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The tautomeric properties of acetoacetamide ;@@)CHC(O)NH,, have been investigated by gas
electron diffraction (GED) and quantum chemical calculations (B3LYP and MP2 approximations with
6-31G(d,p) and 6-3Ht+G(3df,pd) basis sets). GED results in a mixture of 63(7)% enol tautomer and
37(7)% diketo form at 74(5)C. Only one enol form with the ©H bond adjacent to the methyl group
(CH3C(OH)=CHC(O)NH,) and only one diketo conformer (with dihedral angi€®=C(CHs;)—C—C)

= 31.7(7.5} and t(O=C(NH,)—C(H,)—C(0O)) = 130.9(4.59) are present. The calculated tautomeric
composition varies in a wide range depending on the quantum chemical method and basis set. Only the
B3LYP method with small basis sets reproduces the experimental compositon correctly.

Introduction SCHEME 1. Enol Tautomers (Top) and Three Possible
Conformers of the Diketo Tautomer (Bottom) of
The kete-enol tautomerism of dicarbonyl compounds of the XC(O)CH ,C(O)Y Compounds
type XC(O)CHC(O)Y has attracted great interest in the past X CH X HC
few decade$.The preference of the enol or keto tautomeric N\ N /Y AU /Y
form depends strongly on the substituents X and Y. According C C c
to gas-phase structural studies, the enol tautomer is present when I | I

both X and Y are H, 4 CH3,5~7 C(CHg)3,2 or CRz ? (group ). ° /0 0\ o
Two enol forms can occur, with the-€H bond close to Y or H H
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TABLE 1. Calculated Relative Energies and Gibbs Free Energies and Abundance of the Diketo Tautomer of Acetoacetamide

AE = Exeto— Eenol AG® = G°eto — G°enof abundance of the
method (kcal/mol) (kcal/mol) diketo fornt (%)
MP2/6-31G(d,p) —2.02 —3.64 100
B3LYP/6-31G(d,p) 1.83 0.35 38
MP2/6-31H+G(3df,pd) 1.64 —0.44 65
B3LYP/6-31H+G(3df,pd) 2.62 1.28 14

aAt 347 K (74°C).

feasible, depending on the relative orientations of tkeCC
bonds (Scheme 1; “s” stands for synperiplanar (sp) or synclinal
(sc) and “a” for antiperiplanar (ap) or anticlinal (&%)

In a previous investigatidAwe have studied the tautomeric
and conformational properties of methyl acetoacetate;GCH
(O)CH.C(O)OCH; (MAA), a dicarbonyl compound which
contains substituents from the two different groups=>CHs
favors the enol tautomer, whereassYOCH; favors the diketo
form. In this case a gas electron diffraction (GED) study resulted
in a mixture of 80(7)% enol and 20(7)% diketo tautomers. The
predictions by the B3LYP calculations were in close agreement
with the GED data, 92% (B3LYP/6-31G**) or 87% (B3LYP/
6-31++G**) enol tautomer, whereas the MP2 calculations
predicted a strong preference of the diketo form with only 1%
(MP2/6-31G**) or 8% (MP2/6-311G(2df)) enol tautomer.

The present study deals with acetoacetamide,@C{8)CH,C-
(O)NH; (AA). In this dicarbonyl compound the substituents X
= CHsz and Y = NH; also belong to different groups. This
makes the tautomeric properties of this compound highly
interesting. An aqueous solution of AA contains a mixture of
diketo and enol tautomet8.The equilibrium constanKg =
[enol]/[keto] = 0.11 implies a strong preference for the diketo
form (90%). Ab initio (HF/6-31G*) and molecular mechanics
(MM2(87)) calculation&’” were performed only for the diketo

FIGURE 1. Molecular structures of enol (top) and diketo (bottom)

tautomer of AA. A conformational analysis was carried out by forms of acetoacetamide.

varying only the N-C—C—C dihedral angle in steps of 45
without full structural optimization. The lowest energy occurs
at 7(N—C—C—C) = 45°,

(AG® = G°eto — GCeno) Obtained with the different computa-

tional methods are summarized in TableAlG° values and

To determine the tautomeric properties of acetoacetamide inpredicted abundances of the diketo tautomer are given for the
the gas phase, we performed a GED study, which is supple-temperature of the GED experiment (347 K). According to
mented by quantum chemical calculations. It turns out that this quantum chemical calculations, only one stable enol form with

compound is better suited for a study of the tautomeric
equilibrium than MAA, since quantum chemical calculations

the O—H bond adjacent to the methyl group, §H{OH=CHC-
(O)NH,, exists (see Figure 1). If a starting geometry with the

(see below) predict only one stable enol form and a single stableO—H bond adjacent to the NHgroup, CHC(O)CH=C(OH)-

diketo conformer for this dicarbonyl compound, whereas one
enol and three diketo conformers with very similar relative free
energies were predicted in the case of MAA.

Results

Quantum Chemical Calculations. All quantum chemical
calculations were performed with the program set GAUSSIAN
0318 The geometries of the enol and diketo tautomers of AA
were optimized with the MP2 and B3LYP methods with small
(6-31G(d,p)) and large (6-3#t+G(3df,pd)) basis sets. The
relative energiesAE = Eyeto — Eeno) and relative free energies

(13) Kawashima, Y. 10th European Symposium on Gas Electron
Diffraction, St. Petersburg, Russia, 2003.

(14) sp corresponds to dihedral angt€©—=C—C—C) of 0° &+ 30°, sc
to 60° + 30°, ac to 120 + 30°, and ap to 180+ 30°.

(15) Belova, N. V.; Oberhammer, H.; Girichev, G. ¥.Phys. Chem. A
2004 108 3593.

(16) Bunting J. W., Kanter J. B. Am. Chem. S0d.993 115 11705.

(17) Kontoyianni M., Bowen J. Rl. Comput. Chenil992 13 (5), 657.

NH,, is used, the ©H bond flips over to the acetyl group and
the geometry optimization converges toward the enol form
shown in Figure 1.

To find all possible diketo conformers, the potential energy
surface was scanned with the B3LYP/6-31G** method. The

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery Jr., J. A.; Vreven, T.; Kudin, K. N,;
Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;.
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S. Cioslowski, J.; Stefanov, B. B.;. Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
Revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.
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torsional angles(O1C2C1C3) and(O2C3C1C2) were changed ~ TABLE 2. Experimental and Calculated Geometric Parameters of
in steps of 20 with full optimization of all other parameters  the Enol and Diketo Tautomers of Acetoacetamid®

(see Figure 1 for atom numbering). There is only one deep enol diketo
minimum on the potential energy surface witfOD1C2C1C3) GED GED
= 140° andt(O2C3C1C2)= 40°. It should be noted that all parameter (rh, On)®  B3LYP®  (rhg, On)®  B3LYP®
geometric parameters optimized at different levels of theory are "y c1-c) 1.466(5) 1.451 1.545(5) 1.533
very close, excluding the torsional anglg®©1C2C1C3) and r(C1-C3) 1.375(59 1.360 1.533(3) 1.521
7(02C3C1C2) in the diketo tautomer. ThugO1C2C1C3) r(C3—-C4) 1.507(59 1.492 1.519(8) 1.507
varies from 126.2(MP2/6-311+G(3df,pd)) to 145.2(B3LYP/ “25:8;) 1-5‘212(3) 115;5 11%32(4) . é}i%lﬁ
6-3L1+-+G(3df,pd)), andr(02C3C1C2) varies fom 649 13 02 132 L% LZEA 1HS
(MP2/6-311+G(3df,pd)) to 35.7 (B3LYP/6-311+G(3df,pd)). r(C4—H5) 1.092(6) 1.088 1.087 1.087
For comparison of calculated and experimental kegool r(C4—Hs) 1.096(6Y 1.092 1.094 1.094
equilibrium compositions, Gibbs free energies must be applied, (C4—H7) 1.096(69 1.092 1.098 1.093
instead of the relative energie&? values include zero-point :EH::E; i'gggggg 1'882 i'gég 1'83@
energies, temperature corrections, and entropies. For the dif- ;(c1—pp) 1.084(6) 1.080 1.097 1.097
ferences AG®, these contributions depend primarily on low-  r(O2—H1) 1.007(6Y 1.003
frequency vibrations, which differ appreciably for keto and enol rD(((::%ET(% 11992.1) 1202 1.223 8(L9) 1.0&13238 .
tauté;rr:e;s.t Et.)g., 4t2e rigwezt fr:eql;encg for tT? diketo gorrggls 0C1C201 121.6(2.2) 1223  1189(3.0)  119.9
predicted to be 44 cnt and that for the enol form to be [C1C302 121.6(2.3) 1224  1214(3.0) 1224
cm™! (B3LYP/6-31H-+G(3df,pd)). This causes differences pcicacs 123.8(2.8) 123.9 114.3(3.3) 116.0
betweenAE and AG® of up to 2 kcal/mol. Furthermore, a 0OC1C2N 116.2(2.6) 117.8 115.4(2.5) 116.1
multiplicity of 2 has to be taken into account for the diketo g:ggjg iéé-s iég-? iég-g 138-3
tautomer (_both OCCC dihedral angles may have positive or ,52,c3 1099 1097 1108 1105
negative Slg“?)- . ) OH3NC2 122.2 122.2 119.8 119.3

The predictions of quantum chemical calculations concerning OH4NC2 118.5 118.5 117.5 117.5
the tautomeric equilibrium depend strongly on the computational JH102C3 106.1 106.1
method. The energy and free Gibbs energy differences vary from g:igigg ié%'g ié%g
2.62 (B3LYP/6-31#+G(3df,pd)) to—2.02 (MP2/6-31G(d,p)) 7(01C2C1C3) 00 0.0 130.9(4.5) 145.4
kcal/mol and from 1.28 (B3LYP/6-31+G(3df,pd)) to—3.64 7(02C3C1C2) 0.9 0.0 31.7(7.5) 35.7
(MP2/6-31G(d,p)) kcal/mol, respectively (see Table 1). Whereas 7(C4C3C102) 1809 180.0 179.6 179.0
the MP2 approximation with small basis sets predicts the @(NC2C101) 1808 1800 1778 177.0
presence of the diketo conformer only, B3LYP with large basis r(H5C4C302) - 180.9 180.0 6.6 6.6

g 7(H3NC2C1) 0.8 0.0 15.3 15.3

sets predicts a strong preference of the enol form. ) ) ) )
The geometric parameters for the enol and diketo tautomers__° Distances in angstroms and angles in degrees. For atom numbering

that derived with the B3LYP/6-314-G(3df nd thod see Elgure 1" Uncer_tal_ntle_s|rrhl,o=(aSc +(2.50 Ls) ). (0sc=0.002,
atwere derived wi e i ( P ) metho o Ls = standard deviation in least-squares refinement); for angteSoy s.

are listed in Table 2, together with the experimental results. c6-311++G(3df,pd) basis set§.Difference from previous parameter fixed

Parameters derived with the MP2 approximation (not shown) to calculated (B3LYP) valueNot refined.’ Average value.

and large basis sets are very similar. Vibrational amplitudes and

correctionsAr = ry; — ro, Were derived from theoretical force  form) bond lengths, between the €82 and C2-O1 bond

fields (B3LYP/6-311+G(3df,pd)) with the method of Si- lengths, and among the €C2, C1-C3, and C3-C4 bond

pachev, using the program SHRINKThe values for the enol  lengths, as well as the orientations of Neind CH; groups,

form are listed in Table 3. were constrained to calculated values (B3LYP/6-831-
Structural Analysis. The experimental geometric structure (3df,pd)). For the enol tautomer overdlls symmetry was

and tautomeric properties of AA were determined with a assumed. The geometric parameters for enol and diketo tau-

combined GED/mass spectrometric method. The heaviest iontomers, using B3LYP/6-31+G(3df,pd) results as starting

in the mass spectrum was J&NO;]* (see the Experimental  parameters, were then refined by a least-squares procedure of

Section). This demonstrates that monomers are present in theéhe molecular intensities. Independentparameters were used

vapor at the conditions of the GED experiment. No ions were to describe the molecular structure. Vibrational amplitudes were

detected, which could arise from impurities. The experimental refined in groups with fixed differences. There were 13

radial distribution function (Figure 2) was derived by Fourier correlation coefficients that had values larger th@u]. Most

transformation of the experimental intensities. of them refer to correlations between parameters belonging to
Comparison with calculated radial distribution functions different tautomers. There were only four values larger than

demonstrates that the experimental radial distribution curve [0.8: r(C—N)ketdT(C—N)enot = —0.94, O(C2—C1—C3)enof

cannot be reproduced reasonably well with the diketo or enol 0(C1—C2—0O1)ng = —0.96, J(C1-C3—Cé)etd/ J(C1-C2—

tautomer alone (see Figure 2). The two calculated functions Ol)no = —0.84, 0(C1—C3—Clketd J(C1-C3—Cl)no =

differ especially in the distance ranges 23%5 and 4.55.5 —0.87.

A. The prominent peak in the diketo curve around 3.0 Ais due  The best agreement factors resulted for a mixture of 63(7)%

to N--:02, C2-:02, and C3:*N nonbonded distances in this enol and 37(7)% keto forms witR; = 4.9%. This composition

tautomer. In the least-squares analysis a mixture of both diketocorresponds to the temperature of the effusion cell of 74{5)

and enol forms was considered. For both tautomers the Final results of the least-squares analysis are given in Tables 2

differences between all-€H and N—-H (and O-H in the enol (geometric parameters) and 3 (vibrational amplitudes; the refined
groups of variation are designatedlasl|2, etc.). The refined
(19) Sipachev, V. AJ. Mol. Struct 2001, 567—568, 67. geometrical parameters are rather similar to those predicted by
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TABLE 3. Interatomic Distancesrp, Vibrational Amplitudes I, 63(7)% enol tautomers in the gas phase at 74() This
and Vibrational Corrections rn - ra for the Enol Conformer composition corresponds to a free Gibbs energy differér@e
(Excluding Nonbonded Distances Involving Hydrogerd = 0.37(15) kcal/mol and an equilibrium constatit = [enol]/

i (A) I(GEDY I(B3LYPY  rm-rd [keto] = 1.70(5). We can note that the B3LYP calculation with
02—-H1 1.007(6) 0.072(6).19 0.078 —0.00009 a small basis set reproduces the experiment perfectly. The value
“—:i i-gggggg 8'822%;11 8-835 8-8832 of the equilibrium constanKg derived from GED differs
Cl1-H2 1.084(6) 0.070(6)1 0.075 0.0019 CKonil%e;ikile‘?/ fL(_)n;] that denv%d for an aqueous} solution fwgh
CA—H5 1.092(6) 0.070(6)1 0.076 0.0015 e = 0.117° which corresponds to a strong preference of the
C4—H6 1.096(6) 0.071(6)1 0.077 0.0016 diketo tautomer of 90%. Apparently, intermolecular interactions
C4—H7 1.096(6) 0.071(6).1 0.077 0.0016 with water molecules stabilize the diketo form in aqueous
C2-01 1.245(3) 0.035(6)1 0.040 —0.0002 solution.

C3-02 1.326(3) 0.039(6)1 0.044 0.0006 _ _ . . .
C2—N 1.354(5) 0.039(6)1 0.044 0.0009 A_s pointed out in the Introduction, the tautomeric properties
C1-C3 1.375(5) 0.038(6)1 0.043 0.0001 of dicarbonyl compounds XC(O)GiE(O)Y depend strongly on
gé—gi i'gg%g; 8-822%& 8-8‘518 8~88(1); the substituents X and Y. For symmetrically substituted
O N 2"276(63) 0:054(3)2 0.054 0.0056 compounds with X and Y belonging ‘to group I (H, gH
C1--02  2.359(38)  0.054(3)2 0.055 0.0028 C(CHp)s, or CF) only the enol form exists in the gas phase.
C4---02  2.385(76)  0.064(3)2 0.064 0.0047 On the other hand, for compounds with X and Y belonging to
Cl--01  2.369(38)  0.056(3)2 0.056 0.0049 group Il (F, Cl, NH, and OCH) only the diketo tautomer is
25123 i-i%%(:;?;) %-%%(?% 8-8?; 8-8822 observed. We will attempt now to formulate a rule of thumb to
o102 2:5302443 0:10253}2 0103 0.0116 predi.c.t of tautpmeric properties of .dica_\r.bonyl compo.und.s with
Cl-C4  2.544(39)  0.064(3)2 0.065 0.0019 specific substituents X and Y. An intuitive characterization of
02:--C2  2.806(19)  0.106(10)3 0.078 0.0111 the substituents would be their electronegativity. Using the
gg:ﬁl ggg;((:’}%) 8'3556((21%’2 8-822 8-8%2 valuesygg of Boyd and Boyd®® H (2.10), CH; (2.55), C(CH)3
C2-Ca  3879(27) 010021 0.067 0.0125 (2.55), Ck (2.71),. Cl (3.00), NH (3.12), OCI—&I(3.53),.and F
02N 4.154(49)  0.120(19)5 0.082 0.0252 (4.00), the following rule can be formulated: substituents of
C4-01  4.314(27)  0.121(19)5 0.084 0.0187 group | withygg < 2.8 favor the enol tautomer, and substituents
C4-N 4.939(39)  0.112(29)6 0.081 0.0200 of group Il with ygg = 3.0 favor the diketo form. We are aware

avValues in angstroms. Error limits are ¥alues. For atom numbering  that this is a crude r}lle SinC? group eleCtronegatiVities dgpend
see Figure 1°rp, I(GED) = interatomic distances and vibrational — on the method of their determination and may differ appreciably.

amplitudes (respectively) derived from GED det§B3LYP), rny — ra = Particularly, other electronegativity scales give values larger than
vibrational amplitudes and vibrational corrections (respecticely) derived from 3.0 for the CFK group

theoretical force fields (B3LYP/6-3H1-+G(3df,pd)) with the method of

Sipachev, using the program SHRINK.¢ Group number of amplitude. An alternative characterization of the substituents is the
presence or absence of electron lone pairs. Substituents of group
f(r) | (H, CHs, C(CHg)s, and CE), which favor the enol tautomer,

do not possess any lone pair, whereas substituents of group Il
(NHy, OCHg, ClI, and F), which favor the diketo form, possess
one, two, or three lone pairs. For the dicarbonyl compounds
studied so far in the gas phase both types of characterization
(electronegativity valueggg or the presence of lone pairs) lead
enol to the same conclusions. A disagreement between the two types
of characterization occurs for substituents with lone pairs and
low electronegativity, such as SH or SR. The presence of

diketo

P electron lone pairs should favor the diketo form, but their
electronegativity fgg = 2.65 for SH and SCh) is less than
Afr) 2.8 and should favor the enol tautomer. So far, the tautomeric
0 T 2 3 4 3 6 properties of dithiomalonic acid or derivatives of it have not
r, A been determined in the gas phase. Quantum chemical calcula-

tions for HSC(O)CHC(O)SH predict a strong preference of the
diketo tautomer AG° = G°eto — G°enoi = —2.21 and—6.08
kcal/mol according to the B3LYP and MP2 methods with

the quantum chemical calculations (B3LYP/6-31#G(3df,pd)). 6-31G(d,p) basis sets, respectively). Furtherméeand *C

Only the torsional angle(O1C2C1C3) in the diketo tautomer NMR spectra forSS-_diethyI dithiomalonate, EtSC(O)QB'
differs from the calculated value by about°1%owever, as (O)SEt, in CC} solution result in the presence of the diketo

mentioned above, the range of calculated torsion angles in theform .c)nly?l’??Provided.thgt the quantum chemical calculations
diketo form is about 30 mentioned above for dithiomalonic acid and the NMR data for

the liquid diethyl derivative represent the gas-phase tautomeric
] ] properties correctly, the latter characterization of substituents
Discussion based on the presence or absence of electron lone pairs provides

FIGURE 2. Experimental and calculated radial distribution functions
and difference curve for the mixture of diketo and enol forms.

The GED experiment for acetoacetamide, sCKD)CH,C- 20) Boyd R, J- Boyd S. L3, Am. Chem. Sod992 114 1652
inh i i ; ; oyd R. J.; Boyd S. LJ. Am. Chem. So , .

(O)NHZ’ which is a d.lcarbonyl compound with two dl.fferem (21) Radeglia, R.; Scheithauer, S.; MayerRNaturforsch1969 24b

substituents, Cgffavoring the enol tautomer and Nithe diketo 283,

tautomer, results in a tautomeric mixture of 37(7)% diketo and  (22) Radeglia, R.; Scheithauer, &. Chem 1974 14, 20.
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TABLE 4. Conditions of the GED Experiment

nozzle-to-plate distance (mm) 338.0 598.0

fast electron beamu@) 1.46 0.75

accelerating voltage (kV) 73 74

(electron wavelength (A)) (0.043978(40))  (0.043639(20))
temperature of the effusion cell (K)  348(5) 348(5)
ionization voltage (V) 50 50

exposure time (s) 7075 55-60

residual gas pressure (Torr) 211076 3.3x 1076

TABLE 5. Mass Spectral Data of the Vapor of GH;NO;

abundance abundance
ion me (%) ion me (%)
[M]*a 101 28 [CONH]* 44 44
[M — CHg]*™ 86 10 [HCC(O)" 43 100
[M — CHz- NH,-2H]* 69 12 [C(O)CH]" 42 26
[NH,C(O)CHy] * 59 62

aM = C4H7N02.

a correct prediction of the tautomeric properties of the dithio-

Belova et al.
1 sM(s)
] L
] L,
] AsM(s)
T T T T T 1 S, A-l
0 5 10 15 20 25 30

FIGURE 3. Experimental (dots) and calculated (solid line) modified
molecular intensity curves and the residuals (experimentakoretical)
at two nozzle-to-plate distancels; (= 598 mm,L, = 338 mm).

of C4H;NO, are shown in Tables 4 and 5, respectively. The
temperature of the stainless steel effusion cell was measured by a
W/Re-5/20 thermocouple that was calibrated by the melting points

malonates, and has to be preferred to the electronegativityof Sn and Al. The wavelength of electrons was determined from

criterion. This is only a purely empirical rule, and we are unable
to provide a convincing explanation for it. Apparently, conjuga-
tion between a lone pair of the substituent and tke3Cz-bond,
i.e., a resonance structure of the typesC—0O~ stabilizes the
keto structure.

In the case of dicarbonyl compounds with one group |
substituent and one group Il substituent, a mixture of enol and
diketo tautomers is expected. So far, only two such dicarbonyl

diffraction patterns of polycrystalline ZnO. The optical densities
were measured by a computer-controlled microdensitorieTére
molecular intensitiesM(s) were obtained in theranges 2.826.9

and 1.2-13.2 A1 for the short and long nozzle-to-plate distances,
respectively $ = (4n/1)(sin 6/2), wherel is the electron wavelength
and 6 is the scattering angle). The experimental and theoretical
intensitiessM(s) are compared in Figure 3.
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Experimental Section

Supporting Information Available: Results of MP2 and
B3LYP calculations with different basis sets: Cartesian coordinates,
electronic energies, number of imaginary frequencies, zero-point
corrections, thermal corrections to energies, enthalpies, and Gibbs
free energies for enol and diketo confomers. This material is

A commercial sample was used. The electron diffraction patterns available free of charge via the Internet at http:/pubs.acs.org.
and the mass spectra were recorded simultaneously using the;nogos03E

techniques described previoudhz* The conditions of the GED/

MS experiment and the relative abundance of the characteristic ions
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