Accepted Manuscript

Radical arylation of tyrosine residues in peptides

Stefanie K. Fehler, Gerald Pratsch, Christiane Ostreicher, Michael C.D. Fiirst, Monika
Pischetsrieder, Markus R. Heinrich

Pll: S0040-4020(16)30380-5
DOI: 10.1016/j.tet.2016.04.084
Reference: TET 27734

To appearin:  Tetrahedron

Received Date: 4 April 2016

Accepted Date: 27 April 2016

Please cite this article as: Fehler SK, Pratsch G, Ostreicher C, Fiirst MCD, Pischetsrieder M,
Heinrich MR, Radical arylation of tyrosine residues in peptides, Tefrahedron (2016), doi: 10.1016/
j-tet.2016.04.084.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.tet.2016.04.084

Graphical Abstract
To create your abstract, type over the instructinriee template box below.
Fonts or abstract dimensions should not be chaogallered.

Radical arylation of tyrosineresiduesin Leave this area blank for abstract info.

peptides
S. K. Fehlef,G. Pratsch,C. Ostreichef,M. C. D. Fiirsf, M. Pischetsriedémnd M. R. Heinricf*
®Pharmaceutical Chemistry, FAU Erlangen-Nurnbergh8tstrale 19, 91052 Erlangen, Germany
®Food Chemistry, FAU Erlangen-Niirnberg, Schuhstra®e91052 Erlangen, Germany

E
o e
HO,C—
F. 0
O w4
NsCI” H NH
TiCla, 30 °C
HN-Arg-Arg-Pro-Tyr-lle-Leu-OH —— = === HoN o g 0
NATG AT Pro-Ty (HOHH;0) < Hi—

hexapeptide NT(8-13) o0Q

)
HoN' HNE
NH

J—NHz

HN




Tetrahedron

journal homepage: www.elsevier.com

Radical arylation of tyrosine residues in peptides

Stefanie K. Fehlet? Gerald Pratsch” Christiane Ostreich&Michael C. D. Fiirst Monika
Pischetsried8rand Markus R. Heinridf

“Department fur Chemie und Pharmazie, Pharmazei€itemie, Friedrich-Alexander-Universitat Erlangiirnberg, Schuhstrafle 19, 91052 Erlangen,
Germany

Department fiir Chemie und Pharmazie, Lebensmitehit, Friedrich-Alexander-Universitéat Erlangen-NEemg, SchuhstralRe 19, 91052 Erlangen, Germany
*Theseauthors contributed equally.

ARTICLE INFO ABSTRACT

Article history The radical arylation of the phenolic side chairtysbsine in peptides has been investigafegl radicals wer
Received generated from aryldiazonium salts using titanilin@hloride as stoichiometric reductant. Due to the |
Received in revised form selectivity with which 3aryltyrosine derivatives were formed, this reactigwe represents a new strategy fol
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1. Introduction of tyrosine incorporated in peptides has so fambaehieved

. . . through a two-step sequence comprising electroptutilmation
~ Radical arylation reactions have recently become anpng sypsequent Suzuki cross-couplii. Since the initial
increasingly popular strategy for the synthesisbifryl com-  jogination step thereby preferably provides 3,Bdiinated

pounds_l.'z Since s_uch_trarlsf_ormations are formally comparéble iy osines, this strategy is mainly suited for tiyatiesis of 3,5-
aromatic C-H activation$simple starting materials can be used diarylated derivatives.

in comparison with established Suzuki-type crossating

reactions. Moreover, good regioselectivities have been olethin R }OH

in radical arylations of donor-substituted benzeiesuding \ HN—

phenol§® and anilines. The radical arylation of L-tyrosing, NH, 0 %
. : . . HN=( NH O

which can essentially be carried out in the compédisence of NH HN

protecting groups, and which does not lead to pardeem- Q m O OH

ization at the stereocenter of the amino acid therepresents a N N ©

particularly valuable alternative to known transitimetal cata- "ai Q

lyzed protocols! 3-Aryltyrosines prepared through such aryla- HN O NH

tion reactions were recently applied in the synthedia highly 1 HN)fNH2 P

subtype-selective neurotensin receptor ligan@Figure 1)°°* KNTST) 18000 M

The neurotensin receptor subtype 2 (NTS2) appearset selectivity ratio: % e = " eanm - 2%

involved in antinociceptive activity and hypotheamiwhereas Figure 1. Neurotensin receptor subtype 2 (NTS2) liganaith
NTS1 is considered to be largely responsible fer ¢bntrol of high selectivity over NTS1.

dopamine-mediated, neuroleptic effetts! A significant draw-
back with regard to a future structural optimizatwhligand 1

however is that each hexapeptide has to be prepaarately With regard to a selective radical arylation ofosine in
through multistep solid-phase peptide synthesi® &P peptides, which might generally be complicated hg thigh

Against this background, it appeared as a challengisk to reactiviltg/ .of aryI. radica!s towards_ many organic dtional
investigate the direct radical arylation of tyrasinesidues in 9roups,” it was interesting to notice that the backbone of
peptides, since this could provide a far easieesdo further ~Peptides had been found to be largely inert towétrdsattack of
derivatives of ligand. bearing diversely substituted aryl moieties €l€ctrophilic “hydroxyl radicalS. Among_ all carbon_—;ezr;tered
in 3-position of the tyrosine unit. Arylation at tagomatic core radicals, aryl radicals can also be consideredeasrephilic:
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In this article, we now report first results on theedt radical
arylation of tyrosine residues in peptides angarticular, on the
preparation of further derivatives of NTS2 ligahd

2. Results and discussion

In a first series of experiments, we investigated thaethe
previously reported titanium(lll)-mediated arylatiof L-tyrosine
methyl ester Z) with 4-chlorophenyldiazonium chloride3)(
(Table 1, entry 1) could also be conducted with gibisiometric
amounts of the reductant. Table 1 contains selaesdlts from
this series (see Supporting Information for furte®gperiments).
Radical arylations of electron-rich benzenes carsicadly
proceed as chain reactions requiring the reductanly as
initiator,”** and with regard to an arylation of peptides, lower
amounts of titanium(lll) would facilitate work-up asgell as
separation. The yield of 22% from the experimenthwil
equivalents of titanium(lll) chloride demonstratdtht a chain
transfer does indeed occur (entry 3, 10% theoletiedd for
non-chain reaction), but that it is not effectiveoagh to allow
for useful conversions of. Addition of zinc to regenerate
titanium(lll) ions could not improve this resultntey 4). The
negative effect of titanium(IV) ions formed in theaction course
became apparent from the reaction reported in entrgs the
yield was even lower than with 0.5 equivalents ofntiten(l1l)
chloride (entry 2). Lower amounts of the radicalegtor?2 also
decreased the yield to 38% and 31% (entries 6 andvhiich
indicated that a good conversion relative to thregine unit will
most probably require a significant excess of diaam ions.

Table 1. Arylation of methyl L-tyrosinate?).

OH c O OH
o 1. TiCl, (2 equiv) O
\@\ . (HCI-H,0), rt
N;CI™ CoMe 2 Na2COs CO,Me
NH; CI~ NH,
3 2 4
(slow addition) (3 equiv)
yield 4
entry variation of standard conditichs (%)°
1 - 56
2 TiCl; (0.5 equiv) 35
3 TiCl; (0.1 equiv) 22
4 TiCl; (0.1 equiv) + Zn (10 equiv) 18
5 TiCl; (1 equiv) + TiCJ (1 equiv) 29
6 2 (1.5 equiv) 38
7 2 (1 equiv) 31

®Standard conditions: Slow addition 8f(2 mmol) in HCI/HO (0.4 M,
5 mL) to a mixture o (6 mmol) and TiG (4 mmol, 4 mL of 1 M soln. in
3 M HCI) in H,O (6 mL) over 10-15 min at rtYield determined byH-NMR
using dimethyl terephthalate as internal standard.

Radical arylations of arenes are more easy to adrakichain
reactions when electron-deficient diazonium saltse ar

employed® In that case, the diazonium ions are stronger
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diazonium salt3 (Table 1). Interestingly, 3-pentafluorophenyl-
tyrosine derivatives comparable %chave not been described in
literature so far, although they could be valudhlédding blocks
for investigations by magnetic resonance tomogrdMiT).*

Scheme 1. Arylations with reactive diazonium ions.
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In further experiments, alternative aryl radicaluses,
including phenylazocarboxylate s&ftsn the presence of acid
and phenylhydrazine in combination with manganessidé ™
were investigated. Since the comparably low vyields 3ef
aryltyrosines obtained from these attempts furtwgported the
special aptitude of the reductive conditions bameditanium(lIl)
chloride, we turned to evaluate the effect of otlraino acids on
the arylation reaction. Based on literature repensl earlier
observations, it can be expected that cystéimed methionin@
have a significant negative impact on radical digfes through
either hydrogen atom transfer from the thiol graughomolytic
substitution at the sulfur atoms of the thioetl®@ur study thus
focused on phenylalaning0, histidine 11, tryptophan12 and
lysine 13, which were used as methyl esters in separate
competition experiments (Table 2).

Table 2. Competition experiments with aromatic amino acid
methyl esters.

OH 1. TiCl (2 equiv) Cl O OH
amino acid 10-13
(1.5 equiv)
(see Table) O
C'\@\ (HCI-H,0)
+
NEGI C+02?"e 2. Na,COs COzMe
NH; CI NH,
3 2 4
(slow addition) (1.5 equiv)
yield 4
entry competing amino acid (%)°
1 - 38
2 L-phenylalanine methyl ester (xHCI)Q) 22
3 L-histidine methyl ester (xHCILL) 28
4 L-tryptophan methyl ester (xHC[.Z) 7
5 L-lysine methyl ester (xHCINB) 22

oxidants?® and reduction of them can occur along with
rearomatization of the cyclohexadienyl adduct agsirom the
radical addition steff For such reactions, the 2,4-dinitro-
phenyldiazonium salb and the pentafluoro derivativ@ have
been found to be particularly well suited (Schemé&® Due to
good solubility of5 in water, the arylation of L-tyrosine methyl

®Standard conditions: Slow addition f(2 mmol) in HCI/HO (0.4 M,
5 mL) to a mixture o2 (3 mmol), methyl ester-protected amino at@#13
(3 mmol) and Tid (4 mmol, 4 mL of 1 M soln. in 3 M HCI) in 40 (6 mL)
over 10-15min at rt. “Yield determined by'H-NMR using dimethyl
terephthalate as internal standard.

ester ) could be conducted under conditions comparable to The results summarized in Table 2 show that thetrelec

those reported in Table 1. The experiment with tlemtg
fluorophenyldiazonium sa8, in contrast, had to be performed in
acetonitrile. The use of sodium iodide as initidtad earlier been
reported by Kochf? In both reactions, the desired produgtsr 9
were obtained again with high regioselectivity, buit mwvith
better yields than those obtained before with tlulldrophenyl-

deficient imidazole unit of histidinél (entry 3), which can be
considered as protonated under the strongly additditions,
has the least impact on the arylation of tyrosdn@he presence
of phenylalaninelO or lysine 13 reduced the yield off more
significantly from 38% to 22% (entries 1, 2 and IBgole, which
occurs in the side chain of tryptophan, and whickniewn to be



an efficient acceptor for aryl radicals led to ofiB6 of 4 (entry
4)122 Remarkably, arylation products besidéswere only
detected in the competition experiment with trypiph2. The
fact that the other amino acid6, 11 and13 are not attacked by
aryl radicals, and merely increase hydrogen alisira¢o give
volatile chlorobenzene, is beneficial with regardthe radical
arylation of peptides.

In the next step, the reductive titanium(lll)-medih arylation
was applied to the dipeptide ACHN-Tyr-Lys-OM®4) (Scheme
2, conditions A). In contrast to the reactions régb before
(Table 1), and due to the value of the peptidic ponent, a
significant excess of 4-fluorophenyldiazonium ckder (15) (4.6
equiv) and titanium(lll) chloride (9.1 equiv) waswmaised®
Thus, the titanium-based arylation provided a psamg reactant-
to-product ratio of 1:1. Purification of the aryddtdipeptidel6
was achieved through washing with diethyl ether to onm
unpolar side products, followed by solid phase etiva and
preparative HPLC. After washing with diethyl ether, Igsia of
the crude reaction mixture byI-NMR revealed no significant
products other thab6 and unreacted dipeptidd.

Scheme 2. Arylation of dipeptide ACHN-Tyr-Lys-OMeld).

RO
N, CI-

OH 15 (4.6 equiv) F O OH
TiCl3 (9.1 equiv)
(HCI-H,0) O
0 cone conditions A le) CO,Me

N
H/\/j
NHAc /\/j \©\ 16 NHAc

N-coo™ Nau) HoN
17 (4.8 equiv)
phosphate buffer
(HCI-D,O-CD5CN)
conditions B

14:16= 1:1(A)
14:16 = 6.3:1 (B)

Although not successful in preliminary attempts vittosine2,
we again evaluated the acid-induced reaction of ylhen
azocarboxylatd7 as metal-free alternative for the arylatiornldf
(Scheme 2, conditions Bj.If effective, such reaction could
benefit from the highly efficient access'f&-labelled derivatives
of 17*" and provide radiolabeled peptidetowever, only a low

conversion ofl4 could be achieved under conditions B, which

further supports the special role of titanium(lidns in radical
arylations of phenols. Since the overall conditigngnd B are
more or less identical if one ignores the presewicéitanium

ions, a possible explanation for the vast diffeeeinit outcome
could be that titanium(lll) ions are able to irgse the reactivity
of phenol as a radical accepfor.

A series of arylation experiments was then cdroat with
hexapeptide NT(8-13)18) (Table 3). The conditions including
4.6 equivalents of 4-fluorophenyldiazonium chlor{d@g) and 9.1
equivalents of titanium(lll) chloride turned out ke the most
successful, since a favorable reactant-to-prodatit rof 1.3:1
could be achieved in this way (entry 1). The seldgtiof the
arylation at the tyrosine unit was confirmed by preidion
(tandem) mass spectrometry (see Supporting Infoomat
Lower as well as larger amounts of the diazonium Haland
titanium(lll) chloride resulted in lower conversions the

3

arising from hydrogen abstraction by the aryl ratfi¢ or 4,4

difluoroazobenzene formed from aryl radical additito the
diazonium saltl5,*® could easily be removed through washing of
the crude reaction mixture with diethyl ether.

Table 3. Arylation of hexapeptide NT(8-13]18).

N; Cl HN
15
':'iCl3,T3% |(§ NH /\?*NH
NT(8-13) see Table 4
18 (HCI-H,0) HZNJH<N © HN\{/O
08y
N
HoN HNZL_L
NH
J—NH;
19 HN
conditioris ratio
entry 15 (equiv) TiGd (equiv) 18:19°
1 4.6 9.1 1.3:1
2 3.4 6.3 2.1:1
3 3.4 3.4 4.0:1
4 2.3 4.2 54:1
5 6.3 12.6 2.0:1
6 12.6 25.2 <

®General conditions: Slow addition of 4-fluorophetigzonium chloride 15)
(0.2m) over 20 minutes to a solution of NT(8-13)8) (5.23 umol or
10.5 pmol) and TiGl(in 2 M hydrochloric acid)n water (0.5 mL or 1.0 mL)
under argon atmosphere at 30° ¢Ratio determined by'H-NMR
spectroscopy (integration of characteristic aroenaignals).‘Integration of
characteristic signals not possible.

Finally, the optimized conditions (Table 3, entjywlere applied
to the arylation of NT(8-13)18) with 3-bromophenyldiazonium
chloride, which provided the arylated hexapepti@&@ in a
reactant-product ratio of 1.5:1. This ratio is damito that
reached in the preparation 18.

Br
HOzc

o)
/\?*NH
N\// HoN HN*>7NH o
e T
H,N  HN- NH
” 91 O —CO,H

J—NH;
HN
Figure 2. Variation of diazonium salt and peptide.

The unfavorable effect of phenylalanine, which wasay
observed in the competition experiment (Table 2fdme again
noticable in the arylation of the Phe-containingtppetide Leu-
enkephalin with 4-fluorophenyldiazonium chlorid&). Under
comaprable conditions1% (3.0 equiv), TiC} (5.5 equiv)), a

hexapeptidel8 (entries 2-5). Not unexpectedly, the experimentdower reactant-to-product ratio of 3:1 was achieved the

using large amounts of both reactants (entries & &nwere
significantly complicated by the elaborate remowaf the
titanium ions during work-up. Beneficially, analysisthe crude

reaction yielding the arylated pentapeptide(c.f. entry 2, Table
3). Remarkably, this low conversion is not due tooapeting
arylation of the phenylalanine side-chain, but to iacreased

reaction mixtures byH-NMR spectroscopy indicated that no formation of non-polar products such as fluorobeezeand

significant side-products were formed frob8 other than the

difluororazobenzene. In the two reactions leadm@Q and 21,

arylated peptidel9. Unpolar products such as fluorobenzene



4
peptidic side-products were only observed in smaibants
relative to desired arylation products.

In summary, we have shown that reasonable conversams
be obtained in direct radical arylations of pepgidasing
diazonium salts and titanium(lll) chloride as re@umt. Such
reactions can provide a more straightforward accessa
compound library of functionalized peptides, sihe strategy
does not require the preparation of each peptidaugh solid-
phase synthesis. The fact that no significant gdeptside-
products were observed, supports the assumption pesatide
backbone is largely stable towards electrophilic ioald.
Ongoing work includes the preparation of further ategd
derivatives of hexapeptide NT(8-13) as well as ingasibns on
a possibly activating effect of titanium(lll) iong radical
arylations of phenols. Moreover, and despite thgh lieactivitiy
of aryl radicals towards many substrates, radicdations could
become a new strategy for the late-stage functipai@din of
complex biomolecule¥'

3. Experimental part
3.1. General techniques

Column chromatography was performed on silica g&Q 2
400 mesh ASTM. TLC plates were visualized with UV. All
reagents were purchased from commercial sourcesuaed
without additional purification. Hexapeptide NT(8-13yas
prepared according to literature procedures (s&& aupporting
Information)® 'H NMR, *C NMR and™F NMR spectra were
recorded on Bruker Avance 600 or Avance 360 spectemie
using either CDG| CD;OD, CD;CN or DO as solvent with

TMS or GFs (for 'F NMR) as reference. Mass spectra were(C); MS (El) m/z (%): 307 (3)

recorded on a Jeol GC mate Il spectrometer usingtrete
ionization. Electrospray ionization MS (ESI-MS) reaeements

Tetrahedron

0 °C with a degassed solution of sodium nitrite @I@mol,
0.69 g) in water (5 mL) by dropwise addition overesipd of 10
minutes, followed by additional stirring for 20 mies at O °C.
An aliquot of this 0.4 M ice-cooled solution of 4-
chlorophenyldiazonium chloride3) (2.00 mmol, 5mL) was
added dropwise by a syringe pump to a vigorouslyrestj
degassed mixture of methyl tyrosinate hydrochlori¢®
(6.00 mmol, 1.39 g) in water (6 mL) and titanium¥ltdhloride
(4.00 mmol, 4 mL of a ca. 1 M solution in 3 N hydntaric acid)
under nitrogen atmosphere at room temperature wittOn
15 minutes. After stirring for 10 more minutes, thid of the
crude mixture was adjusted to a value of 8-9 byue of satd.
aqueous solution of sodium carbonate. Threefoldaetibn with
diethyl ether (3 75 mL), washing of the combined organic
phases with a satd. aqueous solution of sodiumidelodrying
over sodium sulfate and concentration in vacuottethe crude
product mixture, which was analyzed by NMR spectroscopy
(56% vyield determined by internal standard dimethyl
terephthalate). Purification by column chromatogsagsilica
gel, CHCIl/MeOH = 10:1) gave methyl 3-(4-chloro-phenyl)-
tyrosinate 4).

R =0.5 (CHCI/MeOH 10:1); colorless solid™ NMR
(360 MHz, CROD) 6 (ppm) = 2.94 (ddJ = 6.0 Hz,J = 13.9 Hz,
1 H), 3.02 (ddJ = 7.0 Hz,J=13.9 Hz, 1 H), 3.71 (s, 3 H), 3.83
(dd, J=6.0 Hz,J=7.0 Hz, 1 H), 6.85 (d)= 8.3 Hz, 1 H), 7.01
(dd, 2.2 Hz,J= 8.6 Hz, 1 H), 7.09 (d)=2.2 Hz, 1 H), 7.37 (d,
J=8.6 Hz, 2 H), 7.54 (dJ = 8.6 Hz, 2 H);"*C NMR (91 MHz,
CD;0OD) & (ppm) =39.9 (ChH), 49.9 (CH), 56.4 (CH), 117.3
(CH), 128.6 (), 128.7 (G), 129.0 (2 x CH), 130.7 (CH), 131.9
(2 x CH), 132.4 (CH), 133.6 (; 138.7 (G), 1546 (G), 1753
fCl-M™, 305 (8) f°Cl-M*], 248
(4), 246 (10), 219 (42), 217 (100), 181 (15), 15Q)( 136 (10),
107 (58), 88 (58), 70 (9), 57 (21), 43 (60); HRMS) (&lcd. for

were performed on a UHR-TOF Bruker Daltonik (Bremen,CisHis CINO; [M*]: 305.0819, found: 305.0821?

Germany) maXis plus, an ESI-quadrupole time-of-fligitoF)
mass spectrometer capable of resolution of at |€8s000
FWHM. LC-MS Waters-system Bridge C18 analytical coly

Competition experiments (Table 2)

An aliquot of the previously prepared 0.4 M ice-@mbl

4.6x50 mm, 3..um, flow rate: 1:23 ml/min) coupled to a Waters solution of 4-chlorophenyldiazonium chlorid8) ((2.00 mmol,
ACQUITY QDa mass detector equipped with an ESI-trap5 mL) was added dropwise by a syringe pump to a oiggy
Parameters: C}{€N in H,O 10-90% in 17 min, 0.1% formic acid. stirred, degassed mixture of methyl tyrosinate bgdtoride @)

Column chromatography on silica gel was used foifipation
unless otherwise noted. Purification of arylated tiges by

(3.00 mmol, 695 mg) and a second methyl ester-pt@deamino
acid 10-13 (3.00 mmol) in water (6 mL) and titanium(lll)

preparative HPLC was performed on a Jasco HPLC-UV systerchloride (4.00 mmol, 4 mL of a ca. 1 M solution BN

(Jasco, Gro3-Umstadt, Germany) which included a PURID87
pump with degasser, an AS-2057Plus autosampler aridvan
2077Plus detector. A Nucleodur C18ce columruNb particle
size; 10 x 250 mM, Macherey-Nagel, Diren, Germany) weasl
for separation. Samples were dissolved in 0.1% foragid,
injected (about 10 mg in 500 pL volume) and elud¢dh flow
rate of 3.0 mL/min at room temperature. Fractionsevemllected
manually. Data acquisition and processing was carmieid by
ChromPass 1.8 software. Chromatograms were recotd220a
260 and 280 nm. Sample clean-up by SPE was perfomited
Strata C18E (55 um, 70 A) tubes (Phenomenex, Asaitaifg,
Germany). After conditioning of the resin with 2 mL ©H,CN
and 2 mL of 0.1% TFA, 10 mg of sample (dissolvedifh%
TFA) were loaded per column. After 2 washing steps ®imL
of 0.1% TFA, peptides were eluted with 1.5 mL of 60%;CN,
0.1% TFA. Subsequently, samples were dried by ly@ation.

3.2. Compounds
Methyl L-3-(4-chlorophenyl)tyrosinatel) (Table 1)

A degassed solution of 4-chloroaniline (10.0 mma281g) in
hydrochloric acid (3 N, 10 mL) and water (10 mL) waesated at

hydrochloric acid) under nitrogen atmosphere at nroo
temperature within 10-15 minutes. After stirring fd® more
minutes, the pH of the crude mixture was adjusted t@alue of
8-9 by the use of satd. aqueous sodium carbondieefold
extraction with diethyl ether (3 x 75 mL), washing dfie
combined organic phases with a satd. aqueous solofisodium
chloride, drying over sodium sulfate and conceidmain vacuo
led to a crude product. The yield dfwas determined byH
NMR using dimethyl terephthalate as internal stathdar

Methyl L-3-(2,4-dinitro)tyrosinate6) (Scheme 1)

A mixture of 2,4-dinitroaniline (5.00 mmol, 915 mg)nd
tetrafluoroboric acid (50%, 71.4 mmol, 12.5 mL) vea®led to —
5°C. A pre-cooled solution of sodium nitrite (5.8®nol,
345 mg) in water (2.5 mL) was dropwise added overrngef
20 minutes. The precipitate was filtered off andbsmquently
washed with cold tetrafluoroboric acid, ethanol arethyl ether.
The resulting 2,4-dinitrophenyldiazonium tetrafloborate %)
was dried in vacuo and stored-48 °C.

Yellow solid; yield 1.17 g (83%);'H NMR (600 MHz,
CD;OD / D;O) 6 (ppm) = 7.94 (dJ = 8.2 Hz, 1 H), 8.66 (ddl =
2.2 Hz,J= 8.2 Hz, 1 H), 9.02 (dJ = 2.2 Hz, 1 H);"*C NMR



(151 MHz, CROD/D,0) & (ppm) = 119.7 (CH), 120.6 (%
130.2 (CH), 132.3 (CH), 149.8 | 151.2 (G).

Titanium(lll) chloride (1.00 mmol, 1 mL of a ca.M solution

in 3 N hydrochloric acid) was added dropwise by angg pump
to a vigorously stirred, degassed mixture of methyyrosinate
hydrochloride 2) (3.00 mmol, 695 mg) and 2,4-dinitrophenyl-
diazonium tetrafluoroborates) (1.00 mmol, 282 mg) in hydro-
chloric acid (3 N, 3 mL) under nitrogen atmospher¢himi 10-
15 minutes. After stirring for 10 more minutes, thid of the
crude mixture was adjusted to a value of 8-9 byube of satd.
aqueous sodium carbonate. Threefold extraction vethyl

acetate (X 75 mL), washing of the combined organic phases0 69

with a satd. aqueous solution of sodium chlorideingdr over
sodium sulfate and concentration in vacuo led te tnude
product. Purification by column chromatography i¢sil gel,
CH,Cl,/MeOH = 25:1-510:1) gave methyl L-3-(2,4-dinitro-
phenyl)tyrosinateq).

R = 0.1 (CHCIl,/MeOH 25:1); colorless solid; yield 139 mg
(38%); '"H NMR (600 MHz, CDCJ) & (ppm)=2.86 (dd,
J=7.8Hz,J=13.9 Hz, 1 H), 3.10 (dd]= 6.7 Hz,J = 14.1 Hz,
1 H), 3.75 (s, 3 H), 3.76-3.80 (s, 1 H), 6.53 Jd; 8.8 Hz, 1 H),
7.05-7.07 (m, 2H), 7.58 (dJ=8.5Hz, 1H), 841 (dd,
J=2.4Hz,J=8.5Hz, 1H), 8.76 (d]= 2.3 Hz, 1 H);*C NMR
(151 MHz, CDC}) 5 (ppm) = 39.4 (CH), 51.9 (CH), 55.0 (CH),
115.5 (CH), 119.5 (CH), 123.2 (CH), 126.5 (CH), 1283)(
129.9 (CH), 131.5 (@, 133.7 (CH), 139.6 (¢, 146.3 (G), 149.2
(Cy, 152.7 (), 174.9 (Q); MS (El) m/z (%): 361 (2) [M, 302
(16), 274 (9), 273 (17), 256 (21), 181 (10), 89)(&B (100), 33
(12); HRMS (EI) calcd. for GH;sN;O; [M*]: 361.0910, found:
361.0909.

Methyl L-3-(pentafluorophenyl)tyrosinat8)((Scheme 1)

A solution of pentafluoroaniline (5.00 mmol, 916 mg)dry
acetonitrile (1 mL) is added dropwise to a mixtufeolverized
nitrosyl tetrafluoroborate (5.00 mmol, 915 mg) ity dcetonitrile
(2 mL) at =30 °C over a period of 30 minutes. Afgrring for 1
hour at —30 °C, dry dichloromethane (7.5 mL) waseadand the
resulting precipitate was filtered off. Drying in wexled to the
desired pentafluorophenyldiazonium tetraflurorber@j.

Yellow solid; yield 1.07 g (76%);"*C NMR (151 MHz,

CDiCN) & (ppm)=96.1 (m, @, 139.8 (d, Jor = 260.5 Hz,
2 x G), 149.0 (ddJor = 15.6 Hz,Jor = 282.4 Hz, @), 154.4 (d,

Jer=2793Hz, 2xQ; “F NMR (282MHz, CRCN)
8 (ppm) = —-120.1, -123.7, -151.9, —153.0.
A solution of sodium iodide (0.50 mmol, 75mg) in

acetonitrile (1 mL) was added dropwise by a syringmp to a
mixture of the doubly protected tyrosine derivativgd.50 mmol,
119 mg) and pentafluorophenyldiazonium tetrafluorake @)
(2.00 mmol, 282 mg) in acetonitrile (5.8 mL) undeitrogen
atmosphere within 15 minutes. After addition of aruemus
solution of sodium thiosulfate (0.05 M, 30 mL), thmeaction
mixture was extracted with ethyl acetate x(80 mL). The

combined organic phases were washed with satd. aqueous

solution of sodium chloride, dried over sodium atdf and
concentrated in vacuo. Purification by column chatography
(silica gel, EtOAc/hexanes = 3:1) gave the desiredpctO.

R = 0.4 (EtOAc/hexanes 3:1); colorless solid; yield rdg
(23%); '"H NMR (360 MHz, CDCJ): 5 (ppm) = 1.98 (s, 3 H),
2.98 (dd,J=6.2 Hz,J=14.1Hz, 1H), 3.12 (ddJ=5.7 Hz,
J=141Hz, 1H), 3.74 (s, 3H), 4.88 (ddJ=6.0Hz,
J=14.1 Hz, 1 H), 6.10 (dJ= 8.1 Hz, 1 H), 6.83 (d) = 8.3 Hz,
1 H), 6.90 (dJ=2.1Hz, 1H), 7.07 (dd] = 2.2 Hz,J = 8.4 Hz,
1 H); ®C NMR (151 MHz, CDGCJ)): & (ppm) = 22.8 (CH), 37.2

5
(CH,), 52.5 (CH), 60.5 (CH), 112.1-112.5 (m,5 113.4 (),
116.5 (CH), 127.2 (¢, 131.5 (CH), 132.5 (CH), 136.4-138.5 (m,
2x(C), 139.6-141.6 (m, g, 143.5-145.2 (m, 2 x 4§, 153.6
(Cy, 170.6 (§), 172.1 (G); MS (EI) m/z (%): 403 (5) [M, 345
(19), 344 (100), 313 (23), 302 (20), 274 (13), 27B), 88 (32),
60 (14), 43 (34); HRMS (EI) calcd. for §1,,FNO, [M7]:
403.0843, found: 403.0845.

4-Fluorophenyldiazonium chloride

A degassed solution of 4-fluoroaniline (10.0 mmoB6dmL)
in hydrochloric acid (3 N, 10 mL) and water (10 mL)saneeated
at 0 °C with a degassed solution of sodium nitrit.@ mmol,
g) in water (5 mL) by dropwise addition overeaigpd of 20
minutes, followed by additional stirring for 30 roies at 0 °C.
The mixture was diluted with further hydrochloric do3N,
10 mL) and water (15 mL) for a final concentratioh (0.2 m
(20 mmol / 50 mL)).

AcHN-(3-(4-fluorophenyl)-Tyr)-Lys-OMeL6

Conditions A (Scheme 2): To a solution of ACHN-Tyr-Lys
OMe (14) (18.4 umol, 8.80 mg) in water (1 mL) titanium(lll)
chloride (168 umol, 126 uL, in K hydrochloric acid,
1.33 mmol/mL) was added. Under argon atmosphere ‘aC39
solution of 4-fluorophenyldiazonium chloride (042 84.0 pmol,
420 pL) was added over 20 minutes and the mixture stiered
for further 25 minutes at this temperature. Thectioa mixture
was washed with diethyl ether (3 x 2.5 mL) and the malase
was lyophilized. After removal of titanium salts bglid phase
extraction, the water phase was lyophilized again ‘&h&iMR
spectrum was recorded of the crude reaction mixithre.ratio of
starting material to product was determined as Rutification
by preparative HPLC (solvents A (water 0.1% formicaeind B
(acetonitrile, 0.1% formic acid): from 5 to 50% B35 min and
to 100% B at 55 min, followed by a wash and re-eljration
step (total run time was 61 min), led1®as white powder.

Conditions B (Scheme 2): Dipeptide AcHN-Tyr-Lys-OMe
(5.2 pmol, 2.5 mg) was dissolved in phosphate buf$erO mg
NaH,PQ,, 35.8 mg NgHPQ, in 0.55 mL deuterated water with
diluted hydrochloric acid (®&), pH 4-5) and under air
atmosphere was added 4-fluorophenylazocarboxyld&qui2ol)
(synthesized as described in ref. 26a) in a adeilends-
deuterated water solution (150 uL / 50 pL) over GAutes.'H
NMR spectrum was recorded from the crude reactiorturgx
The ratio of starting material to product was deteed as 6.3:1.

'"H NMR (600 MHz, CQOD): & (ppm) = 1.42-1.49 (m, 2 H),
1.58-1.72 (m, 3 H), 1.84-1.89 (m, 1 H), 1.92 (s, 3 Hg4-2.91
(m, 3 H), 3.02 (ddJ=6.5Hz,J=13.9 Hz, 1 H), 3.63 (s, 3 H),
4.44 (dd,J=4.7Hz,J=9.7Hz, 1H), 450 (ddJ=6.6 Hz,
J=8.5Hz, 1H), 6.81 (dJ=8.2 Hz, 1 H), 7.04 (dd] = 2.3 Hz,
J=8.3Hz, 1H) 7.09 (t}y = 8.9 Hz,J = 8.9 Hz, 2 H), 7.15 (d,
J=2.2Hz, 1H), 7.56 (dd}y =5.5Hz,J=8.9 Hz, 2 H); LC-
MS (ESI) m/z 460.25 [M+H]. HRMS (ESI) calcd. for
CaH3oFN;Os [M+H] * 460.2242, found: 460.2242.

H,N-Arg-Arg-Pro-(3-(4-fluorophenyl)-Tyr)-lle-Leu-OH9
(Table 3)

To a solution of NT(8-13) triformiate 18) (10.5 umol,
10.4 mg) in water (1 mL) titanium(lll) chloride (2Rumol,
69.2 pL, in 2v hydrochloric acid, 1.33 mmol/mL) was added.
Under argon atmosphere at 30° C the 4-fluoropheaztaiium
chloride solution (0.21, 48.0 umol, 240 pL) was added over 20
minutes and the reaction mixture was stirred forthier 25
minutes. The reaction mixture was washed with dietfjler
(3 x 2.5 mL) and the water phase was lyophilizede’Afemoval
of titanium salts by solid phase extraction, theewvgthase was
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lyophilized again andH NMR spectrum was recorded. The 650.2985, found: 650.2985, calcd. ford,FNsO; [M+Na]*
ratio of 18 to 19 is determined to 1.3:1. Purification of the crude 672.2804, found: 672.2804.

reaction mixture was done by preparative HPLC (sdb/eh

(water 0.1% trifluoroacetic acid) and B (acetoretril0.1%

trifluoroacetic acid): from 5 to 50% B at 70 mindato 100% B

at 90 min, followed by a wash and re-equilibraticgpsftotal run
time was 106 min). Characteristiel NMR signals (600 MHz,
CD;OD): & (ppm)=6.81 (d, J=8.2Hz, 1H), 7.04 (dd,
J=22Hz,J=8.2Hz, 1H) 7.10 (tJu= 8.8 Hz,J=8.8 Hz,

2H), 715 (d, J=2.2Hz, 1H), 7.58 (dd,J=5.5Hz,

J=8.8Hz, 2 H); LC-MS (ESI)m/z 911.74 [M+H]. HRMS

(ESI) caled. for GHsFN; ;03 [M+H]* 911.5262, found:
911.5262; calcd. for GHeFN; .05 [M+2H]* 456.2667, found:
456.2667.

H,N-Arg-Arg-Pro-(3-(3-bromophenyl)-Tyr)-lle-Leu-OR0
(Figure 2)

A degassed solution of 3-bromoaniline (10.0 mmd91mL)
in hydrochloric acid (3 N, 10 mL) and water (10 mL)sneeated
at 0 °C with a degassed solution of sodium nitrit6.¢ mmol,
0.69 g) in water (5 mL) by dropwise addition overesipd of 20
minutes, followed by additional stirring for 30 miesa at O °C.
The mixture is diluted with further hydrochloric dci(3N,
10 mL) and water (15 mL) for a final concentratioh (0.2 m
(20 mmol / 50 mL)).

To a solution of NT(8-13) triformiatel8) (5.3 pmol, 5.0 mg)
in water (1 mL) titanium(lll) chloride (48.0 umol,63® pL, in
2 M hydrochloric acid, 1.33 mmol/mL) was added. Undeoar
atmosphere at 30° C the 3-bromophenyldiazonium rictdo

solution (0.2v, 24.0 pmol, 120 pL) was added over 20 minutes

and the reaction mixture was stirred for furthern@ibutes. The
reaction mixture was washed with diethyl ether (35¢«r@L) and
the water phase was lyophilized. After removal ofntitasidues
by solid phase extraction, the water phase was liaptiiagain
and'H NMR spectrum was recorded. The ratio16f to 20 is

determined to 1.5:1. Purification of the crude tiac mixture

was done by preparative HPLC (solvents A (water 0.1%

trifluoroacetic acid) and B (acetonitrile, 0.1%fltroroacetic
acid): from 5 to 50% B at 70 min and to 100% B @t min,
followed by a wash and re-equilibration step (total time was
106 min). LC-MS (ESIm/z 973.01 [{'Br)M+H]"; HRMS (ESI)

calcd. for G,Hg; BrN,Og [M+H]* 971.4461, found: 973.4451,

calcd. for GsHg, "BrN;,05[M+2H]* 486.2267, found 487.2262.
H,N-(3-(4-fluorophenyl)-Tyr)-Gly-Gly-Phe-Leu-OB1
(Figure 2)

To a solution of Leu-enkephalin (72.0 pmol, 40.0) nig
water (2 mL) titanium(lll) chloride (396 pmol, 39&.pin 3™

hydrochloric acid, 1.0 mmol/mL) was added. Under argo

atmosphere at 30° C the 4-fluorophenyldiazoniumoritié

solution (0.2v, 216 pmol, 1.08 mL) was added over 20 minutes

and the reaction mixture was stirred for furthern@ibutes. The
reaction mixture was washed with diethyl ether (35<r8L) and
the water phase was lyophilized. After removal ofiiten salts
by solid phase extraction, the water phase was liaptiiagain

and 'H NMR spectrum was recorded. The ratio of Leu-
enkephalin t®1 was determined to 3:1. Purification of the crude

reaction mixture was done by preparative HPLC (sdb/eh
(water 0.1% trifluoroacetic acid) and B (acetoretril0.1%
trifluoroacetic acid): from 10 to 50% B at 70 mindato 100% B
at 90 min, followed by a wash and re-equilibraticepsitotal run
time was 106 min). Characteristiel NMR signals (600 MHz,

CD;0D): 6 (ppm) = 6.90 (dJ = 7.7 Hz, 1 H), 7.09-7.13 (m, 3 H),

7.17-7.22 (M2 H), 7.24-7.30 (m, 4 H), 7.58 (ddys = 5.7 Hz,
J=7.8 Hz, 2 H); HRMS (ESI) calcd. forsl,FNsO; [M+H]*
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