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In 1991 it was concluded on the basis of theoretical studies[1]

that the amino group in cubylamine[2] (1NH2, Scheme 1)
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interacts with the hydrocarbon moiety in a stereoelectronic
fashion. To our knowledge, the potential consequences of this
interesting feature were never explored. More recently we
have shown[3] that the gas-phase protonation of the parent
hydrocarbon, cubane (2), is irreversible and leads through
ring opening to the formation of tetracyclo[4.2.0.02,4.03,8]oct-7-
ylium cation (2H+) which, on deprotonation, yields cuneane
(3),[4] a less strained[5] isomer. These facts led us to study the
protonation of 1NH2 in the gas phase (by using Fourier
Transform Ion Cyclotron Resonance Spectroscopy, FT-ICR)
and in solution (by means of potentiometric techniques as
well as 1H and 13C NMR spectroscopy). The experimental
findings were analyzed further by means of density functional
theory (DFT) methods.[6]

We obtained the 1H and 13C NMR spectra of 1NH2 and its
conjugate acid (see Supporting Information) and found that
the 1H and 13C NMR shifts for 1NH2 are not only consistent
with each other, but they are also in agreement with predicted
shifts based on literature values for a number of monosub-
stituted cubanes.[7] Significantly, the data demonstrate that the
cubic structure of the hydrocarbon framework of the parent
hydrocarbon 2 is preserved in both 1NH2 and its conjugate
acid. In addition, the 13C chemical shifts of 2,[8] 1NH2, and
1NH3

+ (assuming nitrogen protonation) from GIAO calcu-
lations[9] nicely correlate (r2> 0.99) with the experimental
values.

The pKa of 1NH3
+ in water at 25 8C (8.66� 0.02), which we

measured,[10] can be compared to values given in Table 1 for

other ammonium ions. There we see, for example, that 1NH3
+

is more acidic by two pKa units than bicyclo[2.2.2]oct-1-
ylammonium (4NH3

+), a species having the same carbon
content and a caged structure, and even more acidic than
ammonium ion itself.

To rationalize this result we carried out calculations at the
B3LYP6-311+G(d,p) level[14] (see Supporting Information).
We found that the computed C�C bond lengths involving the
carbon atom a to the amino group in 1NH2 (see Figure 1) fully

support the existence of a stabilizing stereoelectronic inter-
action, in which electron density is transferred from the amino
group to the hydrocarbon moiety.[1] Furthermore, we have
applied the NBO (natural bonding orbitals) methodology[15]

to 1NH2 and found indeed a strong stabilizing interaction
(14.2 kcalmol�1) between the nitrogen lone pair and the
antiperiplanar antibonding C–C orbital. This interaction,
responsible for the elongation of the corresponding C�C
bond, obviously disappears upon nitrogen protonation (see
Figure 1). At the same level of theory the gas-phase basicity
(GB) of 1NH2, assuming nitrogen protonation (i.e. the
standard Gibbs energy change for Equation (1)), amounts

1NHþ
3 ðgÞ ! 1NH2ðgÞ þHþðgÞ DrG

oð1Þ ð1Þ

to 211.7 kcalmol�1, a value close to the experimental value for
the much less polarizable propylamine and significantly lower
than GB(4NH2) (see Table 1).

The intrinsic (gas-phase) basicity of 1NH2 (assuming
protonation at nitrogen) is thus lower than expected on the
basis of polarizability effects. The aqueous basicity of 1NH2 is
also significantly lower than that of 4NH2 and other alicyclic
and aliphatic primary amines. This is a very important fact,
because these aqueous basicities are remarkably constant and
very insensitive to polarizabilty effects,[16] a situation depicted
in Figure 2. This implies the influence of a contribution other
than polarizability.

All these results are consistent with 1NH2 behaving in
solution as a nitrogen base weakened by electronic factors. In
addition to the stereoelectronic interactions mentioned
above, the most relevant electronic factors are likely hybrid-
ization effects originating in the large s character of the
orbitals on the carbon bearing the amino group.[2b,17,18]

Our FT-ICR experiments show that under conditions of
chemical ionization, 1NH2(g) is cleanly protonated to yield a
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Scheme 1. Structures of cubylamine (1NH2), cubane (2), tetracy-
clo[4.2.0.02,4.03,8]oct-7-ylium cation (2H+), cuneane (3), bicy-
clo[2.2.2]oct-1-ylamine (4NH2), and 1-adamantylamine (5NH2).

Table 1: Experimental pKa and GB values for selected bases.

Base pKa
[a] GB [kcalmol�1]

NH3 9.24[b] 195.7[e]

CH3NH2 10.64[b] 206.6[e]

n-C3H7NH2 10.53[b] 211.3[e]

bicyclo[2.2.2]oct-1-ylamine (4NH2) 10.66[c] 217.8[e]

1-adamantylamine (5NH2) 10.55�0.02[d] 219.0[e]

1NH2 8.66�0.02[d] (227.4�2.3)[d,f ]

[a] pKa of the conjugate ion. [b] In kcalmol�1. [b] From ref. [11]. [c] From
ref. [12]. [d] This work. [e] From ref. [13]. [f ] Apparent value.

Figure 1. Selected geometry parameters for a) neutral and b) N-proton-
ated cubylamine (B3LYP6-311+G** data).

Zuschriften

2384 � 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2003, 115, 2383 – 2386



cation C8H10N+ (6H+). Ion selection experiments were
performed on mixtures of 1NH2(g) and a number of bases B
of known GB to quantitatively examine the protonation of
1NH2(g) [Eq. (2)] and the deprotonation of 6H+ [Eq. (3)]

1NH2ðgÞ þ BHþðgÞ ! 6HþðgÞ þ BðgÞ DrG
oð2Þ ð2Þ

6HþðgÞ þ BðgÞ ! 6ðgÞ þBHþðgÞ DrG
oð3Þ ð3Þ

(details given in the Supporting Information). These experi-
ments led to an “apparent gas-phase basicity” for 1NH2 of
approximately 224.7� 2.3 kcalmol�1. The structure of 6H+(g)
has to be consistent with this finding.

The “apparent GB” of 1NH2(g) is appreciably higher than
that of 1-adamantylamine (5NH2, Scheme 1, GB=

219.0 kcalmol�1), a primary amine endowed with a more
polarizable framework and thus expected to be a stronger
base in the gas phase. Cubylamine (1NH2) is also
13 kcalmol�1 stronger than expected for nitrogen protonation
(see above). These facts rule out the amino group as the basic
center in the gas-phase molecule and, by analogy with the
behavior of 2(g), they suggest that 1NH2(g) is also undergoing
ring opening on protonation.

There are six inequivalent carbon atoms in 1NH2 which
can supposedly be the protonation centers (see Scheme 2).
We summarize in Scheme 3 the structures and standard Gibbs
energy changes computed at the B3LYP6-311+G(d,p) level
for the formation of all possible species 6H+(g) by proto-
nation of 1NH2(g) in a one-step process as well as the most
stable neutral products following deprotonation. Protonation

at carbon f leads (without any barrier)
to the N-protonated form 1NH3

+.
Edge, face, and endohedral protona-
tion of 1NH2 did not lead to inde-
pendent minima, in analogy to 2.[3]

The computed Gibbs free energy
changes of reaction (1) for carbon-
protonated 1NH2(g) are at least

250.5 kcalmol�1. Hence 1NH2(g) should be able to deproto-
nate the conjugate acids of bases with GB values of at least
250.5 kcalmol�1. We maintain that the apparent GB for
1NH2(g) is appreciably smaller.

The fact that measurements in both the forward and
reverse directions give the same basicity strongly suggests that

kinetic factors are unimportant and that we are probing the
properties of a single species, namely some (or all) of the ions
6H+

a–6H+
e. Thus, when 1NH2 reacts in the gas phase with the

ammonium ions mentioned above, it ring-opens to give a
complex between one of these species and the deprotonated
acid (i.e., reference base). The observable outcome is
determined by the relative basicities of the ring-opened
species and the reference amine, rather than by the difficulty
of protonating the relevant carbon atom in 1NH2(g). There
are important precedents of gas-phase isomerization through
protonation[19]

Our computational results summarized in Scheme 3 are
fully consistent with this concept, as iminium ions 6H+

a to
6H+

c can be deprotonated by bases with GB values in the

range of 224.7 to 228.5 kcalmol�1 while the apparent GB of
1NH2 is 224.7� 2.3 kcalmol�1. On these grounds, structures
6H+

d and 6H+
e can be excluded as the corresponding neutral

bases (bicyclo[2.2.2]octa-2,5,7-trien-2-ylamine (7), GB=

204.4, and 6e, GB= 179.2 kcalmol�1) are much weaker. On
the other hand, in the light of the previous discussion, the
formation of any of the structures 6H+

a to 6H+
c is possible and

the formation of a mixture of these iminium ions can not be
ruled out.

Last we draw attention to the importance of medium
effects on the structure of protonated 1NH2. Although a
number of cases have been reported wherein the structure of

Figure 2. Correlation between gas-phase basicities and aqueous pKa

values for some amines.
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Scheme 3. Protonation of cubylamine at different sites and the preferred depro-
tonation of the resulting cations. All reaction free energies are given in
kcalmol�1.
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the protonated[20] or deprotonated[21] species is determined by
the medium, this seems to be the first case involving a basic
carbon center. Our computational results show that in the gas
phase protonation followed by ring opening is favored over
protonation at the amino group by 46.5–71.7 kcalmol�1, and
this large energetic advantage seems to be overrun in aqueous
solution. On the other hand, we thought it unlikely that the
stabilization of the ammonium ion 1NH3

+ through solvation
could be so much larger than that of the iminium ions 6H+

a to
6H+

c. This led us to quantitatively estimate the corresponding
changes in the Gibbs energies of solvation for these species,
with water as the solvent, by using the the Polarized
Continuum Model (PCM)[22] as implemented in the Gaus-
sian 98 package. The corresponding Gibbs energy changes for
solvation of the species 1NH3

+ and 6H+
a–6H+

c are indeed
quite close, �62.2, �59.6, �60.2 and �58.6 kcalmol�1, respec-
tively. It thus seems more likely that the release of energy
attending the formation of the collision complex in the FT-
ICR experiments is sufficient to overcome the activation
barrier involved in the ring-opening process (as it is the case
for 2(g)) This energy release is absent in the reaction in
solution.

Our results can be summarized as follows:
1) In the gas phase, 1NH2 is irreversibly protonated on the

carbon atom, leading to the formation of iminium ions
through ring opening.

2) In aqueous solution, 1NH2 is protonated on the amino
nitrogen atom, and the cubic structure of the hydrocarbon
moiety is preserved. The aqueous basicity of 1NH2 is
appreciably lower than expected for a normal alicyclic
amine. This effect is quite consistent with the stereo-
electronic interaction between the amino group and the
hydrocarbon framework as well as with the large s
character of the orbitals on the carbon bearing the
amino group.

Received: January 22, 2003 [Z50993]

.Keywords: ab initio calculations · basicity · cubanes · density
functional calculations · gas-phase reactions

[1] J. S. Murray, J. M. Seminario, P. Politzer, Struct. Chem. 1991, 2,
567 – 573.

[2] a) T. W. Cole, Jr., PhD thesis, The University of Chicago, 1966 ;
b) P. E. Eaton, C.-X. Yang, Y. Xiong, J. Am. Chem. Soc. 1990,
112, 3225 – 3226; c) For an important general reference on
cubane and its derivatives, see, e.g., P. E. Eaton, Angew. Chem.
1992, 104, 1421 – 1422; Angew. Chem. Int. Ed. Engl. 1992, 31,
1399 – 1420.

[3] J.-L. M. Abboud, I. A. Koppel, J. Z. DIvalos, P. Burk, I. Koppel,
E. Quintanilla, Angew. Chem. 2003, 115, 1074 – 1076, Angew.
Chem. Int. Ed. 2003, 42, 1044 – 1046..

[4] L. Cassar, P. E. Eaton, J. Halpern, J. Am. Chem. Soc. 1970, 92,
6366 – 6368.

[5] Regarding strain in these and cognate species, see, e.g., a) D. W.
Rogers, J. Mol. Struct. 2000, 556, 207 – 215; b) C. W. Earley, J.
Phys. Chem. A 2000, 104, 6622 – 6627; c) K. HassenbrKck, H.-D.
Martin, R. Walsh, Chem. Rev. 1989, 89, 1125 – 1146.

[6] The Gaussian98 series of computer programs, Gaussian98
(RevisionA.7), M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.

Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson,
P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck,
K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.
Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,
C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe,
P. M. W. Gill, B. G. Johnson, W. Chen, M. W. Wong, J. L. Andres,
M. Head-Gordon, E. S. Replogle, J. A. Pople, Gaussian, Inc.,
Pittsburgh, PA, 1998.

[7] See, e.g., a) J. T. Edward, P. G. Farrell, G. E. Langford, J. Am.
Chem. Soc. 1976, 98, 3075 – 3085; b) T. Axenrod, B. Liang, A.
Bashir-Hasemi, P. R. Dave, D. S. Reddy, Magn. Reson. Chem.
1991, 88 – 91, and references therein.

[8] Experimental results from P. E. Eaton, Tetrahedron 1979, 35,
2189 – 2193.

[9] a) K. Wolinski, J. F. Hilton, P. Pulay, J. Am. Chem. Soc. 1990, 112,
8251 – 8260; b) R. Ditchfield,Mol. Phys. 1974, 27, 789 – 807; c) F.
London, J. Phys. Radium 1938, 8, 397 – 409.

[10] The potentiometric method described in I. A. Koppel, J. Koppel,
I. Koppel, I. Leito, V. Pihl, A. Wallin, L. Grehn, U. Ragnarsson, J.
Chem. Soc. Perkin Trans. 2 1993, 655 – 660. See also, A. Albert,
E. P. Sergeant, Ionization Constants of Acids and Bases, Wiley,
New York, 1962.

[11] Tables of Rate and Equilibrium Constants of Heterolytic Organic
Reactions, Vol. 1(1), Supplementary Vol. 1(1–2) (Ed.: V. A.
Palm), Viniti-Tartu State University, Moscow-Tartu, 1984.

[12] W. Adcock, F. Anvia, G. Butt, A. , Cook, P. Duggan, C. A. Grob,
S. Marriot, J. Rowe, M. Taagepera, R. W. Taft, R. W. Topsom, J.
Phys. Org. Chem. 1991, 4, 353 – 360.

[13] E. P. L. Hunter, S. G. Lias, J. Phys. Chem. Ref. Data 1998, 27,
413 – 656.

[14] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648 – 5652; b) C. Lee,
W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785 – 789; c) S. H.
Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200 – 1211;
d) P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, J.
Phys. Chem. 1994, 98, 11623 – 11627.

[15] a) A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88,
899 – 926; b) Calculations performed using the NBO 3.1 Pro-
gram, E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Wein-
hold.

[16] a) R. W. Taft, R. D. Topsom,Prog. Phys. Org. Chem. 1987, 16, 1 –
80; b) D. C. Caskey, R. Damrauer, D. McGoff, J. Org. Chem.
2002, 67, 5098 – 5105.

[17] Estimated at ca. 31%: a) E. W. Della, T. W. Hine, H. K. Patney,
J. Org. Chem. 1977, 42, 2940 – 2945; b) T. W. Cole, Jr., C. J.
Mayers, L. M. Stock, J. Am. Chem. Soc. 1974, 96, 4555 – 4557.

[18] Our own NBO calculations yield a 28.4% s character.
[19] R. WolfshKtz, H. Schwarz, Int. J. Mass Spectrom. Ion Phys.

1980,33, 291 – 297.
[20] See, e.g., a) J.-L.M. Abboud, J. L. G. de Paz, M. YINez, M.

Esseffar, W. Bouab, M. El-Mouhtadi, R. Mokhlisse, E. Balles-
teros, M. Herreros, R. Notario, J. Am. Chem. Soc. 1993, 115,
12468 – 12476; b) A. Bagno, G. Scorrano, Acc. Chem. Res. 2000,
33, 609 – 616; c) A. Bagno, B. Bujnicki, S. Bertrand, C. Comuzzi,
F. Dorigo, P. Janvier, G. Scorrano, Chem. Eur. J. 1999, 5, 523 –
536.

[21] R. Notario, J. L. M. Abboud, C. Cativiela, J. I. GarcOa, M.
Herreros, H. Homan, J. A. Mayoral, L. Salvatella, J. Am. Chem.
Soc. 1998, 120, 13224 – 13229.

[22] a) V. Barone, M. Cossi, J. Tomasi, J. Comput. Chem. 1998, 19,
404 – 417; b) S. Miertus, J. Tomasi, J. Chem. Phys. 1982, 65, 239 –
245; c) M. Cossi, V. Barone, R. Cammi, J. Tomasi, Chem. Phys.
Lett. 1996, 255, 327 – 331.

Zuschriften

2386 � 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2003, 115, 2383 – 2386


