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Structure-Based Design of Ultrapotent Tricyclic Ligands for

FK506-Binding Proteins

Patryk Krajczy,” Christian Meyners,” Maximilian L. Repity,” and Felix Hausch*® "

Access to small, rigid, and sp’-rich molecules is a major
limitation in the drug discovery for challenging protein targets.
FK506-binding proteins hold high potential as drug targets or
enablers of molecular glues but are fastidious in the chemo-
types accepted as ligands. We here report an enantioselective
synthesis of a highly rigidified pipecolate-mimicking tricyclic
scaffold that precisely positions functional groups for interact-

The precise tailoring of small molecules that perfectly match
the binding pockets of proteins is at the core of drug discovery
and a key activity of medicinal chemistry. A current trend to
address increasingly challenging drug targets is to design novel
scaffolds decorated with unusual chemotypes, which is re-
flected by a constant rise of molecular complexity.™ This results
in structures with lower aromatic ring count and higher sp?
ratios.” It also emphasizes the importance of new synthetic
methodologies and ability to introduce non-classical sp*-
enriched isosteres that further extend the three-dimensional
way of thinking.?® Structural rigidification of a flexible ligand is
a commonly used strategy during the lead optimization stage,
which further contributes to the need for sp*-rich molecules."™®
Conformational preorganization can enhance binding affinity to
a given biological target by minimizing the entropic penalty
associated with the ligand adopting the bioactive conformation.
Moreover, conformational restriction can improve selectivity,
physicochemical properties, and metabolic stability."”
FK506-binding proteins belong to the immunophilin family
that upon binding to clinically approved natural products
FK506 and Rapamycin enable an immunosuppressive effect.”
Among human FKBPs, the Hsp90-associated co-chaperone
FKBP51 contributes to the steroid hormone receptor maturation
and plays a prominent role in human stress biology suggesting
that FKBP51 inhibition has a therapeutic potential.”'" Starting
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ing with FKBPs. This was enabled by a 14-step gram-scale
synthesis featuring anodic oxidation, stereospecific vinylation,
and N-acyl iminium cyclization. Structure-based optimization
resulted in the discovery of FKBP inhibitors with picomolar
biochemical and subnanomolar cellular activity that represent
the most potent FKBP ligands known to date.

from FK506, we previously explored various series of pipecolate
analogues as non-immunosuppressive FKBP inhibitors. This
cumulated in the [4.3.1]aza-amide bicyclic core, which consis-
tently shows improved binding properties in comparison to
more flexible structures.">" Due to the enhanced affinity these
compounds were used in a broad spectrum of application
including ligand-protein interaction studies,"® development of
selective proteolysis targeting chimeras (PROTACs),"”" molecular
glues™ and as anti-microbial agents."**"!

Encouraged by the strong positive impact of a single,
solvent-exposed methyl group observed for [4.3.1]aza-amide
bicyclic inhibitors®" (Figure 1) we envisioned a new scaffold
with an additional carbon bridge leading to a tricyclic system.””
Analysis of previously obtained X-ray cocrystal structures of
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Figure 1. A) Chemical structures of high affinity bicyclic ligands 1 and 2
(known as compound 197 and 16~ in ref. [21]), and B) their tricyclic
analogue 3 explored in this work (additional bridge highlighted in purple).
The affinity-boosting methyl groups in the a-position of 1 and 2 are
indicated by red arrows. The cyclization approach is marked with purple,
curved arrow. Cocrystal structures of 1 (pale orange sticks) in complex with
FKBP51 (grey surface with cyan cartoon, PDB: 7APS). The side chains of
Phe”’, Glu”® and Arg”® have been omitted for clarity.
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compounds 1 and 2 bound to FKBP51 suggested that
elongation of the methyl group in the C-a-position could form
a cyclized, rigidified product with defined geometry. This
product was predicted to retain a conformation compatible
with the binding mode of known FKBP ligands. To maximize
the contribution of proposed structural changes we provided a
new exit vector in the form of a functional group amenable to
the common medicinal chemistry transformations.

To reduce this to practice, we report here an enantioselec-
tive synthesis of the envisioned novel, sp*enriched tricyclic
scaffold and a series of structurally optimized compounds.
Retrosynthetic analysis (Scheme 1) based on HF-driven (N-
acyliminium) cyclization and amide bond formation suggested
building block 4 as the key intermediate. Compound 4 could be
accessible via cross metathesis from trans-5-propenylproline
building block 6, which was envisioned to be synthesized
stereoselectively from the amino acid 7 as chiral starting
material.

Amide bond

The synthesis began by methylation of N-tert-butoxycarbon-
yl (Boc—) protected L-proline 7 to give methyl ester 8 in 90%
yield® (Scheme 2). In order to functionalize the proline ring at
the C5 position, the carbamate was subjected to Shono-type
anodic oxidation using graphite electrodes (6.3x150 mm,
250 mA) and a 0.05 M solution of Et,NOTs in methanol as an
supporting electrolyte.”” This uncomplicated transformation
could be run on a multigram scale in an open beaker. After
5.0 F/mol has passed the methoxylated product 9 was obtained
in 88% vyield as a 1:1 mixture of diastereoisomers. The
transformation to the key 2,5-disubstituted pyrrolidine deriva-
tive 10 was accomplished in 76% yield through BF;Et,O-
mediated reaction with the vinyl cuprate prepared in situ from
trans-1-bromopropene.”” The stereochemistry of the obtained
product was elucidated on the basis of correlations observed in
the NOESY experiment after its conversion into the deprotected
pyrrolidine derivative (see Supporting Information, Figure S1).
Gratifyingly, the conditions employed for the nucleophilic
addition to 9 preferentially yielded the trans adduct, which is
essential for constructing the tricyclic core fragment with the
desired stereochemistry. Ester reduction by LiBH, gave the

formation | O _OH izl"memamesis primary alcohol 11 in 87% vyield, which was further converted
oy A N Q into benzyl derivative 12. Deprotection of the Boc group with
HF-driven mam st O\« N7 Yoz bromotrimethylsilane (TMSBr) provided trans-5-propenylproline

ui

cyclization

>s : _\l
Y
o/\(‘)

Cl

J

T S .
Boc
6

Boc
Stereoselective 7
nucleophilic addition

to N-acyliminium ion

Scheme 1. Retrosynthetic analysis of 3 based on HF-driven cyclization.

benzyl ether 13 as a free amine in quantitative yield. However,
a subsequent cross metathesis (CM) with allytrimethylsilane
turned out to be challenging, consistent with known poor
suitability of amines as substrates for ruthenium-based olefin
metathesis.?® This is thought to be due to a possible
coordination of the polar functional groups to the emerging
carbene, spoiling catalytic activity. The use of titanium or
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Scheme 2. Synthesis of the tricyclic ligand 3. Reagents and conditions: (a) K,COs, Mel, DMF, rt, 17 h, 90 %; (b) graphite anode, Et,NOTs/MeOH, 250 mA, 5.0 F/
mol, 5°C, 88%; (c) (2)-prop-1-en-1-yllithium, CuBr-Me,S, BF;-Et,0, —78°C to rt, 30 min, 76 %; (d) LiBH,, THF, 0°C to rt, 17 h, 87 %; (e) NaH, benzyl bromide, THF,
0°Ctort, 17 h, 81%; (f) TMSBr, DCM, rt, 17 h, quant.; (g) allyltrimethylsilane, Cy,BCl, Grubbs II, DCM, reflux, 3 h, 71 %; (h) (S)-6-oxo-2-piperidinecarboxylic acid 5,

HATU, DIPEA, DMF, rt, 4 h, 56 %; (i) Boc,0, DIPEA, DMAP, DCM, rt, 36 h, 88%; (j) DIBAL—H, THF,

—78°C, 15 min; (k) HF, DCM, —78°C to 0°C, 3 h, 65% (over 2

steps); (1) 3,5-dichlorobenzenesulfonyl chloride, DIPEA, MeCN, rt, 17 h, 68 %; (m) BCl;:SMe,, DCM, rt, 1 h, 84%; (n) Jones reagent, acetone, 0°C to rt, 2 h, 87 %.
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boron-based Lewis acids to improve olefin metathesis has been
already reported.”” In order to access the functionalized proline
derivative via CM, various catalysts and Lewis acids additives
were screened (see Supporting Information, Table S1 and S2).
The combination of a 2™ generation Grubbs catalyst (7 mol %)
and chlorodicyclohexyl borane (20 mol%) afforded the best
results. Ultimately, the reaction performed in anhydrous DCM at
reflux provided 14 in notable yield of 71 %. With this compound
in hand, we continued the synthesis to construct the tricyclic
scaffold. Compound 14 was first coupled to commercially
available (S)-6-oxo-2-piperidinecarboxylic acid 5 using HATU to
deliver stereochemically pure amide 15 in 56% vyield. Subse-
quent Boc protection resulted in 16 as a precursor for the key
cyclization step. Chemoselective reduction with DIBAL—H and
subsequent treatment of hydroxy carbamate with hydrofluoric
acid in pyridine resulted in the target tricyclic building block 17
as the only diastereomer obtained in 65% yield over 2
steps.>'*?" Reaction with 3,5-dichlorosulfonyl chloride fur-
nished sulfonamide 18, which after treatment with boron
trichloride methyl sulfide complex afforded alcohol 19. Jones
oxidation of primary alcohol provided the functionalized FKBP
ligand 3 in excellent yield of 87% on a gram scale for testing
and further derivatization. The presented synthetic route
(Scheme 2) facilitated the gram-scale synthesis of tricyclic
compound 3 with an overall yield of 5% over fourteen steps. In
order to prepare 1g of 3 nearly 12.5g (58 mmol) of N-Boc-L-
proline is needed. All synthetic steps employed were scaled to
the gram quantities, and their products were purified via
standard chromatographic methods.

To get a first glimpse on activity, 3 was tested for binding to
purified human FKBP12 and FKBP51. Gratifyingly, 3 bound to
the former with 12 nM and to the latter with 698 nM (Table 1),
providing a first indication for the suitability of the tricyclic
scaffold as FKBP ligand. Compared to the starting compound
1,27 this is almost identical for FKBP12 (K,=13 nM for 1) but
substantially worse for FKBP51 (K,=22 nM for 1). Encouraged
by this finding we investigated the molecular interaction
network of our tricyclic ligand and its exact spatial architecture
by determining the cocrystal structure of ligand 3 in complex
with the FK1 domain of FKBP51 (Figure 2A). As intended, all key
interactions of the original [4.3.1]sulfonamide motif are con-
served, incl. van der Waals interactions with Trp®, lle¥, Val®,
Phe”, Tyr”, a hydrogen bond to lle¥, non-canonical hydrogen
bond-like interactions with the sulfonamide,"® and a halogen
bond to Ser''™®. The overlay with bicyclic ligand 1 bound to
FKBP51 showed that both compounds bind in an almost
identical pose (Figure 2B). The only substantial difference is the
orientation of the carboxylic group, which for 1 is shifted by 36°
in comparison to 3. (C'-N-C>-C dihedral angle, see also
Supporting Information). This is enforced by the geometry of
the additional pyrrolidine ring. Notably, one oxygen of the
carboxyl group remains hydrogen-bonded to Tyr'™ by a
compensatory rotation of the N-C>~C*=0 bond. In light of the
newly identified spatial orientation of the carboxylic acid group
in the cocrystal structure of the tricyclic scaffold, we explored
the potential of substituents at this position. Towards this goal,
the carboxylic acid was converted to its methyl ester 20 and to
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Table 1. Overview of binding affinities of the tricyclic analogues 3-32 as
well as bicyclic reference compounds 1 and 2, obtained by a competitive
fluorescence polarization assay.®"
R4
(0] N cl
Ri Y7
N
A
\
0" o cl
Entry R1 R3 FKBP51 FKBP12
Ki [nM] Ki [nM]
Os__OH
16! Y vinyl 22 13
| A
fab] ;
2 % N vinyl 2.6 0.72
OVOH
3 = vinyl 698 +49 12+1.7
AN
OYOMe .
20 H vinyl 76£10 1.0+0.1
O _NH
X2
21 X vinyl 18430 0.4840.08
H
O NN ;
22 X vinyl 7.7+09 0.3240.04
o
oA
23 \:/ ~ vinyl 121+8.0 23+0.2
L
24 N vinyl 1.1+£04 0.043+£0.01
25 Oy'o/ vinyl 0.93+0.2 0.067 +0.01
‘/\N/
26 OYN\) vinyl 11+0.7 0.16£0.018
N
27 OYN vinyl 17+1.7 0.55+£0.07
~
28 O vinyl 52+6.0 0.72+£0.1
| X
(5)-30 ‘,7;‘\\ N vinyl 464+79 12+1.6
X
(R)-30 ‘% l N vinyl 8990+ 1000 5584102
os N
31 Y CHO0H 076402 0.01340.004
32 0%‘/" —CH,OH 0.72+0.2 0.01940.007
[a] Presented K; values were taken from ref. [21]. [b] Presented residues
represent analogous substituents in a [4.3.1]bicyclic context.
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Figure 2. Molecular binding mode of 3 (PDB: 9EY3). A) The cocrystal
structure of compound 3 (purple sticks) in complex with FKBP51 (cyan
cartoon, key residues shown as yellow sticks). The main interactions with
FKBP51 are indicated by dotted lines with the distances in Angstrom.
Hydrophobic interactions with Trp®, Phe®, Val’® are not shown. B) Super-
position of compound 3 with bicyclic ligand 1 (pale orange, from PDB:
7APS). C) Comparison of dihedral angles (C'-N—C?>~C%) between compound 1
and 3. The dihedral angles were measured in PyMol.

the amides 21-28 (Scheme 3). Since pyridine (as in 2, Figure 1)
was one of the best carboxylic replacements for [4.3.1]bicyclic
ligands — with better affinities for most FKBPs - we were
interested to explore this moiety also in the novel tricyclic
context. We therefore referred to Ni-catalyzed decarboxylative
cross-coupling, which has emerged as powerful transformation
for the preparation of a diverse range of C—C bonds.”® Starting
from the N-hydroxyphthalimide (NHP) ester of 3, compound 29
was successfully coupled with 2-iodopyridine in the presence of
a NiCl,(bpy) as the pre-catalyst, chlorosilane additive and zinc
reductant.”*® This provided two separable diastereomers (S)-
30 and (R)-30, which could be directly compared to the
corresponding pyridine-based bicyclic ligands."**" For two
tricyclic analogues (24 and 25) we also explored the effect of
converting the vinyl group to a hydroxyl group, as it tended to
boost the binding affinities for bicyclic analogues. This was
achieved by an oxidative cleavage followed by reduction.

The binding affinities of resulting tricycles 20-32 for human
FKBP12 and FKBP51 were determined by a fluorescence polar-
ization assay (Table 1).5” Masking the negative charge of
carboxylic acid as in 20 improved the affinity for both FKBPs
dramatically compared to the parent tricycle 3. Unexpectedly,
introduction of a heterocyclic pyridine ring as a carbonyl
mimetic ((S)-30) did not improve affinity in the tricyclic context.
However, we observed clear dependence of the stereochemistry

Chem. Eur. J. 2024, 30, 202401405 (4 of 7)
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Scheme 3. Synthesis of the tricyclic analogues 20-32. Reagents and con-
ditions: (a) K,CO5, Mel, DMF, rt, 2 h, 94%; (b) CDI, NH; (30% in H,0), THF, rt,
30 min, quant. for 21; (c) methylamine hydrochloride for 22, dimethylamine
for 23, ethylamine for 24, 4-methylpiperidine for 25, 1-methylpiperazine for
26, (1R,4R)-5-methyl-2,5-diazabicyclo-[2.2.1]heptane dihydrochloride for 27
or (15,45)-(—)-2-Boc-2,5-diazabicyclo[2.2.1]heptane for 28, HATU, DIPEA, DMF,
rt, 4-17 h, 78-95%; (d) TFA, DCM, rt, 1.5 h, quant; (e) N-hydroxyphthalimide,
EDC-HCI, DMAP, DCM, 0°C to rt, 17 h, 97 %; (f) 2-iodopyridine, NiCl,(bpy),
TMSCI, Zn, DMA, 1t, 3 h, 31%; (g) OsO,, NalO,, 2,6-lutidine, dioxane/H,0O
(3:1),0°C to rt, 48 h; (h) NaBH,, EtOH, 0°C to rt, 17 h, 78 % for 31, 76 % for 32
(over 2 steps).

as the other diastereomer ((R)-30) bound substantially weaker.
Surprisingly, the conversion to primary amide 21 provided a
nearly 40-fold increase in potency for FKBP51 over compound
3. Monomethylation of the amide as in 22 slightly improved
affinity even further, while dimethylation as in 23 was counter-
productive, suggesting the importance of a hydrogen bond
donor. Indeed, the cocrystal structure of 21 confirmed a
hydrogen bond to the carbonyl of GIn®* (Figure 3), which was
accompanied with a further rotational adaption of the
N-C*-C*(—0) dihedral angle. As observed for compound 3
before, all other interactions are virtually identical compared to
the binding mode of 1. To explore the scope of the amide
substituents we elongated the alkyl group from methyl to ethyl
as in tricycle 24. Remarkably, this simple modification boosted
affinity 7-fold for both FKBPs. Surprisingly, by expanding the
N,N-dimethyl- to a 4-methyl piperidine motif, tricycle 25
displayed a dramatically increased affinity, binding 130-fold
stronger to FKBP51 and 34-fold stronger to FKBP12 compared
to the dimethylated analogue 23.

However, introduction of an additional nitrogen as in
compound 26 or in bridged diamines 27 and 28 compromised
affinity. Encouraged by the remarkable results observed for 24
and 25, we tested analogues with the vinyl replaced by a
hydroxymethyl group. In both cases (31 and 32), this
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Figure 3. The cocrystal structure (PDB: 9EY4) of compound 21 (grey sticks) in
complex with FKBP51 (cyan cartoon, key residues shown as yellow sticks).
Hydrogen bonds between 21 and the protein are indicated by dotted lines
with the distances in Angstrom.

modification increased affinity even more, resulting in low
picomolar inhibitors for FKBP12 and sub-nanomolar ligands for
FKBP51. These compounds, together with 20, were tested in a
nanoBRET assay in order to determine target engagement of
FKBP12 or FKBP51 in HEK293T cells®? (Table 2). The absence of
a negative charge in the case of ester 20 enhances cell potency,
indicating poor permeability of carboxyl-containing compound
3. Significantly, compounds 31 and 32 both displaced the
FKBP51 tracer at low nanomolar potencies, and compound 32
even attained sub-nanomolar potency for FKBP12. Taken
together, this represents an almost 1000-fold improvement in
biochemical as well as cellular activity compared to starting
tricycle 3.

Conclusions

In this study we developed a reliable enantioselective synthesis
of a novel conformationally constrained tricyclic scaffold that
was enabled by a range of synthetic transformations incl.
anodic oxidation, BF; promoted stereoselective addition of
organocopper reagent and TMS-facilitated N-acyl iminium
cyclization. Access to the tricyclic compound 3 in gram scale
was crucial to allow the structure-activity relationship analysis
that eventually led to compounds 31 and 32, which represent
the most potent FKBP ligands known today. The cocrystal
structures revealed the key interactions and uncovered subtle
tricycle-specific rearrangements of the carboxyl and carboxa-
mide substituent as well as a new hydrogen bond for the latter.
The ultrahigh affinity is likely generated by precisely locking of

Chem. Eur. J. 2024, 30, €202401405 (5 of 7)

Table 2. Overview of the nanoBRET data for intracellular FKBP occupancy

in HEK293T cells.®*?

Entry Structure nanoBRET nanoBRET
FKBP51 FKBP12
1C50 [nM] 1C50 [nM]

COH
OYN cl
3 A /@ > 10000 1337 +153
NJ
O//S‘é) cl
O
(o] N A cl
20 - T 620171 1M1+14
N\S
0//‘2) cl
H
LN
0O, N A cl
31 Ho T 85406 39403
N;S
% cl
el
32 o~ cl 33403 0.49+0.04
e
N
S,
% cl

all atoms of 31 and 32 in a conformation that is ideally
preorganized for interaction with the shallow binding pocket of
FKBPs. The precursor series represented by bicycles 1 and 2
featured a methyl group that increase affinity by displacing a
conserved but high-energy “unhappy” water molecules at the
protein-ligand interface. We hypothesise that this conserved
water molecule is also partially displaced by the pyrrolidine ring
of the tricyclic compounds presented here, which likely
contributed to the enhanced affinity. In summary, tricyclic
sulfonamides represent a highly optimized scaffold for the
robust generation of ultrahigh affinity FKBP ligands, e.g. as a
basis for novel molecular glues. More generally, our results
highlight the power of molecular complexity and modern
organic chemistry to generate binding energy in a highly
ligand-efficient manner.

Supporting Information Summary

All synthetic and experimental details, as well as 'H and "C
NMR spectra are provided in the Supporting Information. The
authors have cited additional references within the Supporting
Information.®"
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