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of the cations Fe+, Co+, and Ni+ with ethylene oxide.16'17 Previous 
matrix isolation studies on the chemistry of Fe/CH3OH have 
shown that photoactivation of the Fe(CH3OH) adduct in the violet 
and ultraviolet regions led to the metal atom insertion into the 
O-H and C-O bonds of methanol, respectively. Photofragmen-
tation of methanol occurred via UV excitation of its O-H insertion 
reaction intermediate, namely methoxyiron hydride, CH3OFeH.11 

Peaks associated with CO, FeCO, and FeH2 were observed, which 
suggested the photofragmentation of methanol to carbon monoxide 
and hydrogen. 

V. Concluding Remarks 
1. The infrared spectrum of the first and one of the simplest 

oxametallacycles, ferraoxetane, was obtained from the spontaneous 
insertion of an iron atom into the C-O bond of ethylene oxide 
in solid argon at 12.5-15 K. 

2. Upon broad band irradiation with visible light, a metathesis 
reaction was observed with simultaneous cleavage of the C-O and 
Fe-C bonds of the oxametallacycle. The photoproduct was an 
iron monoxide molecule interacting with an ethylene molecule 
through the 7r-system. The FTIR spectrum of this ir-complex was 

(16) Halle, L. F.; Armentrout, P. B.; Beauchamp, J. L. Organometallics 
1983, 2, 1829. 

(17) Beauchamp, J. L., private communication. 

The structures of crystalline macrocyclic polyethers and their 
complexes have been widely studied by means of X-ray diffrac
tion.1 In the solid state, lattice forces, including the accommo
dation of the anion, may significantly influence the crown complex 
structure. On the other hand, in dilute solution, solvation of the 
anion and the crown complex, as well as ion pairing, is the im
portant structural influence. Since the ionophoric properties of 
crown ethers in solution are of such significance, it is important 
to study their solution structures directly. However, only a limited 
number of studies have addressed the question of crown confor
mation and anion coordination in solution. These include the use 
of IR,2 NMR,3 and UV4 spectroscopies to determine the con
formations of free and complexed crowns2'3 and to measure 
complex formation.4 UV spectra have also been used to probe 
the structure of crown complexed fluorenyl ion pairs in solution.5 

The introduction of a chiral center (or centers) into the crown 
macrocycle opens the possibility of using circular dichroism (CD) 

fDuke University. 
'Brigham Young University. 

measured and compared to similar 7r-complexes. 
3. The C-H activation of one of the inert C-H bonds of 

ethylene was achieved by UV photolysis of FeO(C2H4). The FTIR 
spectrum of vinyliron hydroxide was thus identified for the first 
time. 

4. Diiron seemed to have undergone similar photochemistry 
although a more detailed study is needed to confirm the reaction 
mechanism. 

5. Evidence from the observation of an FeOFe stretching 
frequency suggests the formation of a double insertion product, 
a five-membered ring where the two iron atoms are bridging the 
oxygen atom, at one end and bonded to ethylene at the other end. 

6. A secondary reaction for the metal atom appeared to have 
taken place leading to the photofragmentation of ethylene oxide 
into methane and carbon monoxide. More work is needed to 
delineate the mechanism of this reaction. A similar reaction was 
also observed for diiron where the final product was identified 
as a perturbed diiron monocarbonyl. 
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spectroscopy as an additional structural probe. The well-estab
lished sensitivity of CD to conformational changes can provide 
more information than simple absorption spectra. CD has been 
used, for example, to study the solution structures of chiral di
methyl substituted benzo-15-crown-5 ethers and their complexes6 

and of chiral methyl substituted 18-crown-6 ether complexes of 
alkali and alkaline earth nitrate ion pairs.7 In the work reported 

(1) For several excellent reviews, see: (a) Dobler, M. Ionophores and Their 
Structures; John Wiley and Sons: New York, 1981; Chapter 8. (b) Dobler, 
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G. J. Am. Chem. Soc. 1976, 98, 7830. (b) Mack, M. P.; Hendrixson, R. R.; 
Palmer, R. A.; Ghirardelli, R. G. J. Org. Chem. 1983, 48, 2029. 
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Abstract: The solution structures of a series of chiral pyridino-18-crown-6 macrocycles and their alkali and alkaline earth 
complexes have been studied with circular dichroism (CD) spectroscopy. The crowns (4S,14S)-4,14-dimethyl-2,16-dithi-
oxopyridino-18-crown-6, its 2,16-dioxo analogue, its 2,16-tetrahydro analogue, and (5S',13S)-5,13-diphenyl-2,16-dioxo-
pyridino-18-crown-6 contain pyridine chromophores that have been used as direct structural probes. The induced CD in the 
lowest energy n-*ir* and ir—-ir* transitions of pyridine has been interpreted in terms of the one-electron theory of optical activity. 
Sector rules have been derived for each of these transitions and used to predict the structures of these crowns and their complexes. 
These predictions are consistent with the results obtained from 1H NMR spectroscopy. 
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Figure 1. The four chiral pyridino substituted crowns used in this work. 

here, the structures of the alkali and alkaline earth perchlorate 
complexes of a series of four chiral, pyridino-18-crown-6 ethers 
(Figure 1) have been studied in acetonitrile, using CD and 1 H 
N M R . 8 

The general phenomenon of induced CD in host-guest systems 
has been widely used in structural studies, particularly for the 
inclusion complexes of achiral aromatic chromophores with cy-
clodextrins.9 Despite the utility of this technique and the in
creasing availability of chiral crown ethers,10 few reports of the 
CD of these compounds and their complexes have been published. 
Since our original communications,63 three additional reports of 
crown ether CD have appeared. In two cases, the chiral centers 
were not part of the macroring," but in the third Nakazaki and 
co-workers12 investigated several isomeric crowns incorporating 
chiral tetrahydrofuran units in the crown ring itself. Significant 
changes in the CD spectra of these compounds were observed upon 
complexation, but little interpretation of these results was offered. 
In contrast, we have shown that the induced CD in chiral crown 
complexes can yield significant structural information.6,7 In the 
present study, the one-electron mechanism of optical activity has 
been used to develop sector rules, which relate the structures and 
conformations of the pyridine substituted crowns and their com
plexes to the induced CD in the pyridine chromophores. 

Experimental Section 
Preparation of Complexes. The crowns used in this work were pre

pared as previously reported.13 The perchlorate salts were completely 
dehydrated at 101 0C under high vacuum (0.05-0.001 Torr) in an Ab-
derhalden drying tube (with Mg(C104)2 as desiccant) until the infrared 
spectrum indicated that the salts were anhydrous. All perchlorate salts 
and their complexes were handled with great caution. Anhydrous alkali 
and alkaline earth perchlorate salts themselves are not particularly shock-
or heat-sensitive; nevertheless, perchlorate is a strong oxidant and it is 
well-documented that when perchlorate is in the presence of oxidizable 
species, the potential exists for violent explosive reaction.14 Because of 

(7) Dyer, R. B.; Metcalf, D. H.; Ghirardelli, R. G.; Palmer, R. A.; Holt, 
E. M., J. Am. Chem. Soc. 1986, 108, 3621. 

(8) The common names for these crowns are more practical than the 
cumbersome formal nomenclature (for example, the complete IUPAC des
ignation of 1 is (4S,14S)-4,14-dimethyl-13,6,9,12,15-pentaoxa-21-azabicy-
clo[15.3.1]heneicosa-l(21),17,19,triene-2,16-dithione). In the context of a 
discussion of crown ethers the following common names—(4S,145)-4,14-di-
methyl-2,16-dithioxopyridino-18-crown-6 (1), (4S',14S)-4,14-dimethyl-
12,16-dioxopyridino-18-crown-6 (2), (5S,13S)-5,13-diphenyl-12,16-dioxo-
pyridino-18-crown-6 (3), and (45,14S)-4,14-dimethylpyridino-18-crown-6 
(4)—may be used without confusion. 

(9) See, for example: (a) Harata, K.; Uedaira, H. Bull. Chem. Soc. Jpn. 
1975, 48, 375. (b) Yamaguchi, H.; Ikeda, N.; Hirayama, F.; Uekama, K. 
Chem. Phys. Lett. 1978, 55, 75. 

(10) Bradshaw, J. S.; Stott, P. E. Tetrahedron 1980, 36, 461. 
(11) Klein, H. Tetrahedron Lett. 1979, 3835. Kaneko, O.; Matsuura, N.; 

Kimura, K.; Shono, T. Chem. Lett. 1979, 369. 
(12) Nakazaki, M.; Naemura, K.; Makimura, M.; Matsuda, A.; Kawano, 

T.; Ohta, Y. J. Org. Chem. 1982, 47, 2429. 
(13) Jones, B. A.; Bradshaw, J. S.; Brown, P. R.; Christensen, J. J.; Izatt, 

R. M. J. Org. Chem. 1983, 48, 2635. 
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Figure 2. Circular dichroism spectra of the uncomplexed (4S.14S)-
4,14-dimethyl-2,16-dithioxopyridino-18-crown-6 (1) (—) and 
(4S,14S)-4,14-dimethyl-2,16-dioxopyridino-18-crown-6 (2) (---) in 
MeCN. The spectra of the alkali cation complexes are indistinguishable 
from those of the complexed crowns. 
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Figure 3. Circular dichroism spectrum of the uncomplexed 5,13-di-
phenyl-2,16-dioxopyridino-18-crown-6 (3) in MeCN (---) and the Na+ 

complex in MeCN (—). 

the hazardous nature of perchlorate salts, only small amounts (less than 
0.1 g) were handled at one time. Acetonitrile (Fisher spectrograde) was 
purified by distillation from CaH2 under dry N2. The fraction having 
a UV cutoff of at least 210 nm was used to prepare the CD solutions. 
Solutions of metal perchlorate crown complexes were prepared in a 
glovebox under dry N2 (exclusion of water is essential) by stirring a 
tenfold excess of the anhydrous metal salt with a solution of crown in 
acetonitrile until the salt was dissolved. Care was taken to avoid isolation 
of any solid complexes of the metal perchlorates. 

Circular Dichroism Measurements. CD spectra were recorded on 
either a JASCO Model ORD-CD-5 with SS-20 modification or a Jo-
bin-Yvon Circular Dichrographe III. The instruments were calibrated 
in the region of the pyridine absorptions with a solution of the tris(hy-

(14) For a review of the hazards of perchlorates and alternative anions, 
see: Wolsey, W. C. J. Chem. Educ. 1973, .50, A335. For other,sobering 
examples, see: Baltrop, J. Chem. Br. 1980, 16, 452. Gore, P. H. Chem. Br. 
1976, 12, 205. Raymond, K. N. Chem. Eng. News 1983, 61 (Dec. 5), 4. 
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Figure 4. Circular dichroism spectra of the alkali perchlorate complexes 
of 4,14-dimethylpyridino-18-crown-6 (4) in MeCN (5 X 10"5M): Li+ 

(---), Na+(—) and K+(•••). 

droxymethyl)aminomethane salt of (+)-rf-camphorsulfonic acid (TRIS-
CSA) according to the method of Pearson et al.15 The instrument 
sensitivity was typically adjusted on scale 20 (20 mdeg per cm) such that 
a 1.04 X 10"3 g/cm3 aqueous solution of TRIS-CSA gave a pen deflection 
of 11.9 cm at 290 nm, corresponding to a molecular ellipticity of +7260 
deg2 dmor1. Cylindrical sample cells were used and were determined to 
be strain free by examination between crossed polarizers. 

NMR Measurements. 1H NMR spectra were obtained on a Bruker 
250-MHz or Bruker 300-MHz instrument. Solutions of the crowns and 
their complexes were prepared in CDCl3 as described above. Only a 
slight excess of the perchlorate salts was used, however, because of the 
low solubility of these salts in CDCl3. 

Results 
CD of the Thioxo- and Oxo-Pyridine Substituted Crowns. The 

uncomplexed thioxo- (1) and oxo- (2 and 3) substituted pyridi-
no-18-crown-6 macrocycles exhibit relatively intense CD bands 
in the near-UV in MeCN solution. The spectra of free crowns 
1 and 2 are plotted in Figure 2 and the spectrum of free crown 
3 in Figure 3 in units of the molecular ellipticity [8]. The tran
sitions associated with these Cotton effects are the lowest energy 
pyridine n—-ir* and ir—-x* transitions. With one exception (see 
below) the CD bands of these three crowns are not very sensitive 
to complexation. For example, addition of a tenfold excess of the 
perchlorate salt of Li+, Na+, or K+ to MeCN solutions of 1 and 
2 causes no detectable changes in the n—*ir* and u—*ir* CD bands 
of these crowns. Among the complexes of 1, 2, and 3 only the 
Na+ complex of the diphenyl substituted crown 3 has a signifi
cantly different CD spectrum from the uncomplexed crown. The 
addition of NaClO4 to an MeCN solution of 3 causes the CD 
bands to shift in energy and increase in intensity (Figure 3). 

CD of the Reduced Pyridine Substituted Crown. In marked 
contrast to the other crowns, the CD of crown 4 is extremely 
sensitive to complexation. In fact, no CD is detectable for this 
crown in the absence of metal salts. However, when an excess 
of the perchlorate salt of Li+, Na+, or K+ is added, a relatively 
intense CD spectrum is observed (Figure 4). The absorption 
spectra corresponding to these CD spectra are shown in Figure 
5. The absorption spectra show only subtle difference among 
the different alkali complexes and the free crown, compared to 
the dramatic changes observed in the CD spectra. The addition 
of the perchlorate salt of Mg2+, Ca2+, or Ba2+ results in the 
appearance of CD bands (Figure 6) which are similar in sign and 

(15) Pearson, K. H.; Zadnick, V. C; Scott, J. L. Anal. Lett. 1979, 12, 
1049. 
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Figure 5. Absorption spectra of the alkali perchlorate complexes of 
4,14-dimethylpyridino-18-crown-6 (4) in MeCN (5 X 10"5M): free 
crown (—), K+ (•••), Na+ (---), and Li+ (---). 

3 . 0 

o 

x 
i—i 
CD 

1 . 0 

- 1 . 0 

325 

Figure 6. Circular dichroism spectra of the alkaline earth perchlorate 
complexes of 4,14-dimethylpyridino-18-crown-6 (4) in MeCN (5 X 
10"5M): Mg2+ (---), Ca2+ (—), and Ba2+(---). 

intensity to the bands observed for the alkali complexes. The 
absorption spectra of these complexes are also very similar to those 
of the corresponding alkali complexes. This similarity of spectra 
of alkali and alkaline earth complexes is very different from the 
behavior of the chiral methyl substituted 18-crown-6 ethers studied 
previously.7 

1H NMR of Pyridine Substituted Crown Complexes. The 
250-MHz 1H NMR spectrum (expanded in the region between 
3.40 and 4.20 ppm) of the uncomplexed oxo-substituted pyridi-
no-18-crown-6 (2) and the spectra of the Li+, Na+, and K+ 

complexes are shown in Figure 7. The assignments of the free 
crown peaks based on their coupling patterns and chemical shifts 
are as follows: methyl protons, d, 1.43 ppm; methylene protons, 
m, 3.45-4.15 ppm; methine protons, m, 5.30 ppm; meta pyridine 
protons, d, 8.25 ppm; and para pyridine proton, d of d, 7.94 ppm. 
The assignments for the complexed crown are the same, although 
the chemical shifts and appearance of the peaks are considerably 
different, particularly in the methylene region, which is expanded 
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Figure 8. 1H NMR Spectra (300 MHz) for the alkali perchlorate com
plexes of 4,14-dimethylpyridino-18-crown-6 (4) in CDCl3: free crown 
(A), Li+ (B), and Na+ (C). 
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Figure 7. 1H NMR spectra (250 MHz) for the alkali perchlorate com
plexes of 4,14-dimethyl-2,16-dioxopyridino-18-crown-6 (2) in CDCl3 
(expanded in the region between 3.50 and 4.20 ppm): free crown (A), 
Li+ (B), Na+ (C), and K+ (D). 

in Figure 7. The 300-MHz 1H NMR spectrum of the uncom-
plexed, reduced crown 4 and the spectra of its Li+ and Na+ 

complexes are shown in Figure 8. The assignments based on the 
splitting and chemical shifts are as follows: methyl protons, d, 
1.32 ppm; methylene protons (a to the pyridine ring), s, 4.86 ppm; 
other methylene protons, m, 3.47-3.81 ppm. Upon complexation, 
the most significant changes in this spectrum occur in the 
methylene resonances, particularly for the a protons. These are 
split into an AB doublet pattern in the alkali complexes. 

Discussion 
Complex Formation in MeCN. The alkali and alkaline earth 

complexes of 1-4 were formed by addition of a tenfold excess of 
the metal perchlorate to a solution of each crown in MeCN. Direct 
evidence of complex formation was obtained from the absorption, 
CD, and NMR spectra of these complexes (vide supra). Izatt 
and Christensen have also determined that the achiral parent 
compounds of 1-4 form stable complexes with alkali and alkaline 
earth cations in MeOH.16 The formation constants of these 
complexes are only slightly lower than those of 18-crown-6 itself. 
For example, log Kt for both the K+ and Na+ complexes of 
2,16-dioxopyridino-18-crown-6 is greater than 4.16 The analogous 
complexes of 1-4 in the less polar, aprotic solvent MeCN should 
be even more stable. In any case, an excess of each cation was 
used to assure complete complexation. 

Crown Host Chromophores. The structures of crowns 1-4 and 
their complexes can be probed directly by using circular dichroism 
because of the presence of the pyridine chromophore. The ab
sorption spectrum of pyridine contains two prominent bands that 
are remarkably similar to the 7r-isoelectronic benzene chromo
phore. The lowest energy transition in benzene is a ir-~ir* 
transition ('Alg —• 1B211, or 'Lb in Piatt's notation), which is both 
electric- and magnetic-dipole forbidden. The weak absorption 
band corresponding to this transition is characterized by prominent 

(16) Bradshaw, J. S.; Maas, G. E.; Lamb, J. D.; Izatt, R. M.; Christensen, 
J. J. J. Am. Chem. Soc. 1980, 102, 467. 

vibronic structure, revealing the mechanism by which it gains 
intensity. 

This transition becomes electric- and magnetic-dipole allowed 
in pyridine (1A1 —>• 1B2) as a result of the reduction in symmetry 
to Clv.

xl However, the transition is still relatively weak (e =* 
2000), suggesting that the -K electronic system is not significantly 
distorted from D6h symmetry. The high-energy transition of 
pyridine (corresponding to the 1L2 benzene transition) is not 
accessible in MeCN because it occurs at higher energy than the 
solvent cutoff. 

Compared to benzene, the near-UV spectrum of pyridine 
contains a new feature, owing to the presence of the nitrogen lone 
pair. The excitation of one of the lone pair electrons to a it* orbital 
is electric- and magnetic-dipole allowed in C2c (

1A1 —• 1B1), and 
in nonpolar solvents such as hexane it is observed as a weak 
shoulder on the long-wavelength side of the TT-W* transition.18 

However, in protic solvents such as MeOH, this shoulder is shifted 
to higher energy, consistent with the assignment of this transition 
as n^-7r*. 

The absorption spectra of crowns 1-4 closely resemble the 
spectrum of pyridine in protic solvents. The n—>-7r* shoulder is 
not visible in any of the spectra and must be buried under the more 
intense 7r—*7r* transition at higher energy. The spectrum of the 
reduced crown 4 has a band maximum at 262 nm, which matches 
the band maximum of 2-methylpyridine in water.19 The energy 
of the ir^-ir* transition is relatively insensitive to solvent effects; 
thus it is not surprising that little change is observed for this band 
upon complexation of the crowns by alkali metals (Figure 5). The 
interaction of the nitrogen lone pair with a metal cation should 
have little effect on the energy of the TT^-K* transition. A ba-
thochromic shift of the band maximum is observed for the oxo-
(Am = 278 nm) and the thioxo- (Xm = 285 nm) substituted crowns 
due to hyperconjugation effects. 

Although the n—>ir* transition is buried under the more intense 
jr—*ir* transition in the absorption spectra of 1-4, both transitions 
are visible in the CD spectra. The n-*7r* transition is resolved 
in the CD spectra because it has the opposite sign to that of the 
•K^-K* transition. In addition, since it is magnetic-dipole allowed, 
its CD intensity is enhanced relative to that of the TT—*TV* tran-

(17) Jaffe, H. H.; Orchin, M. Theory and Applications of Ultraviolet 
Spectroscopy; John Wiley and Sons: New York, 1962; p 361. 

(18) Stephenson, H. P. J. Chem. Phys. 1954, 22, 1077. 
(19) Andon, R. L. J.; Cox, J. D.; Herington, E. F, G. Trans. Faraday Soc. 

1954, 50, 918. 
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sition. Resolution of the n-»ir* transition has been previously 
observed in the dispersion induced circular dichroism spectrum 
of pyridine in (+)-diethyl tartrate solution.20 In the disper
sion-induced CD spectrum, only the n-»ir* transition is detected. 
As expected, it occurs on the low-energy side of the unresolved 
absorption band, between 260 and 270 nm. The low-energy CD 
band in the spectra of 1-4 is therefore assigned to the n-*ir* 
transition. 

Proposed Model for Induced CD in Pyridine Transitions. The 
One-Electron Model. The planar pyridine molecule is, of course, 
inherently achiral. The mechanisms by which a planar chro
mophore in an asymmetric environment can gain rotational 
strength have been described by using first-order perturbation 
theory.21 Because the pyridine transitions under consideration 
are relatively weak and magnetic dipole allowed, the n~n (coupled 
oscillator) mechanism should contribute little to the rotational 
strength. Instead, transitions of this type are usually treated with 
use of the one-electron model of Condon, Altar, and Eyring.22 In 
this model, the rotational strength induced in a transition a, 
through mixing with a transition /3 on the same chromophore, is 
given by 

Rn = 
^ - < c 

[^ma] 

where tip and ma are the electric- and magnetic-dipole moments 
of the respective transitions and va8 is the interaction potential 
that produces mixing between the transitions.23 According to 
this model, the pyridine n—>-7r* and IT—*ir* transitions gain rota
tional strength through mixing with other transitions at higher 
energy. The asymmetric environment of the rest of the crown 
acts as a perturbing field which mixes the transitions. 

Sign Correlations. The sign of the induced CD in the pyridine 
transitions can be correlated to the geometric arrangement of the 
chiral portion of the crown ring with respect to the pyridine 
chromophore. Since the relative orientation of the transitions being 
mixed is determined only by the electronic structure of pyridine, 
the sign of the optical factor [^mn] has no geometric dependence. 
Instead, the basis of sign correlations is the geometric dependence 
of the interaction potential, va8. It has been demonstrated that 
vaS depends on the symmetry of the chromophore itself.23 The 
symmetry dependence of vaB results in the following simple rule: 
if the natural planes of symmetry of the chromophore are used 
to divide the surrounding space into regions, or sectors, the con
tribution of a perturbing group to the rotational strength of a 
particular transition ("third sphere" contributions24) changes sign 
at each region boundary.23 Furthermore, when the symmetries 
of the orbitals involved in the transition have a higher effective 
symmetry than the group, it is generally assumed that the third 
sphere contributions mirror the symmetry of the transition mo
ment. The pyridine n-*Tr* transition moment, for example, has 
three nodal planes perpendicular to the plane of the pyridine 
molecule, which pass between the ring atoms. These nodal planes 
must also be considered to divide the surrounding space into 
sectors. The sign of the contribution to the rotational strength 
of a perturbing group which lies in a particular sector can be 
established empirically or by explicit calculation. Once the sign 
of a particular sector is established, the others follow, since the 
sign must always change on passing through a nodal plane. 

The Sector Rules for Pyridine Substituted Crowns. The sector 
rules proposed for the n—*ir* and ir—*ir* transitions of pyridine 
are illustrated in Figure 9 for 4. The same sector rules apply to 
any pyridine derivative. The pyridine chromophores each have 
two planes of symmetry, one that contains the pyridine ring and 
the other perpendicular to it, along the C2 axis. The additional 

(20) Schipper, P. E.; Norden, B. Chem. Phys. Lett. 1979 67, 99. 
(21) Charney, E. The Molecular Basis of Optical Activity: Optical Ro

tatory Dispersion and Circular Dichroism; John Wiley and Sons: New York, 
1979; p 94. 

(22) Condon, E. U.; Altar, W.; Eyring, H. / . Chem. Phys. 1937, 5, 753. 
(23) Schellman, J. A. J. Chem. Phys. 1966, 44, 55. 
(24) Snatzke, G.; Wollenberg, G.; Hrbek, J., Jr.; Santavy, F.; Blaha, K.; 

Klyne, W.; Swan, R. J. Tetrahedron 1969, 25, 5059. 

A B 
Figure 9. Proposed sector rules for the pyridine ir-*ir* (A) and n-*~7r* 
(B) transitions. The sector signs correspond to the sectors above the plane 
of the ring. 

nodal planes due to the state symmetry of the n—v* (1A1 —• 1B1) 
and the ir-»ir* (1A1 —* 1B2) transitions are shown in Figure 9. 
The signs of the contributions to R are shown for the sectors above 
the plane of the crown (the sectors below have the opposite signs). 
The assignment of the sector signs for the 7r—"-7T* transition is based 
on the convention used by Snatzke for the analogous ir-~w* 
transition of benzene in derivatives having C2 symmetry. Snatzke's 
treatment has been successfully applied to a variety of such 
compounds.25 

The assignment of the sector signs for the n—•IT* transition is 
not as straightforward since there is no analogous transition in 
benzene. Nevertheless, the 'La transition of benzene has the same 
symmetry as the pyridine n-*ir* transition and is polarized in the 
same direction (out of plane). A tentative assignment is therefore 
made by analogy to Snatzke's assignment for the benzene 'La 

transition. The predictive power of these sector rules can be tested 
by using CD data for chiral pyridine compounds of known 
structure. The CD spectra of a variety of optically active pyridine 
derivatives have been reported.26-30 However, nearly all of these 
derivatives are conformationally labile, which causes ambiguity 
in relating the observed CD data to the molecular structure in 
solution. Many of these pyridine derivatives also have OH or NH2 

functional groups which can influence the energy, intensity, and 
even the sign of the CD bands through interaction with the 
pyridine nitrogen or with the solvent.26 The only report of the 
CD of a rigid molecule containing pyridine and no labile protons 
of which we are aware is that of 5a-cholest-2-eno [3,2-b] pyridine.27 

Ring A (adjacent to pyridine) of the cholestane moiety adopts 
a tetralin-like half-chair conformation and the molecule is suf
ficiently rigid that no chair inversion of ring A occurs. In this 
conformation, the sector rules predict a negative n—"7r* and a 
positive ir-*7r* transition, which is exactly what is observed. 

Proposed Structures of the Pyridino Crowns and Their Com
plexes. Oxo and Thioxo Substituted Crowns. If we assume for 
crowns 1-3 that the macrocycle is approximately flat and that 
its mean plane is coincident with the plane of the pyridine ring, 
then the sector rule for the CD of the n—>•*•* transition (the higher 
energy transition) predicts that its sign should be negative. In 
such a coplanar conformation most of the crown would lie close 
to the nodal plane of the pyridine ring and the net contribution 
to the rotational strength (R) would be minimal. However, the 
methyl substituents (or phenyl substituents in the case of 3) would 
protrude well into negative sectors (one above and one below the 
plane of the ring) and, to the extent that rotomer interconversion 
was suppressed, would have a dominant influence on R. This sign 
prediction is consistent with the negative 7r—»-7r* transitions ob
served for all three crowns (Figures 2 and 3). Furthermore, 
according to the sector rule for the n—*ir* transition, the planar 
conformation for these crowns would give rise to a positive n—*ir* 

(25) Snatzke, G.; Ho, P. C. Tetrahedron 1971, 27, 3645. 
(26) Pino, P.; Piccolo, O.; Straub, B.; Consiglio, G.; Tran, D. C. HeIv. 

Chim. Acta 1982, 65, 2102. 
(27) Gladiali, S.; Gottarelli, G.; Samon, B.; Palmieri, P. J. Chem. Sc, 

Perkin Trans. 2 1980, 598. 
(28) Gottarelli, G.; Samorl, B. / . Chem. Soc, Perkin Trans. 2 1974, 1462. 
(29) Smith, H. E.; Schaad, L. J.; Banks, R. B.; Wiant, C. J.; Jordan, C. 

F. J. Am. Chem. Soc. 1973, 95, 811. 
(30) Yeh, C-Y.; Richardson, F. S. J. Chem. Soc, Faraday Trans. 2 1976, 

331. 
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CD band since the sectors containing the methyl (or phenyl) 
substituents would be positive in this case. A positive CD band 
is actually observed for the n-*ir* transition for each of these 
crowns. (Figures 2 and 3). 

Support for the assumption of the "coplanar" conformation of 
crowns 1-3 and their complexes is found in several crystal 
structures. The most pertinent of these is that of the (S)-a-(l-
naphthyl)ethylammonium complex of 2, which does, in fact, show 
virtual coincidence of the pyridine and mean macrocycle planes, 
with the macrocycle in a pseudo-Z)3rf conformation and the methyl 
groups axial, as predicted.31 Although the coplanarity of the 
macrocycle and pyridine rings in this structure may also be in
fluenced to some extent by interaction between the pyridine and 
naphthyl rings, a similar coplanarity is also observed in the H2O 
complex of the parent compound of 2 (without methyl substitu
ents),32 suggesting that the presence of the oxo and thioxo groups 
is in fact the dominant factor in maintaining the approximately 
coplanar conformation. The fact that the CD of these crowns 
shows no change on formation of complexes with alkali cations 
(or in the case of 3, at least no change in sign) for the n—*TT* and 
T—*TT* transitions (Figures 2 and 3) is consistent with the pre
diction that the steric constraints imposed by the oxo or thioxo 
groups should maintain the open "planar" macrocycle confor
mation even in the absence of a guest. Thus the positive n^-7r* 
and negative 7r—>-ir* CD pattern can be reasonably proposed as 
characteristics of this (coplanar) conformation. 

According to this model the greater sensitivity of the CD of 
3 to complexation (relative to 1 and 2) is due to the difference 
between 5,13 and 4,14 substitution. In the free crown the 5,13 
phenyl substituents of 3 have more conformational freedom than 
the 4,14 methyls of 1 and 2. The axiality of the methyl groups 
would be little affected by complexation. However, the added 
rigidity imposed by complexation to a central cation would tend 
to lock the phenyls in place and furthermore to enhance their 
axiality. This would explain the increase in CD intensity with 
retention of sign for the complexes of 3 relative to the free crown 
(Figure 3). 

The intensity of the CD for the n->-T* and 7r-*ir* transitions 
of 1 is an order of magnitude greater than for those of 2. The 
most likely cause of this difference is the greater steric bulk of 
the sulfur. Since the van der Waals radius of S (1.85 A) is much 
larger than that of O (1.40 A), the methyl groups of 1 should be 
displaced farther from the ring plane (i.e., farther from the S), 
deeper into their respective sectors than those of 2. Consequently, 
their contributions to the rotational strength of the transitions of 
1 should be greater. The intensity of the CD observed for 3 and 
its complexes (Figure 3) is of the same order of magnitude as that 
observed for 2. This seems surprising at first glance since the 
phenyl substituents might be expected to contribute to the CD 
to a greater extent than the smaller methyl substituents. However, 
the influence of each perturbing group should show an r~3 de
pendence on its distance from the chromophore. The data are 
qualitatively consistent with this prediction. 

Reduced Crown 4. In this group of four pyridino crowns, the 
reduced crown 4 is unique in that no CD is observed for the 
pyridine transitions of the uncomplexed molecule. The lack of 
the CD bands in this case must be related to the increased flex
ibility of crown 4 compared to 1-3. Apparently the flexibility 
of 4 in the uncomplexed form allows it to adopt an average 
conformation, which induces undetectably small rotational strength 
in the pyridine transitions. This flexibility is likely to be similar 
to that observed for uncomplexed dibenzo-18-crown-6 and di-
benzo-30-crown-10, in which the ether fragments are observed 
to undergo rapid interconversion between the syn- and anti-gauche 
rotamers.34 Since the sector rules for 4 have a nodal plane that 

(31) Davidson, R. B.; Dalley, N. K.; Izatt, R. M.; Bradshaw, J. S.; Cam-
pana, C. F. lsr. J. Chem. 1985, 25, 33. 

(32) Newkome, G. R.; Fronczek, F. R.; Kohli, D. K. Acta Crystallogr. 
1981, B37, 2114. 

(33) Grootenhuis, P. D. J.; Uiterwijk, J. W. H. M.; Reinhoudt, D. N.; van 
Staveren, C. J.; Sudholter, E. J. R.; Bos, M.; van Eerden, J.; Klooster, W. T.; 
Kruise, L.; Harkema, S. J. Am. Chem. Soc. 1986, 108, 780. 

contains the pyridine ring, rotamer interconversion in the mac
rocycle ring would tend to move substituents from positive to 
negative sectors, or vice versa, effectively nullifying the net ro
tational strength in the pyridine transitions. Furthermore, as 
observed in the crystal structure of the non-methyl-substituted 
analogue of 4,33 in the absence of a guest, conformations involving 
at least partial collapse of the macrocycle ring are likely. 

In the presence of an alkali or alkaline earth cation, CD bands 
are observed for both the n-*7r* and ir—-K* transitions of the 
reduced crown 4 (Figures 4 and 6). The appearance of CD bands 
for the complexed crown suggests that it is more rigid in this form 
and, in fact, the presence of a metal cation in the crown cavity 
is known to strongly inhibit rotamer interconversion (see below).34 

The interaction of the cation with the crown oxygens must be 
sufficiently strong to lock the crown into one conformation (or 
at least a limited number of conformations), which induces a net 
optical activity in the pyridine transitions. 

In contrast to the CD observed for the complexes of 1-3, both 
signs and intensities of the n—*-7r* and ir—*-K* bands of 4 depend 
on which alkali cation is complexed. The positive n—ir*, negative 
ir-+Tr* pattern found for all the complexes of 1-3 (as well as for 
the free crowns) is observed only for the Na+ complex of 4. This, 
coupled with the prediction that the effective cavity size of 4 will 
be slightly smaller than that of 18-crown-6 owing to the presence 
of the pyridine subunit and the methyl substituents, suggests that 
the best fit cation is Na+ and that its complex with 4 has a 
"coplanar" conformation similar to the complexes of 1-3.35 

In contrast, for both the Li+ and K+ complexes, the signs of 
the n—•ir* and TT—*ir* transitions are the same. The sector rules 
indicate that this must be due to a significant distortion from a 
coplanar conformation. We propose that Li+ and K+ cause a 
buckling of the bicyclic host in the absence of the rigidity imposed 
by the oxo and thioxo groups. For Li+ this buckling is most likely 
the result of a "wrapping around" that enables the ether oxygens 
to coordinate the smaller cation more effectively, such that the 
cation is held on the concave side of the buckled host. Similar 
"wrap around" effects have been observed for other crown com
plexes of cations smaller than the optimum crown cavity. Con
versely, K+, being somewhat too large for the cavity of 4, can be 
predicted to buckle the crown in the opposite sense, such that the 
ether dipoles are directed out of the mean plane toward the cation 
on the convex side of the buckled bicycle. In either case, the 
buckling thrusts a major portion of the macrocyclic ring out of 
the extended plane of the pyridine ring. The CD sign would 
therefore be dominated by the position of the methylene portion 
of the ring relative to the chromophore. This portion of the crown 
lies in sectors that have the same signs for both the n—-TT* and 
ir—-ir* transitions and thus they should have the same sign for 
a buckled conformation. Although these observations do not lead 
to a priori prediction of the absolute signs of the CD bands for 
the Li+ and K+ complexes, the fact that both bands are positive 
for Li+ and both are negative for K+ suggests that the proposed 
buckled conformations are reasonable ones. 

The alkaline earth complexes of 4 also display a dependence 
of the sign and intensity of the CD on the cation. The Mg2+ bands 
are positive, the Ba2+ bands are negative, and the intermediately 
sized Ca2+ bands are positive and negative. This is the same 
pattern observed for the alkali cations of similar size. The close 
correspondence of the signs and intensities of these bands is in 
contrast to the differences observed between the alkali and alkaline 
earth complexes of chiral, methyl substituted 18-crown-6 mac-
rocycles.7 For those compounds, ion pairing was found to cause 
significant differences in the structures of the alkali and alkaline 
earth nitrate complexes.7 In the current study the very weakly 
coordinating perchlorate anion has been used, and in addition, 
conditions for which ion pairing is negligible have been maintained. 
In the absence of ion pairing, the structure of the complex must 

(34) Live, D.; Chan, S. I. J. Am. Chem. Soc. 1976, 98, 3769. 
(35) Support for this line of reasoning is also found in the observation that 

in MeOH the Na+ complex of 4 has a formation constant almost the same 
as that of the K+ complex, despite the greater solvation of the smaller Na+ 

ion in the polar solvent. 
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primarily depend on the cation size. For example, the reduced 
crown 4 is free to wrap around the small Mg2+ cation (r = 0.66 
A) in the same manner as for the Li+ (r = 0.68 A) complex. The 
two coordinated (ion-paired) nitrate anions prevent such a con
formational change in the Mg(N03)2 complexes of the aliphatic 
crowns,7 which illustrates the significant influence ion pairing can 
have on the structure of the macrocycle-cation complex. 

NMR Spectra of Complexes of 2 and 4. Although the CD 
spectrum of 2 is unaffected by addition of metal cations, the 1H 
NMR spectrum of this crown indicates that the methylene portion 
of the ring undergoes conformational changes upon complexation. 
There are two distinct groups of methylene protons which exhibit 
overlapping resonances in the spectra of both free and complexed 
2. The methylene protons a to the methyl substituents constitute 
one group and form an ABX spin system with the chiral proton 
Hx. The ether units (OCH2CH2O) comprise the second group 
and form a four-spin AA'BB' coupled system. Because of extreme 
overlap between the AA'BB' and ABX methylene resonances even 
at 300 MHz, these spectra could not be analyzed by using the 
pertinent relationships36 nor could they be fit in a unique manner 
by using the iterative program PANIC.37 Nevertheless, although 
a complete analysis of the methylene resonances is not possible 
with use of these spectra alone, the following qualitative obser
vations can be made. The AA' portion of the spectrum is partially 
resolved in the spectrum of uncomplexed 2 and appears to be the 
typical pattern observed when the methylene units are undergoing 
rapid interconversion between the syn- and anti-gauche rotamers.34 

In the presence of a cation this pattern collapses and broadens, 
suggesting that rotamer interconversion is slower. 

The overlap of the AA'BB' and ABX patterns is even more 
severe in the case of 4 (Figure 8). However, the peak(s) due to 

(36) Karplus, M. J. Chem. Phys. 1959, 30, 11. Karplus, M. J. Am. Chem. 
Soc. 1963, 85, 2870. 

(37) Parameter Adjustment in NMR by Iteration Calculation, Bruker's 
NMR simulation program for the ASPECT 2000. 

Recently, there has been an upsurge of interest in the highly 
reduced porphyrin systems,43 catalyzed by the discovery of the 

(1) Part 30: Abraham, R. J.; Medforth, C. J. Magn. Reson. Chem., in 
press. 
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the methylene protons a to the pyridine ring are clearly resolved. 
These protons form an AB spin system since they are magnetically 
inequivalent. Despite being inequivalent, they appear as a singlet 
in uncomplexed 4, meaning that the chemical shifts of Ha and 
Hb are nearly equal. This observation is consistent with rapid 
rotamer interconversion, which would average the chemical shifts. 
Complexed 4 exhibits an AB doublet pattern (Li+, / = 15.3 Hz, 
8v = 29.1 Hz; Na+, / = 13.0 Hz, bv = 35.6 Hz). As noted 
previously, complexation is known to slow rotamer interconversion, 
due to the cation-oxygen interaction. These results are also 
consistent with the observation of CD only for the complexes of 
4, particularly since the CD is most sensitive to the conformation 
of this portion of the crown. 

Conclusion 
It is clear that the sector rules provide a simple yet adequate 

framework for the interpretation of induced CD in the near-UV 
pyridine transitions. The structures these rules predict are rea
sonable and in accord with the NMR data. This last conclusion 
may seem unwarranted at first since the NMR spectra of com
plexes of 2 indicate that the methylene portion of the ring changes 
with complexation, while the CD of 2 is unaffected by the presence 
of cations. However, the sector rules predict that the sign and 
intensity of the CD for 2 in the coplanar conformation are de
termined by the positions of the methyl groups. Since these are 
located on the rigid portion of the macrocyclic ring, their positions, 
and thus the CD, are insensitive to complexation. In contrast, 
the chiral centers of both 3 and 4 are located on the more flexible 
methylene portion of the ring and consequently the CD is much 
more sensitive to conformational changes due to complexation than 
for 1 and 2. Thus, both the CD and NMR data are consistent 
with the increased rigidity of these crowns in the presence of a 
central cation. 
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Abstract: The dipole-dipole network model of the porphyrin macrocyclic ring current is used to investigate the ring currents 
in reduced (hydro)porphyrins derived from phylloerythrin methyl ester. Reduction of ring D to afford the corresponding chlorin 
results in a decrease of the inner loop and pyrrole subunit ring currents by about 10%. Further reduction of another pyrrole 
ring gives very different results depending upon the pyrrole ring reduced. In bacteriochlorophyll a, in which the opposite pyrrole 
subunits (B and D) are reduced, there is a further 10% reduction in the pyrrole ring current and a 20% reduction of the inner 
loop ring current. In the isobacteriochlorin system (rings A and D reduced) there is a much larger decrease in the inner loop 
ring current, to about 45% of the chlorin value. In the pyrrocorphin (hexahydroporphyrin) system (rings A, B, and D reduced) 
there is a further 10% decrease in the pyrrole ring current and the inner loop ring current is only 25% of the chlorin value. 
These results are discussed in terms of steric effects in the macrocycle. The ring current models thus obtained are used to 
investigate structural and conformational differences in the various isobacteriochlorin isomers. 


