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chromatography (Al,O; containing 5% of water, hexane) and
sublimation (50-65 °C/0.1 torr), was achieved in 39% yield by
simple dehydrogenation with DDQ. The structural assignment
of 4 as a Dewar heptalene was made by elemental analysis!®
together with the spectral data,'* compared with those of 8-
cyanoheptafulvene.!’

On thermolysis, 4 undergoes quantitative isomerization to 3!6
with first-order kinetics in the temperature range 391-413 K (by
1H NMR monitoring in toluene-ds).!” From an Arrhenius plot
(r = 0.9967) of the data, the activation parameters AH* = 32.3
% 1.3 kcal/mol, AS* = 2.0 £ 3.2 eu, E, = 33.1 £ 1.3 kcal/mol,
and log A = 13.8 & 0.7 are obtained. The activation energy for
the ring opening of 4 is substantially higher than those of Dewar
benzene (E, = 23.0 keal/mol)'® and bicyclo[4.2.0]octa-2,4,7-triene
(E, = 18.8 kcal/mol)'® yet smaller than those of 2 (E, = 36.7
keal/mol)’ and naphtho[1,8]bicyclo[3.2.0]hepta-2,6-diene (13)
(E, = 39.3 kecal/mol).!® Since the strain energy imposed on a
central ¢ bond in the bicyclo[3.2.0]heptane skeleton of 4 seems
to be smaller than those of 2 and 13, the lower value observed
for the thermally allowed isomerization of 4 may be interpreted
in terms of transition-state aromaticity (Evans’ principle).®® Thus,
the transition state for 4 — 3 is isoconjugate with Hiickel azu-
lenocyclobutadiene and would be stabilized to some extent.

In the photochemical behavior of 4, there are several aspects
worthy of comment. While 4 is quite stable under irradiation using
a 450-W high-pressure Hg lamp through Pyrex for 5.5 hin a
degassed mixture of methylcyclohexane and isopentane (1:1 v/v)
at 0 °C, isomerization of 4 to 3 takes place readily upon irradiation
with either a 450-W high- or low-pressure Hg lamp (2537 A)
through quartz within 2 h. The wavelength dependence® observed
in the isomerization of 4 is further confirmed by the following
experiments. Irradiation of 4 with a 450-W high-pressure Hg
lamp through a Corning 9863 (A 240-400 nm) in the same solvent
affords 3 within 2 h whereas the same irradiation through a
Corning 5847 (A 300-400 nm) does not give any detectable
amount of 3 for 5 h.22 These experiments suggest that the
photoisomerization of 4 takes place via an upper excited singlet
state.?> Further study on the photochemical behavior of 4 is in
progress.
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(14) Compound 4: red needles, mp 99.5-100.5 °C under argon; MS, m/z
179 (M*, 13%), 153 (M* - CN, 100%); IR (KBr) vcy 2200 cm™; UV /vis
(cyclohexane) A, (nm) (log €) 230 (4.13), 270 (sh, 3.80), 347 (4.11), 361
(4.19), 380 (3.98), 436 (2.64), 466 (2.67), 504 (2.61), 546 (2.43), 598 (2.08),
658 (1.37); '"H NMR (CDCl,, 100 MHz) § 6.41 (dm, | H,J =11.1 Hz), 6.15
(dd, 1 H, J = 2.7, 0.4 Hz), 5.86-6.06 (m, 5 H), 3.78 (d, | H, J = 2.9 Hz),
3.69 (bs, | H); 3C NMR (CDCl,, 22.5 MHz) § 51.1, 52.9, 100.9, 118.2,
125.8, 130.1, 131.1, 133.1, 133.4, 135.0, 141.1, 152.2, 156.8.

(15) Oda, M ; Kitahara, Y. Chem. Commun. 1969, 352.

(16) Compound 3: brown crystals, mp 33.5-35.0 °C under argon; MS,
m/z 179 (M7, 41%), 153 (M* - CN, 100%), 128 (azulene cation, 36%); IR
(KBr) ven 2202 em™'; UV /vis (cyclohexane) Ay, (nm) (log €) 267 (4.34), 362
(3.69), long tailing up to 740 nm; 'H NMR (CDCl;, 100 MHz) § 5.86-6.38
(m, 6 H), 5.70 (4, | H, J = 10.3 Hz), 5.20-5.44 (m, 2 H); 3C NMR (CDCl,,
22.5 MHz) § 109.6, 117.8, 127.8, 130.9, 131.3, 131.5, 131.7, 135.3, 135.4,
135.9, 136.7, 138.0, 145.5.

(17) A solution of 4 in toluene-dg was degassed and sealed in vacuo in an
NMR tube. The tube was immersed in a thermostated and stirred oil bath.
The tube was removed at appropriate intervals and immediately cooled to
room temperature. The disappearance of 4 and the appearance of 3 were
monitored by NMR integration. First-order rate constants are k**8 = 1,76
X 10‘2 s“l, k¥33 =583 X 107857, k37 =243 X 10757, and k18 = 1.94
X 107 7L,
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(22) Compound 3 is stable under the same irradiation conditions.

(23) No photochemical reaction could be observed when 4 was irradiated
in an acetone solution.
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While highiy activated halogen compounds such as CCl,,
CCIL;CN, CHBr,, etc. have been known to add to olefins under
promotion of some transition metals or complexes to give 1:1
adducts,! the addition of rather unactivated halogen compounds
such as dichloromethane and aromatic or alkyl monohalogen
compounds to olefins is difficult. We recently reported that
cuprous chloride promotes the addition of unactivated halogen
compounds to olefins under UV irradiation in Me,SO solution.?
However, under these conditions alkyl monohalogen compounds
gave 1:1 adducts with olefins only in low yields. In the present
communication we report a major improvement in this metal-
catalyzed photochemistry, which now promises to be a synthetically
useful new carbon—carbon bond-forming process.

As a working hypothesis for the mechanism of these reactions,
we proposed a pathway in which Cu(I) reductively cleaves car-
bon-halogen bonds of halocarbons under assistance of UV irra-
diation to generate Cu(II) or Cu(Ill) intermediates. If so, some
ligands may be expected to stabilize the copper intermediate in
the high oxidation state and promote the addition of alkyl halides
to olefins. Effects of ligands upon the CuCl-catalyzed photo-
chemical addition of dichloromethane to ethyl acrylate were in-
itially investigated. In the presence of tripenylphosphine, bipyridyl,
o-phenanthroline, triethylamine, triethyl phosphite, and dimethyl
sulfide as ligands, ethyl 2,4-dichlorobutylate (1), the expected 1:1
adduct, was produced only in yields of 1, trace, 0, 3, 6, and 0%,
respectively, and the Michaelis—Arbuzov type product 2 was
obtained as the major product in the case of triethyl phosphite.
On the other hand, tri-n-butylphosphine as the ligand gave 1 in
95% yield and was proved to be generally suitble as the ligand
for such CuCl-catalyzed addition reactions. The ultraviolet ab-
sorption spectrum of the CuCl-(n-Bu);P complex in THF showed
two peaks at 251.0 and 290.5 nm. By irradiation using a low-
pressure Hg lamp corresponding to the absorption band at 251.0
nm on a solution consisting of THF (20 ml), n-butylbromide (8
mmol), acrylonitrile (4 mmol), CuCl (0.4 mmol), and (n#-Bu),P
(1.2 mmol), 2-bromoheptanonitrile (3) was produced in 62% yield.
On the other hand, irradiation by a medium-pressure Hg lamp
corresponding to the absorption band at 290.5 nm afforded 3 in
30% yield. Effects of ratios of (n-Bu),P to CuCl were investigated,
and the optimized ratio was determined to be 3 equiv. Thus,
addition reactions of alkyl halides to olefins were performed using
a low-pressure Hg lamp in the presence of 3 equiv of (n-Bu),P
relative to CuCl catalyst at ambient temperature. The results
are shown in Table I. 3 and 4 were produced in yields 3 and 3.5
times higher than obtained previously in Me,SO solution without
added phosphine.? While primary, secondary, and tertiary alkyl
bromides gave the 1:1 adducts with acrylonitrile in comparable
yields, alkyl chloride did not produce the 1:1 adduct. CuBr as
catalyst gave adducts in yields comparable with or a little higher
than obtained with CuCl as catalyst. For investigation of effects
of temperature on the addition reaction, a THF solution containing
1,3-dibromopropane, ethyl acrylate, CuBr, and (n-Bu);P was
irradiated using a high-pressure Hg lamp at —50 °C, room tem-
perature, and 50 °C to afford 5 in yields of 80, 54 and 32%,
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4457,

0002-7863/83/1505-6719801.50/0 © 1983 American Chemical Society



6720 J. Am. Chem. Soc., Vol. 105, No. 22, 1983

Communications to the Editor

Table I, Cu(l)-Catalyzed Photoaddition of Alkyl Halides to Olefins®
run alkyl halide X in CuX olefin 1:1 adduct® yield, %°
1 CH,(CH,),Br Cl CH,=CHCN CH,(CH,),CHBICN, 3 62
2 CH,(CH,),Br Br CH,=CHCN 3 61
3 CH,(CH,),Br Cl CH,=CHCOOEt CH,(CH,),CHBrCOOEt 55
4 ¢-C,H, Br Cl CH,=CHCN ¢-C,H,,CH,CHBrCN 65
N c-C,H,,Br Cl CH,=CHCOOEt ¢-C H,,CH,CHBrCOOELt, 4 53
6 (CH,),CBr Cl CH,=CHCN (CH,),CCH,CHBrCN 50
7 Br(CH,),Br Cl CH,=CHCN Br(CH,),CHBrCN 64
8 Br(CH,),Br Cl CH,=CHCN Br(CH,),CHBrCN 64
9 Br(CH,),Br Br CH,=CHCN Br(CH,),CHBICN 70
10 Br(CH,),Br Br CH,=CHCOOE! Br(CH,),CHBrCOOEt, § 54
11 Br(CH,),Br Br CH,=CHCOOE! 5 544
12 Br(CH,),Br Br CH,=CHCOOEt 5 52¢
13 Br(CH,),Br Cl CH,=CHCOMe Br(CH,),CHBrCOMe 35
14 Br(CH,),Br Br CH,=CHCOMe Br(CH,),CHBrCOMe 45
15 Br(CH,),Br Br CH,=C(Me)CN Br(CH,),C(Me)BrCN 73
16 Br(CH,),Br Br CH,=C(Me)COOEt Br(CH,),C(Me)BrCOOLt 50
17 Br(CH,),Br Br CH,=C(COOEt)CH,COOEt Br(CH,),C(COOEt)BrCH,COOEt 57
18 Br(CH,),Br Br diethyl maleate Br(CH,),CH(COOEt)CHBrCOOEt 70
19 Br(CH,),Br Cl CH,=CHCN Br(CH,),CHBICN 6
20 Br(CH,),COOEt Cl CH,=CHCN EtOOC(CH,),CHBICN 60
21 CH,(CH,),Cl1 Cl CH,=CHCN CH,(CH,),CHCICN 0

@ A solution consisting of THF (20 mL), CuX (0.4 mmol), (n-Bu),P (1.2 mmol), halogen compound (8 mmol), and olefin (4 mmol) was
irradiated by a low-pressure Hg lamp (75 W) for 20 h at room temperature,  All products showed satisfactory spectral data (NMR, IR, MS).

¢ Determined by VPC method.
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respectively. Thus, the addition reaction seems to proceed more
effectively at lower reaction temperatures.

Concerning the mechanism of this Cu(I)-catalyzed photoad-
dition reaction, we have proposed that the initial step of the
reaction is reductive cleavage of carbon—halogen bonds of halogen
compounds by CuCl under photostimulation.? It, however, has
remained to be solved if CuCl cleaves carbon-halogen bonds by
an overall two-electron change to generate a Cu(Ill) species
(Scheme I, path a) or by an overall one-electron change to generate
a carbon radical and Cu(II) species (Scheme I, path b). In order
to clarify this mechanistic point, a THF solution containing n-amyl
bromide, (#-Bu);P, and CuCl was irradiated at ambient tem-
perature in the absence of olefin. If the overall two-electron change
mechanism is operative, production of the phosphonium salt 6 may
be expected by reductive elimination following formation of the
Cu(III) complex as shown in path a of Scheme I1.>  On the other
hand, homolytic displacement products from (n-Bu);P (i.e., n-
Bu,PAm-n, n-Am,PBu-#, and/or n-Am,P) may be produced if
the carbon—halogen bond is cleaved following an overall one-
electron change pathway (Scheme 11, path b).* In fact, irradiation

(3) As the mechanism of the reaction of aryl halides with Pd(O)-tri-
arylphosphine complexes to afford phosphonium salts, the two-electron oxi-
dative-addition pathway to generate intermediately the aryl-Pd(II) complexes
followed by the reductive-elimination reaction has been proposed. Ziegler,
C. B, Jr; Heck, R. F. J. Org. Chem. 1978, 43, 2941.

(4) Bentrude, W. G.; Hansen, E. R.; Khan, W. A_; Min, T. B.; Rogers, P.
E. J. Am. Chem. Soc. 1973, 95, 2286.
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resulted in the production of 6 in 50% yield while homolytic
displacement products could not be detected. 6 was not produced
in a dark reaction or in a photochemical reaction in the absence
of CuCl catalyst. Moreover, the intervention of the radical species
also seems excluded since the presence of radical inhibitors
(tert-butylcatechol and hydroquinone) did not disturb the addition
reaction (Table I, run 11 and 12). Thus, it seems reasonable to
assume that the overall two-electron change mechanism (path a),
in which halogen compounds oxidatively add to the Cu(I) com-
pound under photoirradiation to generate Cu(I1I) intermediates,
is operative. Furthermore, 2 obtained by photoirradiation of a
dichloromethane solution containing CuCl, (EtO);P, and ethyl
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Scheme II1
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acrylate may also be explained reasonably by a similar two electron
oxidative addition-reductive elimination pathway (Scheme III).
2 was not obtained without assistance of photoirradiation or in
a photochemical reaction without CuCl catalyst. The reactions
of Scheme 11 and III further suggest that pathway a and not b
of Scheme I is involved in copper(1)-catalyzed photoaddition of
alkyl halides to olefins.
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Transfer of the carbene ligand from optically active transi-
tion-metal carbene complexes to alkenes represents a potentially
useful and general method for the enantioselective synthesis of
cyclopropanes;!~7 however, few practical systems have been re-
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ported. Recently, synthetic utility has been demonstrated for
preparation of cyclopropanes from the reactions of alkenes with
electrophilic, cationic carbene complexes of the general structure
Cp(CO),Fe=CRR* (R =R’=H!R =H,R' =aryl’R=H,
R’ = CH;;!%12 R = R’ = CH,!%). We report here the in situ
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