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Are phosphatetrahedrane and diphosphatetrahedrane
phosphorus or carbon bases?
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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 wer:
optimized at the B3LYP/6— 31G(d) level and the final energies were obtained using the B3LYP/6@&UL,2p)

level of theory. Both PTH and DPTH are tetrahedral compounds which behave as carbon bases in the gas phase. Ir
contrast with what was found for other phosphorus-containing cage structures such as tetraphosphacubane, the natur
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 th
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 Ris 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 atom&] 1998 John Wiley & Sons, Ltd.
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INTRODUCTION covalent. This is indeed the case with the protonated
form of P, where the global minimum of the PES
One of the most important characteristics of gas-phasecorresponds to a side-protonated species, where the
ion chemistry is that the behavior of the system is not proton is bonded simultaneously to two neighboring
masked by solute— solvent interactions. Hence the gas-phosphorus atonts.
phase reactivity is usually known as thetrinsic The absence of interactions with the solvent also
reactivity of the system.® On the other hand, fairly implies that the charge redistributions associated with
often gas-phase ion— molecule reactions leaexotic most ion— molecule reactions cannot be dispersed into the
non-classical structures which would not be stable in network of solvent molecules. This is particularly
solution but which, in the gas phase, are not only stable important in the protonation processes of highly strained
but are also the global minimum of the potential energy systems orin compounds where the active center is a very
surface (PES). Some of these non-classical structures arelectronegative atom. Protonation always implies a large
associated with systems which present two or more charge transfer from the base to the attaching proton
adjacent basic centefs:® favoring the formation of  which significantly perturbs the charge density distribu-
compounds where the attaching ion bridges two or more tion of the basé?*3This charge redistribution can result
of the atoms of the neutral species This is actually what in bond fission processes, which are particularly favored
happens in the gas-phase reactions between triazoleswhen they lead to alleviation of the strain of the system or
tetrazole& and polyazine$™® with alkali metal cations.  to the formation of very stable carbocations. The gas-
However, the formation of stable bridged structures is not phase protonation of tetraphosphacubane is a suitable
exclusively associated with reactions involving closed- example of the first kind of process¥s.Tetrapho-
shell metal monocations, where the ion—molecule inter- sphacubane behaves as a carbon base rather than as a
actions are essentially electrostatic, but have been foundphosphorus base because, in the gas phase, the attach-
also to be responsible for the enhanced stability of somement of a proton to one of the carbon atoms results in the
protonated species, where the interactions are trulybreaking of one of the C—P linkages of the cube, so that
the resulting structure has a much smaller strain than the
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the basic center leads to the fission of the carbon—
halogenbondin atypical dissociativeprotonattachment
process;> where the productsof the reaction are the
adamantytationandthe correspondindpydrogerhalide.
Theaim of thiswork wasto investigatehe protonation
of phosphatetrahedraiieCsHs) (PTH) anddiphosphate-
trahedrangP,C,H,) (DPTH) ashighly strainedsystems
which, like tetraphosphacuban@PC), can behaveas
carbonor phosphorushases.There are, however,two

main differenceswith respectto tetraphosphacubane

which shouldbe noted:on the onehand,bothtetrahedral
structuresPTH and DPTH, are more strainedthan the
cubic TCP structure,and on the other hand,whereasn
PTHthereareonly P—Cbondsasin TPC,in DPTHthere
is alsoa P—Pbondwhichis notpresenin TPC.It is also
worth mentioning that the behavior of TPC changes
dramaticallywith the sizeof the substituentsThefission
of aC—Pbonduponcarbonprotonatiorresultsin alarge
increasein the repulsion betweenthe substituents,n
particular when they are very voluminous, and the
correspondingrotonatedspecieshecomesighly desta-
bilized** Hence we have consideredit of interestto
investigateheinfluenceof bulky substituentslsoonthe
intrinsic basicity of PTH by studyingthe protonationof
thetrisubstitutedert-butyl derivative Althoughinforma-
tion on stereo effects on chemical reactivity is not
abundantin arecenistudyby Ma etal.® stereoelectronic
effectsin phosphoruglichloride cation—pyiridine com-
plexes were investigatedfrom both experimentaland
theoreticalviewpoints.For the particularcaseof DPTH,
we shall try to establishwhetherthe existenceof two
phosphorusatomsin an environmentdifferentto that of
the P, molecule also favors the formation of side-
protonatedspecies.

COMPUTATIONAL DETAILS

All thecomputationsvereperformedusingthe Gaussian
94 seriesof programs.’ In all casesve usedthe B3LYP
density functional approach which hasbeenprovedto
performvery well asfar asthe descriptionof protonation
processess concernedThe exchangdunctional B3'2 is
a hybrid method proposedby Becke that includes a
mixture of Slater functional®® Becke’s 1988 gradient
correctiort® andHartree—FoclexchangeThecorrelation
part, LYP,?? is the gradientcorrectedfunctional of Lee,
Yang and Parr. The geometriesof the speciesunder
investigation were optimized at the B3LYP/6—-31G(d)
level, exceptfor thetestbutyl-substitutedlerivatives for
which the moreeconomic3—-21G(d)basissetexpansion
was used.Harmonicvibrational frequencieswvere eval-
uated at the same level employed in the geometry
optimization, in order to confirm the nature of the
stationarypointsfound andto accountfor the zeropoint
energy (ZPE) corrections,which were scaled by the
empirical factor 0.98%* The final energies of the
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unsubstitutedparent compoundsand their protonated
forms were calculatedwith the 6— 3114-G(3df,2p)basis
set,which hasbeenfoundto yield protonatiorenergiesn
fairly good agreementvith the experimentalaluesfor
first- andsecond-ronbases? 24

To investigate the bonding characteristicsof the
different species,we used the natural bond orbital
(NBO) analysis of Reed et al.?®> and the atoms in
molecules(AIM) theoryof Bader?® The first formalism
providesvaluesfor the atomic naturaltotal chargesand
describesthe bondingin terms of the natural hybrids
centeredon eachatom. Using the secondapproachwe
locatedthe bondcritical points (bcps),i.e. pointswhere
theelectrondensityfunction, p(r), is minimumalongthe
bondpathandmaximumin the othertwo directions.The
Laplacianof the density,5/?p(r), ashasbeenshownin
theliterature?® identifiesregionsof thespacevhereinthe
electronicchargeis locally depleted(%/%p > 0) or built
up (V?p < 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 concentratesn the
internuclear region. There are, however, significant
exceptionsto this general rule, mainly when high
electronegativatomsareinvolvedin thebonding.Hence
we also evaluatedthe energydensity, H(r), which does
not presentthese exceptions’ In general, negative
valuesof H(r) are associatedvith a stabilizing charge
concentrationwithin the bonding region. The AIM
analysiswas performedusing the AIMPAC series of
programs>

RESULTS AND DISCUSSION

For both PTH and DPTH we considerednot only the
tetrahedralstructures,1 and 2, but also the possible
bicyclic openstructureslaand2aandb (Fig. 1). Forthe
correspondingprotonatedspeciesall possibilitieswere
investigated. The optimized geometries are shown
schematicallyin Fig. 1 andthe total energiesare given
in Table1.

The first conspicuoudact in Table 1 is that for both
neutrals, PTH and DPTH, the most stable structure
correspondso a tetrahedrabrrangementf the atomsof
the system,so that, for the particularcaseof PTH, the
global minimum 1 hasCs, symmetry,whereaghe four-
membered ring structure la lies 8.5kcalmol™*
(1 kcal=4.184kJ) higherin energy.For the particular
case of DPTH, two possible open structurescan be
envisagedpnehavinga C—C bond(2a) andthe othera
P—Pbond(2b). As mentionedabove botharelessstable
thanthetetrahedraktructure2, andthey are predictedto
lie 29.7 and 24.8kcalmol ™, respectively,above the
global minimum (Table 1).

As far as the protonatedspeciesare concernedthe
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Figure 1. B3LYP/6-31G(d) optimized geometries. Bond lengths in A and bond angles in degrees. The bond path angles for
compound 1 are CPC =72.1° and CCC =78.9° and for compound 2 PPC =72.2° and PCC =80.7°
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Table 1. Total energies (£, hartree), zero point energies (ZPE, hartree), relative energies (AE, kcal mol~") and proton affinities

(PA, kcal mol™")
B3LYP/6-31G(d) B3LYP/6—311+G(3df,2p)
Species E ZPE AE PA E AE PA
1 —457.33782 0.046313 0.0 221.4 —457.41216 0.0 217.5
la —457.32444 0.046497 8.5 —457.39617 10.1
1H —457.58747 0.052426 68.5
1Ha —457.68733 0.056909 8.6 —457.75634 8.0
1Hb —457.70398 0.059870 0.0 —457.77202 0.0
2 —760.03632 0.032725 0.0 206.7 —760.12947 0.0 205.6
2a —759.97960 0.032107 35.2 —760.08153 29.7
2b —759.98362 0.030650 32.0 —760.98796 24.8
2Ha —760.34440 0.041561 18.8 —760.43611 18.6
2Hb —760.34267 0.040338 19.1 —760.44119 14.7
2Hc —760.37771 0.044946 0.0 —760.46913 0.0
3 —924.302960 0.387058 24758
3Ha —924.69529 0.397442 7.7
3Hb —924.71038 0.400344 0.0

@ Valuesobtainedat the B3LYP/3—21G* level.

situationis very different from that describedabovefor
the neutral systems.Protonationof 1 along the Cs
symmetryaxis yields a stationarypoint of the potential
energysurfacenamelylH, whichis notaminimumbuta
saddlepointof secondrder.Actually, thetwo imaginary
frequencies (350icm %) associatedwith a doubly
degeneratee-type vibration, correspondo the bending
of the P—H bond. When this symmetry constraintis
removed protonationatthe phosphorustomleadsto the
openstructurelHa, whereone of the P—C bondshas
beenbroken. A similar bond fission occurswhen the
protonationtakesplace at one of the carbonatoms,the
resultingopenstructurelHb beingthe global minimum.
Hencewe may concludethat, as hasbeenfound before
for TPC1* PTH s a carbonbasein the gasphase.

There are, however, important differencesbetween
TPC and PTH in the sensethat in the former the
phoshorus-protated speciesstill retainsa cubic struc-
ture* Actually, onemight expectcarbonprotonationto
leadto C—P bondfission,sincethe carbonatomcannot
yield pentacoordinatedspecies.However, tetracoordi-
nated structuresare possible when protonation takes
placeat the phosphorusaatom, which hasa lone pair of
electronswhich caninteractwith theproton.Thefactthat
phosphoruattachmentesultsn 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 alsoworth noting that, in both
protonated systems the opening of the tetrahedral
structureinvolves alsothe fission of one of the carbon—
carbonbonds.

In summaryalthoughin TPCthehigherstability of the
carbonprotonatedspeciess partially dueto an allevia-
tion of the strainof thesystemjn PTHthisis notthecase
since both protonatedspeciesare open structures.In
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orderto understandheorigin of theenhancedtability of
the carbon protonatedform 1Hb with respectto the
phosphorus-prototed form 1Ha, we analyzed their
electronic structures.In Table 2 we summarizethe
naturalatomicchargesandthe bondingcharacteristicef
both systemsin terms of the chargedensitiesand the
energydensitiesat the bondcritical points.

Let us consider first the phosphorusprotonation
mechanism.In the first step thereis a strong charge
transfer from the phosphorudone pair to the proton,
which enhanceshe electronegativityof theformer.As a
consequencehebasiccenterecovergartof thischarge
by depopulatingthe P—C bond, which dissociatesAs
mentionedabove, the openingof the cageinvolves a
simultaneouC—C bondfission. This leavesthe system
with threetricoordinateccarbonatomswith onep-orbital
not involved in the g-bonding. These three orbitals
combineto yield threer-MOs, two of which aredoubly
occupied. The obvious consequences that in the
phosphorus-protoed specieshe three-memberedng
moiety formed by the three CH groupsis significantly
stabilizedby resonanceConsistentlythe chargedensity
at the correspondingbcps noticeably increases,the
energy density of which becomesmore negative and
the C—C bondsbecomeconsiderablyshorter.

The protonation at the carbon atom in 1 is also
followed by C—P and C—C bondfissions,becausehe
correspondingc—C bondingpairis necessarilynvolved
in the formation of the new C—H covalentbond. This
would leavethe phosphoruatomwith a formal positive
chargeasit isindeedthecase(Table2). However,aswe
havealreadymentionedthe openingof thecagestructure
involves also the dissociationof one C—C bond. This
favorstheinteractionbetweerthe carbonmono-occupied
p-orbitals with the P lone pair, forming again a set of
threen-MOs, two of which are doubly occupied.Again
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Table 2. Charge density [p,arbitrary units (au)], Laplacian of the charge density (Vzp, 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 p V?p H(r) p V?p H(r) p A H(r) P c1?2 c-2
1 0.130 -0.100 —0.112 0.258 —0.450 -0.225 — — — 40538 -0.446 —
1Ha 0.135 —0.037 -0.120 0.315 -0.830 -0.325 — — — 40724 -0.286 —0.101
1Hb 0.165 0.224 —0.151 0.247 -0515 -0.211 — — —  +1.068 —0.418 —0.468
2 0.138 —0.062 —0.123 0.272 -0.562 -0.248 0.091 -0.025 —0.040 +0.454 —0.730 —
2Ha 0.14% —0.006 —0.12¢ — — — — — 40849 -0.792 —

0.162 0.224 —0.146 +1.091
2Hb 0.149 -0.116 -0.142 0.257 -0.483 —0.225 0.09¢ —0.09Ff —0.05¢0 +0.960 —0.767 —
2Hc 0.149' —0.234 -0.140 — — — — —  +1.046 -1.000 —

0.171 0.216 -0.157

& C-1 designateshe carbonatom bondedto the phosphorusitom
b C-2 designateshe carbonatomnon-bondedo the phosplorusatom

¢ Thesesetsof valuescorrespondo the bondsinvolving the non-protonatedfirst set)andthe protonated’secondset) phosplorusatom.

4 Thesesetsof valuescorrespondo the bondsinvolving the protonated(first set) andthe non-protonatedsecondset) carbonatom.

¢ Thesevaluescorrespondo the P— H linkageswhich replacethe P—Pbondof the neutral(seetext)

 Theseconstitutetypical examplesof covalentlinkageswith positive valuesof the Laplacian.In all caseshoweverthe energydensity,H(r), is
negative,indicatinga stabilizing chargeconcentrationtypically associatedvith covalentlinkages.

this n-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-membereding moiety formed by the P atomand
the two CH groupsis also stabilizedby resonanceWe

can then concludethat similar resonancestabilizations
take placein both casesso that, at leaston qualitative
grounds,both phosphorus-and carbon-protonatedpe-
ciesshouldbe equallystable.lt mustbe noted,however,
thatthereis anotherfactor that contributesto stabilizing
more the carbonprotonatedspecies.According to our

previousargumentspn going from specieslHa to 1Hb

we replacea chargedelocalizatiorwithin the CH—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

79.9kcalmol~%,?° the dissociationenergy of a P—H

bond is about 8 kcalmol™* lower° and this can be

responsibldor theobservednhancedtability of species
1Hb.

It can also be noticed that the substitution of the
hydrogenatomsby bulky substituentsloesnot change
this situationandthe tri-tert-butyl-substitutedierivative
of PTH(3) is predictedalsoto beacarbonbasen thegas
phase since, as indicated in Table 1, the carbon-
protonated species (3Hb) is predicted to be
7.7kcalmol™* more stable than the phosphorus-proto-
natedspecies(3Ha). This is in contrastwith what was
foundfor TPC!* becausén this systemonly the carbon
protonationprocessis followed by an openingof the
cage leadingto alargeincreasén therepulsionbetween
the substituents.For the particular case of PTH, the
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repulsive interactionsbetweenthe substituentsare not
significantlydifferentin the phosphorusandthe carbon-
protonatedorms,sinceboth of themareopenstructures.

Protonationof DPTH 2 vyields three different mole-
cularions. As hasbeenfound for PTH, alsoin this case
the protonationat the phosphorusatom resultsin C—P
bondfission,whichyieldsstructure2Ha. Importantly,the
protonationof the P—Pbondyields a local minimum of
the potential energysurface,2Hb, which at the higher
level of theoryemployedin this studyis predictedto be
ca 4kcalmol™* more stable than the phosphorus-
protonatedorm. This seemdo confirmthattheexistence
of P—P linkagesfavors the formation of non-classical
protonatedstructureswherethe proton bridgesthe two
basic centers.As has beenfound previously* for the
protonationof Py, in specie2Hb theinitial P—Pbondof
the neutralwasreplacedby two covalentP—H linkages.
This is ratified by the fact that a topologicalanalysisof
theelectronchargedensityof 2Hb showsthe existenceof
bcpswithin the P—H bondingregionswhereaso bepis
foundbetweerthetwo phosphorusitoms.Onemustthen
concludethat in species2Hb a three-centeredonding
molecularorbital is formed by the constructiveinterac-
tion betweerthes-orbital of thehydrogeratomandthep-
orbitals of the two phosphorusatoms. This MO is
occupiedby the electronpair which in the neutralwas
associatedvith the P—Plinkage.

Accordingto the resultsshownin Table 1, the global
minimum is once more the carbon protonatedspecies
2Hc. It is importantto note thatin this casethe energy
gapsbetweenthe global minimum andthe otherminima
is almost twice that estimatedfor PTH. This can be
explainedf onetakesinto accounthatin speciefHc the
protonated carbon atom is directly attachedto two
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phosphorustomswhereasn specied Hb it is bondedo
two CH groups. Hence the positive chargeis better
stabilizedin the former case becausg@hosphorugtoms
arelesselectronegativandmorepolarizablethancarbon
atoms.

CONCLUSIONS

Both PTH andDPTH behaveascarbonbasesn the gas
phaseln contraswith whatwasfound"* for phosphorus-
containingcagestructuresuchasTPC,the natureof the
basiccenterdoesnot changewhenthe hydrogenatoms
are substitutedby bulky substituentssuch as tert-butyl
groups. This is a consequenceof the fact that both
phosphorusand carbon protonation processedead to
C—P bond fission, so that the repulsive interactions
betweenrthe susbtituentarenot significantlydifferentin
carbon-or phosphorus-protonatedructures.

Protonationof DPTH at the P—P bondyields a local
minimum with a P—H—P linkage similar to that
describedbeforé* for the most stable protonatedform
of P,4. This seemdo indicatethat the existenceof P—P
linkagesin strainedstructuresclearly favors the forma-
tion of non-classicaprotonatedspeciesvherethe proton
bridgesthe two phosphorusatoms.However, this locall
minimum lies 14.7kcalmol™* abovethe corresponding
carbon-protonad species.
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