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Abstract Semiempirical and density functiornadlculations have been carried out to discuss the origin

of the closed [5,6]-aza-bridged adduct obtained as a minor product in the reaction of singlet nitrenes
with Cy,. The results indicated that the most likely source is the direct addition of singlet nitrenes to a
[5,6]-bond of G, in contradiction to the common belief that the [5,6]-bonds are not attacked in
cycloaddition reactions to &

Keywords Nitrene additions, Buckminsterfullerene,,CNCOOCH, AM1, B3LYP/6-31G**//AM1

method affords closed [6,6]-aza-bridged product as the ma-
jor regioisomer with certain amountsa(10%) of open [5,6]-

. aza-bridged adduct [3]. Open [6,6] and closed [5,6]-aza-
Heterofullerenes have recently attracted considerable atteyidged isomers are not observed. This is not surprising at
tion in the field of fullerene chemistry as a result of their 5| considering that the regiochemistry of the addition reac-
fascinating physical and chemical proges [1]. Thecur-  tions is governed by the drive to minimize the energetically
rent synthesis of nitrogen heterofullerenes in bulk quantiynfavorable double bonds in pentagonal rings [4]. Hypo-
ties makes use of monoimino-[60]fullerenes as precursoghetical open [6,6] or closed [5,6]-structures require the in-
species [1]. There are at least two synthetic routes tgqdyction of three and two double bonds in five-membered
monoimino-[60]fullerenes. First, they can be obtalngdringS, respectively [5].

through a 1,3-dipolar cycloaddition (1,3-DC) of organic  pespite the great interest that the regiochemistry of
azides to g, followed by thermal Nextrusion [2]. Second,  ¢ycloaddition reactions to fullerenes possesses [6], the rea-
they can be synthesized by direct [2+1] cycloadditiongp C son for the different regiochemistry of the two aforemen-
of oxycarbonylnitrenes geneed in situ either by thermal  tjgned synthetic routes is not yet fully understood [3b].
elimination of N from organic azides or by base-catalyzed \joreover, it is relevant to find new chemospecific
a-elimination of O-4-nitrophenylsulfonylhydroxamic acid cycloaddition routes to the synthesis of [5,6]-addition prod-
derivatives (see Scheme 1) [3]. Under thermolytic condi-ycts. To our knowledge, only a direct addition reaction to a
tions, the former synthetic route yields the open [5,6]-aza[576]_ring junction of G, has been reported to date [7]. Also,
bridged as the main adduct observed, whereas the lattQfieier and coworkers [8] found a direct Diels-Alder

cycloaddition to the most reactive [5,6]-ring junction gf C
I [9].
Correspondence tav. Sola As far as the 1,3-DC plus therma] &limination route is
concerned, experimental [2c,h,j, 4a] and theoretical [10]

([:)aesdilncr? toefdhti(; %cgﬁ?hs ocl) ;yPaUI von Rague Schieyer on the Fesults show that the initial attack tg,@ccurs at the shorter
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Scheme 1Generation of oxycarbonylnitrenes by thermal elimination pfrtin organic azides and by base-catalyzed a-
elimination of O-4-nitrophenylsulfonylhydroxamic acid derivatives

and more reactive [6,6]-ring junctions yielding, first, athe closed [6,6]-adduct is about 5 kcal tholore stable than
triazoline intermediate that, in a subsequent step, losestie open [5,6]-isomer [5,12]. AM1 calculations also show
upon heating. Theoretical studies indicate that stethat closed [6,6]-isomers are more stable than [5,6]-adducts
repulsions between the nitrene fragment and the leavingiiNfullerene silylene derivatives [13].

molecule during thermal triazoline decomposition protect the As regards the direct oxycarbonylnitrene addition, the fact
originally attacked [6,6]-bond and force the nitrene fragmethiat the major isomer is the [6,6]-adduct seems to indicate
to attack the adjacent [5,6]-ring junction [10]. The same cdhat the attack of nitrene to,{takes place primary to the
clusion most likely applies to the methanofullerenes genf8;6]-ring junctions. This conclusion is supported by the ex-
ated from the reaction of diazo compounds witj[€b,4 perimental evidence showing that singlet carbenes and
a,11]. In this case, once the open [5,6]-methanofullerenesilglenes add exclusively to the [6,6]-ring junctions Qf @
obtained, thermal equilibration between the open [5,6] aode step [4a, 11f]. Less clear is the mechanistic origin of the
the closed [6,6]-regioisomers [2b,5,11 b,d-h] is reached upzan 10% of [5,6]-adduct obtained. At least two hypotheses
further heating. The greater proportion of the latter indicatesn be formulated (see Scheme 2) [2, 3b]: first, the open [5,6]-
that the [6,6]-isomer is thermodynamically the most staljfeoduct may be generated through the direct addition of sin-
[11f,g]. This point was later confirmed through semiempirglet nitrenes to [5,6]-ring junctions; second, the addition of
cal andab initio calculations at different levels of theory omesidual triplet nitrene to & may result in a mixture of [5,6]
the G(CH,) compound [5,12]. These calculations show thand [6,6]-regioisomers after intersystem crossover.

Path A
NCOOR NCOOR
+:NCOOR — +
singlet
[5,6] [6,6]
Path B
*NCOOR
NCOOR NCOOR
+:NCOOR —— “ — +
triplet ‘ ISC
[5,6] [6,6]

Scheme 2The two mechanisms proposed to explain the formation of [5,6] and [6,6]-aza-bridged adducts
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Figure 1 Reaction energies and energy barriers (in kcal-iadnd the most relevant geometrical parameters (A) for the TS
and the product of the cycloaddition of singlet NCOQ@Hethylene obtained at different levels of theory

In this work we have carried out an analysis of the dire&M1 semiempirical method [14] as implemented in the
cycloaddition of singlet methoxycarbonylnitrene to the [6,8JMPAC 6.0 [15], a quantum chemistry program from
and [5,6]-bonds of g through semiempirical and densitySemichem, Inc. All zero-gradient structures have been char-
functional calculations. The results point out the direct addieterized by a vibrational analysis. For all stationary points,
tion of singlet nitrenes to the [5,6]-ring junctions as the masghgle-point B3LYP [16] energy calculations have been per-

probable source of the open [5,6]-aza-regioisomer obtainfmed atthe AM1-optimized geometries employing the 6-
31G** basis set [17] (B3LYP/6-31G**//AM1) and with the

help of the Gaussian-98 program [18]. Recent studies on the
. dimerization of carbenes [19] and addition of carbenes to
Method of calculation alkenes [20] prove the validity of the B3LYP combined with

) i ~_ the 6-31G* basis set approach to treat reactions in which sin-
The size of the systems studied prevents the uae @iitio glet carbenes intervene. We have further tested the validity
molecular quantum mechanical methods to perform geogpthe B3LYP/6-31G**//AM1 approach employed in this work
etry optimizdions. Thereforefull geometry optimizations by calculating the [2+1] cycloaddition of singlet NCOOLH
without symmetry constraints have been carried out with #ethylene using different methodologies. The reaction en-
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Table 1 AM1 C-C bond distance (A) between the two agnthalpy barriers AH¥) for the [2+1] cycloaddition of sin-
tacked carbon atoms of,(; together withAM1 standard glet NCOOCH to G, [a]
enthalpy of formation4H,%), reaction enthalpy4H,), and

Species Label R(C-C)[b] AH,° AH, AH*
Reactants
Cso 973.3
NCOOCH, 36.7
TS
[6,6] 1.385 1010.4 0.4
(3.6)
[5,6]/5 1.464 1010.4 0.4
(3.2)
[5,6]/6 1.464 1010.4 0.4
3.7)
Adducts
Closed [6,6] 1.563 920.5 -89.5
(-78.7)
Open [6,6] 2.200 929.5 -80.5
(-76.0)
Open [5,6]/5 2.201 915.7 -94.5
(-81.9)
Open [5,6]/6 2.200 916.2 -93.8
(-81.7)
Closed [5,6]/5 1.620 941.5 -68.5
(-61.9)
Closed [5,6]/6 1.620 942.7 -67.3
(-61.8)

[a] All energy values are given in kcal MoMalues in pa- [b] The experimental [6,6] and the [5,6]-bond lengths ig, C
rentheses are reaction energies and energy barriers caleue 1.401 and 1.458 A [27], while the AM1-optimized bond
lated atthe ab initio B3LYP/6-31G**//AML1 level lengths are 1.385 and 1.464 A, respectively

ergies, energy barriers, and the transition state (TS) geo®ES** calculations and therefore the B3LYP/6-31G**//AM1
tries obtained with the different methods are shown in Figuaeproach seems to be a reliable method in order to draw quali-
1. For the AM1 TS, we have checked by following the intrinative conclusions. Finally, it is worth mentioning that we
sic reaction path [21] th#élte TS connects reactants and prodkave made use of the AM1 main geometrical parameters of
ucts. This TShas reactant-like character as expected fraime TS in fkgure 1 as the starting point in the search for the
the small barrier and high exothermicity of the reaction, it$S structures corresponding to the different nitrene attacks
geometry being similar to that found for the addition db Cy,

carbenes to alkenes [20,22]. As one can see, AM1 predicts a

concerted and asynchronous attack for this [2+1] cycloaddi-

tion, while the B3LYP/6-31G** method yields a concerte
and synchronous attack. The asynchronous character of
AM1 TS is likely the esult of the interaction between the . .

oxygen atom of the carbonyl group and a hydrogen atomdye standard entha!ples of formatlon o.f reactants, TSs, and
ethylene. This interaction is probably overestimated at th@ducts, together with reaction enthalpies and enthalpy bar-
AM1 level. Remarkably, the B3LYP/6-31G** geometry of i€rs for the different [2+1]' cycloadditions of smglet
the product is practically coincident to that optimized at thCOOCH, to G, are collected in Table 1. The geometries of
AML1 level. As compared to the CCSD(T)/6_3le**//53|_ypﬁhe different regmsomerandTSs are deplcted in Figures 2
6-31G**, the B3LYP/6-31G**//AM1 reaction energy is tooand 3, resp_ectlvely. There are two possible adducts and TSs
exothermic and the energy barrier is slightly too small. Hogerresponding to the [5,6]-attack, the so-called [5,6]/5 and
ever, from a qualitative point of view, the B3LYP/6-31G**/[>,6]/6. In the former, the methoxycarbonyl substituent of
AML1 result does not differ significantly from more sophistithe nitrene faces the pentagonal ring, while in the latter this
cated B3LYP/6-31G** and CCSD(T)/6-31G**//BBLYP/6-SUbSt'tue”t faces the hexagonal ring (see Figures 2 and 3).

%seults and discussion
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Figure 2 The six possible
AM1 regioisomers that can be
obtained in the singlet
NCOOCH, addition to G
(a) the closed [6,6], §) the
open [6,6], €) the closed
[5,6]/5, (d) the closed [5,6]/
6, (€) the open [5,6]/5, and
(f) the open [5,6]/6

Further, as commented in the Introduction, the [5,6] and [6,6f-methanofulleene#AM1 incorrectly predicts the open [5,6]-
adducts can be either open or closed, thus giving six possigfner to be more stable than the closed [6,6] [5]. For this
regioisomers for G(NCOOCH,). All open structures havereason it was concluded [S] thiie AM1 method overesti-
C-C bond lengths between the two attacked carbon atomggttes the stability of the [5,6] as compared to the [6,6]-
2.20 A, while this C-C bond distance for closed structuré&gioisomers. In contrast to this result and comparing the AM1
differs for the [5,6] and [6,6]-bonds, being 1.62 and 1.56 dnd B3LYP/6-31G**//AM1 relative stabilities of the differ-
for the former and the latter, respectively (see Table 1). Th€8é regioisomers in Table 1, we have found that AM1
values are close to those found fe@ and G,(CH,) at the method affords a good estimate of the relative stabilities of
HF/3-21G level of theory [12]. For instance, this C-C borifie regioisomers of monoimino-[60]fullerenes.
length is 2.20 and 1.59 A in the open [5,6] and closed [6,6]-As said before, there are two possible open [5,6]-adducts,
adducts of G(CH,), respectively [12]. the so-called open [5,6]/5 and open [5,6]/6 (see Figure 2).
From theAM1 enthalpies of formation of the differentThe open [5,6]/5 is about 0.5 kcal mahore stable than the
adducts one can see that the open [5,6]-aza-bridged addees [5,6]/6, both athe AM1 and B3LYP/6-31G**//AM1
are the most stable regioisomers. In particular, the open [5/6}els. We haveot locded the TS fothe pyramidal inver-
isomers are 4-5 kcal mblmore stable than the closed [6,63i0n that connects the open [5,6]/6 and the open [5,6]/5 sys-
both atthe AM1 and B3LYP/6-31G**//AM1 levels. Similar tems, although experimental NMR studies suggest that this
results have been reported foy,@ [13] at the HF/6-31G*// process is almost barrierless [2a]. The same pyramidal inver-
HF/3-21G level of theory. On the contrary, for a series 8ion exists for the rest of the regioisomers.
methanofullerenes, the MNDO [2b] and PM3 methods [5] The open [6,6] and the closed [5,6]-regioisomers are also
and the HF and local and nonlocal DFT approaches usfAiiima in the potential energy surface of( @COOCH,).
double zeta plus polarization basis sets [12], yield the clo&&icompared to the closed [6,6] and the open [5,6]-adducts,
[6,6] as the most stable regioisomer in agreement with &€ open [6,6] and the closed [5,6]-regioisomers are 9 and 35
perimental results [11f,g]. Remarkably, for the same ser#gal mot! higher in energy, respectively. As commented be-
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Figure 3 AM1 transition
states corresponding to the
three studied attacks in the
singlet NCOOCH addition
to Gy, (a) the [6,6]-attack,
(b) the [5,6]/5-attack, andd)
the [5,6]/6-attack

fore, the open [6,6] and the closed [5,6]-regioisomers ategenerate orbitals of the parent eite NH [23]. The
forced to locate three and two double bonds within five-mestabilization of one of the 2p orbitals due to the presence of
bered rings of the fullerene, thus disrupting the preferrdds substituent is insufficient, however, to yield a singlet
[S]radialene type bonding present ig,@,11 f]. No open closed-shell ground state for NCOOCHhe NCOOCH
[6,6] and closed [5,6]-regioisomers were found for thgdC species has a triplet ground state that is 13.1 kcat mote
[12] and G,(CH,) compounds [5, 12]. However, closed [5,6]stable than the lowest-lying singlet state at the B3LYP/6-
regioisomers were located with the PM3 method {gfCR,) 31G** level [b] . Nonetheless, triplet NCOOGHpecies gen-
with R being OMe, COOEt, COBw, or Ph [5]. The authors erated under thermal conditions frog@OOCH, are prob-
found that these closed [5,6]-adducts weae15 kcal mol  ably inaccessible, since one can expect that the crossover
higher in energy than the corresponding open [5,6]-isomdrsm the singlet to the triplet surface through spin-orbit cou-
In view of that, the stability of the closed [5,6]-regioisomesling must be difficult for systems of such small size [24].
of C,,(NCOOCH;) could already be anticipated while that oThis, together with the low barrier for the direct attack of
the open [6,6]-6,(NCOOCH,) is more unexpected, althougtsinglet NCOOCHto the [5,6]-bond of ¢, prompt us to con-
it can not be attributed to a possible failure of the AM1 methadiude that the direct singlet nitrene addition to a [5,6]-bond
since the open [6,6]-adduct is even more stable as compasedost likely responsible for the obtention of tae 10% of
to the closed [6,6]-product at the B3LYP/6-31G**//AM1 levetlosed [5,6]-aza-bridged regioisomer obtained in the
of theory. cycloaddition of oxycarbonylnitrenes tq,C

At the AM1 level, the enthalpy barriers for the attack of The present results show that the reactivity of [5,6] and
singlet NCOOCH to ethylene (Figure 1) and,{(Table 1) [6,6]-ring junctions of G, are similar, at least as far as the
are exactly the same, 0.4 kcal moHowever, using the nitrene addition is concerned. In fact, our results slightly favor
B3LYP/6-31G**//AM1 approach it is found that the attack¢he [5,6]-attack both kinetically and thermodynamically. This
of singlet nitrene to g have slightly smaller energy barriersattack is further favored if one takes into account thgt C
than the attack to ethylene. At the B3LYP/6-31G**//AMZXontains 60 [5,6]-bonds and 30 [6,6]-ring junctions. Our re-
level of theory, the [6,6], [5,6]/5, and [5,6]/6 attacks hawllt differs from experimental findings showing that the [6,6]-
similar energy barriers, the [5,6]/5 attack being somewtetduct is the major product obtained in the nitrene addition
favored. For all these three TSs, the bond lengths of the te@C,, [3]. Since the energy differences between the [5,6] and
N-C forming bonds are rather large (3.32 and 3.74 A) and {bg5]-attacks are small, one can expect that higher levels of
deformation enthalpies [aif C,, and NCOOCH are close calculation including the effect of the solvent will reproduce
to zero. Thus their geometry corresponds clearly to TSs witle experimental result. This notwithstanding, we believe that
reactant-like character and concerted and asynchronousthe-qualitative conclusion reached by this work indicating
ture. However, as found for ethylene, the use of higher levitlat the [5,6] and [6,6]-bonds offhave similar reactivities
of calculation may give synobmous TSs. in front of singlet nitrenes will not be altered in a significant

Let us turn now to discuss the feasibility of the nitrengay by the use of higher-level theoretical methods. This con-
triplet addition pathway as possible route for the generaticdnsion is surprising since it is commonly said that the [6,6]-
of the open [5,6]-aza-regioisomer. The methoxycarboriybnds in fullerenes are more reactive than the [5,6]-ring junc-
substituent in NCOOCHIifts the degeneracy of the two 2p

- [b] The triplet NCOOCH has been optimized within the un-
[a] The deform#on enthalpy is the enthalpy needed to modifiestricted formalism. The?Salue for this system is 2.013 at
the geometry of the reactants to that they have in the TSthe B3LYP/6-31G** level
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tions [4,25]. This has been verified in a number of 1,3-DC Tetrahedron Lett1995 36, 2957. (j) Kanakamma, P. P.;
and Diels-Alder (DA) cycloadditions, both experimentally Huang, S.-L.; Juo, C.-G.; Her, G.-R.; Luh, T.Ghem.
[4,25] and theoretically [10,26]. However, there is a differ- Eur. J. 1998 4, 2037. (k) Hummelen, J. C.; Prato, M.;
ence between the adducts obtained after [2+1] and 1,3-DC oWudl, F.J. Am. Chem. So&995 117, 7003. (I) Shen, C.
DA cycloadditions that may explain the enhanced reactivity K.-F.; Chien, K.-M.; Juo, C.-G.; Her, G.-R.; Luh, T.-X.

of the [5,6]-bonds in [2+1] cycloadditions. In DA and 1,3-

Org. Chem.1996 61, 9242. (m) Nuber, B.; Hampel, F,;

DC the closed [5,6]-adducts are more stable than the operHirsch, A.J. Chem. Soc., Chem. Cormm1996 1799.
[5,6]-adducts, because in the open [5,6]-adducts the n&w(a) Banks, M. R.; Cadogan, J. I. G.; Gosney, |.; Hodgson,
formed six-membered and five-membered rings obtained af- P. K. G.; Langridge-Smith, P. R. R.; Millar, J./R; Taylor,

ter DA and 1,3-DC, respectively, are strained since they haveA. T.J. Chem. Soc., Chem. Connm1995 885. (b) Banks,

to accommodate a large C-C bond length (about 2.20 A). M. R.; Cadogan, J. I. G.; Gosney, |.; Hodgson, P. K. G.;
Moreover, closed [5,6]-adducts are energetically unfavorable Langridge-Smith, P. R. R.; Millar, J. R. A.; Parkinson, J.
as compared to the closed [6,6]-adducts given that they re-A.; Rankin, D. W. H.; Taylor, A. TJ. Chem. Soc., Chem.

quire the introduction of two double bonds in two five-mem-

Commun.1995 887. (c) Schick, G.; Grosser, T.; Hirsch,

bered rings of . Therefore, the closed [6,6]-adducts be- A.J. Chem. Soc., Chem. Commi@95 2289. (d) Smith,
come clearly the most stable regioisomer in DA and 1,3-DC. A. B., lll; Tokuyama, H.Tetrahedron1996 52, 5257.

Not surprisingly, they are also the kinetically most favorabfe For reviews on cycloadditions reactions of fullerenes see:
products, since as a common rule the most stable adduct ha&) Hirsch, A.Synthesisl995 895. (b) Hirsch, AThe

also the lovest TS. Orthe contrary, [2+1] cycloadditions yield

Chemistry of FullerenesThieme: Stuttgart, Germany,

three-membered rings that are not specially strained in thel994. (c) Hirsch, ATop. Cur.Chem.1999 199 1. (d)
open [5,6]-configuration. As a result, open [5,6]-adducts are Sliwa, W.Fullerene Sci. Technol995 3, 243. (e) Sliwa,
more stable than closed [5,6]-adducts and have almost theéw. Fullerene Sci. Tdmol. 1997, 5, 1133.

same energy as the [6,6]éadtts. his is the case not only5. Diederich, F.; Isaacs, L.; Philp, D. Chem. Soc., Perkin

for Coo(NCOOCH,) but also for GO and G4(CH,) [12]. Ac-

Trans. 21994 391.

cordingly, in the addition of singlet NCOOGHb G, the 6. Diederich, F.; Kessinger, RAcc. Chem. Resl999 32,
[5,6] and [6,6]-attacks have similar barriers and exothermi- 537.
cities. More research is under way in our laboratory as#o Ovcharenko, A. A.; Chertkov, V. A.; Karchava, A. V.;

further elucidate this hypothesis.

Yurovskaya, M. A.Tetrahedron Lett1997, 38, 6933.

8. Meier, M. S.; Wang, G.-W.; Haddon, R. C.; Pratt Brock,
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120, 2337.

9. Mestres, J.; Duran, M.; Sola, M. Phys. Chem1996
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