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The 3-(dimethylamino)-1,1-dimethyl-1H-azaphosphiren-1-ium ion (3), the first member
of the hitherto unknown class of azaphosphirenium ions and the first N,P-analogue of the
aromatic cyclopropenyl cation, is generated in the gas phase via 70 eV electron ionization
and demetalation of a ferriphosphaalkene (1) and rapid cyclization of the incipient
phosphavinyl cation (2). Spontaneous cyclization of 2 to 3 is predicted by Becke3LYP/6-
311++G(d,p) calculations, and the structure and reactivity of 3 is probed via collision-induced
dissociation and ion—molecule reactions performed via pentaguadrupole mass spectrometry.
Gaseous 3 fails to coordinate efficiently with nitrogen and oxygen nucleophiles, but it forms
stable adduct ions with phosphorus and sulfur nucleophiles. The adducts of 3 with P and S
nucleophiles are likely favored by the incorporation of relatively strong and rare P=S and
P=P bonds and through extensive charge delocalization involving dimethylamino substit-
uents. With isoprene, an adduct ion is also readily formed presumably via [4 + 2%]
cycloaddition (followed by spontaneous ring opening), a reaction which is well documented
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for phosphenium ions both in solution and in the gas phase.

Introduction

Attempts to observe persistent phosphavinyl cations
R,C=P™ in superacid media by protonation of phospha-
alkynes under controlled conditions have been unsuc-
cessful, since they led to counterion trapping and
formation of phosphaalkenes by nucleophilic attack
at phosphorus (Scheme 1).}2 In situ generation of
[P=C(TMS),]* via ionization of the P—triflate or the
P—CI derivative and its trapping with PPhs has also
been reported (Scheme 2).3

Normal phosphaalkenes are polarized in the sense
Po+C%~, and nucleophilic attack is directed to phos-
phorus.* There has been a recent surge of interest in
phosphaalkenes with inverse polarity, viz. P°~C°T,
whereby electrophilic attack occurs at phosphorus.®
Metallophosphaalkenes of type 1 (Scheme 3) with di-
methylamino substituents belong to this family. The
coordination chemistry of metallophosphaalkenes and
their reactivity toward electrophiles and carbenes has
received considerable attention during the past dec-
ade.>® Consistent with canonical forms 1 and 1', pro-
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and Their Building Blocks; Laali, K. K., Ed.; JAl: Stamford, CT, 1999;
pp 223-257.
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tonation, alkylation, and silylation are directed to
phosphorus, yielding metallophosphanyl-functionalized
carbocations.” The P-acyl derivatives RC(CO)P=C(NMe);
are also inversely polarized phosphaalkenes.®
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Dicoordinated phosphenium ions of the R,P* type
have received particular attention because the presence
of a vacant p orbital and a lone pair on P confers to these
amphoteric cations a high and diverse reactivity toward
organic substrates.® The gas phase provides a suitable
environment in which to study the intrinsic stability and
solvent- and counterion-free reactivity of ions with
neutral molecules® and to perform fast screening for
potential reactants and model reactions.™! lonic inter-
mediates, which are transient and highly reactive in
solution, are often stable and long-lived in the gas phase
and, after mass selection, studies of their intrinsic
reactivity can be conveniently performed by multiple-
stage mass spectrometric (MS) techniques. Several long-
lived phosphenium ions R;P™ have been successfully
formed and isolated in the gas phase and their intrinsic
reactivity exploited by several MS techniques.’? We
report here that gas-phase demetalation of 1 upon 70
eV electron ionization (EIl) provides facile access to the

(6) Weber, L. In Carbocyclic and Heterocyclic Cage Compounds and
Their Building Blocks; Laali, K. K., Ed.; JAIl: Stamford, CT, 1999; pp
269—298.

(7) Weber, L.; Scheffer, M. H.; Stammler, H.-G.; Neumann, B.;
Schoeller, W. W.; Sundermann, A.; Laali, K. K. Organometallics 1999,
18, 4216.
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ler, W. W.; Boese, R.; Blaser, D. Eur. J. Inorg. Chem. 1999, 2369.

(9) (@) Cowley, A. H.; Kemp, R. A. Chem. Rev. 1985, 85, 367. (b)
Dillon, K. B.; Mathey, F.; Nixon, J. F. Phosphorus: The Carbon Copy;
Wiley: Chichester, U.K., 1998.
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198, 137.
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Brodbelt, J. S. Mass Spectrom. Rev. 1997, 16, 91. (c) Williamson, B.
L.; Creaser, C. S. Eur. Mass Spectrom. 1998, 4, 103. (d) Gerbaux, P.;
Van Haverbeke, Y.; Flammang, R. Int. J. Mass Spectrom. 1998, 184,
39. (e) Wang, F.; Tao, W. A.; Gozzo, F. C.; Eberlin, M. N.; Cooks, R. G.
J. Org. Chem. 1999, 64, 3213. (f) Cacace, F.; de Petris, G.; Pepi, F;
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Frank, A. J.; Turecek, F. J. Phys. Chem. A 1999, 103, 5348. (h)
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2567. (j) Gozzo, F. C.; Moraes, L. A. B.; Eberlin, M. N; Laali, K. K. J.
Am. Chem. Soc., 2000, 122, 7776. (k) D'Oca, M. G. M.; Moares, L. A.
B.; Pilli, R. A.; Eberlin, M. N. J. Org. Chem. 2001, 66, 3854.
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unprecendented cyclic azaphosphirenium ion 3 via rapid
cyclization of the incipient phosphavinyl cation 2. lon
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3 is the first N,P-analogue of the aromatic cyclo-
propenyl cation and the N-analogue of the first di-
phosphirenylium ion, 4, whose synthesis, structure, and
solution reactivity has recently been described.’® We
used therefore a combination of gas-phase MS experi-
ments and ab initio theory to gain insight into the
structure, intrinsic stability and reactivity of 3.

Experimental Section

The ferriphosphaalkene 1 was available from previous
studies.” The neutral substrates used for ion—molecule reac-
tions were high-purity reagents which were used as received.
Gaseous 3 was produced, reacted, and its products analyzed
via double- (MS?) and triple-stage (MS®) pentaquadrupole mass
spectrometric experiments'# performed with an Extrel (Pitts-
burgh, PA) pentaquadrupole (Q10.Q304Qs) mass spectrometer,
which is described in detail elsewhere.'®> lon 3 was formed by
70 eV El-induced dissociation of the ferriphosphaalkene 1
(Scheme 3), and high-accuracy mass measurements performed
on a EBE Autospec (Micromass U.K.) mass spectrometer
confirmed its expected composition: calcd for CsHi12N,P m/z
131.0738, found 131.0769. For the MS? ion—molecule reactions,
Q1 was used to mass-select 3 for further reactions in g2 with
a selected neutral reagent. lon translational energies were set
to near 0 eV as calibrated by the m/z 39:41 ratio in neutral
ethylene—ionized ethylene reactions.'® Product ion mass spec-
tra were acquired by scanning Q5, while Q3 and g4 were
operated in the broad-band rf-only mode. Multiple collision
conditions were used in g2, as indicated by typical beam
attenuations of 50—70%, which increases reaction yields and
promotes collisional quenching of both the reactant and
product ions.*

(12) For recent examples see: (a) Wang, F.; Ma, S. G.; Tao, W. A.;
Cooks, R. G. Angew. Chem., Int. Ed. 1999, 38, 386. (b) Wang, F.; Tao,
W. A.; Gozzo, F. C.; Eberlin, M. N.; Cooks, R. G. J. Org. Chem. 1999,
64, 3213. (c) Morizur, J. P.; Gevrey, S.; Luna, A.; Taphanel, M. H. J.
Mass Spectrom. 1997, 32, 550. (d) Ma, S. G.; Wong, P.; Cooks, R. G;
Gozzo, F. C.; Eberlin, M. N. Int. J. Mass Spectrom. lon Processes 1997,
163, 89. (e) Thoen, K. K.; Gao, L.; Ranatunga, T. D.; Vainiotalo, P.;
Kenttamaa, H. I. J. Org. Chem. 1997, 62, 8702. (f) Ramirez-Arizmendi,
L. E,; Yu, Y. Q.; Kenttamaa, H. I. 3. Am. Soc. Mass Spectrom. 1999,
10, 379. (@) Yu, Y. Q.; Stumpf, C. L.; Kenttamaa, H. I. Int. 3. Mass
Spectrom. 2000, 196, 609. (h) Steiner, V.; Daoust-Maleval, I.; Tabet,
J. C. Int. J. Mass Spectrom. 2000, 196, 121.

(13) (a) Castan, F.; Bacieredo, A.; Fischer, J.; Decian, A.; Com-
memges, G.; Bertrand, G. J. Am. Chem. Soc. 1991, 113, 8160. (b)
Soleilhavoup, M.; Canac, Y.; Polozov, A. M.; Bacieredo, A.; Bertrand,
G. J. Am. Chem. Soc. 1994, 116, 6149. (c) Soleilhavoup, M.; Bacieredo,
A.; Dahan, F.; Bertrand, G. J. Chem. Soc., Chem. Commun. 1994, 337.
(d) Bourissou, D.; Canac, Y.; Collado, M. I.; Baceiredo, A.; Bertrand,
G. J. Am. Chem. Soc. 1997, 119, 9923. (e) Bourissou, D.; Bertrand, G.
Acc. Chem. Res. 1999, 32, 561.
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For the MS? experiments, a g2-product ion of interest was
mass-selected by Q3 for further 15 eV collision-induced dis-
sociation (CID) with argon in g4, while Q5 was scanned to
record the mass spectrum. The 15 eV collision energies were
taken as the voltage differences between the ion source and
the collision quadrupoles. The indicated pressures in each
differentially pumped region were typically 2 x 1078 (ion
source), 8 x 1076 (g2), and 8 x 1075 (g4) torr, respectively. The
electronic energies of optimized geometries of some ions of
interest were obtained by either Becke3LYP/6-31G(d,p) or
Becke3LYP/6-311++G(d,p) calculations run on Gaussian98’
using no symmetry constraints. Details of the optimized
structures are available from the authors upon request.

Results and Discussion

Theoretical Studies. To investigate the intrinsic
gas-phase stability of 2 (the primary ion of m/z 131
expected from 1) and the likelihood of its cyclization to
3,18 structure optimization was performed at the
Becke3LYP/6-311++G(d,p) level of theory. lon 2 was
found not to be a minimum; it collapses to 3 (Scheme 3)
with no energy barrier via intramolecular nucleophilic
attack of the dimethylamino nitrogen onto phosphorus.
In the gas phase, the nascent phosphavinyl cation 2 is
therefore predicted to undergo spontaneous cyclization
to the azaphosphirenium ion 3.

Few heteroatom-containing analogues of the two-x-
electron Huckel aromatic cyclopropenyl cation have been
isolated.13 Interestingly, 3 is such a rare system—a
diheteroatom N,P-containing cyclopropenyl cation ana-
logue! lon 3 is also the N-analogue of the first di-
phosphirenium ion, 4 (a diphosphorus analogue of the
cyclopropenyl cation), whose synthesis, structure, and
reactivity have been recently described.’® The analogy
between the gas-phase and condensed-phase synthetic
routes applied to form 3 (1 — [2] — 3) and 4 (Scheme 4)
via spontaneous cyclization of either a transient 1,3-
azaphosphavinyl or 1,3-diphosphavinyl cation interme-
diate is also noteworthy.

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.6; Gaussian, Inc.: Pittsburgh, PA,
1998.
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Figure 1. Becke3LYP/6-311++G(d,p) optimized structure
with some major bond lengths and main Mulliken charges
of the novel cyclic azaphosphirenium ion 3. For the methyl
groups, H charges were summed into C charges.

Figure 1 displays 3 in its optimized structure and
summarizes its main bond lengths and charges. No
literature precedent exists for a cyclic azaphosphirenium
ion such as 3, but the similarity of the calculated PC
and CN bond lengths of 3 with the corresponding X-ray-
determined bond lengths of its diphosphorus analogue
4 (see below)' is remarkable. For 4, it was concluded
that mesomeric 4' provides the best representation.?
It is known that amino substituents considerably in-
crease the stability of the cyclopropenyl cation.'® The
calculated PC (1.69 A) bond length of 3 is clearly more
in the range associated with a PC single bond, and it is
considerably longer than that (1.63 A) of the neutral 2H-
phosphirene 5,'° whereas the CN bond length is clearly
in the CN double-bond range. These PC and CN bond
lengths (as well as charge distribution with the positive
charge mainly shifted outside the ring) suggest there-
fore, as for 4,13 that 3 is best represented by the
canonical form 3'. However, form 3 will be used, for
simplicity.

R:
+N/ - +N/%
HaCy N(CH3); HCy (
HsC

N(CH3)2

3 PC =1.69 A

CN=131A 3

A — A

e wee N +
RoN"" NR, RoN™"% R,
RaN pc=1737A RN ,
4 CN =1.322 A 4
R = j-Pr

5
\

5

Dissociation Behavior of 3. Figure 2 illustrates the
double-stage CID mass spectrum of 3. The m/z 91 and
71 fragment ions are formed in greatest abundances,
whereas m/z 130, 129, 116, 115, 106, 75, and 72 are also
significant. The most abundant fragment of m/z 91 is
formed by the loss of a 40 u species which cannot contain

(18) Yoshida, Z. Top. Curr. Chem. 1973, 40, 47.
(19) Mathey, F. Chem. Rev. 1990, 90, 997.
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Table 1. lonic Products for Reactions of Gaseous 3 with Selected Neutrals

Products
m/z (relative abundance)®
Entry Neutral
™) M+m/z131 MH,M,H"  m7z91T M+miz91 M"
1 CH;-CN 172 (4) none (12) 132 (100) none
2 CeHsN none 80, 159 (100) none none none
3 NH,N(CH;), none 61 (20) (100) 151(2) 60 (21)
4 HN(C;Hs), 204 (1) 74, 147 (100) 2) 164 (7) none
5 Q\H 202(1) 72,43 (100) (14) 161 (13) none
6 PhNH, none 94, 187 (58) (100} 184 (1) 95 (55)
7 CH;0H 163 (1) 33,65 (8) none (100) none
8 G~
~ 199 (69) 69, 81, 149* (12) 159 (39) none
(40)
9
CS 219 (61) 89 (90) (88) 179 (100) none
10
<:>S 233 (31) 103 (100) N 193 (17) none
11 P(OCH:); 255(78) 125 (83) (38) 215 (100) none

a Relative to the product ions excluding the reactant ion. P For the products of reactions between protonated and neutral isoprene

under the present reaction conditions, see ref 24.

5
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Figure 2. Double-stage (MS?2) product ion mass spectrum
for collision-induced dissociation of 3 via 15 eV collisions
with argon.

phosphorus. Hence, considering also the connectivity of
the precursor ion 17, dissociation of 3 by the loss of a
CH,CN" radical is the most likely event, and a possible
channel for this dissociation yielding ionized di-
methylamine methyl phosphane is rationalized in
Scheme 5, together with those for m/z 116 and 71.
lon—Molecule Reactions. Table 1 lists the main
products for reactions of 3 (mass-selected by Q1) with
neutral nucleophiles (M) in the first collision cell (g2)
of the pentaquadrupole mass spectrometer. In reactions
with nucleophiles, 3 may produce phosphaalkene—
onium cations by nucleophilic attack followed by ring
opening, in a manner similar to the quenching of
phosphavinyl cations in solution (Scheme 2).

O and N Nucleophiles. In the gas phase, two
phosphenium ions, PCl," and P(OCHj3),*, have been
found to add readily to O and N nucleophiles.'? Table 1
shows, however, that the cyclic azaphosphirenium ion
3 either fails to produce stable adducts (M + m/z 131)
with N and O nucleophiles or that such adducts are
formed to a limited extent (entries 1—7). Instead, proton

Scheme 5
/P\ . [1,3-CH,]
N —>  (CH3,N—P=C—N(CH3); ——>
ISR G
HsC
3
m/z 131
.
CH
e (1,3-H] cHy |
(CHz),N—P—C=N—CHs (CHs)aN—P—H
- CH,CN myz 91
"
P .
- CH5' / - HN(CH;), T
3 —m N > H,C=N—C=P
7 N(CH3)2
m/z 131 H3C m/z 71

m/z 116

transfer that yields MH™* and eventually M,H" domi-
nates. In fact, the m/z 91 fragment (frequently formed
from 3 by CID even under the low, near zero energy
collision used to perform the reactions) is often more
prone to reaction with the O and N nucleophiles (M),
forming relatively abundant adducts (M + m/z 91, Table
1). Pyridine (entry 2) forms an stable adduct with
PCI,",12d but in reactions with 3 proton transfer domi-
nates and protonated pyridine of m/z 80 and the
pyridine proton-bonded dimer (M;H™) of m/z 159 are
readily formed (Figure 3a).

Isoprene. With this conjugated diene (Table 1, entry
8), 3 forms an adduct of m/z 199 (Figure 3b). In solution,
phosphenium ions are known to react with dienes as
carbenoids to form the corresponding unsaturated phos-
phorus heterocyclic compounds.2® They also react with
alkynes in a [2 + 27] fashion to produce phosphirenium
salts.?! In the gas phase, the phosphenium ion P(OCHj3),™
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Figure 3. Double-stage (MS?) product ion mass spectrum for gas-phase reactions of mass-selected 3 with (a) pyridine, (b)

isoprene, and (c) trimethyl phosphite.

Scheme 6
H H
N £ O gy ,OCH;
+ 3P - > l +P
o OCH; Hs OCH;

was recently found to react extensively by [4 + 27]
cycloaddition with 2,3-dimethylbutadiene to form the
corresponding cyclic phospholenium ion (Scheme 6).22

It is therefore probable that gaseous 3 reacts with
isoprene via [4 + 27] cycloaddition exhibiting a similar
phosphenium cation behavior. Becke3LYP/6-31G(d,p)
calculations indicate, however, that the nascent adduct
is unstable; upon geometry optimization, it undergoes
ring opening to form 6 (Scheme 7), a highly resonance-
stabilized phosphanyl diaminocarbenium ion. Relief of
steric strain in the phosphaspiro[2.4]heptadiene adduct
is a logical driving force for ring opening. Because amino

(20) (a) Cowley, A. H.; Kemp, R. A.; Lasch, J. G.; Norman, N. C;
Stewart, C. A.; Whittlesey, B. R.; Wright, T. C. Inorg. Chem. 1986, 25,
740. (b) Solovieva, S. E.; Gruner, M.; Antipin, I. S.; Habicher, W. D;
Konolov, A. I. Org. Lett. 2001, 3, 1299.

(21) (a) Fongers, K. S.; Hogeveen, H.; Kingma, R. F. Tetrahedron
Lett. 1983, 24, 643. (b) Breslow, R.; Deuring, L. Tetrahedron Lett. 1984,
25, 1345.

(22) Gevrey, S.; Taphanel, M.-H.; Morizur, J.-P. J. Mass Spectrom.
1998, 33, 399.

groups are better & donors than phosphanyl groups,23
the optimized eletronic structure of 6 displays its
positive charge mainly delocalized on the two dimethy-
lamino groups, whereas the phosphorus remains pyra-
midal.

After Q3 mass selection and upon 15 eV CID with
argon in g4 (spectrum not shown), the putative cyclo-
adduct of m/z 199 dissociates mainly to m/z 131, a
pathway assigned to cycloreversion to 3,24 and to m/z
171 by ethylene loss. A dissociation pathway to m/z 171
that yields an aromatic N-methylated 1,3-azaphos-
pholenium ion is suggested in Scheme 8.

S and P Nucleophiles. With the three third-row P
and S nucleophiles tested (Table 1, entries 9—11), 3
readily forms adducts, as exemplified for reactions with
trimethyl phosphite in Figure 3c. Binding via relatively
favorable and relatively rare?®> P=S and P=P bonds26
between two third-row elements and extensive charge
delocalization involving the dimethylamino substituents

(23) (a) Guerret, O.; Bertrand, G. Acc. Chem. Res. 1997, 30, 486. (b)
Goumri, S.; Leriche, Y.; Gornitzka, H.; Bacieredo, A.; Bertrand, G. Eur.
J. Inorg. Chem. 1998, 1539.

(24) Eberlin, M. N.; Cooks, R. G. J. Am. Chem. Soc. 1993, 115, 9226.

(25) Shah, S.; Protasiewicz, J. D. Chem. Commun. 1998, 1585.

(26) Loss, S.; Vidauer, C.; Grutzmacher, H. Angew. Chem., Int. Ed.
1999, 38, 3329.
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could explain such a trend (Scheme 9), whereas facile
reaction of 3 with P(OCHz3); has its analogy with the
chemistry of phosphenium ions, as outlined in Scheme
2.3 The ring-opening reactions proposed for 3 display
analogy with the reactivity observed for 4 with several
nucleophiles.’3¢ The adducts of 3 with the P and S
nucleophiles dissociate upon collision activation in MS3
experiments (spectra not shown) mainly by cyclorever-
sion to re-form 3 of m/z 131.

Conclusion

Cyclic azaphosphirenium ions are as yet unknown in
solution. However, as predicted by DFT calculations!”
and shown by pentaquadrupole mass spectrometric
experiments, gas-phase demetalation of 1 upon 70 eV
El provides facile access to the first azaphosphirenium
ion, 3, via rapid cyclization of the incipient phosphavinyl
cation 2. The gas-phase experiments aimed at investi-
gating the intrinsic solvent- and counterion-free reactiv-
ity of 3 show that it fails to coordinate efficiently with
N and O nucleophiles. With the P and S nucleophiles
tested, however, 3 forms otherwise stable adducts whose
formation likely proceeds by ring opening and are
favored by relatively strong and rare P=S and P=P
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bonds and extensive charge delocalization on the di-
methylamino substituents. With isoprene, 3 also forms
an abundant adduct, most likely via [4 + 27] cyclo-
addition, a process which is well-known for analogous
phosphenium ions both in solution and in the gas phase,
followed by ring opening of the unstable, sterically
constrained phosphaspiro adduct to 6, a highly resonance-
stabilized phosphanyl diaminocarbenium ion. Relief of
steric strain in the phosphaspiro[2.4]heptadiene adduct
is a logical driving force for ring opening. We hope that
our gas-phase and theoretical studies on the formation
and characterization of 3, the first N,P-analogue of the
aromatic cyclopropenyl cation, will stimulate studies
aimed at its generation and synthetic exploitation in
solution.
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