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Abstract. Although peptides are essential for many areas of chemistry, key limitations still remain to their
synthesis, such as high costs and poor atom-economy. An ideal alternative is the catalytic peptide bond
formation directly from non-activated amino acids; however, the high-energy barrier associated with this reaction
hampers the development of suitable alternatives. In this work, we evaluated the catalytic activity of discrete
zirconium oxo clusters for direct peptide bond formation, using dipeptide cyclization as model reaction. The
clusters afforded several 2,5-diketopiperazine derivatives in good to excellent yields under straightforward open-
flask conditions, without requiring the water by-product to be scavenged from the reaction. Further mechanistic
study through Density Functional Theory (DFT) calculations revealed that the mechanism involves a second
substrate molecule near the reactive site of the catalysts, to streamline proton transfers that push the reaction
forward. These results underline the promising potential of discrete ZrOCs as an emerging class of catalysts for

the formation of peptide bonds under green, straightforward reaction conditions.
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Introduction

The discovery of solid-phase peptide synthesis (SPPS) allowed the chemical synthesis of practically any peptide
envisioned.'2 However, this method has multiple downsides: i) it uses stoichiometric activating agents and large
volumes of solvent, resulting in a poor atom economy; ii) excessive reliance on dimethylformamide (DMF) as a
solvent,® which is restricted in production environments by the European Union due to its toxicity;* iii) the
explosive and allergy-inducing nature of commonly used carboxyl-activating benzotriazoles (TBTU, HBTU,
HATU...).5¢ These downsides were also pointed out by the American Chemical Society Green Chemistry

Institute (ACS GClI), the industry-academia forum in the United States.”

A key strategy to reduce the environmental impact of peptide synthesis is to catalyze the direct amide bond
formation, generating only water as a by-product.&'" However, the majority of catalysts reported so far require
the removal of water to work optimally, which sharply decreases the atom economy and increases the energy
consumption of these methods'? and hinders their widespread industrial use.'®'* Recently, we have
demonstrated that metal oxo clusters's-'7 are promising viable candidates for the catalytic synthesis of amides
due to their resilience to the presence of large amounts of water.'8-20 In addition, we have shown that metal oxo
clusters play a key role in the reactivity even when starting with commercially available precursors, which
enables the synthesis of amides without water scavenging.?! Intrigued by this highly promising prospect, we
turned to the development of a catalytic peptide bond formation reaction. This reaction is not only useful for the
synthesis of linear peptides, but also contributes to the synthesis of natural products, and increasingly attractive
(cyclic) bioactive peptide compounds.?? In particular, diketopiperazines derived from the cyclization of dipeptides

are of high interest due to their scaffold being present in a broad range of natural products.?

Metal catalysis with elements of group IV and V has been previously studied for the direct amidation reaction.®
2425 Recently, some notable advances have been reported such as the tantalum and titanium-based catalysts,
which directly form peptide bonds through a 7-membered ring transition state that prevents epimerization.2*
Meanwhile, zirconium-based catalysts remain interesting candidates for these reactions because of zirconium
large availability as a byproduct from titanium and tin mining'®14 and their good stability under various reaction
conditions. In this work, we developed the reactivity of zirconium oxo clusters (ZrOCs)'% 26-27 towards the direct
amidation of peptides by studying the intramolecular cyclization of unprotected, readily available dipeptides by
means of experimental and computational tools. The discrete ZrOCs clusters catalyze the formation of peptide
bonds in good to excellent yields under green, straightforward reaction conditions, underlining the promising

potential of this emerging class of catalysts.

Results and discussion

To probe the ability of ZrOCs to catalyze the formation of peptide bonds, the cyclization of glycylglycine (1a) to
2,5-diketopiperazine (2a) was evaluated upon incubation of 1a with different zirconium oxo clusters (ZrOCs,
Figure 1). After an initial solvent screening (Table S1), we identified DMSO as the most efficient reaction medium.

Thus, we used this solvent to probe the reactivity of different Zr oxo clusters (Table 1).
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Figure 1. Representative structures of the a) hexanuclear and b) dodecanuclear Zr oxo cluster (ZrOC) used in
this study using a combination of polyhedron, wires/sticks and ball-and-stick models. Grey polyhedrons
represent {ZrsOs}, blue zirconium, light purple carbons, and gold yellow oxygens. c) Structure of carboxylate

ligands present in the ZrOC used in this work.

Table 1. Zr oxo clusters afford diketopiperazine 2a

H Zr oxo cluster (0]
NH
HzN/\g oot Y\

Y
I
e
).

s %un
1a, 0.1 mmol 2a
Entry? Catalyst Ligand Yield 2a (%)?
1 Zrg-OMc Methacrylate 23
2 Zrg-OAc Acetate 45
3 Zrs-2-Me-butanoate 2-Methylbutanoate 28
4 Zri2-OAcr Acrylate 2
5 Zr12-OAc Acetate 99
6 Zri2-Propanoate Propanoate 91
7 Zri2-Butanoate Butanoate 59

@ Reaction condition: Gly-Gly (0.100 mmol), solvent (1.00 mL), Zr oxo clusters (2.5 mol%), 80 °C,
24 h.>"H NMR yields.

After identifying the most prominent reactivities, we underwent a comprehesive optimization of the reaction
conditions varying the temperature, catalyst loading and reaction time. Representative results are given in Table
2 for Zri2-Butanoate (complete results in the Sl). In general, we observed that increasing temperature, catalyst
loading and reaction time led to an increase of yield in different extents. Most notably, the temperature caused
a more significant difference. That is, reactions at 80 °C generally did not afford the same efficiency as reactions

conducted at 100 °C, even with higher catalyst loading and/or long reaction times.



Optimization in MeOH/EtOH

Considering our previous results showed that the peptide bond formation can be achieved in MeOH or EtOH
using Zrs-containing MOFs,2° and the favorable green profile of EtOH, we decided to build up on the reactivity
observed in DMSO and investigate the reactivity of these clusters in alcoholic solvents. For this study, we started
our exploration by probing a Zrs and a Zr12 cluster. For the Zrs cluster, we chose Zrg-OMc as this discrete cluster
exhibited good catalytic reactivity for the intermolecular amide bond formation between phenylacetic acid and
benzylamine in ethanol, which gives precedent for potential efficient peptide bond formation.'® For the Zri2

cluster, we used Zri2-Butanoate as a representative example due to its good solubility in alcoholic solvents.

Table 2. Optimization of the reaction conditions for the GlyGly cyclization reaction in different alcohols.

Zr oxo cluster

H CO-H (2.5 mol%) OY\NH
Hszg T g L GEN
Solvent [0.1 M] 0

1a, 0.1 mmol 100°C,24 h 2a
Entry? Catalyst Solvent Yield 2a (%)?
1 Zrs-OMc DMSO 95
2 Zre-OMc MeOH 24
3 Zri2-Butanoate DMSO 99
4 Zri2-Butanoate MeOH 37
5 Zri2-Butanoate EtOH 87
6 Zri2-Butanoate "PrOH 13
a'H NMR vyields.

In general, the reactivity in alcoholic solvents was better at 100 °C (Table S4 — S6), and good yields for the
cyclization of 1a could be observed even using a low 2.5 mol% loading of the catalysts (Table 2). Attempts to
optimize 1a cyclization reaction using EtOH as a solvent at 80 °C by changing the global concentration of the
reaction, nature of cluster catalyst used and reaction time were unsuccessful (Table S6). Additionally, using dry
conditions, or first stirring the reaction at 100 °C for 1 hour to induce a ligand exchange with the substrate prior
to carrying out the reaction at 80 °C were also not fruitful (Table S6). Finally, using mixtures of EtOH and DMSO
as a solvent was also ineffective to improve the reactivity (Table S7). Although the reactivity in alcoholic solvents
is more challenging and require high temperature to afford good yields, these results show that the reactivity in

these solvents can be drastically improved by the nature of ligands surrounding the catalytic active cluster core.
Reaction scope

Other peptides and amino acid substrates were also cyclized in the presence of ZrOCs showing the
intramolecular bond formation observed is not limited to GlyGly (Table 3). Moreover, several substrates could
be cyclized using ethanol as solvent, showcasing the compatibility of these catalysts with a green solvent (Table

3, entries 1-7). Using substrates other than GlyGly, the cyclized products were generally observed in good to
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excellent yield for the serine (entry 1), alanine (entries 2 and 3), proline (entries 4 and 5), leucine (entry 6),
phenylalanine (entry 7) histidine (entry 8), and aspartic acid (entry 9) containing dipeptides, demonstrating the
compatibility of this catalytic system with functional groups widely present in drug candidates and
biomolecules.2® Comparable good yields were also observed when X-Gly peptide were used (entries 3 and 5),
showcasing that the presence of substituents next to the nucleophilic amino group are also tolerated. Further,
the cyclization of Ala-Ala showed that the reaction was not limited to glycine containing dipeptides (Entry 10).
Moreover, the high yield provided with a reaction time of 144h highlights that the catalyst was not deactivated
by side processes even after considerably long reaction time. Careful analysis of the crude reaction mixture of
2i also evidence the absence of diastereoisomers, indicating this cyclization occurs without noticeable
epimerization, which is consistent with other Zr-catalyzed amide bond formation reactions previously reported. '8
20,2829 Finally, the high yield of cyclic products provided by nonpeptide substrates y-aminobutyric acid and its
homologue 5-aminovaleric acid (Entry 11) showed that the formation of the reaction is not limited to

diketopiperazines or products that contain six-membered rings.

Table 3. Reaction scope

R Zr oxo cluster Ry O
Ny N 00 . HMH
R 100°C, 24h > (
2 Jd R,
1b-k 2b-2k
Entry Substrate Product Catalyst mol% Solvent Yield 2a (%)°
”OH Zrg-OMc 10.0 DMSO 76
H H
1 H-Gly-Ser-OH O}_/ Zr;-Butanoate 2.5 DMSO 99
2b Zri2-Butanoate 25 EtOH 77
MH Zrs-OMc 10.0 DMSO 75
H H
2¢ Zri2-Butanoate 2.5 EtOH 99
" Zrs-OMc 25  DMSO 99
6" .
e
3 H-Ala-Gly-OH (gﬂ
Zri2-Butanoate 2.5 EtOH 99
2c
0 Zrg-OMc 10.0 DMSO 58
Cﬁ " Zrp-Butanoate 25  DMSO 99
4 H-Gly-Pro-OH \g)
Zri2-Butanoate 2.5 EtOH 94
2d
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a Reaction condition: 1a (0.100 mmol), solvent (1.00 mL), Zr oxo cluster (2.5 — 10.0 mol%), 100 °C, 24 h. *'H NMR yields.
€144 h.

Considering the promising reaction scope for the intramolecular reaction (Table 3), we have also probed a
preliminary experiment aiming at the highly desired direct intermolecular peptide bond formation® by attempting
the formation of GlyGly substrate (1a) or its corresponding cyclization product 2a directly from commercially

available non-protected glycine under similar conditions. Given the more challenging nature of this reaction, we



directly used anhydrous reactions conditions and a higher catalyst loading than the typical 2.5 mol% employed
in Table 3 (Scheme 1). Remarkably, cyclic GlyGly (1a) was obtained in 51% yield, showcasing the ability of
these novel discrete catalysts to form both inter- and intramolecular peptide bonds with synthetically useful

efficiency in a single reaction step.

H
HZN/\g/ N ~_-COOH

Zr,,-Butanoate 1a, 5%
H2NAg/OH (7.5 mol%) +
Anhydrous EtOH [0.2 M] 0 NH
3, 0.2 mmol Mol. sieves 3A (100 mg) HN\/g
100 °C, 24 h 0
2a,51%

Scheme 1. Proof-of-concept of intermolecular peptide bond formation by Zr oxo cluster catalysis in EtOH

Computational Study

The experimental results discussed above showcase the promising potential of ZrOCs as catalysts for peptide
bond formation. However, we remained intrigued by the harsh reaction conditions required to observe good
yields. In our previous work, amide bond formation occurred smoothly at 70 — 80 °C in various solvents.2. 30-31
Meanwhile, the dipeptide cyclization reported here consistently requires 100 °C to afford good yields. Thus, we
turned to DFT calculations to gain deeper mechanistic insights into the intramolecular dipeptide cyclization
catalyzed by ZrOCs. Specifically, we focused on the glycylglycine (1a) cyclization into 2a promoted by Zrs-OMc
in DMSO at 100 °C as a model reaction. Under these conditions, the reaction showed efficiency and robustness,
enabling high yields for different dipeptide substrates (see Table 2 and 3) and thus, it is representative of ZrOCs’
reactivity towards dipeptide cyclization. Based on the characterized mechanism for intermolecular amide
formation by Zrg-OMc cluster,?! and dipeptide cyclization by a Zr-MOF,2° we initially proposed a catalytic cycle
for the formation of cyclic product 2a consisting of five main steps: 1) ligand exchange, whereby the substrate
binds to the ZrOC catalyst; 2) C—N bond formation upon nucleophilic attack of the terminal amine to the
carboxylate carbon; 3) substrate-assisted N-to-O proton shift in the as-formed zwitterionic intermediate; 4)
cleavage of the C—O bond; and 5) regeneration of the active form of the catalyst via substrate-by-product

exchange, releasing a water molecule.

Our previous work showed that the initial ligand exchange process occurs through an associative amine-
assisted mechanism as illustrated in Figure 2.2' The most labile methacrylate ligand, which highlighted in green,
is replaced by the dipeptide substrate that coordinates to the Zr oxo core through the terminal carboxylate group
bridging two neighboring Zr centers yielding the catalytic active species A. Its formation involves a proton
transfer from substrate (1a) to methacrylate ligand, resulting in the release of methacrylic acid (McH); the
formation of an intramolecular hydrogen bond between the amino group of 1a and the a protonated oxo group
of the cluster; and the coordination of an additional neutral dipeptide substrate to a Zr site through its amino
group (Figure 2). Structurally, amine coordination to Zr induces a marked elongation of the trans p3-OH bond in
7



A, consistent with the preference of Zr(IV) for an effective coordination number of eight (Figure S2a).32-33 As
discussed previously,?' amine binding can promote conversion of substrate’s carboxylate group from n?- to n'-
coordination (from A to An'), incurring a small free-energy penalty of 1.3 kcal mol-!, which indicates that both
species can coexist under catalytic conditions. However, species An' bears a less electrophilic carboxylate
group since it is activated by the Lewis acidity of only one Zr center. Thus, it can be regarded as an off-cycle

species, whose formation does not interfere in the reaction mechanism.

This whole ligand exchange process was calculated to be exergonic by 21.8 kcal-mol-!, and based on previous
works,2" 3437 we can assume that ligand exchange proceeds smoothly through low free-energy barriers and is
not expected to be the rate-determining step in the catalytic cycle. Moreover, the ligand exchange could involve
different sites of the catalyst and stages of the catalytic process, as well as replacement of several methacrylate
ligands in the same cluster, resulting in complex configurational scenario. However, the various possible
configurations are not expected to modify significantly the catalytic features of the Zrs cluster. For example, the
NBO atomic charge of the coordinated carboxylate carbon in A (+ 0.90 e), which receives the nucleophilic attack
of the amine group, does not vary upon exchanging a second methacrylate ligand by substrate 1a. Thus, for
the sake of computational efficiency, methacrylate ligands at remote positions from the reactive sites were
replaced by smaller formate ligands. Such simplification was successfully adopted previously, as it does not to

have significant impact on the structural and electronic features of the catalyst.2". 38
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Figure 2. Schematic representation of the catalytic active species A, shown with the 3-D structures of the Zrg-
OMc model and species A which is zoomed in the bi-metallic Zr-Zr centers where the reactivity has been studied
according to the employed model. Color code: light blue (Zr), dark blue (N), red (O), gray (C) and white (H).

McH = methacrylic acid.

The free-energy profile for the cyclization process starting from species A, which binds two GlyGly (1a)
molecules in distinct coordination modes, is outlined in Figures 3 and 4. First, the terminal amino group of the

GlyGly molecule bound to two Zr centers performs an intramolecular nucleophilic attack to its carboxylate group,



which is being activated by the Lewis acid Zr(lV) sites. This takes place through the transition state TSag,
represented in Figure S2b, and yields zwitterionic intermediate B displaying a new C—N bond. The free-energy
barrier associated with this step was found to be 13.7 kcal-mol-'. Interestingly, a similar reaction A to B without
the coordination of the additional dipeptide was also energetically feasible (Figure S3), but it shifted up in energy
with respect to the amine-assisted one in Figure 3. Furthermore, an analogous intermolecular reaction through
transition state TSag' (Figure S4) would require additional 6.5 kcal-mol-' than TSag due to the entropic penalty.
This energetic scenario is consistent with experiments and supports the preference for the intramolecular
reaction in Figure 3 rather than intermolecular coupling of two dipeptide molecules. The role of Zr(IV) sites in
ZrOCs catalyst as Lewis acidic centers in this step is evident from the energy of the Lowest Unoccupied
Molecular Orbitals (LUMO) hosting the m*-type orbital centered on the carboxylate carbon, which lowers from
+0.68 to +0.38 eV upon coordination to zirconium (Figure S5). Such energy lowering relates directly on the

carboxylate electrophilicity, and thus, it correlates with the feasibility of the nucleophilic attack.3%-4!

N\H &\\NH 0 \Zr\O,Zr @ Hzg/,/go gt
o A \f 4 v / i\
NH, 07 ~O.NH, Zregezr
N \Z i \
l’\o’ r
1 1 \ 11 ]
C-N Bond Formation Proton Transfer

Figure 3. Calculated Gibbs free-energy profile for the C—N bond formation and proton transfer steps involved
in the cyclization of GlyGly catalyzed by Zrs-OMc. All relative free energies are referred to A and are displayed

in kcal-mol-".

The zwitterionic intermediate B lies 12.0 kcal-mol-' above A, representing a shallow intermediate that can evolve

toward species E via proton transfer from the positively charged ammonium group to one of the negatively

charged Zr-bound oxygen atoms of the substrate. As shown in Figure 3, this transformation proceeds through

a stepwise mechanism mediated by the amino group of the substrate molecule initially coordinated to one of

the Zr centers though the N atom (represented in orange). The reaction progresses in an overall uphill manner

from A to TSpe (Figure 3), whereas the proton transfer from C to D proceeds with a very small free-energy
9



barrier via TScp (see Figure S6 and S7 for details). Consequently, the formation of E requires overcoming a
moderate, yet still accessible, overall barrier of 23.4 kcal-mol-!, which was identified as the rate-determining
barrier of the whole catalytic cycle. Notably, this mechanism diverges at the proton-transfer step from other
mechanistic studies of this type of reaction involving Zr-MOFs, which share fundamental aspects with ZrOCs.20
Previously, it was proposed that ethanol solvent molecules participate explicitly in the reaction acting as proton
shuttles. Specifically, deprotonation of ethanol molecules on the nodes of Zr-MOFs leads to Zr-bound alkoxide
groups that are readily available for mediating the proton-transfer step.38 In contrast, our results indicate that
ZrOCs can indeed operate in aprotic solvent such as DMSO, where proton transfers can be entirely mediated
by substrate molecules, thereby offering new mechanistic insights into Zr-catalyzed dipeptide cyclization
processes. Note that direct N-to-O proton transfer without the assistance of a second substrate molecule
proceeds through a strained, 4-membered ring transition state, which is significantly less stable than those

involved in the assisted mechanism presented in Figure 3.18

Subsequent steps toward the formation of the product 2a and regeneration of the catalyst are shown in the
reaction profile of Figure 4. Species E, which remains 8.6 kcal-mol! less stable than A, undergoes C—O(H)
bond cleavage via TSer (see Figure S8), overcoming a low free-energy barrier of 3.8 kcal-mol-'. This leads to
intermediate F, in which the products of the C—O bond cleavage (i.e. a hydroxyl group and a product 2a
molecule) remain coordinated to the Zr centers of the catalytic site. Notably, such a bond cleavage with
concomitant formation of the carbonyl group is highly stabilizing, placing F 6.6 kcal-mol-! below A in terms of
free-energy, and thus rendering the whole process effectively irreversible, with a reverse barrier of 30 kcal-mol-
" from F to TSpe. The deprotonation of a new substrate molecule by the newly formed Zr-OH group enables its
binding to the Zr center through a carboxylate oxygen, which occurs concomitantly with the release of a water
molecule (see Figure 4, process from F to H). Finally, the transition from an end-on coordination to a bridging
binding mode in the substrate triggers the release of the 2a product through TSw (Figure S9), overcoming an
overall barrier of 18.2 kcal mol-' from F. Coordination of another GlyGly substrate molecule (shown in purple in
Figure 4), poised to act as proton shuttle in the next catalytic cycle, regenerates species A, providing a

thermodynamic driving force of 16.9 kcal mol-! for the whole reaction.
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Figure 4. Calculated Gibbs free-energy profile for the C—O bond cleavage, product release and catalyst
regeneration steps involved in the cyclization of GlyGly catalyzed by Zre-OMc. All relative free energies are

referred to A and are displayed in kcal-mol-'.

Differences between peptide and ‘regular’ amide bond formation by ZrOCs

The mechanism of dipeptide cyclization is similar to the one we reported previously for amide bond formations
using ZrOCs as catalysts.?' However, the dipeptide cyclization reported here required more energy input to
afford good product yields than the amide bond formation with ‘regular’ substrates phenylacetic acid and benzyl
amine. Moreover, the solvents had a larger influence for dipeptide substrates than for regular substrates. While
the intramolecular peptide bond formation is favored in DMSO at 80°C, this is not the case for the reaction in
EtOH. Meanwhile, regular substrates performed well at 80 °C in various solvents, including EtOH and DMSO.

Thus, we inspected both mechanisms for differences that could explain the deviations in catalytic performance.

With respect to the calculated mechanism for phenylacetic acid and benzylamine, the dipeptide cyclization
presented here has two main differences. First, as summarized in Table 4, GlyGly cyclization promoted by active
species A requires a higher overall free-energy barrier (AGoverar) than the ‘regular’ amide bond formation
between phenylacetic acid and benzylamine catalyzed by its analogue A’.2" To clarify the origin of this difference,
we examined the individual elementary steps of both mechanisms in detail. The initial nucleophilic attack step
was found to be largely insensitive to the nature of the substrate. However, proton abstraction from the
ammonium group of the tetrahedral intermediate B by the amine of a second substrate molecule (see Figure 3)
is favorable in B’ but unfavorable in B (Table 4), being responsible for the higher overall barrier in the dipeptide
system. Such a trend is consistent with the pKa values of the protonated amines: the terminal —NHs* group in

GlyGly has a pKa of 8.15% compared to 9.43 for benzylamine.*® Albeit the acidity of the ammonium proton in

1"



the tetrahedral intermediate B is also expected to contribute, the lower basicity of the terminal amine in GlyGly
compared to benzylamine explains why proton removal is more difficult in the former. Thus, this raises the
energy of the resulting intermediate and subsequent species in the reaction profile, in turn increasing the overall

barrier.

Table 4. Comparison of the key energetic values (kcal mol') of the Zrg-Mc catalyzed intermolecular GlyGly

dipeptide cyclization and intermolecular amide bond formation between phenylacetic acid and benzylamine.

Species AGoverat | AGHA/A'—TSas/TSas) | AG (B/B’—DID) Ref.
o ‘:/O H
NH NH__o
o ' 23.4 +13.7 +5.6 this work
NH, O'W"o\NHz
\er\O,Z\r
A
Ph
Ph~ \
\N..H7 /Oo
*zl,\o,z\r 18.8 +12.1 5.9 18a
A’

2 |In our previous work, free energies were calculated at T = 70 °C. All values in this table are scaled to T = 100

°C for consistency.

Second, the hydrophilicity of cluster’s ligand sphere is probably higher for peptide substrates than for
phenylacetic acid and benzylamine due to the higher number of hydrogen bond donors and acceptors for
dipeptidic substrates. Previously, we observed through molecular dynamics that the hydrophobicity of the ligand
shell drives the water molecules away from the active sites, shifting the reaction equilibrium towards amide
formation. In contrast, the water generated upon dipeptide intramolecular condensation could remain longer in
the vicinity of the active site, interfering with the availability of polar group essential for the key proton transfers
in the mechanism. The latter could also be among the causes for the slower reaction observed for the dipeptide

cyclization.

Conclusion

In summary, discrete zirconium oxo clusters catalyze the formation of peptide bonds directly from non-activated
commercially available substrates. Several 1,2-diketopirazines could be obtained directly from commercially
available dipeptides in good to excellent yields using DMSO or EtOH as solvents, without requiring water

scavenging unlike many previous reports. In addition, proof-of-concept of intermolecular peptide bond formation

12



in EtOH from glycine was also demonstrated, showcasing the promising potential of these ZrOCs to be
developed further as catalysts for this transformation. Detailed computational mechanistic study revealed the
Lewis acidity of ZrOCs plays a crucial role in activating the carboxylate groups and promoting the intramolecular
peptide bond formation. Key proton transfers were found to be mediated by a second substrate molecule instead
of solvent, which demonstrates that high yields and efficient catalysis can also be achieved in aprotic media.
The basicity of the amine group is not only influential in the nucleophilic attack to the carboxylic carbon, but also
in the N-to-O proton transfer, which can determine the overall activity of the process. These results provide new
mechanistic insights into model Zr-catalyzed systems and lay a strong foundation for the detailed understanding
of peptide transformations, supporting the design of future Zr-catalytic systems aimed at achieving high

efficiency with more challenging substrates.
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