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Abstract: A scalable procedure for the synthesis of
4,6-difluorotryptophan is reported based on a deam-
inative coupling of a 4,6-difluorogramine with 2-
benzylthio-1,5-dihydro-4H-imidazolone as glycine
equivalent. Thus prepared 4,6-difluorotryptophan
was incorporated into the C-terminal domain of the
HIV-1 capsid protein (CA-CTD), and "F spectra of
the 4,6-difluoro Trp CA CTD were recorded and
compared to the singly fluorinated counterparts.

Keywords: Fluorinated tryptophans; Amino acid
synthesis; Gramines coupling; Protein '’F NMR

Given the increasingly growing number of new
pharmaceuticals containing fluorine atoms,'"! fluorine
chemistry and applications of fluorinated compounds
are becoming a flourishing areas of research. Fluori-
nated amino acids are in high demand,” and their
synthesis®™ and incorporation into proteins are cur-
rently a very exciting and expanding subjects. Nowa-
days, application of fluorinated tailor-made amino
acids to study protein dynamics, structure, folding and
function is well beyond drug discovery campaigns,
with fluorine NMR spectroscopy gaining much popu-
larity as a valuable tool.”! The 100% naturally
abundant "F atom possesses favourable NMR proper-
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ties: a spin 1/2 nucleus and the second highest
gyromagnetic ratio after hydrogen, resulting in ex-
cellent sensitivity.”! In addition, the resonance fre-
quency of the fluorine nucleus is exquisitely respon-
sive to its conformational and electronic environment,
covering a range of >300 ppm.[! Furthermore, since
YF is virtually absent from all biological molecules,
spectra of fluorinated proteins do not suffer from any
background signals.

Incorporation of single fluorine atoms into proteins
with as much chain position selectivity as possible,
using fluorinated amino acid analogues, is an attractive
approach to assess protein structure as well as ligand
binding. One of the most used fluorinated amino acids
in that regard is tryptophan (Trp). Monofluorinated
tryptophans can be readily incorporated into proteins
without the need of specialized strains.”) Beyond
monofluorinated tryptophans, here we aimed to enlarge
this research space to difluoro-tryptophans, providing
more than one probe to assess the behavior of the
fluorinated protein. This necessitates convenient and
facile access to such fluorinated amino acids. Here, we
report an expedient and scalable synthesis of 4,6-
difluoro-tryptophan, its incorporation into a protein
and the characterization of this tailor-made amino acid
as a probe in '’"F NMR (Scheme 1).

For the synthesis of the target fluorinated trypto-
phan 1, our plan envisioned the coupling of the
corresponding fluorinated gramine with a nucleophilic
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Scheme 1. Conceptualization of this work.

glycine equivalent. Gramines (3-aminomethylindoles),
tend to lose the R'R®N unit attached at the benzylic
position under various activation mechanisms, generat-
ing an electrophilic azafulvene intermediate which can
be intercepted with a variety of nucleophiles in situ.™
In particular, Sainsbury" reported that coupling of
gramines with malononitrile or an o-cyanoester,
respectively, could be promoted by dimethylacetylene
dicarboxylate, which serves as the dimethylamino
group scavenger, under smooth conditions. Further
refinement of the method by Williams identified ethyl
propiolate 3 as the optimal activating reagent!”
(Scheme 2). However, the coupling of gramine 2a
with N-(diphenylmethylene)glycine methyl ester 6a
under Williams conditions (Et,O as solvent, 15 min at
room temperature) was reported to provide the
tryptophan derivative 7a in a low 41% isolated yield.
At the outset, and in view of these precedents, the
suitability of the approach for the production of the
desired fluorinated tryptophan was unclear.

For initial assessment of the approach, difluorinated
gramine 2 b (synthesized through the Mannich reaction
from the corresponding indole!"')) was subjected to
reaction with iminoester 6a in the presence of slight
excess (1.1 equivalents) of ethyl propiolate 3 under the
optimal conditions reported by Williams at 0°C. The
resulting adduct 7b was indeed obtained, although, not
surprisingly, in a low isolated yield (22%). Changing
the solvent from Et,O to CH,Cl, improved the yield to
a yet unsatisfactory 29% (Scheme 3a).

NMe; 3 Ot NuH .
A\ / ﬂ, A\
N N N
h H_ _NMe, Sa \H

2a ]/ 7
N = \(/ \’/COZMe

e Under Williams conditions (Et,0, rt)
product 7a obtained in 41% yield

(6a)

Scheme 2. Coupling of gramine 2a with a glycine equivalent

promoted by ethyl propiolate. (Williams et al. in ref [10]).
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Scheme 3. Comparison of iminoester 6a and 2-benzylthioimi-
dazolone 6b in the coupling with difluorogramine 2b.

Among the additional reaction parameters that
might be susceptible for modification, we focused on
plausible glycine equivalents other than a-iminoesters.
In this respect, recently some of us introduced 2-
benzylthioimidazolones as pronucleophilic hydantoin
surrogates that add smoothly under (slightly basic)
organocatalytic ~ conditions to various Michael
acceptors.'"”) On this basis, we reasoned that pairing
the C-4 pronucleophilic character of 2-benzylthioimi-
dazolone 6b with in situ formed electrophilic azaful-
venes, like 5b, might be favorable, providing a
solution to the above problem since hydantoins may
afterwards be transformed into the respective a-amino
acid.'”! To that end, it was gratifying to observe that
6b reacted with 2b, in CH,Cl, solvent, at 0°C to
afford the coupling adduct 8 in a promising 54%
isolated yield (Scheme 3b). Further experimentation
revealed that the temperature influenced the reaction
outcome dramatically: running the reaction at —35°C
resulted in formation of compound 8 as analytically
pure material in 95% isolated yield. Of practical
importance, scaling up the reaction to the multigram
scale was possible without any significant detriment on
product yield or purity, allowing preparation of 2.54 g
(5.34 mmol) of difluorinated adduct 8 starting from
1.25 g (5.94 mmol) of gramine 2b (90% yield) in a
single run.

Treatment of 8 with 6 M HCI in dioxane at room
temperature for 16 h gave rise to the corresponding N-
benzoyl hydantoin 9. Then, straightforward hydantoin
ring opening through basic hydrolysis,!"*¥ protonation
and purification under an ion-exchange column,
yielded the target difluorinated amino acid 1, with an
overall 65% yield (three steps, Scheme 4).

All three fluorinated tryptophans, 4-fluoro trypto-
phan, 6-fluoro tryptophan and the synthesized 4,6-
difluoro tryptophan were efficiently incorporated into
protein, and yields of labeled protein were essentially
identical. This indicates that the 4,6-difluoro trypto-
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Scheme 4. Hydrolytic conversion of coupling adduct 8 to
hydantoin 9 and target 4,6-F,-Trp 1.

phan is efficiently used by the biosynthetic protein
synthesis machinery of E. coli. Note, in contrast to
perfluorinated compounds, the two fluorine atoms on
one amino acid in the CTD do not change the property
of the protein significantly, although the dimerization
constants seem to have been affected (see SI).

This domain dimerizes (Figure 1), and the dimer
links two adjacent hexameric units in the overall capsid
lattice via an antiparallel helix-helix interface. At the
center of the interface, the single Trp residue in this
domain plays a pivotal role in the stabilization of the
extended lattice of the conical capsid shell.'"™! As can
be appreciated, both the 4- and 6-position of the six
membered indole ring are separated by 5.2 A (4F—4F),
6.1 A (6F—6F) and 5.4 A across the dimer interface in
the structure, ideally suited to report on dimer
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Figure 1. HIV1 CA-CTD (PDB ID; 2KOD) in ribbon representation with the Trp side chain at the dimer interface depicted in stick
representation and the F atoms at the 4 and 6 positions as cyan and magenta spheres, respectively (top left). SDS PAGE of 4-F-, 6-
F- and 4,6-F Trp CA-CTD with marker sizes indicated (bottom left). '°F spectra at 25°C of 4-F, 6-F and 4,6-F,-Trp at 10 pM
protein concentration. 4-F, 6-F and 4,6-F,-Trp CA-CTD spectra are shown in cyan, magenta and blue, respectively. D, dimer; M,
monomer.
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formation. The WT CTD forms a dimer with a Ky
value of ~10 pM. Interestingly, two different dimers
were observed for WT CTD as well as 4-fluoro-Trp
CTD, labeled D, and D, in Figure 1, whose relative
amounts are both pH, temperature and concentration
dependent."” Given the crucial positions of the
fluorine atoms in 4-fluoro-Trp CTD, 6-fluoro-Trp CTD
and 4,6-difluoro-Trp CTD, we used “F NMR to
evaluate the protein. Spectra of both the free fluori-
nated amino acid and after incorporation into CA-CTD
are displayed in Figure 1. Clearly, distinct "°F chemical
shifts are seen, with the 4-F and 6-F resonances of the
isolated amino acids located at —46.4 ppm and
—43.7 ppm, respectively. Interestingly, the equivalent
resonances in 4,6-difluoro-Trp are located at —41.5
and —43.5 ppm, distinctly different from the resonance
positions of the singly fluorinate Trp amino acids. As
was noted previously, the isotropic '’F chemical shift
of a fluorine atom at the 6 position in Trp is downfield
of that at the 4 position,"'”! also seen here. In the 4-F-
Trp CA-CTD protein spectra, both dimer forms (D,
and D,) are seen, as well as the monomer (M), while
for 6-F-Trp CA-CTD only in the 10 uM sample the
resonance for the monomer can be detected. Interest-
ingly, however, the ""F spectrum of the 4,6-F,-Trp
CTD shows four, not well-resolved resonances. Re-
cording spectra at different concentrations (SI) did not
permit unambiguous assignment of the resonances to
the monomer and dimer species, different from the
case of the monofluorinated 4F-Trp and 6-F-Trp CTD.
Gratifyingly, though, the biosynthetic incorporation of
4,6-F,-Trp into the C-terminal domain of the HIV-1
capsid protein (CA-CTD) was achieved, indicating that
the E. coli protein synthesis machinery is capable of
utilizing this di-fluorinated amino acid.

In conclusion, a scalable procedure for the synthesis
of 4,6-difluorotryptophan 1 (4,6-F,-Trp) is reported
based on a deaminative coupling between a 4,6-
difluorogramine 2b and 2-benzylthio-1,5-dihydro-4H-
imidazolone 6b. Key for a clean reaction and efficient
coupling is to keep the reaction temperature low
(—35°C) and to use 6b as an advantageous glycine
synthetic equivalent. The incorporation of prepared
4,6-F,-Trp into the C-terminal domain of the HIV-1
capsid protein (CA-CTD) was realised with similar
yield as with the individual mono fluorinated amino
acids.

Experimental Section

Ethyl Propiolate-Promoted Addition of 2-Benzylth-
ioimidazolone 6b to Gramine 2b

To a solution of gramine 2b (42 mg, 0.2 mmol) in dry CH,Cl,
(2mL) at room temperature, 2-benzylthioimidazolone 6b
(2 eq., 0.4 mmol, 124 mg) was added. After cooling the solution
to —40°C, ethyl propiolate 3 (1.1 eq., 0.22 mmol, 22 mg) was
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added and the reaction mixture was stirred at the same
temperature for 10 minutes. Afterwards, the mixture was
allowed to reach —35°C slowly over 30 minutes. Then, the
solvent was evaporated under reduced pressure and the crude
compound was purified by column chromatography (eluent:
hexane/ethyl acetate 5:1) to obtain 8 as a brown solid, m.p.=
215-217°C. Yield 90.4mg, 0.19 mmol, 95%. 'H NMR
(300 MHz, CDCl3) 6=38.01 (s, 1H), 7.42-7.13 (m, 10H), 6.83
(d, J=2.4 Hz, 1H), 6.74 (dd, J,=8.9, Jyy=2.1 Hz, 1H), 6.50—
6.39 (m, 1H), 5.13-5.04 (m, 1H), 4.36 (d, J=2.4 Hz, 2H), 3.34
(dd, J=15.3, 4.8 Hz, 1H), 3.19 (dd, J=15.1, 6.1 Hz, 1H). *C
{'"H} NMR (126 MHz, CDCl;) 6=185.8, 185.1, 167.5, 159.5
(dd, J=239.8, 12.2 Hz), 156.2 (dd, J=248.1, 15.1 Hz), 137.7
(t, J=14.0 Hz), 135.2, 132.7, 132.5, 129.6, 128.9, 128.6, 128.0,
127.9, 124.1 (d, J=3.2 Hz), 112.8 (d, /=19.4 Hz), 107.2 (d,
J=3.1Hz), 95.8 (dd, J=28.7, 23.9 Hz), 93.9 (dd, J=26.1,
4.4 Hz), 65.9, 38.3, 28.5 (d, J=2.0 Hz). "F NMR (376 MHz,
CDCL) & -—118.14 (td, Jpypr=9.2, 4.6Hz), —119.48
(dd, Jrprr=11.0, 4.8 Hz). HRMS (ESI) m/z [M + H]* Calcd
for C,gH,0F,N;0,S, 476.1239; found 476.1246. IR (cm™') 3354,
1717, 1674.

Large Scale Synthesis of 8

The same procedure as above was followed from 1.25g
(5.94 mmol) of starting gramine 2b and using the following
quantities of solvent and reagents: 50 mL dry CH,Cl,, 2-
benzylthioimidazolone 6b (2 eq., 11.88 mmol, 3.69 mg) and
ethyl propiolate 3 (1.1 eq., 6.54 mmol, 0.64 g). Yield 2.54 g,
5.34 mmol, 90%.

Hydrolysis of 8 into Fluorinated Hydantoin 9

A solution of aq. HCl1 6 M (11 eq. 58.74 mmol, 9.79 mL) was
added dropwise to a solution of imidazolone 8 (5.34 mmol,
2.54 g) in 1,4-dioxane (80 mL) at 0°C. Once the addition was
complete, the reaction was stirred at room temperature over-
night. Afterward, the mixture was cooled to 0°C and a saturated
solution of NaHCO; was added until basic pH was reached. The
aqueous layer was extracted with CH,Cl, threefold and the
combined organic layers were dried over MgSO, and the
solvent evaporated under reduced pressure. The crude product
was purified by silica gel flash column chromatography
(hexane/EtOAc 3:1 to 1:1) to obtain hydantoin 9 as a white
foam. Yield: 1.37 g, 3.70 mmol, 69%. 'H NMR (300 MHz,
CDCl;) 6=28.46 (s, 1H), 8.11 (s, 1H), 7.54-7.23 (m, 5H), 6.96
(d, J=2.3 Hz, 1H), 6.83 (dd, J,»=38.9, J;u=2.0 Hz, 1H), 6.43
(ddd, Ju=11.0, 9.9, Jyy=2.0Hz, 1H), 524 (dd, J=5.2,
3.3 Hz, 1H), 3.79 (dd, J=15.1, 5.2 Hz, 1H), 3.56-3.43 (dd, J=
15.1, 3.3 Hz, 1H). ®C NMR {'H} (126 MHz, CD,0D) 6=
174.4, 170.1, 160.3 (dd, J=237.2, 12.0 Hz), 157.4 (dd, Jor=
247.3, 15.0 Hz), 155.0, 139.4 (t, Jo»=14.3 Hz), 135.5, 133.0,
130.2, 128.4, 126.2 (d, Jor=2.3 Hz), 114.6 (d, Jo»=18.7 Hz),
107.0 (d, Jor=2.9 Hz), 95.5 (dd, J»=29.2, 24.0 Hz), 94.8 (dd,
Jep=26.0, 4.4 Hz), 629, 259 (d, J-=2.5Hz). "F NMR
(376 MHz, CDCly) & —117.73 (td, Jpyr=9.5, 4.5Hz),
—118.41 (dd, Jeymr=11.1, 4.6 Hz). HRMS (ESI) m/z [M+
H]* Caled for C,oH,,F,N;0;, 370.0998; found, 370.1005. IR
(cm™h): 3232, 1791, 1731.
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Conversion of Hydantoin 9into Fluorinated Trypto-
phan 1

To a solution of hydantoin 9 (1eq., 3.70 mmol, 1.37 g) in
35mL H,0 at 0°C (ice bath), Ba(OH), monohydrate (4 eq.,
14.8 mmol, 2.80 g) was added. The resulting mixture was
refluxed for 96 hours, with evolution of ammonia gas and
formation of barium carbonate being observed. The mixture
was then cooled down to room temperature and the precipitate
was filtered and washed with water. The aqueous layer was
acidified with HCl 3 M (6 eq., 22.2 mmol, 3.7 mL) and then
water and the volatiles (HCl) were removed under reduced
pressure in the rotary evaporator first and finally under vacuum
pump. The resulting solid was dissolved in water and then
loaded into a dowex® 50WX2 hydrogen form (50100 mesh)
ion exchange resin (previously washed with 1.0 M HCI).
Afterwards, the resin was treated with water until the pH of the
eluent was neutral. Then, the compound was liberated from the
resin by eluting a 5% NH; aqueous solution. The obtained basic
solution was concentrated under vacuum to yield the 4,6-
difluoro-Trp 1 on its zwitterionic form as a pale brown solid,
m.p.=259-262°C. Yield: 0.83 g, 3.47 mmol, 94%. '"H NMR
(300 MHz, D,0) 6=7.22 (s, 1H), 7.08 (dd, Jyz=9.6, Jyy=
2.1 Hz, 1H), 6.83-6.69 (m, 1H), 4.01 (dd, /=8.9, 4.9 Hz, 1H),
3.53 (dd, J=15.1, 4.8 Hz, 1H), 3.20 (dd, /=15.0, 9.0 Hz, 1H).
BC{'H} NMR (126 MHz, CD;0D) 6=173.9, 160.6 (dd, Joz=
237.3, 12.3 Hz), 157.7 (dd, J=246.0, 15.3 Hz), 140.3 (t,
Jer=14.7Hz), 126.0 (d, Joz=2.9 Hz), 113.8 (d, Jo=19.4 Hz),
108.9, 95.4 (dd, Jor=29.3, 24.4Hz), 949 (dd, J=26.0,
4.4 Hz), 57.3, 29.3. "F NMR (376 MHz, CD;0D) § —121.54
(td, Jrpr=9.9, 4.1 Hz), —122.51 (dd, Jeypr=11.2, 4.3 Hz).
HRMS (ESI) m/z: [M+H]" Caled for C,H;F,N,0,,
241.0783; found 241.0789. IR (cm™'): 3457, 1646, 1557, 1540,
1507.

Protein Preparation

BL21 (DE3) E. coli were transformed with a plasmid encoding
a construct coding for the HIV capsid-CTD, as previously
described."”! Cultures were grown at 37°C in M9 modified
minimal medium containing 100 pg/L  Carbenicillin, 1 g/
L—"NH,CI, and 2 g/L of glucose as the sole nitrogen and
carbon sources, respectively. At ODgg, of 0.6-0.7, the culture
was supplemented with 1 g/L of glyphosate and 100 mg/L of
the two aromatic amino acids, phenylalanine and tyrosine as
well as 50 mg/L of the fluorinated amino acid, 4-fluoro
tryptophan, 6-fluoro tryptophan or 4,6-difluoro tryptophan.
After 45 minutes, protein expression was induced with 1 mM
IPTG. The culture was then grown at 18°C for an additional
16 h. Cells were harvested by centrifugation at 3,500 g for
30 min at 4°C. Cell pellets were resuspended in 40 mL lysis
buffer (25 mM sodium phosphate, pH 5.8, 5mM DTT) and
lysed by sonication. Cell debris was removed by centrifugation
at 33,000 g for 40 min at 4°C. The clarified lysate was loaded
onto 5 mL ion-exchange column (HiTrap SP HP, 5 mL) and
eluted using a gradient from 0-50% 1 mM NaCl in 25 mM
sodium phosphate buffer, pH 5.8, 5mM DTT. Protein eluted
between 10-15% NaCl and protein containing fractions were
collected, pooled, and concentrated in an Amicon with a
3000 Da cut-off. The concentrated protein was fractionated by
size-exclusion over a Superdex 75 10/300 GL column (GE
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Healthcare Life Sciences) using phosphate buffered saline,
pH 7.4, containing 2 mM DTT. Protein purity and F incorpo-
ration was assessed by PAGE and mass spectrometry.

F NMR Spectroscopy

All “F spectra of individual amino acids and fluorinated
proteins in the same aqueous buffer were recorded at 298 K on
a 14.1 T Bruker AVANCE spectrometer, equipped with a CP
TXO F/C-H-D triple-resonance, z-axis gradient cryoprobe at
283 K. "F chemical shifts were referenced to trifluoracetic acid.
F spectra were collected with 16,000 data points and a spectral
width of 50 ppm using a recycle delay of 5s. The carrier
frequency was set to —123 ppm. All spectra were processed
using Bruker Topspin 3.2. F spectra of compounds 1, 2b, 7b,
8 and 9 were recorded at 298 K on a Bruker Avance Neo 400,
equipped with Iprobe, at 376.5 MHz using monofluorobenzene
as internal reference. These spectra were processed using
Topspin 4.1.4 and Mestrenova software.

Acknowledgements

We thank the Basque Government (EJ, grant IT1583-22) and
Agencia Estatal de Investigacion (grants PID2019-109633GB-
C21/AEI/10.13039/501100011033 and PID2022-137153NB-
C21/AEl/10.13039/501100011033) for financial support. The
authors are grateful for the technical and human support
provided by SGlker (UPV/EHU/ERDE, EU). 1.H. thanks EJ for
a fellowship. R.M-P. was supported by the Health Sciences
Diversity Scholars Program at the University of Pittsburgh and
FB. by a post-doctoral fellowship from the American Heart
Association. The work in the Gronenborn laboratory was
supported by NIH grant U54A1170791.

References

[1] a) J. He, Z. Li, G. Dhawan, W. Zhang, A. E. Sorochin-
sky, G. Butler, V. A. Soloshonok, J. Han, Chin. Chem.
Lett. 2023, 34, 107578; b) Y. Yu, A. Liu, G. Dhawan, H.
Mei, W. Zhang, K. Izawa, V. A. Soloshonok, J. Han,
Chin. Chem. Lett. 2021, 32, 3342-3354; c) J. Han, L.
Kiss, H. Mei, A. M. Remete, M. Ponikvar-Svet, D. M.
Sedgwick, R. Roman, S. Fustero, H. Moriwaki, V. A.
Soloshonok, Chem. Rev. 2021, 121, 4678-4742.

[2] a) N. Wang, H. Mei, G. Dhawan, W. Zhang, J. Han,
V. A. Soloshonok, Molecules 2023, 28, 3651; b) Q.
Wang, J. Han, A. E. Sorochinsky, A. Landa, G. Butler,
V. A. Soloshonok, Pharmaceuticals 2022, 15, 999; c) H.
Mei, J. Han, S. White, D. J. Graham, K. Izawa, T. Sato,
S. Fustero, N. A. Meanwell, V. A. Soloshonok, Chem.
Eur. J. 2020, 26, 11349-11390.

[3] a) X.-L. Qiu, W.-D. Meng, F.-L. Qing, Tetrahedron
2004, 60, 6711-6745; b) J. L. Acena, A. E. Sorochinsky,
V. A. Soloshonok, Synthesis 2012, 44, 1591-1602;
¢) A. E. Sorochinsky, V. A. Soloshonok, J. Fluorine
Chem. 2010, 131, 127-139.

[4] a) C. Dalvit, A. Vulpetti, J. Med. Chem. 2019, 62, 2218—
2244; b) A. Boeszoermenyi, B. Ogorek, A. Jain, H.

© 2024 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

85Ue01 SUOWILLIOD aA 1D a|aealjdde sy Aq peusenob ale sejoilie YO ‘8sn Jo se|n 1o} Aeiq 1T 8uluQ A8|IAA UO (SUONIPUOD-PUR-SWRIW0Y A3 | 1M Akelq 1 uljuoy/:Sdiy) SUONIPUOD pue slue | 8y 88S *[7202/90/2T] Uo Areiqiaulluo Ae|IM ‘03se A Sked oA PepsieAluN Ag TE000YZ0Z 9SPe/Z00T OT/10p/wod A8 | 1M Aridjeul|uo//sdny wo.j pspeojumoqd ‘0 ‘69TYSTIT


https://doi.org/10.1016/j.cclet.2022.06.001
https://doi.org/10.1016/j.cclet.2022.06.001
https://doi.org/10.1016/j.cclet.2021.05.042
https://doi.org/10.1021/acs.chemrev.0c01263
https://doi.org/10.3390/molecules28093651
https://doi.org/10.3390/ph15080999
https://doi.org/10.1002/chem.202000617
https://doi.org/10.1002/chem.202000617
https://doi.org/10.1016/j.tet.2004.05.051
https://doi.org/10.1016/j.tet.2004.05.051
https://doi.org/10.1016/j.jfluchem.2009.09.015
https://doi.org/10.1016/j.jfluchem.2009.09.015
https://doi.org/10.1021/acs.jmedchem.8b01210
https://doi.org/10.1021/acs.jmedchem.8b01210
http://asc.wiley-vch.de

COMMUNICATIONS

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

Arthanari, G. Wagner, J. Biomol. NMR 2020, 74, 365—
379; ¢) D. Gimenez, A. Phelan, C.D. Murphy, S.L.
Cobb, Beilstein J. Org. Chem. 2021, 17, 293-318.

[5] J-X. Yu, R.R. Hallac, S. Chiguru, R.P. Mason,
Tetrahedron Lett. 2000, 41, 923-927.

[6] C. Dalvit, A. Vulpetti, ChemMedChem 2011, 6, 104-114.

[7] a) J. M. Bacher, A. D. Ellington, J. Bacteriol. 2001, 183,
5414-5425; b) P. B. Crowley, C. Kynea, W. B. Monteith,
Chem. Commun. 2012, 48, 10681-10683; c) M. Lu, R.
Ishima, T. Polenova, A. M. Gronenborn, J. Biomol. NMR
2019, 73, 401-4009.

[8] For reviews, see: a) B.B. Semenov, V.G. Granik,
Pharm. Chem. J. 2004, 38, 287-310; b) J. Zhang, Q. Jia,
N. Li, L. Gu, W. Dan, J. Dai, Molecules 2023, 28, 5695.
For selected examples: ¢) M. Somei, Y. Karasawa, C.
Kaneko, Heterocycles 1981, 16, 941-949; d) T. Kameta-
ni, N. Kanaya, M. Thara, J. Chem. Soc. Perkin Trans. 1
1981, 1, 959-963; e) F. Portela-Cubillo, B. A. Surgenor,
R. Alan Aitken, J. C. Walton, J. Org. Chem. 2008, 73,
8124-8127; f) H. Fujita, R. Nishikawa, O. Sasamoto, M.
Kitamura, M. Kunishima, J. Org. Chem. 2019, 84, 8380—
8391. For asymmetric versions, see: g) R. Todd, M.
Huisman, N. Uddin, S. Oehm, M. M. Hossain, Synlett
2012, 23, 2687-2691; h) D. Koiwa, M. Ohira, T.
Hiramatsu, H. Abe, T. Kawamoto, Y. Ishihara, B.
Ignacio, N. Mansour, T. Romoff, Org. Biomol. Chem.
2022, 20, 8331-8340.

[9] a) I. Hogan, P.D. Jenkins, M. Sainsbury, Tetrahedron
Lett. 1988, 29, 6505-6508; b) I. Hogan, P. D. Jenkins,
M. Sainsbury, Tetrahedron 1990, 46, 2943-2964.

[10] D.J. Jones, G. D. Artman III, R. M. Williams, Tetrahe-
dron Lett. 2007, 48, 1291-1294.

[11] T. Pillaiyar, E. Gorska, G. Schnakenburg, C. E. Miiller, J.
Org. Chem. 2018, 83, 9902-9913.

[12] a) J. Izquierdo, J. Etxabe, E. Duiiabeitia, A. Landa, M.
Oiarbide, C. Palomo, Chem. Eur. J. 2018, 24, 7217

7227; b) J. Izquierdo, N. Demurget, A. Landa, T. Brinck,
J. M. Mercero, P. Diner, M. Oiarbide, C. Palomo, Chem.
Eur. J. 2019, 25, 12431-12438; c) L. Villaescusa, I.
Hernandez, L. Azcune, A. Rudi, J. M. Mercero, A.
Landa, M. Oiarbide, C. Palomo, J. Org. Chem. 2023, 88,
972-987.

[13] For reviews, see: a) E. Ware, Chem. Rev. 1950, 46, 403—
470; b) S. H. Cho, S.H. Kim, D. Shin, Fur. J Med.
Chem. 2019, 164, 517e545; c¢) L. Konnert, F. Lamaty, J.
Martinez, E. Colacino, Chem. Rev. 2017, 117, 13757
13809. For selected applications of hydantoins to the
synthesis of a-amino acids: d) T. Keenan, A. Jean, S.
Arseniyadis, ACS Org. Inorg. Au 2022, 2,312-317; ¢) R.
Olivieri, E. Fascetti, L. Angelini, L. Degen, Biotechnol.
Bioeng. 1981, 23, 2173-2183; f) B. M. Arcuri, C. O. A.
Antunes, P.S. Machado, F. C. H. Almeida, G. E. Oes-
treicher, Amino Acids 2004, 27, 69—74; g) R. C. Atkin-
son, F. Ferniandez-Nieto, J. Mas Roselly, J. Clayden,
Angew. Chem. Int. Ed. 2015, 54, 8961-8965.

[14] a) J. Elks, D. F. Elliott, B. A. Hems, J. Chem. Soc. 1944,
629-632; b) G. Tang, X. Tang, S. Wang, G. Jiang, S.
Wu, J. Labelled Compd. Radiopharm. 1999, 42, 199—
201.

[15] L-J. L. Byeon, X. Meng, J. Jung, G. Zhao, R. Yang, J.
Ahn, J. Shi, J. Concel, C. Aiken, P. Zhang, A.M.
Gronenborn, Cell 2009, 139, 780-790.

[16] L.-J. L. Byeon, G. Hou, Y. Han, C. L. Suiter, J. Ahn, J.
Jung, C.-H. Byeon, A. M. Gronenborn, T. Polenova, J.
Am. Chem. Soc. 2012, 134, 6455-6466.

[17] a) M. Lu, S. Sarkar, M. Wang, J. Kraus, M. Fritz, C. M.
Quinn, S. Bai, S. T. Holmes, C. Dybowski, G. P. A. Yap,
J. Struppe, 1. V. Sergeyev, W. Maas, A. M. Gronenborn,
T. Polenova, J. Phys. Chem. B 2018, 122, 6148-6155;
b) M. Lu, R. Ishima, T. Polenova, A. M. Gronenborn, J.
Biomol. NMR 2019, 73, 401-4009.

Adv. Synth. Catal. 2024, 366, 1-7 Wiley Online Library

These are not the final page numbers! 77

6

© 2024 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH

85Ue01 SUOWILLIOD aA 1D a|aealjdde sy Aq peusenob ale sejoilie YO ‘8sn Jo se|n 1o} Aeiq 1T 8uluQ A8|IAA UO (SUONIPUOD-PUR-SWRIW0Y A3 | 1M Akelq 1 uljuoy/:Sdiy) SUONIPUOD pue slue | 8y 88S *[7202/90/2T] Uo Areiqiaulluo Ae|IM ‘03se A Sked oA PepsieAluN Ag TE000YZ0Z 9SPe/Z00T OT/10p/wod A8 | 1M Aridjeul|uo//sdny wo.j pspeojumoqd ‘0 ‘69TYSTIT


https://doi.org/10.1007/s10858-020-00331-z
https://doi.org/10.1007/s10858-020-00331-z
https://doi.org/10.3762/bjoc.17.28
https://doi.org/10.1002/cmdc.201000412
https://doi.org/10.1128/JB.183.18.5414-5425.2001
https://doi.org/10.1128/JB.183.18.5414-5425.2001
https://doi.org/10.1039/c2cc35347d
https://doi.org/10.1007/s10858-019-00268-y
https://doi.org/10.1007/s10858-019-00268-y
https://doi.org/10.3390/molecules28155695
https://doi.org/10.3987/R-1981-06-0941
https://doi.org/10.1021/jo801751a
https://doi.org/10.1021/jo801751a
https://doi.org/10.1021/acs.joc.9b00039
https://doi.org/10.1021/acs.joc.9b00039
https://doi.org/10.1039/D2OB01682F
https://doi.org/10.1039/D2OB01682F
https://doi.org/10.1016/S0040-4039(00)82385-0
https://doi.org/10.1016/S0040-4039(00)82385-0
https://doi.org/10.1016/S0040-4020(01)88387-3
https://doi.org/10.1016/j.tetlet.2006.12.016
https://doi.org/10.1016/j.tetlet.2006.12.016
https://doi.org/10.1021/acs.joc.8b01349
https://doi.org/10.1021/acs.joc.8b01349
https://doi.org/10.1002/chem.201800506
https://doi.org/10.1002/chem.201800506
https://doi.org/10.1002/chem.201902817
https://doi.org/10.1002/chem.201902817
https://doi.org/10.1021/acs.joc.2c02403
https://doi.org/10.1021/acs.joc.2c02403
https://doi.org/10.1021/cr60145a001
https://doi.org/10.1021/cr60145a001
https://doi.org/10.1016/j.ejmech.2018.12.066
https://doi.org/10.1016/j.ejmech.2018.12.066
https://doi.org/10.1021/acs.chemrev.7b00067
https://doi.org/10.1021/acs.chemrev.7b00067
https://doi.org/10.1021/acsorginorgau.1c00058
https://doi.org/10.1002/bit.260231002
https://doi.org/10.1002/bit.260231002
https://doi.org/10.1002/anie.201502569
https://doi.org/10.1039/jr9440000629
https://doi.org/10.1039/jr9440000629
https://doi.org/10.1002/(SICI)1099-1344(199902)42:2%3C199::AID-JLCR179%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1099-1344(199902)42:2%3C199::AID-JLCR179%3E3.0.CO;2-P
https://doi.org/10.1016/j.cell.2009.10.010
https://doi.org/10.1021/ja300937v
https://doi.org/10.1021/ja300937v
https://doi.org/10.1021/acs.jpcb.8b00377
https://doi.org/10.1007/s10858-019-00268-y
https://doi.org/10.1007/s10858-019-00268-y
http://asc.wiley-vch.de

COMMUNICATIONS

Synthesis of 4,6-Difluoro-Tryptophan as a Probe for Protein
F NMR

Adv. Synth. Catal. 2024, 366, 1-7
C. M. Monnie, I. Hernandez, R. Meléndez-Pacheco, F.

Bhinderwala, V. A. Soloshonok*, A. M. Gronenborn*, A.
Landa*, M. Oiarbide*

NMe; o)
N\ 1. /J\OEt
N (o]
H CH2C|2, -30°C
+ N 30 min
)LNBZ 2. aq HCI
BnS 3. aq Ba(OH),

e Incorporation into
protein
« '°F NMR analysis

N

4,6-F,-Trp
3 steps, 69% (1.35 g)

4
Jo oy

35101 SUOLUWIOD SAIIERID 3|0 ddke 8Ly A peuienob a1 SapIE WO ‘88N O SBIN. 10} Aiq 1T 2UIIUO A3 UO (SUORIPUOCO-PUB-SLLLBYLID"AB W ARG 1[BU1[UO//Sd1ILY) SUOIPUOD PUe SULB 1 8L 385 *[1202/90/2T ] Uo ARIqIT aUIIUO AB]IM ‘0352 SEd PA PepSRAIN AQ TE000VZ0Z 95PR/Z00T OT/10p/Wi00 A 1M ARR.q 1 [ou |UO//SANY W01} PAPeO|UMOd ‘0 ‘69TYSTIT



	Synthesis of 4,6-Difluoro-Tryptophan as a Probe for Protein ¹⁹F NMR
	Experimental Section
	Ethyl Propiolate-Promoted Addition of 2-Benzylthioimidazolone 6 b to Gramine 2 b
	Large Scale Synthesis of 8
	Hydrolysis of 8 into Fluorinated Hydantoin 9
	Conversion of Hydantoin 9 into Fluorinated Tryptophan 1
	Protein Preparation
	¹⁹F NMR Spectroscopy

	Acknowledgements


