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Abstract

Results of selected-ion flow tube experiments are reported that explore the nucleophilic interaction of pyrrolidine and
piperidine with G, Ca5, C3 at 294+ 2 K in helium buffer gas at a pressure of 0.350.01 Torr. Two efficient sequential
addition reactions were observed withiOn analogy with previous results obtained with acyclic amine nucleophiles.
Multicollision-induced dissociation experiments suggest the formation and conversion of two isomers of the second adduct ior
As a first step C—N bond formation is proposed to occur with thgdage with or without ring opening. Subsequent bonding
may involve hydrogen bonding or, if ring opening occurs, further C—N bond formation at the terminus of the first substituent.
Nucleophilic attack of & and G by pyrrolidine leads to ring cleavage and formation of,@H,)"* (n = 2,3)
accompanied by loss of what is likely to be 1,3-butadieng,(NXH,)"* effectively donates a proton to pyrrolidine. The
ring-cleavage channel dominates competing channels leading to electron transfer and nucleophilic addition. However, rin
cleavage is not observed with piperidine which reacts wgh @&d G exclusively by electron transfer because of its lower
ionization potential. Further reactions of the proton-transfer product lead to the formation of “mixed” adducts of the type
(NH,)Cgo(C,HgNH)"™ (n = 1,2) that may involve two C-N bonds with thesCsurface or, alternatively, proton bonding to
protonated aziridine. (Int J Mass Spectrom 195/196 (2000) 401-409) © 2000 Elsevier Science B.V.

Keywords:Fullerene ions; Pyrrolidine; Piperidine; Nucleophilic addition; Electron transfer; SIFT

1. Introduction phase chemistry of fullerene cations [2-5] and we
have found that the nucleophilicity of a reacting
Among his many interests in ion chemistry, Bob neutral molecule is particularly important in determin-
Squires was also fascinated by fullerene ions and his ing its chemical reactivity with these cations at room
early contribution to our understanding of the gas- temperature, particularly with singly charged
phase reactivity of fullerene anions in 1991 [1] is still fullerene cations. Ammonia, small alkylamines [6],
one of only a small number of reported studies of this and pyridine [7], all strong nucleophiles because of
kind. In our laboratory we have surveyed the gas- the availability of two unpaired electrons on the
nitrogen, have been found to be particularly reactive,
- even with the singly charged fullerene catiorg,C
» Corresponding author. E-mail: dkbohme@yorku.ca which is generally much less reactive than the higher
Present address: Genpharm Inc., 37 Advance Rd., Toronto, . ;
Ontario M8Z 2S6, Canada. charge states. Strong nucleophiles undergo single
Dedicated to Bob Squires in his memory. association reactions with g that increase in effi
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ciency with increasing proton affinity of the nucleo- Sigma with purities of 99%. They were added into the
phile [7]. Electron transfer begins to compete with flow tube as 3%—5% mixtures in helium.
association in the reactions of these molecules with  The CID spectra of the product ions were taken
higher fullerene charge states and more so with using 10% argon in helium as the buffer/collision gas
increasing charge state [6]. Methyl-, ethyl-, and di- in the manner reported by Baranov and Bohme [11].
methyl-amine (but not trimethyl-amine) exhibit sec- Rate coefficients were measured with pure helium
ondary addition reactions with{g These have been buffer gas in the usual manner [9,10] and have an
attributed to the formation of a hydrogen bond with uncertainty estimated to be less thaB0%.
the second amine molecule on the basis of the failure
of a similar secondary reaction with trimethyl-amine
that is not capable of hydrogen bonding. 3. Results and discussion

The aliphatic nucleophiles that we have investi-
gated so far all have been acyclic. Here we investi- 3-1. Reactions with pyrrolidine
gate, for the first time, the gas-phase ion—molecule
reactions of G, C24 or C3; with two cyclic aliphatic The kinetic results for the reactions of pyrrolidine
molecules containing nitrogen, viz. piperidine and With Ceo Cao. and G are summarized in Table 1.
pyrrolidine. Nucleophilic addition is again expected Included here are values for collision rate coefficients
to occur because of the availability of two unpaired calculated with the variational transition-state theory
electrons on nitrogen, ring opening now becomes an of Su and Chesnavich [12]. The average polarizabili-
option upon bonding and hydrogen bonding of a ties of pyrrolidine and piperidine were estimated to be
second nucleophile with the ;g adduct again is a  8-91 and 10.75 A respectively, according to the
possibility. Competition between nucleophilic addi- €mpirical method of Miller and Savchik [13]. The
tion and electron transfer is expected with the higher Pe€rmanent dipole moment of pyrrolidine was taken to
charge states since the ionization energies of pyrroli- b€ 1.58 D [14] and that of piperidine was taken to be

dine and piperidine are relatively low, 8.800.03 that of the equatorial conformation, 0.82 D [15]. The
and 8.05+ 0.5 eV, respectively [8]. ratio of the measured reaction-rate coefficient to the

calculated collision-rate coefficierit,,JK., provides
a measure of reaction efficiency.
2. Experimental
3.1.1. Reactions initiated by g
The ion/molecule reactions of the fullerene cations ~ Fig. 1 shows that singly chargeds§undergoes
Cs¢ (x = 1,2,3) with piperidine and pyrrolidine ~ sequential addition reactions with pyrrolidine [reac-
were achieved within the reaction region of a select- tion (1)], ultimately to produce the triple adduct
ed-ion flow tube (SIFT) mass spectrometer in helium Ceo(CsHgNH)3 in
carrier gas at 0.35 0.01 Torr and 294+ 2 K [9,10].
The fullerene cations were produced in an ion source
by electron impact ionization of the vapour of a the flow range of pyrrolidine employed in these
sample of fullerene powder—-99.5+ % Cg, SES experiments. The first two additions proceed quite
Research Inc.): & at~50 V, C33 at~80 V and G} rapidly with effective bimolecular rate coefficients
at~100 V. The desired g cation was selected with  k ~ 3 X 107 *° cm® molecule* s™*. The third
a quadrupole mass filter, injected into the flow tube addition is more than 30 times slowek, < 1 X
containing He and then allowed to thermalize by 10 **cm® molecule * s . Electron transfer was not
collisions with He (4 x 10° collisions) prior to observed as a competing primary reaction channel
entering the reaction region further downstream. because of the relatively high ionization energy of
Piperidine and pyrrolidine were obtained from pyrrolidine, IE(pyrrolidine)= 8.80+ 0.03 eV [8]

Coo CaHgNH)y + CiHgNH — Co CHgNH) 1 (1)
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Table 1
Effective bimolecular rate coefficients (in units of T0cm® molecule * s™*) and product-channel distributions measured for reactions of
Cdo C25, and G cations with pyrrolidine in helium buffer gas at 0.350.01 Torr and 294+ 3 K by using the SIFT technique

Reactant ion Product ion Branching ratio k.2 Kopd
Coso Coo(CaHgNH) ™ 1 1.30 0.27
Coo(CaHgNH) " Coo(CaHgNH); 1 1.30 0.35
Coo(CaHeNH)z Ceo(CaHeNH)3 1 1.29 <0.01
cat Coo(NH2)?" + C,Hg 0.80 2.61 1.3
Cdo + (CHgNH)* 0.11
Co Coo(CaHsNH)*" 0.09
Ceo(NH2)®* + C,Hg 0.64 3.91 2.3
C25 + (C4HgNH)™ 0.36

2k, represents the collision-rate coefficient calculated according to the variational transition-state theory [12].

> The absolute uncertainties of the observed bimolecular rate coefficients are estimatett30%e Relative accuracies are better than
+10%.

compared to the recombination energy REJG= cording to the following reactions with thresholds at
7.64 + 0.02 eV [16]. nose—cone voltages:

The CID spectra in Fig. 1 show the occurrence of
heterolytic dissociation of the first two adducts ac- Ceo(CaHgNH)z + He/Ar — Cqo(CoHgNH) ™

108

-
o
©

Ion Signal

10° 1.0
Cyo(C HNH),"
I/1,
0.5
100 ¢ T T T 0.0 =
0.0 2.0 4.0 6.0
C,H,NH Flow/10""(molecule s™) -U,, /Volts

Fig. 1. (Left) Variation in ion signals recorded for the addition of pyrrolidine into the reaction region of the SIFT apparatus in yytials C
been established as the dominant ion in helium buffer gas at0.8®1 Torr and 294+ 2 K. (Right) Variation in ion signals recorded as
a function of the nose—cone voltadg,., for ions formed in the reaction of g with pyrrolidine at a flow of 3.6 (upper), 5.1 (middle), 6.2
(bottom) X 10*” molecule S$* in a buffer gas of 10% argon in helium.
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+ C4HgNH + He/A 2
4Mg e/Ar (2a) C602+C60(NH3)2+ (C,H.NH)H'

Coo' / (C,H,NH)*

— Cly + [2C,HgNH] + He/Ar (2b) )
104

Ceo(C4sHgNH) ™ + He/Ar — Cgy + C,HgNH

+ Hel/Ar (3)

103 -
of 13 = 2 V for Cgo(C,HgNH); and 43+ 2 V for E
Cso(C4HgNH) ™. Channel (2b), which corresponds to .80
the concomitant loss dfvo pyrrolidine molecules, is 2
a minor channel in the dissociation of S 10

" Co(C,HNH)?

Cso(C4HgNH)Z , but its relative importance was ob

served to depend on the flow of pyrrolidine. Channel C60(C4H8NH)22+
(2b) becomes relatively more important at low flows 10" 5/ .
of pyrrolidine. Such behaviour is indicative of the (C,HNH),H
formation of two isomers [7]. (NH,)C,(C,H,NH)*
The fII’S.t addition of pyrrolldln.e to & is expecte.d' 8 (NH,)C,,(C,H,NH),*
to result in C—N bond formation by nucleophilic 100 + . [ : :
addition to the charge site on thg3urface. Bonding 0.0 0.5 1.0 1.5 2.0
with the G, surface could induce ring opening by C,HNH Flow /10" (molecule s)

cleavage of a N-C bond in pyrrolidine or a 1,3 proton

shift to form an aminium ion, but these cleavages may Fig. 2. Variation in ion signals recorded for the addition of
require more enerqy than can be provided by the PTG 1o e eeeor e ot e ST sopars bnere
electrostatic attraction between the reacting ion and g .35+ 0.01 Torr and 294 2 K. Not shown are the ions
molecule. The structures of (&C,HgNH), and produced by secondary reactions f,C

Cso(C4HgNH); are less certain. In analogy to the

behaviour proposed for acyclic amines [6], N-H-N

hydrogen bonding is possible in the second adduct Cso + CaHgNH — Coo(NH3)?" + C4Hg (4a)

which also forms rapidly. A further interaction of this

kind is less likely and this may account for the slower — Cgo + C;HgNH ™ (4b)
formation of the third adduct compared to the second
adduct. Structures of C,HgNH), involving ring — Cgo(C4HgNH)?* (4c)

opening of either one or both of the pyrrolidine adduct

molecules can be envisaged, as can isomerizationThe main channel (80%) of this reaction leads to
reactions involving the switch of an open with a cyclic formation of Gy(NHg)?*. Minor channels involve
adduct in a bimolecular switching reaction with pyr- electron transfer (11%) and adduct formation (9%).
rolidine. Such an isomerization reaction may account  Electron transfer is expected since I|E(pyrroli-
for the structure observed in the collision induced dine)= 8.80 = 0.03 eV is well within the threshold

dissociation (CID) profile of g(C,HgNH); . for efficient electron transfer from g to a neutral
(9.59 = 0.01 eV) [3,17].
3.1.2. Reactions initiated by3g The ionic products for the three channels of reac-
The doubly charged & reacts rapidly with pyr tion (4) all initiate secondary reactions gNH5)*"
rolidine,k = 1.3 X 10 ° cm® molecule * s™%. The reacts further with pyrrolidine mainly via proton

data in Fig. 2 show the formation of three product ions transfer (80%) to produceNH,)" and GHgNH;
according to according to
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Coo(NH3)?*" + CyHgNH — Cgo(NH,)* 1.0
2+ 2+
+ C,HgNH; (5) I | ° CooNH) ° G
+
o Cq(NH,)
Cso(NH,) " undergoes sequential association reactions 08 1 .
- A
with pyrrolidine, producing (NE)Cgo(C,HgNH),, with (NH,)Cy(C,HgNH)
n = 1 and 2 according to reactions of type v (NHZ)C60(C4H8NH)2+
Ceo(NH,) ™ + C,HgNH + He 0.6 -
. v Cgo(C,HNH),"  Cg((C,HNH)"
— (NH,)Cgo(C4HgNH),, + He (6)

C,HgNH; reacts further to form the proton-bound
dimer. A minor channel of the reaction ofENH5)?"

with pyrrolidine is observed to form NHion which
cannot be explained easily. One possible reaction path
is dissociative hydride transfer as shown in

CeoNHg)?" + C4HgNH — Cdo + NH; + CHgN
)

The C, produced in reactions (4b) and (7) reacts
further in the manner established in the separate
studies of the chemistry of & C,HgNH, reacts

further to form the proton-bound dimer according to Fig. 3. Variation in ion signals recorded as a function of the
nose—cone voltagél,., for ions formed in the reaction of35 with

C,HgNHZ + C,HgNH + He pyrrolidine at a flow of 6.5< 10*” molecule S* in a buffer gas of
10% argon in helium.

— (C4HgNH),H" + He (8)

(4a) is shown in Fig. 4. The nucleophilic attack C

by pyrrolidine is proposed to lead to ring cleavage
accompanied by two 1,2-hydrogen atom shifts and

Finally, the G(C,HsNH)?* produced in channel (4c)
adds a second molecule of pyrrolidine according to

Ceo(CsHgNH)Z* + C,HNH + He formation of what is likely to be 1,3-butadiene. Once
formed, G(NH5)?" transfers a proton to pyrrolidine,
— Cgo(C4HgNH),; + He 9 as was the case with ammonia [6], and the proton

transfer is followed by a second nucleophilic addition
of pyrrolidine. Alternatively, Go(NH,) ™ may isomer

ize to a protonated aziridine structure [6] and then add
a pyrrolidine molecule by hydrogen bonding.

The CID spectrum of the product ions at a rela-
tively high flow of 6.5x 10*" molecule s using
10% argon in helium as buffer gas is shown in Fig. 3
and indicates that the adduct iong(C,HsNH), and
(NH,)Cso(C,HgNH), dissociate heterolytically and
sequentially. The dissociation pattern for 3.1.3. Reactions initiated by3g
Cso(C4HgNH); is consistent with that observed when Fig. 5 shows two channels for the rapid reaction of
this ion is produced directly from sequential reactions the triply charged € with pyrrolidine. These are
of Cg, with C,HgNH at high flows of pyrrolidine. indicated in

Channel (4a) was unexpected, although we have
observed the formation of the (gNH4)?* cation  Cgg + C4HgNH — Ceo(NH3)3*" + C,Hs  (10a)
previously through the nucleophilic addition of am-
monia to G [6]. A possible mechanism for channel — C2; + C,HgNH'™" (10b)
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Channel (10a) is preferred by 0.64/0.36. The ioniza-
tion energy of pyrrolidine (8.8@- 0.03 eV) is well
within the threshold for efficient electron transfer
from C3} to a neutral (11.02 eV) that we have
observed previously [3,18]. Channel (10a) is the
analogue of channel (4a) observed witf;Gand, in
analogy with reaction (5), &(NH,)*" reacts further
with pyrrolidine by proton transfer according to

proton transfer 3+ +
gl Ceo(NHa) C,HgNH

— Cgo(NH,)?" + C4HgNHS (12)

The other secondary and higher-order reactions initi-
ated by G; are identical to those observed in the
separate experiments involving the lower charge
Fig. 4. A possible mechanism for the formation of gtates.

(NH,)Cso(C,HgNH)* by the sequential reactions of pyrrolidine
with C2¢.

3.2. Reactions with piperidine

The kinetic results for the reactions of piperidine
with C,, C25, and G are summarized in Table 2.

3 |
10 Table 2

Effective bimolecular rate coefficients (in units of T0cm®
molecule s™%) measured for reactions oflg CZ3, and Gf
cations with piperidine in helium buffer gas at 0.350.01 Torr
and 294+ 3 K by using the SIFT technique

Ion Signal
2

Reactant ion Product ion k.2 Kopsd

C&% CeoCsH1oNH) ™ 1.02 1.0

101 i Cso(CsH oNH) * Cso(CsH1oNH)> 1.01 0.83

Cso(CsH1oNH)S Cgo(CsH oNH)3 © 1.01 0.07

czt Cdo + (CsH NH)* 2.04 2.4

+ 60 60 51110
(C,H,NH),H 2
100 I ] cit C25 + (CsH NH) ™ 3.05 3.1
T T T T
00 02 04 06 O 1.0 12 14 2k, represents the collision-rate coefficient calculated according
to the variational transition-state theory [12].
17 -1

C4HSNH Flow /10 (m()leCUIe s ) ®The absolute uncertainties of the observed bimolecular rate

coefficients are estimated to he30%. Relative accuracies are
Fig. 5. Variation in ion signals recorded for the addition of better than+t10%.
pyrrolidine into the reaction region of the SIFT apparatus in which ©This product was not observable because its mass-to-charge
C3$ has been established as the dominant ion in helium buffer gas ratio is beyond the mass range of our detection quadrupole mass
at 0.35* 0.01 Torr and 294+ 2 K. filter.
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Ton Signal

0.0
C,H, NH Flow /10" (molecule s™) -U,/Volts

Fig. 6. (Left) Variation in ion signals recorded for the addition of piperidine into the reaction region of the SIFT apparatus Jyhas@en
established as the dominant ion in helium buffer gas at :3501 Torr and 294+ 2 K. (Right) Variation in ion signals recorded as a function
of the nose—cone voltagd,., for ions formed in the reaction offgwith piperidine at a flow of 5.0< 10'® (upper) and 1.2 10*” molecules

s 1 (lower) in a buffer gas of 10% argon in helium.

3.2.1. Reactions initiated by g Ceo(CsHigNH)S + He/Ar
Fig. 6 shows that singly chargeds£undergoes
sequential addition reactions with piperidine as shown
in (13a)

— Cgo(CsH oNH) T + CH oNH + HelAr

— Cly + [2CsH 1 NH] + HelAr (13b)
C60(C5H10NH)rT + CSHIONH

Cso(CsH1oNH) ™ + Hel/Ar — C{,
— Ceo(CsH1oNH) - 1 (12)
+ CsH,oNH + He/Ar (14)

The first two additions again are quite rapids 1 X with thresholds at nose-cone voltages of-t®V for
10~° cm® molecule * s™1. The third addition is more Coo(CsH1oNH)Z and 35+ 2 V for Cyg(CsHygNH) ™
than 10 times slower. However, the third adduct was Channel (13b), which corresponds to the concomitant
not observable because its mass-to-charge ratio isloss of two piperidine molecules is a minor channel in
beyond the mass range of our detection quadrupolethe dissociation of g(C,HgNH); and its relative
mass filter. Electron transfer was not observed as aimportance, was observed to depend on the flow of
competing primary reaction channel because of the piperidine. Channel (13b) becomes relatively more
relatively high ionization energy of piperidine, IE(pi- important at low flows of piperidine.
peridine)= 8.05 + 0.5 eV [8] compared to the re-
combination energy RE({g) = 7.64 + 0.02 eV [16]. 3.2.2. Reactions initiated by3g

The CID spectra in Fig. 1 show the occurrence of As shown in Fig. 7, the doubly charged{Creacts
heterolytic dissociation of the first two adducts ac- rapidly with piperidinek = 2.4 X 10~ ° cm® mole-
cording to the following reactions: cule * s, only by electron transfer,
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Ceo' (C4H,,NH),*
108
Té 102
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wnn
o=}
S
10!
C60((:5[_110Nl_1)n+
100 T T T J\
0.0 0.5 1.0 1.5 2.0

C,H,,NH Flow /10"7 (molecule s™)

Fig. 7. Variation in ion signals recorded for the addition of
piperidine into the reaction region of the SIFT apparatus in which
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. (CJH NH)
/ Csoz+ (CH (NH),"

103

Ion Signal
2

10" J

C6O(C5H1 OI\IH)HTL

0.5 1.0 1.5

C,H,,NH Flow /10" (molecule s)

Fig. 8. Variation in ion signals recorded for the addition of
piperidine into the reaction region of the SIFT apparatus in which

C23 has been established as the dominant ion in helium buffer gas C3; has been established as the dominant ion in helium buffer gas

at 0.35* 0.01 Torr and 294+ 2 K.

C3y + CsHyoNH — Cg + CH NH™ (15)

The ionization energy of piperidine (8.05 0.5 eV)
lies below the threshold for electron transfer of 9.51
eV that we have established previously for reactions
with C2ZJ at room temperature [3,17]. /g reacts
further to add two molecules of piperidine and
CsH,o0NH™ adds piperidine to form the dimer cation
(CsHygNH); -

3.2.3. Reactions initiated by

Fig. 8 shows that triply charged3g reacts rapidly
with piperidine, k = 3.1 X 10~° cm® molecule*
s 1, only by electron transfer,

C34 + CogHy oNH — C25 + CoH NH™ (16)

IE(piperidine) lies well below the threshold for elec-
tron transfer of 11.0 eV that we have established
previously for reactions with & at room tempera
ture [3,18]. G4 reacts further by electron transfer

at 0.35* 0.01 Torr and 294+ 2 K.

which is then followed by the chemistry initiated by
Cgo CsHioNH™ adds piperidine to form the dimer
cation (GH;NH), .

4., Conclusion

The singly charged fullerene catiorggefficiently
adds two molecules of pyrrolidine or piperidine at
room temperature in a helium bath gas at 0.35 Torr, in
a manner analogous to that previously identified with
acyclic amine nucleophiles. The first step can be
viewed as a nucleophilic addition to the carbon cage
of Cgo with or without ring opening of the nucleo
phile. Fig. 9 extends the correlation of nucleophilicity
with proton affinity reported previously for a series of
nitrogen-containing nucleophiles [7]. The second
molecule is proposed to add by hydrogen bonding or
by nucleophilic addition if ring opening occurs with
the first adduct. CID results provide some support for
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o (CH,),NH \ ligerldme
10° | \f ﬁ
Pyrrolidine
ﬂ'g 107}
g Pyridine
(]
o
B
E 10"}
=
1072 . k .
+M — C60M
200 210 220 230 240

PA / (kcal mol™

Fig. 9. A correlation of the apparent bimolecular rate coefficients
for nucleophilic addition to g, (measured at 0.35 Torr in helium
buffer gas) with the proton affinity of the nucleophile.

the formation and interconversion of two different
isomers of the double adduct.

Nucleophilic attack of & and G by pyrrolidine
leads to ring cleavage and formation of (MNH3)""
(n = 2,3)accompanied by loss of what is likely to be
1,3-butadiene. G&(NH,)"" effectively donates a pro
ton to pyrrolidine. The ring-cleavage channel domi-

409

the G, surface or, alternatively, proton bonding to
protonated aziridine.
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