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Possible cycloaddition sites in the heptagon-conting
fullerene LaSeN@Cs(hept)-Cso are studied computationally.
Thermodynamically controlled Prato addition is predcted to
proceed regioselectively across the pentagon/pentay (p/p)
edges, whereas in kinetically-controlled Bingel-Hisch reaction
the most reactive are carbons next to the p/p edge.

The prospective applications of endohedral metallefenes
(EMFs) (such as in photovoltaic or medicine) requir
derivatization of pristine EMF compounds to impraadubility
or introduce functional grougsTherefore, a lot of efforts has
been devoted to the understanding of their cherpicglerties:?
Both carbon cage topology and the nature of endahsgecies
can dramatically affect reactivity of EMFs. Furtimare,
endohedral metal clusters can stabilize unconveatitullerene
cages (such as those containing pentagon pairghwhn lead
to unexpected reactivity patterns. Very recently wave
discovered the first endohedral metallofullerenesith w rigure 1. Schlegel diagram of LaSc,N@C,(hept)-Cgo with quasi-spiral numbering
heptagona| ring, LaSN@Cs(hept)—G;o (hereafter the title is system of carbon atoms used in this work. Heptagon and pairs of adjacent
Shortened to LaSti@Can and onlyCihept) cage is considered %} 277" 1 NI IeS 1 5en o 1 esecthot heras poston of s
unless the otherwise notetts structure ha€ssymmetric cage

with one heptagon fused to two adjacent pentagos (Fig. 1). o BB A 5
DFT computations showed that this heptagon-comgiiMF )]\ + N,;Qk on
has high thermodynamic stability, and it is notikely that new H H OH -CO, | 77N \ R
EMFs with heptagonal rings may be found in a nesure. In -HO N

this work we analyse how the presence of the heptadfects >=<—> %

the chemical properties of unconventional EMFspanticular, ] ) )
we perform a systematic computational study offiteferable Prato reaction of M@In-Cso is studied very well both
experimentally and computationaf§.”8° This highly

reaction pathways of Prato and Bingel-Hirsch cydtiiions i ) X o
reactions to heptagon-containing Lal$@ Cso molecule. symmetric cage with rotating 84 cluster has only two addition
In Prato reactiof,amino acid (e.g. sarcosine) reacts witfiteS located on pentagon/hexagon and hexagon/omxiges
aldehyde to form an ylide, which then reacts wifaleerene cc (denoted as [5,6] and [6,6], respectively). [5,8fact is more
bond via 1,3-dipolar cycloaddition to form a pyidihe ring: preferable for clusters of smaller size (such agNFovhereas
increase of the cluster size stabilizes the [6s®}rier, which
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becomes predominant product for thes8@ Cso.6® Reaction is
known to proceed under thermodynamic control (algio
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[5,7] adduct to the—3bond (74.0 kJ/mol). [6,7] adducts are even
less stable (84.8 kJd/mol fd-1' and 106.1 kJ/mol foB—4). In

kinetic products may be formed fi#§}, and hence addition sitesfact, [6,7]-adduct to the3-4 bond is one of the least

can be predicted based on the relative stabilitthefisomeric
adducts.

The Cssymmetric cage of LaSN@Cs(hept)-Go has 64
inequivalent CC bonds, and all of them can be dmred as
potential addition sites. Relative energies ofdbmplete list of
64 computed isomers of Lafb@ Cso(CH2)2NH is given in the
Electronic Supporting Information (ESI Table Slable 1 lists
several most stable isomers and all four heptagmed adducts.
Note that inversion of the pyrrolidine ring and Ntagment
yields four conformers for each addition site. Forgiven
addition site the energies of the conformers cany weithin
10 kJ/mol. The values discussed hereafter corresponthe
lowest energy conformers.

Table 1.Selected LaSbl@GCs(CH,),NH isomers, their relative energies and

HOMO-LUMO gaps, and corresponding geometry pararaétepristine
LaSeN@ Cgo.

cc? Type’ AE°  gapi.® d(CC)¢ Of
2-10 6-[5,5]-7 0.0 1.21 1.445 13.50/15.96
15-31 6-[5,6]-6 31.7 1.11 1.436 10.09/9.97
11-12 6-[5,6]-6 32.4 1.19 1.465 14.27/9.74
20-21 6-[5,6]-6 35.3 1.06 1.436 11.37/10.61
9-10 5-[5,6]-6 36.0 1.16 1.450 13.06/15.96
17-30 5-[5,6]-6 37.0 0.73 1.445 11.21/10.36
13-13 6-[6,6]-6 38.5 1.33 1.442 7.52/7.52
1-2 5-[5,71-6  70.9 0.85 1.455 7.33/13.5
2-3 5-[5,7]-6  74.0 0.75 1.465 13.5/7.03
1-1 5-[6,7]-5 84.8 0.86 1.403 7.33/7.33
3-4 5-[6,7]-6  106.1 0.80 1.461 7.03/7.10

2 addition site, see Fig. 1 for numbering of carhtoms;” numbers in the
square brackets denote polygons, whose junctions@ddition site, whereas
the number before and after square brackets démoténgs at the vertices of
the addition site (e.g. 6-[5,6]-7 means pentagow@pen edge located
between hexagon and heptagémglative energy, in kJ/mdl,HOMO-

LUMO gap, in eV; CC bond lengths in pristine LaSt@GCq, in A; f POAV
pyramidalization angle#,, of carbon atoms in pristine LaB@ Gso, in °.

Inspection of all optimized La2d@ Cso(CH2)2NH isomers
showed that one addition site, th2-10 bond at the
pentagon/pentagon junction, is particular preferabior
cycloaddition (Fig. 2). Corresponding cycloaddwseparated
from all other isomeric adducts by the energy gaBokJ/mol
and can be expected to be obtained regioselectivEhe
HOMO-LUMO gap of the cycloadduct is 1.21 eV, whigh
slightly higher than the gap in the pristine La$@ Cso, 1.15 eV.

thermodynamically stable structures among the wisale of
LaSeN@Cso(CH2)2NH adducts. The highest energy, 128.7
kJd/mol, is found for the adduct across & bond.

Figure 2. The most stable LaSc,N@Cgo(CH;),NH, bis LaSc,N@ Cgo[(CH3),NH],, and
ScsN@Ces(CH3)2NH cycloadducts. Heptagon ring is highlighted in green, pentalene
units are highlighted in red. N, Sc and La atoms are blue, magenta and orange,
respectively.

We tried to rationalize relative stability of fatbpyrrolidine
cycloadducts based on the CC bond length in thstipei
molecule or pyramidalization of carbon atoms (qifi@at in
terms of POAVP anglesdy), but this analysis did not reveal any
clear correlation between geometry parameters aefénable
reaction sites (Table 1, see also ESI Tables S2S8)d The
atoms C2 and C10 at the [5,5] edge are among thst m»
pyramidal ones in the La@¢@Cso molecule, so
pyramidalization may play a role here. But thenedscorrelation
between pyramidalization angles and relative dStagsl for
higher energy isomers. For instan®10 adduct in the most
pyramidal region of the pristine fulleren&)p(angles are
13.06/15.96°) has similar stability to tH&8—-13’ isomer with
quite flat carbon atomg){ =7.52°). Likewise, the bond length
also does not correlate with the stability of tlielacts.1-1’ is
the shortest CC bond in the pristine fullerene @2.4), but
corresponding adducts is rather unstable (84.8 &y/mhe 2—
10 bond length of the [5,5] edge, 1.445 A, is in thiedle of the

At the same time, both HOMO and LUMO of the addu&C bond lengths range in the LaN@GCso, 1.403-1.469 A.

(-5.03/-3.81 eV) are destabilized by ca 0.2 eV wébpect to
the LaSeN@Cso values (-5.23/-4.08 eV).

Among the six addition sites with relative enesgliietween
30 and 40 kJ/mol, five are [5,6] edges, includimg t[5,6]
adducts at the perimeter of the pentalene urfit-12 9-10.
Remarkably stable is the [6,6] adduct at #3e-13’ bond in the
pyrene fragment (carbon atoms at the triple hexggnations
are usually less reactive).

The lowest energy heptagon-based cycloadductei§37]

Analysis of the HOMO and LUMO distributions (seé& # also
does not give a reasonable guess of the most saaldects.
Thus, it is not possible to rationalize reactivitging simple
structural and electronic arguments based on thistirg
LaSeN@Cso molecule.

The preference of the cycloaddition across
pentagon/pentagon edge in the pentalene is quitark@ble. To
our knowledge, Prato reaction for non-IPR EMFs hasbeen
considered before. Thus, we also computed fullarofidine

the

adduct across th&—2 bond (70.9 kJ/mol) followed by anotheradducts of SN@Gss, whose carbon cage also violates the IPR
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and has three pentalene urdits.Computations of the (-5.01/-3.87 eV) are 0.2 eV higher than in the tprés
cycloadducts across all 18 non-equivalent CC boofdshe LaSeN@ Cso.
SaN@GCss molecule showed that the most thermodynamica!_!ly e Thel " [LasN@CouCHBI] int diatesAE)
. o - able e lowest energy [La Br]~ intermediatesAE)),
p_refera_ble is addition to the [5,5] edge (Fig.@jher adducts are transition states of Brremoval AErs), and relative energies of
higher in energy by at least 20 kJ/mol (see ESI &4 for the corresponding LaS@ CsoCH; cycloadducts4Eca)?
complete list of isomeric cycloadducts). Thus, erdeal cer AE A AE CC AR AE< AE
. - e | TS CA | TS CA
reactivity of the pentagon/pentagon edges in andnaddltl(_)n 112 00 1159 268 16-17 134 1011 167
may be a general rule for non-IPR EMFs. Furthermdthnes 1-2 1.6 124.2 349 16-15 154 117.7 823
reactivity pattern is likely to be common for sone¢her 1-T 5.2 120.0 1027 16-11 177 971 518
" ; ; g 11-16 7.7 95.1 51.8 9-18 181 90.7 7.7
cycloaddition reactions such as Plels-AIder addifi . 1112 93 100.0 340 9.8 196 1097 315
The preference for the addition to the [5,5] bdsdalso 1110 119 107.0 8.2 9-10 244 939 289
preserved if the monoadduct undergoes the secarodaxidition 3-8 12.2 95.7 171 18-17 219 983 7.4
process. Computations of all 118 bis-adducts obthily g‘g igi 1832 358'30 1188‘199 gii 19)06293 774'73
(CH2)2NH addition to the2—10 monoadduct of LaS8l@ Cso ' ' ' ’ ' ’
showed that the second pentalene unit will befailsctionalized  42-41  29.3 89.3 16.1 42-43 29.9 92.0 0.0
with _h'gh regloselecthlty (_SGe ESI _Table S5 forlist O_f 2 all values in kJ/mokF the first number is the carbon atom to which the
considered bis-adducts) with formation of tle-symmetric carbanion is bonded in the intermediate, the seoord- the atom which

(2-10,2’-10")bis-adduct (Fig. 2). forms new C—C bond in the process of Blbostraction{ TS energies are
referred to corresponding intermediates.

In Bingel-Hirsch reactioA® a carbanion formed via proton
abstraction from the bromomalonate attacks theifetie double
bond with formation of the intermediate, which themverts to
the cycloadduct via removal of the Banion:

Taking into account possible uncertainties of feldmol in
DFT calculations, the adducts-12,3-8 (Fig. 3), 9-18and11—
12 cannot be fully excluded. All kinetically favourstructures

R\_(R H R\gR intermediate closed open have rather high relative energies and thus arefaaiured
B H ™ R R 5. R 2. R thermodynamically (e.g., relative energy @fi—16 is 51.8
% —Br 7)% kJ/mol). The most thermodynamically stable L&&@ CgoCH:2

— > > or . . . .y . .
> < isomer is obtained by addition across ##2-43bond, which is

coordinated by the La ion. Because of the relativaistable
The product can be either “closed” methanofullergyigical for niermediate (29.9 kJ/mol), this adduct is not faed
empty fullerene’ and SeN@ Crs'%) or “open” methanofulleroid kinetically.

(typical for nitride clusterfullerené%!”1§. Bingel-Hirsch
addition to nitride clusterfullerenes is found te kinetically
drivenl”18 Alegret et al. showed that addition sites can be
predicted based on (i) the lowest energy interntediarbanion,
then followed by (ii) the lowest-energy transitistate for the Br
abstractiort’

To find the most kinetically-favourable additioiites in
LaSeN@GCso, first we computed all 129 intermediates obtained
by addition of CHBr anion to symmetry inequivalent cage
carbon atoms (for each cage carbon atom, therethass
conformers of the [LaSBI@CsoCH2Br]~ intermediate with
different directions of the C—Br bond, see ESI EaBb). The
most stable intermediates are obtained by:BtHaddition to
four carbon atoms around the pentagon/pentagon (€igec3,
C9, and A1), and two carbon atoms next to themi¢@nd C.8)
(Table 2). For these intermediates we further caesgbtransition
states (TS) for the Bremoval. Reaction barriers were found to
be in the range of 90-120 kJ/mol (with respectaiwesponding
intermediates).

Based on the low energy intermediate and readtamier, Figure 3. The most kinetically favoured LaSc;N@CgoCH, adducts: 11-16, 1-12,
the most kinetically favoured Bingel cycloadduct Tg—16 381 Alsoshownisthe LUMO of LaSc:N@Ci(hept)-Ceo.

(Fig. 3). Although the corresponding intermediatesdmewhat . . .

. ] Interestingly, thed1-16site of LaSeN@Cso is similar to the
less stable than the intermediates based on that@mn, the ¢t ble additi ite in Bi I-Hirsch dition t
barrier to the Brremoval in11-16is much lower, and hence thismos avourable addition site in Bingel-Hirsch tton to

17,18 i
cycloadduct is expected to be formed much fastee. FOMO- EZNN%C(?: (Sle?-T-h refs.. i tanFc’j tESI Ftlgure Slt) .tanc: to
LUMO gap of11-16is 1.15 eV, the energies of the frontier MOs 284 us, similarto Frato reaction, reactivity ot aon

IPR nitride clusterfullerenes in Bingel-Hirsch r&an is dictated

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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by the pentalene units, whereas the heptagon edgesn non-
functionalized. We could not find unequivocal cdation 1.
between the structural parameters of the pristia8dN@ Cso
and the reactivity. At the same time, analysisefftontier MOs
shows that the most stable [LaR@& CsoCH2Br]~ intermediates
are formed with the cage atoms having the highdsMO
coefficients in the pristine Lagd@Cso molecule (Figure 3). o
Likewise, Bingel-Hirsch addition to S@ Css proceeds via the

carbon atoms with the highest LUMO contributione(deSI 3.
Figure S1).

4.
Conclusions 5

Detailed computational study of the nitride clukikberene 6
LaSeN@Cs(hept)-Go showed that C—C bonds at the perimeter
of the heptagonal ring are not reactive either in
thermodynamically or kinetically controlled cyclatiion 7
reactions. However it would not be correct to claimat the
presence of the heptagon has no effect on the caémiactivity g,
of the molecule. The heptagon induces formation twb
pentalene units, and our analysis shows that thet amemically
reactive sites in the La@¢@Cs(hept)-Go molecule are related
to these structural elements. It is found thatrtfeetynamically
controlled Prato reaction should proceed with high
regioselectivity across the pentagon/pentagon e({®@es. In

9.

reactive site is the CC bond next to the penta(éhelq. Very

10.
kinetically controlled Bingel-Hirsch cycloadditiorthe most 11.
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