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ABSTRACT: The association constants for charge-transfer (CT) complex formation of a series of methylated
benzene donors with 1,2,4,5-tetracyanobenzene and tetracyanoethylene as acceptors were measured. In several ca
the values determined previously using standard analysis techniques, such as Benesi—Hildebrand or related method:
were shown to be incorrect and a new method for determining the association constants for weak complexes is
presented. A systematic error occured in the determination of these constants when standard analysis was carried oL
on weakly bound complexes. In general, the thermodynamic stabilities have been underestimated and the extinction
coefficients for the CT absorptions overestimated. Furthermore, it was demonstrated that the ground-state
stabilization of the complexes studied here is due primarily to non-bonded interactions and that the ion-pair
contributions are minor in the ground state. A notable exception may be the tetracyanobenzene—hexamethylbenzene
complex where preliminary evidence points to a significant contribution of the ion-pair state to the ground-state
stability. This study raises significant questions about what is currently known concerning the thermodynamics of CT
complexes because much of what is believed may be based on incorrectly determined constants. Cog@aght
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INTRODUCTION versus the product of the acceptor and donor concentra-
tions ([A]o[D]o) are typically fitted to obtain the desired
The photophysics and photochemistry of charge-transferassociation constanKgr) and the extinction coefficient
(CT) complexes have been of interest for more than 50 (¢c7) at the wavelength of interest. Curvature in an&@D
years' These complexes play an important role in versus [A}[D], plotis a necessary condition to determine
many organic and inorganic reaction mechanisms andaccurately the association constant from a single set of
also biological processes, imaging applications and thedata, regardless of the method of analysis. A straight line
design of opto-electronic materidldhe measurement of  passing through the origin is completely defined using a
the thermodynamics of these interactions would give single parameter, the slope. When faced with linear OD
tremendous insight into problems such as protein folding plots in the past, it has been standard practice simply to
and is of particular interest toward understanding and add a larger excess of donor until curvature is observed.
potentially controlling macromolecular assembiy. For weakly bound complexes this usually requires
The general approach to determining these associatiorexcessively high concentrations of donor and 2:1
constants has often been misapplied. Benesi—Hildebrandcomplex formation is likely to interfere.
(BH)*° or related methods:~*®including modern non- Poorly determined association constants will result in
linear data analysis techniques, require the measuremeninconsistencies being observed. For example, one
of spectral data as a function of the concentrations of indication that the association constant is poorly
acceptor and donor. Plots of optical density (&P determined is the failure to predict correctly the
*Correspondence toB. R. Arnold, Department of Chemistry and absqrptlon spectrum of the cc_)mplex._ According to the
Biochemistry, Universi'ty df Maryla’nd, Baltimore County, Baltimore, Mu”'ken tWO'SFate model, the mt?racnon of the (_’0”0"5
Maryland 21250, USA. highest occupied molecular orbital (HOMO) with the
E;)mnf‘rgc?/a';’;ﬁ'tds@?gr’]‘;%%erﬁgersit ¢ Marviand. Baltimore Count acceptor's lowest unoccupied molecular orbital
grant sp Yy N, e reony (LUMO) leads to the a new spectroscopic transition,

Contract/grant sponsorJHU-APL; Contract/grant number803080. o 1 314 > i
Contract/grant sponsomSF; Contract/grant numberCHE-9985299. the CT transition:='*The localized excitation of both

Copyright0 2000 John Wiley & Sons, Ltd. J. Phys. Org. Chen2000;13: 729-734



730 B. R. ARNOLDET AL.

the acceptor and donor should still occur, perhapswashed once with water and finally distilled froma@2
slightly perturbed. As a result, the complex absorption after refluxing for 30min. In all cases, baseline
spectrum should contain all of the localized absorbanceabsorbance was monitored and purification was con-
bands of the acceptor and donor in addition to the tinued until no further improvements in the baseline
CT bands. A clear example of the failure to predict were observed. The 1,2-dichloroethane (DCLE) used in
the absorption spectrum was presented using thethe spectroscopic experiments was of HPLC grade from
pentamethylbenzene (PMB)-1,2,4,5-tetracyanobenzeneSigma and was used without further purification.
(TCNB) complex!® Other examples occur in reported
spectra of tetracyanoethylene (TCNEand chloranit’ Methods. The absorption spectra were measured 825
complexes. with a Beckman Model DU-640 spectrophotometer and
A second hallmark of an incorrectly determined were recorded as a function of the acceptor and donor
association constant is the inconsistency in the deter-concentrations. The temperature of the cell compartment
mined values when different experimental conditions are of the spectrophotometer was kept constant by circulating
used. For example, comparing the association constantgemperature-controlled water using a circulator pur-
obtained when [A] < [D]o with those when [A}=[D]o chased from VWR Scientific. Solutions containing
or [A]o> [D]o, should not lead to different estimates. acceptors and donors were prepared immediately prior
Unfortunately, it is frequently the case that differences to use. In a typical experiment, three types of absorption
are observed;>1® data were recorded. First, Job’s plots were constructed for
This situation is even more perplexing when the each complex studiéi[in all cases describe here, a Job’s
relationships highlighting the interdependence of ioniza- plot that was symmetric about 0.5 relative mole fraction
tion potential, electron affinity, redox potentials, calcu- was obtained for the maximum concentrations of the
lated HOMO-LUMO energies and Hammett parameters donors and acceptors used (data not shown)]. These plots
and the association constants and absorption spectra arplaced an upper limit on the concentrations used in
considered 829t would appear that much of whatis subsequent experiments, typically 0. At these low
currently believed about weakly bound complexes may concentrations, the variation in solvent polarity is
be based on association constants that were notexpected to be relatively minor such that solvent effects
determined correctly. on the shapes and positions of the absorption bands can
This paper presents the results of our studies on TCNBbe safely neglected. The second type of data were
complexes with methyl-substituted benzene donors. Werecorded with the acceptor at low concentration and
also revisit several TCNE complexes and compare thedonor in large excess, hereafter referred to as condition
results of our determinations with published values. The In these cases, a portion of a TCNB stock solution (ca
correlation between the association constants and thel0 “*m) was placed in a 10 cm quartz cell and successive
wavelength of maximum absorption\{s) Was also  volumes of donor from ca Ot stock solutions were
explored for both series of complexes. These studiesadded using microliter syringes. For the more strongly
show that ion-pair contributions are generally not bound complexes, data were also collected ina 1 cm cell.
important to the ground-state stability. Both methods yielded the same result within experi-
mental error. All OD measurements reported here have
been normalized to 1 cm pathlengths. The last set of data
EXPERIMENTAL obtained, referred to as conditidn used ca 10°M
samples of acceptor and donor placed together in a 1 cm
Materials. 1,2,4,5-Tetracyanobenzene (TCNB) was pur- cell. The optical density was then recorded. Aliquots of
chased from Aldrich Chemical and was purified by solvent were added and the optical density was recorded
passing it twice through silica gel with dichloromethane at each subsequent concentration. The reported error
as the elution solvent, followed by recrystallization twice limits are based on the 95% confidence intervals.
from chloroform. Hexamethylbenzene (HMB), penta- Collection of data and their analysis followed a
methylbenzene (PMB) and durene (DUR; 1,2,4,5-tetra- previously published proceduta.
methylbenzene) were purchased from Aldrich Chemical
and were purified by passing them through alumina with
dichloroethane as the elution solvent, followed by
recrystallization from ethanolp-Xylene (PXY) was RESULTS
purchased from J. T. Baker and recrystallized at low
temperature from chloroform. Mesitylene (MES; 1,3,5- There are several ways to manipulate the relative
trimethylbenzene) was purchased from J. T. Baker andconcentrations of the two components and obtain
was purified by passing it through activated alumina and association constants. What is required is to choose the
recrystallization from chloroform. Toluene (TOL) was correct set of conditions to allow the association
purchased from J. T. Baker and was shaken twice with constants and spectral parameters to be determined with
concentrated sulfuric acid (100 ml of acid per liter), the highest accuracy. A plot of OD versus [TCNE]
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Figure 1. Plot of the observed OD versus the product of the
acceptor and donor concentrations for samples coIIected
under conditions where [TCNE] was |n|t|allzy 2.09 x 107%Mm
and [TOL] varied between 0 and 1.2 x 10 M (condition a).
The measurements were performed using a 10 cm cell and
the reported ODs normalized to a 1 ¢cm pathlength. If a linear
dependence is_assumed the slope of the line shown is
763+ 9cm~" I> mol =2 (see text)

[TOL]q for the TOL-TCNE complex under conditioas
where [TCNE} <« [TOL],, is shown in Fig. 1.

The criteria for obtaining association constants from
this type of data have been described by Wéber,
Persor® and Deranlead® The saturation fraction,
defined as = Kc1[D)/(1 + Kc1[D]), must range between
0.1 and 0.9 foKct andect to be determined accurately.
Accordingly, significant curvature in the OD versus
[TCNE]o[TOL]q plot shown in Fig. 1 is required before
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Figure 2. Plot of the observed OD versus the product of the
acceptor and donor concentrations for a sample collected
under condition b, namely [TCNE]=[TOL] and they were
varied simultaneously between 0 and 2.5 x 1072m. If a
linear relationship is assumed, the slope would be
724+ 14cm™" 1mol=2. The plot also includes the line
(dotted line a) deflned by ideal solution behavior and
Kcrecr =785 cm™" 12 mol~2and the fit of the data accordlng
to Eqn (1) (solid line) when Kcrecr is fixed at 785 cm
12 mol=2 (see text)

extinction coefficient to be obtained independently. A
plot of OD versus [TCNE]JTOL], obtained using
condition b for the TOL-TCNE complex is shown in
Fig. 2.

If the association constant were actually as small as the
literature value®32 suggest, i.e.K ;T ~0.2 Imol?,
both data sets plotted in Figs 1 and 2 would conform to
the linear relationship OB = Kcrect[D]o[A]l o Within
acceptable error. The saturation fraction never becomes
larger than 0.006 in either data set (extremely srajall
Hence the concentration of the complex would always be

the association constant and extinction coefficient can benegligible in comparison with the concentrations of the
determined independently. As can be seen, this plot isfree acceptor and donor.

nearly linear. Because of the lack of significant curvature,
all currently available data analysis techniques, including
non-linear least-squares data analysis, will fail to give an

What is significant about these plots is that they have
different slopes: 7639 cm* 1°mol~2 in Fig. 1 and

accurate value of the association constant within usable

error limits. For example, Benesi—Hildebrand analysis of

the data in Fig. 1 yield&cr=4.9+ 4 I mol™*. The error

limits are so large as to make this estimate of little value.
When faced with this problem in the past, it has been

standard practice simply to add a larger excess of donor

until curvature is observed. For weakly bound com-
plexes, excessively high concentrations of donor are
required, conditions that favor 2:1 complex formation.

This is the conundrum that researchers must face when
studying weakly bound complexes. To observe curvature,

high concentrations are required. Unfortunately, 2:1
complex formation may interfere. If the concentrations
are kept low to avoid 2:1 complex formation, the desired

constants cannot be determined with accuracy using any

single data set.

The solution to this puzzle depends on the realization
that taking data under anyvo of the conditions listed
above will allow the association constant and the
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Figure 3. The plot used in the graphical determination of the
product Kcrec at infinite dilution. The intercept of the line
gives the best estlmate of the value of Kcrecr=
785+ 15cm ™" 12 mol 2
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724+ 14 cm 11> mol~2in Fig. 2. The fact that the slopes  average values from multiple experiments for TCNB
are different requires the association constant to beand TCNE complexes with methylated benzene donors
considerably larger than the literature values allow. are given in Table 1 along with literature valg&s®—=2
Consequently, the data depicted in Figs 1 and 2 must notfor comparison.

be fitted to the simple linear model but instead the full

form of the equation must be used:

ODy — ect{([Alp + [Dlo + 1/Ker) — \/([':]o + [Dlo + 1/Kcr)? — 4[A][Dlo} )

By fitting both data sets simultaneously, the desired
guantities may be obtained even at very low total
concentration where 2:1 complex formation is demon- DISCUSSION
strably unimportant® Following our previously pub-
lished method? the best possible determination of the The TOL-TCNE association constant requires further
productKctect occurs when the slope of the plotin Fig. 1  consideration. Four previous determinations of this
is extrapolated to infinite dilution. This extrapolation is constant have been reported, all with estimates approxi-
shown in Fig. 3. The data plotted in Fig. 3 are a direct mately an order of magnitude lower than the value
indication of the linearity of the plot in Fig. 1. If the data obtained using our method. As described above, if these
plotted in Fig. 1 conformed to a linear relationship, Fig. 3 previously determined values were correct, the two data
would be a scatter plot with an average value of 763. In plots shown in Figs 1 and 2 would be required to have
fact, a definite trend is observed with a negative slope, nearly identical slopes. They do not. Therefore, the
consistent with complex formation and a relatively large literature values are not correct.
association constant. Tlyantercept of this plot gives the Examination of Table 1 reveals that in several cases,
best estimate of the desired quantitfcrecT= but not all, the predicted thermodynamic stability of the
785+ 15 cm* 12mol 2. OnceKcrecr has been deter- complex has been underestimated (and the oscillator
mined, the data shown in Fig. 2 may be fitted according strength for the CT transition overestimated). This
to Egn. (1) with only one adjustable parameter, the other finding casts serious doubt on many of the reported
being fixed, ect=785KcT cm~! Imol~%. Hence the correlations between the magnitudes of the association
values of the association constant and extinction constants (and extinction coefficients) with other thermo-
coefficients can be determined independently. For thedynamic parameters. If, as has been suggested, the
data shown in Fig. 2, the values anéct=2.08 published association constants reflect a coupling of two
+0.5 Imolt and ecy=377+30cm* Imol~. The  reactions, e.g. the formation of 1:1 and 2:1 complexes,

Table 1. Charge-transfer association constants and spectral characteristics of complexes between methylbenzene donors and
1,2,4,5-tetracyanobenzene and tetracyanobenzene acceptors

TCNB TCNE
Donor Ker (Imol~1)2 Amax (NM)° Kcr (Imol™3)° Amax (NM)P°
HMB: present (lit.) 9.07: 0.9 (3.0 430 20.0+ 1.2 (20.74 16.77' 19.2%) 545
PMB: present (lit.) 6.8 0.6 406 4.140.8 (4.49¢ 7.39; 6.67) 510
DUR: present (lit.) 5.86- 0.5 400 3.7£ 05 (4.27,3.37, 2.40) 480
MES: present (lit.) 3404 359 3.4 0.5 (1.56° 1.03% 1.3F) 465
PXY: present (lit.) 2.86£ 0.3 354 2.3:05 (041,043,078 435
TOL: present (lit.) 1.76:0.2 <340 (320 2.1+0.5(0.1950.20, 0.26¢ 0.56) 410

&The association constant for TCNB complexes in 1,2-dichloroethane’&t Zhie PMB complex was studied in detail in Ref. 15. Error limits are
based on the 95% confidence intervals obtained from multiple independent measurements.

b Amax Values were determined from the CT spectra after subtraction of the LE contribution.

¢ The association constant for TCNE complexes in dichloromethane®&t. Zror limits are based on the 95% confidence intervals obtained from
multiple independent measurements.

9 HMB-TCNB in dichloromethane at 22°€, taken from Ref. 21.

¢ Ref. 30.

" Ref. 31.

9 Ref. 32.

" Obtained from the best fit of the plot in Fig. 4.

' Ref. 33.
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1.2 necessarily prove a large charge-transfer interaction in
] - the ground state because the absolute magnitude of each
HMB/TCNE contribution cannot be asses$@dnstead, the dipole—

0.8 HME dipole, dipole—induced dipole, van der Waals and
London dispersion forces, etc., which were collectively
referred to as non-bonded interactions by Mulliken, must
have a relatively small variation for the family of

complexes being studied. It is not surprising that the
plots within each family studied here are linear. We have

0 20 40 60 80 100 120 140 160 taken precautions to insure that this would be the case by
A-A, (nm) using closely related donors.

. What is required is a direct measure of the magnitude
l;(:gurg ?Hepgt:oggtlig%“g%gcaﬁ)t) versus (?Sm%x]e_ a)‘ggo‘;"qgﬁ of each contribution to the complex stability. The fact
mCaT>(<)imum for the TOL complexes with gach acceptor.pThe that the TC_:NE_Se”eS has a,Shallower slope than the
regression analysis gives a slope of 0.0066 + 0.0006 nm™" TCNB series is exactly this type of a measure.

for the TCNB complexes and 0.0032 + 0.0015 nm~" for the Considering the potential for non-bonded interactions,
TCNE complexes when the HMB-TCNE data point is ignored TCNE and TCNB are both non-polar. TCNE is smaller
than TCNB and therefore can be expected to be less
polarizable. The donors are also relatively non-polar and
the determined constant may still be meaningful thermo- uniformly polarizable. Accordingly, the non-bonded
dynamic quantities. Relationships based on the trends interms should be small and relatively constant across
the determined constants must assume that the couplingeach series of complexes, but probably smaller for TCNE
of the two reactions remains constant over the series if thecompared to TCNB. Considering the potential for ion-
thermodynamic data are to be of any use. Unfortunately, pair contributions, TCNE is a better acceptor based on its
this is not the case. Note that for the HMB-TCNE higher electron affinity. Therefore, if ion-pair contribu-
complex a unanimous choice ®fcr~20 Imol™? is tions were to dominate in either case, they should in the
obtained regardless of the method used, while deviationsTCNE series. The fact that TCNE has a shallower slope
for the other complexes are observed. Theoretical modelsindicates that the CT contribution must not be important
using these incorrect constants must also give misleadingin these complexes and, by extension, in the TCNB
results. complexes either.
Dewar and Thompsdf suggested that a correlation Why is the HMB-TCNE point so far off the line? The
between the magnitude of the equilibrium constant and trivial answer might be experimental error. In view of the
the wavelength of the CT absorption maximum could be correlation obtained for the other points, this answer

expected based on simple perturbation theory: seems unreasonable. It may be that there is something
special about HMB in terms of the interactions that it can
log(Ker/Keto) = C(Amax — Ao) (2) have with acceptors that may not be possible for the other

donors studied. If this possibility were true, the HMB-

A plot of log(Kct/KeTtg) Versus fmax— Ag) should be TCNB data point would not correlate well within the
linear, whereKc1q is the association constant ang is TCNB data set, which it obviously does. We are left to
the absorption maximum for an arbitrary standard conclude that there is something peculiar about the
complex. Such plots for the data in Table 1 are shown HMB-TCNE complex. An intriguing possibility is that
in Fig. 4 using the TOL complexes as the standards in CT contributions are starting to contribute significantly.
each case. Tha, .« for the TOL-TCNB complex was A test of this hypothesis would be to add a better donor to
obscured by the intense localized excitation band of the our list. Unfortunately, adding more methyl groups to
acceptor and could not be determined experimentally. benzene is not possible and any other changes would ruin
The plot does allow the .« for the TOL complex to be  the correlation within the methylated benzene series. The
estimated at 320 nm, obtained from the regression most promising alternative is to study a series of
equation and the measured association constant. Noteeomplexes between slightly better donors and TCNE to
that this choice has no impact on the slope. see if a break is observed in a similar plot. This possibility

The slope of the TCNB series in Fig. 4 Greng = is currently being investigated.
0.0066:+ 0.0006 nm™. The slope of the TCNE series is
Crene=0.0032+0.0015 nm*?, if the HMB-TCNE
point is ignored for the moment. The TCNE slope is CONCLUSIONS
about four times smaller than previously reportéd*
The differences in the determined constants account forBenesi—Hildebrand or related methods are not appro-
this finding. priate for the study of weakly bound CT complexes.

As Dewar pointed out, a linear plot does not These methods require relatively high concentrations of
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acceptor or donor to be present in solution and 2:1 M, Prodi L, Reddington MV, Slawin AMZ, Spencer N, Stoddart

complex formation interferes with the accurate determi- %iév'”ce”t C, Williams DJJ. Am. Chem. S0d992;114 193~

nation of these association constants. A new method has 7. Bissell RA, Cordova E, Kaifer AE, Stoddart J¥ature (London)
been presented that allows the association constants of 1994;369 133-137.

; ; 8. Asakawa M, Ashton PR, Boyd SE, Brown CL, Gillard RE, Kocian
weakly bound complexes to be determined for the first O, Raymo FM. Stoddart JF, Tolley MS. White AJP, Williams DJ.

time: This new method shows that_in some cases the 3 org. Chem1997;62: 26-37.
previously determined constants are incorrect by an order 9. Cordova E, Bissell RA, Kaifer AE]L. Org. Chem1995;60: 1033—

- .~ 1038,
of magnitude, or more, where the thermodynamiC \q 5oroq pa Hiidebrand J2. Am. Chem. Sod949; 71 2703

stability has been underestimated and the CT absorption 707
extinction coefficients overestimated. Theories pertain- 11. Scott RL.Recl. Trav. Chim. Pays-Ba956;75: 787.

ing to these weak complexes based on previously 12 ggzséer R, Hammick DL, Wardley AAL. Chem. Soc1953; 3817~

determined constants must be re-examined. The stability;3 rose NJ, Drago RS. Am. Chem. Sod.959;81: 6138-6141.
of the two families of complexes studied here was shown 14. (a) Mulliken RS.J. Am. Chem. Sod.950;72: 600; (b) Mulliken

; _ ; ; ; RS.J. Am. Chem. S0d950;72: 4493; (c) Mulliken RS.J. Chem.
to be due mainly to non-bonded interactions and the ion Phys.1951:19: 514: (d) Muliken RSJ. Am. Chem. S04952:74

pair is notimportant in the ground state, except perhapsin  g11: (e) Mulliken RSJ. Chem. Phys1955;23: 397.
the HMB-TCNE complex where ion-pair interactions 15. Zaini R, Orcutt AC, Arnold BRPhotochem. Photobiol 999;69:
i iynifi 443-447.
may contribute significantly. 16. Frey JE, Aiello T, Fu S-L, Hutson H. Org. Chem1996;61: 295—
300.
17. Rathore R, Lindeman SV, Kochi JK.Am. Chem. S048997;119
9393-9404.
ACknOWIedgements 18. Morales R, Diaz GC, Joens JA. Phys. Chem1988;92: 4742—
4745,
Support of this work by the University of Maryland, 19. Frey JEAppl. Spectrosc. Rew987;23: 247-283.
Baltimore County by JHU-APL (803080) and NSF 20. lwata S, Tanaka J, NagakuraJSAm. Chem. S04967;89: 2813—
. 2819.
(CHE-9985299) is gratefully acknowledged. K.F. ac- 51 jwata s, Tanaka J, NagakuraJSAm. Chem. Sod966;88: 894—

knowledges a summer research fellowship made possible  902.

by the Initiative f i i 22. Lepley AR.J. Am. Chem. S0d.962;84: 3577—-3582.
y or Minority Student Development’ NIH 23. Dewar MJS, Rogers HJ. Am. Chem. S0d.962;84: 395-398.

Grant GM-55036-03. 24. Dewar MJS, Lepley AR]. Am. Chem. S04961:83: 4560—4563.
25. Dewar MJS, Thompson CC Jfetrahedronl966; Supple 7: 97—
114.
26. Job PC.R. Acad. Sci1925; —930.
REFERENCES [o] ca €i1925;180 928930

27. Weber G. IrMolecular BiophysicsPullman B, Weissbluth (eds).
Academic Press: New York, 1965.
1. Foster R.Organic Charge-transfer Complexe&cademic Press: 28. Person WBJ. Am. Chem. S0d.965;87: 167-170.

New York, 1969. 29. Deranleau DAJ. Am. Chem. S0d.969;91: 4044-4049.

2. Mulliken RS, Person WBMolecular ComplexesWiley: New 30. Frey JE, Andrews AM, Ankoviac DG, Beaman DN, Du Pont LE,
York, 1969. Elsner TE, Lang SR, Oosterbaan-Zwart MA, Seagle RE, Torreano

3. McGlynn SPChem. Rev1958;58 1113-1156. LA. J. Org. Chem1990;55; 606—-624.

4. Chanon M, Hawley MD, Fox MA. InPhotoinduced Electron 31. Merrifield RE, Philips WD.J. Am. Chem. Sod958;80: 2778—
Transfer Fox MA, Chanon M. (eds). Elsevier: New York, 1988. 2782.

5. Toki A, Yonemura H, Matsuo TBull. Chem. Soc. Jprl.993;66: 32. Frey JE, Cole RD, Kitchen EC, Surprenant LM, Sylwestrzak MS.
3382-3386. J. Am. Chem. S0d.985;107. 748—755.

6. Anelli PL, Ashton PR, Ballarini R, Balzani V, Delgado M, 33. Rossi M, Buser U, Haselbachlgelv. Chim. Actdl976;59: 1039—
Gandolfi MT, Goodnow TT, Kaifer AE, Philp D, Pietraszkiewicz 1053.

Copyright[d 2000 John Wiley & Sons, Ltd. J. Phys. Org. Chen2000;13: 729-734



