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Abstract: Ab initio molecular orbital calculations at the G2 level of theory have been used to characterize the
potential energy surface for the reactions of phosphirenium or phosphiranium ions with acetylene or ethylene.
Comparisons between two competing pathwaysi#tigand exchange are discussed along with comparisons
between the lower energy exchange pathway and a competing insertion reaction. The lower energy exchange
reactions have barriers 89 kJ mot?) much smaller than those of the insertion reactions {23 kJ

mol~1), despite the fact that the insertion products are strongly preferred thermodynamically. This is consistent
with the exclusive observation of exchange experimentally. The transition structures for the preferred exchange
reactions contain PHf moieties that are rotated so that they are almost parallel to the CC bond of the ring and
the CC bond of the incoming hydrocarbon, leading to the prediction that the reactions are stereospecific with

respect to the configuration at phosphorus.

Introduction

Whereas aziridine is a small heterocycle that has commercial
importance as a precursor of polymers and as a high-energy

intermediate in organic synthedists phosphorus analogue
phosphiranel) is a very reactive substanésyhich precludes
serious investigations of its chemistryThe P-phenyl derivative
2, however, is readily isolatett? and some of its chemistry
has been explored. Oxidation & by a dithieté and a

aspect of its chemistry that inspired the present investigation,
is its reaction with dimethylacetylene to give cleanly by
displacement of ethylene the phosphirenium 43% A related
phosphirenium salt had been characterized previddslin
addition, we have recently observed tHatindergoes alkyne
exchange with other alkynes to give thermodynamic mixtures
of phosphirenium saltg

The behavior of3 and 4 toward alkynes is reminiscent of

dioxetané leads to unstable pentacoordinate phosphiranes, ang?-ligand exchange in organometallic chemistry, and it is

with transition metals? yields complexes that are potential
precursors of crown phosphines by cyclooligomerizafion.
Further evidence of the nucleophilicity @fis provided by its
reaction with methyl trifluoromethanesulfonate (methyl triflate),
which furnishes3, the first phosphiranium salt to be isolated
and structurally characteriz€d?
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A remarkable feature of the phosphiranium siliand the
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tempting to consider these salts ascomplexes of the six-
electron methylphenylphosphenium ion. Salts containing phos-
phenium ions lacking strong-donor substituents have yet to
be isolated, howevéé To our knowledge, ther-ligand
exchange observed in the reactions3and4 with alkynes is
unprecedented in heterocyclic chemistry. Various theoretical
investigations of neutral and cationic three-membered phos-
phorus heterocycles have been reported previddslin the
present work, we use ab initio molecular orbital theory to
examine prototypical examples of the-ligand exchange
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reactions. In addition, we present results for a parallel set of

competing insertion reactions forming five-membered hetero-
cycles.
Computational Methods

Ab initio molecular orbital calculatioR® were carried out using a
modified form of G2 theor}f with the GAUSSIAN 947 and MOLPRO

Swlling et al.

Table 1. Calculated Barriers and Reaction Energies for Exchange
(E) and Insertion (I) Reactiohs

reaction pathway barrier reaction energy

El A 3.6 0.0

B 151.3 0.0
E2 A 28.0 0.4

B 168.8 0.4
E3 A 39.4 0.0

B 207.9 0.0
11 234.0 —258.7
12A 229.2 —310.5
2B 2145 —310.9
13 216.9 —342.4

aG2 values in kJ moft at 0 K.

symmetry discrepancy between the optimized geometries at the two
levels. This is formally the G2(ZPEMP2) method?? but we use the

G2 label here for the sake of brevity. The transition structures for the

reactions reported in this work have been confirmed in each case by
the calculation of vibrational frequencies (one imaginary frequency)

and an intrinsic reaction coordinate analysis. Calculated G2 total
energies are presented in Table S1 of the Supporting Information.
Relative energies within the text correspond to G2 values at 0 K, unless
otherwise specified.

Results and Discussion

A schematic representation of the model exchange-(£3)
and insertion (11, 12A, 12B, and I3) reactions investigated in
the present work is displayed in Scheme 1.

Two pathways were characterized for the exchange reaction,
and one pathway was characterized for the insertion reaction.
The results for the two exchange pathways, the pathway for
insertion, and comparisons between them are discussed sepa-
rately in the sections that follow. Figures 1, 2, 4, and 6 depict

96'8 systems of programs. G2 theory corresponds effectively to energy MP2(full)/6-31G(d) optimized structures, including optimized

calculations at the QCISD(T)/6-3315(3df,2p) level on MP2(full)/6-

31G(d) optimized geometries, incorporating scaled HF/6-31G(d) zero-

point vibrational energies (ZPVEs) and a so-called higher level
correction. It has been shown to perform well for the calculation of
atomization energies, ionization energies, electron affinities, bond
energies, proton affinities, acidities, and reaction bar#e¥s?° In the
present work, we have used a slightly modified version of G2 theory
in which the ZPVEs were calculated using MP2(full)/6-31G(d)
harmonic vibrational frequencies scaled by 0.984@ther than the

values of selected geometric parameters for all species inves-
tigated. Complete geometries in the form of GAUSSIAN
archive entries are presented in Table S2 of the Supporting
Information. Barriers and reaction energies for the reactions
in Scheme 1, calculated at the G2 level at 0 K, are given in
Table 1. Schematic energy profiles are displayed in Figures 3,
5, and 7.
Exchange Reactions. Pathway A.In the identity reaction

standard scaled HF/6-31G(d) frequencies because of an occasionatj the phosphiranium iof reacts with ethylene. Although
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reaction E1 has not been observed in the laboratory, it should
nevertheless be feasible, since 1-methyl-1-phenylphosphiranium
triflate (3) liberates ethylene on heating and in solutiéf.
Pathway A of the E1 reaction (see Figures 2 and 3) involves
the initial formation of aCs complex (L0) between the reactant
phosphiranium ion and ethylene, which is bound relative to the
reactants by 25.9 kJ midl. Concerted rotation of the BH
moiety toward the ring carbon atoms and stretching of the PC
bonds of the phosphiranium ion leads to anotBecomplex
11, which is bound relative to the reactants by 2.3 kJ Thol
As can be seen from Figure 2, the transition structifE1A-
1) in the transformation 0f0to 11 has a geometry very similar
to that of11. The reaction ofL1 to give 11 occurs via theCs,,
transition structurd S-E1A-2 and involves further rotation of
the PH™ moiety and further stretching of the PC bonds. The
most notable geometric feature 88-E1A-2 is that the PH"
moiety is almost parallel to the two CC bonds (Figure 2).
The barrier for the formation of complekl from phosphi-
ranium ion and ethylene is 3.6 kJ méJ| while the transition
structure TS-E1A-2) for the reaction ofLl1to give 11 lies just

(22) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Physl995
103 4192.
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Figure 1. Selected MP2(full)/6-31G(d) geometrical parameters of
reactant molecules involved in the EE3 exchange and HI3 insertion
reactions. Bond lengths in angstroms.

1.6 kJ mot? above the reactants (Table 1). Because of the
shallowness of the potential well in whidtl resides (Figure
3), it is not clear whether it plays a significant role in reaction
E1.

In reaction E2, the phosphiranium i@reacts with acetylene,
forming the phosphirenium ioB8 and ethylene. Reaction E2
models the experimentally observed reaction of 1-methyl-1-
phenylphosphiranium triflate with dimethylacetylene to form
1,2,3-trimethyl-1-phenylphosphirenium triflatd) ¢-1°

In a manner similar to reaction E1, acetylene and phosphi-
ranium ion initially form theC,, complex13, which is bound
relative to acetylene and phosphiranium ion by 23.8 kJ ol
(Figures 4 and 5). In the reverse reaction, ethylene and
phosphirenium ion give th€s complex 14, which is bound
relative to ethylene and phosphirenium ion by 28.1 kJThol
In contrast to the E1 reaction, the E2 reaction occurs via one
transition structure onlyTiS-E2A), which directly connects the
reactant and product complex&8 and14. The C; transition
structureTS-E2A is very similar toTS-E1A-2, and represents
a concerted rotation of the BHmoiety and stretching of the
PC bonds. Interestingly, the HF/6-31G(d), B3LYP/6-31G(d),
and MP2(fc)/6-31G(d) surfaces have two distinct transition

structures along this pathway. These connect the reactant and

product complexes via a central complex similar to the situation
pertaining to the E1 reaction. In the case of the MP2(fc)/6-
31G(d) surface, the central complex lies 7.5 kJ mhabove
the reactants and is separated frbby a barrier of only 0.5

kJ mol~t when ZPVEs are included.

The barrier for the E2 reaction (28.0 kJ mblis significantly
higher than that found for the E1 reaction. No strong
thermodynamic driving force is affecting the barrier for the E2
reaction, since the reaction energy is very small (0.4 kJ&ol

J. Am. Chem. Soc., Vol. 120, No. 28, 1388

3423

1796 1.800
1523
10 (Cy)
1. 342 W
3. 12& 3310 2950% /3165

1.895 2.045
1.427

TS-E1A-1 (Cs

11 (Cy)

TS-I1 (Cy,) TS-E1B (C;)
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Figure 2. Selected MP2(full)/6-31G(d) geometrical parameters of
species involved in the E1 and I1 reactions. Bond lengths in angstroms.

The calculated barrier for this last exchange reaction is 39.4
kJ mol1, which is the largest of the barriers that we have found

Reaction E3 also models an experimentally observed processfor an exchange reaction proceeding via pathway A.

namely, the facile alkyne exchange equilibrium between simple
phosphirenium salty1°

The main characteristic of pathway A for all the exchange
reactions is the rotation of the BPHmoiety to an orientation

The results for the E3 reaction (see Figures 6 and 7) are veryalmost parallel to the CC bond, accompanied by the approach

similar to those found for the E2 reaction. The initi@}
complex 9) is bound by 26.6 kJ mol relative to the reactants.
Again, MP2(full)/6-31G(d) optimization predicts one transition
structure, theCy, speciesTS-E3A, which reflects concerted
rotation of the PH"™ moiety and stretching of the PC bonds.
The HF/6-31G(d) and B3LYP/6-31G(d) calculations again
predict two distinct transition structures with the central complex
lying in a shallow potential well, i.e., surfaces similar to Figure
3. Again the PH" moiety is close to parallel to the two CC
bonds.

of the reactant hydrocarbon and elimination of a hydrocarbon
moiety from the ring. The arrangement @fligand—PH,™—
s-ligand found in the pathway A transition structures closely
resembles the triple-ion arrangement (e.g-;-XCHz*+--X"7)
found in 2 transition structures.

The exchange reaction via pathway A becomes energetically
more expensive in the order EALE2 < E3, which implies that
rotation of the PH"™ moiety and stretching of the PC bonds are
energetically less feasible for the phosphirenium ion than for
the phosphiranium ion (E¥ E3). This can be rationalized in
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Figure 3. (a) Schematic energy profiles for the E1 and |1 reactions
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terms of the tightness by which the unsaturated hydrocarbon is
bound to the P moiety. The phosphirenium ion has the
shorter PC bonds (Figure 1) and therefore the tighter binding;
thus, the highest barrier is associated with the exchange reaction
involving the phosphirenium ion alone. The fact that the barrier
for the E2 reaction is closer to that of the E3 reaction than the
E1 reaction may be rationalized by noting that the transition
structure TS-E2A) resembles more closely the product complex
(14) between phosphirenium ion and ethylene than the reactant
complex (3) between phosphiranium ion and acetylene.

Exchange Reactions. Pathway B.In pathway B of the E1

reaction, phosphiranium ion and ethylene initially form Ge Figure 4. Selected MP2(full)/6-31G(d) geometrical parameters of
complex9, bound by 12.4 kJ mol relative to the reactants  species involved in the 12A and 12B insertion reactions and the E2
(see Figures 2 and 3). Product and reactant complexes arexchange reaction. Bond lengths in angstroms.
connected by a single transition structuf&¢E1B), which has
C, symmetry at the MP2(full)/6-31G(d) level. Interestingly, Cg complex 16, which is bound relative to ethylene and
the geometry optimized at the HF/6-31G(d) level T8-E1B phosphirenium ion by 37.7 kJ mdl TheCstransition structure
is more symmetricalQ,), but the energy difference between (TS-E2B), geometrically similar to that found for reaction E1,
the Cy, andC; structures is only 0.2 kJ mol at the MP2(full)/ connects reactant and product complex&s gnd 16). The
6-31G(d) level, with the MP2(full)/6-31G(d)X,, structure barrier for the E2 reaction via pathway B is 168.8 kJ Mol
having two imaginary frequencies. G2 theory predicts a barrier  |n pathway B of reaction E3, phosphirenium ion and acetylene
of 151.3 kJ mot* for the E1 reaction via pathway B (Table 1).  injtially combine to give theCs complex18, which is bound by

In the E2 reaction, acetylene and phosphiranium ion initially 22.7 kJ mot? relative to the reactants (Figures 6 and 7). The
form the Cs complex15, which is bound relative to acetylene transition structureTS-E3B is geometrically similar to the
and phosphiranium ion by 40.8 kJ mél(Figures 4 and 5). In analogous structures found for reactions E2 and E1. As was
the reverse reaction, ethylene and phosphirenium ion give thethe case for reaction E1, symmetry discrepancies between the
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Figure 5. Schematic energy profiles for the E2, 12A, and 12B reactions.
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Figure 6. Selected MP2(full)/6-31G(d) geometrical parameters of
species involved in the E3 and 13 reactions. Bond lengths in angstroms.
structures optimized at the HF/6-31G(d) and MP2(full)/6-31G-
(d) levels are foundC, symmetry is predicted at the MP2(full)/
6-31G(d) level, while HF/6-31G(d) again predicts Gy,
structure. As before, the energy difference betweerCthend

C; structures is very small (0.04 kJ mélat MP2/6-31G(d)),
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Figure 7. Schematic energy profiles for the E3 and I3 reactions.

with the MP2/6-31G(d)C,, structure having two imaginary
frequencies. Reaction E3 has the highest barrier for pathway
B of the three exchange reactions investigated (207.9 k3%nol

Pathway B is consistently the higher energy exchange
pathway, and the exchange reaction via pathway B becomes
energetically more expensive in the order EIE2 < E3, as
was the case for pathway A. This may be a reflection of the
increasing strain along the series of transition structi®s
E1B, TS-E2B, and TS-E3B associated with the successively
increased multiple-bond character in the CC bonds within the
small rings.

Insertion Reactions. Since strained three-membered phos-
phorus heterocycles are very reactive molecélend the
corresponding five-membered heterocycles are thermodynami-
cally favorable?? it is of interest to ask why exchange takes
place in preference to insertion, given that the latter would be
a highly exothermic process. To this end, we have examined
the 11, 12A, 12B, and 13 insertion reactions.

The insertion reactions are found to involve the same initial
complexes as those for the corresponding pathway A exchange
reactions.

Reaction 11 models insertion of ethylene into the three-
membered ring of the phosphiranium i@n yielding the C,
saturated five-membered heterocyt®(see Figures 2 and 3).
The transition structure that connects complekesnd12 is
the “end-to-end” type structureES-11, which is predicted at the
MP2(full)/6-31G(d) level to have€,, symmetry. In this case,
optimization at the HF/6-31G(d) level predicts a transition
structure ofCs symmetry; the energy difference between the
C,, andCsstructures is 15.1 kJ mol at the HF/6-31G(d) level,
with the HF/6-31G(d)C,, structure having two imaginary
frequencies.

The barrier for the 11 reaction is 234.0 kJ myland the
reaction exothermicity for the process is large (258.7 kJ ol

Reaction I12A represents insertion of acetylene into the three-
membered ring of the phosphiranium iagh The reaction
proceeds from comple&3 via the C; transition structurd S-

I2A to theC; five-membered heterocycler (Figures 4 and 5).
Reaction 12B also yield47, but by insertion of ethylene into
the three-membered ring of the phosphirenium &n The
reaction involves initial formation of the complebd, which
leads to 17 via the C; transition structureTS-12B. The

(23) Mathey, F.Chem. Re. 1988 88, 429.
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phosphorusethylene distance is larger S-12B than inTS- The difference between the energy barriers for the two

I2A, which is expected sincdS-12B represents attack of  pathways is significant, viz., 147.7 kJ mélfor E1, 140.8 kJ

ethylene on the phosphirenium ion. mol~1 for E2, and 168.5 kJ mot for E3, with pathway A being
The barrier for the 12A reaction (229.2 kJ mé) is slightly favored in each case. Thus, we predict that the exchange

larger than that for the 12B reaction (214.5 kJ mipl Reactions reaction will only proceed via pathway A; hence, the major

I2A and I12B are exothermic by 310.5 and 310.9 kJ Mol stereoisomer formed in the exchange reaction can be predicted

respectively. by considering the pathway A type transition structure only.
The final reaction considered (I3) is insertion of acetylene Confirmation of this hypothesis presents an interesting challenge

into the phosphirenium io8, yielding theC,, five-membered to synthetic chemists.

product 20, which is formed from complexl9 via the Cg Insertion versus Exchange. The differences in the energy

transition structurd S-13 (Figures 6 and 7). In this structure, barriers of the lowest energy exchange pathway and the energy

the two acetylene molecules are unsymmetrically disposed barriers for insertion are very large, namely, 230.4 kJThol

around the PkI" moiety (Figure 6), as opposed to the insertion for E1 vs 11, 201.2 kJ mol for E2 vs I12A, 186.9 kJ mol! for

of ethylene into phosphiranium ion, which proceeds vig;a reverse E2 vs 12B, and 177.5 kJ mblfor E3 vs 13. These

transition structureTS-I1, Figure 2). differences are sufficient to explain the failure to observe the
The barrier for the 13 insertion reaction is 216.9 kJ mol insertion reaction experimentally. The lower barrier for ex-

The 13 reaction is the most exothermic (by 342.4 kJ THobf change compared with insertion means that these reactions

the four insertion reactions investigated. exemplify situations in which the thermodynamically preferred

The unifying theme of the insertion reactions is the end-to- product is not kinetically preferred.
end transition structure, in which terminal carbon atoms from )
each of the two unsaturated hydrocarbons involved in the Concluding Remarks

reaction have approached one another to yield a five-membered The present investigation provides a fascinating insight into

ring by carbon-carbon bond formation. z-ligand exchange in three-membered organophosphorus ions,
The barrier for insertion increases in the order I2B3 < a reaction hitherto unobserved in main-group chemistry, but
I2A < I1. Although there is effectively no thermodynamic commonplace in transition metal chemistry. Detailed compari-
preference for 12B over I2A,_the. barrler_for formation b7 sons between competing exchange and insertion pathways
from ethylene and the phosphirenium ion is 14.7 kJ Thigiwer confirm that the former is the kinetically favored process, despite

than the barrier for formation ofl7 from acetylene and 5 jarge thermodynamic preference for insertion. This is in
phosphiranium ion. This could be related to the release of strain 5greement with experimental observations on related systems.
in the transition structure, with more strain being released in The present theoretical investigation predicts that the exchange

the case of the opening of the unsaturated phosphirenium ion..e4ction is stereospecific with respect to the configuration at
This argument is consistent with the overall ordering of the phosphorus.

insertion barriers; for example, I3 is energetically less expensive * tantalizing question remains as to the utility of tidigand

thﬁn 11 b?fguse I3t|n\</(\nllr\]/etshth$hunsa(;g;frated phospr;lrenlum lon xchange reactions when applied to small rings containing other
whereas 0€s not. ether these difierences are 1arge enoUdi\aiaroatoms, or even carbon itself. Further work is in progress

to _}rﬁgséigeh;?] e;pségigtngl gg?ﬁx:t'?iéfsﬂgkggmc\;a B in this direction for a selection of related main-group hetero-
The exchan eg reaction isl redicte():i/ to be a stereosr)i/’éci.fic cycles in order to determine the ubiquity of theligand
9 P exchange process.
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