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Dianions in the form of their lithium salts are widely used
reagents in organic synthesis.[1] These lithium-rich compounds
have a long history going back to Moissan, who first prepared
dilithium acetylide (Li2C2) in 1896 by reacting coal with
lithium carbonate in an electric furnace.[2] Li2C2 can also be
directly prepared from the relevant elements and is a
commercially available solid with a melting point in excess
of 550 8C. The nonclassical structure of monomeric Li2C2 was
initially predicted by Apeloig et al.,[3] while the structure of
the aggregate was determined by an X-ray diffraction powder
pattern.[4] Li2C2 is a useful intermediate produced during
radiocarbon dating,[5] and although it is relatively insoluble, it
has been found to equilibrate with acetylene to afford lithium
acetylide (Li�C�CH, 1H ; see Figure 2) in a synthetically
convenient procedure.[6,7] Despite their importance, the
investigation of organolithium compounds in solution is
difficult because their reactivity often varies with solvent,
temperature, and the presence of additives like, for example,
HMPA (hexamethylphosphoramide). Gas-phase studies can
eliminate these complications and the effects of aggregation.
To this end, we have employed in this study a previously
developed decarboxylation strategy for the regioselective
preparation of radical anions[8, 9] and organometallic ions.[10]

Herein we report the gas-phase synthesis and reactivity of
lithium acetylide ion (Li�C�C� , 1A), a species directly
related to Li2C2 and a valuable synthetic reagent. Its novel
properties were studied both experimentally and by high-
level G3, G4, and W1 computations.

Electrospray ionization (ESI) of a basic aqueous meth-
anolic solution of acetylenedicarboxylic acid containing a

small amount of LiOH in a Fourier-transform mass spec-
trometer (FTMS) produced the lithium salt of acetylenedi-
carboxylate dianion (LiO2C�C�C�CO2

� , m/z 119; Figure 1).
Fragmentation of this ion by activated collisions resulted in
the loss of carbon dioxide to afford the conjugate base of

lithium propynoate (LiO2C�C�C� , m/z 75). Cleavage of this
ion by a second collision-induced dissociation (CID) pulse led
to another decarboxylation, thereby generating the desired
lithium acetylide ion [Eq. (1); m/z 31.0166 (obs), 31.0166
(calc)].

Compared with hydrogen, lithium as a substituent has
been found to increase the proton affinity of LiO� and
�CH2CO2Li while decreasing their electron binding ener-
gies.[10a, 11] These properties were therefore examined for the
lithium acetylide ion both experimentally and computation-
ally. This aim was accomplished, in part, by reacting 1A with a
wide variety of acids of known strength (Table 1; 1 cal =

4.184 J).[12] Water reacts as one might expect to afford the

Figure 1. a) Electrospray ionization of acetylenedicarboxylic acid in an
FTMS and the subsequent isolation of LiO2CC�CCO2

� (m/z 119).
b) Formation of Li�C�CCO2

� (m/z 75) by CID of the m/z 119 ion.
c) Formation and isolation of Li�C�C� (m/z 31) by CID of the m/z 75
ion.
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acetylide ion presumably through the transient intermediate 2
[Eq. (2)]. The more acidic [D4]MeOH behaves similarly, but

the ion analogous to 2 is actually detected and [D3]methoxide
serves as a deuteride source, thus leading to the reduction of
lithium acetylide [Eqs. (3a) and (3b)].[13] Still more acidic
alcohols protonate 1A, while ethanol [Eq. (4a)], in a similar

manner to methanol, also affords acetylide–lithium ethoxide
[Eq. (4b)] and acetylide–lithium hydride [Eq. (4c)] clusters.
Ethanol reacts also via a novel methide-transfer pathway
[Eq. (4d)]. Such a process has been reported by Schr�der and
Schwarz for the reactions of iron alkoxide cations (FeOR+)
with ketones,[14] and the decarboxylation of metal acetates to
afford methylmetal anions carried out by O�Hair and co-
workers can be viewed as a formal methide shift.[15] Amines
such as EtNH2, Me2NH, and iPrNH2 also react via hydride-
and methide-transfer pathways to give the same ionic
products as those shown in Equations (4c) and (4d). Fluo-
robenzene and furan behave in a similar manner, although in
the former case fluoride ion is transferred to lithium while in
the latter case lithium–hydrogen exchange takes place
[Eqs. (5) and (6)].[16] In contrast, benzene does not react
with 1A, toluene simply protonates 1A, and naphthalene
undergoes addition (44 %), addition–H2 (42 %), acetylide
formation (7 %), and proton transfer (7 %).

Naphthalene is the weakest acid that was examined that
protonated lithium acetylide ion. The overall reaction rate
constant was found to be (1.3� 0.5) � 10�10 cm3 molecule�1 s�1,
which corresponds to seven out of every 100 collisions leading
to products given that the collision rate constant (i.e. kADO)[17]

is 1.93 � 10�9 cm3 molecule�1 s�1. If one assumes that the
inefficient proton transfer (kP.T. = (9.1� 3.8) �
10�12 cm3 molecule�1 s�1, which corresponds to a reaction
efficiency of 0.5%) is a result of the reaction endothermicity,
then the thermokinetic method[18] can be used to derive the
acidity of lithium acetylide. That is, the Arrhenius equation is
employed to derive the endothermicity of the proton transfer
by solving Equation (7), where kP.T./A is 0.5% and T= 300 K.

Ea ¼ �R T lnðkP:T:=AÞ ð7Þ

The resulting activation energy is (3.2� 0.6) kcalmol�1, which
leads to DH8acid(1H) = (391.0� 1.3) kcalmol�1. This result
indicates that the substitution of a hydrogen atom in acetylene
by a lithium atom leads to a (12.7� 1.3) kcal mol�1 decrease in
acidity, which is similar to what was observed for lithium
acetate (CH3CO2Li, (16.7� 4.3) kcalmol�1).[10a]

To probe the acidity of 1H further, G3,[19] G4,[20] and
W1[21] computations were carried out because these methods
are well established and known to generally be very accurate.
The lowest energy structures for 1H and 1 A are given in
Figure 2, and the latter species is found to have a nonclassical

bridging structure, as is typical for lithium.[22] The predicted
acidities at 298 K for acetylene and lithium acetylide are given
in Table 2, and reproduce the experimental measurements to
within 1.9 kcalmol�1. This outcome provides strong support
for our experimental determination.

The electron affinity of the radical corresponding to 1A
provides another thermodynamic benchmark, but it could not

Table 1: Experimental gas-phase acidities at 298 K.

RH DH8acid [kcalmol�1] RH DH8acid [kcal mol�1]

benzene 401.2�0.2 H2O 390.27�0.02
EtNH2 399.3�1.1 C6H5F 387.2�2.5
iPrNH2 397.2�3.1 toluene 382.3�1.2
Me2NH 396.4�0.4 MeOH 381.9�0.5
naphthalene 394.2�1.2 EtOH 378.7�0.8
furan 391.1�0.4

Figure 2. B3-LYP/cc-pV(T+d)Z structures of lithium acetylide ion (1A)
and its conjugate acid (1H). Bond lengths are in �, and experimental
values from an X-ray crystal structure (Ref. [4c]) are in brackets.
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be reliably measured with our experimental setup. Reactions
with electron-transfer reagents were very fast, and the
pressure in the reaction region is approximately 10 times
greater than at the ionization gauge used to measure the
pressure. Therefore, neutral reagent pressures below our
measurable and controllable range (� 1 � 10�9 Torr) were
required to slow the reactions down sufficiently so that there
was time to collisionally cool the reactant ion without it being
entirely depleted. Consequently, high-level ab initio methods
were employed to compute this quantity. The G3, G4, and W1
electron affinities are included in Table 2, and the CCSD(T),
BD(T), and CAS-AQCC results with the aug-cc-pVQZ basis
set are provided in Table S4 of the Supporting Information.
Our best estimate is the W1 value of 1.69 eV (38.9 kcalmol�1).
This value can be combined with the experimental acidity of
1H to obtain the homolytic C�H bond energy of LiC�CH
(115.6 kcalmol�1). These results reveal that replacing an
acetylene hydrogen atom by a lithium atom decreases the
BDE by 17.7 kcalmol�1 and the EA by 29.6 kcalmol�1.
Notably, these differences are about 15 kcalmol�1 smaller
than what was reported for CH3CO2Li.[10a] This difference can
be attributed to greater stabilization of LiC2C relative to HC2C

compared with the Li/H difference for CCH2CO2X because of
the more favorable interaction between the radical and
negative charge center (i.e. there is more charge and spin
delocalization at the radical-bearing carbon center in LiC2C

relative to HC2C than in CCH2CO2Li relative to CCH2CO2H, see
Table S5 in the Supporting Information). In accord with this
explanation, computations at the G3 and G4 levels indicate
that the C�H BDE of acetylide ion is smaller than that for
acetylene by 26.7 and 25.4 kcalmol�1, respectively, whereas
the C�H BDE of acetate ion is only 0.6 (G3 level) and 1.1 (G4
level) kcalmol�1 less than for acetic acid. The reactions of
dilithium acetylide with electrophiles is synthetically useful,
so the reactivity of 1 A with additional electron-deficient
reagents was explored. Nucleophilic addition and subsequent
loss of hydrogen was observed with anthracene, styrene, and
3-fluorobenzaldehyde. However, this pathway is precluded
with hexafluorobenzene, and consequently LiF was lost,
presumably to afford pentafluorophenylacetylide ion
[Eq. (8)]. The highly reactive nature of 1 A is also seen in its

reaction with carbon disulfide. Three products are formed, SC�

(� 8 %), sulfur-atom transfer (Li-C�C-S� , 48 %), and addi-
tion with subsequent loss of lithium (C3S2C

� , 45 %). The last
species may be the radical anion of carbon subsulfide (S=C=

C=C=SC�)[23] rather than a distonic ion (CC�C�CS2
�) because

the former structure is predicted to lie 35.0 kcalmol�1 lower in
energy at the G4 level (0 K).

In summary, lithiated anions can be generated in the gas
phase by the decarboxylation of appropriate precursors. This
work demonstrates that a double decarboxylation can be used
to prepare a synthetically useful organolithium anion of a
hydrocarbon, thus enabling the reactivity of the monomeric
species to be probed without complicating solvent effects. A
similar strategy should enable the corresponding sodiated
species to be examined. Its reactivity differences will be
interesting to explore, particularly since the PA (proton
affinity), EA, and BDE are similar to those for LiC2

� or LiC2C

at the G3 level (for more details, see Table S6 in the
Supporting Information). The G3 and W1 computations
also indicate that the reaction Li�C�C�Li + HC�CH !
2Li�C�CH is exothermic by 2.2 and 2.8 kcal mol�1, respec-
tively, which accounts for the finding of Mortier et al. that
dilithium carbide can be used to generate lithium acetylide.[6]

Experimental Section
Gas-Phase Experiments. These studies were carried out using an
FTMS consisting of an IonSpec electrospray ionization (ESI) cart
with a six-inch gold-plated cylindrical cell and a 3 T superconducting
magnet. The inlet system was modified for greater flexibility by
incorporating several leak valves, a gas ballast, and an additional
pulse valve. As a result, several reagents can be used in succession this
way, and kinetic studies can readily be carried out too. Data
acquisition and analysis was performed with a PC running the
Omega 9 software package. ESI of a MeOH/H2O (3:1) solution
containing acetylenedicarboxylic acid (200–500 mm) and a small
amount of LiOH was carried out at a flow rate of 10 mL mL�1 into
a Z-spray (Micromass) ESI source at 80 8C; the sample cone,
extraction cone, and probe high voltage were �18.5 V, �2.2 V, and
2200 V, respectively. The resulting anions were extracted into a
hexapole to build signal intensity and then were transported into the
FTMS cell through an rf-only quadrupole ion guide. A pulse of argon
was used to facilitate ion trapping and assist in vibrationally cooling
them. Lithium acetylenedicarboxylate (m/z 119) was isolated using an
arbitrary waveform excitation and subsequently fragmented by two
sequential off-resonance excitations to afford �C�CCO2Li (m/z 75)
and then LiC�C� (m/z 31). The latter ion was cooled with a pulse of
argon, isolated, and then allowed to react with different neutral
reagents. Exact mass values of all of the ions studied herein were
determined to secure their chemical compositions, which was
particularly valuable for differentiating species containing two
oxygen atoms versus one sulfur atom.

Computational studies. G3,[19] G4,[20] and W1[21] computations
were carried out as described in the literature using the Gaus-
sian 03,[24] Gaussian 09,[24] or MOLPRO[25] programs. Some density

Table 2: Computed thermochemical properties for acetylene and lithium
acetylide at 298 K.

RH Method DH8acid

[kcal mol�1]
(RH)

EA [eV]
(RC)

BDE
[kcal mol�1]
(RH)

HC�CH G3 378.7 3.00 [69.2][a] 133.5
G4 378.6 2.96 [68.4][a] 132.3
W1 378.6 2.97 [68.5][a] 133.4
expt 378.3�0.1 2.969�0.006

[68.466�0.138][a]
133.32�0.07

LiC�CH G3 389.1 1.73 [40.0][a] 114.6
G4 388.9 1.76 [40.5][a] 114.8
W1 390.4 1.69 [38.9][a] 115.6
expt 391.0�1.3

[a] Values in brackets are in kcal mol�1. BDE= bond dissociation energy,
EA = electron affinity.
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functional theory calculations were also carried out using B3-LYP[26]

and M06-2X[27] along with the aug-cc-pVDZ and 6-31G(2df,p) basis
sets, and subsequent single-point energies were computed at the
CCSD(T), BD(T),[28] and CAS-AQCC[29] levels of theory with the
aug-cc-pVQZ basis set. All of the resulting energies are reported as
enthalpies at 298 K where small vibrational frequencies contributing
more than 0.5 RT to the thermal energy were replaced by
0.30 kcal mol�1. Selected Cartesian coordinates and energies are
provided in the Supporting Information.

Received: March 11, 2010
Revised: April 30, 2010
Published online: June 16, 2010

.Keywords: carbanions · computational chemistry ·
ion–molecule reactions · lithium acetylide ·
organolithium compounds

[1] a) S. Gil, M. Parra, Curr. Org. Chem. 2002, 6, 283 – 302; b) S. Gil,
M. Parra, Recent Res. Dev. Org. Chem. 2002, 6, 449 – 481;
c) C. M. Thompson, Dianion Chemistry in Organic Synthesis,
CRC Press, Boca Raton, FL, 1994, pp. 1 – 250.

[2] a) H. Moissan, C. R. Hebd. Seances Acad. Sci. 1896, 122, 362 –
363; b) H. Moissan in The Electric Furnace (translated by V.
Lenher), The Chemical Publishing Co., Easton (PA), 1904,
pp. 1 – 305.

[3] Y. Apeloig, P. v. R. Schleyer, J. S. Binkley, J. A. Pople, W. L.
Jorgensen, Tetrahedron Lett. 1976, 17, 3923 – 3926.

[4] a) R. Juza, V. Werhe, Naturwissenschaften 1965, 52, 537; b) R.
Juza, V. Wehle, H. U. Schuster, Z. Anorg. Allg. Chem. 1967, 352,
252 – 257; c) U. Ruschewitz, R. P�ttgen, Z. Anorg. Allg. Chem.
1999, 625, 1599 – 1603.

[5] a) E. R. Swart, Experientia 1964, 20, 47 – 48; b) B. Matvienko, F.
Gessner, Int. J. Appl Radiat. Isot. 1980, 31, 718 – 721.

[6] J. Mortier, M. Vaultier, F. Carreaux, J. M. Douin, J. Org. Chem.
1998, 63, 3515 – 3516.

[7] A. V. R. Rao, e-EROS Encyclopedia of Reagents for Organic
Synthesis, Wiley, Chichester, 2001.

[8] S. M. Bachrach, M. Hare, S. R. Kass, J. Am. Chem. Soc. 1998,
120, 12646 – 12649.

[9] a) K. M. Broadus, S. R. Kass, J. Phys. Org. Chem. 2002, 15, 461 –
468; b) B. B. Kirk, D. G. Harman, S. J. Blanksby, J. Phys. Chem.
A 2010, 114, 1446 – 1456; c) D. G. Harman, S. J. Blanksby, Org.
Biomol. Chem. 2007, 5, 3495 – 3503; d) D. G. Harman, S. J.
Blanksby, Chem. Commun. 2006, 859 – 861.

[10] a) M. M. Meyer, G. N. Khairallah, S. R. Kass, R. A. J. O�Hair,
Angew. Chem. 2009, 121, 2978 – 2980; Angew. Chem. Int. Ed.
2009, 48, 2934 – 2936; b) R. A. J. O�Hair, Chem. Commun. 2002,
20 – 21; c) R. A. J. O�Hair, A. K. Vrkic, P. F. James, J. Am. Chem.
Soc. 2004, 126, 12173 – 12 183; d) P. F. James, R. A. J. O�Hair,
Org. Lett. 2004, 6, 2761 – 2764; e) A. P. Jacob, P. F. James, R. A. J.
O�Hair, Int. J. Mass Spectrom. 2006, 255–256, 45 – 52; f) R. A. J.
O�Hair, T. Waters, B. Cao, Angew. Chem. 2007, 119, 7178 – 7181;
Angew. Chem. Int. Ed. 2007, 46, 7048 – 7051; Angew. Chem. 2007,
119, 7178 – 7181; g) N. Rijs, T. Waters, G. N. Khairallah, R. A. J.

O�Hair, J. Am. Chem. Soc. 2008, 130, 1069 – 1079; h) C. C. L.
Thum, G. N. Khairallah, R. A. J. O�Hair, Angew. Chem. 2008,
120, 9258 – 9261; Angew. Chem. Int. Ed. 2008, 47, 9118 – 9121;
Angew. Chem. 2008, 120, 9258 – 9261.

[11] Z. Tian, B. Chan, M. B. Sullivan, L. Radom, S. R. Kass, Proc.
Natl. Acad. Sci. USA 2008, 105, 7647 – 7651.

[12] All of the given gas-phase acidities come from the following two
references: a) J. E. Bartmess, NIST Chemistry WebBook, NIST
Standard Reference Database Number 69, W. G. Mallard, P. J.
Linstrom, Eds.; National Institute of Standards and Technology:
Gaithersburg, MD 20899 (http://webbook.nist.gov); b) K. M.
Ervin, V. F. DeTuri, J. Phys. Chem. A 2002, 106, 9947 – 9956.

[13] G3 computations indicate that HC�C�···LiH lies 29.0 kcal mol�1

lower in energy than CH2=C(Li)� . For additional computational
results on deprotonated vinyllithium, see: L. M. Pratt, S. R. Kass,
J. Org. Chem. 2004, 69, 2123 – 2127.

[14] D. Schr�der, H. Schwarz, Angew. Chem. 1990, 102, 925 – 927;
Angew. Chem. Int. Ed. Engl. 1990, 29, 910 – 911.

[15] a) R. A. J. O�Hair, Chem. Commun. 2002, 20 – 21; b) R. A. J.
O�Hair, A. K. Vrkic, P. F. James, J. Am. Chem. Soc. 2004, 126,
12173 – 12 183; see also Refs. [10d,e,g].

[16] The ionic product in Equation (6) could be the lithium enolate of
3-butynal.

[17] T. Su. , M. T. Bowers, Int. J. Mass Spectrom. Ion Phys. 1973, 12,
347 – 356.

[18] G. Bouchoux, J. Y. Salpin, D. Leblanc, Int. J. Mass Spectrom. Ion
Processes 1996, 153, 37 – 48.

[19] L. A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, J. A.
Pople, J. Chem. Phys. 1998, 109, 7764 – 7776.

[20] L. A. Curtiss, P. C. Redfern, K. Raghavachari, J. Chem. Phys.
2007, 126, 084108.

[21] a) J. M. L. Martin, G. de Oliveira, J. Chem. Phys. 1999, 111,
1843 – 1856; b) S. Parthiban, J. M. L. Martin, J. Chem. Phys.
2001, 114, 6014 – 6029.

[22] Lithium Chemistry: A Theoretical and Experimental Overview
(Eds.: A. M. Sapse, P. v. R. Schleyer), Wiley-Interscience, New
York, 1995, pp. 1 – 595.

[23] For MS studies on SCnS, see: D. S�lzle, N. Beye, E. Fanghanel, H.
Schwarz, Chem. Ber. 1990, 123, 2069 – 2071, and references
therein.

[24] Gaussian 03 and 09, M. J. Frisch et al., Gaussian, Inc., Wall-
ingford CT, 2004 and 2009. Full references in the Supporting
Information.

[25] MOLPRO is a package of ab initio programs written by H.-J.
Werner et al.. Full reference in the Supporting Information.

[26] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648 – 5652; b) C. T.
Lee, W. T. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785 – 789.

[27] a) Y. Zhao, D. G. Truhlar, J. Phys. Chem. A 2008, 112, 1095 –
1099; b) Y. Zhao, D. G. Truhlar, Acc. Chem. Res. 2008, 41, 157 –
167.

[28] a) C. E. Dykstra, Chem. Phys. Lett. 1977, 45, 466 – 469; b) N. C.
Handy, J. A. Pople, M. Head-Gordon, K. Raghavachari, G. W.
Trucks, Chem. Phys. Lett. 1989, 164, 185 – 192.

[29] a) P. G. Szalay, R. J. Bartlett, Chem. Phys. Lett. 1993, 214, 481 –
488; b) P. G. Szalay, R. J. Bartlett, J. Chem. Phys. 1995, 103,
3600 – 3612.

Communications

5164 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 5161 –5164

http://dx.doi.org/10.2174/1385272024605032
http://dx.doi.org/10.1016/0040-4039(76)80183-9
http://dx.doi.org/10.1007/BF00645818
http://dx.doi.org/10.1002/zaac.19673520506
http://dx.doi.org/10.1002/zaac.19673520506
http://dx.doi.org/10.1002/(SICI)1521-3749(199910)625:10%3C1599::AID-ZAAC1599%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3749(199910)625:10%3C1599::AID-ZAAC1599%3E3.0.CO;2-J
http://dx.doi.org/10.1007/BF02146038
http://dx.doi.org/10.1016/0020-708X(80)90011-3
http://dx.doi.org/10.1021/jo980331i
http://dx.doi.org/10.1021/jo980331i
http://dx.doi.org/10.1021/ja9825478
http://dx.doi.org/10.1021/ja9825478
http://dx.doi.org/10.1021/jp9073398
http://dx.doi.org/10.1021/jp9073398
http://dx.doi.org/10.1039/b711156h
http://dx.doi.org/10.1039/b711156h
http://dx.doi.org/10.1039/b516408g
http://dx.doi.org/10.1002/ange.200900245
http://dx.doi.org/10.1002/anie.200900245
http://dx.doi.org/10.1002/anie.200900245
http://dx.doi.org/10.1021/ol049003x
http://dx.doi.org/10.1016/j.ijms.2005.08.015
http://dx.doi.org/10.1021/ja0773397
http://dx.doi.org/10.1002/ange.200803463
http://dx.doi.org/10.1002/ange.200803463
http://dx.doi.org/10.1002/anie.200803463
http://dx.doi.org/10.1073/pnas.0801393105
http://dx.doi.org/10.1073/pnas.0801393105
http://dx.doi.org/10.1021/jp020594n
http://dx.doi.org/10.1021/jo035432h
http://dx.doi.org/10.1002/ange.19901020817
http://dx.doi.org/10.1002/anie.199009101
http://dx.doi.org/10.1016/0020-7381(73)80104-4
http://dx.doi.org/10.1016/0020-7381(73)80104-4
http://dx.doi.org/10.1016/0168-1176(95)04353-5
http://dx.doi.org/10.1016/0168-1176(95)04353-5
http://dx.doi.org/10.1063/1.477422
http://dx.doi.org/10.1063/1.2436888
http://dx.doi.org/10.1063/1.2436888
http://dx.doi.org/10.1063/1.479454
http://dx.doi.org/10.1063/1.479454
http://dx.doi.org/10.1063/1.1356014
http://dx.doi.org/10.1063/1.1356014
http://dx.doi.org/10.1002/cber.19901231020
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1021/jp7109127
http://dx.doi.org/10.1021/jp7109127
http://dx.doi.org/10.1021/ar700111a
http://dx.doi.org/10.1021/ar700111a
http://dx.doi.org/10.1016/0009-2614(77)80065-1
http://dx.doi.org/10.1016/0009-2614(89)85013-4
http://dx.doi.org/10.1016/0009-2614(93)85670-J
http://dx.doi.org/10.1016/0009-2614(93)85670-J
http://dx.doi.org/10.1063/1.470243
http://dx.doi.org/10.1063/1.470243
http://www.angewandte.org

