6558 J. Am. Chem. Soc. 1987, 109, 6558-6560

portant stereodefined acyclic molecules as well as an improved
route to biologically active 8-hydroxy é-valerolactones heretofore
difficult to access by more traditional means.
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The ability to sequence radical reactions to accomplish multiple
transformations in a single step is an asset of free radical reactions
in organic synthesis.>?* In designing such sequences, it is ad-
vantageous to permit long lifetimes for intermediate radicals so
that desired reactions can occur. On the other hand, the chain-
transfer step should be as rapid as possible to prevent diversion
of the final radical along undesired pathways. While a variety
of useful radical sequences have recently been developed, the
methods available to conduct these free radical reactions are
actually quite few. The most commonly employed method uses
a tin hydride reagent to mediate the radical sequence.%> In the
tin hydride method, radical substituents have little effect on the
rate of hydrogen atom abstraction, and, to a first approximation,
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most radicals have similar lifetimes with respect to H-atom ab-
straction. This can be a serious problem, particularly in the
design of sequences containing a relatively slow intermediate step.
While free-radical reactions based on halogen atom transfer have
long been known,”® the unique capability of such “atom transfer
based"'® methods to control the course of sequential free radical
reactions has not been recognized. We now report the sequencing
of a free radical addition and cyclization reaction which is uniquely
controlled by iodine atom transfer. This simple method for the
preparation of (iodomethylene)cyclopentanes is termed “atom
transfer cycloaddition”.’

Sunlamp irradiation for 30 min of a solution of butynyl iodide
(1) (0.3 M) and methyl acrylate (0.3 M) in benzene (~80 °C)
containing 10 mol % hexabutylditin produced a mixture of
(iodomethylene)cyclopentane 3 and cyclohexenyl iodide 4.!' The
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ratio of 3/4 was 15:1, and (iodomethylene)cyclopentane 3 was
a 3:1 mixture of stereoisomers with the E-isomer predominating.'?
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Table I, Atom Transfer Cycloaddition Reactions of Butynyl Iodides with Electron Deficient Alkenes?

products
entry iodide alkene 5-ex0 6-endo 5-exo0/6-endo E/Z yield® %
!
(m - o
R E
, Y : o

a 1 CN R=HE=CN 7/1 2/1 41
b 1 WCOCH: R = H, E = COCH;, 10/1 1.2/1¢ 46
c 1 M°TCH° R = Me, E = CHO 8/1 7.3/1 27
d 1 MBTC(J:CH; R = Me, E = CO,CH,; 23/1 10/1 56
e 1 Wsozpr« R = H, E = SO,Ph 9/1 5/1 68
£ 1 o ' 0 . 0 /1 3.3/1 41

ﬁ((N_Ph N-Ph @ﬁr‘-pn

o o o
g 1 0 ' ' CozcHs 9/1 2.4/1 484 (65)°
CO,CHy \C[
ﬁ((O CO;CH;
CO2CH;
o

h ™S Me_ COCH, h, _TMS not detected 8/1Y 45

T

CO,CH;
!
4Reaction conditions, see footnote 11. ®Yields refer to isolated yield of purified products after flash chromatography or MPLC. “The E/Z

assignment should be regarded as tentative, 4The products were isolated after methanolysis of the anhydride (MeOH, reflux) and diazomethane
treatment. *'H NMR yield against an internal standard. /The stereochemistry of these products has not yet been assigned.

The isolated yield of 3 after chromatographic purification was
45%. The yield was improved to 65% in a similar experiment using
2.5 equiv of butynyl iodide 1. The union of 1 and 2 in this formal
“[3 + 2] cycloaddition” reaction represents an unusually direct
method for the formation of functionalized (methylene)cyclo-
pentanes.'?

A proposed propagation sequence for this reaction is outlined
in Scheme I. The best option available to the initial radical 8
is well precedented®’ intermolecular addition to the electron de-
ficient acrylate 2 to produce stabilized radical 9. In turn, 9 prefers
cyclization and partitions via the 5-exo mode (to generate vinyl
radical 10) and the 6-endo mode (not shown). While intermo-
lecular addition of 10 to the acrylate must be a reasonably facile
alternative, a much more rapid reaction supersedes this undesired
pathway. In a chain-transfer step, near-diffusion controlled iodine
atom abstraction from 1 produces (£/Z)-3 and the initial radical
8.'° The unique capabilities of the iodine atom transfer reaction
to control this sequence are apparent. In the absence of an overt
hydrogen atom donor (such as Sn—H), maximum lifetimes are
permitted for intermediate radicals 8 and 9, which undergo rel-
atively slow reactions. However, the final radical 10 is rapidly
consumed in the chain-transfer step, the driving force of which
is the production of a more stable alkyl radical from a less stable
vinyl radical. ' Undesired side reactions of the final radical, such
as addition to the acrylate, are avoided.'*
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of products. Curran, D. P,; Chang, C. T. Tetrahedron Lett. 1987, 28, 2477.
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introduction of a radical stabilizing group (phenyl) to prevent addition of the
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A variety of examples of this process have been conducted, and
the results are summarized in eq 1 and Table I. The effects of
olefin substitution are readily anticipated based on known sub-
stituent effects in radical addition reactions.! Addition of 1 to
monosubstituted electron deficient alkenes (Table I, entries a, b,
e) generally proceeds with reasonable selectivity for exo-cyclization
and low to modest selectivity for formation of the E-vinyl iodide.
The use of 1,1-disubstituted olefins (entries ¢, d) provides an
increase in both exo- and E-selectivity. 3-Alkyl substitution is
well known to retard the addition step, but substitution with a
(-activating group is useful (entries f and g). Substitution of the
terminal alkyne provides an increase in exo-selectivity. For ex-
ample, addition of trimethylsilyl-substituted alkyne 5 to methyl
acrylate (eq 1) produces the 5-exo product 6 in 55% isolated yield
as an unassigned 1.1:1 mixture of stereoisomers. The 6-endo
product 7 could not be detected. Methyl methacrylate provides
a similar result (Table I, entry h).

From the standpoint of synthetic utility, the intermediate vinyl
iodides can be directly reduced by in situ treatment with tin
hydride. For example, addition of 1 molar equivalent of tri-n-
butyltin hydride to the crude reaction mixture resulting from eq

8
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1, followed by standard initiation with AIBN, produced the
corresponding (methylene)cyclopentane 3 (I = H) in 52% overall
yield from methyl acrylate. As expected, attempts to convert 1
and 2 directly to 3 (I = H) by tin hydride treatment were not
successful.

An illustration of the new method is provided by a total synthesis
of the simple natural product albene (eq 2).'S Atom transfer
addition of 1 to 11 was followed by conversion of the anhydride
to the dimethyl ester and reductive deiodination. By this sequence,
diester 12 was isolated in 55% overall yield from 11. Routine
transformations provided 13 (32% overall), which has previously
been deoxygenated'*® to provide albene 14. The yields of these
intermediate steps have not been extensively optimized.

O 1) BuySnSnBuy/l 1) 04
o ————— —————
2) NaOH 1 2) NaBH
0 3) CH;N, Loowe MsCl, &
4) BuySnH 2 4) LiAlH,
11 12
— M )
1 1
CH,OH Me
CH,0H Me
13 14 albene

In summary, this atom transfer cycloaddition reaction provides
an unusually direct method for the formation of substituted
(methylene)cyclopentanes. Although modest yields (typically
40-60%) are the rule, the straightforward simplicity of this
one-step route may make it attractive for synthetic applications.
The unique advantages of control of the free-radical sequence by
iodine atom transfer are apparent, and the design of other atom
transfer based sequences will be reported in the near future.

Acknowledgment, We thank the National Institutes of Health
(GM-33372) for funding of this work.

(15) (a) Baldwin, J. E.; Barden, T. C. J. Am. Chem. Soc. 1983, 105, 6656.
Baldwin, J. E.; Barden, T. C. J. Org. Chem. 1981, 46, 2442. (b) Trost, B.
M.; Renaut, P. J. Am. Chem. Soc. 1982, 104, 6668.

Electronic Transitions of Polyacenequinone Radical
Anions in the 1-2 ym Region

Thomas H. Jozefiak and Larry L. Miller*

Department of Chemistry, University of Minnesota
Minneapolis, Minnesota 55455

Received June 19, 1987

Studies from this laboratory have led to the syntheses of linear,
polyquinoidal polyacenes like compound 1.2 It was proposed
that, “...quinoidal derivatives would have interesting possibilities
for substantially varying the electronic structure of a large mo-
lecular framework, and by appropriately choosing quinone-,
semiquinone-, and hydroquinone-type moieties the reactivity and
the optical, magnetic, and electrical properties could be con-
trolled.”! In this communication, we report initial results on the
optical properties of such compounds, with emphasis on radical
anions (semiquinones) of compounds like 1, which have intense
absorptions in the near infrared (NIR) region between 1 and 2
um, To our knowledge good precedent for this observation is
lacking. We suggest that these bands result from =*-n* exci-
tations, that the bands are characteristic of di- or polyquinones,
not monoquinones, that they should be shifted to the IR region
in suitable cases, and that such bands may be found in other

Table I, Physical Properties of Semiquinones
semiquinone -E°9 (mV, SCE) Amax (nm) (log €)®

1" 665, 981, 1265 1730 (4.43), 485 (4.11)
435 (4.17)

2+ 420, 920 1335 (4.50), 1130 (4.08)
430 (3.78), 400 (3.78)

3 256, 137 1560 (4.21), 1286 (3.80)
440 (3.68), 410 (3.62)

4 -142, 586 900 (4.66), 805 (3.63)
485 (3.60), 450 (3.58)

5- 608, 1412 480 (3.89), 410 (3.97)
390 (3.71)

6" 960, 1565 595 (4.03), 390 (3.85)
7" 1048, 1655 650 (3.95), 440 (3.45)

“DMF, Bu,NBF, at glassy carbon. Center of anodic and cathodic
peak potentials, the first number is for @/Q*~. #In DMF, Bu,NBF,.

anion-radicals of appropriate structure. It is further noted that
these observations could lead to applications in optics or elec-
trooptics.

Compound 1 was reduced electrochemically in DMF solution,
0.1 M in tetrabutylammonium tetrafluoroborate, by using a carbon
felt electrode in a simple 2-compartment cell. Cyclic voltam-

1
Ar = (CHs)ac_"’Ce H‘
0 o] 0 o]
0 0 0 0
2 3
0 0 0 0
4 5 6

0 CgHs

o CgHs
7

mograms were obtained by using a small glassy carbon analytical
electrode prior to bulk electrolysis. The voltammogram for 1
displays three separate one-electron reversible couples (see Table
I) followed by a fourth quasi-reversible couple. The potential for
bulk electrolysis was set several millivolts cathodic of the first
couple. After passage of 1.2 Faradays/mol, the electrolysis current
had dropped to near the background level, and the absorbance
spectrum of the resultant solution was measured with the exclusion
of oxygen. Under such conditions, the optical spectrum did not
change with time. Either exposure to oxygen or electrochemical
reoxidation of the solution regenerated 1, which could be reisolated
by extraction and flash chromatography.

The absorption spectrum of 1 is quite ordinary. It shows the
longest wavelength band at 440 nm, which is similar to the
spectrum of the monoquinone model 7.> The absorption spectrum

(1) Thomas, A. D.; Miller, L. L. J. Org. Chem. 1986, 51, 4160.
(2) Christopfel, W. C.; Miller, L. L. J. Org. Chem. 1986, 51, 4169.

(3) UV-vis spectra in CH,Cl, 7: 245 (43000), 296 (26 500), 394 (5500);
1: 275 (46000), 318 (116 000), 440 (26000).
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