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Figure 3. Fluorescence emission intensity of M compound 1 in 
acetonitrile as a function of added ZnCI,. 

and as seen in entries 4-9 the fluorescence of 9,10-dimethyl- 
anthracene is quenched by addition of TMEDA. At [DMA] = 
0.1 mM, 4000 equiv of added TMEDA result in quenching by 
a factor of 80; the intramolecular quenching at  the same con- 
centration of compound 1 with no added TMEDA is roughly 
30-times more efficientlo than even this. 

Consequently, we explain the observed CHEF in 9,IO-bis- 
(TMEDA)anthracene by noting that, when chelated to a metal 
ion, the amine lone pairs become involved in bonding and are 
unable to donate an electron to the excited state of the anthracene. 
This explanation, which has been suggested p r e v i ~ u s l y , ~ ~ ~ ~  is 
corroborated by the pH profile shown in entries 10-15 of Table 
I (shown graphically in Figure 2) obtained in aqueous solution. 
At pH 11.7, the amine groups are almost completely unprotonated 
and the fluorescence of compound 1 is very low; at pH 1.6, most 
of the amines are protonated, and the fluorescence increases by 
a factor of over 300. Entries 16-20 indicate that in acetonitrile, 
the fluorescence increase may be titrated by addition of metal ion 
(Figure 3)." Solubility limits prevent us from further raising 
the metal ion concentration and therefore determining an as- 
ymptotic "intrinsic fluorescence" for complex 2, which is partially 
dissociated even in acetonitrile saturated with ZnC1, (entry 20). 
The same titration done in aqueous solution fails; it is not surprising 
that the complexation of zinc ion with 1 in water is not complete 
a t  equimolar concentrations. Cryptands leading to polydentate 
chelation will provide much larger association constants. 

These results predict that nitrogen-containing ligands with 
known specificities for metal ions may be utilized as fluorescent 
probes via a simple, flexible connection to a fluorescent compound 
such as anthracene. Complexation need not change the confor- 
mation of the fluorophore, as required by an "inhibition of vi- 
brational decay" mechanism, but it must tie up amine lone pairs. 
Indeed, it may be possible to tie up amine lone pairs in other 
interesting ways, such as ion-pairing or strong hydrogen bonding; 
each interaction suggests potential analytical applications. 
Furthermore, the great distance through which electron transfer 
may occur suggests that amine and fluorophore groups need not 
be proximal to one another. We believe this approach to the design 
of fluorescent analytical probes has considerable potential and 

(10) Comparing the relative intensity of 9,1O-bis(TMEDA)anthracene 
(entry 3)  with that of 9,lO-dimethylanthracene plus 4000 equiv of TMEDA 
(entry 9). 

(1 1 )  The emission intensity of 1 plus 2 equiv of ZnCI, is less than that of 
preformed 2. We attribute this primarily to the fact that ZnCI, is hygroscopic; 
hydration will increase its apparent molecular weight and thereby decrease 
the actual concentration of added zinc. Binuclear complex 2 has been shown 
to be anhydrous by microanalysis (cf. ref 3); this is expected inasmuch as 
TMEDA complexation is known to provide a source of anhydrous zinc chloride 
(Isobe, M.; Kondo, S.; Nagasawa, N.; Goto, T. Chem. Lett. 1977, 679). While 
the CHEF of a different complex is reported to be diminished by the addition 
of water to the acetonitrile solution (cf. ref 7f), we observe a small (15%) 
increase upon addition of 1 X lo-* M water to the solution described in entry 
2. Table I .  
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are continuing our work on this topic. 
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Bacteriorhodopsin, the protein that functions as a photochemical 
proton pump coupled to ATP synthesis in the purple membrane 
of Halobacterium halobium, consists of retinal bound to a lysine 
residue via a Schiff base linkage.' Protonation-deprotonation 
of the retinal Schiff base nitrogen and cis-trans isomerization of 
its AI3 double bond are considered to be intimately involved in 
the proton pump photocycle.2 As a spectroscopic model for 
bacteriorhodopsin, Schiff base derivatives of all-trans-retinal (la) 
and 13-cis-retinal (2a) have been studied extensively, especially 
in terms of their electronic and vibrational ahsorption charac- 
teristic~.~ Synthetic investigations in this laboratory have allowed 
access to a variety of side chain a n a l o g ~ e s ~ ~ - ~  of retinal, and we 
have accordingly initiated a systematic investigation of the 
chemical and spectroscopic properties of the corresponding Schiff 
bases, in both their protonated and deprotonated forms. It is the 
purpose of this communication to report the extraordinarily facile 
six-electron electro~yclization~ of Schiff bases of 13-cis-retinal 

(1)  (a) Stoeckenius, W. Acc. Chem. Res. 1980, 13, 337. (b) Stoeckenius, 
W.; Bogomolni, R. A. Annu. Reo. Biochem. 1982, 52, 587. 

(2) (a) Harbison, G. S.; Smith, S. 0.; Pardoen, J. A.; Winkel, C.; Lug- 
tenburg, J.; Herzfeld, J.; Mathies, R.; Griffin, R. G. Proc. Natf .  Acad. Sci. 
U.S.A. 1984, 81, 1706. (b) Smith, S. 0.; Myers, A. B.; Pardoen, J. A,; 
Winkel, C.;  Mulder, P. P. J.; Lugtenburg, J.; Mathies, R. Proc. Natf .  Acad. 
Sci. U.S.A. 1984,81, 2055. (c) Gerwert, K.; Siebert, F. The EMBO J .  1986, 
5, 805. (d) Tavan, P.; Schulten, K. Biophys. J .  1986, 50, 81. (e) Eisenstein, 
L.; Lin, S.-L.; Dollinger, G.; Odashima, K.; Termini, J.; Konno, K.; Ding, 
W.-D.; Nakanishi, K. J .  Am. Chem. SOC. 1987, 109,6860. ( f )  Smith, S. 0.; 
Hornung, I.; van der Steen, R.; Pardoen, J. A,; Braiman, M .  S.; Lugtenburg, 
J.; Mathies, R. A. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 967. 

(3) In addition to ref 2b-f, see: (a) Schaffer, A. M.; Waddell, W. H.; 
Becker, R. S. J .  Am. Chem. SOC. 1974, 96, 2063. (b) Cookingham, R. E.; 
Lewis, A,; Lemley, A. T. Biochemistry 1978, 17, 4699. (c) Marcus, M. A,; 
Lewis, A. Biochemistry 1978, 17, 4722. (d) Rothschild, K. J.; Roepe, P.; 
Lugtenburg, J.; Pardoen, J. A. Biochemistry 1984, 23, 6103. (e) Wingen, U.; 
Simon, L.; Klein, M.; Buss, V. Angew. Chem., In?. Ed. Engl. 1985, 24, 761. 
( f )  L6pez-Garriga, J. J.; Babcock, G. T.; Harrison, J. F. J .  Am. Chem. SOC. 
1986,108,7131. (g) Freedman, K. A,; Becker, R. S. J .  Am. Chem. SOC. 1986, 
108, 1245. (h) Seltzer, S.; Zuckermann, R. J .  Am. Chem. SOC. 1985, 107, 
5523. (i) Seltzer, S. J .  Am. Chem. SOC. 1987, 109, 1627. u) Baasov, T.; 
Friedman, N.; Sheves, M. Biochemistry 1987, 26, 3210. In addition to ref 
2a, for recent NMR studies see: (k) Sheves, M.; Baasov, T. J .  Am. Chem. 
Soc. 1984, 106, 6840. (I) Birge, R. R.; Murray, L. P.; Zidovetzki, R.; Knapp, 
H.  M. J .  Am. Chem. SOC. 1987,109,2090. (m) Childs, R. F.; Shaw, G. S.; 
Wasylishen, R. E. J .  Am. Chem. SOC. 1987, 109, 5362. 

(4) (a) de Lera, A. R.; Okamura, W. H.  Tetrahedron Lett. 1987, 28, 2921. 
(b) Chandraratna, R. A. S.; Bayerque, A. L.; Okamura, W. H.  J .  Am. Chem. 
SOC. 1983, 105, 3588.  (c) Chandraratna, R. A. S.; Okamura, W. H. Tetra- 
hedron Lett. 1984, 25, 1003. (d) Ernst, L.; Hopf, H.; Krause, N.  J .  Org. 
Chem. 1987, 52, 398. 

(5)  (a) Marvell, E. N. Thermal EIectrocycIic Reactions; Academic: New 
York, 1980. (b) Marvell, E. N.; Caple, G.; Schatz, B.; Pippin, W. Tetrahe- 
dron 1973,29, 3781. (c) Marvell, E. N.; Seubert, J. J .  Am. Chem. Soc. 1967, 
89, 3377. (d) Huisgen, R.; Dahmen, A,; Huber, H.  J .  Am. Chem. SOC. 1967, 
89. 7 130. 
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analogues to 1,2-dihydropyridines (3, DHP) and to report that 
this process is also characteristic to a significant degree of the 
parent system as well. 

Using a standard procedure for the preparation of retinal Schiff 
bases, 13-tert-butyl-13-cis-retinal (2b)4a3d reacted with n-butyl- 
amine (anhydrous ethanol, 4A molecular sieves, 1 h at 0 "C, 1 
h at  room tempera t~re)~~*~~-" '*~  to afford not the expected Schiff 
base 2e but rather the six-electron electrocyclized DHP 3e ( 'H 
NMR,  300 MHz; in C6D6 or CDC13).7 This cyclized material 
could be recovered essentially unchanged ('H NMR) upon heating 
a sample in C6D6 at  78 OC for 14 h. 

Although the cyclization of cis-dienone oximes to pyridines has 
been suggested8 to occur through the intermediacy of dihydro- 
pyridines, only N-acyl- 1,2-dihydropyridines have been isolated 
by electrocyclic ring closure of N-acyl-a~atrienes,~ but only by 
flash vacuum pyrolysis (650 "C) of triene precursors. The mild 
conditions (2 h, l room temperature) needed to effect the cy- 
clization of 2e to the DHP 3e are accounted for on the basis that 
it exists primarily in its 12-s-~is-conformation~~*'~ 2"e and it need 
undergo only 14-s-trans to 14-s-cis conformational isomerism (2"e 
to 2""e) before electrocyclization. That the formation of cyclized 
material 3 indeed proceeds through electrocyclization of Schiff 
base 2 is supported by the observation that n-butylamine treatment 
of 13-cis-1 2-s-cis-locked retinal 2c4bfJ0 affords initially a - 1 :1 

(6) (a) Ghirlando, R.; Berman, E.; Baasov, T.; Sheves, M. Magn. Reson. 
Chem. 1987,25,21. (b) Lukton, R.; Rando, R. R. J .  Am. Chem. SOC. 1984, 
106,4525. (c) Pattaroni, C.; Lautenvein, J. Hela  Chim. Acta 1981,64, 1969. 
(d) Cossette, D.; Vocelle, D. Can. J .  Chem. 1987, 65, 661, 1576. (e) Sharma, 
G. M.; Roels, 0. A. J .  Org. Chem. 1973, 38, 3648. 

(7) Most of the experiments were carried out in CDC13 and CDzClz as well 
as in benzene-d, (C6D6). but sample deterioration was minimized especially 
on heating or prolonged standing in the latter solvent. For 'H NMR data, 
see the supplementary material. Selected UV [A,,, ( r ) ]  spectra were as 
follows: 3e (CD2C12), 238 ( I O I O O ) ,  274 ( 1 1  200) nm; 3f (MeOH), 234 
(1 6 600), 274 ( 1  3 900) nm. 

(8) (a) Schiess, P.; Chia, H. L.; Ringele, P. Tetrahedron Lett. 1972, 313.  
(b) See also: Baran, J.; Mayr, H. J .  Am. Chem. SOC. 1987, 109, 6519. For 
an analogous transformation leading to dihydropyrans, see ref 5 and, for 
example: (c) Kluge, A. F.; Lillya, C. P. J .  Am. Chem. SOC. 1971, 93, 4458; 
J .  Org. Chem. 1971, 36, 1988. 

(9) (a) Cheng, Y.-S . ;  Lupo, A. T., Jr.; Fowler, F. W. J .  Am.  Chem. SOC. 
1983, 105, 7696. (b) Wyle, M. J.; Fowler, F. W. J .  Org. Chem. 1984, 49, 
4025. 

mixture of Schiff base 2f and DHP 3f. Allowing this mixture 
to stand in C6D6 (7112 - 70 min, -23 "C) leads to complete 
conversion to DHP 3f ( 'H NMR).7 

We have previously shown that the corresponding 1 1,13-dicis 
aldehydes 4b and 4c isomerize to 13-cis aldehydes 2b and 2 ~ , ~ ~ ~  
presumably through the intermediacy of a-dihydropyrans 3b and 
3c. Freshly purified 13-tert-butyl-l l ,13-dicis-retinal 4b4a (ac- 
companied by 8% of the 1 3 4 s  isomer 2b4"3d), when treated with 
n-butylamine as above, afforded Schiff base 4e accompanied by 
18% of DHP 3e (IH NMR), which can be considered to be 
produced from electrocyclization of 4e as well as from the con- 
taminant of 2b (8%) already present in 4b. That in fact cyclization 
from 4e to 3e also occurs (although at  a slower rate than the 
conversion of 2e to 3e) was demonstrated by heating the mixture 
of 4e and 3e in C6D6 (78 O C ,  71 - 4 min) leading to pure DHP 
3e. The 12-s-cis-locked- 1 1,13-dicis-aldehyde 4c was also exposed 
to n-butylamine to afford the 11,13-dicis Schiff base 4f, which 
required temperatures higher ( T , , ~  - 12 min, 78 "C) than did 
1 3 4 s  Schiff base 2f to cyclize to the same DHP 3f.7 The 
sluggishness with which 11,13-dicis Schiff bases (conformations 
not depicted) electrocyclize to DHP's compared with that of the 
13-cis isomers is in accord with the view that the greater steric 
congestion in the former imparted by the presence of a 1 1-cis 
double bond impedes electrocyclization. Introduction of bulky 
substituents a t  the termini of polyenes undergoing electro- 
cyclization generally attenuates the rate of ring closure.5w Also 
in accord with this view is the finding that whereas reaction of 
aldehyde 2b with n-butylamine affords only DHP 3e, its exposure 
to tert-butylamine affords the corresponding Schiff base 2h along 
with -24% of DHP 3h. It was also determined that heating this 
mixture of 2h and 3h for 30 min (C6D6, 78 " c )  or heating 4h 
(obtained from 4b plus tert-butylamine) for 95 min under the same 
conditions afforded the same 2h/3b/4b equilibrium mixture (- 
5:3:2), which remained virtually unchanged after 13.5 h at 78 O C .  

The corresponding 12-s-cis-locked-l3-cis-tert-butylamine Schiff 

( I O )  It has been suggested that the chromophore in bRLA exists in the 
12-s-cis conformation. Besides ref 3g, see also: (a) Muradin-Szweykowska, 
M.; Broek, A. D.; Lugtenburg, J.; van der Bend, R. L.; van Dijck, P. W. M. 
R e d .  Trau. Chim. Pays-Bas 1983, 102,42. (b) Muradin-Szweykowska, M.; 
Peters, A. J. M.; Lugtenburg, J. R e d .  Trac. Chim. Pays-Bas 1984, 103, 105. 
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base 2i, however, could be formed cleanly without contamination 
by cyclic material (cf. the preparation of 2 0 .  

Finally, in the parent system 13-cis-Zd, presumably possessing 
a predominant 12-s-trans conformation 2'd,3J-136 the electro- 
cyclization process is also operating, albeit to a smaller extent. 
The product obtained upon treatment of 13-cis-retinal (2a) with 
n-butylamine contains, besides 8% of all-trans-retinal Schiff base 
Id, 7% of the corresponding DHP 3d.731' Upon heating this 
mixture a t  78 OC in C6D6 for 30 min, the composition of the 
mixture changed to a 2:5:3 ratio of 13-cis-2d, all-trans-ld, and 
DHP-3d. Further heating led to deterioration. No DHP was 
observed with tert-butylamine, only AI3 isomerization of the Schiff 
base 2g (initially accompanied by 7% lg )  being observed (a 
mixture containing 13-cis-2g and all-trans-lg in a ratio of 3:l was 
obtained after heating in C6D, at 7 8  "C for 30 min). 

Thus, in view of the extensive use of Schiff base models in 
studies of bacteriorhodopsin and related pigments, it is evident 
then that some caution must be exercised in interpreting electronic 
and vibrational data of 13-cis-retinal Schiff base systems because 
of possible DHP contamination. The significance if any of the 
formation of 1,2-dihydropyridines (DHP) or the occurrence of 
other pericyclic processes to the photocycle of bacteriorhodopsin 
or other retinal containing pigments'* is an intriguing question. 
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( 1  1) In numerous attempts to react the parent 13-cis-retinal (2s) with the 
lysine surrogate n-butylamine, we have invariably detected DHP 3d formation. 

(12) Findlay, J. B. C.; Pappin, D. J. C. Biochem. J .  1986, 238, 625. 
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In the fall of 1985 initial evidence was presented for the for- 
mation of a new class of organometallic ions consisting of a single 
metal atom surrounded by a spheroidal cage network of pure 
carbon.' The new species were made by laser vaporization of 
a LaCI, impregnated graphite disc in a pulsed nozzle followed 
by intense laser ionization of the neutral clusters in a supersonic 
beam. The most prominent of these species was C6'La+. Its 
exceptionally high photophysical stability led to the suggestion 
that the La atom had been trapped inside the closed shell of the 
(putatively) icosahedral carbon cage,l c60.  

To test this rather cont ro~ers ia l~-~  hypothesis, we have per- 
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( I )  Heath, J. R.;b'Brien, S .  C.; Zhani, Q.; Liu, Y . ;  Curl, R. F.; Kroto, 
H.  W.; Tittel, F. K.; Smalley, R. E. J .  Am. Chem. SOC. 1985, 107, 1779. 

(2) Kroto, H.  W.; Heath, J. R.; OBrien, S. C.; Curl, R. F.; Smalley, R. 
E. Nature (London) 1985, 318, 162. 

(3) Cox, D. M.; Trevor, D. J.; Reichmann, K. C.; Kaldor, A. J .  Am. Chem. 
SOC. 1986, 108, 2457. 
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Figure 1. High-order photofragmentation pattern of C6,,K+ (top) and 
C6&s+ (bottom) detected by FT-ICR mass spectrometry. Note the 
C,K+ fragment series breaks off at  44, while the C,Cs+ series terminates 
at  48. The bare C,+ clusters seen in the top panel are fragments from 
C64+ injected into the ICR trap along with ChOK+ providing an internal 
calibration, while in the bottom panel these C,+ fragments result from 
C72+ parent ions. Conditions (top panel): 200 shots at  I O  Hz of ArF  
excimer laser radiation (193 nm) at 6 mJ  shot-': (bottom panel): 
1600 shots ArF  at  3 mJ shot-]. During laser excitation the pressure 
in the ICR trap was less than 1 X Torr. A few noise spikes have 
been removed to simplify the figure. 

formed extensive photophysical and chemical measurements in 
the magnetic trap of an FT-ICR mass spectrometer. Initial results 
are presented here with more extensive experiments and discussion 
to follow.6 The details of this cluster beam/FT-ICR apparatus 
have been presented previously7 as well as several of its early 
applications to metaI8s9 and semiconductor'' cluster surface 
chemistry. Carbon-metal cluster ions were prepared in the su- 
personic beam by laser-vaporization of a graphite disk impregnated 
with a salt of the desired metal (La, K, Cs). After injection into 
the ICR trap and subsequent thermalization with neon gas,l0 the 
only clusters observed in the 300-1500 amu mass range were the 
even-numbered bare carbon clusters, C,+, and the same clusters 
with a single metal atom attached, C,M+. Ample evidence has 
been found for the presence of other, more weakly bound met- 
al-carbon clusters in these beams,',6 including some containing 
more than one metal atom (e.g., C,K2+).455 However, these weakly 

(5) Cox, D. M.;  Reichmann, K. C.; Kaldor, A. J .  Chem. Phys. 1988, 88, 

(6) O'Brien, S. C.; Weiss, F. D.; Alford, M. A,; Elkind, J .  L.; Curl, R. F.; 

(7) Alford, J. M.; Williams, P. E.; Trevor, D. J.; Smalley, R. E. Inr. J .  

(8) Alford, J. M.; Weiss, F. D.; Laaksonnen, R. T.; Smalley, R. E. J .  Phys. 

(9) Elkind, J. L.; Weiss, F. D.; Alford, J .  M.; Laaksonnen, R. T.; Smalley. 

( I O )  Elkind, J. L.; Alford, J. M.; Laaksonnen, R. T.; Weiss, F. D,; Smalley, 

1588. 

Smalley, R. E. J .  Am.  Chem. Soc., to be submitted. 

Mass Specrrom. Ion Processes 1986, 72, 3 3 .  

Chem. 1986, 90, 4480. 

R. E. J .  Chem. Phys. 1988, 88, 5215. 

R. E. J .  Chem. Phys. 1987, 87, 2397. 
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