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employed in the practice of the invention without resort to
undue experimentation. All art-known functional equiva-
lents, of any such methods, device elements, starting mate-
rials, and synthetic methods are intended to be included in
this invention. Whenever a range is given in the specifica-
tion, for example, a temperature range, a time range, or a
composition range, all intermediate ranges and subranges, as
well as all individual values included in the ranges given are
intended to be included in the disclosure.

As used herein, “comprising” is synonymous with
“including,” “containing,” or “characterized by,” and is
inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, “con-
sisting of” excludes any element, step, or ingredient not
specified in the claim element. As used herein, “consisting
essentially of” does not exclude materials or steps that do not
materially affect the basic and novel characteristics of the
claim. Any recitation herein of the term “comprising”,
particularly in a description of components of a composition
or in a description of elements of a device, is understood to
encompass those compositions and methods consisting
essentially of and consisting of the recited components or
elements. The invention illustratively described herein suit-
ably may be practiced in the absence of any element or
elements, limitation or limitations which is not specifically
disclosed herein.

Without wishing to be bound by any particular theory,
there can be discussion herein of beliefs or understandings
of underlying principles relating to the invention. It is
recognized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of
the invention can nonetheless be operative and useful.

The terms and expressions which have been employed are
used as terms of description and not of limitation, and there
is no intention in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that
various modifications are possible within the scope of the
invention claimed. Thus, it should be understood that
although the present invention has been specifically dis-
closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention.

THE EXAMPLES
Example 1: General Experimental

Materials.

Silica gel (40 um; 230-400 mesh) was from SiliCycle.
Reagents were obtained from commercial sources and used
without further purification. Dichloromethane (DMC) and
tetrahydrofuran were dried over a column of alumina. Thin-
layer chromatography (TLC) was performed on plates of
EMD 250 um silica 60-F,,.

Solvent Removal.

The phrase “concentrated under reduced pressure” refers
to the removal of solvents and other volatile materials using
a rotary evaporator at water aspirator pressure (<20 torr)
while maintaining a water bath below 40° C. Residual
solvent was removed from samples at high vacuum (<0.1
torr).

NMR Spectroscopy.

'H and *C NMR spectra for all compounds were
acquired with Bruker spectrometers in the National Mag-
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netic Resonance Facility at Madison operating at 400, 500,
600, or 750 MHz. Chemical shift data are reported in units
of' & [Cppm) relative to an internal standard (residual solvent
or TMS).

Mass Spectrometry.

Electrospray ionization (ESI) mass spectrometry for
small-molecule characterization was performed with a
Micromass LCT at the Mass Spectrometry Facility in the
Department of Chemistry at the University of Wisconsin-
Madison. Matrix-assisted laser desorption-ionization-time-
of-flight (MALDI-TOF) mass spectrometry for protein char-
acterization was performed with a Voyager DE-Pro
instrument at the Biophysics Instrumentation Facility at the
University of Wisconsin-Madison.

Abbreviations:

AIBN (azobisisobutyroisonitrile); EtOAc (ethyl acetate);
DCC (N,N', dicyclohexylcarbodiimide); DBU (1,8-diazabi-
cyclo[5.4.0] undec-7-ene); THF (tetrahydrofuran); MES (2-
(N-morpholino)ethanesulfonic acid; DCM (dichlorometh-
ane).

Example 2: Synthesis and Characterization Data

Preparation of a-Bromoacid S1

OH NBS, AIBN

CCly

Br

OH

S1

4-Methoxyphenylacetic acid (5.000 g, 30.10 mmol) was
dissolved in CCl, (50 mL). N-Bromosuccinimide (NBS,
5.625 g, 31.6 mmol) and AIBN (0.985 g, 6.0 mmol) were
added. The resulting solution was heated to 80° C. and
allowed to reflux overnight. The succinimide by-product
was removed by filtration, and the solution was concentrated
under reduced pressure. The residue was purified by chro-
matography on silica gel, eluting with 1:1 EtOAc/hexanes to
afford S1 (5.705 g, 78%) as a white solid.

Data for S1:

'"H NMR (500 MHz, CDCl,, §): 7.50 (d, 2H, J=8.8 Hz),
6.90 (d, 2H, J=8.8 Hz), 5.36 (s, 1H), 3.82 (s, 1H.) >*C NMR
(125 MHz, CDCl,, §): 173.4, 160.5, 130.2, 126.8, 114.3,
55.4,45.9, HRMS (ESI) m/z caled for C,H,BrO; [M-H]~
242.9662; found, 242.9660.

Preparation of a-Azido Acid S2

Br

OH
NaNj
—_—
1:1 THF:H,O

S1



US 9,790,483 B2

37

-continued
N;

OH

S2

a-Bromo-4-methoxyphenylacetic acid S1 (0.802 g, 3.3
mmol) was dissolved in 1:1 THF/H,O (4 mL). Sodium azide
(0.429 g, 6.6 mmol) was added, and the resulting solution
was stirred overnight. The solution was then concentrated
under reduced pressure, and the residue was dissolved in
EtOAc (50 mL). The resulting solution was washed with 0.1
M HCl (2x50 mL). The organic layer was dried over
anhydrous Na,SO,(s) and concentrated under reduced pres-
sure to afford S2 (0.412 g, 62%) as a white solid.

Data for S2:

'H NMR (500 MHz, CDCl,, 8): 7.35 (d, 2H, J=8.7 Hz),
6.95 (d, 2H, J=8.7 Hz), 5.00 (s, 1H), 3.83 (s, 3H). >*C NMR
(125 MHz, CDCl,, §): 173.5, 160.5, 129.1, 125.2, 114.6,
64.6, 55.4, HRMS (ESI7) m/z caled for CoGHN, O, [M-H]~
206.0571; found, 206.0577.

Preparation of a-Azido 4-Methoxyphenylacetic Amide
S3

N3
L. NHS, DCC
THF
O 2. Benzylamine
0 CH,Cl
S2
N3

H
N

¢}

O
S3

a-Azido-4-methoxyphenylacetic acid S2 (0412 g 2.0
mmol) was dissolved in THF (5 mL), and the resulting
solution was cooled in an ice bath. N-Hydroxysuccinimide
(NHS, 0.230 g, 2.0 mmol) was added, followed by the
portion-wise addition of DCC (0.453 g, 2.2 mmol). The
resulting solution was warmed to ambient temperature and
stirred overnight. The slurry was removed by filtration, and
the solution was concentrated under reduced pressure. The
residue was dissolved in EtOAc (10 mL) and washed with
saturated aqueous NaHCO; (2x10 mL). The organic layer
was dried over anhydrous Na,SO,(s) and concentrated
under reduced pressure. The residue was purified by chro-
matography on silica gel, eluting with 3:7 EtOAc/hexanes,
and used immediately. The NHS ester (0.4 g, 1.2 mmol) was
dissolved in CH,Cl, (10 mL). Benzylamine (0.10 mL, 1.3
mmol) was added dropwise, and the resulting solution was
stirred overnight. The solution was then concentrated under
reduced pressure. The residue was dissolved in EtOAc (10
ml) and washed with 0.1 M HCl (2x10 mL) and saturated
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aqueous NaHCO; (2x10 mL). The organic layer was dried
over anhydrous anhydrous Na,SO,(s) and concentrated
under reduced pressure to afford S3 (0.255 g, 43%) as a
white solid.

Data for S3:

'H NMR (500 MHz, CD,CN, 8): 7.34-7.30 (m, 4H),
7.27-7.23 (m, 3H), 6.97 (d, 2H, J=8.8 Hz), 4.99 (s, 1H), 4.37
(m, 2H), 3.80 (s, 3H). >*C NMR (125 MHz, CD,CN, §):
1694, 161.0, 139.8, 130.2, 129.4, 1284, 128.2, 128.0,
115.1, 66.6, 55.9, 43.6. HRMS ESI*) m/z caled for
C,6H, (NLO, [M+H]* 297.1347, found, 297.1346.

Preparation of a-Diazo Amide 1

Ph,P
s3

MeCN:H,0 (20:3)
2.DBU

N2
{
(@]
O
|

1

a-Azidoamide S3 (0.356 g, 1.2 mmol) was dissolved in 20:3
MeCN/H,O (12 mL), and the resulting solution was cooled
in an ice bath. N-Succinimidyl 3-(diphenylphosphino)pro-
pionate (0.440 g, 1.24 mmol) was added slowly. The solu-
tion was warmed to ambient temperature and stirred until all
azide was consumed (~12 h as monitored by TLC). DBU
(0.21 mL, 1.4 mmol) was added, and the solution was stirred
for 1 h. The solution was then diluted with brine (10 mL.) and
extracted with CH,Cl, (2x20 mL). The organic layer was
dried over anhydrous Na,SO,(s) and concentrated under
reduced pressure. The residue was purified by chromatog-
raphy on silica gel, eluting with 1:1 EtOAc/hexanes to afford
1 (0.095 g, 28%) as an orange solid.

Data for 1:

'H NMR (500 MHz, CD,CN, 8): 7.37 (d, 2H, J=8.9 Hz),
7.34-7.29 (m, 4H), 7.26-7.23 (m, 1H), 4.43 (d, 2H, J=6.2
Hz), 3.80 (s, 3H). 1*C NMR (125 MHz, CDCl,, &): 165.4,
159.7, 138.4, 130.3, 128.7, 127.7, 117.5, 115.3, 63.1, 55 4,
44.1. HRMS (ESI*) m/z caled for C, H,.N,O, [M+H]*
282.1238; found, 282.1232.

Preparation of a-Azido Acid S4

O
N3\S//

/X0
N
L)
N
Hy*Cl
CuSO,
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-continued

OH

S4

Imidazole-1-sulfonyl-azide hydrochloride was prepared as
reported previously. [29] Spectral data and yields match
those reported previously. a-Amino-4-methylphenylacetic
acid (2.000 g, 12.1 mmol) was dissolved in MeOH (24 mL).
DBU (3.61 mL, 24.2 mmol), CuSO, (0.300 g, 1.2 mmol),
and azide (3.030 g, 14.5 mmol) were added sequentially. The
resulting solution was heated to 40° C. and stirred overnight.
The solution was then concentrated under reduced pressure.
The residue was dissolved in EtOAc (30 mL) and washed
twice with 1 M aqueous HCI (2x30 mL). The organic layers
were combined and dried over anhydrous Na,SO,(s). The
solution was concentrated under reduced pressure. The
residue was dissolved in benzene and recrystallized from
benzene and hexanes to afford S4 (0.390 g, 17%) as a white
solid.

Data for S4:

'H NMR (600 MHz, CDCl,, 8): 7.30 (d, 2H, J=8.1 Hz),
7.24 (d, 2H, I=7.8 Hz), 5.01 (s, 1H), 2.37 (s, 3H). '*C NMR
(150 MHz, CDCl,, d): 173.4, 139.7, 130.2, 129.9, 127.6,
64.9, 21.2. HRMS (ESI") m/z caled for C,HN;O, [M-H]~
190.0622; found, 190.0625.

Preparation of a-Azido-Methylphenylacetic Amide S5

N3

1. NHS, DCC
THF

_—
2. Benzylamine

0 CHLCl,

N3
H
N
(@]
S5

a-Azido 4-methylphenylacetic acid S4 (2.204 g, 11.6 mmol)
was dissolved in THF (30 mL) and cooled in an ice bath.
N-Hydroxysuccinimide (1.334 g, 11.6 mmol) was added,
followed by portion-wise addition of DCC (2.637 g, 12.8
mmol). The resulting solution was warmed to ambient
temperature and stirred overnight. The slurry was removed
by filtration, and the solution was concentrated under
reduced pressure. The residue was dissolved in EtOAc (30
ml). The resulting solution was washed with saturated
aqueous NaHCO; (2x30 mL). The organic layer was dried
over anhydrous Na,SO,(s), concentrated under reduced
pressure, and used immediately. The NHS ester (2.5 g, 8.7
mmol) was dissolved in CH,Cl, (30 mL). Benzylamine
(0.98 mL, 9.6 mmol) was added dropwise, and the resulting
solution was stirred overnight. The solution was then con-
centrated under reduced pressure. The residue was dissolved
in EtOAc (30 mL) and washed with 0.1 M HCI (2x30 mL)
and saturated aqueous NaHCO; (2x30 mL). The organic

OH

S4
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layer was dried over anhydrous anhydrous Na,SO,(s) and
concentrated under reduced pressure to afford S5 (1.988 g,
61%) as a white solid.

Data for S5:

'H NMR (500 MHz, CD,CN, §): 7.33-7.28 (m, 4H),
7.26-7.22 (m, 5H), 5.00 (s, 1H), 4.36 (dd, 2H, J=1.8, 6.2 Hz),
2.35 (s, 3H). ">C NMR (125 MHz, CD,CN, §): 169.2, 140.0,
139.8, 133.5, 130.4, 129.4, 128.8, 128.0, 66.9, 43.6, 21.1.
HRMS (ESI*) m/z caled for C, ;H, (N,O [M+H]* 281.1397,
found, 281.1395.

o)
0
N
O 0

Preparation of a-Diazo-Methylphenylacetic Amide 2
Ph,P

L
i
N

m MeCN:H,0 (20:3)

2.DBU

Ny
H
N
(@]
2

a-Azido 4-methylphenylacetic amide S5 (1.995 g, 7.1
mmol) was dissolved in 20:3 MeCN/H,O (50 mL), and the
resulting solution was cooled in an ice bath. N-Succinimidyl

S5

3-(diphenylphosphino)propionate (2.769 g, 7.8 mmol) was
added slowly. The solution was warmed to ambient tem-
perature and stirred until all azide was consumed (~24 h as
monitored by TLC). DBU (1.27 mL, 8.5 mmol) was added,
and the solution stirred for 45 min. The solution was then
diluted with brine (10 mL) and extracted with CH,Cl, (2x30
mL). The organic layer was dried over anhydrous Na,SO,(s)
and concentrated under reduced pressure. The residue was
purified by chromatography on silica gel, eluting with 4:6
EtOAc/hexanes to afford 2 (1.038 g, 55%) as an orange
solid.

Data for 2:

'"H NMR (600 MHz, CD;CN, §): 7.33-7.23 (m, 9H), 6.63
(s, 1H), 4.44 (d, 2H, ]=6.2 Hz), 2.34 (s, 3H). '>*C NMR (150
MHz, CD,CN, d): 165.5, 140.7, 138.1, 130.9, 129.3, 128.2.
128.1, 127.9, 124.1, 63.74, 44.0, 21.1. HRMS (ESI*) m/z
caled for C, H, sN;O [M+H]* 266.1288; found, 266.1292.

General Procedure for Preparation of Azides S6-S8

OH
NaNj

R —
1:1 THF:H,O
R
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N3
OH
(@]
R
S6R=H
S7TR=F
S8R =Cl

Each a-bromophenylacetic acid (23.3 mmol) was dissolved
in a solution of 1:1 THF/H,O (24 mL). Sodium azide (1.512
g, 46.5 mmol) was added, and the resulting solution was
stirred overnight. The solution was then concentrated under
reduced pressure. The residue was dissolved in EtOAc (50
mL), and washed with 0.1 M HCl (2x50 mL). The organic
layer was dried over anhydrous Na,SO,(s) and concentrated
under reduced pressure to afford a white solid (S6: 4.076 g,
99%; S7: 4.016 g, 89%; S8: 3.761 g, 77%).

Data for Azide S6:

'H NMR (400 MHz, CDCl,, 8): 7.43 (m, SH), 5.05 (s,
1H). >C NMR (400 MHz, CDCl,, 8): 174.0, 133.1, 129.6,
129.2, 127.7, 65.1. HRMS (ESI*) m/z caled for CZH,N,0,
[M+H]* 177.0533; found, 177.0538.

Data for Azide S7:

'"H NMR (400 MHz, CDCl,, 8): 7.41 (dd, 2H, J=5.1, 8.5
Hz), 7.12 (1, 2H, J=8.4 Hz), 5.05 (s, 1H). '*C NMR (100
MHz, CDCl,, 9): 175.0, 163.5 (d, J=249.6 Hz), 129.8 (d,
J=8.5 Hz) 129.1 (d, J=2.6 Hz), 116.5 (d, J=22.1 Hz), 64.5.
HRMS (ESI7) m/z caled for C.H,FN,O, [M-H]™ 194.0371;
found, 194.0378.

Data for Azide S8:

'H NMR (400 MHz, CDCl,, 8): 7.41 (d, 2H, J=8.4 Hz),
7.37 (d, 2H, J=8.3 Hz), 5.06 (s, 1H). '*C NMR (125 MHz,
CDCl,, d): 174.7, 135.8, 131.5, 129.5, 129.0, 64.3. HRMS
(ESI7) m/z caled for C;HCIN,O, [M-H]™ 210.0075; found,
210.0078.

General Procedure for Preparation of Amides S9-S11

N3
o 1-NHS,DCC
THF
2. Benzylamine
¢}
CH,CI
R 2Lk
S6R=H
STR=F
S§R=Cl
N3
H
N
¢}
R
S9R=H
SIOR=F
SI1R=Cl

Each a-azidoacetic acid (S6-S8) (15.4 mmol) was dissolved
in THF (30 mL), and the resulting solution was cooled in an
ice bath. N-Hydroxysuccinimide (NHS) (1.772 g, 15.4
mmol) was added, followed by portion-wise addition of
DCC (3.177 g, 15.4 mmol). The solution was warmed to
ambient temperature and stirred overnight. The slurry was
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removed by filtration, and the solution was concentrated
under reduced pressure. The residue was dissolved in EtOAc
(50 mL) and washed with saturated aqueous NaHCO; (2x50
mL). The organic layer was dried over anhydrous Na,SO,(s)
and concentrated under reduced pressure. The residue was
purified by chromatography on silica gel, eluting with 1:1
EtOAc/hexanes. The resulting solution was then concen-
trated under reduced pressure and used immediately. The
NHS ester (10.5 mmol) was dissolved in CH,Cl, (105 mL).
Benzylamine (1.16 mL, 10.6 mmol) was added drop-wise,
and the resulting solution was stirred overnight. The solution
was concentrated under reduced pressure. The residue was
dissolved in EtOAc (50 mL) and washed with 0.1 M HCl
(2x50 mL) and saturated aqueous NaHCO, (2x50 mL). The
organic layer was dried over anhydrous Na,SO,(s) and
concentrated under reduced pressure. The residue was puri-
fied by chromatography on silica gel, eluting with 30%
EtOAc/hexanes to afford a white solid (S9: 2.384 g, 58% for
2 steps; S10: 2.062 g, 47% for 2 steps; S11: 2.179 g, 47%
for 2 steps).

Data for Amide S9:

'H NMR (500 MHz, CD,CN, §): 7.43-7.42 (m, 5H),
7.31-7.29 (m, 2H), 7.26-7.22 (m, 3H), 5.06 (s, 1H), 4.37 (d,
2H, J=6.2). *C NMR (125 MHz, CDCl,, 8): 167.8, 137.5,
134.9, 129.2, 129.1, 128.8, 127.8, 127.73, 127.67, 674,
43.7. HRMS (ESI*) nv/z caled for C, H,,N,O [M+H]*
267.1241; found, 267.1241.

Data for Amide S10:

1H NMR (600 MHz, CD3CN, §): 7.45-7.42 (dd, 2H,
J=5.4, 87 Hz), 7.23-7.30 (m, 2H), 7.26-7.22 (m, 3H),
7.18-7.15 (m, 2H), 5.08 (s, 1H), 4.37 (dd, 2H, J=3.0, 6.2 Hz).
13C NMR (100 MHz, CDCl,, 8): 167.6, 163.1 (d, ]=249.2
Hz), 137.5, 130.9 (d, J=2.0 Hz), 129.5 (d, J=8.5 Hz), 128.8,
127.8,116.2 (d, J=21.8 Hz), 105.0, 66.6, 43.7. HRMS (ESI*)
m/z caled for C H;;FN,O [M+H]" 285.1147; found,
285.1150.

Data for Amide S11:

'H NMR (500 MHz, CD,CN, 8): 7.44-7.39 (m, 4H),
7.33-7.27 (m, 2H), 7.25-7.22 (m, 3H), 5.08 (s, 1H), 4.36 (m,
2H). '*C NMR (125 MHz, CD,CN, 8): 168.8, 139.7, 135.5,
135.2, 130.4, 129.9, 129.4, 128.2, 128.0, 66.3, 43.6. HRMS
(EST") m/z caled for C,H,;CIN,O [M+H]* 301.0851;
found, 301.0850.

General Procedure for Preparation of Diazo Compounds
3-5

L. ©)
N
N, ,
H\/Q /\)\O 0
N Ph,P
S THF:,0 (20:3)
R 2. NaHCO,
SOR=H
SIOR=F
SIIR=CI
N2
H
N
o
R
3R=H
4R=F
5R=Cl
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Each a-azidobenzylamide (S9-S11) (7.3 mmol) was dis-
solved in a solution of 20:3 THF:H,O (75 mL) and cooled
in an ice bath. N-Succinimidyl 3-(diphenylphosphino)pro-
pionate (2.734 g, 7.7 mmol) was added slowly. The resulting
solution was warmed to ambient temperature and stirred
until all azide was consumed (6-12 h as monitored by TLC).
Saturated aqueous NaHCO; (73 mL) was added, and the
solution was stirred overnight. The solution was then diluted
with brine (50 mL) and extracted with CH,Cl, (2x70 mL).
The organic layer was dried over anhydrous Na,SO,(s) and
concentrated under reduced pressure. The residue was puri-
fied by chromatography on silica gel, eluting with 1:1
EtOAc/hexanes to afford an orange solid (3: 1.012 g, 55%;
4: 0.887 g, 45%; 5: 0.877 g, 42%).

Data for Diazo 3:

'H NMR (600 MHz, CD;CN, 8): 7.46-7.41 (m, 4H),
7.34-7.28 (m, 4H), 7.28-7.23 (m, 2H), 6.73 (s, 1H), 4.44 (d,
2H, J=6.1 Hz). '*C NMR (125 MHz, CD;CN, 8): 165.1,
140.6, 130.2, 129.3, 128.2, 127.8, 127.7, 127.6, 127 .4, 64.0,
43.9. HRMS (ESI*) m/z caled for C,;H,;;N,O [M+H]*
252.1132; found, 252.1125.

Data for Diazo 4:

'H NMR (500 MHz, CD,CN, 8): 7.49-7.46 (dd, 2H,
J=5.4, 8.6 Hz), 7.34-7.29 (m, 4H), 7.26-7.23 (m, 1H),
7.20-7.16 (t, 2H, J=8.8), 6.70 (s, 1H), 4.43 (d, 2H, J=6.2).
13C NMR (125 MHz, CD,CN, 8): 165.2, 162.5 (d, J=244.9
Hz), 140.6, 130.2 (d, J=8.3 Hz), 129.2, 128.1, 127.8, 123.4
(d, J=3.1 Hz), 116.9 (d, J=22.1 Hz), 62.99, 43.8. HRMS
(ESI™) m/z caled for C, H, ,FN,O [M+H]* 270.1038; found,
270.1032.

Data for Diazo 5:

'"H NMR (500 MHz, CD,CN, 8): 7.45 (d, 2H, J=8.8 Hz),
7.42 (d, 2H, 8.9 Hz), 7.35-7.30 (m, 4H), 7.28-7.26 (m, 1H),
6.79 (s, 1H), 4.44 (d, 2H, J=6.1 Hz). 1*C NMR (125 MHz,
CDCl;, d): 164.1, 138.1, 133.5, 129.9, 128.8, 128.5, 127.8,
127.7, 124.7, 63.5, 44.2. HRMS (ESI") m/z caled for
C,sH,,CIN,O [M+H]* 286.0742; found, 286.0748.

Preparation of Ester S12

OH
1. NHS, DCC
B

THF

0
)
N
0
F1C 0
s12

4-(Trifluoromethyl)phenylacetic acid (5.000 g, 24.5 mmol)
was dissolved in THF (50 mL), and the resulting solution
was cooled in an ice bath. N-Hydroxysuccinimide (2.818 g,
24.5 mmol) was added, followed by DCC (5.047 g, 24.5
mmol). The solution was warmed to ambient temperature
and stirred overnight. The slurry was removed by filtration,
and the solution was concentrated under reduced pressure.
The residue was dissolved in EtOAc (50 mL) and washed
with saturated aqueous NaHCO; (2x50 mL). The organic
layer was dried over anhydrous Na,SO,(s) and concentrated
under reduced pressure. The residue was purified by chro-
matography on silica gel, eluting with 1:1 EtOAc/hexanes to
afford S12 (7.301 g, 99%) as a white solid.
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Data for Ester S12:

'H NMR (400 MHz, CDCl,, 8): 7.63 (d, 2H, J=7.99 Hz),
7.48 (d, 2H, 1=7.92 Hz), 4.00 (s, 2H), 2.84 (s, 4H). '>*C NMR
(125 MHz, CDCl,, 9): 168.9, 166.1, 135.27, 130.2 (q,
J=32.6 Hz), 129.7, 125.8 (q, J=3.7 Hz), 123.9 (g, J=272.1
Hz), 37.4, 25.6. HRMS (EI*) m/z caled for C,,H, ,F,NO,
[M+H]* 301.0557; found, 301.0565.

Preparation of a-Bromoester S13

0
SN
N NBS, AIBN
—_—
0 ccly
F5C 0
S12
Br
0
o)
~y
0
F5C 6
S13

Ester S12 (3.763 g, 12.5 mmol) was dissolved in CCl, (25
ml). N-Bromosuccinimide (3.329 g, 18.7 mmol) and AIBN
(0.394 g, 2.4 mmol) were added. The resulting solution was
heated to 80° C. and allowed to reflux overnight. The
succinimide by-product was removed by filtration, and
solution was concentrated under reduced pressure. The
residue was purified by chromatography on silica gel, elut-
ing with 1:1 EtOAc/hexanes to afford S13 (2.037 g, 43%) as
a white solid.

Data for S13:

'"H NMR (500 MHz, CDCl,, §): 7.72 (d, 2H, J=8.3 Hz),
7.69 (d, 2H, 1=8.6 Hz), 5.68 (s, 1H), 2.86 (s, 4H). '*C NMR
(125 MHz, CDCl,, 8): 168.2, 163.8, 137.7,131.9 (q, J=32.8
Hz), 129.2,126.1 (q, J=3.7 Hz), 123.6 (q, I=272.5 Hz), 40.7,
25.6. HRMS (Ell m/z caled for C,;HBrF;NO, [M+H]*
378.9662; found, 378.9667.

Preparation of a-Bromoamide S14

Br
0]
O
N
(0]
FsC (@)
S13
Br
H
N
(0]
F;C
S14

a-Bromoester S13 (3.297 g, 8.7 mmol) was dissolved in
CH,C1, (80 mL). Benzylamine (0.91 mL, 8.7 mmol) was
added drop-wise, and the resulting solution was stirred
overnight. The solution was concentrated under reduced
pressure, and the residue was dissolved in EtOAc (50 mL).
The solution was washed with 0.1 M HCI (2x50 mL) and
saturated aqueous NaHCO; (2x50 mL). The organic layers
were dried over anhydrous Na,SO,(s) and concentrated

Benzylamine
—_—

CH,Cl,
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under reduced pressure. The residue was purified with
chromatography on silica gel, eluting with 1:1 EtOAc/
hexanes to afford S14 (1.456 g, 45%) as a white solid.

Data for S14:

'H NMR (500 MHz, CD,CN, §): 7.76 (d, 2H, J=8.3 Hz),
7.72 (d, 2H, I=2H), 7.51 (s, 1H), 7.35 (t, 3H, J=7.4 Hz), 7.29
(t, 3H, J=7.7 Hz), 5.59 (s, 1H), 4.40 (m, 2H). "*C NMR (125
MHz, CDCls, 9): 166.2, 141.2, 137.1, 131.1 (q, J=32.8 Hz),
128.9, 128.8, 128.0, 127.8, 125.9 (q, J=3.7 Hz), 123.7 (q,
J=2723 Hz), 49.8, 44.6. HRMS (ESI") m/z caled for
C,¢H,;BrF;NO [M+H]* 372.0206; found, 372.0210.

Preparation of a-Azidoamide S15

[ \/©
H
N
m
FsC
S14
N3
H
N
(@]
FiC
S15

a-Bromoamide S14 (1.823 g, 4.9 mmol) was dissolved in
1:1 THF/H,O. Sodium azide (0.637 g, 9.8 mmol) was added,
and the resulting solution was stirred overnight. The solution
was concentrated under reduced pressure. The residue was
dissolved in EtOAc (50 mL), and the resulting solution was
washed twice with 0.1 M HC1 (2x50 mL). The organic layer
was dried over anhydrous Na,SO,(s) and concentrated
under reduced pressure to afford S15 (1.018 g, 62%) as a
white solid.

Data for S15: 'H NMR (500 MHz, CD,CN, d): 7.74 (d,
2H, J=8.1 Hz), 7.60 (d, 2H, J=8.0 Hz), 7.42 (s, 1H), 7.31 (m,
2H), 7.24 (m, 3H), 5.19 (s, 1H), 4.37 (d, 2H, J=6.2 Hz). >C
NMR (125 MHz, CD,CN, 9): 170.2, 142.8, 141.4, 132.9 (q,
J=32.3 Hz), 131.2,131.1, 130.0, 129.8, 128.5 (q, J=3.9 Hz),
126.9 (q, J=271.3 Hz), 68.2, 45.4. HRMS (ESI") ny/z calcd
for (C, H,5;F;N,0) [M+H]* 335.1115; found, 335.1112.

Preparation of a-Diazoamide 6
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a-Azidoamide S15 (1.002 g, 2.99 mmol) was dissolved in
20:3 THF/H,O (30 mL), and the resulting solution was
cooled in an ice bath. N-Succinimidyl 3-(diphenylphos-
phino)propionate (1.115 g, 3.14 mmol) was added slowly.
The solution was warmed to ambient temperature and stirred
until all azide was consumed (~5 h as monitored by TLC).
Saturated aqueous NaHCO; (30 mL) was added, and the
solution was stirred overnight. The solution was diluted with
brine (30 mL) and extracted with CH,Cl, (2x30 mL). The
organic layer was dried over anhydrous Na,SO,(s) and
concentrated under reduced pressure. The residue was puri-
fied by chromatography on silica gel, eluting with 1:1
EtOAc/hexanes to afford 6 (0.382 g, 40%) as an orange
solid.

Data for 6:

'H NMR (400 MHz, CDCl,, 8): 7.65 (d, 2H, J=8.0 Hz),
7.50 (d, 2H, J=8.1 Hz), 7.38-7.31 (m, SH), 5.70 (s, 1H), 4.59
(d, 2H, J=4.6 Hz). >*C NMR (125 MHz, CD;CN, d): 164.2,
140.4, 132.9, 128.3, 127.9, 127.6 (q, J=32.4 Hz), 126.5 (q,
J=3.9 Hz), 126.3, 125.3 (q, J=270.8 Hz), 64.0, 43.9. HRMS
(EST*) m/z caled for C,H,,F;N;O [M+H]" 320.1006;
found, 320.0993.

Example 3: Measurement of Reaction Rate
Constants

Each diazo compound and BocGlyOH were dissolved
separately in CD,CN at a concentration of 50 mM. The
solutions were combined in an NMR tube at an equimolar
ratio, mixed, and then inserted immediately into an NMR
spectrometer. A 16-scan 'H NMR spectrum was acquired
every 10 min. Percent conversion was monitored by disap-
pearance of starting material and appearance of product as
determined by integration of multiple "H NMR spectral
peaks. No other products were apparent by "H NMR spec-
troscopy. The value of the second-order rate constant was
determined by linear regression analysis of a plot of 1/[di-
azo| versus time (data not shown). All reactions were
performed in triplicate.

Example 4: Esterification of BocGlyOH

0
N
Boc”” OH

1:1
CH3CN:MES
buffer

Ny
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Diazo compound 1 (0.005 g, 0.02 mmol) and BocGlyOH
(0.003 g, 0.02 mmol) were added to a 1:1 solution of
acetonitrile/100 mM MES-HCI buffer at pH 5.5, and the
resulting solution was stirred for 6 h at ambient temperature.
The reaction mixture was concentrated under reduced pres-
sure, and the ratio of products was determined by integration
of 'H NMR spectral peaks.

Data for S16:

'H NMR (400 MHz, CD,CN, 8): 7.60 (s, 1H), 7.37-7.22
(m, 7H), 6.93 (d, 2H, J=8.4 Hz), 5.91 (s, 1H), 5.74 (s, 1H),
4.43-431 (m, 2H), 3.94-3.82 (m, 2H), 3.79 (s, 3H), 138 (s,
9H). 13C NMR (100 MHz, CD,CN, 8): 170.4, 1693, 161.1,
157.4, 139.9, 129.9, 129.3, 128.6, 128.1, 127.9, 114.8, 80.3,
76.7, 559, 43.2, 284 HRMS (BESI*) m/z caled for
C,,H, N,O, [M+H]* 429.2021; found, 429.2021.

Data for S17:

'H NMR (500 MHz, CD,CN, 8): 7.47 (s, 1H), 7.33-7.25
(m, 4H), 7.23-7.21 (m, 3H), 6.90 (d, 2H, ]=8.8 Hz), 4.97 (d,
1H, I=4.5 Hz), 4.40-4.32 (m, 2H), 4.16 (d, 2H, J=4.5 Hz),
3.78 (s, 3H). *C NMR (125 MHz, CD;CN, 8): 173.3, 160.4,
140.3, 133.8, 129.3, 129.0, 128.1, 127.8, 114.5, 74.3, 55.8,
43.1. HRMS (BST*) m/z caled for C,,H,,NO, [M+H]*
272.1282; found, 272.1278.
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Diazo compound 2 (0.005 g, 0.02 mmol) and BocGlyOH
(0.003 g, 0.02 mmol) were added to 1:1 acetonitrile/ 100 mM
MES-HCI buffer at pH 5.5, and the resulting solution was
stirred for 6 h at ambient temperature. The solution was then
concentrated under reduced pressure, and the ratio of prod-
ucts was determined by integration of 'H NMR spectral
peaks.

Data for S18:

'H1 NMR (500 MHz, CD;CN, 8): 7.65 (s, 1H), 7.33-7.28
(m, 4H), 7.25-7.20 (m, 5H), 5.92 (s, 1H), 5.77 (s, 1H),
4.42-431 (m, 2H), 3.92-3.82 (m, 2H), 2.34 (s, 3H), 1.38 (s,
9H). 1*C NMR (125 MHz, CD;CN, 8): 170.4, 169.2, 157 4,
140.0, 139.8, 133.7, 130.1, 129.3, 128.3, 128.1, 127.9, 80.3,
76.8, 43.2, 43.2, 28.4, 21.2. HRMS (ESI*) m/z caled for
C,s1, N,O, [M+NH,]* 430.2337; found, 430.2336.

Data for S19:

11 NMR (500 MHz, CD;CN, 8): 7.46 (s, 1H), 7.31-7.28
(m, 4H), 7.25-7.21 (m, 3H), 7.17 (d, 2H, J=7.9 Hz), 4.9 (d,
1H, J=4.2 Hz), 4.40-4.32 (m, 2H), 4.18 (d, 1H), ]=4.5 Hz),
2.32 (s, 1H). *C NMR (125 MHz, CD,CN, 8): 173.3, 140.3,
138.74, 138.71, 129.8, 129.3, 128.1, 127.9, 127.6, 74.6,
43.1,21.1. HRMS (BST*) m/z calcd for C, JH,,NO, [M+H]*
256.1333; found, 256.1330.

1:1 CH3CN:MES buffer
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Diazo compound 3 (0.005 g, 0.02 mmol) and BocGlyOH
(0.004 g, 0.02 mmol) were added to 1:1 acetonitrile/ 100 mM
MES-HCI buffer at pH 5.5, and the resulting solution was
stirred for 6 h at ambient temperature. The reaction mixture
was then concentrated under reduced pressure, and the ratio
of products was determined by integration of 'H NMR
spectral peaks.

Data for S20:

'H NMR (750 MHz, CD,CN, 8): 7.65 (s, 1H), 7.46 (m,
2H), 7.40 (m, 3H), 7.30 (t, 2H, J=7.4 Hz), 7.23 (m, 3H), 5.99
(s, 1H), 5.78 (s, 1H), 4.41 (dd, 1H, J=6.3, 15.2 Hz), 4.35 (dd,
1H, J=6.1, 15.2 Hz), 3.92 (dd, 1H, J=6.2, 17.9 Hz), 3.88 (dd,
1H, J=5.7, 18.0 Hz), 1.40 (s, SH). '*C NMR (125 MHz,
CDCl,, 9): 168.7, 168.0, 156.4, 137.9, 135.0, 129.1, 128.8,
128.6, 127.8, 127.5, 127.4, 80.6, 76.2, 43.4, 43.0, 28.2.
HRMS (EST*) m/z caled for C,,H,N,O5 [M+H]* 399.1915;
found, 399.1917.

Data for S21:

'H NMR (750 MHz, CD;CN, 9): 7.48 (s, 1H), 7.43 (d.
2H, 1=7.4 Hz), 7.36 (t, 2H, I=7.4 Hz), 7.31 (m, 3H), 7.24 (m,
3H), 5.04 (d, 1H, J=2.8 Hz), 4.37 (m, 2H), 4.28 (d, 1H, J=3.8
Hz). '3C NMR (125 MHz, CD,CN, 8): 173.1, 141.6, 140.3,
1293, 129.2, 128.8, 128.1, 127.9, 127.6, 74.7, 43.1. HRMS
(EST*) m/z caled for C,sH,\NO, [M+H]* 242.1176; found,

242.1169.
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Diazo 4 (0.005 g, 0.02 mmol) and BocGlyOH (0.003 g,
0.02 mmol) were added to 1:1 acetonitrile/100 mM MES-
HCI buffer at pH 5.5, and the resulting solution was stirred
for 6 h at ambient temperature. The reaction mixture was
then concentrated under reduced pressure, and the ratio of
products was determined by integration of '"H NMR spectral
peaks.

Data for S22:

'HNMR (500 MHz, CD,CN, 8): [17.66 (s, 1H), 7.48 (dd,
2H, =54, 8.6 Hz), 7.30 (t, 2H, J=7.3 Hz), 7.25-7.20 (m,
3H), 7.14 (t, 2H, J=8.9 Hz), 5.97 (s, 1H), 5.77 (s, 1H), 4.40
(dd, 1H, J=6.3, 15.2 Hz), 4.34 (dd, 1H, J=6.1, 15.2 Hz),
3.94-3.84 (m, 2H), 138 (s, 9H). '*C NMR (125 MHz,
CDCl,, 9): 168.6, 167.9, 163.1 (d, J=248.2 Hz), 156.4,
137.8, 131.0 (d, J=3.3 Hz), 129.4 (d, J=8.5 Hz), 12728,
127.5, 115.8 (d, J=21.8 Hz), 80.7, 75.5, 43.4, 43.0, 28.2.
HRMS (ESI*) m/z caled for C,,H,.,FN,O; [M+H]*
417.1821; found, 417.1816.

Data for S23:

11 NMR (400 MHz, CD,CN, 8): 7.53 (s, 1H), 7.45-7.42
(m, 2H), 7.32-7.28 (m, 2H), 7.24-7.20 (m, 3H), 7.09 (t, 2H,
J=8.9 Hz), 5.04 (s, 1H), 4.41-4.31 (m, 2H). *C NMR (125
MHz, CD,CN, 9): 1747, 165.0 (d, 1=243.7 Hz), 142.0,
139.6, 1313 (d, 1=8.3 Hz), 131.1, 129.8, 129.6, 117.6 (d,
J=21.7 Hz), 75.7, 44.8. HRMS (ESI*) m/z calcd for
C,sH,,FNO, [M+H]* 260.1082; found, 260.1080.

fe} 1:1 CH3CN:MES buffer
Cl
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Diazo 5 (0.005 g, 0.02 mmol) and BocGlyOH (0.003 g,
0.02 mmol) were added to 1:1 acetonitrile/100 mM MES-
HCl buffer at pH 5.5, and the resulting solution was stirred
for 6 h at ambient temperature. The reaction mixture was
then concentrated under reduced pressure, and the ratio of
products was determined by integration of 'H NMR spectral
peaks.

Data for S24:

'H NMR (500 MHz, CD,CN, 8): 7.61 (s, 1H), 7.45-7.40
(m, 4H), 7.31-7.29 (m, 2H), 7.25-7.21 (m, 3H), 5.98 (s, 1H),
5.74 (s, 1H), 4.42-4.32 (m, 2H), 3.90 (m, 2H), 1.39 (s, 9H).
13C NMR (125 MHz, CDCl,, 8): 168.5, 167.6, 156 .4, 137.7,
135.1, 135.6, 128.9, 128.8, 128.6, 127.8, 127.5, 80.8, 75.4,
43.4,43.0, 28.2. HRMS (ESI*) m/z calcd for C,,H,.CIN,O.
[M+NFL]* 450.1791; found, 450.1785.

Data for S25:

'H NMR (500 MHz, CD,CN, 8): 7.47 (s, 1H), 7.42 (d,
2H, J=8.5 Hz), 7.37 (d, 2H, 8.6 Hz), 7.32-7.29 (m, 2H),
7.25-7.21 (m, 3H), 5.04 (d, 1H, J=1.8 Hz), 4.36 (m, 2H),
431 (d, 1H, J=3.4 Hz). *C NMR (125 MHz, CD;CN, &):
172.7, 140.5, 140.2, 134.0, 129.3, 129.21, 129.18, 128.1,
127.9, 739, 43.1. HRMS (ESI*) m/z caled for
C,sH,,CINO, [M+H]" 276.0786; found, 276.0789.
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Diazo 6 (0.005 g, 0.02 mmol) and BocGlyOH (0.003 g,
0.02 mmol) were added to 1:1 acetonitrile/100 mM MES-
HCI buffer at pH 5.5, and the resulting solution was stirred
for 6 h at ambient temperature. The reaction mixture was
then concentrated under reduced pressure, and the ratio of
products was determined by integration of '"H NMR spectral
peaks.

Data for S26:

'H1 NMR (500 MHz, CD,CN, §): 7.73-7.71 (m, 3H), 7.65
(d, 2H, 1=8.3 Hz), 7.31-7.28 (m, 2H), 7.25-7.20 (m, 3H),
6.06 (s, 1H), 5.77 (s, 1H), 4.42-4.32 (m, 2H), 3.97-3.87 (m,
2H), 1.38 (s, 1H). *C NMR (125 MHz, CD,CN, 8): 170.3,
168.4, 157.4, 141.1, 139.7, 131.1 (q, J=32.4 Hz), 1294,
128.8, 128.1, 128.0, 126.3 (q, J=3.9 Hz), 125.1 (q, J=271.3
Hz), 80.4,76.1, 43 .4, 43.2, 28.4. HRMS (BSI*) n/z calcd for
C,,H,F.N,O, [M+NH,]* 484.2037; found, 484.2054.

Data for S27:

11 NMR (400 MHz, CD,CN, §): 7.69-7.62 (m, 4H), 7.56
(s, 1H), 7.31-7.20 (m, SH), 5.54 (s, 1H), 5.14 (d, 1H, J=4.6
Hz), 4.45 (d, 1H, J=4.8 Hz), 4.37-4.35 (m, 2H). '*C NMR
(125 MHz, CD,CN, 8): 172.3, 146.0, 140.1, 130.1 (q, I=32.3
Hz), 129.3, 128.1, 128.9, 126.2 (q, J=41.3 Hz), 1253 (q.
J=271.3 Hz), 74.0, 43.1. HRMS calcd for (C,H,,FsNO,)
[M+H]* 310.1050; found, 310.1043.

Example 5: Esterification of Other Small Molecules

OH
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O buffer



US 9,790,483 B2

53

-continued
Boc

HN

OH
(6] (6]
H
N.
(6]
528
+

OH
H
N.
(6]
S19

Diazo compound 2 (0.005 g, 0.02 mmol) and BocSerOH
(0.004 g, 0.02 mmol) were added to 1:1 acetonitrile/ 100 mM
MES-HCI buffer at pH 5.5, and the resulting solution was
stirred for 6 h at ambient temperature. The solution was then
concentrated under reduced pressure, and the ratio of prod-
ucts was determined by integration of 'H NMR spectral
peaks. Data for S19 are reported above; data for S28 are
reported below (both diastercomers). No other products
were observed by TLC or *"H NMR spectroscopy.

Data for S28:

'H NMR (500 MHz, CD,CN, Diastereomer A, d): 7.72 (s,
1H), 7.35 (d, 2H, J=8.0 Hz), 7.30 (t, 2H, J=7.3 Hz), 7.24 (1,
3H, J=7.7 Hz), 7.18 (d, 2H, J=7.2 Hz), 5.96 (s, 1H), 5.79 (d,
1H, J=6.8 Hz), 4.38-433 (m, 2H), 4.32-4.29 (m, 1H),
4.08-4.03 (m, 1H), 3.77-3.69 (m, 2H), 2.34 (s, 3H), 1.40 (s,
9H). 'H NMR (500 MHz, CD,CN, Diastereomer B, 8): 7.64
(s, 1H), 7.36-7.28 (m, 4H), 7.25-7.17 (m, SH), 5.95 (s, 1H),
5.84 (d, 1H, J=7.8 Hz), 4.41-4.30 (m, 2H), 4.28-4.25 (m,
1H), 3.86-3.82 (m, 1H), 3.79-3.72 (m, 1H), 3.41 (t, 3H,
J=5.7 Hz), 2.34 (s, 3H), 1.36 (s, 9H). >°C NMR (125 MHz,
CD;CN, Diasteromer A, §): 171.3, 169.7, 157.0, 140.2,
139.6, 133.2, 130.2, 129.3, 128.5, 128.1, 128.0, 80.3, 77.0,
63.3,57.1,43.4,28.4, 21.2. '>*C NMR (125 MHz, CD,CN,
Diastereomer B, §): 171.2, 169.3, 156.7, 139.9, 139.8,
133.6, 130.1, 129.3, 128.4, 128.1, 127.9, 80.3, 77.0, 62.8,
57.1, 43.3, 28.4, 21.1. HRMS (ESI*) m/z caled for
C,,H;N,O4 [M+H]" 443.2177; found, 443.2185 (Diaste-
reomer A), 443.2183 (Diastereomer B).
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Diazo compound 2 (0.005 g, 0.02 mmol) and p-hydroxy-
benzoic acid (0.003 g, 0.02 mmol) were added to 1:1
acetonitrile/100 mM MES-HCI buffer at pH 5.5, and the
resulting solution was stirred for 6 h at ambient temperature.
The solution was then concentrated under reduced pressure,
and the ratio of products was determined by integration of
'H NMR spectral peaks. Data for S19 are reported above;
data for S29 are reported below. No other products were
observed by TLC or 'H NMR spectroscopy.

Data for S29:

11 NMR (500 MHz, CD,CN, 8): 7.98 (d, 2H, J=8.8 Hz),
7.76 (s, 1H), 7.44 (d, 2H, J=8.1 Hz), 7.39 (s, 1H), 7.29-7.18
(m, 7H), 6.89 (d, 2H, J=8.8 Hz), 6.06 (s, 111), 4.36 (d, 2H,
J=6.2 Hz), 2.35 (s, 3H). *C NMR (125 MHz, CD,CN, 8):
169.7, 165.8, 162.6, 140.0, 139.8, 134.2, 133.0, 130.1,
1293, 128.3, 128.0, 127.9, 121.9, 116.1, 76.8, 43.1, 21.2.
HRMS (ESI*) m/z caled for C,,H,,NO, [M+H]* 376.1544;

found, 376.1539.
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Diazo compound 2 (0.005 g, 0.02 mmol) and 3-mercap-
topropanoic acid (0.002 g, 0.02 mmol) were added to 1:1
acetonitrile/100 mM MES-HCI buffer at pH 5.5, and the
resulting solution was stirred for 6 h at ambient temperature.
The solution was then concentrated under reduced pressure,
and the ratio of products was determined by integration of
'H NMR spectral peaks. Data for S19 are reported above;
data for S30 are reported below. No other products were
observed by TLC or 'H NMR spectroscopy.

Data for S30:

'H NMR (500 MHz, CD,CN, 8): 7.38 (s, 1H), 7.34 (d,
2H, J=8.1 Hz), 7.29 (t, 2H, J=7.3 Hz), 7.25-7.19 (m, 5H),
5.91 (s, 1H), 4.35 (d, 2H, J=6.2 Hz), 2.80-2.70 (m, 4H), 2.34
(s, 3H), 1.89 (t, 1H, J=8.2 Hz). '*C NMR (125 Mz,
CD,CN, 9): 171.5, 169.4, 139.9, 139.8, 133.9, 130.1, 129.3,
128.3, 128.1, 127.9, 76.6, 43.1, 39.1, 21.1, 20.2. HRMS
(EST") m/z caled for (C,oH,,NO;S) [M+H]" 344.1315;
found, 344.1315.

Example 6: Protein Labeling
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where n indicates the number of esters formed in the protein.

9-Diazofluorene was prepared as described previously. [5]
Yields and spectra matched the published data. Ribonu-
clease A (0.010 g, 0.73 pumol) was dissolved in 1 mL of 10
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mM MES-HCI buffer at pH 5.5. 9-Diazofluorene (0.007 g,
0.036 mmol) was dissolved in 5 mL of CH,CN. A 100-uL
aliquot of the diazo stock solution was added to a 100-uL.
aliquot of the RNase A stock solution. The resulting mixture
was mixed by nutation for 4 h at 37° C. Any remaining diazo
compound was then quenched by addition of 10 ulL of 17.4
M acetic acid. Acetonitrile was removed by concentration
under reduced pressure, and the aqueous solution of labeled
protein was analyzed by MALDI-TOF mass spectrometry
(FIG. 5).

Nz
H
N
(0]
RNase A 5
(COH)1y 1:1 CH3CN:MES buffer
RNase A
(0]
o
H
N
(0]

n

where n indicates the number of esters formed in the protein.

Ribonuclease A (0.010 g, 0.73 umol) was dissolved in 1
mL of 10 mM MES-HCI buffer at pH 5.5. Diazo compound
2 (0.095 g, 0.036 mmol) was dissolved in 5 mL of CH;CN.
A 100-uL aliquot of the diazo stock solution was added to a
100-pL aliquot of the RNase A stock solution. The resulting
mixture was mixed by nutation for 4 h at 37° C. Any
remaining diazo compound was then quenched by addition
of 10 uL. of 17.4 M acetic acid. Acetonitrile was removed by
concentration under reduced pressure, and the aqueous solu-
tion of labeled protein was analyzed by MALDI-TOF mass
spectrometry (FIG. 5).

Example 7: Protein Labeling

Angiogenin is used as a model protein to test the effi-
ciency and reversibility of labeling. Treatment of angiogenin
with a stoichiometric amount of a diazo-compound of for-
mula 1, particularly compounds 2, 3 and 4 results in the
addition of up to 6 labels as determined by MALDI-TOF
mass spectrometry (data not shown). Labeled protein is
treated with Hela cell extract, which completely removed
all labels demonstrating bioreversibility of labeling.

In a specific example, a stock solution of diazo 3 (19.1
mg, 76 pmol) was prepared by dissolving diazo 3 in 2 mL
MeCN. A 200 uL portion of stock solution was added to 200
L of FLLAG-angiogenin (2.9 mg/mL in 10 mM Bis-Tris
buffer, pH 6.0). The resulting mixture was nutated for 12
hours at 25° C. The extent of labeling was determined by
MALDI-TOF mass spectrometry (data not shown).

A stock solution of diazo 4 (20.4 mg, 76 umol) was
prepared by dissolving diazo 4 in 2 m[. MeCN. A 200 pl
portion of stock solution was added to 200 ul. of FLAG-
angiogenin (2.9 mg/mL in 10 mM Bis-Tris buffer, pH 6.0).
The resulting mixture was nutated for 12 hours at 25° C. The
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extent of labeling was determined by MALDI-TOF mass
spectrometry (data not shown).

HeLa cell cells were grown to confluence in a 10-cm? dish
before collection and lysis using M-PER protein extraction
reagent from Thermo Fisher Scientific. Esterase activity was
verified by a colorimetric assay using p-nitrophenylacetate.
10 uLL of FLLAG-angiogenin labeled with either diazo 3 or
diazo 4 was added to 10 pL of cell lysate and incubated at
25° C. overnight. FLLAG-angiogenin was re-isolated using
magnetic Anti-FLAG M2 beads from Sigma-Aldrich. The
removal of all labels was confirmed using MALDI-TOF
mass spectrometry (data not shown).

Example 8: Ultraviolet Spectra of Diazo Compound
2

The ultraviolet spectra of diazo compound 2 were mea-
sured over the concentration range 0.8-50 mM, see FIG. 6,
panel A. A plot (FIG. 6, panel B) of the concentration
dependence of the absorbance of diazo compound 2 (0.8-50
mM) at A, =435 nm, gave €=30.5 M~! cm™'.

Example 9: Summary of Results

Diazo compounds 1-6 were accessed from derivatives of
phenylacetic acid (FIG. 1, panel B) as described in examples
above. Briefly, an azide was installed at the benzylic position
of the acid either through displacement of a bromide or by
diazo transfer to an existing amine. The ensuing a-azido
acids were then coupled to benzylamine and converted to the
diazo compound by deimidogenation using a phosphinoester
[5a,b].

In initial experiments, the effect of electron distribution on
the reactivity of diazo groups was assessed by measuring the
rate of esterification in acetonitrile. Diazo compounds 1-6
were first reacted with BocGlyOH, and the second-order rate
constants were measured using 'H NMR spectroscopy. The
effect of electron distribution on the reaction rate was
dramatic: rate constants spanned over two orders of magni-
tude and increased with the electron-donating character of
the phenyl substituents (FIG. 2, panel A). Hammett analysis
of these rate constants gave a slope of p=-2.7 (FIG. 2, panel
B). This value is comparable to those for typical SN1
reactions and indicates that the esterification reaction is
highly sensitive to substituents and that substantial positive
charge accumulates during its course, [33] as expected from
a mechanism involving an intermediate diazonium ion
(Scheme 1, [27a, b]).

Next selectivity for esterification over hydrolysis in an
aqueous environment was assessed. Towards that end, diazo
compounds 1-6 were reacted with equimolar BocGlyOH in
a 1:1 mixture of acetonitrile and 2-(N-morpholino)ethane-
sulfonic acid (MES)—HCI buffer at pH 5.5, and we deter-
mined the ratio of ester-to-alcohol product with 'H NMR
spectroscopy. Surprisingly, the ester:alcohol ratio reached a
maximum of 1.4:1 and remained unchanged despite increas-
ing electron-withdrawal by the substituents (FIG. 3). This
result is consistent with a sharp cutoff for the formation of
a carboxylate.diazonium intimate ion-pair intermediate that
is maintained in a solvent cage by a Coulombic interaction
(Scheme 1) [27a, b, 34].

Additional experiments were conducted with diazo com-
pound 2 which demonstrated the fastest rate of those com-
pounds that retained chemoselectivity in an aqueous envi-
ronment. Certain diazo compounds undergo O—H and
S—H insertion reactions [23¢, 25a,b]. Diazo compound 2
was assessed to determine if it would esterity acids selec-
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tively in the presence of the sulthydryl, hydroxyl, or phe-
nolic moieties found on protein side chains. Diazo com-
pound 2 esterified BocSerOH, p-hydroxybenzoic acid, and
3-mercaptopropionic acid in 1:1 acetonitrile/100 mM MES-
HCI buffer at pH 5.5, and that no other coupling products
were observable by 'H NMR spectroscopy.

Additionally, the ability of diazo compound 2 for the
labeling of a protein was compared to that of 9-diazofluo-
rene. The well-known model protein ribonuclease A [21]
was treated with 10 equiv of each diazo compound. The
reactions were allowed to proceed for 4 h at 37° C. in 1:1
acetonitrile/ 10 mM MES-HCI buffer at pH 5.5. The extent of
esterification with both diazo reagents was determined using
MALDI-TOF mass spectrometry. Diazo compound 2 was
approximately twofold more effective than was 9 diazofluo-
rene in effecting esterification (FIG. 5). Representative diazo
compound 2 can be used to esterify proteins in an aqueous
environment very efficiently

Example 10: Preparation of a-Diazo NHS Ester

O
(@]
N
’ O /\)I\ N
O 1. PhyP 0
N @]

0 THF:H,0 (20:3)
9) 2. TEA

N, o
(@)
\N
(6]
(6]
8

a-Azido-4-methylphenyl N-hydroxysuccinimidyl ester

(7) was synthesized as described above. This compound 7
(3.4 g, 11.6 mmol) was dissolved in 20:3 THF/H,O (50 mL).
N-Succinimidyl 3-(diphenylphosphino)propionate (4.5 g,
12.8 mmol) was added under N,(g), and the reaction mixture
was stirred for 5 h. Triethylamine (2.3 g, 23.2 mmol) was
added, and the solution was stirred for 1 h. The solution was
diluted with brine (20 mL) and extracted with CH,Cl, (2x10
mL). The organic layer was dried over anhydrous Na,SO,(s)
and concentrated under reduced pressure. The residue was
purified by chromatography on silica gel, eluting with 3:7
EtOAc/hexanes to afford a-diazo NHS ester 8 (0.31 g, 10%)
as an orange solid.

Data for a-Diazo NHS Ester:

{1 NMR (500 MHz, CDCL,, 8): 7.32 (d, 2H, ]=8.3 Hz),
7.22 (d, 2H, J=8.1 Hz), 2.88 (s, 4H), 2.35 (s, 3H). >C NMR
(125 MHz, CDCL,, 8): 169.4, 160.5, 137.1, 129.9, 124.6,
119.8, 25.6, 21.08 HRMS (ASAP-MS) m/z caled for
C,5H,,N,0, [M-N,+H]* 246.0761; found 246.0764.

Compound 8 is an exemplary compound of formula II
which can be used to synthesize compounds of formula I.
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Example 11: Preparation of Additional a-Diazo
Acetamides

A. a-Azido-4-methylphenyl-N-Propargylacetamide

0
Ny - N/\
N 2 x
o CH,Cl,
o)
7
N3
§\/
o}
9

a-Azido-4-methylphenyl N-hydroxysuccinimidyl ester
7(1.1 g, 3.7 mmol) was dissolved in CH,Cl, (20 mL).
Propargylamine (0.2 g, 4.0 mmol) was added, and the
reaction mixture stirred overnight. The solution was con-
centrated under reduced pressure. The residue was dissolved
in EtOAc, and washed twice with saturated aqueous
NaHCO; (2x10 mL). The organic layer was dried over
anhydrous Na,SO,(s) and concentrated under reduced pres-
sure to afford a-azido-4-methylphenyl-N-propargylacet-
amide 9 (0.6 g, 75%) as an off-white solid.

Data for
a-azido-4-methylphenyl-N-propargylacetamide

'H NMR (400 MHz, CDCL,, 8): 7.25 (d, 2H, 1=6.3 Hz),
7.21 (d, 2H, J=8.1 Hz), 6.64 (s, 1H), 5.03 (s, 1H), 4.08 (dd,
2H, 1=2.5 Hz, 5.25 Hz), 2.36 (s, 3H), 2.26 (1, 11, ]=2.4 Hz).
13C NMR (125 MHz, CDCl,, 8): 167.8, 1393, 131.6, 129.8,
1277, 79.9, 72.1, 67.0, 29.4, 21.2. HRMS (ESI*) m/z calcd
for C,,H,,N,O [M+H]* 229.1084; found 229.1085.

B. Preparation of
a-Diazo-4-methylphenyl-N-Propargylacetamide

O,

O ﬁ/\?
N3 /\)J\ N
1. Ph,P O
H >
N _~Z 0
THF:H20 (20:3)
O 2.TEA
9
N2

a-Azido-4-methylphenyl-N-propargylacetamide (0.6 g,
2.7 mmol) was dissolved in a solution of 20:3 THF/H,O (16
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mL). N-Succinimidyl 3-(diphenylphosphino)propionate (1.1
g, 3.0 mmol) was added under N,(g), and the reaction
mixture was stirred for 5 h. 1,8-Diazabicycloundec-7-ene
(DBU; 0.8 g, 5.5 mmol) was added, and the solution was
stirred overnight. The solution was diluted with brine (20
ml) and extracted with CH,Cl, (2x10 mL). The organic
layer was dried over anhydrous Na,SO,(s) and concentrated
under reduced pressure. The residue was purified by chro-
matography on silica gel, eluting with 3:7 EtOAc/hexanes to
afford a-diazo-N-propargylacetamide (0.176 g, 30%) as a
red solid.

Data for
a-diazo-4-methylphenyl-N-propargylacetamide

'H NMR (500 MHz, CDCl,, 8): 7.28-7.24 (m, 4H), 5.52
(s, 1H), 4.15-4.14 (dd, 2H, J=2.5, 5.4 Hz), 2.38 (s, 3H), 2.23
(s, 1H). *C NMR (125 MHz, CDCL,, 8): 164.9, 138.3,
130.5, 128.0, 122.6, 79.6, 71.6, 64.0, 29.7, 21.2. HRMS
(EST*) m/z caled for C,,H;;N;O [M+H]* 214.0975; found
214.0975.

Example 12: Preparation of Compounds of Formula
1 Using Compounds of Formula II

A. a-Diazo-4-methylphenyl-N-Methylacetamide

N, o
O\

N CH,NH,/THF

o DIEA

o CH,Cl,

8
Ny
{
~

11

a-Diazo NHS ester 8 (100 mg, 0.37 mmol) was dissolved
in CH,Cl, (37 mL). Methylamine (0.2 mL of a 20 M
solution in THF; 0.41 mmol) and N,N-diisopropylethylam-
ine (DIEA; 143 mg, 1.1 mmol) were added, and the reaction
mixture was stirred overnight. The solution was concen-
trated under reduced pressure, and the residue was dissolved
in EtOAc. The residue was purified by chromatography on
silica gel, eluting with 3:7 EtOAc/hexanes to afford a-diazo-
4-methyphenyl-N-methylacetamide (34 mg, 49%) as a red
solid.

Data for
a-diazo-4-methylphenyl-N-methylacetamide

{1 NMR (500 MHz, CDCl,, 8): 7.26-7.25 (m, 4H), 5.36
(s, 1H), 2.90 (d, 3H, J=4.8 Hz), 2.37 (s, 3H). *C NMR (125
MHz, CDCl,, 8): 165.8, 138.0, 130.4, 127.9, 123.2, 637,
27.0,21.2. HRMS (EST*) m/z caled for C, H, ,N,O [M-N,+
HJ* 162.0913; found 162.0915.
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B. Preparation of
a-Diazo-4-methylphenyl-N,N-Dimethylacetamide

0
0 H
N NG
5 DIEA
o CH,Cl
8
Nz
N
~N
0
12

a-Diazo NHS ester 8 (100 mg, 0.37 mmol) was dissolved
in CH,Cl, (37 mL). Dimethylamine (0.2 mL. of a 2.0 M
solution in THF; 0.41 mmol) and DIEA (143 mg, 1.1 mmol)
were added, and the reaction mixture was stirred overnight.
The solution was concentrated under reduced pressure, and
the residue was dissolved in EtOAc. The residue was
purified by chromatography on silica gel, eluting with 3:7
EtOAc/hexanes to afford a-diazo-4-methylphenyl-N,N-di-
methyl acetamide (24 mg, 32%) as a red solid.

Data for a-diazo-N,N-dimethylacetamide

'H NMR (500 MHz, CDCl,, 8): 7.19 (d, 2H, I=8.1 Hz),
7.11 (d, 2H, J=8.3 Hz), 2.95 (s, 6H), 2.34 (s, 3H). *C NMR
(125 MHz, CDCL,, 8): 166.1, 135.6, 129.9, 124.7, 124.4,
62.4, 37.8, 21.0. HRMS (EST*) m/z caled for C,,H,N;0
[M-N,+H]* 176.1070; found 176.1071.

C. Preparation of
a-Diazo-4-methylphenyl-N-pentylacetamide

N, o
(0]
~ N \/\/\ NI,
I} DIEA
o CH,CL,
8
Ny
H
N\/\/\
(@]
13

a-Diazo NHS ester 8 (100 mg, 0.37 mmol) was dissolved
in CH,Cl, (37 mL). Pentylamine (35.4 mg, 0.41 mmol) and
DIEA (143 mg, 1.1 mmol) were added, and the reaction
mixture was stirred overnight. The solution was concen-
trated under reduced pressure, and the residue was dissolved
in EtOAc. The residue was purified by chromatography on
silica gel, eluting with 1:4 EtOAc/hexanes to afford a-diazo-
4-methylphenyl-N-pentylacetamide (65 mg, 72%) as a red
solid.
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Data for
a-Diazo-4-methylphenyl-N-pentylacetamide

'"H NMR (500 MHz, CDCls, 8): 7.26-7.23 (m, 4H), 5.37
(s, 1H), 3.36-3.32 (q, 2H, J=7.0 Hz), 2.38 (s, 3H), 1.53-1.49
(m, 2H), 1.33-1.28 (m, 4H), 0.90-0.88 (t, 3H, J=6.9 Hz). '*C
NMR (125 MHz, CDCl,, §): 164.9, 137.9, 1304, 127.8,
123.3, 63.8,40.2,29.6,29.0, 22.3, 21.2, 14.0. HRMS (ESI*)
m/z caled for C;,H,;N;O [M-N,+H]* 218.1539; found
218.1541.

Example 13: Esterification of Proteins and
Internalization

GFP was esterified as described above with five exem-

plary diazo compounds 2, 10-13 (FIG. 7, Panel A). The GFP
variant used in these experiments and its production were
described previously [24]. Using mass spectrometry, an
average of ~3-11 labels per protein were found (FIG. 7,
Panel B). Less polar diazo compounds tended to provide
more extensive labeling.
Chinese hamster ovary (CHO) K1 cells were incubated at
37° C. for 2 h in F-12K medium (which was supplemented
with penicillin/streptomycin) containing either unlabeled or
labeled GFP (15 uM). Internalization of GFP was then
quantified with flow cytometry, counting only live, single
cells, as shown in FIG. 8. More extensively labeled GFPs
tended to be internalized more efficiently. Individual cells
were imaged by confocal microscopy for two of the diazo
compounds. Esterification with either diazo compound 11 or
12 enhanced the uptake of GFP into CHO K1 cells, as shown
in FIG. 9. The images shown demonstrate that the labelled
proteins are inside of the cell.

These data indicate that protein internalization is
enhanced by forming esters with the diazo compounds of the
invention.

One barrier to cellular entry of a protein into a cell is the
Coulombic repulsion between negatively charged amino
acid residues on the protein and negatively charged cell
membrane components. Without wishing to be bound by any
particular theory it is presently believed based on the results
of FIGS. 8 and 9 that masking of negative charges on a
protein by esterification facilitates cell penetration.
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We claim:
1. A compound of formula I:

N, R

N—Ry,

x

~~
Ry

or salts thereof,

where:

R is an alkyl, alkenyl, alkynyl group or hydrogen,

R, is an alkyl or alkoxy at the para position on the

indicated phenyl ring, and

R,, is an alkyl, alkenyl, alkynyl, cycloalkyl, aryl, or

arylalkyl group which is optionally substituted with
one or more alkyl, alkoxy, aryl, alkylaryl, halogen,
haloalkyl, or haloalkoxy groups.

2. The compound of claim 1, wherein R,, is an alkyl,
alkenyl, alkynyl, phenyl or benzyl group.

3. The compound of claim 1, wherein R, is an alkyl group
having 1-6 carbon atoms in the para position on the phenyl
ring.

4. The compound of claim 1, wherein R, is a methyl
group in the para position on the phenyl ring.

5. The compound of claim 1, wherein R, , is an alkyl group
having 1-6 carbon atoms or an alkynyl group having 2-6
carbon atoms.

6. The compound of claim 5, wherein R, is an alkyl group
substituted at the para position on the phenyl ring.

7. The compound of claim 6, wherein R is hydrogen or a
methyl group.

8. The compound of claim 1, wherein R, ,is an alkyl group
having 1-6 carbon atoms.

9. The compound of claim 8, wherein R, is an alkyl group
substituted at the para-position of the phenyl ring.

10. The compound of claim 9, wherein R is hydrogen or
a methyl group.

11. The compound of claim 1, wherein R, is a methyl
group substituted at the para position of the phenyl ring.

12. The compound of claim 11, wherein R and R,, are
methyl or ethyl groups.

13. The compound of claim 12, wherein R and R,, are
both methyl groups.
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14. The compound of claim 1, wherein R, is an alkyl, or
benzyl group.

15. The compound of claim 14, wherein R is hydrogen, or
an alkyl group.

16. The compound of claim 15, wherein R, is an alkyl 5
group at the para position of the phenyl ring.

17. The compound of claim 15, wherein R, is a methyl
group at the para position of the phenyl ring.

#* #* #* #* #*
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