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5 7.10-7.56 (m, integration not determined, 3 aromatics + residual
CHCly), 7.05-7.10 (m, 1.00 H, 1 aromatic), 5.73 (dd, 0.53 H, H-6,
Jg's = 2-5, J5'7 = 5), 5.26 (m, 0.95 H, H-7), 4.07 (m, 1.00 H, H-5),
3.80 (m, 0.99 H, H-1), 3.43 (dd, 0.59 H, H-8, Jg, = 6, Jg7 = 2.5).
Sensitized Irradiation of Triene 11a. A solution of 21.0 mg
(0.12 mmol) of 1lla, 12.7 mg (0.055 mmol) of p-(dimethyl-
amino)benzophenone, and 4.0 mg of tetradecane (GC standard)
in 20 mL of cyclohexane was divided into two equal portions, and
each was separately irradiated for 10 min in Cell B with light
filtered through a WG-360 glass (Schott) filter (70% conversion
by GC/NMR). The photolysates were worked up as in the case
of the sensitized irradiation of unlabeled triene 11 to give 1.1 mg
(5%) of COT 10a ['H NMR (400 MHz; CDCly) 4 7.24-7.36 (m,
integration not determined, 3 aromatics + residual CHCly),
6.99-7.05 (m, 1.00 H, 1 aromatic), 6.89-6.92 (m, 0.99 H, H-6), 6.65
(overlapping s and d, 0.95 H, H-10; J;oq = 11.5), 6.03-6.09 (m,
1.51 H, H-8 and residual H-9), and 5.91 (dd, 0.55 H, residual H-7,
Jrg = 4.5, Jp5 = 11.5)], 6.1 mg (28%) of recovered triene 11a ['H
NMR (400 MHz; CDCly) 6 752 (m, 1.00 H, 1 aromatic), 7.27 (m,
integration not determined, 2 aromatics + residual CHCly), 7.13
(m, 1.00 H, 1 aromatic), 6.76 (m, 0.95 H, H-5), 6.11 (m, 0.96 H,
H-7), 6.07 (br d, 0.49 H, H-8; J, 5 = 2.5), 4.17 (m, 0.99 H, H-1),
and 3.79 (t, 0.53 H, H-6, Jg5 = Ji, = 4.5)], and SB 12a (a residue
of 3.2 mg of material was recovered from NMR sample) ['H NMR
(250 MHz; CDCl,) 6 7.10-7.56 (m, 3.90 H, 3 aromatics + residual
CHCly), 7.05-7.10 (m, 1.00 H, 1 aromatic), 5.73 (dd, 0.52 H, H-6,
Jes = 2.5, Jgq = 5), 5.26 (m, 0.96 H, H-7), 4.07 (m, 1.01 H, H-5),
3.80 (t,0.52 H, H-1, J, 5 = J; = 6), 3.43 (m, 1.01 H, H-8).
Quantum Yield Determinations. Quantum yields were
performed on an apparatus previously described,? which includes

(21) Bender, C. O.; Bengtson, D. L.; Dolman, D.; Herle, C. E. L.;
O'Shea, S. F. Can. J. Chem. 1982, 60, 1942,

an optical bench arranged for beam splitting into a ferrioxalate
actinometer.2? Cyclohexane solutions (3.5 mL) of reactants (ca.
(4.5-6.5) X 10® M) and sensitizer, if any (p-(dimethylamino)-
benzophenone, ca. 1.0 X 10° M), were deoxygenated prior to
irradiation by flushing with argon. A positive pressure of argon
was maintained over the stirred solutions throughout the course
of the irradiations. The quantum yields ($’s) were obtained from
several runs extrapolated to zero conversion. Product analyses
were determined by a combination of GC (internal tetradecane
standard) and HPLC (for the determination of relative amounts
of COT 10 and triene 11). The HPLC analyses were performed
on a normal-phase 16-um silica column (Waters, u Porasil, 3.9
mm X 300 mm). The eluting solvent system was 1% ethyl acetate
in hexane. Photometric detection was carried out at 300 nm,
chromatograms were integrated using a Waters 740 Data Module,
and relative detector responses were calibrated against known
mixtures of COT 10 and triene 11. For the direct irradiation of
triene 11, light of wavelength 280 nm was used. For sensitized
runs with p-(dimethylamino)benzophenone, the sensitizer ab-
sorbed >95% of the incident light (366 nm) employed.
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(Z)-1,2-Diethoxyethylene to 5-Substituted Adamantanones

Wen-Sheng Chung,** Nicholas J. Turro,** Sushil Srivastava,f and William J. le Noble*#$

Department of Chemistry, Columbia University, New York, New York 10027, and State University of New York,
Stony Brook, New York 11794

Received February 26, 1991

The photocycloaddition of olefins to 5-substituted adamantanones produces two geometrically isomeric oxetanes
in which the oxygen atom and the 5-substituent are in anti or syn positions. The substituent was varied from
fluoro, chloro, bromo, hydroxyl, and phenyl to tert-butyl. Although the mechanisms of the reaction with electron-rich
and electron-poor olefins are quite different, the product ratios are similar (~60:40) in all instances. The preference
of product formation from the attack on the zu face is discussed in terms of transition-state hyperconjugation.

Introduction

5-Substituted adamantanones 1-X and their derivatives
have proved to be useful probes in research aimed at un-
derstanding the electronic factors in face selection. The
advantages to their use include the presence of two vir-
tually isosteric faces, the absence of conformational un-
certainty, the possibility of forming only two geometrically
isomeric products, and the ease of handling the (usually)
solid products. Almost any reaction involving intercon-
versions between trigonal and tetragonal carbon can be
examined by means of them,! and a generalization has

*Present address: Department of Chemistry, Yale University,
New Haven, CT 08511.

$Columbia University.

$State University of New York.

emerged that the new bond preferentially forms at that
face that leaves it antiperiplanar to the most electron-rich
vicinal bond(s). This notion, that delocalization of the
electrons comprising these bonds into the ¢* component
of the incipient one stabilizes the transition state, was first
proposed by Cieplak? in 1981 to account for the well-known
propensity of nucleophiles to attack the axial face of cy-
clohexanones.

We reported® recently in a preliminary paper that the
concerted (if not synchronous) photocycloaddition of the
electron-poor olefin (E)-1,2-dicyanoethylene (2) to 5-sub-

(1) For a summary of earlier studies and references, see: Bodepudi,
V.; le Noble, W. J. J. Org. Chem. 1991, 56, 2001.

(2) Cieplak, A. 8. J. Am. Chem. Soc. 1981, 103, 4540.

(3) Chung, W.-S,; Turro, N. J.; Srivastava, S.; Li, H.; le Noble, W. J.
J. Am. Chem. Soc. 1988, 110, 7882,
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Table I. Key Proton Chemical Shifts and Coupling Constants (J) and Melting Points for 5-Substituted
trans-11,12-Dicyanoadamantanoxetanes®

oxetane ng )] H" ) Hl, Hgb Ju_u (Hz) mp (°C)
(1) 4-H) 5.12 (d) 3.68 (d) 2.40 (s, 2.34 (s) 5.70 @ 0.02 104-106
(2) (E)-4-F 5.13 (d) 3.73 (d) 2.62 (8), 2.56 (8) 5.60 @ 0.02 157-158
(3) (Z)-4-F 5.15 (d) 3.72 d) 2.67 (8), 2.61 (s) 5.66 & 0.02 171-173
(4) (E)-4-Cl 5.13 (d) 3.73 (d) 2.55 (8), 2.49 (s) 5.57 & 0.02 122-124
(5) (2)-4-C1 5.15 (d) 3.71 (d) 2.58 (s), 2.52 (s) 5.73 £ 0.02 160-162
(6) (E)-4-Br 5.13 (d) 3.73 (d) 2.52 (s), 2.45 (s) 5.53 £ 0.02 143-145
(7) (Z)-4-Br 5.15 (d) 3.69 (d) 2.67 (s), 2.62 (s) 5.70 & 0.02 152-154
(8) (E)-4-OH 5.13 (d) 3.72 (d) 2.55 (s), 2.48 (s) 5.61 @ 0.02 172-173
(9) (2)-4-OH 5.14 (d) 3.71 (d) 2.59 (s), 2.54 (s) 5.68 & 0.02 191-192
(10) (E)-4-Ph 5.17 (d) 3.73 (d) 2.59 (s), 2.51 (8) 5.71 & 0.07 147-148
(11) (2)-4-Ph 5.17 (d) 3.77 (d) 2.60 (s), 2.54 (8) 5.64 @ 0.04 199-200
(12) (E)-4-t-Bu 5,11 (d) 3.67 (d) 2.43 (s), 2.36 (s) 5.73 £ 0.05 151-152
(13) (Z2)-4-t-Bu 5.11 (d) 3.68 (d) 2.44 (m), 2.39 (m) 5.63 @ 0.03 157-158

° Partial proton assignment; measured by Bruker AF-250 NMR; chemical shifts refer to CDCl; (5 7.25). See Scheme II for the numbering

system. ®Data shown are not necessarily in the correct order.

stituted adamantanones occurs with the formation of
products in accord with this concept. Presently, we wish
to record these observations with experimental detail and
add to them the further finding that the use of (Z)-di-
ethoxyethylene (3) gives the same stereochemical result
even though this electron-rich olefin is known to undergo
the reaction via a very different pathway. Exciplex for-
mation has been proposed to be the initial step of a
quenching interaction between ketone n,»* singlet or
triplet states and olefins.42 The exciplex appears to have
charge-transfer character, with the n,7* state acting as an
electron donor to electron-poor olefins such as 2 and as an
electron acceptor from electron-rich olefins such as 3.4
Once formed, the exciplex is subject to dissociation or to
bond formation leading to oxetanes, either directly (elec-
tron-poor olefins) or indirectly via 1,4-biradical interme-
diates (electron-rich olefins).

ﬁCN OC;Hs
NC OC;H;
E2 z3

Results and Discussion

The photocycloaddition of ketones to olefins (also known
as the Paterno-Biichi reaction) is one of the earliest® ex-
amples demonstrating the usefulness of photochemistry
to the synthetic chemist* Mechanistic studies® have been
done primarily with acetone. The singlet n,»* state is
trapped by electron-poor olefins such as (E)-2 via a con-
certed or even synchronous [2 + 2] cycloaddition involving
the now occupied 7* orbital (face attack). The reaction
is stereospecific, with retained configuration. The triplet
state does not directly lead to an oxetane but results in
olefin isomerization; at long reaction times the oxetane
with inverted configuration is detectable. With electron-
rich olefins such as 3, both singlet and triplet give rise to
a diradical via attack by the electron-deficient oxygen in
the plane of the carbonyl group (edge attack; see Scheme

(4) For reviews, see: (a) Turro, N. J.; Dalton, J. C.; Dawes, K.; Far-
rington, G.; Hautala, R.; Morton, D.; Niemczyk, M.; Schore, N. Acc.
Chem. Res. 1972, 5, 92. (b) Schreiber, S. W. Science 19885, 227, 858. (c)
Carless, H. A. J. In Synthetic Organic Photochemistry; Horspool, W. M.,
Ed.; Plenum Press: New York, 1984; p 425. (d) Jones, G., I In Organic
{’hloz’tgchemiatry; Padwa, A., Ed.; Wiley: New York, 1981; Vol. 5, pp

(5) (a) Paterno, L.; Chieffi, G. Gazz. Ch;m Ital. 1909, 39, 341. (b)
Bachi, G.; Inman, C. G Lipinsky, E. 8. J. Am. Chem. Soc. 1954 76,

(8) Turro, N. J.; Wnede,P A. J. Am. Chem. Soc. 1970, 92 320
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I). This intermediate eventually closes to the oxetanes
with a selectivity that is governed by the multiplicity and
the relative rates of bond rotation and collapse.

Very little is known about the stereochemistry of this
reaction when the two faces of the carbonyl group are
different. Various 7,7-disubstituted 2-norbornanones have
been shown to undergo cycloaddition on the exo side,” but
there appears to be no guidance for instances in which the
face differential results from an electronic perturbation.

A study of 1-X in conjunction with 2 and 3 was therefore
undertaken. In both cases, all four possible photoproducts

(7) Turro, N. J.; Farrington, G. L. J. Am. Chem. Soc. 1980, 102, 6058,
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Table II. C Chemical Shifts (5 Scale) in Various 5-Substituted trans-11,12-Dicyancadamantanoxetanes (J in Hx)*

1 2 3 4 5 8 7 8t 9 10 11 12 13
carbon 4-H (E)-4-F (2)-4-F (E)-4Cl (2)-4Cl (E)-4-Br (2)-4-Br (E)-4-OH (2)-4-0OH (E)-4-Ph (2)-4-Ph (E)-4-t-Bu (2)-4-t-Bu
C1,C3 38.98 41.23 41.86 41.36 41.75 42.09 42.27 40.78 41.31 39.58 39.69 39.51 39.69

J=101 J=103
35.66 38.06 38.69 38.26 38.66 39.01 39.32 37.85 38.08 36.23 36.43 36.04 36.34
J=100 J =104
C2 9141 89.45 89.05 89.20 88.88 89.10 88.80 90.09 89.63 90.91 90.58 91.56 91.28
C4,C9 3279 287.39 36.23 42.27 40.85 43.76 42.37° 39.86 38.79 38.30 36.80 31.82 32.45
J=198 J =201
33.27 37.88 36.35 42.71 40.93 44.19 42.37° 40.47 38.90 38.52 36.94 3243 3291
J =201 J=203
Cs 256.82 89.69 80.72 63.72 63.99 §9.07 59.66 66.41 66.35 34.61 34.61 34.91 34.89
J =186.0 J=185.7
Cc1 25.61 28.97 28.76 29.03 28.73 29.78 29.45 28.29 28.04 26.64 26.38 26.44 26.29
J=100 J=99
Cé 35.88 41.36 41.26 46.02 45.90 47.45 47.33 43.97 43.61 42.10 41.48 34.66 34.76
J=177 J =180
Cs,C10 3142 30.07 31.87 29.70 31.52 29.70 31.48 30.17 32.01 30.70 32.53 31.02 30.79
31.30 29.80 31.36 29.53 31.02 29.62 30.98 30.03 31.50 30.56 32.04 30.92 30.54
C11 37.96 37.78 37.04 31.78 37.09 37.78 37.24 37.67 37.19 38.08 37.66 38.08 37.70
C12 61.94 61.99 61.98 61.98 61.94 62.00 61.96 61.97 61.97 62.06 62.03 61.92 61.98
C13 11512 114.52 114.70 114.56 114685 114.55 114.61 114.76 114.87 114.99 115.05 115.10 115.21
Cl4 116.72 116.33 116.36 11635 11634 11634 116.33 116.47 116.49 116.66 116.64 116.73 116.76
Ci 148.10 148.56 Clb
Co 124.67 124.66 (35.02) (35.09)
Cm 128.42 128.30 Clé
Cp 126.30 126.11 (24.67) (24.60)

¢Measured by Bruker AF-250 NMR. See Scheme II for the numbering system. In the parent compound 4-H, the oxygen is understood to be syn to Cy and
Cyo *Measured by VXR-300. ¢Two peaks at § 42.37 overlap.

were observed, as expected from the pathways portrayed Scheme III
in Schemes II and IIL.%

Thus, when a Xe/Hg lamp was used in conjunction with
a potassium chromate filter to irradiate an acetonitrile
solution of 1-F and excess (E)-2, the product of brief ex-
posure was shown by means of VPC to be a mixture of two
components in the ratio of 57:43. Integration of the oxe-

tane-ring proton (OCHCN) NMR signals confirmed the

1X +Z38

lhv

ratio. The trans configuration of the cyano groups is easily o Gt
recognized by inspection of these same signals; charac- 0 Q
teristically, the H;;-H;, coupling constants equal 5.6-5.7 o)\

Hz (see Table I). The assignment of configuration of the _o-=OCH,CH, o' 11I0CH,CHy
spiro skeleton was found to be consistent with a 1*C NMR . .

study of a type we have described elsewhere.® In essence,
this is an additivity scheme in which the chemical shifts
are calculated from those of the corresponding carbons in
adamantane, 1-fluoroadamantane, and the parent spiro-
oxetane. The C g and Cg;, pairs, by far the most inform-
ative beacons in this regard, are readily distinguished from
one another by virtue of the *C-1°F splittings, which are
roughly 20 and 0 Hz, respectively (see Table II). In the
parent compound, they can be recognized by means of
their chemical shifts: when one of the two substituents
at C, is an electronegative atom such as oxygen, the carbon
pair “below” it is always shielded compared to the anti
pair.® Another indication is that the Cg and C,, signals
differ by only 0.1 ppm, whereas C, and C,, which are close
to one of the cyanomethylene groups, differ by 0.5 ppm.

!

CH
cn
[o]

Hy
CH;CH, o
+
X
X

CHgCHzO (1)

(8) Perhaps it goes without saying that all chiral compounds encoun- 8“2
tered in our study were racemic. It may also be noted that for the sake
of convenience and continuity we refer to all of our adamantanes as
2,6-substituted even though this is technically sometimes incorrect (e.g.
2,5-dimethyladamantane is really 1,4, otc.). Finally, we wish to point out
that the E,Z descriptors now in general use for olefins (Blackwood, J. E.;
Gladys, C. L.; Loening, K. L.; Petrarca, A. E.; Rush, J. E. J. Am. Chem.
Soc. 1988, 90, 509; see ref 2) are generally not adequate for disubstituted
rings since these will often be chiral; however, even-membered carhocyclic
rings with two to four substituents at twwosite corners have C, sym-
metry, and the E/Z symbols can then be without ambiguity (olefins
may mﬂd as a special case, with two-membered rings). 2,5-Di-
substituted adamantanes fit this criterion, and hence we have used these

.l IOCH2CH3

E-7-X Zz-7.X

descriptors for them hitherto. In the present case, the oxetanes 4-7 do
not have this symmetry because of the cyano and ethoxy groups; never-
theless, we continue to use the E/Z symbols for the sake of simplicity.
19 S(g) ggﬁ;?;gta“' 8.; Cheung, C. K.; le Noble, W. J. Magn. Reson. Chem.

The chemical shifts thus computed for C,g and Cq,, agree
with the observed values to within a few tenths of 1 ppm;
differences of 2 ppm or more result if the opposite con-
figurations are assumed. Column chromatography was
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Table II1. Key Proton Chemical Shifts and Coupling

Constants for 5-Substituted
cis-11,12-Dicyanoadamantanoxetanes®
oxetane H;, () Hy (9) H,, Hy Jy-12 (Hz)
14 5-H 528 (d) 3.78(d) 2.58 (s), 207 (g) 8.52 % 0.02
15 (E)-6-F 5.29(d) 3.85(d) 2.80(m),2.31 (m) 8.56 % 0.07
16 (Z)-8-F 530 (d) 3.83(d) 2.87 (m), 2.36 (m) 8.48 = 0.03

17 (E)-8-Cl  5.29 (d) 3.84 (d) 2.74 (d), 2.38 (dd) 8.45 £ 0.02
18 (2)-5-C1  5.30 (d) 3.82(d) 2.77 (m), 243 (m) 8.50 £ 0.02
19 (E)-5-Br 5.29 (d) 3.84 (d) 2.70 (d), 2.57 (dd) 8.48 £ 0.02
20 (Z)-5-Br 530 (d) 3.80 (d) 2.74 (d), 2.61 (m) 8.52 + 0.04
21 (E)-5-Ph 532 (d) 3.84(d) 278 (m), 2.26 (m) 8.50 % 0.05
22 (2)-5-Ph  5.33(d) 3.88(d) 279 (m), 2.29 (m) 8.49 % 0.02

sPartial proton assignment; measured by VXR-300 NMR;
chemical shifts refer to CDCly (5 7.25). See Scheme II for the
numbering system. ®Data shown are not necessarily in the correct
order.

used to obtain samples of these compounds in pure form;
the major product was shown to be (E)-4 by way of an
X-ray diffraction study.?

Upon longer irradiation times, small amounts of two
other components also begin to be observable. These new
products are readily recognized to be the E and Z isomers
5; on the basis of the 'H NMR spectra, the CHCN protons
have a coupling constant of 8.5 Hz in compounds 5-F (see
Table IIT). This difference is quite characteristic of cyano
substituted oxetanes,”!® and it agrees well with that cal-
culated on the basis of the Karplus equation.!! The
amounts of the cis-oxetanes 5-F were sufficient to deter-
mine the E/Z ratio; it turned out to be identical with that
of 4.

The experiments with 1-Cl, -Br, -OH, -Ph, and -¢t-Bu
followed a similar course; the E and Z assignments in these
instances rested entirely on the 13C additivity method. As
with the fluoro products, the chemical shifts calculated for
C49 and Cy o agree with the observed values (Table IV)
to within a few tenths of 1 ppm.

The photocycloadditions with (Z)-3 were also carried out
in the same way; E and Z assignments were made on the
basis of 1°C NMR additivities, and distinctions between
6 and 7 were based on the coupling constants of the C,-
H OCHCH protons, those for 6 being larger than those of
7 in all cases, as with the dicyanooxetanes. In addition,
the empirical observation that one of the four diastereo-
topic ethoxy methylene protons in 7 was consistently de-
shielded somewhat compared to the other three and to the
four methylene protons in 6 was also helpful. The NMR
data for these compounds are given in the supplementary
material. On the other hand, the diethoxy compounds
were more labile than the dicyanooxetanes; in particular,
the isolated cis compounds 6 were stable only for a few
days even at temperatures below 0 °C. The 5-bromo-
oxetanes 6 proved to be the most sensitive, vanishing
within hours after irradiation even if some sodium bi-
carbonate was added. Ethanolysis of these acetals was
shown to be the culprit; the (E)- and (Z)-triethoxy-
adamantanols 8 could be isolated.

CH(OC;Hg)y

HO,
OC,Hg

Br
8

The mass spectra of the oxetanes are also given in the
supplementary material. They generally showed weak

(10) Dalton, J. C.; Dawes, K.; Turro, N. J.; Weiss, D. S.; Barltrop, J.
A,; Coyle, . D. J. Am. Chem. Soc. 1971, 93, 7213.
(11) Karplus, M. J. Am. Chem. Soc. 1968, 85, 2870.
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parent peaks (0-30% by the EI method); the main frag-
ments arise from fission across the oxetane ring. Such ring
fission is a known process;!? thus, the parent oxetane
predominantly gives ethylenes via ring cleavage.'>!* The
use of chemical ionization techniques' greatly improved
the detection of molecular ions of all dicyanooxetanes 4
and 5 but not of diethoxyoxetanes 6 and 7.

Analysis of all mixtures of the four halodiethoxyoxetanes
was possible by GC; in every case, base-line separation
prevailed between all four peaks (Carbowax column). The
E/Z product ratios are shown in Table V. The preference
for attack of the olefin at the zu face (syn to the 5-sub-
stituent) is, again, without exception. The product-con-
trolling step is the collapse of the diradical, as shown in
Scheme III; it may be noted that 5-substituted 2-
adamantyl radicals in their abstraction of a bromine atom
also prefer the zu face.! The present results add to the
already extensive evidence for the proposition that addi-
tion to trigonal carbon occurs at the face antiperiplanar
to the more electron-rich vicinal bond(s). It would seem
difficult to find a reason for this preference in so many
reactions as described here and elsewhere without involving
transition-state hyperconjugation. The fact that essentially
the same data emerge in reactions of quite different
mechanism lends especially strong support.

We must take note of the fact that, while all of the
5-substituents used in this study are electron-withdrawing!®
and all induce predominant zu-face attack, there is no
obvious correlation between the magnitude of the E/Z
ratios and the strength of the induction. Such a correlation
is clearly present in reactions producing 2-adamantyl
cations'®!? and a more modest one has been observed in
reductions and methylations of 1-X.1%19 It must be re-
alized, however, that our knowledge of inductive power is
based almost exclusively on ground-state chemistry and
also that with the E/Z ratios generally rather close to unity
such correlations will remain difficult to prove or disprove
satisfactorily. What is really needed is more powerful
induction in our probe. We hope to bring this about by
building heteroatoms in the adamantane skeleton in future
projects.

Experimental Section

Proton nuclear magnetic resonance spectra were taken on 250-,
300-, and 400-MHz spectrometers. The data reported were re-
corded at 300 MHz unless otherwise specified. Natural abundance
13C NMR spectra were taken by use of the pulsed Fourier-
transform method on a 300-MHz high-resolution NMR spec-
trometer operating at 75.4 MHz. Broad-band decoupling was used
to simplify spectra and aid peak identification. For both nuclei,
chemical shifts are reported in parts per million and coupling
constants in Hz, with the solvent (usually CDCl;) peak as an
internal standard. The reference peak for 1*C is § = 77.00 ppm,

(12) (a) Bradshaw, J. S. J. Org. Chem. 19686, 31, 237. (b) Beereboom,
J. J.; von Writtenau, M. S. J. Org. Chem. 1965, 30, 1231.

(13) Gallegos, E. J.; Kiser, R. W. J. Phys. Chem. 1962, 66, 136.

(14) For reviews of CI methods in mass spectrometry, see: (a) Mun-
son, M. S, B,; Field, F. H. J. Am. Chem. Soc. 19686, 88, 2621. (b) An-
deregg, R. J. In Biomedical Applications of Mass Spectrometry; Suelter,
C. H.; Watson, J. T., Eds.; Wiley: New York, 1990; pp 1-89. (c) Termont,
{)9,7 ;(ez%k:;leire, D. D.; Vandewalle, M. J. Chem. Soc., Perkin Trans. 1

(15) For alkyl as a 5-substituent, see: (a) Sinnott, M. L.; Whiting, M.
C. J. Chem. Soc., Perkin Trans. 2 1975, 1446. (b) Storegund, H. J.;
Whiting, M. C. Ibid. 1975, 14562. (c) Finne, E. S.; Gunn, J. R.; Sorensen,
T. S. J. Am. Chem. Soc. 1987, 109, 78186.

(16) Xie, M.; le Noble, W. J. J. Org. Chem. 1989, 54, 3839.

(17) Adcock, W.; Coupe, J.; Shiner, V. J.; Trout, N. A. J. Org. Chem.
1990, 55, 1411.

(18) (a) Cheung, C. K,; Tseng, L. T\; Lin, M.-H.; Srivastava, S.; le
Noble, W. J. J. Am. Chem. Soc. 1988, 108, 1598. (b) Li, H.; le Noble, W.
J. Tetrahedron Lett. 1990, 31, 4391.

(19) Xie, M.; le Noble, W. J. J. Org. Chem. 1989, 54, 3836.
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Table IV. 3Chemical Shifts (5 scale) in Various 5-Substituted cis-11,12-Dicyanoadamantanoxetanes®

oxetanes
14 15 16 17 18 19 20 21 22
carbon 5-H (E)-5-F (Z2)-6-F (E)-5-Cl (2)-5-Cl (E)-5-Br (Z2)-5-Br (E)-5-Ph (2)-5-Ph
Ci,Cs 38.91 41.12 41.82 41.34 41.72 42.04 42,37 39.56 39.70
J =101 J =104
35.92¢ 38.27 38.86 38.52 38.90 39.25 39.58 36.42 36.65
J =101 J =10.2
C, 91.59 89.65 89.24 89.30 89.07 89.18 89.02 91.06 90.79
CiCo 33.02 37.55 36.27 42.51 40.92 43.98 42.54 38.60 36.84
J =201 J =199
33.30 37.88 36.46 42.77 41.08 44.23 42.37% 38.49 37.13
J =201 J =20.1
Cs 25.65 89,77 89.77 63.78 64.06 59.16 59.65 34.64 34.68
J =186.2 J = 185.6
C, 25.87 28.99 28.78 29.10 28.89 29.58 29.53 26.65 26.44
J=98 J=99
Ce 35.92¢ 41.37 41.28 46.10 45.98 47.52 47.44 42.05 41,51
J=171 J =181
Cs,Cyo 31.56 30.15 31.88 29.84 31.55 29.83¢ 31.55 30.82 32.56
31.33 29.91 31.54 29.61 31.23 29.83% 31.21 30.57 32.30
Cu 37.57 37.36 36.52 37.38 36.68 3741 36.87 37.62 37.25
Cis 61.98 62.05 62.02 62.056 62.05 62.04 62.06 62.04 62.06
Cis 114.41 113.88 113.88 113.83 113.91 113.81 113.81 114.19 114.22
Cu 115.52 115.19 115.09 115.12 115.13 115.10 115.08 115.37 115.34
G 148.14 148.62
C, 124.71 124.70
(o 128.42 128.33
C,, 126.30 126.14

s Measured by VXR-300 NMR, CDCJ, (4 77.00); J is in Hz. See Scheme II for the numbering system. ®Peaks overlap for these carbons.

Table V. E:Z Epimer Distributions in the
Photocycloadditions of (E)- and (Z)-2 and -3 to
5-Substituted Adamantanones (1-X)*

X (E)-2 (2)-2 (E)-3 (2)-3
F 57:43 57:43 55:45 57:43
Cl 58:42 60:40 54:46 57:43
Br 59:41 60:40 55:45 60:40
OH 53:47
CeH, 65:35 60:40
t'C‘Hg 64:36

¢ Analysis by VPC and 'H NMR; error limit £2%.

which is set at the center peak of CDCl;, and for !H it is 6 = 7.25
ppm of CHCl,.

Gas chromatographic analyses were carried out on an instru-
ment equipped with a flame ionization detector and a reporting
integrator. The capillary column employed included HP-1
cross-linked methylsilicone (SE-30, 25 m) and carbowax column
(25 m). GC/Mass spectral analyses were carried out with the CH,
chemical-ionization method.!4

Materials. All commercially obtained chemicals were reagent
or spectrophotometric grade and were not purified prior to use
unless otherwise specified. The synthesis of 5-tert-butyl-
adamantan-2-one (1-¢-Bu),? 5-phenyladamantan-2-one (1-Ph),2
5-hydroxy-(1-OH),%2 5.chloro-(1-Cl),2! 5-bromo-(1-Br),® and
5-fluoroadamantan-2-ones (1-F)1¢* have all been described. The
1-F was obtained by refluxing a mixture of 20 mL of the 1-Br in
150 mL of cyclohexane with 50 mM anhydrous silver fluoride,'
which is an adaptation of a procedure given by Schleyer for
1-fluoroadamantane.?

trans-1,2-Dicyanoethylene ((E)-2). Commercial material
(Aldrich) is a black crystalline material containing an impurity
with Any, (CH;CN) ~270 nm. It was decolorized with activated
carbon (Fisher Scientific) and recrystallized from methylene
chloride/hexane (50:50 v/v) until no residual absorption above
240 nm was observed.

(20) le Noble, W. J.; Srivastava, S.; Cheung, C. K. J. Org. Chem. 1983,

, 1099,

(21) Geluk, H. W. Synthesis 1972, 374.

(22) Srivastava, S.; le Noble, W. J. Synth. Commun. 1984, 14, 65.
(23) Klein, H.; Wiartalla, R. Synth. Commun. 1979, 9, 825.

(24) Tabushi, I.; Aoyama, Y. J. Org. Chem. 1973, 28, 3447.

(25) Fort, R. C.; Schleyer, P. v. R. J. Org. Chem. 1965, 30, 789.

cis-1,2-Diethoxyethylene ((Z)-3) was prepared by pyrolysis
of 1,1,2-triethoxyethane according to the procedure of McElvain
and Stammer.® About 40 g Al,O, was packed into a column and
heated to 230 £ 5 °C; 32 g of triethoxyethane (I, Aldrich) was
then passed through this column with nitrogen as a carrier gas
to a dry ice—acetone trap. The recovered light yellow liquid (25
g) was heated on a steam bath to strip off ethanol and acet-
aldehyde, and the yellow residue was fractionally distilled under
nitrogen. Material collected below 110 °C was discarded. The
fraction that distilled between 110-135 °C was used; it was found
to contain 92% (Z)-3 and 4% (E)-3 (~70% yield based on un-
recovered I). (Z)-3: bp 130.5-137 °C%* NMR (CDCl;) é 5.12 (s,
2 H), 373 (q,4 H,J =71Hz), 1.25 (t, 6 H, J = 7.1 Hz).7

X-ray Structure Analysis of (E)-4-F.2 (E)-4-F, mp 157 °C,
was crystallized from 20% ethyl acetate in hexanes. Its structure
was determined by means of single-crystal X-ray analysis in a
Nicolet R3m diffractometer with Mo ((\) = 0.71073 A) radiation
at 298 K, with an w-type scane at 4.88-19.53 deg/min. The crystals
are orthorhombic, with space group Pbca and unit cell dimensions
a=10.854 (5) A, b ="17.706 (4) A, c = 28.681 (9) A, « = 90°, 8
=90°, v =90° V = 2399 (2) A%, Z = 8, p.uq = 1.36 g/cm?, crystal
size (mm) 0.44 X 0.49 X 0.77, picaeq 1.1 cm™1, F(000) = 1040, 3174
reflections, 2751 unique reflections, 1775 with I > 3¢(I) and with
223 variable parameters. Three-dimensional diffractometer data
were refined with unit weight (F, O, N, C anisotropic, H isotropic)
by least-squares methods with w = 1/[s*(F¢) + 0.00042 (Fy)?} to
final R values of 0.0399, R,, = 0.0490, and goodness of fit indicator
(GOF) = 1.539 (for details, see supplementary material in ref 3).

Irradiation of 1-X with (E)-2. A relatively high concentration
of (E)-2 (0.3 M) was employed to favor the formation of trans-
oxetanes. Thus, a solution of 0.5 g of 1-X and 1 g of (E)-2 in 50
mL of spectrograde acetonitrile was placed in a Pyrex tube
stoppered with a rubber septum. The solution was irradiated
(Xe/Hg 1 KW lamp) for 48 h (~60-80% conversion) through
a 313-nm filter solution (0.002 M K,CrO, in 1% aqueous K,COs).
The solvent was removed from the dark red solution on a rotary
evaporator and the residue distilled under vacuum. The fraction
collected at 150-220 °C (50 mm) was allowed to solidify. The
residues of all 5-substituted oxetanes (except 5-hydroxyl) were
chromatographed over silica gel with ethyl acetate in hexanes as
eluant (10-20% by volume). The use of 40-63-um silica gel 60

(26) McElvain, S. M.; Stammer, C. H. J. Am. Chem. Soc. 1951, 78, 915,
(27) Schaap, A. P.; Bartlett, P. D. J. Am. Chem. Soc. 1970, 92, 6056.
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(E. Merck No. 9385) and a pressure-driven rate of 2.0 in./min
leads to a successful separation.?® In every instance, (E)-4-X
eluted first, followed by (2)-4-X, (E)-5-X, and finally (2)-5-X.
(E)- and (Z)-4-OH were chromatographed with aluminum oxide
(80-200 mesh neutral) and 40% ethyl acetate in hexanes; (Z)-4-OH
has a larger R, value than (E)-4-OH.

The peak patterns in the 'H and *C NMR spectra for all the
oxetanes are very similar. For 6 and 7, complete assignments of
the °C peaks and full descriptions of the 'H NMR spectra are
given in the supplementary material.

Irradiation of 1-X and (Z)-3. A relatively high concentration
of (Z)-3 (0.3 M) was employed to favor the formation of cis-ox-
etanes 6. A solution of 0.2 g of 1-X and 1 g of (Z)-8 in 50 mL of
spectrograde acetonitrile was placed in a Pyrex tube stoppered
with a rubber septum. The solution was irradiated (Xe/Hg 1-kW
lamp) for 48 h (60-90% conversion) through a 313-nm filter
solution (0.002 M K,CrO, in 1% aqueous K,COg). The solvent
was removed from the light yellow solution on a rotary evaporator,
and the residue was chromatographed over silica gel with ethyl
acetate (4% in hexanes) as eluant. In every case, (Z)-6-X eluted
first, followed by (E)-6-X, (2)-7-X, and finally (E)-7-X. Fluo-
rooxetanes were analyzed by means of GC with a carbowax column
and separated by repeated column chromatography (silica gel).
Since the diethoxyoxetanes are acid sensitive and decompose
within hours after drying, they were stored in a sealed tube in
a freezer.

(28) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.

The peak patterns in the 'H and *C NMR spectra for these
oxetanes are also similar (see supplementary material).

The unstable products (E)- and (Z)-6-Br were converted into
(E)- and (Z)-8-Br by acid-catalyzed alcoholysis. (E)-8: 3C NMR
(CDCl,, 75.4 MHz) § 104.15, 79.62, 75.20, 68.70, 65.44, 65.27, 64.49,
50.06, 46.09, 45.34, 38.36, 37.87, 31.60, 31.12, 30.84, 15.73, 15.47,
15.25; 'H NMR (CDClg, 300 MHz) 5 4.55 (d, J = 5.4 Hz, 1 H),
3.97 (dq, J = 7.1, 9.1 Hz, 1 H), 3.81 (dq, J = 7.1, 9.1 Hz, 1 H),
3.61-3.73 (m, 3 H), 8.54 (dq, J = 7.1, 10.0 Hz, 1 H), 3.45 (dq, J
=17.1,9.2 Hz, 1 H), 2.93 (s, 1 H, -OH), 2.61-2.64 (m, 1 H), 2.48-2.53
(m, 1 H), 1.95-2.32 (m, 9 H), 1.43-1.51 (m, 2 H), 1.16~1.24 (3t,
9 H). (2)-8: 13C NMR (CDCl;, 75.4 MHz) 6 104.07, 79.78, 74.83,
68.61, 65.87, 65.50, 64.35, 49.85, 44.36, 44.18, 39.06, 38.24, 32.74,
31.99, 31.32, 15.71, 15.46, 15.20; 'H NMR (CDCl,, 300 MHz) &
4,54 (d, J = 5.5 Hz, 1 H), 3.41-3.97 (m, 8 H), 2.87-2.94 (m, 3 H),
1.31-2.45 (m, 10 H), 1.15~1.25 (3t, 9 H).
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2-Methyl-2-nitrosopropane (MNP) was used as a spin-trap reagent to study the radicals formed in the pho-
tochemical reaction of substituted trans-stilbenes (TS) with tertiary amines. Seven 1,2-(p,p’-disubstituted
phenyl)ethyl radicals were trapped by MNP and isolated and identified by HPLC-EPR. The nitrogen hyperfine
splitting constants (hfsc) of these radicals are linearly correlated with the Hammett substituent constants op.
There is also a linear correlation of the nitrogen hfsc with both the single op parameter and the dual og, o}
parameters. The inductive and resonance effects are of equal importance. The correlation between proton hfsc
and a single op parameter is not linear. There is fair correlation between the S-proton hfsc and the dual parameters
oy, o1. The only fair correlation may be due to the large dihedral angle between the nitrogen = orbital and the

N-C-H plane.

Introduction

The spin-trapping technique®-® has been useful for the
study of radical species formed in various chemical reac-
tions.*® Thus, unstable free radicals can be trapped by

(1) Janzen, E. G. Acc. Chem. Res. 1971, 4, 31-40.

(2) Perkins, M. J. In Advances in Physical Organic Chemistry; Gold,
V., Bethel, D. Eds.; Academic: New York, 1980; Vol. 17, pp 1-64.

(3) Haire, D. L.; Oehler, U. M.; Krygsman, P. H,; Janzen, E. G. J. Org.
Chem. 1988, 53, 4535~4542.

(4) Stolze, K,; Duling, D. R.; Mason, R. P. J. Chem. Soc., Chem.
Commun. 1988, 268-270.

(6) Kaur, H.; Leung, K. H. W,; Perkins, M. J. J. Chem. Soc., Chem.
Commun. 1981, 142-143.

(6) Rockenbauer, A.; Gyor, M,; Tudos, F. Tetrahedron Lett. 1988, 27,
3425—-3428.

(7) Ohto, N,; Niki, E.; Kamiya, Y. J. Chem. Soc., Perkin Trans. 2 1977,
1770-1774.

(8) Chandra, H.; Davidsen, I. M., T.; Symons, M. C. R. J. Chem. Soc.,
Faraday Trans. 1 1988, 79, 2705-2711.

such reagents as 2-methyl-2-nitrosopropane (MNP) and
a-phenyl-N-tert-butylnitrone (PBN) to form stable nitr-
oxide radicals that can be studied by electron paramagnetic
resonance (EPR). We have used the spin-trapping tech-
nique to study the unstable free radical species formed
from the trans-stilbene (TS)-amine exciplex system, since
it has been reported that the mechanism for the photo-
chemical reaction between TS and tertiary amines involves
consecutive electron and proton transfer.!®!® The ex-
perimental evidence for the reactive intermediates formed

9) l\sdaackor, A.; Wajer, A. J. W.; De Boer, Th. J. Tetrahedron 1968, 24,
1623-1631.

(10) Lewis, F. D.; Ho, T.-1. J. Am. Chem. Soc. 1977, 99, 7991-7995.

(11) Lewis, F. D.; Ho, T.-L; Simpson, J. T. J. Org. Chem. 1981, 46,
1077-1082. ,

(12) Hub, W.; Schneider, S.; Dorr, F.; Simpson, J. T.; Oxman, J. D.;
Lewis, F. D. J. Am. Chem. Soc. 1982, 104, 2044~2045.

(13) Lewis, F. D. Acc. Chem. Res. 1979, 12, 152-158.
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