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Dimethyl 3-ethylglutarate (1b): 200 mg, 1.06 mmol; 0.1 M
KH,PO, buffer (20 mL); PLE (160 U); 20 °C; pH 7 for 6 h gave
acid ester 2b: 124 mg, 67% yield; bp 6065 °C/0.01 mmHg; IR
» 1710, 1739, and 23003600 cm™; 'H NMR 5 0.9 (3H, app t, J
=6 Hz), 1.43 (2 H, br d of q, J = 6 Hz), 2.2-2.55 (5 H, m), 3.68
(3 H, s), and 10.4 (1 H, br s). Reduction of 2b (120 mg, 0.69 mmol)
with BHyMe,S (0.38 mL of 2 M THF solution, 1.1 equiv) followed
by lactonization gave (+)-(4R)-4-ethyltetrahydropyran-2-one (3b):
58 mg, 66% yield, 50% ee; bp 55-58 °C/0.05 mmHg (lit.% bp (&)
84 °C/1.5 mmHg); [a]p®® +12.7° (c 3.1) (lit.*® [a]p?® +12.9° (c 1)
for (4R )-3b of 53% ee).

Dimethyl 3-n-propylglutarate (1c): 200 mg, 0.99 mmol;
suspension in 0.1 M KH,PO, buffer (20 mL); PLE (160 units);
20 °C; pH 7 for 9 h yielded acid ester 2¢: 145 mg, 78% yield; bp
8085 °C/0.03 mmHg; IR » 1709, 1740, and 2400-3600 cm™; 'H
NMR 6 0.65-1.5 (7 H, m), 2.2-2.5 (5 H, m), 3.70 (3 H, s), and 10.9
(1 H, br s). Reduction of 2¢ (140 mg, 0.74 mmol) with BHy;-Me,S
(0.41 mL of 2 M THF solution, 1.1 equiv) followed by lactonization
afforded (+)-(4R)-4-n-propyltetrahydropyran-2-one (3c): 72 mg,
68% yield, 25% ee; bp 55-65 °C/0.025/mmHg (lit.* bp () 90-91
°C/1.5 mmHg); [a]p?® +5.6° (¢ 5.8) (lit.*® [«]p® +5.2° (¢ 1) for
(4R)-3c of 24% ee).

Dimethyl 3-isopropylglutarate (1d): 500 mg, 2.47 mmol;
suspension in 0.1 M KH,PO, buffer (40 mL); PLE (320 U); 20
°C; pH 7 for 10 h gave acid ester 2d: 460 mg, 99% yield; bp 90
°C/0.05 mmHg; IR » 1710, 1739, and 2400-3600 cm™}; 'H NMR
6093 (6H, d, J=7Hz), 1.4-1.85 (1 H, m), 2.1-2.5 (5 H, m), 3.70
(3H, s), and 11.1 (1 H, br s). Reduction of 2d (360 mg, 1.9 mmol)
with BHz-Me,S (1.05 mL of 2 M THF solution, 1.1 equiv) and
then lactonization yielded (-)-(4S)-4-isopropyltetrahydropyran-
2-one (3d): 211 mg, 78% yielded, 38% ee; bp 6065 °C/0.01
mmHg (lit.% bp (-)61-62 °C/0.056 mmHg, (£)98-105 °C/0.1
mmHg); [a]p® -11.1° (¢ 7.3) (lit.%® [a]p® ~14.4° (¢ 1) for (48)-3d
of 46% ee).

Dimethyl 3-cyclohexylglutarate (le): 500 mg, 2.06 mmol;
suspension in 0.1 M KH,PO, buffer (40 mL); PLE (320 U); 20
°C; pH 7 for 12.5 h yielded acid ester 2e: 445 mg, 95% yield; bp
115-120 °C/0.04 mmHg; IR v 1709, 1739, and 2300-3600 cm™;
!H NMR 6 0.8-2.1 (11 H, m), 2.15-2.6 (5 H, m), 3.70 (3 H, s), and
11.5 (1 H, br s). Reduction of 2e (345 mg, 1.51 mmol) with
BH3-Me,S (0.83 mL of 2 M THF solution, 1.1 equiv) and then
lactonization afforded (-)-(4R)-4-cyclohexyltetrahydropyran-2-one
(3e): 250 mg, 91% yield, 17% ee; bp 85-90 °C/0.01 mmHg (lit.®
bp (&) 120~121 °C/0.2 mmHg), [a]p? -8.4° (¢ 8) (lit.® [«]p® ~1.5°
(c 1) for (4R)-3e of 10% ee).

Dimethyl 3-phenylglutarate (1f): 500 mg, 2.12 mmol; vig-
orously stirred suspension in 0.1 M KH,PO, buffer (40 mL); PLE
(320 U); 20 °C; pH 7 for 25 h gave acid ester 2f as a crystallizing
syrup: 460 mg, 98% yield; IR (Nujol) » 1697, 1731, and 2300-3400
cm™}; 'H NMR 6 2.55-2.85 (4 H, m), 3.35-3.85 (1 H, m), 3.55 (3
H, s), 7.23 (5 H, m), and 10.65 (1 H, br s). Reduction of 2f (300
mg, 1.35 mmol) with BHy-Me,S (0.74 mL of 2 M THF solution,
1.1 equiv) followed by lactonization afforded, after chromato-
graphic purification,? (+)-(45)-4-phenyltetrahydropyran-2-one

(3f): 127 mg, 53% yield, 42% ee; [a]p? +1.73° (¢ 6) (1it.%" [a]p?®
+3.80° for (48)-3f of 98% ee).

Dimethyl 3-benzylglutarate (1g): 1.0 g, 4 mmol; suspension
in 0.03 M KH,PO, (30 mL); PLE (200 U); 20°C,pH 7 for4 h
yielded acid ester 2g: 893 mg, 95% yield; bp 140-142 °C/0.25
mmHg; IR » 1707, 1737, and 2500-3550 cm™!; 'H NMR 4§ 2.2-2.9
(7 H, m), 3.67 (3 H, s), 7.0-7.5 (5 H, m), and 9.8-10.8 (1 H, br
s). Reduction of 2g (850 mg, 3.6 mmol) with BH;-Me,S (3.6 mL
of 2 M THF solution, 2.0 equiv) and then lactonization gave
(-)-(45)-4-benzyltetrahydropyran-2-one (3g): 672 mg, 98% yield,
54% ee; bp 136-138 °C/0.4 mmHg; mp 5867 °C (lit.* bp 161-163
°C/1 mmHg); [a]p? -20.1° (¢ 2) (1it.® [«]p? -19.1 (¢ 1) for 20%
ee).

Optimization of Enantiomeric Excess Study. The effects
of buffer, pH, organic solvent, and temperature on the ee of the
la — 2a — 3a and 1g — 2g — 3¢ reactions were studied by using
the general procedure described above for 1a hydrolyses. The
PLE proportions used ranged from 70 U/mmol of substrate (S)
for the fastest (50 min at 20 °C, pH 7, no organic solvent) reactions
to 140 U/mmol of S for the slowest (8.5 h at -10 °C, pH (ap-
proximately) 7, 20% aqueous MeOH) one. For lg, 50 U of
PLE/mmol of S required 3.5 h at 20 °C, pH 7, no organic solvent
and 6 days with 100 U of PLE/mmol of S at -10 °C, pH (ap-
proximately) 7, 20% aqueous MeOH, with an additional 100 U
of PLE/mmol of S added at day 3 and day 4. The results are
summarized in Table II.

Enantiomeric Excess Determinations. The ee’s of the
optically active lactones 3a—f derived from the PLE-hydrolysis
reactions were determined by converting each into its corre-
sponding ortho ester with (2R,3R)-butane-2,3-diol followed by
GLC analysis.!® The racemic lactones (£)-3a-f%¢ required as
the reference standards were prepared by reductions of the
corresponding anhydrides® <% with NaBH,.?® The results are
summarized in Tables I and II and are considered accurate to
within +2%.
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Visible, long-lasting chemiluminescence results when diphenic anhydride and p-nitroperoxybenzoic acid in
THF are treated with powdered KOH in the presence of a catalytic chemiluminescence (CIEEL) activator. This
chemiluminescent process is presumed to involve in situ generation of diphenoyl peroxide, which then undergoes
chemiluminescent decomposition by the CIEEL mechanism. Carboxylate 4, the precursor to diphenoyl peroxide
in this reaction, was generated by an entirely different route from peroxide 5, resulting again in chemiluminecence

in the presence of a CIEEL activator.

In 1978 we fully delineated the chemically initiated
electron-exchange (CIEEL) mechanism based upon our

detailed investigation of the chemiluminescent decompo-
sition of diphenoyl peroxide (DPP, Scheme I).! Since then
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Scheme I°
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® Decomposition of dlphenoyl peroxide by the chemically initi-
ated electron-exchange luminescence (CIEEL) mechanism.

our research in chemiluminescence has focused on ex-
ploring the scope of the CIEEL mechanism in other classes
of organic peroxides, including dioxetanes,? dioxetanones,?
endoperoxides,? secondary peroxy esters,” and malonyl
peroxides.® Nevertheless, the efficiency of excited singlet
state production from DPP by the CIEEL mechanism
remains among the highest of all known chemiluminescent
reactions’ and so has sustained our interest in this system.

The origin of this efficiency lies in the unique ability of
the radical anion 1 to be converted rapidly to a much
stronger reductant, benzocoumarin radical anion (BC~),
which then undergoes exergonic annihilation with Act*
before cage escape.! We reasoned, therefore, that alternate
generation of 1 from a suitable precursor might provide
a chemiluminescent reaction of comparable efficiency
without the need to prepare and isolate DPP.

In the course of our recent research along these lines,
we discovered a potentially useful chemiluminescent pro-
cess that appears to proceed by in situ generation of DPP
from comparatively stable and nonhazardous starting
materials.

Results

Preparation and Characterization of Peroxide 2.
The reaction between a carboxylic anhydride and a peroxy
acid forms the basis of a well-known synthesis of unsym-
metrical diacyl peroxides.® We find that such a reaction
readily occurs, at room temperature and without catalyst,
when diphenic anhydride (DA) and p-nitroperoxybenzoic
acid (NPBA) are mixed in equal amounts (10~ to 102 M)
in THF. FT-IR analysis shows that the absorption bands
of the starting materials are immediately diminished; su-
perimposed on them are new bands characteristic of a
diacyl peroxide (1775, 1795 cm™)° and a simple carboxylic
acid (1728 cm™), consistent with the structure of the ex-
pected product, 2 (eq 1). For short periods thereafter, no
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Figure 1. szplcal chemiluminescence vs. time curve for a solution
of 2 (ca. 102 M) treated with KOH in the presence of a CIEEL
activator (perylene, ca. 107 M),

change in the IR spectrum is evident, but at longer times
(12 to 72 h depending on solvent purity) 2 begins slowly
to disappear and DA partially to reappear, as the solution
gradually become nonperoxidic. Since NPBA solutions
undergo spontaneous decomposition on the same time
scale, we infer that 2 exists in equilibrium with starting
materials and is gradually depleted as the NPBA is de-
pleted.

As a consequence of this equilibrium, 2 cannot be iso-
lated in pure form. Nevertheless, its identity rests firmly
on its IR spectrum and on the isolation of its methyl ester,
3, prepared in moderate yield by treatment of freshly
prepared solutions of 2 with diazomethane at 0 °C (eq 2).

‘“‘@‘ CHaN, ©L8 00‘9"@"“0
3

Peroxide 8 was thus obtained as a stable, crystalline solid
(mp 111 °C, dec) whose full characterization is included
in the Experimental Section.

Injection of 2 onto a GC column (280 °C) results in
formation of benzocoumarin in as high as 40% yield.
Adding excess triphenyl phosphine before GC assay sup-
presses benzocoumarin formation and causes DA to reap-
pear almost quantitatively. Though the mechanism of this
thermal generation of benzocoumarin remains obscure, it
is sufficient to note that it is too slow at 25 °C to produce
any measurable quantity of this substance in 24-72 h.

Finally, we observe that 2 disappears faster in solutions
containing perylene or rubrene, typical chemiluminescence
activators in the CIEEL process,! but again without ben-
zocoumarin formation at room temperature. In a separate
experiment we determined that these compounds are
consumed in a reaction with NPBA, thereby depleting
NPBA, and 2, faster than we would otherwise expect. We
specifically rule out electron transfer induced decompo-
sition of 2 under these conditions on the grounds that this
would lead to rapid O-O bond scission® and, ultimately,
benzocoumarin formation. Moreover, we find that per-
oxide 3 is entirely unaffected by these activators at 25 °C
in solution, indicating that the diacyl peroxzide moiety in
this compound (and by inference, 2 as well) is incapable
of oxidizing the activators we used under these conditions.

(10) See, for example: Schuster, G. B.; Schmidt, S. P. In Advances in
Physical Organic Chemistry; Gold, V. Bethell, D., Eds.; Academic; New
York, 1982; Vol. 18, pp 187-238, especially pp 216-218.
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Figure 2. Effect of delayed addition of chemiluminescence ac-
tivator. Solution of 2 is treated with KOH and then (a) one half
is immediately added to perylene stock solution and (b) the other
half of solution is added to fresh perylene stock solution after
10000 sec.

Chemiluminescent Decomposition of 2, Solutions of
2 containing perylene or rubrene display a barely detect-
able chemiluminescence at room temperature. However,
the further findings that solutions of NPBA containing
these activators also display this low-level chemilumines-
cence and that addition of DA does not enhance it allow
us to rule out any direct involvement of 2 in this minor
light-generating reaction.

Immediately upon adding dry, powdered KOH to a so-
lution of 2 (ca. 10~ M) containing a CIEEL activator (ca.
1073 M) we observe a rapid buildup and then a slow decay
of chemiluminescence intensity (Figure 1). Under these
conditions this chemiluminescence is readily visible to the
naked eye and typically remains so for 30 to 60 min in a
darkened room. In each case the chemiluminescence
corresponds to fluorescence from the activator. While the
heterogeneity of the system introduces a degree of irre-
producibility, the curve shown in Figure 1 is broadly rep-
resentative of the chemiluminescent behavior we observe
when the reaction is carried out as described above.
Vigorous stirring to keep solids suspended changes neither
the rates of buildup and decay, nor the maximum chem-
iluminescence intensity reached.

To observe chemiluminescence in this system, DA,
NPBA, and KOH can be mixed in any order in the pres-
ence of an activator, but chemiluminescence buildup only
commences when all of these ingredients are in contact in
solution.!! If the activator is added to the other three
ingredients at a later time (Figure 2), we observe that the
buildup and decay of some chemiluminescent intermediate
proceeds anyway, but that this intermediate appears to live
longer in the absence of the activator. Significantly, we
find that other peroxy acids (e.g., MCPBA), but not an-
hydrous hydrogen peroxide, can be substituted for NPBA
in this chemiluminescent process.

Acting on the hypothesis that KOH initiates the chem-
iluminescence buildup by forming the potassium carbox-
ylate from 2, we investigated the effect of 18-crown-6 on
this system. As shown in Figure 3, the peak chemilu-
minescence intensity approximately triples (1.3 X 10° vs.
4.1 X 10°) in the presence of a 6-fold excess of 18-crown-6,
but this peak is still reached at the same time for both
solutions. Furthermore, a solution of 18-crown-6 treated
with KOH and then filtered does not induce chemilu-

(11) Chemiluminescence intensities are considerably lower if NPBA
is treated with base before DA is added, however.

Little and Schuster
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Figure 3. Effect of 18-crown-6 on chemiluminescence intensity:
(a) stock solution of 2 and perylene added to 50 mg KOH; (b)
same stock solution first added to 6-fold excess of 18-crown-6
(based on 2) and then added to 50 mg KOH.
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Figure 4. Chemiluminescence from 2 and perylene induced by
?())—ffld molar excesses of metal hydroxides: (a) KOH, (b) NaOH,
¢) LiOH.

minescence when added to 2 and an activator. This sug-
gests that the principal effect of the crown ether is to
solubilize a potassium carboxylate and not to solubilize
KOH directly.!213

The effect of the chemiluminescence activator was
probed to determine whether chemiluminescence might
be occurring by a classical energy transfer mechanism
rather than by the CIEEL mechanism. Treating 2 with
KOH in the presence of 9,10-diphenylanthracene (DPA,
E, = 72 kcal/mol) results in easily detected chemilu-
minescence, but under identical conditions we detect no
chemiluminescence whatsoever when 9,10-dibromo-
anthracenen (DBA, E, = 72 kcal/mol) is employed as the
activator. Even taking into account the difference in
fluorescence efficiencies (¢5 = 0.8 for DPA, 0.1 for DBA),
energy transfer to these compounds under the conditions
we used would have resulted in easily detected chemilu-

(12) We are unaware of any evidence that 18-crown-6 can directly
solubilize dry KOH to any appreciable extent in nonpolar solvents.
Crown-KOH complexes formed in alcohol solvents (ref 13) almost cer-
tainly retain alcohol molecules when dried and redissolved in nonpolar
solvents. The effect of crown ethers on KOH and other salts of higher
lattice energy (e.g., K,CO;) is probably limited to activating surface
reactions in aprotic media. Potassium carboxylates, however, are readily
solubilized by crown ethers in acetonitrile or benzene: Liotta, C. L.;
Harris, H. P.; McDermott, M.; Gonzalez, T.; Smith, K. Tetrahedron Lett.
1974, 2417. See also: Durst, H. D. Tetrahedron Lett. 1974, 2421.

(13) The predominant anion in crown-KOH complexes prepared by
solvent exchange is actually the alkoxide. See: Sam, D. J.; Simmons, H.
E. J. Am. Chem. Soc. 1974, 96, 2252.
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minescence from both, not just from DPA. The results
argue strongly in favor of the CIEEL, mechanism and
against energy transfer sensitization.

Several other insoluble bases are also capable of initi-
ating these chemiluminescent reactions. The heteroge-
neous conditions make comparisons among these bases
difficult, but some distinct trends are noted. In parallel
experiments with equimolar quantities of the alkali metal
hydroxides, NaOH produces substantially lower chemilu-
minescence intensity than does KOH, while LiOH pro-
duces still less (Figure 4). Inclusion of excess 15-crown-5
in the solution treated with NaOH results in greatly en-
hanced chemiluminescence intensity, but the light yield
in this circumstance is still lower than that from KOH
treatment without a crown ether. Again, rapid stirring of
these solutions during the reaction does not alter rates of
buildup and decay or the peak intensity reached. Sub-
stantially the same results are obtained with the hydride
reagents, KH, NaH, and LiH: KH induces much higher
chemiluminescence intensity than does NaH or LiH.

Solutions of 2 treated with KOH or KH retain a milky
appearance even after filtration and centrifugation. In
contrast, similar solutions treated with the sodium or
lithium bases can easily be clarified by filtration after the
bases are allowed to settle out. We are thus able to dem-
onstrate, with NaOH and LiOH, that chemiluminescence
activity does not require continued contact with suspended
solids.

Benzocoumarin Formation in Chemiluminescence
Experiments. Benzocoumarin is the principal product
of both the thermal and CIEEL decompositions of DPP.
We find that benzocoumarin is also formed from 2 by
treatment with solid bases, and in yields that parallel the
chemiluminescence yields we observe. Typically, KOH or
KH produce 25% to 40% yields while LiOH or LiH pro-
duce only ca. 5% (based on diphenic anhydride initially
present). The presence of a CIEEL activator increases
these yields, but only marginally. Thus, while the principal
route to benzocoumarin formation may not involve bi-
molecular reaction with the CIEEL activator, at least some
of the benzocoumarin appears to be formed by the CIEEL
path.

Comparison with Chemiluminescence from DPP.
We previously reported that, for DPP, the chemilu-
minescence intensity is directly proportional to the con-
centration of the peroxide at any fixed activator concen-
tration.! Thus we can estimate an upper limit on the
concentration of any chemiluminescent intermediate
produced from 2 if we make the reasonable assumption
that such an intermediate would be less than or equal to
DPP in its light generating efficiency by the CIEEL pro-
cess.

At an activator concentration of 103 M we observe a
chemiluminescence intensity from 102 M DPP that is
approximately 500 times higher than the peak intensity
from a 102 M solution of 2 treated with KOH. We esti-
mate from this result that the chemiluminescent inter-
mediate formed from 2 never exceeds a concentration of
ca. 2 X 107 M, well below the limits of detectability by our
FT-IR technique.

We find that authentic DPP is rapidly destroyed under
the harsh reaction conditions required to generate chem-
iluminescence from 2. Thus, any similarly labjle inter-
mediate formed from 2 would not be expected to build up
to detectable levels.

Preparation of Peroxide 5. To test the idea that
formation of the carboxylate 4 is minimally required to
produce chemiluminescence, we chose to exploit the
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Figure 5. Chemiluminescence from a stock solution of 5 and
perylene induced by 2.5-fold molar excesses of (a) BTAF, (b)
TBAF.

fluoride-induced deprotection of 2-(trimethylsilyl)ethyl
esters'* as in eq 3. This approach was especially appealing

. & @B oo—ﬁ—@}—No2 = Ot oo-cl)i—@}—No2 (3)
- Orud QI 5oV ws

4 5

in that the requred peroxide 5 was expected to be at least
as stable as peroxide 3 and the conditions generally used
for deprotection are mild by comparison with those used
to generate chemiluminescence from 2.

Peroxide 5 was obtained in virtually quantitative crude
yield in two steps from diphenic anhydride (eq 4). Indeed,

0 0 o
oL @ NPBA
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o1 2

in its pure state this crystalline solid is stable indefinitely
at room temperature and shows only slow decomposition
at its melting point. In THF solution it is likewise stable,
suffering no decomposition (by FT-IR) even after 48 h at
room temperature.

Chemiluminescent Decomposition of Peroxide 5.
Treatment of 5 with fluoride ion in the presence of pe-
rylene does result in easily detected chemiluminescence,
but the choice of the fluoride source is critical to the
success of the reaction. We find that the sparingly soluble
benzyltrimethylammonium fluoride (BTAF)!% is the pre-
ferred reagent. Upon adding a solution of 5 and perylene
to finely powdered BTAF we observe a rapid build up of
chemiluminescence intensity to a low but rather constant
level (Figure 5a). Unlike the reaction of KOH with 2, the
reaction of BTAF with 5 is highly sensitive to mechanical
mixing: the faster the mixing, the faster the build up and
decay of chemiluminescence and the higher the peak in-
tensity. At high concentrations of 5 and perylene (ca. 1072
M) and using an ultrasonic cleaning bath to keep BTAF
dispersed in the THF, chemiluminescence is visible only
briefly in a darkened room. As expected, benzocoumarin
is detected among the products of this reaction. No at-
tempt was made to optimize reaction conditions for
chemiluminescence yield in this system.

Model studies with 2-(trimethylsilyl)ethyl benzoate and
benzoyl peroxide show that BTAF both desilylates the

(14) Gerlach, H. Helv. Chim. Acta 1977, 60, 3039.

(15) (a) Kuwajima, I.; Nakamura, E.; Shimizu, M. J. Am. Chem. Soc.
1982, 104, 1025. (b) Paquette, L. A.; Blankenship, C.; Wells, G. J. J. Am.
Chem. Soc. 1984, 106, 6442.
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ester and destroys the peroxide at comparably slow rates.
Thus, even though BTAF is destructive of the diacyl
peroxide moiety in 5, the slow rate of this reaction assures
that some chemiluminescent intermediate is formed from
desilylation of 5 and that it survives long enough to un-
dergo bimolecular reaction with the CIEEL activators.

The most commonly used desilylating reagent, tetra-n-
butylammonium fluoride (TBAF),!¢ while exceptionally
soluble in THF, proved to be unsuitable for our purposes.
Within minutes after adding 2 equiv of TBAF to a solution
of 5 and perylene, the diacyl peroxide is gone (FT-IR) and
the solution gives a negative peroxide test. Thus, the
short-lived chemiluminescence we observe in this circum-
stance (Figure 5b) appears to be a consequence of the same
competition between desilylation of the ester and de-
struction of the diacyl peroxide that we found using BTAF,
only at a much faster rate. Again using 2-(trimethyl-
silyl)ethyl benzoate and benzoyl peroxide in a competition
experiment, we find that TBAF reacts rapidly with both
compounds at comparable rates at room temperature.

At the other extreme we find that the usual inorganic
fluoride sources (KF, NaF, CsF) produce no chemilu-
minescence from 5 in THF at room temperature, even in
the presence of an excess of the appropriate crown ether.
Indeed, FT-IR analysis shows that 5 is stable indefinitely
in THF in the presence of these compounds, as is the
model benzoate.

Discussion

Of immediate concern is the physical mechanism by
which chemiluminescence is produced in the systems we
have investigated here. The result that chemiluminescence
is produced only in the presence of typical CIEEL acti-
vators and not in the presence of energy transfer sensitizers
(such as DBA), leads us to conclude that the CIEEL
mechanism is responsible for the light production. The
problem then is to identify the chemical species formed
in these systems that is capable of undergoing CIEEL
decomposition.

Our results show that formation of carboxylate 4,
whether by treatment of 2 with base or by treatment of
5 with fluoride, is the initial event leading to chemilu-
minescence. The effect of the counterion (K*, Na*, or Li*)
on chemiluminescence intensity from 2 is readily explained
by the known reactivity of the corresponding bases towards
carboxylic acids. It was originally conceived that 4 would
accept an electron from an activator and fragment directly
to radical anion 1 (eq 5), thus mimicking the CIEEL de-
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composition of DPP shown in Scheme I. While such an
approach may yet prove workable in another system, it is
unlikely that it is responsible for the chemiluminescence
we observe here. The best evidence against it is that both
peroxides 2 and 3 lack the oxidizing power to accept an

(16) Solutions of TBAF were dried with 4-A sieves and stored at —20
°C: Seebach, D.; Beck, A. K.; Mukhopadhyay, T.; Thomas, E. Heluv.
Chim. Acta 1977, 65, 1101. A likely problem with this reagent is that
traces of amine contaminants are formed by decomposition.

Little and Schuster

electron from the CIEEL activators we used. It is thus
implausible that carboxylate 4 would be a strong enough
oxidant to initiate the reaction shown in eq 5. Moreover,
we expect that the potassium salt of 4, formed either by
KOH or KH treatment of 2, would not be appreciably
soluble in dry THF except in the presence of a crown ether.
Since the chemiluminescence intensity, but not the rate
of its build up, is increased by crown ethers, we conclude
that slow solubilization of 4 or any other salt does not
adequately explain the kinetic form we observe.
Instead, our data support the more plausible explanation
that the chemiluminescence results from a soluble chemical
species that is formed from a slow reaction of 4, regardless
of the means by which 4 is generated. The further finding
that benzocoumarin is formed when we see chemilu-
minescence, leads us to suggest that DPP is the actual
chemiluminescent intermediate. While other mechanisms
may be drawn, we suggest that DPP is accessible from 4
by an acyl shift followed by cyclization of the resulting
peroxy anion 6 as in eq 6. In addition to providing an
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explanation for the classic consecutive reaction kinetics
we obbserve, this shift and cyclization also account for the
ineffectiveness of anhydrous hydrogen peroxide when it
is substituted for the peroxy acids in this system, since final
cyclization to DPP would not be likely in this case.

If 4 could be generated cleanly under mild conditions,
we might expect it to rearrange to DPP in moderate yield.
We find, however, that the harsh conditions required to
generate this carboxylate from peroxide 2 are destructive
of DPP and presumably of the diacyl peroxide moiety in
2 as well. While formation of DPP from 2 may thus be
an inefficient chemical process, the efficiency of light
production by the CIEEL mechanism assures that visible,
long-lasting chemiluminescence is readily achieved.

Peroxide 5 was seen as the key to improving this chem-
ical efficiency as well as providing a test of the validity of
eq 6. In this latter function we consider 5 to have served
well. Chemiluminescence and benzocoumarin production
are observed under conditions that unambiguously lead
to deprotection of the 2-(trimethylsilyl)ether ester in 5.
However, the available datal’ concerning nucleophilic
attack of halide ions on diacyl peroxides led us to predict
that this complicating reaction would not compete effec-
tively with desilylation. Clearly it does, at least for the
fluoride sources and reaction conditions we investigated,
80 the chemical efficiency of DPP production by this route
also suffers.

Conclusion

Readily detected, long-lasting chemiluminescence is
generated in a simple procedure using inexpensive, com-
mercially available materials. Though the identity of the

(17) This reaction seems to have been studied systematically only for
I, Br, and CI". The order of reactivity is found to be I > Br™ > CI". See:
Hiatt, R. In Organic Peroxides; Wiley-Interscience: New York, 1971; Vol.
2, Chapter 8, especially pp 884-885. CsF has been used to deprotect a
TBDMS ether in the presence of a peroxy ester: Saito, I.; Nagata, R.;
Matsuura, T. Tetrahedron Lett. 1984, 25, 2687.



Formation of Diphenoyl Peroxide as an Intermediate

actual chemiluminescent intermediate was not established
directly, the available data strongly suggest that diphenoyl
peroxide is formed in situ and is responsible for light
production by the previously described CIEEL mechanism.

The attractiveness of a chemiluminescent system based
on in situ generation of DPP from a stable, isolable pre-
cursor inspired up to prepare and investigate peroxide 5.
While this peroxide provided substantiating evidence for
the mechanism shown in equation 6, it proved to be less
efficient in producing chemiluminescence than the original
system because of the competing destruction of the diacyl
peroxide moiety by the fluoride sources we used. Con-
sidering the stability and ease of preparation of 5, we
expect that a variant of this peroxide may yet be developed
as a synthetically useful precursor to DPP, if not as a
practical chemiluminescent system.

Experimental Section

General. Melting points are uncorrected. IR spectra were
obtained on either a Nicolet 7003 or an IBM IR32 instrument.
1H NMR spectra were obtained on a Varian XL-200 instrument
at 200 MHz in deuteriochloroform solvent using either tetra-
methylsilane or chloroform as internal reference. Chemilu-
minescence measurements were made with an EMI 9813 photo-
multiplier tube using 10-mm Pyrex cells fitted with Teflon
stopcocks. Analytical gas chromatography was performed on a
Varian 3700 series instrument (6 ft-5% OV-17 on Chromsorb
W-HP) using either tetracosane or octadecane as an internal
standard. Elemental analyses were performed by Analysis Lab-
oratories, Urbana, IL.

Materials. THF (Burdick and Jackson, without preservative)
was freshly distilled from sodium dispersion-benzophenone under
nitrogen for all chemiluminescence experiments. The peroxide
titre of p-nitroperoxybenzoic acid (Aldrich, 85%) was raised to
94-98% of theoretical value by trituration with pH 7 buffer and
then with distilled water, followed by prolonged drying under
vacuum (0.1 mm Hg) at 25 °C. Diphenic anhydride (Aldrich, 98%)
was recrystallized form spectrograde chlorobenzene, then sublimed
under vacuum. KOH pellets (Mallinckrodt, 85%) and NaOH
pellets (Baker, 99%) were powdered under dry nitrogen, heated
at 200 °C under vacuum (0.05 mmHg) for 24 h, powdered again
and stored under dry nitrogen.!® Granular LiOH (A. D. Mackay)
was powdered, then dehydrated at 150 °C in a current of dry
nitrogen.® Chemiluminescence activators were chromatographed
on basic alumina, then recrystallized from spectrograde solvents.
TBAF (Fluka, 98%) was dried at 25 °C under vacuum (0.05
mmHg) for 48 h prior to usee. BTAF (Fluka, 90%) was powdered,
then dried under vacuum (0.05 mmHg) at 25 °C for 24 h then
at 50 °C for 24 h prior to use.’®® Diphenoyl peroxide was prepared
by the procedure of Ramirez.?® All other materials were used
as received or were purified according to standard procedures?®!
when necessary.

Peroxide 3. To a cold (0 °C) solution of diphenic anhydride
(229 mg, 1.0 mmol) and p-nitroperoxybenzoic acid (224 mg, 1.2
mmol) in 33 mL of THF was added alcohol-free diazomethane
(4.5 mmol) in 25 mL of ice-cold ether. The resulting solution was
allowed to warm to room temperature overnight, then evaporated
under a stream of dry nitrogen to an oily residue which solidified
under vacuum (0.05 mmHg, 25 °C). Recrystallization of this
residue from pentane/ether/ THF at ~50 °C yielded 200 mg (46%)

(18) KOH and NaOH are difficult to obtain in anhydrous form. See:
Mellor's Comprehensive Treatise on Inorganic and Theoretical Chem-
istry; Wiley: New York; Vol. 2, Supplement 2 (1961), pp 642-669; Vol.
2, Supplement 3 (1963), pp 1632-1648.

(19) Cohen, A. J. J. Am. Chem. Soc. 1952, 74, 3762.

(20) Ramirez, F.; Bhatia, S. B.; Mitra, R. B.; Hamlet, Z.; Desai, N. B.
J. Am. Chem. Soc. 1964, 86, 4394.

(21) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of
Laboratory Chemicals; Pergamon: New York, 1980.
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of light yellow powder: mp 111 °C dec; NMR § 8.22 (m,
-C4H,NO,, 4 H), 8.14 to 7.27 (m, 8 H), 3.68 (s, 3 H); IR (THF)
1795l and 1775 (diacyl peroxide), 1732 (ester, unresolved doublet)
cm™,

Anal. Caled for CuH ;NO;g: C, 62.71; H, 3.59; N, 3.32; active
oxygen, 3.80. Found: C, 62.78; H, 3.73; N, 3.10; active oxygen,
3.58.

Peroxide 5. Diphenic acid 2-(trimethylsilyl)ethyl ester was
prepared by stirring diphenic anhydride (1.71 g, 7.6 mmol) with
2-(trimethylsilyl)ethanol (2.04 g, 17.2 mmol, Petrarch Systems)
in 10 mL of dry pyridine at 25 °C for 50 h. FT-IR analysis of
an aliquot diluted with THF showed no diphenic anhydride
remaining. Removal of volatiles under vacuum left a pale green,
viscous oil which crystallized slowly at 25 °C. Recrystallization
from hexane yielded 1.46 g (55%, 2 crops) of fine white powder:
mp 87.5~-88.5 °C; NMR (CHC]; reference) 4 8.05 to 7.10 (m, 8 H),
4.101(m, 2 H), 0.81 (m, 2 H), 0-0.03 (s, 9 H); IR (THF) 1728, 1712
cm™,

Anal. Calcd for C;gH,,0,Si: C, 66.64; H, 6.48; Si, 8.20. Found:
C, 66.72; H, 6.64; Si, 8.16.

Following the general procedure of Greene and Kazan,? an
ice-cold solution of diphenic acid 2-(trimethylsilyl)ethyl ester (822
mg, 2.4 mmol) and p-nitroperozybenzoic acid (439 mg, 2.4 mmol)
in 34 mL of ether/CH,Cl; was added dropwise over 7 min to
dicyclohexylcarbodiimide (500 mg, 2.4 mmol) in 4 mL of ether
at 0 °C (internal temperature). FT-IR analysis of the solution
after 18 h of stirring at 0 °C showed no starting material present
and DCC almost competely consumed. Filtration and usual
workup yielded a light brown oil, which, upon cooling in ether-
/CHCI; at ~78 °C, produced 59 mg of impure 4,4’ dinitrobenzoyl
peroxide (mp 138 °C). From the concentrated mother liquor was
recovered 857 mg (70%, 2 crops) of pale yellow solid whose IR
and 'H NMR spectra showed no trace of dicyclohexylurea or
starting materials. Recrystallization of this material from pentane
at -10 °C yielded analytically pure 5 as a white solid: mp 65-67
°C slow dec; NMr {CHCI,; reference) 6 8.23 (m, -CeH,NO,, 4 H),
8.10 to 7.28 (m, 8 H), 4.15 (m, 2 H), 0.79 (m, 2 H), -0.01 (s, 9 H).
IR (THF) 1796 and 1776 (diacyl peroxide), 1725 (ester, unresolved
doublet) cm™,

Anal. Caled for CygHosNOgSi: C, 61.52; H, 4.96; N, 2.77; active
oxygen, 3.15. Found: C, 61.70; H, 4.90; N, 2.71; active oxygen,
3.15.

Product Analyses. Solutions from chemiluminescence ex-
periments were diluted with 3 volumes of benzene, then treated
with 1 N HCI until the small aqueous layer was <pH 5. The
aqueous phase was extracted with CH,Cl, (3 X 2 mL) and ether
(1 X 2 mL), then checked for volatile products by gas chroma-
tography. The combined organic phases were evaporated, leaving
a residue that was fully soluble in THF for analysis by TLC, IR
spectroscopy, and gas chromatography.

Solutions containing tetraalkylammonium salts were treated
with dry HCI gas and analyzed directly by TLC and gas chro-
matography. Aqueous washes were omitted owing to the ability
of the onium salts to solubilize some products in water.
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