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ChapterChapter 8 

Chargee Localization versus Derealization in 

Diarylpiperazin ee Radical Cations1 

Abstract t 

Inn this chapter the structure and properties of diarylpiperazine radical cations are 

studied.. Transient absorption and resonance Raman spectroscopy along with quantum 

chemicall  calculations give evidence for complete charge derealization in case of radical 

cationss of symmetric diarylpiperazines with weakly 7t-donating aryl groups, such as 1,4-

diphenylpiperazine,, l,4-bis-(4-methylphenyl)piperazine, and l,4-bis-(2-pyridyl)piperazine. 

Forr radical cations of diarylpiperazines with stronger donating aryl groups such as 1,4-bis-(4-

methoxyphenyl)piperazinee and 1,4-bis-(4-dimethylaminophenyl)piperazine the charge in their 

radicall  cation is localized on one of the arylamine moieties. The main reason for this 

behaviourr in the strong donor compounds is the decreased spin density on the nitrogens, 

whichh decreases the driving force for structural reorganization required to maximize through 

a-bondd coupling. 

11 Parts of this chapter have been published in: Brouwer, A. M.; Wiering, P. G.; Zwier, J. M.; Langkilde, F. W.; 
Wilbrandt,, R. Acta Chem. Scand. 1997, 57,217 and Brouwer, A. M. J. Phys. Chem. A 1997, 707, 3626 
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ChapterChapter 8 

8.11 Introduction 

Thee study concerning charge localization and derealization in piperazine radical 

cationss continues in this chapter, in which piperazines with aromatic substituents on both the 

11 and 4 positions are studied. To elucidate the nature of these cations is of interest as these 

systemss may be useful as model systems for semiconducting polymers. Unlike the well 

knownn 71-conjugated semiconducting organic polymers such materials could show 

semiconductingg behaviour via a-conjugation. Some preliminary studies on piperazines based 

onn N,N,N',N'-tetramethyl-p-phenyIenediamine as a donor have been performed by Fox et 

al.al. 1 '̂  However, no applications have been reported. 

Thee electronic structure of diarylpiperazines and their radical cations have received 

littl ee attention. Some studies about the excited states of l,4-bis(4-cyanophenyl)piperazine 

havee been reported, which shows TICT like behaviour.-*-*  The radical cation of this 

compoundd has only been mentioned briefly.̂  

AA crucial difference with the compounds discussed in the previous chapter is the zero 

orr small difference in oxidation potentials between the separate chromophores. Several 

symmetricc diarylpiperazines as well as some asymmetric diarylpiperazines are studied. The 

electronicc coupling between the two arylamine moieties, for which the spin density on the 

piperazinee nitrogen atoms can be taken as a measure, is large enough, the situation in the 

diarylpiperaziness can be described with the model used in section 7.3.2. In the previous 

chapterr it became apparent that the spin density on the nitrogen of an arylamine radical cation 

iss smaller than that of an alkylamine radical cation. An interesting question which arises is to 

whatt extent charge derealization can occur in these diarylpiperazine radical cations. 

Thee techniques used in this chapter to elucidate the nature of the radical cations are the 

samee as before. Transient absorption and resonance Raman (RR) spectroscopy are the 

experimentall  tools. Quantum chemical calculations with the B3LYP/6-31G* method were 

usedd to obtain structural information and to assign the RR data. 

8.22 Symmetric diarylpiperazines 

8.2.11 Electronic absorption spectra 

Thee absorption spectrum of the radical cation of the first symmetrical piperazine 

studied,, i.e. 1,4-dimethylpiperazine, shows a broad band at 600 nm. It has been proven" that 

thiss transition is related to full charge derealization between the two nitrogens allowing 
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SchemeScheme 8.1. Compounds discussed in section 8.2 

excitationn of an electron from the 'through-bond' stabilized molecular orbital to the 

destabilizedd molecular orbital. For symmetrical arylpiperazines a similar transition is 

expected.. In Figure 8.1 the absorption spectra for lpd+, 2pd+, 3pd+, and 4pd+ (see scheme 

8.1)) are shown. Most spectra are dramatically different from those of the corresponding 

piperidinee compounds (see section 7.2). A long wavelength absorption band is indeed 

observedd for lpd+, 3pd+ and 4pd+, but the absorption spectrum of 2pd+ is similar to that of 
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FigureFigure 8.1. Absorption spectra of radical cations of a) 1.4-diphenylpiperazine (lpd), b) l,4-bis(4-

methoxyphenyl)piperazinemethoxyphenyl)piperazine (2pd), c) l,4-bis(2-pyridyl)piperazine (3pd), and d) 1,4-bis(4-methylphenyl) 

piperazinepiperazine (4pd). The radical cations were produced in aerated acetonitrile solutions using the cosensitization 

method. method. 
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itss piperidine reference compound 2pr+. Unfortunately the actual position of the long 

wavelengthh absorption is still unclear due to wavelength limitations of our setup. From the 

onsett of the absorption band the maximum of absorption for lpd+ and 3pd+ can be estimated 

too be at ca. 900-1000 nm. The radical cations of lpd , 3pd, and 4pd also have an absorption 

bandd in the 400-500 nm region, which is shifted to the blue and is reduced in intensity 

comparedd to those of the corresponding piperidine radical cations. The only absorption band 

off  2pd+ is shifted to the blue as well, but still has a high intensity. 

Clearly,, the near IR transitions occur at lower energy than for 1,4-dimethylpiperazine 

forr which the absorption maximum is positioned near 600 nm. Therefore, because the energy 

off  this electronic transition is linearly related to the electronic coupling (see Figure 7.8), the 

electronicc coupling between the separate aniline type chromophores is smaller than the 

electronicc coupling for alkylpiperazines. This is not unexpected as the spin density on the 

piperazinee nitrogens is lower for arylpiperazines than for alkylpiperazines (see previous 

chapter).. For 2pd+, the spin density is apparently so small that it is not favourable to change 

conformationn to a pseudo-diaxial configuration, the conformation in which through-bond 

interactionn for these piperazines is most efficient. 

8.2.22 Resonance Raman spectra 

Resonancee Raman measurements in the long wavelength absorption band on lpd+ 

andd 3pd+ were performed to confirm the change of electronic and geometric structure. The 

RRR spectra of lpd+ and 3pd+ probed at 750 nm are shown in Figure 8.2. 

4000 600 800 1000 1200 1400 1600 

Ramann shift (cm" ) 

FigureFigure 8.2. Resonance Raman spectra of a) lpd+, and b) 3pd+ in non-degassed 

acetonitrileacetonitrile solution. Xproh=750 nm. The spectra were smoothed. 
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AA huge difference in spectral appearance between these compounds and their 

respectivee reference compounds ( lpr + and 3pr+) is observed (see figures 7.4 and 7.6) In 

contrastt to the RR spectra of lpr + and 3pr+ (see section 7.2.3) a negligible signal is observed 

inn the spectral region where aromatic ring vibrations are expected (1300-1600 cm"1). This 

indicatess that upon excitation to the excited state of these two piperazines radical cations the 

aromaticc units remain relatively unchanged. The contrasting behaviour can be accounted for 

byy through bond coupling and is discussed in the next section. 

8.2.33 Calculated structures and assignment of the RR spectra 

Thee structure of the radical cations of the symmetrical piperazines was studied with 

thee B3LYP/6-31G* method as it proved to give excellent results for the compounds studied 

previously.. Unfortunately, this is the only means to study structures of these radical cations, 

ass there are no experimental structural results known, which is due to the instability of the 

radicall  cations. There have not been many studies on neutral structures of diarylpiperazines, 

however,, the crystal structure of l p d is known.' As expected, both phenyl groups are 

orientedd equatorially. Starting from this computed neutral structure with Q symmetry, the 

radicall  cation was optimized. It resulted in a symmetric structure as well, but now the phenyl 

groupss were positioned pseudo-axially. In this way optimal through-bond coupling between 

thee lone pairs can occur, which leads to stabilization of the species. To illustrate this the 

frontierr molecular orbitals of lpd+ are depicted in Figure 8.3. The SOMO can be 

HOMO-i i 

FigureFigure 8.3. Graphical representation of the frontier molecular orbitals ofIpd+ (0.07 eA'J) 

inin side view. The orbitals were evaluated using HF/6-31G* calculations for the neutral molecule 

atat the radical cation optimized geometry (UB3LYP/6-31G*). 
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characterizedd as the symmetric combination of the nitrogen lone pairs which mixes with the 

centrall  piperazine a-bonds, and the second highest occupied MO (HOMO-1) is the 

antisymmetricc combination, as expected for through bond interaction involving an odd 

numberr of G-bondsÂ The difference in energy between the SOMO and the HOMO-1 should 

correspondd approximately to the maximum of the near-IR absorption band. It thus represents 

approximatelyy twice the resonance integral f3 (see section 7.3). Although the maximum of the 

near-IRR band is not exactly known, an estimation of the approximate position is possible. 

Usingg the HF/6-31G* method on the UB3LYP optimized structure the difference in energy 

betweenn both orbitals is 0.75 eV, which would mean a |3 of 0.37 eV and a maximum of 

absorptionn at 1660 nm. 

Anotherr strategy to approximate the transition energy is to compare the calculated 

energyy of the ground state radical cation with that of the excited state cation. This can be done 

byy putting two electrons into the SOMO and one in the HOMO-1 and recalculate its energy. 

Thee difference with the ground state energy is the transition energy. For lpd+ this calculation 

TableTable 8.1. Calculated features of radical cations of 1-phenylpiperidine (Ipr), 1,4-

diphenylpiperazinediphenylpiperazine (lpd), 1-(2-pyridyl)piperidine (3pr), and I,4-bis-(2-pyridyl) 

piperazinepiperazine (3pd) at the B3LYP/6-3IG* level of theory. 

lpr++ lpd+ 3pr+ 3pd+ 

rN-R R 

/C,-N N 
rCrC2 2 

ZQNR R 
ZC5NR R 

ZC^C, ZC^C, 
ZN ZN 

P(N) ) 

1.365 5 
1.476 6 
1.542 2 
124.0 0 

123.8 8 
111.9 9 

359.8 8 
0.48 8 

1.404 4 
1.446 6 
1.576 6 
122.7 7 
121.4 4 

112.0 0 
356.0 0 

0.27 7 

1.369 9 
1.474 4 

1.545 5 
124.8 8 
121.8 8 

113.1 1 
359.8 8 

0.50 0 

1.403 3 
1.445 5 

1.575 5 
122.5 5 
120.2 2 

113.0 0 
355.7 7 

0.28 8 

Exc.. energy (eV)(a) 0.83 0.92 

IPVV (neutral) (eV) 
X,X, rcation (eV),b) 

X,, neutral (eVf1 

7.05 5 
0.43 3 
0.13 3 

6.83 3 
0.47 7 
0.26 6 

7.09 9 

0.22 2 

6.83 3 
0.37 7 

0.16 6 

'"'Result'"'Result from the ASCF method described in the text.(h' Calculated internal 

reorganizationreorganization energy of the radical cation which is equal to the vertical 

ionizationionization energy minus the adiabatic ionization potential.<c>  Calculated 

internalinternal reorganization energy of the neutral which is equal to the energy of the 

neutralneutral at the radical cation geometry minus the energy of the ground (diequa 

torial)torial)  ground state. 

158 8 



ChargeCharge localization versus delocalization in diarylpiperazine radical cations 

o^ ^ 

7.055 eV 

O^ ^ 
ZN== 346.7° 

u+--
0.433 eV 

0.13_e_VV  I 

I N == 359.8° 

9.. . 
I N , C ^ ^ 

0.211 eV 

0.077 eV 

9 9 
I N == 351.6° 

Or r K> > 

6.833 eV 

O' ' -o o 

N ^ - N ^ . . 

0.466 eV | 

_0.26eVV | 

V N ^ ; N N 

N^ P P 
^ : N N 

0.377 eV 

0.17eV V 

ZN== 346.0" 

iHOMO/HOMO(-l) ) 
-0.0177 eV 

(di)equatoriall  ground 
statee geometry 

ZN== 356.0° 

AHOMO/HOMO(-l) ) 
0.7477 eV 

optimizedd radical 

cationn geometry 

YJ YJ 
ZN== 351.5° 

AHOMO/HOMO(-l) ) 

0.6411 eV 

(di)axiall  ground 

statee geometry 

SchemeScheme 8.2. Calculated structures of the neutral molecule and radical cations of 1-phenylpiperidine (Ipr) and 

1,4-diphenylpiperazine1,4-diphenylpiperazine (lpd) at the B3LYP/6-3IG* level of theory. The differences (A) in energy between the 

HOMOHOMO and the HOMO-1 were calculated at the HF/6-31G* level of theory. See text for further explanation. 

TheThe negative sign for A HOMO/HOMO-1 in the diequatorial geometry of lpd indicates the antisymmetric 

naturenature of the HOMO, which means that through space interaction dominates. 
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FigureFigure 8.4. Spin density distribution (0.007 eA'1) in the radical cation of 1,4-diphenyipiperazine (lpd+) 

calculatedcalculated with the B3LYP/6-31G* method. 

withh the UB3LYP/6-31G* method was done, which resulted in a ASCF value of 0.83 eV, i.e., 

aa (3 of 0.42 and a maximum of absorption at 1495 nm. These results accompanied by the 

computedd structural features of lpd+ and 3pd+ are summarized in Table 8.1 and compared 

withh the reference compounds lpr + and 3pr+. Some interesting results can be obtained from 

thesee structures. Concerning the blue shift of the 400-500 nm band, it is interesting that the N-

C„„  bond length significantly increases for the diaryl compounds compared with their 

respectivee piperidines. The increased bond length of the central C-C bond is typical for 

through-bondd interaction in piperazine radical cations.'0.11 The piperazine nitrogens in lpd+ 

aree flattened to a lesser extent (ZN=356.0°), with their substituents pseudo-axially oriented, 

thann the nitrogen in lpr + (ZN=359.8°), another indication of the through-bond interaction 

present.. The spin density distribution for lpd+ is shown in Figure 8.4. Clearly, the high spin 

densityy on the nitrogens and the central C-C bond is visible. Only a small fraction of the spin 

densityy is located on the phenyl rings. 

Forr lpr  and lpd and their radical cations the internal reorganization energies (\) have 

beenn analyzed at the B3LYP/6-31G* level of theory. An overview of the results is shown in 

Schemee 8.2. The two low energy conformations of lpr , an axial and an equatorial conformer, 

weree already discussed in chapter 7. The diaxial conformation of lpd is calculated to have a 

0.177 eV (3.9 kcal/mol) higher energy than the diequatorial conformation. In lp r  the axial 

conformerr lies only 0.07 eV (1.6 kcal/mol) higher in energy. Another low energy conformer, 

withh one axial and one equatorial phenyl-group exists, but we did not include it in this study. 

Thee energy of the neutral at the radical cation geometry lies higher than the diaxial conformer, 

whichh might be expected, because the nitrogen is flattened in the radical cation compared to 

thee diaxial conformation. This flattened structure probably resembles the structure of the 

transitionn state for nitrogen inversion closely. The energy difference between this structure 

andd the diequatorial structure is calculated to be 0.26 eV, which is twice the value obtained in 

lpr .. The internal reorganization energy (\) in the radical cation of lpd, which is equal to the 
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differencee between the vertical and adiabatic ionization potentials, is 0.46 eV. For lpr + the 

internall  reorganization energy is already 0.43 eV. One way to evaluate these values is to 

considerr the oxidation of one aniline moiety in lpd+. The other aniline is not changed in 

conformation.. If spin localization occurs in the radical cation, the energy gain will be ca. 0.43 

eV,, the value for lpr+ . However, the spin delocalizes, which results in an overall energy gain 

off  0.46 eV. The computed net result of the delocalization is therefore only 0.03 eV. 

Apparently,, for lpd+, the through-bond interaction is just strong enough for the molecule to 

changee its conformation. 

Onn the minimized structures of lpd+ and 3pd+ normal mode calculations were 

performedd as well. No imaginary frequencies were found. Using these frequency calculations, 

thee RR spectra of lpd+ and 3pd+ were assigned (see Table 8.2). Although the calculated 

frequenciess are generally similar to the experimental values, large differences are seen of 40 

andd 38 cm"' respectively for the most intense band at 1274 and 1263 cm"1. Similar 

observationss have been made for the corresponding modes modes in other piperazine radical 

cations .̂ . 

Mostt bands observed in the RR spectrum can be attributed to motions in the 

piperazinee skeleton. This can be expected, because excitation from the ground state to the 

excitedd state changes the stabilizing effect of TBI into a destabilizing effect in these 

piperazines.. This is because the former SOMO is occupied by two electrons in the radical 

cationn excited state and the former HOMO-1 by one, the energy content of the system is 2p 

TableTable 8.2. Resonance Raman spectrum and assignment assignment of the radical cation of of 1,4-diphenylpiperazine (Ipd) and 

1,4-bis-(2-pyridyl)piperazine1,4-bis-(2-pyridyl)piperazine (3pd). The assignment is based on the calculated (UB3LYP/6-31G*) normal 

modes. modes. 

exp p 

547 7 

601 1 
730 0 

828 8 

936 6 
1092 2 
1203 3 
1274 4 

lpd+ + 

intensity y 

w w 
vw w 
w w 

w w 
m m 
w w 

m m 
s s 

calc,a> > 

544 4 

611 1 
730 0 

838 8 
954 4 
1096 6 

1222 2 
1314 4 

exp p 

562 2 
622 2 

779 9 
827 7 
933 3 

1199 9 
1263 3 
1431 1 

3pd+ + 

intensity y 

m m 
w w 

w w 
m m 

m m 

m m 
s s 
w w 

calc(a) ) 

561 1 
620 0 

779 9 
844 4 
949 9 

1214 4 

1301 1 
1446 6 

i i 

qualitativee description 

CNCC bending 
Aromaticc ring bending 

Aromaticc ring, CC bending 
NCNN bending 
CCpipp stretch 
CNpipp stretch 

NCCC bending 
CH22 wagging, NC^ stretch 
CH22 wagging 
C=NN stretch, CH bending 

scaledscaled (xO.98) 
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higherr than in the ground state. Thus, the molecule wil l change its conformation into a 

diequatoriall  conformation, just like in the neutral ground state, minimizing the through-bond 

coupling.. Because RR intensities are governed by changes in geometry between the ground 

statee and the resonant excited state, only the transitions involved in the structural 

reorganizationn are expected to be intense. 

8.2.44 A s y m m e t r ic d i a r y l p i p e r a z i n es 

Inn this section two asymmetric diarylpiperazines are discussed. Both molecules 

containn a p-toluidine chromophore combined with either an aniline in lpe+ or a p-anisidine 

chromophoree in 2pe+. The absorption spectra of the radical cations are depicted below in 

Figuree 8.5. As expected the spectrum of lpe+ contains a blue shifted aniline band at 445 nm, 

att a similar position as l pd+. Furthermore a near-IR absorption band is visible, which is 

probablyy due to a charge resonance transition also observed in l p d+ and 4pd+. It is 

interesting,, however, that the onset of the absorption band and therefore the maximum is 

shiftedd ca. 100 nm to the blue with respect to the absorption of l pd+. This is due to the 

asymmetryy of the system, which is also observed for the spectral change going from 1,4-

dimethylpiperazinee to 1-methylpiperazine radical cations. 10,11 The spectrum of 2pe+ is quite 

different.. The anisidine chromophore is the strongest donor, and indeed a shifted band 

comparedd with 2pr+ at 480 nm is observed. The intensity of this band is high, which is in 

contrastt with the absorption spectra of charge delocalized species. More importantly, an 

increasingg absorption is observed in the near-IR part of the spectrum. This is unexpected as all 

piperaziness containing a p-anisidyl donor did not show a band like this one in the detectable 

(350-8000 nm) region. It can probably be attributed to a charge transfer band. The RR 

FigureFigure 8.5. Transient absorption spectra of a) lpe+ and b) 2pe+ in non-degassed acetonitrile solution. The 

radicalradical cations were produced in aerated acetonitrile solutions using the cosensitization method and were taken 

200200 ns after excitation. 
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Ramann shift (cm' ) 

FigureFigure 8.6. Resonance Raman spectra of2pe+ in non-degassed acetonitrile solution. Xprab=470 nm. 

spectrumm of this cation probed at 480 nm is shown in Figure 8.6 and is similar to the RR 

spectraa reported in previous sections (7.2.3 and 7.3.5) of p-anisidyl piperazines. 

8.33 Evidence for  charge localization in l,4-bis(4-dimethylaminophenyl) 
piperazinee radical cation 

8.3.11 Localization of charge in TMPD-dimer radical cation? 

Thee radical cation of N,N,N\N'-tetramethyl-p-phenylenediamine (tmpd+) and its 

derivativess have been studied extensively. Already in 1879 Wursterl2 isolated the blue 

radicall  cation salt, which was first recognized as a radical cation by Weitz1-5 ;n 1928. Its self 

exchangee electron transfer rate was the first one ever measured.14.15 Lately resonance 

Ramann 16-19 ancj quantum chemical calculations 10 completed the picture of the structure of 

thee radical cation. In 1994 Nelsen and Yunta20 reported the synthesis and properties of an 

interestingg derivative of tmpd+. They linked two tmpd units together with a piperazine 

bridge.. The structure denoted further on as 5pd+ excellently fits in our symmetric 

arylpiperazinee series. It shows some remarkable differences with tmpd+. The typical 

absorptionn band of tmpd type compounds has decreased in intensity and a Hush type2 1 

absorptionn band in the near IR with a low intensity is observed. This band is assigned to be 

duee to a charge-transfer transition corresponding to electron transfer from one tmpd unit to 

thee other. The complex and il l resolved ESR spectrum20 broadens greatly as the temperature 

iss raised. This indicates a localized radical cation in which electron transfer becomes rapid 

enoughh to lead to dynamic broadening near room temperature. Other contrasting behaviour to 

otherr tmpd derivatives is the low stability of 5pd+. This was attributed20 to intramolecular 

protonn transfer of the dication, which is easily formed from the radical cation in solution. 
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Isolationn of 5pd+ was therefore not possible. All this leads to the conclusion that the radical 

cationn is localized on one tmpd unit. To search for a definite answer to this hypothesis we 

synthesizedd 5pd+ along an improved route, together with some reference compounds (see 

\ \ 99 \ 
tmpdd bpb 5pr 

5pd d 

SchemeScheme 8.3. Compounds discussed in section 8.3 

schemee 8.3), and a resonance Raman study was performed. Quantum chemical methods were 

usedd to assign the observed bands. After analysis it is concluded that the charge in 5pd+ is 

indeedd localized on one of the TMPD units. 

8.3.22 E lec t r on ic a b s o r p t i on spect ra 

Thee absorption spectrum of tmpd+ is well known and shows a typical band with 

vibrationall  fine structure. The compounds studied here, i.e. bpb+, 5pr+, and 5pd+ show the 

samee typical absorption band. Unfortunately the Hush type charge transfer band at 945-980 

nmm reported for 5pd+ by Nelsen and Yunta Ô could not be observed due to limitations in our 

spectrall  reach and sensitivity. In Figure 8.7 the three observed spectra are shown. Recently, 

thee absorption spectra of bpb+ and 5pr+ were reported by others as well22 and show the 

samee properties as we observe. 

8.3.33 Resonance Raman spectra 

Thee radical cation of tmpd was among the first aromatic radicals to be studied by 

meanss of resonance Raman spectroscopy in solution. 1 °> 17.22 p0izat et al. 1" assigned the RR 

spectrumm of tmpd+ and three deuterated isotopomers using an empirical approach. Later, 

BrouwerlOO reassigned some of the bands using DFT calculations at the UBLYP/6-31G* and 

UB3LYP/6-31G**  level of theory. 

Clearly,, the RR spectra shown in Figure 8.8, are comparable and are similar to the RR 

spectrumm of tmpd+. 1" The observed vibrational frequencies as well as their intensities are 
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FigureFigure 8.7. Transient absorption spectra of a) bpb+, b) 5pr+, and c) 5pd+ in non-degassed acetonitrile solution 

takentaken 200 ns after excitation at 355 nm (a+b) and 266 nm (c) 
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FigureFigure 8.8. Resonance Raman spectra of a) bpb+, b) 5pr+, and c) 5pd+ in non-degassed acetonitrile solution. 
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almostt identical. For bpb+ a smaller number of modes is observed, because only totally 

symmetricc modes are allowed under Crsymmetry. The spectra of 5pr+ and 5pd+ are almost 

indistinguishable.. This means that the ground as well as the excited state of these radical 

cationss must be similar. This implies that the radical cation is asymmetric in nature. Thus, as 

wass earlier observed for the strong anisidine dimer donor compound 2pd+, the charge must 

bee localized on one tmpd unit. 

8.3.44 Calculated structures and assignment of the RR spectra. 

Forr proper assignment of the spectra, the structures and the vibrational frequencies of 

thee radical cations were calculated using the UB3LYP/6-31G* method. The structures of both 

5pr++ and bpb+ were both resolved, however for 5pd+ several problems were countered. It 

failss to minimize as an asymmetric structure even when the optimization is started from a 

chargee localized non-symmetrical structure. In all cases a (near) symmetric structure is 

obtained.. One major problem in these calculations is the huge computational effort necessary. 

Thee two reference compounds, i.e. bpb+ and 5pr+, are smaller in size and thus easier to 

handle.. Their respective calculated structures are visualized in Figure 8.9. As expected, their 

structurall  features do not change significantly with respect to tmpd+ (Table 8.3). Normal 

modee frequencies at the UB3LYP/6-31G* level could be calculated for both systems and 

weree used for assignment of the RR transitions of 5pd+. 
Alll  transitions in the RR spectrum could be easily assigned, because only totally 

symmetricc transitions are Raman allowed. The most intense band in the spectrum is the C=C 

TableTable 8.3. Bond lengths (A) oftmpd+, bpb+ and5pr+ü> 

bond d 

N-Cl l 
N-Me e 

N-Pip p 
C,-C2 2 

c2-c3 3 

p(N-pip)(d) ) 

p(N-Me)(d) ) 

exp.(bl l 

1.355 5 
1.452 2 

1.415 5 

1.362 2 

0.30(e) ) 

tmpd+ + 

calc<c) ) 

1.357 7 
1.468 8 

1.430 0 
1.371 1 

0.28 8 

bpb+ + 

calc c 

1.361 1 

1.475 5 
1.430 0 
1.371 1 

0.29 9 

5pr+ + 

calc c 

1.361/1.357 7 
1.467 7 

1.475 5 
1.432// 1.429 
1.371 1 

0.31 1 
0.26 6 

'"''"'  Computed values obtained using the UB3LYP/6-3IG* method, (b) From ref.23. 
u>u> Values from ref10. ul> Spin density on the nitrogen.''' Calculated from 

thethe nitrogen hyperfine coupling constant of of 19.6 MHz. 
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FigureFigure 8.9. Computed molecular structures (UB3LYP/6-3IG*) ofbpb+ and 5pr+. 

stretchingg vibration denoted as the 8a band in the Wilson^5 notation. In tmpd+ this band is 

positionedd at 1655 cm'. Because the bpb+*<— bpb+ transition most probably involves 7t-type 

orbitals,, it is expected that vibrations belonging to the N-ring-N framework display RR 

enhancement.. Only two other totally symmetric modes involving the aromatic ring are 

visible.. The bands at 743 and 1233 cm"1 are assigned as the 4 and 9a vibrations respectively. 

Althoughh only the 8a band is very strong and dominates the spectrum, the band at 1472 cm"1 

iss intense as well. This band involves a CH2 wagging vibration similar to the methyl 

deformationn modes in tmpd+.10 The other, generally very weak bands, can be assigned to 

TableTable 8.4. Resonance Raman spectrum and assignment of the radical cation of 1,4-bis-(l-

piperidyl)benzenepiperidyl)benzene (bpb). The assignment is based on the calculated (UB3LYP/6-31G*) 

normalnormal modes. 

exp p 

258 8 

479 9 

743 3 

1020 0 

1135 5 

1233 3 

1253 3 

1267 7 

1351 1 

1472 2 

1627 7 

intensity y 

vw w 

vw w 

vw w 

vw w 

w w 

111 1 

w w 

w w 

vv v 

s s 

vs s 

calc'" " 

249 9 

473 3 

739 9 

1016 6 

1139 9 

1242 2 

1261 1 

1275 5 

1360 0 

1485 5 

1646 6 

qualitativee description 

N-Ar-NN bending 

CNCC bending 

Aromaticc ring bending (4) 

CCC piperidine bending 

CCC piperidine bending 

C„HH bending (9a) 

CH22 bending 

CH22 bending 

CH22 bending 

CH22 scissoring 

C=CC stretching (8a) 

scaledscaled (xO.98) 
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piperidinee bending modes. 

Assignmentt of the RR spectrum of 5pr+ is somewhat more complicated due to the 

lackk of symmetry. In the low energy region the changes in vibrational frequencies are quite 

large.. The CNC bending mode is shifted from 479 cm' in bpb+ to 505 cm"1 in 5pr+. Also the 

aromaticc ring bending mode is considerably shifted, from 743 cm '(bpb+) to 634 cm''(5pr+) . 
Neww bands due to the presence of the methyl groups appear as well. Typical examples are the 

9255 cm"1 band, involving N-methyl stretch, the methyl rocking mode at 1181 cm"1 and the 

methyll  deformation bands in the high energy region. The band at 1501 cm' was assigned to 

thee methyl deformation mode, although two other options were possible. An antisymmetric 

C=CC stretch combined with either methyl deformation (calc. 1513 cm"1) or NCH2 deformation 

(calc.. 1519 cm'1) are also options. However, because these bands do not appear in the spectra 

off  tmpd+ and bpb+ they were rejected. Strikingly, the modes involving piperidine vibrations 

aree nearly the same in both compounds, which underlines their respective assignments. 

Identificationn of the nature of all the bands in the RR spectrum of 5pd+ is not 

completelyy accomplished. However, most bands can be assigned using the data of 5pr+. Most 

puzzlingg is the nature of the band at 334 cm"1. This may be due to a CNC bending mode, 

TableTable 8.5. Resonance Raman spectrum and assignment of the radical cations of l-(4-N,N-

dimethylaminophenyl)piperidinedimethylaminophenyl)piperidine (5pr) and l,4-bis-(4-dimethylaminophenyl)piperazine (5pd). The assignment is 

basedbased on the calculated (UB3LYP/6-3IG*) normal modes of the UB3LYP/6-31G* optimized geometry of5pr+. 

5pr++ 5pd+ 
ii  _ 1 1 1 

expp intensity calc<a) exp intensity qualitative description 

3344 w 

505 5 
634 4 

925 5 

1137 7 
1181 1 
1229 9 

1253 3 
1268 8 
1352 2 

1451 1 
1501 1 

1631 1 

<< 00>>  scaled (xO.98) 

vw w 

vw w 

w w 
vw w 
vw w 

m m 
vw w 
vw w 
vw w 

m m 
m m 

vs s 

502 2 
624 4 

933 3 

1139 9 
1180 0 
1239 9 

1261 1 
1276 6 
1361 1 

1452 2 
1522 2 

1648 8 

762 2 
934 4 

1180 0 
1229 9 

1263 3 

1387 7 

1436 6 
1500 0 

1632 2 

vw w 

vw w 

w w 
m m 

vw w 

m m 
m m 

vs s 

CNCC bending 
Aromaticc ring bending 

NMee stretch 
CCC piperidine bending 
Mee rocking 
CarHH bending (9a) 
CH22 bending 
CH22 bending 

CH22 bending 

--
Mee deformation 
Mee deformation 

C=CC stretching (8a) 
_ j j 
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howeverr these are expected at higher wavenumbers. The 762 and 1387 cm'1 bands are 

unknownn as well, but they are expected to involve motions typical for a substituted piperazine 

ring.. With the above assignment the structure of 5pd+ is clearly resolved. Although we were 

unablee to perform RR spectroscopy on the near IR absorption band of 5pd+, due to 

instrumentt limitations, the charge and spin are localized on one tmpd unit, which means that 

itss conformation is not symmetric. 

8.44 Concluding remarks 

Thee electronic and structural properties of the radical cations of symmetrical 

diarylpiperaziness are governed by the electron donating properties of the chromophores 

involved.. If the spin density on the aniline chromophores is not too heavily delocalized on the 

aromaticc ring, considerable interaction between both chromophores through bonds is possible, 

whichh leads to a change in geometry. Electronic absorption and resonance Raman spectra of 

l,4-diphenylpiperazine++ and 1,4-bis-(2-pyridyl)piperazine+ clearly give an indication for this, 

ass their spectra are completely different from those of their respective piperidine reference 

systems.. The RR spectrum of l,4-bis-(4-dimethylaminophenyl)piperazine+ is similar to that 

off  its reference system, which is an indication that the spin and charge distribution in this 

moleculee is localized on one tmpd unit. This is in accord with the findings of Nelsen and 

Yunta.20 0 

8.55 Experimental 

8.5.11 Synthesis 

1,4-diphenylpiperazinee (lpd) has been prepared by Hans Modder in our group using the method described by 

Bissel.̂ ^ Subsequent recrystallization from ethanol and hexane yielded white plates, mp 163.5-164.5° C (lit.2<^ 

164-164.3°° C) 

l-(4-methylphenyl)-4-phenylpiperazinee (lpe) was prepared by using a palladium catalyzed coupling reaction 

developedd by Buchwald et al. between 4-bromotoluene and 1-phenylpiperazine. A mixture of 170 mg (1.0 

mmol)) 4-bromotoluene, 194 mg (1.2 mmol) 1-phenylpiperazine, 134 mg (1.4 mmol) sodium terr-butoxide, 14 

mgg (0.04 mmol) of P(o-tolyl)3 and 4 mg (0.02 mmol) PdCl2 in 10 ml of toluene was refluxed under argon for 3 

hours.. After cooling to room temperature, the reaction mixture was poured into 50 ml of ether. After washing 

withh brine, the organic fraction was dried with MgS04 and concentrated using a rotary evaporator. The crude 

productt was purified by flash chromatography on silica gel using chloroform. The pure product was 

recrystallizedd from an ethanol/water mixture yielding 28 mg of white needles (mp. 133-134° C). 'H NMR (200 
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MHz,, CDC13); 5 7.32 (d, 2H; HJ, 7.11 (d, 2H, HJ, 6.8%7.01 (m, 5H, HJ, 3.32 (m, 8H, NCH2), 2.29 (s, 3H, 

CH3). . 

l,4-bis-(4-methoxyphenyl)piperazinee (2pd) has been synthesized using the method described by Bissel/" 1.27 

gg (10.3 mmol) p-anisidine (Aldrich) was heated together with 1.35 ml (6.6 mmol) tris(2-chloroethyl)phosphate 

(Aldrich)) for 7 hours at 100° C in a nitrogen atmosphere. After cooling, 30 ml of 0.8 M NaOH-solution was 

added,, after which a white-pink solid precipitated. After filtration, washing with a 95% ethanol/water mixture 

ledd to 575 mg (19%) off-white crystals, RecrystaHization followed from a ethanol/water mixture, which led 

howeverr not to a completely colorless product. It was also noted that degradation of the crystals followed 

quickly,, turning the crystals purple. 'H-NM R (200 MHz, CDC13): 8 6.80 (d, 4H, H„), 6.63 (d, 4H, HJ, 3.79 (s, 

6H,, OCH3), 3.24 (s, 8H, NCH2). 

l-(4-methoxyphenyI)-4-{4-rnethylphenyl)piperazinee (2pe). The synthesis of this compound was performed by 

Piett Wiering in our laboratory. 180 mg (0.67 mmol) l-(4-formylphenyl)-4-(4-methoxyphenyl)piperazine,2° 15 

mll  ethylacetate, 0.5 ml glacial acetic acid and a catalytic amount of Pd/C were put in a Parr apparatus under 

hydrogenn pressure for three days. Afterwards the mixture was deluted with 100 ml of ether, filtrated and washed 

withh aqueous Na2C03 solution and water. The organic fraction was dried on MgS04 and concentrated using a 

rotaryy evaporator. The product was purified by flash chromatography on silica using ethylacetate as eluent. 120 

mgg (0.47 mmol, 70%) of a pure white solid was obtained, mp 165-166 °C. 'H-NM R (200 MHz, CDCI3): 8 7.12 

(d,, 2H, H J, 6.83-7.02 (m, 6H, H„), 3.79 (s, 3H, OCHj), 3.27 (dd, 8H, NCH2), 2.29 (s, 3H, Ar-CH3). 

l,4-bis-(2-pyridyI)piperazinee (3pd). A mixture of 1.58 g (10.0 mmol) 2-bromopyridine, 0.43 g (5.0 mmol) 

piperazinee and 10 ml of pyridine was heated for 18 hours in a tube at 145° C. After cooling, the mixture was 

madee alkaline with an aqueous Na2C03 solution. The solution was extracted with ether and the organic layer was 

driedd with MgS04. After evaporation of the solvents, the 1-2-pyridylpiperazine present was Kugelrohr destilled, 

leavingleaving solid l,4-bis-(2-pyridyl)piperazine. After recrystallization from dry EtOH, 0.41 g (1.7 mmol, 34%) of 

whitee plates were obtained, mp 122-123°C (lit 29 124-126'C). 'H-NM R (200 MHz, CDC13): 8 8.21 (d, 2H, HJ, 

7.511 (t, 2H, HJ, 6.70 (d, 2H, HJ, 6.65 (m, 2H, HJ, 3.69 (s, 8H, NCH .̂ 

l,4-bis-(4-methylphenyl)piperazinee (4pd) has been synthesized using the method described by Bissel.2" 2.14 g 

(20.00 mmol) p-toluidine (Aldrich) was heated together with 2.75 ml (13.3 mmol) tris(2-chloroethyl)phosphate 

(Aldrich)) for 16 hours at 140° C in a nitrogen atmosphere. After adding 60 ml 0.8 M NaOH solution a white 

brownn solid appeared. After filtration and washing with a 95% ethanol/water mixture a white solid was obtained 

(2966 mg, 6%). Recrystallization from EtOH gave white needles, mp. 184-186 °C (lit 26 189.3°C 'H-NM R (200 

MHz,, CDC13): 8 7.11 (d, 4H, HJ, 6.92 (d, 4H, HJ, 3.30 (s, 8H, NCH2), 2.29 (s, 6H, CH3). 

l-(4-N,N-dimethylaminophenyl)piperidinee (5pr). To a stirred solution of 2.01 g (18.6 mmol) 1,4-

phenylenediaminee and 4.44 g (37.3 mmol) benzotriazole in 400 ml water, 1.86 g glutaraldehyde was slowly 

added.. A white precipitate was instantaneously formed. The mixture was stirred at room temperature for 1.5 

hours,, after which the precipitate was filtered and the white solid was dried in a desiccator. The solid was 

dissolvedd in 60 ml dry THF and 1.27 g (33.5 mmol) NaBH4 was added. The reaction was quenched after stirring 
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overnightt by adding some drops of water. The mixture was extracted with ether (4 x 40 ml) and the organic layer 

wass dried with MgS04. After evaporation of the solvents, the resulting mixture containing l-(4-

aminophenyl)piperidinee and l,4-bis-(l-piperidyl)benzene was purified using flash chromatography on alumina 

usingg ether as eluent. l-(4-Aminophenyl)piperidine did not elute, and was washed from the column with 

methanol.. A mixture of 447 mg (2.5 mmol) of l-(4-aminophenyl)piperidine, 812 mg (27 mmol) 

paraformaldehydeparaformaldehyde and 836 mg (13.3 mmol) NaCNBH3 in 20 ml of glacial acetic acid was stirred at room 

temperaturee for 17 hours. The solution was made alkaline by pouring it carefully in a cooled aquous NaOH 

solution.. The blue mixture was extracted with 4 x 25 ml CH2C12. The combined organic layers were dried on 

Na2S044 and the solvent was evaporated. Flash chromatography on silica (ether/hexane 1:1) gave 117 mg (0.57 

mmol)) of a colorless oil (total yield: 3%). 'H-NMR (400 MHz, C6D6 ): 5 6.69 (d, 2H, HJ, 6.73 (d, 2H, H„) . 2.94 

(t,, 4H, NCH2), 2.59 (s, 6H, NCH3), 1.58 (m, 4H, CH2), 1.36 (m, 2H, CH2). "C-NMR (400 MHz, C6D6): 8 128-

1299 (2C„(q)), 120.2 (2C„H), 115.5 (20^), 53.5 (2NCH2), 42.1 (2CH3), 27.4 (2CH2), 25.4 (CH2). 

l,4-bis(l-piperidinyl)benzenee (bpb). To a mixture of 4.00 g (37.0 mmol) 1,4-phenylenediamine and 17.6 g 

(1477 mmol) benzotriazole in 900 ml water, 7.1 ml (75 mmol) glutaraldehyde was slowly added. A white 

precipitatee was instantaniously formed. The mixture was stirred at room temperature for 1.5 hours, after which 

thee precipitate was filtered and washed with water. The white solid (9.52 g) was dried in a dessicator. This solid 

wass dissolved in 80 ml dry THF after which 1.53 g (40.4 mmol) NaBH4 was added. The reaction was quenched 

withh a drop of water after stirring for 20 hours at room temperature. The product was extracted with diethylether 

afterr which the organic layers were dried with MgS04. After evaporation of the solvent, the product was purified 

byy flash chromatography on alumina (ether). This resulted in 509 mg ( 2.09 mmol, 5.6%) of white crystals, mp 

75-8TCC (lit. 22 104-106°C). 'H-NMR (400 MHz, C6D6 ): S6.93 (s, 4H, Hat), 2.93 (t, 8H, NCH2), 1.58 (q, 8H, 

CH2),, 1.34(m,4H,CH2). 

l,4-bis-(4-dimethylaminophenyl)piperazinee (5pd) was prepared in three steps. 0.85 g (9.9 mmol) Piperazine, 

3.111 g (22.0 mmol) 1-fluoro-4-nitrobenzene and 1.62 g (11.7 mmol) K2C03 were heated at 100° C for 26 hours 

inn 20 ml DMSO (dried on 4A molsieves). The orange suspension was poured into 150 ml water and filtered. 

Recrystallizationn from benzene yielded 2.15 g (6.6 mmol, 66%) of l,4-bis-(4-nitrophenyl)piperazine. 'H-NMR 

(2000 MHz, CDClj): 8 8.2 (d, 4H, HJ, 6.8 (d, 4H, Har), 3.7 (s, 8H, NCH2). To 1.49 g (4.5 mmol) of l,4-bis-(4-

nitrophenyl)piperazinee and 4.30 g (18.1 mmol) of Nickel(II)chloride hexahydrate in 75 ml methanol, 1.64 g 

(43.33 mmol) NaBH4 was added in portions, while cooling the solution on ice. After stirring at room temperature 

forr 1 hour the methanol was evaporated under reduced pressure. The suspension was treated with an aqueous 

10%% HC1 solution, after which it was made alkaline with an aqueous ammonia solution. The suspension was 

extractedd with ethylacetate and the organic layer was washed with water. After drying on MgS04 and 

evaporation,, 0.26 g (0.97 mmol, 21%) of l,4-bis-(4-aminophenyl)piperazine was obtained as a dark colored 

solid.. 'H-NMR (200 MHz, CDC13): 8 6.8 (d, 4H, Har), 6.6 (d, 4H, Har), 3.2 (s, 8H, NCH2). To a mixture of 2ml 

3MM H2S04, 1ml (36 mmol) of aqueous 37% formaldehyde solution, and 4 ml of THF, a slurry of 0.26 g (0.97 

mmol)) l,4-bis-(4-aminophenyl)piperazine and crushed NaBH4 (0.51 g, 13.6 mmol) in 15 ml dry THF was 
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slowlyy added while cooling on ice. While adding the slurry an additional 0.5 ml 3M H2S04 and 4 ml of THF 

weree added. 15 ml water was added, after which the mixture was made strongly alkaline with solid NaOH. The 

organicc layer was separated and the water layer was extracted with THF (3x20 ml). The combined organic layers 

weree washed with 15 ml of brine and after drying on MgS04 the THF was evaporated under reduced pressure. 

0.188 g (0.57 mmol, 59%) Pale yellow crystals were obtained after recrystallization from chloroform/hexane. mp. 

>225°° C (lit 20 208-210) 'H-NM R (200 MHz, CDC13): 8 7.0 (d, 4H, H„), 6.8 (d, 4H, H„), 3.2 (s, 8H, NCH2), 2.9 

(s,, 12H, N(CH3)2). 
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