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Table I. Products of Reaction of Thianthrene Cation Radical Perchlorate with 1,1’-Azoadamantane in Acetonitrile?

reactants® products®
AA Th*-Cl10,” AdNHCOMe* AdOH? AdCOMe? AdH? AdAde Theh Ny
0.459 0.815 0.752 0.011 0.822
0.566 1.00 1.02¢ 0.0034 0.031/ 0.0018 0.014
0.051 0.050 0.0367
0.051 0.050 0.0398
0.027 0.0505 0.0273

“Distilled over P,Os. ®In mmol. °Isolated yield.  GC assay, SE-30 capillary column, with naphthalene as an internal standard. ¢Isolated as the
perchloric acid salt, amounting to 90% of the AA. The difference between this and the first entry (amounting to 81.9% of AA) represents losses in
the extractive isolation of AANHCOMe. /This represents 5.5% of the AA. Measurements in two other separate experiments gave 5.7% and 5.9%
of the AA. ¢This represents 0.2% of the AA. * A small amount of thianthrene S-oxide (ThO) was also obtained. ‘N, was measured by conventional

vacuum-line. Toepler-pump techniques.

In these cases, solid Th*ClO,” and AA were placed in separate arms of a Y-tube, to each of which

approximately 1 mL of acetonitrile was added. Reactants were mixed after customary freeze-thaw degassing and sealing.

or that very few free Ad. are formed. Such free Ad- that are
produced mainly add to the nitrile carbon'® rather than abstracting
hydrogen from MeCN. In support of the possibly facile oxidation
of Ad:, it should be noted that the ionization potential (IP) of Th
is near 7.90 eV,'*20 while the IP of Ad- should be similar to the
6.9 eV found for tert-butyl radical.?! Moreover, Th has a higher
oxidation potential (1.3 V) than Fe(phen),;(ClO,); (0.99 V) but
even the latter oxidizes tert-butyl radical rapidly.®??

The simplest representation of the reaction of Th*. with AA
and the formation of so much AANHCOMe is given in eq 5-9.

Th* + AA = Th + AA*. (5)
AA* — Ad- + Ad* + N, (6)
Th* + Ad- — Th + Ad* 7
Ad* + MeCN — AdN=*CMe (8)

AIN=*CMe + H,0 — ANHCOMe + H*  (9)

Azoalkane radical cations (eq 5 and 6) have not been investigated
previously except for a recent photochemical study of bicyclic
azoalkanes in CCl,.2* Although many azoalkanes exhibit a
molecular ion in mass spectrometry,?’ the irreversible nature of
their cyclic voltammograms?® is consistent with the postulated
decomposition of AA*., If eq 5-9 were the sole reaction pathways,
the stoichiometry of reaction would be 2.00:1.00 Th*-/AA.
However, in each of seven measurements of the ratio of reactants,
made by adding AA until the color of the Th*. disappeared, we
obtained a molar ratio of 2.00:1.13 Th*./AA. This ratio can be
accommodated by the escape of adamantyl radicals from oxidation
(eq 7) and their entering into some other reactions. In that case,
more AA would be needed for electron transfer to remaining Th*.
than required by reactions 5-7 and the ratio 2.00:1.00. The ratio
found, 2.00:1.13, says that 88.5% of adamantyl groups were ox-
idized to Ad*, which corresponds well with the 91% yield of
Ad*-derived products.

Although the major products are rationalized by eq 1-9, the
origin of the 2.5% biadamantyl remains uncertain. One would
not expect free Ad- to recombine because reaction with solvent
is far more probable; moreover, AdAd continued to form in the

(18) Watt, D. S. J. Am. Chem. Soc. 1976, 98, 271. Griller, D.; Schmid,
P.; Ingold, K. U. Can. J. Chem. 1979, 57, 831. Ogibin, Y. N.; Troyanskii,
E. L; Nikishin, G. L. Izv. Akad. Nauk SSSR Ser. Khim. 1975, 1461; 1977,
843,

(19) Distefano et al. report 7.94 ¢V: Distefano,G.; Galasso, V.; Irgolic,
K. J.; Pappalardo, G. C. J. Chem. Soc., Perkin Trans. 2 1983, 1109.

(20) Traven, V. F.; Redchenko, V. V.; Stepanov, B. 1. Zh. Obsch. Khim.
1981, 51, 1293.

(21) Houle, F. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1979, 101, 4067.

(22) Attempts to detect free radicals by ESR spin trapping were unsuc-
cessful. Mixing of acetonitrile solutions of AA with a solution of Th* and
nitrosobenzene under static and flow conditions caused the Th*.. ESR signal
to disappear but gave only a poorly defined, weak triplet, even when signal
enhancement was sought by replacing lossy acetonitrile, after reaction, with
ethylene glycol.?

(23) Lemaire, H.; Marechal, Y.; Ramasseul, R.; Rassat, H. Bull. Soc.
Chim. Fr. 1965, 372.

(24) Engel, P. S.; Keys, D. E,; Kitamaura, A. J. Am. Chem. Soc., sub-
mitted for publication.

(25) Prasil, Z.; Forst, W. J. Am. Chem. Soc. 1968, 90, 3344, Messner,
K.; Nuyken, O. Org. Mass Spectrom. 1977, 12, 100.

(26) Unpublished work in collaboration with Dr. Wayne H. Smith.

presence of BrCCl;. These considerations suggest that two Ad-
are occasionally released in the same solvent cage, perhaps by
decomposition of a complex of Th*. and AA. In that case, Th*.
is regenerated and thus serves as a catalyst for the decomposition
of AA into AdAd. Complexes of Th*- with nucleophiles have been
identified kinetically by Parker and co-workers, e.g., with anisole.?’
The oxidation of AA by Th*. may involve such a complexation
route.

In summary, a thermally stable azoalkane has been shown to
undergo facile oxidative decomposition under mild conditions. The
postulated intermediate, an azoalkane radical cation, has received
scant attention previously, though the corresponding radical anions
are known.?® The new reaction described herein further expands
the chemistry of the remarkably versatile azo linkage.”*

Registry No. Th-*, 34507-27-2; Th*.C10,7, 21299-20-7; AA, 21245-
62-5; Th, 92-85-3; AANHCOMe, 880-52-4; AdH, 281-23-2; AdAd,
3732-31-8; AONHCOMe-HCIO,, 95532-46-0; AAN=CMe™, 95532-47-
1; AAOH, 768-95-6; AdCO, 1660-04-4; acetonitrile, 75-05-8.

(27) Svanholm, U.; Hammerich, O.; Parker, V. D. J. Am. Chem. Soc.
1975, 97, 101.

(28) Krynitz, U.; Gerson, F.; Wiberg, N.; Veith, M. Angew. Chem., Int.
Ed. Engl. 1969, 8, 755.

(29) Allred, E. L.; Stevenson, B. K.; Chou, T. C. J. Am. Chem. Soc. 1979,
101, 1181.

(30) Nelsen, S. F.; Blackstock, S. C.; Frigo, T. B. J. Am. Chem. Soc. 1984,
106, 3366.

Novel Cycloaddition of Dimethylacetylene to the
Dimethylacetylene Radical Cation: Direct Observation
by ESR
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It has been well established that, for some aromatic and olefinic
hydrocarbons,! the monomer radical cation reacts with the parent
molecule to form the dimer cation with a sandwich structure. In
contrast, we find a [1 + 2] cycloaddition of dimethylacetylene
(DMA) radical cation to the parent molecule in solid Freon matrix
at ca. 100 K. As far as we are aware, this is the first study in

(1) (a) Lewis, I. C.; Singer, L. S. J. Chem. Phys. 1965, 43, 2712. (b)
Badger, B.; Brocklehurst , B.; Russell, R. D. Chem. Phys. Lett. 1967, 1, 122.
Badger, B.; Brocklehurst, B. Trans. Faraday Soc. 1969, 65, 2576, 2582, 2588.
(c) Edlund, O; Kinell, P.-O.; Shimizu, A. J. Chem. Phys. 1967, 46, 3679. (d)
van Willigen, H.; de Boer, E.; Cooper, J. T.; Forbes, W. F. Ibid. 1968, 49,
1190. (e) Ichikawa, T.; Ludwig, P. K. J. Am. Chem. Soc. 1969, 91, 1023.
Ichikawa, T.; Ohta, N. Ibid. 1973, 95, 8175. (f) Wexler, S.; Pobo, L. G. J.
Phys Chem. 1970, 74, 257. (g) Howarth, O. W.; Fraenkel, G. K. J. Chem.
Phys. 1970, 52, 6258. (h) Symons, M. C. R.; Hasegawa, A. ; Maj, P. Chem.
Phys. Lett. 1982, 89, 254, (i) Shiotani, M.; Nagata, Y.; Sohma, J.; Shida,
T. J. Phys. Chem. 1983, 87, 1170.
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Figure 1. First-derivative ESR spectra of a y-irradiated solid solution
of ca. 0.3 mol % dimethylacetylene (DMA) in Freon-113 recorded at 77
(A) and 105 K (B): (A) the monomer radical cation, CH;C=CCH,*-
(DMA.); (B) tetramethylcyclobutadiene radical cation (c-C,(CHj),™)
formed by a cycloaddition of the DMA*Y. to DMA.

which the cycloaddition reaction is initiated by a monomer radical
cation as a precursor and has been clearly characterized by ESR
spectroscopy.

ESR spectrum shown in Figure 1A was observed for a «-ir-
radiated solid solution of ca. 0.3 mol % in Freon-113 (CCl,FC-
CIF,). The spectrum consists of seven hyperfine lines of a(6 H)
= 21.6 G (g = 2.0057).2 An observation of six equivalent
protons’ hf coupling indicates that the spectrum observed is at-
tributed to the monomer radical ion of DMA, not to the neutral
radical. Judging from an ionization potential of DMA (IP, =
9.9 eV)* the ionic species responsible for the spectrum is, without
doubt, the dimethylacetylene radical cation, DMA*., which has
been generated by a hole transfer from the matrix to the solute.’
The spectrum observed at 4.2 K showed a broad and less resolved
hf pattern. If the DMA™. retains a linear C;, structure as the
netural DMA, it would be a %Il radical and its orbital angular
momentum would not be quenched. The momentum of the ob-
served DMA™. is very efficiently quenched as evidenced in its g
value (2.0059). Therefore, the DMA™. is expected to be distorted
from the Cj, to have, probably, a bent planar structure due to a
Jahn-Teller effect; it may be dynamically averaged between
equivalent structures and/or undergoing restricted motions at 77
K, and less so at 4.2 K.

On annealing the sample to 105 K, the spectrum of DMA™*.
was irreversibly converted into that shown in Figure 1B, which
consisted of 13 equally spaced lines of 2(12 H) =9.0G (g =
2.0026).2 A possible radical species is either a symmetric sandwich

(2) (a) Assignment of the both DMA™- and ¢-C4(CHj),* has been further
confirmed by observing the spectra of the corresponding isotopic species,
CH;C==CCD;* and ¢c-C4(CH,),(CD,),* (Shiotani, M.; Ohta, K.; Sohma,
J.; Hasegawa, A.; Symons, M. C. R., to be published). (b) The obtained g
and hf splittings have been determined by assuming the isotropic spectra,
although the observed spectra (Figure 1A,B) show slightly asymmetric line
shapes due to small g and hf anisotropies.

(3) Shih, S. J. Catal. 1983, 79, 390. Shih reported the DMA*. on a
ZSM-5 zeolite surface. However, his identification of the DMA™. is doubtful
on the basis of the hf splitting, i.e., 10.0 G(Shih) vs. 21.6 G (ours).

(4) Coats, F. H.; Anderson, R. C. J. Am. Chem. Soc. 1957, 79, 1340.

(5) (a) Shida, T.; Nosaka, Y.; Kato, T. J. Phys. Chem. 1978 82, 695.
Kato, T.; Shida, T. J. Am. Chem. Soc. 1979, 101, 6869. (b) Iwasaki, M.;
Toriyama, K.; Nunome, K. J. Am. Chem. Soc. 1981, 103, 3591. Toriyama,
K.; Nunone, K.; Iwasaki, M. J. Chem. Phys. 1982, 77, 5891. (c) Wang, J.
T.; Williams, F. J. Am. Chem. Soc. 1981, 103, 6994; Chem. Phys. Lett. 1981,
82,177. (d) Symons, M. C. R,; Smith, L. G. J. Chem. Res. Symp. 1979, 382.
Hasegawa, A.; Symons, M. C. R. J. Chem. Soc. Faraday Trans, 1, 1983, 79,
93. (e) Shiotani, M.; Kawazoe, H.; Sohma, J. J. Phys. Chem. 1984, 88, 2220.
Shiotani, M.; Nagata, Y.; Sohma, J. J. Am. Chem. Soc. 1984, 106, 4640.
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Figure 2. Experimental 'H hf splitting (value in parentheses) compared
with the theoretical value calculated for the optimized Dy, structure by
the INDO MO method, the SOMO being 2b,, in Dy, The optimized
geometrical parameters are given in the figure. The value of 0.22 refers
to the calculated spin density in the carbon 2ps orbital. The 'H hf
splitting calculated is an average of the values obtained for various con-
figurations of the methyl group, i.e., assuming the rotating methyl group.

type of dimer radical cation (I) or tetramethylcyclobutadiene
(c-C4(CH,;),) radical cation (II). The hf splitting of radical I

HC CH;

HyC—C==C—CH,
+ [+
HgC_CEC_C Hs ey
HC CH,

I I

is expected to be one-half that of the monomer radical, i.e., 10.8
G, which is 1.8 G larger than that observed. It is impossible to
directly compare the observed spectrum in Figure 1B with that
of species II which is prepared by a hole transfer to neutral
c-C4(CHj,), in the same matrix. The reason is that c-C4(CH;),
is not available because of its unstable property.® However,
Hogeveen et al.” have already observed an ESR spectrum of
c-C4(CH,;),* formed by UV illumination to the AICl; complex
of ¢-C4(CHj;) & which was prepared by treating DMA with AlCl,
in CH,Cl,. The hf splitting reported for species II is a(12 H)
= 8.7 G, which is very close to the observed value (9.0 G) in the
present experiment. Therefore, it is reasonable to attribute
spectrum in Figure 1B to species II which is formed by a {1 +
2] cycloaddition reaction of the monomer radical cation to the
neutral molecule. When higher concentration of DMA (above
ca. 5 mol %) was used in the experiments, the spectrum of II was
already observed at 77 K together with that of the monomer
radical cation.® This result suggests that the cycloaddition can
be diffusion controlled and proceed with a small activation energy
in the present solid matrix.

Upon further annealing of the sample to ca. 125 K, the radical
cation of II was again irreversibly converted to a propargyl-type
radical, CH,==C==C—CHj,,'° which was characterized by a,(2
H) = 18.6 G, a,(3 H) = 12.5 G, and g = 2.0021. A possible
mechanism to form this neutral radical is a ring opening of II,
which is followed by a deprotonation. Taking into account the
unstable property of cyclobutadiene ring,’ it is consistent with
assuming the species II, not I, as a precursor of the propargyl-type

(6) (a) Buenker, R.; Peyerimhoff, S. D. J. Chem. Phys. 1968, 48, 354. (b)
Borden, W. T.; Davidson, E. R.; Feller, D. J. Am. Chem. Soc. 1981, 103, 5725.
(c) Huang, M.-J.; Wolfsberg, M. Ibid. 1984, 106, 4039. (d) Dewar, M. J.
S.; Merz , K. H,, Jr.; Stewart, J. J. P. Ibid. 1984, 106, 4040.

(7) (a) Broxterman, Q. B.; Hogeveen, H.; Kok, D. M. Tetrahedron Lett.
1981, 22, 173. They observed a formation of the “dimeric radical cation” from
the c-C4(CH,;),* in the liquid phase. Whereas the present experiments have
bee carried out in the solid phase where the c-C4(CH,),*- cannot diffuse to
form the dimeric cation but thermally dissociates to give rise to the propargyl
radical as observed. (b) Broxterman, Q. B.; Hogeveen, H. Ibid. 1983, 24, 639.
(c) Courtneidge, J. L.; Davies, A. G.; Lusztyk, E.; Lusztyk, J. J. Chem. Soc.,
Perkin. Trans. 2 1984, 155.

(8) Driessen, P. B. J.; Hogeveen, H. J. Am. Chem. Soc. 1978, 100, 1193.

(9) When Freon-114 (CF,CICF,Cl) was used instead of Freon-113, only
the spectrum of II had been observed already at 77 K even for dilute DMA
solution of ca. 0.05 mol %. On the other hand, for SF4 matrix, fluorine atom
addition type of radicals have been observed (Shiotani, M.; Nagata, Y.;
Sohma, J. J. Phys. Chem. 1982, 86, 4131).

(10) Kochi, J. K.; Krusic, P. J. J. Am. Chem. Soc. 1970, 92, 4110.
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radical observed. The reactions detected are summarized as
follows:

CH;C=CCH;* + CH;C=CCHj; — c-C4CH,),* —~

Similar ESR studies have been carried out on other substituted
acetylenes such as methylacetylene, ethylacetylene, and di-
ethylacetylene and tentative evidence has been obtained for the
analogous cycloaddition of methylacetylene radical cation to
methylacetylene.

Our INDO calculations!! of ¢c-C4(CH;),* resulted in a rec-
tangle (D,;) structure at the optimized geometry where the sem-
ioccupied molecular orbital (SOMO) is by, similarly to the ab
initio calculations of cyclobutadiene.® The experimental proton
hf splitting was favorably reproduced by the present calculations
(cf. Figure 2). Assuming the sandwich structure I, any reasonable
H hf splitting was not obtained by the calculations. These results
further support a formation of ¢-C4(CH,),*. By employing the
frontier orbital interaction scheme,'? the cycloaddition can be
represented in terms of the interaction of the SOMO of DMA*
with the HOMO (highest occupied molecular orbital) of DMA.
It should be noted that the concerted [2 + 2] suprafacial process
is symmetry forbidden for the #—#* DMA cycloaddition (i.e.,
HOMO-LUMO interaction). The analogous cycloaddition re-
action, but initiated by the monomer radical anion, has been
observed for tetrafluoroethylene in solid tetramethylsilane matrix
by ESR spectroscopy: C,F, + C,F,~ — c-C,Fg.13
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The hydroboration of 1,3-cyclohexadiene by (+)- and (-)-di-
isopinocampheylborane at —25 °C provides the enantiomeric
B-2-cyclohexen-1-yldiisopinocampheylboranes in 94% ee. These
enantiomeric allylic boranes, the first such derivatives to be
synthesized, retain their stereochemical identity under these
conditions in spite of the rapid allylic rearrangement that such
compounds normally undergo. They are readily oxidized to the
enantiomeric 2-cyclohexen-1-ols in 93% ee, making these deriv-
atives readily available. Finally, the parent boranes react readily
with acetaldehyde and other representative aldehydes to provide
the corresponding 1-(2-cyclohexenyl)-1-alkanols in 100% erythro
selectivities and 94% ee.

Hoffmann and his co-workers have utilized allylboronic esters
prepared from optically active glycols to achieve the asymmetric
synthesis of homoallylic alcohols.! Unfortunately, the preferred

(1) (a) Herold, T.; Hoffmann, r. W. Angew. Chem., Int. Ed. Engl. 1981,
114, 768. (b) Herold, T.; Schrott, U.; Hoffmann, R. W. Chem. Ber. 1981,
114, 359.

chiral auxiliary must be synthesized by “multistep” procedure.
Moreover, the optical purities achieved are usually only in the
60-80% ee range.

We discovered that simple allylic derivatives (Ipc,BR: R =
allyl,? 2-methylallyl,? 3,3-dimethylallyl;* Ipc = isopinocampheyl)
are readily synthesized and yield the homoallylic alcohols with
optical purities in the range of 88-96% ee® (eq 1).

3

R OH R
NS Ipe -
RZ)\(\BI/ RCHO  OH H032 R% o
3 1 2
R Ipc R R

There is considerable interest in extending such asymmetric
syntheses to the enantioselective synthesis of diastereomers. In-
deed, there are several reports describing excellent diastereose-
lective reactions of allyl metals with aldehydes.® However, most
of the literature involves use of optically inactive allyl metals. In
only two cases have optically active allyl metals been used.”?

The B-crotyl derivatives are known to undergo internal allylic
isomerization.” The rate of isomerization of these intermediate
derivatives varies greatly: allyl-BR, > allyl-BR(OR’) > allyl-
B(OR’),. Further, the rate of reaction with aldehydes varies in
the same order: allyl-BR, reacts readily at =78 °C,? the allyl-
BR(OR’)? at -15 °C — room temperature, and the allyl-B(OR"),
at room temperature.” The optical purity achieved is greater the
lower the reaction temperature. Thus, the problem in using our
approach over the less reactive RB(OR’) and RB(OR”), was the
lack of any knowledge about the practical synthesis of optically
active allyldialkylborane (R*BR’,). Such dialkylboranes are
known to undergo rapid allylic rearrangement, even at relatively
low temperature® (eq 2).

V\B(:\B(V (2)
O @

In a symmetrical system, each allylic shift would produce the
enantiomer, resulting in a rapid racemization. Accordingly, the
first hurdle in examining the feasibility of extending our allyl-
boration to the synthesis of optically active diastereomers involved
testing the possibility of synthesizing an optically active chiral
allylborane, R*Blpc,, to see if such compounds could retain their
optical activity sufficiently long to be useful for asymmetric
synthesis.

1,3-Cyclohexadiene was treated with Ipc,BH [from (+)-a-
pinene] at =25 °C. The reaction product was oxidized at 0 °C
with trimethylamine N-oxide.!® There was obtained a 92:8
mixture of (§)-(-)-2-cyclohexen-1-ol, [a]?*y -104.5° (¢ 1.0,
CHCl,), 93% ee,!! and 3-cyclohexen-1-0l (eq 3).

(2) Brown, H. C.; Jadhav, P. K. J. Am. Chem. Soc. 1983, 105, 2092.
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25, 5111.

(4) Brown, H. C.; Jadhav, P. K. Tetrahedron Letr. 1984, 25, 1215.

(5) Essentially 100% ee was obtained using allyldiisocaranylborane:
Brown, H. C. Jadhav, P. K. J. Org. Chem. 1984, 49, 4089.

(6) (a) Hoffmann, R. W.; Zeiss, H. J. Angew. Chem., Int. Ed. Engl. 1979,
18, 306; (b) Angew. Chem. 1980, 92, 218. (c) Hoffmann, R. W. Angew.
Chem., Int. Ed. Engl. 1982, 21, 555. (d) Hoffmann, R. W.; Landmann, B.
Tetrahedron Lett. 1983, 24, 3209. (e) Yamamoto, Y.; Yatagai, H.; Maru-
yama, K. J. Am. Chem. Soc. 1981, 103, 196; (f) Ibid. 1981, 103, 3229. (g)
Yamamoto, Y.; Komatsu, T.; Maruyama, K. J. Chem. Soc., Chem. Commun.
1983, 191. (h) Yamamoto, Y.; Maruyama, K. Heterocycles 198i, 18, 357.
(i) Pelter, A. Chem. Soc. Rev. 1982, 11, 191.
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23, 437.
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(9) (a) Kramer, G. W.; Brown, H. C. J. Organomet. Chem. 1977, 132, 9.
(b) Mikhailov, B. M. Organomet. Chem. Rev. Sect. A 1972, 8, 1.

(10) Zweifel, G.; Polston, N. L.; Whitney, C. C. J. Am. Chem. Soc. 1968,
90, 6243.

(11) (a) Hill, R. K.; Morgan, J. W. J. Org. Chem. 1968, 33, 927. (b) Sato,
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