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Abstract: The activation parameters for the interconversion of atropisomers (P- and M-enantiomer) of core-
twisted perylene bisimides have been determined by dynamic NMR spectroscopy (DNMR) and time- and
temperature-dependent CD spectroscopy. By comparing the activation parameters of a series of perylene
bisimides containing halogen or aryloxy substituents in the bay area (1,6,7,12-positions), a clear structure—
property relationship has been found that demonstrates that the kinetic and thermodynamic parameters
for the inversion of enantiomers are dependent on the apparent overlap parameter r* of the bay
substituents. This study reveals a high stability (AG*sss k = 118 kJ/mol) for the atropo-enantiomers of
tetrabromo-substituted perylene bisimide in solution. Accordingly, the enantiomers of this derivative could
be resolved by HPLC on a chiral column. These enantiomers do not racemize in solution at room temperature
and, thus, represent the first examples of enantiomerically pure core-twisted perylene bisimides.

Introduction for organic and polymeric light-emitting diodes (OLEDs and

PLEDs), organic field-effect transistors (OFETs), and solar

cells2 The molecular properties that enable all these applications

are the high fluorescent quantum yield, fairly persistent radical
anion state, easy accessibility, and outstanding stability of these
dyes against environmental influendeBor most of the ap-

(1) (a) Hofkens, J.: Vosch, T.: Maus, M.."Ko, F.. Cotlet, M.; Weil, T plications, aryloxy-, cyano-, or pyrrolidino-substituted PBIs have
Herrmann, A.; Milen, K.; De Schryver, F. CChem. Phys. Let2001 been employed, whereas the readily available halogen-substi-
3M3U?ﬁezn5y5|z_;2§?m§2%e?d€f”p Sgug'r ,\',]| at\’,g%hée? AL'}/'\,?:%%rSMS@,:':;E'eng J.. tuted PBIs, such as 1,7-dibromo and 1,6,7,12-tetrachloro deriva-
R‘? ng?gr\:ser;u':c%ﬁgftmj ﬁgsﬁ?’oé_ ;5g£e%;gi%gj- J(C)K’\gﬁfgénjelslgu tives, have been used as intermediates for the synthesis of these
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Phys. Chem. R004 108 12242-12251. (d) De Schryver, F. C.; Vosch

In recent years, bay-functionalized perylene bisimides (PBIs)
have received considerable attention for a wide range of
applications, for example, as fluorescent dyes for single molecule
spectroscopyand bio-imagingand as organic semiconductors
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X.; Neher, D.Macromolecules2004 37, 8297-8306. (c) Krauss, S.;
Lysetska, M.; Wathner, F Lett. Org. Chem2005 2, 349-353. (d) Yukruk,
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102 1110-1112. (c) Wuthner, F.; Thalacker, C.; Diele, S.; Tschierske, F. ChemPhysChen2004 5, 137-140. (b) Graaf, H.; Michaelis, W.;
C. Chem=—Eur. J.2001, 7, 2245-2253. (d) Fan, L.; Zhu, W.; Li, J.; Tian, Schnurpfeil, G.; Jaeger, N.; Schlettwein, Org. Electron.2004 5, 237—
H. Synt. Met2004 145 203—-210. For the application of PBIs in PLEDs, 249. (c) Debije, M. G.; Chen, Z.; Piris, J.; Neder, R. B.; Watson, M. M.;
see: (e) Ego, C.; Marsitzky, D.; Becker, S.; Zhang, J.; Grimsdale, A. C.; Mllen, K.; Wirthner, F.J. Mater. Chem2005 15, 1270-1276. (d) Ling,
Millen, K.; MacKenzie, J. D.; Silva, C.; Friend, R. . Am. Chem. Soc. M.-M.; Erk, P.; Gomez, M.; Knemann, M.; Locklin, J.; Bao, Z2Adv. Mater.
2003 125 437—443. For the application of PBIs in solar cells and OFETS, 2007 19, 1123-1127.
see: (f) Thelakkat, M.; Psech, P.; Schmidt, H. WMacromolecule001, (6) Leroy-Lhez, S.; Baffreau, J.; Perrin, L.; Levillain, E.; Allain, M.; Blesa,
34, 7441-7447. (g) Tian, H.; Liu, P.-H.; Meng, F.-S.; Gao, E.; Cai, S. M.-J.; Hudhomme, PJ. Org. Chem2005 70, 6313-6320.
Syn. Met2001, 121, 1557-1558. (h) Jones, B. A.; Ahrens, M. J.; Yoon, (7) Baffreau, J.; Perrin, L.; Leroy-Lhez, S.; HudhommeTBtrahedron Lett.
M.-H.; Fachetti, A.; Marks, T. J.; Wasielewski, M. Rngew. Chem., Int. 2005 46, 4599-4603.
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S.-H.; Kim, M.-R.; Lee, J.-K.; Lee, J. W.; Gal, Y.-3. Mater. Chem2006 Wairthner, F.; Janssen, R. A. J. Phys. Chem. 2004 108 6933-6937.
16, 384—390. (j) Jung, T.; Yoo, B.; Wang, L.; Dodabalapur, A.; Jones, B. (b) Uji-i, H.; Miura, A.; Schenning, A. P. H. J.; Meijer, E. W.; Chen, Z,;
A.; Facchetti, A.; Wasielewski, M. R.; Marks, T.Appl. Phys. Lett2006 Wairthner, F.; De Schryver, F. C.; van der Auweraer, M.; De Feyter, S.
88, 183102(%-3). (k) Yoo, B.; Madgavkar, A.; Jones, B. A.; Nadkarni, S.; ChemPhysCherR005 6, 2389-2395. (c) Jonkheijm, P.; Stutzmann, N.;
Facchetti, A.; Dimmler, K.; Wasielewski, M. R.; Marks, T. J.; Dodabalapur, Chen, Z.; de Leeuw, D. M.; Meijer, E. W.; Schenning, A. P. H. J'rivuer,
A. |IEEE Electronic Deice Lett.2006 27, 737-739. () Wang, Y.; Chen, F.J. Am. Chem. So2006 128 9535-9540.
Y.; Li, R;; Wang, S.; Su, W.; Ma, P.; Wasielewski, M. R.; Jiang, J. (9) Chen, Z.; Baumeister, U.; Tschierske, C.;\kuaer, F.Chem—Eur. J.2007,
Langmuir 2007, 23, 5863-5842. 13, 450-465.
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dyes!0 g-quartet bindet! and functional units in polymerg. positions and the tetra(3-methoxyphenoxy)-substituted perylene
Recently, the successful synthesis of tetrabromo-substitutedbisimidel as reference system by dynamic NMR spectroscopy
derivative$® as well as of di- and tetrafluoro-substituted perylene (DNMR) and CD spectroscopy. The series of halogen-
bisimided“4 has enlarged the number of available halogen- substituted perylene bisimides facilitates the variation of the size
substituted PBIs and raised our expectations with regard to theirof the bay substituents and thus the structural properties of PBIs
application as starting materials for the next generation of in a defined way? as the size of these substituents is tunable
functional PBIs. Apart from the functional diversity of bay- from fluorine ¢vaw = 1.35 A) to bromine iyqw = 1.86 A).
substituted PBIs, they also exhibit interesting structural features,
in particular, a twistedr-system that results in a conformational
chirality of these dyeé! The distortion of ther-system results Methods and Materials. 1-(R)-Phenylethylamine with asevalue

from repulsive interactions between the sterically encumbered of >99% was purchased from Fluka (Buchs, Switzerland). Perylene
bay substituents and can significantly vary depending on the bisimides1,'6 2,14 3,21 4,16 and 5'3 were synthesized according to the
size of the bay substituents frorf @or the difluoro-substituted literature.

derivatives) up to 35 (for the tetrachloro derivatives), as Analytical HPLC was performed on a system with a photodiode
revealed by X-ray analysk&:6.15However, despite significant  array detector equipped with a ternary gradient unit and line-degasser.
distortion of the perylene core a fast interconversion process Semipreparative HPLC was carried out on a system with a photodiode
between the atropo-enantiome®s &éndM-enantiomer) had been ~ &may detectpr._ HPLC_ grade solvents were useq except fqr chloroform,
found, for example, for tetraaryloxy-substituted PBIs, which which was distilled prlorto use. Reprosil 100 Chlr_aI-NR chiral _columns
prohibited the isolation of enantiopure derivativé©nly very oM Trentec (clalerlmgen,‘ Germany) were used in the analyticar(@
recently, we have reported the isolation of diastereomerically 4.6 mm) as well as Sem'pr?paratlve Size%Z20 mm). .

. . . . Spectroscopy. For UV/vis measurements, spectroscopic grade
(eplmerlcally) pqre tetraaryloxy-subsntuted PBls by rgstrlctlng solvents were used. UV/vis spectra were recorded with a Perkin-Elmer
the interconversion of at_mpo'd""_‘Stereomers thro_th INCOrpora-pg 950 under ambient conditions. Circular Dichroism (CD) measure-
tion of the aryloxy substituents into a macrocyclic structtire.  ments were carried out on a JASCO J-810 spectrometer equipped with
However, to our knowledge, at ambient temperature, confor- a CDF 426-S temperature control unit.
mationally stable enantiopure perylene bisimides are unprec- Temperature-Dependent’H NMR Spectroscopy. Temperature-
edented to date. Such enantiomerically pure perylene bisimidedependentH NMR spectra were recorded on a 500 MHz instrument
fluorophores are potentially interesting for chiral recognition (for compounds2 and3) and 600 MHz spectrometer (for compound
and sensory application. Thus, in this work we have made efforts 1). Temperature was calibrated to the temperature-dependent chemical
to achieve atropo-enantiomerically pure perylene bisimides. shift of methanol. Coalescence temperature was determined from the

For the resolution of atropo-enantiomers of perylene bisim- signal broadening, and the data_l evaluation was performed by using
ides, derivatives with high activation barriersq3 kJ mot2) the coalescence method according fo the eqs 3 and 4 (see below).
for racemization are requiréd.Our literature survey revealed Kinetic Measurements. For the kinetic measurements by time-
that the racemization process of PBIs has not been systematicall;fj ependent CD spectroscopy, the atropo-diastereomersaoid the

. tigated so far. N thel the int ion barrier f atropo-enantiomers &were separated by semipreparative HPLC using
Investigated so far. Nevertneless, the INLerconversion barmertior ., ,¢orm as eluent (details are given in the Results and Discussion

a tetrachloro derivative was reported to be larger than 87 kJ gection). The separation was done directly before each kinetic measure-
mol~11¢ Encouraged by this result, we have searched for ment, and only the amount necessary for one measurement was
conformationally more stable perylene bismides, which may separated<0.5 mg). As starting time for the kinetic measurements of
enable the separation of atropo-enantiomers. As it is known that4, the peak maximum of the first eluted fraction was used. The first
the activation parameters for conformational chiral systems, for CD spectrum was measured afteB0 s. The obtained fraction was
example, in biaryl compound$are strongly influenced by the  diluted with chloroform (spectroscopic grade) to adjust the concentration
size of the substituents, it appears to be possible to obtainsuitable for the CD measurement. For the kinetic measuremeiis of

enantiopure perylene bisimides by proper choice of bay sub- either the first or the second eluted fraction was used. The solvent was
stituents removed in a nitrogen flow, and the obtained solid was dissolved in

. . . ._ . 1,1,2,2-tetrachloroethane (1,1,2,2-tetrachloroethane used for the CD
For this purpose, we have investigated the racemization

f . fb bsti d PBIS Sch measurements was fractionally distilled under vacuum prior to use).
process of a series of bay-substitute (see Scheme The Peltier element was calibrated to the starting temperature and as

1) bearing three different types of halogen substituents in bay giarting time, the beginning of the measurement was chosen. The purity
of the samples was checked by HPLC. For data evaluation, the Eyring
(egs 3 and 4) and Arrhenius equation (eq S6) were applied as outlined
in the Supporting Information. The errors for the rate constdfiable

1), activation energ¥a, enthalpyAH* and entropy of activatiohS*

are the standard deviation obtained by linear regression analysis. The
errors forAG* andry/, were calculated by main error estimation (also
see the Supporting Information).

Experimental Section

(10) Sadrai, M.; Hadel, L.; Sauers, R. R.; Husain, S.; Krogh-Jespersen, K.;
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M. J. Am. Soc. Mass Spectro2006 17, 593-604.
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Table 1. Kinetic Data for the Racemization Process of 4 in Chloroform and 5 in 1,1,2,2-Tetrachloroethane at Different Temperatures

4

5

TIK k107551 tp?min AGkJ mol~! TIK k/1075s7! typ3min AG*kJ mol~!
293 1.40+ 0.03 825+ 14 97.3+ 0.1 363 3.54+ 0.08 326+ 7 118.2+ 0.1
303 4.54+ 0.08 255+ 5 97.7+ 0.1 368 6.33+ 0.19 183+ 6 118.1+ 0.1
313 15.30+ 0.40 76+ 2 97.8+ 0.1 373 10.5Gt 0.30 110+ 4 118.1+ 0.1
323 50.68t 1.30 23+1 97.8+ 0.1 378 17.87 0.60 67+ 2 118.2+ 0.1
383 32.55+ 1.00 36+ 1 117.8+ 0.1
a Calculated according t, = In 2/k.
Scheme 1. Racemization Equilibrium and Structures of
Bay-Substituted Perylene Bisimides 1—5 Used in the Present LJ\/L
Investigation
'IR 277K
O, N (o]
271K

M-enantiomer

P-enantiomer

X Y R

1 3-MeOPhO 3-MeOPhO  2,6-(iPr),Ph
2 F F 2,6-(iPr),Ph
3 Br H 2,6-(iPr),Ph
4 Cl -
Ph
5 Br Br - <:>
o]
2,6-(iPr),Ph = --- 3-MeOPhO =

bay-substituted perylene bisimidés5 used for this investiga-

266 K
260K
230K J AN

1.I20 1Al18 1.116 1A'14 1.I12 1.l10 1.I08 1.66 1.64 1.;.')2 1.60
3 (ppm)
Figure 1. Sections of the temperature-depend&htNMR spectra ofl
(600 MHz) in CDC}. The signals of the diastereotopic methyl groups of
the diisopropylphenyl imide substituents are shown.

estimated to 6.3 Hz. With these data, the free enthalpy of
activation was calculated as 60 kJ mblaccording to the
coalescence method (egs 1 and?).

ke = %2 |Av| (1)
R,
AG =RT, '”(kCTACh) )

From eq 1, the half-lifetime for PBL at the coalescence
temperature (270 K) was estimated to be approximately 10 s,
under the assumption of a first-order kinetic. Thus, the inter-
conversion process fdris very fast, and therefore, the resolution
of the atropo-enantiomers is not possible at room temperature.

For perylene bisimid@ bearing four fluorine substituents in
the bay position, dynamic NMR experiments were performed
in deuterated dichloromethane. As can be seen from Figure S1
(left), the changes of the methyl resonances are similar to those

tion are shown in Scheme 1. To determine the activation Observed for the tetraaryloxy-substituted ABUnfortunately,

parameters for perylene bisimidé bearing four aryloxy

the static case in the slow exchange region could not be realized,

substituents in the bay position, dynamic NMR experiments OWing to the experimental limitations (melting point of dichlo-
were performed in deuterated chloroform. For data evaluation, fomethane), and only the coalescence temperature of 180 K
the resonances of the diastereotopic methyl groups of the 2,6-could be determined from this experiment. However, as the
diisopropylphenyl substituents were used. The temperature-Signal splitting Av in the static region is not significantly
dependent changes of these signals are shown in Figure 1. Adifferent for similar perylene bisimides, for example, fo(6.3
room temperature, the methyl protons of the diisopropyl groups Hz) as shown before, it can be assumed that the differences in
show one doublet, which suggests that the interconversion the chemical shift\v of the two atropo-enantiomers hould
process is faster than the spin-relaxation at this temperature b€ Similar as well. Therefore, the free enthalpy of activation
Upon decreasing the temperature, this signal is broadened, and\G' is estimated according to the egs 1 and 2 as 40 kJ‘mol
at low temperature (230 K), two doublets (overlapped to a at 180 K.

triplet) arose for the two atropo-enantiomers, nameyY and

In the series of 1,7-dihalogenated PBIs, only the bromo and

(M)-1. The coalescence temperature was determined from thefluoro derivatives are availabfe:*14Owing to the only slightly

line broadening to 270 K, and the difference in chemical shift
Av of the two enantiomers at low temperature (230 K) was

(22) Hesse, M.; Meier, H.; Zeeh, BSpectroscopic Methods in Organic
Chemistry Thieme: Stuttgart, 1997; pp 88.00.

J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007 14321
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0 1 2 3 a4 5
time (min)

Figure 2. HPLC traces of racemid (bottom) and5 (top) on a Trentec
Reprosil 100 chiral-NR column at ambient conditions using dichloromethane
as eluent (flow rate: 1 mL/min).

twisted perylene core of 1,7-difluoro-substituted derivativ'(4
and comparatively low activation barrier for the tetrafluoro
derivative2, the torsional barrier for the difluoro compound is
expected to be rather small. For the dibromo-substituted3?BI

similar temperature-dependent changes as for the tetrafluorogy, ihe jowest energy transitior fax =
derivative2 were observed and the coalescence of the methyl

providing almost enantiopui®(97% ee). Notably, the atropo-
enantiomers of PBI4—3 could not be separated by HPLC as
the inversion barriers in these cases are too low for resolving
the enantiomers at ambient temperattre.

The successful resolution of the atropisomers4cdnd 5
enabled the investigation of their chiroptical properties. Figure
3 shows the absorption and circular dichroism (CD) spectra of
the two eluted fractions ¢f and5, respectively, in chloroform.

On the basis of previously accomplished stereochemical as-
signment of epimerically pure macrocyclic PBI systérthe
positive signal for the longest wavelength transitidg& =

527 nm) in the CD spectrum of the first eluted fraction4of
can be attributed to B-configuration of the perylene core, and
thus, this atropo-diastereomer can be assignedPig,R)-4.
Likewise, the negative sign for the longest wavelength transition
therefore reveals thil-configuration of the perylene core and,
accordingly, the second eluted fraction can be assigned as
(M,RR)-4. The observed mirror image relation for the CD
spectra of both fractions af reveals the pseudo-enantiomeric
behavior for these compounds as previously discussed for
macrocyclic aryloxy-substituted derivativ€s.

Similarly, the first eluted fraction df shows a positive signal
535 nm). This reveals
a P-configuration of the perylene core, and the first eluted

resonances was reached at 180 K (Figure S1, right). Thus, thegction of 5 can thus be assigned tB)¢5. The CD spectrum

free energy of activation is similarly estimated to 40 kJ mol

of the second eluted fraction shows a mirror image relation and,

This very closely related behavior strongly suggests that similar {yarefore. can be assigned to tieconfiguration of5.

steric constraints are given with regard to the planarization of
the m-conjugated system of PBI2 and 3, despite their
pronounced structural differences.

As mentioned before, for a tetrachloro PBI derivative, an
activation energy of more than 87 kJ mblwas reported
previously® which is markedly higher than the activation
barriers of the above-mentioned tetrafluoro-substituted 2Bl
and dibromo-substituted derivati@e Thus, we anticipated that
the atropisomers of tetrachloro PBI would be separable.
Indeed, the atropo-diastereomers of BBInd also the atropo-
enantiomers of tetrabromo-substituted PRlould be separated
by HPLC on a chiral column. The isolation of the atropisomers
of 4 and 5 facilitated the investigation of the racemization

process of these PBIs by kinetic measurements using CD
spectroscopy as a complementary method to the dynamic NMR

used for PBIsl—3. Before we present the details of the kinetic

Racemization Barrier of PBIs 4 and 5.To determine the
activation parameters for the racemization4oénd 5, time-
dependent CD measurements were performed at different
temperatures in the range of 29323 K for 4 in chloroform
and 363-383 K for 5 in 1,1,2,2-tetrachloroethane. For the
racemization process, a first-order kinetic can be assumetl/(-d[
dt = kt).2 Accordingly, the rate constants were determined from
the time dependence of the CD amplitude at 500 nm 4jor
and 510 nm (fob). The kinetic parameters for the racemization
at each temperature are collected in Table 1.

PBI 4 showed a half-lifetime of 23 min at 323 K, and almost
complete racemization was observed after 3 h. Upon decreasing
the temperature to 293 K, the half-lifetime increased to 825
min and the racemization was not complete even after 1 day,
as can be seen from Figure 4. The free activation enthalpy
AG*303 for the racemization process df was determined

measurements, we briefly describe the HPLC separation of theaccording to the Eyring equation (eq 3) to 381 kJ molL

atropisomers of PBIg¢ and 5 and report their chiroptical

which is very similar to the activation barrier reported for

properties, as these are the first examples of enantiomericalIypemahe"Cene or unsubstituted ‘2hinaphthyl2* The temper-

pure (in the case db) perylene bisimides. Conformationally

ature dependence of the rate constant could also be used to

stable atropo-diastereomers of nonmacrocyclic PBIs are notyeatermine the thermodynamic activation parameter and

reported beforé? thus, 4 is a unique example of conforma-
tionally flexible perylene bisimide, whose atropo-diastereomers
are separable.
Separation and Chiroptical Properties of the Atropisomers

of 4 and 5. The diastereomers df (more precisely epimers as

4 contains twdR-configured chiral substituents) and enantiomers
of 5 were resolved by HPLC using a semipreparative chiral
column at room temperature (Figure 2). In the case of £Bl

AS by linear regression analysis according to the Eyring
equation (eq 4).

AGH = —RTIn(%) 3)
T [(AS AH
k=fck%ex;{§—R—_|?] (4)

the two epimers are not completely separated (no baseline The parametek was taken as 0.5 since the probability of
separation) with chloroform as eluent, but the separation was the transition state to transform into one or the other sterecisomer

good enough to isolate epimerically enriched (de90%)
(P,RR)-4 and M,RR)-4 to investigate their chiroptical proper-
ties. A better resolution was achieved for the enantiomets of
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(23) Wolf, C.; Ktnig, W. A.; Roussel, CLiebigs Ann. Chenml995 781-786.
(24) (a) Laarhoven, W. H.; Prinsen, W. J. Tap. Curr. Chem1984 125 63—
130. (b) Cooke, A. S.; Harris, M. MJ. Chem. Socl963 2365-2373.
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Figure 3. Normalized absorption and circular dichroism spectra of both epimetgleft) and enantiomers d (right) in chloroform at 20°C; first eluted

fraction (solid line), second eluted fraction (dotted line).
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Figure 4. Time-dependent CD spectra oP,RR)-5 in chloroform at
20 °C and Eyring plot fors.

0.0031

is equak® For PBI 4, the activated complex exhibited an
enthalpyAH* of 92 + 2 kJ mol ! and only a slightly negative
entropy ASF of —20 £+ 15 J motiK~1 Furthermore, the
activation energyEa of 94 + 2 kJ mol! was determined

according to Arrhenius equation. This value is in good agree-

ment with the activation enthalppH¥ (92 + 2 kJ mof?)

Table 2. Free Enthalpy of Activation for the Racemization of PBls
1-5

PBI 1 2 3 4 5
AGf/kIJmoll  60+3* 40+5° 40+5 98+1¢ 118+ 19

aAt 270 K. P At 183 K. ¢ At 303 K. 9 At 368 K.

determined by Eyring equation as these two parameters are
related byEn = AH* + RT.

In contrast to the tetrachloro PB] a significantly decelerated
racemization process was observed for the tetrabromo derivative
5, as can be seen from the half-lifetimes given in Table 1. Thus,
5 exhibited almost the same half-lifetime at 383 K4did at
323 K. For PBI5, an almost complete racemization was
observed at 363 K after 1.5 days. Upon increasing the temper-
ature to 383 K, a decrease in the half-lifetime of the racemization
process to 36 min was observed and a complete racemization
took place after 3 h. Furthermore, no significant change of the
CD signal of5 was observed at 323 K over a period of 3 h,
demonstrating the high stability of the atropo-enantiomels of
at ambient conditions. The free enthalpy of activation for the
racemization ob at 368 K was determined to be 1#81 kJ
mol~%, which is in the same range as the activation barriers
observed for hexahelice#é or trisubstituted bipheny® both
being conformationally stable at ambient conditions.

The activation energia according to Arrhenius resulted to
123 4+ 3 kJ mol! and showed again the expected correlation
to the activation enthalpyAH* (126 + 3 kJ mol?Y). The
activation entropy ob revealed a slightly positive value of 13
+ 10 J mot1K~1. The negligible entropic contribution to the
free enthalpy of activation indicates that the latter can be
considered as temperature independent, at least in a particular
temperature range.

Table 2 collects the thermodynamic parameters for all
investigated PBIs. The comparison of the five bay-substituted
perylene bisimides reveals a strong dependence of the free
enthalpy of activation for this racemization process on the
substituents. Although thes®G* values were determined at
different temperatures, their comparison is justified because of
the negligible entropic influence.

(25) Schoetz, G.; Trapp, O.; Schuring, Electrophoresis2001, 22, 3185
3190.

(26) Meyers, A. |.; Himmelsbach, R. J. Am. Chem. Sod.985 107, 682—
685.
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1.86 1.92 5.56
1.73 1.76 4.76
1.52 1.43 3.22
1.47 1.38 2.92

P*=2r  —d(X,X)

D r*=2X(2r4 —d(X, X)) ()

Figure 5. Definition of geometrical parameters for 1,6,7,12-tetrasubstituted perylene bisimides and the equations necessary for the calculati@raithe app
overlap) r*. The table (right) summarizes the apparent overlap values for PBs4, and5 (ordered according to decreasing overlap value). The apparent
overlap of1 was calculated for a hypothetical PBI bearing only oxygen atoms in the bay positions. For the calculation of apparent overlap values for
1,7-substituted PBIs, see the Supporting Information.
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Figure 6. Dependence of the free activation enthalpy of racemization on = (A)

the apparent overlapr* for PBls 1-5 (data are taken from Table 2 and

Figure 5). Figure 7. Dependence of the dihedral angle and the apparent overlap for

different halogen-substituted perylene bisimides (substituents with numbers
are given). The dihedral angles are taken from AM1 calculations and are

Relation between Free Activation Enthalpies and the Size
the average value of two dihedral angles.

of Bay Substituents. The parameter that has been most

frequently applied to account for the steric stress of a distorted apparent overlap of the substituents, indicating a direct relation-

system due to the size of the substituents is the apparent overlap, . L . . .
parameteryr* of the substituents that cause the distortién. Ship of the activation parameters with the size of the substituents

. : . and, thus on the steric repulsion imparted by the substituents.
The apparent overlap is defined as the overlap of the substituent . .
. . . S o or the purpose of comparison, the parent unsubstituted perylene
in a 2-dimensional projection of a presumably planar transition

S bisimide is also included in Figure 6, which possesses a free
state, as shown in Figure 5.

Parameter* depends on the geometry of the system under enthalpy of activation of zero due to its planar structure.
. . : The observed linear dependence of free enthalpy of activation
consideration and can be calculated according to eq 5 by .
. on the apparent overlap can be expressed by eq 6 (correlation
applying standard C(3pX bond lengthsa and bond angles, as factor 12 of 0.98)
well as the van der Waals radingy of the substituent¥’ In R
the present case, the bond lengths and angles were taken from
single-crystal X-ray data of the planar parent unsubstituted PBI,
which yields a valul(X,X) = 2.862 A— a (for details, see the
Supporting Informationj® The Sr* values of the investigated
tetrasubstituted perylene bisimidgs2, 4, and5 are collected
in Figure 5 (table). Th& r* value for the disubstituted PBE3
was calculated by a similar procedure (see the Supporting
Information) to 3.06 A.
As can be seen from Figure 6, the free enthalpy of activation
of the investigated PBI derivatives depends linearly on the

AG' g  (kd/mol)= 20.0% r* — 418 (6)

This demonstrates that the major factor determining the activa-
tion energy for the racemization of bay-substituted PBls is the
steric overlap of substituents in the planarized transition state.
However, the zero crossing gt* = 1.40 A indicates that the
planarity can be maintained at small steric encumbering. This
is convincingly demonstrated for the parent PRI Y = H;
yr* =1.38 A) as well as for the difluoro-substituted derivative
(Srx =2.06 A)14
(27) (a) Cosmo, R.; Hambley, T. W.; Sternhell, 5.0Org. Chem.1987, 52, This aspect is further explored by the relationship between
) T2, ) oot SISThel Bt 3, Cheniony 10,57 7. ayfhe magnitude of the forsional twist upon attachment of bay
planar transition state. The values were taken as the average value of threeSubstituents and the apparent overlap parameter. If we look at
different solid state structures: (a) Hino, K.; MizuguchiAtta Cryst., the dependence of the dihedral angles (taken from quantum

Section E2005 61, 0672-0674. (b) Mizuguchi, J.; Hino, K.; Sato, K.; . : . )
Takahashi, H.; Suzuki, S\cta Cryst., Section 2005 61, 0437-0439. chemical calculations that are in good accordance with crystal-

14324 J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007



Resolution of Perylene Bisimide Atropo-Enantiomers ARTICLES

Chart 1. Structures, van der Waals Radii raw, C(sp?)-X and C(sp?)-Y Bond Length a, and Apparent Overlap Values (3 r*) of Different PBIs

PBI Tydw a” Sr*

X =H,Y=NHOctyl 1.20/1.86° 1.10/1.47 3.66

X,Y=0H 1.52%° 143 3.22
X,Y =NH, 1.55% 147 341
R X,Y =CH; 1.80°% 1.54 456
Os N0 30
X,Y =PH, 1.80 1.80  5.08

OO X,Y =SH 1.80% 1.81  5.10
X ‘ v X, Y = SiH; 1.90%° 1.85 548

Y O X X, Y = tert-Bu 2.40% 154  6.96
X, Y = SiMe; 2.60%0¢ 1.85 837
_ b

0 NS0 X,Y=CN 271 144  8.00

R X, Y = ethynyl 3.50° 153 11.34
R = alkyl, aryl

X,Y =Ph 3.35 153 10.22
X, Y =P(Ph), 4.05° 1.80  14.15

9 Minimal van der Waals radius. ° Axial van der
Waals radius (for definition, see the Supporting Information).

lographic data) on the apparent overlap in Figure 7, a S-shapedinformation)3 With a value ofSr* = 3.66 A, according to
curve can be seen. For apparent overlaps between 2.1 (for 1,7the eq 6, a free enthalpy of activation in the order of 64 kJ
difluoro-substituted PBI) and 3.1 (for dibromo-substituted PBI mol~! is expected for this PBI, which is slightly higher than
3), an almost linear increase of the dihedral angle is given. that of tetraaryloxy-substituted perylene bisimi8leimplying
However, on introduction of larger substituents, the dihedral a fast interconversion of the enantiomers of this dye at room
angle saturates at a value of about,3vhereas for the smallest  temperature.
hydrogen substituents a planarization is apparent. More importantly, the presented correlation allows the
Obviously, in the most demanding cases of sterical encum- prediction and the design of conformationally stable core-twisted
bering, other distortions of the-system come into play rather ~ PBIs. For this purpose, it can be derived from the Eyring
than a further twisting of the-system around the central axis. equation that the free enthalpy of activation must be in the order
On the other hand, in the region of small apparent overlaps, anof around 106 kJ mof at 295 K to obtain at room-temperature
increased sterical demand of the respective substituents doestable atropo-enantiomers of PBf:%32Thus, from eq 6, it
not immediately lead to a twist of the perylene core but to slight can be predicted that the apparent ovefiap has to be larger
expansions of the bond angles in such systems. For thethan 5.1 A. By comparing the apparent overlap calculated for
unsubstituted perylene bisimide, which was shown to be planar1,6,7,12-tetrasubstituted PBIs (Chart 1), it can be proposed that
by X-ray crystallography, the bond angles at the two bay areasthe attachment of sulfur, phosphorus, or silicon substituents
have to be expanded only slightly to obtain an apparent overlapwould allow the synthesis of conformationally stable atropo-
of zero. enantiomeric PBIs (estimatedG* = 106-118 kJ mot?),
This analysis provides a profound correlation between the whereas the attachment of oxygen substituents and primary
interconversion barrieAG* for known perylene bisimide dyes amines would result in conformationally labile PBIs, as
and the structural parametgr*. Accordingly, with the simple demonstrated for the tetraaryloxy-substituted BBDn the other
geometrical tool of apparent overlap values, interconversion hand, tetraarylthio-substituted PBIs, for which a free enthalpy
barriers of known and also unknown bay-substituted perylene of racemizatiolAG* of 106 kJ mot is estimated from eq 6,
bisimide dyes can now be calculated and, with this tool, seem to be suitable candidates for the synthesis of conforma-
conformationally stable atropisomers become more predictable.tionally stable PBIs. Another reasonable strategy for an effective
This approach is exemplified below for a variety of bay- prevention of the racemization of PBIs would be the introduction
substituted perylene bisimides (Chart 1). of additional bulky substituents at the substituents in the bay
The first example is di(NHoctyl)-substituted perylene bisim- area, since fotert-butyl and trimethylsilyl substituentdG*
ide 2° for which the apparent overlap was calculated by taking values of 160 and 201 kJ md| respectively, are estimated
the van der Waals radius of NH-alkyl substituents from literature from eq 6 (see Chart 1). Furthermore, the tetracyano- and
(for definitions and the use of group radii, see the Supporting (30) Charton, MTop. Curr. Chem1983 114, 5791,

(31) CRC Handbook of Chemistry and Physié3th ed.; Weast, R. C., Ed,;
CRC Press Inc.: Boca Raton, FL, 1986.

(29) Ahrens, M. J.; Tauber, M. J.; Wasielewski, M. ROrg. Chem2006 71, (32) The free enthalpy of activation was calculated by the Eyring equation for
2107-2114. a half-lifetime of 100 days.

J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007 14325



ARTICLES Osswald and Wiirthner

S

Figure 8. AM1 optimized geometry of tetraphenyl-substituted PBI: Side view (left) and view along the N,N-axis bf-gmantiomer (right). Structures
were optimized by using the AM1 method as parametrized in CaChe Quantum CaChe workspace 5.0.

tetraalkynyl-substituted PBls as well as the tetra(diphenylphos- pronounced stability of these enantiomers allowed us to
phino)-substituted PBI, the latter might be particularly interesting determine their chiroptical properties. The correlation of sub-
for catalytic purposes, are promising targets for the synthesisstituent size withAG* values is particularly useful for the

of conformationally stable perylene bisimides. But also the prediction of activation barriers for other bay-substituted PBI
known tetraphenyl-substituted perylene bisimiéifor phenyl dyes that might be promising targets for the future research.
substituents an effective van der Waals radius of 3.35 A was Conformationally stable atropo-enantiomeric PBIs have poten-
proposed in literatur&) should afford stable enantiomers. This  tja), especially as chiral building blocks for catalytic and sensory
can also be seen from an AM1 optimized geometry for this gppjications. On the basis of the relationship between substituent
derivative (Figure 8). Here an interconversion of the enantiomers ;e and racemization barrier shown here, such conformationally

Is not. easily .possible °W‘”9 to the overlgp of the two phenyl stable perylene bisimide dyes can now be developed by design.
substituents in two bay regions, respectively.
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Activation parameters for the racemization of five core- Wiirzburg) as well as M.-L. Sciier and Dr. R. Bertermann
twisted perylene bisimides bearing substituents of different Sizes(lnstitute of Inorganic Chemistry, University of Waburg) for
in the bay position have been determined. These activation,[heir help in conducting the DNMR experiments
parameters reveal a close correlation with the size of the '
substituents attached in the bay area and confirm that the Supporting Information Available: Temperature-dependent
transition state in the interconversion process proceeds throughyy yvR spectra of PBI and3, details for data evaluation of
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Thus, the atropo-enantiomers of tetrabromo-substituted5PBI . . .
. . available free of charge via the Internet at http://pubs.acs.org.
could be resolved, which represent the first examples of

enantiomerically pure core-twisted perylene bisimides. The JA074508E

Conclusion
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