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Well-defined Cu(l)) complexes based on
[N,P]l-pyrrole ligands catalyzed a highly
endoselective 1,3-dipolar cycloadditiont
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We herein report the synthesis and catalytic application of a new family of dinuclear Cu() complexes
based on [N,P]-pyrrole ligands. The Cu() complexes (4a—d) were obtained in good yields and their cata-
lytic properties were evaluated in thel,3-dipolar cycloaddition of azomethine ylides and electron-
deficient alkenes. The air-stable complexes 4a—d exhibited high endo-diasteroselectivity to obtain substi-
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Introduction

Nowadays, copper(i) complexes have acquired great importance
in the design of new materials for organic light-emitting
devices (OLEDs)" and photosensitizers.” Likewise, the catalytic
properties of these complexes have been largely explored. In
the literature, we can find some recent examples of using Cu(i)
in combination with [N,P] ligands in important catalytic trans-
formations. These included conjugated additions of boron to
a,p-unsaturated compounds,® asymmetric alkylation of
indoles,* direct asymmetric alkynylation of a-ketoesters,” and
asymmetric A3 couplings,® among others. Particularly, the 1,3-
dipolar cycloaddition (1,3-DC) of azomethine ylides to elec-
tron-deficient alkenes constitutes one of the most powerful
and versatile methods to obtain highly substituted 5-mem-
bered heterocycles.”® This reaction can be accomplished using
several metal complexes such as zinc(n),” nickel(u),*® silver(1),"*
copper(1),'* and copper(u).* Particularly, in the case of copper
(1) catalyzed reactions, the use of hemilabile ferrocenyl [N,P]-
ligands appears as an interesting approach that allows the syn-
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tuted pyrrolidines, and the catalytic system showed excellent reactivity and wide substitution tolerance.

thesis of exo-aducts'* with good to excellent diastereo- and

enantio-selective results. On the other hand, the synthesis of
endo-adducts is favored when [N,N]-, [S,S]- and [P,S]-ligands are
used in combination with different sources of copper(i)
precursors.'¥ ™™ Similar results were obtained with the catalytic
systems of Zn(i)/N,0-ligands® and Ag(i)/chiral BINOL-derived
phosphoric acids.*'?

Previously, we reported an efficient synthesis of pyrrole-
based [N,P] ligands with a dimethylamine group and a phos-
phine moiety as hard and soft donors, respectively.'*
Moreover, we have demonstrated that their palladium com-
plexes catalyzed some C-C coupling reactions,"® their gold(1)-
complexes catalyzed the cycloisomerization of enynes,'® and
their ruthenium counterparts promoted the transfer hydrogen-
ation of ketones (Fig. 1)."” As part of our continuous interest in
developing catalytic applications of [N,P]-pyrrole phosphines,
in this work we address the synthesis of new copper(i)-[N,P]
dinuclear complexes, which were tested in 1,3-dipolar cyclo-
addition, obtaining pyrrolidines with high endo-selectivity.

Results and discussion

Initially, we synthesized the ligands 2a-d in good yields using
the methodology previously described by our group.*™ In
order to know about the o-donor behavior of these phos-
phines, we reacted 2a-d with elemental selenium overnight in
an NMR tube at 0 °C using CDCl; as the solvent (Scheme 1).
Thereafter, we obtained *'P {'H} NMR spectra. The values
obtained for the coupling constant Jp_s. are shown in Table 1.
In general, all phosphine selenides with an alkyl group
(Table 1, entries 2-4) exhibit lower Jp_s. values compared to
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Our previous work

C-C coupling
X
/©/ [N,P]-ligand/ [Pd]
R _0.005mol% _ mol%
+ Base Mw 17 examples
. _R! 32-99% yield
N R'= C(O)OMe,
Direct arylation Ph, Fc, 4-Py

o
18 I
Z  [N,Pligand/ [Pd] examples
_1mol% 71-94% yield
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N
R
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This work
1,3-dipolar cycloaddition
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~
R3/\N/\C02R2 . N (5 mol%), EtOH

Et;N, RT

e
Fig. 1 Catalytic applications of [N,P] ligands based on pyrrole.
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1 2a, R= Ph (80%)
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2c, R= i-Pr (86%)
2d, R= Cpe (60%)
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2a, R=Ph 3a, R=Ph
2b, R=t-Bu 3b, R=t-Bu
2c, R=i-Pr 3c, R=j-Pr
2d, R=Cpe 3d, R=Cpe

Scheme 1 Preparative route to [N,P] ligands based on pyrrole 2a—-d.

PPh;Se (Table 1, entry 5) indicating a stronger o-donor behav-
ior but less than the corresponding trialkylphosphines
(Table 1, entries 6-8). In contrast, 3a has the greatest Jp_se
value due to this best n-acceptor character."’

We prepared the air-stable complexes 4a-d by reacting 2a-d
with CuBr in CH,Cl,. In all cases, a pale-yellow powder was iso-
lated after recrystallization from diethyl ether (Scheme 2). As
expected, in "H NMR, the proton signals were shifted at higher
frequencies relative to the values assigned for free ligands. The
same behavior occurs in *'P NMR where the coordinated phos-
phine signals resonate at higher frequencies, due to the elec-
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Cycloisomerization

Ts
—— R [AuCI(N,P)ligand]
T N/ 3-5 mol% +
s—
N~X  AgSBFg, CH,Cly, RT R
Ts
4 examples

Transfer hydrogenation 86-90% conversion

J§ I
[NPligand[Ry) AT~ Me
or o _ 05mol% 16 examples

OH
)k Base, 2-PrOH 67-99% conversion
AN W PR

PR
o= N~ 0
11 examples N
R 56-95 % yield N
R N CO,R? [N,P]-ligand
H
+ endo

Table 1 *'P NMR chemical shift for [N,P] ligands based on pyrrole and
their selenides analogues?

Entry Phosphine R 531Pligandb 5 'Pp_ge” Yo s’
1 2a'® Ph —29.2 16.2 736
2 2b'* #Bu 1.5 72.44 707
3 2¢'® i-Pr -17.6 56.4 704
4 2d*® cPent —25.6 50.2 705
5 PPh;'® — —4.7 35.2 730
6 t-Bu;P'® — 61.1 92.9 687
7 i-Pryp'® — 19 70.5 686
8 cPent;P*® - 4.7 63.4 685

@31pf1H} NMR: 121.65 MHz, CDCl;, 298 K. ” ppm. “ Hz. 3'P{'"H} NMR:
121.65 MHz, CDCl;, 323 K.

R R
N/ \/
@\ R R B, N<
it CuBr (1 equiv.) = \Cu‘\ et NN
N \  _LuBr(lequv)
' R CH,Cl, RT,1h \ N\/\Br/ RS
~UN 200 \ /\
R R
2a, R=Ph 4a, R= Ph (80%)
2b, R=t-Bu 4b, R= t-Bu (54%)
2¢, R= i-Pr 4c, R= i-Pr (68%)
2d, R= Cpe 4d, R= Cpe (60%)

Scheme 2 Synthesis of dinuclear copper complexes 4a—d.

tron-withdrawing effect of the Cu atom. These spectroscopic
data lead us to suggest that these ligands behave as bidentate
donors (Table 2).

This journal is © The Royal Society of Chemistry 2024
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Table 2 3!P NMR chemical shift (ppm) for [N,P] ligands based on
pyrrole and their Cu() complexes®

El’ltl’y complex 531Pligand 531Pcomplex A§ligand/complexb
1 4a —29.2 -34.3 =5.1

2 1b 1.5 11.5 10

3 4c -17.6 -9.75 7.9

4 4ad —25.6 -17.5 7.7

@3p{'H} NMR: 121.65 MHz, CDCl;, 298 K. ” (A6 = Scomplex — Sligand)

Suitable crystals for the X-ray analysis of these complexes
were obtained from a solution of Et,O. The solid-state mole-
cular geometries of complexes 4a—-d were unequivocally con-
firmed by X-ray diffraction analysis (Fig. 2, 3 and S3, S4}). In a
simple view, these complexes exhibit a tetrahedral geometry
around the copper atom, with the [N,P] pyrrole-based ligands
bonded in a k*-NP coordination mode. The complexes 4a-d
are dimers containing bromine atoms as a p-bridge and have a
five-membered metallacycle, in which the ligand has bite
angles of P(1)-Cu(1)-N(2), 80.63°(6) for the complex 4a, P(1)-
Cu(1)-N(2), 84.97° (12) for 4b, P(5)-Cu(5)-N(82), 81.81° (17) for
4c and P(1)-Cu(1)-N(2), 84.56° (3) for 4d.

All complexes have the expected tetra-coordinated environ-
ment around the copper metal center. To determine how
closely these complexes could adopt a perfectly tetrahedral
geometry Td (¢4 = 1.0) or a perfectly trigonal pyramidal geome-
try Csy (¢4 = 0.85),>° we calculated the angular structural para-
meter (74) for 4a-d, obtaining the following values: 0.77, 0.76,
0.73 and 0.81, respectively. From these data, we concluded that
all complexes show highly distorted trigonal pyramidal geome-

C17

Fig. 2 ORTEP representation of ligand 4a. Ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and bond angles (°):
Br(1)-Cu(1), 2.4374(9); Br(1)-Cu(1), 2.4437(8); Cu(1)-P(1), 2.1910(9);
Cu(1)-N(2), 2.559(2); P(1)-C(2), 1.808(3); P(1)-C(8), 1.822(2); P(1)-C(14).
1.836(2); N(1)-C(5), 1.371(3); N(1)-C(2), 1.373(3); N(1)-N(2), 1.422(3); N(2)—
C(7), 1.480(4); N(2)-C(6), 1.481(4); Cu(1)-Br(1)-Cu(1), 71.28(2); P(1)-Cu(1)-
Br(1), 126.82(3); P(1)-Cu(1)-Br(1), 122.39(3); Br(1)-Cu(1)-Br(1), 108.72(2);
P(1)-Cu(1)-N(2), 80.63(6); Br(1)—Cu(1)-N(2), 100.31(6); Br(1)—Cu(1)-N(2),
105.38(6); 112.42(6); C(2)-P(1)-C(8), 105.70(11); C(2)-P(1)-C(14),
100.56(11); C(8)-P(1)-C(14), 103.72(11); C(2)-P(1)-Cu(1), 104.20(8); C(8)—
P(1)-Cu(1), 116.57(8); C(14)-P(1)-Cu(1), 123.67(8); C(5)-N(1)-C(2), 110.3(2);
C(5)-N(1)-N(2), 127.4(2); C(2-N(1)-N(2), 122.3(2); N(1-N(2)-C(7),
110.3(2); N(1)-N(2)-Cu(1), 105.55(14); N(1)-C(2)-P(1), 121.09(18).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 ORTEP representation of ligand 4b. Ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and bond angles (°):
Br(1)-Cu(1), 2.4460(8); Br(1)-Cu(1), 2.4591(8); Cu(1)-P(1), 2.1888(13);
Cu(1)-N(2), 2.368(4); P(1)-C(2), 1.809(5); P(1)-C(8), 1.880(5); P(1)-C(12),
1.886(6); N(1)-C(5), 1.350(7); N(1)-C(2), 1.388(7); N(1)-N(2), 1.412(6);
N(2)-C(7), 1.462(7); N(2)-C(6), 1.475(8). Cu(1)-Br(1)-Cu(1), 77.35(3);
P(1)-Cu(1)-N(2), 84.97(12); P(1)-Cu(1)-Br(1), 124.61(4); N(2)-Cu(1)-
Br(1), 106.04(11); P(1)-Cu(1)-Br(1), 127.33(5); N(2)-Cu(1)-Br(1),
104.59(12); Br(1)-Cu(1)-Br(1), 102.65(3); C(2)-P(1)-C(8), 104.6(2); C(2)-
P(1)-C(12), 103.9(3); C(8)-P(1)-C(12), 114.5(3); C(2)-P(1)-Cu(1),
103.22(19); C(8)-P(1)-Cu(1), 114.74(19); C(12)-P(1)-Cu(1), 114.0(2);
C(5)-N(1)-C(2), 110.6(6).

tries. Furthermore, the phosphine ligands and both bromides
occupy the equatorial positions, whereas the dimethylamino
group occupies the apical position in all complexes. The bond
distances N(2)-Cu(1) 2.559(2) A for complex 4a, N(82)-Cu(5)
2.523(8) A for complex 4¢ and N(2)-Cu(1) 2.415(15) A for 4d,
are slightly longer in comparison to that observed in complex
4b, N(2)-Cu(1) 2.368(4) A. This behavior suggests that for com-
plexes 4a, 4c and 4d, the phosphine group behaves as a strong
o-donor with a slight n-acceptor character, while in complex
4b, the phosphine group only behaves as a strong o-donor.
The angles between Br(1)-Cu(1)-Br(1) 102.6° (3) for 4b and
Br(5)-Cu(5)-Br(6) 98.6° (4) for 4c are narrower than those
observed in complexes 4a [Br(1)-Cu(1)-Br(1) 108.7° (2)] and 4d
[Br(2)-Cu(2)-Br(1) 109.8° (10)]. This fact prevents the Cu-Cu
interaction observed in 4a [Cu(1)-Cu(2) 2.844(10) A] and 4d
[Cu(1)-Cu(2) 2.805(3)].

The UV/Vis absorption spectra of ligands 2a-d and com-
plexes 4a-d acquired in CH,Cl, are shown in Fig. 4. Both the

€ (10°M"em™)

Wavelength (nm)

Fig. 4 UV-vis absorption spectra of 2a—d, and 4a—d in CH,Cl; solution
at room temperature.

Dalton Trans., 2024, 53, 2231-2241 | 2233
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complexes and the ligands exhibit similar intense and broad
absorption bands (¢ = 104 M~ cm ™) in the wavelength range
from 225 to 285 nm, assigned to the allowed ligand-centered
transitions (n-n* and n-rn*) of 2a-d. Complexes 4a-d exhibit an
intense absorption band in the 230-260 nm region, which is
assigned to n-n* ligand-centered (LC) transitions of the N,P-
ligand.”" In the case of 4a, we observed an additional absorp-
tion between ~275 and ~350 nm, which is attributed to metal-
to-ligand charge-transfer (MLCT) transitions involving Cu(i)
atoms and the ligand, while the complexes 4b-d exhibit these
transitions in the 265-290 nm region but with less intensity.
We calculated the molar extinction coefficients (¢) for 4a at
228 nm (¢ = 43090 M~' ¢cm™') and 265 nm (¢ = 22775 M™"
cm™ "), while the complexes 4b-d showed a maximum absorp-
tion band located at 233 nm (¢ = 32434 M cm™'), (¢ = 31 018
M ' em™), and (e = 30539 M~ " em ™), respectively.

In order to evaluate the catalytic performance of these
copper complexes, we explored a 1,3-dipolar cycloaddition
using the iminoester 5a and N-phenyl maleimide 6 with 5%
molar CuBr in the presence of Et;N but only 19% yield of 7a
was obtained (Table 3, entry 1). To evaluate the effect of the
ligand in the reaction, we used CuBr (5% mol) and the ligand
2a (5.5% mol), achieving only 17% yield, suggesting that pre-
formation of the catalytic complex must be essential to carry

Table 3 Evaluation of catalytic conditions for the 1,3 dipolar cycloaddition

View Article Online
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out the transformation (Table 3, entry 2). Thus, when the
copper(1) salt was placed in the presence of ligand 2a with a
previous preformation of 30 min, the yield increased by 61%.
This indicates that the use of the ligand is essential for stabi-
lizing the intermediate copper species that are formed during
the reaction (Table 3, entry 3). When the reaction was carried
out with the copper catalytic precursor 4a, we got a better
result (75% yield), further confirming our assumption
(Table 3, entry 4). Then, we tried to increase the yield by chan-
ging the copper precursor (Table 3, entries 5-8). The best
result was obtained using Cu(OTf), (Table 3, entry 7) in combi-
nation with ligand 2a, reaching a 65% yield; however, the use
of complex 4a gave a slightly better yield (Table 3, entry 4).
Regarding the organic base effect, we tested Et;N and DIPEA;
we determined that the nature of these two bases does not
generate an evident change (Table 3, entries 4 and 11), but we
need a stoichiometric amount of it, to have a higher yield
(Table 3, entries 9-13).

Next, several experiments were carried out with different
solvents, and the best result corresponds to EtOH reaching
95% yield (Table 3, entry 15). In general, using polar solvents
such as AcOEt and acetonitrile, we obtained good yields
(Table 3, entries 14 and 17). This behavior suggests that the
dimeric complex 4a is in equilibrium with its monomeric form

reaction of imino esters of alanine 5a and N-phenyl maleimide 67

7
We Ph o= "0
; | M] (5 mol%
S ScoMe . o MN_o [L (]5(.5 mol%; Me
ﬁ base, solvent, RT N CO,Me
Cl~ cl H
5a 6
() 7a endo
Entry Copper precursor [M] Ligand Base (eq.) Solvent 7a Yield” [%)] endolexo
1 CuBr — Et;N (1) THF 19 —
2° CuBr 2a Et;N (1) THF 17 .
34 CuBr 2a Et;N (1) THF 61 —
4 4a — Et;N (1) THF 75 —
57 Cu(OTf) 2a Et;N (1) THF 54 —
67 Cu(OAc) 2a Et;N (1) THF 53 —
74 Cu(OTf), 2a Et;N (1) THF 65 —
8? Cu(OAc), 2a Et;N (1) THF 33 —
9 4a — Et;N (0.5) THF 65 —
10 4a — Et;N (0.25) THF 55 —
11 4a — DIPEA (1) THF 73 —
12 4a — DIPEA (0.5) THF 60 —
13 4a — DIPEA (0.25) THF 54 —
14 4a — Et;N (1) AcOEt 83 —
15 4a — Et;N (1) EtOH 95 Only endo
16 4a — Et;N (1) 1,4-Dioxane 64 —
17 4a — Et;N (1) CH,CN 56 —
18 4a — Et;N (1) Toluene 78 .
19 4a — Et;N (1) HFP° 18 —
20 4b — Et;N (1) EtOH 75 Only endo
21 4c — Et;N (1) EtOH 80 Only endo
22 4d — Et;N (1) EtOH 85 Only endo

% All reactions were performed with 1.0 mmol phenyl maleimide, 1.5 mmol imino ester Sa and 2 mL of solvent at room temperature.

Isolated

yield after SiO, column chromatography. ¢ Without previous activation [Cu] and ligand. ¢ Previous activation [Cu] and ligand 30 min. ¢ HFP is

1,1,1,3,3,3-hexafluoro-2-propanol.

2234 | Dalton Trans., 2024, 53, 2231-2241
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in solution, forming 4a’ (vide infra). Finally, we studied the
Sigma donor effect on the phosphine group, and for this, we
tested 4a-d (Table 3, entries 15 and 20-22) in this cyclo-
addition reaction. All complexes catalyzed the reaction in good
to excellent yields; the best result was obtained with 4a
(Table 3, entry 15). The endo/exo ratio diastereoselectivity in
product 7a was determined by '"H NMR, and in all cases, only
the endo adduct was observed (Table 3, entries 15 and 20-22).

The previous results allowed us to expand the scope of the
reaction, obtaining pyrrolidines with substituents in position
2. This was done using imines derived from essential amino
acids such as methionine and serine, in addition to those
already reported derivatives of alanine and phenylglycine (see
the ESIt). Once the imines 5a-i were successfully obtained,>*
they were exposed to the best reaction conditions, furnishing
in all cases the endo-adducts 7, in good to excellent yields
(Table 4, entries 1-5). This confirms that our methodology is
effective for obtaining new pyrrolidines with different substitu-
ents at position 2 in a diastereoselective manner.

At this point, our interest focused on observing the behav-
ior of the dinuclear complex 4a in obtaining endo-selectivity
when the imine had a different electronic contribution at the
R? position. The results obtained had a pleasant trend in all
cases, with yields ranging from moderate to good and only the
endo adduct was observed (Table 4, entries 6-9).

The high endo-diastereoselectivity could be explained in
two possible ways; a © interaction between the benzene ring in
maleimide and the copper atom, or an N-Cu interaction
between maleimide and the complex within the endo tran-
sition state. Subsequently, in order to gain insights into the
origin of endo diastereoselectivity, we used N-methyl male-

Table 4 Scope of substituents on the azomethine ylide precursor in
the 1-3 dipolar cycloaddition reaction®

Ry
~ Ph
Ra/\ N PN c 02R2 '\\l
5 o °
4a (5 mol%), EtOH
. Ph _ R
| Et3N (1 equiv.), RT
(0] N 0 RS N 002R2
r ;
6 (%) 7 endo
Entry R' R? R? Product  Yield” [%]

1 Me Et  p-Cl-C¢H, 7a 95
2 Ph Me  p-Cl-C¢H, 7b 75
3 CH,CH,SCH; Et  p-Cl-C¢H, 7c 85
4 CH,O0H Me p-Cl-CeH, 7d 80
5 Me Et  p-F-CgH, 7e 74
6 Me Et Ferrocenyl 7f 56
7 Me Et 2-Thienyl 78 89
8 Me Et p-MeO-CcH,  7h 79
9 Me Et  p-CF;-CgH, 7i 85

“All reactions were performed with 1.0 mmol phenyl maleimide 6,
1.5 mmol imino ester 5, 1.0 mmol Et;N, 2 mL of EtOH and 5%mol
[Cu] 4a at room temperature. ”Isolated yield after SiO, column
chromatography.

This journal is © The Royal Society of Chemistry 2024
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imide 8 as a dipolarophile, avoiding the possible Cu-r inter-
action. The reaction proceeded successfully in excellent yield
(90%), furnishing only the endo diastereomer 9 (Scheme 3).

This finding suggests that the N-Cu interaction is respon-
sible for the endo diastereoselectivity by anchoring the endo
approximation between the azomethine ylide and the dipolaro-
phile in the transition state.

Based on these results, we could propose the following reac-
tion pathway to explain the endo product (Scheme 4). Initially,
the metal complex 4a undergoes a cleavage, induced by the
solvent, forming the complex 4a’. To probe this, we conducted
a follow-up of the cleavage of 4a in the presence of EtOH by
*'P-NMR (Fig. $1527). A similar behavior was observed in other
copper(1) complexes.*> We found that the addition of one drop
of EtOH to a solution of 4a in CD,Cl, provokes a slight color
change (colorless to pale-yellow) and the apparition of a new
signal at —34.45 ppm. Likewise, we screened the UV-visible be-
havior of the solution of 4a by the successive addition of
EtOH, detecting a slight bathochromic shift (~10 nm) of the
main absorption band placed at 238 nm (Fig. S153t). These
results suggest the plausible cleavage of dimer 4a in the pres-
ence of ethanol. Then, the imine is complexed in two stages (A
and B); the base takes a proton, forming the catalytically active
species C. In this step, the presence of a n-acceptor phosphine
as 4a (Table 1) in the catalytic precursor becomes critical to
stabilize the formation of C. The follow-up of the reaction by
3P NMR reveals a new signal at —32.77 ppm. The Cu(i)-co-
ordinated iminoester initiates the catalytic cycle, interacting
with the dipolarophile forming the transition state D, which is
responsible for the formation of the endo-7 product. Finally,
we recorded a spectrum at the end of the reaction, detecting
the presence of free ligand 2a and its corresponding oxide
(18.57 ppm).

DFT calculations were performed to find out if the pro-
posed species D can explain the observed diasteroselectivity.
The converged geometry of D also has a distorted trigonal pyr-
amidal structure as in complex 4 but 74 is significantly lower
(0.59), due to the bite angle of the imine group. According to
this calculation, the negative charge is delocalized between the
imino group and the oxygen bonded to the copper, which
could enhance its reactivity towards the maleimide group.
Before the 3 + 2 addition, this charge distribution and the pyr-
amidal structure of species C allow a strong intermolecular

Me
\ N
/©/\ N/\COZEt Me
|
Cl 5a N [e)

4a (5 mol%) o
+ Et3N (1 equiv.) Me
I\l/le EIOH CO,Et
N RT,6 h N 2
O ’
() 9 endo

90%

Scheme 3 Study of the origin of endo diastereoselectivity.
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Scheme 4 Proposed pathway for the 1,3-cycloaddition catalyzed by complexes 4a’.

interaction (18.1 kcal mol™) in an endo fashion between the
system of the imide and the base of the pyramid. The pyramid
includes the imine, the metal center, and the substituents of
phosphine.

The reduced density gradient (RDG) intermolecular isosur-
face that has been used to study non-covalent interactions,>* >
shows that there are three main interactions between the
complex C and the maleimide group (blue regions in Fig. 5a).
The most prominent is the dipolar-t staking interaction
between the reactive carbons. The second most important
interaction occurs between the imide moiety and the Cu atom.
The last relevant interaction is between the phenyl group of
the maleimide and the groups of phosphine. Non-interactions
between the carbonyl groups of maleimide and copper were
observed as suggested by Hu et al.,'¥ and were responsible for
the endo-selectivity.

This result was also confirmed from the bond paths that
were obtained using the quantum theory of atoms in mole-
cules (QTAIM); see the ESL.¥

We searched for an energy minimum of the metal complex-
maleimide dimer with an exo arrangement, but all the
attempts ended in the endo geometry, which indicates that the
imide preferably approaches species C with an endo orien-
tation. After this approach, it is still possible to form an exo
transition state (TS), but according to the calculation, this TS
is significantly more energetic than the endo TS (8.1 kcal

2236 | Dalton Trans., 2024, 53, 2231-2241

mol ™", Fig. 5b). Moreover, the endo product is also less ener-
getic than the exo product. Changing the phenyl group of the
maleimide for a methyl group, as was performed experi-
mentally does not change the energetic order of the endo and
exo TS, which coincides with the experimental observations.
However, the energy difference between these two TSs is
reduced (4.4 kcal mol™, Fig. 5¢), which confirms that the
intermolecular interactions of the phenyl group are important
but are not the only relevant ones. The calculations show that
the pyramidal structure of the Cu complex allows the for-
mation of several intermolecular interactions that are respon-
sible for the endo-diasteroselectivity.

With these results in our hands, we decided to conduct a
reaction using the nitrogen-free substrate 10 under the same
reaction conditions standardized for this work (Scheme 5).
The reaction was completed after one hour in an 88% yield,
and the endo/exo ratio diastereoselectivity was determined by
"H NMR, observing a 50:50 ratio of endo-exo adducts. These
results agree with the mechanistic proposal since they put into
evidence the role of the nitrogen atom included in the
dipolarophile.

Comparing the catalytic performance of 4a in this reaction
with the results obtained for other catalytic systems (Table 5),
we observed that our catalytic system exhibits a similar behav-
ior to that of other catalytic systems involving [P,S]- or [N,N]-
ligands. This catalytic system is robust and air-moisture stable.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Intermolecular RDG surface of the interaction between
species C and maleimide. The virial field [V(r)] is plotted over the isosur-
face. V(r) color code: <-5.0 x 107> a.u. (dark blue), —2.5 x 107> a.u.
(green) and 0.0 a.u. (red). Endo (solid line) and exo (dashed line) reaction
paths of the [3 + 2] dipolar cycloaddition for (b) phenyl and (c) methyl
maleimide. Relative energies in kcal mol™.

G
N7 Co,Et
cl
cl 5

4a (5 mol%), EtOH
+ - " +

Et3N (1 equiv.), RT

Cl

() 11 exo

Scheme 5 Synthesis of pyrrolidines 11.

Experimental
General considerations

All operations were carried out under an inert atmosphere of
argon gas using standard Schlenk techniques. Column chrom-

This journal is © The Royal Society of Chemistry 2024
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atography was performed using 70-230 mesh silica gel. All
reagents and solvents were obtained from commercial suppli-
ers and used without further purification. NMR spectra were
obtained with a Bruker Avance III at 300 MHz for '"H NMR,
75 MHz for ">C{'"H} NMR, and 121 MHz for *'P NMR using
CDCl; as the solvent. Chemical shifts are expressed in ppm (5),
relative to TMS. All compounds were characterized by IR spec-
troscopy recorded on a PerkinElmer Spectrum 100 FT-IR
equipped with an ATR accessory, and all data are expressed in
wavenumbers (cm ™). Melting points were obtained on a Melt-
Temp II apparatus and were left uncorrected. The MS-FAB
spectra were obtained on a JMS-SX102A using nitrobenzyl
alcohol and polyethylene glycol matrices. MS-DART spectra
were obtained on an AccuTOF JMS-T100LC; the values of the
signals are expressed in mass/charge units (m/z).

UV-Vis absorption spectra were recorded using a Thermo
Scientific Evolution 60S UV-visible spectrophotometer, using
spectrophotometric grade CH,Cl, solvent purchased from
Sigma-Aldrich Co. and a 1 cm quartz cell.

Structure determination by X-ray crystallography

Suitable X-ray-quality crystals of 4a-d were grown by slow evap-
oration of a mixture of diethyl ether/hexane at —5 °C, respect-
ively. The crystals of each compound were mounted on a glass
fiber at room temperature. The crystals of 4a-d were then
placed on a Bruker D8 Venture (4a-b) or APEX-II CCD (4c-d)
with Mo-Ka radiation; the decay was negligible in all cases.
Details of the crystallographic data collected for compounds
4a-d are provided in Table 6. Systematic absences and inten-
sity statistics were used in space group determinations. The
structure was solved using direct methods.”” Anisotropic struc-
ture refinements were achieved using the full matrix least-
squares technique on all non-hydrogen atoms. All hydrogen
atoms were placed in idealized positions based on hybridiz-
ation, with isotropic thermal parameters fixed at 1.2 times the
value of the attached atom. Structural solutions and refine-
ments were performed using SHELXTL V6.10.>®
Crystallographic data for 4c and 4d are available in the CIF
format in the ESI.t The X-ray crystallographic structures of
compounds 4a-d are available in the CCDC.

Theoretical methods

All geometry optimizations were performed in Gaussian 16’
with the MO06/def2-TZVP level of theory. A frequency calcu-
lation was performed for all the structures to confirm that the
TS and the energy minimum have 1 or 0 imaginary frequen-
cies, respectively. The obtained wave functions from these cal-
culations were used to calculate all the density properties with
the AIMALL software.®® The RDG isosurface of the non-
covalent interaction between species D and the maleimide
moiety was plotted with the ParaView program. Over this
surface, besides the V(r) discussed in the main text, was also
plotted the density multiplied by the sign of the second eigen-
value of its hessian (sign(42)p), which is the property that is
usually used in the NCI method.?' However, this plot does not
show which are the most important interactions (see the ESIT).
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Table 5 Catalytic performance of copper complexes in the synthesis of endo-adducts obtained by 1,3- dipolar cycloaddition between iminoesters

and alkenes

Entry Ligand Conditions endo-Adduct Time Examples Ref.
1 SBu Cu(MeCN),ClO, (3 mol%) Ph 15-60 min 6 12m
- (R)-L1 (3 mol%) o—_N<_o0
Fe PPhy Et;N (18%), CH,Cl,
@ 4 AMS, —-10 °C R!
L p” NN COR?
H
(1S,3R,3aS,6aR)-endo
2 H Cu(MeCN),ClO, (5 mol%) Ph 24h 10 121
N pph2 L2 (5.5 mol%)* o0 N_o
IPrNEt (10 mol), CH,Cl,
—40 °C R!
'N— PPh2 )
" RN CO,R
L2
(15,3R, 3a$ 6aR)-endo
3 CuBF, (3 mol%) MeOOC, COOMe 10 min 13 12k
O Br L3 (3 mol%)*
Et;N (15%), CH,Cl,
CO,R?
FsC NH, 0°C 2
FsC O NHPPh; (2R,3S,4R,5$)-endo
Br
L3
4 L/—\>\ R 4a (5 mol%)” Ph 0.5-1h 10 This work
N Et;N (1 eq.), EtOH, RT o N_o
\ R
N
R3 N CO,R?
H
()-endo
“pre-formation of the copper complex in situ, 1 h. ® Copper complex 4a synthesized and isolated.
Table 6 Crystal data and structure refinement for compounds 4a—d
Compound 4a 4b 4c 4ad
Empirical formula Cj6 Hzg Br, Cu, N, P, C,gH54Br,Cu,N,P, C,4 Hyg Br, Cu, N, P, C3, Hs4 Br, Cu, N, P,
Formula weight (g mol ™) 875.54 795.59 739.49 843.63

Crystal size (nm)
Color

Crystal system
Space group

Temperature (K)

Deare (g Cm73)

Number of collected reflections
Number of independent reflections
(Rint)

Maximum and minimum transmission
Data/parameters

Final R indices

[1> 20(1)]

R indices (all data)

GOoF(F?)

Absorption correction method
Clave

2238 | Dalton Trans., 2024, 53, 2231-2241

0.414 x 0.382 x 0.222
Colorless
Triclinic

ri

8.817(3)

9.727(3)

12.564(4)
94.751(12)
105.422(11)
99.772(12)
1014.3(6)

1

298

1.433

25914

4839, Ripe = 0.0655

0.4091 and 0.7460
4839/210

R =0.0368

WR, = 0.0864
R=0.0679, WR, =
0.076

1.029

Multi-scan
2295705

0.377 X 0.354 X 0.184
Colorless
Monoclinic
P2,/c
14.1029(8)
9.0827(4)
15.0051(7)
90
108.427(2)
90
1823.49(16)
2

298

1.449
20959
5114, Ry, = 0.0623
0.5405 and 0.746
20959/180

R =0.0632

WR, = 0.1499
R=0.1278, WR, =
0.1277

1.022

Multi-scan
2295706

0.408 x 0.378 x0.336
Colorless
orthorhombic

Pc

48.617(2)

12.8598(5)
15.4227(6)

90

90

90

9642.3(7)

12

100

1.528

116 095

30479, Rinc = 0.0637

0.572 and 0.7462
30479/1023
R=0.0617

WR, = 0.1357
R=0.0744, WR, =
0.1312

1.149

Multi-scan
2295707

0.405 % 0.362 x 0.238
Colorless
Monoclinic

P2,/c

8.7269(3)
16.8301(7)
24.7526(10)

90

93.2040(10)

90

3629.8(2)

4

100

1.544

48 837

12 070, Rine = 0.036

0.6068 and 0.7464
12 070/383

R =0.0289

WR, = 0.0668
R=0.0403, WR, =
0.0636

1.022

Multi-scan
2295708

This journal is © The Royal Society of Chemistry 2024
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Moreover, recently it has been proved that sign (42)p is not
appropriate for studying the strength of m-x interactions,*?
because of that we used V(r) instead of essential experimental
procedures/data.

Synthesis of ligands 2a-d

The synthesis of ligands 2a-d was conducted following the
procedures reported in the literature.'**?

Synthesis of complex 4a-d

In a 50 mL Schlenk flask was placed the corresponding ligand
2 (0.5 mmol, 1 equiv.), followed by the addition of CuBr
(0.5 mmol, 1 equiv.). The flask was then purged with N,, and
anhydrous CH,Cl, (5 mL) was added. The reaction mixture was
stirred for approximately 1 hour at room temperature. Upon
completion of the reaction, the solvent was removed under
vacuum, leaving behind a white residue, which was then
washed with hexane to obtain the pure complex 4.

General procedure for the 1,3 dipolar cycloaddition reaction

To a solution of the appropriate imino ester (1.2 mmol) in
3.0 mL of EtOH were added 0.17 mL of Et;N (1.2 mmol) and
N-phenyl maleimide (174 mg, 1 mmol). Then, 0.03 mmol
(27 mg) of 4a were added under a nitrogen atmosphere. The
reaction mixture was stirred at room temperature for 3 hours.
Then, the reaction mixture was evaporated under vacuum and
the crude was redissolved with 5 mL of CH,Cl, and washed
with H,O (3 x 15 mL). The organic phase was dried with anhy-
drous sodium sulfate and then filtered through a pad of Celite
and alumina, using 5.0 mL of CH,Cl,. Subsequently, the
solvent was removed under reduced pressure. The crude was
further purified through silica gel chromatography (eluent:
7 : 3 hexanes/EtOAc) to obtain the corresponding adducts.

Conclusions

In summary, we have developed a new family of Cu(r) dinuclear
complexes based on [N,P]-pyrrole ligands. These complexes are
air-stable dimers that contain bromine atoms as p-bridges and
exhibit a five-membered metallacycle with a highly distorted
trigonal pyramidal geometry in all cases.

The developed catalytic system allows us to obtain substi-
tuted pyrrolidines with high endo-diastereoselectivity under
mild conditions, with yields ranging from good to excellent.
Likewise, theoretical experiments showed that the diastereo-
selectivity arises from a strong N-Cu interaction between the
maleimide substrate and the copper catalytic species in the
cycloaddition transition state, resulting in the formation of the
endo adduct in all cases. The development of the chiral version
of these ligands is in progress in our laboratories. In this way,
the catalytic system can be used in the synthesis of natural and
pharmaceutical products that require diastereoselective con-
ditions with a high degree of reliability.

This journal is © The Royal Society of Chemistry 2024
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