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Catalysts generated in situ by the combination of pyridine—hydrazone N,N-ligands and Pd(TFA), have been
applied to the addition of arylboronic acids to formylphosphonate-derived hydrazones, yielding a-aryl a.-
hydrazino phosphonates in excellent enantioselectivities (96 — 99% ee). Subsequent removal of the
benzyloxycarbonyl (Cbz) N-protecting group afforded key building blocks en route to appealing artificial
peptides,
a stereochemical model based on aryl-palladium intermediates in which the phosphono hydrazone
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Introduction

Phosphonic acids, phosphonates and their derivatives are
involved in numerous biological processes.' In drug design, the
phosphonate group is often used as a bioisostere of carboxylate.
For instance, various phosphonate analogues of known neur-
aminidase inhibitors exhibit improved pharmacokinetic prop-
erties to treat influenza infection.” a-Amino phosphonic acid
derivatives, acting as amino acid mimics, are known to exhibit
important biological activities such as antifungal,® antibacte-
rial,* antioxidant,® anti-Alzheimer,® antiviral,” and anticancer
activities,® among others.® Additionally, non-proteogenic o-
hydrazino phosphonic acid derivatives, in which intramolecular
H-bonds (hydrazino turns)® might modify their biological
activities, have emerged as promising targets in medicinal
chemistry. In particular, a-hydrazinophosphonate oxadiazoles
I,** isatin derivatives IT'* and hydrazide III** have been reported
to exhibit promising activities against different types of cancer
(I and 1) and antimicrobial activity against K. Pneumonia (III)
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(Fig. 1). Moreover, a-aryl a-hydrazino phosphonates are also the
key precursors of pyrazoles IV**** which have been shown to
have a potent herbicidal activity.

To the best of our knowledge, however, enantiomerically
pure forms of these molecules have never been evaluated nor
even synthesized. To date, existing routes for the synthesis of a-
hydrazino phosphonates-related derivatives rely on various
strategies such as metal-catalyzed electrophilic amination of B-
keto phosphonates with azodicarboxylates (a-alkyl substitu-
tion),” cycloaddition reactions employing a-(diazomethyl)-
phosphonate for the construction of cyclic heterocycles'® and
asymmetric hydrophosphonylation reaction of azomethine
imines to afford cyclic hydrazides (C-P bond forming reac-
tion)."” Other approaches based on enantioselective reactions
involving phosphono hydrazones remain underdeveloped. For
instance, Pd"-catalyzed enantioselective hydrogenation of a-
hydrazono phosphonates has been shown to provide a-aryl a-
hydrazine phosphonates.'®* However, the resulting products lack
removable N-protecting groups necessary to access versatile free
hydrazines. Hence, subsequent transformation into a-amino
phosphonates by reductive N-N bond cleavage was performed
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Fig. 1 Biologically active molecules derived from a-aryl a-hydrazino
phosphonates.
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Scheme 1 Enantioselective transformations of phosphono hydra-
zones towards a-aryl a-amino phosphonates (A) and a-aryl a-hydra-
zino phosphonates (B, this work).

instead (Scheme 1A). To overcome these limitations, we have
developed diverse enantioselective arylation reactions of related
hydrazones containing readily removable protecting groups
(Cbz, Fmoc, etc.), which allowed the access to free hydrazino
building blocks in enantiomerically enriched forms.* In this
article, we present a straightforward approach to o-aryl o-
hydrazino phosphonates 4 based on Pd"-catalyzed enantiose-
lective addition of aryl boronic acids to a-hydrazono phospho-
nates 1 (C-C bond-forming reaction), enabling, for the first
time, a convenient access to this type of molecules in enantio-
selective fashion (Scheme 1B). In addition, Density Functional
Theory (DFT) calculations were carried out to understand the
factors leading to the excellent enantioselectivity of the
transformation.

Results and discussion

Preliminary experiments were conducted with benzylox-
ycarbonyl Cbz-protected hydrazone 1A and phenylboronic acid
(2a) as model reagents. A preliminary screening of palladium
complexes [prepared in situ from bipyridine (bipy) and different
Pd" sources] and conditions served to identify bipy/Pd(TFA), as
the most efficient achiral catalyst and dichloroethane (DCE) at
60 °C as the best reaction medium.f Then, diverse chiral pyri-
dine-oxazolines® and pyridine-hydrazones® were evaluated as
chiral N,N' ligands for the enantioselective version of the reac-
tion (Table 1). To our delight, the use of pyridine-hydrazone L3
provided, after 24 hours, the desired adduct 3Aa with 70%
conversion and 94% ee (entry 3), clearly outperforming the
results obtained with commercially available pyridine-
oxazolines L1 and L2 (entries 1 and 2). The (2S5,55)-2,5-diphe-
nylpyrrolidine unit was retained as optimal chiral scaffold and
the influence of the substituent attached to the C5 of the pyri-
dine ring was also investigated. The presence of 3,5-bis-
trifftuoromethylphenyl group (R = Arf) led to a diminished
catalytic activity (entry 4). On the contrary, ligand L5 bearing
a methyl carboxylate group (R = CO,Me) afforded 3Aa in 84%
conversion and excellent enantiocontrol (99% ee). Finally, the
incorporation of (2S,55)-2,5-di-(3,5-bis-trifluoromethylphenyl)
pyrrolidine in ligand L6 led to a slightly lower enantiose-
lectivity (93% ee) compared to ligands L3-L5, with the same
level of conversion than L5 (entry 6). Interestingly, a similar
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Table 1 Optimization of reaction conditions®
~NHCbz _NHCbz

| Pd(TFA); (12 mol%), L* (13 mol%) HN
EtO,.. ) +  PhB(OH), EtO,.,
Et0™ || DCE, 60 °C g0~ Ph

2a
o}
1A 3Aa

L1:R=Bu

L2:R=Bn L5: R =CO;Me, Ar = Ph

L6: R = CO,Me, Ar = 3,5-(CF3),-CgH3

— A
o R@_\ % L3R=HAr=Ph
‘ / iR =3,5- - =
<\j/\/,_<\j \ Ny L4: R = 3,5-(CFy)p-CoH, Ar = Ph
NNy
Ar

Entry 1 L* 3 Conv. (%)’ ee (%)°
1 (E)}1A L1 (8)-3Aa 20 33
2 (E)1A L2 (S)-3Aa 46 rac
3 (E)}-1A L3 (R)-3Aa 70 94
4 (E)1A L4 (R)-3Aa 52 97
5 (E)1A L5 (R)-3Aa 84 99
6 (E)1A L6 (R)-3Aa 85 93
7 (Z)1A L5 (R)-3Aa 86 98
8? (E)-1A L5 (R)-3Aa 68 98

¢ Reactions at 0.1 mmol scale. Reaction time: 24 hours. ? Estimated by
*Ip-NMR. °Determined by HPLC on chiral stationary phases.
4 performed with 2,4,6-triphenylboroxine (0.05 mmol).

result and the same stereochemical outcome were observed in
an additional experiment employing the cis isomer (Z)-1A (entry
7), suggesting the participation of a common Pd"-intermediate.
During the scaling-up, we observed that the eventual presence
of boronic acid anhydrides, normally present in commercial
boronic acids, might be the origin of some erratic results. In
fact, a control experiment revealed that reactivity dropped when
2,4,6-triphenylboroxine (2a’) was used instead of phenyl boronic
acid (entry 8). Therefore, the remaining optimization was per-
formed employing 2a after purification by filtration through
a short pad of silica gel.f Under optimal conditions, the model
reaction on a 0.2 mmol scale required a longer reaction time (36
hours), affording (R)-3Aa in 66% yield and 99% ee (Scheme 2).
The scope and limitations of the reaction were then explored.
First, modifications of hydrazone reagent 1 were investigated.
Other N-protecting groups such as 9-fluorenylmethoxycarbonyl
(Fmoc) and benzoyl (Bz) were well tolerated, affording (R)-3Ba
and (R)-3Ca in good yields (68-69%) and 98% ee in both cases.
Interestingly, a tert-butoxycarbonyl (Boc) group in hydrazone 1D
hampered the process, giving 3Da with high enantioselectivity,
albeit in low yield (17%). Overall, these results suggest that the
aromatic scaffolds in N-carbamoyl/benzyl groups might stabi-
lize the reactive intermediates through additional 7---7 inter-
actions, although a more significant steric repulsion by the Boc
group cannot be disregarded. Modification of the phosphonate
moiety was also investigated. The dimethyl derivative (1E)
afforded (R)-3Ea in 62% yield and slightly lower enantiose-
lectivity (96% ee). Next, Cbz protected hydrazono phosphonate
(E)-1A was made to react with a variety of arylboronic acids 2a-o
to afford a-aryl a-hydrazide phosphonates 3 in variable yields
(30-92%) and excellent enantioselectivities (96-99% ee) in all
cases (Scheme 2). Mono-substituted electron-rich aryl boronic
acids [2b: p-Me-C¢H,-B(OH),, 2¢: p-MeO-C¢H,-B(OH),, 2d: p-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Scope of the reaction. Yields of isolated products after column chromatography. Enantiomeric excesses were determined by HPLC
on chiral stationary phases Reactions performed at 0.2 mmol scale. Reaction time: 20 h. <(S)-3Ao was synthesized employing ent-L5.

BnO-C¢H,-B(OH), and 2e: 0-Me-C¢H,-B(OH),] were suitable
reagents, whereas electron-poor boronic acids [2f: p-Cl-CsH,-
B(OH),, 2g: p-CF3-C¢H,-B(OH),] reacted more slowly, leading to
side reactions such as homo-coupling and protodeboronation.
Hence, portionwise addition of these reagents was required for
the synthesis of (R)-3Af and (R)-3Ag in 57 and 30% yield,
respectively. Di- [ortho/meta (2h), meta/para (2i and 2j), meta/
meta (2k)] and tri-substituted (2I) aryl boronic acids afforded
3Ah-3Al in good yields (51-92%) and high enantioselectivities
(97-99% ee). Additionally, aryl boronic acids bearing extended
rings, such as 2m and naphthyl scaffolds (2n and 20) gave
essentially enantiopure o-hydrazide phosphonates 3Am-3Ao
(98 — 99% ee). Finally, heteroaryl (3-furanyl and 3-thienyl)
boronic acids and aryl boronic acids 2 containing nitrogenous
functional groups (R = p-dimethylamino and R = p-acetamido)
as well as a vinyl chain (R = CH=CH,) were unproductive
reagents for this transformation. In a couple of representative
examples (3Ai and 3Ao), the reaction could be scaled to 1 mmol
without significant loss in yield or enantioselectivity. The
absolute R configuration of products 3Aa, 3Ba and 3Da was
assigned by chemical correlation.f Assuming a uniform reac-
tion pathway, the absolute configurations of all other o-aryl a-
hydrazide phosphonates 3 were assigned by analogy.
Experimental data, such as the observed stereoconvergence
and the detection of both isomers in independent reactions
starting from (E)-1A or (2)-1A, suggest that the reaction proceeds
under Curtin-Hammett control*> with a relatively fast inter-
conversion of stereoisomers. It is known that depending on
subtle structure variations and reaction conditions, such as
heating in the presence of acids, these types of E and Z isomers
might equilibrate.” In order to shed light over reaction mech-
anism, *"P-NMR was used for monitoring the E/Z isomerization

© 2024 The Author(s). Published by the Royal Society of Chemistry

process at 60 °C, showing that the interconversion is facilitated
either by the presence of phenyl boronic acid (1 equiv) (E/Z from
100: 0 to 75 : 25, after 1 hour) or catalytic amounts (12 mol%) of
PA(TFA), (E/Z from 100:0 to 75:25, after 5 h). Next, the reac-
tions starting from (E)-1A or (Z)-1A were also independently

‘N/NHCbZ Pd(TFA), (12 mol%) - NHebz
L5 (13 mol%
100 E'g’;P/ + pheoH), ¢ l EtO., 380
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Fig. 2 Progression of ratios (%) of (E)-1A (in blue), (2)-1A (in black) and
(R)-3Aa (in red) under catalytic conditions (0.2 mmol). Estimated by
31p_NMR. (Top) starting from (E)-1A. (Bottom) starting from (2)-1A.
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monitored and their profiles over time comparatively analyzed
(Fig. 2).

Coexistence of both isomers during the process suggests
a relatively low E/Z interconversion barrier upon reaction
conditions. Nevertheless, it is observed that conversion to
product (R)-3Aa over time remains higher when starting from the
(2)-isomer, supporting a preferred pathway through palladium
complexes involving (Z)-1A. Density Functional Theory (DFT)
calculations were carried out to understand the origin of the
observed complete enantioselectivity of the transformation.
According to a previous report on related Pd"-catalyzed asym-
metric addition of arylboronic acids to cyclic N-sulfonyl ketimine
esters,** the transformation involves the initial phenyl transfer
from the boronic acid to the active palladium(u) catalyst, coor-
dination of the hydrazone followed by intramolecular C-C bond
formation, protonation and concomitant regeneration of the
catalyst (see Fig. S1 in the ESIT for the computed entire reaction
profile). Therefore, the intramolecular C-C bond formation
constitutes the enantiodetermining step of the transformation.
We consequently focused on this particular reaction step for our
system, starting from the initially formed intermediated INT1,
where the reactive phenyl group and the hydrazone 1E (Z or E) are
directly attached to the Pd"-center bearing the chiral ligand L5.
Our calculations indicate, not surprisingly, that INT1(Z) is
1.8 keal mol ™" more stable than its isomer INT1(E), which is
mainly due to the occurrence of a stabilizing P=0O---HN intra-
molecular hydrogen bond (see Fig. 3). Despite this, after
a conformational search, we were able to locate two transition
states for each isomer associated with the formation of the key
C-C bond leading to the R (TS®) or § (TS®) enantiomers (with
respect to the newly formed stereocenter, Fig. 3). Regardless of
the initial intermediate, the formation of the R-enantiomer is
favored from both kinetic and thermodynamical points of view,
which agrees with the complete enantioselectivity towards the
(R)-3 reaction product observed experimentally (see above). From
the data in Fig. 3, it is clear that the pathway involving the
transition state TS®(Z) becomes the preferred one, leading to

View Article Online
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intermediate INT2%(Z) in an exergonic transformation (AGg =
—2.3 kecal mol™' with an activation barrier of only
13.8 keal mol ™), consistent with the reaction conditions used in
the experiments. Remarkably, there is an energy gap of
7.3 keal mol™" with TS%(E), fully consistent with the almost
complete enantioselectivity observed systematically in the
experiments. The remarkable stability of TS¥(Z) can be initially
ascribed, according to the NCIPlot method,* to the existence of
stabilizing noncovalent -7 interactions between the phenyl
group of CBz and the pyridine fragment of the chiral ligand,
along with CH:--m interactions involving the azomethine proton
(N=C)H of the hydrazone and a phenyl group of the pyrrolidine
moiety in L5 (see Fig. 4, left). As these interactions are absent in
the analogous transition state leading to the S-isomer, it is not
surprising that TS¥(Z) is by far the most stable saddle point. More
quantitative insight into the factors favoring the pathway
involving TS®(Z) can be gained by applying the Activation Strain
Model (ASM) of reactivity.® This analysis involves decomposing
the electronic energy (AE) into two terms: the strain (AEgain)
resulting from the distortion of the individual reactants and the
interaction (AEj,) between the deformed reactants along the
reaction coordinate, defined in this case by the formation of the
key C---C bond. As this particular transformation occurs intra-
molecularly, the fragments, i.e., the hydrazone and the [Pd-Ph]"
complex, were referred to the geometry they adopt in the initial
intermediate INT1(Z), constituting therefore the zero level of the
different ASM terms. Fig. 4a (right) shows the corresponding
activation strain diagrams (ASDs) computed for the R and S
pathways starting from INT1(Z) up to the respective transition
states. From the data in Fig. 4a, it becomes clear that the process
leading to the R-isomer benefits from a less destabilizing
distortion (measured by the AAEgy.i, curve) and, particularly,
from a much stronger interaction between the hydrazone and the
palladium complex along the entire reaction coordinate. Indeed,
whereas the AAE;,, term becomes clearly stabilizing (i.e., nega-
tive) in the proximity of TS®(Z), the situation sharply contrasts in
the S-pathway, where the change in the interaction from the

\
) 1SS (2)
; Ph
// =  TSS(E) Meo2c@—\\ /258
7 T o= =N_ /N\,p y §
2.051 ¥4 R Pd+ / \
, TS™ (E ,
pa]* ﬁ( /’76LL\ A ¢
[ \N/NHCBZ o br - i TSR (Z)
S 2 i O —
Meo\F,)--,,Ph INT2" (E) \ \ ; < 138 N
_ 6.9 / , d
Meo” || —_ ard
INTR(E) 4 (
+ —_— \ s
[Pd]\N,NHCBz 4.3 _INT1 (E) INT1(2) /. h cB2
T T T —— > X R +
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362351)\"" Par* . -2.3 Ol
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Fig. 3 Computed reaction profile for the key enantiodetermining step from intermediates INT1. Relative free energies (AG, at 333 K) and bond

distances are given in kcal mol™* and angstroms, respectively.
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Fig. 4 (Left): Contour plots of the reduced density gradient isosurfaces (density cutoff of 0.04 a.u.) for TSR(2). The greenish surfaces indicate
attractive non-covalent interactions (computed at the PCM(dichloroethane)-M06L/def2-SVP level). (Right): (a) comparative activation strain
analyses (PCM(dichloroethane)-M06L/def2-SVP level) and (b) energy decomposition analyses (ZORA-M06L/DZP//PCM(dichloroethane)-MO6L/
def2-SVP level) of the key enantiodetermining step projected onto the C:--C bond-forming distance and involving the R (solid lines) and S (dotted

lines) pathways.

initial intermediate INT1(Z) becomes destabilizing. The reasons
behind the stronger interaction computed for the R-pathway
were further analyzed with the help of the Energy Decomposition
Analysis (EDA) method,*® which involves decomposing the AE;;
into three chemically meaningful terms: classical electrostatic
interaction (AVgge), Pauli repulsion between closed-shell
orbitals, responsible for steric repulsion, and stabilizing orbital
attractions (AAE,,). As graphically depicted in Fig. 4b, which
shows the evolution of the EDA terms along the reaction coor-
dinate and referred again to the starting intermediate, it
becomes clear that the stronger interaction computed for the R-
pathway does not result from the AAEp,,; repulsion term, which
is actually less destabilizing for the S-pathway (mainly due to the
longer C---C bond-forming distance in TS%(Z) and the closer
proximity of the CBz group to the chiral ligand in the Z-pathway),
but exclusively from much stronger electrostatic and orbital
interactions (in a nearly identical extent) between the palladium
complex and the hydrazone fragments, once again along the
entire reaction coordinate, and particularly, at the transition
state region. Therefore, it can be concluded that the (practically
exclusive) formation of the R-enantiomer finds its origin mainly
in the electrostatic, orbital and non-covalent interactions
between the palladium-complex and hydrazone substrate, which
are maximized in the favored Z(R) reaction pathway.

Finally, to further demonstrate the usefulness of this trans-
formation, different derivatization reactions were carried out. N'-
Cbz-protected a-aryl a-hydrazino phosphonates 3 are versatile
building blocks for accessing compounds with potential appli-
cations in diverse fields (Scheme 3). Applying standard hydro-
genolysis [Pd(C)/H, (1 atm), rt], the benzyloxycarbonyl group
(Cbz) of (R)-3A was efficiently removed to afford the corre-
sponding hydrazino phosphonates, as exemplified in the
synthesis of (R)-4i which was isolated as its hydrochloride salt in
90% yield and 99% ee. Additionally, the 2-nathphyl derivative (R)-
3Ao0 reacted with 2-[bis(methylthio)-methyleneJmalononitrile to
afford pyrazole (R)-50 (a representative of products III in Fig. 1) in
good yield. Moreover, the introduction of amino acids by N(2)
couplings from (R)-3Aa and (R)-3Ai was performed in one-pot
fashion. Thus, hydrogenolysis in the presence of the N-Boc-L-

© 2024 The Author(s). Published by the Royal Society of Chemistry

phenyl alanine anhydride [(N-Boc-Phe),O] afforded N(2)-
hydrazides (R)-6a and (R)-6i in good overall yields (56-69%, two
steps, only one chromatographic purification), without erosion
of the enantioselectivity (96 : 4-99: 1 dr).

Subsequent deprotection of the Boc group in (R)-6i allowed
the isolation of (R)-7i in 90% yield, emphasizing the potential of
hybrid amino acid/hydrazide phosphonates as versatile inter-
mediates for the synthesis of artificial peptides. Finally, the
synthesis of enantiopure anti-cancer o-aryl a-hydrazino phos-
phonates (compounds I in Fig. 1) was accomplished by reaction
of deprotected hydrazines with bromoacetic anhydride to yield
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OJ \ |
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Scheme 3 Transformations of adducts 3 into appealing targets. °From
(S)-3A0.
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key intermediates (R)-8i and (R)-80 followed by reaction with
commercially available 5-(pyridine-4-yl)-1,3,4-oxadiazole-2-thiol
in acetone at 60 °C. In this way, the target compounds (R)-9i
and (R)-90 were obtained in 80 and 71% yield, respectively, and
without erosion of enantiomeric purity. The synthesis of the
enantiomer (S)-90 was also successfully accomplished starting
from the adduct (S)-3A0.

Conclusions

In summary, catalysts generated by combinations of Pd(TFA),
and pyridine-hydrazone ligands provide excellent enantiose-
lectivities in the 1,2-addition of aryl boronic acids to
formylphosphonate-derived hydrazones, yielding a-aryl a-hydra-
zino phosphonates in high enantioselectivities (96 — 99% ee).
Experimental evidence, DFT calculations and ASM-EDA analyses
support a stereochemical model in which the hydrazone in its Z-
configuration is coordinated to the aryl-palladium complex. The
preferred transition state is not only stabilized by key non-
covalent 7---t and CH---7 interactions between the hydrazone
and the ligand, but also by significant electrostatic and orbital
interactions, resulting in a remarkable enantiocontrol of the
process. Moreover, the presence of a readily removable protect-
ing group, such as Cbz in adducts 3, has been exploited for tar-
geting pyrazoles, phosphonopeptides and antitumoral hydrazide
phosphonate oxadiazoles in enantiomerically pure forms, illus-
trating the utility of the methodology.
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