
Knoxville, TN 37996-1600, USA. E-mail: kabalka@utk.edu
Contract/grant sponsor: The U.S. Department of Energy; contract/
grant number: DE-FG02-04ER63895

Fiftieth Anniversary Special Issue, In memoriam John Jones.

Copyright © 2007 John Wiley & Sons, Ltd.

Brown’s Laboratory while I was at Purdue. It is
interesting that my first publication was focused on
the introduction of carbon into a molecule using
carbon monoxide under relatively mild reaction condi-
tions, a reaction that played a significant role in my
initial isotope work.® What was clear in the 1960s
was that organoboranes containing a large variety of
functional groups could be prepared and that these
functional groups tolerated a host of reactions in which
the boron atom was replaced by other elements
and functional groups. At that time, the preparative
routes to functionalized organoborane reagents often
involved the use of temporary protecting groups
(including excess borane reagents), but the resulting
organoboranes were unique amongst the reactive
organometallic and
R—B< Xy R
where X = OH, NHy, CH,OH, halogen, etc.
and R could contain —COsH, —C =N,
— SH, NH; halogen, etc.,

organometalloidal reagents available because they
could contain a variety of functional groups while
maintaining high reactivity.”

The realization that one could prepare reactive
intermediates containing functional groups led me
to investigate the use of organoboranes in isotope
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reactions. Over the years, we successfully developed
methods for incorporating short and long-lived isotopes
of carbon, nitrogen, oxygen, and the halogens.®
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Our first isotope incorporation reactions were devel-
oped in 1973 as part of a mechanistic study focused on
the hydroboration reaction (Scheme 1).° A few years
later, we initiated a program focused on incorporation
of carbon isotopes using organoboranes, the studies
were catalyzed by a collaboration we initiated with Dr
Clair Collins at the Oak Ridge National Laboratory in
Oak Ridge, TN.!° Clair and I had a mutual interest in
preparing carbon-14-labeled reagents for use in the
investigation of isotope effects in organic reactions.
As part of this study I prepared -carbon-14
labeled aldehydes and alcohols using the carbonylation
reaction that I had investigated while working with H.
C. Brown (Scheme 2).!!

The carbonylation reaction can be moderated by heat,
water, or hydride to generate alcohols, aldehydes, or
ketones.'?'* Thus, a large variety of carbon-14 and
carbon-13'51€ labeled molecules became readily attain-
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because reactions leading to ketones and tertiary
alcohols required reaction times that were too long for
them to be applicable to the 20-min half-life of carbon-
11. However, preparations of aldehydes, primary alco-
hols, and carboxylic acids were found to be quite rapid
(~20min) and we were able to prepare carbon-11-
labeled alcohols (and aldehydes) in collaboration with
Dr Ronald Finn and his coworkers (Scheme 3).1”7

We then discovered that carbon-11 ketones could
also be prepared by utilizing a cyanide procedure
developed by Andrew Pelter.'8!° Of course, the cyanide
incorporation route was also quite suitable for the
preparation of carbon-13%° and carbon-14-labeled
molecules (Scheme 4).2! Thus, it was well established
by 1980 that organoboranes could be utilized to
incorporate carbon isotopes. Carbon-11 labeling had
been successfully achieved, yet essentially no applica-
tions were reported until the mid 1990s. The reason for
the apparent lack of interest was that, in general,
researchers found the preparation of the prerequisite
organoborane reagents to be rather restrictive. Trialk-
ylboranes were accessible via the hydroboration reac-
tion only if the appropriate alkenes were available. The
preparation of aromatic boron derivatives was even
more problematic in that transmetallation reactions
were generally required. The necessity of using reactive

B(OCH,), -
—_— r
3

ArMgX
(and basic) Grignard and lithium reagents often
precluded the presence of interesting and useful
functionality in the target molecules.

Pd°

R—B(OH), + R'-X —> R-R!

[O] 11

11
B 4Cf)> —= /\/CH20H
able using carbonylation chemistry. We discovered that H
the carbonylation chemistry was not universally suita- 3
ble for preparing complex carbon-11 labeled molecules Scheme 3
D OH
CH CH
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where: R, R! =

alkyl, vinyl, aryl and X = Cl, B, I, OTs, etc.

The situation changed dramatically in the 1980s when
Akira Suzuki and Norio Miyaura discovered a new
palladium-catalyzed carbon-carbon bond forming re-
action. The reaction involves the insertion of palladium
into the carbon-halogen bond via an oxidative addition,
transfer of the organic group from boron to palladium
to form a disubstituted palladium, and then reductive
elimination of the palladium to generate the new
carbon-carbon bond.???% [Suzuki also spent time in
Brown’s laboratory in the 1960s?* and was an early
collaborator in one of my studies.??]

The coupling reactions generally occur at, or near,
room temperature and require the presence of very mild
organic and inorganic bases. One only needs to
examine a current organic chemistry journal to realize
the impact of the palladium-catalyzed, boron-based,
Suzuki-Miyaura reaction.

The reaction can also be utilized to insert carbon
oxides by simply adding carbon monoxide or carbon
dioxide (Scheme 5).26-27

As significant as Suzuki chemistry has become, the
true catalyst for its use was a derivative reaction first
reported by Miyaura, which provided a straightforward
route to the requisite arylboronic ester (and thus acid)
starting materials (Scheme 6).28

The new boronic acid chemistry was soon extended to
include the coupling of a variety of aryl halides triflates
with pinacol diboron and related reagents.?® These
developments have changed the face of organic synth-
esis by making a wide variety of boronic acids and
esters readily available in the laboratory and from
commercial sources. The availability of functionalized
boronic acid (and ester) starting materials and the non-
toxic nature of boron (except to roaches and termites!)
has served to make boron chemistry attractive to the
radiolabeling community. This is especially true in the
positron emission tomography (PET) arena where
carbon-11 is a very important isotope because of

MCHl | ~o~o B

Scheme 7
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regulatory concerns in the medical field. Since the
chemical properties of a substance are not dependent
on the carbon isotope ratio, toxicity data for carbon-11
analogues of stable molecules are readily available.
This makes the preparation of new drug applications
for PET studies more straightforward. Langstrom and
his coworkers were amongst the first to re-examine
organoboron chemistry for carbon-11 incorporation
using Suzuki methodology. Their initial focus was on
coupling carbon-11 labeled methyl iodide to an alkyl-
boron reagent (Scheme 7).%0

The method has been utilized to prepare carbon-
11-labeled palmitic acid with carbon-11 at the terminal
position®! and a diaryl alkyne, glutamate receptor
agent.3?

The methylation of aromatic groups has also been
found to provide carbon-11-labeled products in high
yields with high radiochemical purity.33

S
CH34<\N \
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Applications of the Suzuki technology are not limited
to alkylation chemistry.®* Kojima and his coworkers
discovered that the palladium-catalyzed reactions
could be utilized for carbonyl insertion and a number
of modifications have since been developed.?%3® Our
early carbon-11 carbonylation reactions were limited
by the paucity of organoborane preparative routes.
Suzuki and Miyaura solved the availability problem
and the new palladium-catalyzed carbonylation chem-
istry holds great promise. For example, Zeisler and his
coworkers demonstrated that carbon-11 labeled ben-
zophenone could be prepared from phenylboronic
acid®® in yields that were equivalent to those we
obtained earlier using trialkylboranes (Scheme 8).”

In an illustration of the reaction’s functional group
tolerance, the reaction was used to prepare carbon-11
labeled 2-(2-benzoylphenoxy)-N-phenylacetamide from
phenylboronic acid (Scheme 9).38

More recently, Langstrom and his collaborators have
investigated the effect of various bases®® and leaving
groups on the carbonylation reaction and its applica-
tion to the preparation of carbon-11 labeled mole-
cules.*® These studies provide the groundwork for the
ready application of the Suzuki chemistry to routine
radiopharmaceutical production.*' There is reason to
believe that advances will appear at an increasing rate
as PET researchers become aware of the versatility of
organoboranes in synthesis. Interestingly, borane itself
has been utilized to efficiently capture carbon-11
carbon monoxide.*?

Our studies were not limited to incorporation of
carbon isotopes. Nitrogen isotopes, for example, are of
value in biology, agriculture, and medicine. H. C.
Brown laid the foundation for our later studies when
he found that chloramines and hydroxylamine-O-
sulfonic acid would react with organoboranes to yield
amines.*®>** Unfortunately, these reagents are not
readily amenable for incorporating isotopes of nitrogen
either due to stability (chloramines) or availability of
appropriately isotopically labeled starting materials.

©/B(OH)2
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The situation, of course, is especially problematic for
nitrogen-13 with its 10-min half-life.

We initiated a study focused on the rapid and
convenient incorporation of nitrogen and found that
ammonium hydroxide would react instantaneously
with organoboranes in the presence of sodium hypo-
chlorite (Scheme 10).%°

We then utilized the new chemistry to prepare a
series of nitrogen-13 labeled amines in collaboration
with Dr Ronald Finn (Scheme 11).¢ The use of
polystyrene-based materials was developed for potential
application in nuclear medicine facilities. We also
prepared nitrogen-13-labeled y-aminobutyric acid and
putrescine using the new chemistry.*”

Oxygen isotopes are also of value in biology and
medicine. It is well known to scientists in the organo-
borane field that low molecular weight organoboranes
are pyrophoric, a property noted by Franklin in his
initial report.! In fact the bright green flame that is
generated when a pyrophoric organoborane is exposed
to air is rather diagnostic of borane reagents. The
preliminary study of the reaction of organoboranes with
oxygen gas was actually carried out early in my career
when, during the course of my thesis work, I discovered
that molecular oxygen could be used to quantitatively
generate alcohols.*® Later, we applied the reaction to
the synthesis of oxygen-17-labeled alcohols.*®
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Biodistribution studies of oxygen-15 labeled butanol
revealed that it might be superior to oxygen-15 labeled
water for use in PET blood flow studies.?° In a subsequent
study carried out with Drs Fowler and Lambrecht at
Brookhaven National Laboratory, we developed a simple
organoborane oxidation route that could be used to
generate oxygen-15 butanol (Scheme 12).5*

Berridge and his collaborators then modified the
reaction by adsorbing the tributylborane on alumina in
an effort to develop a system amenable to the clinical
environment.’?%® It is heartening to note that the
tributylborane method for preparing oxygen-15 labeled
butanol has found use in the PET community.®*57

Radiohalogens have played a long and important role
in nuclear medicine and biology. In earlier work, Brown
and his collaborators discovered that organoboranes
could be used as precursors for a variety of organic
halides.®®° The reactions were not utilized extensively
in organic synthesis because the strong base required
for the reaction could lead to destruction of sensitive
functional groups and due to potential side reactions
such as dehydrohalogenation and ether formation.

X5
B ———> R—X
NaOCH,

Ry

Because of our interest in the use of isotopes for
pharmaceutical development, we embarked on a sys-
tematic mechanistic study of organoborane halogena-
tion reactions and discovered that the reactions
proceed via an electrophilic attack by a electron-
deficient halogen species on an electron-rich boron
complex.®® This was significant because it meant that
strong bases could be avoided by simply oxidizing a
halide ion in the presence of a mild boron complexing
agent. We used reagents such as chloramine-T and N-
chloro-succinimide to successfully radioiodinate orga-
noboranes in less that a minute!®’

NCS

RB + Na'®l =25 g 123

+ R,BOH

The reactions proceed readily at the no-carrier-added
level and tolerate a variety of functional groups. For

-BH

Na123|
MOH
160

NCS

Scheme 13
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instance, the reaction can be used to prepare
w-substituted fatty acids (Scheme 13).52

The method works equally well for preparing radio-
brominated reagents.®® We utilized the new radioloha-
logenation chemistry to synthesize a variety of
molecules of interest in nuclear medicine. Our
preparation of 17-a-iodovinylestradiol proved to be
the first use of a terminal iodovinyl group as a
method for increasing the in vivo retention time of
a radioiodine.%*%°

HO

In collaboration with F. F. Knapp and his colleagues
we used the new chemistry to prepare a series of
radioiodinated tellurium-substituted fatty acids.®%¢”
The boron-iodination technique was used to prepare a
variety of physiologically active agents.58 72

The most effective method for stabilizing radiohalogens
in vivo involves the preparation of arylhalide derivatives.
Until recently, it has been very difficult to prepare
arylboronic acids containing functional groups of
interest in medicine because of the necessity of using
transmetallation reactions to generate the necessary
boron precursor. Thus, it is not surprising that other
metal-halogen exchange reactions have proven more
popular for preparing radiohalogenated pharmaceuticals
in recent years. However, the advent of Suzuki-Miyaura
chemistry has changed the situation dramatically.

We re-examined the boron-halogen exchange reac-
tion to validate the use of the newly available aryl- and
vinylboron esters and found them to be ideal precur-
sors (Scheme 14).7374

Even more significant was our recent discovery that
organotrifluoroborates can be used as radiohalogena-
tion precursors. The trifluoroborates”® are crystalline,
air-stable solids that can be stored indefinitely.”5””

Na123|

Chloramine-T

RBF,K R—129

We have applied the new chemistry to a number of

useful agents including our recent synthesis of an
iodine-123 labeled rofecoxib agent (Scheme 15).78

H,O 123
B A
160
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The method can be used to prepare numerous
radioiodinated aryl, vinyl, and alkynyl iodides”® and
is suitable for preparing bromine-76 derivatives.5°

When we initiated our studies, we focused on the use
of organoborane chemistry for isotope incorporation.
We were convinced that they would become the
precursors of choice. Our optimism was based on their
tolerance to many of the functional groups important in
biology, agriculture, and medicine, as well as their
minimal environmental and toxicological load. Our
optimism proved to be a bit premature due to the
paucity of preparative methods. Suzuki and others
have solved essentially all of the preparative problems
and have provided improved chemical pathways. Once
again, the role of the organoboranes in the isotope field
appears quite bright.
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