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ABSTRACT: The protonation processes of phosphotetrahedrane (PTH) and diphosphatetrahedrane (DPTH) were
studied using density functional theory approaches. The geometries of the neutrals and the protonated species were
optimized at the B3LYP/6– 31G(d) level and the final energies were obtained using the B3LYP/6– 311�G(3df,2p)
level of theory. Both PTH and DPTH are tetrahedral compounds which behave as carbon bases in the gas phase. In
contrast with what was found for other phosphorus-containing cage structures such as tetraphosphacubane, the nature
of the basic center does not change when the hydrogen atoms are substituted by bulky substituents. This is a
consequence of the fact that both phosphorus and carbon protonation processes lead to C—P bond fission, so that the
repulsive interactions between the susbtituents are not significantly different in carbon- or phosphorus-protonated
structures. Protonation of DPTH at the P—P bond yields a local minimum with a P—H—P linkage similar to that
described before for the most stable protonated form of P4. This seems to indicate that the existence of P—P linkages
in strained structures clearly favors the formation of non-classical protonated species where the proton bridges the two
phosphorus atoms. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

One of the most important characteristics of gas-phase
ion chemistry is that the behavior of the system is not
masked by solute– solvent interactions. Hence the gas-
phase reactivity is usually known as theintrinsic
reactivity of the system.1–6 On the other hand, fairly
often gas-phase ion– molecule reactions lead toexotic
non-classical structures which would not be stable in
solution but which, in the gas phase, are not only stable
but are also the global minimum of the potential energy
surface (PES). Some of these non-classical structures are
associated with systems which present two or more
adjacent basic centers,7–10 favoring the formation of
compounds where the attaching ion bridges two or more
of the atoms of the neutral species This is actually what
happens in the gas-phase reactions between triazoles,
tetrazoles8 and polyazines9,10 with alkali metal cations.
However, the formation of stable bridged structures is not
exclusively associated with reactions involving closed-
shell metal monocations, where the ion–molecule inter-
actions are essentially electrostatic, but have been found
also to be responsible for the enhanced stability of some
protonated species, where the interactions are truly

covalent. This is indeed the case with the protonated
form of P4 where the global minimum of the PES
corresponds to a side-protonated species, where the
proton is bonded simultaneously to two neighboring
phosphorus atoms.11

The absence of interactions with the solvent also
implies that the charge redistributions associated with
most ion– molecule reactions cannot be dispersed into the
network of solvent molecules. This is particularly
important in the protonation processes of highly strained
systems or in compounds where the active center is a very
electronegative atom. Protonation always implies a large
charge transfer from the base to the attaching proton
which significantly perturbs the charge density distribu-
tion of the base.12,13This charge redistribution can result
in bond fission processes, which are particularly favored
when they lead to alleviation of the strain of the system or
to the formation of very stable carbocations. The gas-
phase protonation of tetraphosphacubane is a suitable
example of the first kind of processes.14 Tetrapho-
sphacubane behaves as a carbon base rather than as a
phosphorus base because, in the gas phase, the attach-
ment of a proton to one of the carbon atoms results in the
breaking of one of the C—P linkages of the cube, so that
the resulting structure has a much smaller strain than the
neutral species. The protonation of fluoro- and chloro-
adamantane constitutes a clear illustration of the second
kind of processes where the attachment of the proton to
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the basic center leads to the fission of the carbon–
halogenbondin a typical dissociativeprotonattachment
process,15 where the productsof the reaction are the
adamantylcationandthecorrespondinghydrogenhalide.

Theaimof thiswork wasto investigatetheprotonation
of phosphatetrahedrane(PC3H3) (PTH)anddiphosphate-
trahedrane(P2C2H2) (DPTH) ashighly strainedsystems
which, like tetraphosphacubane(TPC), can behaveas
carbonor phosphorusbases.There are, however, two
main differences with respect to tetraphosphacubane
which shouldbenoted:on theonehand,bothtetrahedral
structures,PTH and DPTH, are more strainedthan the
cubic TCP structure,andon the otherhand,whereasin
PTHthereareonly P—Cbondsasin TPC,in DPTHthere
is alsoaP—Pbondwhich is notpresentin TPC.It is also
worth mentioning that the behavior of TPC changes
dramaticallywith thesizeof thesubstituents.Thefission
of aC—Pbonduponcarbonprotonationresultsin a large
increasein the repulsion betweenthe substituents,in
particular when they are very voluminous, and the
correspondingprotonatedspeciesbecomeshighly desta-
bilized.14 Hence we have consideredit of interest to
investigatetheinfluenceof bulky substituentsalsoon the
intrinsic basicityof PTH by studyingthe protonationof
thetrisubstitutedtert-butyl derivative.Althoughinforma-
tion on stereo effects on chemical reactivity is not
abundant,in arecentstudyby Ma etal.16 stereoelectronic
effectsin phosphorusdichloride cation–pyiridine com-
plexes were investigatedfrom both experimentaland
theoreticalviewpoints.For theparticularcaseof DPTH,
we shall try to establishwhetherthe existenceof two
phosphorusatomsin an environmentdifferent to that of
the P4 molecule also favors the formation of side-
protonatedspecies.

COMPUTATIONAL DETAILS

All thecomputationswereperformedusingtheGaussian
94 seriesof programs.17 In all caseswe usedtheB3LYP
density functional approach,which hasbeenprovedto
performverywell asfar asthedescriptionof protonation
processesis concerned.TheexchangefunctionalB318 is
a hybrid method proposedby Becke that includes a
mixture of Slater functional.19 Becke’s 1988 gradient
correction18 andHartree–Fockexchange.Thecorrelation
part,LYP,20 is the gradientcorrectedfunctionalof Lee,
Yang and Parr. The geometriesof the speciesunder
investigationwere optimized at the B3LYP/6–31G(d)
level,exceptfor thetest-butyl-substitutedderivatives,for
which themoreeconomic3– 21G(d)basissetexpansion
was used.Harmonicvibrational frequencieswere eval-
uated at the same level employed in the geometry
optimization, in order to confirm the nature of the
stationarypointsfoundandto accountfor thezeropoint
energy (ZPE) corrections,which were scaled by the
empirical factor 0.98.21 The final energies of the

unsubstitutedparent compoundsand their protonated
forms werecalculatedwith the 6– 311�G(3df,2p)basis
set,whichhasbeenfoundto yield protonationenergiesin
fairly goodagreementwith the experimentalvaluesfor
first- andsecond-rowbases.22–24

To investigate the bonding characteristicsof the
different species,we used the natural bond orbital
(NBO) analysis of Reed et al.25 and the atoms in
molecules(AIM) theoryof Bader.26 The first formalism
providesvaluesfor the atomicnaturaltotal chargesand
describesthe bonding in terms of the natural hybrids
centeredon eachatom.Using the secondapproach,we
locatedthe bondcritical points(bcps),i.e. pointswhere
theelectrondensityfunction,r(r ), is minimumalongthe
bondpathandmaximumin theothertwo directions.The
Laplacianof the density,!2r(r ), ashasbeenshownin
theliterature,26 identifiesregionsof thespacewhereinthe
electronicchargeis locally depleted(!2r> 0) or built
up (!2r< 0). The former situation is typically asso-
ciated with interactionsbetweenclosed-shellsystems
(ionic bonds, hydrogen bonds and van der Waals
molecules),whereasthe latter characterizescovalent
bonds,where the electron density concentratesin the
internuclear region. There are, however, significant
exceptions to this general rule, mainly when high
electronegativeatomsareinvolvedin thebonding.Hence
we alsoevaluatedthe energydensity,H(r ), which does
not present these exceptions.27 In general, negative
valuesof H(r ) are associatedwith a stabilizing charge
concentrationwithin the bonding region. The AIM
analysiswas performedusing the AIMPAC seriesof
programs.28

RESULTS AND DISCUSSION

For both PTH and DPTH we considerednot only the
tetrahedralstructures,1 and 2, but also the possible
bicyclic openstructures,1aand2aandb (Fig. 1). For the
correspondingprotonatedspeciesall possibilitieswere
investigated. The optimized geometries are shown
schematicallyin Fig. 1 and the total energiesare given
in Table1.

The first conspicuousfact in Table 1 is that for both
neutrals, PTH and DPTH, the most stable structure
correspondsto a tetrahedralarrangementof theatomsof
the system,so that, for the particularcaseof PTH, the
global minimum 1 hasC3v symmetry,whereasthe four-
membered ring structure 1a lies 8.5kcalmolÿ1

(1 kcal= 4.184 kJ) higher in energy.For the particular
case of DPTH, two possible open structurescan be
envisaged,onehavinga C—C bond(2a) andtheothera
P—Pbond(2b). As mentionedabove,botharelessstable
thanthetetrahedralstructure2, andtheyarepredictedto
lie 29.7 and 24.8kcalmolÿ1, respectively,above the
globalminimum (Table1).

As far as the protonatedspeciesare concerned,the
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Figure 1. B3LYP/6±31G(d) optimized geometries. Bond lengths in AÊ and bond angles in degrees. The bond path angles for
compound 1 are CPC = 72.1o and CCC = 78.9o and for compound 2 PPC = 72.2o and PCC = 80.7o
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situationis very different from that describedabovefor
the neutral systems.Protonation of 1 along the C3

symmetryaxis yields a stationarypoint of the potential
energysurface,namely1H, whichis notaminimumbuta
saddlepointof secondorder.Actually, thetwo imaginary
frequencies (350icmÿ1) associated with a doubly
degeneratee-typevibration, correspondto the bending
of the P—H bond. When this symmetry constraint is
removed,protonationat thephosphorusatomleadsto the
openstructure1Ha, whereone of the P—C bondshas
been broken. A similar bond fission occurs when the
protonationtakesplaceat oneof the carbonatoms,the
resultingopenstructure1Hb beingtheglobalminimum.
Hencewe may concludethat, ashasbeenfound before
for TPC,14 PTH is a carbonbasein thegasphase.

There are, however, important differencesbetween
TPC and PTH in the sensethat in the former the
phoshorus-protonatedspeciesstill retainsa cubic struc-
ture.14 Actually, onemight expectcarbonprotonationto
leadto C—Pbondfission,sincethecarbonatomcannot
yield pentacoordinatedspecies.However, tetracoordi-
nated structuresare possible when protonation takes
placeat the phosphorusatom,which hasa lone pair of
electronswhichcaninteractwith theproton.Thefact that
phosphorusattachmentresultsin C—Pbondfissionin the
caseof PTHsimplyreflectsthelargestrainof thissystem,
which is clearly illustrated by the large difference
betweenbond path anglesand geometricangles(Fig.
1). In this respect,it is also worth noting that, in both
protonated systems the opening of the tetrahedral
structureinvolvesalsothe fissionof oneof the carbon–
carbonbonds.

In summary,althoughin TPCthehigherstabilityof the
carbonprotonatedspeciesis partially dueto an allevia-
tion of thestrainof thesystem,in PTHthis is not thecase
since both protonatedspeciesare open structures.In

orderto understandtheorigin of theenhancedstabilityof
the carbon protonatedform 1Hb with respectto the
phosphorus-protonated form 1Ha, we analyzed their
electronic structures.In Table 2 we summarize the
naturalatomicchargesandthebondingcharacteristicsof
both systemsin terms of the chargedensitiesand the
energydensitiesat thebondcritical points.

Let us consider first the phosphorusprotonation
mechanism.In the first step there is a strong charge
transfer from the phosphoruslone pair to the proton,
which enhancestheelectronegativityof theformer.As a
consequence,thebasiccenterrecoverspartof thischarge
by depopulatingthe P—C bond, which dissociates.As
mentionedabove, the opening of the cage involves a
simultaneousC—C bondfission.This leavesthesystem
with threetricoordinatedcarbonatomswith onep-orbital
not involved in the s-bonding. These three orbitals
combineto yield threep-MOs, two of which aredoubly
occupied. The obvious consequenceis that in the
phosphorus-protonated speciesthe three-memberedring
moiety formed by the threeCH groupsis significantly
stabilizedby resonance.Consistently,thechargedensity
at the correspondingbcps noticeably increases,the
energy density of which becomesmore negativeand
theC—C bondsbecomeconsiderablyshorter.

The protonation at the carbon atom in 1 is also
followed by C—P andC—C bondfissions,becausethe
correspondingC—Cbondingpair is necessarilyinvolved
in the formation of the new C—H covalentbond.This
would leavethephosphorusatomwith a formal positive
charge,asit is indeedthecase(Table2). However,aswe
havealreadymentioned,theopeningof thecagestructure
involves also the dissociationof one C—C bond. This
favorstheinteractionbetweenthecarbonmono-occupied
p-orbitals with the P lone pair, forming again a set of
threep-MOs, two of which aredoubly occupied.Again

Table 1. Total energies (E, hartree), zero point energies (ZPE, hartree), relative energies (DE, kcal molÿ1) and proton af®nities
(PA, kcal molÿ1)

B3LYP/6–31G(d) B3LYP/6–311�G(3df,2p)

Species E ZPE DE PA E DE PA

1 ÿ457.33782 0.046313 0.0 221.4 ÿ457.41216 0.0 217.5
1a ÿ457.32444 0.046497 8.5 ÿ457.39617 10.1
1H ÿ457.58747 0.052426 68.5
1Ha ÿ457.68733 0.056909 8.6 ÿ457.75634 8.0
1Hb ÿ457.70398 0.059870 0.0 ÿ457.77202 0.0
2 ÿ760.03632 0.032725 0.0 206.7 ÿ760.12947 0.0 205.6
2a ÿ759.97960 0.032107 35.2 ÿ760.08153 29.7
2b ÿ759.98362 0.030650 32.0 ÿ760.98796 24.8
2Ha ÿ760.34440 0.041561 18.8 ÿ760.43611 18.6
2Hb ÿ760.34267 0.040338 19.1 ÿ760.44119 14.7
2Hc ÿ760.37771 0.044946 0.0 ÿ760.46913 0.0
3 ÿ924.30290a 0.387058 247.5a

3Ha ÿ924.69529a 0.397442 7.7a

3Hb ÿ924.71038a 0.400344 0.0

a Valuesobtainedat the B3LYP/3–21G* level.
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this p-delocalizationis reflectedin an increasein the
charge densitiesat the C—P bcps, while the energy
densitiesbecomemore negativeand the bond lengths
shorter. Hence, in the carbon-protonatedspeciesthe
three-memberedring moiety formedby the P atomand
the two CH groupsis also stabilizedby resonance.We
can then concludethat similar resonancestabilizations
take placein both cases,so that, at leaston qualitative
grounds,both phosphorus-and carbon-protonatedspe-
ciesshouldbeequallystable.It mustbenoted,however,
that thereis anotherfactor that contributesto stabilizing
more the carbonprotonatedspecies.According to our
previousarguments,on going from species1Ha to 1Hb
wereplaceachargedelocalizationwithin theCH—CH—
P subsystem,by a similar delocalization within the
(CH)3 subunit,but we alsoreplacea P— H linkageby a
C—H bond,which is more stable.In fact, whereasthe
typical dissociation energy of the C—H bond is
79.9kcalmolÿ1,29 the dissociationenergy of a P—H
bond is about 8 kcalmolÿ1 lower,30 and this can be
responsiblefor theobservedenhancedstabilityof species
1Hb.

It can also be noticed that the substitution of the
hydrogenatomsby bulky substituentsdoesnot change
this situationandthe tri-tert-butyl-substitutedderivative
of PTH(3) is predictedalsoto beacarbonbasein thegas
phase since, as indicated in Table 1, the carbon-
protonated species (3Hb) is predicted to be
7.7kcalmolÿ1 more stable than the phosphorus-proto-
natedspecies(3Ha). This is in contrastwith what was
foundfor TPC,14 becausein this systemonly thecarbon
protonationprocessis followed by an opening of the
cage,leadingto a largeincreasein therepulsionbetween
the substituents.For the particular case of PTH, the

repulsive interactionsbetweenthe substituentsare not
significantlydifferent in thephosphorus-andthecarbon-
protonatedforms,sincebothof themareopenstructures.

Protonationof DPTH 2 yields three different mole-
cular ions.As hasbeenfound for PTH, alsoin this case
the protonationat the phosphorusatom resultsin C—P
bondfission,whichyieldsstructure2Ha. Importantly,the
protonationof theP—Pbondyieldsa local minimumof
the potential energysurface,2Hb, which at the higher
level of theoryemployedin this studyis predictedto be
ca 4 kcalmolÿ1 more stable than the phosphorus-
protonatedform. Thisseemsto confirmthattheexistence
of P—P linkagesfavors the formation of non-classical
protonatedstructures,wherethe protonbridgesthe two
basic centers.As has been found previously11 for the
protonationof P4, in species2Hb theinitial P—Pbondof
theneutralwasreplacedby two covalentP—H linkages.
This is ratified by the fact that a topologicalanalysisof
theelectronchargedensityof 2Hb showstheexistenceof
bcpswithin theP—H bondingregionswhereasno bcpis
foundbetweenthetwo phosphorusatoms.Onemustthen
concludethat in species2Hb a three-centeredbonding
molecularorbital is formedby the constructiveinterac-
tion betweenthes-orbitalof thehydrogenatomandthep-
orbitals of the two phosphorusatoms. This MO is
occupiedby the electronpair which in the neutralwas
associatedwith theP—Plinkage.

Accordingto the resultsshownin Table1, the global
minimum is once more the carbonprotonatedspecies
2Hc. It is importantto note that in this casethe energy
gapsbetweentheglobalminimumandtheotherminima
is almost twice that estimatedfor PTH. This can be
explainedif onetakesinto accountthatin species2Hc the
protonated carbon atom is directly attached to two

Table 2. Charge density [r,arbitrary units (au)], Laplacian of the charge density (r2r, au) and energy density [H(r),au] evaluated
at the bond critical points and atomic natural charges

Bondingcharacteristics

P— C C— C P— P Atomic naturalcharges

System r r2r H(r ) r r2r H(r ) r r2r H(r ) P C-1a C-2b

1 0.130 ÿ0.100 ÿ0.112 0.258 ÿ0.450 ÿ0.225 — — — �0.538 ÿ0.446 —
1Ha 0.135 ÿ0.037 ÿ0.120 0.315 ÿ0.830 ÿ0.325 — — — �0.724 ÿ0.286 ÿ0.101
1Hb 0.165 0.224f ÿ0.151 0.247 ÿ0.515 ÿ0.211 — — — �1.068 ÿ0.418 ÿ0.468
2 0.138 ÿ0.062 ÿ0.123 0.272 ÿ0.562 ÿ0.248 0.091 ÿ0.025 ÿ0.040 �0.454 ÿ0.730 —
2Ha 0.143c ÿ0.006c ÿ0.129c — — — — — — �0.849 ÿ0.792 —

0.162 0.224f ÿ0.146 �1.091
2Hb 0.149 ÿ0.116 ÿ0.142 0.257 ÿ0.483 ÿ0.225 0.098e ÿ0.091e ÿ0.050e �0.960 ÿ0.767 —
2Hc 0.149d ÿ0.234d ÿ0.140d — — — — — — �1.046 ÿ1.000 —

0.171 0.216f ÿ0.157

a C-1 designatesthe carbonatombondedto the phosphorusatom
b C-2 designatesthe carbonatomnon-bondedto thephosphorusatom
c Thesesetsof valuescorrespondto the bondsinvolving thenon-protonated(first set)andtheprotonated(secondset)phosphorusatom.
d Thesesetsof valuescorrespondto thebondsinvolving theprotonated(first set)andthenon-protonated(secondset)carbonatom.
e Thesevaluescorrespondto theP— H linkageswhich replacetheP—Pbondof theneutral(seetext)
f Theseconstitutetypical examplesof covalentlinkageswith positivevaluesof the Laplacian.In all cases,however,the energydensity,H(r ), is
negative,indicatinga stabilizingchargeconcentration,typically associatedwith covalentlinkages.
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phosphorusatoms,whereasin species1Hb it is bondedto
two CH groups. Hence the positive charge is better
stabilizedin the former case,becausephosphorusatoms
arelesselectronegativeandmorepolarizablethancarbon
atoms.

CONCLUSIONS

Both PTH andDPTH behaveascarbonbasesin the gas
phase.In contrastwith whatwasfound14 for phosphorus-
containingcagestructuressuchasTPC,thenatureof the
basiccenterdoesnot changewhen the hydrogenatoms
are substitutedby bulky substituentssuchas tert-butyl
groups. This is a consequenceof the fact that both
phosphorusand carbon protonation processeslead to
C—P bond fission, so that the repulsive interactions
betweenthesusbtituentsarenot significantlydifferent in
carbon-or phosphorus-protonatedstructures.

Protonationof DPTH at the P—Pbondyields a local
minimum with a P—H—P linkage similar to that
describedbefore11 for the most stableprotonatedform
of P4. This seemsto indicatethat the existenceof P—P
linkagesin strainedstructuresclearly favors the forma-
tion of non-classicalprotonatedspecieswheretheproton
bridgesthe two phosphorusatoms.However,this local
minimum lies 14.7kcalmolÿ1 abovethe corresponding
carbon-protonated species.
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