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Four macrocyclic bis(pyrrolidino)fullerene regioisers withe-edge,e-face, trans4 andcis-2
addition patterns were synthesized from the comeding monoadduct by Prato's cycloaddition
in a yield of 50%, and fully characterized by spestopic techniques. Bisadduct regioisor
were isolated easily in a pure form using dry-flaslumn chromatographirhe relative ratio ¢
the isolated regioisomersedgeg-facetrans-4/cis-2 was 1.0:1.9:1.5:4.9. Morphology of self-
assembled structures of the four bisadduct regiwéss in solution washaracterized usit
scanning electron microscopy.

2009 Elsevier Ltd. All rights reserved

1. Introduction

Controlled Bingel-Hirsch, Prato and
biscycloadditions are the most common reactions toe
introduction of functional groups to fullerene [Babuble bonds
and systematic studies on their regiochemistry t@me one
of the main goals of modern fullerene chemis®gpending on
the addend structure and the applied reaction tondj
biscycloadditions to the & fullerene sphere by different
synthetic procedures can theoretically result i fibrmation of
eight or nine regioisomeric bisadducts, as well afuabbell-

type derivativé. Studies of reactivity and the application of

fullerene bisadducts are often hampered by thdfigmsficy in

obtaining pure products from the complex mixture$ o
regioisomers. So, in many cases bisadducts haven be%xtensively investigated

characterized and examined as mixtures of regi(ﬁssmehiIe
examples of their successful separation and comjtelividual
characterization are raleAt the same time, it has been
demonstrated that the physicochemical propertiessiofjle
regioisomers showed better photovoltaic performaneesl
higher efficiency as electron acceptors in bulkehgtinction
polymer solar cells than those of the correspondsmmer
mixtures? This is particularly crucial in materials applicaits
since the self-organization and interaction betwemtecules is
strongly dependent on the molecular structure. &foee,
controlled bisfunctionalization of  is pivotal not only to
improve the vyield of the desired bisadduct, butoals the
simplification of laborious chromatographic sepianas. The first
attempts of the regioselective synthesis of sorsaduiucts were

based on the reversible introduction of 2,6-dimeylanthracene
as a directing group for bisadditions to fullere®, in

Diels—Alder y,cleophilic cyclopropanations. In this way an imsed

contribution ofcis-isomers was achieved, but without significant
selectivity® The first double cycloaddition toggdirected by the
substrate was carried out by combining two cycloaatuf
Bingel and Diels-Alder, with regioselective productiof the
equatorial isomer with an excellent yield of 50%Most of the
regioselective syntheses of fullerene bisadduesaw based on
tethers with two reactive moieties directing to thesired
positions using Bingef’ Diels-Alder®® and Prat$®°
cycloaddition reactions. Tether-directed remote
multifunctionalization is a widely accepted method the regio-
and stereoselective synthesis af, Gwltiple adducts, and was
in the case of double Bing
cycloadditions, in which two malonate moieties ar@n=cted
through a xylylene bridg¥. Hirsch and co-workers reported a
new type of flexible alkyl tether in bis- and trisastonate
macrocycles which gave a completely regioselectiaction
with Cs and good yields of bisadductsMost of the known
biscycloadditions by Prato’s fulleropyrrolidine  slgatic
methodology use free amino acids and dialdehydigigdnt by
different structural subunits: crown eth&tsriphenylamine” a
phthalocyanine dimef, and regioisomeric xylylenes and
biphenyls® A  supramolecular-directed  functionalization
approach was applied, for the first time, for thgioe stereo-,
and atroposelective synthesis of an untetheggdbi€adduct with
a cis-1 addition patteri® The regioselective synthesis oi-1
fullerene bisadducts starting from the commerciahailable
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Scheme 1Multistep synthetic route towards bis(pyrrolidjidlerenesl?
starting from GABAL and 1,6-hexanediamirg (i) BhOH, PTSAxHO,
PhMe, reflux, 5 h; (i) NaHC® 'BuO,CCH,Br, Et:N, CH,Cl,, 0 °C, 5 h; (iii)
Boc,O, CHCE, 0 °C—r.t., 24 h; (iv) (@) H, Pd/C, MeOH, r.t.: 1 h, (b) 24h;
(v) E&N, DCC, DMAP, CHCIy, GlyOBn, r.t., 24 h; (vi) BngCCH,Br,
CH.Cly, 0 °C—r.t., 24 h; (vii) ZCl, EN, CHCly, 0 °C— r.t., 4 h; (viii) TFA,
CH.Cl, r.t., 24 h; (ix) EiN, DCC, DMAP, CHCl,, 0 °C—r.t., 24 h; () Ceo,
HCHO, PhMe, reflux, 1 h; (xi) BN, PhMe, HCHO, reflux, 4 h.

phenyl-Gs-butyric acid methyl ester using a tether-direcie8t
dipolar cycloaddition of azomethine ylides was répadr by
Zhang and co-workefs.

The selectivity of a double Prato cycloaddition G%,-
symmetric diglycine substrates as reactive cenlated by
flexible alkyl*? or polyoxamethylen tethers to the fullerenesg
was recently examined in our research group. Thédtseshowed

that the regioselectivity of a one-pot biscycloaiddi of the
investigated flexible substrates on fullerene ign#icantly
improved, giving mostly mixtures dfis-regioisomers with the
exception of dodecamethylene- and trioxatridecaphetie-
tethers which additionally givieans-4 and/orequatorialisomers.

Here we report the regioselective synthesis of four
bis(pyrrolidino)fullerenes possessing an asymmetracrocyclic
diamide tether, using a two-step Prato monoadditiggrction
sequence, and their complete spectral and selfrdbge
characterization. Also, we describe the multisteparation of a
reactive diglycine substrate comprised of the ngmsaetric
diamide tether with hexamethylene, Gly and GABA (4-
aminobutanoic acid) subunits.

2. Results and Discussion

In order to investigate the regiochemical outcorhthe Prato
reaction in the synthesis of bridged bisadducts avitullerene
monoaduct, as well as the tether directing abilig, designed
the new tether substrated in which the reactive glycine and
protected glycinate termini were bridged by an umswetrical,
semi-flexible subunit consisting of 14 atoms. As Haeen
mentioned before, previous research showed thabfetethers
favored cis-addition patterns, while the bridge prolongation
allowed formation ofequatorial and transisomers. Also, an
introduction of heteroatom (oxygen) into the linked to the
prevalence of thecis2 isomer. So, we supposed that the
incorporation of a diamide segment would additionatcrease
the rigidity of the tether, while the presence oprypriate alkyl
moieties would allow the formation of more distantditidn
patterns. At the same time, employing alkyl segmeaftshe
different lengths would give a possibility to digiirish both
equatorial positionsefedge and-face). Based on that, the tether
containing HO-Gly-C6-diamide(Gly)-C4-GlyOtBu sequence
seemed reasonable. As summarized in Scheme 1, tHer id
was transformed to the fullerene monoadd@®&t and after
deprotection of the glycinate, subjected to the osdc
(intramolecular) cycloaddition affording four bisacts17ad.

The key intermediate¥ and 12 were synthesized from
commercially available 4-aminobutanoic acid (GABB), and
1,6-hexanediamine8 in overall yields of 11% and 40%,
respectively  (for experimental details and spectral
characterization of compoun@s7 and9-14 see Sl). GABA was
esterified with benzyl alcohol in the presence of
toluenesulfonic acid monohydrate (PTSA) in almasargitative
yield (99%) giving the corresponding benzyl estethie form of
the PTSA salR. The benzyl este2 was alkylated withert-butyl
bromoacetate (TBBA) to afford the glycitert-butyl ester3 in
30% vyield. The secondary amino group3invas protected with
di-tert-butyl carbamate (Bg©®) giving compound4 in 78%
yield. Palladium-catalyzed hydrogenolysis of thenté ester
group gave acié (99%). DCC/DMAP-mediated amide coupling
of the obtained acidb and glycine benzyl ester (GlyOBn)
afforded the corresponding amiéién 50% yield. In the next step
the benzyl group 06 was removed by catalytic hydrogenolysis
giving acid7 in nearly quantitative yield.

The TFA salt of amind2 was prepared from diamir&in four
steps in an overall yield of 40% (mono-NH-Boc-prditat, N-
alkylation of9 with benzyl bromoacetate (BBA), Z-protection of
NH group in 10, and TFA-mediated deprotection of NH-Boc
group of11). Release of the free amine froh2 followed by
coupling with acid7 by a standard DCC/DMAP procedure
afforded diamidel3 in 57% yield. The benzyloxycarbonyl- and
benzyl groups were cleaved by catalytic hydrogenslye
provide the amino acid4 in 99% vyield. Thisx-amino acid was



allowed to react with paraformaldehyde ang, @nder Prato
conditions in refluxing toluene for 1 h to form ttdouble-
protected fulleropyrrolidine derivative5 in 37% yield. Finally,
the ammonium trifluoroacetate sdl6 was obtained in nearly
quantitative yield after deprotection df by using TFA in
CH.Cl,. In the last step of the synthesis, in situ-libedaamino
acid of 16 in
paraformaldehyde reacted in refluxing toluene fdr, 4ffording
a mixture of four regioisomerdl{a-d) in a yield of 49%. The
crude mixture of regiosomers was purified by drgfflacolumn
chromatography on silica gel using
acetate/methanol mixtures to elute as the firstiva, thee-edge
regioisomerl7ain 5% vyield, followed by the second equatorial,
e-face regioisomel7b in 10% yield,trans-4 regioisomerl7cin
8% vyield, and finally cis2 bisadduct17d, as the main
regioisomer, in 26% vyield. The relative ratio ofetlisolated
regioisomeric  bisadducts e-edgeé-facefrans4/cis2  was
1.0:1.9:1.5:4.9. Comparative analysis of the rafithe obtained
bisadduct regioisomerd7 with those in recently synthesized
bisadducts in two series with flexible tethers dfimilar length
(dodecamethyledd  and trioxatridecamethylene-tethered
substrate’s) revealed a dependence of the regioselectivitthen
tether structure. Table 1 illustrates a comparisun their
regioselectivity with various distribution afis-, equatorial and
trans4 regioisomers and better
investigated cycloaddition reaction relative to ddiducts
prepared using Prato biscycloaddition with a polywsthered
bisglycine derivative. The increased ratio for tige2 isomers is
observed for the bisadducts with polyoxa and peptétbers
while the trans4 is the preferred regioisomer with the alkyl
tether.

It could be suggested that the tether rigidityuh@sg from the
presence of the intramolecular hydrogen bond in dizenide
fragment, played a role in the regiochemical outeoaf the
second cycloaddition and preferable formation oé ttis-2
product 17d. In addition, the selectivity of the second
cycloaddition toward functionalized vs. non-functidined
fullerene (i.e. formation of bisadducts vs. bridgeéifullerene

a) -
p2" ' p2
P2 p1

17d cis-2

toluene/ethyl-

3

compound) was also examined. To that purpose, therdoe
monoadducil6 was treated with an excess of thg @, 5 and 10
mol equivalents) under standard reaction conditioims all
experiments only the mixture of bisaddut® with no alteration
in the products distribution was formed, while thg @umbbell
molecule was not detected. The absence of the eliéule

the presence of a fivefold excess of compound also support the importance of the hydrdgend

anchored, bent conformation of the tether.

Table 1. Comparison of relative distribution of the isolhte
regioisomeric bisadducts of fullerene containirig/it?
polyoxa’® and diamide tethers.

Tether Ratio
cis-l:cis-2:cis-3:eq:trans4

-(CHz)1~ 0:1.0:0:1.0:2.8

~(CHR)sO(CH,)20(CH;)20(CHy)s- 1.0:4.8:2.8:1.3:0

<(CHz)sNHCOCHNHCO(CHy)x- 0:4.9:0:2.9(1.0:1.911.5

2thee-edgee-face ratio

Monoadductl5 and bisadducts7a-dwere fully characterized
by UV-vis spectrophotometry, 1D and 2D NMR spectrpsco
and high-resolution mass spectrometry (see Expetaheart
and SI). All fullerene bisadducts gave the expegeztonated

regioselectivity of themolecular ion peak (M+H) as well as (M+2H) peak in their

ESI-TOF-MS spectra (Sl). The addition patterns wenefirmed
by comparison with the UV/Vis absorption spectra ofvjmesly
reported bispyrrolidinofullerenes bridged by flegitalkyl- and
polyoxamethylene-tethet’® According to the number ofC
signals and their intensities, the isomelrga and 17b are
symmetric, matching theCs- symmetry of the equatorial
bisaddition patternse-edge ande-face, respectively, while the
regioisomersl7cand17d are asymmetric. ThEC NMR spectra
of the two equatorial isomers showed 29 fullerené sp
resonances, two of which have half-intensity, iatlitg theirCs
symmetry (SI, Figures S63 and S71). Théfsflerene C atoms
located on the mirror plane gave two half-intensignals at
about 70 ppm& 69.44, 69.9 ppm fot7a and 69.44, 69.73 ppm

17a-d
b)
p2 H ! p2 pl sz pl
H | H H | H
A M M__ M A M

{
4 ? O [
0bis 4 510
17c¢ trans-4 p2 ;
H 53.5 4 1520
1 0 "4 0
pt 1 P o 7 ms | 53.0
6 1 % 425 405 385 365 440 420 400 380 360
\ J JU M ﬂl\ I\ )ﬁl M x H'4) H2("X) H'04) H2(*X)
17b e-face o . X4 * 0 x % 4
p1p1 - S T L
trans-4 50.5 cis-2 +50.0
p2 p2 " 4 o . 4 e :
6 1 2 P 0 s 0 Q 520
A p 0 # 0 0 s40
54.5
17a e-edge 156.0
4746 4544 43 42 41 4039 38 a7 36 35 3.4 33 32 31 30 29 2.8 27 26 25 24 23 22 21 2.0 46 4442 40 38 36 34 435 415 395 375 355

Figure 1. a) Expanded parts dH NMR spectra of bisadduct regioisomdrga (e-edge),17b (e-face), 17¢c (trans-4) and17d (cis-2); b) Important HMB:
correlations of the pyrrolidine protons RjHwith C atoms in the tether (CE}* or C(1J*¥) in e-edge,eface, trans4 andcis-2 regioisomers. Pe¢
associated with: pyrrolidine methylene protonslabeled pl (next to the hexgtoup) and p2 (next to the GABA unit), GABA and hlemethylene protol
and carbons are labeled G and H.
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for 17b) and one full-intensity signal centered at 69.57&( different chemical shifts in the 2.0 to 3.5 ppmioegof the'H
and 70.22 ppm1(7b) for the remaining two Spfullerene C NMR spectra. Also, glycine methylene protons gave tib
atoms. Also, the pyrrolidine methylene C atoms g#wee  signals in the range of 3.6-4.15 ppm. Separatednesges
signals, two half-intensity a8 ~ 65 and 68 ppm and one full- additionally confirm different environments to theethylene
intensity signal aé ~ 67 ppm (S|, Table S1). Characteristié €p  protons above the fullerene sphere. The importanBBNMhree-
fullerene signals ofrans-4 (50 signals) andis-2 bisadducts (47 bond correlations from pyrrolidine protonsPjHo the terminal
signals) as well as eight signals of pilerenic and pyrrolidinic ~ carbons of the tether (CE#¥* and C(1)*) observed in all four
carbon atoms are observed in the ranges 180-160 and 65-70 regioisomers was used for determination of the motof the
ppm, respectively, strongly suggesting moleculaymasetry.  pyrrolidine rings next to the hexamethylene and GABdiaties
Additionally, ten C atoms of the tether (N-(@KHNHCO-CH.- (H" and H? respectively, Figure 1b).
NHCO-(CH,)s:-N) in all four regioisomers gave 10 signals
corresponding to the hexyl, Gly and GABA methylenetsuim
the aliphatics 22-54 ppm region of thEC NMR spectra, as well
as two signals for the Gly and GABA amide carbonyl atands

~168 and 173 ppm, respectively (SI, Table and Bg63, S71, hydrophobic interactions of fullerene cages andhiérophilic

S80 and S89). interactions between the amide groups. SEM anabfsiBhMe
Figure 1 displays parts of thtH NMR spectra (a) and and o-dichlorobenzene (ODCB) solutions of regioisomeric
important HMBC correlations (b) of bisaddudfa The'H NMR bisadductsl?7 (Figure 2) revealed their affinity in the formatio
spectra of equatorial isomelga,b (SI: Figures S62 and S70) of spherical nano- and microstructures with a prowed
contain two doublets (2H each) of different chematafts ats ~ tendency for networking, similarly to the self-orgased
3.7 and 4.3 ppm for the pyrrolidine protons beloggio the ring  structures obtained from fullerene-peptide-steroimiads
perpendicular to the plane of symmetry, and one @H)vo (2H  investigated in our research grotip.
each) singletsd(4.04 ppm forl7b; 4.04 and 4.05 ppm fdk73a)
for CH, protons of the pyrrolidinic ring which lies in tipdane of
symmetry, indicating their equivalence 17b, as well as their
non-equivalence in regioisoméa In addition, theirH NMR
spectra showed signals corresponding to the Gly reathy
protons centered & 3.90 and 3.83 ppm, terminal methylene
protons of the hexamethylene uniad.2 (6" and 2.9 ppm (),
and the GABA methylene protonsé&t- 2.1 (triplet, 8), and 2.6
ppm (quintet, 9), with slight chemical shift differences, as well
as triplet signals for the GABA methylene protons niexthe
pyrrolidine ring at§ 2.90/3.20 ppm (@, with the biggest

chemical shift difference Ap=0.22 ppm). The broad triplet were fully characterized. The aggregation properties
resonanl_%(lays a 5.61 and 5.65 ppm (NF”), and 6'85. angd«f;20 regioisomerd 7 in CHCkL and ODCB solution were studied using
ppm (NH™) corresppnded to the exchangeable amide protons '8EM. The morphology results showed similarity in themation
17aand17b, respectively. of spherical assemblies and their merging and n&ingr These

In the®™H NMR spectra of bisadducigc (trans-4) (Sl: Figure  novel G, regioisomers-fused macrocyclic lactams are expecte
S78) and17d (cis-2) (Sl: Figure S88), the pyrrolidinic non- to be potentially important as building blocks hetsynthesis of
equivalent protons appeared as eight doublets énrégion of  higher fullerene adducts and complex supramolecular
3.5-4.6 ppm (Figure 1a). The broad triplet resoearatd 5.55  architectures.
and 5.86 (NI¥) and a$ 6.86 and 6.93 ppm (NH) correspond
to the exchangeable amide protons¥@cand17d, respectively.

The methylene protons of the GABA and hexyl units have 41 General:Flash column chromatography (FCC) and dry-
17a_e-edge/CHCI 17b_e-face/CHCI, , column flash chromatography (DCFC) were carried ouh wi
el e U &5k Merck silica gel 0.04-0.063 mm and 0.015-0.04 mm,

respectively. Thin layer chromatography (TLC) wasried out

on precoated silica gel 60,5 plates. Melting points were
determined on a Digital melting point WRS-1B appasaind are
uncorrected. IRspectra were recorded withP&rkin-Elmer FTIR

1725X spectrophotometerUV spectra were recorded with a

GBC-Cintra 40UV-vis spectrophotometetH- and **C NMR

: spectra were recorded witfarian Gemini 200(*H at 200 MHz,

17¢_trans-4/ODCB 17d cis-2/0DCB *C at 50 MHz) andBruker Avancespectrometers'fl at 500

E AL S TEZ TR 2, o o5 | MHz, °C at 125 MHz). Chemical shifts are measured in ppm,

)E>3 o MC” 0 o of - in Hz. The sample was dissolved in the indicatedesulgystem,
and TMS was used as an internal reference. The haoctear 2D

(DQF-COSY) and the heteronuclear 2B-°C spectra (HSQC,

HMBC) were recorded with the usual settings. The NM&csp

of all carbamates4(7, 11 and 12) are consistent with the

expected structure but are complicated (splittihgame signals)

. S ; e % by the presence of carbamate rotamers. The highudtéesn mass

Figure 2. SEM images of nanand microstructures obtained from bisad ~ SP€ctra were obtained with @gilent Technologies 62100F

regioisomerd.7, upon evaporation from CHgfor 17aand17b) and obct  LC-MS spectrometer. Investigations of sample molpiypwere

(for 17cand17d) solutions deposited on glass substrate at roompeeature carried out with SEM, using a JEOL JSM-840A instrutahan

Scale bars correspond to 1.

Scanning electron microscopy (SEM) was used for the
characterization and the morphological study ofirtheelf-
assembled structures by a solution drop-drying oueth
Bisadduct regioisomer&7 have two elements of ordering, the

3. Conclusion

In summary, we report the regioselective stepwisgh®ggis of
four macrocyclic bis(pyrrolidine) & adducts €-edge, e-face,
trans4, andcis-2), and their complete spectral characterization.
Also, we describe the multistep preparation of a diam
substrate containing two glycine substructures. efeiie
monoadduct and four bisadduct regioisomers, inoydboth
equatorial isomers, were isolated in pure form usingflash
column chromatography without the use of high-penfomce
liquid chromatography (HPLC) separation and purtfaa and

4. Experimental section




acceleration voltage of 30 kV. A drop of 1 mM sabati of

5
17c (7.2 mg, 8.0%, DCFC: PhMe/EtOAc/MeOH 5:5:0.15;

sample in CHGl and ODCB was deposited on the surface ofTLC: CHCIly/MeOH 100:3), anctis-2 bisadductl7d (23.3 mg,

glass substrate and left for 24 h to slowly evagorata glass
petri dish (diameter 10 cm) under a PhMe atmosphem®om
temperature. The investigated samples were goldespdtin a
JFC 1100 ion sputterer and then subjected to SEdérehtions.
The solvents used for the SEM experiments (HPLC egjradre
stored over 3 A molecular sieves and degassed wmsbeium
prior use.

4.2. Synthesis of fulleropyrrolidine 15.A suspension of
glycine derivativel4 (72.5 mg, 0.14 mmol), &(98.4 mg, 0.014

mmol), and HCHO (21 mg, 0.70 mmol) in PhMe (100 mLwa

heated under reflux for 1 h. The obtained reactioxture was
cooled to room temperature and evaporated to dsym¥SFC on
SiO, using PhMe gave unreacted,©55 mg, 56%). Elution with
PhMe/EtOAc/MeOH (5/5/1) and subsequent precipitatiomfa
highly concentrated Cj€I, solution with MeOH gave pure
fulleropeptide estel5 (62.3 mg, 37%) as a brown powder.
IR(ATR): 3344, 3057, 2978, 2934, 2861, 2796, 174891,
1545, 1462, 1430, 1368, 1253, 1159 'ciH NMR (500 MHz,
CDCly): $=7.00 (t,J=5.2 Hz, 1H, HN®¥), 6.66 (t,J=5.8 Hz, 1H,
HN®Y), 4.41 (s, 4H, BC™™), 3.97 (d,J= 6.0 Hz, 2H, HC®Y),
3.75 (s, 2H, BC®YO'™®Y) 3.35-3.31 (m, 4H, KC(4)*"*,
H,C(6)"™™), 3.07 (t,J=7.5 Hz, 2H, HC(1)™), 2.35 (br t,J=6.5
Hz, 2H, HC(2*®*), 1.94 (app. quint,J=7.5 Hz, 2H,
H,C(2)™™), 1.85 (app. quint)=6.0 Hz, 2H, HC(3)**®"), 1.68-
1.60 (m, 4H, HC(3, 5%, 1.55-1.48 (m, 2H, KC(4)™), 1.47
(s, 9H, HC), 1.46 (s, 9H, KC) ppm; *C NMR (500 MHz,
CDCL): $=173.38 (CG"®*), 169.33 (C&"), 169.09 (CGBU),

156.26 (CG™), 155.15, 147.30, 146.23, 146.11, 146.05, 145.70,

145.39, 145.28, 144.56, 143.09, 142.61, 142.25,064241.88,
140.14, 136.23 ($C""), 81.64, 80.45 (&%), 70.69 (spC™),
68.03 (CH™), 55.00 (cu(l?“exyy 50.29 (CHCOuBU), 47.11
(CH,(4)**®%), 43.74 (CH®Y), 39.51 (CH(6)™), 32.83
(CH,(2)°*%%), 29.58 (CH(5)"), 28.79 (CH(2)"™), 28.26
(CH,), 28.07 (CH), 27.34 (CH(3)™), 26.88 (CH(4)™),
24.30 (CH(3)°**®**) ppm; UV/Nis (CHCl): Ama(e) = 254
(29000), 306 (31000), 327 (31000), 431 (6900), EHKO0) Nm
(mol'dm’cm™®); MS(ESI): Caled for GHsN,Os (M+H)":
1219.3490, found 1219.3498.

4.3. Deprotection of fulleropyrrolidine 15. A solution of
fullerene derivativel5 (60 mg, 0.049 mmol) in TFA/DCM (1:1,
4 mL) was stirred at room temperature for 24 h ahent
evaporated to dryness. The excess of TFA was remoyeamb-
evaporation with PhMe 0 mL), giving the corresponding

26.0%, DCFC: PhMe/EtOAc/MeOH 5:5:0.2). Total yield bét
isolated bisadducts was 49.2%-gdge/e-facé&/ans-4/cis-2
1:1.9:1.5:4.9).

4.4.1. Bisadduct 17ae-edge): IR(ATR): 3395, 3296, 2926,
2858, 2782, 1650, 1512, 1456, 1341, 1261, 111%; ¢hh NMR
(500 MHz, CDCJ): 6.85 (br s, 1H, N&), 5.61 (br d, 1H,
NH"™), 4.29 (d,J=9.6 Hz, 2H, H®™?), 4.05 (s, 2H, KC™™Y),
4.04 (s, 2H, BC™™Y), 3.90 (d,J=4.4 Hz, 2H, HC®"), 3.65 (d,
J=9.6 Hz, 2H, H®™?) 3.21 (q,J=7.0 Hz, 2H, HC(6)®"), 2.92
(br s, 2H, HC(L)™), 2.90 (t,J=6.0 Hz, 2H, HC(4)**®%), 2.60
(t, J=6.0 Hz, 2H, HC(2)**®"), 2.09 (quint,J=6.0 Hz, 2H,
H,C(3)*"%"), 1.82-1.72 (m, 4H, (2™ H,C(4)™), 1.62-
1.56 (m, 2H, HC(5)™), 1.50-1.43 (m, 2H, kC(3)™™) ppm;**C
NMR (125 MHz, CDCJ): 172.84 (CG*®*), 167.64 (CEY),
159.52, 153.77, 153.30, 152.31, 149.64, 148.80,124847.69,
147.51, 147.38, 147.24, 145.87, 145.71, 145.13,0145.44.55,
144.35, 143.59, 143.34, 142.29, 141.52, 141.45,1541140.97,
139.51, 136.61, 135.42 p "), 69.90 (1C, shc""), 69.57 (2C,
spC"™), 69.44 (1C, spc™"), 68.46 (CH?), 67.10 (2CH"?),
65.02 (CH™Y), 53.95 (CH(1)™), 51.13 (CH(4)*"®"), 42.51
(CH,®Y), 38.27 (CH(6)™), 33.17 (CH(2)**®), 28.11
(CHy(5)"), 27.08 (CH(A)™), 25.11 (CH@B)™), 24.47
(CH,(2)™), 23.36 (CH(3)*"®*) ppm; Key HMBC correlations:
3.65d/51.13 (R"9C(4)*"®"), 4.05s and 4.04s/53.95 ¥
Yec@y®™); MS (ESI): Calculated for £HzN,O, (M+2H)>"
516.1257, (M+H): 1031.2442, found 516.1265, 1031.2482; UV
(CH,CLY): Amade): 316 (7800), 422 (1100) nm (mtoim®cmi®).

4.4.2. Bisadduct 17b(eface): IR(ATR): 3317, 2928, 2856,
2793, 1654, 1523, 1455, 1340, 1262, 1160"cti NMR (500
MHz, CDCk): 7.20 (br tJ=5.5 Hz, 1H, NH"), 5.65 (br t,J=5.5
Hz, 1H, NH®Y), 4.33 (d,J=9.5 Hz, 2H, H&™?), 4.04 (s, 4H,
H,C™"?), 3.83 (d,J=5.5 Hz, 2H, HC®), 3.71 (d,J=9.5 Hz, 2H,
HCP™?), 3.20 (dtJ=10.0, 5.5 Hz, 2H, b«:(ezhexy‘), 3.12 (t,J=6.0
Hz, 2H, HC(4)*®), 2.91 (br s, 2H, KC(1)™), 2.65 (t,J=6.5
Hz, 2H, HC(2)**®%), 2.13 (quint,J=6.5 Hz, 2H, HC(3)*"®),
1.72-1.66 (m, 4H, KC2)™ H,C@B®), 1.56-1.50 (m, 2H,
H,C(5)"), 1.42 (t,J=6.5 Hz, 2H, HC(4)®¥) ppm;*C NMR
(125 MHz, CDCJ): 173.77 (CG"®), 168.59 (CEY), 159.09,
154.55, 153.24, 152.56, 149.71, 148.88, 148.14,7647.47.59,
147.49, 147.24, 146.12, 145.81, 145.21, 145.03,7D44.44.65,
144.39, 143.62, 143.29, 142.31, 141.65, 141.29,2B41140.79,
139.13, 136.67, 135.67 qs@f“”), 70.22 (2C, shc™"), 69.73 (1C,
spC"™), 69.44 (1C, spc™"), 67.53 (CHY?), 66.92 (2CH"Y,

TFA salt16 (55.8 mg, 96.3%), as a brown powder, which was65.37 (CH™"?, 52.21 (CH(1)"™®), 50.77 (CH(4)*"®"), 42.76

used in the next step without further purification.

IR: 3700-2300 (broad band), 3302, 2924, 2853, 16427,
1199, 1136 ci; UV (DCM): dym 220-300, 429, 538, 702 nm.
MS(ESI): Caled for GHyNO, (M) 1063.2340, found
1063.2325.

4.4. Synthesis of bis(pyrrolidino)fullerenes 17a-d.To a
solution of the TFA salt6 (97.2 mg, 0.087 mmol) in PhMe (100

mL), E&N (0.2 mL) was added and the mixture was stirred aE7

room temperature for 30 min. Then HCHO (13 mg, 0.43imB
equiv.) was added and the mixture heated to reftwxdfh. The
obtained reaction mixture was cooled to room tenipezaand
separated by DCFC. Regioisomeric bisaddag@tsvere eluted in
the following order:e-edge,e-face, trans4, cis-2. DCFC (with
preparative TLC fotrans-4) and further precipitation of crude
products from their highly concentrated £H, solutions with
MeOH yielded: e-edge bisadduci7a (4.8 mg, 5.3%, DCFC:
PhMe/EtOAc/MeOH 5:5:0.1)e-face bisadductl7b (8.9 mg,
9.9%, DCFC: PhMe/EtOAc/MeOH 5:5:0.1fxans-4 bisadduct

(CH,®Y), 39.85 (CH(6)™), 33.54 (CH(2)**®), 29.62
(CHy(5)"), 27.56 (CH@R)™), 26.22 (CH(4)"™), 25.95
(CH,(2)"), 23.82 (CH(3)*"®*) ppm; Key HMBC correlations:
4.04s/50.77 (A"™3C(4)*"%Y), 3.71d/52.21(A"™YC(6)*™); MS

(ESI): Calculated for gHsN,O, (M+2H)?": 516.1257, (M+H):

1031.2442, found 516.1253, 1031.2424; UV (CH): Ama(e):

314 (8200), 422 (1100) nm (mam’cm™).

4.4.3. Bisadduct 17dtrans4): IR(ATR): 3318, 2927, 2856,
94, 1649, 1523, 1453, 1340, 1260, 1156 cthl NMR (500
MHz, CDCL): 6.86 (t,J=4.8 Hz, 1H, N#"), 5.60 (t,J=5.5 Hz,
1H, NH™), 4.60 (br dJ=9.5 Hz, 2H, H&™ HC™"?), 4.58 (d,
J=9.5 Hz, 1H, H&™™), 4.44 (br d,J=9.0 Hz Hz, 1H, H&™?),
3.90-3.84 (m, 1H, C®"), 3.85 (d,J=9.0 Hz, 1H, H®™?), 3.84
(d, J=9.0 Hz, 1H, HE™Y), 3.70 (d,J=9.0 Hz, 1H, HE™?), 3.70-
3.64 (m, 1H, HC®Y), 3.57 (d,J=9.0 Hz, 1H, H®™?), 3.38-3.29
(m, 1H, HC(6}™Y, 3.26-3.19 (m, 1H, Hc@‘y'), 3.11-3.05 (m,
1H, HC(4F*®%), 3.04-2.98 (m, 2H, KC(1)™), 3.00-2.93 (m,
1H, HC(4F"®Y), 2.61-2.46 (m, 2H, KC(2)°*®"), 2.34-2.24 (m,
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1H, HC(3F*®%), 2.10-2.01 (m, 1H, HC(8)®"), 1.92-1.72 (m,
4H, HCE)™ H,CR™), 1.61-1.50 (m, 4H, CH5)"™,
CH2(4)hexyg) ppm; °C NMR (125 MHz, CDGCJ)): 172.96
(CO°*®"), 168.19 (CGY), 154.11, 153.76, 153.47, 153.37,
152.31, 151.84, 150.86, 150.12, 150.04, 149.46,154948.58,
148.48, 148.38, 148.15, 147.39, 147.29, 147.06,9946.46.26,
146.12, 146.07, 145.74, 145.63, 144.59, 144.53,3544.42.80,
142.53, 142.49, 142.45, 142.28, 141.92, 141.53,4B41141.44,
141.38, 141.33, 138.91, 138.46, 136.04, 135.84,3833.35.22,
131.33, 131.24 ($C""), 69.80, 69.41, 69.24, 69.17 ("),
68.50(CH™™Y), 67.62(CH™"?), 67.07(CH™"?), 66.69 (CH™"
1), 54.00 (CH(1)"™), 51.93 (CH(4)*"®"), 43.13 (CH®"), 39.23
(CHy(6)"), 34.75 (CH(2)**®*), 29.35 (CH(5)™), 27.06
(CHy(2)"™), 26.24 (CH@)™), 25.47 (CH(4)™), 22.80
(CHx(3)**®*) ppm; Key HMBC correlations: 3.70d/51.93"{H
’IC(4)°*®*), 3.57d; 3.84d/54.00 (M"YC@)*®); MS (ESI):
Calculated for GHsN,O, (M+2H)*: 516.1257, (M+HY.
1031.2442, found 516.1254, 1031.2438; UV (CH): Anax):
264 (35000), 308 (18000), 638 (290), 705 (200) rmol(
dm’em™).

4.4.4. Bisadduct 17d(cis2): IR(ATR): 3308, 2930, 2858,
2788, 1656, 1531, 1449, 1343, 1237, 1163, 1118; ¢ NMR
(500 MHz, CDCY): 6.93 (1,J=5.2 Hz, 1H, NH"), 6.00 (t,J=6.0
Hz, 1H, NH®¥), 4.36 (d,J=9 Hz, 1H, HE"?, 4.23 (d,J=8.5
Hz, 1H, HEY™), 4.11 (dd,J=6.5 Hz, 16.5 Hz, 1H, HE¥), 3.96
(d, J=9.0 Hz, 1H, H®™?), 3.95 (d,J=9.0 Hz, 1H, HE™Y), 3.87
(d, J=9.0 Hz, 1H, HE&™?), 3.76 (ddJ=4.0; 16.0 Hz, 1H, HE"),
3.73 (d, 1H,J=9.0 Hz, HE"™), 3.72 (d,J=9.0 Hz, 1H, H&"™9),
3.58 (d,J=9.0 Hz, 1H, HE™), 3.47-3.38 (m, 1H, HC(?)‘ng,
3.10-3.01 (m, 2H, HC(B*, HC(4f*®), 3.01-2.96 (m, 1H,
HC@) ™), 2.96-2.90 (m, 1H, HC(4}®%), 2.78-2.71 (m, 1H,
HC()™®), 2.62 (dt,J=13.5, 7.0 Hz, 1H, HC(ZJ®), 2.47 (dt,
J=13.5, 6.0 Hz, 1H, HC(Z}®"), 2.10 (quint,J=6.5 Hz, 2H,
H,C(3)**%%), 1.93-1.83 (m, 1H, HC(®®), 1.82-1.74 (m, 1H,
HC3)™), 1.74-1.67 (m, 1H, HC(2™), 1.67-1.61 (m, 2H, H
C(EY™™), 1.57-1.42 (m, 3H, HC(Z®, H,C(4)™) ppm; =C
NMR (125 MHz, CDCJ): 173.72 (CG*®*), 168.72 (CEY),
158.61, 158.37, 156.76, 156.59, 149.32, 148.85,774848.38,
148.01, 147.93, 147.87, 147.54, 147.47, 147.20,1847.46.99,
146.91, 146.49, 146.14, 146.10, 145.82, 145.73,5148.45.43,
145.13, 145.12, 144.89, 144.64, 144.55, 144.53,2P4444.03,
142.92, 141.70, 141.65, 140.99, 139.09, 138.88,9033.33.38,
133.26, 132.80, 129.18 fp""), 67.98 (CH™"?), 67.77 (CH™™
1), 67.14, 66.95, 66.74, 66.68 ("), 66.52 (CH*™Y), 65.88
(CH™™), 53.81 (CH(L)™), 52.02 (CH(4)**®), 43.30
(CH,®Y), 39.36 (CH(6)™), 33.86 (CH(2)**®), 28.15
(CH,(5)™), 26.85 (CH(@2)™), 25.39 (CH@4)™), 25.21
(CH,(3)™), 24.28 (CH(3)*"®*) ppm; Key HMBC correlations:
3.73d/53.81 (B"YC(1)y®), 3.57d/53.81 (A™YC(1)y®Y),
3.87d/52.02 (H"YC(4)*"®4), 3.72d/52.01 (A™4C(4)**%A); MS
(ESI): Calculated for §HaN,O, (M+2H)?": 516.1257, (M+H):
1031.2442, found 516.1254, 1031.2426; UV (CH): Ama(e):
259 (17000), 305 (8200), 446 (1000) nm (fush’cm?).
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Supplementary Material

Detailed reaction procedures for the syntheses wipooinds
2-14 with their spectra, as well as Table S1 (NMR chemical
shifts of bisadductsl7) and spectra (IR,'H and **C NMR,
COSY, HSQC, HMBC, MS, and UV-Vis) for fulleropyrrolidine
monoadductslb and16) and bisadductslya-d) are given in the
Supplementary Information.



