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Abstmct--Gcomctr! optimv~twn h) ab in& methods urth a ST0 l Xi baw WI and a wbxqucnt calculdwn urth 
the &!I(; haw WI mdlcares that I-~m&colyl and I.p)ra~ol!l radical both habe B.la)+)mmefr! ‘1 hc former has an 

&I: )+IaIc aI 0 CO c\‘. and a u-\I~IC at 0.54 cV. The IatIcr ha\ an .A+IaIc al 0.23 c\’ and a mcIa\Iahlc U.\I~IC .II 

0 45 CV If formed m Ihc o+IaIc. I-pyarolyl ma) hvc long enough IO rcacI ii\ ;1 rr.radrcal. .A IlmlIcd Cl ha\ IIIIIC 
ctTcct. cxcep~ that Ihc :\~~~I;IIcs arc coming doun rclarivel~ IO Ihc orhcr \tatcs For both radds Ihc u-dale bar a 

doubk mmlmum pt)IcnIlal. cvcn Ihouph in p!rarol)l the nrlrqcn alorn~ pwcssmp the elccrron&licicnr lunc pair 

The I-pyrazolyl radical was recently described by Jansscn 
er al. *ho found a simple way of RcneraIinR it via a 

homolytic cleavage of the fairly easily acccssiblc I-bu~yl- 
I-pvrarolc pcrcarh)nylaIe. Its isomer. the I-tmldarolyl 

radical, NX observed hk Samuni and ?&I. afIcr addition 

of OH-radicals IO tmidazole m uater al pH IILl!. The 
adduct shows ;I clox elimination of uatcr. in which the 

N-proton is involved, leading IO the I-imidazolyl radical 
A similar procedure for pyrarolc gave no elimination. and 
no 1-p) razolyl radical. Imidarolyl radicals are proprwd 
as inIcrmcdiaIc in the oxidativc phosphorylaIion. a key 
biological prixcss ’ * Fur these radicals both a r-1) pe and 
a tr-rypc ground slalc can bc envisaged. Phenyl radicals 

arc known IO have Ihe unpaired electron in a n-type 
orhiIal.^ buI m Ihc cast of I-imidalolyl and I-pyrdzolyl 
radical there is a drfimtc possibility that the clcctron-rich 
::-system (6 a-clcclrons wcr 5 centers) will drop one’ 
electron into Ihc cr-sysIem. resulting in n-symmetry for 
the molcculc. A simrlar situatron holds. C.R. for amino 
radicals. 

‘lhls so-called U-rr prohlcm is drawing increasing 
attention. KocniR and H’ielcsck’ have discussed it for the 
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succinimidyl-radical. Ktchardson er al.” in Ihcir calcula- 
lions on I-pyrrolyl found a nqound state with CNDW 
and a II-sta~c with INDO. In I-imidarolyl Ihis situation 

has hccn invcsIigaIed expertmenIally by Samuni and 
h’c~a.’ Their EPK mcasurcmcnts strongly suggest a 

B (::t-ground slate. Evleth PI al.” however. based on 
INDO calculations suaestcd a H:(cr )+I;w. The cxpcrl- 

mental data of Jansscn ef o/.’ for I-pyrdzolyl. although not 

decisive. suppurls a cr-Iypc ground slate. In a preliminary 
stud! of the tmidarole radical a WC reported an ah inirio 
ST0 - 3G gcomctrg optimiration. h simple argument 

shows why geometry opttmrzatton is ahsolu~cly essential. 
The highest occupied orhtals of each symmetry. one of 

which will be an electron short, have ver) different 
densities in space. The highesl occupied tr -orhitals. ;I and 

b: are localized. The highcsl trcupied rr-orhitals. h, and 
a:. are strongly delocalized and haveAitTerent-specific 
bonding and antibonding regions m space. II IS clc;tr that 
very different geometries for the IOWCSI s1;11c of each 

s)mrnctry can lx cnpcctcd. B) choosinp an arbrtrar) 
pcomctry for a calculation there IS a danger of puftinp one 
or other stale a1 a disadvanIagc. 

As can hc cqwcIcd. the calcuknions result in IWO lo\r 
lying a-stales CR -ground slate and the AAatc at 
0.36 rV 1 and a v-state at htghsr cncrp) This state has a 
double minimum potential (f:ip. 3,. the minima lying a~ 

O.h3 eV. Qualitatively for pyrarolyl the prospccIs of a 
<I-ground slave look heIIcr. A Ixgcr inIcracIion bcIu_ccn 

Ihe nirrogen lone-pair orbil;~ls ma!_ Idhe the htphcst 

(r-orhrtal, Mhhercas the highest r-orbital tb I will be lower 
bccauw of a larger contribution of the nitrogen pl-orbrtals 
I we Discussion). 

All calculations wcrc performed using the IBMOL- 

programme.* IBMOI. employs a Restricted Hartrcc-Fxk 
operator: thus operator was prcfcrrcd IO an I:nrcstrictcd 
Hartrcc-Fock operator of which the rcwlting cigcnstates 
are contaminated by SI~ICS of different multiplicity As tht 
amount of spur contamination is different for different 
states. a useful comparison becomes questionable. The 
geometry optimirations were carrtcd OUI for both 
~midazolyl and pyrarol)I with a minimal ST0 -. Xi basis 
set:’ At the minima found for each state we performed a 
calculation with the more Rexthle 4-316 hasts WI.“ 

including limited configuration intcractroni ‘Ihc positions 
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Fig 3 General vlualron of order of sl.~lc\ for I.tmldaAjl and 

I-p)-rarolyl radical. 

of the H-atoms ~crc optimixd. All KlC-H) were varied 

~imulrancou~l~ in an rarl~ \I;tpe. found IO hc XMI a.u. 
fl.080.~). and kept m sub.scqucnI calculaIions. ‘The 
H-aIom is always near Ihe hisccIor of Ihc an& formed b) 
Ihc C aIom iI IS atlachcd IO and both IIS ncighhwrc. On 

optlmizinp the KH-angles Ihc dcvwon from Ihi\ angle 
for H6 and HX towards N? and Kl m p)razolyl 
rcspwively. and for H7 and HX Iwards S! and Sl in 
imida&l respectively was calculaIcd several times and 
always found lo he 46’. The minimal energy gcomelrics 

for each SI~IC as well a4 Ihc calcula~cd cncrpics at IhaI 
point are given m ‘I’;~bles I and ! under Ihc heading of the 

appropriare s~alc s)mmcIr). .%I the gcomctr) of Ihc 
tr-SI;IIC the energy of Ihc r.s~a~e I\ given. 

According IO the SW-calculations with Ihc 4-JIG basis 

WI both imldalolyl and pyrazolyl arc prcdlcted IO he 
R I;:)-radicals. In imidarol~l there 1s an Alfn)-s~arc at 
O.COeV. and a lower s)mmcIrical cr-s~a~c aI 0.54 cl’. In 
p)rarolyl Iherc is an .+(a)-\~atc aI 0.23 cV. and a 
meIasIablc lower ~ymmctrical tr-slale a1 0.45 cV. 
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+Foc boIh tmrdazolyl and pyrazolyl ~hc CI for R, was pctfwmed on non.symmeIncally 

converged ei~cn~ccIor5 (see Ierr). 



In Imidazolyl a~ the geomcIry of Ihc A,-mimmum the 
B,-sra~c is calculated IO have E = - !?3.7H33 a.~., i.e. onl) 

? kcallmole higher than the A:-stafe. The relalivc 

stab~htic~ of Ihc orher cta~es UIII be dihcu\wd later. 
As expected. the optlmiled geomclric\ for the dlffercnr 

symmetries are verb different. For imida7olyl our 
predictions arc in accordance uiIh Samuni’s experimental 
resulIs. For p)razol~I our results offer a challenge IO 

record and mIerpre1 Ihe EPK-spccrrum. II ma) be ver) 
complicaIed as pyrarolyl radicals m boIh the B,- and 
A:-sitale may occur. Shon-lived radicals in Ihe u-zh~e 

having coupling con\IanIs an order of magnirude larger 
than those m Ihc n-s~;~c\ may discurh Ihc specrra even 

furIhcr. 
(‘I; 1114 A:-B. pn~hlcnt. As WC \ranIed IO be sure IhaI no 

dominant effect ua\ neglccred in the SCF-results. a 

small-scale Cl u-as d&led upIn. ‘I’hc Cl-programmc 
cmplqcd does not make use of s!mmeIq. For planar 
syslcms, calculaIcd m (‘,-symmclry this impediment can 

casilg bc dcalr wirh. There 13 houcvcr ;I problem wiIh Ihc 
B.-SI;II~. Convergence of rhc SC’F-calculation in c’,- 
symmetry Icad\ IO an incorrccr uahc funcIion. WC will 
come back IO Ihis pIin in Ihe DiscuGon. Hcrc II should 

he menrloned onl) that the (‘I-calculations were per- 
formed using rhcsc--loser-~vmmcrrical-orhilals: rhc 

rcwlting energy gam was subtracted from the correct 
(‘:.-%‘I: solulwn. About 50 configuration\ u’crc sclccrcd. 
arising from Gnplc and double cxcltations out of CIX 
high+ing OCCII~IC~ orhltals: one h,. one a.. three (I and 

the sing11 occup~cd orbllal. and Inlo five vu~ual orhiIals. 
one h,. one a.. one 11 descrihmp (‘-II excitation and a 
tr-orhilal describing ring tr-bond cxciIaIion and apam Ihc 
singly occupied orhiM. The improvcmcnr of Ihc ground 
shtc orIginarc\ mainly from Ihe inrcracrion with configu- 

raIion\ in which relaIlve IO Ihe ground configuration 
I:: - z *n ’ ex~lIaIion has occurred lW4 l. AfIcr (‘I. Ihe 
.Y:-sIa~c> have come down rslarivc IO Ihc H -state\. In facr 
in pyrarolyl the A+IaIe ends up bclo\r Ihe Hb-srarc. This 

is possible bccausc of Ihc cxIrcmc proxlmir) of the 1x0 
orbiIals a\ ucll ;1\ the IWO contiguraIions in this \ysIsm. 
‘1%~ \lale\ will pr&ahl! turn OUI IO be uithin 0.1 cV of 

each other. As a resul1 Ihc ground \I;IIC of I-p! raroljl IS 
prcdicred IO conlain IWO ;7-sIaIc mmlma ulth vlhralional 
inlsrconvcrwn. 

771u Irix/wsr owcpicd molec-lrlar 0rhifol.t In q clopen- 

Iadicnyl 7: and n,. rcprcscnlinp an orhilal of e-q mmclr) 
in I) W. and a: and b in (‘I., are dcpeneraIc. (CHl*(Nl, 13 
t\twlecIronic. Ihc orbttals still pos~sc approxlmaIel) 
D~s!mmcIry. hut Ihc N aIoms have a much larger 
cff ccIi\ c nuclear charge for z-elccIrons and hind lhcsc 

more strongI). In imldarol)l rhc b.-orbital almost has 
node\ a1 the K atoms and the a.-orbItal has large 
coctlicicnts there. w i1 i> no1 surprising IhaI b is Ihe 
higher z-orbital. In pbrarol! I Ihe b,- and a:-orbltals have 
coefficicnt~ of dwu~ Ihe wmc magnirudc on nilrogcn and 
ihlllYi1 cqui-encrpelic z -s~alrs c;tn hc anIicipatcd. 

However. the inIeracIlon betuccn n (necessarily h ) 
and the h,-orhltal originating from the IL c-.pair. will 
push thls last orhlkal alw\e it\ a:-partner. thus causing 

h)Ih Ihc pyrarol) I- and the imlda7ol) I ground slates IO bc 
H,l i: l-\laIe\. 

fhc hlghes1 (I-orbiIals are Ihc lone-pair atomic orbitals 
on nilrogcn. The) \pl11 IO form a s) mmcrric In I and an 
an1is)mmcIrlc (n I combinaIion. II ma) no1 be im- 
mcdiafcl) clear uhich of Ihc IWO HIII bc in rhc higher 

position. and WIII be one clccrron short. ‘I’wo ~)pcs of 

interactions are known IO play a role: through-space and 

through-bond.” The common through-space inIcracIlon is 

govcmcd by overlap. II tends IO favor n with respect IO 

n . as long as the overlap between the lone pair atomtc 

orbltals is positive. ‘Through-bond inIeracIion is governed 
by Ihe s);mmcIq properties of Ihc I.llMO and Ihc HOhlO 
of tr-symmclry. The u-LUMO and Ihc u-HOMO ofrcn 

have opposirc symmerr); if one will favour n the other 

disfavours n . and ~.ice LWSU. Through-space and Ihrouph- 
bond interactions are of ahou1 the same magnitude. 

A ver) good example is found in Ihc \c’rIcs pyrarmc 

( I A-diazabcnzcncl. pyrimidinc I I .!-dIaAenrencl. 

pvridarme (I .2-diaAenzenel. In thcw molecules rhc 
u-HOMO is symmetric. anrisymmclrlc and \! mmclrlc 

rcspcctivcl) wllh respect IO Ihe mirror plant IhaI 
interconverts the nirrogen line pairs. II thus disfavours n , 
n and n.. The a-I.C\tO with respect IO Ihis plant is 
anIisymmeIric. symmerrlc and antis) mmeIric rcspcc- 
Iivcl). favouring n . n. and n The mcasurcd ionization 

poIcnIials ll.P.‘~l of cl-symmctr) and Ihe as;\lgnmenI\ for 
pyrazinc arc 9.4 eV ln.) and I I .J cV (n 1;” for p) rlmldmc 
Y.? eV (n 1 and I I.! eV ln. l; ’ and for pyridinc 0.3 cV ln I 
and I I.!cV tn.).‘” In this I;ISI GIW Ihc Ihrough-space 

inlcraclion-never IO be neglected-dominalcs. Inlcrcsl- 
mgly. this delicate balance of effects can be reproduced 
ver) ucll by ah inirio merhods. whereas c’h’l)o gros\l! 

o\crcsIimaIes Ihe Ihrough-hand inIcracIion .r LVlIh Koop- 
mans’ theorem Ihc corrcc1 ordcrmg of I.I’.‘s I\ found. and 
Ihe CalculaIcd splittings arc in fairly good agrecmenl ulth 
cxpcrimcnr. as is shown by (‘IemenIi’s’” and Palmer 6’1 

al.” minimal basis se1 calculi~Iion~. giving n - n. \pliI- 
linp4of 2.5, - I.5 and - 2.6 cV. In splir-shell calcul;&ons 
hlmlof Yf ul.“ give splillmgs of 2.6. + I.6 i1Ild * 2.2 rV. 

and report Improved values upon appl) ing CorrccIions IO 

Koopmans’ Ihcorcm. Our radicals can be though1 IO arise 
from Ihc diazahcnrcncs hy removal of a (‘H-fragmenr 
lconscqucnllg. a ii -slate is 0blilintXl b 

During grwmclr) op1imiAon of unldazol! I and 
pyrazolyl WC found the .A,-s~a~c. in which the n 
comhmation IS one electron short ;II Icasr I .5 c\: ahovc Ihc 
B.-slate. H’c decldcd no1 IO opIimi/c Ihe gcomctr) of rhi\ 

state. According IO our cxpecIaIions II should hat c a 
(‘:.-minimum. 

T/w douhlu minimum pofm~id. When rhc nuclear 

coordinates possess C’:.-symmclry. con\ crpcd calcula- 
Ilons on the R:-radicals in C,->ymmcIry shot\ a ~xxI;~I 

feaIurc. Induced by rounding-off c’rrors in the compuIcr. a 
lower-s) mmcrrical solution I\ formed which protss IO bc 

slighIl> lou-cr In energ). ‘Ihc elecIrosIaIical force cxertcd 
on the nuclei accordingly force Ihese IO a loucr. 
5) mmelrical sIruclurc 

II is imporIan1 IO noIlcc IhaI Ihc lowcr-symmcrrlcal 
solution for the (‘:.-nuclear skeleton doe\ not correqwnd 

IO physical reality; one can easily SW IhaI upon going 
from one tr-well IO Ihc other. Ihc firs1 deritaIivc of Ihc 

energy is no1 contmuous near Ihc peak. The (Kcurrcncc of 
Ihc lower-symmetrical soluIion only IP;I)I(‘A~I~ES IhaI a 
distortion can bc cxpcctcd. 

In C?. each mlrogcn lone pair orbital ha\ ;I~WUI I.5 
eleclrons ‘Ihe exlra z-elcclron can bc thought of as hemp 
divided equally over boIh S aIoms. IMorGon rcsulIs m a 
silualion wiIh one nirrogcn possessing roughI> one 
electron in ils lone pair orbllal id luo a-clcclrons. and 
one nitrogen po\ses\ing Iuo eleclrons m ils lone pair 
orbital and one :: -clecIron. Ihux avoiding inIramolecul;rr 
charge Iransfcr for this neuIral radical qn~c\ 



Seen m this way. the origin of this surprising feature is 

hybridization. The high symmetrical radical has a 
particularly unfortunate hybridlration; after distortion the 
molecule possesses one pyridme-type nitrogen and one 

pyrrolc-type nitrogen. For z-radicals no \uch distortion is 

found. a* was checked by calculations; both N atoms are 
pyridine-like. As has been cstabhsM in our previous 
communication. such a double-minimum potential is not 

due IO an artefact, like. c.g. the double-minimum potential 
found with a minimal basis \et and a KHF-operator for 

ally1 radical.” A larger basis set and a Cl-calculation still 

show a doubleminimum potential for the cl-radicals. 

The distortion must bc found at the h’ atoms involved. 

and leads IO differences in bond angles. The differences 
between the .&N can be understocd as differences in (N-) 

lone pair-bond repulsions or an increase in Zs-character 

for the completely filled lone pair orbital and a decrease in 
2s.character for the half-filled lone pair orbital. These bond 
angle differences could bc slightly larger for the radicals 
than for the parent system. WC calculated 

Z. h’l-4 S!= 14.1” for pyrazolyl, mean cxpcrimcnlal 

7% in pyrarole. and calculated semi-empirically by angle 
sitrain minimization -r;” WC calculated Asl-lS3 - 
- 5.8’ for imidazolyl. mean experimental .- 3.0: in 
imidazolc, calculated semi-empirically - 3’.” In view of 
this. our calculated distortions arc probahl) somewhat IOO 

large. In the SCF-calculations with the 4316 hasis \et the 

magnitude of the peak for the double-mimmum potential of 
the (r-radical amounts to 14. I kcallmole for imidarolgl and 

7.5 kcallmole for pyrazolgl. If the magnitude of the 
distortion has been exaggerated in the S’I’O-3G optimiza- 

hon. the harrier will be somewhat higher. 
An equivalenl way of describing the asymmetric cl-state 

is as a localized hole state. Bagus and Schaefei’ performed 

calculations on the 0: -ion in which one Is-clcctron is 
missing. Only when the symmetry clement connecting the 
0 atom\ (inversion) was destroyed for the total wave 

function, satisfactory agreement with ESCA-results could 
be obtained. The missing Is-electron then derives 

cxclusivcly from one of the 0 atoms. Jonkman” found that 
He:’ should be described as a localized hole state if the 

internuclear distance is larger than 2.g a.u. (the equilibrium 
distance for this species IS 2.1 a.u.1. Jonkman a.scribes the 
origin of this effect IO orbital polarization. Also the n + z* 
cxcitcd states and n-cations of pyraune” and 

benzoqumone” .-t are examples of localized hole states. 
The measurement of a dipole moment m the latter case 
dcmonstratcs the lower symmetry. A distortion of lhc 

I)-h-nuclc;lr skclcton has nol been found yet..9 although. 

according to our opinion. it must bc present. 

Srahility o/thP n-stales. Finally we turn IO the question 

whcthcr thcsc radicals can exist in cl-symmetr). We 

suppose that the radical is formed by homolytic cleavage 
of a covalent bond. A decreasing number of electrons in 
the nitrogen a-lone pair orbital is correlated with incrcas- 
ing planarity. For reasons of conjugation the N atom in 
pyrrolc is most probably coplanar, and replacing of one 
more CH-fragment by a N-atom, no douht further in- 
creases the stability of the planar form. The transition 
state of the homolytic cleavage IS then coplanar, the 
radical is formed as a cl-radical. This cl-radical must 
resemble imidazole or pyrzole rather closely. Indeed 
there is agreement bctwccn the calculated geometry for 
the v-radicals and the experimental data for the parent 
systems. measured for pyrarde by microwavc.p X- 
ray,‘: 1: and neutron diffraction, ” and for imidazole by 
X-ray.” I’ 

In imidazolyl. at the geometry of the o-well, the n-state 

is lower and the u-radical will undergo decay instantane- 
ously. In pyrazolyl at the geometry of the a-well the 
cr-state is lower. 

When in Fig. 3 the energy curve for the n-state is 

moved upwards so that the well in it is higher than the 
n-state at this point, the actual situation for imidazolyl is 

represented. In order IO represent pyrazolyl in Fig. 3, the 
B,(n)-curve must bc moved upwards. It should be noted, 
however, that the resulting energy differences are Smk 

in the order of magnitude of a few kcallmole (Tables I and 
2). 

As indicated earlier, the optimization with the minimal 
hasis set exaggerated the distortion. as a result the well 
will be deeper than calculated. II is important IO nolice 

that lhc C:. geometries of the BY and each of the n-states 
are rather different. To visualize this one imagines in Fig. 

3 the B,-geometry (the molecule is more broad and flat) in 

front. the B-geometry m the plane of the paper and the A: 
geometry (the molcculc is more tall and slim) behind it. 
Near the a-well the energy of the a-state must be roughly 

constant for a gcomctry change which in Fig. 3 corrcs- 
ponds lo a direction perpendicular lo the paper; this 

coordinate will contain a barrier between the A:- and the 
B,-like states. WC mentioned the equivalence in geometry 
of the radical and the parent rnolcculc: there is probably 

only very little ring-vibrational energy present in the 
radical after dissociation. If this excess energy slays oul 

of the N-angle distortion coordinate, it is not at all 
unlikely that the reactive I-pyrazolyl radical is able to 
react in the time it lives as a u-radical. This conclusion: 

pyrazolyl behaves at the chemical time scale as a metasta- 
blc n-radical, suppofls Janssen’s expcrimcntal data: N- 
phcnylpyrazole is a major end-product after homolytic 

cleavage al ISOY of I-butyl-I-pyrazole-percarboxylate in 
bcnzcnc. 
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