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Table I. Addition of d/ Amines and Alcohols to Reagent 1

integration integration
P AS of low-field of high-field adduct
dl compd (ppm) diastereomer diastereomer a (HPLC) recovery, %

1-phenylethylamine 0.175 50 50 1.35 99.5
sec-butylamine 0.628 49.6 50.4 1.14 98
1,3-dimethylbutylamine 0.843 48.9 511 1.20 97
1-methyl-2-phenoxyethylamine 0.347 50.5 49.5 1.00 100
1-phenyl-1-propanol 0.111 49.5 50.5 1.18 97
2-octanol 0.307 50.1 499 1.22 99.5
2-methyl-2-butanol 0.167 50.3 49.7 1.08 96.5
4-methyl-2-pentanol 0.301 49.8 50.2 1.17 97

Table II. Addition of Optically Active Alcohols and Amines to 1

observed with the use of the reagent (Z = S) prepared from
1,1”-bi-2-naphthol.
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Registry No. 1 (Z =S,Y = Cl), 57651-34-0; 1 (Z =S, Y = (R)-1-
Phenylethylamino), 91279-05-9; 1 (Z = S, Y = (S)-1-phenylethylamino),
66007-24-7;1(Z = S, Y = (R)-sec-butylamino), 91228-05-6;1 (Z = S,
Y = (S)-sec-butylamino), 91279-06-0; 1 (Z = S, Y = (R)-1,3-di-
methylbutylamino), 91228-06-7;1 (Z = S, Y = (S)-1,3-dimethylbutyl-
amino), 91279-07-1;1 (Z = S, Y = (R)-1-methyl-2-phenoxyethylamino),
91228-07-8; 1 (Z = S, Y = (S)-1-methyl-2-phenoxyethylamino),
91279-08-2; 1 (Z = S, Y = (R)-1-phenyl-1-propyloxy), 91228-08-9; 1

%
% % ee by % adduct
ee by ee by sp ee by recovery,
substrate weight rotation NMR HPLC %
I-menthol 100 100 96 Agricultural Produts Co.
I-borneol 16.3 16 98.5
(+)-2-octanol  19.7 20 21 20.0 99.5
49.6 50.1 51 51.5 99.5
80.3 80.0 81 80.1 99.5
100 100 97.5
(-)-1-phenyl- 32 32 32 98
ethylamine 48 48 50 99
70.5 70.5 70.4 99
95.8 95.7 99

Table I illustrates the technique using a series of racemic amines
and alcohols. Table IT summarizes data obtained from optically
active substrates and compares the ee’s determined by weight
(dilution of optically pure sample with d/ sample), by rotation,
by *'P NMR,!® and by HPLC on a silica gel column with hex-
ane/ethyl acetate.

In addition to compounds 1 and 2 shown above, a number of
other chiral phosphorus reagents have been examined including
the reagents derived from ephedrine but epimeric at phosphorus
and the correspsonding reagents derived from pseudo-ephedrine.
A number of compounds, 7, derived from chiral diols, including

(Z = S, Y = (S)-1-phenyl-1-propyloxy), 91279-09-3; 1 (Z =S, Y =
(R)-2-octyloxy), 91237-75-1; 1 (Z = S, Y = (S)-2-octyloxy), 91279-88-8;
1(Z =S, Y = (R-3-methyl-2-butanol), 91228-09-0; 1 (Z =S, Y =
(S-3-methyl-2-butanol), 91279-10-6; 1 (Z = S, Y = (R)-4-methyl-2-
pentyloxy), 91228-10-3; 1 (Z = S, Y = (S§)-4-methyl-2-pentyloxy),
91279-11-7; 1 (Z = S, Y = Cl) I-menthol adduct, 91228-11-4;1 (Z =
S, Y = Cl) I-borneol adduct, 91228-12-5; 4i-1-phenylethylamine, 618-
36-0; dl-sec-butylamine, 33966-50-6; dl-1,3-dimethylbutylamine,
54548-48-0; di-1-methyl-2-phenoxyethylamine, 65236-31-9; di-1-
phenyl-1-propanol, 613-86-5; di-2-octanol, 4128-31-8; dl-3-methyl-2-
butanol, 70116-68-6; di-4-methyl-2-pentanol, 20281-88-3; /-menthol,
2216-51-5; I-borneol, 464-43-7; (+)-2-octanol, 6169-06-8; (-)-1-
phenylethylamine, 2627-86-3.

Thianthrene 5-Oxide as Mechanistic Probe in
Oxygen-Transfer Reactions: The Case of Carbonyl

44, z
Ru0,
P
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R”0" v Oxides vs. Dioxiranes
7

2,3-butanediol,!! 1,2-diphenylethanediol, and 1,1’-bi-2-naphthol
have been prepared. In this latter series, the phosphorus center
is not a chiral unit, and the stereochemistry of the displacement
reactions at phosphorus is irrelevant. These reagents tend to be
quite reactive. The reagents prepared from 2,3-butanediol and
1,2-diphenylethanediol provided adducts that do not exhibit 3'P
chemical shift differences comparable to compounds in which the
phosphorus atom is chiral, e.g., 3 and 4;!! HPLC separations are
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One of the persisting challenging problems concerns the dif-
ferentiation between carbonyl oxides and dioxiranes (eq 1).!

. . . . KHSO,
also less. Side reactions apparently involving ring opening were RC—=0 ——2e ch\é —_—
“ S o 5=0 )
(10) 3P NMR spectra were obtained on a Nicolet NT-300 operating at
121.47 MHz. The spectra were taken in deuterochloroform and reported '0p

downfield from external 85% phosphoric acid. The spectra were gated proton
decoupled with a delay time of 60 s between pulse sequences (16K data points,
12-20 scans, 90° pulse, 16 us). Representative chemical shifts: 1 6 75.90;
2 6 21.79; derivatives of 1-phenylethylamine and 16 78.51, 78.34; derivatives
of 1-phenylethylamine and 2 & 23.45, 23.42; derivatives of 2-octanol and 1 &
82.70, 82.39; derivatives of 2-octanol and 2 & 19.80, 19.76.

(11) After submission of this manuscript a paper appeared that describes
the use of 7 (R = Me) as a chiral derivatizing agent for primary and secondary
alcohols (Anderson, R. C.; Shapiro, M. 1. J. Org. Chem. 1984, 49, 1304). In
accordance with our observations, the authors found 7 to be quite reactive
(reaction time with alcohols in the presence of triethylamine and 4-(di-
methylamino)pyridine suggested in 15 min). The shift differences found when
using 7 are often quite small, e.g., Anderson and Shapiro report that the
derivatives of 7 (R = Me) and 2-butanol exhibit Aé 0.0056 (C¢D¢) whereas
the corresponding derivatives of 1 exhibit A6 0.200 (CDCly).

R2C={ﬁ={_\') — R2C=9—Q _

Despite intensive work, conflicting evidence has accumulated
regarding the electrophilic vs. nucleophilic nature of these oxy-
gen-transfer agents. Indeed, the primordial mechanistic question
must be raised whether carbonyl oxides and dioxiranes are
chemically differentiable species.

The abundant literature! reveals that a stringent mechanistic
differentiation by employing identical substitution patterns in these

* Undergraduate research participant, spring 1984.
(1) (a) DiFuria, F.; Modena, G. Pure Appl. Chem. 1982, 54, 1853. (b)
Mimoun, H. Angew. Chem., Int. Ed. Engl. 1982, 734,
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Table I. Nucleophilic Character (Xy,) of Oxygen-Transfer Agents Derived with Thianthrene 5-Oxide

abs yields, uM*

total SSO,, SOSO, SOS0,,

oxygen-transfer reactions yields, %* NNy ng NNus MEL X

1. KO,; 18-crown-6; C¢Hg; 20 °C 0.50 4.71 1.00

2. H,0,; 1 N NaOH; C4Hg; 20 °C 0.25 0.886 1.00

3. t-BuOOK; 18-crown-6; C4Hg; 20 °C 3.65 14.4 0.391 0.97

4.° t-BuC(=N,)Me; '0y; CH,Cly; —20 °C 0.77 20.0 0.684 0.622 0.96

5.4 Et,S; 10, CH,Cly; -20 °C 7.23 53.3 1.55 2.717 0.93

6. t-BuCH=N,; !0,; CH,Cl,; -20 °C 0.83 41.8 1.63 2.45 0.92

7° Ph,C=N,; 10,; CH,Cl,; 0 °C 1.76 33.0 0.392 4.24 0.89

f—o—|

8.08 PhC=C—C=CPh; !0,; CH,Cl, 292 224 3.16 1.82 0.83

9. PhC(=0)C(=N,)Ph; !0,; CH,Cl,; 0 °C 6.98 23.7 1.46 6.28 0.80

10/ Me,C=0; KSO;H; 18-crown-6; CH,Cl,/H,0; 0 °C 10.1 75.7 193 333 0.67
11/ t-BuCOMe; KSO;H; 18-crown-6; CH,Cl,/H,0; 0 °C 5.33 48.0 24.2 6.58 0.64
12/ ¢-C¢H o(=0); KSO;sH; 18-crown-6; CH,Cl,/H,0; 0 °C 1.88 15.6 8.07 3.15 0.63
13/ t-BuCH=0; KSO;H; 18-crown-6; CH,Cl,; H,0; 0 °C 5.04 42.1 30.3 41.5 0.57
14, m-CPBA; CH,Cl,; 20 °C 27.0 224 427 2.48 0.36
15.2 0O, CH,CL, 3.08 3.86 19.6 0.156 0.17
16. H,0,; 1 N HCI; Et,0; 20 °C 3.27 0.652 15.0 0.298 0.06

aRepresents amount of conversion of thiantrene 5-oxide into SSO,, SOSO. and SOSO, products, determined by HPLC on a silica gel column,
eluting with a 240:10:1 mixture of petroleum ether (64-68 °C)—ethyl acetate-methanol at a flow rate of 3.0 mL/min, using p-nitrophenyl sulfone as
internal standard; error ca. 3% of stated values; control experiments with !0, gave no detectable oxidation products and with KSOH ca. 0.1% total
yield of oxidation products. ® Mole fraction of amount of nucleophilic attack, i.e., nn,/(ny + ng)); SOSO, represents double oxygen-transfer product
either via the sequence SSO 2X& SOSO — 2Xxu. SOSO, or SSO 2Xns. SSO, X5, SOSO,, so that the yield of SOSO, is equally added to ny, and
to ng. “Reference 3a. ¢Reference 8. ¢Reference 7. fReference 2a. #The oxidation commenced at —78 °C and was allowed to warm up to 20 °C

for HPLC analysis.

agents has so far not been undertaken. Presently we report that
thianthrene S-oxide (SSO), which contains both a nucleophilic

OxNu =
\,
2
Ofo\—/
Oxg; SSO
0 0 ¢
SO S ©:SO @
SOSO (ED) S50, (Nu) SOSO, (El, Nu)
sulfide and an electrophilic sulfoxide site, constitutes a sensitive
mechanistic probe for distinguishing between carbonyl oxides and
dioxiranes.

Although alkenes, arenes, carbonyl compounds, amines, sulfides,
sulfoxides, and phosphines have been extensively utilized as di-
agnostic tools in oxygen-transfer reactions,! in our hands no re-
producible and definitive results could be obtained in regard to
carbony! oxides and dioxiranes being distinguishable chemical
species. A substrate was essential that would offer in one and
the same molecule an electrophilic and a nucleophilic site to the
attacking oxidant. Furthermore, the substrate had to be com-
paratively inert toward the oxidizing reaction conditions under
which the oxygen-transfer agents were in situ generated, i.e., Caro’s
acid (KHSO:;)? and singlet oxygen (10,)? (eq 1).

Thianthrene 5-oxide (SSO) has met best the above stringent
conditions. Thus, nucleophilic attack at the sulfoxide led primarily
to 5,5-dioxide (SSO,), while electrophilic attack at the sulfide gave
predominantly 5,10-dioxide (SOSO).!* Unfortunately, both the
SSO, and SOSO products were further oxidized by the oxygen-
transfer agent to 5,5,10-trioxide (SOSQO,). The results are sum-
marized in Table I. Control experiments revealed that oxidation

of 880, SSO,, and SOSO by Caro’s acid in the dioxirane gen-
eration® and by singlet oxygen in the carbonyl oxide production?

(2) (2) Montgomery, R. E. J. Am. Chem. Soc. 1974, 96, 7820. (b) Curci,
R.; Fiorentino, M.; Serio, M. R. J. Chem. Soc., Chem. Commun. 1984, 155.
(3) (a) Kirmse, W ; Horner, L.; Hoffmann, H. Justus Liebigs Ann, Chem.
}358, 614, 19. (b) Kumar, S.; Murray, R. W. J. Am. Chem. Soc. 1984, 106,
40,

were negligible under the oxygen-transfer conditions.

The chemical behavior of the various oxygen-transfer agents
that have been diagnosed by the thianthrene 5-oxide probe range
from completely nucleophilic (X, ~ 1.0) to essentially completely
electrophilic (Xn, ~ 0.06) in character (Table I). For example,
a significant case is hydrogen peroxide, which under basic con-
ditions (Table I, entry 2) acted completely nucleophilically and
under acidic conditions (Table I, entry 16) essentially completely
electrophilically.* As expected, potassium superoxide and po-
tassium tert-butyl peroxide gave essentially exclusively nucleophilic
attack (Table I, entries 1 and 3).

These two sets of oxygen-transfer reactions convincingly es-
tablish that thianthrene 5-oxide differentiates as expected between
the nucleophilic and electrophilic nature of the oxidizing species.
For comparison also the established® electrophilic oxidants m-
chloroperbenzoic acid (m-CPBA) and ozone were tested and as
expected gave predominantly electrophilic attack (Table I, entries
14 and 15).

With this mechanistic probe for oxygen-transfer agents on hand,
a chemical differentiation between carbonyl oxide and dioxirane
was attempted. With the same substitution pattern, i.e., tert-butyl
and methyl groups, the carbonyl oxide derived from the singlet
oxygenation of 2-diazo-3,3-dimethylbutane (Table I, entry 4) as
well as the dioxirane derived from the reaction of Caro’s acid with
pinacolone (Table I, entry 11) revealed themselves as nucleophilic
oxygen-transfer agents toward thianthrene 5-oxide. As expected,
the carbonyl oxide was appreciably more nucleophilic than m-
CPBA. The fact that dioxiranes can epoxidize electron-poor
substrates® better than peroxy acids corroborates the observed
nucleophilic order. Also the carbonyl oxide of pivalaldehyde
(Table I, entry 6) and the corresponding dioxirane (Table I, entry
13) reveal the same differences in their nucleophilic character as
those derived from pinacolone (Table I, entries 4 and 11). Even
though a substituent effect was clearly discernable for the carbonyl
oxides derived from pinacolone, benzophenone, and benzil (Table
I, entries 4, 7, and 9), i.e., the nucleophilic character decreased
in the expected order alkyl > aryl > acyl, for all carbonyl oxides

(4) Curci, R.; Edwards, J. O. In “Organic Peroxides”; Swern, D., Ed.;
Wiley-Interscience: New York, 1970; Vol. 1, p 199.

(5) Bouillon, G.; Lick, C.; Schank, K. In “The Chemistry of Peroxides”;
Patai, S, Ed.; Wiley: New York, 1983; p 279.

(6) (a) Edwards, J. O.; Pater, R. H.; Curci, R.; DiFuria, F. Photochem.
Photobiol. 1979, 30, 63. (b) Curci, R.; Fiorentino, M.; Troisi, L.; Edwards,
J. O,; Pater, R. H. J. Org. Chem. 1980, 45, 4758.
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investigated here, the Xy, values were consistently greater than
for all the dioxiranes, i.e., Xy, = 0.80-0.96 vs. Xy, = 0.57-0.67,
respectively.

Consequently, thianthrene 5-oxide should serve as diagnostic
test for carbonyl oxide vs. dioxirane intermediates in unknown
oxygen-transfer reactions by determining the degree of nucleophilic
attack (Xy,). For example, oxygen transfer by 2,5-diphenylfuran
endoperoxide (Table I, entry 8) appears to involve a carbonyl oxide
as intermediate.” Similarly, oxygen transfer by the oxidant
produced in the singlet oxygenation of alkyl sulfides (Table I, entry
5) is best reconciled in terms of persulfoxide intermediate.®

In summary, the present results with thianthrene 5-oxide
demonstrate that this probe serves as a useful chemical monitor
for differentiating the nucleophilic character of oxygen-transfer
agents. In the particular case of carbonyl oxides and dioxiranes,
on the basis of the differing degree of nucleophilic attack on SSO,
distinct chemical entities are proposed for these oxidants. Al-
though theoretical work® designates the dioxirane as the more
stable entity by quite a margin (AE ~ 34 kcal/mol), the activation
barrier for interconversion between these two species is sufficiently
high to distinguish them on chemical grounds.

Acknowledgment. We thank the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie for generous
financial support.

Registry No. SSO, 2362-50-7; SOSO, 951-02-0; SSO,, 2362-53-0;
SOSO0,, 2362-54-1; MCPBA, 937-14-4; t-BuC(=N,)CH3, 65496-01-7;
Na(HO,), 25277-93-4; +-BuOOK, 14970-33-3; KO,, 12030-88-5; 10,,
7782-44-7; Et,S, 352-93-2; t-BuCH=N,, 762-64-1; Ph,C=N,, 883-40-9;
PC(O)C(=N,)Ph, 3469-17-8; Me,C—=0, 67-64-1; t-BuC(O)Me, 75-
97-8; c-CH;o(=0), 108-94-1; -BuCHO, 630-19-3; KSOH, 10058-
23-8; O,, 10028-15-6; H,0,, 7722-84-1; 18-crown-6, 17455-13-9; 2,5-
diphenylfuran, 955-83-9.

(7) Adam, W.; Rodriguez, A. J. Am. Chem. Soc. 1980, 102, 404,

(8) (a) Foote, C. S.; Gu, C.-L.; Manring, L.; Liang, J.-J.; Kanner, R ;
Boyd, J.; Kacher, M. L.; Kramer, M.; Ogilby, P. In “Stereochemistry and
Reactivity of Systems Containing =-Electrons”; Watson, W. H., Ed.; Verlag
Chemie International: Deerfield Beach, FL, 1983; p 347. (b) Akasaka, T.;
Ando, W. J. Chem. Soc., Chem. Commun. 1983, 1203,

(9) Cremer, D. In “The Chemistry of Peroxides™; Patai, S., Ed.; Wiley:
New York, 1983; p 1.

Photochemistry on Porous Silica. Correlation of Cage
Effects and Magnetic Field Effects with Pore Size

Nicholas J. Turro* and Chen-Chih Cheng

Department of Chemistry, Columbia University
New York, New York, 10027

Walter Mahler*

Contribution No. 3477, Central Research Department
E. I du Pont de Nemours and Company, Inc.
Wilmington, Delaware 19898

Received January 19, 1984

deMayo and co-workers! have published an impressive series
of papers dealing with the photochemistry of organic compounds
adsorbed on porous silica gel. These authors have convincingly
demonstrated that adsorption on silica gel can significantly restrict
the translational movement of radical pairs produced by photolysis
of adsorbed carbonyl compounds. Results from our laboratory?
have demonstrated that environments which restrict the transla-
tional movement of radical pairs and which encourage recom-
bination of radical pairs are reaction spaces that are suited ex-
cellently for the observation of magnetic field and magnetic isotope

(1) deMayo, P.; Nakamura, A.; Tsang, P. W. K.; Wong, S. K. J. Am.
Chem. Soc. 1982, 104, 6824 and references therein. For a review, see: de-
Mayo, P. Pure Appl. Chem. 1982, 54, 1623.

(2) (a) Turro, N. J. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 609. (b)
Baretz, B. H.; Turro, N. I. J. 4m. Chem. Soc. 1983, 105, 1130. (c) Epling,
G. A.; Florio, E. Ibid. 1981, 103, 1237.
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Figure 1. Pore diameter distributions of freeze-formed silicas and Baker
silica gel measured by BET. The freeze-formed silicas are designed by
their average pore diameters.

effects on the chemistry of the radical pairs. Current theory? of
magnetic field and magnetic isotope effects on the chemistry of
radical pairs suggests that both the microviscosity and the size
of the reaction space are critical parameters in determining the
efficiency of these magnetic effects. We report here a systematic
investigation of the influence of pore size, substitute coverage, and
applied magnetic field on the photochemistry of ketons adsorbed
on porous silica.

3-(4-methylphenyl)-1-phenylacetone (1) was deposited on po-
rous silica by adding a calibrated amount of 1 in n-pentane to a
sample of porus silica soaking in n-pentane. The n-pentane was
evaporated slowly and the resulting sample was placed in a quartz
cell equipped with an arm which allowed vacuum degassing (ca.
2 X 10~ torr). After irradiation of the sample (which was tumbled
in order to increase efficiency and reproducibility), CH,Cl, was
added to the photolysate which was subjected to GC analysis. In
the cases reported, conversions were close to 100%, the cage effects
were independent of conversion, the precision was £5%, mass
balances were excellent (>90%), and (unless specified) the only
detectable products“ were those shown in eq 1.

Q-CHZ—c—CHz‘Q—CH3 e
O
O ol
—@—CHZ—CHZO—

Since excellent mass balances are obtamed, the molar ratio of
products (AA, AB, and BB) may be employed to determine via
eq 2 the cage effect,’ i.e., the percent of geminate recombinations

AB - (AA + BB)

2
AA + AB + BB 100% @)

% cage =

(3) (a) Salikhov, K. M. Chem. Phys. 1983, 82, 145, (b) Ibid. 1983, 82,
163. (c) Sterna; L.; Ronis, D.; Wolfe, S.; Pines, A. J. Chem. Phys. 1980, 73,
5493,

(4) In the absence of evidence to the contrary, it will be assumed that the
conventional mechanism of photolysis of dibenzyl ketone and its derivatives
(vide supra, ref 2a) in homogeneous solution and in micellar super cages
applies to photolysis of 1 on porous silica.
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