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Abstract

A new azobenzene-based photoswitch, 2, has been designed to enable optical control of ionotropic
glutamate receptors in neurons via sensitized two-photon excitation with NIR light. In order to develop
an efficient and versatile synthetic route for this molecule, a modular strategy is described which relies
on the use of a new linear fully protected glutamate derivative stable in basic media. The resulting
compound undergoes one-photon trans-cis photoisomerization via two different mechanisms: direct
excitation of its azoaromatic unit, and irradiation of the pyrene sensitizer, a well known two-photon
sensitive chromophore. Moreover, 2 presents large thermal stability of its cis isomer, in contrast to other
two-photon responsive switches relying on the intrinsic non-linear optical properties of push-pull
substituted azobenzenes. As a result, the molecular system developed herein is a very promising
candidate for evoking large photoinduced biological responses during the multiphoton operation of
neuronal glutamate receptors with NIR light, which require accumulation of the protein-bound cis state

of the switch upon repeated illumination.

Introduction

Neuroscience is being revolutionized in the last years by the emergence of optogenetic' and
optochemical tools,” a series of techniques that allow the optical control of neural networks by means of
light-sensitive proteins and photoresponsive small molecules. An important strategy in this field is the
use of photoswitchable tethered ligands (PTLs), in which a pharmacologically active moiety is
covalently attached to a neuronal receptor through a photoisomerizable tether.” This enables the
activity of the resulting protein-PTL construct to be modulated upon photoisomerization of the switch,
which brings the ligand closer to or away from the binding site and, as such, triggers a reversible light-
induced recognition event and the subsequent biological response. Owing to their synthetic accessibility,
excellent photochemical properties and large geometrical change between their photointerconvertible

trans and cis configurations, azobenzene derivatives have become the most common light-responsive
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building blocks for the preparation of PTLs* and they have been exploited to optically control a number
of different neuronal receptors.2”"

Since glutamate is the major excitatory neurotransmitter in the central nervous system, glutamate
receptors play a central role in the regulation of neural activity® and are an important target of
optochemical techniques. Much attention has therefore been focused in recent years on the development
of PTLs for the light-induced operation of these proteins, especially in the case of the ionotropic
glutamate receptors (iGIuR) controlling the channel-regulated flow of ions through cell membrane.*”
The most successful approach towards this goal is based on maleimide-azobenzene-glutamate
photoswitches (MAG, Figure 1a),” which were originally designed to enable optical control of the
kainate-type ionotropic glutamate receptor GluK2. In MAG compounds, a lateral maleimide unit is used
to covalently bind the PTL to a cysteine residue genetically engineered into the ligand binding domain
of the receptor, while its photoswitchable azobenzene core enables light-control of the separation
distance between the glutamate moiety and the binding pocket. In particular, trans-to-cis isomerization
of the system approaches the ligand towards the binding site and induces glutamate recognition, which
leads to ion channel opening and, eventually, to the generation of a photoinduced neuronal excitatory
potential (Figure 1b).” Afterward, irradiation or thermal relaxation of the metastable cis isomer allow
reverting back the process and recovering the initial closed state of the channel.” For the first MAG
switch developed (Figure 1a), irradiation with UV-violet (Ajyus-cis ~ 340-400 nm) and blue-green light
(Mcis-trans ~ 440-580 nm) were required to photochemically operate the tagged GluK2 receptors,” while
spontaneous cis-to-frans isomerization occurred in the dark on the minute time scale (t.= 17.7 min)”°
owing to the large thermal stability of the cis isomer resulting from its symmetric 4,4'-diamide
substitution pattern.* Although some efforts have been devoted to shift MAG photoactivity to longer
wavelengths,*’ the application of these compounds in vivo is severely compromised by the reduced
penetration depth'® and low axial resolution associated to the conventional one-photon excitation of

azobenzene-based switches with UV-visible light. To overcome these drawbacks and take full
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advantage of the light-regulated activity of MAG-labeled receptors, multiphoton excitation with near-
infrared (NIR) light would be highly desirable, since it provides sub-micrometric resolution in three
dimensions,'" deep penetration into tissue'? and patterned illumination.*'* Unfortunately, the two-
photon absorption cross-sections of common azobenzene chromophores are rather low,"> which makes

multiphoton operation of MAG PTLs under NIR irradiation a challenge.
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Figure 1. (a) Structure of a MAG molecular switch composed of maleimide (green), azobenzene (red)
and glutamate (blue) units.7 (b) Operation mode of a cysteine-tagged ionotropic glutamate receptor
functionalized with a photoswitchable tethered ligand. Reversible isomerization of the azoaromatic core
of the switch modulates the separation distance between the glutamate ligand and the binding site of the
receptor to induce channel opening (frans-to-cis) and closing (cis-to-trans). In this work, an additional
building block is introduced into the structure of the PTL, an antenna enabling two-photon sensitization
of azobenzene isomerization (MAGA-type switch). (c¢) Structures of the MAGA photoswitched tethered

ligands 1 and 2, whose additional sensitizer unit is shown in magenta.
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To tackle this problem, we have recently introduced two different molecular strategies, which allowed
for the first time the two-photon optical control of light-gated ionotropic glutamate receptors based on
cysteine-tagged GluK2 and MAG switches (LiGIuR-MAG).'® On the one hand, the intrinsic two-photon
activity of MAG compounds was shown to significantly increase upon push-pull substitution of their
azobenzene core, as subsequently demonstrated by Isacoff and co-workers for analogous PTLs.!
However, a decrease of the thermal stability of the cis state of these systems was concomitantly

16,1
observed, !

which imposes a severe constraint on their photochemical behavior: the ligand-bound
state of the LiGIuR-MAG tether dissociates as soon as illumination ceases, since the cis liganding
configuration of the switch back-isomerizes in the dark on the ms scale. While this might be
advantageous for certain applications requiring fast operation of ionotropic glutamate receptors,'® rapid
thermal relaxation of the switch prevents building up a large population of the open state of the ion
channel and, therefore, the obtaining of large photoresponse amplitudes. Alternatively, multiphoton
operation of MAG-type PTLs can be attained by incorporating a photosensitizer unit to the structure of
the switch, which should absorb NIR light via a two-photon process and efficiently transfer its
electronic excitation energy to the azobenzene chromophore (Figure 1b). We named this new family of
compounds maleimide-azobenzene-glutamate-antenna switches (MAGA),'®  whose multiphoton
response could then be disentangled from the substitution pattern of the azoaromatic core. Actually, the
one- and two-photon sensitized isomerization of a MAGA-type PTL was already demonstrated in our
previous work using a naphthalene antenna (1 in Figure 1c); however, this compound also suffered from
low cis thermal stability owing to the push-pull substitution of the azobenzene core selected (t.;; = 265
ms at 298 K) and, consequently, displayed reduced multiphoton activity when conjugated to LiGluR."
In view of this, we pursue herein the preparation of a new MAGA photoswitch featuring both sensitized
isomerization using a two-photon absorber and long cis state lifetime in the dark. As such, this
compound could be exploited to optically trigger the LiGluR receptor via multiphoton absorption of

NIR light in neuroscience applications demanding large biological photoinduced signals (i.e.

accumulation of the open state of the channel upon repeated excitation).
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Figure 1c shows the structure of 2, the novel MAGA-type PTL targeted in this work. This compound
was derived on account of two main design concepts. First, the use of a symmetrically substituted
azobenzene chromophore displaying two similar N-amido substituents at positions 4 and 4’, which
should ensure a long thermal lifetime of its cis state at room temperature according to the previous
results obtained for MAG’ and other related azoaromatic derivatives.'® Second, the selection of a proper
multiphoton antenna, which should (i) display large two-photon absorption under NIR irradiation, and
(i) emit in the same spectral region where the azobenzene core absorbs, thus enabling efficient
sensitization of the switch via resonance energy transfer (RET). Since the 4,4'-diamidoazobenzene core
in 2 must present a large hypsochromic absorption shift with respect to the azoaromatic group of 1 (~70

1,11,1,1),7,16,18

the naphtalene sensitizer of the latter compound did not fulfil the second of the requirements
of our present design and could not be used as antenna for the development of switch 2. Instead, a
mono-alkylated pyrene derivative was chosen as sensitizer. Although this type of dyes present moderate
two-photon absorption cross-sections,'’ they are often used as two-photon fluorescent probes for
labeling cell membranes in confocal fluorescence microscopy studies'® and can be detected even down
to the single-molecule level under two-photon excitation.”” More importantly, their emission spectra
(Mimax ~ 390 nmlg) largely overlaps the absorption spectra of the m—n* transition of trams-4,4’-

diamidoazobenzenes (Aabsmax ~ 370 nmlg), a critical requirement for photosensitization of their trans-to-

cis 1somerization.

Results and Discussion

Synthesis of photoswitchable ligand 2

A convergent synthetic strategy was devised for the preparation of 2, which relies on the use of five
different building blocks (Scheme 1): the N,N-orthogonally diprotected L-lysine 3; trans-4,4’-
diaminoazobenzene (4) as the symmetrically-substituted azoaromatic core; the linear protected

derivative of glutamate 5; 2-(pyren-1-yl)acetic acid (6) as two-photon sensitizer; and maleimide

ACS Paragon Plus Environment



Page 7 of 34 The Journal of Organic Chemistry

©CoO~NOUTA,WNPE

derivative 7. Two key features differentiate our approach from the synthetic procedures previously
reported for the synthesis of analogous MAG photoswitches.79 On the one hand, the use of 3 as a
central scaffold to which the distinct functional fragments of the target compound would be sequentially
tethered, thus aiming to develop a modular route toward MAGA PTLs (or any other type of
multifunctional ligand derived from the original maleimide-azobenzene-glutamate scheme). On the
other hand, 5 was developed as an alternative glutamate precursor to typical cyclic pyroglutamate
groups, providing an optimized strategy to achieve the final photoswitchable ligand in terms of both

deprotection reaction conditions and intermediate manipulation.

Scheme 1. Retrosynthetic analysis proposed for the synthesis of new MAG compound 2
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Since all the other building blocks of 2 were commercially available or synthetically accessible via
prior reported procedures, our initial task focused on the preparation of glutamate derivative 5. Although
this compound has been recently used by us for the synthesis of 1,'® we describe herein the obtaining of

5 for the first time. The synthetic sequence commenced with the protection of the carboxylic acid and
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the nitrogen atom of commercial L-piroglutamic acid as the corresponding terz-butyl ester and tert-butyl
carbamate, respectively, to obtain known pyroglutamate 8*' in a 53% overall yield (Scheme 2). Next,
this product was treated with LIHMDS in THF at — 78 °C to form the corresponding enolate, which was
allowed to react with allyl bromide at low temperature to afford a 3:1 diastereoisomeric mixture of
already described allylated derivatives trans 9a and cis 9b.** The major trans diastereoisomer 9a was
isolated after purification by column chromatography in a 36% yield and used in the following steps of
the synthesis. The relative configuration assignment of these two isomers was confirmed by comparison
with the described NMR data.”* Thus, in the '"H NMR spectrum of 9a H-2 resonates at an upper field
than that of 9b and shows constant couplings with H-3 protons quite different (9.6 and 1.6 Hz), whereas

the values of these constants are more similar in the cis isomer (9.3 and 5.7 Hz).

Scheme 2. Synthesis of key intermediate 9a
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Subsequent lithium hydroxide ring opening of 9a proceeded smoothly providing acid 10 in 93% yield
(Scheme 3), which was transformed into the corresponding di-tert-butyl ester derivative 11 in 56% yield
by treatment with tert-butyl 2,2,2 -trichloroacetimidate in the presence of catalytic BF;. The synthesis
was continued with a cross-metathesis reaction of 11 with crotonaldehyde using the Hoveyda-Grubs
second generation catalyst to afford aldehyde 12 in 89% yield, which was oxidized to the corresponding
acid 13 in 77% yield following a Pinnick protocol with NaClO; in the presence of 2-methyl-2-butene as

scavenger of the hypochlorous acid generated. Direct metathesis reaction of intermediate 11 with acrylic
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acid afforded derivative 13 in lower yield (52%) than that obtained with the two consecutive
transformations described above (69% overall yield for the two steps). Finally, standard hydrogenation

under palladium catalyst rendered almost quantitatively the target glutamate derivative 5.

Scheme 3. Synthesis of glutamate derivative 5
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With glutamate derivative S5 in hand, we proceeded to prepare the final MAGA photoswitch 2
(Scheme 4) following the modular synthetic strategy outlined above and previously implemented in our
group for the obtaining of 1.'° Accordingly, the N,N-orthogonally diprotected L-lysine 3 was tethered to
the symmetric azobenzene core 4 using the carbodiimide coupling reagent EDCI along with HOBt and
DIPEA as base, which led to a chromatographically easily separable mixture of starting material and
compound 14 in 85% yield (over consumed starting material). Removal of the fert-butyl carbamate

protection of this compound by treatment with 37% HCI in MeOH for 1 hour furnished amine 15 in
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98% yield. Longer reaction times led to partial hydrolysis of the amide moiety and should be strictly

avoided. Next, the glutamate derivative 5§ was introduced into this intermediate using again EDCI under

standard coupling conditions, affording derivative 16 in 88% yield. The incorporation of the pyrene

sensitizer was then achieved by treatment of 16 with 20% piperidine solution in DMF to render the

corresponding reactive amine 17 and successive EDCI-promoted amide formation with 6. In this way,

18 was obtained in 64% overall yield for the two steps. The subsequent reaction between this

intermediate and the freshly made acid chloride of maleimide derivative 7% afforded compound 19 in

74% yield, which features all the functional fragments of the final MAGA switch.

Scheme 4. Synthesis of the new MAGA compound 2
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The preparation and manipulation of such advanced intermediate was highly favored by the use of the
new linear glutamate derivative 5. In our hands, 5 turned to be a better glutamate precursor than the
cyclic pyroglutamate group normally employed in the synthesis of MAG compounds,79 which we
found to be troublesome due to: (i) the moderate stability to the basic conditions required for the ring
opening reaction of pyroglutamate of the maleimide fragment, which should therefore be introduced in a
later stage of the route; and (ii) the low solubility of the dicarboxylic acid generated from the ring
opening process of the pyroglutamate precursor,79 which compromised its manipulation and the
efficiency of posterior reactions (e.g. incorporation of the maleimide group). These inconveniences are
overcome by the use of the already opened derivative of glutamate 5 whose carboxylic acid groups are
protected as the corresponding tert-butyl esters. Finally, removal of these moieties and of the additional
tert-butyl carbamate protecting group of intermediate 19 took place in a single final step by treatment
with a 2:1 mixture of trifluoroacetic acid and CH,Cl,, thus providing the monotrifluoroacetate salt of
target ligand 2 in 79% yield. As expected, this compound was selectively isolated as its more stable

trans isomer (trans-2), according to spectroscopic data.

One-photon optical characterization of photoswitchable ligand 2

Aiming to assess the validity of our molecular design, the optical properties of compound 2 were
investigated to demonstrate both sensitization of the trans-cis isomerization of the ligand upon
photoexcitation of the pyrene antenna and the long thermal stability of the cis state of the switch at room
temperature. For sake of simplicity, this study was conducted under one-photon excitation with UV-vis
light. However, based on our previous work'® and the well known non-linear optical properties of

pyrene derivatives,'* %

the results obtained herein could be extrapolated to the photochemical behavior
expected for 2 upon two-photon absorption of NIR light.

Figure 2a shows the absorption spectrum of trans-2 in DMSO, which is compared to those recorded

for its photoactive building blocks: pyrene derivative 6 and trans-4,4’-bis(acetylamino)azobenzene
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(trans-20), a model azoaromatic dye obtained by bis-acylation of 4,4’-diaminoazobenzene using
standard amide formation conditions according to literature precedents.24 Clearly, the narrow pyrene
vibronic absorption peaks at A5 ~ 315, 330 and 345 nm and the broad trans-azoaromatic 1 — w*
(Aabs.max = 380 nm) and n — 1* (Aaps > 450 nm) absorption bands are both observed in the spectrum of
trans-2. This does not only demonstrate the successful introduction of the two chromophoric units, but
also that they are not electronically coupled in the ground state of the ligand. In contrast, non-negligible
interactions should take place in the electronic excited state, as revealed by the fluorescence emission
spectra measured for trans-2 and 6 (Figure 2b). While strong emission was detected for the separated
pyrene derivative in DMSO with a rather high fluorescence quantum yield (®q6 = 0.30), a ~ 43-fold
decrease was observed after incorporation into the ligand (®g qns-2 = 0.007). A small fraction of this
reduction must be attributed to the competitive absorption of the pyrene and azobenzene moieties of
trans-2 at the excitation wavelength of the fluorescence quantum yield measurements (Aexe= 320 nm).
Actually, according to the extinction coefficients measured for the reference compounds 6 and frans-20
(e520mm /320 mm, '~ 2), about one third of the excitation photons in these experiments were absorbed
by the non-emissive azoaromatic core of trans-2, thus accounting for an apparent ~ 1.5-fold decrease in
@y for the pyrene antenna. However, the major part of the fluorescence quantum yield reduction (~ 30-
fold) can be ascribed to an intrinsic decrement of the emission efficiency of this fluorophore upon
tethering to the azobenzene group in trams-2, thus uncovering additional non-radiative relaxation
pathways of its electronic excited state. As such, this result is indicative of the occurrence of the RET

processes required for sensitization of the photoisomerization of the azobenzene moiety.

ACS Paragon Plus Environment



Page 13 of 34 The Journal of Organic Chemistry

©CoO~NOUTA,WNPE

a
1.0 trans-2
- trans-20
S —6
o
& 0.5
[72]
o]
<
OO T T 1
300 400 500 600
b~
s 1.0- —— trans-2
2 —6
8
8
S 0.5 -
o
[72]
&) 4
o
> x10
E OO T i Jl T L I v 1
300 400 500 600

Wavelength (nm)

Figure 2. (a) Normalized absorption spectra of #rans-2, 6 and trans-20 in DMSO (¢ = 5 10° M). (b)
Fluorescence emission spectra of trans-2 (x10, Aexe = 320 nm) and 6 (Aexe = 305 nm) in DMSO (¢ = 1

10 M). Both emission spectra were normalized relative to the absorption at the excitation wavelength.

In spite of this, we first investigated trans-to-cis isomerization of 2 upon direct excitation of the
azoaromatic moiety. Figure 3 depicts the changes registered in the absorption spectra of trans-2 and

reference compound trans-20 in DMSO when irradiated at A = 365 nm, an excitation wavelength

365 nm /8365 nm

ons-20' €6 = 13; see Figure 2a).

where the pyrene moiety of the ligand shows minimal absorption (e

In both cases, a noteworthy decrease of the broad m — m* azobenzene band around 380 nm and a very
slight increase of the n — =w* azobenzene band at A,,s > 450 nm were observed. These are clear
signatures of the photoinduced conversion of frans-2 and trans-20 into their corresponding cis isomers,
41 which should lead to the formation of an equilibrium photostationary state (PSS). According to the
'H NMR data measured for DMSO-ds solutions of these compounds under equivalent irradiation

conditions, the cis composition of the PSS mixtures generated was found to be 65% and 63% for 2 and
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20, respectively. Since nearly identical values were also determined for the trans-to-cis
photoisomerization quantum yields of these azobenzene derivatives (®yans—cis2 = PCorrans-cis20 = 0.28), we
could unambiguously conclude that the introduction of a pyrene group into the structure of ligand 2 did
not modify the intrinsic photochemical behavior of its azoaromatic moiety when subjected to direct light
excitation. A similar conclusion was drawn when analyzing the photoinduced cis-to-trans isomerization
of 2 and 20 upon selective excitation of their azobenzene core. Thus, when illuminating with green light
(Aexe = 532 nm) the trans/cis mixtures of these compounds obtained by irradiation at A, = 365 nm, our
absorption measurements demonstrated that both cis-2 and cis-20 back-isomerized to their trans isomers
nearly quantitatively and at similar rates (Figure S3). In particular, PSS mixtures with 94% and 93%
content in trans-2 and trans-20 were obtained under these experimental conditions, respectively,

according to our spectral data.

0.3 1 trans-2 (g J’ trans-20

0.6

0.4-

_ 0.2

00— 00—

300 400 500 600 30 400 500 600
Wavelength (nm)

0.2+

Abs

0.1+

Figure 3. Variation of the absorption spectra of trans-2 (¢ = 5 10° M) and trans-20 (¢ = 2.7 10° M) in
DMSO upon irradiation at A = 365 nm. The arrows in the figures indicate the spectral changes
observed, while the dashed lines correspond to the absorption spectra of the resulting photostationary

state mixtures.

Next, the photosensitized isomerization of trams-2 upon irradiation of the pyrene antenna was
explored. Unfortunately, selective excitation of this chromophore to prevent direct trans-to-cis

isomerization of 2 could not be achieved because the absorption spectrum of the pyrene photosensitizer
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selected fully overlaps with that of the azobenzene core (see Figure 2a). To minimize this effect and
evaluate the actual contribution of the sensitized pathway to the photoswitching of 2, two main actions
were taken. On the one hand, photosensitization was investigated at A.x. = 347 nm, for which the largest

difference in absorption between the pyrene and azoaromatic fragments of trans-2 was determined

347 nm /. 347 nm
(86 /Sll‘ans-ZO

= 2). On the other hand, photoisomerization was simultaneously studied at Aex. = 365
nm, which should selectively promote direct light-induced trans-to-cis conversion, as discussed above.
Figure 4 shows the relative photoisomerization efficiencies of trans-2 and antenna-less compound trans-
20 in DMSO solution at A, = 347 and 365 nm, which are plotted as the photogenerated ratios of cis-2
and cis-20 determined at different irradiation times from absorption measurements. Noticeably, a
straight line around %.;s.2 / %cis.20 =1 was obtained at A.x. = 365 nm, which indicates that direct trans-to-
cis photoisomerization proceeds with equivalent rates and efficiencies for both azoaromatic compounds.
This is indeed the result expected according to our previous experiments, where nearly identical PSS

compositions and @5 values were measured upon selective excitation of the trams-azobenzene

moiety of 2 and 20.

2.0+
—O0—Ai, = 347 nm
° —0— =365 nm
z 15_ exc
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X
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Figure 4. Photogenerated ratios of cis-2 and cis-20 (%52 / %cis20) measured upon continuous

irradiation of DMSO solutions of trans-2 and trans-20 (¢ =5 10 M) at Aexc = 347 and 365 nm.

However, a more complex time profile was obtained at Ay, = 347 nm. At short irradiation times (z <

50 min), we found %2 / Yocis-20 to be larger than 1, which indicates that trans-to-cis photoisomerization
g p
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takes place faster for ligand 2. This pinpoints the occurrence of an additional light-induced
isomerization mechanism in this compound with respect to reference frans-20, which we ascribe to
photosensitization evolving through pyrene absorption and subsequent resonance energy transfer toward
the azobenzene core. Such RET process would therefore account for the fluorescence quenching
observed for the pyrene unit in the ligand (see Figure 2b) and, actually, we estimated it to take place
with high critical Forster radius (R;= 3.42 nm) and efficiency (Ergr= 99.8%) according to the optical
properties of 6 and frans-20 and the separation distances between the antenna and azoaromatic groups in
trans-2 (Figure S1). Nevertheless, it must be noted that energy transfer from pyrene to the cis-
azobenzene moiety of 2 is also to be expected given the non-negligible spectral overlap between these
groups and, indeed, only slightly lower Ry and Ergr values were determined for this process with respect
to that in trans-2: Rj= 2.47 nm and Ergr= 96.2% (Figure S2). This suggests that the cis-to-trans
isomerization of this compound can also be photosensitized by the antenna once the concentration of
cis-2 significantly increases in the sample. As such, the PSS generated at A, = 347 nm would depend
on the intricate balance between direct and sensitized frans-to-cis and cis-to-trans photoisomerization
rates, which explains the different equilibrium mixtures obtained under long irradiation times at this
wavelength with respect to Acxc = 365 nm. In spite of this, it is clear that addition of the pyrene group to
the ligand enhances the photoconversion efficiency of trans-2 (up to 60% according to the data at short
irradiation times), thus demonstrating that photosensitization with a two-photon absorber can also be
exploited to trigger MAGA-type PTLs bearing a symmetrically-substituted azobenzene core.

Once proven that target photoswitch 2 can operate under photosensitized isomerization, the thermal
stability of the resulting cis isomer was analyzed. With this aim, the spontaneous cis-to-trans
isomerization of this compound and reference 20 was studied in the dark and at room temperature by
absorption spectroscopy. Spectral changes were observed in this way that are consistent with cis-2 and
cis-20 back-isomerization -- namely, the recovery of the intense trans absorption around 380 nm and a

slight decrease of the n — m* band at A,,s> 450 nm (Figure S4). By plotting the time dependence of this
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data, the thermal cis-to-trans conversion rates could be retrieved from monoexponential fits,'” as shown
in Figure 5. In particular, the following values were obtained: k.;ssrans = 3.2 10° and 4.1 107 5! for 2 and
20, respectively, which correspond to thermal lifetimes of their cis isomers at room temperature of 8.7 h
and 6.8 h. Clearly, very similar cis-to-trans isomerization kinetics were found for both compounds in
the dark. This indicates that, under equivalent experimental conditions, the thermal stability of cis-
azobenzenes is mainly governed by the electronic effects imparted by the substituents introduced, as
already reported.* As such, the equivalent 4,4'-diamide substituent pattern of 2 and 20 accounts for their
comparable and long t.;; values regardless of the different nature of their actual substituents. In spite of
this, a minor though non-negligible size effect could be inferred from our measurements, the bulkier
amide groups introduced in 2 slightly slowing down its thermal cis-to-trans back-isomerization process
and leading to a little larger cis state lifetime. On the other hand, the large thermal stability encountered
for cis-2 and cis-20 is in agreement with the behavior previously reported for cis-MAG (t.,= 17.7 min
in aqueous buffer)7b, which also bears a 4,4'-diamidoazobenzene core. The differences in t.; observed
between these compounds must be attributed to the distinct media where the measurements were
conducted, since it is known that the cis lifetime of azobenzene derivatives largely decreases in polar
solvents.** In fact, when monitoring the thermal cis-to-trans isomerization kinetics of cis-2 in a 1:1
DMSO:water mixture (Figure S5), we determined a much shorter t.;; value (t.;= 2.0 h) than in pure
DMSO and closer to that found for cis-MAG in aqueous buffer. Finally, the large thermal cis state
stability obtained herein for 2 is in striking contrast with the short cis lifetime measured for the previous
MAGA ligand 1 (1= 67 ms in PBS:DMSO 4:1 and 265 ms when tethered to LiGluRm), which arose
from its push-pull substitution pattern. This unequivocally demonstrates that our photosensitized
approach toward two-photon responsive azobenzene-based PTLs also enables the use of switches
displaying long-lived cis isomers and, consequently, can be applied to the generation of large light-

induced biological responses upon continuous irradiation.
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Figure 5. Variation of the absorption at 382 nm of the photostationary state mixtures of 2 and 20 in the
dark at 25 °C in DMSO, which reports on the recovery of the concentration of trans-2 and trans-20
upon thermal cis-to-trans isomerization. Points correspond to the experimental data, while dashed lines

were obtained from monoexponential fits.

Actually, a preliminary assessment of the two-photon activity of 2 can be made on the basis of the
one-photon experiments conducted herein, the two-photon absorption cross-sections reported in the
literature for pyrene”® and azobenzene'’ chromophores and our previous work on fast relaxing MAGA
switch 1.'° Since the same excited state of the pyrene antenna would be built, the efficiency of the RET
process towards the azobenzene core of 2 should be the same under one- or two-photon excitation. As
such, the photosensitized two-photon response of this switch would mainly depend on the following
parameters: (a) the selectivity of the two-photon excitation of the pyrene antenna with NIR light; (b) the
lifetime of the cis isomer of the switch created under such conditions. As discussed above, the one-
photon excitation of the pyrene moiety of 2 is poorly selective and the maximum photosensitization
effect was found at A = 347 nm, where a 2:1 pyrene:azobenzene absorption ratio was estimated.
Noticeably, we expect this absorption difference to increase under NIR irradiation due to the larger two-
photon activity of the pyrene antenna, thus favoring the sensitized pathway for photoisomerization. In
fact, 5-fold higher two-photon absorption cross-sections at 820 nm have been reported for

4

monosubstituted pyrene derivatives (6,=55 GM; 1 GM= 10" cm* s y') with respect to 4,4’

diamidoazobenzenes (c,=10 GM).!” As a result, sensitization via the pyrene antenna should be the
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major pathway for the two-photon isomerization of 2. It must be noted that the intrinsic efficiency of
this process should be lower than for our previous MAGA switch 1 bearing a higher absorbing
naphthalene sensitizer (5,~200 GM at 780 nm).'**" In spite of this, an overall large two-photon
response would be expected for 2 on account of the longer lifetime of its cis isomer. Actually, the fast
thermal back-isomerization of 1 resulted in a ~10-fold lower biological signal for this compound with
respect to MAG under continuous one-photon excitation,'® which indicated that a less cis-enriched
photostationary state could be prepared for this MAGA switch. Taking into account that 2 also presents
a long-lived cis state as MAG, a similar factor can be assumed between the one-photon responses of the
two MAGA-type compounds. This should counterbalance the ~4-fold lower two-photon absorptivity of
the pyrene sensitizer with respect to the naphthalene antenna of 1 and eventually lead to larger

biological signals for the switch developed herein under NIR irradiation.

Conclusions

In summary, we report herein the synthesis and photochemical characterization of a new azobenzene-
based photoswitchable ligand designed to enable optical control of ionotropic glutamate receptors in
neurons via two-photon excitation of a pyrene sensitizing unit with NIR light. Aiming to develop an
efficient and versatile synthetic route for this and other related ligands, a modular strategy is described
which benefits from the use of a new linear full protected glutamate derivative stable in basic media. In
this way, target compound 2 could be prepared in 7 steps with 27% overall yield starting from a
commercial N,N-orthogonally diprotected L-lysine derivative as central scaffold, to which its different
functional fragments were sequentially introduced: the azoaromatic switch, the glutamate moiety, the
pyrene sensitizer and the anchoring maleimide group. As originally planned, 2 presents one-photon
photoisomerization either upon selective irradiation of its azobenzene core, or via photoexcitation of the
pyrene antenna. In addition, by using a symmetrically substituted azoaromatic group, the thermal

lifetime of its cis isomer could be enhanced in a factor >10° with respect to the analogous two-photon
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responsive ligands previously reported, which rely on the intrinsic non-linear optical properties of push-
pull azobenzenes. This is an essential requirement for enabling accumulation of the protein-bound cis
state of the switch upon repeated illumination of tagged glutamate receptors, which makes compound 2
a promising candidate for evoking large photoinduced biological responses under multiphoton operation

of these systems with NIR light.

Experimental Section

General Methods: Commercially available reagents were used as received. The solvents were dried by
distillation over the appropriate drying agents. All reactions were performed avoiding moisture by
standard procedures and under nitrogen atmosphere. Flash column chromatography was performed
using silica gel (230-400 mesh). 'H NMR and "*C NMR spectra were recorded at 250 and 62.5 MHz or
360 and 90 MHz or 500 and 125 MHz. NMR signals were assigned with the help of DEPT, COSY,
HMBC, HMQC and NOESY experiments. Proton chemical shifts are reported in ppm (8) (CDCls, &
7.26; DMSO-d6, 6 2.50 or methanol-ds, & 3.31). Carbon chemical shifts are reported in ppm (J)
(CDCl3, o 77.2; DMSO-d6, & 39.5 or methanol-ds, & 49.0). Melting points were determined on hot
stage and are uncorrected. High resolution mass spectra (HRMS) were recorded in a micrOTOFQ

spectrometer using ESIMS (QTOF). Optical rotations were measured at 22 + 2 °C.

Photochemical characterization: All spectroscopic and photochemical experiments were carried out in
HPLC or spectroscopy quality solvents and in Ar-degassed samples. Steady-state UV-vis absorption
measurements were recorded on a UV-visible (190-1100 nm) Spectrophotometer. Fluorescence
emission spectra were measured in a fluorescence spectrometer using high energy pulsed Xenon source
for excitation. All the emission spectra registered were corrected by the wavelength dependence of the
spectral response of the detection system. Fluorescence quantum yields were determined using the

standard method®® and relative to pyrene in ethanol (Dpyrene = 0.32).%° The same excitation wavelength

was used for both the sample of interest and the standard (Aexe = 305 (6) or 320 nm (zrans-2)) and
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solutions with absorbance values below 0.05 were measured to prevent inner-filter effects. The
fluorescence quantum yield of the target compound (®gmp.) Was determined by applying the following

equation:*®

2
Fsample ADbSref Msample 1
ref 2 ( )
Fref Abssample Nyer

cI)sample =

In this equation, @, is the fluorescence quantum yield of the standard, Fy.p. and F,.rare the integrated
emission intensities measured for the sample and the standard, Absgmpe and Abs,. are the optical
densities of the sample and the standard at the excitation wavelength, and nsup. and n,., are the
refractive indices of the solvents used. Photoisomerization of 2 and 20 was investigated by: (i) steady-
state UV-vis absorption spectroscopy for trans-to-cis and cis-to-trans photoisomerization and slow cis-
to-trans thermal back-isomerization processes; (i) 'H NMR for the elucidation of the trans-to-cis
photostationary state mixtures. Photoisomerization quantum vyields were determined using the
methodology reported in ref. 30 and azobenzene as reference compound (®yuusci= 0.15 in
acetonitrile®"). Different excitation sources were used in the photochemical experiments depending on
the spectral requirements: a UV lamp equipped with two 4W tubes emitting at 365 nm, a Xe lamp
coupled to a spectrograph, the third harmonic of the Nd:YAG laser (Aexe = 355 nm) or a cw laser diode
at Aexe = 532 nm (Z-Laser). All absorption, fluorescence and photochemical measurements of 2, 6 and
pyrene were carried at low enough concentrations as to prevent aggregation processes driven by 7-

stacking of pyrene units.

(2R)-2-{(28)-3-(tert-Butoxy)-2-|(tert-butoxycarbonyl)amino]-3-oxopropyl}-4-pentenoic acid, 10. To
an ice-cooled solution of 9a (1.80 g, 5.53 mmol) in a mixture 5:2 of THF and water (75 mL), 1 M LiOH
(8.0 mL, 8.00 mmol) was added. After stirring for 1 h at this temperature, the mixture was acidified to
pH 2 with 1 M HCI and extracted with EtOAc (3x50 mL). The combined organic extracts were dried
over anhydrous MgSO4 and the solvent was removed under vacuum. The residue was purified by

column chromatography (hexanes/EtOAc, 3:1) to furnish 10 (1.78 g, 5.18 mmol, 93% yield) as a
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yellowish oil: [a]p”” - 0.8 (¢ 1.47, CH,Cl,); '"H NMR (360 MHz, CDCl;) & 5.74 (m, 1H, H-4), 5.39 (br
d, Jamoi = 8.5 Hz, 1H, NH), 5.08 (m, 2H, H-5), 4.22 (m, 1H, H-2"), 2.49 (m, 2H, H-2, H-3), 2.31-2.04
(m, 2H, H-3, H-1'), 1.66 (m, 1H, H-17), 1.46 (s, 9H, C(CHs)3), 1.45 (s, 9H, C(CHs);); *C NMR (90
MHz, CDCl3) & 178.6 (C-1), 171.3 (C-3'), 156.3 (CO, carbamate), 134.8 (C-4), 117.8 (C-5), 82.7
(C(CHs)3), 80.7 (C(CHs)3), 52.7 (C-2Y), 41.8 (C-2), 36.4 (C-3), 35.2 (C-1), 28.4 (C(CH;)s), 28.1
(C(CHs)3); IR (ATR) 2978, 1707, 1367, 1247, 1150 cm™'; HRMS (ESI+) caled. for [C17H2NOg+Nal:
366.1887; found: 366.1893.

Di(tert-butyl) (2R,45)-2-allyl-4-[(tert-butoxycarbonyl)amino]pentanedioate, 11. To a solution of
compound 10 (3.50 g, 7.28 mmol) in CH,Cl, (90 mL), tert-butyl 2,2 2-trichloroacetimidate (2.6 mL,
14.6 mmol) and BF5-OEt, (370 pL, 2.96 mmol) were added. Then, a saturated aqueous solution of
NaHCO; (20 mL) was added and the product was extracted with CH,Cl, (3x50 mL). The combined
organic extracts were dried over anhydrous MgSO, and the solvent was removed under vacuum. The
resulting yellow oil was purified by column chromatography (hexanes/EtOAc, 3:1) to give 11 (1.64 g,
4.10 mmol, 56%) as a yellow solid: mp 86-89 °C (from hexanes/EtOAc); [o]p™ + 10.7 (¢ 0.59,
CH,Cl,); 'H NMR (250 MHz, CDCls) & 5.70 (ddt, Jais,. i = 17.0 Hz, Jaiz,,i = 10.1 Hz, Ji i = 6.8 Hz,
1H, H-2"), 5.09 (m, 3H, 2xH-3', NH), 4.22 (m, 1H, H-4), 2.49-2.26 (m, 2H, H-1', H-2), 2.26-2.03 (m,
2H, H-1', H-3), 1.65 (m, 1H, H-3), 1.44 (m, 27H, 3xC(CHs);); “C NMR (62.5 MHz, CDCl3) &
173.9/171.7 (C-1/C-5), 155.3 (CO, carbamate), 135.0 (C-2'), 117.2 (C-3"), 81.8 (C(CHs)s), 80.7
(C(CH3)3), 79.5 (C(CHs)s), 52.7 (C-4), 42.3 (C-2), 36.8 (C-1'), 34.1 (C-3), 28.3 (C(CHs)s), 28.1
(C(CH3)3), 28.0 (C(CH3)3); IR (ATR) 3382, 2979, 1742, 1703, 1526, 1366, 1229, 1150 cm™; HRMS
(ESI+) calcd. for [C,H37NOgtNa]: 422.2513; found: 422.2520.

Di(zert-butyl) (2S,4R)-2-[(tert-butoxycarbonyl)amino|-4-[(2E)-4-0x0-2-butenyl]pentanedioate, 12.
To a boiling solution of (4R)-11 (2.30 g, 5.75 mmol) and crotonaldehyde (2.4 mL, 28.8 mmol) in dry
CH,Cl, (36 mL), Hoveyda-Grubbs II catalyst (56 mg, 89 umol) was added in 3 portions. The mixture

was heated to reflux for 2.5 h, when TLC analysis (hexanes/EtOAc, 2:1) showed no starting material.
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The reaction mixture was filtered off through a pad of silica gel and concentrated. The crude was
purified by column chromatography (hexanes/Et,O, from 3:1 to 1:1) to provide 12 (2.19 g, 5.12 mmol,
89% yield) as a yellow oil: [a]p™ + 88.4 (¢ 0.48, CH,Cl,); '"H NMR (250 MHz, CDCls) & 9.46 (d,
Jenosi = 7.8 Hz, 1H, CHO), 6.73 (dt, Jyizi = 15.7 Hz, Jyi1i = 6.7 Hz, 1H, H-2"), 6.09 (dd, J3i,i = 15.7 Hz,
Jsicno = 7.8 Hz, 1H, H-3Y), 5.03 (d, Jxuz = 7.9 Hz, 1H, NH), 4.20 (m, 1H, H-2), 2.68-2.39 (m, 3H, H-4,
2xH-1%), 2.15 (ddd, Jeem = 12.7 Hz, J3, = 8.6 Hz, J34 = 4.8 Hz, 1H, H-3), 1.64 (ddd, Jeem = 12.7 Hz, J3»
= 8.6 Hz, J54 = 3.7 Hz, 1H, H-3), 1.44 (m, 27H, 3xC(CH3);); >°C NMR (90 MHz, CDCl3) & 193.6
(CHO), 173.1/171.4 (C-1/C-5), 155.3 (CO, carbamate), 154.4 (C-2'), 134.7 (C-3'), 82.4 (C(CH3)s), 81.7
(C(CH3)3), 79.9 (C(CHs)), 52.5 (C-2), 41.6 (C-4), 35.4 (C-1Y), 34.8 (C-3), 28.4 (C(CH3)3), 28.2
(C(CH3)3), 28.1 (C(CHs)3); IR (ATR) 2977, 1699, 1392, 1367, 1251, 1150 cm™; HRMS (ESI+) calcd.
for [C2,H37NO7+Na]: 450.2462; found: 450.2460.

(2E,5R,7S5)-8-tert-Butoxy-5-(tert-butoxycarbonyl)-7-[(fert-butoxycarbonyl)amino]-8-oxo-2-octenoic
acid, 13. To an ice-cooled solution of the aldehyde 12 (2.50 g, 5.85 mmol) in a 5:1 mixture of --BuOH
and water (240 mL), 2-methyl-2-butene (6.2 mL, 58.5 mmol), NaH,PO4-2H,0 (4.60 g, 29.2 mmol) and
NaClO; (3.17 g, 35.1 mmol) were successively added. The resulting mixture was stirred at 0 °C for 1 h
and warmed up to rt. The reaction mixture was stirred overnight. Then, water (30 mL) and a saturated
aqueous solution of Na,CO3; were added until pH 8. The mixture was extracted with EtOAc (3x50 mL),
dried over anhydrous MgSO, and concentrated under vacuum. Purification by column chromatography
(hexanes/EtOAc/CH;COOH, 4:1:0.1) gave 13 (2.00 g, 4.51 mmol, 77% yield) as a yellow oil: [a]p™ +
59.8 (¢ 1.16, CH,Cl,); "TH NMR (360 MHz, MeOH-d4) 8 6.86 (dt, J3, = 15.1 Hz, J54 = 7.3 Hz, 1H, H-3),
5.84 (d, J»3 = 15.1 Hz, 1H, H-2), 4.06 (dd, J;5 = 10.6 Hz, J;6 = 3.8 Hz, 1H, H-7), 2.56 (m, 1H, H-5),
2.41 (m, 2H, H-4), 2.08 (m, 1H, H-6), 1.65 (m, 1H, H-6), 1.45 (m, 27H, 3xC(CHs);); °C NMR (62.5
MHz, MeOH-dy4) 6 174.5/172.8/169.0 (C-1/C-8/CO, ester), 157.3 (CO, carbamate), 146.7 (C-3), 124.4

(C-2), 82.4 (C(CHs)s), 82.1 (C(CHs)3), 80.2 (C(CHs)s), 53.6 (C-7), 42.9 (C-5), 35.9 (C-4), 34.4 (C-6),
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28.8 (C(CHs)s), 28.4 (C(CHs)3), 28.3 (C(CHs)3); IR (ATR) 2977, 2932, 1703, 1366, 1247, 1147 cm™;
HRMS (ESI+) calcd. for [CyyH37NOg+Na]: 466.2411; found: 466.2417.
(5R,7S)-8-tert-Butoxy-5-(tert-butoxycarbonyl)-7-|(tert-butoxycarbonyl)amino|-8-oxooctanoic acid,
5. To a solution of olefine 13 (1.50 g, 3.38 mmol) in EtOAc (60 mL), 10% Pd/C (0.15 g) was added.
The resulting suspension was stirred in a H, atmosphere for 16 h. Then, it was filtered through Celite®
and the solvent was evaporated under vacuum. The resulting oil was purified by column
chromatography (hexanes/EtOAc/CH3;COOH, 5:4:1) to afford a colourless oil identified as 5§ (1.50 g,
3.36 mmol, quantitative yield): [a]p*" + 66 (¢ 0.30, CH,CL); '"H NMR (360 MHz, MeOH-dy) & 6.83 (d,
Jnu7 = 8.4 Hz, 1H, NH), 3.98 (m, 1H, H-7), 2.44 (m, 1H, H-5), 2.29 (td, J,3 = 6.8 Hz, J,4 = 3.7 Hz, 2H,
H-2), 2.03 (m, 1H, H-6), 1.60 (m, 5H, 2xH-3, 2xH-4, H-6), 1.46 (m, 27H, 3xC(CH3);); °C NMR (90
MHz, MeOH-d4) 6 176.8/175.9/173.3 (C-1/C-8/CO, ester), 157.8 (CO, carbamate), 82.5 (C(CH3)3), 82.0
(C(CHs)3), 80.3 (C(CHj3)3), 54.1 (C-7), 43.9 (C-5), 35.0 (C-6), 34.5 (C-2), 33.4 (C-4), 28.8 (C(CHa)3),
28.4 (C(CHs)3), 28.3 (C(CHs)3), 23.6 (C-1); IR (ATR) 2976, 1709, 1392, 1366, 1248, 1146 cm™'; HRMS
(ESI+) calcd. for [CyoH39NOg+Na]: 468.2568; found: 468.2570.

9H-Fluoren-9-ylmethyl N-[(55)-6-{4-|(E)-2-(4-aminophenyl)-1-diazenyl]aniline}-5-[(fert-
butoxycarbonyl)amino]-6-oxohexyl]carbamate, 14. To a stirred solution of 4-[(E)-(4-aminophenyl)-
1-diazenyl]aniline (4) (1.00 g, 4.71 mmol) in dry THF (100 mL) under N, atmosphere, a solution of 3
(2.43 g, 5.19 mmol), EDCI (1.17 g, 6.10 mmol), HOBt (955 mg, 7.07 mmol), DIPEA (3.3 mL, 18.8
mmol) in dry THF (100 mL) was added. The reaction mixture was stirred overnight at rt. Then, the
mixture was diluted with EtOAc (200 mL) and washed with water (2x100 mL). The organic layer was
dried over anhydrous MgSO, and concentrated under vacuum. The residue was purified by column
chromatography (from CH,Cl, to CH,Cl,/EtOAc, 4:1) to deliver amide 14 (1.62 g, 2.45 mmol, 85%
yield considering starting material consumed) as an orange solid and starting material (388 mg, 1.83

mmol): mp 94-97 °C (from CH,CL/EtOAc); [a]p™ - 9.70 (¢ 1.01, CHCls); "H NMR (250 MHz, CDCl3)

§ 8.73 (br s, 1H, C-1"'NH), 7.77 (m, 6H, H-4, H-5, H-3", H-5", H-2", H-6"), 7.65 (d, Jaiii 3iii = Jiii siii =
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8.0 Hz, 2H, H-2", H-6"), 7.58 (d, J12 = Js7= 7.2 Hz, 2H, H-1, H-8), 7.38 (t, Js, = J34 = Js7 = Jos = 1.2
Hz, 2H, H-3, H-6), 7.29 (td, Jo3 = Jo, = J7g = J76 = 7.2 Hz, Jo4= J;5= 1.2 Hz, 2H, H-2, H-7), 6.71 (d,
Jsivaiv = Jsivgiv = 8.8 Hz, 2H, H-3", H-5"), 5.34 (d, Je-sinusii = 7.5 Hz, 1H, C-5"NH), 4.95 (t, Je.yiing1ii =
6.0 Hz, 1H, C-1"NH), 4.41 (d, Jyip = 6.9 Hz, 2H, H-1'), 4.20 (m, 2H, H-5", H-9), 4.06 (br s, 2H, NH,),
3.19 (m, 2H, H-1%), 1.95 (m, 1H, H-4"), 1.72 (m, 1H, H-4"), 1.62-1.36 (m, 13H, 2xH-2", 2xH-3",
C(CHs)3); “C NMR (100.6 MHz, CDCly) & 170.8 (C-6"), 156.9 (CO, carbamate), 156.5 (CO,
carbamate), 149.5 (C-4"", C-4"), 145.7 (C-1"), 144.0 (C-9a, C-8a), 141.4 (C-4a, C-4b), 139.4 (C-1"),
127.8 (C-3, C-6), 127.2 (C-2, C-7), 125.1 (C-1, C-8, C-2Y, C-6"), 123.4 (C-3", C-5'"), 120.1 (C-4, C-6,
C-2', C-6™), 114.8 (C-3", C-5"), 80.7 (C(CHs)s), 66.7 (C-1%), 55.2 (C-5"), 47.4 (C-9), 40.3 (C-1"), 31.4
(C-4"), 29.5 (C-2"), 28.4 (C(CH3)3), 22.7 (C-3"); IR (ATR) 3323, 2926, 2856, 1687, 1665, 1596, 1504,
1245 cm'l; HRMS (ESI+) calcd. for [C33H4,NgOs+Na]: 685.3109; found: 685.3112.

9H-Fluoren-9-ylmethyl N-((55)-5-amino-6-{4-[(E)-2-(4-aminophenyl)-1-diazenyl]anilino}-6-
oxohexyl)carbamate, 15. To a solution of intermediate 14 (1.07 g, 1.62 mmol) in MeOH (100 mL),
37% HCI (21 mL, 0.22 mol) was added. The reaction mixture was stirred for 1 h at room temperature
until TLC (EtOAc) showed no presence of starting material. Then, the mixture was concentrated under
vacuum, diluted with EtOAc (20 mL) and neutralized with a saturated aqueous solution of NaHCOs.
Purification by column chromatography (from EtOAc to EtOAc/MeOH, 95:5) gave 15 (890 mg, 1.58

mmol, 98% yield) as an orange solid: mp 78-82 °C (from EtOAc); [a]p”’ -25.6 (¢ 1.19, CHCL); 'H

5%, 7.75 (m, 6H, H-4, H-5, H-2" H-6"", H-2", H-5"), 7.59 (d, J,, = Js7 = 7.4 Hz, 2H, H-1, H-8), 7.39
(t, 32 =Js4=Js7=Jss =74 Hz, 2H, H-3, H-6), 7.31 (td, Jo3 = Jo1 = Jrs=J75 = 7.4 Hz, Joy=J75=0.9
Hz, 2H, H-2, H-7), 6.73 (d, Jsivaiv = Jsivev = 8.7 Hz, 2H, H-3", H-5"), 4.90 (t, Jejiing1ii = 5.4 Hz, 1H,
C-1"NH), 4.40 (d, J1ip = 6.9 Hz, 2H, H-1%), 4.21 (t, Jo ;i= 6.5 Hz, 1H, H-9), 3.49 (m, 1H, H-5"), 3.21 (m,
2H, H-1%), 1.96 (m, 1H, H-4"), 1.68-1.29 (m, 5H, 2xH-2", 2xH-3", H-4"); *C NMR (100.6 MHz,

CDCls) & 173.5 (C-6"), 156.7 (CO, carbamate), 149.5/149.4 (C-4""/C-4"), 145.7 (C-1"), 144.1 (C-9a, C-
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8a), 141.4 (C-4a, C-4b), 139.4 (C-1"), 127.8 (C-3, C-6), 127.2 (C-2, C-7), 125.1 (C-1, C-8, C-2", C-
6™), 123.5 (C-3", C-5"), 120.1 (C-4, C-6), 119.6 (C-2", C-6™), 114.8 (C-3", C-5"), 66.7 (C-1Y), 55.5 (C-
5, 47.4 (C-9), 40.7 (C-1%), 34.5 (C-4"), 29.8 (C-2"), 23.0 (C-3"); IR (ATR) 3335, 2923, 1687, 1596,
1508, 1249, 1138 cm'l; HRMS (ESI+) calcd. for [C33H34N¢O3+H]: 563.2765; found: 563.2769.
Di(zert-butyl) (2R,4S5)-2-{4-[((15)-1-{4-[(E)-(4-aminophenyl)-1-diazenyl]anilino} carbonyl-5-{[(9H-
fluoren-9-ylmethoxy)carbonyljamino}pentyl)amino]-4-oxobutyl}-4-[(zert-
butoxycarbonyl)amino]pentanedioate, 16. To a stirred solution of 15 (232 mg, 0.34 mmol) in dry
THF (18 mL) under N, atmosphere, a solution of 5 (169 mg, 0.38 mmol), EDCI (86 mg, 0.45 mmol),
HOBt (70 mg, 0.52 mmol), DIPEA (240 pL, 1.40 mmol) in dry THF (20 mL) was added. The reaction
mixture was stirred overnight at rt. Then, the mixture was diluted with EtOAc (40 mL) and washed with
water (2x40 mL). The organic layer was dried over anhydrous MgSO, and concentrated under vacuum.
The residue was purified by column chromatography (hexanes/EtOAc, 1:9) to afford amide 16 (335 mg,
0.30 mmol, 88% yield) as an orange solid: mp 98-105 °C (from hexanes/EtOAc); [a]p - 22.5 (¢ 1.18,
CHCls); 'H NMR (400 MHz, CDCls) & 8.91 (br s, 1H, C-1'NH), 7.79 (m, 6H, H-4", H-5", H-3", H-5",
H-2", H-6"), 7.65 (d, Jov3v = Jevsv = 8.7 Hz, 2H, H-2", H-6"), 7.57 (d, Jyivaiv = Jgi7iv = 7.4 Hz, 2H, H-1",
H-8Y), 7.38 (t, Jsivaiv = Jsivaiv = Jeivsiv = Jeivgiv = 7.4 Hz, 2H, H-3Y, H-6"), 7.31 (t, Jyivsiv = Jaiv jiv =
Joivgiv = Jyivgi = 7.4 Hz, 2H, H-2", H-7"), 6.73 (d, Javiovi = Jsvigvi = 8.7 Hz, 2H, H-3", H-5"), 6.48 (s,
1H, C-1"NH), 5.10 (t, Jesinusi = 5.4 Hz, 1H, C-5"NH), 4.56 (m, 1H, H-1"), 4.38 (d, Jiiiigiv = 6.9 Hz,
2H, H-1), 4.20 (m, 2H, H-4, H-9"), 4.05 (br s, 2H, NH,), 3.22 (m, 2H, H-5"), 2.34 (m, 1H, H-2), 2.24
(m, 2H, H-3"), 2.13-1.94 (m, 3H, H-3, H-1', H-2"), 1.86-1.37 (m, 7H, H-3, H-1', 2xH-2", H-2", 2xH-4"),
1.44 (m, 29H, 3xC(CH3)s, 2xH-3"); *C NMR (100.6 MHz, CDCl3) & 174.5/173.8/171.9/170.1 (C-1/C-
5/C-4'/CO, amide), 157.0 (CO, carbamate), 155.5 (CO, carbamate), 149.5 (C-4'/C-4"), 145.7 (C-1%),
144.1 (C-92", C-8a"), 141.4 (C-4a", C-4b"), 139.5 (C-1%), 127.8 (C-3Y, C-6"), 127.2 (C-2", C-7Y),
125.2/125.1 (C-1V, C-8"/C-2¥, C-6"), 123.4 (C-3", C-5%), 120.1 (C-4", C-5"/C-2", C-6"), 114.8 (C-3",

C-5"), 82.1 (C(CHa)3), 81.1 (C(CHz)s), 79.8 (C(CHs)3), 66.8 (C-1™), 54.0 (C-1"), 52.8 (C-4), 47.4 (C-
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9M), 42.4 (C-2), 40.5 (C-5"), 36.1 (C-3"), 34.9 (C-3), 32.1 (C-1), 30.7 (C-2"), 29.8 (C-4"), 28.5
(C(CH3)3), 28.2 (C(CHs)3), 28.1 (C(CHs)3), 23.2 (C-2Y), 22.6 (C-3"); IR (ATR) 3300, 2976, 2931, 1691,
1598, 1530, 1366, 1248, 1148 cm'l; HRMS (ESI+) calcd. for [CssH71N;O10tH]: 990.5335; found:
990.5347.

Di(zert-butyl) (2R,4S5)-2-(4-{(15)-5-amino-1-({4-[(E)-(4-aminophenyl)-1-diazenyl] anilino}carbonyl)
pentyl]amino}-4-oxobutyl)-4-[(fert-butoxycarbonyl)amino|pentanedioate, 17. A commercially
available solution of 20% piperidine in DMF (18 mL) was added to compound 16 (775 mg, 0.78 mmol).
After 1 h of stirring at rt, TLC analysis (EtOAc/MeOH, 95:5) showed no presence of starting material.
The mixture was diluted with water (18 mL) and washed with EtOAc (3x30 mL). The combined organic
extracts were dried over anhydrous MgSO, and concentrated under vacuum. The resulting solid was
purified by column chromatography (from EtOAc to EtOAc/MeOH/NH3, 9:2:1) to deliver 17 (459 mg,
0.60 mmol, 76% yield) as an orange solid: mp 89-96 °C (from EtOAc); [a]p™ - 31.1 (¢ 0.88, CHCls);

'H NMR (400 MHz, CDCl3) & 9.56 (br s, 1H, C-1"'NH), 7.81 (m, 4H, H-3", H-5", H-2", H-6"), 7.70

(m, 1H, C-1"NH), 5.21 (m, 1H, C-4NH), 4.63 (m, 1H, H-1"), 4.19 (m, 1H, H-4), 4.06 (br s, 2H, C-
4“NH,), 2.82 (m, 2H, H-5"), 2.58-2.31 (m, 3H, H-2, C-5"NH,), 2.27 (m, 2H, H-3"), 2.20-1.90 (m, 3H,
H-3, H-1', H-2"%), 1.86-1.56 (m, 7H, H-3, H-1\, 2xH-2', H-2", 2xH-4"), 1.44 (m, 29H, 3xC(CH3)s, 2xH-
31); 3C NMR (100.6 MHz, CDCl3) § 174.5/173.5/171.8/170.3 (C-1/C-5/C-4//CO, amide), 155.4 (CO,
carbamate), 149.5 (C-4", C-4"), 145.7 (C-1"), 139.7 (C-1"), 125.1 (C-2", C-6"), 123.4 (C-3", C-5'1),
120.1 (C-2", C-6), 114.8 (C-3", C-5"), 82.7 (C(CHs)3), 81.1 (C(CHs)3), 79.7 (C(CHs)3), 53.9 (C-1),
52.8 (C-4), 42.4 (C-2), 41.2 (C-5"), 36.1 (C-3), 34.8 (C-3), 32.1 (C-1/C-2"), 31.6 (C-4"), 28.5
(C(CHs)3), 28.2 (C(CHs)3), 28.1 (C(CHs)3), 23.2 (C-2Y), 22.7 (C-3"); IR (ATR) 3343, 2977, 2933, 1701,
1598, 1506, 1368, 1249, 1150 cm™; HRMS (ESI+) caled. for [C4HgN;Og+H]: 768.4654; found:
768.4650.

Di(tert-butyl) (2R,45)-2-(4-{(15)-1-({4-[(E)-(4-aminophenyl)-1-diazenyl]anilino} carbonyl)-5-[(2-

pyrenylacetyl)amino]pentyl}amino)-4-oxobutyl]-4-[(fert-butoxycarbonyl)amino|pentanedioate, 18.
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To a stirred solution of 17 (410 mg, 0.53 mmol) in dry THF (20 mL) under N, atmosphere, a solution of
I-pyreneacetic acid (6) (167 mg, 0.64 mmol), EDCI (133 mg, 0.69 mmol), DIPEA (465 pL, 2.67 mmol)
in dry THF (30 mL) was added. The reaction mixture was stirred overnight at rt. Then, the mixture was
diluted with EtOAc (50 mL) and washed with water (2x20 mL). The organic layer was dried over
anhydrous MgSO4 and concentrated under vacuum. The residue was purified by column
chromatography (EtOAc) and triturated with diethyl ether (2x10 mL) to furnish an orange solid
identified as 18 (458 mg, 0.45 mmol, 84% yield): mp 157-161 °C (from EtOAc); [a]n™® + 5.30 (¢ 0.96,
CHCl;); 'H NMR (400 MHz, DMSO-de) & 10.3 (s, 1H, C-1"NH), 8.37 (d, J= 9.3 Hz, 1H, H-pyr), 8.29-
8.17 (m, 5H, C-1"NH, 4xH-pyr), 8.12 (s, 2H, H-pyr), 8.08 (m, 1H, C-5"NH), 8.05 (t, J = 7.6 Hz, 1H, H-
pyr), 7.99 (d, J = 7.9 Hz, 1H, H-pyr), 7.76 (d, Juivsiv = Jsiveiv = 9.1 Hz, 2H, H-2", H-6"), 7.71 (d, Jiv.iv
= Jsivgiv = 9.1 Hz, 2H, H-3", H-5"), 7.63 (d, Javav = Jevsv = 8.8 Hz, 2H, H-2", H-6"), 7.10 (d, Je4ntia =
8.2 Hz, 1H, C-4NH), 6.66 (d, J3vov = Jsvev = 8.8 Hz, 2H, H-3", H-5"), 6.02 (s, 2H, NH,), 4.40 (m, 1H,
H-1%), 4.17 (s, 2H, H-2"), 3.76 (m, 1H, H-4), 3.09 (dd, Jsii4ii = 12.6 Hz, Jsi c.sivn = 6.7 Hz, 2H, H-5"),
2.33 (m, 1H, H-2), 2.12 (m, 2H, H-3'), 1.85-1.51 (m, 6H, 2xH-3, 2xH-1', 2xH-2"), 1.52-1.25 (m, 33H,
3xC(CHa)s, 2xH-2', 2xH-3", 2xH-4"); *C NMR (100.6 MHz, DMSO-de) & 173.8/172.1/171.7/171.2 (C-
1/C-5/C-4'/CO, amide), 169.9 (C-1""), 155.5 (CO, carbamate), 152.4 (C-4"), 148.1 (C-4"), 142.8 (C-1"),
140.2 (C-1™), 131.1 (C-pyr), 130.8 (C-pyr), 130.4 (C-pyr), 129.7 (C-pyr), 129.0 (C-pyr), 128.6 (CH-
pyr), 127.4 (CH-pyr), 127.2 (CH-pyr), 126.8 (CH-pyr), 126.1 (CH-pyr), 125.1 (C-2", C-6"), 124.9 (CH-
pyr), 124.8 (CH-pyr), 124.7 (CH-pyr), 124.1 (C-pyr), 124.0 (CH-pyr), 123.9 (C-pyr), 122.5 (C-3", C-
5, 119.5 (C-2", C-6"), 113.4 (C-3", C-5Y), 80.3 (C(CH3)3), 79.7 (C(CH3)3), 78.0 (C(CHs)3), 53.4 (C-
1, 52.5 (C-4), 42.2 (C-2), 40.1 (C-1"), 38.6 (C-5"), 34.8 (C-3"), 33.0 (C-3), 32.0 (C-1'), 31.6 (C-2),
28.8 (C-4"), 28.2 (C(CH3)s), 27.9 (C(CHs)s), 27.6 (C(CHs)s), 23.0 (C-3", C-2'); IR (ATR) 3277, 2975,
2935, 1720, 1638, 1599, 1531, 1506, 1368, 1251, 1151 cm™'; HRMS (ESI+) calcd. for [CssH71N7Oo+H]:

1010.5386; found: 1010.5377.
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Di(tert-butyl)  (2S,4R)-2-[(tert-butoxycarbonyl)amino]-4-[4-({(15)-1-({4-[(E)-(4-{[2-(2,5-diox0-2,5-
dihydro-1H-1-pyrrolyl)-acetyl]amino}phenyl)-1-diazenyl]anilino}carbonyl)-5-[(2-

pyrenylacetyl)amino]pentyl}amino)-4-oxobutyl|pentanedioate, 19. To a stirred solution of 7 (120
mg, 0.77 mmol) and oxalyl chloride 2.0 M in THF (402 uL, 0.80 mmol) in dry CH,Cl, (12 mL) was
added one drop of DMF. After stirring for 2 h at rt, the mixture was concentrated. The resulting acid
chloride was taken up in dry THF (5 mL) and slowly added to an ice-cooled solution of 18 (200 mg,
0.20 mmol), DIPEA (207 uL, 1.19 mmol) in dry THF (25 mL). After stirring for 10 min at this
temperature, the mixture was warmed up to rt and stirred for additional 4 h. Then, it was diluted with
EtOAc (30 mL) and washed with water (3x10 mL). The organic extract was dried over anhydrous
MgSOQ,, concentrated under vacuum and purified by column chromatography (EtOAc/MeOH, 9:1) to
provide 19 (168 mg, 0.15 mmol, 74% yield) as an orange solid: mp 187-198 °C (from EtOAc); [a]p +
68.5 (¢ 0.70, DMSO); 'H NMR (400 MHz, DMSO-ds) & 10.7 (s, 1H, C-4"NH), 10.3 (s, 1H, C-1""NH),
8.37 (d, J=9.3 Hz, 1H, H-pyr), 8.29-8.17 (m, 5H, C-1"NH, 4xH-pyr), 8.14 (s, 2H, H-pyr), 8.09 (m, 1H,
C-5"NH), 8.07 (t, J= 7.8 Hz, 1H, H-pyr), 7.98 (d, J = 7.8 Hz, 1H, H-pyr), 7.84 (m, 6H, H-2", H-6", H-
3V H-5", H-3", H-5"), 7.75 (d, Javav = Jevsv = 8.9 Hz, 2H, H-2", H-6"), 7.16 (s, 2H, H-3"", H-4""), 7.09
(d, Jeanz = 8.0 Hz, 1H, C-2NH), 4.38 (m, 1H, H-1"), 4.33 (s, 2H, H-2"), 4.16 (s, 2H, H-2'"), 3.76 (m,
1H, H-2), 3.08 (dd, Jsii 4ii = 12.6 Hz, Jsii c.siing = 6.7 Hz, 2H, H-5"), 2.31 (m, 1H, H-4), 2.11 (m, 2H, H-
3%, 1.85-1.51 (m, 6H, 2xH-3, 2xH-1', 2xH-2"), 1.51-1.24 (m, 33H, 3xC(CHa)s, 2xH-2", 2xH-3", 2xH-
41, 3C NMR (100.6 MHz, DMSO-de) & 172.8/171.1/170.7/170.5/169.7 (C-1/C-5/C-4'/C-2"", C-5"1/CO,
amide), 168.9 (C-1"), 164.3 (C-1"), 154.5 (CO, carbamate), 146.9/146.7 (C-4"/C-1%), 140.7/140.1 (C-
1V/C-4Y), 134.0 (C-3"", C-4""), 130.1 (C-pyr), 129.8 (C-pyr), 129.4 (C-pyr), 128.7 (C-pyr), 128.0 (C-
pyr), 127.6 (CH-pyr), 126.4 (CH-pyr), 126.2 (CH-pyr), 125.8 (CH-pyr), 125.1 (CH-pyr), 124.1 (CH-
pyr), 123.9 (CH-pyr), 123.7 (CH-pyr), 123.1 (C-pyr), 123.0 (CH-pyr), 122.9 (C-pyr), 122.5/122.4 (C-2",
C-6"/C-3", C-5"), 118.5 (C-2"Y, C-6", C-3", C-5%), 79.3 (C(CHs)3), 78.7 (C(CHs)3), 77.0 (C(CHs)3), 52.4

(C-1"), 51.6 (C-2), 41.2 (C-4), 39.5 (C-2"), 37.6 (C-5"), 33.8 (C-3'), 32.0 (C-3), 31.0 (C-1'), 30.6 (C-2"),
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27.8 (C-4"), 27.2 (C(CHs)3), 26.9 (C(CHs)3), 26.6 (C(CHs)3), 22.0 (C-3", C-2"); IR (ATR) 3274, 2976,
2933, 1716, 1528, 1366, 1247, 1148 cm™; HRMS (ESI+) caled. for [CesH74NsO+Na]: 1169.5318;
found: 1169.5350.

{(1S,3R)-1,3-Dicarboxy-7-[((1S)-1-({4-[(E)-2-(4-{[2-(2,5-diox0-2,5-dihydro-1H-1-
pyrrolyl)acetyllamino}phenyl)-1-diazenyl]anilino}carbonyl)-5-{[2-(2-pyrenyl)acetyl|amino}
pentyl)amino]-7-oxoheptyl}ammonium 2,2,2-trifluoroacetate, 2. To a stirred solution of compound
19 (40 mg, 45 pmol) in CH,Cl, (7.0 mL), trifluoroacetic acid (3.5 mL, 45.4 mmol) was added. The
mixture was stirred at room temperature until the starting material was consumed as judged by TLC
analysis (EtOAc/MeOH, 9:1). Then, the mixture was concentrated under vacuum and the resulting
purple solid was triturated with diethyl ether (2x8 mL) to furnish 2 (29 mg, 28 pumol, 79%) as a brown
powder: [a]p™ + 50.9 (¢ 0.43, DMSO); 'H NMR (400 MHz, DMSO-d¢) & 10.7 (s, 1H, C-4"NH), 10.4
(s, 1H, C-1"'NH), 8.37 (d, J = 9.3 Hz, 2H, H-pyr, C-1'NH), 8.30-8.17 (m, 5H, C-5'NH, 4xH-pyr), 8.14
(s, 2H, H-pyr), 8.05 (t, J = 7.6 Hz, 1H, H-pyr), 7.98 (d, J = 7.6 Hz, 1H, H-pyr), 7.84 (m, 6H, H-2", H-
6!, H-3' H-5", H-3", H-5"), 7.76 (d, Jivsiv = Jeiv siv = 8.6 Hz, 2H, H-2", H-6"), 7.16 (s, 2H, H-3"\, H-
4", 436 (m, 1H, H-1Y), 4.33 (s, 2H, H-2"), 4.19 (s, 3H, 2xH-2", H-1), 3.08 (m, 2H, H-5"), 2.68 (m, 1H,
H-3), 2.12 (m, 3H, H-2, 2xH-6), 1.80-1.26 (m, 11H, H-2, 2xH-4, 2xH-5, 2xH-4', 2xH-3', 2xH-2"); 1*C
NMR (100.6 MHz, DMSO-de) & 175.9/172.3/171.7/170.7/170.0 (C-2"/C-7/C-1"/CO, acid/CO, acid/CO,
amide), 165.4 (C-1Y), 147.9/147.6 (C-4"/C-1"), 141.8/141.1 (C-1"/C-4™), 135.0 (C-3", C-4"), 131.1
(C-pyr), 130.8 (C-pyr), 130.4 (C-pyr), 129.7 (C-pyr), 129.0 (C-pyr), 128.6 (CH-pyr), 127.4 (CH-pyr),
127.2 (CH-pyr), 126.8 (CH-pyr), 126.1 (CH-pyr), 125.1 (CH-pyr), 124.9 (CH-pyr), 124.7 (CH-pyr),
124.1 (2xC-pyr), 123.9 (C-pyr), 123.4 (C-2V, C-6", C-3", C-5"), 119.5 (C-2"", C-6", C-3", C-5v), 53.8
(C-1Y), 51.6 (C-1), 40.4 (C-3), 39.5 (C-2"), 38.5 (C-5"), 36.6 (C-6), 32.3 (C-2), 31.4 (C-4), 30.8 (C-2"),
28.8 (C-4"), 23.0/22.7 (C-3', C-5); IR (ATR) 3277, 3044, 2938, 1712, 1644, 1595, 1532, 1199, 1150 cm’

' HRMS (ESI+) calcd. for [Cs;HsoNgOo+H]: 935.3723; found: 935.3714.
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