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ChapterChapter 7 

Chargee Localization versus Derealization in 

1-Arylpiperazin ee and l-Aryl-4-alkylpiperazin e 

Radicall  Cations 

Abstract t 

Inn this chapter the focus is on geometric and electronic structure determination of 

radicall  cations of 1-arylpiperazines and l-aryl-4-alkylpiperazines. Compared with 1-

arylpiperidinee radical cations their electronic absorption spectra are different, sometimes 

dramatically.. Because 1-arylpiperazine radical cations are not stable under normal laboratory 

conditions,, their properties were studied using time-resolved methods. Transient absorption 

andd resonance Raman spectroscopies were used as experimental tools. The structures and 

forcee fields were calculated with density functional methods. Using the calculated vibrational 

frequenciess the resonance Raman spectra could be well assigned. From the experimental and 

theoreticall  results it is concluded that the lowest energy structures of the radical cations of 1 -

phenylpiperaziness and l-(2-pyridyl)piperazines have their aromatic substituent as well as their 

N-44 hydrogen or alkyl substituent in an axial position due to through bond stabilization 

interactions.. The spin is delocalized over the entire molecule, although the difference between 

ionizationn potentials of the 'separate chromophores' is large. For l-(4-

methoxyphenyl)piperaziness a different picture occurs. Due to spin derealization into the 

aromaticc ring through bond interaction is reduced and only apparent in l-(4-

methoxyphenyOpiperazinee itself, but not when N-4 carries a bulkier alkyl substituent. 
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7.11 Introduction 

Muchh of the fundamental insight into the topological aspects of orbital interaction 

throughh bonds (TBI) versus interactions through space (TSI) was provided by a series of 

paperss by Hoffmann and coworkers in the early seventies. 1»2 A classical illustration of the 

stereochemicall  requirements for efficient TBI is provided by DABCO, a 1,4-diamine, already 

discussedd in chapter 4, in which the lone pair orbitals are well aligned with the central C-C 

bonds.. In the neutral ground state the through bond coupling between the doubly occupied 

lonee pairs is not energetically favourable, because all involved orbitals are fully occupied. 

However,, upon one electron oxidation mixing leads to considerable stabilization. 

Forr 1,4-dimethylpiperazine, which is also a 1,4-diamine, the alignment is 

unfavourablee for through bond interaction in its neutral ground state, due to the equatorially 

positionedd nitrogen substituents, while in the radical cation state it undergoes a large 

structurall  reorganization to a diaxial conformation, allowing TBI to be maximized (see 

HOMO O 

0.155 eV 

HOMO-1 1 

T^t T^t 
HOMO O 

2.12eV V 

—— Nk 

~N— — N N HOMO-l l 

SchemeScheme 7.1, Through bond interaction in the diequatorial (left) and diaxial (right) conformation of 1,4-

dimethylpiperazinedimethylpiperazine calculated with the HF/6-3IG* method. The frontier molecular orbitals (0.07 ek'1) are 

shown.shown. fl= resonance integral. 
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Schemee 7.1). In this scheme it is shown that upon going to a diaxial conformer the orbital 

splittingg between the HOMO and the HOMO-1 is increased several fold. Upon ionization it 

becomess favourable to change the conformation, optimizing the energy gain, which is equal 

too the resonance integral, (3 (Scheme 7.1). This leads to derealization of spin and charge 

densityy over the equivalent amino groups, as was recently shown by our group.3 The resulting 

changess in the electronic properties are readily observed in the absorption spectra of radical 

cationss of the diamines piperazine, 1,4-dimethylpiperazine, and 1,4-dicyclohexylpiperazine, 

whichh are completely different from those of alkylamine radical cations. They have maxima 

att 550, 600, and 600 nm respectively, which indicates strong through bond interaction (p>l 

eV).. It has been shown̂  that this transition is due to the transfer of an electron from the 

HOMO-11 to the HOMO (SOMO). We wanted to investigate further the effect of nitrogen 

substitutionn of the piperazines on the structure of their radical cations. In this chapter we 

investigatee the electronic and geometric requirements for through bond interaction to occur in 

radicall  cations of 1-arylpiperazines with or without an additional N-4 alkyl substituent. 

Becausee the donor strengths of both ring nitrogens differs substantially, a smaller stabilization 

off  the radical cations is expected than that resulting from the resonant interaction between the 

nearlyy degenerate sites in 1,4-dialkylpiperazine radical cations. This wil l be discussed in more 

detaill  in section 7.3.2. In chapter 8 1,4-diarylpiperazines with various electron withdrawing 

andd electron rich substituents are studied. 

Firstt of all, the absorption spectrum of the radical cations, which were obtained by 

nanosecondd time resolved transient absorption spectroscopy, wil l be discussed. This time 

resolvedd method is necessary due to the low stability of piperazine radical cations in solution 

att room temperature. Also, time resolved resonance Raman spectroscopy measurements were 

performedd and proved to be an excellent method to supply us with vibrational data of radical 

hprr lpr 

-oo poo 
mprr  2 P r 

cprr  3pr 

SchemeScheme 7.2: Reference piperidine systems 
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// V - N NH P \ / \ NH \ / H NH 

lpaa 2pa 3pa 

lpbb 2pb 3pb 

lpcc 2pc 

SchemeScheme 7.3: Piperazine systems studied in this chapter. 

cationss of piperazines. DPT-calculations turn out to give excellent geometries for the radical 

cationss of these piperazines and provided us with accurate frequencies. 

Ann overview of the piperidine and piperazine compounds studied in this chapter is 

givenn in Scheme 7.2 and 7.3 respectively. 

7.22 N-substituted piperidines 

7.2.11 The electronic structure of nitrogen substituted piperidines and 
theirr radical cations. 

Inn order to study the effects of substitution on the charge and spin derealization in 

piperaziness it is necessary not only to study these piperazines but the separate chromophores 

ass well. For piperazines, the reference chromophores used are piperidines. The piperidines 

describedd here were already extensively studied before in our group4_° because they are used 

ass donor chromophores in intramolecular charge transfer systems. Their properties wil l 

thereforee not be discussed extensively. 

Forr alkylamines like N-alkylpiperidines it is well established that the highest occupied 

molecularr orbital (HOMO) is primarily composed of the lone pair orbital of the nitrogen. For 

alkylpiperidiness the HOMO delocalizes into the piperidine due to mixing with the C-C and 

CHH o bonds, a phenomenon called hyperconjugation. Excited states of alkylamines are of a 

Rydbergg nature as was discussed in previous chapters. These states have a rather high 

excitationn energy and the absorption spectra of alkylamines are therefore blank in the visible 

regionn and a considerable part of the UV. Absorption bands are found only at wavelenghts 

shorterr than 250 nm, although there are some exceptions like DABCO and TTD, discussed in 

previouss chapters. 
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1-Arylpiperidiness without ortho substituents have an absorption spectrum similar to 

N.N-dimethylaniline.. In the 200-310 nm region of N-phenylsubstituted cyclic amines 

generallyy three absorption bands are found. The absorption at ca. 290 nm is ascribed to the 

shiftedd 'Lb (S0—>S,) transition of benzene, whereas the band at ca. 250 nm has some charge 

transferr character from the strong interactions between separate benzene and amino 

fragments.. If ortho substituents are introduced the twist angle between the piperidine and 

phenyll  groups increases. The 250 nm band disappears. 

IP P 

HOMO O 

HOMO-1 1 

HOMO-2 2 

7.577 eV 

3.955 eV 

9.644 eV 

FigureFigure 7.1. Orbital diagram of 1-phenylpiperidine (Ipr) (0.07 eA'3) (HF/6-31G*//B3LYP/6-31G*). The values of 

thethe experimental ionization potentials were obtained from Krijnen. 

Thee twist angle between the phenyl and the piperidine group can be deduced from the 

photoelectronn (PE) spectrum.9 Generally the 7-11 eV part of the PE spectrum of anilines 

showss three bands. The orbital assignment to the PE bands in N-phenylpiperidine (lpr ) is 

shownn in Figure 7.1. The first band in the PE spectrum corresponds to ionization from the 

HOMO,, which is an orbital derived from mixing the nitrogen lone pair with the el g benzene 

likee orbital in an antibonding way. The HOMO-1 is the other benzene el g orbital which cannot 

mixx with the amino lone pair due to symmetry restrictions. The third band in the PE spectrum 

correspondss to ionization from the HOMO-2, which is the bonding combination of the lone 

pairr and the e,„  benzene like orbital. The mixing between the lone pair and the e,„  orbital 

dependss on the twist angle of the phenyl ring. Thus, the energy difference between IP, and IP, 

iss a measure for the twist angle.9.10 po r j p r tne piperidine and phenyl rings are noncoplanar 
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a)) 0.25 

Me0^3-NU \̂ \ 
2pr+ + 

"l^y "l^y 
3pr+ + 

c) c) 
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FigureFigure 7.2. Absorption spectra of radical cations of a) 1-phenylpiperidine (Ipr), b) I-(4- methoxyphenyl) 

piperidinepiperidine (2pr) and c) l-(2-pyridyl)piperidine (3pr). The radical cations were produced in aerated acetonitrile 

solutionssolutions using the cosensitization method (see chapter 1). 

withh a dihedral angle of ca. 48° between the lone pair and the phenyl n orbital. Unfortunately 

forr 2pr  the IP, and IP, overlap considerably, however a splitting similar to lpr  is observed.4 

Uponn ionization the absorption spectrum changes dramatically. A moderately strong 

absorptionn in the 450-500 nm region is observed. The broad weak transition around 600 nm, 

whichh is found for some anilines11 is not discernable in these spectra. In Figure 7.2 the 

absorptionn spectra of the three reference arylpiperidine radical cations are shown. The 

absorptionn maxima are located at 468 (lpr) , 490/510 (2pr), and 494 (3pr) nm, respectively. 

Brouwerr and Wilbrandt 12 have thoroughly studied this transition for N,N-dimethylaniline 

(DMA )) with resonance Raman spectroscopy and CASSCF calculations. The electronic 

groundd state of DMA+ (12B, in C2v) is dominated by the configuration corresponding with the 

ejectionn of an electron from the HOMO. The first excited state (12A2 in C2v) is described by 

thee configuration in which one electron is promoted from the HOMO-1 to the SOMO. The 

secondd excited state (22B,) state, which gives rise to he strong absorption band is dominated 

byy two configurations. The biggest coefficient (0.77) is due to excitation from the HOMO-2 
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too the SOMO, but a large coefficient (0.48) is also found for excitation from the SOMO to a 

non-occupiedd molecular orbital. Doubly excited configurations are significant as well. For N-

arylpiperidiness a similar electronic structure can be expected. 

7.2.22 Conformational analysis 

Sincee more powerful computers have become available in the last decade, the 

piperidiness could be studied with density functional methods instead of the semi-empirical 

methodss or low level (STO-3G) ab initio methods used before.̂  in this respect small 

piperidiness have already been extensively studied by (post) HF methods. Recently a very 

intensivee study was reported by Carballeira and Pérez-Justê about conformational 

preferencess of equatorial and axial piperidine and 1-methylpiperidine using methods up to the 

MP2/6-311++G***  level of theory. 

1-Arylpiperidiness have not received the broad attention of computational chemists, 

duee to the large computational costs involved. DFT calculations at the BLYP/6-31G* and the 

B3LYP/6-31G**  levels have only appeared in the literaturê  for 1-phenylpiperidine and its 

radicall  cation. 

Thee structures of the piperidines described here were all optimized at the standard 

(U)B3LYP/6-31G**  level of theory. This method has been shown in the previous chapters to 

bee effective in predicting geometries of neutral amines and their radical cations, and is 

thereforee used here. UHF/6-31G* calculations failed to minimize or showed spin 

contaminationn (<S2> up to 1.17). The most important characteristics of the neutral molecules 

andd radical cations are given in Table 7.1. 

Forr piperidine (hpr) it has been established that in the gas-phase the equatorial 

conformationn is favoured over the axial conformation by about 0.4  0.2 kcal/mol. Later̂  

thiss value was determined by microwave spectroscopy to be 0.74  0.07 kcal/mol. Thus, if the 

solvationn effect is negligible in room temperature solution, the axial conformer is present in 

largee amounts (ca. 23%). The difference obtained with the B3LYP/6-31G* basis set is 0.34 

kcal/mol,, which is significantly smaller than the values obtained with HF/6-31G* (0.82 

kcal/mol)**  and MP2/6-31G* (0.51 kcal/mol)̂  calculations. The geometric features at the 

B3LYP/6-31G**  level, however, are comparable to MP2 calculations. Vertical ionization 

energiess are reasonably calculated, far better than by low level HF calculations reported 

previously.̂ ^ Upon ionization the nitrogen is flattened, although not completely. The C,-C2 

bondd is elongated by ca 0.04 A, which is due to the removal of the electron from the HOMO, 

whichh has considerable G character. Therefore, after removal of an electron this bond is 

weakened. . 
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TableTable 7.1, Calculated properties of neutral molecules and radical cations of piperidine (hpr), 1-

methylpiperidinemethylpiperidine (mpr), 1-cyclohexyipiperidine (cpr) I -phenylpiperidine(lpr), 1-(p-methoxyphenyl) piperidine 

(2pr)(2pr) and l-(2-pyridyl) piperidine (3pr) at the B3LYP/6-3IG* level of theory. 

rN-R R 

rC,-N N 

rCrCyyN N 

rC|-C2
u} } 

QNR R 

C,NR R 

C,NC, , 

EN,b> > 

IPv(C' ' 

ip ; d) ) 

ipv-ipa a 

rN-R R 

K V N ( e ) ) 

rCrC]] -C-C22
i i 

C,NR R 

C,NR R 

C,NC5 5 

ZN ZN 

p(N)i n n 

hpr r 

(eq) ) 

1.018 8 

1.465 5 

1.465 5 

1.533 3 

109.6 6 

109.6 6 

112.0 0 

331.3 3 

8.41 1 

(8.70)l8> > 

7.622 (8.20) 

0.799 (0.50) 

hpr r 

1.021 1 

1.435 5 

1.581 1 

118.5 5 

118.5 5 

119.7 7 

356.8 8 

0.75 5 

hpr r 
(ax) ) 

1.021 1 

1.468 8 

1.468 8 

1.539 9 

108.6 6 

108.6 6 

112.0 0 

329.3 3 

8.15 5 

7.61 1 

0.54 4 

mpr r 
(eq) ) 

1.454 4 

1.463 3 

1.463 3 

1.532 2 

111.7 7 

111.7 7 

111.6 6 

334.9 9 

7.97 7 

(8.37)w w 

7.244 (7.80) 

0.733 (0.57) 

neutral l 

mpr r 
(ax) ) 

1.457 7 

1.466 6 

1.466 6 

1.542 2 

114.0 0 

114.0 0 

111.0 0 

339.0 0 

7.57 7 

7.09 9 

0.48 8 

radicall  cation 

mpr r 

1.449 9 

1.453 3 

1.561 1 

121.5 5 

121.5 5 

116.5 5 

359.6 6 

0.78 8 

cpr r 
(eq) ) 

1.485 5 

1.471 1 

1.471 1 

1.533 3 

112.8 8 

112.8 8 

109.3 3 

335.0 0 

7.68 8 

(7.93),h) ) 

6.95 5 

0.73 3 

cpr r 

1.488 8 

1.459 9 

1.532 2 

123.5 5 

123.5 5 

112.9 9 

360.0 0 

0.79 9 

lpr r 

(eq) ) 

1.415 5 

1.471 1 

1.462 2 

1.533 3 

116.6 6 

117.7 7 

112.4 4 

346.7 7 

7.05 5 

(7.72)(i> > 

6.62 2 

0.43 3 

lpr r 

1.365 5 

1.476 6 

1.542 2 

124.0 0 

123.8 8 

111.9 9 

359.8 8 

0.48 8 

lpr r 
(ax) ) 

1.406 6 

1.467 7 

1.462 2 

1.539 9 

120.1 1 

120.4 4 

111.1 1 

351.6 6 

6.77 7 

6.56 6 

0.21 1 

2pr r 

(eq) ) 

1.421 1 

1.471 1 

1.461 1 

1.532 2 

115.6 6 

117.1 1 

112.1 1 

344.9 9 

6.68 8 

(7.3)0 0 

6.17 7 

0.51 1 

2pr r 

1.361 1 

1.477 7 

1.540 0 

124.2 2 

123.9 9 

111.8 8 

359.9 9 

0.39 9 

3pr r 

(eq) ) 

1.391 1 

1.468 8 

1.460 0 

1.533 3 

118.9 9 

121.3 3 

114.6 6 

354.8 8 

7.09 9 

6.87 7 

0.22 2 

3pr r 

1.369 9 

1.474 4 

1.545 5 

124.8 8 

121.8 8 

113.1 1 

359.8 8 

0.50 0 

'"''"'  Average Ct-C^C4-Cs bond length. ""  The sum of the bond angles around the nitrogen atoms. 'c> Calculated 

verticalvertical ionization potential (experimental values between brackets).<d> Calculated adiabatic ionization potential 

(experimental(experimental values between brackets). 'e' Average Ct-N/Cs-N bond length.tf> Computed spin density on the 

nitrogen.nitrogen.{s){s) From ref. 16 (h) From ref. 17 (i) From ref. 9 (j) From ref 4 

Thee preference for the equatorial position of N-methylpiperidine (mpr) has never 

beenn questioned, but values ranging from 0.4 to 3.2 kcal/mol in favour of the equatorial 

conformerr were reported. It is now generally accepted that mpr(eq) is about 3 kcal/mol more 

stablee than mpr(ax). High level HF5 and MP2 (6-31G* and better)13 calculations correctly 

predictt this value. The B3LYP/6-31G* calculations lead to a difference of 3.38 kcal/mol, 

whichh is in accord with the (post) HF methods. Structural features from the DFT calculation 

aree similar to those from the MP2/6-31G**13 calculation. The vertical and adiabatic 
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ionizationn potentials have both decreased ca. 0.4 eV compared to piperidine. The calculated 

IPaa values for mpr  and hpr  are ca. 0.6 eV lower than the experimental values, whereas the IPV 

valuess are calculated 0.4 and 0.3 eV too low. Thus, the relaxation energies are overestimated. 

Similarr to the case of piperidine, the C,-C2 bond is elongated after ionization, although 

too a lesser extent. This is due to smaller HOMO coefficients at the ring carbons, as the 

HOMOO is now also delocalized over the methyl substituent. Clearly, the axial conformations 

off  hpr  and mpr  are more similar to their radical cations than the equatorial conformations. 

Thiss becomes evident from the difference between the vertical and adiabatic ionization 

potentials,, which is considerably smaller for the axial conformations. 

Forr arylpiperidines the conformational studies have previously been restricted to AM 1 

calculations.. The problem with this method, however, is the systematic preference of axial 

overr equatorial conformations for alkylpiperidines as well as for arylpiperidines. Only for N-

(2,4,6-trimethylphenyl)piperidinee an equatorial preference is found.4 

Conformationall  dynamics of two N-arylpiperidines were studied by Krijnen.4 In this 

'H-NMRR study the axial-equatorial equilibrium of lpr  and 2pr  is reported. It is shown that 

thee free energy for activation (AG*) for nitrogen inversion in 2pr  and in lpr  is 2 

kcal/moll  and 2 kcal/mol, respectively. This is remarkably lower than for 

phenylcyclohexanee (11.5 kcal/mol) and N-methylpiperidine (12.0 kcal/mol 1°). As shown in 

Tablee 7.1, the nitrogen atom of arylpiperidines is considerably flattened, in such way that the 

nitrogenn has a hybridization between sp2 and sp3. This flattening reduces the inversional 

barrier.. The flattening of the nitrogen also has effects on the free energy difference between 

thee axial and equatorial conformation. Steric interactions between the ortho aromatic protons 

andd the C, and C5 protons will be less than in phenylcyclohexane. In phenylcyclohexane the 

freee energy difference between axial and equatorial conformations is 2.7 kcal/mol. 1° AS0 

betweenn both conformations is reported to be neglible. This is different in N-arylpiperidines. 

Krijnenn et al. 19,20 studied the changes in charge-transfer absorption bands of intramolecular 

1-arylpiperidinee charge transfer systems upon changing the temperature. Conformational 

equilibriumm constants could be obtained, which resulted in relative enthalpies and entropies 

forr axial and equatorial conformations. Surprisingly, a rather high value of 1 cal/mol.K for 

AS00 in favor of the equatorial conformer is found for system 1P2, a compound closely related 

too 1-phenylpiperidine (see Scheme 7.3). This value is very similar to the conformational 

entropyy of 2-phenyl-l,3-dioxane (see scheme 7.3) of 3.9  0.8 cal/mol.K in favor of the 

equatoriall  conformer.̂ 1 

Accordingg to Bailey l̂ this is due to the substantial difference in the freedom of 

internall  rotation around the phenyl-C(sp3) bond in the equatorial and axial conformer. In the 
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// \ PN oo cc <y^ 
1P22 2pl3d 

SchemeScheme 7.4. Structures ofN-phenyi-4-azacyclohexylidenemalonitrile (1P2) and 2-phenyl-l,3-dioxane (2pl3d). 

formerr the rotation can be seen as an effectively free rotor, whereas in the latter it is hindered 

byy the dioxane ring. Apparently, a similar effect is seen for 1-arylpiperidines, due to the 

flattenedd nitrogen in the axial conformation. In phenylcyclohexane however, the CCsp3)-

phenyll  bond is not a free rotor therefore AS0 is very small. From the situation sketched above, 

itt can be concluded that the enthalpy difference between lpr(eq) and lpr(ax ) wil l be rather 

small.. Taking AH0 between the axial and equatorial conformer to be 2.7 kcal/mol maximum 

(phenylcyclohexane)) and AS0 of 4 cal/mol.K, one should have a maximum calculated 

differencee of 2.7 - 0.004 0 = 1.53  0.29 kcal/mol at 293K. The calculated 

enthalpyy difference between lpr(eq) and lpr(ax ) at the B3LYP/6-31G* level of theory is 

1.544 kcal/mol. 

neutral l radicall  cation 

FigureFigure 7.3. Calculated (B3LYP/6-31G*) structures of l-phenylpiperidine and its radical cation. 

Goingg from the neutral molecule to the radical cation, the nitrogen is completely 

flattened,, indicative of sp2 hybridization. Removal of one electron from the HOMO leads to a 

shorteningg of the N-Car bond with 0.05A, which points to the importance of a quinoid 

resonancee structure. The spin density on the nitrogen is calculated to be 0.48 at the 

UB3LYP/6-31G**  level, which seems to be a good estimate, because it is in accord with the 

experimentall  estimate for DMA+ of ca. 50%.22 

Forr 2pr  the situation is rather similar to lpr . The donor strength is somewhat 

increased,, due to stabilization of the radical cation by the p-methoxy group. The ionization 

potentiall  drops with ca. 0.4 eV, compared with lpr . Geometric parameters for the neutral do 

nott change dramatically. Pyramidalization angles are similar to lpr . Upon ionization the 

nitrogenn is flattened as well. Due to the presence of the p-methoxy group, in which the 

132 2 



ChargeCharge localization versus delocalization in 1-arylpiperazine and and 1-aryl-4-alkylpiperazine radical cations 

oxygenn atom bears a spin density of 0.12, the spin density on nitrogen drops to 0.39. The spin 

densityy is largely delocalised over the aromatic part. This change in spin density will show its 

importancee later on in this study. The quinoid structure is evident as well, both the N-aryl and 

thee C^-O bond decrease with more than 0.04 A from the neutral. 

Becausee one ortho hydrogen is removed, 3pr  has a rather different structure. There is 

aa much smaller steric interaction between the pyridine and piperidine rings. Probably, the 

increasedd electron accepting properties of the pyridine ring compared to the phenyl ring in 

lpr ,, leads to stronger donor-acceptor interaction between the nitrogen and the pyridine ring. 

Consequently,, the pyridine ring is not twisted with respect to the piperidine ring to a great 

extent.. Furthermore, the nitrogen is considerably flattened (£N=354.8°) and is almost sp2 

hybridized.. This is also visible in the small difference of 0.22 eV between the vertical and the 

adiabaticc ionization potential. From our calculations the vertical ionization potential of 3pr  is 

comparablee to that of lpr . At first sight this seems strange, because there is a rather large 

differencee of 0.4 eV in vertical ionization potentials between aniline and 2-aminopyridine.23 

However,, the smaller pyramidalization in 3pr  relatively to lpr  can account for this amount. It 

iss interesting to note that the calculated adiabatic ionization potentials differ by 0.25 eV, 

thereforee lpr  must be a better electron donor than 3pr. The experimental vertical ionization 

potentiall  is unfortunately not available. The radical cation geometry is not that different from 

thatt of the ground state except that the nitrogen is now completely flattened. 

7.2.3.. Resonance Raman spectroscopy on N-arylpiperidine radical 
cations. . 

Inn the previous section a clear picture of the structure of the arylpiperidine radical 

cationss was obtained from density functional calculations. Experimental verification of the 

calculatedd structure, however, can be obtained by resonance Raman spectroscopy. In Figures 

7.4,, 7.5, and 7.6 and the corresponding Tables 7.2, 7.3, and 7.4, the experimental data are 

shown.. Considerable activity is visible in the RR spectrum. Especially in the 1000-1600 cm'1 

rangee some highly intense bands are observed. The strong to very strong bands in the spectra 

off  lpr+ , 2pr+, and 3pr+ are all due to the N-Car stretch vibrations and/or stretching vibrations 

inn the aryl group. Furthermore, using the computed frequencies the spectra could be almost 

completelyy assigned. All computed minimized structures have only real frequencies, 

confirmingg that they are true minima. The frequencies were scaled with 0.98, a value 

originallyy proposed by Brouwer̂  for UB3LYP/6-31G* calculations on radical cations of this 
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4000 600 8O0 1000 1200 1400 1600 

Ramann shift (cm" ) 

FigureFigure 7.4. Resonance Raman spectrum of the radical cation of I -phenylpiperidine (Ipr). 

K„,b=470K„,b=470 nm. 

TableTable 7.2. Resonance Raman spectrum and assignment of the radical cation of 1-

phenylpiperidinephenylpiperidine (Ipr). The assignment is based on the calculated (UB3LYP/6-3IG*) 

frequencies. frequencies. 

expt. . 

497 7 
710 0 
978 8 

1018 8 
1127 7 
1199 9 

1233 3 
1331 1 
1402 2 

1463 3 
1489 9 
1564 4 

intensity y 

w w 
w w 
w w 

vs s 
in n 

m m 
vs s 
111 1 

s s 

s s 
111 1 

s s 

calc.a' ' 

501 1 
705 5 
975 5 

1021 1 
1131 1 
1208 8 

1240 0 
1330/1336"" " 

1413 3 

1459 9 
1512 2 
1590 0 

qualitivee description 

CNCC bending 
Aromaticc ring bending 
Aromaticc ring bending 

C=CC stretch/CarH bending 
bendingg piperidine 
CarHH scissoring 

CarNN stretch/CH2 scissoring 
CHH bending 
CarNN stretch/CNC bending 

C=CC stretch/C„H bending 
CH,, scissoring 
C=CC stretch 

'"'Scaled'"'Scaled (xO.98). ""  This band can be assigned to two bands, both of them involving 

CHCH bending. 

type.. This scaling factor was used for the assignment and was not optimized. The low 

frequencyy modes are indeed excellently predicted using this scaling factor, although the 

predictedd values are systematically too high. The discrepancy increases for the higher energy 

bandss implying that a slightly smaller scaling factor would give overall better results. 

Forr lpr + only one band cannot be assigned unambiguously. The 1331 cm'1 band is 

assignedd to either the 1330 or 1336 cm ' band. Both these bands can be assigned to CH 
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M e o - C3~NGï) ) 
2pr+ + 

6000 800 1000 1200 

Ramann shift (cm' ) 

I4i)0 0 

FigureFigure 7.5. Resonance Raman spectrum of the radical cation of 1-(4-methoxyphenyl) 

piperidinepiperidine (2pr). Xpwb=480 nm. The 400-750 cm' was not measured. 

TableTable 7.3. Resonance Raman spectrum and assignment of the radical cation of I-

p-methoxyphenylpiperidinep-methoxyphenylpiperidine (2pr). The assignment is based on the calculated 

(UB3LYP/6-31G*)(UB3LYP/6-31G*) frequencies. 

expt. . 

791 1 
914 4 
980 0 

1016 6 
1134 4 
1197 7 
1246 6 
1342 2 

1420 0 

1460 0 
1509 9 

1605 5 

intensity y 

w w 
w w 
vv v 

w w 
w w 
w w 

s s 
111 1 

s s 

s s 
vs s 

i n n 

calc.'" " 

793 3 
908 8 
979 9 
1014 4 
1135 5 
1205 5 

1253 3 
1347 7 
1431 1 

1471 1 
1520 0 
1526 6 
1635 5 

qualitativee description 

Aromaticc ring, CH-bending 
NCpip,, C=C stretch 
Aromaticc ring bending 

C-C,, CH-bending + OCH3-stretch 
C-C,, CH-bending 
CalHH bending 
NCarr stretch, CH bending 
CHH bending, CarO stretch 
NCarr stretch, CarO stretch, OCH3 

umbrella a 
OCH33 umbrella, NCar stretch 
antisymm.. C=C stretch 

NCa,,, CarO stretch 
C=CC stretch 

"""  Scaled (X0.98). 

bendingg vibrations. At ca. 920 cm"1 there is a band as well, but due to problems of subtracting 

thee solvent acetonitrile band, the band could not be clearly resolved. 

Thee RR spectrum of 2pr+ shows a different picture. No bands below 790 cm"1 are 

observed,, apparently there is only a small change in the CNC bending coordinate upon 

excitationn to the excited state of 2pr+. For p-methoxy-N,N-dimethylaniline+ a low frequency 

vibrationn corresponding to CNC bending is observed at 365 cm"1 in the RR spectrum. The 

assignmentt of the band at 1509 cm"1, which corresponds to the band at 1516 cm"' in p-
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methoxy-N,N-dimethylaniline+,, is not as straightforward as proposed by Hester et al.24 Due 

too the quinoid structure of the radical cation this band can be assigned either to a NCar, CarO 

stretchh vibration or an antisymmetric C=C stretching vibration. The latter was proposed by 

Hesterr et al.24 to be due to a pure C=C stretching vibration. 

Thee RR spectral assignment for 3pr+ is rather straightforward as well. The strong 

bandd due to CNC bending is shifted considerably to higher frequency (ca. 100 cm') with 

respectt to the same band in lpr+ . Moreover, its intensity is increased as well. The 1213 cm'' 

401) ) 10000 1200 

Ramann shift (cm" ) 

FigureFigure 7.6. Resonance Raman spectrum of the radical cation of l-(2-pyridyl)piperidine (3pr). 

XXprobprob=470=470 nm. The spectrum was smoothed. 

TableTable 7.4. Resonance Raman spectrum and assignment of the radical cation of I-

(2-pyridy)lpiperidine(2-pyridy)lpiperidine (3pr). The assignment is based on the calculated (UB3LYP/6-31G*) 

frequencies. frequencies. 

expt. . 

605 5 

924 4 
962 2 

1005 5 
1028 8 

1131 1 
1213 3 
1316 6 
1401 1 

1476 6 
1529 9 
1556 6 

intensity y 

s s 
s s 
m m 

m m 
m m 
w w 

vs s 
m m 

w w 

w w 
111 1 

vs s 

calc.a) ) 

603/613"" " 
920 0 
960 0 

1011 1 
1031 1 
1133 3 

1215 5 

1312/1328(cl l 

1413 3 

1482/1492"" " 
1542 2 
1575 5 

qualitativee description 

CNCC bending 
NCpipp stretch 
Aromaticc ring bending 

C-C,, CH-bending 
CarHH bending, C=C stretch 
C-C,, CH-bending 

NC,,, stretch, C-C bending 
CHH bending 

NCarr stretch, CH bending 

CH-scissoring g 
C=CC stretch 

C=C,, C=N stretch 

'"'' scaled (x 0.98)."" This band can be assigned to two bands, both of them involving 

CNCCNC bending. '" This band can be assigned to two bands, both of them involving 

CHCH bending.1'"  This band can be assigned to two bands, both of them involving CH scissoring. 
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bandd involving NCar stretching and C-C bending motions, is again very strong as it is in lpr + 

andd 2pr+. Large changes in geometry can indeed be expected upon excitation, which leads to 

strongg bands in the resonance Raman spectrum. 

7.33 1-Arylpiperazines 

7.3.11 Do large differences in oxidation potentials lead to charge 
localization? ? 

Consideringg the electronic wavefunction of radical cations of 1-arylpiperazines the 

questionn arises whether in the presence of the extra aliphatic amine the charge remains 

localizedd on the aniline moiety as it is in arylpiperidines. One would expect that the electronic 

interactionn between the chromophores is smaller than in systems having equal nitrogen 

substituents,, because the large differences in oxidation potentials of the chromophores leads 

too smaller perturbative interaction than in symmetric systems. Anilines have a considerably 

a) ) 
0.20 0 

JJ 0.15 

&& 0.10 
o o 
co o 

<< 0.05-

0.00--

<y<3 <y<3 

3000 400 500 600 700 800 

Wavelengthh (nm) 

c) ) 0.20 0 

0.15 5 

0.10 0 

0.05 5 

o.oo o 

lpb+ + 

5000 600 700 

Wavelengthh (nm) 

)) 0.20-

BB 0.15-

ff  0 1°-
<< 0.05-

0.00--

)) 0.20-

cc 0.15-

&&  0.10-

o o 
<< 0.05-

0.00--

^2}~K3NHH f \ 
lpa++ / V 

// \ 
XX ^ 

3000 400 500 600 700 800 

Wavelengthh (nm) 

0>G"<30>G"<3  >*v 
lpc++ J^ \ 

/ / 

^ ^ ^ ^ ^ ^ ^ 
3000 400 500 600 700 800 

Wavelengthh (nm) 

FigureFigure 7.7. Absorption spectra of radical cations of a) 1-phenylpiperidine (Ipr), b) l-phenylpiperazine (Ipa), c) 

II  -methyl-4-phenylpiperazine (lpb) and d) I-cyclohexyl-4-phenylpiperazine (lpc). The radical cations were 

producedproduced in aerated acetonitrile solutions using the cosensitizatlon method. The spectra were all recorded 

betweenbetween 0.5 and 1.5 fls after the initial 355 nm laser pulse. 
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lowerr oxidation potential than aliphatic amines and therefore the charge is expected to 

localizee on the aniline moiety. At present it is unknown if the energy gain resulting from 

chargee and spin derealization is sufficient to lead to asymmetric, yet delocalized structures. 

Furthermore,, what changes occur if the nature of the aliphatic and aromatic amine are varied? 

Wil ll  the electronic interactions between both chromophores change in such a way that a 

totallyy different behaviour is observed? By changing the aniline moiety from an electron rich 

4-anisidinee (2p series) to the aniline ( l p series) and finally the electron poor 2-aminopyridine 

(3pp series) and by changing the substituent of the aliphatic amine from hydrogen to methyl to 

cyclohexyll  we investigated different electronic as well as steric factors, thus enabling us to 

studyy a whole matrix of compounds. 

7.3.22 Electronic absorption spectra of 1-arylpiperazine radical cations 

Thee electronic absorption spectra obtained for the radical cations of compounds lpa-c 

andd lp r  are shown in Figure 7.7. It is clear that the absorption spectra of the radical cations of 

thee phenylpiperazines are completely different from those of the reference compound lpr . 

Evidently,, introducing an alkylamine into the 4-position in the ring results in a completely 

differentt nature of the electronic transition. The usual aniline-type band completely disappears 

whilee a new red shifted band appears. The significant orbital interactions can be described̂ 

usingg the following scheme (Figure 7.8). 

Inn Figure 7.8 two types of dimer radical cations are described. The first case in which 

bothh sites are the same, in this study the Xpd series, the interacting orbitals lead to a through 

bondd stabilized and a destabilized molecular orbital. The transition observed is the charge 

M+* * 

E, , CR R 

A+--

M M 

<T <T 

^Estab P̂ P 

D D 

Al l 

AEstab<P P 

Symmetricc systems 

M 2
+--

Asymmetricc systems 

DA+" " 

FigureFigure 7.8. Electronic interaction in dimer radical cations. ^Estâ  is the stabilization energy, Al is the difference 

inin energy between the frontier molecular orbitals. CR=charge resonance, CT=charge transfer. 
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resonancee electronic transition from a doubly occupied to a singly occupied molecular orbital 

withh an energy of twice the stabilization energy, AEstab. In this case AEstab, using first order 

perturbationn theory and neglecting the overlap integral, equals the resonance integral, p. In the 

asymmetricc case the nature of the absorption band is different: it attains charge transfer 

character.. In the extreme case of complete localization it corresponds to a full charge transfer 

off  an electron from the donor {i.e. the amine with the higher ionization potential) to the 

acceptorr {i.e. the amine with the localized radical cation). 

Fromm the maximum of the absorption band and the difference in ionization potentials 

onee can in principle obtain the P and AEstab for each system using equations 7.1 and 7.2. Eq. 

7.11 is derived from first order perturbation theory, neglecting the overlap integral.26 

Ect== 7A / 2 + 4P2 Eq-7-1 

**  ^ Ect - AI ^ „ „ 
AEstab== —j— Eq.7.2 

Forr AEslab to be considerable the two frontier molecular orbitals should not be too dissimilar in 

energyy i.e. AI < p\ However, for the molecules under investigation AI and P are of the same 

orderr of magnitude (see below). 

TableTable 7.5. Electronic 
compound d 

lpa a 
lpb b 
lpc c 

interaction interaction 

\naxx (nm) 

710 0 

800 0 
800 0 

parametersparameters of the 

Ect(eV) ) 

1.75 5 

1.55 5 
1.55 5 

alkylphenylpiperazines. alkylphenylpiperazines. 
AI (a'' (eV) 

0.98 8 

0.65 5 
0.21 1 

P(eV) ) 

0.7 7 

0.7 7 
0.8 8 

AEstab(eV) ) 

0.4 4 
0.5 5 

0.7 7 

'"'The'"'The vertical ionization potentials of the separate chromophores, i.e. I -phenylpiperidine (7.72 eV^), piperidine 

(8.70(8.70 eV'°), 1-methylpiperidine (8.37 eV'°) and I-cyclohexylpiperidine (7.93 ev ) were used. It would be a 

betterbetter estimation if one took the difference between the adiabatic ionization potentials. This would mean a 

smallersmaller AI and a a larger p. 

Usingg equations 7.1 and 7.2, P and the stabilization energy can be calculated for the 

phenylpiperaziness lpa-c+ (Table 7.5.). The results show that although the difference in 

ionizationn potential between the arylamine and the alkylamine is quite large the AEstab is still 

considerable,, because p is quite large, which indicates strong TBI and a diaxial conformation! 

Itt is interesting to note that the P-values of these systems lie in between those of 1,4-

dimethylpiperazinee (P= 1.0 eV )̂ and 1,4-diphenylpiperazine (P = 0.5 eV). 
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Thee electronic absorption spectra of p-methoxyphenylpiperazine radical cations (2p-

series)) give a remarkably different picture (see Figure 7.9). Introducing a p-methoxy group 

ontoo the ring significantly increases the donor capacity of the molecule. The ionization 

potentiall  drops by 0.3 to 0.4 eV and, more importantly, the lone pair of the oxygen mixes into 

thee SOMO, decreasing the spin density on the piperazine nitrogen. This decreases the 

resonancee interaction between the two nitrogen lone pairs in the piperazine ring. This effect is 

dramaticc on the transient absorption spectra for the compounds 2pa-c+ and 2pr+, illustrated 

inn Figure 7.9. Only in 2pa+ we see a shifted absorption band with respect to the reference 

compoundd 2pr+. Assuming that this implies a charge delocalized structure for 2pa+ one can 

obtainn the stabilization energy AEstab and (3 just like in the lp-series. The values obtained for 

TableTable 7.6. Electronic Interaction parameters of I -(4-methoxy)phenylpiperazine radical cation. 

compound d ^maxx (n m) Ec.. (eV) AI |all (eV) P(eV) ) AESBb(eV) ) 

2pa a 640 0 1.94 4 1.4 4 0.7 7 0.3 3 

'"'The'"'The vertical ionization potentials of the separate chromophores, i.e. I-(4-methoxy)phenylpiperidine (7.3 eV4) 

andpiperidineandpiperidine (8.70 eV'") were used. 

a) ) 

o o 
1.5--

1.0--

0.5--

0.0--

j ~ \\ MeO-<Q>-NV> 
// \ 2pr+ 

// \ ^^  v____ 
5000 600 700 800 

Wavelengthh (nm) 

0.20 0 
b) ) 

0.15 5 
c c 

g,, 0.10 
c c 
33 0.05 

2pa+ + 
5000 600 700 800 

Wavelengthh (nm) 

c) ) 0.20 0 

e-- o.io 
o o 

<< 0.05 
0.00 0 

5000 600 700 

Wavelengthh (nm) 
KOI) ) 

Y-ÏTVK-C^) Y-ÏTVK-C^) 

5000 600 700 
Wavelengthh (nm) 

FigureFigure 7.9. Electronic absorption spectra of radical cations of a) I-(4-methoxy)phenylpiperidine (2pr). b) l-(4-

methoxy)phenyipiperazinemethoxy)phenyipiperazine (2pa), c) l-(4-methoxy)phenyt-4-methylpiperazine (2pb) and d) l-cyclohexyi-4-(4-

methoxyphenylpiperazinemethoxyphenylpiperazine (2pc) measured in non-degassed acetonitrile. 
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2pa++ are listed in Table 7.6. Although the alkyl-substitution in 2pb and 2pc increases the 

donorr strength of the aliphatic amine, the coupling is not sufficient to induce change in the 

electronicc spectrum. When the arylamine is changed to a weak electron donor, a 2-

aminopyridinee chromophore, the situation is reverted again. Both 3a+ and 3b+ have an 

absorptionn band in the near-IR, distinctly different from the band in l-(2-pyridyl)piperidine+ 

(seee Figure 7.10). Thus by increasing the spin density on the arylamine nitrogen coupling 

betweenn both piperazine amines is enhanced, leading to spin delocalized structures. One can 

alsoo calculate the stabilization energies AEstab and P's just like before using equation 7.1 and 

7.2.. The results are shown in Table 7.7. 

TableTable 7.7. Electronic interaction parameters of 1-

compound d 

3pa a 

3pb b 

X m axx (nm) Ect (eV) 

7700 1.61 

730-760"""  1.63-1.70 

(2-pyridyl)piperazine (2-pyridyl)piperazine 

AI° ""  (eV) 

0.74,a) ) 

0.41<a) ) 

radicalradical cations. 

p(eV) ) 

0.7 7 

0.8 8 

AE,,ab b 

0.5 5 

0.7 7 

''a)a)TheThe vertical ionization potential of 1 -(2-pyridyl)piperidine is not known. A value of 7.96 eV is estimated as the 

valuevalue for I -phenylpiperidine (7.72 eV^) + 0.24 eV (estimated from the difference in vertical ionization potentials 

betweenbetween aniline and 2-aminopyridine). For piperidine and 1-methylpiperidine values were used of 8.70 eV ° 

andand 8.37 eV, respectively. <h'The maximum is not distinct (see figure 7.10). 
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FigureFigure 7.10. Absorption spectra of radical cations of a) I-(2-pyridyl)piperidine (3pr), b) l-(2-pyridyi)piperazine 

(3pa)(3pa) and c) I-methyl-4-(2-pyridyl)piperazine (3pb). The radical cations were produced in aerated acetonitril 

solutionssolutions using the cosensitization method. The spectra were all recorded between 0.2 and I pis after laser 

excitation. excitation. 
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7.3.33 Calculated structures 

Structuree determination of simple 1-arylpiperazines has not received much attention. It 

iss expected that both substituents are equatorially oriented, due to minimized steric 

interactions.. Thus, 1 ,2, and 3pa are expected to have a preferential diequatorial 

conformation,, although the energy difference between axial and equatorial hydrogens is 

expectedd to be small. This is illustrated by the calculated enthalpies of lpa(ax) and lpa(eq) 

usingg the B3LYP/6-31G* method. The conformer with an equatorial hydrogen is only 0.25 

kcal/moll  more stable than the one in which the hydrogen is axially oriented. In both 

conformationss the phenyl ring is equatorially positioned. This value is similar to the 

calculatedd value of the 0.34 kcal/mol preference of the equatorial over the axial conformation 

off  piperidine. The pyramidalization of the nitrogens is very similar to that in the reference 

piperidinee compounds. 

Experimentall  data on the molecular structures of the 1-arylpiperazine radical cations 

aree not available. They are not stable enough to perform x-ray structure determination. A very 

strongg indication for structural changes after oxidation, however, is the dramatic change in the 

absorptionn features compared to their reference piperidine system, which is described in 

sectionn 7.3.2. Compared with 1-phenylpiperidine (lpr ) radical cation all the absorption 

maximaa of 1-phenylpiperazine radical cations are shifted towards the red. DFT calculations 

onn these compounds can explain this behaviour. A complex compound in this respect is 1-

phenylpiperazinee radical cation (lpa+). Two minima were calculated for the radical cation 

usingg the B3LYP/6-31G* method. One with the hydrogen in an equatorial position, with the 

chargee localized on the aniline part of the molecule. This is illustrated (see Figure 7.11) by the 

spinn density on the aniline part of 0.45, which is comparable to that of lpr+ . On the aliphatic 

aminee a small spin density of 0.05 is found. Considerable flattening of the aliphatic amine 

occurss as well. The second minimum found is that of a charge delocalized structure, where 

FigureFigure 7.11. Calculated (UB3LYP/6-31G*) spin density distribution (0.007 ek'3) in the two minima of 1-

phenylpiperazinephenylpiperazine radical cation (lpa+). 
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thee hydrogen is axially oriented. The aniline part is flattened as well, but not completely as in 

lpr+ .. It is axially oriented to some extent, which allows a better orbital alignment for through 

bondd interaction. Considerable lengthening of the central C-C bond occurs as well, which is 

typicall  for through bond interaction. Spin densities are also delocalized over the whole 

molecule,, despite the large differences in ionization potential between the two 'separate' 

chromophores.. Although this difference amounts to 0.94 eV (see Table 7.5), the spin density 

onn the aniline and the aliphatic nitrogen (see Figure 7.11) are 0.41 and 0.16, respectively. 

Considerablee spin density is also present at the central C-C bond. Due to stabilization from 

throughh bond interaction this structure is found to be 2.13 kcal/mol lower in energy than the 

chargee localized structure. 

Afterr introducing a methyl substituent at the 4-position, the difference in ionization 

energiess between both chromophores becomes smaller. The interaction between the separate 

nitrogenn lone pairs increases with respect to lpa+, and thus, the coupling increases as well, 

therebyy delocalizing the charge and spin density even further. This is illustrated by the spin 

densitiess on the nitrogens calculated for lpb+. The spin density on the aniline chromophore is 

reducedd to 0.37, whereas on the aliphatic nitrogen it increases to 0.24. 

TableTable 7.8. Characteristic features of the optimized geometries ((U)B3LYP/6-3IG*) of 1-arylpiperazines, 1-

arylpiperidinesarylpiperidines and their radical cations. 

neutrall  cation 

compound d 

hpr r 
mpr r 
lpr r 
lpa(eq) ) 

lpa(ax) ) 

l pb d ) ) 

2pr r 
2pa(eq) ) 

2pa(ax) ) 

2pb(eq)|e) ) 

2pb(ax) ) 

3pr r 
3pa a 

rr  {a) r cc c 

1.533 3 

1.532 2 

1.533 3 

1.529 9 

1.535 5 

1.528 8 

1.533 3 

1.533 3 

1.528 8 

IN , 0" " 

331.3 3 

334.9 9 

346.7 7 

346.7 7 

346.7 7 

346.4 4 

344.9 9 

354.8 8 

354.2 2 

IN2<
b) ) 

330.4 4 

328.0 0 

334.1 1 

329.9 9 

rr > rCC C 

1.581 1 

1.561 1 

1.543 3 

1.549 9 

1.579 9 

1.584 4 

1.540 0 

1.540 0 

1.565 5 

1.538 8 

1.570 0 

1.548 8 

1.588 8 

LN, (b) ) 

356.8 8 

359.6 6 

359.8 8 

359.4 4 

357.9 9 

357.4 4 

359.9 9 

359.9 9 

358.6 6 

359.8 8 

358.1 1 

359.8 8 

356.6 6 

SN2
(b| | 

341.4 4 

343.2 2 

348.0 0 

336.0 0 

339.0 0 

337.9 9 

345.1 1 

346.2 2 

p(N,f> > 

0.75 5 

0.78 8 

0.48 8 

0.45 5 

0.41 1 

0.37 7 

0.39 9 

0.38 8 

0.37 7 

0.38 8 

0.35 5 

0.50 0 

0.38 8 

P(N2)
,C) ) 

0.05 5 

0.16 6 

0.24 4 

0.01 1 

0.08 8 

0.02 2 

0.14 4 

0.24 4 

<a<a'' The length of the C2-C3 and CrC6 bonds (averaged in asymmetric molecules). ,h> The sum of the bond angles 

aroundaround the nitrogen atoms. <c' Spin density on the respective nitrogens. <d> The neutral was calculated in its 

diequatorialdiequatorial conformation. The radical cation as its diaxial conforme r '" The structure optimization was 

stoppedstopped due to negligible forces. Displacements were still large. 
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Interestingly,, the pyramidalization is increased on the aniline nitrogen with respect to 

lpa+,, illustrating the stronger through bond interaction. From the transient absorption spectra 

onn the radical cations of l-(p-methoxyphenyl)piperazines it is apparent that these species have 

chargee localized structures, with the exception of 2pa+. Apparently only for 2pa+, the 

hydrogenn is axially positioned. For the other compounds the spin density on the anisidine 

aminee is too low to induce large changes in structure upon ionization. Spin densities on the 

anisidinee amine, which is shown for 2pb+ in Figure 7.12, do not differ considerably going 

fromm 2pr+ to 2pb+. Values between 0.39 and 0.35 are observed. For 2pa+ two minima have 

beenn calculated. The conformation with the axially positioned hydrogen, allowing through 

bondd interaction, has a spin density on the nitrogens significantly lower than for instance in 

lpa(ax).. Some through bond interaction, however, is present, which is illustrated by the 

pyramidalizationn of the anisidine amine which is larger than that for the reference compound 

2pr+.. The energy of this structure is indeed lower than the optimized structure with an 

equatoriall  hydrogen. However, this only amounts to 0.49 kcal/mol. 

FigureFigure 7.12. Calculated (UB3LYP/6-31G*) spin density distribution (0.007 ek'1) in the two minima of I-(4-

methoxyphenyl)-4~methylpiperazinemethoxyphenyl)-4~methylpiperazine radical cation (2pb+). 

Forr 2pb+ we expected to find the lowest energy conformation when the methyl group 

iss equatorially positioned, because the absorption spectrum shows no sign of interaction of the 

twoo 'separate chromophores'. Two minima were found. A structure with an equatorial methyl 

groupp was found, which minimized due to negligible forces. Large displacement factors were 

stilll  present. This structure, however, was lower in energy by 0.19 kcal/mol than the fully 

minimizedd second structure, in which the methyl group is axially positioned. 

Forr the 2-pyridyl (3p) series the donor strength is reduced and therefore the interaction 
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iss expected to be bigger than for both the l p and the 2p series. As for lpa+, lpb+ and lpc+, 

thee absorption spectrum is considerably shifted with respect to the piperidine models for 3pa+ 

andd 3pb+. According to the B3LYP calculations the spin density on the aniline nitrogen of 

referencee compound 3pr+ is even higher than for lpr+ . The implications are seen in the 

calculatedd structure of 3pa+. Although the starting structure has the NH in the equatorial 

positionn optimization leads to a structure with an axially oriented hydrogen. Apparently only 

onee minimum is found on this potential energy surface. The spin densities on the nitrogens of 

0.388 and 0.24 respectively can be compared with that of lpb+. 

7.3.55 Resonance Raman spectroscopy and vibrational analysis 

Too identify the true nature of the radical cations of these amines, structure 

determinationn is of major importance. Due to the instability of these cations time resolved 

methodss have to be used to obtain information on their structures. A valuable tool is time 

resolvedd resonance Raman spectroscopy (RR). Furthermore, normal mode calculations on the 

structuress described in the previous section wil l help in quantifying the result obtained by RR 

andd wil l give further insight in the electronic factors concerning amine radical cations. Firstly, 

lett us consider the RR data of 1-phenylpiperazine. The spectrum shown in Figure 7.14 was 

takenn at a probe wavelength of 750 nm, which is nearly in the maximum of the long 

wavelengthh absorption band. Not unexpectedly, the RR of lpa+ and lpr + differ substantially. 
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Althoughh the CNC bending modes are both near 500 cm'1, they are of different character, 

becausee the CNC bending mode in lpa+ involves mostly C(NH)C instead of C(Nar)C 

bending.. The strong band of lpa+ at 1014 cm ' has a completely different character than the 

veryy strong band at 1018 cm"1 in lpr+ , which might be confusing. The intensity of this 1014 

cm"11 band, which involves C-C and CH2 bending of the piperazine ring, is an indication that 

thee structure of the excited state of lpa+ is quite different concerning the C-C bond length 

withh lp r+ . When the radical cation is in its excited state there is no stabilization due to 

throughh bond interaction possible, which should lead to a structure similar to the neutral 

groundd state.3 

Thee RR spectrum of 2pa+ (Figure 7.15) shows a somewhat different picture. The 

lpa+ + 

4000 600 800 1000 1200 1400 1600 

Ramann Shift (cm" ) 

FigureFigure 7.14. Resonance Raman spectrum of 1-phenylpiperazine radical cation (lpa+). Xpwb=750 nm 

TableTable 7.9. Resonance Raman spectrum and assignment of the radical cation of 

1-phenylpiperazine1-phenylpiperazine (Ipa+). The assignment is based on the calculated (UB3LYP/6-31G*) 

normalnormal modes. 
expt. . 

518 8 
727 7 
905 5 
1014 4 

1183 3 

1263 3 

1338 8 
1456 6 

intensity y 

m m 

w w 
m m 

s s 
m m 
m m 

in n 

in n 

calc.a' ' 

519 9 
722 2 
916 6 

1012/10155 b* 
1184/1197 7 

1257 7 

1344 4 

1467/1475"' ' 

qualitativee description 

CNCC bending 
Aromaticc ring bending 
NCpipp stretch 

C-C,, CH2 bending 
c) ) 

CH,, bending 

antisym.. C=C stretch, CH, scissoring 
C=CC stretch, CH, bending 

'"'' scaled (x 0.98)."" This band can be assigned to two bands, either a OCH3 umbrella 

oror a NH.CH-bending mode '" This band can be assigned to two bands, both involving 

antisymmetricantisymmetric C—C stretch. The normal mode calculated at 1522 cm' also has NCar 

andand CllrO stretching contributions. 
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MeO O 

2pa+ + 

400 0 (,nn n 10000 1200 

Ramann shift (cm" ) 

1400 0 

FigureFigure 7.15. Resonance Raman spectrum of1 -(4-methoxyphenyl)piperazine (2pa+) Xp„, h=647 nm. 

TableTable 7.10. Resonance Raman spectrum and assignment of the radical cation of 

II  -(4-methoxyphenyl)piperazine (2pa). The assignment is based on the calculated (UB3LYP 

/6-31G*)/6-31G*) normal modes. 

expt. . 

461 1 

490 0 

524 4 

622 2 

678 8 

789 9 

851 1 

937 7 

1025 5 

1123 3 

1194 4 

1232 2 

1293 3 

1334 4 

1353 3 

1415 5 

1453 3 

1508 8 

1599 9 

intensity y 

w w 

vv v 

111 1 

w w 

w w 

111 1 

w w 

111 1 

s s 

m m 

m m 

vv v 

w w 

w w 

w w 

in n 

m m 

m m 

vv v 

calc.a) ) 

466 6 

493 3 

529 9 

621 1 

689 9 

798 8 

851 1 

940 0 

1021 1 

1118 8 

1195 5 

1234 4 

1307 7 

1342 2 

1352 2 

1423 3 

1469/1472 2 

1522/1531 1 

1628 8 

qualitativee description 

CNCC bending 

C-CC bending 

C-CC bending 

Aromaticc ring bending 

NHH bending 

aromaticc 'breathing' 

C-CC stretch 

NCpipp stretch 

C-C,, CH bending + OCH3 stretch 

C-C,, CH bending 

(H)NCC stretch 

NCarr stretch, CH bending 

CHH bending 

CHH bending, CarO stretch 

C„ - 00 stretch, C=C, CH bending 

NCarr stretch 
bl l 

0 0 

C=CC stretch 

'"'' scaled (x 0.98).'b> This band can be assigned to two bands, either a OCH, umbrella 

oror a NH,CM-bending mode <c) This band can be assigned to two bands, both involving 

antisymmetricantisymmetric C=C stretch. The normal mode calculated at 1522 cm' also shows NCa, 

andand CtllO stretching behaviour. 
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spectrumm is dramatically different from that of its piperidine reference compound 2pr+. A 

hugee number of transitions are observed. However, in contrast to the lpa+/lpr + pair some 

vibrationall  modes match. The transition at 1025 cm"1, which is due to a bending mode 

involvingg the piperazine carbons and hydrogens, is qualitatively similar to the transition 

observedd at 1016 cm"1 in 2pr+ which also involves C-C and CH bending modes. For the 

transitionss from 1350 cm"1 and up the assignment is similar to that of 2pr+. Al l these modes 

involvee stretching modes of the anisidine part of the molecule. Only minor wavenumber 

changess up to 10 cm"1 occur. The relative intensities of these bands, however, are dramatically 

changedd compared to 2pr+. 

^J ^J NH H 

3pa+ + 

400 0 8000 1000 1200 

Ramann Shift (cm" ) 

FigureFigure 7.16. Resonance Raman spectrum of l-(2-pyridyl)piperazine radical cation (3pa+). Xvrob=750 

inn. inn. 

TableTable 7.11. Resonance Raman spectrum and assignment of the radical cation of 

11 -(2-pyridyl)piperazine (3pa+). The assignment is based on the calculated (UB3LYP/6-31G*) 

normalnormal modes. 

expt. . 

534 4 

624 4 

787 7 

912 2 

1003 3 

1189 9 

1250 0 

intensity y 

w w 

vw w 

111 1 

s s 

w w 

111 1 

111 1 

calc.a' ' 

530 0 

616 6 

784 4 

912 2 

1009 9 

1195 5 

1256 6 

qualitativee description 

CNCC bending 

C=C,, C=N bending 

C-CC stretch, CHar bending 

NCpipp stretch 

C-C,, CH, bending 

NC„„  stretch 

CH2-bending g 

""""  scaled (x 0.98) 

Uponn probing a 3pa+ solution with 750 nm, the obtained RR spectrum is rather 

differentt in the transition intensities compared with those of lpa+. The energies of the 

transitionss are, however, similar. The assignments are clearly comparable to that of the radical 

cationn of 1-phenylpiperazine. Only a major shift is seen for the weak aromatic bending mode. 
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Inn 3pa+ this band is positioned at 624 cm"1, whereas this band is situated at 727 cm"1 in lpa+. 
Experimentallyy there thus is evidence that both radical cations have similar structures. 

Generally,, the RR spectra of the arylpiperazines change dramatically with respect to 

theirr piperidine reference compounds. The assignments are all based on the frequencies of the 

lowestt energy structures, which all have axially oriented hydrogens on the 4-position. The 

presencee of the other conformer, with equatorially positioned hydrogens on the nitrogen, can 

nott be totally excluded. 

7.44 Concluding remarks 

Thee 1-arylpiperazine radical cations show an interesting variety of structure when the 

donorr strengths at the 1- and 4-positions of the piperazines are changed. The 1-

phenylpiperazinee and l-(2-pyridyl)piperazine radical cations all show a rather similar 

behaviour.. These compounds have a low energy conformer where both nitrogens are 

flattened,, compared to the neutral structure, and at the same time both N-substituents are 

axiallyy oriented. This is on first sight remarkable as one might expect that due to the large 

differencess in ionization potential between the 'separate chromophores' the through bond 

interactionn between both nitrogen lone pairs is too small to induce significant conformational 

andd spectroscopic effects. The opposite is true, the spin is delocalized over the entire molecule 

andd large geometric changes are seen. This behaviour is described in terms of the interaction 

modell  of Bally. Although estimation of the stabilization energy A Eslab is rather crude, all 

valuess are in the 0.3-0.7 eV range. 

Increasingg further the donor strength of the arylamine part leads to a change in 

behaviourr of the radical cations. Only for l-(4-methoxyphenyl)piperazine the electronic 

absorptionn spectrum of the radical cation shows the influence of TBI, which is linked to the 

adoptionn of a diaxial conformation. For the other l-(4-methoxyphenyl)piperazines the 

absorptionn spectrum and the RR spectrum of the radical cations are comparable to those of the 

piperidinee reference system. 

7.55 Experimental 

7.5.11 Synthesis of 1-arylpiperidines 

l-phenylpiperidin ee (lpr ) was obtained from Aldrich. The yellow colored liquid was vacuum destilled before 

use,, yielding a colorless liquid. 'H NMR (200 MHz, CDC13): 5 (ppm) 7.26 (t, 2H; H„), 6.95 (d, 2H; Har), 6.83 (t, 

1H;; H„). 
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l-(4-methoxyphenyl)piperidinee (2pr) has been synthesized by Bert Krijnen in our laboratory. 

l-(2-pyridyl)piperidin ee (3pr) was prepared by heating 8 ml (6.9 g, 80 mmol) piperidine and 2 ml (3.3 g, 21 

mmol)) 2-bromopyridine for 6 hours at 130°C. A solid formed. The mixture was made alkaline with an aqueous 

Na2C033 solution. After extraction with ether and subsequent evaporation, the liquid was purified by flash 

columnn chromatography (silica, chloroform) and subsequently vacuum destilled. Isolated yield: 3.11 g, 0.19 

mmol,, 91%. 'H NMR (200 MHz, CDC13):5 (ppm) 8.18 (d, 1H; Har), 7.44 (double t, 1H; H„), 6.64 (d, 1H; H„), 

6.544 (double t, 1H; H J, 3.52 (s, 4H; NCH2), 1.64 (s, 6H; -CHr). 

7.5.22 Synthesis of 1-arylpiperazines 

l-phenylpiperazinee (Ipa) was obtained from Aldrich. The slightly colored liquid was vacuum destilled, 

yieldingg a colorless liquid. 

l-methyl-4-phenylpiperazinee (lpb). To a solution of 1.00 g (6.2 mmol) l-phenylpiperazine in 15 ml 

ethyleneglycol,, 0.825 ml (8.6 mmol) ethylchloroformiate and 5ml of a 2M aquous Na2C03 solution were added. 

Thee reaction mixture was cooled on ice for 2 minutes, after which it was stirred for 15 minutes at room-

temperature.. 15 ml of ice-cooled water was added and the mixture was extracted with ether (4 x 30 ml). The 

organicc layers were dried with MgS04. Upon removal of solvent a yellowish oil was obtained. 1.00 g (4.3 mmol) 

off  the produced l-carboethoxy-4-phenylpiperazine was dissolved in 15 ml dry THF. Under nitrogen, at ca. 0°C, 

aa suspension of LiAlH 4 (0.33 g, 8.6 mmol) in dry THF was slowly added. Afterwards, the mixture was refluxed 

forr 16 hours. A mixture of ether/20% NaOH was used to quench the remaining LiAlH 4. After filtration the 

residuee was washed with ether. The organic layers were washed with MgS04 after which the solvent was 

removed.. A colorless oil was obtained. (0.59 g (3.3 mmol, 78%). 'H NMR (200 MHz, CDC13):6 (ppm) 7.26 (m, 

2H;; H„), 6.86-6.96 (m, 3H; Har), 3.23 (m, 4H; ArNCH2), 2.60 (m, 4H; MeNCH2), 2.37 (s, 3H; NCH3). 

l-cyclohexyl-4-phenylpiperazinee (lpc) was synthesized in our laboratory by Fred Brouwer. 

l-(4-methoxyphenyl)piperazinee (2pa) was obtained from Aldrich and recrystallised from n-hexane. 'H NMR 

(2000 MHz, CDC13):S (ppm) 6.87 (m, 4H; HJ, 3.77 (s, 3H; OCH3), 3.03 (s, 8H; NCH2). 

l-(4-methoxyphenyl)-4-methylpiperazinee (2pb). To a solution of 0.87 g (5.0 mmol) of l-(4-methoxy 

phenyl)piperazinee in 20 ml CH3CN 5 ml (60 mmol) aquous formaldehyde (37%) was added. 0.50 g (8.0 mmol) 

NaCNBH33 was added in parts. Drops of acetic acid were added to keep the solution pH neutral. After stirring for 

400 minutes, the solvents were removed. The product was purified by flash chromatography (silica CHCl3/MeOH 

(9:1)),, and was recrystallized from a CHC13/PE 60-80 mixture yielding white needles 'H NMR (200 MHz, 

CDC13):88 (ppm) 6.87 (m, 4H; H„), 3.77 (s, 3H; OCH3), 3.11 (m, 4H; ArNCH2), 2.59 (m, 4H; MeNCH2), 2.35 (s, 

3H;; NCH3). 

l-cyclohexyl-4-(4-methoxyphenyl)piperazinee (2pc) was synthesized in our laboratory by Fred Brouwer. 

l-(2-pyridyl)piperazin ee (3pa) was obtained from Adrich. The slightly colored liquid was vacuum destilled, 

yieldingg a colorless liquid. 
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l-methyl-4-(2-pyridyI)piperazin ee (3pb) To a solution of 1.00 g (6.1 mmol) 1-(2-pyridyl)piperazine in 15 ml 

ethyleneglycol,, 0.820 ml (8.6 mmol) ethylchloroformiate and 5ml of a 2M aquous Na2C03 solution were added. 

Thee reaction mixture was cooled on ice for 2 minutes, after which it was stirred for 30 minutes at room-

temperature.. 15 ml of ice-cooled water was added and the mixture was extracted with ether (4 x 30 ml). The 

organicc layers were dried with MgS04 and the solvent was removed. 1.00 g (4.3 mmol) of the produced 1-

carboethoxy-4-(2-pyridyl)piperazinee was solvated in 15 ml dry THF. Under nitrogen, at ca. 0°C, a suspension of 

LiAlH 44 (0.32 g, 8.5 mmol) in dry THF was slowly added. Afterwards, the mixture was refluxed for 2.5 hours. A 

mixturee of ether/20% NaOH was used to quench the remaining LiAlH 4. After filtration the residue was washed 

withh ether. The organic layers were dried with MgS04 and the solvent was removed. 0.37 g (2.1 mmol, 50%) of 

aa colorless oil was obtained. 'H NMR (200 MHz, CDC13):8 (ppm) 8.17 (d, 1H; H„), 7.46 (double t, 1H; Har), 

6.655 (m, 2H; HJ, 3.60 (s, 4H; ArNCH2), 2.51 (t, 4H;MeNCH2), 2.39 (s, 3H; NCH3). 
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