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AZA-DIBENZOCYCLOOCTYNES AND
METHODS OF MAKING AND USING SAME

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

This application claims the benefit of U.S. Provisional
Application No. 61/368,775, filed Jul. 29, 2010, which 1s
herein incorporated by reference in its entirety.

BACKGROUND

Surface immobilization of biomolecules 1s a very impor-
tant step 1n the manufacturing of biosensors, microbeads,
biochips, probe arrays, medical implants, and other devices.
The key requirements for this process are the preservation of
biochemical properties of i1mmobilized substrates and
robustness of the linkage. Copper (I)-catalyzed Huisgen
1,3-dipolar cycloaddition of azides to terminal acetylenes
has emerged as one of the most convemient methods for the
functionalization of various surfaces. The triazol linker
tfowled 1n the azide “click” reaction has excellent chemical
stability due to the aromatic character of the formed hetero-
cycle. Azide tags can be incorporated into biomolecules
using a variety of different strategies, such as post-synthetic
modification, 1n vitro enzymatic transier, the use of covalent
inhibitors, and metabolic labeling by teeding cells a biosyn-
thetic precursor modified with azido functionality. While
conventional copper (I)-catalyzed click chemistry has
become commonplace 1n surface derivatization, as well as
polymer and materials synthesis, the use of metal catalyst
often limits the utility of the method. Copper 1ons are
cytotoxic, can cause degradation of DNA molecules, and
induce protein denaturation. In addition, the use of catalysts
complicates kinetics of the immobilization process, requires
polar solvents, and can alter surface properties.

Conventional azide click coupling methods employ ter-
minal acetylenes, since internal alkynes react with azides
only at elevated temperatures. Cyclooctynes, on the other
hand, are known to form triazoles without a catalyst under
ambient conditions, albeit at rather slow rate. The triple bond
incorporated into an eight-membered ring 1s apparently
already bent 1nto a geometry resembling the transition state
of the cycloaddition reaction, thus reducing its activation
barrier. Recently-developed cyclooctyne derivatives are

substantially more reactive towards azides and offer a con-
venient metal-free alternative to the copper-catalyzed click
reaction (e.g., Jewett et al., J. Am. Chem. Soc. 2010,
132:3688-3690; Ning et al., Angew. Chem., Int. Ed. 2008,
47:2253-2255; and Debets et al., Chem. Commun. 2010,
46:97-99). Metal-free click chemistry has been successiully
employed for the modification of luminescent quantum dots,
proteins labeling and purification, as well as for the intro-

duction of fluorescent tags 1nto live cells (Poloukhtine et al.,
J. Am. Chem. Soc. 2009, 131: 15769-15776) and organisms.

There remains a continuing need for new materials and
methods for coupling azides to alkynes.
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2
SUMMARY

In one aspect, the present disclosure provides an alkyne of
the formula:

Formula II

wherein: each R' independently represents H or an organic
group; R” represents a—C(O)—R* group; and R* represents
an organic group attached to a surface (e.g., by hydrogen
bonding and/or covalent bonding). In some embodiments
each R' is hydrogen. The surface can be a surface of a wide
variety of materials including, but not limited to, biological
maternials, particles, polymers, glasses, oxides, or combina-
tions thereof.

In another aspect, the present disclosure provides a
method of preparing a heterocyclic compound.

In one embodiment, the method includes: combining at
least one azide of the formula R°—N, with at least one
alkyne of the formula:

Formula II

\)\/ :\)\/P‘l”

R R

Y [

RJ/Y\NJY\RI
R ‘ R

RZ

and allowing the at least one azide and the at least one alkyne
to react under conditions effective to form a heterocyclic
compound of one or more of the following formulas:

Formula 111
R? N
NN
Rl \N N N Rl
1 — 1
R R and/or
R! N R
/
Rl R2 Rl

Formula IV
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wherein: each R' independently represents H or an organic
group; R* represents a —C(O)—R* group; R represents an
organic group; and R* represents an organic group attached
to a surface. In certain embodiments, conditions effective to
form the heterocyclic compound include the substantial
absence of added catalyst. In certain embodiments, R” can
include a detectable label (e.g., an athnity label), and the
method includes labeling the surface. Optionally, the method
turther includes detecting the heterocyclic compound.

In another embodiment, the method includes: combining,
at least one azide of the formula R°>—N, with at least one
alkyne of the formula:

Formula II

and allowing the at least one azide and the at least one alkyne
to react under conditions eflective to faun a heterocyclic
compound of one or more of the following formulas:

Formula III

Formula IV

N R
/2N
R N/ N'f R!
R! R
= ‘
R! N N R!
/
Rl R2 Rl

wherein: each R' independently refresents H or an organic
group; R* represents a —C(OQ)—R™ group; R represents an
organic group attached to a surface; and R* represents an
organic group. In certain embodiments, conditions effective
to fatal the heterocyclic compound include the substantial
absence of added catalyst. In certain embodiments, R* can
include a detectable label (e.g., an athnity label), and the
method mncludes labeling the surface. Optionally, the method
can further include detecting the heterocyclic compound.
In yet another aspect, the present disclosure provides a

method of preparing a heterocyclic alkyne. In one embodi-
ment, the method includes: subjecting a compound of the
formula:

Formula V

R! R/
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to conditions eflective for a Beckman rearrangement to
provide a lactam of the formula:

Formula VI

R! R!
Rl — Rl
-~
72N
1 1
R N R
R] ]J{z O Rl

wherein each R' independently represents H or an organic
group, and R” is H; subjecting the lactam of Formula VI to
conditions effective to reduce the lactam and provide the
heterocyclic alkene of the formula:

R R
R! — R
1 1
R I‘Q R
Rl R2 Rl
wherein each R' independently represents H or an organic
group, and R” is H; converting R* from H to a —C(O)—R”
group, wherein R* represents an organic group; and subject-

ing the converted heterocyclic alkene to conditions effective
to convert the alkene to an alkyne of the formula:

Rl Rl
R — R,
R N R!

R! ]Lz R!
wherein each R' independently represents H or an organic
group; R” represents a —C(O)—R™* group; and R* represents
an organic group.

The high reactivity of the ADIBO alkynes disclosed

herein can be advantageous for reactions with azides for a
wide variety of applications including, for example, labeling

and/or derivatizing surfaces. Further, convenient methods of
preparing such ADIBO alkynes are disclosed herein.

Formula I

Formula II

DEFINITIONS

The term “comprises” and variations thereof do not have
a limiting meaning where these terms appear 1n the descrip-
tion and claims.

As used herein, “a,” “an,” “the,
or more” are used interchangeably.

As used herein, the term “or” 1s generally employed 1n the
sense as including “and/or” unless the context of the usage
clearly indicates otherwise.

2 L 2T L

at least one,” and “one
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Also herein, the recitations of numerical ranges by end-
points include all numbers subsumed within that range (e.g.,

1 to 5 includes 1, 1.5, 2, 2.73, 3, 3.80, 4, 5, etc.).

The above summary 1s not intended to describe each
disclosed embodiment or every implementation of the pres-
ent invention. The description that follows more particularly
exemplifies 1illustrative embodiments. In several places
throughout the application, guidance i1s provided through
lists of examples, which examples can be used 1n various
combinations. In each instance, the recited list serves only as
a representative group and should not be interpreted as an
exclusive list.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration showing an embodiment
of a method for preparing an exemplary aza-dibenzocy-
clooctyne-amine (ADIBO-amine 6) (e.g., ADIBO-C6-amine
for n=35). Reagents and conditions: (a) NH,OH.HCI, pyri-
dine, 60%; (b) PPA, 125° C., 73%; (¢) L1AlH,, ether, 58%:;
(d) pynidine, CH,CL,, 71%; (e) pyridinium tribromide, 78%;
(1) t-BuOK, THE, 88%:; (g) K,CO,, ag MeOH, 58%.

FIG. 2 1s a schematic 1llustration showing an embodiment
of a method for preparing exemplary aza-dibenzocyclooc-
tynes, ADIBO-biotin (8) and ADIBO-PEG,-amine (9).
Reagents and conditions: (a) HBTU, DIEA, CH,Cl,, 89%:;
(b) Boc-NH—(CH,CH,0),—CH,CH,CO,H, EDC, DIEA,
CH,CIL,, 80%; (c) TFA, THEF, 79%.

FIG. 3 1s a schematic 1llustration of an embodiment of an
exemplary ADIBO derivatization of an epoxy-coated slide
tollowed by copper-free click immobilization of Oregon
Green dye. Inserts are black and white illustrations of
fluorescent 1mages of ADIBO-slides patterned with (A)
Oregon Green azide (green spots) (13), and (B) Lissamine
rhodamine B azide (red spots) (14).

FI1G. 4 15 a plot illustrating the integral fluorescent inten-
sity (y-axis; arbitrary units) ol Oregon Green azide (13)
spots on an ADIBO-denivatized slide versus reaction time
a.-axis; minutes) for an exemplary embodiment. The 1nsert
1s a black and white illustration of the green spots on the
slide.

FIG. 5 1s plot illustrating integral fluorescent intensity
(yv-axis; arbitrary umts) of Oregon Green azide spots on an
ADIBO-derivatized slide versus concentration ca-axis; M
with points at 10 uM, 50 uM, 0.1 mM, 1 mM, and 5 mM)
for an exemplary embodiment. The insert 1s a black and
white illustration of the green spots on the shide.

FIG. 6 1s a schematic illustration of an embodiment of
patterned biotinylation of an exemplary ADIBO-coated slide
followed by selective immobilization of avidin-FITC. The
isert 1s a black and white illustration of the fluorescent
image of an exemplary ADIBO-slide spotted with 1 ulL of
the following solutions: Lane 1-3, 10 mM, 1 mM, and 0.1
mM PBS solutions of Biotin-dPEG 3+4-azide; Lane 4, 1
mM biotin-PEG,-C=CH; Lane 5, 0.1 mM of Oregon Green
azide (13). The slide was then treated with aminoPEG ,azide
and developed with avidin-FITC solution (green spots).

FIG. 7 1s a schematic illustration of an embodiment of
azide derivatization of an epoxy-coated slide followed by
copper-iree click immobilization of an exemplary ADIBO-
OG (11). Inserts are black and white illustrations of fluo-
rescent 1images ol azide-slides patterned with (A) ADIBO-
OG (11) (green spots) and (B) ADIBO-Rhodamine (12) (red
Spots).

FIG. 8 1s an 1llustration of an embodiment of two-color
derivatization of azide-slides. The slide was spotted with
ADIBO-fluor (10), washed and immersed 1n a solution of
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ADIBO-Rhodamine (12). The black and white 1llustrations
represent (A) Fluorescent image recorded using 495/520 nm

filter (green spots/black background); (B) image recorded
using 532/580 nm filter (black spots/red background); and
(C) images A and B merged (green spots/red background).

FIG. 9 1s a schematic illustration of an embodiment of
patterned biotinylation of azide-coated slides followed by
selective 1immobilization of avidin-FITC. The sert 1s a
black and white illustration of the fluorescent image of
azide-dernivatized slide spotted with 1 ul. of ADIBO-biotin
(8) solutions of the following concentration: 1) 10 mM; 2)
1 mM; 3) 0.1 mM; and 4) 0.01 mM. The first slide was
incubated for 30 minutes; the second slide for 2.5 hours, and
the third slide for 3.5 hours. The slides were then immersed
in a solution of ADIBO-PEG ,-amine, and developed with a
solution of avidin-FITC (green spots).

FIG. 10 1s a schematic illustration of embodiments of
derivatization of streptavidin-coated magnetic beads with
azide and aza-dibenzocyclooctynes, followed by the metal-
free azide click coupling to fluorescent dyes.

FIG. 11 1s a black and white 1illustration of fluorescent
confocal microscope 1images (green portions appear white)
of exemplary PBS suspensions of streptavidin-coated mag-
netic beads: (A) treated with ADIBO-biotin (8) followed by
reaction with Oregon Green azide (13); (B) treated with
biotin-PEG,-C=CH and then with Oregon Green azide (13);
(C) mcubated with ADIBO-fluor only (10); and (D) treated
with biotin-dPEG 3+4-azide and then with incubated
ADIBO-fluor (10).

FIG. 12 1s a schematic illustration showing ADIBO
derivatized glass slides and/or microbeads, which can allow
for the efhicient immobilization of azide-labeled biomol-
ecules. The alternative procedure which uses azide-deriva-
tized surfaces for the attachment of ADIBO-conjugated
substrates 1s equally effective. Both techmiques show excel-
lent kinetics under ambient conditions and do not require
any catalysts. PEGylation of the surfaces using copper-iree
ADIBO-azide click reaction can significantly reduce non-
specific binding of proteins.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

T

Substitution of one of the saturated carbons in the
cyclooctyne ring for a nitrogen atom not only improves 1ts

reactivity, but also simplifies the synthesis (Jewett et al., J.
Am. Chem. Soc. 2010, 132:3688-3690; and Debets et al.,

Chem. Commun. 2010, 46:97-99). To extend arsenal of
bioorthogonal copper-iree click reagents, an eflicient syn-
thests of aza-dibenzocyclooctyne (ADIBO)-containing
compounds for azide-coupling reactions has been devel-
oped. In the present disclosure, a novel approach for eflicient
surface-functionalization using a catalyst-free azide click
reaction 1s disclosed herein. This method allows for the
site-specific covalent anchoring of proteins and other sub-
strates to various surfaces. The same metal-free click reac-
tion 1s employed for the PEGylation of untunctionalized
areas ol the surface. Such treatment allows for a dramatic
reduction or complete elimination of non-specific binding.
The copper-free click immobilization strategy discussed 1n
the present report can be applied to the preparation of
various types of arrays, as well as to the derivatization of
microbeads and nanoparticles.

The utility of catalyst-free azide-alkyne [3+2] cycloaddi-
tion for the immobilization of a variety of molecules onto a
solid surface and microbeads was demonstrated. In this
process, the surfaces were derivatized with aza-dibenzocy-
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clooctyne (ADIBO) for the immobilization of azide-tagged
substrates via a copper-iree click reaction. Alternatively,
ADIBO-conjugated molecules can be anchored to the azide-
derivatized surface. Both immobilization techniques work
well 1n aqueous solutions and show excellent kinetics under
ambient conditions. An etlicient synthesis of aza-dibenzo-
cyclooctyne (ADIBO) has been developed, which 1s among
the most reactive cyclooctynes for cycloaddition to azides,
in addition to being a convenient cyclooctyne to prepare and
being a cyclooctyne having excellent stability. Convenient
methods for the conjugation of ADIBO with a variety of
molecules directly or via a PEG linker 1s also disclosed
herein.

In one aspect, the present disclosure provides a method of
preparing a heterocyclic alkene. In one embodiment, the
method includes: subjecting a compound of the formula:

Formula V

to conditions effective for a Beckman rearrangement to
provide a lactam of the formula:

R/ R!
Rl\ — R
X
o~
Rl / N Rl
R] IL O Rl

wherein each R' independently represents H or an organic
group, and R” is H; and subjecting the lactam of Formula VI
to conditions eflective to reduce the lactam and provide a
heterocyclic alkene of the formula:

R R
R! — R
Z N
N
R N R
R Il; R
wherein: each R' independently represents H or an organic
group (e.g. a C1-C12 organic group, and in some embodi-
ments a C1-C12 hydrocarbon moiety); and R” is H. In some
embodiments each R' represents H. Exemplary conditions
for the Beckman rearrangement can include, for example,
treatment with polyphosphoric acid at a temperature of 25°
C. to 200° C. Exemplary conditions to reduce the lactam can
include, for example, treatment with lithium aluminum

hydride under anhydrous conditions, optionally 1n the pres-
ence of an aprotic solvent.

Formula VI

Formula I
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In some embodiments, the method can further include
converting R* from H to a —C(O)—R* group, wherein R
represents an organic group. Optionally, the converted het-
erocyclic alkene can be subjected to conditions eflective to
convert the alkene to an alkyne of the formula:

Formula II

wherein: each R' independently represents H or an organic
group, R* represents a —C(O)—R* group, and R* represents
an organic group. R* can represent a wide variety of organic
groups that can include, for example, detectable labels (e.g.,
dyes) and/or linking groups for attaching the alkyne to a
surface. In some embodiments, conditions eflective to con-
vert the alkene to the alkyne can include: halogenating the
alkene to form a dihalide; and dehydrohalogenating the
dihalide to form the alkyne. For example, the alkene can be
brominated to form the dibromide, followed by dehydro-
brominating to form the alkyne.

For example, an eflicient preparation of an ADIBO-
amine, aza-dibenzocyclooctyne-amine conjugate (ADIBO-
amine 6), 1s outlined i FIG. 1. Dibenzosuberenone oxime
can be readily prepared by treating commercially-available
dibenzosuberenone with hydroxylamine. The dibenzosub-
erenone oxime can then be treated with polyphosphoric acid

to catalyze a Beckman rearrangement of the dibenzosub-
erenone oxime to lactam 1. Lactam 1 can then be reduced,
for example, with lithium aluminum hydride, to give dihy-
drodibenzo|b,f]azocine (2). The secondary amino group 1n 2
can be converted to amide 3, for example, by reacting with
1.25 eq. of an w-(trifluoroacetamido alkanoyl chloride with
n=1 to 18 (e.g., 6-(trifluoroacetamido)hexanoyl chloride for
n=3) in the presence of pyridine. The olefin 1n 3 can be
readily converted into an acetylene moiety via a bromina-
tion-dehydrobromination procedure to give aza-dibenzocy-
clooctyne 5 1 high wvield (88%). Saponification of the
tritfluoroacetamide moiety with potasstum carbonate in
aqueous methanol gives an ADIBO-amine (6) (e.g., ADIBO-
Co6-amine for n=35). An ADIBO-amine with a shorter amino-
akyl side chain, ADIBO-C3-amine (7) for n=3, was also
prepared following the same synthetic sequence by replac-
ing 6-(tritfluoroacetamido )hexanoyl chloride 1n step “d” with
3-(trifluoroacetamido )propionyl chloride.

The ADIBO-amines can then be used to prepare addi-
tional materials. For example, aza-dibenzocyclooctyne-bio-
tin conjugate (ADIBO-biotin, 8) was prepared by HBTU
(1-[bis (dimethylamino)methylene]-1H-benzotriazolium-3-
oxide hexatluorophosphate)-promoted coupling of ADIBO-
C3-amine (7) with biotin-PEG_-acid (FIG. 2). EDC-induced
coupling of compound 7 with N-Boc-135-amino-4,7,10,13-
tetraoxapentadecanoic acid, followed by trifluoroacetic
acid-catalyzed removal of N-Boc protection gave aza-diben-
zocyclooctyne-PEG ;-amine (ADIBO-PEG,-amine, 9, FIG.
2). Additional ADIBO-amines are disclosed in the working
examples.

In another aspect, the present disclosure provides an
alkyne of the formula:
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Formula II

wherein: each R' independently represents H or an organic
group (e.g. a C1-C12 organic group, and 1n some embodi-
ments a C1-C12 hydrocarbon moiety); R* represents a
—C(O)>—R* group; and R* represents an organic group
attached to a surface (e.g., by hydrogen bonding and/or
covalent bonding). In some embodiments each R' is hydro-
gen. The surface can be a surface of a wide variety of
materials including, but not limited to, biological matenals,
particles, polymers, glasses, oxides, or combinations
thereof.

In another aspect, the present disclosure provides a
method of preparing a heterocyclic compound.

In one embodiment, the method includes: combining at
least one azide of the formula R°>—N, with at least one
alkyne of the formula:

Formula I

and allowing the at least one azide and the at least one alkyne
to react under conditions effective to form a heterocyclic
compound of one or more of the following formulas:

Formula III
Formula IV
N R
/N
Rl N “ N“/ Rl
R! R
= ‘
R! 4 N R
/
Rl R2 Rl

wherein: each R" independently represents H or an organic

group (e.g. a C1-C12 organic group, and in some embodi-
ments a C1-C12 hydrocarbon moiety); R* represents a

—C(O)—R* group; R° represents an organic group; and R”*
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represents an organic group attached to a surface. In certain
embodiments, conditions effective to form the heterocyclic

compound include the substantial absence of added catalyst.
In certain embodiments, R> can include a detectable label
(e.g., an aflinity label), and the method 1ncludes labeling the
surface. Optionally, the method further includes detecting
the heterocyclic compound.

In another embodiment, the method includes: combining,
at least one azide of the formula R°—N, with at least one
alkyne of the formula:

Formula II

Rl

N
AN :\)\/Rl”
AN
1y

|
F N ol

Rl

RZ

and allowing the at least one azide and the at least one alkyne
to react under conditions effective to form a heterocyclic
compound of one or more of the following formulas:

Formula III

RY N
7
Rl \N Q;\T\T Rl
R! R/
AN \ and/or
o
R] / N Rl
/
Rl R2 Rl
Formula IV
N R
R! N/ﬁ \Nf R!
R! R!
=z N
R! N NN
/
Rl R2 Rl

wherein: each R' independently represents H or an organic
group (e.g. a C1-C12 organic group, and in some embodi-
ments a C1-C12 hydrocarbon moiety); R represents a
—C(O)>—R* group; R represents an organic group attached
to a surface; and R* represents an organic group (e.g. a
C1-C12 organic group, and in some embodiments a C1-C12
hydrocarbon moiety). In certain embodiments, conditions
cllective to form the heterocyclic compound include the
substantial absence of added catalyst. In certain embodi-
ments, R* can include a detectable label (e.g., an affinity
label), and the method includes labeling the surface. Option-
ally, the method can further include detecting the heterocy-
clic compound.

As used herein, the term “organic group™ 1s used for the
purpose of this invention to mean a hydrocarbon group that
1s classified as an aliphatic group, cyclic group, or combi-
nation of aliphatic and cyclic groups (e.g., alkaryl and
aralkyl groups). In the context of the present invention,
suitable organic groups for compounds of this mnvention are
those that do not interfere with the reaction of an alkyne with
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a 1,3-dipole-functional compound to form a heterocyclic
compound. In the context of the present invention, the term

“aliphatic group” means a saturated or unsaturated linear or
branched hydrocarbon group. This term 1s used to encom-
pass alkyl, alkenyl, and alkynyl groups, for example. The
term “‘alkyl group” means a saturated linear or branched
monovalent hydrocarbon group including, for example,
methyl, ethyl, n-propyl, 1sopropyl, tert-butyl, amyl, heptyl,
and the like. The term “alkenyl group” means an unsatu-
rated, linear or branched monovalent hydrocarbon group
with one or more olefinically unsaturated groups (1.e., car-
bon-carbon double bonds), such as a vinyl group. The term
“alkynyl group” means an unsaturated, linear or branched
monovalent hydrocarbon group with one or more carbon-
carbon triple bonds. The term “cyclic group™ means a closed
ring hydrocarbon group that i1s classified as an alicyclic
group, aromatic group, or heterocyclic group. The term
“alicyclic group” means a cyclic hydrocarbon group having
properties resembling those of aliphatic groups. The term
“aromatic group” or “aryl group” means a mono- or poly-
nuclear aromatic hydrocarbon group. The term “heterocyclic
group’ means a closed ring hydrocarbon 1n which one or
more of the atoms 1n the ring 1s an element other than carbon
(e.g., nitrogen, oxygen, sulfur, etc.).

As a means of simplifying the discussion and the recita-
tion of certain termmology used throughout this application,
the terms “group” and “moiety” are used to diflerentiate
between chemical species that allow for substitution or that
may be substituted and those that do not so allow ifor
substitution or may not be so substituted. Thus, when the
term “group’ 1s used to describe a chemical substituent, the
described chemical material includes the unsubstituted
group and that group with nonperoxidic O, N, S, 51, or F
atoms, for example, 1n the chain as well as carbonyl groups
or other conventional substituents. Where the term “moiety”
1s used to describe a chemical compound or substituent, only
an unsubstituted chemical material 1s intended to be
included. For example, the phrase “alkyl group” 1s intended
to 1nclude not only pure open chain saturated hydrocarbon
alkyl substituents, such as methyl, ethyl, propyl, tert-butyl,
and the like, but also alkyl substituents bearing further
substituents known 1n the art, such as hydroxy, alkoxy,
alkylsulfonyl, halogen atoms, cyano, nitro, amino, carboxyl,
ctc. Thus, “alkyl group” includes ether groups, haloalkyls,
nitroalkyls, carboxyalkyls, hydroxyalkyls, sulifoalkyls, eftc.
On the other hand, the phrase “alkyl moiety” 1s limited to the
inclusion of only pure open chain saturated hydrocarbon
alkyl substituents, such as methyl, ethyl, propyl, tert-butyl,
and the like.

Additional methods of making and using aza-dibenxocy-
clooctynes are disclosed in the examples. The present inven-
tion 1s 1illustrated by the following examples. It 1s to be
understood that the particular examples, materials, amounts,
and procedures are to be interpreted broadly 1n accordance
with the scope and spirit of the mnvention as set forth herein.

EXAMPLES
Example 1

Materials and Methods

Purification of products by column chromatography was
performed using 40-63 um silica gel. All NMR spectra were
recorded on 400 MHz instrument 1n CDCIl; and referenced
to TMS unless otherwise noted. Images of fluorophore-
patterned slides were recorded and fluorescence intensity
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was quantified using Typhoon 9400 Variable Mode Imager
(GE Healthcare) at an excitation/emission setting appropri-

ate for fluorescein (488/520 nm) or a fluorophore available
under the trade designation Lissamine rhodamine B (332/
580 nm) fluorophores 1n PBS solution; images of fluorescent
microbeads were obtained using Zeiss Observer AXI10
inverted microscope with a X-cite Series 120 fluorescent
light source and Chroma Technology filters. The relative
fluorescent intensity (spot/background) was quantified using
Imagel] (NIH) program.

Tetrahydrofuran was distilled from a sodium/benzophe-
none ketyl; ether and hexanes were distilled from sodium;
N,N-Dimethylioiniamide (DMF) was dried by passing
through an alumina column. An azide available under the
trade designation Biotin-dPEG 3+4-azide and Biotin-PEG, -
acid were purchased from Quanta BioDesign; fluorescein
SE, a dye available under the trade designation Oregon
Green SE, Lissamine rhodaraine B sulfonyl chloride, and
FITC-AVidin were obtaimned from Invitrogen; (3-glycidy-
loxypropyl) dimethoxymethylsilane was purchased from
TCI America; 0.0067 M phosphate bullered saline (PBS)
with pH 7.4 was obtained from Thermo Scientific. Bovine
Serum Albumin (BSA) was obtained under the trade desig-
nation Fisher BioReagents from Fisher Scientific. Other
reagents were purchased from Aldrich or VWR and used as
received unless otherwise noted. Polished glass slides were
obtained from VWR; streptavidin magnetic microspheres
available under the trade designation NanolLink micro-
spheres (1% aqueous suspension) were purchased from

SoluLink Biosciences. Aza-dibenzocycloctyne 6 conjugates
with fluorescein (ADIBO-fluor, 10), Oregon Green

(ADIBO-0OG, 11), and Lissamine rhodamine B (ADIBO-
Rhodamine, 12) were prepared by treating 6 with equimolar
amounts of fluorescein SE, Oregon Green SE, Lissamine
rhodamine B sultonyl chloride respectively in DMF 1n the
presence of DIEA (ethyldiisopropylamine). Oregon Green
azide (13) and Lissamine rhodamine B azide (14) were
prepared by reacting equimolar amounts of Oregon Green
SE or Lissamine rhodamine B sulionyl chloride with 3-azi-
dopropyl amine 1n DMF 1n the presence of DIEA. Conju-
gates 10-14 were purified by chromatography (CHClI;:
MeOH:AcOH 100:5:0.5) and their purity was confirmed by
HPLC analysis. 1-Amino-11-azido-3,6,9-trioxaundecane
(AminoPEG  azide) (Schwabacher et al., J. Org. Chem.
1998, 63:1727-1729) and 6-azidohexylamine (Lee et al.,
Tetrahedron Lett. 2001, 42:2709-2711) were prepared
according to literature procedures.

5,6-Dihydrodibenzo[b,f]azocine (2)

A solution of dibenzosuberenone (25 g, 121 mmol) and
hydroxylamine hydrochloride (6.81 mL, 164 mmol) 1n pyri-
dine (70 mL) was refluxed for 20 hours. The reaction
mixture was concentrated and poured into 5% aqueous
hydrochloric acid (with crushed i1ce), stirred for 20 minutes,
filtered, and dried 1n the air to provide 28.1 g of crude
dibenzosuberenone oxime, as a white precipitate. Dibenzo-
suberenone oxime (16 g, 72.3 mmol) was added to 250 mL
polyphosphoric acid at 125° C., the reaction mixture was
stirred for 60 minutes at this temperature, poured onto
crushed 1ce (approximately 700 mL), stirred for another 30
minutes, and filtered. The filter cake was washed with water,
and dried under vacuum to provide crude dibenzo[b,1]
azocin-6(5H)-one 1 (11.6 g, 52.4 mmol, 73%) as a grey
powder.

A suspension of 1 (7.4 g, 33.4 mmol) and lithitum alumi-

num hydride (2.494 ml, 66.9 mmol) 1n anhydrous ether (200



US RE47,539 E

13

ml) was refluxed for 15 hours. The reaction mixture was
quenched by water, filtered, and the filter cake was washed
with ether. The filter cake was dispersed in ether (100 mL),
stirred for 10 minutes, and filtered. The combined organic
layers were dried over MgSQO,,, solvent was removed under
vacuum, and the product purified by chromatography to
provide 4.04 g (19.49 mmol, 38%) of 3,6-dihydrodibenzo
[b.flazocine (2). 'H, 7.27-7.23 (m, 1H), 7.2-7.1 (m, 3H),
6.96-6.9 (m, 1H), 6.9-6.8 (m, 1H), 6.65-6.55 (m, 1H),
6.54-6.48 (m, 1H), 6.40 (d, J=8 Hz, 1H), 6.38-6.29 (m, 1H),
4.51 (d, J=6.8 Hz, 2H), 4.2 (br s, 1H); °C: 147.3, 139.3,
138.3, 134.9, 132.7, 130.3, 129.0, 128.1, 127.8, 127.6,
127.5, 121.8, 118.1, 117.9, 49.6. HRMS (ESI+) calcd for
C,;H,.N [M+H]" 208.1126. found 208.1120.

N-(6-(dibenzo[b,f]azocin-5(6H)-y1)-6-oxohexyl)
trifluoroacetamide (3)

6-(trifluoroacetamido)hexanoyl chloride (Clark et al.,
Chem. Soc. Perkin Trans. 1 2001:3312-3324) (0.984 g, 4.52
mmol) was added to a solution of 2 (0.75 g, 3.62 mmol) and
pyridine (0.859 g, 10.86 mmol) 1n CH,Cl, (approximately
10 ml) at room temperature, and stirred for 30 minutes. The
reaction mixture was diluted with CH,Cl, (approximately
20 mL), washed with water (2x30 mL), drnied over anhy-
drous MgSQO, and the solvent was removed under reduced
pressure. The residue was punified by chromatography
(hexanes:ethyl acetate 2:3) to provide 1.064 g (2.56 mmol,
71%) of 3 as yellowish oil. 'H: & 7.32-7.22 (m, 4H),
7.19-7.11 (m, 4H), 6.77 (d, J=13.2 Hz, 1H), 6.58 (d, J=13.2
Hz, 1H), 5.46 (d, J=14.8 Hz, 1H), 4.20 (d, J=14.8 Hz, 1H),
3293 15 (m, 2H), 209202 (m, 1H), 193 1.85 (m, 1H),
1.51-1.32 (m, 4H), 1.25-1.04 (m, 2H); °C: 172.7, 157.5,
141. 1, 136.1, 135.8, 134.8, 132.4, 131.8, 130.5, 128.5,
128.2, 128.1, 128.0, 127.3, 1272 1175 1146 548 39.6,
343, 28.2, 25 9, 24 3; FIRMS (ESI+) m/z calcd for
C23H24F N 50, [M+H] 417 1'790. found 417.1783.

N-(6-Trfluoroacetamidohexanoyl)-5,6-dihydro-11,
12-didehydrodibenzol[b,f]azocine (5)

Pyridine hydrobromide perbromide (0.948 g, 2.97 mmol)
was added to a solution of 3 (1.05 g, 2.70 mmol) in CH,CI,

(4 ml) at room temperature, and the reaction mixture was
stirred overnight. The reaction mixture was diluted with
CH,Cl, (20 mL), washed with 5% aqueous hydrochloric
acid (20 mL), dried over MgSO,, and solvent removed
under vacuum. The residue was passed through a short pad
of silica gel (CH,Cl,) to give 1.2 g of crude N-(trifluoro-
acetamidohexanoyl)-5,6,11,12-tetrahydro-11,12-dibromod-
ibenzo[b,f]azocine (4) as an oi1l. Solution of crude 4 (1.2 g,

2.082 mmol) in THF (5 mL) was added to a solution of
potassium t-butoxide (0.584 g, 5.21 mmol) 1n THF (10 ml)

at room temperature, the reaction mixture was stirred for 1
hour, diluted with ethyl acetate (20 mL), washed with 5%
aqueous hydrochloric acid, brine, dried over MgSO,,, and
the solvent was removed under reduced pressure. The crude

product was purified by chromatography (hexanes:ethyl
acetate, 2:1 to 1:1) to afford 0.76 g (1.834 mmol, 88%) of 5
as brown oil. '"H NMR: 3 7.68 (d, J=7.6 Hz, 1H), 7.45-7.21
(m, 7H), 6.79 (br s, 1H), 5.16 (d, J=14.4 Hz, 1H), 3.67 (d,
J=13.6 Hz, 1H), 3.22-3.14 (m, 1H), 3.11-3.02 (m, 1H),
2.24-2.16 (m, 1H), 1.41-1.22 (m, 4H), 1.11-0.9 (m, 2H);
MS: m/z 414 [M™]. Calcd for C,,H,,F.N,O, 414.

N-(6-Aminohexanoyl)-3,6-dihydro-11,12-didehy-
drodibenzo|b,f]azocine (ADIBO-C6-amine, 6)

Solution of K,CO; (2 g, 14.47 mmol) 1n 15 mL of water
was added to a solution of N-(6-Trifluoroacetamido
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hexanoyl)-3,6-dihydro-11,12-didehydrodibenzo[b,f]azocine
(35, 2.95 g, 7.12 mmol) 1n MeOH (30 mL) at room tempera-

ture and stirred overnight. Solvents were removed under
reduced pressure, the residue was redissolved in CH,Cl,:
cthyl acetate (1:4), washed with brine and water. The organic
layer was dried over anhydrous Na,SO,,, and concentrated 1n

vacuum. The crude product was purified by chromatography
(CH,Cl,:MeOH 10:1 to 10:4) to provide 1.31 g (4.11 mmol,

58%) of 6 as slightly yellow oil. '"H NMR: & 7.71 (d, ]=7.6
Hz, 1H), 7.45-7.21 (m, 7H), 5.18 (d, J=14.4 Hz, 1H), 3.63
(d, J=13.6 Hz, 1H), 3.55 (m, 4H), 2.74 (m, 2H), 2.57 (1,
I1=6.0 Hz, 2H), 2.19 (m, 1H), 1.95 (m, 1H), 1.41-1.05 (m,
6H), 1.11-0.9 (m, 2H); °C: 173.3, 151.8, 147.8, 132.3,
132.1, 128.9, 128.2, 128.0, 127.8, 127.5, 126.5, 122.1,
123.0, 114.8, 107.9, 55.8, 41.4, 34/, 31.9, 26.0, 24.8;
HRMS (ESI+) m/z calced for C,,H,;N,O [M+H]™ 319.1810.
found 319.1799.

N-(3-Aminopropionyl)-5,6-dihydro-11,12-didehy-
drodibenzo[b,f]azocine (ADIBO-C3-amine, 7)

was prepared lfollowing the same protocol as for the
preparation of 6. "H NMR: (500 MHz): 7.68 (d, J=7.5 Hz,
1H), 7.45-7.33 (m, 5H), 7.29 (t, I=7.5 Hz, 1H), 7.25 (1, I=7
Hz, 1H), 5.15 (d, J=14 Hz, 1H), 3.16 (d, J=14 Hz, 1H),
282 2.67 (m, 2H), 2.45-2.35 (m, 1H), 2.01-1.92 (m, 1H),
1.6-1.4 (br s, 2H); °C, 172.14, 151.48, 148.01, 132.12,
129.08, 128.29, 128.21, 127.99, 127.63, 127.01, 125.43,
122.85,122.57,114.97, 107 66, 55.25, 38. 25 38. 15 FIRMS
(ESI+) caled for C,H,-N,O [M+H]" 277.1341. found
2'77.1339.

Aza-dibenzocyclooctyne-biotin conjugate
(ADIBO-biotin, 8)

HBTU (1.916 g, 5.05 mmol) was added to a solution of
biotin-PEG,-acid (1.9 g, 3.74 mmol) and DIEA (0.647 g,
5.61 mmol) in CH,CI, (15 mL) at room temperature and
stirred for 15 minutes. A solution of 7 (1.238 g, 4.12 mmol)
in CH,Cl, (2 mL) was added dropwise, the reaction mixture
was stirred for 3 hours, and concentrated under reduced

pressure. The product was purified by chromatography
(CH,Cl, to CH,Cl,:MeOH 20:1 to 100: 15) to provide 2.44

g (3.32 mmol 89%) of 8 as colorless semi-solid. "H NMR
(500 MHz, CDCl,): & 7.66 (d, JI=7 Hz, 1H), 7.42-7:3 (m,
7H), 7.28-7.25 (m, 1H), 7.05-6.99 (m, 1H), 6.79-6.75 (m,
1H), 6.61 (br s, 1H), 5.13 (d, J=14 Hz, 1H), 4.5-4.45 (m,
1H), 4.32-4.25 (m, 1H), 3.68 (d, J=14 Hz, 1H), 3.65-3.45 (m,
17H), 3.44-3.36 (m, 2H), 3.32-3.22 (m, 2H), 3.15-3.07 (m,
2H), 2.9-2.82 (m, 1H), 2.75-2.65 (m, 1H), 2.55-2.46 (m,
1H), 2.33 (q, J=6 Hz, 2H), 2.2 (t, J=7.5 Hz, 2H), 2.0-1.92 (m,
1H), 1.75-1.6 (m, 4H), 1.45-1.35 (m, 5H); °C, 173.51,
171.99, 171.13, 164.01, 151.1, 148.09, 132.13, 129.14,
128.68, 128.21, 127.83, 127.19, 125.38, 123.07, 122.45,
114.72, 107.86, 70.45, 70.43, 70.39, 70.3, 70.17, 70.03,
69.98, 97.17, 61.83, 60.26, 55.69, 55.52, 53.67,42.0, 40.52,
39.14, 36. 79 35. 89 35.26, 34.71, 28 29, 28 11, 25.63,
18.59, 17.44, 11.88; HRMS (ESI+) m/z calcd for
C,oH ;N OS [M+H]™ 750.3537. found 750.3542.

Aza-dibenzocyclooctyne-PEG ,-amine
(ADIBO-PEG ,-amine, 9)

EDC (0.75 g, 4.68 mmol) was added to a solution of
Boc-NH—(CH,CH,0),—CH,CH,CO,H (PCT Interna-
tional Application Publication No. WO 2009/053339 A2;
Pessi et al.) (1.57 g, 4.32 mmol) in CH,Cl, (15 mL) and
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DTRA (0.7 g, 5.4 mmol) at room temperature and stirred for
15 minutes. A solution of ADIBO-amine 7 (1 g, 3.6 mmol)
in CH,Cl, (1 mL) was added to the reaction mixture and
stirred for 4 hours, at which time the solvent was removed
under reduced pressure and the crude product purified by
chromatography (ethyl acetate:hexanes 1:1 to 9:1) to pro-
vide 1.8 g (2.8 mmol, 80%) of crude N-Boc-protected
ADIBO-PEG,-amine (9-Boc) as yellow o1l.

A solution of TFA (0.48 g, 4.2 mmol) in THF (15 mL) was
added to a solution of 9-Boc (1.8 g, 2.8 mmol) 1n THF (30
ml.) at room temperature. The reaction mixture was stirred
overnight and the solvent was removed under reduced

pressure. The residue was purified by chromatography
(CH,Cl,:MeOH 10:1 to 10:4) to provide 1.15 g (2.2 mmol,

79%) of ADIBO-PEG -amine (9) as slightly yellow o1l.
'H-NMR (500 MHz): 7.67 (d, J=7.5 Hz, 1H), 7.43-7.34 (m,
SH), 7.31 (t, J=7.5 Hz, 1H), 7.29-7.24 (m, 1H), 6.95-6.88
(m, 1H), 5.13 (d, J=14 Hz, 1H), 4.45-4.2 (br s, 2H), 3.7-3.5
(m, 22H), 3.37-3.2 (m, 3H), 2.68 (t, =5 Hz, 2H), 2.57-2.42
(m, 1H), 2.4-2.32 (m, 2H), 2.02-1.92 (1H); "*C-NMR (100
MHz, CDCly): 172.13, 171.21, 151.20, 148.16, 129.3,
129.2, 128.78, 128.44, 128.31, 127.9, 127.29, 127.25,
125.68, 123.16, 122.55,114.81, 107.92, 70.46, 70.39, 70.35,
70.32,70.30, 70.26, 70.1, 55.62, 48.86, 36.69, 35.41, 34.67;

FIRMS (ESI+) m/z calcd for C,oH; N, O, [M+H] 524.2761.
found 524.2756.

Cleaning and Activation of Glass Slides Surface

All glass slides were sonmicated for 30 minutes 1n metha-
nol, rinsed with acetone, and dried in an oven at 145° C. for
1 hour Piranha solution (90 mlL) was prepared by the
addition of H,O, (25 mL of 35% v/v) 1n one portion to 65
mL of conc. H,SO, 1n a 100 mT, Pyrex beaker, which was
kept 1n a water bath. Because Piranha solution reacts vio-
lently with organic compounds, appropriate cautions should
be taken for handling with extreme care, e.g., by wearing
thick plastic gloves, a lab coat, and safety glasses, and
handling 1n a fume hood at all times.

The solution was carefully stirred with a glass rod,
followed by inserting glass slides into the solution. After 1
hour, slides were removed {from the solution and rinsed with
copious amounts of distilled water, then acetone, and dried
in an oven for 20 minutes at 145° C. Glass slides prepared
in this fashion were submitted to derivatization procedures
immediately.

Preparation of Epoxy-Derivatized Glass Slides

Freshly-activated glass slides were immersed 1n a solution
of freshly-distilled (3-glycidyloxypropyl)dimethoxy-meth-
ylsilane (1% v/v) and DIEA (1% v/v) 1n dry toluene (100
ml.) at 25° C. for 16 hours. Slides were sonicated two times
in methanol for 15 minutes, thoroughly rinsed with acetone,
and dried under a stream of nitrogen.

Preparation of Aza-Dibenzocyclooctyne (ADIBO,
6)—Coated Glass Shdes

Freshly-prepared epoxy-coated glass slides were placed
in a solution of aza-dibenzocyclooctyne amine 6 (75 mg)
and DIEA (1 mL) in DMF (100 mL) and incubated overnight
at room temperature. Slides were then rinsed with acetone,
sonicated for 15 minutes in methanol, rinsed with acetone,
and dried under a stream of nitrogen.

Preparation of Azide—Coated Glass Slides

Freshly-prepared epoxy-coated glass slides were
immersed in a solution of 6-azidohexylamine (1 mL) and
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DIEA (1 mL) in DMF (100 mL) overnight at room tem-
perature. The slides were then sonicated for 15 minutes in
methanol, rinsed with acetone, and dried under a stream of
nitrogen.

Patterned Derivatization of Glass Slides with
Aza-Dibenzocyclooctyne 6

1 uLL drops of 10 mM PBS solution of dibenzocyclooctyne
6 were spotted using a micropipette on a freshly-prepared
epoxy-coated slide followed by incubation in a humidity
chamber containing PBS bufler for 12 hours at room tem-
perature. The slide was washed with copious amounts of
acetone, then water, and sonicated i1n DMF for 30 minutes.

Patterned Immobilization of Fluorescent Dyes on
ADIBO-Coated Slides

Solutions of Oregon Green azide (13, 0.1 mM and 1 mM
in PBS) or Lissamine rhodamine B azide (14, 0.1 mM) were
spotted using a pipette (2 ul.) on a freshly prepared diben-
zocyclooctyne plate and incubated in a humidity chamber
for various periods of time (vide infra). Shides were rinsed
with acetone, then sonicated for 15 minutes 1n methanol,
rinsed with acetone, and dried under a stream of nitrogen.

Patterned Immobilization of Avidin on
ADIBO-Coated Slides

1 ulL drops of biotin-dPEG 3+4-azide PBS solutions of
different concentrations (10 mM, 1 mM, and 0.1 mM) were
spotted on a ADIBO-coated glass slide. Slides were incu-
bated 1n a humidity chamber for 1 hour at room temperature,
rinsed with copious amounts of acetone, then water, and
sonicated 1n DMF for 30 minutes. Slides were then
immersed 1n a blocking solution containing 1%
aminoPEG  azide 1n DMF and incubated overnight at room
temperature. The slides were then rinsed with acetone,
sonicated in DMF for 30 minutes, and rinsed with distilled
water, followed by immersion into a solution of avidin-FITC
(50 uLL of 2 g¢/mL 1 10 mL of PBS) at 2° C. for 15 minutes.
The slides were sonicated in PBS containing 0.1% Tween 20
for 30 minutes, washed with distilled water, incubated 1n
PBS containing 0.1% of BSA for 12 hours at 2° C., sonicated
again 1n PBS (1% of Tween 20) for 30 minutes, and rinsed
with distilled water.

Patterned Immobilization of Fluorescent Probes on
Azide-Coated Slides

1 uLL drops of 1 mM of ADIBO-fluor (10) solution 1n PBS
were spotted on an azide plate, followed by mcubation 1n a
humidity chamber for 12 hours at room temperature. Slides
were rinsed with acetone, then sonicated for 15 minutes 1n
methanol, rinsed with acetone, and dried under a stream of
nitrogen.

For two-color derivatization, azide-coated slides pat-
terned with ADIBO-fluor (10) spots as described above were
immersed 1in a solution of ADIBO-Rhodamine (12, 1 mM 1n

PBS) and incubated for 3 hours at room temperature. Slides
were rinsed with acetone, then sonicated for 15 minutes 1n

methanol, rinsed with acetone, and dried under a stream of
nitrogen.

Patterned Immobilization of Avidin on
Azide-Coated Slides

1 ulL drops of ADIBO-biotin (8) solutions of different
concentrations (10 mM, 1 mM, 0.1 mM, and 0.01 mM 1n
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PBS) were spotted on an azide-coated glass slide. Slhides
were incubated 1n a humidity chamber for 1 hour at room
temperature, rinsed with copious amounts of acetone, then
water, and sonicated in DMF for 30 minutes. Slides were
then 1immersed 1 a blocking solution containing 0.1%

ADIBO-PEG,-amine (9) in DMF and incubated overmight at

room temperature. The slides were rinsed with acetone,
sonicated in DMF for 30 minutes, and rinsed with distilled

water, followed by immersion into a solution of avidin-FITC
(50 uL, of 2 mg/mL 1n 10 mL PBS) at 2° C. {for 15 minutes.
The slides were sonicated 1n a PBS solution containing 0.1%
Tween 20 for 30 munutes, washed with distilled water,
incubated 1 PBS containing 0.1% BSA for 12 hours at 2°
C., sonicated again in PBS (1% Tween 20) for 30 minutes,
and rinsed with distilled water.

Preparation of ADIBO-Coated Magnetic Beads

A solution of ADIBO-biotin conjugate (8) (25 ul, 10 mM
in PBS) was added to a suspension of streptavidin-coated
magnetic beads (25 ulL of 10 mg/mL) 1n 450 uL., PBS. The
resulting mixture was stirred by shaking for 2 hours at room
temperature. The reaction mixture was centrifuged at 11,000
rpm for 2 minutes, the supernatant liquid was decanted, and
the pellet resuspended 1n PBS (450 ul). The washing step
was repeated two times.

Preparation of Azide-Coated Magnetic Beads

A solution of Biotin-dPEG 3+4-azide (25 ul, 10 mM 1n
PBS) was added to a suspension of streptavidin-coated
magnetic beads (25 uL of 10 mg/mL) 1n 450 ul. PBS. The
resulting mixture was stirred by shaking for 2 hours at room
temperature. The reaction mixture was centrifuged at 11,000
rpm for 2 minutes, the supernatant liquid was decanted, and
the pellet resuspended i PBS (450 ul, pH 7.4). The

washing step was repeated two times.

Fluorescent Labelling of ADIBO-Coated Magnetic
Beads

A solution of Oregon Green-azide (13) (10 mM in PBS)
was added to a suspension of ADIBO-coated magnetic beads
(25 ulb of 10 mg/ml) and incubated for 3 hours at room
temperature. Beads were centrifuged at 11,000 rpm for 1
minute, the supernatant liquid was decanted, and the pellet
resuspended i 4350 ul. PBS containing 0.1% Tween 20,
centrifuged, washed with PBS, centrifuged and resuspended
in 450 ul. PBS for fluorescent microscopy imaging.
Fluorescent Labelling of Azide-Coated Magnetic Beads.

A solution of ADIBO-fluor (10, 25 uLL of 10 mM 1n PBS)
was added to a suspension of azide-coated magnetic beads
(25 ul of 10 mg/mL) 1n 450 ul. PBS and incubated for 3
hours at room temperature. Beads were centrifuged at
11,000 rpm for 1 munute, the supernatant liquid was
decanted, and the pellet resuspended 1n 450 ulL PBS con-
taining 0.1% of Tween 20, centrifuged, washed with PBS,
centrifuged, and resuspended 1n 450 ul. PBS for fluorescent
miCcroscopy imaging.

Example 2

ADIBO and Azide Functionalization of Glass
Slides

Derivatization experiments were performed on a glass
surfaces due to the ready availability, low cost, high
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mechanical stability, low intrinsic fluorescence, and easy
surface modification techniques of the glass substrate.
Freshly-prepared epoxide-coated slides were incubated 1n a
DMF solution of ADIBO-amine 6 or 6-azidohexylamine 1n
the presence of Hiinig’s base (N-ethyl-N,N-diisopropylam-
ine) overnight, and washed with acetone, then methanol
(FIGS. 3 and 7).

Oregon Green-azide (13) was used as a model compound
to assess the efliciency and kinetics of the metal-free azide
click immobilization on ADIBO-coated slides. To ensure
that a fluorescent dye 1s immobilized on the slides only by
the click reaction and not due physical absorption or other
chemical reactions, the epoxy-coated plate was spotted with
ADIBO-amine (6). After overnight incubation and washing,
these plates were immersed 1 a PBS solution of Oregon
Green azide (13, 0.01 mM) for 100 minutes and washed with
acetone, then sonicated for 15 minutes i1n methanol, rinsed
with acetone, and dried under a stream of nitrogen. The
fluorescence 1mage of the resulting slide demonstrates that
dye 13 specifically binds to the ADIBO-derivatized surface
and not to the rest of the slide (FIG. 3, insert A, green spots).
While the value of relative fluorescence intensity (spot
versus background) depends on the starting epoxy plate
(VWR. Microarray Epoxy 2 Shides and Corning Epoxide
Slides have also been tested), Oregon Green spots always
showed bright fluorescence with 2000-6000 contrast ratio.
In the following fluorescent dye patterning experiments, 2
uL drops o1 0.1 mM or 0.01 mM PBS solutions of azide-dye
conjugate were applied onto ADIBO-denivatized slides.
Thus, 0.1 mM solution of Lissamine rhodamine B azide (14)
was spotted on the ADIBO-slide, incubated for 1 hour and
thoroughly washed. The fluorescence image also has a good
contrast ratio (FIG. 3, msert B, red spots).

Example 3

Kinetics of Metal-Free Click Immobilization

To evaluate the kinetics of the ADIBO-azide reaction on
the surface, 2 uL drops of a 0.1 mM Oregon Green azide (13)
PBS solution were spotted onto ADIBO-derivatized slides.
The first spot was allowed to react for 284 minutes; subse-
quent drops were applied at different times, with the last
drop applied just 5 minutes before washing. The slides were
stored 1n a humidity chamber during this procedure. The
immobilization reaction shows excellent kinetics. Within 5
minutes the relative fluorescent intensity of the green spots
reaches 44-80% of the maximum value and saturation of
fluorescence 1s achieved at approximately 100 minutes at 0.1
mM of azide (FIG. 4). As a results, mcubation with the
coupling reagent for 100 minutes was selected as a standard
procedure for subsequent experiments.

To optimize the concentration of the substrate for the
metal-free click immobilization, an ADIBO-slide was spot-
ted with PBS solutions of various concentration of Oregon
Green azide (13): 10 uM, 50 uM, 0.1 mM, 1 mM, and 5 mM.
After incubation for 100 minutes and washing, the image of
the slide was recorded and the 1ntegral fluorescent 1intensity
of the green spots analyzed (FIG. §). The saturation of

Oregon Green fluorescence 1s achieved around 0.1 mM
concentration of the azide 13.

Example 4

Biotinylation of ADIBO-Slides and Immobilization
of Avidin

The exceptional selectivity and high binding constant
between avidin and biotin (dissociation constant=10-15 M)
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(Green, Methods Enzymol., 1990, 184:51-67) 1s widely used
in bioconjugation and surface immobilization applications.

See, Tor example, Nebhani et al., Adv. Mat. 2009, 21:3442-
3468; Wong et al., Chem. Rev. 2009, 109:4025-4053; Ila et
al., Chem. Rev. 2009, 109:5620-5686; Ratner et al., (2004)
Biomaterials science: an introduction to materials in medi-
cine, Academic Press, San Diego, Calif.; Im et al, J. Am.

Chem. Soc. 2008, 130:14424-14425; Sun et al., Bioconju-
gate Chem. 2006, 17:52-57; Jacobs et al., Acc. Chem. Res.
2010, 43:673-683; Wilchek et al., Methods Enzymol. 1990,
184:5-13; Mader et al., Chem. Eur J. 2010, 16:5416-5424;
Bottcher et al., J. Am. Chem. Soc. 2010, 132:6964-6972;
Landi et al., Org. Biomol. Chem. 2010, 8:56-59; and Zhang
et al., Chem. Mater 2009, 21:4012-4018. Therefore, the
clliciency of surface biotinylation using a copper-iree azide
click reaction was tested. As shown 1n FIG. 6, 1 uLL drops of
three diflerent concentrations (10 mM, 1 mM, and 0.1 mM)
of biotin-dPEG 3+4-azide solutions in PBS were applied
onto an ADIBO-functionalized glass slide. For a compari-
son, 1 ul. drops of a 0.1 mM PBS solution of Oregon Green
azide (13) were also spotted on the slide. To test for the
possibility of non-specific absorption of biotin conjugates on
the ADIBO-slides, a 1 mM PBS solution of biotin-PEG, -
C=CH was also spotted on the shide. After an hour-long
incubation and washing, slides were immersed ina 1% DMF
solution of aminoPEG azide and incubated overnight. Our
mnitial experiment showed that dibenzocyclooctynes have
significant aflinity towards proteins (Mamidyala et al.,
Chem. Soc. Rev. 2010, 39:1252-1261). Exposure to the
aminoPEG azide solution converts unreacted aza-dibenzo-
cyclooctyne fragments into triazole-PEG conjugates. Pat-
terned biotinylated slides were developed with an avidin-
FITC PBS solution for 15 minutes at 2° C. and washed
thoroughly. The fluorescent image of this slide (green spots)
shows selective immobilization of the protein in the bioti-
nylated areas, while non-specific binding of avidin was not
observed (FIG. 6). Incubation of the avidin-FITC-patterned
slides 1n a PBS solution containing BSA does not reduce the
fluorescence, confirming the immeobilization of avidin via
specific biotin-avidin interactions.

Example 5

Patterning of Fluorescent Dyes on Azide-Coated
Slides

To assess the efliciency of a reverse copper-free click
surface dernivatization, azide-coated glass slides (vide supra)
were prepared. Such a surface provides a convenient plat-
form for immobilization using both conventional (1.e., cop-
per-catalyzed) and catalyst-free azide click reactions. 1 uL
drops of a 1 mM PBS solutions of aza-dibenzocyclooctyne
6 conjugates with fluorescein (ADIBO-fluor, 10) or with
Lissamine rhodamine B (ADIBO-Rhodamine, 12), were
allowed to react for 12 hours, then washed thoroughly.
Fluorescent images of the resulting slides with fluorescein
(FIG. 7, mnsert A, green spots) and Lissamine rhodamine B
(FIG. 7, insert B, red spots) illustrate the efliciency of
substrate 1mmobilization on the azide-derivatized surface
using metal-free click chemuistry.

After immobilization, slides are often subjected to vigor-
ous washing procedures, including the use of detergents and
sonication 1n aqueous solutions and organic solvents. To test
the stability of the azide surface to the washing procedures
and to explore the feasibility of multi-substrate surface
derivatization using copper-iree click chemaistry, the sequen-
tial immobilization of two fluorescent dyes was studied. The
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azide-coated glass slide was 1mnitially spotted with 1 uL. drops
of a 1 mM PBS solution of ADIBO-fluor (10) and incubated

in a humidity chamber for 12 hours at room temperature.
The slide was rinsed with acetone, sonicated in DMF for 30
minutes, and rinsed with distilled water, then immersed 1n a
0.1 mM solution of ADIBO-Rhodamine (12) for another 12
hours, then thoroughly washed. The fluorescent i1mage
recorded with a green (495-520 nm) filter clearly shows a
pattern of fluorescein-immobilized green spots (FIG. 8A).
The bright red background of Lissamine rhodamine B
fluorescence and dark spots, where azide groups were con-
sumed 1n the first step, are visible on the image recorded
with a red (532-580 nm) filter (FIG. 8B). FIG. 8C shows
merged 1mages A and B (green spots/red background),
which demonstrates that reactivity of an azide-derivatized
surface 1s not significantly affected by washing procedures.

Example 6

Patterned Biotinylation of Azide-Slides and
Selective Immobilization of Avidin

To further demonstrate the versatility of the copper-free
click reaction for protein immobilization, patterned bioti-
nylation of azide-derivatized slides was conducted, followed
by the immobilization of avidin. Azide-functionalized glass
slides was spotted with 1 ul. drops of four different concen-
trations (10 mM, 1 mM, 0.1 mM, and 0.01 mM) of a PBS
solution of ADIBO-biotin (8). Slides were incubated 1n a
humidity chamber for 30 minutes, 2.5 hours, and 3.5 hours
and washed with copious amounts of acetone, then water,
and sonicated in DMF. To reduce nonspecific binding of the
protein, slides were immersed 1n a blocking solution con-
tamning 0.1% ADIBO-PEG, -amine (9) in DMF and kept
overnight. The slides were then washed, incubated 1n a
solution of avidin-FITC at 2° C. for 15 minutes, and washed
again. As 1n the case of patterned biotinylation of ADIBO-
slides, fluorescent 1mages show selective immobilization of
the fluorescently labeled protein in biotinylated areas. No
significant non-specific binding of avidin to the slides was
observed (FIG. 9). Fluorescent intensity of the spots pro-
duced at various concentrations of ADIBO-biotin and incu-
bation time 1llustrate the efliciency of the reaction. Even at
10 uM concentration of ADIBO-biotin (8), a 30 minutes
incubation produces a brightly fluorescent spot after avidin-
FTIC development.

Example 7
Catalyst-Free Derivatization of Microbeads

To demonstrate the utility of the copper-free azide click
reaction for the modification of microparticle surfaces, the
application of this reaction to the fluorescent labeling of
streptavidin-coated magnetic beads was explored. The sur-
face of the beads was derivatized with azide groups by
treating a suspension of the beads with biotin-dPEG 3+4-
azide (FIG. 10). The aza-dibenzocyclooctyne functionaliza-
tion of streptavidin beads was achieved by reacting the
Bonner with ADIBO-biotin (8, FIG. 10).

The ADIBO-functionalized streptavidin beads were sus-
pended 1 a PBS solution of Oregon Green azide (13) and
incubated for 3 hours at room temperature. Beads were
washed and resuspended 1n PBS for imaging via fluorescent
confocal microscopy. FIG. 11A shows the bright green
fluorescence of these Oregon Green-labeled beads. The
starting (unmodified) streptavidin magnetic beads treated
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with 13 under the same conditions show no detectable
emission. As an additional control experiment, the beads
were derivatized with terminal acetylene groups by treating,
streptavidin beads with biotin-PEG_-C=CH. Incubation of
the resulting particles 1n an Oregon Green azide (13) solu-
tion, followed by thorough washing, did not induce detect-
able fluorescence 1n the beads (FIG. 11B), Magnetic strepta-
vidin beads directly treated with ADIBO-fluor (10) showed

no fluorescence (FIG. 11C). Azide-derivatized microbeads
were labeled with fluorescein by reacting them with an

ADIBO-fluorescein conjugate (10, FIG. 11D).

In conclusion, an eflicient synthesis of aza-dibenzocy-
clooctynes (ADIBO) starting from inexpensive precursors
has been disclosed. This method allows for preparation of
ADIBO derivatives on a large scale. The utility and excellent
kinetics of catalyst-free ADIBO-azide cycloaddition for the
patterned derivatization of glass slides and streptavidin
beads has been demonstrated. The same metal-free click
reaction was employed for the PEGylation of unfunctional-
1zed areas of the surface. Such treatment allowed for dra-
matic reduction or complete elimination of non-specific
binding of proteins to the surface. The strategy described in
this report provides a convenient tool for the site-specific
covalent immobilization of various biomolecules. These
procedures can be especially useful 1n cases where presence
of copper 10ns has to be avoided.

The complete disclosure of all patents, patent applica-
tions, and publications, and electronically available material
(e.g., GenBank amino acid and nucleotide sequence sub-
missions; and protein data bank (pdb) submissions) cited
herein are incorporated by reference. The foregoing detailed
description and examples have been given for clarity of
understanding only. No unnecessary limitations are to be
understood therefrom. The mmvention 1s not limited to the
exact details shown and described, for variations obvious to
one skilled 1n the art will be 1included within the mnvention
defined by the claims.

What 1s claimed 1s:
[1. An alkyne of the formula:

Formula II
R! R/
Rl — Rl i
R! N R/
Rl 1‘{2 Rl
wherein:

each R" independently represents H or an organic group;
and

R* represents a —C(O)—R* group, wherein R* represents
an organic group attached to a glass slide or a particle
surface.]

[2. The alkyne of claim 1 wherein each R' is hydrogen.]

[3. The alkyne of claim 1 wherein R* is attached to the
glass slide or the particle surface by hydrogen bonding
and/or covalent bonding.]

[4. A method of preparing a heterocyclic compound, the
method comprising:
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combining at least one azide of the formula R°—N, with
at least one alkyne according to claim 1; and

allowing the at least one azide and the at least one alkyne
to react under conditions effective to form a heterocy-

clic compound of one or more of the following formu-
las:
Formula III
R N
SN
R! \N N N R!
R! R!
N \ and/or
rd
R] / N Rl
/
Rl R2 Rl
Formula IV
wherein:
each R' independently represents H or an organic group;
R” represents a —C(O)—R" group:;
R> represents an organic group; and

R* represents an organic group attached to a glass slide or
a particle surface.]

[5. The method of claim 4 wherein conditions effective to
form the heterocyclic compound include the substantial
absence of added catalyst.}

[6. The method of claim 4 wherein R’ comprises a
detectable label, and the method comprises labeling the solid
surface.]

[7. The method of claim 6 wherein the detectable label is
an affinity label.]

8. A method of preparing a heterocyclic alkyne, the
method comprising:

subjecting a compound of the formula:

Formula V

Rl

.

Rl
1

Rl

R! .
Rl
R! /N R
HO

to conditions eflective for a Beckman rearrangement to
provide a lactam of the formula:
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R/ R!
R/ — R/
\ \
~ /
1 1
R N R
R! ]5‘{2 O R/

wherein each R' independently represents H or an organic
group, and R” is H;

Formula VI

subjecting the lactam of Formula VI to conditions effec-
tive to reduce the lactam and provide a heterocyclic
alkene of the formula:

Formula I
R! R/
R] — Rl
\ / 7
R] / \ Rl
N
R! | R

wherein each R' independently represents H or an organic
group, and R” is H;
converting R* from H to a—C(O)—R* group, wherein R*
represents an organic group; and

subjecting the converted heterocyclic alkene to conditions
cllective to convert the alkene to an alkyne of the
formula:

R R
Rl —_— Rl
1 1
R If R
Rl R2 Rl
wherein each R' independently represents H or an organic

group; R” represents a —C(O)—R* group; and R* represents
an organic group.

Formula II

9. The method of claim 8 wherein each R* represents H.

10. The method of claim 8 wherein conditions effective
for the Beckman rearrangement comprise treatment with
polyphosphoric acid at a temperature of 25° C. to 200° C.

11. The method of claim 8 wherein conditions eflective to
reduce the lactam comprise treatment with lithium alumi-
num hydride under anhydrous conditions.

12. The method of claim 11 wherein anhydrous conditions
comprise the presence of an aprotic solvent.

13. The method of claim 8 wherein conditions effective to
convert the alkene to the alkyne comprise:

halogenating the alkene to form a dihalide; and

dehydrohalogenating the dihalide to form the alkyne.

14. The method of claim 13 wherein the halogen com-
prises bromine.
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[15. An alkyne of the formula:

Formula 11
1 1
R! — R
R N R
R Il} R!
wherein:
each R' independently represents H or a C1-C12 hydro-
carbon moiety; and
R” represents a —C(O)—R* group, wherein R* represents
a linking group attached to a glass slide or a particle
surface.]

[16. The method of claim 4, wherein each R' indepen-
dently represents H or a C1-C12 hydrocarbon moiety.}

[17. The method of claim 8, wherein each R' indepen-
dently represents H or a C1-C12 hydrocarbon moiety; and
R* represents a detectable label or a linking group.]

18. An alkyne of the formula:

Formula [I
R! R
RI — Ri"
\‘ X = -~
Rf/ / \ \Rf
N
RI }‘22 RI
wherein.
each R represents H; and
R° represents
9,
NH TN )J\NH
0, O)L/\ 9,
9,
NH
NS
19. An alkyne of the formula:
Formula If
R R
RI (— Rf
Y Y
P /X
R \N R!
RI }LZ RI
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wherein:
each R’ represents H: and
R’ represents
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