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(57) ABSTRACT

Provided herein are dibenzocyclooctyne compounds useful
as reagents 1n 1,3-dipolar cycloaddition reactions, and meth-
ods for their preparation.
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CYCLOOCTYNES FOR CLICK CHEMISTRY

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional of pending U.S.

application Ser. No. 17/661,440, filed on Apr. 29, 2022,
which 1s a divisional application of U.S. application Ser. No.
17/332,941 filed on May 27, 2021, now U.S. Pat. No.
11,377,424, each of which are incorporated herein by ret-
erence herein in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with Government support
under Grant No. RO1 GM044783 awarded by the National
Institutes of Health (NIH). The Government has certain

rights in the mmvention.

BACKGROUND

[0003] The discovery of “spring-loaded” but chemoselec-
tive reactions has widespread application 1n chemical biol-
ogy, polymer chemistry, and materials chemistry. In this
realm, a particular 1,3-dipolar cycloaddition*—the strain-
promoted azide-alkyne cycloaddition (SPAAC)’~>—has
been at the forefront. Its preeminence 1s attributable to the
attractive features of the azido group®® along with the
formation of an aromatic product,”'® enabling high che-
moselectivity.''>!>

[0004] Efforts to both understand'>"** and optimize** =%
SPAAC reactivity have focused on two general strategies:
(1) increasing strain (1.e., pre-distortion), and (2) tuning
electronics.*” ! After the discovery of the reactivity of
cycloalkynes in SPAAC in chemical contexts,”™ the utility
of cyclooctyne (OCT) was demonstrated in a biological
context.® Installing fluoro groups at the propargylic position
via a 12-step synthetic route generated DIFO*® and further
increased reaction rates. Theoretical investigations attrib-
uted the higher reactivity to LUMO-lowering,"™"® though
specific orbital interactions that elicit a low-energy transition
state (TS) have become apparent.””*' The exocyclic fluoro
groups are gauche relative to the forming C—N bonds. In
contrast, optimal orbital overlap (1.e., anti-periplanar) 1is
achievable with endocyclic heteroatoms. Studies in model
systems~~>>> and the subsequent substitution of heteroatoms
into cyclooctynes, such as diF-SNO-OCT and cyclononynes
demonstrated the efficacy of this design principle.*?>*1=°=%

[0005] In parallel efforts, rate acceleration was pursued by
increasing strain. In particular, benzannulation to give
dibenzocyclooctyne (DIBO)** and dibenzoazacyclooctyne
(DIBAC)>>~° led to reaction rates comparable to those
attained with electronic tuning and without compromise to
reagent stability.

[0006] Limited success has been achieved in integrating
clectronic tuning with strain. The installation of remote
heteroatoms has led to only incremental increases 1n reac-
tivity>’ and compromised reagent stability.”>>® Hence,
reagents that harness both strategies are absent from the
landscape. Accordingly, there 1s a need 1n the art for reagents
that harness both strategies 1n order to further accelerate the
rate of SPAAC and other 1,3-dipolar cycloaddition reac-
tions.
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SUMMARY

[0007] In one aspect, the present disclosure 1s directed to
compounds of formula (I):

()

Nadh e
p \/X%; \/\/

R* R’

or a pharmaceutically acceptable salt thereof,

wherein:

[0008] R' and R are, independently for each occurrence,
F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, SR>, —CF,, —C(0)OC, _, alkyl, —C(O)N(C, _,
alkyl),, —C(O)R>, S(O),R>, NO,, —C, . alkyl, —C,
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R® groups, wherein the alkyl and alkenyl are
optionally substituted with one or more R> group;

[0009] R° and R* are, independently for each occurrence,
H or —C, _ alkyl;

[0010] R is selected from H, —C, .-alkyl, —CF.,
—C(0)OC, 4 alkyl, or —C(O)N(C, _ alkyl),;

[0011] R° is selected from H, F, Cl, Br, I, OTf, CN, NH.,
OR>, SR>, —CF,; —C(O)R>, —C(0O)OC, . alkyl, NO.,
—C, ¢ alkyl;

[0012] n1s O, 1, or 2;

[0013] p1s O, 1, or 2; and

[0014] provided that when X, 1s N, X, 1s C; or when X 1s
CH, X, 1s N™.

[0015] In some embodiments, the compound of formula

(I) 1s a compound of formula (Ia):

(la)

[0016] or a pharmaceutically acceptable salt thereof,
[0017] wherein:
[0018] R' and R* are, independently for each occurrence,

F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, —CF,, —C(0)OC,_ alkyl, —C(ON(C, .
alkyl),, —C(O)R>, S(O),R>, NO,, —C, . alkyl, —C, .
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R® groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group:;

[0019] R’ and R* are, independently for each occurrence,
H or —C,_, alkyl;

[0020] R is selected from H, —C, .-alkyl, —CF.,
—C(0)OC, , alkyl, or —C(O)N(C, _4 alkyl),;

[0021] RP° is selected from H, F, Cl, Br, I, OTT, CN, NI,
OR>, SR>, —CF,, —C(O)R>, —C(0)OC, . alkyl, NO.,
—C, _¢ alkyl;

[0022] n1s O, 1, or 2; and

[0023] pi1s O, 1, or 2.
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[0024] In some embodiments, R® and R* are H. In some
embodiments, R' and R? are F, Cl, Br, I, OTT, or B(OH),. In

some embodiments, R' and R* are Cl. In some embodi-
ments, n1s 1 and p 15 O.

[0025] In some embodiments, the compound of formula
(I) 1s a compound of formula (Ib):

AN N
| |,
A F

or a pharmaceutically acceptable salt thereof,

[0026] wherein R' is, independently for each occurrence,
F, Cl, Br, 1, OT1, B(OH), or —C, _.-alkyl; and

(Ib)

[0027] n1s O, 1, or 2.
[0028] In some embodiments, the compound of formula
(I) 1s:

N ——
F X
AN Zaw
or a pharmaceutically acceptable salt thereof.

[0029] In further aspects, the present disclosure also pro-
vides a method of making a compound of formula (II):

(1)

or a pharmaceutically accepted salt thereof,
[0030]

[0031] R' and R are, independently for each occurrence,
F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, —CF,, —C(O)OC,_. alkyl, —C(ON(C, .
alkyl),, —C(O)R>, S(O),R>, NO,, —C, , alkyl, —C, .
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R® groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group:;

[0032] R’ and R* are, independently for each occurrence,
H or —C, _ alkyl;

[0033] R> is selected from H, —C, .-alkyl, —CFj;:
—C(0)O0C,  alkyl, or —C(O)N(C, _s alkyl),;

[0034] R° is selected from H, F, Cl, Br, I, OTf, CN, NH.,
OR>, SR>, —CF,, —C(O)R>, —C(0O)OC,_, alkyl, NO.,
—C, _¢ alkyl;

[0035]
[0036]

wherein:

nis 0, 1, or 2;

pi1s 0, 1, or 2; and

X 1s CH or N:
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[0037] wherein the process comprises:
[0038] (A) combining a compound of formula (I11I):

(I1T)
[0039] with a compound of formula (IV)

(IV)

and a non-nucleophilic base to provide the compound of

formula (V):

(V)

[0040] and

[0041] (B) combining the compound of formula (V) with
a carbodiimide to provide the compound of formula (II).
[0042] In some embodiments, the compound of formula
(II), has a structure according to formula (Ila):

2NN
| @)
AN F

[0043] wherein R' is, independently for each occurrence,
F, Cl, Br, I, OT1, B(OH), or —C, .-alkyl;

(Ila)

[0044] n1s O, 1, or 2; and
[0045] X 1s CH or N.
[0046] In some embodiments, the compound of formula

(II), has a structure selected from the group consisting of:

AT N
| | —®), and

X\ F
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-continued

2 N\
:::::j[:: Y,
N s

wherein R! is Cl; and

[0048] n 1s O or 1.

[0049] In some embodiments, the compound of formula
(II), has a structure selected from the group consisting of:

[0047]

a N X
yavds

[0050] In some embodiments, the non-nucleophilic base 1s
an alkyl lithium. In some embodiments, the non-nucleo-
philic base 1s lithium bis(trimethylsilyl)amide.

[0051] In some embodiments, the carbodiimide 1s 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC).

[0052] In another aspect, the present disclosure also pro-
vides a process of making a compound of formula (VIa'):

(VIa')

— R,

[0053] or regioisomer thereof,
[0054] wherein:
[0055] R' and R” are, independently for each occurrence,

F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, —CF,, —C(0)OC, . alkyl, —C(ON(C, _,
alkyl),, —C(O)R>, S(O),R>, NO,, —C, 4 alkyl, —C, 4
alkenyl, or 3- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R® groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group;

[0056] R’ and R* are, independently for each occurrence,
H or —C, _, alkyl;

[0057] R> is selected from H, —C, .-alkyl, —CF,;
—C(0)OC,  alkyl, or —C(O)N(C, _ alkyl),;

[0058] R° is selected from H, F, Cl, Br, I, OTf, CN, NH.,
OR>, SR>, —CF,, —C(O)R>, —C(0)OC,_, alkyl, NO.,,
—C, _¢ alkyl;

[0059] R’ is C,_. alkyl optionally substituted with one or
more C._,, aryl or 5- to 10-membered heteroaryl;

[0060] n 1s O, 1, or 2;
[0061] p1s O, 1, or 2;
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10062]
10063]

qis 1 or 2;
X 1s CH or N; and
[0064] Y 1s O or NH;

[0065] wherein the process comprises combining a com-
pound of formula (II):

ffX: — X
A S
AR
R R

with a compound of formula (VIla)

(1)

10066]

(VIIa')

O
(R?)q ~ y )-I\/Nz

[0067] wherein:
[0068] R’ is C, . alkyl optionally substituted with one or
more C,_,, aryl or 5- to 10-membered heteroaryl; and

[0069] Y 1s O or NH;
[0070] to provide the compound of formula (VIa').

[0071] In some embodiments, the compound of formula
(VIIa) 1s selected from the group consisting of:

O O
N,, and N..
‘ \/\N)J\/ 2 /\o)'l\/ ’
H
P
[0072] In some embodiments, the compound of formula

(II) has a structure according to formula (IIa):

(Ila)

I i U

N

" ‘ — N\
A /

[0073] wherein R’ is, independently for each occurrence,
F, Cl, Br, I, OTt, B(OH), or —C, _,-alkyl;

[0074] n1s O, 1, or 2; and

[0075] X 1s CH or N.

[0076] In some embodiments, the compound of formula
(II), has a structure selected from the group consisting of:

AT NN
| | —®), and

*h%u,f*\\ S
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-continued

2 N\
:::::j{:: L ®Y,
AN Vs

wherein R' is Cl; and
[0078] n1s 0 or 1.

[0079] In some embodiments, the compound of formula
(II), has a structure selected from the group consisting of:

10077]

2N N\ Xy

Cl  and

2N "X
A

[0080] In another aspect, the present disclosure also pro-
vides a process of making a compound of formula (VIb'):

(VIb')
O
(R?)QY\<
N
N/ \\N
X
- N
®),— | LY,
N P
R? R’
[0081] or regioisomer thereof,
[0082] whereln:
[0083] R' and R” are, independently for each occurrence,

F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, —CF,, —C(0)OC, . alkyl, —C(ON(C, _,
alkyl),, —C(O)R>, S(O),R>, NO,, —C, . alkyl, —C, .
alkenyl, or 3- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R® groups, wherein the alkyl and alkenyl are
optionally substituted with one or more R> group;

[0084] R’ and R* are, independently for each occurrence,
H or —C, _ alkyl;

[0085] R°> is selected from H, —C, .-alkyl, —CF,;
—C(0)OC,  alkyl, or —C(O)N(C, _s alkyl);

[0086] R° is selected from H, F, Cl, Br, I, OTT, CN, NH.,,
OR>, SR>, —CF,, —C(O)R>, —C(0)0OC, . alkyl, NO.,
—C, _¢ alkyl;

[0087] R’ is C,_. alkyl optionally substituted with one or
more C,_,, aryl or 5- to 10-membered heteroaryl;

[0088] n1s O, 1, or 2;
[0089] pi1s O, 1, or 2;
[0090] g 1s 1 or 2;

[0091] X 1s CH or N; and
[0092] Y 1s O or NH;
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[0093] wherein the process comprises combining a coms-
pound of formula (II):

AT NN
®), | 1:1[::::] RY,
A S
/\
R4 R’

with a compound of formula (VIla)

(1)

10094]

(VIIb)
O
(R?)q ~ . )‘\/ N3

[0095] wherein:

[0096] R’ is C,_. alkyl optionally substituted with one or
more C._,, aryl or 5- to 10-membered heteroaryl; and

[0097] Y 1s O or NH;
[0098] to provide the compound of formula (VIb').

[0099] In some embodiments, the compound of formula
(VIIb) 1s selected from the group consisting of:

O
AN N)J\/NSI
B

F

[0100] In some embodiments, the compound of formula
(II) has a structure according to formula (Ila):

AT NN
§ .

[0101] wherein R' is, independently for each occurrence,
F, Cl, Br, 1, OTt, B(OH), or —C, _,-alkyl;

10102]
10103]

(ITa)

nis 0, 1, or 2; and
X 1s CH or N.
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[0104] In some embodiments, the compound of formula
(II), has a structure selected from the group consisting of:

= X
| I UF
AN S
[0105] wherein R' is Cl; and
[0106] n1s O or 1.
[0107] In some embodiments, the compound of formula

(II), has a structure selected from the group consisting of:

@St

X Cl and
F - N
. Z

BRIEF DESCRIPTION OF THE FIGURES

[0108] FIG. 1 shows second-order rate constants for the
1,3-dipolar cycloaddition of DIBO or compound 3 with
dipoles (N-benzylazidoacetamide, N-benzyldiazoacetamide,
and ethyl diazoacetate) in CH,Cl,. Values are the mean from
triplicate experiments.

[0109] FIG. 2 shows the effect of hydrogen bonding on the
1,3-dipolar cycloaddition of compound 3 with N-benzyldi-
azoacetamide. (A) "H NMR shifts of the C3-H (red) proton
in the product of the cycloaddition of compound 3 with
N-benzyldiazoacetamide, or its N-methyl derivative in
CH,CL,. (B). Second-order rate constants for the reaction of
ABC with dipoles N-benzylazidoacetamide and N-benzyl-
diazoacetamide 1n CH,CI, (as i FIG. 1), MeOH, and PBS
contaiming DMSO (2% v/v). Values are the mean from
triplicate experiments.

[0110] FIG. 3 shows kinetic traces for the reactions of
compound 3 with (A) N-benzylazidoacetamide, (B) N-ben-
zyldiazoacetamide, compound, (C) ethyl diazoacetate, (D)
2-Azido-N-methyl-N-(phenylmethyl))acetamide (k=1.0
M~'s™"), and (E) 2-Diazo-N-methyl-N-(phenylmethyl)acet-
amide (k=0.75 M~'s™"); and the reactions of DIBO with (F)
N-benzylazidoacetamide, (G) N-benzyldiazoacetamide, and
(H) ethyl diazoacetate. All reactions were carried out 1n
CH,CI, at 26° C. and were monitored by HPLC. Values are

the mean+SD for triplicate experiments.
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[0111] FIG. 4 shows kinetic traces for the reactions of
compound 3 with (A) N-benzylazidoacetamide, (B) N-ben-
zyldiazoacetamide, compound, (C) ethyl diazoacetate, (D)
2-Azido-N-methyl-N-(phenylmethyl)acetamide. All reac-
tions were carried out in MeOH at 26° C. and were moni-
tored by HPLC. Values are the mean+SD for triplicate
experiments.

[0112] FIG. 5 shows kinetic traces for the reactions of
compound 3 with (A) N-benzylazidoacetamide, (B) N-ben-
zyldiazoacetamide, compound, (C) ethyl diazoacetate, (D)
2-Azido-N-methyl-N-(phenylmethyl)acetamide. All reac-
tions were carried out in PBS containing DMSO (2% v/v) at
26° C. and were monitored by HPLC. Values are the
mean=SD for triplicate experiments.

[0113] FIG. 6 shows the stability of DIBAC and com-
pound 3 1n the presence of 1 mM reduced glutathione and
0.2 mM oxidized glutathione 1n PBS containing DMSO (2%
v/v) at 37° C. (A) Concentration of remaining DIBAC and
compound 3 as determined by HPLC. (B) Natural logarithm
of the concentration of DIBAC and compound 3 over time
in order to determine second order rate constants of degra-
dation. With respect to reduced glutathione, the second-
order rate constants were 0.05 M~'s™! and 0.10 M~'s™' for
DIBAC and compound 3, respectively. Values are the

meanz=SD for triplicate experiments. (Error bars are smaller
than the data points.)

DETAILED DESCRIPTION

[0114] Provided herein are hybrid cyclooctyne com-
pounds, or pharmaceutically acceptable salts thereof, that
are useful reagents in 1,3-dipolar cycloaddition reactions,
including stramn-promoted azide-alkyne cycloaddition
(SPAAC) reactions. This new class of cyclooctyne reagents
provides a rate for cycloadditions that surpasses those of
commercially available cyclooctyne reagents with negli-
gible 1mpact on stability in the presence of biological
nucleophiles.

Definitions

[0115] Listed below are definitions of various terms used
to describe the present disclosure. These definitions apply to
the terms as they are used throughout this specification and
claims, unless otherwise limited 1n specific instances, either
individually or as part of a larger group.

[0116] Unless defined otherwise, all technical and scien-

tific terms used herein generally have the same meaning as
commonly understood by one of ordinary skill in the appli-
cable art. Generally, the nomenclature used herein and the
laboratory procedures 1n organic chemistry are those well-
known and commonly employed 1n the art.

[0117] As used herein, the articles “a” and “an’ refer to
one or to more than one (1.e. to at least one) of the
grammatical object of the article. Thus, for example, refer-
ence to “a solvent” includes a combination of two or more
such solvents, reference to “a base” includes one or more
bases, or mixtures of bases, and the like. Unless specifically
stated or obvious from context, as used herein, the term “or”
1s understood to be inclusive and covers both “or” and
“and.” Furthermore, use of the term “including” as well as
other forms, such as “include,” “includes,” and “included,”
1s not limiting.

[0118] As used 1n the specification and 1n the claims, the

-2 Y - Y 4 2

terms “‘comprise(s),” “include(s),” “having,” “has,” “can,
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“contain(s),” and variants thereof, as used herein, are
intended to be open-ended transitional phrases, terms, or
words that require the presence of the named ingredients/
steps and permit the presence of other ingredients/steps.

[0119] The term “alkyl” refers to a straight- or branched-
chain alkyl group having the indicated number of carbon
atoms. Examples of alkyl groups include methyl, ethyl,
n-propyl, isopropyl, butyl, isobutyl, sec-butyl, tert-butyl,
pentyl, 1sopentyl, tert-pentyl, hexyl, and 1sochexyl. The term
C,_,alkyl as used here refers to a straight- or branched-chain
alkyl group having from 1 to 4 carbon atoms in the chain.
The term C, _.alkyl as used here refers to a straight- or
branched-chain alkyl group having from 1 to 6 carbon atoms
in the chain.

[0120] The term “aryl,” unless otherwise stated,” refers to
a polyunsaturated, aromatic, hydrocarbon group which can
be a single ring or multiple rings (up to three rings) which
are Tused together or linked covalently. Examples of aryl
groups include phenyl, naphthyl, and anthracenyl.

[0121] The term “heteroaryl” refers to a monocyclic or
bicyclic aryl ring system which contains carbon atoms and
from 1 to 5 heteroatoms independently selected from the
group consisting of N, O, and S. Included within the term
heteroaryl are aromatic rings of 5 or 6 members wherein the
ring consists of carbon atoms and has at least one heteroatom
member. Examples of heteroaryl groups include furyl, thie-
nyl, pyrrolyl, oxazolyl, thiazolyl, imidazolyl, pyrazolyl, oxa-
zolyl, thiazolyl, oxadiazolyl, triazolyl, thiadiazolyl, pyridi-
nyl, pyridazinyl, pyrimidinyl, pyrazinyl, indolyl, 1soindolyl,
benzoturyl, benzothienyl, indazolyl, benzimidazolyl, benzo-
thiazolyl, benzoxazolyl, benzisoxazolyl, benzothiadiazolyl,
benzotriazolyl, quinolinyl, 1soquinolinyl and qunazolinyl.
Unless otherwise noted, the heteroaryl 1s attached to its
pendant group at any heteroatom or carbon atom that results
in a stable structure.

[0122] The term “cyano” refers to the group —CN.

[0123] The terms “halo” or “halogen” represent chloro,
fluoro, bromo, or 10do.

[0124] The term “‘substituted” means that the specified
group or moiety bears one or more substituents. The term
“unsubstituted” means that the specified group bears no
substituents.

[0125] The term “optionally substituted” means that the
specified group 1s unsubstituted or substituted by one or
more substituents. Where the term “substituted” 1s used to
describe a structural system, the substitution 1s meant to
occur at any valency-allowed position on the system. In
cases where a specified moiety or group 1s not expressly
noted as being optionally substituted or substituted with any
specified substituent, it 1s understood that such a moiety or
group 1s 1mntended to be unsubstituted.

[0126] o provide a more concise description, some of the
quantitative expressions given herein are not qualified with
the term “about”. It 1s understood that, whether the term
“about” 1s used explicitly or not, every quantity given herein
1s meant to refer to the actual given value, and it 1s also
meant to refer to the approximation to such given value that
would reasonably be inferred based on the ordinary skill in
the art, including equivalents and approximations due to the
experimental and/or measurement conditions for such given
value. Whenever a yield 1s given as a percentage, such yield
refers to a mass of the entity for which the yield 1s given with
respect to the maximum amount of the same entity that could
be obtained under the particular stoichiometric conditions.
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Concentrations that are given as percentages refer to mass
ratios, unless indicated differently.

[0127] Any formula given herein 1s intended to represent
compounds having structures depicted by the structural
formula as well as certain variations or forms. In particular,
compounds of any formula given herein may have asym-
metric centers and therefore exist in different enantiomeric
forms. All optical 1somers of the compounds of the general
formula, and mixtures thereotf, are considered within the
scope of the formula. Thus, any formula given herein 1s
intended to represent a racemate, one or more enantiomeric
forms, one or more diastereomeric forms, one or more
atropisomeric forms, and mixtures thereof. Furthermore,
certain structures may exist as geometric 1somers (1.e., C1s
and trans 1somers), as tautomers, or as atropisomers.
[0128] It 1s also to be understood that compounds that
have the same molecular formula but differ in the nature or
sequence of bonding of their atoms or the arrangement of
their atoms 1n space are termed “1somers.”

[0129] Stereoisomers that are not mirror images of one
another are termed “diastereomers” and those that are non-
superimposable mirror 1mages of each other are termed
“enantiomers.” When a compound has an asymmetric cen-
ter, for example, 1t 1s bonded to four different groups, and a
pair of enantiomers 1s possible. An enantiomer can be
characterized by the absolute configuration of 1ts asymmet-
ric center and 1s described by the R- and S-sequencing rules
of Cahn and Prelog, or by the manner 1n which the molecule
rotates the plane of polarized light and designated as dex-
trorotatory or levorotatory (1.e., as (+)- or (-—)-1somers
respectively). A chiral compound can exist as either an
individual enantiomer or as a mixture thereof. A mixture
containing equal proportions of the enantiomers 1s called a
“racemic mixture.”

[0130] ““Tautomers” refer to compounds that are inter-
changeable forms of a particular compound structure, and
that vary in the displacement of hydrogen atoms and elec-
trons. Thus, two structures may be in equilibrium through
the movement of i electrons and an atom (usually H). For
example, enols and ketones are tautomers because they are
rapidly interconverted by treatment with either acid or base.
Another example of tautomerism 1s the aci- and mitro-forms
of phenyl nitromethane, that are likewise formed by treat-
ment with acid or base.

[0131] Tautomeric forms may be relevant to the attain-
ment of the optimal chemical reactivity and biological
activity of a compound of interest.

[0132] The compounds of the present disclosure may
possess one or more asymmetric centers; such compounds
can therefore be produced as individual (R)- or (S)-stereoi-
somers or as mixtures thereof.

[0133] Unless indicated otherwise, the description or nam-
ing of a particular compound in the specification and claims
1s 1ntended to include both mmdividual enantiomers and
mixtures, racemic or otherwise, thereof. The methods for the
determination of stereochemistry and the separation of ste-
reoisomers are well-known 1n the art.

[0134] Any formula given herein 1s also intended to rep-
resent unlabeled forms as well as 1sotopically labeled forms
of the compounds. Isotopically labeled compounds have
structures depicted by the formulas given herein except that
one or more atoms are replaced by an atom having a selected
atomic mass or mass number. Examples of 1sotopes that can
be incorporated mto compounds of the present disclosure
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include 1sotopes of hydrogen, carbon, nitrogen, oxygen,
phosphorus, sulfur, fluorine, chlorine, and iodine such as “H,
SH, 11Cj lSCj 14Cj lSN, 180j ”O,, 31P, 32R 3585 18E SGCL 125L
respectively. Such 1sotopically labeled compounds are use-
ful in metabolic studies (with **C), reaction kinetic studies
(with, for example deuterium (i.e., D or “H); or tritium (i.e.,
T or °H)), detection or imaging techniques such as positron
emission tomography (PET) or single-photon emission com-
puted tomography (SPECT) including drug or substrate
tissue distribution assays, or 1n radioactive treatment of
patients. In particular, an '°F or ''C labeled compound may
be used for PET or SPECT studies. Further, substitution with
heavier isotopes such as deuterium (i.e., “H) may afford
certain therapeutic advantages resulting from greater meta-
bolic stability, for example increased in vivo hali-life or
reduced dosage requirements. Isotopically labeled com-
pounds of the present disclosure and prodrugs thereof can
generally be prepared by carrying out the procedures dis-
closed 1n the schemes or 1n the examples and preparations
described below by substituting a readily available 1sotopi-
cally labeled reagent for a non-1sotopically labeled reagent.

[0135] When referring to any formula given herein, the
selection of a particular moiety from a list of possible
species for a specified variable 1s not mtended to define the
same choice of the species for the variable appearing else-
where. In other words, where a vanable appears more than
once, the choice of the species from a specified list 1s
independent of the choice of the species for the same
variable elsewhere 1n the formula, unless stated otherwise.

[0136] According to the foregoing interpretive consider-
ations on assignments and nomenclature, 1t 1s understood
that explicit reference herein to a set implies, where chemi-
cally meaningful and unless indicated otherwise, indepen-
dent reference to embodiments of such set, and reference to
cach and every one of the possible embodiments of subsets
of the set referred to explicitly.

[0137] The present disclosure mcludes also pharmaceuti-
cally acceptable salts of the compounds described herein.

[0138] The term ““pharmaceutically acceptable” means
approved or approvable by a regulatory agency of Federal or
a state government or the corresponding agency in countries
other than the United States, or that 1s listed in the U.S.
Pharmacopoeia or other generally recognized pharmaco-
poela for use 1n animals and humans.

[0139] A “pharmaceutically acceptable salt” 1s intended to
mean a salt of a free acid or base of compounds represented
by formula (I) that are non-toxic, biologically tolerable, or
otherwise biologically suitable for administration to the
subject. It should possess the desired pharmacological activ-
ity of the parent compound. See, generally, G. S. Paulekuhn,
et al., “Irends 1 Active Pharmaceutical Ingredient Salt
Selection based on Analysis of the Orange Book Database”,
J. Med. Chem., 2007, 50:6665-72, S. M. Berge, et al.,
“Pharmaceutical Salts”, J. Pharm. Sci., 1977, 66:1-19, and
Handbook of Pharmaceutical Salts, Properties, Selection,
and Use, Stahl and Wermuth, Eds., Wiley-VCH and VHCA,
Zurich, 2002. Examples of pharmaceutically acceptable
salts are those that are pharmacologically effective and
suitable for contact with the tissues of patients without
undue toxicity, irritation, or allergic response. A compound
of formula (I) may possess a sufliciently acidic group, a
suiliciently basic group, or both types of functional groups,
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and accordingly react with a number of 1norganic or organic
bases, and inorganic and organic acids, to form a pharma-
ceutically acceptable salt.

Hybrid Cyclooctyne Compounds

[0140] Provided herein are dibenzocyclooctyne com-
pounds, or pharmaceutically acceptable salts thereof.
[0141] Thus, 1n one aspect, provided herein 1s are com-
pounds of formula (I):

()

X /TN
(R?), f ‘ ‘/\l_ R,
AN Xz\ / \/

or a pharmaceutically acceptable salt thereof,
wherein:

[0142] R’ and R” are, independently for each occurrence,
F, Cl, Br, 1, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, SR>, —CF,, —C(0)OC, . alkyl, —C(O)N(C, _,
alkyl),, —C(O)R>, S(O),R>, NO,, —C, . alkyl, —C,
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R°® groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group;

[0143] R° and R* are, independently for each occurrence,
H or —C, _, alkyl;

[0144] R° is selected from H, —C, .-alkyl, —CF,,
—C(0)OC, ; alkyl, or —C(O)N(C, _4 alkyl),;

[0145] R° is selected from H, F, Cl, Br, I, OTf, CN, NH,,
OR>, SR>, —CF,; —C(O)R>, —C(0O)OC, . alkyl, NO.,
—C, ¢ alkyl;

[0146] n1s O, 1, or 2;

[0147] p1s O, 1, or 2;

[0148] X, 1s N or CH; and

[0149] X, is N7 or C;

[0150] provided that when X, 1s N, X, 1s C; or when X 1s
CH, X, 1s N™.

[0151] In some embodiments, R' and R* are, indepen-

dently for each occurrence, F, Cl, Br, I, OTt, B(OH),, —C,
alkyl, or —C, _, alkenyl, optionally wherein the alkyl and

alkenyl are substituted with one or more R> group.

[0152] In some embodiments, R' is F, Cl, Br, 1, OTIT,
B(OH), or —C,_.-alkyl. In some embodiments, R" is F, Cl,
Br, I, OTT, or B(OH),. In some embodiments, R" is F, Cl, Br,
or I. In some embodiments, R' Cl or Br. In some embodi-
ments, R is Cl. In some embodiments, R' is Br.

[0153] In some embodiments, R* is F, Cl, Br, 1, OTI,
B(OH), or —C,_.-alkyl. In some embodiments, R is F, Cl,
Br, I, OTT, or B(OH),. In some embodiments, R* is F, Cl, Br,
or I. In some embodiments, R* Cl or Br. In some embodi-
ments, R* is Cl. In some embodiments, R* is Br.

[0154] In some embodiments, R is H.

[0155] In some embodiments, R* is H.

[0156] In some embodiments, R® and R* are H.
[0157] In some embodiments, n1s 1 and p 1s O.
[0158] In some embodiments, n 1s O and p 1s 1.
[0159] In some embodiments, X, 1s N and X, 15 C.
[0160] In some embodiments, X, 1s CH and X, is N™.
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[0161] In some embodiments, the compound of formula
(I) 1s a compound of formula (Ia):

N —
= X
(Rz)p {I p_ (Rl )H
A =
/ 0\
R4 R3

(la)

[0162] or a pharmaceutically acceptable salt thereof,
[0163] wherein:
[0164] R' and R~ are, independently for each occurrence,

F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0O),R>, SR>, —CF,, —C(0O)OC, , alkyl, —C(O)N(C, ¢
alkyl),, —C(O)R>, S(O),R>, NO,, —C,  alkyl, —C, .
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R® groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group:;

[0165] R’ and R* are, independently for each occurrence,
H or —C, _ alkyl;

[0166] R> is selected from H, —C, .-alkyl, —CF,,
—C(0)0C, ¢ alkyl, or —C(O)N(C, 4 alkyl),;

[0167] RP° is selected from H, F, Cl, Br, I, OTT, CN, NI,
OR>, SR>, —CF,, —C(O)R>, —C(O)OC, . alkyl, NO.,
—C, ¢ alkyl;

[0168] n1s O, 1, or 2; and

[0169] pi1s O, 1, or 2.

[0170] In some embodiments, R' and R* are, indepen-

dently for each occurrence, F, Cl, Br, I, OT1, B(OH),, —C,

alkyl, or —C,_, alkenyl, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group.

[0171] In some embodiments, R' is F, Cl, Br, I, OTT,
B(OH), or —C, _.-alkyl. In some embodiments, R' is F, Cl,
Br, I, OTT, or B(OH),. In some embodiments, R" is F, Cl, Br,
or I. In some embodiments, R* Cl or Br. In some embodi-
ments, R is Cl. In some embodiments, R' is Br.

[0172] In some embodiments, R* is F, Cl, Br, I, OTT,
B(OH), or —C, _.-alkyl. In some embodiments, R* is F, Cl,
Br, I, OTT, or B(OH),. In some embodiments, R” is F, Cl, Br,
or I. In some embodiments, R* Cl or Br. In some embodi-
ments, R* is Cl. In some embodiments, R* is Br.

[0173] In some embodiments, R> is H.

[0174] In some embodiments, R* is H.

[0175] In some embodiments, R® and R* are H.

[0176] In some embodiments, n1s 1 and p 1s O.

[0177] In some embodiments, n 1s O and p 1s 1.

[0178] In some embodiments, the compound of formula

(I) 1s a compound of formula (Ib):

(Ib)

or a pharmaceutically acceptable salt thereof,

[0179] wherein R' is, independently for each occurrence,
F, Cl, Br, I, OT1, B(OH), or —C, _,-alkyl; and

[0180] n1s O, 1, or 2.
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[0181] In some embodiments, R' is F, Cl, Br, 1, OT{, or
B(OH),. In some embodiments, R" is F, Cl, Br, or I. In some
embodiments, R* is Cl or Br. In some embodiments, R* is F.
In some embodiments, R' is Cl. In some embodiments, R*
is Br. In some embodiments, R* is I. In some embodiments,

R' is OTT. In some embodiments, R* is B(OH)..

[0182] In some embodiments, n 1s 1.
[0183] In some embodiments, the compound of formula
(1) 1s:

(Ic)

N —
o
N N
or a pharmaceutically acceptable salt thereof,

[0184] wherein R is, independently for each occurrence,
F, Cl, Br, I, OT1, B(OH), or —C, ,-alkyl.

[0185] In some embodiments, R* is F, Cl, Br, I, OTT, or

B(OH),. In some embodiments, R" is F, Cl, Br, or I. In some
embodiments, R' is Cl or Br. In some embodiments, R* is F.

In some embodiments, R is Cl. In some embodiments, R*

is Br. In some embodiments, R' is 1. In some embodiments,
R' is OT{. In some embodiments, R* is B(OH),.

[0186] In some embodiments, the compound of formula
(I) 1s represented by one or the following structures, or a
pharmaceutically acceptable salt thereof:

\/\_/\/\OTI“

2
A /\B(OH)‘2
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[0187]
(I) 1s:

In some embodiments, the compound of formula

N —
AN 2N
or a pharmaceutically acceptable salt thereof.

[0188] The instant disclosure also contemplates com-
pounds having the following structures:

N ‘ ‘ AN
—R
A F
YR\
\ | R
N F
/\‘/ - ‘ N
—R
\N/\_ P
/\I/ o AN
| T
\/N*\ V%
[0189] wherein R 1s H, F, Cl, Br, I, OTt, B(OH), or
—C, _c-alkyl.

Preparation of Hybrid Cyclooctyne Compounds

[0190] The dibenzocyclooctyne compounds disclosed
herein can be prepared by treating a dibenzo[7]annulen-5-
one with N-morpholinomethyl-5-lithiotetrazole to produce
the corresponding 5-hydroxyalkyl-1H-tetrazole, which
undergoes a dehydrative fragmentation and rearrangement
to produce the dibenzocyclooctyne compounds of the dis-
closure. This synthetic strategy can be used for the expedient
synthesis of cyclooctyne compounds known 1n the art (e.g.,
DIBO) and has utility 1n the synthesis of other cycloalkynes
as well.

[0191] Accordingly, 1n an aspect, the present disclosure
also provides a method of making a compound of formula

(1I):

(1)

or a pharmaceutically accepted salt thereof,
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[0192] whereln:

[0193] R' and R” are, independently for each occurrence,
F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, SR>, —CF,, —C(0)OC,  alkyl, —C(O)N(C,
alkyl),, —C(O)R>, S(O),R>, NO,, —C, 4 alkyl, —C, ,
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R® groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group;

[0194] R’ and R* are, independently for each occurrence,
H or —C, 4 alkyl;

[0195] R’ is selected from H, —C, .-alkyl, —CF,;
—C(0)OC, 4 alkyl, or —C(O)N(C, _, alkyl),;

[0196] R° is selected from H, F, Cl, Br, I, OTT, CN, NH.,,
OR>, SR>, —CF,, —C(O)R>, —C(0)OC,_, alkyl, NO.,
—C, ¢ alkyl;
[0197] n1s O, 1, or 2;
[0198] p1s O, 1, or 2; and
[0199] X 1s CH or N;
[0200] wherein the process comprises:
[0201] (A) combining a compound of formula (III):
(I1T)
O
X
e —
(Rz)p£ / \ _ (R
N\ /
R4 R3
[0202] with a compound of formula (IV)
N (IV)
N
\=N K/o
[0203] and a non-nucleophilic base to provide the com-

pound of formula (V):

(V)

[0204] and

[0205] (B) combining the compound of formula (V) with
a carbodiimide to provide the compound of formula (II).
[0206] In some embodiments, R' and R* are, indepen-
dently for each occurrence, F, Cl, Br, I, OTt, B(OH),, —C,
alkyl, or —C, _, alkenyl, optionally wherein the alkyl and

alkenyl are substituted with one or more R> group.
[0207] In some embodiments, R' is F, Cl, Br, 1, OTT,

B(OH), or —C, _.-alkyl. In some embodiments, R" is F, ClI,
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Br, I, OTT, or B(OH),. In some embodiments, R" is F, Cl, Br,
or 1. In some embodiments, R' Cl or Br. In some embodi-
ments, R' is Cl. In some embodiments, R' is Br.

[0208] In some embodiments, R* is F, Cl, Br, 1, OTI,
B(OH), or —C, _.-alkyl. In some embodiments, R* is F, Cl,
Br, 1, OTT, or B(OH),. In some embodiments, R* is F, Cl, Br,
or 1. In some embodiments, R* Cl or Br. In some embodi-
ments, R* is Cl. In some embodiments, R* is Br.

[0209] In some embodiments, R is H.
[0210] In some embodiments, R* is H.
[0211] In some embodiments, R® and R* are H.

[0212] In some embodiments, n 1s 1 and p 1s O.
[0213] In some embodiments, n 1s O and p 1s 1.

[0214] In some embodiments, the compound of formula
(II), has a structure according to formula (Ila):

2T NN
\ \ — Ry,
N /

[0215] wherein R' is, independently for each occurrence,
F, Cl, Br, I, OTt, B(OH), or —C, _-alkyl;

[0216] n1s O, 1, or 2; and

[0217] X 1s CH or N.

[0218] In some embodiments, R' is F, Cl, Br, or I. In some
embodiments, R* is Cl. In some embodiments, R' is Br. In
some embodiments, R* is F. In some embodiments, R" is 1.
In some embodiments, R' is OTT. In some embodiments, R*
1s B(OH,).

[0219] In some embodiments, n1s O or 1. In some embodi-
ments, n 1s 0. In some embodiments, n 1s 1.

[0220] In some embodiments, X 1s CH. In some embodi-
ments, X 1s N.

[0221] In some embodiments, the compound of formula
(II), has a structure selected from the group consisting of:

(I1a)

| | —/ ®RY, and

NN\
A N

| - .,

XN\ NF

[0222] wherein R' is Cl; and
[0223] n1s O or 1.

[0224] In some embodiments, the compound of formula
(II), has a structure selected from the group consisting of:

X / = Cl and

AN AN
N

\
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-continued
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[0225] In some embodiments, the non-nucleophilic base
comprises a carbon-lithium or a nitrogen-lithium bond. In
some embodiments, the non-nucleophilic base 1s an alkyl
lithium. In some embodiments, the non-nucleophilic base 1s
methyllithium, butyllithium or tert-butyllithium. In some
embodiments, the non-nucleophilic base comprises a nitro-
gen-lithium bond. In some embodiments, the non-nucleo-
philic base 1s lithium bis(trimethylsilyl)amide (LiHMDS),
lithium diusopropylamide (LDA), or lithium tetramethylpi-
peridide (L1 TMP). In some embodiments, the non-nucleo-
philic base 1s lithium bis(trimethylsilyl)amide (LiHDMS).

[0226] In some embodiments, step (A) 1s performed 1n a
solvent. In some embodiments, the solvent 1s an organic
solvent. By nonlimiting example, suitable solvents include
dichloroethane, diethylether, diglyme, dimethylformamaide,
dimethyl sulfoxide, dioxane, methyl tert-butyl ether, meth-
ylene chloride, petroleum ether, tetrahydrofuran, and tolu-
ene. In some embodiments, the solvent 1s tetrahydrofuran.

[0227] In some embodiments, the carbodiimide 1s N,N'-
dicyclohexylcarbodiimide (DCC), 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC), N,N'-diisopropylcarbo-
dimide (DIC), or 1-cyclohexyl-(2-morpholinoethyl)
carbodiimide (CMC). In some embodiments, the
carbodiimide 1s 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC). In some embodiments, the carbodiimide 1s
1 -ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride.

[0228] In some embodiments, step (B) 1s performed 1n a
solvent. In some embodiments, the solvent 1s an organic
solvent. By nonlimiting example, suitable solvents include
dichloroethane, diethylether, diglyme, dimethylformamade,
dimethyl sulfoxide, dioxane, methyl tert-butyl ether, meth-
ylene chloride, petroleum ether, tetrahydrofuran, and tolu-
ene. In some embodiments, the solvent 1s tetrahydrofuran.

[0229] In some embodiments, step (B) comprises an
alkylidene carbene rearrangement. In some embodiments,

step (B) comprises 1n situ formation of a compound of
formula (VI):

(VD)

wherein R', R*, R>, R*, n, p, and X are as defined herein-
above. In some embodiments, step (B) comprises an
alkylidene carbene rearrangement of a compound of formula
(VI).

[0230] The methods described herein provide a concise,
two-step route to cyclooctyne compounds. While some
cyclooctyne compounds useful as reagents 1n SPAAC reac-
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tions have been reported in the art, the reported synthetic
protocols for preparing these compounds 1s generally labo-
rious and can 1involve up to 11 steps. DIBO and DIBAC, for
example, are synthesized in five or nine steps, respectively.
Certain cyclooctynes along with the number of synthetic
steps required for their preparation are disclosed 1n Dom-
merholt, J., et al. Stramn-promoted 1,3-dipolar cycloaddition
of cycloalkynes and organic azides Top. Curr. Chem. 2016,
3’74, 16, the entire contents of which are incorporated herein
by reference. The methods of the present disclosure provide
a significantly more eflicient and cost-effective route toward
cyclooctyne and cycloalkyne compounds that may be used
as reagents 1n 1,3-dipolar cycloaddition reactions.

Alkylidene Carbene Rearrangements

[0231] The synthesis of a cyclic alkyne, such as the
cyclooctynes disclosed herein, from a carbonyl compound
via an alkylidene carbene 1s unknown (see, e.g., Habrant, et
al., “Conversion of Carbonyl Compounds to Alkynes: Gen-
eral Overview and Recent Developments” Chem. Soc. Rev.
2010, 39:2007-17). Success was not anticipated because a
R—C(O)—R' carbonyl group 1s bent but a R—C=C—R'’
alkyne 1s linear. Thus, the conversion of a carbonyl group
within a cyclic compound 1nto an alkyne can lead to strain.
The conversion of a compound of formula (V) to a com-
pound of formula (II) proceeds via an alkylidene carbene
intermediate. Accordingly, the disclosure also provides a
method of making a compound of formula (II):

(1)

ﬂﬁﬁx*xw//:::;\\,f’*%%]
®R),—— | | R,
WH\/

R4 R

or a pharmaceutically accepted salt thereof,

10232]

[0233] R' and R” are, independently for each occurrence,
F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, SR>, —CF,;, —C(0)OC,  alkyl, —C(O)N(C,
alkyl),, —C(O)R>, S(O),R>, NO,, —C,  alkyl, —C, .
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,

2, 3, 4, or 5 R® groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group:;

[0234] R’ and R* are, independently for each occurrence,
H or —C,_; alkyl;

[0235] R> is selected from H, —C, .-alkyl, —CFj;:
—C(0)OC, 4 alkyl, or —C(O)N(C, _4 alkyl),;

[0236] R° is selected from H, F, Cl, Br, I, OTf, CN, NH.,
OR>, SR>, —CF,, —C(O)R>, —C(O)OC, . alkyl, NO.,
—C, _¢ alkyl;

10237]
10238]
10239]

wherein:

nis 0, 1, or 2;
p1s 0, 1, or 2; and
X 1s CH or N:
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[0240] wherein the process comprises:
[0241] (A) in situ formation of a compound of formula
(VI):

(VD)
and
[0242] (B) an alkylidene carbene rearrangement of the

compound of formula (VI) to provide the compound of
formula (II).

[0243] In some embodiments, R' and R* are, indepen-
dently for each occurrence, F, Cl, Br, I, OTt, B(OH),, —C,
alkyl, or —C, _, alkenyl, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group.

[0244] In some embodiments, R' is F, Cl, Br, 1, OTIT,
B(OH), or —C,_.-alkyl. In some embodiments, R" is F, Cl,
Br, I, OTT, or B(OH),. In some embodiments, R" is F, Cl, Br,

or I. In some embodiments, R' Cl or Br. In some embodi-
ments, R' is Cl. In some embodiments, R' is Br.

[0245] In some embodiments, R* is F, Cl, Br, I, OTT,
B(OH), or —C, _.-alkyl. In some embodiments, R* is F, ClI,
Br, I, OTT, or B(OH),. In some embodiments, R* is F, Cl, Br,
or I. In some embodiments, R* Cl or Br. In some embodi-
ments, R* is Cl. In some embodiments, R* is Br.

[0246] In some embodiments, R is H.

[0247] In some embodiments, R* is H.

[0248] In some embodiments, R® and R* are H.

[0249] In some embodiments, n 1s 1 and p 1s O.

[0250] In some embodiments, n 1s O and p 1s 1.

[0251] In some embodiments, the compound of formula

(II), has a structure according to formula (Ila):

AN NN
| i UN
AN y

[0252] wherein R’ is, independently for each occurrence,
F, Cl, Br, I, OT1, B(OH), or —C, .-alkyl;

(Ila)

[0253] n1s O, 1, or 2; and
[0254] X 1s CH or N.
[0255] In some embodiments, R' is F, Cl, Br, or 1. In some

embodiments, R* is Cl. In some embodiments, R* is Br. In
some embodiments, R* is F. In some embodiments, R" is 1.
In some embodiments, R' is OTT. In some embodiments, R*
1s B(OH,).

[0256] In some embodiments, ni1s 0 or 1. In some embodi-
ments, n 1s 0. In some embodiments, n 1s 1.

[0257] In some embodiments, X 1s CH. In some embodi-
ments, X 1s N.
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[0258] In some embodiments, the compound of formula
(II), has a structure selected from the group consisting of:

AT NN
| | ®)% and

N
NN\ F

— §
F

[0259] wherein R' is Cl; and
[0260] n 15 O or 1.
[0261] In some embodiments, the compound of formula

(II), has a structure selected from the group consisting of:

=
&
X T
Cl and
AN AN

NN\ s

[0262] In situ formation of the compound of formula (VI)
may occur via any protocol known 1n the art or described
herein. For example, the compound of formula (VI) may be
formed by combining a compound of formula (V) with a
carbodiimide, as described heremnabove. Alternately, the
compound of formula (VI) may be formed using other
methods, such as the reaction of a ketone with trimethylsilyl
diazomethane and a strong base, the reaction of a ketone
with a dialkyl (diazomethyl)phosphonate and a strong base
(the Seyierth-Gilbert homologation), or the treatment of
halogenated alkenes with a strong base.

[0263] Accordingly, in some embodiments, the compound
of formula (VI) 1s formed by combining a compound of
formula (V) with a carbodiimide.

[0264] In some embodiments, the compound of formula
(V1) 1s formed via the reaction of a ketone (1.e., a compound
of formula (III)) with trimethylsilyl diazomethane and a
strong base. In this method, a ketone, trimethylsilyl diaz-
omethane, and a strong base are dissolved in an organic
solvent and stirred to furnish the alkylidene carbene, which
rearranges to form an alkyne. An example of this method for
alkylidene carbene generation can be found 1n Dale, et al.,
“Systematic Evaluation of 1,2-Migratory Aptitude 1n
Alkylidene Carbenes”, J. Am. Chem. Soc., 2021, 143:2097/ -
107, the entire contents of which are incorporated herein by
reference.

[0265] In some embodiments, the compound of formula

(V1) 1s formed via the reaction of a ketone (1.e., a compound
of formula (III)) with a dialkyl (diazomethyl)phosphonate
and a strong base (via the Seyferth-Gilbert homologation).
In this method, a ketone, a dialkyl (diazomethyl)phospho-
nate, and a strong base are dissolved 1n an organic solvent,
and the resulting solution 1s stirred at low temperature to
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furmish the alkylidene carbene, which rearranges to an
alkyne. An example of this method for alkylidene carbene
generation can be found 1n Gilbert and Weerasooriya, “Diaz-
octhenes: Their Attempted Synthesis from Aldehydes and
Aromatic Ketones by Way of the Horner-Emmons Modifi-
cation of the Wittig Reaction. A Facile Synthesis of
Alkynes”, J. Org. Chem. 1982, 4'7:183°7-45, the entire con-
tents of which are incorporated herein by reference.

[0266] In some embodiments, the alkylidene carbene 1is
formed via the treatment of a dihalogenated alkene with an
organolithium species. In this method, a geminally dihalo-
genated alkene 1s treated with an organolithium species 1n an
organic solvent to furmish the alkylidene carbene, which
rearranges to an alkyne. An example of this method for
alkylidene carbene generation can be found in Kdébrich, et
al., “Chemistry of Stable a-Halogenoorganolithium Com-
pounds and the Mechanism of Carbenoid Reactions”,
Angew. Chem., Int. Ed. 1967, 6:41-32, the entire contents of

which are incorporated herein by reference.

1,3-Dipolar Cycloaddition

[0267] The dibenzocyclooctynes disclosed herein are
capable of undergoing 1,3-dipolar cycloaddition reactions
with dipolar reagents. The dibenzocyclooctynes are usetul
as reagents 1n strain-promoted azide-alkyne cycloaddition
(SPAAC) reactions. Thus, the dibenzocyclooctynes of the
present disclosure can react with azides to provide triazole-
containing products. The azides may be unsubstituted or
substituted. The azides may, for example, be conjugated to
a small molecule, a carbohydrate, a peptide, a protein, or any
such molecule contemplated 1n the art. Additionally, the
dibenzocyclooctynes of the present disclosure can react with
diazo compounds to provide pyrazole-containing products.
The diazo compounds are stabilized via conjugation to an
clectron withdrawing group. For example, the diazo com-
pounds may be a-diazoketones, a.-diazoesters, or o-diazo-
amides. The diazo compounds may be further conjugated to,
for example, a small molecule, a carbohydrate, a peptide, a
protein, or any such molecule contemplated 1n the art. The
dibenzocyclooctynes of the present disclosure may be
derivatized prior to the cycloaddition reaction. The diben-
zocyclooctynes include a handle for functionalization (e.g.,
a halogen) that can be substituted through well-established
chemistry (e.g., a cross-coupling reaction) to introduce a
substituent or domain to the dibenzocyclooctyne core.

[0268] Accordingly, 1n another aspect, the present disclo-
sure also provides a process of making a compound of

formula (VIa):

(VIa)

(R?),

[0269] or regioisomer thereof,
[0270] wherein:
[0271] R' and R* are, independently for each occurrence,

F, Cl, Br, 1, OTf, B(OH),, CN, NHR’, NHS(O),R®, OR”,
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OS(0O),R>, SR>, —CF,, —C(0)OC,  alkyl, —C(O)N(C,
alkyl),, —C(O)R>, S(O),R>, NO,, —C, , alkyl, —C,
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,
2, 3, 4, or 5 R° groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group:;

[0272] R’ and R* are, independently for each occurrence,
H or —C,_; alkyl;

[0273] R° is selected from H, —C, -alkyl, —CF,;
—C(0)OC, 4 alkyl, or —C(O)N(C, _4 alkyl),;

[0274] R° is selected from H, F, Cl, Br, I, OTT, CN, NH.,,
OR>, SR>, —CF,, —C(O)R>, —C(0)OC, . alkyl, NO.,
—C, _¢ alkyl;

[0275] R’ is C,_. alkyl optionally substituted with one or
more C,_,, aryl or 5- to 10-membered heteroaryl;

[0276] n1s 0, 1, or 2;

[0277] pi1s O, 1, or 2;

[0278] X 1s CH or N;

[0279] Y 1s O or NH; and

[0280] wherein the process comprises combining a coms-

pound of formula (II):

(1)

[0281] with a compound of formula (VIla)
(VIIa)
O
R’ )J\/Nz
Ny F
[0282] to provide the compound of formula (VIa).
[0283] In some embodiments, the compound of formula

(VIla) 1s selected from the group consisting of:

O O
N>, d N
‘ N N)‘\/ > /\o)‘\/ i
H
P
[0284] In some embodiments, the compound of formula

(II) has a structure according to formula (Ila):

(I1a)
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[0285] wherein R’ is, independently for each occurrence,
F, Cl, Br, I, OT1, B(OH), or —C, _(-alkyl;

[0286] n1s O, 1, or 2; and
[0287] X 1s CH or N.
[0288] In some embodiments, the compound of formula

(II), has a structure selected from the group consisting of:

/N o X
TR and
X P

T
[:::]i: L —®D
F

[0289] wherein R' is Cl; and
[0290] ni1s Oor 1.
[0291] In some embodiments, the compound of formula

(II), has a structure selected from the group consisting of:

N —
~
2 -
X a Cl

2 X

A y

[0292] In some embodiments, the process 1s performed 1n
a solvent. In some embodiments, the process 1s performed 1n
an organic solvent. In some embodiments, the process 1s
performed 1n methylene chloride.

[0293] In another aspect, the present disclosure also pro-
vides a process of making a compound of formula (VIb):

(VIb)
R?
0
Y\<
N
N\/ \\Q\/N
< —
~ I
®),— | 1w,
N Z
R4 \R3
[0294] or regioisomer thereof,
[0295] wherein:
[0296] R' and R* are, independently for each occurrence,

F, Cl, Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, SR>, —CF,, —C(0)OC,  alkyl, —C(O)N(C,
alkyl),, —C(O)R>, S(O),R>, NO,, —C, , alkyl, —C,
alkenyl, or 5- to 10-membered heteroaryl substituted with 1,
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2, 3, 4, or 5 R® groups, optionally wherein the alkyl and
alkenyl are substituted with one or more R> group;

[0297] R’ and R* are, independently for each occurrence,
H or —C, _ alkyl;

[0298] R° is selected from H, —C, -alkyl, —CF,;
—C(0)0C, 4 alkyl, or —C(O)N(C, _s alkyl),;

[0299] R° is selected from H, F, Cl, Br, I, OTf, CN, NH.,
OR>, SR>, —CF,, —C(O)R>, —C(0)0OC, . alkyl, NO.,
—C, _¢ alkyl;

[0300] R’ is C,_, alkyl optionally substituted with one or
more C_,, aryl or 5- to 10-membered heteroaryl;

[0301] n1s O, 1, or 2;

[0302] p1s O, 1, or 2;

[0303] X 1s CH or N;

[0304] Y 1s O or NH; and

[0305] wherein the process comprises combining a coms-

pound of formula (II):

< —
= AN
(Rz)p {I p_ (RI )H
AN F
/ O\
R* R3

(1)

[0306] with a compound of formula (VIla)
(VIIb)
O
R )-I\/N
Ny 3
[0307] to provide the compound of formula (VIb).
[0308] In some embodiments, the compound of formula

(VIIb) 1s selected from the group consisting of:

O
AN N)J\/N}
B

F

[0309] In some embodiments, the compound of formula
(II) has a structure according to formula (Ila):

(I1a)

[0310] wherein R' is, independently for each occurrence,
F, Cl, Br, I, OT1, B(OH), or —C, (-alkyl;

[0311]
10312]

nis 0, 1, or 2; and
X 1s CH or N.
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[0313] In some embodiments, the compound of formula
(II), has a structure selected from the group consisting of:

Z N
_(RI)H and
X F
7 X
AN P

[0314] wherein R' is Cl; and
[0315] ni1s Oor 1.
[0316] In some embodiments, the compound of formula

(II), has a structure selected from the group consisting of:

iNI : : -
X Cl and
A =

[0317] In some embodiments, the process 1s performed 1n
a solvent. In some embodiments, the process 1s performed 1n
an organic solvent. In some embodiments, the process 1s
performed 1n methylene chloride.

EXAMPLES

[0318] The following examples are merely illustrative and
are not intended to limit the disclosure to the materials,
conditions, or process parameters set forth therein.

Example 1—Computational Design of
Dibenzocyclooctynes

[0319] Gaussian 16 was used to 1dentily modifications of
the dibenzocyclooctyne scaflold that would accelerate its
1,3-dipolar cycloaddition with azides and diazo compounds.
1,3-dipolar cycloaddition reactions of both N-methylazido-
acetamide (1) and N-methyldiazoacetamide (2) with DIBO
and DIBAC, as well as a series of constitutional 1somers of
DIBAC (1-ABC to 6-ABC), were modeled (Table 1). Geom-
etry optimizations were performed at the M06-2X level of
theory (including the IEFPCM dielectric continuum solvent
model for either CH,Cl, or water, with UFF radii) or the
B97D/6-311+G(d,p) level of theory (including the CPCM
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solvation model for either CH,Cl, or water). Frequency
calculations were performed to confirm stationary points as
minima or first-order saddle points. All AE and AE* values

include zero-point corrections. For previous reports bench-
marking the methods utilized.

[0320] The installation of a nitrogen 1 DIBO was
observed to unexpectedly lower the predicted energy barri-
ers for cycloaddition with N-methyl azidoacetamide and
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N-methyl diazoacetamide. Smaller differences in activation
energies (AE*) and free energies of activation (AG*) were
observed for 3-, 4-, and 5-ABC 1n their reactions with
dipoles N-methyl azidoacetamide and N-methyl diazoacet-
amide. In contrast, 2-ABC and 6-ABC were predicted to be
more reactive than the other constitutional 1somers. Notably,
2-ABC and 6-ABC contain a propargylic C—N bond that

enables a direct interaction between the alkyne m-bond and
the C—N antibonding orbital (o™ /).

TABLE 1

Effect of nitrogen placement in dibenzocyclooctynes on AE* and AG*.

O O
Me JK/NB Me sz
N N
H H
1 2
syn T'S anti TS syn T'S anti TS
DIBO /— AE*: 9.0 — 10.6 —
‘ Z X, AGH: 23.9 23.7
CHy,=—= NH ‘ ‘
’ AN N\ /
l 7.7 8.9
— AE*: 8.7 22.6 10.1 22.1
DIBAC Z / X AGH 23.6 23.3
‘ XN =
dtituti I N\
mﬂisalmeizna NH 9.3 10.6
— AE?: 8.6 24.5 6.2 23.7
N — i
l / N AGh 222 19.5
2-ABC ‘
X P
3-ABC — AE*: 9.0 3.4 10.0 9.8
N ‘ AGH: 23.5 23.1 22.8 22.8
AN
4-ABC /—_ AE*: 9.0 8.3 9.9 9.8
K\‘ Xy, AGH 23.7 23.0 22.7 22.8
N\/\ F
5-ABC —— AE?: 9.2 8.5 10.3 10.0
Z ‘ RNy, AGH 23.9 23.0 23.2 23.2
Xy P
6-ABC —==-= AE*: 7.0 6.1 7.1 6.8
/\H/ X, AGH 21.8 21.1 22.7 19.7
\/W\ F
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Example 2—Preparation of Dibenzocyclooctynes

[0321]

Scheme 1. Synthesis of 2-Azabenzo-8-chlorobenzocyclooctyne

y N O
N | \HHJ/
O \',...-;;N
N

o 1

/ LiHMDS, THF

-

\\ Cl 2 Hel

EDC
THF
)
/N‘ — ‘ N
AN ff’“\CI
3

Synthesis of 4-((N-Tetrazolyl)methyl)morpholine

[0322] To a cold (0° C.), stirred solution of tetrazole (0.70
g 10.0 mmol, 1.0 equiv) 1n methanol (10 mL) was added
morpholine (0.957 g, 0.95 mL, 11.0 mmol, 1.1 equiv), and
the mixture was stirred for 15 min. An aqueous solution of
37% v/v formaldehyde (0.98 mL, 12.0 mmol, 1.2 equiv) was
added dropwise, and the mixture was stirred overnight at
room temperature. The reaction mixture was then concen-
trated under reduced pressure, and the residue was recrys-
tallized from a 1:2 v/v mixture of CH,Cl, and hexanes to
give 4-((N-Tetrazolyl ) methyl)morpholine as a mixture of N
tautomers, as white crystals (1.48 g, 8.74 mmol, 88% vyield).

[0323] 'H NMR (400 MHz, CDCl,, §): 8.67 (s, 0.2H),
8.56 (s, 0.8H), 5.53 (s, 1.6H), 5.31 (s, 0.4H), 3.82-3.61 (m,
4H), 2.69-2.65 (m, 3.2H), 2.62 (t, J=4.7 Hz, 0.8H). 3C
NMR (101 MHz, CDCl,, 8): 152.69, 74.00, 66.64, 66.44,
49.85, 49.76. HRMS m/z caled for C.H,,N.O [M+H]*,
170.10364; found, 170.10408.
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Synthesis of 8-Chloro-11-(1H-tetrazol-3-y1)-6,11-
dihydro-5H-benzo| 5,6]cycloheptal1,2-b]pyridin-11-

ol (2)
[0324]
1 /\\
/N'"“"‘N/M“N O
O
SO
..---""N \;-"/"""N
/ LIHMDS, THF
AN Cl 2. HCl
1
2
[0325] To a stirred solution of 4-((N-tetrazolyl)methyl)

morpholine (0.70 g, 8.24 mmol, 2.0 equiv) and 8-chloro-
SH-benzo[ 5,6]cycloheptal 1,2-blpyrnidin-11(6H)-one (1; 0.5
g, 4.12 mmol, 1.0 equiv) in THF (10 mL), under N,(g) at
—78° C. (acetone/CQO,), was added 1 M LiHMDS i THF

(4.33 mL, 4.33 mmol, 2.1 equiv) dropwise via a syringe. The

reaction mixture was stirred for 2 h at =78° C. then allowed
to warm to room temperature overnight. The reaction mix-
ture was concentrated under reduced pressure, and the

remaining residue was treated with aqueous HCI (1 M, 25
ml) and stirred at room temperature for 1 h. The solution
was then extracted with EtOAc (3x30 mL), and the com-

bined organic extracts were dried over Na,SO,(s), filtered,

and concentrated under reduced pressure. The residue was

purified by flash column chromatography on silica gel

(hexanes/EtOAc 85:15—25:75) to provide compound 2
(672 mg, 2.14 mmol, 52% yield) as a white solid.

[0326] "HNMR (500 MHz, chloroform-d, 8): 8.78 (s, 1H).
8.46 (s, 1 H),8.09 (dd, J=8.4, 4.0 Hz, 1H), 7.64 (d, J=7.6 Hz,
1H), 7.37 (d, J=6.6 Hz, 1H), 7.25 (d, J=8.9 Hz, 1H), 7.17 (s,
1H), 3.40-3.32 (m, 1H), 3.05-2.93 (m, 3H), 2.74-2.67 (m,
1H). *°*C NMR (126 MHz, chloroform-d, 8): 161.98, 152.43,
143.57, 142.67, 141.772, 140.09, 138.54, 134.70, 134 .38,
129.45, 127.21, 126.36, 124.64, 30.81, 29.95. HRMS nv/z
calcd for C,H,;ON.Cl [M+H]", 314.08086; found, 314.
08960.
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Synthesis of 2-Azabenzo-8-chlorobenzocyclooctyne
(ABC-3)

[0327]

EDC
THF

N / = Cl
3

[0328] To a stirred solution of compound 2 (0.514 g, 1.64
mmol, 1.0 equiv) in THF (5.0 mL), was treated with EDC
(0.345 mg, 1.80 umol, 1.1 equiv) and allowed to react
overnight. The reaction mixture was concentrated under
reduced pressure, and the residue was purified by tlash
column chromatography on silica gel (hexanes/EtOAc
85:15—=25:75) to provide compound 3 (157 mg, 0.66 mmol,
40% vyield) as a pale yellow solid. mp: decomposition
observed at =80° C.

[0329] 'H NMR (500 MHz, chloroform-d, §): 8.44 (dd,
J=5.0,1.6 Hz, 1 H), 7.51 (dd, J=7.6, 1.6 Hz, 1H), 7.30-7.20
(m, 3H), 7.12 (dd, JI=7.7, 4.9 Hz, 1H), 3.30-3.18 (m, 2H),
2.36 (ddq, J=15.1, 8.5, 3.7 Hz, 2H). "°C NMR (126 MHz,
chloroform-d, 98): 155.00, 148.55, 147.75, 144.65, 136.34,
134.52, 129.74, 1277.45, 126.88, 121.97, 121.20, 113.31,
109.88, 35.62, 34.79. HRMS m/z calcd for C,.H,,NCI
[M+H]™, 240.05800; found, 240.06483.

Synthesis of 5-(1H-Tetrazol-3-y1)-10,11-dihydro-
SH-dibenzo[a,d][7]annulen-5-ol (35)

10330]

1.
v 1\
i ad "

N |
\=N

LiHMDS, THF
2. HCI
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[0331] To a stirred solution of 4-((N-tetrazolyl)methyl)
morpholine (0.70 g, 8.24 mmol, 2.0 equiv) and dibenzosub-
crone (4; 0.25 g, 1.22 mmol, 1.0 equiv) in THF (5 mL),
under N,(g) at -78° C. (acetone/CO.,), was added 1 M
LiHMDS i THF (2.56 mmol, 2.56 mL, 2.1 equiv) dropwise
via a syringe. The reaction mixture was stirred for 2 h at
—'7/8° C. then allowed to warm to room temperature over-
night. The reaction mixture was concentrated under reduced
pressure, and the remaining residue was treated with aque-
ous HCI (1 M, 25 mL) and stirred at room temperature for
1 h. The solution was then extracted with EtOAc (3x30 mL),
and the combined organic extracts were dried over Na,SO,
(s), filtered, and concentrated under reduced pressure. The
residue was purified by flash column chromatography on
silica gel (2% v/v MeOH in CH,Cl,) to provide compound
5 (0.3596 g) as a white solid with some 1mpurities and was
used 1n the next step without further purification.

[0332] 'H NMR (400 MHz, MeOD, 8): 8.09-7.99 (m, 2H),
7.31-7.25 (m, 4H), 7.18-7.12 (m, 2H), 2.83 (s, 4H). °C
NMR (101 MHz, MeOD, 9): 162.16, 141.12, 137.93, 130.
25, 128.05, 125.83, 125.22, 71.82, 32.05. HRMS m/z calcd
for C,H,;ON, [M+H]", 279.12458; found, 279.12665.

Synthesis of Dibenzocyclooctyne (DIBO-6)
[0333]

EDC (1.1. equiv)

THFE, rt, overnight
-
40%

A N\

NN NS

6
(DIBO)

[0334] A stirred solution of compound 5 (0.200 g, 0.72
mmol, 1.0 equiv) mm CH,Cl, (4 mL) was treated with
N,N'-diisopropylcarbodiimide (DIC) (0.109 g, 0.86 mmol,
1.2 equiv) and allowed to react overnight. The reaction
mixture was concentrated under reduced pressure and puri-
fied by flash column chromatography on silica gel (hexanes)
to provide DIBO (6; 0.072 g, 0.373 mmol, 55% vield for 3
steps from dibenzosuberone) as a white solid.

[0335] 'HNMR (500 MHz, CDC]l,, 8): 7.38-7.31 (m, 4H),
7.31-7.26 (m, 4aH), 3.38-3.29 (m, 2H), 2.50-2.40 (m, 2H).
BC NMR (126 MHz, CDCl,, 8): 153.62, 129.41, 127.69,
126.52,126.12, 123.95, 111.53, 36.47. HRMS m/z calcd for
C,H,; [M+H]", 205.10172; found, 205.10245.

Example 3—1,3-Dipolar Cycloaddition Reactions

[0336] General Procedure A. Azides or diazo compounds
were dissolved 1 anhydrous CH,Cl, (0.5 mL) 1n a scintil-
lation vial at room temperature with stirring. To this solution
was added a solution of cyclooctyne in anhydrous CH,CI,
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(0.5 mL), and the reaction mixture was stirred overnight.
The reaction mixture was concentrated under reduced pres-
sure, and the residue was purified by flash column chroma-
tography on silica gel (hexanes/EtOAc 85:15—25:73) to
provide the desired product.

Synthesis of N-Methyl-N-benzyl-2-bromoacetamide
(7)

[0337] To a stirred solution of N-methylbenzylamine (606
mg, S mmol, 1.0 equiv) and triethylamine (0.7 mL, 5 mmol,
1.0 equiv) i anhydrous CH,Cl, (10 mL) was added a
solution of bromoacetyl bromide (1.06 g, 5.25 mmol, 1.05
equiv) in CH,Cl, (2 mL) dropwise at 0° C. The resulting
mixture was allowed to react for 4 h at room temperature.
The reaction was quenched with saturated NaHCO, (10 mL)
at 0° C., extracted with diethyl ether (3x25 mlL), washed
with brine, dried over Na,SQO,(s), filtered and concentrated
under reduced pressure. The resultant crude material was
used 1n subsequent steps without further purification.

Synthesis of
2-Azido-N-methyl-N-(phenylmethyl)acetamide (8)

[0338] To a stirred solution of ethyl diazoacetate (1.34 g,
5.53 mmol, 1 equiv) in DMF (25 mL), was added sodium
azide (0.719 g, 11.06 mmol, 2.0 equiv) and the resulting
mixture was allowed to react overnight at room temperature.
A mixture of H,O/Et,O 1:1 was added to the reaction
mixture, and the aqueous phase was extracted with Et,O
(3x25 mL), the organic extract was then washed with water
(8x20 mL) and brine, and dried over Na,SO,(s). The result-
ing mixture was concentrated under reduced pressure, and
the residue was purified by tlash column chromatography on
silica gel (hexanes/EtOAc 85:15—25:75) to provide com-
pound 8 (0.351 g, 31% vield) as a colorless oil.

[0339] 'H NMR (500 MHz, chloroform-d, 8): 7.31 (ddd,
I=34.5, 19.6, 7.7 Hz, SH), 7.15 (d, J=7.5 Hz, 1H), 4.61 (s,
1H),4.45 (s, 1 H),3.96 (d, J=11.2 Hz, 2H), 3.01 (s, 1H), 2.86
(s, 2H). °C NMR (126 MHz, chloroform-d, 8): 167.29,
136.47, 135.57, 129.15, 128.73, 128.24, 128.00, 127.70,
126.21,52.76, 51.25, 50.64, 50.51, 34.38, 33.88. HRMS n/7
caled for C, H,;ON, [M+H]", 205.10894; found, 205.
11737.

Synthesis of 2-Diazo-N-methyl-N-(phenyl
methyl)acetamide (9)

[0340] Compound 8 (0.120 g, 0.586 mmol, 1.0 equiv) was
dissolved in H,O/THF 1:9 (20 mL). To this solution was
added 2,5-dioxopyrrolidin-1-yl 3-(diphenylphosphanyl)pro-
panoate (0.219 g, 0.615 mmol, 1.05 equiv), and the reaction
mixture was stirred for 4 h at room temperature before a
saturated aqueous solution of NaHCO,; (15 mL) was added.
The reaction mixture was then stirred vigorously for 3 h. The
reaction mixture was diluted with brine and extracted with
CH,CL, (3x). The combined organic extracts were dried over
Na,SO,(s), filtered, and concentrated under reduced pres-
sure, and the residue was purified with silica gel chroma-
tography (hexanes/EtOAc 50:50) to give compound 9 (33.3
mg, 29% vield).

[0341] 'H NMR (400 MHz, chloroform-d, 8): 7.40-7.21
(m, 5H), 5.01 (s, 1 H), 4.65-4.38 (m, 2H), 2.89 (s, 3H). °C
NMR (101 MHz, chloroform-d, 0): 166.14, 128.78, 127.55,
46.53, 34.33, 33.98, 25.64, 24.97. HRMS m/z calcd for
C,,H,,ON; [M+H]", 190.09804; found, 190.10475.
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Synthesis of 2-(11-chloro-8,9-dihydro-3H-benzo| 3,
6][1,2,3]triazolo[4',5"."7,8]cyclooctal 1,2-b]pyridin-3-
yl)-N-methylacetamide (10)

10342)
/N‘ — ‘ N
\ /\ClJr

3
O
CH,>Cl,, rt, overnight
Bn._ )‘\/N3 22 > .
N
H

toluene

Bn
\ O
HN
““1<ih}r/}%§}1
\ /
N —
@( @
X Cl
10

[0343] Following Cycloaddition General Procedure A, a
solution of N-benzylazidoacetamide (7.989 mg, 0.042
mmol) dissolved 1n anhydrous CH,Cl, was treated with
compound 3 (10 mg, 0.042 mmol) to provide compound 10.

[0344] 'H NMR (500 MHz, chloroform-d, 8): 8.27 (dd,
I=47, 1.6 Hz, 1 H), 7.65 (dd, J=7.9, 1.6 Hz, 1H), 7.53 (d,
J=8.2 Hz, 1H), 7.49 (t, J=5.9 Hz, 1H), 7.35-7.18 (m, 8H),
5.26 (s, 2H), 4.47 (d, J=5.7 Hz, 2H), 3.22 (dd, J=8.3, 5.0 Hz,
2H), 3.13 (dd, J=8.3, 5.0 Hz, 2H). "°C NMR (126 MHz,
chloroform-d, 0): 171.19, 165.82, 147.31, 144.97, 144.36,
140.34, 139.83, 137.80, 136.56, 134.59, 134.46, 132.25,
129.71, 128.70, 128.36, 127.68, 127.56, 126.93, 123.85,
52.64, 43.62, 34.24, 33.31. HRMS m/z calcd for
C,,H,,ON.Cl [M+H]", 430.14346; found, 430.1628]1.

Synthesis of N-benzyl-11-chloro-8,9-dihydro-1H-
benzo[3,6]pyrazolo[3',4":7,8]cyclooctal 1,2-b]pyri-
dine-3-carboxamide (11)

(0345]
/N‘ — ‘ AN
\ /\ClJr

3
O
N CH,Cl5, rt, overnight
Bn ~ P 2 -
N
H
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-continued

11

[0346] Following Cycloaddition General Procedure A, a
solution of N-benzyldiazidoacetamide (7.358 mg, 0.042
mmol) dissolved in anhydrous CH,Cl, was treated with
compound 3 (10 mg, 0.042 mmol) to provide compound 11.

[0347] 'HNMR (500 MHz, chloroform-d, 8): 9.77 (s, 1H),
8.10 (dd, J=4.8, 1.7 Hz, 1H), 7.66 (dd, =7.8, 1.7 Hz, 1H),
737-7.12 (m, 3H), 7.25 (m, 3H), 7.19 (d, ]=2.2 Hz, 1H).
7.15 (m, 2H), 4.58 (d, 1=5.2 Hz, 2H), 3.34-3.22 (m, 2H).
3.11 (d, J=7.1 Hz, 2H). '°C NMR (126 MHz, chloroform-d,
0): 159.67, 146.36, 139.54, 138.91, 137.34, 136.84, 134.22,
134.01, 130.07, 128.67, 127.81, 127.51, 126.46, 123.01,
43.92, 35.45, 32.34. HRMS m/z caled for C,,H, ON,ClI
IM+H]™", 415.13256; found, 415.14917.

Synthesis of N-benzyl-2-(11-chloro-8,9-dihydro-3H-
benzo[5,6][1,2,3]trnazolo[4',5":"7,8]cyclooctal 1,2-b]
pyridin-3-yl)-N-methylacetamide (12)

[0348]

Cl
3
O
Bn )‘\/I\h CH>Cl», rt, overnight
~ N -

Cl

12
N-benzyl-2-(11-chloro-8,9-
dihydro-3H-benzo[5,6][1.,2,3]
triazolo[4',5":7,8]cycloocta
|1,2-b]pyridin-3-y1)-N-

methylacetamide

[0349] Following Cycloaddition General Procedure A, a
solution of compound 11 (8.578 mg, 0.042 mmol) dissolved
in anhydrous CH,Cl, was treated with compound 3 (10 mg,
0.042 mmol) to provide compound 12 as regioisomers.
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[0350] 'H NMR (500 MHz, chloroform-d, 8): 8.45 (dd,
I=47, 1.7 Hz, 1 H), 8.37 (dd, J=4.8, 1.6 Hz, 0.5H), 7.66
(ddd, J=7.5, 5.6, 1.7 Hz, 2H), 7.55 (d, J=8.3 Hz, 1H), 7.53
(d, I=8.3 Hz, 1H), 7.41-7.33 (m, 2H), 7.25 (m, 8H), 7.13-
7.07 (m, 1H), 6.94-6.86 (m, 2H), 5.73 (s, 3H), 4.58 (s, 1H),
4.46 (s, 2H),3.35-3.30 (m, 3H), 3.27 (dd, J=8.1, 4.7 Hz, 3H),
2.96 (s, 3H), 2.87 (s, 2H). '°C NMR (126 MHz, chloroform-
d, o). 165.51, 165.25, 147.08, 14698, 146.16, 146.03,

144.96,

129.81,
127.75,

136.29,

144.93,

135.41,
129.78,

127.54,

140.61, 139.37, 139.32, 136.84,
134.77, 134.62, 134.16, 134.14,
129.18, 128.88, 128.86, 128.62,
126.68, 126.67, 126.29, 123.37,

136.73,
132.42,
128.04,
123.31,

52.70, 51.28, 50.32, 50.11, 34.49, 34.02, 33.98, 33.88.
HRMS m/z caled for C,H,,ON.Cl [M+H[*, 444.15911;
found, 444.18030.

Synthesis of N-benzyl-11-chloro-N-methyl-8,9-di-
hydro-1H-benzo| 5,6]pyrazolo[3',4".7.8]cyclooctal 1,
2-b]pyridine-3-carboxamide (13)

[0351]
O
Bn.\ )]\/Nz CH,Cl5, rt, overnight
N -
O
Bn N
/N 7 \/NH
N —
AN Z ¢
13
[0352] Following Cycloaddition General Procedure A, a

solution of compound 12 (8.136 mg, 0.042 mmol) dissolved
in anhydrous CH,Cl, was treated with compound 3 (10 mg,
0.042 mmol) to provide compound 13 as regioisomers.

[0353] 'H NMR (500 MHz, chloroform-d, 8): 8.43 (d,
I=4.7 Hz, 1H), 8.34-8.27 (m, 0.59H), 7.51 (d, J=7.5 Hz, 2H),
7.35-7.20 (m, 12H), 7.16-7.03 (m, 3H), 4.69 (s, 3H), 3.25-
3.19 (m, 2H), 3.19-3.09 (m, 5H), 2.89 (s, 2H), 2.87 (s, 3H).
SC NMR (126 MHz, chloroform-d, 8): 164.85, 164.36,
149.68, 149.43, 146.90, 143.64, 143.39, 141.45, 139.26,
136.76, 136.51, 134.97, 134.83, 133.86, 131.49, 129.94,
129.81, 128.36, 128.49, 128.23, 128.14, 127.59, 127.39,
127.32,126.76,122.05,121.92,121.07, 54.84, 50.94, 36.07,
34.66, 34.45, 33.61, 33.53, 32.82. HRMS m/z calcd for
C,.H,,ON,Cl [M+H]", 429.14821; found, 429.16635.
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Synthesis of ethyl 11-chloro-8,9-dihydro-1H-benzo _continued
[5,6]pyrazolo[3',4":"7,8]|cycloocta[1,2-b]pyridine-3- B\n
HN

carboxylate (14) =
[0354] \<N/N\\N
/\H/\
AN F

AN \ \
“ ‘ . XN\ N\F
] 15
3

O | [0358] Following Cycloaddition General Procedure A, a
Er ).k/Nz CHoCl, 1t overmght solution of N-benzylazidoacetamide (7.989 mg, 0.042
O
O

mmol) dissolved in anhydrous CH,Cl, was treated with
DIBO (10 mg, 0.042 mmol) to provide compound 15.

Et\ No [0359] 'H NMR (500 MHz, chloroform-d, §): 7.55-7.48

O 7 “NH (m, 1H), 7.41-7.17 (m, 12H), 7.14 (dd, J=7.4, 1.2 Hz, 1H),
/ 5.16 (d, J=16.4 Hz, 1H), 5.03 (d, J=16.6 Hz, 1H), 4.53 (dd,
- J=14.7, 6.0 Hz, 1H), 4.43 (dd, J=14.9, 5.4 Hz, 1H), 3.35 (td.,

N
7
= ‘ ‘ N 1=12.1, 10.3, 4.5 Hz, 1H), 3.15-3.03 (m, 2H), 2.92-2.81 (m,
AN

1H). '°C NMR (126 MHz, chloroform-d, 8): 165.43, 147.01,
Cl 141.71, 137.85, 137.27, 135.18, 131.70, 130.92, 130.46,
130.25, 129.23, 129.01, 128.81, 128.41, 127.77, 127.72,
126.80, 126.13, 125.14, 51.32, 43.75, 36.34, 33.02. HRMS
m/z calcd for C,.H,,N,O [M+H]", 395.18718; found, 395.

19003.

14

[0355] Following Cycloaddition General Procedure A, a

s<?lut10n C:f cthyl diazoacetate (4.792 mg, 9.042 mmol) Synthesis of N-benzyl-8,9-dihydro-1H-dibenzo|3 4:
dissolved in anhydrous CH,Cl, was treated with compound 7 8]cycloocta[1,2-¢ |pyrazole-3-carboxamide (16)

3 (10 mg, 0.042 mmol) to provide compound 14.

[0356] 'H NMR (500 MHz, chloroform-d, §): 8.46 (dd,
I=4.7, 1.7 Hz, 1 H), 7.56 (d, JI=7.8 Hz, 1H), 7.26 (d, J=8.3
Hz, 1H), 7.20 (d, J=2.2 Hz, 1H), 7.17-7.12 (m, 2H), 4.27 (q,

J=7.1 Hz, 2H), 3.14 (q, J=4.0 Hz, 4H), 1.19 (t, ]=7.1 Hz, A AN
3H). 1*C NMR (126 MHgz, chloroform-d, 8): 159.93, 147.02, ‘ ‘ s
140.57, 137.99, 134.84, 134.63, 132.06, 130.18, 12921, '\ p

126.63, 122.63, 61.27, 34.65, 33.07, 13.95. HRMS nv/z
calcd for C,,H,,O,N,CI [M+H]", 354.10093; found, 354. (DIBO)

11700. Q)
N CH>Cl,, rt, overnight
Bn ~ / 2 gl
N
H

Synthesis of 2-(8,9-dihydro-1H-dibenzo[3,4:7.8]
cyclooctal1,2-d][1,2,3]triazol-1-yl)-N-methylacet-

10360]

amide (15)
[0357]
= X
S ‘ ‘ _ " 16
(DIBO) [0361] Following Cycloaddition General Procedure A, a

solution of N-benzyldiazidoacetamide (7.350 mg, 0.042
mmol) dissolved in anhydrous CH,Cl, was treated with
DIBO (10 mg, 0.042 mmol) to provide compound 16.

O
)‘\/ CH,Cl,, rt, overnight [0362] 'H NMR (500 MHz, chloroform-d, 8): 11.58 (s,
BH\ N3 -
N
H

1H), 7.34-7.08 (m, 13H), 6.84 (s, 1H), 4.73-4.57 (m, 1H),
4.50-4.39 (m, 1H), 3.44-2.87 (m, 4H). 13C NMR (126 MHz,
chloroform-d, 8): 171.21, 160.59, 140.56, 139.01, 137.82,
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131.05, 130.95, 130.91, 130.88, 129.85, 128.68, 128.64,
128.30, 127.69, 127.45, 126.09, 126.07, 120.39, 43.26.
36.30, 33.18. HRMS m/z caled for C,.H,,ON, [M+H]",
380.17629; found, 380.185730.

Synthesis of ethyl 8,9-dihydro-1H-dibenzo[3,4:7,8]
cyclooctall,2-c]pyrazole-3-carboxylate (17)

10363
= A
\ ]
\ /
(DIBO)
O
)J\/ CH,Cl,, rt, overnight
Et N> >~
™~ 0 L
O
E
'\
N
H
/\‘
\/
17
ethyl 8,9-dihydro-1H-
dibenzo|3,4:7.,8|cycloocta
[1,2-c|pyrazole-3-
carboxylate
[0364] Following Cycloaddition General Procedure A, a

solution of compound ethyl diazoacetate (4.792 mg, 0.042
mmol) dissolved 1in anhydrous CH,Cl, was treated with
DIBO (10 mg, 0.042 mmol) to provide compound 17.
[0365] 'H NMR (500 MHz, chloroform-d, §): 7.70-7.35
(m, 1H), 7.35 (s, OH), 7.34-7.08 (m, 8H), 4.33 (d, J=49.5
Hz, 2H), 3.48-2.81 (m, 4H), 1.28 (t, J=7.7 Hz, 3H). '°C
NMR (126 MHz, chloroform-d, 0): 160.55, 139.83, 139.11,
131.55, 131.12, 131.06, 130.76, 129.69, 129.07, 128.83,
128.02, 126.06, 125.33, 123.61, 61.20, 36.44, 32.95, 31.60,
14.21, 14.13, 14.09. HRMS m/z calcd for C, H,oN,O,
[M+H]™, 319.14465; found, 319.14713.

Example 4—Kinetic Analyses

[0366] The rates of reaction for the 1,3-dipolar cycload-
dition of dipoles N-benzylazidoacetamide and N-benzyldi-
azoacetamide with compound 3 m both aprotic (CH,CIl,)
and protic solvents (MeOH and PBS contaiming 2% v/v
DMSQO) were measured. The depletion of compound 3 by
using HPLC and second-order rate constants were calculated
from the slope of a plot of [compound 3]~" versus time. As
a benchmark, the rate of the reaction of DIBO with each
dipole was also measured.

[0367] The reaction rates with compound 3 were excep-
tionally high (FIG. 1). In all solvent conditions, each acet-
amide dipole displayed rate constants with compound 3 that
exceed those attainable with commercially available
cyclooctyne reagents. In CH,Cl,, the rate constants are
among the highest reported for both SPAAC and the analo-
gous diazoacetamide reaction. The strategic CH—N substi-
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tution that converts DIBO to compound 3, leads to 1,200 and
30-fold rate increases with N-benzyl diazoacetamide and
N-benzylazidoacetamide, respectively.

[0368] A significantly larger rate constant for N-benzyl-
diazoacetamide over the N-benzylazidoacetamide provides
experimental corroboration of the prediction of a more
optimal geometry for 1ts hydrogen bond (vide supra). With
DIBO, the N-azidoacetamide reacts 2- to 3-fold faster than
does the N-diazoacetamide, in agreement with the reactions
of DIBAC and 4-Dibenzocyclooctynone (DIBONE). The
~20-fold rate increase of N-benzyl diazoacetamide over
N-benzyl azidoacetamide with compound 3 exceeds that of
both the biaryl systems as well as sulfur, nitrogen, and
oxygen-containing heterocyclic cyclooctynes (SNO-OCTs).

[0369] o assess the eflect of the putative hydrogen bond,
the reactivity of compound 3 and DIBO with ethyl diazo-
acetate, which lacks a hydrogen bond donor, was tested. The
rate constant for the reaction of compound 3 with ethyl
diazoacetate was nearly 200-fold lower than that waith
N-benzylazidoacetamide. This decrease 1s substantially
greater than the 4-fold decrease in rate constant for the

reaction of these same dipoles with DIBO (FIG. 1).

[0370] The existence of the hydrogen bond was corrobo-
rated by comparing the regiochemistry of cycloadducts. To
do so, "TH-NMR spectra of the products of the cycloadditions
of N-benzylazidoacetamide and N-benzyldiazoacetamide
with compound 3 were compared to the "H-NMR of the
cycloaddition products of N-methylated derivatives of
N-benzylazidoacetamide and N-benzyldiazoacetamide with
compound 3. Methylation of the amide 1n N-benzylazido-
acetamide and N-benzyldiazoacetamide impedes the forma-
tion of hydrogen bonds, allowing for direct comparison of its
importance through their regioselectivity. '"H-NMR studies
revealed that regioselectivity 1s attained only when a hydro-
gen bond 1s made 1n the transition state (FIG. 2A, FIG. 2B).

[0371] The use of protic solvents diminishes the effect of
the hydrogen bonds and lowers the observed rates (FIG. 2B).
Interestingly, the azidoacetamides display much smaller
differences 1n reactivity. Again, this observation 1s consistent
with a weaker hydrogen bond. Nevertheless, the reaction
rates observed in protic solvents are among the highest

reported for a SPAAC.

[0372] Kinetics General Method A. Stock solutions at the
speciflied concentrations in the specified solvents were pre-
pared for each dipole and dipolarophile. Aliquots (0.5 mL)
of dipole and dipolarophile were mixed, and reactions were
monitored by HPLC with aliquots injected at the timepoints
shown 1n the kinetic traces below. Each reaction was carried
out 1n triplicate. The concentration of remaining dipolaro-
phile was obtaimned from its corresponding peak i1n the
chromatogram monitored at 280 nm. Second-order rate
constants were calculated from the slope of the plot of
[dipolarophile]™" versus time.

[0373] Kinetics General Method B. Stock solutions of the
specified dipoles and dipolarophiles were prepared 1n
DMSO at 2.5 mM. An aliquot (10 ul.) of each stock was
added to 1 mL of PBS (final concentration: 25 uM), and
reactions were monitored by HPLC with aliquots mjected at
the timepoints specified in FIG. 3. Each reaction was carried
out 1n triplicate. The concentration of remaining dipolaro-
phile was obtamned from its corresponding peak i1n the
chromatogram monitored at 280 nm. Second-order rate
constants were calculated from the slope of the plot of
[dipolarophile] ™" versus time.
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[0374] Reaction of N-benzylazidoacetamide with DIBO 1n
CH,Cl,. Kinetics General Method A was followed using
stock solutions at 2 mM and resulting in final reaction
concentrations of 1 mM N-benzylazidoacetamide and 1 mM

DIBO.

[0375] Reaction of N-benzyldiazoacetamide with DIBO 1n
CH,CIL,. Kinetics General Method A was followed using
stock solutions at 2 mM and resulting in final reaction

concentrations of 1 mM N-benzyldiazoacetamide and 1 mM
DIBO.

[0376] Reaction of N-benzylazidoacetamide with com-
pound 3 m CH,CI,. Kinetics General Method A was fol-
lowed using stock solutions at 20 uM and resulting 1n final

reaction concentrations of 10 uM N-benzylazidoacetamide
and 10 uM compound 3.

[0377] Reaction of N-benzyldiazoacetamide with com-
pound 3 1 CH,Cl,. Kinetics General Method A was fol-
lowed using stock solutions at 80 uM and resulting 1n final
reaction concentrations of 40 uM N-benzyldiazoacetamide
and 40 uM compound 3.

[0378] Reaction of ethyl diazoacetate with compound 3 1n
CH,Cl,. Kinetics General Method A was followed using
stock solutions at 400 uM and resulting in final reaction
concentrations of 200 uM ethyl diazoacetate and 200 uM
compound 3.

[0379] Reaction of 2-Azido-N-methyl-N-(phenylmethyl)
acetamide with compound 3 1 CH,Cl,. Kinetics General
Method A was followed using stock solutions at 80 uM and
resulting 1n {inal reaction concentrations of 40 uM 2-Azido-
N-methyl-N-(phenylmethyl)acetamide and 40 uM com-
pound 3.

[0380] Reaction of compound 9 with compound 3 1n
CH,Cl,. Kinetics General Method A was followed using
stock solutions at 80 uM and resulting 1n final reaction
concentrations of 40 uM 2-Diazo-N-methyl-N-(phenylm-
cthyl)acetamide and 40 uM compound 3.

[0381] Reaction of N-benzylazidoacetamide with com-
pound 3 in MeOH. Kinetics General Method A was followed

using stock solutions at 20 uM and resulting in final reaction
concentrations of 10 uM N-benzylazidoacetamide and 10

uM compound 3.

[0382] Reaction of N-benzyldiazoacetamide with com-
pound 3 in MeOH. Kinetics General Method A was followed

using stock solutions at 80 uM and resulting in final reaction
concentrations of 40 uM N-benzyldiazoacetamide and 40

uM compound 3.

[0383] Reaction of compound 8 with compound 3 1n
MeOH. Kinetics General Method A was followed using
stock solutions at 80 uM and resulting in final reaction

concentrations of 40 uM compound 8 and 40 uM compound
3

[0384] Reaction of compound 9 with compound 3 1n
MeOH. Kinetics General Method A was followed using
stock solutions at 80 uM and resulting 1n final reaction
concentrations of 40 uM 2-Diazo-N-methyl-N-(phenylm-
cthyl)acetamide and 40 uM compound 3.

[0385] Reaction of N-benzylazidoacetamide with com-

pound 3 in PBS Containing DMSO (2% v/v). Kinetics
General Method B was followed.

[0386] Reaction of N-benzyldiazoacetamide with com-
pound 3 in PBS Containing DMSO (2% v/v). Kinetics

(General Method B was followed.
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[0387] Reaction of compound 8 with compound 3 in PBS
Contaiming DMSO (2% v/v). Kinetics General Method B
was followed.

[0388] Reaction of compound 9 with compound 3 in PBS
Containing DMSO (2% v/v). Kinetics General Method B
was lollowed.

Example 5—Cyclooctyne Stability Experiments

[0389] The stability of ABC 1n the presence of biological
nucleophiles was determined using a biomimetic concentra-
tion ol glutathione, which contains amino, carboxyl, and
sulthydryl groups. DIBAC was used as a comparator.
[0390] A solution of compound 3 (25 uM) or DIBAC (25
uM) was prepared in phosphate-buflered saline containing
reduced glutathione (1.0 mM), oxidized glutathione (0.2
mM), and DMSO (2% v/v). The solutions were incubated at
37° C. (FIG. 6), and HPLC analyses were carried out every
hour to determine the remaining concentration of dipolaro-
phile. Subsequently, plots of In{concentration) versus time
were prepared to calculate values ot k_, _for the degradation.
These values were divided by the concentration of reduced
glutathione to obtain second-order rate constants for the
degradation with respect to reduced glutathione. The rates of
degradation under these conditions were comparable, with
second-order rate constants 0f 0.10 and 0.05 M~'s™!, respec-
tively, for reaction with reduced glutathione.

[0391] The disclosed subject matter 1s not to be limited 1n
scope by the specific embodiments and examples described
herein. Indeed, various modifications of the disclosure 1n
addition to those described will become apparent to those
skilled 1n the art from the foregoing description and accom-
panying figures. Such modifications are intended to {fall
within the scope of the appended claims.
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1. A compound of formula (I):

(D

/‘1\‘( _\‘/\

(R%)p—

\/X2>_(\/

or a pharmaceutically acceptable salt thereof,

wherein:

R' and R” are, independently for each occurrence, F, Cl,
Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, SR>, —CF.,, —C(O)OC, _, alkyl, —C(O)N
(C, . alkyl),, —C(O)R>, S(O),R>, NO,, —C, . alkyl,
—C, ¢ alkenyl, or 5- to 10-membered heteroaryl sub-
stituted with 1, 2, 3, 4, or 5 R® groups, optionally
wherein the alkyl and alkenyl are substituted with one
or more R> groups;

R® and R* are, independently for each occurrence, H or
—C, ¢ alkyl;

R® is selected from H, —C, _.-alkyl, —CF,, —C(O)OC,
alkyl, or —C(O)N(C,  alkyl),;

R® is selected from H, F, Cl, Br, I, OTf, CN, NH,, OR”,
SR>, —CF,; —C(O)R>, —C(0O)OC,  alkyl, NO,, or
—C, ¢ alkyl;

nis 0, 1, or 2;

p1s 0, 1, or 2;

X, 1s N or CH; and

X, 18 N7 or C;

provided that when X, 1s N, X, 1s C; or when X, 1s CH,
X, 18 N™.

2. The compound of claim 1, having a structure according,

to formula (Ia):

(la)

or a pharmaceutically acceptable salt thereof,
wherein:

R' and R* are, independently for each occurrence, F, Cl,
Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, SR>, —CF.,, —C(0)OC, _, alkyl, —C(O)N
(C,_¢ alkyl),, —C(O)R>, S(O),R>, NO,, —C, , alkyl,
—C, ¢ alkenyl, or 3- to 10-membered heteroaryl sub-
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stituted with 1, 2, 3, 4, or 5 R® groups, optionally
wherein the alkyl and alkenyl are substituted with one
or more R> group;

R® and R* are, independently for each occurrence, H or

—C 6 alkyl;

R” is selected from H, —C, _.-alkyl, —CF,, —C(0)OC, _
alkyl, or —C(O)N(C,_¢ alkyl),;

R® is selected from H, F, Cl, Br, I, OTf, CN, NH,, OR”,
SR>, —CF,, —C(O)R>, —C(O)OC, . alkyl, NO.,
—C, 6 alkyl:

nis 0,1, or 2; and

pi1s 0, 1, or 2.

3. The compound of claim 2, wherein R® and R* are H.

4. The compound of claim 2, wherein R" and R* are F, Cl,

Br, I, OT1, or B(OH),.
5. The compound of claim 2, wherein R' and R* are CI.
6. The compound of claim 2, wheremn n 1s 1 and p 1s 0.

7. The compound of claim 1, having a structure according
to formula (Ib):

AN N
§ y

or a pharmaceutically acceptable salt thereof,

wherein R' is, independently for each occurrence, F, Cl,
Br, I, OT1, B(OH), or —C, _4-alkyl; and

nis 0, 1, or 2.

8. The compound of claim 1, wherein the compound of

/ ‘

or a pharmaceutically acceptable salt thereof.
9. A process of making a compound of formula (II):

(Ib)

(1)

(R?),

or a pharmaceutically accepted salt thereof,
wherein:

R' and R” are, independently for each occurrence, F, Cl,
Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR",
OS(0),R>, SR>, —CF,, —C(0)OC, _, alkyl, —C(O)N
(C, . alkyl),, —C(O)R>, S(O),R>, NO,, —C,  alkyl,
—C, ¢ alkenyl, or 3- to 10-membered heteroaryl sub-
stituted with 1, 2, 3, 4, or 5 R® groups, optionally
wherein the alkyl and alkenyl are substituted with one
or more R> group;
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R and R* are, independently for each occurrence, H or
—C, ¢ alkyl;

R® is selected from H, —C, _-alkyl, —CF,; —C(O)OC,
alkyl, or —C(O)N(C,  alkyl),;

R® is selected from H, F, Cl, Br, I, OTf, CN, NH,, OR>,
SR>, —CF,, —C(O)R>, —C(O)OC,_, alkyl, NO,,
—C, ¢ alkyl;

nis 0, 1, or 2;

p1s 0, 1, or 2; and

X 1s CH or N;

wherein the process comprises:

(A) combining a compound of formula (III):

(I11)

(IV)

and a non-nucleophilic base to provide the compound of

formula (V):

(V)

and
(B) combining the compound of formula (V) with a
carbodiimide to provide the compound of formula (II).
10. The process of claim 9, wherein the compound of
tormula (II), has a structure according to formula (IIa):

(I1a)

_(Rl)m

wherein R' is, independently for each occurrence, F, Cl,
Br, I, OT1, B(OH), or —C, -alkyl;
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nis 0, 1, or 2; and

X 1s CH or N.

11. The process of claim 9, wherein the compound of
formula (II), has a structure selected from the group con-
sisting of:

a N
| ®Y, and
AN F
X
| ®)
F

wherein R' is Cl; and

nis O or 1.

12. The process of claim 9, wherein the compound of
formula (II), has a structure selected from the group con-
sisting of:

7z
AN

13. The process of claim 9, wherein the non-nucleophilic
base 1s an alkyl lithium.

14. The process of claim 9, wherein the non-nucleophilic
base 1s lithium bis(trimethylsilyl)amide.

15. The process of claim 9, wherein the carbodiimide 1s
1 -ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC).

16. The process of claim 9, wherein step (B) comprises an
alkylidene carbene rearrangement.

17. A process of making a compound of formula (VIa):

(Vla)

or regioisomer thereof,

wherein:

R' and R? are, independently for each occurrence, F, Cl,
Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(0),R>, SR>, —CF.,, —C(0)OC, _, alkyl, —C(O)N
(C,_. alkyl),, —C(O)R>, S(O),R>, NO,, —C, _, alkyl,
—C, ¢ alkenyl, or 3- to 10-membered heteroaryl sub-
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stituted with 1, 2, 3, 4, or 5 R® groups, optionally
wherein the alkyl and alkenyl are substituted with one
or more R> groups:;

R® and R* are, independently for each occurrence, H or
—C, ¢ alkyl;

R” is selected from H, —C, _.-alkyl, —CF,; —C(0)OC,
alkyl, or —C(O)N(C,  alkyl),;

R® is selected from H, F, Cl, Br, I, OTf, CN, NH,, OR”,
SR>, —CF,, —C(O)R>, —C(O)OC, . alkyl, NO.,
—C, _¢ alkyl;

R’ is C,_. alkyl optionally substituted with one or more
Ce. 1o aryl or 5- to 10-membered heteroaryl;

nis 0, 1, or 2;

p1s 0, 1, or 2;

X 1s CH or N; and

Y 1s O or NH;

wherein the process comprises combining a compound of
formula (II):

X ——
= X
(R%;;{J( I}(RUH
N P
[\

R* R’

(1)

with a compound of formula (VIla):

(VIIa)

to provide the compound of formula (VIa).
18. The process of claim 17, wheremn the compound of
tformula (VIla) 1s selected from the group consisting of:

O O

N, and )‘\/Ng.

19. The process of claim 17, wheremn the compound of
tormula (II) has a structure according to formula (IIa):

Z" — X
X S
wherein:

R' is, independently for each occurrence, F, Cl, Br, I, OTT,
B(OH), or —C, ,-alkyl;

nis 0, 1, or 2; and

X 1s CH or N.

(I1a)
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20. The process of claim 17, wherein the compound of
formula (II), has a structure selected from the group con-
sisting of:

/N - X
| R"), and
X P

N
/

wherein R' is Cl; and
wherein n 1s O or 1.

21. The process of claim 17, wherein the compound of
formula (II), has a structure selected from the group con-

sisting of:

@ st

X Cl and
<00

22. A process of making a compound of formula (VIb):

(VIb)
R?
L{
N
N/ \\N
= X
®2), | | R,
\ /
R* R’

or a regioisomer thereof,
wherein:

R' and R” are, independently for each occurrence, F, Cl,
Br, I, OTf, B(OH),, CN, NHR>, NHS(O),R>, OR”,
OS(O),R>, SR>, —CF,, —C(0)OC,_, alkyl, —C(O)N
(C,_s alkyl),, —C(O)R>, S(O),R>, NO,, —C, _ alky],
—C, _, alkenyl, or 5- to 10-membered heteroaryl sub-
stituted with 1, 2, 3, 4, or 5 R® groups, wherein the alkyl
and alkenyl are optionally substituted with one or more
R> groups:;

R* and R* are, independently for each occurrence, H or
—C, ¢ alkyl;

R is selected from H, —C, _.-alkyl, —CF,; —C(O)OC, _
alkyl, or —C(O)N(C, _, alkyl).;
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R® is selected from H, F, Cl, Br, I, OTf, CN, NH,, OR>,
SR>, —CF,, —C(O)R>, —C(O)OC,_. alkyl, NO.,
—C, ¢ alkyl;

R’ is C,_. alkyl optionally substituted with one or more
Ce. 1o aryl or 5- to 10-membered heteroaryl;

nis 0, 1, or 2;
p1s 0, 1, or 2;
X 1s CH or N: and
Y 1s O or NH;

wherein the process comprises combining a compound of
formula (II):

(1)

(R,

(VIIb)

to provide the compound of formula (VIb).

23. The process of claim 22, wherein the compound of

formula (VIIb) 1s:

O
A
H

F

Sep. 14, 2023

24. The process of claim 22, wherein the compound of
formula (II) has a structure according to formula (I1Ia):

Z — X
| .
AN Z

wherein:
R' is, independently for each occurrence, F, Cl, Br, I, OTT,
B(OH), or —C, _-alkyl;

nis 0, 1, or 2; and

X 1s CH or N.

25. The process of claim 22, wherein the compound of
formula (II), has a structure selected from the group con-
sisting of:

(Ila)

T N
| 'rfhtl—@hﬂ and

NN NS
=

AN F

wherein R* is Cl; and
wherein n 1s O or 1.
26. The process of claim 22, wherein the compound of

tformula (II), has a structure selected from the group con-
sisting of:

AT N

|
NN
/\/_‘\
N 7

_/

and

N\
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