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STreptovoricin C 

Atropisostreptovaricin C 

— Atropisostreptovaricin C triacetate 
,0-bromobenzeneboronate 

Figure 2. Circular dichroism curves for streptovaricin C (1), its atropi-
somer (2), streptovaricin C triacetate p-bromobenzeneboronate (11), 
and its atropisomer (12). 

tion was carried out on the negative-rotating ("late," un
natural) isomer and the actual relative configuration of the 
natural streptovaricins must be that shown in Figure 1 (1, 
4 ,7 ,9 ,11 ) . 

To assign the absolute configuration of 12, the two possi
ble enantiomorphs (i.e., 12 and its mirror image) were re
fined including the anomalous scattering contributions for 
the bromine and chlorine atoms. The enantiomorph 12 con
verged with a value of / ? 2 of 0.101, whereas the opposite 
enantiomorph converged with R 2 of 0.104, arguing that the 
absolute configuration is as shown for 12; thus, that for the 
natural streptovaricin is that shown, e.g., for 1 (6R, IR, 
8/?, 9R, \0S, 115, 127?, 135, 14/?, helicity P ) , " which 
agrees12 with the helicity and absolute configurations at C-
8 through C-14 of rifamycin B13 '14 and tolypomycin Y.15 

To our knowledge these represent the first examples of 
the conversion of a naturally occurring compound to its 
atropisomer. 
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On the Mechanism of Firefly Luciferin Luminescence1 

Sir: 

The bioluminescence and the chemiluminescence of fire
fly luciferin (Ia)2 are closely related processes in that both 
require oxygen,3'4 both produce carbon dioxide5-6 and lac
tam HIa,3,7 and both yield yellow-green or red light de
pending on the conditions.3,8 On the basis of these facts, the 
identification of lactam III as the light emitter,3-7 and anal
ogy to other chemiluminescent reactions, the mechanism of 
eq 1 was proposed for both the chemi- and bioluminescence 
of firefly luciferin3-9"11 (where X = any good leaving 
group). Since that time, 1,2-dioxetanes have been isolat
ed,12 and their chemistry has been elucidated;13 they are, in 
fact, excellent sources of chemically produced excited 
states.14 
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UIa. R = H 

c. R = CH, (1) 

Oxygen-18 studies of both the bio- and chemilumines
cence of firefly luciferin (via the adenylate Ib) have been 
reported recently purporting to show that the carbon diox
ide formed in the reactions was not labeled in biolumines
cence (enzyme + 1 8O2 in H2O) and labeled to less than 10% 
in chemiluminescence (re/-?-butoxide + 1 8O2 in DMSO).1 5 

In both reactions, it was further claimed that one oxygen 
atom of the carbon dioxide was derived from water.15 The 
mechanism of eq 2 was proposed to account for these re
sults. , 5 In a related study, bioluminescence in the sea pansy 
led to <0.1 atom 18O incorporation in the carbon dioxide 
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Ilia + hv + O = C = O 1 
(2) 

formed, and a similar mechanism was proposed.16 These re
sults have been cited as evidence that the dioxetanone 
mechanism (eq 1) is incorrect.713'131J'17 

We now report the results of an 18O study of the chemilu-
minescence of a firefly luciferin analog that supports the 
original mechanism (eq 1). Dimethylluciferin (Ic) was cho
sen because the methyl groups block enolization in the 
product (III) and allow isolation of IHc in analytically pure 
form.18 Since the luciferyl adenylates have never been ob
tained analytically pure, we chose as starting material the 
ethoxyvinyl ester (Id),19 which was prepared in a pure form 
from dimethylluciferin (Ic) and ethoxyacetylene.20,21 

Treatment of this "active" luciferin (5-20 mg) with potassi
um phenoxide and oxygen in DMSO produced carbon diox
ide bound in the form of potassium phenyl carbonate, lac
tam IIIc (30%), recovered dimethylluciferin (12%), a rear
rangement product (IV, 44%), and one minor product. 
Acidification of the carbonate under vacuum liberated the 
carbon dioxide (42%). Correcting the yields for the recov
ered luciferin and compound IV showed that the oxidation 
path produced lactam IIIc(68%) and carbon dioxide 
(95%).22 

IV 

When oxygen enriched in 18O (92 atom %) was used for 
the reaction carried out in dried flasks equipped with rub
ber septa, 22% of the carbon dioxide formed contained an 
atom of 18O (correcting the 18O to 100%) and 60% of the 
lactam (IIIc) contained an atom of 18O. Because of the use 
of both a base and an acid in the handling of the carbon 
dioxide, exchange of the oxygens with the oxygen atoms of 
adventitious water will occur. We have measured the extent 
of this "washing out" of the 18O label in our system and 
found it to be 62% per cycle of dissolving carbon dioxide in 
potassium tert- butoxide-DMSO followed by acidification 
with 100% phosphoric acid. Since a single cycle is the mini
mum for reactions run under basic conditions, our raw 
value of 22%, on correction for the 62% loss per cycle, gives 
a value of 58% of 18O labeling in the carbon dioxide formed 
in the chemiluminescence. When all operations were per
formed in a closed system using vacuum-line techniques, 
the directly measured 18O incorporation in the carbon diox
ide rose to 66% and the 18O incorporation in lactam IIIc 
rose to 94%. The low 18O incorporation reported by DeLu-
ca, et al.,'5'' 6 is, in our opinion, a result of experimental 
difficulties in handling very small quantities of carbon diox
ide.23 '24 

The maximum chemiluminescence efficiency $ci we have 
measured for the reaction of eq Id is 9%; corrected for the 
12% of luciferin Ic recovered and the 44% yield of IV, this 

value becomes 20%. This value is effectively constant over 
the concentration range 2.7 X 1 0 - 6 to 6.9 X 10 - 5 M, prov
ing that energy transfer is not involved and that the excited 
lactam is produced directly. The fluorescence efficiency 
($n) of lactam IIIc is 60%. Substituting the above values 
into the general equation c6ci = 4>r<Pes<l>n gives tth<t>es = 0.33. 
That 'is, 33% of the luciferin ester molecules that undergo 
oxidation produce excited states of III; since the yield of 
carbon dioxide is 95%, these results mean that carbon diox
ide is a product of the pathway leading to excited states. 
Our 18O data are consistent with this pathway involving 
dioxetanones (compound II). 

An oxygen-18 tracer study of Cypridina bioluminescence 
(in which carbon dioxide is a product) has yielded labeling 
data consistent with the dioxetanone pathway.25 In view of 
the close structural relationships between Cypridina, Renil-
Ia (sea pansy),26 Aequorin,27 and other coelenterate lucifer-
ins,28 it seems certain that subsequent 18O studies will show 
that all of these reactions proceed via the thermal cleavage 
of dioxetanones (as in eq 1) and that the dioxetane mecha
nism will be found to be a general one for both biolumines
cence and chemiluminescence.29 

Acknowledgment. We thank Dr. Peter D. Wildes for the 
fluorescence quantum yield and other measurements, Pro
fessor F. H. Johnson for a preprint of ref 27, and the U.S. 
Public Health Service for its financial support (Grant 
GM19488). 

References and Notes 

(1) Presented at the 168th National Meeting of the American Chemical So
ciety, Atlantic City, N.J., Sept. 12, 1974. 

(2) E. H. White, F. McCapra, and G. F. Field, J. Amer. Chem. Soc, 85, 337 
(1963); E. H. White, F. McCapra, G. F. Field, and W. D. McElroy, ibid., 
83, 2402 (1961). For the X-ray structure of luciferin, see G. E. Blank, J. 
Pletcher, and M. Sax, Biochem. Biophys. Res. Commun., 42, 583 
(1971); D. Dennis and R. H. Stanford, Jr., Acta Crystallogr., Sect. B, 29, 
1053(1973). 

(3) E. H. White, E. Rapaport, H. H. Seliger, and T. Hopkins, Bioorg. Chem., 
1,92(1971). 

(4) W. D. McElroy and H. H. Seliger, Advan. Enzymol., 25, 119 (1963). 
(5) Martha Umbreit, The Johns Hopkins University. 
(6) P. J. Plant, E. H. White, and W. D. McElroy, Biochem. Biophys. Res. 

Commun., 31, 98 (1968). 
(7) (a) N. Suzuki, M. Sato, K. Okada, and T. Goto, Tetrahedron, 28, 4065 

(1972); (b) N. Suzuki and T. Goto, ibid., 28, 4075 (1972). 
(8) H. H. Seliger and W. D. McElroy, Proc. Nat. Acad. ScL U. S., 52, 75 

(1964). 
(9) T. A. Hopkins, H. H. Seliger, E. H. White, and M. W. Cass, J. Amer. 

Chem. Soc, 89, 7148 (1967). 
(10) E. H. White, T. A. Hopkins, H. H. Seliger, and E. Rapaport, J. Amer. 

Chem. Soc, 91, 2178(1969). 
(11) F. McCapra, Y. C. Chang, and V. P. Francois, Chem. Commun., 22 

(1968). 
(12) K. R. Kopecky and C. Mumford, 51st Annual Conference of the Chemi

cal Institute of Canada, Vancouver, B.C., June 1968, p 41; Can. J. 
Chem., 47, 709 (1969); K. R. Kopecky, J. H. van de Sande, and C. 
Mumford, ibid., 46, 25 (1968). 

(13) (a) E. H. White, J. Wiecko, and D. F. Roswell, J. Amer. Chem. Soc, 91, 
5194 (1969); (b) E. H. White and C. C. Wei, Biochem. Biophys. Res. 
Commun., 39, 1219 (1970); (c) S. Mazur and C. S. Foote, J. Amer. 
Chem. Soc, 92, 3225 (1970); (d) P. D. Bartlett and A. P. Schaap, ibid., 
92, 3223 (1970); (e) P. D. Wildes and E. H. White, ibid., 93, 6286 
(1971); (f) A. P. Schaap, Tetrahedron Lett., 1757 (1971); (g) W. H. Rich
ardson, F. C. Montgomery, and M. B. Yelvington, J. Amer. Chem. Soc, 
94, 9277 (1972); (h) J. H. Wieringa, J. Strating, H. Wynberg, and W. 
Adam, Tetrahedron Lett., 169 (1972); (i) W. Adam and J.-C. Liu, J. 
Amer. Chem. Soc, 94, 2894 (1972); (j) W. Adam and H.-C. Steinmet-
zer, Angew. Chem., Int. Ed. Engl., 11, 540 (1972); (k) E. H. White, P. D. 
Wildes, J. Wiecko, H. Doshan, and C. C. Wei, J. Amer. Chem. Soc, 95, 
7050 (1973); (I) T. Wilson, M. E. Lendis, A. L. Baumstark, and P. D. Bart
lett, J. Amer. Chem. Soc, 95, 4765 (1973); (m) N. J. Turro, P. Lecht-
ken, N. E. Schore, G. Schuster, H.-C. Steinmetzer, and A. Yekta, Ac
counts Chem. Res., 7, 97 (1974); (n) E. H. White, J. D. Miano, C. J. 
Watkins, and E. J. Breaux, Angew. Chem., Int. Ed. Engl., 13, 229 
(1974). 

(14) T. Wilson and A. P. Schaap, J. Amer. Chem. Soc, 93, 4126 (1971); E. 
H. White, J. Wiecko, and C. C. Wei, ibid., 92, 2167 (1970); N. J. Turro 
and P. Lechtken, ibid., 94, 2886 (1972). 

(15) M. DeLuca and M. E. Dempsey, Biochem. Biophys. Res. Commun., 40, 
117 (1970); M. DeLuca and M. E. Dempsey in "Chemiluminescence and 
Bioluminescence," M. J. Cormier; D. M. Hercules, and J. Lee, Ed., Ple
num Press, New York, N. Y., 1973, p 345. 

Communications to the Editor 



200 

(16) M. DeLuca, M. E. Dempsey, K. Hori, J. E. Wampler, and M. J. Cormier, 
Proc. Nat. Acad. Sci. U. S., 68, 1658 (1971). 

(17) N. Suzuki and T. Goto, Tetrahedron Lett., 2021 (1971); K. H. Nealson 
and J. W. Hastings, J. Biol. Chem., 247, 888 (1972); F. McCapra, En
deavour, 32, 139 (1973); T. Goto, J. Syn. Org. J., 29, 654 (1971); E. 
Schram, Arch. J. Phys., 81, 561 (1973). 

(18) Compound Ilia is reported to be unstable.73 

(19) Calcd for C17H18N2S2O4: C, 53.97; H, 4.76; N, 7.41; S, 16.93. Found: C, 
53.76; H, 4.61; N, 7.31; S, 16.85. 

(20) H. H. Wasserman and P. S. Wharton, J. Amer. Chem. Soc, 82, 661 
(1960). 

(21) In recent attempts we have been unable to prepare the pure phenyl 
ester of 5,5-dimethylluciferin by the method described earlier.3 

(22) Numbers reported are mean values of several experiments; errors are 
estimated to be about 10% or less. 

(23) Insufficient data were presented to prove that on the scale of operations 
chosen (0.7 ii\ of CO2 produced in 6.5 ml of glycylglycine buffer at pH 
7.8;15 0.9 fit of CO2 in 3.7 ml of phosphate buffer at pH 7.2)16 that (1) 
the carbon dioxide could be recovered in reasonable amounts from the 
aqueous phase, in competition with exchange, and (2) the carbon diox
ide produced from the luciferin was not swamped by atmospheric car
bon dioxide. Also, control runs in which bubbles of carbon dioxide are 
passed through solutions (either aqueous or DMSO + tert- butoxide) are 
not close to the processes occurring in bio- or chemiluminescence in 
which carbon dioxide is produced in true solution—molecule by mole
cule. See also ref 3 and "Chemiluminescence and Bioluminescence," 
M. J. Cormier, D. M. Hercules, and J. Lee, Ed., Plenum Press, New York, 
N.Y., 1973, pp 358-359. 

(24) On the basis of model studies with Cypridina luciferase, O. Shimomura 
and F. H. Johnson (Biochem. Biophys. Res. Commun., 51, 558 (1973)) 
have pointed out that the conditions used by De Luca, et at,15,16 do not 
permit a reliable conclusion concerning the tracer results (with the as
sumption that the various enzymes have similar catalytic exchange 
properties). 

(25) O. Shimomura and F. H. Johnson, Biochem. Biophys. Res. Commun.. 
44,340(1971). 

(26) K. Hori and M. J. Cormier, Proc. Nat. Acad. Sci., U. S., 70, 120 (1973). 
(27) O. Shimomura, F. H. Johnson, and H. Morise, in press. 
(28) F. McCapra and M. J. Manning, J. Chem. Soc, Chem. Commun., 467 

(1973); M. J. Cormier, etal., J. Cell Phys., 81, 291 (1973). 
(29) K. D. Gundermann, "Chemilumineszenz Organisher Verbindungen," 

Springer-Verlag, West Berlin 1968; E. H. White and D. F. Roswell, Ac
counts Chem. Res., 3, 54 (1970); F. McCapra, Pure Appl. Chem., 24, 
611 (1970); M. M. Rauhut, Accounts Chem. Res., 2, 80 (1969). 

Emil H. White,* Jeffrey D. Miano, Martha Umbreit 

Department of Chemistry, The Johns Hopkins University 

Baltimore, Maryland 21218 

Received July 5, 1974 

0.0 -0.4 -0.8 -12 -1,6 - 1 0 

E.volts vs. Ag 

5^A 

0.0 "0.4 -0.8 -1.2 
E. volts vs. Ag 

-2JJ -IA 

500 600 700 500 600 700 
Wavelength, nm Wavelength, nm 

Figure 1. (a) Cyclic voltammogram of 1 intf Eu(DBM)3 • pip and 0.1 
M TBAP acetonitrile. at a platinum disk electrode with a scan rate of 
200 mV/sec. Dotted line is reduction of free ligand, DBMH; (b) cyclic 
voltammogram of TPTA-benzophenone with Eu(DBM)3 • pip in ace
tonitrile. Scan rate was 200 mV/sec at the platinum disk electrode. So
lution contained 1.2 mM TPTA, 1.1 mM benzophenone, 1.6 mM 
Eu(DBM);) • pip, and 0.1 M TBAP; (c) eel spectrum obtained from so
lution in (b) with pulse duration, 1 sec; (d) fluorescence spectrum of 
Eu(DBM)3 • pip in acetonitrile, with excitation at 421 nm. 

Electrogenerated Chemiluminescence. XXI. Energy 
Transfer from an Exciplex to a Rare Earth Chelate 

Sir: 

Intermolecular energy transfer from the lowest triplet (n, 
7T*) state of a carbonyl compound (e.g., benzophenone) to 
the ligand of a rare earth chelate, which in turn intramolec-
ularly transfers its energy to the central metal ion with sub
sequent narrow band emission from the metal ion, has been 
reported by several investigators.1"5 For example, El-Sayed 
and Bhaumik2'3 showed this "inter-intra" molecular energy-
transfer from photoexcited benzophenone to a Eu(III) che
late, while Wildes and White4 described sensitized chemilu
minescence of lanthanide chelates by energy transfer from 
the excited species generated by dissociation of dioxetane. 
We report here the observation of intermolecular energy 
transfer from an excited charge-transfer complex (an exci
plex or heteroexcimer) directly to a europium chelate. The 
exciplex was produced by the electron transfer reaction of 
electrogenerated radical ions6 under conditions where the 
triplet states cannot be formed and to our knowledge is the 
first reported example of intermolecular exciplex-sensitized 
luminescence. 

In electrogenerated chemiluminescence (eel) and radical 
ion chemiluminescence (cl) reactions, excited states are 
formed by an energetic electron transfer reaction; frequent
ly these are excited states of the acceptor (A) or donor (D) 
species themselves 

In many cases, however, longer wavelength (red-shifted 
from the excited singlet A or D peaks by about 6000 cm - 1 ) , 
structureless, emission is also observed and this has been 
identified as originating from an exciplex directly formed in 
the radical ion reaction.6^10 

- D ' 

1CAT)*) 

'(A-D*)* 

+ D hv 

(2) 

(3) 

D or A + D" (1) 

In some cases, where the energy of the radical ion reaction 
is less than that necessary to form excited singlet or triplet 
states of A and D, e.g., for the case of the reaction of tri-/> 
tolylamine (TPTA) radical cation and either benzophenone 
(BP) or dibenzoylmethane (DBMH) radical anion, only ex
ciplex emission is observed. If the europium chelate 
Eu(DBM)3 • piperidine or Eu(DNM) 3 • piperidine (where 
DBM is dibenzoylmethide and DNM is dinaphthoylmeth-
ide) is added to the TPTA-BP or TPTA-DBMH eel sys
tems, emission characteristic of Eu(III) is observed, and we 
describe experiments below which demonstrate that this 
emission is a result of energy transfer from the exciplex. 

Experimental techniques in the eel studies followed previ
ous practice;6'9'10 details on chelate preparation, solvent pu
rification, and apparatus are available." Spectroscopic and 
electrochemical data for the Eu chelates as well as TPTA, 
BP, and DBMH are given in Table I. Consider an eel exper
iment with a solution containing 1.2 mM TPTA, 1.1 mM 
BP, 1.6 mM Eu(DBM)3 • piperidine and 0.1 M tetra-w-
butylammonium perchlorate (TBAP) in acetonitrile at a Pt 
electrode (Figure 1). A cyclic voltammogram of the chelate 
(Figure la) is characterized by a reversible one-electron re
duction wave at —1.94 V; the small waves at —1.43 and 
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