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Abstract
The selective reaction of one functional group in the presence of others is not a trivial task. A
noteworthy amount of research has been dedicated to the chemoselective reaction of the hydroxyl
moiety. This group is prevalent in many biologically important molecules including natural
products and proteins. However, targeting the hydroxyl group is difficult for many reasons
including its relatively low nucleophilicity in comparison to other ubiquitous functional groups
such as amines and thiols. Additionally, many of the developed chemoselective reactions cannot
be used in the presence of water. Despite these complications, chemoselective transformation of
the hydroxyl moiety has been utilized in the synthesis of complex natural product derivatives, the
reaction of tyrosine residues in proteins, the isolation of natural products and is the mechanism of
action of myriad drugs. Here, methods for selective targeting of this group, as well as applications
of several devised methods, are described.

Introduction
The development of chemoselective reactions has seen great interest in the last several
decades owing to the important roles that these transformations play throughout both
chemistry and biology.1–3 Selective reactions have been used extensively in the field of
bioconjugation for many applications including antibody modification, protein visualization
studies, DNA labeling and protein-protein conjugation to name a few.4 The ability to
selectively transform small molecules is also critical. From a synthetic standpoint, use of
chemoselective reactions is ideal for both atom and step economy.5,6 Despite the utility of
selective transformations, it is often difficult to formulate conditions that affect only one
functional group class given the similarity in reactivity of several moieties. As a result, the
vast majority of chemoselective transformations target the most reactive groups. In
biological applications, reactions are directed towards thiols and amines owing to their
nucleophilic character and ketones/aldehydes due to their electrophilicity.7,8 To expand the
chemoselective toolkit, methods to address functional groups that are not at the extremes of
the reactivity spectrum are needed. Here, we discuss progress towards the generation of
chemoselective strategies directed at the hydroxyl moiety.

The hydroxyl group is present in many biologically significant molecules including ~65% of
known natural products,9 ~40% of drugs,9 several classes of lipids and three of the 20
common amino acids. In human proteins, serine (Ser) and threonine (Thr) comprise
approximately 7.5% and 6% of the amino acid content, respectively, while tyrosine (Tyr)
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represents ~3%.10 The hydroxyl moiety is also present in glycans that have long been
addressed with periodate oxidation11 and boronate-mediated reactions12 for purification and
bioconjugation applications.4,13 It is clear that tools to selectively transform this moiety will
find utility; however, transformation of the hydroxyl group is challenging given that it is less
nucleophilic than other common moieties including the amine, thiol or carboxylic acid. In
addition, methods for targeting of alcohols in biological samples are severely hindered by
the overwhelming presence of another hydroxyl group-containing molecule, water. Despite
these impediments, successful strategies have been developed and will be highlighted here.
We will provide a brief overview of selective hydroxyl-directed transformations with an
emphasis on those that have or may find utility in the field of chemical biology. Several
recent examples of biological studies that were enabled by the chemoselective targeting of a
hydroxyl group will then be discussed.

Chemoselective Transformation of Hydroxyl Groups in Small Molecule
Substrates

Chemoselectivity is of critical importance in synthetic chemistry;14 however, a
comprehensive summary of strategies to target the hydroxyl moiety is out of the scope of
this review. Instead, we will focus on methods of particular interest to the chemical biology
community, that is, those that could facilitate the swift generation of inhibitor analogs to
enable identification of their protein target(s).15 This can be accomplished by total synthesis
but is more favorably achieved by selective conjugation of a tag (e.g. biotin,
photocrosslinker, solid support) to the molecule of interest. Here, we will discuss reactions
that could enable connection of two molecular fragments through an alcohol. We have
categorized these reactions into subsets: direct conjugation, oxidation, activation by
generation of a leaving group (e.g., Cl, tosyl) and transformation to an alternative chemical
handle (i.e., azide or thiol; Figure 1). Many of the presented examples have only been
applied to relatively simple substrates to date or only afford partial selectivity, highlighting
the difficulty in identification of conditions for specific conversion of a hydroxyl moiety
amidst an array of more reactive functional groups. However, progress towards this goal has
been steady and many of the described strategies may find utility in more complex
molecules including natural products and proteins in the future.

Direct conjugation reactions
The reactions discussed in this section are those that promote the linkage of two molecular
fragments by selective arylation or acylation of the hydroxyl group (Figure 1, bottom
right).16 A significant amount of effort has been put into development of strategies to
facilitate the selective reaction of an alcohol in the presence of an amine given the
abundance of compounds that contain both of these functional groups and the relatively low
nucleophilicity of the hydroxyl group. Generally, primary amines must be protected prior to
reaction of the alcohol and later unmasked. Several synthetic strategies have been devised to
circumvent this roundabout approach with particular focus on amino alcohols, which are
important starting materials for a number of total syntheses.

Ullmann-type couplings have been widely used to form C-C, C-N, and C-O bonds and can
be tuned for either hydroxyl or amine selectivity.17 Buchwald and coworkers developed a
variant for the O-arylation of β-amino alcohols by tailoring solvent, temperature and the
base utilized. Initially, alcohol selectivity was achieved only at high temperature (125 °C).18

However, screening of several ligands to chelate the requisite Cu(I) species resulted in the
identification of a method for the chemoselective O-arylation of a variety of amino alcohols
at lower temperatures (90 °C; >15:1 selectivity).19 Additionally, they reported the ability to
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differentiate between N- and O-arylation of 3- and 4-aminophenols by utilizing either a
palladium or copper catalyst, respectively (Figure 2).20

Selective O-acylation has also been accomplished using metal-mediated processes. A zinc-
cluster catalyst was developed to facilitate chemoselective formation of O-acetylated
products from aliphatic starting materials, even in the presence of primary and secondary
amines.21,22 An alternative to employing metal catalysts to achieve selectivity is to take
advantage of the pKa differences between alcohols and amines. For example, to synthesize
peracetylated carbohydrate intermediates from D-glucamine without acetylating the amino
group, Hamilton and coworkers utilized acetyl chloride under acidic conditions, which
prevented acylation of the primary amine by formation of the ammonium chloride salt.23

The field of carbohydrate chemistry has encouraged the development of strategies for the
regioselective acylation of either primary or secondary hydroxyl groups. For example,
modified 4-(N,N'-dimethylamino)pyridine (DMAP)- and peptide-based catalysts have been
explored to selectively functionalize carbohydrates on their secondary hydroxyl groups.24–26

None of these methods were applied in the presence of a primary amine, and therefore may
not be chemoselective for the hydroxyl functional group. Finally, several studies have
sought to devise methods to differentiate between aliphatic alcohols and the more acidic
phenol group. Strategies for both selective arylation27 and acylation have been reported.28

However, exploration of the ability of these methods to target only hydroxyl groups when
other nucleophiles are present has not been pursued.

Enzymes have also been explored for their utility as chemoselective catalysts. Lipases,
which endogenously acylate hydroxyl groups, have been employed to process both small
molecule- and peptide-based substrates. These proteins can be used to achieve both regio-
and chemoselective O-acylation on a wide variety of substrates.29,30 Of particular interest is
the ability of many lipases to function in organic solvents, which allows the enzymes to
retain their specificity while catalyzing reactions that would not be possible in water.31

Selective O-acylation of a model peptide containing both serine and lysine residues has been
achieved using a lipase isolated from Pseudomonas sp.32 The acylation of serine was shown
to be faster than acylation of lysine, and after 1.5 hours the peptide, mono-acylated at the O-
position, was obtained in a 98% yield. Attaining selectivity over thiol-containing substrates
has proven to be challenging but has seen some success.33 Investigation of the ability of
several lipases to generate only the O-acylated product of 3-mercapto-1-propanol led to the
identification of catalysts that produced the desired product in 66–92% yields.

Alcohol oxidation
Oxidation of primary or secondary alcohols to produce the electrophilic aldehyde or ketone,
respectively, is an important reaction for both bioconjugation applications and synthesis of
biologically active molecules (Figure 1, bottom left). Production of an electrophilic moiety
often provides a group with orthogonal reactivity to the remainder of the molecule,
facilitating selectivity in subsequent transformations. Unfortunately, development of
oxidation conditions that are functional group tolerant is exceptionally difficult given the
large number of moieties that are susceptible to oxidation or that inhibit effective conversion
(e.g., alkenes, thiols, heterocycles). As a result, strategies to oxidize alcohols without the
need for protecting groups are scarce.

Although chemoselective oxidation conditions are lacking, a significant amount of effort has
been dedicated to generating methods that selectively oxidize primary alcohols in the
presence of secondary alcohols. It has been reported that application of a mixture of
trichloroisocyanuric acid and catalytic amounts of TEMPO will convert primary alcohols to
their corresponding aldehydes and secondary alcohols to ketones.34 However, these authors
noted that they were able to preferentially oxidize the primary hydroxyl because the relative
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rate of the oxidation of a secondary hydroxyl was much slower. Selective TEMPO-mediated
oxidation of primary alcohols has also been reported by Stahl and Hoover who utilized this
reagent in conjunction with Cu(I).35 Importantly, this aerobic oxidation method produces
aldehydes in the presence of secondary alcohols, heterocycles, alkynes, alkenes, aryl halides
and even unprotected anilines.

Selective conditions for the oxidation of hydroxyl-containing amino acids have not been
reported. However, the most common modification of Ser/Thr residues does involve
oxidation. These amino acids are specifically targeted when they reside at the N-terminus of
a protein or peptide. In this position, Ser/Thr residues provide a β-amino alcohol motif that
can be chemoselectively transformed with sodium periodate to yield a glyoxyloyl moiety
(Figure 3).36 This electrophile can then be conjugated to a variety of molecules including
primary amines, hydrazides and hydroxylamines and can also be converted into a glycyl
group by transamination.4,37,38

Activation by generation of a leaving group
Conversion of the hydroxyl moiety to a good leaving group is another strategy to attain the
chemoselective conversion of a hydroxyl group (Figure 1, upper right). One of the most
common ways to achieve this is by replacement with a halogen. Standard conditions for this
transformation require the use of harsh reagents, such as phosphorous halides, which are
generally not selective and can lead to significant side-reactions when applied to complex
molecules. Thus, the development of more gentle and selective reagents is needed. 2,4,6-
Trichloro[1,3,5]triazine (TT) has been explored for this purpose and has lead to rapid and
quantitative conversion of primary, secondary, tertiary, and benzylic alcohols to the
corresponding alkyl chloride.39 This method was also found to be applicable to allyl
alcohols and β-amino alcohols, without loss of the N-protecting group as can be seen with
conventional methods. Conversion to the bromide was accomplished by addition of NaBr;
however, no product was observed with the addition of NaI.

A second method for the direct conversion of a hydroxyl moiety to a halogen uses a visible-
light-activated photocatalyst, Ru(bpy)3Cl2, and CBr4/NaBr for bromination or CHI3/NaI for
iodination.40 Primary alcohols are transformed into their corresponding bromide or iodide in
a 77–98% yield. This strategy shows great tolerance for a wide variety of functional groups
including ethers, silyl ethers, alkenes, alkynes, carbamates, esters, and phenols. Secondary
alcohols were also converted, but at a slower rate as compared to primary alcohols.

Activation of hydroxyl groups with tosyl chloride is another important goal. Despite the
widespread use of this method, it is not chemoselective since molecules that contain a
hydroxyl and a carboxylic acid moiety can be tosylated at both positions.41 To prevent
carboxylic acid tosylation, a dianion-based strategy has been reported.42 Treatment of a
substrate that contains both a carboxylic acid and a hydroxyl functional group with
methyllithium yields an O,O-dianion species (Figure 4). Since the carboxylate is now
occupied with the strong lithium counter ion, it does not react with the tosyl chloride, while
the hydroxyl moiety is capable of undergoing reaction. The carboxylic acid moiety is then
regenerated during the work-up, yielding a free carboxylic acid and the corresponding
tosylate.

Transformation to an alternative chemical handle
Hydroxyl groups can also be converted to functionalities that are commonly used in
bioconjugation strategies. Here, we will describe methods that facilitate its transformation to
either an azide or a thiol group (Figure 1, upper left). Installation of an azide has become
commonplace in many chemical biology applications due to the bioorthogonality of this
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group and its ability to participate in the Huïsgen azide-alkyne 1,3-dipolar cycloaddition,
which is commonly referred to as “click chemistry.” This bioorthogonal reaction has been
widely used for the modification of natural products, peptides, proteins, carbohydrates,
polymers, and other bioconjugation applications.43

Many of the procedures for conversion of a hydroxyl group to the azide are not selective and
require harsh conditions and/or the use of explosive reagents. Tosylation of a hydroxyl
group followed by displacement with sodium azide is not completely selective.44

Mitsounobu conditions are often utilized for azidination, but also result in modification of
thiols. To make a broadly applicable method, reaction conditions that are chemoselective for
hydroxyl conversion and that use reagents that are safe and convenient are needed.
Nowrouzi and coworkers reported use of a mixture of Ph3P:2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ):n-Bu4NN3 for this application.45 They demonstrated that a
wide range of alcohols was converted to azides in no more than 15 minutes. A related
strategy utilizes TT as the oxidizing agent instead of DDQ.46 TT is commercially available,
less expensive, and is reported to promote fewer side reactions. This method generates
azides from a wide-range of alcohol substrates, including primary, second, and tertiary
alcohols. Importantly, this strategy affords highly selective conversion of alcohols in the
presence of thiols.

Conditions to facilitate the conversion of a hydroxyl group to the more nucleophilic thiol
have also been reported.47 Davis and coworkers utilized Lawesson’s reagent (LR), an aryl
thiophosphine sulfide, for the conversion of allylic alcohols and the C-1 hydroxyl of
carbohydrates to the corresponding thiols.47,48 LR has been widely used as a thionation
reagent and is known to react with ketones, aldehydes, esters, and various other functional
groups. However, under mild conditions, such as moderate temperatures (e.g. 80°C), low
equivalents of LR, and short reaction times, chemoselective modification of hydroxyl groups
was observed. The authors report conversion of allylic alcohol-functionalized isoprenes into
thiols to enable facile conjugation to proteins via disulfide bond formation. This technique
facilitates ready access to discreetly modified protein species. LR can also be used to modify
reducing sugars. Glycosyl thiols can be produced from unprotected sugars, which can then
be directly used to glycosylate proteins all in a one-pot procedure.48

Natural Product Analog for Target Identification
An important application of many chemoselective transformations is to enable the facile
synthesis of complex small molecules. The use of chemoselective methods can prevent the
need for protecting groups during total synthesis efforts.2 It can also enable modification of
complex molecules without the requirement of total chemical synthesis. This is of particular
importance for studies that necessitate functionalization of natural products, which often
have complex, densely functionalized scaffolds and are available in limited quantities.

The discovery of most natural products is guided by the identification of compounds that
possess a bioactivity of interest. Despite this fact, the protein partners that a given molecule
interacts with to elicit this biological effect are often unknown due to the technical difficulty
of elucidation. A standard way to identify the target(s) of a natural product is to generate an
analog, such as a biotinylated variant, that can be used in a pull-down assay.49 In the
absence of a strategy to selectively append this tag to a discrete functionality, the natural
product analog must be produced by total synthesis. However, use of a chemoselective
reaction could enable direct conjugation of the natural product to the tagging reagent without
requiring a time-consuming and difficult synthesis.

Romo and coworkers have reported a hydroxyl group-selective strategy to facilitate direct
conjugation of a tag to natural products containing this functional group. This work utilizes a
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rhodium catalyst and a diazoester-functionalized coupling partner (Figure 5A).50 A
metallocarbene is formed via the metal-catalyzed decomposition of the diazo esters. This
carbene readily inserts into the O-H bond. Selective O-H insertion is performed on a variety
of natural products to “arm” them with a terminal alkyne, which enables subsequent
conjugation to a biotin or a fluorophore. This tag ultimately facilitates detection of the
natural product-protein complex.

The utility of this method was shown by chemoselectively and regioselectively modifying a
hydroxyl moiety on FK506, an immunosuppressive natural product that targets the peptidyl–
prolyl cis/trans isomerase, FKBP (FK506 binding protein; Figure 5B). Using the alkyne-
modified FK506, the authors performed a pull-down in the lysate of RKO cells, a human
colon carcinoma cell line. Interestingly, the exact structure of the diazoester-modifier
dramatically affected the results of this experiment. The first generation of this technology
utilized a diazoester containing a p-bromophenyl group (Figure 5B, left arrow). This probe
was shown to pull-down a ternary complex that was composed of FKBP12 (FK506’s natural
substrate), calcinuerin A and B, and calmodulin.50 A second generation probe was devised
that displays a smaller substituent on the diazoester, an α-trifluoroethyl moiety (Figure 5B,
right arrow).51 Instead of pulling-down the entire ternary complex, this probe variant yielded
isolation of only FKBP12. These authors postulate that is due to more specific interactions
between the natural product probe and protein target that are made possible by the smaller
substituent.

Generation of strategies that hasten our ability to identify the protein targets of complex
natural products is an important goal. Chemoselective transformations will be critical in this
effort, and particularly those that target functional groups such as the hydroxyl group, which
are prevalent in natural products. The aforementioned example has made large strides
towards the generation of a selective strategy for functionalization of many alcohol-
containing compounds. It was shown to afford selective modification of a variety of
molecules with the exception of amine-containing compounds, which were also reactive
under the described reaction conditions. Additionally, Romo and coworkers have also
devised strategies to selectively target arenes52 and alkenes53 for similar applications.

Functional Group-Mediated Enrichment of Alcohols
The reaction between a hydroxyl group and an activated trialkyl(aryl)silane has been widely
used in total synthesis and solid phase synthesis. Organosilanes are heavily utilized because
of the ease with which they can be both added to and removed from a molecule.54

Additionally, silicon’s oxophilic nature yields a stable silyl ether bond almost exclusively in
many systems. Taking advantage of this chemistry, we recently developed an application
that is dependent upon compound immobilization through silyl ether bond formation,
purification of small molecules. In particular, our efforts have focused on the enrichment of
hydroxyl group-containing natural products from their source materials.

Natural products are important molecular scaffolds in many areas of medicine. Nearly 50%
of the drugs currently on the market are either natural products or natural product-inspired,
suggesting that continued efforts towards discovery of new compounds are warranted.55,56

However, the purification of a single molecule from a complex matrix remains a formidable
challenge. We sought to develop an isolation strategy that is orthogonal to existing methods
as a means to expedite this process. Accordingly, a chemoselective purification method that
targets only those molecules in the crude mixture that contain a specific functional group
was designed.57 The devised separation technology utilizes polymer supported enrichment
tags that are derivatized with a reactive group to capture small molecules (Figure 6). In the
case of the hydroxyl group, a solid-supported benzylic chlorodiethylsilane moiety, which

Trader and Carlson Page 6

Mol Biosyst. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



selectively forms a silyl ether bond even in the presence of other nucleophilic groups such as
amines, thiols and carboxylic acids, was utilized. A traceless cleavage was performed to free
the enriched natural products from the solid support after all unreacted compounds had been
washed away.

A chemoselective isolation approach is advantageous because it provides a means for
discovery of natural products that are unlikely to be identified by traditional strategies due to
low isolation yields, poor compound resolution, and/or the presence of interfering
compounds. This strategy was used to isolate a wide variety of model hydroxyl-containing
molecules with impressive recovery yields and complete chemoselectivity. More
importantly, when applied to the enrichment of an endogenously produced natural product,
anisomycin, from the broth of Streptomyces griselous, we obtained equivalent recovery
yields and saw no capture of undesired functional groups. We also noted that utilization of a
chemoselective isolation technique led to generation of a less complicated mixture (i.e.
compound enrichment), which we expect will increase the rate of the discovery of low
abundance molecules that can get lost when using traditional purification methods. Work is
underway to apply this strategy, and our recently published method for carboxylic acid
enrichment,58 to natural product discovery.

Chemoselective Protein Bioconjugation
Efficient and selective means to perform bioconjugation reactions are essential. Often, the
most nucleophilic groups in a protein are targeted, the amine and thiol. Scores of methods
for reaction with lysine residues have been reported and are heavily utilized.4 To achieve
site selectivity, the dramatically less abundant amino acid cysteine is the target of choice.
Chemo- and site-selective protein modifications have also been facilitated by installation of
a bioorthogonal group such as an azide, alkyne or aldehyde.59 Still, there is need to devise
strategies to address other natural amino acids including those that contain hydroxyl groups.
Several enzyme-mediated strategies have been reported to target proteins at their hydroxyl
moieties.60–63 We will focus our discussion on chemical transformations.

Chemoselective targeting of alcohols is particularly difficult in the context of bioconjugate
chemistry. For proteins, N-terminal Ser/Thr oxidation has been successfully employed as
shown in Figure 3. However, this strategy is only applicable to β-amino alcohols making
other methods necessary. Two reagents have been used routinely to activate the hydroxyl
moiety, 1,1'-carbonyldiimidazole (CDI) and N,N'-disuccinimidyl carbonate (DSC),4 but
neither of these reagents is selective for the hydroxyl group, preferentially reacting with
amines or carboxylates. Additionally, anhydrous conditions are preferred with these reagents
making them poorly applicable to many bioconjugation applications. This example
highlights the two major difficulties in targeting of alcohols in a protein, the modest
reactivity of these groups and a potentially even more problematic issue, the requirement
that the devised reactions are water compatible. Reasonably speaking, these challenges will
make development of strategies to selectively address serine and threonine residues
exceptionally difficult. However, a number of methods have been devised to address the
phenolic amino acid, tyrosine.

Tyrosine represents an attractive target for bioconjugation as it is only modestly prevalent
and is often buried within the protein structure, which may enable selective labeling of the
limited number of solvent exposed residues. The first report of a chemoselective strategy for
tyrosine targeting was presented by the Francis research group in 2004.64 These and
subsequent studies established that electron deficient diazonium salts could be added to
tyrosine residues by electrophilic aromatic substitution (Figure 7A).65 The appended moiety
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could, for example, contain a ketone that can be reacted in a second step resulting in
conjugation to a larger component through oxime formation.

A three-component Mannich-type coupling reaction has also been utilized for tyrosine
targeting (Figure 7B).66 An imine is formed in situ from reaction of an aldehyde and an
electron-rich aniline. The hydroxyl group of tyrosine is then thought to direct formation of a
cyclic transition state between the amino acid and the imine, ultimately yielding an o-
substituted residue. Importantly, this reaction can be performed at lower pH values (pH=6.5)
than the diazonium-based strategy (pH=9). Chymotrypsinogen A, lysozome, and RNase A
were selectively modified with this strategy. This method has also been exploited to append
synthetic peptides to proteins with accessible tyrosine residues, a strategy that will find
utility for the study of cellular uptake mechanisms and trafficking, facilitation of protein
purification, and incorporation of unnatural amino acids.67 A two-component variant of this
reaction was published by the Tanaka group in 2008.68 In this example, a cyclic imine
coupling partner can be used over a wide pH range.

Barbas and coworkers have reported the development of an ene-type reaction as a selective
strategy for tyrosine modification (Figure 7C).69 A cyclic diazodicarboxamide reacts
chemoselectively with the phenol yielding a 1,2,4-triazoldine-3,5-dione, which was shown
to be more hydrolytically and thermally stable than those products formed utilizing the
Mannich-type reactions. This transformation was applied to the conjugation of an integrin
binding cyclic RGD peptide to the therapeutic antibody herceptin. Their studies
demonstrated that modification of herceptin through tyrosine did not decrease its ability to
recognize its natural substrate. In addition, the generated antibody conjugate also bound the
RGD partner, integrin αvβ3, suggesting that this selective transformation could be a general
route to synthesis of antibodies with multiple specificities.

Two transition metal catalyzed methods for tyrosine modification have also been
reported.70,71 Based upon the precedent that allylation of phenol groups could be performed
using electrophilic π-allyl complexes, Francis and coworkers generated a water compatible
strategy for tyrosine conjugation using π-allylpalladium (Figure 7D).70 When a model
protein, chymotrypsinogen A, was exposed to a rhodamine-labeled allylic acetate,
Pd(OAc)2, and triphenylphosphine tris(sulfonate) (TPPTS), the protein was 50–65% labeled.
Further analysis showed that only one of chymotrypsinogen A’s three tyrosines was
modified demonstrating that this method selectively labels only solvent accessible tyrosine
residues. Using this strategy, hydrophobic groups were appended to a protein leading to
“solubility switching.” A previously hydrophilic protein was made hydrophobic, which
facilitated its incorporation into lipid membranes.

Recently, a cerium-based strategy was also reported by the Francis group (Figure 7E).71

This tactic takes advantage of the susceptibility of electron rich aromatic rings, such as the
tyrosine, to oxidative coupling. The authors report use of cerium (IV) ammonium nitrate as a
one-electron oxidant to facilitate coupling with electron rich anilines. In comparison to
previously disclosed methods, this strategy is performed near neutral pH, at relatively low
substrate concentrations and proceeds with faster conversion. Importantly, this coupling
reaction was combined with cysteine modification to yield doubly modified viral capsid
proteins. Thiol conversion was performed with Oregon green maleimide to functionalize the
protein with an imaging tag. Next, the protein was modified at a tyrosine residue with the
appropriately derivatized cyclic RGD peptide to facilitate cell targeting through binding of
integrin αvβ3. The bifunctionalized protein was successfully generated indicating the
orthogonality of these two bioconjugation reactions.
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Hydroxyl Groups in Enzyme Active Sites
Although design of chemical strategies to affect transformation of Ser/Thr residues is likely
to be challenging, aliphatic alcohol-containing amino acids can be targeted when they are
present in the active site of an enzyme, often due to both perturbation of their pKa value and
proximity effects. This phenomenon is well illustrated by the number of drugs that evoke
their biological response by specifically and covalently interacting with hydroxyl group-
containing amino acids. A widely recognized class of inhibitors that function through this
type of mechanism is the β-lactams, which acylate an active site serine in their targets, the
penicillin binding proteins (PBPs).72 Synthesis of the bacterial cell wall structure is largely
mediated by PBPs making these enzymes critical for cell survival. Aspirin or acetylsalicylic
acid also modifies its protein targets in a similar, irreversible fashion.73 Cyclooxygenase 1
and 2 (COX-1 and COX-2) are both inhibited by aspirin-mediated acetylation of an active
site serine residue, Ser530 and Ser516, respectively.74 COX-1 and COX-2 are essential
enzymes in the synthesis of prostanoids and their inhibition can lead to a reduction of
inflammation and pain.

Use of active site-promoted hydroxyl labeling has also been applied to the generation of
activity-based protein profiling (ABPP), a method specifically tailored to indicate the
catalytic state of a given protein class. ABPP utilizes chemoselective probes, which target
one or only a small number of protein classes through covalent modification of an active site
residue.75 Cravatt and coworkers first reported a probe to target an enzyme class dependent
upon an active site hydroxyl group, the serine hydrolases, in the late 1990s.76,77 This family
of enzymes is one of the largest and most diverse in both the eukaryotic and prokaryotic
proteomes.78 As their name suggests, all members of this class contain a nucleophilic serine
residue that is required for catalytic activity. Fluorophosphonate (FP)-containing probes
have been shown to selectively react with this active serine residue, enabling profiling of
tens or even hundreds of serine hydrolases simultaneously (Figure 8A). In fact, the high
reactivity of the FP group leads to labeling of nearly all mammalian serine hydrolases.79

While this reactivity is beneficial in an ABPP probe, it limits the use of this electrophilic
functionality in compounds intended for the analysis of specific serine hydrolases. In the last
decade, studies have been ongoing to search for specific inhibitors of several members of the
serine hydrolase family.80,81 Carbamates, which still covalently modify the active site
serine, have emerged as important scaffolds in these efforts and several compounds have
been discovered that target a single protein facilitating detailed study of these family
members (Figure 8A).80–82 The attenuated reactivity of the carbamate is likely responsible
for the ability of these compounds, but not FPs, to achieve selectivity. Still, potent and
selective inhibitors for many serine hydrolases are lacking and additional classes of serine-
targeted probes are needed.

To address this challenge, Cravatt and coworkers utilized a strategy called competitive
ABPP (Figure 8B). This screening method takes advantage of the global nature of FP
labeling by using this molecule as a readout of whether or not the active site of each serine
hydrolase has been blocked by an inhibitor. Proteome samples are first treated with a
potential inhibitory agent and then labeled with FP. Vehicle treated samples will display
labeling of all FP-susceptible proteins. Inhibitor-bound proteins will no longer be able to
react with the FP probe, leading to a loss of a band or bands during gel-based analysis.
Selective inhibitors will cause the loss of only one protein band (i.e., Figure 8B, inhibitor 1)
while promiscuous inhibitors will promote the loss of many (i.e., Figure 8B, inhibitor 2).
Using this strategy, compounds containing a 1,2,3-triazole urea were identified as selective
inhibitors of several diverse serine hydrolase family members in mouse brain proteome
(Figure 8A).83 Again, these compounds function through covalent modification of the active
site serine but display altered reactivity profiles when compared to carbamates or FPs. One
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of the targeted enzymes was an acyl-peptide hydrolase (APEH). In vivo evaluation of the
identified triazole-containing inhibitor in mice showed that APEH inhibition promotes T cell
proliferation and accumulation of N-acetylated proteins validating this screening strategy for
the identification of compounds with potent activity. This report also solidifies the promise
of 1,2,3-triazole ureas as a privileged scaffold for future development of additional serine
hydrolase inhibitors and highlights the influence that subtle alterations in the reactivity of
catalytic components, such as a serine, can have on probe development.

Conclusions and Future Perspectives
The toolkit for chemoselective targeting of many functional groups has grown substantially
in the last several decades. Unfortunately, progress in the development of hydroxyl group-
selective methods has been comparatively slow. The attenuated reactivity of this functional
group is largely to blame for this lag in progress. Despite this challenge, several inventive
strategies have been devised as discussed here. Although chemoselective targeting of the
hydroxyl group may never be as routine as many other functional groups, continued efforts
to generate novel selective transformations are sure to be important in many future
applications. Selective methods will enable synthesis of compounds with better efficiency,
targeting of precise sites on a biomolecule and generation of new chemical probes. Success
in this area will likely come from a combination of creative application of existing synthetic
strategies, development of novel selective reactions and additional methods that take
advantage of hydroxyl groups with atypical properties, like those found in enzyme active
sites.
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Figure 1.
Chemoselective transformation of the hydroxyl group. Four categories of conversions are
described: direct conjugation reactions, oxidation, activation by generation of a leaving
group and transformation to an alternative chemical handle.
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Figure 2.
Selective O- or N-arylation can be achieved by use of the appropriate catalyst. Copper-
mediated catalysis favors formation of the O-arylation products while utilization of
palladium yields the N-arylation products.
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Figure 3.
Oxidation of an N-terminal Ser or Thr residue of a protein or peptide. An electrophilic site is
specifically generated at the N-terminus of the substrate enabling selective bioconjugation at
this position. The requirement for the β-amino alcohol motif precludes the use of this
transformation is a wide variety of substrates.
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Figure 4.
Tosylation of the hydroxyl moiety in the presence of a carboxylic acid functional group.
Application of a strong base deprotonates both groups, but the corresponding ion pair is
weaker for the hydroxyl moiety and can be exchanged with a tosyl group.
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Figure 5.
Hydroxyl group-targeted method to generate natural product analogs for protein target
identification. A. A rhodium catalyzed reaction between an alcohol and a diazoester-
functionalized coupling partner results in incorporation of an alkyne moiety. B. FK506 was
used as a model natural product to demonstrate the utility of the devised strategy. Following
functionalization of FK506 with an alkyne handle, this probe was incubated with RKO cells
to facilitate the identification of the binding partner(s) of the natural product probe. Probe
design dramatically altered the results of these experiments.
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Figure 6.
Chemoselective enrichment of hydroxyl-containing molecules through the formation of a
silyl ether bond. Hydroxyl group-containing compounds are then retained on the solid-
support resin while molecules deplete of this functional group are rinsed away. Upon
traceless cleavage of the enriched molecules they can be immediately subjected to functional
and structural characterization.
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Figure 7.
Tyrosine residues have been targeted utilizing several different strategies, reaction with the
electron-rich aromatic ring at the position ortho to the hydroxyl or direct targeting of the
phenol hydroxyl group. A. Coupling to an electron deficient diazonium salt. B. A three
component Mannich-type reaction yields an o-substituted tyrosine moiety. C. An ene-type
reaction is performed between tyrosine and a cyclic diazocarboxamide yielding a highly
stable product. D. Metal-mediated coupling facilitates reaction at the phenolic site.
Palladium promotes addition of allylic substrates. E. Cerium promotes a one-electron
oxidative coupling to tyrosine.
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Figure 8.
Activity-based protein profiling can be used to target enzymes that utilize hydroxyl group-
containing active site nucleophiles. A. Serine hydrolases can be targeted by several
compound classes. Fluorophosphonate-based probes are promiscuous within the protein
family. Compounds with attenuated reactivity such as carbamates and ureas enable selective
examination of one or a small number of family members. B. The global nature of FP
labeling can be utilized in the development of an assay to identify highly specific serine
hydrolase inhibitors. Vehicle treated samples will display labeling of all FP-susceptible
proteins. Addition of potential inhibitors will prevent susceptible enzymes from reacting
with the FP probe, leading to a loss of a band or bands during gel-based analysis. Selective
inhibitors will cause the loss of only one protein band (i.e., inhibitor 1) while promiscuous
inhibitors will promote the loss of many (i.e., inhibitor 2).
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