J. C. Kleingeld, N. M. M. Nibbering, H. Halim, H. Schwarz, and E.-U. Wiirthwein 3877
Chem. Ber. 116, 3877 — 3883 (1983)

A Fourier Transform Ion Cyclotron Resonance Study of the
Structure of Some Phenyl-substituted 2-Azaallenium Ions

Jan C. Kleingeld®, Nico M. M. Nibbering*?, Herman Halim®,
Helmut Schwarz*®, and Ernst-Ulrich Wiirthwein*<

Laboratory of Organic Chemistry, University of Amsterdam?,
Nieuwe Achtergracht 129, 1018 WS Amsterdam,

Institut fiir Organische Chemie der Technischen Universitit Berlin b
Strafie des 17. Juni 135, D-1000 Berlin 12, and

Institut fiir Organische Chemie der Universitit Erlangen-Niirnberg®,
Henkestrafle 42, D-8520 Erlangen

Received March 9, 1983

It is shown by proton abstraction reactions in combination with deuterium labelling that the ini-
tial structure of the ions 1 — 3 generated by electron impact from some benzylideneamines through
loss of an alkyl radical via a-cleavage is indeed that of phenyl-substituted 2-azaallenium ions. The
deprotonated species appear to have very high gas-phase basicities, that are higher than 231.7
kcal/mol.

Eine Fourier-Transform-Ionen-Cyclotron-Resonanz-Studie zur Struktur von
Phenyl-substituierten 2-Azaallenium-Ionen

Durch Protonenabstraktionsreaktionen in Kombination mit Deuterium-Markierungsexperimen-
ten wird gezeigt, dal die Ionen 1—3, die durch Elektronenstoff aus Benzylidenaminen durch
Alkylradikal-Abspaltung aus der a-Position erzeugt werden, die Struktur von Phenyl-substituier-
ten 2-Azaallenium-Ionen besitzen. Die durch die Deprotonierung entstehenden Molekiile zeigen
sehr hohe Gasphasenbasizititen (groBer als 231.7 kcal/mol).

In previous papers'®® the gas phase chemistry of some metastable phenyl-substitut-
ed 2-azaallenium ions 1~ 3 has been described. Ion 1 eliminates H and HCN, 2 loses
H', HCN, and C4Hg, and 3 expels preferentially H' and CgH;CN (>97%) but HCN
to a very minor extent only (<0.5%).

‘ R! R? R® R?

R' , B 1| CH; H H H
2/C=N= ! \ 2| CH; H CeH; H
R 3| CeH; CgHy H H

D- and "’C-labelling have shown that the neutral HCN lost from ion 1 exclusively
contains the benzylidene hydrogen and carbon atom. The same is true for ion 2 where
exclusively the benzylidene hydrogen atoms are retained in the eliminated HCN as
proved by D-labelling. These observations together with the exclusive loss of CgHsCN
from ion 3 have ruled out any possible phenyl group or hydrogen atom migration in
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these eliminations. They proceed via an intramolecular electrophilic substitution reac-
tion at the ortho position of the pheny! ring (shown for ion 1in eq. 1), which, according
to MNDO calculations, is energetically more favoured than all alternative pathways in-
spected, i.e. a 1,2-phenyl or a 1,2-H shift, or an ipso substitution reaction in the ions
11,
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In this paper we have addressed ourselves to the question whether proton/deuteron
abstractions from the ions 1a—¢, 2a, b, and 3a with suitable bases could give informa-
tion about their structures (for example 1 and/or 4) thereby simultaneously yielding an
estimate of their gas-phase acidities. To this end we have used the method of Fourier
transform ion cyclotron resonance®* which offers the possibility to eject ions* ¥ selec-
tively from the cell, so that interfering reactions of such ions can not occur anymore.
Allions 1a—c¢, 2a, b, and 3a have been generated from the corresponding benzylidene-
amines by electron impact induced loss of an alkyl radical vig the well-known o-clea-
vage as described before?.

R! R? RS Rt

R, R la | CgH; D H H
Soafiec® 1b | CgH, H D D
rZ ¢ e | CgHy H H H
2a | C¢H; D CeH; D

2b | CeH, H CeH; D

3a | CgH; CeH; H H

Results and Discussion

Several amines of high basicity®, such as (CH,),N{CH,],NH, (n = 2, 3) and H,N-
[CH,;},NH, (n = 3, 5) have been allowed to react with the ions 1 and 2 in separate
experiments.

After ejection of all ions, with the exception of 1 or 2, protonated amines are formed
in high abundance and ejection of 1 or 2 shows that they are their precursors. However,
closer examination shows that this is not due to proton abstraction from the ions 1 or 2,
but to a side-reaction shown for 2 in Scheme 1.

It can be seen from Scheme 1 that ejection of 2 will influence the abundance of the
protonated amines, but not because of a direct proton transfer reaction: ion 5 is the
actual proton donor (in the reaction of ion 1 both expected product ions 5 and
RﬁH=CH2 are formed in a ratio of =1:9). In reactions with o,®-bis(dimethylami-
no)alkanes ((CH;),N[CH,],N(CHj;),) this channel is absent and ion 5 is not formed,
because the 1,3-H-shift is not possible anymore. Nevertheless, even with 1,4-bis(dime-
thylamino)butane (6), which has the highest gas-phase basicity known?, it has not been
possible to abstract a proton from either of the ions 1, 2, and 3.
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Instead of proton abstraction a slow formation of ions m/z 100 is observed in the

reactions of 6 with the ions 1 and 2; this is probably due to formal transfer of a
(CH;),N~ group from 6 to these ions as shown for 2 in Scheme 2.
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However, compound 7, the synthesis and properties of which have been discussed by
Barton”, readily abstracts a proton from the ions 1, 2, and 3. Unfortunately, it has not
been possible to measure the gas-phase basicity of 7, because no base, not even 6, is
able to abstract a proton from the conjugate acid of 7; this result precludes both equili-
brium measurements® and bracketing studies®.

The latter, not the former, could have been applied to the present ions 1, 2, and 3 to
obtain an estimate of their gas-phase acidities (or basicities of the corresponding depro-
tonated species) because these are fragment ions, whereas their deprotonated forms are
chemically too unstable species to introduce them into the mass spectrometer.

The only statement, which can be made in this respect, is that the gas-phase basicities
of the deprotonated species of 1, 2, and 3 are higher than that of 6 (being 231.7
kcal/mol®), but lower than that of 7 which obviously is not only a very strong base in
solution”, but also in the gas-phase. The percentages of proton and deuteron abstrac-
tions from ions 1a—c¢, 2a, b, and 3a, which take place in the reaction with base 7, have
been compiled in Table 1.

This Table shows that neither of the ions 1, 2, and 3 transfers an aromatic ring
proton to base 7, thus excluding a structure such as 4 as an alternative for 1 (see eq. 1)
which would be expected to transfer the encircled proton. Also another structure such
as 8 is not very likely, because this would have a much higher acidity than observed 9,
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+ Ph\ .
CgHs—CH,—N=C-H _C=N-CH,CH,CH,
H
8 9

It may be concluded, therefore, that the ions 1, 2, and 3 have the structures as at their
formation.

Table 1. Percentages of Proton and Deuteron Abstraction from Ions
la—c, 2a,b, and 3a by base 7

H* D+
fon abstraction abstraction
1a 82 18
1b 51 49
1c 100 -
2a — 100
2b 60 40
3a 100 -

Note the isotope effect of 1.5 in the proton versus deuteron abstraction from ion 2b
(Table 1). An isotope effect will also be operative in the proton versus deuteron ab-
straction from the ions 1a and 1b, but in these cases the non-aromatic hydrogen/
deuterium atoms do not possess equivalent positions such as in ion 2b. Suppose that in
addition to an isotope effect i, which favours the abstraction of a proton over that of a
deuteron, a preference p exists for abstraction of a proton from the terminal methylene

group over abstraction of a proton from the benzylidene position of ion 1. Then the
equations
2pi = 32—forlaand £ —S-lfor 1b
18 2p 49
hold, from which i and p can be calculated to be 2.2 and 1.0, respectively. Thus, there is
no preference for abstraction of a proton from either the benzylidene or the methylene
position of ion 1 by base 7.

Finally, it should be mentioned that the ions 1 do not transfer a methyl cation either
to base 7 or to base 6 in agreement with their structure, but interestingly they do in
reaction with their neutral precursor 9.

Reactions of the labelled ions 1a — ¢ show that the transferred methyl cation contains
hydrogen from the benzylidene and methylene groups, but not any of the phenyl ring
hydrogen atoms. The methyl cation transfer probably proceeds as given in Scheme 3.

The initial proton transfer step, leading to the encounter complex 10, is endothermic
and therefore this complex cannot dissociate. Reprotonation can either occur on the
ylide carbon position leading back to the initial reactants, or on the methylene position
leading to complex 11 in which a facile methyl cation transfer can now take place to
give ion 12. Apparently, the collision partner assists in transferring a proton from the
benzylidene to the methylene position, as long as no exothermic pathway, such as
proton transfer or a reaction similar to that shown in Scheme 1 or Scheme 2, is
available. As such this process bears some resemblance with hydrogen/deuterium
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Scheme 3
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exchange, which is observed both in cationic'®!? as well as in anionic!*!? gas-phase
chemistry.

MNDO Calculations on the Gas-Phase Acidity of 2-Azaallenium Ions

In addition to the experimental ICR-work molecular orbital (MO) calculations were
performed in order to gain information about the gas-phase acidity'® of the 2-aza-
allenium ions 1, 2, and the parent system 13 CH, = N= CH,. The size of the cations 1
and 2 precludes the application of higher basis set ab initio calculations; however
MNDO calculations'® have proved to give gas-phase acidity data which are in good
agreement with experimental and ab initio data'®.

The experimental results (vide supra) have shown that the superbase 7 abstracts a
proton from the methylene positions of the ions 1— 3, but not from the phenyl ring
positions. Therefore we conclude that a neutral species of the nitrile ylide type!” is the
most likely candidate as the primary deprotonation product. Nitrile ylides are highly
reactive 1,3-dipoles whose cycloaddition chemistry is of great theoretical and experi-
mental interest.

Structures and energies'® of the nitrile ylides 14 — 17 were evaluated using complete
optimization MNDO calculations. Together with the calculated data for the cations 1,
2, and the parent system 13 it is possible to determine theoretical gas-phase acidity data
from the equation given in Table 2.

A gas-phase acidity of 237.9 kcal/mol is calculated for the parent system 13, the
2-azaallenium ion CH2=ItI=CH2. This figure indicates that 2-azaallenium ions are
very weak cation-acids, compared to other positively charged systems®'?. On the other
hand the corresponding nitrile ylides appear to be extremely strong neutral bases. In the
reverse reaction of their formation, protonation of nitrile ylides is expected to take
place at the carbon atom'? in contrast to most other strong neutral bases of the amine
type, which are protoned at the nitrogen atom®.

Introduction of a phenyl substituent into the 2-azaallenium system /owers the gas-
phase acidity further (MNDO gives 240.4 kcal/mol for 1), mainly due to the increased
stabilization of the cation; the stabilization of the nitrile ylide 15 is expected to be less
significant. Ion 1 loses protons mainly from the benzylidene position thus giving nitrile
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ylide 15; loss of a proton from the 3-position is 4.4 kcal/mol more endothermic thereby
leading to nitrile ylide 16 (R* = H; R? = Ph).

A second pheny! substituent in 3-position as in ion 2 lowers the gas-phase acidity
again (244.4 kcal/mol). Favourable interactions between phenyl-substituents and the
C —N- C unit lead to high thermodynamic and kinetic stability for both the cation 229
and the nitrile ylide 17.

The calculated gas-phase acidities in the range of 237 — 245 kcal/mol explain the ex-
perimental failure to abstract protons from gaseous 2-azaallenium ions using conven-
tional nitrogen bases of the amine type. The primary products, the nitrile ylides 14 — 17
themselves, are the strongest neutral bases known; only superbase 7 seems to be com-
petitive, but experimental data for its gas-phase acidity are not yet available.

Table 2. Calculated MNDO Heats of Formation (AHP) and Gas-Phase Acidities (AH?)
(kcal/mol) @

R R . A
‘C=N=C_ —> H* + R™-C-N=C_
1 H H

1,2,13 14-17

R! R? AH° R! R? AH® AH,°
13|H H 2123-14 H H 83.2 237.9
1| Ph H 223.3-15 Ph H 96.7 240.4
™16 H Ph 101.1 244.8

2| Pn Ph 238.1-17 Ph Ph 1155 244.4

D AHP (H*) = 367.0 kcal/mol,
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Experimental Part

The experiments have been performed using a home-made FT-ICR spectrometer. Details con-
cerning the essential hardware 2D, software22), and general operating procedures3:23.24) have been
described elsewhere.

The compounds were introduced via “leak valves” to pressures of =25 pPa and ionized by
electron impact at energies of 12— 15 eV. The ions were trapped in a cubic inch cell by a magnetic
field of 1.4 T and a trapping voltage of =1 V. The ions of interest were selected by ejection of all
other ions. This was achieved by a pulse (of sufficient amplitude to eject all ions) which, at the
resonance frequency of the ion of interest, was phase shifted by 180°. This created a notch in the
waveform of this pulse2%). In practice26), this was done by applying two consecutive pulses of the

Chem. Ber. 116 (1983)



A Study of the Structure of Some Phenyl-substituted 2-Azaallenium Ions 3883

same amplitude (typically 3.5 V peak to peak) and scan-rate (typically 25 kHz/ms). The initial
frequency of the frequence sweep of the second pulse was chosen to be equal to the final
frequency of the first pulse, which frequency was made equal to the resonance frequency of the
ion of interest. The second pulse started with the phase shifted 180° with respect to the first pulse.
This resulted in ejection of all ions except the one with resonance frequency at the notch. In this
way, the chemistry of this single ion could be investigated.
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