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Abstract

Oxime ligation is an effective conjugation strategy for biomolecules and polymers in aqueous
solution. The reaction is chemoselective, joining an aldehyde or ketone electrophile with an
aminooxy nucleophile. The oxime linkage is thermally and hydrolytically stable under most
biological conditions. The most common problem with oxime ligation is that the reaction rate is
relatively slow at biological pH. Several groups have improved the rates of oxime ligation using
organic catalysts, such as aniline. These catalysts are often more effective at low pH, and can
substantially improve the rates of conjugation.

In this thesis, we explore modified organic catalysts that contain an aniline nucleophile and an
aminooxy nucleophile on the same scaffold. These compounds were designed to act as ligation
reagents that could form an oxime linkage in the absence of an exogenous catalyst. We
synthesized the ligation reagents, and measured their rate of reaction with benzaldehyde as a
model substrate. We find that the ligation reagents can achieve as much as five-fold acceleration
relative to the un-catalyzed reactions, and are between 2-3 fold faster than catalysis with aniline
alone. We propose a rationale for these enhanced rates, and propose that these reagents could be

used to improve protein bioconjugation strategies.
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Chapter 1

Bioconjugation via an oxime linkage under aqueous conditions



1.1 Introduction

Bioorthogonal chemistry can be used to selectively react two functional groups in the
presence of functional groups commonly found in biological systems.'” This field of chemistry
has become an essential tool for chemical biology in the last decade.'” Examples of

bioorthogonal reactions that have become popular include the Staudinger ligation,*?

21-33 34-40

azide/alkyne cycloadditions, inverse-electron-demand Diels-Alder (tetrazine) reactions,
and hydrazone and oxime formation.*”” These approaches have been applied effectively and
efficiently for the introduction of tags, labels, and other markers including fluorophores, biotin,
and radiolabels to biomolecules.” These strategies can also be used to join two large

60,61

biomolecules together. The most selective and general chemistries may also find application

in other fields, such as polymer chemistry, dynamic combinatorial chemistry, and reaction
development.®*™

Oxime and hydrazone formation are some of the earliest known bioorthogonal reactions,
although the term was not coined until the last decade.”” The formation of an oxime from an
aldehyde electrophile and an aminooxy nucleophile is an effective way to label biomolecules
using mild conditions in aqueous solvent. The reaction is highly chemoselective, and oximes are
thermally and hydrolytically stable under biological conditions.”>’®* Also, these substrates are
readily available and synthetically accessible compared to more complex substrates required in

other bioorthogonal methods.""!

Moreover, incorporation of an aldehyde or ketone into
biomolecules is often straightforward (Figure 1.1).”**"*¥ Importantly, both the electrophile and

nucleophile are relatively inert towards reaction with other biological functional groups under

. . qe .. 4
neutral or mildly acidic aqueous conditions.*
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Figure 1.1 Representative example of (A) oxime formation between an aldehyde modified
biomolecule (green) and aminooxy probe (orange), and (B) hydrazone formation between an

aldehyde modified biomolecule (green) and hydrazine probe (blue).

As aldehyde and ketone groups are relatively rare in biological systems, there are

relatively few applications of hydrazone and oxime formation in live cells (Figure 1.1).*"%*

However, in most of these cases these applications have required the in vitro preparation of

: : 69,8991
modified biomolecules for conjugation.””

The use of oxime or hydrazone chemistry on the
cell surface is well known due to the complete absence of aldehyde and ketone groups.' Sialic
acid present on the cell surface can be easily oxidized by using sodium periodate to generate
aldehyde groups which can be subsequently labeled via oxime or hydrazone chemistry.*

Additionally, protein engineering using non-canonical amino acid incorporation has been

employed for protein modification via hydrazone or oxime formation both in vivo and in



vitro."*47 Cysteine residues can be converted to formylglycine using the formylglycine
generating enzyme (FGE) recognition sequence (LCTPSR).gS’93

As a result of these favorable attributes, the oxime ligation reaction has been widely used
in bioconjugation. However, several aspects of the chemistry are being actively investigated to
improve the efficiency of the reaction. The standard aldehyde-aminooxy reaction proceeds at
only moderate reaction rates, and requires acidic pH.*~"**> The primary strategy which has
been used to improve the efficiency of the ligation is the use of a nucleophilic catalyst, first

introduced by Jencks, and applied to oxime ligation by Dawson et al.*3346-99493

1.2 Nucleophilic catalysis of oxime formation by aniline

Aniline (pK, 4.6) is a mild and fairly unreactive nucleophile.”® Jencks first introduced
aniline as a nucleophilic organocatalyst in semicarbazone and oxime formation reaction in the
1960s.”* Four decades later; Dawson and co-workers revisited the earlier study and elegantly
applied this concept in bioconjugation.*® Dirksen et al. demonstrated the ligation of two peptides
with an oxime bond using aniline as nucleophilic catalyst. The uncatalyzed reaction had a #,,; of
310 minutes (kgps = 0.057 £ 0.010 M sec™) with 1 mM substrate. The rates were significantly
enhanced by using 10 mM aniline at pH 4.5, reducing the ¢, to 25 min (kops = 0.68 £ 0.05 M
sec'l) with 1 mM substrate. The uncatalyzed reaction had a ¢, of 8200 minutes (kops = 0.020 £
0.001 M sec™) with 0.1 mM substrate. In presence of 10 mM aniline ¢,,, was reduced to 270
min (keps = 0.62 + 0.03 M sec™") and at 100 mM anilinium acetate buffer (pH 4.6) it was further
reduced to just 19 minutes (kops = 8.6 £ 2.0 M™' sec™). This rate enhancement was explained by

considering the increased in situ generation of a highly reactive electrophile, the aniline Schiff



base 1.6, in the presence of aniline 1.3 (Scheme 1.1). The same group also reported a method to
effectively label cell-surface sialylated glycoproteins on live cells by taking advantage of aniline-
catalyzed oxime ligation.*

In spite of having all these advantages, aniline catalyzed oxime ligations suffers from
some difficulties for application in cells or organisms. The ligation rate is still slower in
biological conditions which are closer to neutral pH. High aniline concentration can increase the

ligation rate. However, it can have toxic effects on the system.” Current solutions use a slightly

acidic pH and short incubation time and via this approach incomplete reactions are accepted.*
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Scheme 1.1 Proposed mechanism of aniline-catalyzed oxime ligation.”

1.3 Improvements to the nucleophilic catalyst
Extensive efforts have been made to improve the catalytic activity of the nucleophilic
catalyst in oxime ligation reactions over the last few years. These include the improvement of the

aqueous solubility and tuning the pK, of the catalysts.”®**”*>%% All of these cases aniline



derivative were used as the starting point. The structural features of both the aldehyde and amine

partner of the oxime and hydrazone formation reaction have also been studied.’®’

1.3.1 Catalysts with increased anilinium pK,

Dirksen et al. used p-methoxyaniline as a catalyst to perform oxime ligation at elevated
pH because of its higher pK, of 5.3.*® Two peptides were ligated together at pH 7.0 using 100
mM p-methoxyaniline as a catalyst. The uncatalyzed reaction had a #1, of 11000 minutes (kobs =
0.0015 + 0.0001 M sec™!) with 1 mM substrate. In the presence of 100 mM p-methoxyaniline,
the reaction ¢1, was reduced to 280 min (ks = 0.061 = 0.006 M sec'l). However, in this study

the ligation rate at pH 7.0 was not compared directly to that of aniline.

1.3.2 Phenylenediamines

m-Phenylenediamine (m-PDA ) 1.43 and p-phenylenediamine (p-PDA) 1.44 have been
used as improved catalysts for oxime-based bioconjugation.”®” An electron withdrawing group
on the aromatic ring is responsible for an increase in the basicity of the corresponding Schiff
base. Also, two amine groups on the same aromatic ring are statistically more favorable towards
the formation of an intermediate Schiff base. In addition, the aqueous solubility of these two

phenylenediamines is more than that of aniline.
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Figure 1.2 Structure of various catalysts used in the oxime-based bioconjugation studies.

Rashidian et al. discovered the usefulness of m-PDA (pK, 4.88) in oxime ligation and
hydrazone-oxime exchange reaction. m-PDA (kops = 0.20 = 0.0016 M sec'l) showed 2.41 times
faster oxime formation rate compare to aniline (kops = 0.082 = 0.0007 M sec'l) at pH 7.3 using
100 mM of catalyst. Also, they demonstrated a kinetic analysis of oxime formation on a GFP-
CIVA protein, where, m-PDA exhibited ~2.5 times faster kinetics than aniline at the same
catalyst concentration (100 mM). m-PDA was also used to purify and label proteins using a
capture and release strategy from crude cell extracts. In this case, m-PDA showed better activity
than aniline, and m-PDA was not found to have any harmful effect on protein structure and
enzymatic activity.

The pK, of p-PDA is 6.08 which is higher than the pK, of aniline. Therefore, p-PDA
could act as better catalyst at higher pH as the corresponding Schiff base might also exhibit an
increased pK,. Wendeler et al. studied the advantage of p-PDA over aniline in oxime ligation
reactions at pH 7.0. Moreover, p-PDA showed improved catalytic activity throughout the pH
range of 4-7. Oxidized T3 protein (1 mg/mL) was treated with 5 equivalents of aminoxy-PEG at
pH 7 and ambient temperature. Catalyst at 10 mM was used for this study. In this reaction

condition, p-PDA (kobs = 0.29 £ 0.029 M sec™) exhibited 17-times faster ligation rates compare



to aniline (kgps = 0.017 £ 0.003 M sec™) and 48-times faster rates compare to uncatalyzed (kobs =

0.006 + 0.0012 M sec™) ligation reaction.

1.3.3 Water soluble ortho-proton donors as an organocatalyst for oxime

ligations

The requirement of aqueous conditions for bioorthogonal conjugation is often
problematic. The Kool group recently discovered improved catalysts, with improved aqueous
solubility for oxime and hydrazone ligation.”>”* They found 5-methoxyanthranilic acid (5-MA)
2.19 and 3,5-diaminobenzoic acid 2.20 (1 mM; kops = 3.2 £ 0.3 M min'l) was a better
organocatalyst for hydrazone and oxime formation. At low catalyst concentration 2.19 (1 mM;
kops = 6.6 0.2 M min'l) showed 6-fold greater rates of reaction when compared to aniline 1.3
(kops= 1.1+ 0.2 M min™") while at higher concentration (10 mM) it provided 100-fold increases
in the second-order rate constant at pH 7.4. In this study it was found that acidification of the
buffer had a minor role in increasing the rate of the reaction. However, the presence of the ortho-

acid group played a major role in the rate of catalysis.
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Scheme 1.2 Proposed intramolecular mechanism of anthranilic acid catalyzed hydrazone

. g .. 105
formation under acidic conditions.

The intermediate imine 1.14 is formed by breaking down the tetrahedral intermediate
1.13, which is generated from the reaction between catalyst 1.10 and carbonyl compound 1.11.
Iminium formation is the rate determining step for oxime or hydrazone ligation. In this case, the
ortho carboxylic acid 1.10 helps to from the iminium 1.14 more rapidly than aniline through an
intramolecular reaction. The ortho carboxylic acid 1.10 likely acts as a general acid-base by
providing a proton to the hemiaminal tetrahedral intermediate 1.13 to aid in the formation of the

iminium intermediate 1.14 which can lead to the formation of hydrazone product 1.17 (Scheme



1.2).

Kool and coworkers also studied alternative ortho-proton donor molecules with varying
pK..>* They found that the best catalysts had an approximate match between the pK, of the ortho-
proton donor with the buffer pH, without reducing the pK, of aniline. The 2-
aminobenzenephosphonic acid 1.21 (ImM, kyps= 4.1 £ 0.2 M min'l) derivatives performed as a
better catalyst for hydrazone formation with simple aldehyde substrate at a pH of 7. While 5-
methyl-2-aminobenzenephosphonic acid 1.22 (1 mM, ks = 8.5 = 0.5 M min'l) afforded an 8-
fold rate enhancement over aniline (1 mM, kqps= 1.1 £0.1 M! min'l) (Table 1.1). In contrast, the
presence of bulky substituent near the carbonyl moiety hindered the catalytic activity of the
phosphonic acid group. In this situation anthranilic acids are preferable as catalysts instead of 2-

aminobenzenephosphonic acids.

10



Table 1.1 Observed second-order rate constants kgps (M'1 min'l) for hydrazone formation with

different catalysts at pH 7.4."

Catalyst pKa kops (M min™) Rel. to aniline
rXn.
NH,
© 4.6 1.1+£0.2 1
1.3
COOH
NH,
- 6.6+0.2 6
MeO
1.19
HoN COOH
- 32+0.3 3
NH,
1.20
CL,
NH, 7.29 4.1+0.2 4
1.21
NH, - 8.5+0.5 8
1.22

*Conditions: 18 uM nitrobenzoxadiazole (NBD) hydrazide, | mM 4-nitrobenzaldehyde, 1 mM catalyst in

phosphate buffered saline (pH 7.4) containing 10% DMF. Conversion was monitored by increase in

11



absorbance at 504 nm.>***

1.4 Substrate effects

Although the presence of catalyst accelerates the oxime or hydrazone formation reaction,
it can also introduce complexity and, in some cases, toxicity.”” For this reason Kool and co-
workers studied the structural features of both the aldehyde and amine partner of the oxime and
hydrazone formation reaction to increase the reaction rate without using any catalyst.”>>’

Phenylhydrazine was used as a standard hydrazine and reacted with various carbonyl
groups. Rates were measured under pseudo-first-order conditions. Simple alkyl aldehydes
showed the fastest rate among all substrates. Butyraldehyde exhibited the highest rate for
hydrazone formation reaction with phenylhydrazine. In general, ketones showed slower reaction
rates than comparable aldehydes. For example, butyraldehyde (ka@pp) = 9.7 £ 2.3 M' sec™)
showed 44-fold faster reaction rate than 2-butanone (ky@pp) = 0.22 + 0.07 M sec’l). Another
general trend for this kind of reaction is that electron-deficient aldehyde and ketone substrates
favor the reaction compared to electron-rich ones. The 4-methoxybenzaldehyde substrate was the
slowest-reacting aldehyde (kapp) = 0.033 £ 0.008 M sec™). Steric crowding has a notable effect
on the hydrazone formation rate. However, in this study steric effects on reaction rate were
inconclusive.

The ortho-substitution effect on the hydrazone formation rate enhancement is a known
phenomenon.’”*”® Kool and coworkers have studied this effect of with various groups including
imino, hydroxy, and carboxy substituents near the reactive carbonyl center. It was found that all
of these groups give rate enhancements for hydrazone formation reactions. For example,

quinoline-8-carboxaldehyde (kawpp) = 0.83  0.07 M sec™) exhibits an 8.3-fold rate increase

12



relative to 1-napthaldehyde (kapp) = 0.10 = 0.03 M sec™). Water elimination which occurs with
the breakdown of the tetrahedral intermediate is the rate-limiting step for hydrazone formation
reactions at neutral pH.”* Therefore, intramolecular proton transfer to the leaving hydroxy group
could accelerate the reaction rate.>* It has been proposed that these compounds could lose water

from the tetrahedral intermediate via 5-, 6-, or 7-membered ring transition sates (Scheme 1.3).

H,O
H, OH H
N NSy Nog
BDEEE |
_ =
1.23 1.24
-H
O ¢ OH H
r3e N
LN
1.25
N
| \N/H OH H
Foo N
N R
H H
1.27
H,O .
o @H OO ]
Ho ) ) X, -N
m./N\ —_— N’ ‘R
N R
HH
1.29 1.30

Scheme 1.3 Proposed mechanisms for intramolecular rate enhancement by an acid/base group in

proximity to the reactive carbonyl center.®
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Kool and co-workers also investigated variation of the rate of ligation due to structural
differences on the o-nucleophiles in oxime or hydrazone formation reactions. The 2-
formylpyridine substrate was used to study coupling of a range of alkyl hydrazines. Electron-rich
hydrazines displayed a higher reaction rate than electron-poor ones. For example, the electron
deficient pentafluorophenylhydrazine 1.31 (kypp)= 0.12 + 0.02 M sec™) and diphenylhydrazine
1.33 (Ka(appy = 0.14 £ 0.02 M sec™) showed the slowest rates, while the electron-rich methoxy-
and methyl-substituted aryl-hydrazines exhibited increased reaction rates. Interestingly, two
acid/base groups containing hydrazine showed the highest rate for hydrazone formation. The
ortho-carboxyphenylhydrazine 132 (kymppy = 1.6 * 02 M' sec’) and 2-
(dimethylamino)ethylhydrazine 1.35 (ky(app) = 2.8 + 0.2 M sec) nucleophiles showed 13-fold
and 23-fold faster reactivity than the slowest, 1.31. These two reactive hydrazines were tested
with various aldehydes and ketones. Among aryl substrates carbonyl compounds containing
proximal imino-groups such as 2-acetylpyridine 1.36 reacted more rapidly with both hydrazines.
Additionally, alkyl aldehydes increased the rate of reaction by as much as 100-fold relative to the
slowest reactions with 1.31. The dimethylaminoethyloxyamine 1.37 nucleophile also showed a
3-fold rate enhancement than methoxyamine 1.34. Therefore, dimethylaminoethyl has a

favorable effect in this kind of reaction.

14
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Figure 1.3 Structure of various compounds used in the substrate study in hydrazone and oxime

ligation.

Careful choice of both partners for hydrazone or oxime reaction could potentially
eliminate the use of the catalyst. However, all reported improvements in the activity of the
nucleophilic catalysts require the use of a stoichiomentric excess of the catalyst to achieve
improvements in the rate. As a result, to use these methods in biological systems would require
three separate components — increasing the likelihood of toxicity or side reactions. Methods that
eliminate the need for three separate components (nucleophile, electrophile, and organocatalyst)

would have substantial advantages for biological application.

1.5 Project hypothesis
Although there are many reports which use oxime ligation in bioconjugation, all of these

15



have some drawbacks. Disadvantages include sluggish reaction rates, high concentration of the
catalyst, complexity and toxicity of the catalyst, and excess use of the reagents.*!-*->4%39:72:9

For all these reasons we initiated studies to improve the efficiency using oxime ligation
by eliminating the need for a catalyst while still achieving improved rates. We hypothesized a
novel pathway for oxime ligation would merge the nucleophilic catalyst and the aminooxy
nucleophile on the same scaffold. This configuration would convey two specific advantages:
first, there would be no need for an external catalyst (such as aniline); and second, the reaction

could be accelerated if the two groups were arranged in such a way that an intramolecular

mechanism could be favored (Scheme 1.4).

NH, NH,
S H X
= — \N_
A\
R
NH,
AN X
o 0 (o w0 — (g
N\
1.3 R

Scheme 1.4 A general representation of oxime formation (A) in presence of nucleophile catalyst

containing aminooxy group and (B) in presence of aniline and aminoxy compound.

A specific example was envisioned in Scheme 1.5, where an aniline nucleophile and a
benzylic aminooxy nucleophile are ortho to each other on an aromatic ring 1.38. In this example,
the reaction could proceed via a 7-endo-trig cyclization, which is favored by Baldwin’s rules.'®"

"% 1t is possible that a ligation reagent of the form of 1.38 would show accelerated rates and
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could be used at equimolar stoichiometry to the carbonyl electrophile in water, greatly
simplifying the bioconjugation reaction. If the intramolecular pathway shown in Scheme 1.5

were operative, this may also increase the rate of reaction.

R
~NH», _NH, 0 N—
0 RCHO 0 2 o —<H
- W, T
2 N )
1.38 139 )= 140 H )R o

Scheme 1.5 Proposed mechanism for the intramolecular oxime formation via 7-endo-trig

cyclilization.

Alternatively, the mechanism for the oxime formation could occur via an intermolecular
pathway (Scheme 1.6). If this were the case, the reaction would still proceed as a bimolecular
ligation reaction, but may not benefit from an enhancement from the intramolecular cyclization
pathway.

This thesis explores the hypothesis that compound 1.38 can act as a ligation reagent for
oxime bioconjugation. Additionally, using a series of analogs of compound 1.38, we explore the
mechanism of the ligation reaction. Chapter 2 will outline the synthesis and kinetic study of these

compounds.
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Scheme 1.6 Proposed mechanism for the intermolecular oxime formation.
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2.1 Introduction

The formation of an oxime from an aldehyde and an aminooxy substrate is an effective
way to label and modify biomolecules site-specifically.'™” The reaction is highly chemoselective,
and oximes are thermally and hydrolytically stable under biological conditions.'>**** Jencks
first introduced aniline as a nucleophilic catalyst for oxime or hydrazone formation.”> Many
decades later, Dawson and coworkers demonstrated that the use of an excess of aniline greatly
improved the efficiency of the reaction, increasing its use in bioconjugation.® Aniline and its
derivatives are known to accelerate oxime formation by acting as a nucleophilic

8,11,13,14,25,26

catalyst. The starting materials used in oxime chemistry are less expensive when

compared to many bioorthogonal reactions,"** and modification of biomolecules to incorporate

aldehyde or ketone groups is fairly simple.'**'**

Many groups have developed applications of
aniline-catalyzed oxime ligation in bioconjugation, polymer chemistry, and combinatorial
chemistry. *'*1319273% Although the use of nucleophilic catalysts has provided substantial
improvements in coupling efficiencies, two problems stand out which require improvement for
application in biological systems: the requirement of low pH and the large excess of the catalyst.
We hypothesized that one way to overcome the need for stoichiometric excess of the
catalyst relative to the aminooxy nucleophile would be to combine these two moieties onto a
single scaffold. The resulting bifunctional structure would act as a ligation reagent, and would
not require the addition of a separate nucleophilic catalyst. If designed appropriately, the
compound could even accelerate the rate of reaction and could react at comparable rates to the

three-component strategy introduced by Dawson and coworkers.®

A specific example was envisioned in Scheme 2.1, where an aniline nucleophile and a
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benzylic aminooxy nucleophile are ortho to each other on an aromatic ring (2.1). In this example,
the reaction could proceed via a 7-endo-trig cyclization, which is favored by Baldwin’s rules.”>’
It is possible that a ligation reagent of the form of 2.1 would show accelerated rates and would
require no additional reagents in the presence of a carbonyl electrophile in water, greatly
simplifying the bioconjugation reaction. If the intramolecular pathway shown in Scheme 2.1
were operative, this may also increase the rate of reaction. Alternatively, the mechanism for the
oxime formation could occur via an intermolecular pathway. If this were the case, the reaction

would still proceed as a bimolecular ligation reaction, but may not benefit from an enhancement

from the intramolecular cyclization pathway.

~NH, _NH, (o) _N=
@(\O RCHO H @(\(:‘NH ©\/\o _<H
NH2 ) /< NH2

2.1 t'_) R 23

Scheme 2.1 Proposed mechanism for the intramolecular oxime formation via 7-endo-trig

cyclilization.

Alternatively, the mechanism for the oxime formation could occur via an intermolecular
pathway (Scheme 2.2). If this were the case, the reaction would still proceed as a bimolecular
ligation reaction, but may not benefit from an enhancement from the intramolecular cyclization

pathway.
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O @)
RCHO
NH, N H,N =L

2.1 (J\>\‘Q/2 21 R N.H/O\/O

Scheme 2.2 Proposed mechanism for the intermolecular oxime formation.

This chapter will focus on the synthesis of bifunctional oxime ligation reagents (2.1 and
2.2) and kinetic studies of their ability to form the oxime linkage using HPLC. We have used

several other compounds for the kinetic studies (Figure 2.1).

©\ ©\/\OH /@AOH ©AO/NH2
NH» NH>2 HoN

2.27 2.7 2.18 2.22
o)
H ©\A0/NH2 /@AO/NHZ
NH, HoN
2.23 2.1 2.2

Figure 2.1 Targeted bifunctional aminoxy compounds and other compounds used in kinetic

studies.
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2.2 Synthesis of 2-[(aminooxy)methyl]-benzenamine

We set out to synthesize two key compounds to test in kinetic studies that could be used
to test our central hypothesis. The structures of compounds 2.1 and 2.2 are shown in Figure 2.1,
and contain both a nucleophilic catalyst (aniline) and an aminooxy nucleophile on the same
scaffold.

The most challenging component of this structure is the formation of the N-O bond.
Typical strategies involve displacement with an amine-protected aminooxy derivative.
Therefore, we considered using N-hydroxyphthalimide (NHPI) 2.6 as a latent source of the N-O
bond, and subsequent deprotection would provide the target aminooxy group.

Our first plan for the synthesis of compound 2.1 is shown in Scheme 2.3. The key N-O
bond of 2.1 would be formed by an Sx2 reaction with NHPI 2.6, followed by deprotection of 2.4.
The required o-amino-benzylbromide 2.5 should be easily generated by displacement of a

benzylic alcohol 2.7 or benzylic bromination of an o-amino-toluene 2.8 (Scheme 2.3).

oo R o el

/ \ O -
Cre OO
NH, NH,
2.7 2.8

Scheme 2.3 Retrosythetic analysis of compound 2.1.
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2-Aminophenylmethanol 2.7 was treated with HBr (48%) at 100 °C to obtain 2-
(bromomethyl)-benzenamine 2.5.* However, this reaction was not successful and we observed

the degradation of starting materials (by TLC) (Scheme 2.4).

NH, 100°c NH,

2.7 2.5

Scheme 2.4 Attempted synthesis of 2.5.

We next sought to generate the o-aminobenzylbromide 2.5, via radical halogenation with
N-bromosuccinimide (NBS) in 1,2-dichloroethane solvent.** Unfortunately, instead of the
desired product, we observed the formation of two undesired products, compounds 2.9 and 2.10
with 45% and 33% isolated yields respectively (Scheme 2.5). This observation is likely due to
electrophilic aromatic substitution which results from the increased activation of the aromatic

ring due to the amino substituent. Replacing the solvent with benzene did not alter the outcome.
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©iCH3 NBS, benzoyl peroxide P @(\Br
NH, 1,2-dichloroethane or benzene, U NH,

reflux, overnight

2.8 25
Isolated products
NH, NH,
CH3 Br CH3
Br Br
2.10 29
33% 45%

Scheme 2.5 Attempted synthesis of 2.5.

Attempts to reduce the nucleophilicity of the aromatic ring by protecting the amino group
as an amide™ were also unsuccessful. Compound 2.11 was unreactive in the benzylic

bromination reaction with the NBS/benzoyl peroxide system, and only starting material was

isolated (Scheme 2.6).
©:CH3 CH;COOCH ©iCH3 NBS, benzoyl peroxide p ©?Br
> : >
NH, rtto 115 °C NHAG 1,2-dichloroethane, reflux NHAG
86% overnight
2.8 2.1 2.12

Scheme 2.6 Attempted synthesis of 2.12.

We next examined an alternative approach that would avoid the use of an activated

aromatic ring. Starting from compound 2.15, we hoped to conduct a bromination reaction on the

38



deactivated ring that would be selective for the benzylic position. Subsequent reduction of the

nitro group would then allow us to obtain the desired compound 2.1 (Scheme 2.7).

o) o]
/NH ,N /N (@]
(@] 2 (0} (6] Br
—_— o= o —/—— + HO-N
NH2 NH2 N02 N02
21 2.4 213 2.14 O 26

cr
NO,

215
Scheme 2.7 Retrosynthetic analysis of compound 2.1.

Radical halogenation of 2.15 was successful, although in moderate yield.*® Displacement

of the benzylic bromide with NHPI 2.6 proceeded in better yield to give compound 2.13

(Scheme 2.8)."
(0]
©:CH3 NBS, benzoyl peroxide ©\/\Br NHPI, K,CO3 ©\/\O/N
NO, 1,2-dichloroethane, reflux NO, DMF, overnight NO, O
overnight o
215 63%
: 38% 214 2.13

Scheme 2.8 Synthesis of compound 2.13.

At this point we attempted to reduce the nitro group of compound 2.13 to generate the

desired intermediate 2.4.**°% We examined a variety of possible reduction conditions, which are
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summarized in Table 2.1. Unfortunately, none of these methods provided the desired target, and

we sought out an alternative route.

Table 2.1 Attempted reduction of the nitro group of 2.13.

0] 0]
©\/\O/N Conditions N ©\/\O/Nj<« ©\/\O/NH2 ©\/\OH
o] o (0]
NO, NH, NO» NO,
213 24 2.16 217
Entry Conditions Outcome

a Zn, AcOH SM recovered

MeOH
b Fe powder, NH4Cl SM recovered

EtOH:H,0 (1:1)
rt to 90 °C
C NayS,04 SM recovered
EtOH, 80 °C

d Pd/C, NH,NH,.H,O (2 eqv.) 2.16 isolated

EtOH
e Pd/C, NH,NH,.H,0 (10 eqv.) 2.16 isolated

EtOH
f Fe powder SM recovered

EtOH:AcOH (1:1)

79 °C

g Ni SM recovered
EtOH:AcOH (1:1)

79 °C

h Pd/C 2.17 isolated
H; (60 psi)

1 Pd/C H, balloon 2.17 isolated

EtOH
] Pd/C H; balloon 2.17 isolated

MeOH
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We envisioned that compound 2.1 could be easily accessed by a Mitsunobu reaction
between commercially available compound 2.7 and NHPI 2.6 (Scheme 2.9).>° The formation of
2.4 using Mitsunobu conditions was successful, and deprotection of the phthalimide group was
achieved using hydrazine monohydrate at room temperature.?” Although we were able to obtain
the target, the purification of compound 2.1 was challenging. Attempts to isolate the desired
product employing column chromatography using silica as the stationary phase proved to be
fruitless and led to complete decomposition. We speculate that the reason behind this failure is
the extreme polarity of compound 2.1. Preparative TLC was used to obtain the compound 2.1 in

moderate yields (Scheme 2.9).

(0]
-N _NH
NH, DIAD, THF NH 0O DCM, tt, 30 min NH,
27 0°Ctort 2
: overnight 24 2.1

12% overall yield

Scheme 2.9 Synthesis of 2-[(aminooxy)methyl]-benzenamine 2.1.

2.3 Synthesis of 4-[(aminooxy)methyl]-benzenamine

We next turned our attention to the isomer of compound 2.1, 2.2, which would be an
important control for the investigation of the reaction mechanism. Mitsunobu reaction of
compound 2.18 resulted in a complex mixture (as indicated by TLC). With the hope of achieving
a cleaner and more efficient reaction, the amino group was protected as an amide by treatment

with acetic anhydride. However, product 2.20 was also isolated along with the desired 2.19. This
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reaction mixture, without further purification, was treated with NaOH in MeOH to allow the
deprotection of the O-acetate group present in 2.20. After these two steps, compound 2.19 was
obtained in 65% combined yield. To attain the desired final compound 2.2, compound 2.21 was
generated via a Mitsunobu reaction™ followed by deprotection with hydrazine to obtain the

desired target.*’ The product was again purified by preparative TLC (Scheme 2.10).

OH OH OAc
Ac20 . NaOH /@AOH
—_—— > —_—
rt, 1h MeOH
H,N AcHN AcHN tah  AcHN
2.18 2.19 2.20 2.19
65%
NHPI, PPh
DIAD, THF | a0,
0°Ctort
overnight
_NH o
0 2
NH;NH.H,0 o N
70 °C, 7 h o
HoN AcHN
2.2 38% 2.21

Scheme 2.10 Synthesis of 4-[(aminooxy)methyl]-benzenamine 2.2.

2.4 Kinetic studies of ligation reagents

With compounds 2.1 and 2.2 in hand, we sought to test the rates of reaction of each

compound in oxime formation (Scheme 2.11).
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(Catalyst)
Buffer, CH3CN

" ©/\ )b ©/\
Buffer ©\/\
(B) ©\/\ CH3CN, rt
2.23 2
0]
_NH,
) /@Ao H Buffer
H,N * CH3CN, rt
2.2 2.23

Scheme 2.11 Schematic representation of ligation reactions, studied by HPLC (A) in presence or

absence of different catalysts, (B) with compound 2.1, and (C) with compound 2.2.

We used three different catalysts for oxime formation to compare their rate with the rate

of compound 2.1 and 2.2. The list of the compounds used in this study is shown in Figure 2.2.

2.27 2.7 2.18 2.22
o)
H @CO/NHZ /@AO’NHZ
NH, HoN
2.23 2.1 2.2

Figure 2.2 Compounds used in oxime formation kinetic study.
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We employed an HPLC-based assay for following the rate of reaction, using
benzaldehyde 2.23 as the electrophilic partner. To provide points of comparison, we needed to
test the uncatalyzed reaction, using o-benzylhydroxylamine 2.22 as the nucleophile; as well as
the aniline-catalyzed reactions, again with 2.22 as the nucleophile. Uncatalyzed and aniline-
catalyzed ligation reaction would form 2.24. We hoped that compounds 2.1 or 2.2 would form
the desired oxime product 2.25 or 2.26 in the absence of catalyst, but sought to determine if the
rate of the reaction was improved for the bifunctional oxime ligation reagents. Reactions were
carried out with 1 mM of the electrophile (defined as 1 equiv below) at room temperature. The
medium used for the reaction was an acetate buffered solution (0.1 M) at the pH indicated. Rates
of reaction were compared based on relative &, rates (see Experimental methods).

In this HPLC-based assay we used an isocratic condition (65% acetonitrile and 35%
water) for analysis of all 1 mM and 2 mM oxime ligation reactions. For reactions at 10 mM
(aniline-catalyzed and uncatalyzed reactions) we used the same condition. However, for 10 mM
reactions with compounds 2.1 and 2.2 we used an isocratic condition with 40% acetonitrile and
60% water. Each time point was acquired with a 0 pL injection of the reaction mixture using a
25 uL glass syringe. We measured the oxime product formation (2.24, 2.25, and 2.26) with time.

The ligation products were quantitated by integration of the absorbance signal at 254 nm.

_NH _N__Ph N._H
oy e e e
CH3CN, rt H Ph

2.22 2.23 2.24 (E) 2.24 (2)

Scheme 2.12 Oxime ligation between 2.23 (1 mM) and 2.22 (1 mM) at pH 5.5.
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HPLC chromatograms of oxime ligation between 2.23 (1 mM) and 2.22 (1 mM) at pH
5.5 over times (Scheme 2.12) are shown in Figure 2.3. Retention times for starting materials 2.22
and 2.23 are 1.99 min and 2.31 min respectively. Oxime products are less polar than both the
starting materials. Retention times for 2.24 (Z) and 2.24 (E) are 3.91 min and 4.37 min

respectively. All the peaks were well separated.

5.00 - (2.24 (E))
&
2.23 :
450 - (‘—1 ) N
o
N
400 - (2.22) 224 @)
& =
—
350 4 (C) at 1821
min
3.00 -
-]
<
2.50 A
200 j /\ (B) at2.27
min
1.50 -
1.00 A
0.50 -
(A) at 1.83
min
0.00 T 7 T T )
0 1 2 3 Minutes 4 5

Figure 2.3 HPLC chromatograms of oxime ligation between 2.23 (1 mM) and 2.22 (1 mM) at
pH 5.5 at the indicated times.
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We found out that oxime ligations produced two isomers (E and Z) of the product. In all
of these cases, the E isomer was formed in large excess relative to the Z isomer (likely due to the
E isomers increased stability). We also found out that rate of formation of E isomer was much
faster than that of Z isomer. These results are summarized in Table 2.2. E and Z isomer were
observed in 12:1, 19:1, and 13:1 ratios for 2.22, 2.1, and 2.2 respectively. However, column
chromatography and preparative TLC purification of the oxime products showed different ratios

for E and Z (see Experimental methods).

Table 2.2 Observed second-order rate constants Agps (M'1 min'l) for the formation of E and Z

isomers of oxime at different pH 5.5 and the concentration of catalyst and nucleophiles are 1

mM.
Nucleophile Catalyst Kobs (M'l min'l) Isomer
2.22 - 1.32+£0.06 E
2.22 - 0.03 £0.00 Z
2.22 2.27 2.66 £ 0.04 E
2.22 2.27 0.03 £0.01 Z
2.1 - 1.92+0.11 E
2.1 - 0.02 +0.00 Z
2.2 - 57+0.3 E
2.2 - 0.04 £ 0.01 Z
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As the formation of Z isomer is substantially less than that of the E isomer, in the rest of this
thesis we calculated the ko5 values by considering both the isomers as one product.

We first screened the rate of oxime formation over a wide range of pH values from 6.5
down to 4.5 (Table 2.3). Compound 2.1 showed faster ligation rates (kobs) at pH 4.5, 5.5 and 5.7
than the uncatalyzed reaction; whereas, aniline showed the best ligation rates at all tested pH
values. We were encouraged that, at pH 5.5, the ligation rate for compound 2.1 showed a
substantial increase from the uncatalyzed ligation (1.5-fold). We chose to examine reactions at

pH 5.5 and at pH 5.7 in further studies.

Table 2.3 Observed second-order rate constants kqps (M'l min'l) for oxime formation at different

pH.

Catalyst/amino- | PH | Rel. | PH | Rel. | PH | Rel. | PH | Rel. | PH | Rel.
oxy Compound 4.5 kobs 5.3 kobs 5.5 kobs 5.7 kobs 6.5 Kobs

No catalyst 72 0.64 1.53 0.63 0.41
* 1.0 | £ | 1.0 | = 10 | = 1ol = 1 10
0.1 0.01 0.03 0.03 0.01

Aniline (1 mM) | 1190 | 1.7 | 082} 13 | 285 | 19 | 075 | 12 | 059 14

+ + + + +
0.08 0.01 0.06 0.05 0.01
Compound 2.1 8.1 1.1 19069 | 11 2.26 15 | 0.67 1.1 10361 09
(1 mM) + + + + +
0.1 0.00 0.07 0.02 0.01

Interestingly, we observed that in the pH range of 5.5-5.7, compound 2.2 showed the

fastest ligation rates. The second order rate constants for 2.2 were approximately 2-fold (kobs =
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1.14 + 0.04 M min™) and 5-fold (kops = 6.66 £ 0.04 M min™) faster relative to uncatalyzed
ligation at pH 5.7 and pH 5.5, respectively at 1 mM concentration. Previous studies have
examined the rate of oxime ligations with varying concentration of aniline and aminoxy
nucleophiles.® We found that 2 mM aniline resulted in enhanced rates of reaction of between 1.3-
and 1.6-fold over uncatalyzed reactions at pH 5.7 and 5.5, respectively (Table 2.4). At 10
equivalents of aniline, the reaction rate at pH 5.7 was 1.5-fold faster than the uncatalyzed
reaction. Compound 2.1 gave comparable rates of reaction when compared to identical
concentrations of aniline at both pH 5.5 and 5.7, but none of these showed an enhancement over
aniline itself. In contrast, compound 2.2 gave substantial rate enhancements over aniline at all
concentrations tested and at both pH ranges. The best condition was found to be pH 5.5, with 2
equivalents of compound 2.2 which gave a 3-fold rate enhancement over the uncatalyzed

reaction and a 2-fold enhancement over the same concentration of aniline (Table 2.4).
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Table 2.4 Second-order rate constants kps (M'1 min'l) for different nucleophiles and catalysts at

pH 5.5 and 5.7.

pH | Nucleophile Nucleophile Catalyst Catalyst Kobs (M'1 min'l) Rel. to
Conc" (mM) Conc" (mM) uncat.

Xn.

2.22 2 - - 4.6+0.2 1.0

2.22 2 2.27 2 7.4+0.5 1.6

2.22 2 2.7 2 79+0.5 1.7

3.5 2.22 2 2.18 2 10.02 = 0.69 22

2.1 2 - - 64+£0.2 1.4

2.2 2 - - 14.0+0.7 3.0

2.22 2 - - 0.99+0.10 1.0

2.22 2 2.27 2 1.3+0.1 1.3

2.22 2 2.7 2 0.87 £0.03 0.9

2.22 2 2.18 2 1.16 £ 0.06 0.9

57 2.1 2 i i 112+ 0.07 0.9

2.2 2 - - 1.7+0.1 1.3

2.22 10 - - 2.03£0.15 1.0

2.22 10 2.27 10 31+£03 1.5

2.1 10 - - 23+0.2 1.1

2.2 10 - - 54+0.5 2.7

To provide some insight into the increased rates observed for compound 2.2, we tested o-
and p-amino-methanol compounds 2.7 and 2.18 in the same assay. Although these compounds
should have similar electronic effects on the aniline nucleophile, they cannot form the oxime
product. Benzylic alcohols 2.7 and 2.18 were both active in promoting the rate of oxime

formation with activities over the aniline catalyst of as much as 1.4-fold (Table 2.4).

49



2.5 Discussion

Our aim was to incorporate aniline and the aminoxy group onto a single scaffold to
construct a bifunctional ligation reagent for oxime ligation. We thought if the intramolecular
pathway were operative, this may also increase the rate of reaction. Ideally, this strategy would
eliminate the need for any external catalyst or additional reagents.

We found out from our kinetic study that 2.1 was able to increase the ligation rate when
compared to an uncatalyzed reaction. Additionally, ligation rates were comparable for aniline
and 2.1. Interestingly, 2.2 increased the ligation rate compare to both uncatalyzed and aniline
catalyzed reaction. Most importantly, in all of the cases we obtained the desired oxime target at
accelerated rates without using the need for an external catalyst.

These results led us to conclude that the intermolecular pathway of the ligation is most
likely the major pathway. Our kinetic results suggest that enhancement observed for the bi-
functional oxime ligation reagent, compound 2.2, is due to electron donation by the benzylic
aminooxy functional group. We suspect that the benzylic aminooxy group's electron
withdrawing effect on the aromatic ring is responsible for increased basicity of the corresponding
Schiff base, thus increasing the reaction rate.'

Our kinetic data also suggest that the ortho arrangement of the amino and aminooxy
groups found in compound 2.1 reduces the reactivity of this compound due to steric crowding of
one or both nucleophilic sites.

We found that the 2.2 was a substantially improved catalyst as compared to aniline,
showing an approximately 2—3-fold increase in the ks (at 2 mM) relative to uncatalyzed and

aniline catalyzed ligations, respectively. Dawson and co-workers showed a 12-fold greater
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kinetic rate using 10 mM aniline at pH 4.5 on a peptide.® The same group also demonstrated p-
PDA can act as catalyst and can improve the ligation rate 19-fold over aniline using 10 mM
catalyst at pH 7.0 during protein PEGylation.?® Distifeno and co-workers achieved 2.5-fold faster
oxime ligation over aniline, using 100 mM m-PDA as catalyst at pH 7.3 on GFP-CVIA pro‘[ein.16
Kool and co-workers found that 5-methyl-2-aminobenzenephosphonic acid can improve the
hydrazone formation rate 8-fold over aniline using 1mM of catalyst at pH 7.4."* The same group
also obtained ligation rate enhancement by choosing appropriate carbonyl and hydrazine
substrate structure at biological pH without using any catalyst. However, Kool and coworkers
used a large excess (50-55 times) of one component, which is not appropriate in case of very
costly materials or even in vivo reaction.'®"”

Although our bifunctional aminoxy compounds did not show a very large increases in
rate, they illustrate that the combined functionality of a nucleophilic catalyst and a reactive
nucleophile on the same scaffold can result in improved rates over uncatalyzed reactions.

Importantly, this strategy has allowed us to achieve accelerated rates with a stoichiometric

amount of the nucleophilic catalyst alone.

2.6 Conclusions

In this study we found out that bifunctional aminooxy compounds can be effective for
oxime ligation. Ligation rates of 2.1 were comparable to that of aniline, while 2.2 showed
enhanced ligation rates relative to aniline. Both of these bifunctional compounds exhibited better
rates than that of uncatalyzed ligation reaction. Our results also allow us to conclude that both

2.1 and 2.2 operate via intermolecular pathway to form an oxime product. We suspect the lower
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ligation rate of 2.1 is due to steric hindrance of the ortho group. Most importantly, our results
show that we can diminish the use of catalyst by employing bifunctional aminooxy regents for

oxime ligation. Future applications will test this strategy on biomolecules.

2.7 Experimental methods

2.7.1 General

All reagents were purchased from commercial sources and used without purification
unless otherwise stated. Anhydrous solvents used in the reaction were purified by successive
passage through columns of alumina and copper under argon. If reactions were run under an inert
environment using anhydrous solvents, it is stated. The reactions were monitored by analytical
thin layer chromatography (TLC) using silica gel (60-F,s4, 0.25 mm, Silicycle, Quebec, Canada)
as a medium and the spots were visualized under ultraviolet light (254 nm) or stained by charring
with potassium permanganate solution. Organic solvents were evaporated under reduced
pressure, and the products purified by column chromatography are indicated using silica gel
(230-400 mesh, Silicycle, Quebec, Canada). All NMR spectra were obtained using Varian
instruments. 'H NMR spectra were performed at 400, 500 or 600 MHz at room temperature as
indicated. ’C NMR spectra were performed at 125 MHz. Electrospray mass spectra were
recorded on Agilent Technologies 6220 TOF using CH,Cl,, MeOH or H,O as solvent with added
NaCl. All the ligation reactions were analyzed on a high pressure liquid chromatography
(Waters® XTerra™) system coupled to an UV-Vis detector probing at 254 nm using a RP C18

analytical column, particle size: 18.3 um, column dimensions: 4.8*150 mm.
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2.7.2 Synthetic methods

2,4-Dibromo-6-methyl-benzenamine (2.9)

NH,
Br CH3

Br

1, 2-Dichloroethane (4 mL) was added to a flask charged with NBS (356 mg, 2 mmol). O-
Toluidine (214 pL, 0.2 mmol) and benzoyl peroxide (4 mg) were added to the reaction mixture.
The color of the reaction mixture turned from clear to pink, and was refluxed overnight. The
progress of the reaction was monitored by TLC (30% ethyl acetate/hexanes). Solvent was
evaporated by under reduced pressure. The crude reaction mixture was purified by column
chromatography to provide compound 2.9 (28.5 mg, 0.09 mmol, 45% yield) as a reddish solid.
'H NMR (500 MHz, CDCl;) & = 7.45 (s, 1H, ArH), 7.14 (s, 1H,ArH), 4.07 (brs, 2H, NH,), 2.19
(s, 3H, CH3). °C NMR (125 MHz, CDCl3) 8 = 4.6 (ArC-NH,), 132.1 (ArC-H), 132.0 (ArC-
H), 125.0 (ArC-CH3), 109.5 (ArC-Br), 109.2 (ArC-Br), 18.2 (CH;). EI HRMS calcd. for

C7HsNBrBr (M+) 264.8925, found 264.8916.
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4-Bromo-2-methyl-benzenamine (2.10)

NH,
CH;,

Br

Compound 2.10 was isolated as a byproduct in the synthesis of compound 2.9 discussed above,
as a greenish liquid (12.3 mg, 0.066, 33% yield). 'H NMR (500 MHz, CDCl3) & = 7.20 (d, J =
2.5 Hz, 1H, ArH), 7.15 (dd, J = 8.5, 2.5 Hz, 1H, ArH), 6.58 (d, J = 8.0 Hz, 1H, ArH), 2.17 (s,
3H, CH;). °C NMR (125 MHz, CDCls) & = 43. 6 (ArC-NH,), 132.9 (ArC-H), 129.6 (ArC-H),
124.4 (ArC-CH3), 116.3 (ArC-H), 110.1 (ArC-Br), 17.2 (CHs). EI HRMS calced. for C;HsNBr

(M+) 186.9820, found 186.9824.

N-(2-methylphenyl)-acetamide (2.11)
X,
NHAc

Acetic acid (4 mL) was added to o-toluidine 2.8 (1 g, 9.4 mmol) at room temperature. The

reaction mixture was heated to 115 °C for 12 h. Progress of the reaction was monitored by TLC
(30% ethyl acetate/hexane). The acid was evaporated by using reduced pressure. The crude

reaction mixture was purified by column chromatography to provide compound 2.11 (1.2 g, 8.04
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mmol, 86% yield) as a pale pink solid. Spectral data for this compound matched literature

4
reports. .

2-Nitrobenzyl bromide (2.14)
O\A Br
NO,

o-Toluidene 2.15 (50 mg, 0.37 mmol), N-bromosuccinimide (65 mg, 0.37 mmol) and benzoyl

peroxide (1.0 mg) were dissolved in 1,2-DCE (0.8 mL) and heated under reflux for 3 days.
Although the reaction did not go to completion, the mixture was reduced and compound 2.14 (30
mg, 0.14 mmol, 38%, yield) was isolated by flash chromatography. '"H NMR (500 MHz, CDCl3)
0 =8.08 (d, J= 8.5 Hz, 1H, ArH), 7.67-7.61 (m, 2H, ArH), 7.55-7.51 (m, 1H, ArH), 5.89 (s, 2H,
CH,). PC NMR (125 MHz, CDCl3) 8 = 48. (ArC-NO»), 133.7 (ArC-H), 132.9 (ArC-CH,Br),
132.6 (ArC-H), 129.6 (ArC-H), 125.5 (ArC-H), 28.8 (CH,). EI HRMS calcd. for C;HsNO;
136.0400, found 136.0403; calcd. for C;Hs0O 105.0340, found 105.0344; calcd. for C¢HgN

92.0500, found 92.0495.

2-(2-Nitrobenzyloxy)isoindoline-1,3-dione (2.13)
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Potassium carbonate (45 mg, 0.32 mmol) was added to a solution of N-hydroxyphthalimide (34.7
mg, 0.21 mmol) in DMF (10 mL), causing the appearance of a reddish brown color. 2-
Nitrobenzyl bromide 2.14 (46 mg, 0.21 mmol) was then added to the solution, followed by
heating to 50 °C under a cold water condenser. After 3 h, the solution became a clear yellow and
was evaporated and then diluted with dichloromethane. The reaction mixture was washed with
water (3X10 mL), sodium bicarbonate (2X10 mL) and again with water (2X10 mL). The organic
layer was dried over Na,SOys, filtered through a plug of cotton, and concentrated under reduced
pressure. The crude product was purified by recrystallization using dichloromethane as solvent to
afford 2.13 (40 mg, 0.13 mmol, 63% vyield) as a crystalline yellow solid. "H NMR (500 MHz,
CDCl3) 6 = 8.8 (dd, J=8.5, 1.0 Hz, 1H, ArH), 8.05 (dd, J= 7.8, 1.0 Hz, 1H, ArH), 7.89-7.86
(m, 2H, ArH), 7.82-7.78 (m, 2H, ArH), 7.77-7.74 (m, 1H, ArH), 7.59-7.56 (m, 1H, ArH), 5.69 (s,
2H, CH,). °C NMR (125 MHz, CDCl;) & = 63.3 (CO), 147.5 (ArC-NO,), 134.7 (ArC-H),
133.9 (ArC-H), 130.8 (ArC-CO), 129.9 (ArC-H), 129.3 (ArC-H), 128.8 (ArC-CH,0), 125.0
(ArC-H), 123.7 (ArC-H), 75.9 (CH,). ESI HRMS calcd. for C;sH;oN,NaOs (M+Na)+ 321.0482,

found 321.0489.

2-[(Aminooxy)methyl]-benzenamine (2.1)
3 7
1
5 NH,
6

(2-Aminophenyl)methanol 2.7 (300 mg, 2.44 mmol), N-hydroxyphthalimide 2.6 (397.5 mg,

2.44 mmol) and triphenyl phosphine (770 mg, 2.93 mmol) were dissolved in dry THF (5 mL)
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under an argon atmosphere and cooled to 0 °C. A solution of THF (5 mL) and diisopropyl
azodicarboxylate (590 mg, 2.93 mmol) was added drop-wise to the mixture. The reaction was
stirred for 12 h. After the reaction appeared to be complete by TLC, the solvent was evaporated
under reduced pressure and the compound was isolated by flash chromatography. Crude product
was dissolved in dichloromethane and hydrazine monohydrate (118.4 pL, 2.44 mmol) was added
and stirred for 30 min. The reaction mixture was evaporated and redissolved in dichloromethane
and undissolved solids were were filtered through a plug of cotton. The solvent was evaporated
to provide 178.5 mg (53%) of crude product. Using preparative TLC, 50 mg of the crude product
was purified, and neutralized by the eluent (25% ethyl acetate/dichloromethane with 2%
triethylamine). The TLC plate was eluted twice in the same eluent. The desired product was
isolated by extraction from silica with ethyl acetate. After vacuum filtration, the solvent was
evaporated under reduced pressure to provide 2.1(11.7 mg, 0.085 mmol, 12% yield) as a pale
white solid. FTIR (neat) 3442 (NH,), 3360 (NH,), 3234 (NH,), 3025 (ArC-H), 2918 (Alkyl C-
H), 2850 (Alkyl C-H), 1622 (N-H), 1282 (C-N), 1204 (C-O), 984 (O-N) cm™; '"H NMR (600
MHz, D,0) 6 =7. 5 -7.10 (m, 2H, Hs, H3), 6.77-6.73 (m, 2H, He, Hy), 4.61 (s, 2H, H). *C NMR
(125 MHz, D;0) 6 = 4 6.6 (C)), 132.2 (C3), 131.2 (Cs), 122.4 (Cy), 120.3 (Cy), 118.0 (C¢), 76.5

(C5). EST HRMS caled. for C;H;;N,O (M+H)+ 139.0866, found 139.0863.

N-[4-(Hydroxymethyl)phenyl]-acetamide (2.19)

o
AcHN
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(4-Aminophenyl)methanol 2.18 (400 mg, 3.25 mmol) was dissolved in acetic anhydride (10 mL)
and stirred for 1 h. After completion (as observed by TLC), the solvent was evaporated under
reduced pressure and dissolved in methanol (5 mL). Sodium hydroxide (97.7 mg, 2.4 mmol) was
added followed by stirring for 3 h. The solvent was evaporated and the crude reaction mixture
was purified by column chromatography to give 2.19 (350 mg, 2.12 mmol, 65% yield) as a white
solid. '"H NMR (400 MHz, CD;0D) & = 7.50-7.47 (m, 2H, ArH), 7.28-7.25 (m, J = 2H, ArH),
4.52 (s, 2H, CH,), 2.09 (s, 3H, CH3). °C NMR (125 MHz, CD;0D) § = 7 .6 (CO), 139.0 (ArC-
CH,OH), 138.5 (ArC-NH), 128.6 (ArC-H), 121.1 (ArC-H), 64.9 (CH;), 23.8 (CH3). ESI HRMS

calcd. for CoH;;NNaO (M+Na)+ 188.0682, found 188.0684.

N-14-[|(1,3-dihydro-1,3-dioxo-2H-isoindol-2-yl)oxy|methyl|phenyl]-acetamide (2.21)

o)

_N
0]
)
AcHN

N-[4-(Hydroxymethyl)phenyl]-acetamide 2.19 (350 mg, 2.12 mmol), N-Hydroxyphthalimide 2.6

(346 mg, 2.12 mmol) and triphenyl phosphine (671 mg, 2.55 mmol) were dissolved in dry THF
(20 mL) under argon atmosphere and cooled to 0 °C. A solution of diisopropyl azodicarboxylate
(503 pL, 2.55 mmol) in THF (10 mL) was added drop-wise to this mixture. The reaction was
stirred for 12 h. The solvent was evaporated and the crude reaction mixture was purified by
column chromatography to give 2.21 (153 mg, 0.49 mmol, 23% yield). '"H NMR (500 MHz,

DMSO-dg) §= 0.0 (s, N) , 7.84-7.82 (m, 4H, ArH), 7.59-7.56 (m, 2H, ArH), 7.40-7.38 (m, 2H,
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ArH), 5.07 (s, 2H, CH,), 2.02 (s, 3H, CH;). °C NMR (125 MHz, DMSO-ds) & = 68.9
(NHCOCH;3), 163.6 (Ar-CO), 140.5 (ArC-CH,), 135.3 (ArC-NH), 131.0 (ArC-CON), 129.0
(ArC-H), 128.9 (ArC-H), 123.7 (ArC-H), 119.1 (ArC-H), 79.3 (CH,), 24.5 (CHs). ESI HRMS

calcd. for C;7H4N,KO4 (M+K)+ 349.0585, found 349.0584.

4-[(Aminooxy)methyl]-benzenamine (2.2)

; 3 7 N,
/©{\
HoN- 4 5
6

Hydrazine monohydrate (5 mL) was added to compound 2.21 (135 mg, 0.435 mmol) and stirred
for 6 h at 70 °C. The reaction mixture was reduced and redissolved in dichloromethane, and
undissolved solids were filtered through a plug of cotton. The crude reaction mixture was
purified using preparative TLC after neutralization by the eluent (25% ethyl acetate/
dichloromethane with 2% triethylamine). The TLC plate was eluted twice in the same eluent.
The desired product was isolated by treating silica with ethyl acetate. After vacuum filtration, the
solvent was evaporated under reduced pressure to provide 2.2 (22.8 mg, 0.165 mmol, 38% yield)
as a yellowish white solid. FTIR (neat) 3425 (NH,), 3353 (NH;), 3224 (NH,), 3032 (ArC-H),
2916 (Alkyl C-H), 2852 (Alkyl C-H), 1612 (N-H), 1284 (C-N), 1177 (C-0), 988 (O-N) cm™;
'H NMR (600 MHz, CDCl3) & = 7.20-7.17 (m, 2H, H,, Hy), 6.70-6.68 (m, 2H, Hs, Hs), 4.60 (s,
2H, H;). *C NMR (125 MHz, CDCl3) & = 46.5 (C;), 130.2 (C3, Cs), 127.0 (C4), 115.0 (Ca, Co),

78.0 (C7). ESTHRMS calcd. for C;H;i1N,O (M+H)+ 139.0866, found 139.0865.
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2.7.3 Kinetic analysis of oxime ligation rates

We used an isocratic condition (65% acetonitrile and 35% water) for analysis of all 1 mM
and 2 mM oxime ligation reactions. For reactions at 10 mM (aniline catalyzed and uncatalyzed
reactions) we used the same condition. However, for 10 mM reactions with compounds 2.1 and
2.2 we used an isocratic condition with 40% acetonitrile and 60% water. Each time point was
acquired with a 10 pL injection of the reaction mixture using a 25 pL glass syringe. All the
ligation reactions were analyzed on a high pressure liquid chromatography (Waters® XTerra®)
system coupled to an UV-Vis detector probing at 254 nm using a RP C18 analytical column,
particle size: 18.3 um, column dimensions: 4.8%150 mm and the volume of the injector loop was

20 uL.

2.7.4 1 mM Oxime ligation at pH 5.5

For the ligation reaction performed in the absence of aniline, 00 pL of benzaldehyde
2.23 solution in acetonitrile (4 mM) was added to a mixture of 00 pL of benzylhydroxylamin
2.22 solution in acetonitrile (4 mM) with 120 pL of acetonitrile and 80 pL of 0. M ammonium
acetate buffer (pH 5.5). The final concentrations of both benzaldehyde and 2.22 were 1 mM.

For the ligation reactions performed in the presence of aniline, 00 pL of benzaldehyde
solution in acetonitrile (4 mM) was added to a mixture of 00 pL of aniline solution in
acetonitrile (4 mM), 00 pL of benzylhydroxylamine 2.22 solution in acetonitrile (4 mM), and
20 pL of acetonitrile and 80 pL of 0. M ammonium acetate buffer (p 5.5). The final

concentrations of all three components (benzaldehyde, 2.22 and aniline) were 1 mM.
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For the ligation reactions performed in the presence of 2.1, 00 pL of benzaldehyde
solution in acetonitrile (4 mM) was added to a mixture of 25 pL of 2.1 solution in acetonitrile (16
mM), 95 uL of acetonitrile, and 80 uL of 0. M ammonium acetate buffer (p 5.5).The final
concentrations of both benzaldehyde and 2.1 were 1 mM.

For the ligation reactions performed in the presence of 2.2, 00 uL of benzaldehyde
solution in acetonitrile (4 mM) was added to a mixture of 25 pL of 2.2 solution in acetonitrile (16
mM), 95 pL of acetonitrile, and 80 pL of 0. M ammonium acetate buffer (p 5.5). The final

concentration of both benzaldehyde and 2.2 were 1 mM.

2.7.5 2 mM Oxime ligation at pH 5.5

For the ligation reaction performed in the absence of aniline, 00 pL of benzaldehyde
solution in acetonitrile (4 mM) was added to a mixture of 00 pL of benzylhydroxylamine 2.22
solution in acetonitrile (§ mM), 20 pL of acetonitrile and 80 pL of 0. M ammonium acetate
buffer (pH 5.5). The final concentrations of benzaldehyde and 2.22 were 1 mM and 2 mM
respectively.

For the ligation reactions performed in the presence of aniline, 00 pL of benzaldehyde
solution in acetonitrile (4 mM) was added to a mixture of 00 pL of aniline solution in
acetonitrile (8§ mM), 00 pL of benzylhydroxylamine 2.22 solution in acetonitrile (8 mM), and
20 pL of acetonitrile and 80 pL of 0. M ammonium acetate buffer (p 5.5). The final
concentrations of benzaldehyde, 2.22 and aniline were 1 mM, 2 mM, and 2 mM respectively.

For the ligation reactions performed in the presence of 2.1, 00 pL of benzaldehyde

solution in acetonitrile (4 mM) was added to a mixture of 50 pL of 2.1 solution in acetonitrile (16
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mM), 70 pL of acetonitrile and 80 uL. of 0. M ammonium acetate buffer (p 5.5). The final
concentrations of benzaldehyde and 2.1 were 1 mM and 2 mM respectively.

For the ligation reactions performed in the presence of 2.2, 00 uL of benzaldehyde
solution in acetonitrile (4 mM) was added to a mixture of 50 puL of 2.2 solution in acetonitrile (16
mM), 70 pL of acetonitrile and 80 uL of 0. M ammonium acetate buffer (p 5.5). The final

concentrations of benzaldehyde and 2.2 were 1 mM and 2 mM respectively.

2.7.6 10 mM Oxime ligation at pH 5.7

For the ligation reaction performed in the absence of aniline, 00 pL of benzaldehyde
solution in acetonitrile (4 mM) was added to a mixture of 00 pL of benzylhydroxylamine 2.22
solution in acetonitrile (40 mM), and 20 pL of acetonitrile and 80 pL of 0. M ammonium
acetate buffer (pH 5.7). The final concentrations of benzaldehyde and 2.22 were 1 mM and 10
mM respectively.

For the ligation reactions performed in the presence of aniline, 00 pL of benzaldehyde
solution in acetonitrile (4 mM) was added to a mixture of 00 pL of aniline solution in
acetonitrile (40 mM), and 00 pL of benzylhydroxylamine 2.22 solution in acetonitrile (40 mM),
20 pL of acetonitrile and 80 pL of 0. M ammonium acetate buffer (p 5.7). The final
concentrations of benzaldehyde, 2.22 and aniline were 1 mM, 10 mM, and 10 mM respectively.

For the ligation reactions performed in the presence of 2.1, 20 pL of benzaldehyde
solution in acetonitrile (20 mM) was added to a mixture of 250 puL of 2.1 solution in acetonitrile
(16 mM), 50 uL of acetonitrile, and 80 pL of 0. M ammonium acetate buffer (p 5.7). The final

concentrations of benzaldehyde and 2.1 were | mM and 10 mM respectively.
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For the ligation reactions performed in the presence of 2.2, 20 pL of benzaldehyde
solution in acetonitrile (20 mM) was added to a mixture of 250 uL of 2.2 solution in acetonitrile
(16 mM), 50 uL of acetonitrile, and 80 pL of 0. M ammonium acetate buffer (p 5.7). The final

concentrations of benzaldehyde and 2.2 were 1 mM and 10 mM respectively.

2.7.7 Characterization of oxime products

Benzaldehyde O-benzyl oxime (2.24)

e I

o8

Ligation product 2.24 was purified by column chromatography. E and Z isomer were observed in

40:1 ratio. Literature report showed that the alkene proton shift for E isomer is higher than that of
Z isomer.”*

'H NMR (400 MHz, CDCl3) § =8.7 (s, , CH), 7.62-7.60 (m, 2H, ArH), 7.46-7.32 (m, 8H,
ArH), 5.32 (s, 0.06H, CH,), 5.24 (s, 2H, CH,). °C NMR (125 MHz, CDCl;) § = 49. (HC=N),
137.5 (ArC-CN), 132.3 (ArC-CH,0), 129.9 (ArC-H), 128.7 (ArC-H), 128.5 (ArC-H), 128.4
(ArC-H), 128.0 (ArC-H), 127.1 (ArC-H), 76.4 (CH,). EI HRMS calcd. for C;4H;3;0N (M+)

211.0997, found 211.0999.
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Benzaldehyde O-2-aminobenzyl oxime (2.25)

e I

L
NH,

Ligation product 2.25 was purified by preparative TLC. Trace amount of Z isomer found.

'H NMR (500 MHz, CDCl;) § =8.2 (s, , CH), 7.59-7.57 (m, 2H, ArH), 7.40-7.38 (m, 3H,
ArH), 7.23 (d, J=7.5 Hz, 1H, ArH), 7.18 (t,J= 7.5 Hz, 1H, ArH), 6.78 (t, J= 7.5 Hz, 1H, ArH),
6.74 (d, J = 8.0 Hz, 1H, ArH), 5.20 (s, 2H, CH,), 4.19 (brs, 2H, NH,). °C NMR (125 MHz,
CDCl3) 6 = 49. (HC=N), 146.3 (ArC-NH,), 132.0 (ArC-CN), 131.2 (ArC-H), 130.0 (ArC-H),
129.9 (ArC-H), 128.7 (ArC-H), 127.1 (ArC-H), 121.8 (ArC-CH,0), 118.3 (ArC-H), 116.0 (ArC-

H), 74.8 (CH,). ESI HRMS calcd. for C4H;sON, (M+H)+ 227.1178, found 227. 1176.

Benzaldehyde O-4-aminobenzyl oxime (2.26)

/E>/\O/N§“MJ
H,N

Ligation product 2.26 was purified by preparative TLC. E and Z isomer were observed in 16:1

ratio.

'H NMR (400 MHz, CDCl3) & = 8.10 (s, 1H, CH), 7.59-7.56 (m, 2H, Ar-H), 7.38-7.34 (m, 3H,
Ar-H), 7.24 (dt, J = 8.4, 2.4 Hz, 2H, ArH), 6.68 (dt, J = 8.4, 2.4 Hz, 2H, ArH), 5.14 (s, 0.11H,
CH,), 5.09 (s, 2H, CH,), 3.70 (brs, 2H, NH,). °*C NMR (125 MHz, CDCls) & = 148.7 (HC=N),
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146.4 (ArC-NH»), 132.4 (ArC-CN), 130.3 (ArC-CH;0), 129.7 (ArC-H), 128.6 (ArC-H), 127.2
(ArC-H), 127.0 (ArC-H), 115.0 (ArC-H), 76.5 (CH3). ESI HRMS calcd. for C14H;sON, (M+H)+

227.1178, found 227. 1179.

2.7.8 Fitting of kinetic HPLC data

All the reactions are bimolecular reactions following second order reaction kinetics. The
reaction rate was calculated from the disappearance of benzaldehyde (B) in time, by fitting [B]
(M) against ¢ (min) to equation (1)°* using Sigma Plot. Unit for second-order rate constant kops is
M min™.

[Bl: = St (M

1+[B]otkops
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Summary and future directions
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3.1 Summary

In this project we designed and synthesized aminoxy compounds that combine the
functionality of the nucleophilic catalyst with that of the nucleophile for an oxime ligation. The
rate of ligation for the key reagents, 2-[aminooxy)methyl]-benzenamine 3.7, 4-
[aminooxy)methyl]-benzenamine 3.9, with a benzaldehyde 3.2 substrate were determined and
compared to reactions without catalyst, or at various concentrations of aniline. These reagents
were confirmed to react in a bimolecular reaction with aldehyde substrates at improved rates
relative to the uncatalyzed reaction, confirming the first goal of our study. Although the rate
enhancements are somewhat modest, we propose that this study provides validation that ligation
reagents can be developed that will not require a separate catalyst for oxime ligation reactions

(Scheme 3.1).

(Catalyst) o/NWPh
(A) pH 5.5, CH3CN

33
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Scheme 3.1 Schematic representation of ligation reactions, studied by HPLC (A) in presence or

absence of different catalysts, (B) with compound 3.7, and (C) with compound 3.9.

To gain an understanding of the role of the aminooxy moiety, we compared these
reactions to those with 3.7 and 3.9. We found that the 3.9 was a substantially improved catalyst
as compared to aniline, showing an approximately 3- and 2-fold increases in the kobs (at 2 mM)
relative to uncatalyzed and aniline catalyzed ligation, respectively. These results allowed us to
conclude that the ligation pathway for this compound follows an intermolecular pathway and that
the enhancements observed for the reaction are due to the electron donating nature of the
aminoxy group. On the other hand, steric crowding near the amine group is likely responsible
for the reduction on the ligation rate for 3.7 as compared to aniline 3.4. These observations have
been also supported by the study of two aniline derivatives, (2-aminophenyl)methanol 3.5 and

(4-aminophenyl)methanol 3.6, used as catalysts for oxime ligation (Table 3.1).
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Table 3.1 Second-order rate constants kos (M~ Min™) for different nucleophiles and catalysts at

pH 5.5 and at 2 mM concentrations of catalysts and nucleophiles.

Nucleophile Catalyst Kobs (M'l Min'l) Rel. kgps
3.1 - 4.6+0.2 1.0
3.1 3.4 7.4+0.5 1.6
3.1 3.5 7.9+0.5 1.7
3.1 3.6 10.02 £ 0.69 2.2
3.7 - 6.4+0.2 1.4
3.9 - 14.0+£0.7 3.0

3.2 Future directions

We propose that the results here will be useful for the design of future bioconjugation
strategies. Bifunctional aminooxy compounds can be used as a potential reactant in oxime
ligation. In this case we do not have to use any additional nucleophilic catalyst. It will reduce the
complexity and any potential side reactions in bioconjugation.

It may be possible to improve the rates of reaction for the bifunctional ligation oxime
reagents. There are some catalysts reported for oxime or hydrazone formation reaction in the
literature.'™ We can design a possibly better bifunctional reagent for oxime ligation by applying

this idea on those molecules (Figure 3.1).
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Figure 3.1 Potential bifunctional aminooxy reagents.

Other structure tuning can be yielding faster oxime ligation rate. Also, careful introducing
other electron donating group on the aromatic ring could be useful for oxime ligation rate
enhancement. These aminoxy derivatives with higher pK, value will be helpful to form oxime
bond at higher or even neutral pH values. Also, intramolecular oxime formation mechanism
could be possible if it goes via the formation of six membered ring. We can think about 2-

(aminooxy)-benzenamine 3.11 as a potential substrate of this kind (Scheme 3.2).

1
VW
O. O—NH o.* (0]
NHz  RCHO _ SN ij);‘
ES——— + H EE——— )\ ——
NH, N NT R NH
3.1 | i’) 3.12

R H

Scheme 3.2 Proposed mechanism for the intramolecular oxime formation via 6-endo-trig

cyclilization.
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Our yields for the Mitsunobu reactions were low. Reports in the literature have improved
stereochemical control of Mitsunobu reactions by performing them at low temperature (-78

°C).>° Therefore, low temperature Mitsunobu reaction conditions may reduce side-reactions.

Any successful bifunctional oxime reagents will become far more useful as trifunctional
derivatives that include a handle for further functionalization. Copper-catalyzed azide-alkyne
1,3-dipolar cycloaddition (CuAAC) is a well-known reaction for bioconjugation.”"* We could
take advantage of CuAAC to conjugate the bifunctional aminooxy compound with a

corresponding alkyne or azide tag (Figure 3.2).

o -
N N//ﬁ)’IN \\ \_)\N \

Figure 3.2 Representative example of copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition
(CuAAC) between an azide group containing tag molecule (blue) and alkyne group containing

molecule (black).

We can incorporate a alkyne group on 3.10 to do CuAAC reaction with a azide

containing tag molecule. A proposed synthetic route to make 3.14 is shown below (Scheme 3.3).
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Scheme 3.3 Synthetic plan to incorporate alkyne group on 3.21.

It 1s very simple to introduce aldehyde and ketone group in native biomolecules. Sialic
acid present on the cell surface can be easily oxidized by using periodate to generate
aldehyde.'*"> Peptide and protein can be readily oxidized at N-terminal serine residue by using
periodate oxidation.'®'” Similarly, RNAs can generate aldehyde on their 3’ end in one step.'®
Designing a similar aminoxy compound attached with a useful label will help to introduce those

labels in modified biomolecules via oxime conjugation (Figure 3.3).

80



H e 0’NH2 | O’N
=0 LN A,
<D - ".'M - '
e Nz N=py

Figure 3.3 Representative example of an oxime ligation between an aldehyde modified

biomolecule (green) and bifunctional aminooxy reagent (black) tagged with a biomarker (blue).

81



3.3 References

1.

Rashidian, M.; Mahmoodi, M. M.; Shah, R.; Dozier, J. K.; Wagner, C. R.; Distefano, M.
D. (2013) A Highly Efficient Catalyst for Oxime Ligation and Hydrazone-oxime
Exchange Suitable for Bioconjugation. Bioconjugate Chem. 24, 333 — 342.

Wendeler, M.; Grinberg, L.; Wang, X.; Dawson, P. E.; Baca, M. (2014) Enhanced
Catalysis of Oxime-Based Bioconjugations by Substituted Anilines. Bioconjug. Chem.
25,93 -101.

Crisalli, P.; Kool, E. T. (2013) Importance of Ortho Proton Donors in Catalysis of
Hydrazone Formation. Org. Lett. 15, 1646 — 1649.

Crisalli, P.; Kool, E. T. (2013) Water-soluble Organocatalysts for Hydrazone and Oxime
Formation. J. Org. Chem. 78, 1184 — 11809.

Coleman, R.S.; Grant, E.B. (1994) A Low Temperature Mitsunobu Reaction for the
Inversion of Sterically Hindered Secondary Alcohols. Tetrahedron Lett. 35, 8341 — 8344.
Tahir, H.; Hindsgaul, O. (2000) Regio- and Chemoselective Alkylation of L-Ascorbic
Acid under Mitsunobu Conditions. J. Org. Chem. 65,911 —913.

Sletten, E. M.; Bertozzi, C. R. (2009) Bioorthogonal Chemistry: Fishing for Selectivity in
a Sea of Functionality. Angew. Chem. Int. Ed. 48, 6974 — 6998.

Lim, R. K.; Lin, Q. (2010) Bioorthogonal Chemistry: Recent Progress and Future
Directions. Chem. Commun. 46, 1589 — 1600.

Willems, L. I.; van der Linden, W. A.; Li, N.; Li, K-Y.; Liu, N.; Hoogendoorn, S.; van
der Marel, G. A.; Florea, B. I.; Overkleeft, H. S. (2011) Bioorthogonal Chemistry:

Applications in Activity-Based Protein Profiling. Acc. Chem. Res. 44,718 — 729.

82



10.

1.

12.

13.

14.

15.

16.

17.

18.

Best, M. D. (2009) Click Chemistry and Bioorthogonal Reactions: Unprecedented
Selectivity in the Labeling of Biological Molecules. Biochemistry 48, 6571 — 6584.
Baskin, J. M.; Bertozzi, C. R. (2007) Bioorthogonal Click Chemistry: Covalent Labeling
in Living Systems. OSAR Comb. Sci. 26, 1211 — 1219.

Sletten, E. M.; Bertozzi, C. R. (2011) From Mechanism to Mouse: A Tale of Two
Bioorthogonal Reactions. Acc. Chem. Res. 44, 666 — 676.

Boyce, M.; Bertozzi, C. R. (2011) Bringing Chemistry to Life. Nat. Methods 8, 638 —
642.

Zeng, Y.; Ramya, T. N. C.; Dirksen, A.; Dawson, P. E.; Paulson, J. C. (2009) High-
Efficiency Labeling of Sialylated Glycoproteins on Living Cells. Nat. Methods 6, 207 —
209.

Key, J. A.; Li, C.; Cairo, C. W. (2012) Detection of Cellular Sialic Acid Content Using
Nitrobenzoxadiazole Carbonyl-Reactive Chromophores. Bioconjugate Chem. 23, 363 —
371.

Geoghegan, K. F.; Stroh, J. G. (1992) Site-Directed Conjugation of Nonpeptide Groups
to Peptides and Proteins via Periodate Oxidation of a 2-Amino Alcohol. Application to
Modification at N-terminal Serine. Bioconjugate Chem. 3, 38 — 46.

Melnyk, O.; Fehrentz, J. A.; Martinez, J.; Gras-Masse, H. (2000) Functionalization of
Peptides and Proteins by Aldehyde or Keto Groups. Biopolymers 3, 165 — 186.
Proudnikov, D.; Mirzabekov, A. (1996) Chemical Methods of DNA and RNA

Fluorescent Labeling. Nucleic Acids Res. 24, 4535 — 4542.

83



Bibliography

84



Agard, N. J.; Prescher, J. A.; Bertozzi, C. R. (2004) A Strain-Promoted [3 + 2] Azide-Alkyne
Cycloaddition for Covalent Modification of Biomolecules in Living Systems. J. Am. Chem. Soc.

126, 15046 — 15047.

Alconcel, S. N. S.; Kim, S. H.; Tao, L.; Maynard, H. D. (2013) Synthesis of Biotinylated

Aldehyde Polymers for Biomolecule Conjugation. Macro. Rapid Commun. 34, 983 — 989.

Algar, W. R.; Prasuhn, D. E.; Stewart, M. H.; Jennings, T. L.; Blanco-Canosa, J. B.; Dawson, P.
E.; Medintz, I. L. (2011) The Controlled Display of Biomolecules on Nanoparticles: a Challenge

Suited to Bioorthogonal Chemistry. Bioconj. Chem. 22, 825 — 858.

Baldwin, J. E. (1976) Rules for Ring Closure. J. C. §. Chem. Comm. 734 — 736.

Bandyopadhyay, S.; Xia, X.; Maiseiyeu, A.; Mihai, G.; Rajagopalan, S.; Bong, D. (2012) Z-
Group Ketone Chain Transfer Agents for RAFT Polymer Nanoparticle Modification via
Hydrazone Conjugation. Macromolecules 45, 6766 — 6773.Alconcel, S. N. S.; Kim, S. H.; Tao,
L.; Maynard, H. D. (2013) Synthesis of Biotinylated Aldehyde Polymers for Biomolecule

Conjugation. Macro. Rapid Commun. 34,983 — 9809.

Bandyopadhyay, S.; Xia, X.; Maiseiyeu, A.; Mihai, G.; Rajagopalan, S.; Bong, D. (2012) Z-
Group Ketone Chain Transfer Agents for RAFT Polymer Nanoparticle Modification via

Hydrazone Conjugation. Macromolecules 45, 6766 — 6773.

Baskin, J. M.; Bertozzi, C. R. (2007) Bioorthogonal Click Chemistry: Covalent Labeling in

Living Systems. OSAR Comb. Sci. 26,1211 — 1219.

85



Baskin, J. M.; Prescher, J. A.; Laughlin, S. T.; Agard, N. J.; Chang, P. V.; Miller, I. A.; Lo, A;
Codelli, J. A.; Bertozzi, C. R. (2007) Copper-Free Click Chemistry for Dynamic In Vivo

Imaging. Proc. Natl. Acad. Sci. U.S.A. 104, 16793 — 16797.

Bavin, P. M. G. (1958) The Preparation of Amines and Hydrazo Compounds Using Hydrazine

and Palladized Charcol. Can. J. Chem. 36.

Besanceney-Webler, C.; Jiang, H.; Zheng, T.; Feng, L.; del Amo, D. S.; Wang, W.; Klivansky,
L. M.; Marlow, F. L.; Liu, Y.; Wu, P. (2011) Increasing the Efficacy of Bioorthogonal Click

Reactions for Bioconjugation: A Comparative Study. Angew. Chem. Int. Ed. 50, 8051 — 8056.

Best, M. D. (2009) Click Chemistry and Bioorthogonal Reactions: Unprecedented Selectivity in

the Labeling of Biological Molecules. Biochemistry 48, 6571 — 6584.

Bethel, C. R.; Distler, A. M.; Ruszczycky, M. W.; Carey, M. P.; Carey, P. R.; Hujer, A. M.;
Taracila, M.; Helfand, M. S.; Thomson, J. M.; Kalp, M.; Anderson, V. E.; Leonard, D. A.; Hujer,
K. M.; Abe, T.; Venkatesan, A. M.; Mansour, T. S.; Bonomo, R. A. (2008) Inhibition of OXA-1

B-Lactamase by Penems. Antimicrob. Agents Chemother. 52,3135 — 3143.

Bhat, V. T.; Caniard, A. M.; Luksch, T.; Brenk, R.; Campopiano, D. J.; Greaney, M. F. (2010)
Nucleophilic Catalysis of Acylhydrazone Equilibration for Protein-Directed Dynamic Covalent

Chemstry. Nat. Chem. 2, 490 — 497.

Billera, C. F.; Philipp, C.; Little, R. D. (1994) Intramolecular Diyl Trapping Chemistry: Diyl-

Decoupling and 7-endo-trig Cyclization. J. Org. Chem. 59, 2270 — 2272.

86



Blackman, M. L.; Royzen, M.; Fox, J. M. (2008) Tetrazine Ligation: Fast Bioconjugation Based

on Inverse-Electron-Demand Diels-Alder Reactivity. J. Am. Chem. Soc. 130, 13518 — 13519.

Borgia, J. A.; Fields, G. B. (2000) Chemical Synthesis of Proteins. Trends Biotechnol. 18, 243 —

251.

Boyce, M.; Bertozzi, C. R. (2011) Bringing Chemistry to Life. Nat. Methods 8, 638 — 642.

Brinkhuis, R. P.; de Graaf, F.; Hansen, M. B.; Visser, T. R.; Rutjes, F. P. J. T.; van Hest, J. C. M.
(2013) Dynamically Functionalized Polymersomes via Hydrazone Exchange. Polym. Chem. 4,

1345 —1350.

Buchardt, J.; Selvig, H.; Nielsen, P. F.; Johansen, N. L. (2010) Transglutaminase-Mediated
Methods for Site-Selective Modification of Human Growth Hormone. Biopolymers. 94,

229-235.

Canne, L.E.; Ferré-D’Amaré, A.R.; Burley, S.K.; Kent, S.B.H. (1995) Total Chemical Synthesis
of a Unique Transcription Factor-Related Protein: cMyc-Max. J. Am. Chem. Soc. 117, 2998 —

3007.

Carrico, 1. S.; Carlson, B. L.; Bertozzi, C. R. (2007) Introducing Genetically Encoded Aldehydes

into Proteins. Nat. Chem. Biol. 3,321-322.

Chigrinova, M.; McKay, C. S.; Beaulieu, L-P. B.; Udachin, K. A.; Beauchemin, A. M.; Pezacki,
J. P. (2013) Rearrangements and Addition Reactions of Biarylazacycloctynones and the

Implications in Copper-Free Click Chemistry. Org. Biomol. Chem. 11,3436 — 3441.

87



Cohen, J. D.; Zou, P.; Ting, A. Y. (2012) Site-Specific Protein Modification Using Lipoic Acid

Ligase and Bis-Aryl Hydrazone Formation. ChemBioChem 13, 888—894.

Coleman, R.S.; Grant, E.B. (1994) A Low Temperature Mitsunobu Reaction for the Inversion of

Sterically Hindered Secondary Alcohols. Tetrahedron Lett. 35, 8341 — 8344.

Cornish, V. W.; Hahn, K. M.; Schultz, P. G. (1996) Site-Specific Protein Modification Using a

Ketone Handle. J. Am. Chem. Soc. 118, 8150 — 8151.

Crisalli, P.J. (2013) Part I: Development of Novel Fluorescence Quenchers. Part II: Improving
Catalysis of Hydrazone and Oxime Formation at Biological pH. Ph.D. Thesis. Stanford

University, U.S.A.

Crisalli, .; Herna e , A. R.; Kool, . T. (21 2) Fluorescence Quenchers for Hydrazone and

Oxime Orthogonal Bioconjugation. Bioconjugate Chem. 23, 1969 -1980.

Crisalli, P.; Kool, E. T. (2013) Importance of Ortho Proton Donors in Catalysis of Hydrazone

Formation. Org. Lett. 15, 1646 - 1649.

Crisalli, P.; Kool, E. T. (2013) Water-soluble Organocatalysts for Hydrazone and Oxime

Formation. J. Org. Chem. 78, 1184 - 1189.

Dawson, P.E.; Kent, S.B.H. (2000) Synthesis of Native Proteins by Chemical Ligation. Annu.

Rev. Biochem. 69, 923-960.

Devaraj, N. K.; Weissleder, R. (2011) Biomedical Applications of Tetrazine Cycloadditions.

Acc. Chem. Res. 44, 816 — 827.

88



Devaraj, N. K.; Weissleder, R.; Hilderbrand, S. A. (2008) Tetrazine-Based Cycloadditions:

Application to Pretargeted Live-Cell Imaging. Bioconjugate Chem. 19,2297 — 2299.

Dirksen, A.; Dirksen, S.; Hackeng, T. M.; Dawson, P. E. (2006) Nucleophilic Catalysis of
Hydrazone Formation and Transimination: Implications for Dynamic Covalent Chemistry. J.

Am. Chem. Soc. 128, 15602 — 15603.

Dirksen, A.; Hackeng, T. M.; Dawson, P. E. (2006) Nucleophilic Catalysis of Oxime Ligation.

Angew Chem. Int. Ed. 45,7581 — 7584.

Dirksen, A.; Yegneswaran, S.; Dawson, P. E. (2010) Bisaryl Hydrazones as Exchangeable

Biocompatible Linkers. Angew. Chem. Int. Ed. 122,2067 —2071.

Frank, R.; Bahrenberg, G.; Christoph, T.; Schiene, K.; De, V. J.; Damann, N.; Frormann, S.;
Lesch, B.; Lee, J.; Kim, Y.; Kim, M. (2010) Substituted Aromatic Carboxamide and Urea

Derivatives as Vanilloid Receptor Ligands. PCT Int. App. WO2010127855 Al.

Franzini, R. M.; Kool, E. T. (2009) Efficient Nucleic Acid Detection by Templated Reductive

Quencher Release. J. Am. Chem. Soc. 131, 16021 — 16023.

French, T. C.; Auld, D. S.; Bruice, T. C. (1965) Catalytic Reactions Involving Azomethines. V.
Rates and Equilibria of Imine Formation with 3-Hydroxypyridine-4-aldehyde and Amino Acids.

Biochemistry 4,77 — 84.

Gaertner, H. F.; Rose, K.; Cotton, R.; Timms, D.; Camble, R.; Offord, R. E. (1992) Construction

of Protein Analogues by Site-specific Condensation of Unprotected Fragments. Bioconjugate

89


http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Robert+Frank%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Gregor+Bahrenberg%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Thomas+Christoph%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Klaus+Schiene%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Vry+Jean+De%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Nils+Damann%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Sven+Frormann%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Bernhard+Lesch%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Jeewoo+Lee%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Yong-Soo+Kim%22
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Myeong-Seop+Kim%22

Chem. 3,262 —268.

Gauthier, M. A.; Klok, H. A. (2008) Peptide/Protein-polymer Conjugates: Synthetic Strategies

and Design Concepts. Chem. Commun. 2591 —2611.

Geoghegan, K. F.; Stroh, J. G. (1992) Site-Directed Conjugation of Nonpeptide Groups to
Peptides and Proteins via Periodate Oxidation of a 2-Amino Alcohol. Application to

Modification at N-terminal Serine. Bioconjugate Chem. 3, 138—146.

Gonzalez, M. A.; Meyers, A. 1. (1989) a-Amino Carbanions: A Second Generation Formamidine

for Facile Deprotonation Lea ing t o a-Quaternary Substitution. Tetrahedron Lett. 30, 47 — 50.

Gorl, C.; Alt. H. G. (2007) Iron Complexes with m-Alkenyl Substituted Bis(arylimino)pyridine
Ligands as Catalyst Precursors for the Oligomerization and Polymerization of Ethylene. J. Mol.

Catal. A: Chem. 273,118 — 132,

Gromova, A. V.; Ciszewski, J. M.; Miller, B. L. (2012) Ternary resin-bound Dynamic

Combinatorial Chemistry. Chem. Commun. 48,2131 —2133.

Hang, H. C.; Yu, C.; Kato, D. L.; Bertozzi, C. R. (2003) A Metabolic Labeling Approach
towards Proteomic Analysis of Mucin-type O-linked Glycosylation. Proc. Natl. Acad. Sci.

U.S.A.100, 14846 — 14851.

Hangauer, M. J.; Bertozzi, C. R. (2008) A FRET-Based Fluorogenic Phosphine for Live Cell

Imaging with the Staudinger Ligation. Angew. Chem. Int. Ed. 47,2394 — 2397.

90



Holmeide, A. K.; Skattebel, L. (2007) Formation of Cycloheptatrienes by Alkyllithium Induced

Cyclisation of Polyunsaturated Enol Ethers. Tetrahedron Lett. 48, 1357 — 1358.

Huang, Y.; Wan, W.; Russell, W. K.; Pai, P-J.; Wang, Z.; Russell, D. H.; Liu, W. (2010) Genetic
Incorporation of an Aliphatic Keto-Containing Amino Acid into Proteins for Their Site-Specific

Modifications. Bioorg. Med. Chem. Lett. 20, 878 — 880.

Huisgen, R. (1963) 1,3-Dipolar Cycloadditions: Past and Future. Angew. Chem. Int. Ed. 2, 565 —

598.

Jencks, W. P. (1959) Studies on the Mechanism of Oxime and Semicarbazone Formation. J. Am.

Chem. Soc. 81,475 —481.

Jewett, J. C.; Sletten, E. M.; Bertozzi, C. R. (2010) Rapid Cu-Free Click Chemistry with Readily

Synthesized Biarylazacyclooctynones. J. Am. Chem. Soc. 132, 3688 — 3690.

Kalia, J.; Raines, R. T. (2008) Hydrolytic Stability of Hydrazones and Oximes. Angew. Chem.

Int. Ed. 47,7523 —7526.

Kennedy, D. C.; McKay, C. S.; Legault, M. C. B.; Danielson, D. C.; Blake, J. A.; Pegoraro, A.
F.; Stolow, A.; Mester, Z.; Pezacki, J. P. (2011) Cellular Consequences of Copper Complexes

Used to Catalyze Bioorthogonal Click Reactions. J. Am. Chem. Soc. 133, 17993 — 18001.

Key, J. A.; Li, C.; Cairo, C. W. (2012) Detection of Cellular Sialic Acid Content Using

Nitrobenzoxadiazole Carbonyl-Reactive Chromophores. Bioconjugate Chem. 23,363 —371.

Kohler, J. J. (2009) Aniline: A Catalyst for Sialic Acid Detection. ChemBioChem 10, 2147 —

91



2150.

Kool, E. T.; Crisalli, P.; Chan, K. M. (2014) Fast Alpha Nucleophiles: Structures that Undergo

Rapid Hydrazone/Oxime Formation at Neutral pH. Org. Lett. 16, 1454 — 1457.

Kool, E. T.; Park, D.; Crisalli, P. J. (2013) Fast Hydrazone Reactants: Electronic and Acid/Base

Effects Strongly Influence Rate at Biological pH. J. Am. Chem. Soc. 135, 17663—17666.

Lang, K.; Davis, L.; Wallace, S.; Mahesh, M.; Cox, D. J.; Blackman, M. L.; Fox, J. M.; Chin, J.
W. (2012) Genetic Encoding of Bicyclononynes and trans-Cyclooctenes for Site-Specific Protein
Labeling in Vitro and in Live Mammalian Cells via Rapid Fluorogenic Diels-Alder Reactions. J.

Am. Chem. Soc. 134, 10317 —10320.

Laughlin, S. T.; Baskin, J. M.; Amacher, S. L.; Bertozzi, C. R. (2008) In Vivo Imaging of

Membrane-Associated Glycans in Developing Zebrafish. Science 320, 664 — 667.

Laughlin, S. T.; Bertozzi, C. R. (2007) Metabolic Labeling of Glycans with Azido Sugars and
Subsequent Glycan-Profiling and Visualization via Staudinger Ligation. Nat. Protoc. 2, 2930 —

2944.

Lemieux, G. A.; de Graffenried, C. L.; Bertozzi, C. R. (2003) A Fluorogenic Dye Activated by

the Staudinger Ligation. J. Am. Chem. Soc. 125, 4708 — 4709.

Lim, R. K.; Lin, Q. (2010) Bioorthogonal Chemistry: Recent Progress and Future Directions.

Chem. Commun. 46, 1589 — 1600.

Lin, F. L.; Hoyt, H. M.; van Halbeek, H.; Bergman, R. G.; Bertozzi, C. R. (2005) Mechanistic

92



Investigation of the Staudinger Ligation. J. Am. Chem. Soc. 127, 2686 — 2695.

Loskot, S. A.; Zhang, J.; Langenhan, J. M. (2013) Nucleophilic Catalysis of MeON-

Neoglycoside Formation by Aniline Derivatives. J. Org. Chem. 78, 12189 — 12193.

Mahal, L. K.; Yarema, K. J.; Bertozzi, C. R. (1997) Engineering Chemical Reactivity on Cell

Surfaces through Oligosaccharide Biosynthesis. Science 276, 1125 — 1128.

Mahal, L. K.; Yarema, K. J.; Bertozzi, C. R. (1997) Engineering Chemical Reactivity on Cell

Surfaces through Oligosaccharide Biosynthesis. Science 276, 1125 — 1128.

Mazher, F.; Khan, B. (2010) Thermoanalytical and Antimicrobial Studies of o-Amino-N,N-
dipropylbenzylamine Complexes With Cobalt(Il), Nickel(Il) and Iron(Il). Asian J. Chem. 22,

7753 —7760.

Melnyk, O.; Fehrentz, J. A.; Martinez, J.; Gras-Masse, H. (2000) Functionalization of Peptides

and Proteins by Aldehyde or Keto Groups. Biopolymers 3, 165 — 186.

Michael, A. (1893) Ueber die  Einwirkung von  Diazobenzolimid  auf

Acetylendicarbonsduremethylester. J. Prakt. Chem. 48, 94 — 95.

Mishra, J. K.; Garg, P.; Dohare, P.; Kumar, A.; Siddiqi, M. L.; Ray, M.; Panda, G. (2007) Amino
acid-based enantiomerically pure 3 substituted 1,4-benzodiazepin-2-ones: A new class of anti-

ischemic agents. Bioorg. Med. Chem. Lett. 17, 1326 — 1331.

93



Miyabe, H.; Shibata, R.; Sangawa, M.; Ushiro, C.; Naito, T. (1998) Intermolecular Alkyl Radical
Addition to the Carbon-Nitrogen Double Bond of Oxime Ethers and Hydrazones. Tetrahedron

54, 11431 — 11444.

Nguyen, R.; Huc, 1. (2003) Optimizing the Reversibility of Hydrazone Formation for Dynamic

Combinatorial Chemistry. Chem. Commun. 942 — 943.

Ning, X.; Guo, J.; Wolfert, M. A.; Boons, G-J. (2008) Visualizing Metabolically Labeled
Glycoconjugates of Living Cells by Copper-Free and Fast Huisgen Cycloadditions. Angew.

Chem. Int. Ed. 47,2253 —2255.

O’Shannessy, D. J.; Dobersen, M. J.; Quarles, R. H. (1984) A Novel Procedure for Labeling
Immunoglobulins by Conjugation to Oligosaccharide Moieties. Immunol. Lett. 8,273 —277.
Otto, S.; Furlan, R. L. E.; Sanders, J. K. M. (2002) Recent Developments in Dynamic

Combinatorial Chemistry. Curr. Opin. Chem. Biol. 6,321 — 327.

Otto, S.; Furlan, R. L. E.; Sanders, J. K. M. (2002) Recent Developments in Dynamic

Combinatorial Chemistry. Curr. Opin. Chem. Biol. 6,321 — 327.

Pianowski, Z.; Gorska, K.; Oswald, L.; Merten, C. A.; Winssinger, N. (2009) Imaging of mRNA
in Live Cells Using Nucleic Acid-Templated Reduction of Azidorhodamine Probes. J. Am.

Chem. Soc. 131, 6492 — 6497.

Popp, M. W.; Dougan, S. K.; Chuang, T. Y.; Spooner, E.; Ploegh, H. L. (2011) Sortase-
Catalyzed Transformations that Improve the Croperties of Cytokines. Proc. Natl. Acad. Sci. U. S.
A. 108,3169 — 3174.

94



Prescher, J. A.; Dube, D. H.; Bertozzi, C. R. (2004) Chemical Remodelling of Cell Surfaces in

Living Animals. Nature 430, 873 — 877.

Proudnikov, D.; Mirzabekov, A. (1996) Chemical Methods of DNA and RNA Fluorescent

Labeling. Nucleic Acids Res. 24, 4535 — 4542.

Quattropani, A.; Dorbais, J.; Covini, D.; Pittet, P.; Colovray, V.; Thomas, R. j.; Coxhead, R.;
Halazy, S.; Scheer, A.; Missotten, M.; Ayala, G.; Bradshaw, C.; Raemy-Schenk, A. D.; Nichols,
A.; Cirillo, R.; Tos, E. G.; Giachetti, C.; Golzio,L.; Marinelli, P.; Church, D. J.; Barberis , C.;
Chollet , A.; Schwarz, M. K. (2005) Discovery and Development of a New Class of Potent,

Selective, Orally Active Oxytocin Receptor Antagonists. J. Med. Chem. 48, 7882 — 7905.

Rabuka, D.; Rush, J. S.; deHart, G. W.; Wu, P.; Bertozzi, C. R. (2012) Site-Specific Chemical

Protein Conjugation using Genetically Encoded Aldehyde Tags. Nat. Protoc. 7, 1052 — 1067.

Rashidian, M.; Mahmoodi, M. M.; Shah, R.; Dozier, J. K.; Wagner, C. R.; Distefano, M. D.
(2013) A Highly Efficient Catalyst for Oxime Ligation and Hydrazone-oxime Exchange Suitable

for Bioconjugation. Bioconjugate Chem. 24, 333 - 342.

Rashidian, M.; Song, J. M.; Pricer, R. E.; Distefano, M. D. (2012) Chemoenzymatic Reversible
Immobilization and Labeling of Proteins without Prior Purification. J. Am. Chem. Soc. 134, 8455

— 8467.

Roberts, S. L.; Furlan, R. L. E.; Otto, S.; Sanders, K. M. (2003) Metal-ion Induced Amplification
of Three receptors from Dynamic Dombinatorial Libraries of Peptide-hydrazones. Org. Biomol.
Chem. 1, 1625 —1633.

95



Rodriguez-Docampo, Z.; Otto, S. (2008) Orthogonal or Simultaneous Use of Disulfide and
Hydrazone Exchange in Dynamic Covalent Chemistry in Aqueous Solution. Chem. Commun.

5301 —5303.

Rose, K. (1994) Facile Synthesis of Homogeneous Artificial Proteins. J. Am. Chem. Soc. 116, 30

- 33.

Rostovstev, V. V.; Green, L. G.; Foken, V. V.; Sharpless, K. B. (2 2 ) A “Ligation” of Azides

and Terminal Alkynes. Angew. Chem. Int. Ed. 41, 2596 — 2599.

Sanders, J. K. (2004) Self-assembly Using Dynamic Combinatorial Chemistry. Philos. Trans. A

2004, 362, 1239 — 1245.

Saxon, .; Armstrong, J. I.; Berto i, C. R. (2 ) A “Traceless” Stau inger Ligation for the

Chemoselective Synthesis of Amide Bonds. Org. Lett. 2, 2141 — 2143.

Saxon, E.; Bertozzi, C. R. (2000) Cell Surface Engineering by a Modified Staudinger Reaction.

Science 287,2007 —2010.

Scheck, R. A.; Francis, M. B. (2007) Regioselective Labeling of Antibodies Through N-terminal

Transamination. ACS Chem. Biol. 2, 247-251.

Sebcsta, D. P.; O'Rourke, S. s.; Martinez,R. L.; Wolfgang A.; Pieken,W. A.; McGee, D. P. C.
(1996) 2'-Deoxy-2'-Alkoxylaminouridines: Novel 2'-Substituted Uridines Prepared by
Intramolecular Nucleophilic Ring Opening of 2,2'-O-Anhydrouridines. Tetrahedron 52, 14385 —

14402.

96



Seitchik, J. L.; Peeler, J. C.; Taylor, M. T.; Blackman, M. L.; Rhoads, T. W.; Cooley, R. B.;
Refakis, C.; Fox, J. M.; Mehl, R. A. (2012) Genetically Encoded Tetrazine Amino Acid Directs
Rapid Site-Specific In Vivo Bioorthogonal Ligation with trans-Cyclooctenes. J. Am. Chem. Soc.

134,2898 —2901.

Sen, S. E.; Roach, S. L. (1995) A convenient Two-Step Procedure for the Synthesis of

Substituted Allylic Amines from Allylic Alcohols. Synthesis 756 — 758.

Shao, J.; Tam, J. P. (1995) Unprotected Peptides as Building Blocks for the Synthesis of Peptide
Dendrimers with Oxime, Hydrazone, and Thiazolidine Linkages. J. Am. Chem. Soc. 117, 3893 —

3899.

Silverman, A. P.; Kool, E. T. (2006) Detecting RNA and DNA with Templated Chemical

Reactions. Chem. Rev. 106, 3775 — 3789.

Simpson, M. G.; Pittelkow, M.; Watson, S. P.; Sanders, J. K. M. (2010) Dynamic Combinatorial
Chemistry with Hydrazones: Libraries Incorporating Heterocyclic and Steroidal Motifs. Org.

Biomol. Chem. 8, 1181 — 1187.

Singh,Y.; Renaudet, Defrancq, O.; E.; Dumy, P. (2005) Preparation of a Multitopic

Glycopepti e —Oligonucleoti e Conjugate. Org. Lett. 7, 1359 — 1362.

Sletten, E. M.; Bertozzi, C. R. (2009) Bioorthogonal Chemistry: Fishing for Selectivity in a Sea

of Functionality. Angew. Chem. Int. Ed. 48, 6974 — 6998.

97



Sletten, E. M.; Bertozzi, C. R. (2011) From Mechanism to Mouse: A Tale of Two Bioorthogonal

Reactions. Acc. Chem. Res. 44, 666 — 676.

Sorkin, E.; Hinden, W. (1949) Untersuchungen uber 4,5-Benzo-1,3-thiazin Helvectia Chimia

Acta 32, 63 — 68.

Staros, J. V.; Bayley, H.; Standring, D. N.; Knowles, J. R. (1978) Reduction of Aryl Azides by
Thiols: Implications for the use of Photoaffinity Reagents. Biochem. Biophys. Res. Commun. 80,

568 — 572.

Staudinger, H.; Meyer, J. (1919) Uber neue Organische Phosphorverbindungen III:

Phosphinmethylenderivate und Phosphinimine. Helv. Chim. Acta 2, 635 — 646.

Storz, P. M.; Maurer, C. K.; Zimmer,C.; Wagner, N.; Brengel, C.; de Jong, C. J.; Lucas, S.;
Musken, M.; Haussler, S.; Steinbach, A.; Hartmann, R. W. (2012) Validation of PgsD as an
Anti-biofilm Target in Pseudomonas aeruginosa by Development of Small-Molecule Inhibitors.

J. Am. Chem. Soc.134, 161431 — 6146.

Tahir, H.; Hindsgaul, O. (2000) Regio- and Chemoselective Alkylation of L-Ascorbic Acid

under Mitsunobu Conditions. J. Org. Chem. 65,911 —913.

Tam, A.; Raines, R. T. (2009) Protein Engineering with the Traceless Staudinger Ligation.

Methods Enzymol. 462,25 — 44.

Tam, A.; Soellner, M. B.; Raines. R. T. (2007) Water-Soluble Phosphinothiols for Traceless

Staudinger Ligation and Integration with Expressed Protein Ligation. J. Am. Chem. Soc. 129,

98



11421 - 11430.

Tam, J. P.; Xu, J.; Eom, K. D. (2001) Methods and Strategies of Peptide Ligation. Biopolymers

60, 194 — 205.

Taylor, M. T.; Blackman, M. L.; Dmitrenko, O.; Fox, J. M. (2011) Design and Synthesis of
Highly Reactive Dienophiles for the Tetrazine-trans-Cyclooctene Ligation. J. Am. Chem. Soc.

133, 9646 —9649.

Torne, C. W.; Christensen, C.; Meldal, M. (2002) Peptidotriazoles on Solid Phase: [1,2,3]-
Triazoles by Regiospecific Copper(I)-Catalyzed 1,3-Dipolar 152 Cycloadditions of Terminal

Alkynes to Azides. J. Org. Chem. 67,3057 — 3064.

van Berkel, S. S.; Dirks, A. J.; Debets, M. F.; van Delft, F. L.; Cornelissen, J. J. L. M.; Nolte, R.
J. M.; Rutjes, F. P. J. T. (2007) Metal-Free Triazole Formation as a Tool for Bioconjugation.

ChemBioChem 8, 1504 — 1508.

van Berkel, S. S.; van Eldijk, M. B.; van Hest, J. C. M. (2011) StaudingerLigation as a Method

for Bioconjugation. Angew. Chem. Int. Ed. 50, 8806 — 8827.

Venkatesan, A. M.; Gu, Y.; Santos, O. D.; Abe, T.; Agarwal, A.; Yang, Y.; Petersen, P. J,;
Weiss, W. J.; Mansour, T. S.; Nukaga, M.; Hujer, A. M.; Bonomo, R. A.; Knox, J. R. (2004)
Structure-Activity Relationship of 6-Methylidene Penems Bearing Tricyclic Heterocycles as
Broad-Spectrum a-Lactamase Inhibitors: Crystallographic Structures Show Unexpected Binding

of 1,4-Thiazepine Intermediates. J. Med. Chem. 47, 6556 — 6568.

99



Wang, L.; Zhang, Z.; Brock, A.; Schultz, P. G. (2003) Addition of the Keto Functional Group to

the Genetic Code of Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 100, 56—61.

Wang, X.; Canary, J. W. (2012) Rapid Catalyst-free Hydrazone Ligation: Protein-pyridoxal

Phosphoramides. Bioconjugate Chem. 23, 2329 - 2334.

Wang, Y-S.; Fang, X.; Wallace, A. L.; Wu, B.; Liu, W. R. (2012) A Rationally Designed
Pyrrolysyl-tRNA Synthetase Mutant with a Broad Substrate Spectrum. J. Am. Chem. Soc. 134,

2950 —2953.

Wendeler, M.; Grinberg, L.; Wang, X.; Dawson, P. E.; Baca, M. (2014) Enhanced Catalysis of

Oxime-Based Bioconjugations by Substituted Anilines. Bioconjug. Chem. 25,93 — 101.

Willems, L. I.; van der Linden, W. A.; Li, N.; Li, K-Y.; Liu, N.; Hoogendoorn, S.; van der
Marel, G. A.; Florea, B. I.; Overkleeft, H. S. (2011) Bioorthogonal Chemistry: Applications in

Activity-Based Protein Profiling. Acc. Chem. Res. 44,718 — 729.

Wittig, G.; Krebs, A. (1961) Zur Existenz niedergliedriger Cycloalkine, I. Chem. Ber. 94, 3260 —

3275.

Wolfenden, R.; Jencks, W. P. (1961) The Effect of o-Substituents on Benzaldehyde

Semicarbazone Formation. J. Am. Chem. Soc. 83, 2763 — 2768.

Zeng, Y.; Ramya, T. N. C.; Dirksen, A.; Dawson, P. E.; Paulson, J. C. (2009) High-Efficiency

Labeling of Sialylated Glycoproteins on Living Cells. Nat. Methods 6, 207 — 209.

Zhang, Z.; Smith, B. A.; Wang, L.; Brock, A.; Cho, C.; Schultz, P. G. (2003) A New Strategy for

100



the Site-Specific Modification of Proteins /n Vivo. Biochemistry 42, 6735 — 6746.

101



Appendix

102



Plots for consumption of benzaldehyde (M) over time (min) to form oxime in different

conditions.
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16. 1 mM 2.1 at pH 5.5 17. 1 mM aniline catalyzed at pH 5.5
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[PhCHO] (M)
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[PhCHO] (M)

[PhCHO] (M)

28. 10 mM 2.1 at pH 5.7
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[PhCHO] (M)

[PhCHO] (M)

32.2mM 2.1 atpH 5.5
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time (min)

[PhCHO] (M)

36. 2 mM 2.7 catalyzed at pH 5.7
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37.2 mM 2.18 catalyzed at pH 5.7
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'H and "*C NMR spectra for the compounds

"H NMR, CDCls, 500 MHz
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BC NMR, CDCl;, 125 MHz
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"H NMR, CDCls, 500 MHz
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BC NMR, CDCl;, 125 MHz
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"H NMR, CDCls, 500 MHz
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BC NMR, CDCl;, 125 MHz
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"H NMR, CDCls, 500 MHz
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BC NMR, CDCl;, 125 MHz
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"H NMR, D,0, 600 MHz
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BC NMR, D,0, 125 MHz
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'"H NMR, CD;0D, 400 MHz

270 C, anenmmr prabe

H.EEMHZ HT 10 In ed3ad (el to CO300 @ 3.30 ppe), tefnp 25.9C -> a ctual terp

S80T

1|.I

AcHN

219

+E
mz'sﬂ\ \

THCE
.
e E

Li=— |

v ESC i—\'

AT L

trﬂii
Sﬁ’b’.{-"

123

Ppm

L L

1.95

am

2m



B3C NMR, CD;0D, 125 MHz
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"H NMR, DMSO-ds, 500 MHz
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B3C NMR, DMSO-d;, 125 MHz

————
&ZHD by
DETE

270 C, widdual probe

125691 MHz C13[MH1] 10 in dmse (ref. to DMS Og 395 ppm), tem p 277 C 4 acual temp

_HISBE
=

Buose
e
g

g;:umb
go
‘Horu bA

SIZG'tI—\

Q

-
=
.|
-
LB
DEDE 1L —
GEETL —
6871
656 0EL—
11744
13-4 31
2\ - EETH
(3]
: L
O ol EFEA
=
S
-

126

ppm

20

120

140

160

200



i/ B

9
k]

A
99 kY
IE'EQ'?J
22
|
LELE

SE39
L
E

BEEF

aqoxd proIne 3 01E = dwei enee <3 g57 dwa fwdd 57y @ £33 01 1) ERPI UL AL LH THW W6'665

"H NMR, CDCls, 600 MHz

127



BC NMR, CDCl;, 125 MHz
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"H NMR, CDCls, 400 MHz
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BC NMR, CDCl;, 125 MHz
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"H NMR, CDCls, 500 MHz
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BC NMR, CDCl;, 125 MHz
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"H NMR, CDCls, 400 MHz
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BC NMR, CDCl;, 125 MHz
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1. FTIR spectrum for compound 2.1
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2. FTIR spectrum for compound 2.2
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HPLC Chromatograms

Table: List of molecules with their retention times using an isocratic condition (65% acetonitrile

and 35% water).

Molecules Retention time (min)
0 2.3
H )K©
2.23
©/N H, 2.1
2.27
©AO/NH2 1.9
2.22
@COH 1.8
NH,
27
/©/\ OH 1.7
HoN
218
H 39
N=(
©ﬁo Ph
2.24 (2)
o N\\r Ph 43
H
2.24 (E)
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1.8

2.1
_<H 3.0
/N_
NH.,
2.25 (2)
Ph 3.2
N=
DR
NH,
2.25 (E)
1.7
/@/\O/NHZ
HoN
2.2
_<H 2.7
N=
/@AO Ph
HoN
2.26 (2)
Ph 2.9
N—
/©/\O/ _<H
H,N
2.26 (E)
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1.  HPLC chromatograms of oxime ligation between 2.23 (1 mM) and 2.22 (1 mM) over times.

(A) 1.83 min
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(B) 2.27 min
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(C) 1821 min
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2. HPLC chromatograms of oxime ligation between 2.23 (1 mM) and 2.22 (1 mM) using 2.27
(1 mM) as catalyst over times.

(A) 1.83 min
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(B) 2.27 min
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(C) 1821 min
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3. HPLC Chromatograms of oxime ligation between 2.23 (1 mM) and 2.1 (I mM) over times.

(A) 1.83 min
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(B) 2.27 min
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(C) 1821 min
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4.  HPLC Chromatograms of oxime ligation between 2.23 (1 mM) and 2.2 (1 mM) over times.

(A) 1.83 min
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(B) 227 min
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(C) 1411.5 min
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5. HPLC chromatograms of oxime ligation between 2.23 (1 mM) and 2.22 (1 mM) using 2.7
(1 mM) as catalyst over times.

(A) 2.25 min
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(B) 57.6 min

0.00-

-0.05

1.835

20Mm

2313

aeor

4,368




(C) 96.71 min
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6. HPLC chromatograms of oxime ligation between 2.23 (1 mM) and 2.22 (1 mM) using 2.7
(1 mM) as catalyst over times.
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(B) 186.17 min
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(C) 1361.5 min
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