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Introduction

The quantitative pyrrole protection of L-
phenylalanine/L-phenylalaninol in aqueous media
and rationally updating the mechanisms of the
Clauson-Kaas reaction through DFT studyt

Yuan Qin,1? Pei Cao, © 12 Virinder S. Parmar,”® Yonghong Liu,® Chenghai Gao*?
and Kai Liu@®*2

The classical Paal—Knorr reaction is a prominent tool that can be adopted under biocompatible conditions
covering various y-dicarbonyls for either chemical biology or drug discovery. Meanwhile, the relatively mild
conditions for larger molecules within biological systems have not been employed to obtain N-substituted
pyrrole derivatives from simpler chiral amino acids/alcohols. The Clauson-Kaas methodology of a standard
two-phase acidic mixture buffered with acetate salts was generally required for the time-consuming
catalytic condensation of 2,5-dimethoxytetrahydrofuran and fast removal of pyrrolyl products after
formation to inhibit their racemization. To achieve a large amount of tethered pyrrole pendants based on
L-phenylalanine to construct bioactive ureas as ASK1 and PI3K inhibitors, one quick and highly efficient
protocol was realized in an almost neutral and benign aqueous condition. This protocol proceeds within
only 15 minutes at 90 °C, achieving nearly quantitative conversion to the final pyrrolyl product via
convenient and facile column-free purification. The detailed mechanistic studies by DFT method
proposed a new series involving the pathway by the initiation of a zwitterionic species/intermediate for
a subsequently much more efficient self-driven pyrrole-formation. This was inconsistent with the
traditional kinetic modelling of ring opening to furnish a carbocation, or the utilization of
succinaldehyde/dihydroxytetrahydrofuran as a dialdehyde synthetic equivalent. In addition to the
relationally neighbouring intramolecular catalytic effect from the amino acid, the crucial "H-bridge”
interplay of water, along with the suggestion of a biomimetic route features similar to the N-
glycosylation of carbohydrates, probably indicates the totally different reaction courses. The auto-
catalysis ability of L-phenylalanine was also extensively investigated by comparisons on the details
relating to L-phenylalaninol.

from simple amino acid monomers to the variant folding
patterns leads to variously minute functions, encouraging

Biological systems starting from natural amino acids within
tissues and cells exhibit variously complicated mechanisms.
The related elaborate modifications generally play significant
roles throughout nearly all facets of life as the crucial material
basis at different structural levels.! The artistic transmutation
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scientists to simulate mother nature's ingenuity.”> As a case in
point, the diversified peptides probably form under plausible
prebiotic aqueous phosphorylation, while avoiding the assis-
tance of additional condensing agents.’

Synthetic chemistry has demonstrated the potential to be
adopted in biocompatible conditions. The classical Paal-Knorr
reaction has attracted much attention since its first report,
which involves the condensation of vy-dicarbonyls to afford
pyrroles.* N-Pyrrolyl alanine derivatives were obtained by the
Clauson-Kaas condensing reagent, 2,5-dimethoxytetrahy-
drofuran (DMTHF). The readily available 1 exhibited remark-
able efficiency as an attractive choice for bioconjugations.** The
1,4-diketone probe 2 displayed prospects for future develop-
ment as further generation tools, in chemical and biological
applications for protein labeling lysine-rich objects, including
BSA, KLH, or LC-8.%
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A lysine-specific probe ONAyne 3 represents a singular
addition mode for studying LDEs, particularly regarding its
pyrrole adduct with endogenous FA.**? It can supply opportu-
nities extended to other bioactive vy-dicarbonyls, including
natural products like ophiobolin A 4;* polygodial or other dri-
mane sesquiterpenoids, such as BH3 mimetic 5;* the rear-
ranged spongian diterpenes;* the reactive metabolites of furan-
containing xenobiotics;* together with dopamine-originated
toxic dicatecholaldehyde derivative 6 ¥ (Fig. 1).

The typical pyrrole ring generally exists in natural or non-
natural drug candidates, synthetic intermediates, and opto-
electronic polymers covering agriculture, food, medicinal and
pharmaceutical chemistry.® The pyrrolyl side chains have been
extensively adopted in peptidomimetics. The enantiomerically
pure moiety 7 was introduced into suitable peptides from vy-
ketoaldehyde.**” 1,3-Acetonylcyclohexandione was cyclized to
deliver 8 through the Paal-Knorr ring closure.® A series of
pyrrole derivatives can facilitate garlic greening.”” The chemical
structures of pink-red pigments in macerated onion were
tentatively elucidated as a basic polymethine framework in 9.7
The buildings of structurally unique polyheterocyclic cores like
10 are facilitated on the basis of diversity-oriented essence.®*** A
dual nickel- and photoredox-catalyzed modular approach
affords the enantioenriched N-benzylic heterocycles 11.°* The
reduction of acids generates corresponding alcohols, while
a ruthenium complex necessitates the higher H, pressure and
punctilious control of temperature.® Therefore, one alternative
strategy to 12 was also implemented flexibly from commercial
amino alcohols directly® (Fig. 2).

Due to the epimerizable centers, enantiomerically pure
primary amines like amino acids/alcohols generally convert into
pyrrolyl derivatives in a mixture of aqueous acid and 1,2-
dichloroethane. The racemizing effect of the acid is buffered by
acetate. While the acid is required for condensation, its
continuous existence is deleterious. Thus, the fast product
removal from the acidic medium would inhibit the racemiza-
tion as effective practice.”” However, the procedures suffer
from certain drawbacks, such as the prolonged heating time
with large amounts of acids in volatile/hazardous solvents for
the dehydrative cyclization, and the utilization of non-
recyclability of catalysts, albeit in lower to moderate yields
accompanying tedious purifications® (Fig. 3). Although the
developments of more efficient, simple, economical, environ-
mentally benign protocols containing improvements and opti-
mizations have been continuously reported,* astonishingly, the

Fig. 1 Representative y-dicarbonyls of the surrogate DMTHF for
pyrrolyl functionalization in a biological system.
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Fig. 2 Pyrrolyl derivatives in peptidomimetics, natural products and
synthetic heterocycles.

standard Clauson-Kaas two-phase system was still adopted to
date. Herein, we report our design for the direct pyrrolyl
protection of r-phenylalanine 17 by DMTHF only in aqueous
solution with nearly quantitative conversion to 19. When suc-
cinaldehyde was employed, the N-substituted pyrrole derivative
20 from 1-phenylalaninol 18 could be delivered with a similarly
perfect transformation. The mechanisms were studied by DFT
techniques in detail (Fig. 3).

Results and discussion

Optimization for the facile pyrrole protection of -
phenylalanine

Belonging to the family of hexacyclic quinazolinone alkaloids,
bioactive chaetominines have received much attention among
chemists and biochemists.* On the basis of 3D-QSAR, molec-
ular docking, pharmacophore model and molecular dynamics
simulations,'” we designed chaetominine mimics in continuous
pursuit of ASK1 and PI3K inhibitors."”® Based on the structure
virtual screening, the t-phenylalanine derivative 19 was chosen
as a promising intermediate through rational dockings, in
addition to the comparison with the PI3K pan-inhibitor
copanlisib.** Thus, we initiated the intramolecular cyclization
of photogenerated azaxylylenes,® for which a large amount of
tethered pyrrole pendants was needed for post modifications.
At the onset of optimization, the conduction of the common
buffering system hampers the quick access to 19 with low yields
and separation difficulties even after 16 h reflux at 90 °C. The
yield of 40% approached those from preceding data reported in
the recent references.®°“? By chance, in the absence of acetate
buffer, one attempted condensation in water alone with 10%

NaOAc (1.05 equiv) ROR,

RR, HOAc (usually excess) g
_ . N
NH, H,0/1,2-dichlorethane <\ 7/
90°C, 5 min
13R, = COOH ;"‘)T(,DM [::':‘“'"5 equiv) 15R, = COOH
14R, = CH,0H sea s 16 R, = CH,OH

20

Fig. 3 Classical Clauson-Kaas procedures (upper sketch), and the
present greener modification with the template of L-phenylalanine/L-
phenylalaninol (below diagram).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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critic acid (CA) under the same refluxing temperature over 2 h
resulted in the dramatic increase of yield to 72%, after removing
polymeric by-products via column chromatography (Fig. 4).

Because of this obvious amelioration in which the final oily
product could deposit directly, we considered that similar results
might be obtained by simply employing water as the reaction
medium. Furthermore, we considered reducing the loading of the
catalyst CA from 10% to a point as low as possible to minimize the
deleterious influence on the epimerizable centers of the reactants/
products, and also to inhibit the side reactions. Thus, an evalua-
tion of the catalytic ability of CA was performed by reducing the
catalyst down to 3.75%, where the standard conditions (90 °C/2 h)
were firstly implemented with 17 at 0.1 mmol scale using 300 pL
water as the sole solvent. The facile purification of the oily product
was realized by the aid of centrifuge separation, followed by the
conventional extraction between EtOAc/H,O. To our delight, the
crude *C NMR by rapid real-time sample analysis was very pure
with a perfect crude yield that was near quantitative trans-
formation, with only a trace amount of EtOAc appearing as
residual impurities (see ESIT).

Being encouraged by this optimistic result, we continued to
test the CA loading at 0.75% with the variation of heating time for
1 h, 30 min, 15 min (Fig. 5, entries 1, 2, 3), respectively, without the
distinct change for crude yields (around 93%) and purities. We
then chose 30 min as one fixed parameter, and set the CA loading
at 0.3%, 0.1%, 0.05%, 0.01% (Fig. 5, entries 4, 5, 6, 7), respectively.
Again, there were no apparent losses for crude yields (around
92%) and purities. Ultimately, the reaction was run at 90 °C over
30 min, without any acidic catalysts (Fig. 5, entry 8). The conver-
sion was still fluent without any evident decrease for crude yields
(94%) and purities. As the direct control experiment, one slightly
visible inferior yield (77%) was found when the reaction was run at
90 °C over 15 min in pure water only (Fig. 5, entry 9). However, the
crude *C NMR spectra still showed fine signals without the
disturbance of impurities after the convenient centrifugal purifi-
cation. More pleasingly, the reaction can be successfully scaled up
to 24.2 mmol scale, affording 19 in 91% yield, with no loss of
reactivity or selectivity. Albeit, in order to drive this reaction to full
completion, the heating time was extended to 1 h. The auto-
catalysis of 17 was extensively investigated by comparisons on
the minute particulars of 18 relating to DMTHF and succinalde-
hyde (See ESI, Fig. S11).

Mechanistic studies by comprehensive computational
modelling

The fast and highly efficient procedure, together with the nearly
quantitative conversion to the final pyrrolyl product, probably
implies totally different reaction pathways compared with the

17 R, = COOH
18 R, = CH,0H

19 R, = COOH
20 R, = CH,OH

Fig. 4 Optimization of Clauson-Kaas reactions in water for the
template of L-phenylalanine/L-phenylalaninol with DMTHF.
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Fig. 5 Crude C NMR spectra for the N-protected products of L-
phenylalanine after simplified centrifugal isolation. Reaction temper-
ature was 90 °C for all entries. 0.75% CA, 1 h (entry 1); 0.75% CA, 30 min
(entry 2); 0.75% CA, 15 min (entry 3); 0.3% CA, 30 min (entry 4); 0.1%
CA, 30 min (entry 5); 0.05% CA, 30 min (entry 6); 0.01% CA, 30 min
(entry 7); 0% CA, 30 min (entry 8); 0% CA, 15 min (entry 9). For the
crude parallel *H NMR, see ESI.t

canonical ones involving either the initial ring opening to furnish
carbocation, or succinaldehyde/dihydroxytetrahydrofuran as dia-
ldehyde synthetic equivalents. These latter ones were afforded
generally by the assistance of variously “stronger” catalysts
(Brensted acids, such as HOAc, Amberlite resin, metals, nano-
organo reagents etc.) at higher temperature (around 100 °C) for
longer heating times (2 h to 16 h or even more)."* For instance,
one equivalent racemic tartaric acid was even adopted in 1,2-
dichloroethane/H,O over 1 h at 80 °C with the yield of 61% for pr-
Phenylalanine.**

As to the difficulties being encountered for the usual
protonation of DMTHF, we deduced that the primary amine
perhaps could nucleophilically attack the DMTHF ring.
However, the calculated apparent activation energy via this
proposed direct SN, step is about 48.9 kcal mol™". It sounds
absolutely too high as one reasonable proposition. The new
inferred chemical intermediate was a zwitterion like the polar
specie of the pyridinium-type salt previously reported, which
needs comparably harsh and strict conditions.*® Thus, we
focused more attention to the reaction media that was infinitely
close to the prebiotic system to some extent. The structural
similarity for the acetal/ketal units among DMTHF and natural
carbohydrates gives the informative clues for us to choose the N-
glycosylation as referring models. The first protecting group-
free synthesis of N-glycosyl carbamates has been realized by p-
glucose with n-butyl carbamate being catalyzed in 2.4 M HCI/
AcOEt.”” The one-pot conversion of sustainable p-ribose with t-
amino acid methyl esters produced pyrrole-2-carbaldehydes in
reasonable yields under pressurized conditions with the assis-
tance of oxalic acid in DMSO."® Although malonic acid was still
adopted as the necessary catalyst, the amadori compound N-(1-
deoxy-p-fructos-1-yl)-L-proline exhibits exemplarily much higher
isomerization rates than p-fructose through the C-1 substituent-
mediated intramolecular catalytic effect.’ The intrinsic origin

RSC Adv, 2023, 13, 35825-35830 | 35827
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Fig. 6 Proposed paths and reaction energy barriers (kcal mol™?) for the

of C/N-ribonucleoside through the reaction of 2,4,6-tri-
aminopyrimidine (TAP) with p-ribose in aqueous solution was
understood by employing detailed density functional theory
(DFT) studies. The water molecule plays a crucial “H-bridge”
role by the hydrogen atom relay within the model structure of
the nucleobase being beneficial for the glycosidic bonds
formation. In general, the pathways proceed over three steps,
including nucleophilic addition, dehydration and cyclization.*®
At this point, we took full consideration of the components
reflecting the neighbouring intramolecular catalytic function
from the amino acid, along with the “H-bridge” interplay of
water®®*! to the reaction path simulation model.

The nucleophilic assault to the DMTHF ring, accompanied
by the release of methanol (partial acetal hydrolysis to Int1), was
expedited by the assistance of water combined with the weak H"
liberated from the amino acid, where the energy barrier
decreased dramatically to 9.4 kcal mol ' (Fig. S3 of ESI{). The
following H-shift afforded the N,0-acetal Int2, which was acti-
vated by the neighbouring intramolecular catalytic -COOH.
Thus, this step led to the hydrolytic cleavage for the furan ring
in aqueous media to give the imine salt Int3". The subsequent
1,3 H-shift furnished the more stable enamine Int3 to experi-
ence the hydrolysis for the removal of methanol. The
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1273

9.4 N
/ 3 28.5

TS1 . g

U Reacants
27.0
224
1 TS3

24 Int3

A2

1.28
S
1.66

Products
TS5

generation of the N-pyrrolyl derivative from L-phenylalanine.

intramolecular cyclization of enamine Int4 gave the semi-acetal
Int5, and the dehydrative aromatization allowed the final N-
pyrrole protection (Fig. 6).

To further explore the reaction mechanisms above, the -
phenylalanine methyl ester (21) (whose acid moiety -COOH is
masked by -Me to form ester -COOMe) was chosen. The
following reaction was then carried out with DMTHF in pure
H,O0 at 90 °C for 30 min. After the usual workup by extraction of
chloroform, the NMR of the crude reactants in CDCl; displayed
only the signals of the starting materials, including the methyl
ester 21 and DMTHF. The corresponding energy barrier of this
SN, initiation step was 45.4 kcal mol ', as predicted by theo-
retical calculation (shown in Fig. S4 of ESIt). Compared with the
one reported in Fig. 5, entry 8, the intramolecular catalytic effect
from the amino acid was thus confirmed.

Next, the reaction of 21 with DMTHF and 0.75% CA was run in
H,0 at 90 °C for 30 min. This reaction is used to test the influence
of an external acid by direct comparison to see whether the “H-
bridge” role of water (TS1 in Fig. 6) is crucial or not. After the
similar workup, the NMR of the crude reactants in CDCl;
demonstrated only the signals of the starting precursors again. It
seems that we can exclude the possibility to generate acetal (or
dialdehyde) firstly, followed by the pyrrole formation with amine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Mechanistic studies through the template of the L-phenylala-
nine methyl ester with DMTHF and succinaldehyde.

assisted by the outside “H™ (from the acid moiety or water
combined with the weak H' liberated from the amino acid).

Finally, the reaction of 21 with DMTHF and 10% CA was put
in D,O directly at 90 °C for 2 h. Although the reaction did not
proceed as usual, as monitored by TLC, the total reactants in
D,0 were sent for non-invasive detection via real-time NMR
analysis. To our astonishment, besides the three starting
components including the methyl ester, DMTHF, and catalytic
CA, the remaining "*C NMR signals match those of the inter-
mediate for protonated 21, which is probably unstable with the
corresponding NMR shifts being mimicked and predicted by
Mnova software (version 14.0). Moreover, the direct compari-
sons with spectral data relating to the hydrochloride salt of 21
were also made.*” As suggested by the similar calculation under
acid condition, the energy barrier of this step was reduced to
15.1 keal mol ™" (Fig. S4 of ESI{), indicating that this SN, reac-
tion could be triggered by acids in theory. This conclusion is
well supported by the reactions containing 21 and its structural
analogues, which were reported in the traditional two-phase
media by the aid of acidic catalysts.”® However, the markedly
different microenvironment was hypothesized to be very crucial
to facilitate the sequences being likely involved inside.

The reaction between 21 and succinaldehyde was also testi-
fied in H,O at room temperature for 10 h. After the general
workup, the NMR of the crude reactants in CDCl; exhibited the
signals of the starting methyl ester 21 and pyrrolyl product 22 in
the ratio of about 5/6. It is worth mentioning that the trans-
formation to the ultimate targeting pyrrolyl product was not
improved dramatically even at 90 °C for 4 h. While pyrrolyl
product 22 was enhanced in crude NMR with the proportion of
80%, some uncharacteristic side reactions were also detected by

keal/mol

9.4

With one explicit

0
Only in PCM
V! H;0™ molecule

Fig. 8 Comparison of the energy barriers regulated by the interplay of
water combined with the weak H* (distance in A).
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TLC (Fig. 7). By contrast, the similar reaction between r-phe-
nylalaninol and succinaldehyde progressed with much higher
efficiency, either at rt (83% yield) or with heating (near 100%
yield) (See ESI, Table S1t). At this point, we may deduce with
some certainty that the inner hydrogen bonds within the
examples (-COOH or -OH) of both r-phenylglycine and r-phe-
nylglycinol could be essentially beneficial, during the proce-
dures of either Clauson-Kaas or Paal-Knorr reactions. On the
contrary, the lack of assistance by neighbouring functional
groups in the case of L-phenylalanine methyl ester 21 led to the
much more sluggish conversion to the pyrrolyl ring.

The magic of the “H-bridge” interplay was demonstrated in
the following histogram for detailed exhibition of the much
lower energy barrier found at the initiating stage (Fig. 8). The
proposed mechanisms of the Paal-Knorr procedure being
similarly inferred for 18 were discussed in ESI.{**

Experimental

Experimental procedures and analytical data of all of the
compounds, the copies of their 'H, "*C NMR spectra, along with
the calculation method, calculated energies and Cartesian
coordinates, are available in the ESL{

Conclusions

In summary, the direct catalytic pyrrole protection of r-phenyl-
alanine/t-phenylalaninol in aqueous media has been devel-
oped. This methodology highlights the simplicity of combining
DMTHEF or aqueous succinaldehyde, amines to deliver pyrrole-
tethered chiral motifs under mild conditions. The DFT calcu-
lations deduced the self-driven procedures, which matched the
experimental outcome. The neighbouring intramolecular cata-
Iytic function from the amino acid, the crucial “H-bridge” role
of water, reflected the N-glycosylation mimicking characters
relational to the biogenic pathway involving structurally similar
carbohydrates. The synthetic applicability was testified for the
gram-scale synthesis for post-modifications. This protocol
provides a valuable alteration to the classical two-phase buffer
system, thus securing pyrrole derivatives against the Achilles
heels containing asymmetrical centers that are especially prone
to epimerization. Efforts to widen the application scopes in this
orientation are currently underway in our laboratory.
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