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Unusual G,,-Symmetric trans-1-(Bis-pyrrolidine)-tetra-malonate
Hexa-Adducts of C,: The Unexpected Regio- and Stereocontrol
Mediated by Malonate-Pyrrolidine Interaction

Edison Castro,” Khalid Azmani,” Andrea Hernandez Garcia,”) Amineh Aghabali,“
Shuming Liu,® Alejandro J. Metta-Magana,® Marilyn M. Olmstead,*™
Antonio Rodriguez-Fortea,” Josep M. Poblet,*"® and Luis Echegoyen*

Abstract: A totally unanticipated regio- and stereoisomer-
ically pure C,,-symmetric trans-1-(bis-pyrrolidine)-tetra-malo-
nate hexa-adduct of Cg was obtained via a topologically
controlled method, followed by a 1,3-dipolar cycloaddition
reaction. The structures of the products were elucidated by

'H and "*C NMR and by X-ray crystallography. The unexpect-
ed regio- and stereoselectivity observed, supported by theo-
retical calculations, was found to be a consequence of malo-
nate-pyrrolidine interactions.

Introduction

The chemical and physical properties of fullerenes and their
derivatives are mainly the result of their unique electron ac-
cepting abilities and high charge transport capabilities in three
dimensions.! The presence of thirty equivalent [6,6] double
bonds on the Cg, carbon cage, all of which exhibit identical re-
activity, results in low regioselectivity of multiple addition
products. After monoadduct formation, subsequent additions
of one, two, or three symmetrical addends can yield 8, 46, and
262 possible regioisomers, respectively.”® 1,3-dipolar cycload-
dition reactions of azomethine ylides to Cg, have been exten-
sively studied and it is one of the most powerful and versatile
methods for derivatizing fullerenes Prato and co-workers
found that all eight possible bis-adduct regioisomers were ob-
tained upon 1,3-dipolar cycloaddition to C4, when the azome-
thine ylide is symmetric,”) showing that this reaction is less
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chemoselective than cyclopropanations of Cg,." The purifica-
tion of regioisomers by column chromatography is challenging
because the bis-adducts exhibit similar polarities.”?

There are two well-known methods to reduce the number
of regio-isomers of Cq, and C,, derivatives, the tether-directed
remote multifunctionalization introduced by Diederich et al.,®
and the topologically controlled method introduced by Krau-
tler et al.”’? Both methods have been widely used to synthesize
bis-, tris-, tetra-, penta- and hexa-derivatives of Cy,.['"'?

Martin and co-workers reported a straightforward procedure
catalyzed by silver or copper acetate to efficiently obtain pyr-
rolidino[60]fullerenes with stereochemical control by enantio-
selective cycloaddition of N-metalated azomethine ylides to
Ceo "™ This methodology was later extended to higher ful-
lerenes and endohedral fullerenes.™™ Ovchinnikova and co-
workers reported an efficient metal-assisted azomethine ylide
cycloaddition method for the diastereoselective synthesis of 5-
substituted 3,4-fulleroproline esters based on the lithium salt-
assisted cycloaddition of azomethine ylides."® In contrast to
the thermal reactions that often result in the formation of dia-
stereomeric mixtures of products, metal-mediated azomethine
ylide cycloaddition at low temperature leads to higher yields
and diastereoselectivity. However, this kind of reaction has
been scarcely studied.

Here, we report a regio- and stereoselective synthesis of
hybrid fullerene Cq4 hexa-adducts using a combination of a
Diels—Alder reaction, followed by an addition-elimination of
bromoethylmalonate, then a retro-Diels-Alder and finally by a
1,3-dipolar cycloaddition reaction of azomethine ylides. Surpris-
ingly, only one regio- and stereoselective product correspond-
ing to the isomer cis-anti-cis hexa-adduct (see Figure 3 for
structural nomenclature) was observed. The final products
were fully characterized by matrix assisted laser desorption/
ionization time-of-flight mass spectroscopy (MALDI-TOF-MS),
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'H and "CNMR spectroscopy and X-ray crystallography. The
overall regio- and stereoselectivity observed was explained by
theoretical calculations.

Results and Discussion
Synthesis and NMR studies of 2, 3, 6 and 7

The Cq-(e,€,6,€)-tetra-malonate (C4,-TM) (Figure 1a) was synthe-
sized following a procedure previously reported.”” Penta-
adduct 2 and hexa-adduct 3 were synthesized by reacting Cgo-

Symmetric

Unsymmetric

[0}

%—O _ g)l\o/\ Cis trans

R = COOMe, 2-pyridyl

Figure 1. a) symmetric and unsymmetric double bonds, b) symmetric cis ad-
dition, ¢) symmetric trans addition.

TM with methyl glycine ester in the presence of diacetoxyiodo-
benzene (DIB) and sodium carbonate decahydrate in ortho-di-
chlorobenzene (0-DCB) under sonication at room temperature
(Scheme 1). After 30 minutes the solution turned orange and
compound 2 was the major product, however after 3 h the so-
lution turned yellow and compound 3 was the main product
as monitored by TLC using a dichloromethane/ethyl acetate
(DCM/EtOAC) 30:1 mixture as the eluent. After column chroma-
tographic purification compounds 2 and 3 were characterized
by MALDI-TOF-MS and NMR spectroscopy.

The molecular-ion peaks for the penta- and hexa-adduct
compounds at m/z 1511.282 and 1670.341, were observed by

[o) Cgo-TM
Na,C03.10H,0
by das AL A4
H2N\/U‘o/ DIB, 0-DCB
Sonication

1

Scheme 1. Synthesis of penta-adducts 2 and 6 and hexa-adducts 3 and 7.
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MALDI-TOF-MS, respectively (Figure S1). Because the azome-
thine ylide can add to the symmetric or unsymmetric bonds
(Figure 1a), two regioisomers are possible for the penta-
adduct. Surprisingly, only one isomer was observed, and by 'H
and "®C NMR and X-ray crystal structure a C; symmetry was as-
signed to compound 2.

The 'H NMR spectrum of 2 (Figure 2a) exhibits only one set
of signals for the pyrrolidine addend (6=4.69, 3.89, and
3.76 ppm), clearly establishing the presence of a plane of sym-
metry, indicating that the addition must have occurred on the
symmetric bond (Figures 1b and 1c¢). The C; symmetry of com-
pound 2 was also confirmed by the *C NMR spectrum (Fig-
ure 2b). Five resonances for carbonyl groups at 0 =169.0 (ester
groups of the pyrrolidine addend), 163.8 (x2), 163.7 and
163.4 ppm (four malonates), five resonances for the methyl
groups at  =52.9.0 (methyl groups of the pyrrolidine addend),
14.2 (x2) and 14.1 (x2) ppm (four malonates) indicate that the
four malonate groups are in different chemical environments.

Twenty four 'C resonances between 6=138.0 and
152.2 ppm were observed for the sp? carbons of the fullerene
cage, two resonances at 0=76.0 and 72.1 ppm from the pyr-
rolidine ring, and four resonances at 0=63.1x2, 63.0 and
62.7 ppm assigned to the methylene groups, in agreement
with the four resonances expected for the methylene groups.

Finally, the stereospecific cis-addition (Figure 1b) was unam-
biguously established by the six sp® signals observed for the
fullerene carbon atoms at 0 =69.9, 69.8, 69.5, 69.3, 45.5, and
45.1 ppm and the three sp?® signals for the carbons of the four
cyclopropane rings at 0 =67.8, 67.5, and 44.8 ppm (Figure 2b).
If the trans-addition had occurred (Figure 1¢) only four sp® sig-
nals for the fullerene carbon atoms and two sp® signals for the
cyclopropane rings would have been observed.

Compound 3 was identified as the hexa-adduct with the
pyrrolidines in a trans-1 relative position, as shown in Figure 3.
The "H NMR of compound 3 (Figure 4a) exhibits only one set
of signals for the two pyrrolidines (6=4.90, 3.82, and
3.69 ppm), showing the presence of a plane of symmetry,
which is only possible if the second addition has occurred on
the trans-1 position. Figures 3a—e show front and side views
for the five possible trans-1 isomers, where the first and third
descriptors refer to the pyrrolidine stereochemistry and the
middle one refers to their relative orientation. For example, cis-
anti-cis refers to the two substituents on the pyrrolidine being
in a cis position but with an anti orientation with respect to
the other pyrrolidine substituents (Figures 3a, front and side
view).

The "*C NMR spectrum of compound 3 (Figure 4b) showed
twelve resonances for the sp? carbons of the fullerene cage be-
tween 0=152.3-139.1 ppm, two resonances for the pyrrol-
idines at 0=74.0 and 72.9 ppm, one resonance for the me-
thoxy groups at 0 =52.8 ppm, two resonances at 0 =66.4 and
44.4 ppm for the cyclopropane carbon-bridged atoms, two res-
onances for the methylene groups and two for the methyl
groups of the malonates at 6 =63.0, 62.5 and 0 =14.1x2, re-
spectively.

Surprisingly, only three carbonyl group resonances were ob-
served, one at 0 =169.4 ppm, assigned to the carbonyl groups

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Front and side view of the possible hexa-adduct stereoisomers of Cq, (compounds 3 and 7) taking into account only trans-1 additions of the azome-

thine ylides to C4-TM. The red balls represent ethoxycarbonyl groups.

of the pyrrolidine addends and two at 0=163.5 and
163.4 ppm, assigned to the carbonyl groups of the four malo-
nates.

These observations are consistent with one of two possible
structures, one where the pyrrolidines are both cis but anti rel-
ative to each other (Figure 3a), or one where the groups in the
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pyrrolidine are trans but the two pyrrolidines are staggered
(Figure 3d). For structures 3b, 3¢ and 3e four resonances for
the carbonyl groups are expected (one for the carbonyl groups
of the pyrrolidines and three for the carbonyls of the malo-
nates). The sp® resonances from the cyclopropane carbon
atoms were crucial to unambiguously identify the structure of
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Figure 4. 'H and "*C NMR of compound 3, (CDCl,).

compound 3. Three resonances at §=70.9, 70.8 and 45.6 ppm
clearly prove that the cis-anti-cis isomer (Figure 3a) was
the product obtained, since only two resonances would
be observed for the trans-stag-trans isomer, as shown in Fig-
ure 3d.

In view of the surprising and unprecedented regio- and ste-
reoselectivity observed for compound 3, we decided to study
this reaction using a different substituent (2-pyridyl) on the
pyrrolidine addends (compound 7) (Scheme 1).

Hexa-adduct 7 was synthesized by reacting Cg,-TM with 2-pi-
colylamine (4) and 2-pyridinecarbaldehyde (5) in o-DCB, under
reflux for 30 min.

After 30 min the solution turned yellow, and the main prod-
uct, compound 7, was purified by silica gel column chromatog-
raphy using a chloroform/methanol (CHCl;/MeOH) 15:1 mix-
ture. The reaction was monitored by TLC using the same mix-
ture of solvents. The isolated product 7 was characterized by
MALDI-TOF-MS and by NMR spectroscopy.

The MALDI-TOF-MS confirmed the presence of the molecu-
lar-ion peak for the hexa-adduct derivative at m/z 1746.425
(Figure S4). NMR analyses similar to those conducted with
compound 3 confirmed the regio- and stereoselectivity of the
Cyp-symmetric trans-1 addition of compound 7, as for com-
pound 3.

The "H NMR spectrum of compound 7 (Figure S5a) shows a
doublet at 6 =5.52 ppm, which corresponds to the four identi-
cal pyrrolidine protons. Four signals in the aromatic region
were assigned to the 2-pyridyl groups and a triplet at 6=
5.06 ppm was assigned to the NH of the pyrrolidine addends.
One ABX; and one AMX; system were observed for the methyl-
ene groups of the four malonates at d =4.25 and 4.12 ppm, re-
spectively (Figure S5a). Two triplets at 0=1.28 and 1.22 ppm
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reflect the different chemical environments of the methyl
groups of the four malonates.

The "*C NMR spectrum (Figure S5b) of compound 7 showed
similar resonances to those of compound 3. Two resonances
for the carbonyl groups at 6 =163.8 and 163.4 ppm, seventeen
resonances between 156.1 and 122.6 ppm (twelve resonances
for the sp? fullerene carbon atoms and five for the 2-pyridyl
groups), two resonances for the pyrrolidine addends at 6=
70.6 and 76.5 ppm, two resonances for the methylene groups
at 0=62.7 and 62.1 ppm, and two resonances for the methyl
groups at 0=14.1 ppm. Finally, five resonances at 6=72.7,
70.9, 66.2, 45.4, and 44.1 ppm prove the presence of the cis-
anti-cis isomer.

Crystallography studies

To further support the assigned regio- and stereochemistry of
compound 2, crystals were grown by slow evaporation in tolu-
ene. The crystal structure of compound 2, (Figure 5a) clearly
shows a plane of symmetry and confirms the cis orientation of
the two substituents (ester groups at C61 and C64) in the pyr-
rolidine. The C1—C2 (Figure 5a) distance is 1.590(3) A, longer
than the typical 6:6 distance of 1.38 A in pristine Cy,.

Crystal data for 2: a=12.9239(7), b=13.9988(7), c=
20.5853(11) A, a=88.077(2), B=74.686(2), y=65.018(2)°, U=
3243.03) A, T=100K, red blocks, space group P1 (no.2), Z=
2, 35340 reflections measured, 14518 unique (R,,=0.031),
R(I'>20(/)) = 0.0494, wR,(all data) =0.1309.

We failed in our attempts to grow single crystals of com-
pound 7 using different solvents such as toluene, chloroform
and dichloromethane. A variety of functionalized terpyridines
have been complexed using different metals including Zn,['®™

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Crystal structure of a) compound 2 and b) compound 7 complexed
with ZnBr,. Atoms labelled C1 and C2 are part of the C4, and are symmetri-
cally placed at a 6:6 junction. Atoms are drawn with thermal ellipsoids at
the 50% probability level. For clarity, the pyrrolidine bonds are shown in
blue, the hydrogens in the cis position are yellow, the bromines are gold
and the zincs are green.

therefore, crystals of compound 7 were grown by complexa-
tion with ZnBr, by slow evaporation in a benzene/chloroform/
ethanol (9:9:1) mixture (Figure 5b).

The X-ray crystallography data shows a discrete molecule
where compound 7 was complexed with two molecules of
ZnBr,. These results confirm the exclusive observation of the
cis-anti-cis structure. The crystallographic inversion center
found in the structure of 7 confirms that two pyrrolidines are
in a relative trans-1 orientation. The pyridyl substituents at C31
and C32 are in a cis orientation, yet they are anti with respect
to the other pyrrolidine substituents (Figure 5b).

The coordination geometry at Zn1 is intermediate between
trigonal bipyramidal and square pyramidal. The C1-C2 (Fig-
ure 5b) 6:6 bond distance is 1.587(5) A. Crystal data for 7: a=
14.8721(7), b=13.3913(7), c=27.1851(12) A, B=104.206(3)°,
U=5248.5(4) A>, T=100K, yellow needles, space group P2,/n
(no. 14), Z=2, 72431 reflections measured, 12022 unique
(Rirt=0.083), R,(I>20(l)) =0.0604, wR, (all data)=0.1597.
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Details of the solution and refinement of the structures are
available in the crystallographic information files (CIF).

Computational analysis

DFT calculations were performed to try to understand the rea-
sons for the selective formation of the cis-anti-cis isomers
(Scheme 1). To understand the different factors that govern the
stereoselectivity for this kind of reactions, the addition of one
azomethine ylide to form the mono-pyrrolidine penta-adduct
was initially studied. Afterwards, the possible isomers of the
bis-pyrrolidine hexa-adducts were analyzed.

The mono-pyrrolidine penta-adduct. Cis (1b) and trans (1¢)
pyrrolidine groups can result from the conformation of the
azomethine ylide, which can exist in a W- or S-shape.”” Cyclo-
additions of azomethine ylides to Cg, show differences around
1-2 kcalmol ™" in favor of the cis conformation.*”

The slightly higher stability of the cis versus the trans isomer
is mainly due to the deformation degree of the pyrrolidine
addend. DFT calculations were carried out to find the reaction
energies of the 1,3-dipolar cycloaddition of azomethine ylide
to Cq eeee-(tetramethylene)-Cyy ((CH,),Cqo) and  Cy-TM
models. Values in Table 1 show higher reaction energies for
Ceo-TM than that of Cy, and (CH,),Cq, models. Furthermore, sta-
bilization of the cis versus the trans conformation is enhanced
from energy differences of 1-2 kcalmol™ to 2-4 kcalmol™.

Table 1. Bonding energies (BE, in the gas phase) and MAI values of the
mono-pyrrolidine adducts (ester and pyridyl-substituted) with Cg,
(CH,),Cso model and Cyp-TM.®!

Ester Pyridyl
BE cis (1b) trans (1¢c) cis (1b) trans (1¢)
Ceo —28.8 —27.9 —30.8 —28.8
(CH,),Ceo —27.2 —26.3 —285 —26.4
CeoTM —31.8 —30.1 —34.2 —30.4
MAI®! —4.6 —3.8 —57 —4.0

[a] All energy values are expressed in kcalmol™'. [b] Malonate-pyrrolidine
adduct interactions are calculated as MAI=BE[pa-C¢-TM]-BE[pa-
(CH,)4Cool-

These results can be explained by the different interactions be-
tween the malonate groups and the pyrrolidine adduct in each
of the two isomers (vide infra).

The malonate-pyrrolidine adduct interaction (MAI) was
quantified as the difference between the bonding energy (BE)
of the pyrrolidine adduct (pa) in C¢,-TM and that in the
(CH,),C¢o model, where the four malonates are replaced by
four methylene groups, MAI=BE[pa-C¢,-TM]—BE[pa-(CH,),Cg].
This definition assumes that there are no interaction between
the pyrrolidine adduct and the methylenes in the reference
(CH,),Cq compound.

The MAI values range between —4 and —6 kcalmol™' (see
values in Table 1) for the trans and cis isomers of the ester-
and pyridyl-substituted pyrrolidine adducts, meaning that
there is a non-negligible attractive interaction between the
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equatorial malonates and the substituents of the pyrrolidine
addend. To verify this result, we also considered a simplified
model system composed only of the pyrrolidine and the malo-
nates (no carbon cage, see Figure S7), to calculate the interac-
tion energies between these groups (pyrrolidine-malonates)
for the cis isomers of the ester- and pyridyl-pyrrolidine ad-
ducts. The calculated interaction energies are very similar to
the MAI values, confirming the validity of the latter as a mea-
sure of this interaction (see values in Table S2).

To gain additional insight into the nature of the interaction
between the pyrrolidine ends and the malonates, we per-
formed calculations for some of the fragment models without
taking into account the dispersion corrections (see Table S2
and Figure S7). The results, which show positive, that is, repul-
sive, interaction energies confirm that the attractive interac-
tions results from dispersion forces between the pendant
groups in the malonates and the pyrrolidine.

We also found that the pyrrolidine-malonate interactions
critically depend on the addition position of the malonate
chains. There are two types of malonate addends as a result of
e-face and e-edge additions (Figure 6). The e-edge malonates,

Figure 6. Optimized structure of mono-(pyridyl-pyrrolidine) penta-adduct of
Ceo-

are closer to the pyrrolidine group than the e-face ones, thus
resulting in a significantly larger interaction. Indeed, calcula-
tions using a series of pyrrolidino Cg-dimalonate models con-
firm that the e-edge addends are mainly responsible for the
total pyrrolidine-malonates interaction (Tables S2 and S3).
Calculations were also carried out in 0-DCB, which was the
solvent used in the experiments. Both the position and the ge-
ometry of the malonate chains were slightly affected by the
solvent, therefore the interaction between the malonates and
the pyrrolidine groups was also affected. The results still show
the stabilization due to the interaction between the pyrrolidine
groups and the malonates already found in the gas phase cal-
culations. Interestingly, a different trend was observed depend-
ing on the pyrrolidine group substituents. For the ester group,
the value of the MAI, —2.1 kcalmol™, is affected drastically, de-
creasing by half in comparison with the gas phase value, while
for the pyridyl compound the MAI, —5.3 kcalmol™', does not
change appreciably. These results reflect to the free space
available between the pyrrolidine group and the malonate
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chains that is accessible to solvent molecules. The bulkier and
less flexible the pyrrolidine group, the smaller the space for
the solvent to access the region between the malonate and
the pyrrolidine, therefore the smaller the change of the MAI in
the gas phase. If the regions of the malonate and the pyrrol-
idine that interact through dispersion forces are more effec-
tively solvated, their attractive interactions are decreased and
the MAI is reduced.

The bis-pyrrolidine hexa-adduct. The different stereoisomers
resulting from the second 1,3-dipolar cycloaddition on the
symmetric bond (Figure 3) can be classified into two sets. On
one hand, there are those isomers with two cis-pyrrolidine
groups (Figure 3a and b), and on the other, those isomers with
at least one trans group (Figure 3¢, d and f). The trans confor-
mation of the pyrrolidine group results in a destabilization rela-
tive to the cis conformation. The second set of isomers, which
contains at least one trans-pyrrolidine group, is around 3-
7 kcalmol™" higher in energy than the first set (see values in
Table 2). In general, the higher the number of trans groups, the
larger the destabilization. However, the results do not show a
strictly additive effect.

Table 2. Binding energies (BE), relative energies (AE, gas phase and sol-
vent) with MAI values (in parenthesis), free energies and percentage for
different Cy, hexa-adducts.®

Group Iso cis/trans BE gas AE gas AE solv®  AGY  Iso %

Ester 3a 2/0 —61.4 0.0 (-89 0(—34) 00 75.8
3b 2/0 —61.2 0.2 (-8.8) 5(-3.00 09 16.8
3c 0/2 —599 45(-6.3) 3 2(=23) 21 24
3d 0/2 —59.0 24(-82) 1(—4.2) 2.1 23
3e 11 —584 3.0(—6.6) 6(—14) 20 2.7

Pyridyl 3a 2/0 —63.5 1.1(-89) 00 (— 7 5) 0.0 98.3
3b 2/0 —64.6 0.0 (—10.0) 7(—6.8) 24 1.7
3c 0/2 —584 6.2 (-8.0) 3(—4.7) 82 0.0
3d 0/2 —579 6.8(-7.5) 5(=54) 50 0.0
3e 1/1 —61.0 3.7(-84) 2 (—6.6) 49 0.0

[a] Energies in kcalmol™". [b] 0-DCB. [c] At 300 K.

Looking at the first set of isomers, the energy differences be-
tween isomers 3a and 3b are rather small. The only difference
between these two isomers is the relative position of the two
cis-pyrrolidine groups, which can be either in a syn or in a anti
position relative to each other (Figure 3). In the case of the
pyridyl-pyrrolidine group, 3b (syn) is slightly lower in energy
than 3a (anti). For the ester—pyrrolidine group, the two isomers
are almost degenerate, with 3a (ant) being only 0.2 kcalmol™'
lower in energy than 3b (syn). These small differences are ex-
clusively a consequence of the presence of the malonate
chains as the same systems without malonates are degenerate
(see Table S4). These energy differences are essentially kept
when using hybrid methods (see Table S5).

As for the mono-pyrrolidine penta-adduct, we calculated the
MAI for 3a-e (see Table 2). The results are around two times
those of the penta-adduct. For the ester-pyrrolidine penta-
adduct 1b the MAI is —4.6 kcalmol ™' and for the hexa-adduct
3a it is —8.9 kcalmol™" (Table 2). Therefore, the MAI value is
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the result of additive independent interactions for each of the
two pyrrolidine adducts with the malonate chains.

As found for the penta-adduct, solvent is a crucial factor to
compute the malonate—pyrrolidine interaction, which can be
seen as the driving force for the formation of these com-
pounds. The solvent affects the malonate chains, and solvates
the adducts, reducing the strength of this interaction. Stabiliza-
tion of the 3a (anti) isomer, which is the one obtained experi-
mentally, with respect to 3b (syn) is enhanced when o0-DCB is
present. For the ester-pyrrolidine group, an increase of the
energy difference between the two isomers is found (from 0.2
to 0.5 kcalmol™). For the pyridyl-pyrrolidine isomers, an inver-
sion of relative stability is observed (see Table 2). Furthermore,
the MAI values are affected by the solvent in the same way as
for the penta-adduct.

The different interactions with the solvent helps to explain
the stabilization of 3a with respect to 3 b. The optimized struc-
tures show that the malonate chains in 3a are compact and
close to the pyrrolidine groups. However, in 3b they tend to
be farther from the pyrrolidine groups and thus easier to be
solvated, consequently reducing the interaction strength with
the pyrrolidine groups (Figure 7). This effect is quite critical for
the pyridyl-pyrrolidine derivative where the MAI value for 3a
(—6.8 kcalmol™) is rather similar to that of the mono-pyrrol-
idine penta-adduct (—5.3 kcal mol™).

- > o

Figure 7. Optimized structure in 0-DCB of anti and syn isomers of a) pyridyl-
substituted and b) ester-substituted bis-pyrrolidine hexa-adducts of Cg,.

Finally, we have computed the free energies, within the rigid
rotor and harmonic oscillator (RRHO) approximation, at the
temperature and pressure conditions of the experiment. The
results show that isomer 3a is favored with respect to 3b, by
up to almost 1 kcalmol™' for the ester- and 2.4 kcalmol ™' for
the pyridyl-pyrrolidine. This relative stabilization is governed
mainly by the entropic contribution. We also computed the
free energy for the other three isomers 3¢, 3d and 3e. For the
pyridyl-substituted hexa-adduct, the relative free energies for
3c-e are rather high compared to that for 3a (more than
5 kcalmol™", see Table 2. For the ester-substituted hexa-adduct,
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however, the free energy differences are not so large, in line
with their energy differences (see Table 2).

Such differences in the free energies lead to relative abun-
dances for the cis-anti-cis (3a) versus cis-syn-cis (3 b) stereoiso-
mers at experimental conditions of 76 versus 17 % for the ester
group and 98 versus 2% for the pyridyl group, in good agree-
ment with experiments. The percentages for the rest of iso-
mers 3 c—e are small for the ester group (around 2%) and neg-
ligible for the pyridyl group (0%).

Conclusions

We have synthesized a new hexa-adduct derivative of Cg, by a
1,3-dipolar cycloaddition reactions via two different conditions
and using C4-TM as the starting material. These reactions are
highly regio- and stereoselective, surprisingly leading to the
exclusive formation of the cis-anti-cis isomer. The formation of
the cis-anti-cis hexa-adduct isomers as the only observed prod-
ucts was mainly attributed to the interaction between the
pendant groups in the malonate and the pyrrolidine groups.
This interaction, which is very important in the gas phase (van
der Waals type), is attenuated in the presence of the solvent
(o-DCB). Determination of the free energies allowed the esti-
mation of the relative abundances of the cis-anti-cis and cis-
syn-cis hexa-adducts, confirming that the former predominates
under the experimental conditions.

Experimental Section
Synthesis of C,-TM

Ceo-TM was synthesized following a procedure previously report-
ed."”

Synthesis of compounds 2 and 3

Penta-adduct 2 and hexa-adduct 3 were synthesized by reacting
Ceo-TM (50 mg, 0.04 mmol) with methyl glycine ester hydrochloride
(20 mg, 0.16 mmol) in the presence of diacetoxyiodobenzene
(39 mg, 0.12 mmol) and sodium carbonate decahydrated (37 mg,
0.13 mmol) in 0-DCB (10 mL), under sonication at room tempera-
ture and covered from light. After 30 min the solution turned
orange and compound 2 was the major product, however after 3 h
the solution turned yellow and compound 3 was the main product
as monitored by TLC using DCM/EA 30:1 mixture, as the eluent.
After column chromatography purification compounds 2 and 3
were characterized by MALDI-TOF-MS and NMR spectroscopy.

Synthesis of compound 7

Hexa-adduct 7 was synthesized by reacting Cq-TM (50 mg,
0.04 mmol) with 2-pycolylamine (17 mg, 0.16 mmol) and 2-pyr-
idinecarbaldehyde (17 mg, 0.16 mmol) in 0-DCB (10 mL), under
reflux. After 30 min the solution turned yellow and compound 7
was the only product as monitored by TLC using CHCl;/MeOH 15:1
mixture, as the eluent. After column chromatography purification
compound 7 was characterized by MALDI-TOF-MS and NMR spec-
troscopy.
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Computational details

The theoretical study of the 1,3-dipolar cycloaddition reactions of
azomethine ylides has been performed by DFT methodology using
ADF2016 code.”"? An exhaustive exploration of the potential
products was performed including the relative arrangements of
malonates with respect to pyrrolidine groups (See Figure 1 and
Table S1). The exchange-correlation GGA density functional of
Becke and Perdew (BP86) were employed to calculate all the
minima.”*?¥ Relativistic corrections were included by means of the
ZORA (the Zeroth Order Regular Approximation) formalism.?*"
Dispersion corrections were also incorporated (D3 method by
Grimme)® Solvent effects were included via the conductor-like
screening model (COSMO) using Solvent Excluded Surface
(SES).?*3% Slater Basis sets of TZP quality were used to describe the
valence electrons of H, C, N and O. Frozen cores of C, N and O
were described by means of single Slater functions.
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