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Macrocycles, formally defined as compounds that contain a ring
with 12 or more atoms, continue to attract great interest due to
their important applications in physical, pharmacological, and
environmental sciences. In syntheses of macrocyclic compounds,
promoting intramolecular over intermolecular reactions in the
ring-closing step is often a key challenge. Furthermore, syntheses
of macrocycles with stereogenic elements confer an additional
challenge, while access to such macrocycles are of great interest.
Herein, we report the remarkable effect peptide-based catalysts
can have in promoting efficient macrocyclization reactions. We
show that the chirality of the catalyst is essential for promoting
favorable, matched transition-state relationships that favor mac-
rocyclization of substrates with preexisting stereogenic elements;
curiously, the chirality of the catalyst is essential for successful
reactions, even though no new static (i.e., not “dynamic”) stereo-
genic elements are created. Control experiments involving either
achiral variants of the catalyst or the enantiomeric form of the
catalyst fail to deliver the macrocycles in significant quantity in
head-to-head comparisons. The generality of the phenomenon,
demonstrated here with a number of substrates, stimulates anal-
ogies to enzymatic catalysts that produce naturally occurring mac-
rocycles, presumably through related, catalyst-defined peripheral
interactions with their acyclic substrates.

macrocyclization | asymmetric catalysis | peptides | cross-coupling |
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acrocyclic compounds are known to perform a myriad of

functions in the physical and biological sciences. From
cyclodextrins that mediate analyte separations (1) to porphyrin
cofactors that sit in enzyme active sites (2, 3) and to potent
biologically active, macrocyclic natural products (4) and syn-
thetic variants (5-7), these structures underpin a wide variety
of molecular functions (Fig. 14). In drug development, such
compounds are highly coveted, as their conformationally re-
stricted structures can lead to higher affinity for the desired
target and often confer additional metabolic stability (8-13).
Accordingly, there exists an entire synthetic chemistry enter-
prise focused on efficient formation and functionalization of
macrocycles (14-18).

In syntheses of macrocyclic compounds, the ring-closing step is
often considered the most challenging step, as competing di- and
oligomerization pathways must be overcome to favor the intra-
molecular reaction (14). High-dilution conditions are commonly
employed to favor macrocyclization of linear precursors (19).
Substrate preorganization can also play a key role in overcoming
otherwise high entropic barriers associated with multiple
conformational states that are not suited for ring formation.
Such preorganization is most often achieved in synthetic
chemistry through substrate design (14, 20-22). Catalyst or
reagent controls that impose conformational benefits that
favor ring formation are less well known. Yet, critical prece-
dents include templating through metal-substrate complexa-
tion (23, 24), catalysis by foldamers (25) or enzymes (26-29),
or, in rare instances, by small molecules (discussed below).
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Characterization of biosynthetic macrocyclization also points
to related mechanistic issues and attributes for efficient mac-
rocyclizations (30-34). Coupling macrocyclization reactions to
the creation of stereogenic elements is also rare (35). Metal-
mediated reactions have been applied toward stereoselective
macrocyclizations wherein chiral ligands transmit stereo-
chemical information to the products (Fig. 1B). For example,
atroposelective ring closure via Heck coupling has been ap-
plied in the asymmetric total synthesis of isoplagiochin D by
Speicher and coworkers (36-40). Similarly, atroposelective syn-
theses of (+)-galeon and other diarylether heptanoid natural
products were achieved via Ullman coupling using N-methyl
proline by Salih and Beaudry (41). Finally, Reddy and Corey
reported the enantioselective syntheses of cyclic terpenes by
In-catalyzed allylation utilizing a chiral prolinol-based ligand
(42). While these examples collectively illustrate the utility of
chiral ligands in stereoselective macrocyclizations, such ex-
amples remain limited.

We envisioned a different role for chiral catalysts when addressing
intrinsically disfavored macrocyclization reactions. When un-
favorable macrocyclization reactions are confronted, we hy-
pothesized that a catalyst—substrate interaction might provide
transient conformational restriction that could promote mac-
rocyclization. To address this question, we chose to explore
whether or not a chiral catalyst-controlled macrocyclization
might be possible with peptidyl copper complexes. In the context of
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Fig. 1. (A) Examples of macrocyclic compounds with important applications. HCV, hepatitis C virus. (B) Use of chiral ligands in metal-catalyzed or mediated

stereoselective macrocyclization reactions. (C) Remote desymmetrization using guanidinylated ligands via Ullmann coupling. (D) This work: use of copper/
peptidyl complexes for macrocyclization and the exploration of matched and mismatched effect.

the medicinally ubiquitous diarylmethane scaffold, we had previ-
ously demonstrated the capacity for remote asymmetric induction
in a series of bimolecular desymmetrizations using bifunc-
tional, tetramethylguanidinylated peptide ligands. For exam-
ple, we showed that peptidyl copper complexes were able to
differentiate between the two aryl bromides during C-C, C-O,
and C-N cross-coupling reactions (Fig. 1C) (43-45). More-
over, in these intermolecular desymmetrizations, a correlation
between enantioselectivity and conversion was observed, re-
vealing the catalyst’s ability to perform not only enantiotopic
group discrimination but also kinetic resolution on the mono-
coupled product as the reaction proceeds (44). This latter obser-
vation stimulated our speculation that if an internal nucleophile
were present to undergo intramolecular cross-coupling to form a
macrocycle, stereochemically sensitive interactions (so-called
matched and mismatched effects) (46) could be observed (Fig. 1D).
Ideally, we anticipated that transition state—stabilizing inter-
actions might even prove decisive in matched cases, and the
absence of catalyst—substrate stabilizing interactions might
account for the absence of macrocyclization for these otherwise
intrinsically unfavorable reactions. Herein, we disclose the explicit
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observation of these effects in chiral catalyst-controlled macro-
cyclization reactions.

Results and Discussion

Our investigation began with design of a suitable bifunctional
nucleophile. A critical issue involves site selectivity. That is, we
envisioned a sequential desymmetrization—macrocyclization, wherein
one reaction partner would bear two electrophilic aryl halide
sites (Fig. 2, 1), while the coupling partner would contain two
different nucleophilic sites (Fig. 2, 2a). The order of reactivity
on the two nucleophilic sites of 2a was established through a
series of competition experiments (see SI Appendix, section 7.
1). For example, we found that a chemoselective coupling of
diethyl malonate to 1 occurs in the presence of an unprotected
aniline. In agreement with these competition experiments, 2a
underwent chemo- and enantioselective C-C coupling using
L1 to give 3a under Ullmann coupling conditions (66% yield,
94:6 er) (43). Then, using ligand ent-L2 (enantiomeric at each
stereogenic center with respect to L1), macrocycle 4a was
obtained in 67% yield, and with further enantioenrichment
to >99:1 er (Fig. 2, Eq. 2; see SI Appendix, section 9 for
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Fig. 2. Chemo- and enantioselectiselective C—C coupling followed by diastereodifferentiating macrocyclization by C-N coupling. Reaction conditions 1: 1
(1.8 mmol, 1.0 equiv), 2a (1.0 equiv), Cu(MeCN)4BF4 (5 mol %), L1 (10 mol %), Cs,CO3 (4.2 equiv), 1:2 DMF/toluene (0.25 M), room temperature, 15 h. °Reaction
conditions 2: 3a (0.15 mmol, 1.0 equiv), CuBr (20 mol %), ligand (40 mol %), K3PO4 (4.4 equiv), 1:2 DMF/MeCN (0.125 M), 45 °C, 15 h. “1.8:1 dr (diastereomeric

ratio) in CD,Cl,. dr of 4a varies in different solvents and concentrations.

optimization). As is typical with a-substituted malonates, this
product is isolated as a mixture of epimerizable diastereomers
due to the lability of the malonate stereogenic center. The
choice of ent-L2 as the ligand for the macrocyclization catalyst
was born of its discovery as an excellent ligand for enantio-
selective C-N bond-forming cross-couplings (45). In contrast,
use of L2 (the enantiomer of the successfully employed ent-
L2) failed to deliver the macrocycle in good yield, delivering
4a in only 10% yield, and in racemic form. In fact, what
macrocyclization is observed using the mismatched ligand L2
appears to be the result of the processing of the residual minor
enantiomer (which is matched to L2), as evidenced by the
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recovery of enantiopure, unreacted starting material 3a after
the macrocyclization (see SI Appendix, section 8.5; see also SI
Appendix, Section 11, which also supports this assertion of
kinetic resolution). Furthermore, in a striking control experi-
ment, the achiral guanidinylated ligand L3 also performed
poorly and quite similarly to the mismatched L2. These results
highlight the critical nature of the stereochemically matched
ligand for successful cyclization and also point strongly to
stabilizing cooperative effects between the right chiral catalyst
and its matched substrate during the macrocyclization step.
Notably, in the matched case, the macrocyclization proceeds
at 45 °C and under surprisingly typical concentrations for
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many bimolecular reactions (125 mM); extreme dilution, as is
typical for many macrocyclizations (~1 mM), was not required
(14-19).

Encouraged by the above results, linear precursors 3a to 3f
were prepared to explore the scope of the reaction (Fig. 3; see ST
Appendix, sections 4 and 6 for synthesis of 2a to 2f). As with 2a,
each substrate underwent chemo- and enantioselective C-C
coupling to yield 3a to 3f in 59 to 69% yield, and with enantio-
selectivities ranging from 94:6 er to 90:10 er (Fig. 3), setting the
stage for evaluation of the generality of the chirality-matched
catalyst-controlled macrocyclizations.

In each case the special significance of the stereochemically
matched ligand was evident. Moreover, in these successful
macrocyclizations further enantioenrichment was observed in the
products, while the mismatched and achiral ligands consistently
gave poor results (Fig. 44). For example, as illustrated in Fig. 2,
macrocyclization of 3a leads to the formation of 18-membered
ring (4a) in 67% yield in excellent er (>99:1 er) using ent-L2
(Fig. 44). An ortho substituent is not necessary for the demon-
stration of ligand effect as seen in 3b (50% yield, >99:1 er).
However, the presence of an ortho substituent appears to aid in
improving the yield of macrocyclized products, possibly by fa-
voring intramolecular reaction over oligomerization pathways
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(3a and 3c; see SI Appendix, section 13). The effect of the mis-
matched ligand was less apparent for 3d, which appeared to be
inherently more reactive—nevertheless, the matched ligand still
dramatically outperformed the mismatched or the achiral ligands
for this substrate. Linear precursor containing five methylene
linkers (3e) also underwent macrocyclization. In this case, a
10-fold difference in the yield of macrocyclized product (4e) was
observed, as ent-L2 afforded the product in 23% yield (98:2 er),
while L2 leads to formation of the product in only 2.5% yield
(32:68 er), which once again clearly demonstrates the impor-
tance of the matched ligand in the macrocyclization. Strikingly, a
free phenol in the substrate is tolerated, as 3f is processed to 4f in
43% yield and with 99:1 er via the preferential intramolecular
C-N coupling of 3f using ent-L2(C-N, 4f/C-O, 5f = 7.2:1;
Fig. 4B).

A particularly interesting observation is that the use of achiral
ligand L3 actually favored macrocyclization via C-O coupling
(51, 11% yield) and only gave the desired C-N linked macrocycle
4f in 3% yield. We then explored whether we can overturn the
observed selectivity by using a different guanidinylated ligand.
Unfortunately, the use of a ligand previously optimized for C-O
coupling, 14 (44), did not lead to efficient macrocyclization,
through either C-O coupling or C-N coupling, and only favored
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intramolecular C-O coupling by a slight margin (1:1.3 ratio).
Consistent with previous examples (Fig. 44), the use of mis-
matched ligand L2 is far less efficient in catalyzing macro-
cyclization. We speculate that in each case of an unfavorable
reaction, oligomerized side products appear at the heart of
inefficiency.

We then turned our attention to structural features of these
new macrocycles. Notably, these large rings exhibit stereo-
dynamic properties. Two sets of peaks are observed by 'H NMR
spectroscopy, with the ratio of two apparent diastereomers, (S,
S)-4a and (S, R)-4a, varying as a function of different NMR
solvents (see SI Appendix, section 15.3). While various phe-
nomena might account for this observation (atropisomerism
and conformational isomerism) (41, 47-54), we speculated
instead that this phenomenon is due to slow epimerization of
the malonate stereocenter via keto-enol tautomerization. In-
deed, a complete deuterium exchange in methanol-d, is ob-
served but requires 2 h to reach completion (Fig. 5). The
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connectivity and the absolute stereochemistry of these mac-
rocycles were unambiguously determined by X-ray crystallog-
raphy (Fig. 64).

Finally, the basis of the observed stereochemical matched and
mismatched effect in macrocyclization remains of interest. We
posit that the following scenario enables chirality matched
macrocyclization with peptidyl complexes (Fig. 6B). First, C-C
coupling occurs on one aryl bromide of diarylmethane 1 using
L1 to afford the linear precursor 3a. Then, the matched ligand
(ent-L2), which is enantiomeric at the i (Asp residue) and the
i+1 (Pro residue) positions compared to L1, is able to effi-
ciently catalyze macrocyclization by localizing the copper in
close proximity to the aryl ring that bears the second
substituting bromide (/n¢-2). On the other hand, the use of the
mismatched ligand, L2, leads to a sluggish reaction, as its in-
trinsic chirality preference is to localize the copper center in
proximity to the ring that already underwent C-C coupling,
and which therefore no longer bears a bromide atom (Inz-3).
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Presumably, the stereogenic centers of the matched catalyst
are ultimately responsible for the low-energy conformations
associated with the facile macrocyclization transition state. In
contrast, the mismatched ligand would then lead to a higher
energy transition state that likely suffers from unfavorable,
stereochemically dictated interactions. Finally, in case of the
achiral ligand L3, the lack of additional interaction between
the carboxylate “tail” of the peptide ligand and the aryl ring
may be contributing to a lower efficiency in macrocyclization
(Int-4).

Conclusions

Chiral catalysts are generally employed to mediate reactions that
create permanent, or at least persistent, stereogenic elements.
We have shown here that they can play a decisive role in mac-
rocyclization reactions wherein no new nonequilibrating element
of chirality is actually formed; that is, stereochemical issues
exist in transition states emanating from substrates with pre-
existing chirality and prove decisive for bond formation. Prag-
matically, chiral catalysts can thus promote macrocyclization
reactions that might otherwise not occur, or that might only
occur under conditions of extremely high dilution. Fundamen-
tally, the reported observations reveal a capacity of chiral
catalysts to allow highly unfavorable ring formations through
management of otherwise unfavorable entropy. While these

60f8 | PNAS
https:/doi.org/10.1073/pnas.2113122118

observations are now recorded in venerable scaffold of interest to
medicinal chemists, future work will explore the generality of this
phenomenon.

Materials and Methods

General Procedure for Macrocyclization by C-N Coupling. K5PO,4 (0.1401 g,
0.66 mmol, 4.40 equiv) was flamed-dried under vacuum in a 5-mL Schlenk
flask. Upon cooling to room temperature, CuBr (0.0043 g, 0.03 mmol, 0.20
equiv), peptide ligand (0.06 mmol, 0.40 equiv), and a magnetic stir bar
were added to the flask. The flask was sealed with a new rubber septum
and further secured with Parafilm. The flask was evacuated for 5 min and
backfilled with N,. This process was repeated two additional times. A
1:2 N,N-dimethylformamide (DMF)/MeCN mixture (0.8 mL) was added
through the septum, and the mixture was allowed to stir for 15 min at
room temperature, after which diarylmethane 3a to 3f (0.15 mmol, 1.00
equiv) in MeCN (0.2 mL) was added. The vial was rinsed with DMF
(0.2 mL), which was also added to the reaction mixture. The reaction
mixture was left to stir for 15 h at 45 °C. After 15 h, the reaction mixture
was diluted with EtOAc (10 mL) and transferred to a separatory funnel.
The organic layer was washed with saturated NH4Cl (aq) (10 mL). The
organic layer was separated and the aqueous layer was extracted with
EtOAc (5 mL, three times). Combined organic layers were washed with
sat. NaCl (aq) (30 mL), dried over Na,SOy, filtered, and concentrated in
vacuo. The product was purified by flash chromatography with EtOAc/
Hex gradient.

Data Availability. All study data are included in the article and S/
Appendix.

Hwang et al.
Chirality-matched catalyst-controlled macrocyclization reactions


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113122118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113122118/-/DCSupplemental
https://doi.org/10.1073/pnas.2113122118

A Crystal structure of (5,5)-4a and (S,R)-4a B Proposed model for observed matched and mismatched effect in macrocyclization

Int-2
Matched ligand
ent-L2 = TMG-D-Asp-Pro-Aib-0-Val-OLi
67% yield, >99:1 er

e M —
Me. | -Me

Int-3 Int-4
Mismatched ligand Achiral ligand
L2 = TMG-Asp-p-Pro-Aib-Val-OLi L3 = TMG-Gly-OH
10% yield, 50:50 er 12% yield, 94:6 er

4a

Fig. 6. (A) Crystal structures of (S, S)-4a and (S, R)-4a, revealing the presence of both malonate epimers in a unit cell. (B) Proposed model for stereochemical

matched and mismatched effect in macrocyclization of diarylmethanes.
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