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Remote Amino Acid Recognition Enables Effective Hydrogen
Peroxide Activation at a Manganese Oxidation Catalyst

Laia Vicens, Giorgio Olivo,* and Miquel Costas*

Abstract: Precise delivery of a proton plays a key role in O,
activation at iron oxygenases, enabling the crucial O—O
cleavage step that generates the oxidizing high-valent metal-
oxo species. Such a proton is delivered by acidic residues that
may either directly bind the iron center or lie in its second
coordination sphere. Herein, a supramolecular strategy for
enzyme-like H,O, activation at a biologically inspired man-
ganese catalyst, with a nearly stoichiometric amount (1-
1.5 equiv) of a carboxylic acid is disclosed. Key for this
strategy is the incorporation of an a,w-amino acid in the
second coordination sphere of a chiral catalyst via remote
ammonium-crown ether recognition. The properly positioned
carboxylic acid function enables effective activation of hydro-
gen peroxide, leading to catalytic asymmetric epoxidation.
Modulation of both amino acid and catalyst structure can
tune the efficiency and the enantioselectivity of the reaction,
and a study on the oxidative degradation pathway of the
system is presented.

Introduction

The selective oxygenation of organic substrates via activa-
tion of O, or peroxides by iron oxygenases has fascinated
chemists for decades."! In particular, their exceptional
activity and selectivity result from a precise control of both
the primary and the secondary iron coordination sphere.
Such a preorganized environment allows for a fine control
over the complex sequence of processes that lead to the
high-valent Fe=O oxidizing species—O, binding to Fe, its
reduction, heterolytic O—O bond cleavage—as well as over
the oxidation selectivity.'! Cytochrome P-450 represents a
paradigmatic example; amino acids located in the second
coordination sphere play a paramount role: a distal acidic
residue assists O—O heterolysis via proton transfer to the
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e'"-OOH intermediate, aiding the formation of the Fe=O
species and a neutral H,O molecule.’”) The absence of such
acid function—as found in myoglobin, an O, carrier protein
—slows down or prevents O—O cleavage. On the other
hand, introduction of this acidic residue (site-directed muta-
genesis from Leu29 to protonated His29) converts inert
myoglobin into an active oxidation catalyst (Figure 1A).1>%
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Figure 1. A) Assistance of an acidic residue in the second coordination
sphere of oxygenases in O—O cleavage. B) Assistance of external
carboxylic acids in H,O, activation on bioinspired Mn catalysts, and
effect of acid loading. C) Design of this work: inclusion of a carboxylic
acid in the second metal coordination sphere to unlock enzyme-like
H,0, activation with stoichiometric acid amounts.
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Optimal pre-orientation of this residue enables effective
0O-O0 cleavage with a single acidic function in a neutral bulk
solution.

Conversely, chemists have mainly focused on the first
coordination sphere of artificial catalysts,”! with second
coordination sphere effects being scrutinized only recently.”!
Also in bioinspired Fe and Mn catalysts a proton source,
usually a carboxylic acid ligand bound in a cis coordination
site to the peroxide, is required for peroxide activation
(Figure 1B).Il However, while a single acidic function carries
out this task in enzymatic systems, a high excess of
carboxylic acid is required by artificial catalysts, especially
with manganese systems (500-17500 equiv with respect to
the catalyst), resulting in a highly acidic bulk solution,
producing a large amount of carboxylic acid waste and
limiting the number of carboxylic acids susceptible to be
employed as co-catalysts."”! For instance, Mn(pytacn) is
totally inactive in olefin epoxidation without carboxylic acid,
slightly active (27 % yield) with 1400 equivalents of acetic
acid and reaches its full activity (90% yield) with
14000 equivalents (Figure 1B).¥! Effective ways to reduce
this acid loading require the use of strong Bronsted acids®
or strongly electron donating ligands (Figure 1B)."

Taking inspiration from the machinery operating in
enzymatic O—O activation, we reasoned that introduction of
a carboxylic acid in proximity to the metal center of a
manganese oxidation catalyst may enable enzyme-like H,O,
activation with a single acid function. Moreover, since the
carboxylic acid structure modulates stereoselectivity in
related oxidation catalysts,*1%! the design of a well-
defined and presumably more rigid Mn complex-acid adduct
may tune enantioselectivity. In this regard, we and others
have shown that N-protected amino acids and peptides are
optimally structured and tunable platforms for oxidation
catalysis.'"? Unfortunately, the covalent linking of such
elaborated carboxylic acids to Fe or Mn catalysts is syntheti-
cally challenging. Catalysts incorporating carboxylic acid
moieties are rare, rather structurally limited and have
yielded mixed results so far when applied in peroxide
activation reactions, preventing a clear validation of the
hypothesis. In fact, these complexes either displayed an
activity comparable to the model system devoid of the acid
or triggered distinct mechanistic pathways, such as peroxide
disproportionation"”! and/or ligand degradation.!'"

Supramolecular recognition may represent a versatile
tool to overcome the synthetic challenges of tuning the
second coordination sphere of a catalyst,”"'>'! and test the
validity of this approach (Figure 1C). In particular, catalysts
“®M and “®**M (Figure 2, M=Fe, Mn) bearing two or one 18-
benzo-crown-6-ether (CR) receptors, respectively, strongly
bind protonated primary amines, promoting their selective
C-H oxidation."” We envisaged that these receptors could
locate the carboxylic acid head of an opportunely designed
a,o-protonated amino acid in the second coordination
sphere of the metal. The proximity of the acid would then
favor its access to the first coordination sphere, deliver a
proton in the crucial O-O cleavage step and overall
facilitate effective H,O, activation with stoichiometric acid
amounts. Moreover, the rigid and organized structure of the
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Figure 2. Structure of catalysts used in this work and carboxylic acid 1.
On the bottom right the crystal structure of (R,R)-“*""*Mn (50%
probability ellipsoids) is displayed. Triflate groups, except for O atoms
directly bound to the metal, are omitted for clarity. [CR=18-benzo-
crown-6-ether].

oxidizing species may offer a chance to fine tune the
stereoselectivity of the reaction. Herein, we report the
results of this approach and showcase the use of the
controlled activation of H,0O, at a supramolecular Mn
catalyst in the asymmetric epoxidation of olefins.

Results and Discussion

Previously described C, symmetric catalysts containing and
devoid of two crown ether receptors (“"M!""? and "M or
TIPSV respectively, M=Fe, Mn, Zn; Figure 2) were chosen
for the study. In addition, we synthesized a family of C;
symmetric complexes ““*M that combine one crown-ether
containing pyridine (Figure 2) with a second arm bearing
different groups that affect the steric and/or the electronic
properties (CR,TIPSM’ CR,TMSM,[17C] CR'BZM, CR,DMMM7 CR,MeZNM)
of the catalyst."”! Details on the preparation and character-
ization of the complexes are collected in the Supporting
Information. Acid 1 was designed by coupling an L-a-amino
acid (fert-leucine, Tle) with an ¢ amino acid to include a
protonated primary ammonium separated by 9 C—-C(N)
bonds. This distance is consistent with the C8-C9 remote
selectivity previously observed in the remote C—H oxidation
of alkyl amines,'” and was envisioned as the optimal length
to ensure ammonium-crown ether recognition while placing
the carboxylic acid at binding distance from the manganese
center.

Binding of the amino acid: With these compounds in
hand, we investigated the possibility that amino acid 1 binds
to “®TPSM catalyst via NMR analysis (Figure 3). “®*™™5Zn
complex was used as it shares the same topology of Fe and
Mn complexes but its diamagnetic character simplifies NMR
spectra.l'” As expected, the NH;" group of 1 strongly binds
to the crown ether receptor at a 2mM concentration in
CD;CN (Figure 3), conditions that are comparable to those
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Figure 3. NMR analysis of the binding of 1 to “®™™Zn and addition of base B (see also Supporting Information, Section 5). '"H NMR spectra of
CRTIPSZn (top, red spectrum) before and after addition of one equivalent of 1 (green, second spectrum from top) and base B (blue, third spectrum

from top), and of pure 1 (bottom spectrum, purple) and the main shifts

of catalytic oxidations. The adduct between the catalyst and
1 was also observed by HRMS (Supporting Information,
Section 6). The association constant could not be reliably
determined but an almost complete association can be
estimated with 1 equivalent of 1 (Supporting Information,
Figure S7). Under these conditions, the carboxylic acid did
not bind to the Zn cation: the only intermolecular NOESY
correlation showed proximity between the NH;* and the
crown signals (Supporting Information, Figure S5). To verify
the possibility of this crucial coordination, we treated this
mixture with a sterically hindered base (2,6 di-tert-butylpyr-
idine, B) to selectively deprotonate the carboxylic acid and
favor its binding while preventing base coordination to the
Zn. Upon addition of B, all the signals of the Tle portion of
1 (NH, a-CH and 'Bu) shifted upfield by 0.1 ppm, consistent
with carboxylic acid deprotonation, while the NH;", e-CH,
of 1 and the crown ether ones remained unaltered,
indicating that the ammonium-crown ether binding is
unaffected (Figure 3). Most significant, broadening and an
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of signals.

upfield shift of pyridine signals was observed, consistent
with carboxylate coordination to the metal center of “®TS.
Zn. Detection of an intermolecular NOESY correlation
between the ‘Bu of 1 and the o-CH pyridine of “®™5Zn
confirmed the targeted carboxylate binding (Figure 4). A
control experiment with "Zn devoid of the crown ether and
1 showed carboxylic acid deprotonation after addition of B,
but no sign of strong carboxylate coordination was detected
(neither a NOESY correlation nor a shift in the pyridine
signals, Supporting Information Figure S15). This experi-
ment highlighted the importance of including 1 in the second
coordination sphere to ensure effective carboxylate coordi-
nation to the metal.

Effect of 1 binding on catalytic activity: Once ascertained
that 1 binds to “®“™5M complexes as depicted in Figure 4,
we explored the ability of the resulting supramolecular
complex to catalyze olefin epoxidation via effective H,O,
activation with catalytic amounts of acid (1.5 equiv respect
to the metal).” 1-chloro-3-methylbut-2-ene (S1) was chosen

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Intermolecular NOESY correlation between deprotonated 1 and “*™Zn, indicating carboxylate coordination (proximity between the '‘Bu

group of 1 and the pyridine a-C—H signals of the complex.

as model substrate, with 2 equivalents of H,0, in CH;CN at
0°C, and the results are shown in Table 1.

Catalyst and acid 1 loadings were fixed at 1 and
1.5 mol %, respectively,”” to ensure saturation of the host
under reaction conditions (1 mM catalyst concentration).
Under these conditions, the non-supramolecular ™*Mn led
to modest epoxide yield (25%, Table 1, entry1). “*Mn
complexes with two crown ether receptors also provide low

Table 1: Influence of acid recognition on S1 epoxidation.

)\Am /B,Am

8]
S1
Catalyst

(R,R)-Catalyst (1 mol%)
1 (1.5 mol%)
H,05 (2 equiv.)

CH3CN, 0°C, 30 min

P1

Entry Conv. [%] Yield [%]"! ee [%]"

Influence of acid-ligand binding and catalyst structure
1 RTPSMn 55 25 44
Z[b] TIPS,CRMn 45 5 9
3 TPSEMn 48 10 12
4 RTPSMn 89 63 58
5 CR,T\PSFe _ _ _
Influence of 10-fold dilution
6! RTPSMn 65 40 58
7[d] TIPSM n _ _ _
Influence of temperature (—40°C)
8 RTPSMn 88 65 67
9[5] TIPSM n _ _ _

Reaction conditions: S1 (22 pmol, 1 equiv), catalyst (0.22 pmol,
1 mol%), 1 (0.33 ymol, 1.5 mol %), H,0, (44 pmol, 2 equiv), CH,CN
(0.1 M), 0°C, 30 min (see Supporting Information). [a] Conversions,
yields and ee determined by GC. The results are expressed as an
average of 2-3 runs with an error <5%. [b] (S,S) catalyst was used.
[c] 3 mol % of 1. [d] Concentration of ST was 0.01 M. [e] T=—40°C
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product yield (up to 10 %), likely because of the saturation
of the Mn coordination sphere with two molecules of 1, each
bound to a crown ether receptor (entries2 and 3), which
may hamper peroxide access to the manganese center.
Catalyst “®™5Mn with a single receptor provided a two-fold
increase of product yield compared to the non-
supramolecular system (63 % yield, entry 4), together with
an improvement of enantioselectivity of the epoxide (58 %
ee entry 4). The analogue “®*™"Fe was unreactive (entry 5),
likely because of catalyst deactivation via amide coordina-
tion to Fe as observed before in related catalysts.“"

At this point, we performed a series of control experi-
ments to verify that the high activity of ™" Mn is the result
of the proximity of acid 1 due to remote recognition. In
these experiments, the enantioselectivity was used as a
probe of the structure of the oxidizing species:*!! as long as
the ee is unaltered it can be inferred that its structure
remains unchanged.

i) 10-fold dilution of the reaction (0.1 mM catalyst concen-
tration, Table 1, entries 6 and 7) to disfavor intermolec-
ular coordination of 1 slightly lowers catalytic activity
with “®T"SMn (40 % yield), but the enantioselectivity is
fully retained (58 % ee, entry 6). In an opposite manner,
an analogous experiment using ™SMn results in a
complete loss of catalytic activity.

Performing the reaction at a lower temperature
(—40°C) did not affect the activity of ™“®Mn (entry 8)
and boosted the enantioselectivity up to 67 % ee.
Notably, this ee is the highest reported for the
epoxidation of S1 in literature. In fact, S1, which is an
aliphatic olefin and hence a challenging substrate for
asymmetric epoxidation.” In stark contrast, the analo-
gous experiment with the non-supramolecular catalyst,

ii)

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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TI*SMn, (entry 9) results in a complete loss of catalytic
activity.

iii) Inhibition of 1 binding (Figure 5A, structure B) via
addition of a stronger guest that displaces ammonium
ions from the crown ethers (Ba®* cation)™! reduces the
epoxide yield down to 6% and the ee to 50% (Fig-
ure 5B), suggesting ineffective H,0O, activation and a
substantial structural reorganization of the oxidizing
species.

iv) Separation of the components of 1 leads to ineffective
catalysis: very low epoxide yields (3-6 %) are obtained
either when the acid or the ammonium sections are used
independently (structures C and D, respectively) or are
added together but lack a covalent connection (structure
E). In all these cases, the ee is lower than that obtained
with 1.

v) Use of an ester derivative of 1 devoid of the carboxylic
acid proton shuts down catalytic activity (structure F),
highlighting the importance of the acid function in the
activation of the H,O,.

A (R,R)-CR.TIPSMn (1 mol%)
1 (1.5 mol%)
H,05 (2 equiv.)

CH4ON, -40°C, 30 min /i%m

: Y vV 0
S ! /~N /~N
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Figure 5. A) Schematic representation of the oxidizing species struc-
ture, tuned by modulation of the binding (see Supporting Information,
Section 8.3). B) Influence of the modulation of 1 binding over S1
epoxidation.
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Taken together, all these control experiments indicate
that incorporation of stoichiometric amounts of 1 in the
second coordination sphere of the metal center via
supramolecular recognition is key for its facile binding to
the metal and a high catalytic activity, consistently with the
proposed design. Moreover, binding of 1 to the crown ether
improves the enantioselectivity of the reactions, probably
reflecting an improved spatial organization of the oxidizing
species.

Finally, competition of 1 and acetic acid for the Mn
center was explored (Table 2). Enantioselectivity was again
used as a probe of the nature of the oxidizing species
structure: 67% ee was obtained for 1/(RR)-*""Mn
(entry 1), and a more modest 44 % ee was observed for
AcOH/(R,R)-®*™SMn (entry2). This difference is ex-
plained considering that the carboxylic acid is a ligand of the
Mn"(O)(carboxylate) oxidizing species, and therefore influ-
ences the stereoselectivity of the reaction.**! When
1.5mol % of both 1 and AcOH (1:1 mixture) were used
(entry 3) the epoxide was obtained with 67 % ee, indicating
that 1 outcompetes acetic acid binding to the oxidizing
species. An analogous behavior was also observed when
other aliphatic carboxylic acids were used instead of acetic
acid (see Supporting Information, Section 8.5). Also, when
higher amounts of acetic acid were added in the reaction
mixture together with 1.5 mol % of 1 (entries 4-6), the 67 %
ee was retained. These results suggest that 1 dominates the
O—O0 activation step and binds to the oxidizing species in all
cases, even in the presence of much higher amounts of
external acid (over 300-fold), which can be only explained
considering a high effective concentration and optimal
orientation of its carboxylic function towards the metal
center resulting from supramolecular recognition.

In addition, this set of experiments further confirmed
that supramolecular binding of 1 is crucial to activate H,O,
in a productive manner and obtain high product yields. In

Table 2: Epoxidation of S1 using mixtures of 1 and AcOH as external
carboxylic acid.

(R,R)-CR.TIPSMn (1 mol%)
1 (1.5 mol%)

AcOH (x mol%)

H»0; (2 equiv.)

)\v\ /}y\
Gl GH4ON, -40°C, 30 min o- ¢

Ss1 P1

Entry 1 AcOH 1:AcOH Conv. [%]? Yield [%] ee [%]™
1 1.5mol% - - 88 65 67
2 1.5mol% - 25 10 44
3 1.5mol% 1.5mol% 1:1 99 77 67
4 1.5mol% 0.1 equiv 1:7 98 78 67
5 1.5mol% 1equiv  1:67 98 79 67
6 1.5mol% 5equiv 1:333 93 78 67

Reaction conditions: S1 (22 pmol, 1 equiv), (R,R)-*""*Mn (0.22 ymol,
1 mol%), 1 (0.33 pmol, 1.5 mol %), AcOH, H,0, (44 pmol, 2 equiv),
CH,;CN (0.1 M), —40°C, 30 min (see Supporting Information).
[a] Conversions, yields and ee determined by GC. The results are
expressed as an average of 2-3 runs with an error <5%. ! Peroxide
titration at the end of the reaction indicated 90% of H,O,
consumption (see Supporting Information, Section 8.7).

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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fact, the reaction performed with acetic acid (entry 2)
affords only 10 % yield of epoxide, but the amount of H,O,
consumed is 90 % according to peroxide titration at the end
of the reaction (see supporting information, Section 8.7).[*!
These results indicate that under these conditions the
catalyst reacts with H,O, mainly in a non-productive path-
way, presumably peroxide disproportionation.

Tune of the catalyst structure: With an effective catalytic
system in hands, we set out to further tune the structure of
the oxidizing species via manipulation of catalyst and amino
acid structure.

At first, modification of the Mn complex was explored,
varying the ligand chirality or the arm devoid of the crown
ether receptor (Table 3, catalysts depicted in Figure 2).
Inversion of catalyst chirality reveals a noticeable match/
mismatch effect, with the (S,5)-“®*™Mn/1 combination
providing lower yields and enantioselectivities (entry 2).
Manipulation of the other pyridine had a lower influence:
neither the replacement of triisopropylsilyl (TIPS) group
with a less-hindered trimethylsilyl one (TMS, “*™SMn,
entry3) nor with an electron-rich pyridine (“*"“'Mn,
entry 4) provided significant changes. As expected,'™ the
use of a stronger electron-donating substituent (“®<*NMn,
entry 5) increased the ee, although at the expense of the
yield. Replacement of the pyridine with a benzimidazole
ring (®*“®"Mmn, entry 6) provided modest results. Overall,
match/mismatch effects seem to play a significant role,
consistent with the formation of a rigid and well-defined
cavity around the metal, while substitution on the crown-
free pyridine affects this structure only to a limited extent.

Then, we focused our attention on the amino acid
structure (Figure 6A), modulating the distance between the
acid and the ammonium group, the lateral chain of the a-
amino acid and the position of the amidic bond. To evaluate
match-mismatch effects both catalyst enantiomers were
tested with each of the modified amino acids.

The optimal acid-ammonium distance is provided by a 6-
carbon linker (3, C4-Ile, Figure 6B, 2-4): both a decrease (2,
Cs-Ile) and an increase (4, C,-Ile) of the aliphatic chain
length eroded yields and ee’s. Also, increase of linker

Table 3: Influence of catalyst structure on S1 epoxidation.

Catalyst (1 mol%)

1 (1.5 mol%)
/b\ H»05 (2 equiv.) M
SCL CHGON, -40°C, 30 min o- ¢
s1 P1
Entry Catalyst Conv. [%] Yield [%]"! ee [%]"
1 (R,R)-""""*Mn 88 65 67
2 (S,5)-*"""*Mn 92 61 52
3 (S,5)-*™*Mn 90 58 55
4 (S,5)-*°M“Mn 95 63 52
5 (S,5)-<*MNMn 74 43 72
6 (S,5)-*%*Mn 42 15 44

Reaction conditions: S1 (22 pmol, 1 equiv), catalysts (0.22 pmol,
1 mol%), 1 (0.33 ymol, 1.5 mol %), H,0, (44 pmol, 2 equiv), CH,CN
(0.1 M), —40°C, 30 min (see Supporting Information). [a] Conver-
rsions, yields and ee determined by GC. The results are expressed as
an average of 2-3 runs with an error <5%.
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rigidity by incorporation of an aromatic ring led to lower
activity (Figure 6B, 5).

Modification of the a-amino acid side chain allows for a
more effective modulation of the environment close to the
metal, and hence of enantioselectivity. Replacement of the
bulky tert-butyl group (1, C¢-Tle) with a chiral isobutyl one
(3, Cy-lle) slightly eroded the yield and enantiomeric excess
for the (R,R) catalyst, but improved both yield and ee for
the (S,S) catalyst, evidencing once again the importance of
match/mismatch effects between the catalyst and the amino
acid chain. Use of a rigid and structurally different amino
acid like proline (7, Cs-Pro) led to a decrease in both yield
and enantioselectivity, suggesting that a-amino acid lateral
chains may have a significant effect in defining the yield and
enantioselectivity. Along this line, we introduced bulky
groups in the lateral chains to increase the steric hindrance
of the amino acid- from tert-butyl (1) to an adamantyl (7,
C¢-Adam) and from proline (6) to a TIPS-protected
hydroxyproline (8, Cs-Hyp). These bulkier chains did not
result in further improvements, obtaining lower epoxide
yields and comparable enantioselectivities to the previous
ones, suggesting that the hindrance of these groups does not
affect substrate approach trajectories. Comparable results to
(R,R)-“®*"Mn and C,-Tle (1) were only obtained with
homocycloleucine (11, C,-HcLeu), a non-natural achiral a,a-
disubstituted a-amino acid. As expected, given its lack of
chirality, the results obtained with the two enantiomers of
the catalyst coincide within experimental error (+1%).
When the cyclohexyl moiety was replaced by a cyclobutyl
(9, C4-cBut) or a cyclopentyl (10, Cs-cLeu), comparable
yields were obtained, but the lower the size of the ring the
lower was the enantioselectivity. When larger rings were
used (12, Cs-cHept and 13, C4-cOct), an almost impercep-
tible improvement of the enantioselectivity was observed,
accompanied by a substantial decrease of the yields.

Finally, we explored a different amino acid design, where
an N, -protected lysine derivative is connected to glycine via
the distal N,-group. This way, the peptide bond is shifted in
a more remote position from the carboxylic acid (Figure 6B,
14 and 15). Curiously, in these cases the (S,S)-“*""Mn
forms the optimal combination with the amino acid,
suggesting a slightly different arrangement. However, mod-
est yields and ee’s were achieved with both N-pivaloyl (14)
and N-naphthalenimide (15) lysine derivatives.

Overall, almost all the screened amino acid furnished
epoxide P1 in good to high yield, demonstrating the general-
ity of our recognition strategy. Two combinations were
identified as the best catalytic systems for enantioselectivity:
(R,R)-“*"Mn/1 (65% yield, 67% ee) and “®"SMn/11
(61 % yield, 69 % ee).

The best combinations previously identified were also
applied in the epoxidation of other aliphatic olefins with
good to excellent yields but unfortunately low to modest
enantioselectivities were obtained, with the exception of a
chromene derivative, in which up to 93 % ee was achieved
(see Supporting Information, Section 11).

Immolative self-oxidation of the amino acid chain and
correlation with catalytic activity: Analysis of the structure of
compounds 1 and 11 suggests that the amino acid residue at

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. Tuning of the amino acid structure. A) Schematic representation of amino acid modifications. B) Effect of the modifications on S1

epoxidation. Further results with other olefins are reported in the Supporting Information (Section 9.2).

the C-terminus of the peptide chain may be susceptible to
self-oxidation via carboxylic acid directed intramolecular
y—C—H lactonization (Scheme 1).”! We envisioned that such
process would consume the bound carboxylic acid function,
preventing productive activation of H,O, and therefore
blocking the epoxidation reaction.

To investigate this hypothesis, we performed a time-
course GC and HRMS analysis of the reaction using both
amino acid chains Cy-Tle (1) and C4-HcLeu (11) (Figure 7).
At the beginning of the reaction, HRMS spectra of two

Reported y-lactonization of amino acids

. i’j @
0 Rt Jp (5,5)-TPSMn O Ri
% N OH  Ha0, HOT i\ >§;ﬁ

(o] T : HeLeu
o ; 76% yleld 67% yield

Scheme 1. Reported y-lactonization of amino acids by (S,S)-"*Mn.
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standard catalytic oxidations showed a main peak corre-
sponding to the amino acid (1, m/z =245 and 11, m/z =257)
(Figure 7, purple). After 5 minutes, a second peak with M-2
(m/z=243 and 255, respectively) appeared, consistent with
the expected lactone product (Figure 7, green). Over time,
the relative intensity of the amino acid peak decreased in
favor of the lactone one, reflecting intramolecular amino
acid oxidation. The progression and extent of this self-
oxidation depends on the nature of the amino acid. While 11
was fully consumed after 20 minutes, the peak of 1 remained
of comparable intensity to that of the lactone even at the
end of the reaction. Such different behavior between the
two chains can be ascribed to the different reactivity of the
y—C—H bonds in the two amino acids. Lactonization of 1
involves challenging oxidation of a strong primary C-H
bond, while a weaker methylenic site is oxidized in 11.

Consistently, we observed a correlation between the
progression of amino acid self-oxidation and catalytic
epoxidation (Figure 8).
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Figure 7. HRMS time-course analysis of the epoxidation of S1 using (R,R)-*""*Mn/1 (A) and (R,R)-**""*Mn/11 (B).

In the case of (R,R)-“®™5Mn/1, epoxidation continued
during all the peroxide addition time (30 minutes), in line
with the observation of 1 by HRMS even at the end of the
reaction. Conversely, the epoxidation activity of “*™Mn/11
stopped abruptly at 20 minutes, when HRMS analysis
indicated that 11 has been fully converted to lactone.
Therefore, intramolecular lactonization of the amino acid
competes with intermolecular olefin oxidation, leading to
catalyst deactivation once the acid is fully consumed. Of
notice, in the case of (R,R)-“®*™Mn/1, the acid is not fully
consumed so catalytic activity remains during all the
addition of peroxide. This observation is notable because
amino acid oxidation entails cleavage of strong aliphatic
C-H bonds (~100 kcalmol ™" in the case of primary C—H
bonds), which becomes competitive with the a priori much
easier epoxidation of an olefin, present in large excess. It is
likely that such degradation of the carboxylic acid co-
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catalyst may be relevant also in other related Fe- and Mn-
catalyzed oxidations.[**]

Conclusion

In conclusion, we describe herein an effective, enzyme-like
hydrogen peroxide activation at a Mn catalyst with amounts
of acid that are almost stoichiometric to the catalyst.
Remote, supramolecular crown ether-ammonium recogni-
tion of an a,@-amino acid places a carboxylic acid function
in the second coordination sphere of the manganese, ready
to access its first coordination sphere and enter into the
catalytic cycle, enabling productive H,O, activation for
asymmetric epoxidation reactions. Such a supramolecular
approach furnishes a versatile strategy to insert different,
tunable amino acid structures in the catalytic system without
the need for elaborated and often synthetically challenging
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covalent modifications. In fact, use of different amino acids
allows facile tuning of the stereoselectivity of the reaction.
NMR analysis and catalytic oxidation experiments high-
lighted that remote binding of the amino acid to the ligand
is key for effective epoxidation, while its absence results in
sluggish activity. These results thus can be regarded as a
proof-of-concept for the use of supramolecular chemistry to
readily tune the second coordination sphere and design
enzyme-like artificial catalysts. On the other hand, a time-
course study of the reaction unveils some of the limits of this
approach, revealing that self-oxidation of the bound amino
acid to form the corresponding lactone competes with
intermolecular epoxidation reaction and in some cases,
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gradually leads to catalyst deactivation. Despite having a
detrimental significance in the context of catalyst stability,
this reactivity hints at future exciting possibilities for these
catalysts, using supramolecular recognition to promote
selective oxidation of notoriously strong aliphatic C-H
bonds in the presence of a priori oxidation sensitive
functionalities.

Acknowledgements

We acknowledge STR of UdG for experimental support.
This work was supported by Spanish Ministry of Science,
Innovation and Universities (PGC2018-101737-B-100 to
M.C,, J.d.C. grant FJCI-2016-30243 to G.O. and PhD grant
FPU16/04231 to L.V.) and Generalitat de Catalunya
(ICREA Academia Award to M.C. and 2014SGR-862).
G.O. thanks Societa Chimica Italiana and Elsevier for
financial support (grant S-ReCHOX).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the Supporting Information of this article.

Keywords: Amino acids - Bioinorganic chemistry - Bioinspired
catalysis - H,O, activation - Supramolecular chemistry

[1] a) M. Costas, M. P. Mehn, M. P. Jensen, L. Que, Chem. Rev.
2004, 104, 939-986; b) P. R. Ortiz de Montellano, Cytochrome
P450: Structure, Mechanism and Biochemistry, 3rd ed., Spring-
er, New York, 2005.

[2] S.-i. Ozaki, T. Matsui, Y. Watanabe, J. Am. Chem. Soc. 1996,
118, 9784-9785.

[3] S.-i. Ozaki, T. Matsui, Y. Watanabe, J. Am. Chem. Soc. 1997,
119, 6666-6667.

[4] a) E. P. Talsi, K. P. Bryliakov, Coord. Chem. Rev. 2012, 256,
1418-1434; b) W. Nam, Y.-M. Lee, S. Fukuzumi, Acc. Chem.
Res. 2014, 47, 1146-1154; c¢) W. N. Oloo, L. Que, Acc. Chem.
Res. 2015, 48, 2612-2621; d) G. Olivo, O. Cussd, M. Borrell, M.
Costas, J. Biol. Inorg. Chem. 2017, 22, 425-452; ¢) W. Sun, Q.
Sun, Acc. Chem. Res. 2019, 52, 2370-2381; f) L. Vicens, G.
Olivo, M. Costas, ACS Catal. 2020, 10, 8611-8631.

[5] a) M. L. Helm, M. P. Stewart, R. M. Bullock, M. R. DuBois,
D. L. DuBois, Science 2011, 333, 863; b) W. J. Shaw, Catal. Rev.
2012, 54, 489-550; c) S. Bang, Y.-M. Lee, S. Hong, K.-B. Cho,
Y. Nishida, M. S. Seo, R. Sarangi, S. Fukuzumi, W. Nam, Nat.
Chem. 2014, 6, 934-940; d) S. A. Cook, A.S. Borovik, Acc.
Chem. Res. 2015, 48, 2407-2414; e) M. Li, X. Wang, Y. Luo, C.
Chen, Angew. Chem. Int. Ed. 2017, 56, 11604-11609; Angew.
Chem. 2017, 129, 11762-11767; f) K. T. Mahmudov, M. N.
Kopylovich, M. F. C. Guedes da Silva, A.J. L. Pombeiro, Co-
ord. Chem. Rev. 2017, 345, 54-72; g) K. Cheaib, M. Q. E.
Mubarak, K. Sénéchal-David, C. Herrero, R. Guillot, M.
Clémancey, J.-M. Latour, S. P. de Visser, J.-P. Mahy, F. Banse,

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1021/cr020628n
https://doi.org/10.1021/cr020628n
https://doi.org/10.1021/ja961223l
https://doi.org/10.1021/ja961223l
https://doi.org/10.1021/ja970453c
https://doi.org/10.1021/ja970453c
https://doi.org/10.1016/j.ccr.2012.04.005
https://doi.org/10.1016/j.ccr.2012.04.005
https://doi.org/10.1021/ar400258p
https://doi.org/10.1021/ar400258p
https://doi.org/10.1021/acs.accounts.5b00053
https://doi.org/10.1021/acs.accounts.5b00053
https://doi.org/10.1007/s00775-016-1434-z
https://doi.org/10.1021/acs.accounts.9b00285
https://doi.org/10.1021/acscatal.0c02073
https://doi.org/10.1126/science.1205864
https://doi.org/10.1080/01614940.2012.679453
https://doi.org/10.1080/01614940.2012.679453
https://doi.org/10.1038/nchem.2055
https://doi.org/10.1038/nchem.2055
https://doi.org/10.1021/acs.accounts.5b00212
https://doi.org/10.1021/acs.accounts.5b00212
https://doi.org/10.1002/anie.201706249
https://doi.org/10.1002/ange.201706249
https://doi.org/10.1002/ange.201706249
https://doi.org/10.1016/j.ccr.2016.09.002
https://doi.org/10.1016/j.ccr.2016.09.002

GDCh
=

F. Avenier, Angew. Chem. Int. Ed. 2019, 58, 854-858; Angew.
Chem. 2019, 131, 864-868; h) V. Dhayalan, S. C. Gadekar, Z.
Alassad, A. Milo, Nat. Chem. 2019, 11, 543-551; i) V.F.
Oswald, J. L. Lee, S. Biswas, A. C. Weitz, K. Mittra, R. Fan, J.
Li, J. Zhao, M. Y. Hu, E. E. Alp, E. L. Bominaar, Y. Guo,
M. T. Green, M. P. Hendrich, A.S. Borovik, J. Am. Chem.
Soc. 2020, 142, 11804-11817; j) 1. L. Zak, S. C. Gadekar, A.
Milo, Synlett 2020, 31, A-H; k) G. Mukherjee, J. K. Satpathy,
U. K. Bagha, M. Q. E. Mubarak, C. V. Sastri, S. P. de Visser,
ACS Catal. 2021, 11, 9761-9797.

a) M. C. White, A. G. Doyle, E.N. Jacobsen, J. Am. Chem.

Soc. 2001, 123, 7194-7195; b) R. Mas-Ballesté, L. Que, J. Am.

Chem. Soc. 2007, 129, 15964-15972; c¢) J. Du, C. Miao, C. Xia,

Y.-M. Lee, W. Nam, W. Sun, ACS Catal. 2018, 8, 4528-4538.

[7] a) A. Berkessel, C. A. Sklorz, Tetrahedron Lett. 1999, 40, 7965—
7968; b) G.B. Shul’pin, J. Mol. Catal. A 2002, 189, 39-66;
c)J. W. de Boer, J. Brinksma, W.R. Browne, A. Meetsma,
P. L. Alsters, R. Hage, B. L. Feringa, J. Am. Chem. Soc. 2005,
127,7990-7991.

[8] I. Garcia-Bosch, X. Ribas, M. Costas, Adv. Synth. Catal. 2009,
351, 348-352.

[9] C. Miao, B. Wang, Y. Wang, C. Xia, Y.-M. Lee, W. Nam, W.
Sun, J. Am. Chem. Soc. 2016, 138, 936-943.

[10] a) O. Cusso, 1. Garcia-Bosch, X. Ribas, J. Lloret-Fillol, M.
Costas, J. Am. Chem. Soc. 2013, 135, 14871-14878; b) O.
Cusso, 1. Garcia-Bosch, D. Font, X. Ribas, J. Lloret-Fillol, M.
Costas, Org. Lett. 2013, 15, 6158-6161; c) R. V. Ottenbacher,
D. G. Samsonenko, E.P. Talsi, K. P. Bryliakov, ACS Catal.
2014, 4, 1599-1606; d) D. Shen, B. Qiu, D. Xu, C. Miao, C. Xia,
W. Sun, Org. Lett. 2016, 18, 372-375; ¢) W. Wang, Q. Sun, C.
Xia, W. Sun, Chin. J. Chem. 2018, 39, 1463-1469; f) C. Claraso,
L. Vicens, A. Polo, M. Costas, Org. Lett. 2019, 21, 2430-2435.

[11] a) O.Y. Lyakin, R.V. Ottenbacher, K.P. Bryliakov, E.P.
Talsi, ACS Catal. 2012, 2, 1196-1202; b) M. Milan, M. Bietti,
M. Costas, ACS Cent. Sci. 2017, 3, 196-204.

[12] a) O. Cuss6, X. Ribas, J. Lloret-Fillol, M. Costas, Angew.
Chem. Int. Ed. 2015, 54, 2729-2733; Angew. Chem. 2015, 127,
2767-2771; b) O. Cussé, M. W. Giuliano, X. Ribas, S. J. Miller,
M. Costas, Chem. Sci. 2017, 8, 3660-3667.

[13] a) R. Singh, M. Haukka, C.J. McKenzie, E. Nordlander, Eur.
J. Inorg. Chem. 2015, 3485-3492; b) C. Wegeberg, F.R.
Lauritsen, C. Frandsen, S. Mgrup, W.R. Browne, C.J.
McKenzie, Chem. Eur. J. 2018, 24, 5134-5145; c) C. Wegeberg,
W. R. Browne, C.J. McKenzie, ACS Catal. 2018, 8, 9980-9991.

[14] C. Wegeberg, V.M. Fernandez-Alvarez, A. De Aguirre, C.
Frandsen, W. R. Browne, F. Maseras, C. J. McKenzie, J. Am.
Chem. Soc. 2018, 140, 14150-14160.

[15] G. Olivo, G. Capocasa, D. Del Giudice, O. Lanzalunga, S.
Di Stefano, Chem. Soc. Rev. 2021, 50, 7681-7724.

[16] For examples of substrate recognition via supramolecular
interaction at the second coordination sphere see: a)T.
Smejkal, B. Breit, Angew. Chem. Int. Ed. 2008, 47, 311-315;
Angew. Chem. 2008, 120, 317-321; b) P. Dydio, W. 1. Dzik, M.

[6

—_

Research Articles

Angewandte

intemationaldition’y) Chemie

Lutz, B. de Bruin, J. N. H. Reek, Angew. Chem. Int. Ed. 2011,
50, 396-400; Angew. Chem. 2011, 123, 416-420; c) Y. Kunino-
bu, H. Ida, M. Nishi, M. Kanai, Nat. Chem. 2015, 7, 712-717,
d) H.J. Davis, M. T. Mihai, R.J. Phipps, J. Am. Chem. Soc.
2016, 138, 12759-12762; e) W. Fang, B. Breit, Angew. Chem.
Int. Ed. 2018, 57, 14817-14821; Angew. Chem. 2018, 130,
15033-15037; f) S.-T. Bai, V. Sinha, A.M. Kluwer, P.R.
Linnebank, Z. Abiri, B. de Bruin, J. N. H. Reek, ChemCatCh-
em 2019, 11, 5322-5329; g) F. Burg, S. Breitenlechner, C. Jandl,
T. Bach, Chem. Sci. 2020, 11, 2121-2129; h) M. Knezevic, M.
Heilmann, G. M. Piccini, K. Tiefenbacher, Angew. Chem. Int.
Ed. 2020, 59, 12387-12391; Angew. Chem. 2020, 132, 12486—
12490; i) P.R. Linnebank, S.F. Ferreira, A.M. Kluwer,
J.N. H. Reek, Chem. Eur. J. 2020, 26, 8214-8219; j) F. Burg, C.
Buchelt, N. M. Kreienborg, C. Merten, T. Bach, Org. Lett.
2021, 23, 1829-1834; k) J. Trouvé, R. Gramage-Doria, Chem.
Soc. Rev. 2021, 50, 3565-3584.

[17] a) G. Olivo, G. Farinelli, A. Barbieri, O. Lanzalunga, S.
Di Stefano, M. Costas, Angew. Chem. Int. Ed. 2017, 56, 16347—
16351; Angew. Chem. 2017, 129, 16565-16569; b) G. Olivo, G.
Capocasa, O. Lanzalunga, S. Di Stefano, M. Costas, Chem.
Commun. 2019, 55, 917-920; c) G. Olivo, G. Capocasa, B.
Ticconi, O. Lanzalunga, S. Di Stefano, M. Costas, Angew.
Chem. Int. Ed. 2020, 59, 12703-12708; Angew. Chem. 2020, 132,
12803-12808.

[18] R. V. Ottenbacher, K. P. Bryliakov, E.P. Talsi, Adv. Synth.
Catal. 2011, 353, 885-889.

[19] Deposition Numbers 2119810 (for (R,R)-®™Mmn) 2119811

(for (R,R)-“®*MMn) contain the supplementary crystallo-

graphic data for this paper. These data are provided free of

charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures
service www.ccdc.cam.ac.uk/structures.

A slightly excess of the acid was used to prevent experimental

errors due to the small volume used coupled to the high

higroscopy of 1 to affect the reaction outcomes. For the sake of
comparison, selected results with 1 equivalent of amino acid

are reported in the Supporting Information (Section 8.1).

[21] O. Cussd, J. Serrano-Plana, M. Costas, ACS Catal. 2017, 7,
5046-5053.

[22] K. P. Bryliakov, Chem. Rev. 2017, 117, 11406-11459.

[23] R. M. Izatt, K. Pawlak, J. S. Bradshaw, R. L. Bruening, Chem.
Rev. 1995, 95, 2529-2586.

[24] R. V. Ottenbacher, D.G. Samsonenko, E.P. Talsi, K.P.
Bryliakov, ACS Catal. 2016, 6, 979-988.

[25] R. M. Sellers, Analyst 1980, 105, 950-954.

[26] L. Vicens, M. Bietti, M. Costas, Angew. Chem. Int. Ed. 2021,
60, 4740-4746; Angew. Chem. 2021, 133, 4790-4796.

[20

—

Manuscript received: November 3, 2021
Accepted manuscript online: December 1, 2021
Version of record online: December 23, 2021

Angew. Chem. Int. Ed. 2022, 61, €202114932 (10 of 10)

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1002/anie.201812724
https://doi.org/10.1002/ange.201812724
https://doi.org/10.1002/ange.201812724
https://doi.org/10.1038/s41557-019-0258-1
https://doi.org/10.1021/jacs.0c03085
https://doi.org/10.1021/jacs.0c03085
https://doi.org/10.1021/acscatal.1c01993
https://doi.org/10.1021/ja015884g
https://doi.org/10.1021/ja015884g
https://doi.org/10.1021/ja075115i
https://doi.org/10.1021/ja075115i
https://doi.org/10.1021/acscatal.8b00874
https://doi.org/10.1016/S0040-4039(99)01595-6
https://doi.org/10.1016/S0040-4039(99)01595-6
https://doi.org/10.1021/ja050990u
https://doi.org/10.1021/ja050990u
https://doi.org/10.1021/jacs.5b11579
https://doi.org/10.1021/ja4078446
https://doi.org/10.1021/ol403018x
https://doi.org/10.1021/cs500333c
https://doi.org/10.1021/cs500333c
https://doi.org/10.1021/acs.orglett.5b03309
https://doi.org/10.1021/acs.orglett.9b00729
https://doi.org/10.1021/cs300205n
https://doi.org/10.1021/acscentsci.6b00368
https://doi.org/10.1002/anie.201410557
https://doi.org/10.1002/anie.201410557
https://doi.org/10.1002/ange.201410557
https://doi.org/10.1002/ange.201410557
https://doi.org/10.1039/C7SC00099E
https://doi.org/10.1002/ejic.201500468
https://doi.org/10.1002/ejic.201500468
https://doi.org/10.1002/chem.201704615
https://doi.org/10.1021/acscatal.8b02882
https://doi.org/10.1021/jacs.8b07455
https://doi.org/10.1021/jacs.8b07455
https://doi.org/10.1039/D1CS00175B
https://doi.org/10.1002/anie.201005173
https://doi.org/10.1002/anie.201005173
https://doi.org/10.1002/ange.201005173
https://doi.org/10.1038/nchem.2322
https://doi.org/10.1021/jacs.6b08164
https://doi.org/10.1021/jacs.6b08164
https://doi.org/10.1002/anie.201809073
https://doi.org/10.1002/anie.201809073
https://doi.org/10.1002/ange.201809073
https://doi.org/10.1002/ange.201809073
https://doi.org/10.1002/cctc.201900487
https://doi.org/10.1002/cctc.201900487
https://doi.org/10.1039/C9SC06089H
https://doi.org/10.1002/anie.202004242
https://doi.org/10.1002/anie.202004242
https://doi.org/10.1002/ange.202004242
https://doi.org/10.1002/ange.202004242
https://doi.org/10.1002/chem.202000620
https://doi.org/10.1021/acs.orglett.1c00238
https://doi.org/10.1021/acs.orglett.1c00238
https://doi.org/10.1039/D0CS01339K
https://doi.org/10.1039/D0CS01339K
https://doi.org/10.1002/anie.201709280
https://doi.org/10.1002/anie.201709280
https://doi.org/10.1002/ange.201709280
https://doi.org/10.1039/C8CC09328H
https://doi.org/10.1039/C8CC09328H
https://doi.org/10.1002/anie.202003078
https://doi.org/10.1002/anie.202003078
https://doi.org/10.1002/ange.202003078
https://doi.org/10.1002/ange.202003078
https://doi.org/10.1002/adsc.201100030
https://doi.org/10.1002/adsc.201100030
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202114932
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202114932
https://www.ccdc.cam.ac.uk/structures/?
https://doi.org/10.1021/acscatal.7b01184
https://doi.org/10.1021/acscatal.7b01184
https://doi.org/10.1021/acs.chemrev.7b00167
https://doi.org/10.1021/cr00039a010
https://doi.org/10.1021/cr00039a010
https://doi.org/10.1021/acscatal.5b02299
https://doi.org/10.1039/an9800500950
https://doi.org/10.1002/anie.202007899
https://doi.org/10.1002/anie.202007899
https://doi.org/10.1002/ange.202007899

