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Abstract: The novel molecules XC=CY where X and Y are OH, NH2, and OCH3, as well 
as hydroxy- and aminoketene, have been prepared and identified in the gas phase by 
neutralization-reionization mass spectrometry. It is concluded that these molecules reside 
in deep potential wells.

This paper forms part of the work in 
progress in various laboratories with the 
aim of synthesizing unconventional small 
solitary molecules via reduction of their 
ionic counterparts[1-61. The subject is gain­
ing in coherence and may be called the 
chemistry of unusual molecules. At the be­
ginning of our report on the generation of 
the hitherto unknown title compounds an 
appropriate background should be 
sketched out.

The apparatus used is a mass spectro­
meter whose place in the laboratory as an 
analytical tool and research instrument is 
now well established. With this machine a 
beam of electrons causes gas phase mole­
cules to lose an electron. If the energy 
transfer upon electron impact is suffi­
ciently large the parent ion may dissociate 
into, it is hoped, structure characteristic 
fragments. The ions reside in the ion source 
for approximately IO-6 s, are then acceler­
ated to about 10 keV, and the mass spec­
trum is obtained by varying the magnetic 
field strengh171. Over the past decade it has 
become clear that within the above 10 6 s 
organic cations may undergo more or 
less complex rearrangement reactions, 
whereby via a molecular elimination a 
product ion is formed whose correspond­
ing neutral molecule is often not known to 
exist181. That such rearrangement reactions 
do take effect is explained by the Quasi­
Equilibrium-Theory (QET)[91. For exam­
ple, propynoic acid, HC=C—CO2H, after 
ionization, eliminates CO as exemplified 
by the presence of an intense peak at m/z 
42, C2H2O®°, in its mass spectrum1101. With 
a double-focussing mass spectrometer of 
BE geometry (magnet (B) followed by 
electric analyzer (E)) the structure of these 
daughter ions can be determined as fol­
lows: The daughter ions are after acceler­
ation selectively transmitted through the
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electromagnet and are then submitted to 
collision with an inert gas (for example he­
lium), leading to secondary product ions 
which are recorded by adjusting the 
strength of the electric field. The collisional 
activation (CA)[11] mass spectrum thus ob­
tained (which can be regarded as a mass 
spectrum of a mass selected ion (MS/ 
MS)1121 reflects the structure of the 
daughter ion. Using this technique it 
was shown1101 that extrusion of CO 
from ionized propynoic acid leads to 
HC=C—OH®° (and not ionized ketene), 
most probably via a 1,3-hydroxyl migra­
tion1131. It is not within the context of this 
paper to list all the novel ions generated in 
the gas phase but it will suffice to say that 
many unconventional ions, such as the 
above and also ylide181 and distonic ions1141 
can be readily obtained by dissociative ion­
ization181. This fact has inspired various re­
search groups to devise experiments 
whereby the novel ion is neutralized by 
charge-exchange in hopes to generate un­
usual molecules which are otherwise not ac­
cessible M.

The generation and identification of 
such neutral species is achieved by a double 
collision experiment161. The set-up consists 
of a mass spectrometer of BE type which 
contains amidst the two sectors a tandem 
collision cell with an ion beam deflector 
between the individual chambers. A reduc­
ing agent (metal vapour or nobel gas) is 
admitted to the first chamber to neutralize 
the cations (M®) by electron transfer to 
generate neutral M having the same mo­
mentum as M®. The unreacted ions are 
then deflected by the beam deflector and 
thus only neutrals M continue their flight 
and enter the second chamber wherein they 
are ionized by collision with a suitable oxi­
dizing agent. This oxidation step must be 
sufficiently violent to produce not only sta­
ble ions M®, but also excited ions which 
then fragment thus providing structure­
diagnostic informations. The ions are then 
recorded by scanning the electric field 
strength. Ionization of the neutral, fol­
lowed by dissociation, can be achieved by 
collision with He or O213-6,151 (in the follow­
ing He is used). For the reduction step 
opinions differ as to what the most suitable 
reducing agent is15161. McLafferty and co­
workers1161 argue that metal vapour gives 
the best result but we have demonstrated141 
that xenon is a good electron transfer agent 
and moreover is easy to manipulate. In the 
following experiments neutralization is 
performed with Xe and reionization is 
achieved with He. The above described 
technique has been referred to as neutral­
ization-reionization mass spectrometry 
(NRMS) by Danis et al.131 and is a promis­
ing, powerful technique for the synthesis 
of unconventional molecules, including 
hypervalent molecules1171. For example, 
electron transfer from xenon to 
HC=C—OH®° leads to neutral hydroxy­
acetylene1101 which retains its structure as 
evidenced by its unique NR mass spectrum
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and is thus a species which lies in a deep 
potential well.

All following experiments were per­
formed using a Vacuum Generators 
ZAB-2F mass spectrometer[IS1 equipped 
with a tandem collision cell and beam de­
flector [4-6].

A neutralization-reionization experi­
ment consists of three steps: (1) A precur­
sor ion P is sought which upon dissociative 
ionization could conceivably yield the 
ionic form of the desired molecule M, i. e. 
P®°^M®G+F. (2) The structure of M®° is 
determined by collisional activation1111 
and, if necessary, by other complementary 
techniques such as metastable ion and ap­
pearance energy measurements1191. (3) M®° 
is neutralized by collision with xenon and 
only the neutral species are allowed to en­
ter the second collision cell; the collision- 
ally induced dissociative ionization of the 
neutrals, caused by collision with helium, 
leads to a NR mass spectrum which may be 
compared with reference CA mass spectra 
(M®°^M-^M®G^F1®, F2®, etc.). Note 
that if M is a stable species a reasonably 
intense signal corresponding to M®° must 
be present in the NR mass spectrum.

Inspired by our previously reported gas 
phase synthesis of hydroxy-1101 and amino­
acetylenes[20] we set out to produce the 
hitherto unknown disubstituted acetylenes 
HO-C=C-OH and H2N-C=C-NH2, 
as well as the mixed analogue 
H2N—C=C—OH. We now shall discuss 
these examples step by step.

HO-C=C-OH

Step (1): It is known from the litera­
ture1211 that commercially available squaric 
acid reveals an intense peak at m/z 58 
(C2H2O2) in its electron impact (EI) mass 
spectrum (Scheme 1).

Scheme 1
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Step (2): The structure of these 
C2H2O2®° ions was determined by colli- 
sonal activation mass spectrometry. It was 
observed that upon collision, as well as 
unimolecularly, these ions predominantly 
fragment to produce an ion at m/z 29. Two 
isomeric [H, C, O]® ions exist, namely 
HCO® and COH®I221. The structure of the 
m/z 29 daughter ions was determinded by 
an experiment in which ions formed uni­
molecularly or by collision in the first drift 
region, are selectively transmitted through 
the electromagnet and subsequently struc­
turally analyzed by collisional activation in 
the second drift region. It was evident from 
the resulting CA mass spectrum that these 
m/z 29 ions are COH® only and not 
HCO®. This observation immediately 
rules out that the precursor is ionized 
glyoxal, H(O)C—C(O)H®°, as this ion

generates HCO®. In addition, ionized 
glyoxal also abundantly forms H2CO®G by 
loss of CO, a reaction which the C2H2O2®° 
ions generated from squaric acid do not 
undergo at all. This reaction will be 
discussed in detail elsewhere but it will 
suffice to say that we have good evidence 
that it proceeds via the stable hydrogen- 
bridged species O=C(H) - H -•-C=O®°. 
Also, hydroxyketene molecular ions 
HO-C(H)=C=O®° (produced by C2H4 
loss from ionized 2-hydroxycyclobutanone 
or by successive losses of CO2 and H2O 
from ionized tartronic acid) and 
®CH2—O—C=O® (from ethylene carbon­
ate) can be discarded as candidates because 
these species also, and perhaps not sur­
prisingly, cleave off CO to produce m/z 
30 (CH2O®°). Hence, we conclude that 
the C2H2O2®° ions generated from ion­
ized squaric acid have the structure 
HO-C=C—OH®0 (we note in passing 
that m/z 29, pure COH®, forms the base 
peak in the mass spectrum of squaric 
acid and thus the latter molecule is a 
good source of COH®, much better than 
the molecule used hitherto, i.e 
CD3OH®®^COH®+D2+D°)122“bl.

Step (3): The NR mass spectrum of 
HO—C=C—OH®° was recorded as de­
scribed above and is shown in Fig. 1, to­
gether with the CA mass spectrum of 
HO—C=C—OH®°. It can be seen that a 
significant fraction of the species survives 
the redox reactions and therefore neutral 
C2H2O2 must represent a stable molecule. 
Also m/z 30 is absent in the NR mass spec­
trum so that the neutral species cannot 
have rearranged to glyoxal or hydroxy­
ketene because these neutrals abundantly 
generate upon reionization m/z 30 (see 
above). Hence, we conclude that the 
surviving neutrals are HO—C=C—OH 
and in order for them to survice the 
reduction step they must reside in a deep 
potential well. The NR mass spectrum of 
HO—C=C—OH®° contains an intense 
peak at m/z 28 (see Fig. lb) corresponding 
to CO®°. Its origin is a follows151: The dis­
tance between the magnet and neutral­
ization cell is approximately 1 m and so the 
mass selected ion may decompose unimo­
lecularly (metastable ions) in this region. 
Now, the sole unimolecular fragmentation 
of HO-C=C-OH®° is the C-C bond 
cleavage reaction yielding COH® with the 
corresponding neutral fragments, i.e. 
HCO®, COH° or H°+CO. (We have indi­
rect evidence that the neutral actually is the 
long-sought COH radical and are persuing 
its definitive unequivocal identification). 
These neutrals too will be transmitted to 
the ionization cell leading to ions which 
contribute to the NR mass spectrum151. We 
observed that neutral HCO® and COH®, 
prepared by neutralization of HCO® and 
COH®, predominantly produce CO upon 
reionization {m/z 29: m/z 28 ~ 10:100) and 
so we conclude that the intense signal at 
m/z 28 in the NR mass spectrum chiefly is 
due to (dissociative) ionization of metasta- 
bly generated neutrals.

Fig. 1. Collisional activation (CA) mass 
spectrum (a) and neutralization-reioniza­
tion (NR) mass spectrum (b) of 
HO-C^C-OH^.

h2n-c=c-nh2

It was observed that the bisamide of 
squaric acid1231 too upon electron impact 
ionization loses two CO molecules to 
generate H2N—C=C—NH2®° (Scheme 2).

Scheme 2
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Those daughter ions may undergo a 
rearrangement/dissociation reaction, lead­
ing to HCNH2®° and CNH (also a minor 
process leading to HCNH®° takes effect). 
Because this reaction proceedes so abun­
dantly the CNH molecules are expected to 
contribute significantly to the NR mass 
spectrum of H2N—C=C—NH2®°. Indeed 
the spectrum (Fig. 2b) conforms to this 
expectation: Intense signals are present at 
m/z 2.7 (CNH®®) and m/z 26 (CN®, loss of 
H® from CNH®®). Note, however, that the 
neutralized H2N—C=C—NH2 species pref­
erentially forms upon dissociative ion­
ization m/z 28, formally CNH2®, a highly 
structure characteristic reaction. Also 
peaks corresponding to NH2® loss and suc­
cessive H® atom losses are clearly present. 
Equally important is the observation that 
m/z 29 (HCNH2®°) is only a minor peak in 
the NR mass spectrum. This peak ob­
viously is the result of a rearrangement



FORSCHUNG 359
CHIMIA 40 (1986) Nr. 10 (Oktober)

reaction taking place within the ionic spe­
cies. Because the fragmenting ions have 
only very short lifetimes after reionization 
(at most 0.2 ps[6]), time consuming rear­
rangement processes will be suppressed 
compared to the long-lived (about 10 ps) 
ions sampled by collisional activation. 
Hence, all the above results show that 
H2N—C=C—NH2 is a stable species too.

Fig. 2. CA mass spectrum (a) and NR mass 
spectrum (b) ofH2N-C=C-NH®°.

H2N-C=C-OH

The monoamide of squaric acid also 
eliminates upon dissociative ionization 
two CO molecules (Scheme 3) to produce 
C2H3NO®° ions.

Scheme 3

-T^ h2n-c=c-oh+’

The CA mass spectrum of these ions is 
shown in Fig. 3a and is quite distinct from 
that of the isomeric aminoketene (gen­
erated by loss of H2O from ionized glycine 
enol, H(NH2)C=C(OH)2®0[241). The CA 
mass spectrum of H2N—C=C—OH®° is 
dominated by mjz 28, [H2, N, C]®. Only 
few of the H2N—C=C—OH®° ions are 
metastable and thus the amount of conta­
mination of the NR mass spectrum by 
metastably generated neutrals will be 
small. The NR mass spectrum, shown in 
Fig. 3b, confirms this expectation. It can

be seen that the NR mass spectrum of 
H2N—C=C—OH®° is close to the CA mass 
spectrum. For this reason we conclude that 
the molecule H2N—C=C—OH is a stable 
species too.

(a)

Fig. 3. CA mass spectrum (a) and NR mass 
spectrum (b) of H2N—C=C—OH®&.

(b)

So far we have shown that the molecules 
X-C=C-Y (X, Y = OH, NH2) can be 
made in the gas phase. Using the same 
technique we have also produced other in­
teresting molecules, such as 
CH3O-C=C-X (X = OCH3, OH, NH2) as 
well as neutral hydroxy- and aminoketene. 
It is again mentioned that in all cases a 
significant fraction of the ions survive the 
two collision events and hence all the 
above neutral molecules reside in deep po­
tential wells. Note that the corresponding 
ions are interesting in themselves, because 
they fragment to produce often long- 
sought small organic cations. Thus 
CH3OC=COCH3®° produces in high yield 
CH3—O®=C[25] and not the well-known 
CH3-C®=O isomer; H2NC=COCH3®° 
loses CH3° and CO to produce CNH2®, 
which is of potential interest in interstellar 
chemistry1261, and, finally, HOC=COH®° 
forms COH®. Attempts are being made to 
neutralize these species and to unequivo­
cally determine the structure of the surviv­
ing neutrals.

In conclusion, elusive molecules of the 
type X-C=C-Y (X, Y = OH, NH2, and 
OCH3) can be made by neutralization of 
their corresponding cation radicals in the 
gas phase. We are convinced that many 
other fascinating small neutrals, which are 
inaccessible in solution because of solvent- 
induced rearrangements1271 can be conve­
niently made in the gas phase and charac-

terized by the powerful method of neutral- 
ization-reionization mass spectrometry.
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