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ABSTRACT: The 18F—labeling of 5—(triﬂuoromethyl)— ( o me  [MCICO (~10% equiv) R e

dibenzothiophenium trifluoromethanesulfonate, com- rt_rz . Npd. | XantPhos (1.0 equiv) ({Z; e

monly referred to as the Umemoto reagent, has been peptee /7 oM 80°C, 8 mins pepiee ©

accomplished applying a halogen exchange '*F-fluorination SH | OMSO. L. 10 mi

with '®F-fluoride, followed by oxidative cyclization with pemride \Q L % pe‘gde .

Oxone and trifluoromethanesulfonic anhydride. This new L = BrettPhos Pid then,[_t_f:sl’ﬁr’:‘s(aq') N

'®F_reagent allows for the direct chemoselective '°F- (b) This study "

labeling of unmodified peptides at the thiol cysteine ( " O @ DMEOI0 ( éCFZ -

residue. peptide + zemFTfoe m’ peptide

+ new reagent for '8F-trifluoromethylation
+ metal free "8F-trifluoromethylation of unmodified peptides
P ositron emission tomography (PET) is a molecular imagin / Mty chemoselectie
technique that can visualize biochemical processes in vivo. Figure 1. (a) ''C-Radiolabeling of unmodified peptides. (b) This work,

In practice, these studies require molecules labeled with a '8F_labeling of unmodified peptides with the CF; group.
positron-emitting radioisotope, for example ''C or '*F. Radio-
labeled peptides are attractive candidates for PET imaging
because of their favorable pharmacokinetics and high specificity designed '*F-reagent and its application toward a metal-free
targeting characteristics.” Such properties have stimulated technology to radiolabel unmodified peptides at the cysteine
development of numerous strategies for tagging peptides with residue with the smallest symmetrical '*F-labeled multifluorine
a radioactive component.” Most methods require prefunction- group possible: CF; (Figure 1b). This approach generates the
alization of the peptide with a prosthetic group enabling noncanonical trifluoromethylcysteine residue, a structural re-
attachment of the radioisotope itself, or a radiolabeled molecular engineering operation unmatched by alternative '*F-labeling
entity.” Alternatively, a radiolabeled prosthetic group is methods.
synthesized prior to attachment to the peptides; typically, this It is well-known reagents based on hypervalent iodine and
approach requires synthetic modification of the peptide prior to chalcogenonium salts are well sulted to transfer the trifluor-
radiolabeling.” Major structural modifications of the peptide omethyl group to S-nucleophiles.” We opted to 'F-label -
target can result in alteration of their biological function, a (trifluoromethyl)dibenzothiophenium - trifluoromethanesulfo-
concern that has encouraged development of innovative labeling nate 1, the so-called Umemoto reagent, due to it being soluble
methodologies employing unmodlﬁed peptides and minimally in water and amenable to tunable reactivity through 1nterchan e
sized radlolsotope contammg motifs.*! Studies have focused on of $ with Se or Te, and/or substitution on the aryl groups.”
the radioisotope ''C. For example, Skrydstrup and co-workers We anticipated the soft nature of the nucleophile cysteine thiol
reported methyl bisphosphine—ligated complexes enable N-''C- and the sulfonium leaving group of this reagent would guide
acetylation of lysine residue of native peptides,” and the direct chemoselectivity for the "“F-labeling of peptides."’ The most
"'CN-labeling of unprotected peptides at a cysteine residue was streamlined protocol to prepare 1 COHSIStS of treating 1,1'-

biphenyl with CF;S0,K and 2 equiv of Tf,0."* For radiolabeling,
this method would require a route to '*F-labeled CF;SO,K. An
alternative approach consists of subjecting 2- ((trlﬂuoromethyl)

sulfinyl)-1,1'-biphenyl to cyclization with T£,0.” This sequence
was attractive as our laboratory has demonstrated that [1,1'-

accomplished by Buchwald, Hooker and co-workers applying a
palladium-mediated sequential cross-coupling consisting of S-
arylation followed by ''C-cyanation (Figure 1a).” Our objective
was to demonstrate unmodified peptides are amenable to direct
labeling with the longer half-life radioisotope fluorine-18
applying a method that does not require chemical manipulation
of the peptide prior to '*F-incorporation, and employs a “zero- Received: September 25, 2017
size” '"F-motif. Herein, we report radiosynthesis of a newly Published: January S, 2018
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biphenyl]-2-yl(trifluoromethyl)sulfane ['®F]2 is within reach
upon treatment of [1,1'-biphenyl]-4-yl(bromodifluoromethyl)-
sulfane 3 with [**F]KF, diCy-18-cr-6 and AgOTf."” This result
encouraged development of a process to oxidize ['®F]2 into 2-
((trifluoromethyl)sulfinyl)-1,1’-biphenyl and induce subsequent
cyclization (Table 1).

GBq of "®F-fluoride. The identity of [**F]1 was established by
HPLC and electrospray ionization (ESI) mass spectrometry
([**F1, C,,HgF,0,S, m/z 253.1, caled 253.0)."°

The reactivity of the novel '*F-trifluoromethylation reagent
["8F]1 was examined with ethyl benzoyl-L-cysteinate 4 and (tert-
butoxycarbonyl)-pr-homocysteinate 5 (Table 2).

Table 1. Oxidative Cyclization of ['*F]2

['8F]KF/diCy-18-cr-6
AgOTf (2 equiv.) &»
O DCE, 60 °C O DCE, 4_5 °C
SCF,Br 20 min SCF,8F 20 min

T10° &k, oF
3 ['F12 ['8F11
entry [¥F]2 additive” purification RCC [%]
1 ~30 MBq" I (3 equiv) ALO; (N) Sep-Pak 98 + 1°
2 106 MBq* I (3 equiv) ALO; (N) Sep-Pak  13°
3 120 MBq I (3 equiv) HPLC 30/
4 224 MBq I (3 equiv)  HPLC 42/
S 0.2—1.6 GBq I (3 equiv) HPLC 49 + 9%

I = mCPBA/T£,0; II = Oxone/T£,0. ®~50 L aliquot of a solution
of [™F]2 in 1 mL of DCE. “Radiochemical conversion (RCC)
determined by radio-TLC (n = 2). 4300 uL aliquot of a solution of
["F]2 in 1 mL of DCE. “RCC determined by radio-TLC.
JRadiochemical yield (RCY). 1 = 44

The radiosynthesis of ['®F]1 began with the *F-fluorination
by halogen exchang.];e of 3 with ["*F]KF/diCy-18-cr-6 in the
presence of AgOTHf, +15 2 reaction performed in DCE at 60 °C
for 20 min. Purification using an Alumina (N) Sep-Pak provided
asolution of [*®F]2 in DCE (approximately 1 mL). The oxidative
ring closure was investigated adding an aliquot of ['*F]2 (50 uL,
approximately 30 MBq) to a vial containing the oxidant, followed
by addition of Tf,O in DCE. After 20 min, the radiochemical
conversion (RCC) was determined by analysis of the crude
reaction mixture by radio-TLC. The '®F-Umemoto reagent
['®F]1 was obtained using an excess of m-chloroperbenzoic acid
(mCPBA) and Tf,0 in DCE at 45 °C (Table 1, entry 1). Having
validated the two steps converting 3 into ['®F]1, we focused on
establishing a protocol to prepare, purify and isolate this novel
'8E_trifluoromethylation reagent for subsequent use. The use of a
larger aliquot of ['®F]2 in DCE (300 xL, 106 MBq) resulted in a
lower RCC of 13% (Table 1, entry 2) and informed that the
presence of unreacted 3, which cannot be removed from ['*F]2
through Alumina (N) Sep-Pak purification, was detrimental for
oxidative cyclization. Purification by HPLC resulted in removal
of 3, and provided a solution of ["*F]2 in a CH;CN/H,O
mixture. Reformulation by C18 Sep-Pak was necessary prior to
oxidative cyclization. The final purification of ['F]1 was
achieved using a Silica Sep-Pak. Elution with CHCIl; removed
all nonpolar impurities, after which [**F]1 was eluted with
CH;CN. Following this procedure, ['*F]1 was isolated in 30%
RCY but mCPBA was present as an impurity (Table 1, entry 3).
This was circumvented using Oxone with Tf,0, a modification
that provided ['®F]1 in 42% RCY (Table 1, entry 4). The
optimized protocol for the radiosynthesis of ['*F]1 began with
the "*F-fluorination of 3 applying the original elution conditions
(K,C,0,/diCy-18-cr-6). This step afforded ["*F]2 in 11% + 4%
RCY (n = 47), and a molar activity (MA) of 0.24 GBq/umol.
Oxidative cyclization with Oxone afforded [**F]1 in 49% + 9%
RCY (1 = 44) from [**F]2 (MA of 0.08 GBq/umol) (Table 1,
entry 5). The overall nondecay corrected activity yield of isolated
["8F]1 calculated from "*F-fluoride is 5% + 2% (n = 41). Using
this protocol, up to 840 MBq of ['*F]1 was isolated from ~6—10
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Table 2. "*F-Trifluoromethylation of 4—6
SH

S P ((SCF2"F
n (11 G iop /ﬁn

(

RHN COzR" additive, sol_vent RHN COzR"
an=1,R=coph R =me 0™ ['FI7, n =1, R'= COPh, R" = Me
(#)-5,n=2, R = Boc, R" = Me (#)-["®F]8, n = 2, R' = Boc, R" = Me
6,n=2,R,R"=H ['®F19, n=2,R, R"=H

entry” 4—6° additive* solvent” RCC 7-9 [%]°
1 4 (40) DMAP CH,CN' 0
2 4 (40) DMAP CH,CN® 6+1
3 4 (40) DMAP CH,CN 60 + 7
4 4 (40) DMAP DMF 65+2
5 4 (40) DMAP DMSO S92
6 4 (40) - DMSO 2+1
7 4 (20) DMAP DMSO 72 + 4"
8 4 (20) DMAP DMSO 69 + 1
9 4 (20) DMAP DMSO/H,0, 4/1 66 + 4
10 4 (20) KHCO, DMSO/H,0, 1/1 71+ 6"
11 (x)-5(20) DMAP DMSO/H,0, 4/1 75+8
12/ 6 (20) KHCO;*  DMSO/H,0, 1/9 26+ 6

“~20-25 MBq of [**F]1 per reaction. “umol. ‘1 equiv. “100 uL.
“RCC = radiochemical conversion based on ['®F]1, determined by
radio-TLC and radio-HPLC (n = 2). 7400 uL. 2200 pL. "n = 4.
*Reaction time = 10 min. /Reaction temp. = 40 °C. %2 equiv. ‘RCY of 6
isolated after Oasis MCX cartridge purification.

"$E-Trifluoromethylation of 4 took place upon treatment with
[**F]1 and DMAP"® (1 equiv) in CH;CN (0.2 M), with the RCC
of ['®F]7 increasing to 60% at higher concentration (0.4 M)
(Table 2, entries 2—3). DMF and DMSO are suitable solvents for
this reaction, and a control experiment verified the base is
essential (Table 2, entries 5—6). Water as a cosolvent is
compatible with the reaction, but it is preferable to replace
DMAP with KHCO; (Table 2, entries 10). Methyl (tert-
butoxycarbonyl)homocysteinate (+)-$ also underwent thiol '°F-
trifluoromethylation affording ['*F]8 in 75% + 8% RCC (n = 4)
(Table 2, entry 11). Increasing the H,O ratio to 90% allowed for
the '®F-labeling of unprotected amino acids. Under these
conditions, L-homocysteine 6 led to [**F]9 isolated in 26% =+
6% RCY (n =2) (Table 2, entry 12).

The method exhibits high chemoselectivity for the radio-
labeling of the cysteine residue in the presence of other
nucleophilic functional groups (Figure 2)."” Model dipeptides
and tetrapeptides containing asparagine, glutamine, methionine,
glutamic acid, proline, threonine, serine, tyrosine, lysine or
arginine all underwent '*F-trifluoromethylation at room temper-
ature in the presence of DMAP in DMSO/H,0 4/1 with RCCs
superior to 55%. Exclusive chemoselectivity for the cysteine
residue was verified by comparison with authentic references
based on UV- and radio-HPLC." For the model dipeptides
['®F]22 and ['®F]24 containing a serine or lysine residue, the
RCCs were improved by replacing DMAP with KHCO; or
Et,NHCO;. Dipeptides featuring tryptophan and histidine
resulted in the formation of more than one '*F-radiolabeled
product. The 'F-trifluoromethylation of methyl (tert-butox-
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['8F]25 Arg-Gly-Asp-Cys(['®F]CF3)
cl9il RCY 15% + 6% (n = 3)

['®F]26 Boc-His-Cys([8F]CF3)-OMe
A, RCC 28% + 2% (n = 2)
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["8F]29 ["8F]CF3-PSMA radioligand
BlLm, RCY 10% + 2% (n = 2)

['8F]30 R = H; cRGDfC(['8F]CF3)
CInol RCY 19% + 5% (n = 2)
["®F131 R = Me; cRADfC(['8F]CF3)
ClgPl RCY 33% + 9% (n = 2)

['8F]28 ['®F|CF5-glutathione
BUK RCY 26% + 4% (n = 2)

H
["8F]27 Boc-Trp-Cys([®F]CF3)-OMe
Al RCC 21% (n =1)

B, RCC 59% + 6% (n = 4)

N\)J\ /{\)J\N/\“/N\)J\ L(NJJ\N/\H/N\)J\ I

[1aF]32 ['8F]CF3-Amyloid-B fragment

NH; clo.al RCY 30% + 11% (n =2)

Figure 2. [a] Conditions A: 20 ymol peptide, 20 gmol DMAP, DMSO/H,O 4:1 (100 L), RT, 10 min. [b] Conditions B: 20 ymol peptide, 20 ymol
KHCO;, DMSO/H,0 1:1 (100 yL), RT, 10 min. [c] Conditions C: 20 umol peptide, 20 ymol Et, NHCO;, DMSO/H,0 4:1 (100 L), 40 °C, 20 min.
[d] DMSO (100 uL) was used. [e] 40 ymol DMAP was used. [f] Substrate is Ac-Lys-Cys-OMe.TFA. [g] Isolated yield after cartridge purification (Oasis
HLB). [h] 40 ymol Et, NHCO; was used. [i] 3.5 gmol H-Arg-Asp-Gly-Cys.TFA, 10 ymol Et, NHCO;, DMSO/H,O 4:1 (40 uL), 40 °C, 20 min. [j] 20
umol substrate, 60 yimol NaHCO;, DMSO/H,0 1:1 (140 uL), 30 °C, 10 min. [k] Isolated yield after cartridge purification (Oasis MCX) (1] 20 umol

substrate, 50 ymol K,CO;, DMSO/H,0 1:1 (100 L), 40 °C, 20 min. [m] Isolated yield after cartridge purification (Oasis MAX). [n

]13.1 umol peptide

AcOH salt, 10 gmol Et,NHCO;, DMSO/H,0 4:1 (40 uL). [o] Isolated yield after HPLC purification. [p] 2.8 ymol peptide TFA salt, 10 ymol
Et,NHCO,;, DMSO/H,0 4:1 (40 uL). [q] 1.0 umol peptide TFA salt, 5.2 ymol Et, NHCO;, DMSO/H,0 4:1 (40 uL). Color coding: green = single
'8F-radiolabeled product; orange = more than one '*F-radiolabeled product.

ycarbonyl)-L-histidyl-L-cysteinate led to the '®F-labeled peptide
["®F]26 in 41% + 15% RCC (n = 4) as the major product (68%
RCP) (RCP = radiochemical purity), along with radiolabeled
products resulting from '*F-trifluoromethylation at the imidazole
ring along with some disulfide formation resulting from oxidative
In addition to predominant '*F-trifluoromethy-
lation at the cysteine residue (64% RCP), similar competitive
pathways were observed for the tryptophan-containing dipeptide
precursor of ["*F]27. For these challenging peptides, the ratio of
'8F_radiolabeled products can be modified to maximize thiol '*F-

Lo s
dimerization.

trifluoromethylation by using 1 equiv of KHCOj as base instead
of DMAP, but side reactions could not be entirely suppressed
(419% vs 21% for ['®F]26, 59% vs 28% for ['®F]27). Glutathione
and ((1-carboxy-2-mercaptoethyl)-carbamoyl)-glutamic acid, a
core structure found in PET radioligands targeting prostate
specific membrane antigen (PSMA) ,'® were selected to test the
robustness of this methodology toward multiple carboxylic acids.
Glutathione underwent successful thiol '*F-trifluoromethylation
in 26% + 4% RCY (n = 2) when the reaction was carried out with
an excess of KHCO; (3 equiv) in DMSO/H,O (1/1). These
conditions gave PSMA radioligand ['*F]29 in 10% =+ 2% RCY (n
=2).
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Radiolabeled Arg-Gly-Asp (RGD) peptides have been a focus
for noninvasive assessment of angiogenesis because of their high
affinity and selectivity for integrin a,;." It was thus of interest to
study the '®F-labeling of cyclic peptide containing the RGD
sequence. The '®F-trifluoromethylation was performed with 3
umol of peptide and 10 ymol of Et, NHCO; at 40 °C in 40 uL of
solvent (DMSO/H,0 1/1). After 20 min of reaction, cRGDfC-
([**F]CF,) [*®F]30 was purified and isolated by prep-HPLC in
19% + 5% RCY as a single '*F-radiolabeled product. The cyclic
peptide cRADFC(['®F]CF;) ["®F]31 was obtained in 33% + 9%
after cartridge purification. Finally, a beta-amyloid peptide
fragment20 (1 pmol, MW = 1034) also underwent successful
8E.trifluoromethylation in 40 uL of solvent (DMSO/H,0 1/1).
The reaction proceeded exclusively at the cysteine residue
affording the single product ['®F]32 isolated in 30% + 11% RCY
(n = 2). This assignment was confirmed by mass spectrometry
(ESI) and comparison of the authentic reference by UV- and
radio-HPLC."

To investigate the in vivo stability of peptides functionalized
with an ["*F]SCF; moiety, a biodistribution profile was obtained
by injecting naive CBA mice (n = 3) with cRGDfC(['*F]CF;)
['*F]30, followed by dynamic whole-body PET imaging."
Biodistribution studies by imaging and dissection show ["*F]30

DOI: 10.1021/jacs.7b10227
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is predominantly excreted by the hepatobiliary route and to a
lesser extent by the kidneys. Although these excretion organs
contain a considerable amount of radioactivity at 1 h post-
injection, most radioactivity in nontargeted tissues and blood was
cleared. This biodistribution profile is consistent with RGD
peptides labeled applying alternative methods.” The absence of
uptake in the bones indicated ['®F]30 is metabolically stable
toward ['®F]SCF; elimination and that no [“F]F~ was
released.®

In summary, we have developed the first protocol enabling
direct '*F-labeling of unmodified peptides at the cysteine residue
with the minimally sized CF; group. The strategy required the
novel designed '*F-reagent ['*F]1 for thiol '*F-trifluoromethy-
lation. Biodistribution studies demonstrated the ['‘°F]SCF,
moiety is viable for imaging. Considering the number of
reactions that use the Umemoto’s reagent 1, we anticipate the
availability of ["®F]1 will expand the radiochemical space
available for radioligand production well beyond the peptides
described in this study.
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