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Abstract—The photo addition of cyclic aS-cnones to monosubstituted scetylenes gives substituted bicy-
clof3,2,0thept-6-ca-2-ones and bicyciof4,2,0)oct-7-cn-2-ones. The addition of 2-cyclopentenone to different sub-
strates of type RCaCH (where R is alkyl, CH,X, OEt, COOMe and also Ph) and addition of 2-cyclobexenones to
1-hexyne show a linear correlation between the o-constants of substituents and the rates of cycloaddition, The

reaction can be qualified as a

electrophilic attack of the enone triplet on the

acetylenic boad (] ~ 1.5)

moderately
Temperature and solvent effects on the rates and regioselectivity were also studied. The regioselectivity of addition
of these a,8-unsaturated ketones 1o l-alkynes does not correspond to what might be expected on the basis of

Corey’s orientation rule. The addition of 2<cyclopentedone to ethoxyacetylene
proceeds with surprisingly low regioselectivity while pheaylacetylene (M)

Photo-induced {2+ 2] cycloaddition of a,8-enones to al-
kenes and alkynes has been studied from a mechanistic
point of view; a large part of this work is covered by
several reviews.”* However, in nearly all studies the
emphasis was put only on the enone-alkene photoan-
nelation. The addition of a,8-enones to alkynes®™* till
recently was limited only to the symmetrically subst-
tuted acetylenes. Nevertheless, the photocycloaddition
of a,8-cnones to the monosubstituted acetylenes
deserves special attention for two reasons: (i) due to the
high symmetry of the acetylenic bond and to the rigid
geometry of the cyclobutene ring formed in the reaction,
the problems of stereochemistry are here greatly reduced
in comparison with the case of enone-alkene photoan-
nelation, and this may offer a better opportunity for the
study of regioselectivity; (ii) the comparison of the
cycloaddition of a,8-cnones to the similarly substituted
terminal olefins and acetylenes may reveal factors
influencing the rates and regioselectivity of the reaction.
These considerations prompted us to investigate the
cycloaddition of some representative a,8-cnones to the
monosubstituted acetylenes upon n,x*-excitation.

Two groups of reactions were studied: the photoan-
nelation of 2-cyc| ne 1 with different monosub-
stituted acetylenes™ and the addition of 2-cyclohexenone
2 or its substituted derivatives to 1-hexyne." This com-
munication provides additional data concerning the
mechaniam of enone-alkyne photoannelation and sum-
marizes the work done in our laboratory on that problem.

The addition of 2-cyclopentenone to monosubstituted
acetylenes

The reaction of 1 with linear l-alkynes (3a-c), 3,3-
dimethyi-1-butyne 3d, propargyl chloride 3e, propynol ¥,
ethoxyacetylene 3g and methyl propiolate 3 upon ir-
radiation with A 316 nm gives rise to two isomerically
substituted bicyclo[3,2,0]hept-6-en-2-ones: head-to-head
adducts (4a-h) and head-to-tail adducts (Sa-h). When the
reaction is induced by the light with A > 300 nm, these
products are usually accompanied by the 1-substituted
isomers (6a—c¢, e-h) arising from the photo-isomerisation
of the head-to-tail adducts of type 8. Both § and 6
interconvert to each other to give equilibrium mixtures

n

(3g) and to methy! propiolate ()

with predominance of 5; this interconversion represents
a case of the wellknown 13-acyl shift of g,y-
enones.*'>'"'* Head-to-head adducts 4, where this rear-
rangement must be degenerated, are not isomerized (with
the exception of 4g, see below),

This difference in the photochemical behaviour of HH-
and HT-adducts was used earlier' as a probe for struc-
tural auignnent; an alternative method is mass spec-
trometry.” The separation of cycloadducts could be
achieved cither by preparative TLC (for cases 1+ 3d and
1+ 3) or by preparative GLC (for all other cases). The
large-scale experiments, performed with A > 300 nm, are
summarized in Table 1.

The structures of the products follow from spectral
evidence (see Table 2) and from their response to the
light with A»300nm. The HH-adducts 4a-f and €
undergo only slow photo-decomposition and compound
4g isomerises imreversibly to  Il-ethoxytricy-
clo[3,1,1,0*"Theptan-2-one 7, but neither of them is ca-
pable of 1,3-acyl shift. On the contrary, the HT-adducts
Sa—c and Se-g rearrange easily to the corresponding
isomers of type 6. Interconversion Sg=6g is compli-
cated by the irreversible oxa-di-w-methane rearrange-
ment (cf Ref. 17) to tricyclobeptanone 8 while in the
system Sh= 6k the equilibrium is shifted strongly in
favour of the conjugated isomer 5h. In other equilibria
the ratio 5:6 is close t0 2:1.

In this series the addition of 1 to 3g is the most
complicated. Initially, only adducts 4g and Sg are formed
in a ratio ~2:3, but Iater it changes due to the secondary
isomerisations 4g-»7, Sg—+8 and Sg=6g. In all cases
crystalline mixtures of cyclopentenone dimers were also
obtained the yield of which (3-10%) increased as the rate
of the mixed cycloaddition was decreasing. When ether
was used as solvent, the previously described™ solvent
adducts 9 could also be obtained in small amounts.

The reaction of 1 with phenylacetylene N instead of
cycloaddition products gives only 1-phenyiazulene 10
and I-phenyinaphtalene 11 in low yield. Since the ab-
sorbancy of X above 316 nm is quite low, a mechanism
of cyclopentenone-sensitized dimerization of 3} seems
not unlikely; similar resuit was observed earlier® in the
case of 2-en-1,4-diones.
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Table 1. Photocycloaddition of cyclopentenone to RCsCH (3a-h) (initial enone concentrations

~1%)
Conditions
Total
Molar yiel of
ratio Time adducts Products and their ratio after
R 1:3 Solvent (b)) (%% photolysist

a o-CsHyy 1:18 - 58 40-44%  6a,4n, % (6:70:24)
b. o-CH,y 1:15 — 70 32-388 6, H,5(12:69:19)
¢c. n-C;H, 1:20 — 63 25-308  6c,4c, 5¢(9:61:30)
d. Tert-CH, 1:5 Ether 4 24-26  44,54(87:13)
e. CH.Cl1 1:5 Ether} 42 26-32 6e,40,.5¢(9:72:19)
f. CH,OH 1:10 CeHs 48 69 of, & 58(11:65:20)
g OC.H; 1:10 ¢-CeHya 4 17-83 6g,4¢.5¢.7,8(5:24:27:16:28)
h. COOCH; 1:3 CeHg 52 68 &, 58, 4 (2.5:49:48.5)

1Cited in the order of increasing retention times. The ratios (in brackets), determined by GLC
both before and after the removal of solvents and volatile products, were practically identical.
In the latter case the ratios were also checked by ‘H NMR. Both GLC and NMR gave similar
results,

$The yields are increased by 10-129 when 1 is slowly added to a conceatrated solution of 3a,
b, ¢ in benzene.

§Small amounts of 9 are obtained as a side product in this solvent.
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Table 2. '"H NMR data of isomeric bicyclo{3,2,0Jhept-6-en-2-ones (olefinic protons only, 8 in CCL)

R 4 5 '

& oCHy, 587 (broad s, 1H) S80(broads, [H) 599and 6.31(2H, Jag =3 ¢/s)
b. o-C.H, 5.85 (broad s, 1H) 5.0 (broad s, 1H) -

c. o-CyH, 5.80(s, 1H) 5.70(s, 1H) 5.93and 6.27(2H, Jas = 3¢ly)
d Tet-CHy,  SSI(d,I1H,J=Lich) - —

e. CHC 6.8 (s, 1H) 6.00(s, 1H) 5.8920d 5.92(2H, Js =3 ¢/s)
f. CH,OHt 6.08(s, 1H) $81(broads, {H) 6.05a0d 631 2H, J.a = 28¢fs)
s OC;H, 460 (broad 3, 1H) 450(broads, 1H)  6.1720d 635 (2H, J g = 29¢/s)
b COOCH,  679(.1H) 1.13(s, 1H) $.93a0d 6.06 (2H, J s = 28 ¢s)

tFor &, 5¢ and @, in CDCl,.

The addition of 2-cyclohexenone and its analogues to
1-hexyne

This series comprises 2 as well as 2 - methyl - 2 -
cyclohexenone 12, 3 - ethoxy - 2 - cyclohexenone 13 and
a number of 3-substituted enones with carbon-to-carbon
attached substituents: 3-methyl 14a, 3-tert-butyl 14b,
3-methoxycarbony! 14c, 3-cyano 14d and 3 - phenyl - 2 -
cyclohexenone 14e. All large-scale experiments here
were performed with A > 300nm. The products were
isolated either by chromatography on silica-gel (in the
cases 12+, 14d+ 3 and 14e+3b) or by preparative
GLC. The summary of reactions is given in Table 3, the
spectral data of the products in Table 4.

Unlike their lower homologs, all bicyclo{4,2,0)oct-7-en-
2-ones obtained in this series were stable to the light with
A>»300nm, a fact that had been already noted.”
Moreover, the presence of angular substituents in the
position 6 does not allow to make unambiguous struc-

tural assignments onthebasisofmusspectmmeninl
evidence. Therefore, the structures of isomeric cycload-
ducts were established by "H NMR with use of Eu(dpm),
and especially by *C NMR which reliably differentiates
HH-adducts from HT-addocts by chemical shifts of
olefinic carbon atoms C-7 and C-8 (8 135 and 145 vs §
155 and 125 ppm, respectively).™ On this ground a struc-
ture can be attributed even to those adducts which were
isolated without the isomeric counterpart.

The addition of 2 to 3b takes place with much greater
mulewvuydnnmthemnimdaﬂordam
26-28% yield a mixture of two cycloadducts—head-to-
head 15 and head-to-tail 16 in a ratio ~ 7: 1. Much worse
pmeeedslhe:ddiﬁonofntol.lnthiseasctheyield
does not exceed 5%. The mixture of products contains
essentially two isomeric compounds in a ratio ~1.4:1.
The predominant isomer was identified as 2 - methylene -
3 - (I’ - bexenyl) - cyclohexanone 17 on the basis of its

Table 3. Photocyclosddition of cyclobexenone and its analogs to 1-hexyne (for all cases

[enone] : (alkyne] = 1:20)
Total yield of
Solventand  Time sddocts  Products and their ratio

Enonet temperature {hr) (% %) after photolysist
2 CeH,, 18-22* 7 2-28 18,16(7.0:1)
12 CH,, 18-22 2 k] 17,18(1.4:1)
3 Cle. 18220 38 0 None
a(®=CHy - CeHe, 18-22° 8 40-42 19, 2 (5.5:1)
16 R = tet-CH,) CeH,, 18-22* 16 5557 m m(u 1

= CeH, 18-22° 2 58-60 Be(2:1)

MW@ =CN) Ether, - 50 0.5 % fl(not”'uo(itei)
14e (R’ = CHy) CH, 18-22 15 4245 20 (single isomer)

$initial concentration for 14e—1%, for all others—5%.

$Cited in the order of increasing retention times. Analysis by GLC before and after the
mmddhﬁmsﬁ.m&emm.by‘ﬂﬂmpnwmm

§The yield of the cyano alcohol 21 isolated upon borobydride reduction.

Table 4 'H NMR and “C NMR data of isomeric bicyclof4,2,0]oct-7-en-2-ones {olefinic protons and
carbons only, 3 in CCl, and CDCl,, respectively)

HH-isomers HT-isomers
Adduct ‘H NMR BC NMR Adduct 'H NMR B5C NMR

15 5.72(broad 5, IH) 131.8and 1482 1% 5.61 (broad 3, 1H) 159.6and 124.8

18 5.77 (broad 3, 1H) -

19%  500(roads, 1H) 136.7and 1462 2% 5.66 (broad s, 1H) 155.8and 1228

9%  S78(broads, IH) 134.6and 1415 » 5.72(broed s, 1H) 158.3and 124.1

e  S78(broads,1H) 135.2and 1466 e 5.74(dd, ) 14 cls) 154.1a0d 127.7
an 6.36 (broad 5, 1H) 1525 and 128.5
M $87(dd, IHJ 14¢c/s) 1ST1 lnd 126.1
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spectral characteristics (A 230 nm, » 1692 and 1618 cm™,
8 5.14 and 5.89 ppm) closely reminiscent of those recor-
ded for 2-methylene-cyclohexanone.™ The other isomer
corresponds to the normal cycloaddition and, according
to its mass spectrum, must possess a HH-structure 18.
Both 17 and 18 might arise from the same 1,4-diradical
intermediate.

The enol ether 13 does not react with 3b even on
prolonged irradiation. On the contrary, enones l14a-e
react ecasily. In spite of somewhat lower rates of
addition of 14a and 'ii",'tﬁ'e"ﬁéﬁi ‘of the corresponding
adducts are higher than in the case of 2; probably,
beameofthetbwerdmmunonofthoceenomln
both cases the HH-adducts . The reverse is
obtervedinthenddiﬂonofl‘ctolwhchpmeeeds
very rapidly to give a good yield of cycloadducts where
the HT-isomer 28¢ predominates.

Still quicker occurs the reaction of 14d with 3 since
the rate of disappearance of this enone in the presence of
auvetyhdl.}lowever.thememptstohohmthe
corresponding dooddcmhiledheumcoflhenmd
decomposition of the . The enhanced
instability of photocycloadducts formed by 14d with

o: 0

COOMe
23+24

crystalline cyano alcobol 21 whose structure was deter-
mined by °C NMR. The isolation of a single alcohol
implies prefmmnl. if not exclusive, formation of the

in the reaction of 14d with 3. The
mductionofcycbudducutotheeompondmzalcohols
was also used for additional confirmation of structures
19¢ and 20¢ where the presence of a COOMe grouping
capable of eomplenuonwnhEl(dfm),dimilﬁnhuthe
difference in the response of their '"H NMR spectra to
thcthxfhumpnt.mtheeonupondmca!eobohﬂmd
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Mechanistic aspects

The comparison of the regioselectivity found in the
cycloaddition of enones 1 and 2 to monosubstituted
acetylenes with the regioselectivity reported for their
addition to terminal olefins'**** shows a remarkable
difference between these two cases. Whereas terminal
oleﬁnswnhelectmn-domun.mhmumumctwnhlor
2 to give mainly HT-cycloadducts, their acetylenic
analogs form with 1 and 2 predominantly HH-adducts.
Moreover, if the derivatives of acrylic acid and a,8-
enones afford with high degree of regioselectivity HH-
cyclo-adducts the reaction between 1 and methyl pro-
p:olatz 3 gives nearly equal amounts of HH- and HT-
isomers. Obviously, these results do not correspond to
what might be expected on the basis of Corey's hypo-
thesis™ about the effect of the #-bond polarization in the

substrate on the regioselectivity of photocycloaddition. -

This discrepancy prompted us to investigate certain
mechanistic aspects of the enone-alkyne photoan-
nelation.

Kinetics and the reactive species

The quantum yield of the reaction’'1+3a—+4a+5a in
cyclobexane and 2+3—+15+16 in benzene were
measured at 25° in the band of n,«*-tramsition, the
enone-alkyne ratio being 1:10 and 1:20, respectively.
The amounts of cycloadducts were determined by GLC
from the calibration curves plotted with use of pure
samples and n-C,sH, as internal standard. In both cases
the dependence of the quantum yield of cycloaddition on
the substrate councentration could be expressed as a
linear correlation between &' and [alkyne]~*. The reac-
tion 1+ 3a->4a + Sa is described by the equation

1 1
- 2.57+0.517th

with r=0.952 and the reaction 2+3-15+16, by the
equation

1

°-704+99703x(a]
with r=0.996. From these dilution plots it was found
that at the infinitely great conceatrations of the alkyne
&L are 0.39 and 0.142 mole/Einst for the cases 1+3a
and 2 + 3b, respectively.

The cycloaddition of 1 to 3a is lincarly quenched by

2,3 - dimethyl - 1,3 - butadiene (DMB) according to the
equation:

So/®; = 1.023 + 2.149{DMB])

with r=0.971. The effect of DMB on the efficiency of
cycloaddition could not be measured in the case 2+
since 2 and DMB react to give a mixture of 1:1 adducts
with M* 178 (cf Ref. 27); chemical competition thus
prevails over energy-transfer processes. However, the
reaction 2+3-—»15+16 is linearly quenched by
naphthalene according to the equation:

Do/®; = 0.973 + 7.646 [Naphthalene)
with r = 0.988. It is well known that DMB and naphthalene
are efficient quenchers of triplet states with Br> 61-

62 kcal/mole while the most probable value of Er for 1
and 2 appears to lic at 65-73 kcal/mole.™ Hence, the
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cycloaddition of 1 and 2 to l-alkynes must proceed via
the lowest tripiet state of the enone, that is, in the same
manner as the enone-alkene photoannelation. Therefore,
the different regioselectivity of photocycloaddition of
these enones to olefins and acetylenes is not due to the
differences in the multiplicity of the reacting excited
state.

This was further confirmed by the similarity of kinetic
parameters for the photoannelation of 1 and 2 with
alkenes and alkynes. The triplet state of the reacting
enone and, to some extent, the value of reaction
constants p obtained from the correlation of the cyclo-
addition rates with o-constants of substituents (see
below) speak in favour of a stepwise mechanism. There-
fore, for the cycloaddition of 1 and 2 to alkynes one may
adopt the kinetic scheme developed earlier™'>* for the

photoannelation of a,8-enones with alkenes:

by isc
E— E* s sB* v, =ald. 1)
sESwans B v = ksE*] @
B HA— s (EY .. A} ws=kLEYA] Q)

BES .. Al —— P ve=kpodE...AH (4)

A—= L BrA ve=kaGE* ... Al
&)

where E-enone, A-alkene or alkyne and ;E*... A} is a
tnpletemplexorakmeuuﬂyeqmvalentmwmedlm
which partly collapses to an adduct P and partly reverts
(with nonradiative dissipation of energy) to the ground
state of reactants. In the expression for v, the member
al.cotmpondstod:eeﬁecuvepmofmcﬂemlum
while the efficiency of intersystem a'ossm; (@) for
enones 1 and 2 is close to unity.® Two generalized
Stern-Volmer equations can be applied to this scheme;
in the absence of triplet quenchers (dilution plot):

{E*..

1_1f, ke
6‘1({”1:.{.«1}' ®
In the presence of a quencher Q (combined plot):

N PO TI (1)

x{ MATYARTY } @

1

®
Since the difference in the triplet energy of enones
(1,2) and their quenchers (DMB naphthalene) is about
Skallmole one may assume™ that k—the rate constant
of triplet quenching—is close to the rate constant of
diffusion (kae). The latter amounts to 7.5 X 10° M~" sec™
for cyclohexane and 1 X 10'° M~ sec™ for benzene.™ The
value of K shows which part of the exciplex is converted to
P:

K =___kL_
Kpeod + Katee
From the dilution plots, i.c. ' vs {alkyne]™* follows
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that the intercept
L1 Kpeat ke, Kaeo
P K ks T D
while the slope
tsa=.l_.!‘_ (IV)
Kk

From these expressions the ratios Kyecs/kases and [ko/k.|
canbeobtmned Thenfromthealopeofthecombmed
plot ¢~ vs [Q] obtained at permanent concentrations of
the substrate and assuming k, ~ kaw

1. K 1 kee
BB =% LA™K KAl

one can calculate the value of k.. Returning to eqn (IV)
one obtains k, and, subsequently, = = 1/ko—the lifetime
of enone triplets. Kinetic parameters obtained from the
dilution and quenching plots by means of eqns (I)~(V)
are presented in Table S.

The values of k., kq and 7 thus found are in a good
agreement with the corresponding values obtained for
the photoannelation of 1 and 2 with alkenes or 3-
bexyne.>'? The lifetime of the reactive species is about
two orders of magnitude greater than that of the lowest
n,x* singlet state of 1 and 2 derived from their UV-

\))

spectra.

The data from Table 5 seem to reflect the effect of the
ring size on the efficiency of cycloaddition. In the
strained enone 1 the energy of excitation must be dis-
sipated mainly by bimolecular collisions while in the
conformationally more flexible enone 2 it is the
monomolecular deactivation that prevails. Moreover, the
TAti0 Katua/Korou in the latter case is greater than in the
former; the reason may be that upon the reversion of the
exciplex to the ground states of reactants the re-intro-
duction of the double bond into six-membered cycle is
more favoured.

The effect of substituents

As the reaction between 1 and 3a proceeds with
maximum speed in diethyl ether (see below), the rates of
cycloaddition of 1 to the monosubstituted acetylenic
substrates 3a and 3d-h were measured in ether at 25°, the

concentrations being 0.08 M in enone and 0.40M in
acetylenic substrate. The quantum yields of cycload-
dition were determined at the reaction depth amounting
to 3-5%. Their values, together with inductive substi-
tuent constants and the ratios of isomeric cycloadducts,
are given in Tabie 6.

The plotting of the quantum yields against oy values of
substitnents shows that for all substrates but propynol ¥
there exist a linear correlation between the rate of
cycloaddition and the electronic characteristic of the
substituent. In the case of 3 the deviation from linearity
may be due to hydrogen bonding (cf Ref. 31). Five other
substrates give a series with a reaction constant p=
—1.485 (r=0.985). The effect of substituents charac-
terizes the reaction as moderately electrophilic towards
acetylenic substrate: the more electron-rich is the triple
bond, the casier takes place the cycloaddition (see Fig.
1a). Interestingly, the additions of 1 to ethoxyacetylene
3g and to methyl propiolate 3 proceed with comparable
speeds, while from the analogy with viny! ethers and
acrylic acid derivatives (cf Refs. 26, 32) one might expect
greater difference in the rates of photoannelation. The
cthoxy group of 3g bebaves as —J rather than +R
substituent; this observation is in line with many others™
indicating that acetylenic bond is much less prone to
conjugation than olefinic one. This fact necessitates (or
justifies) the use of oy rather than o, constants for the
acetylenic substrates.

The regioselectivity of cycloaddition in this series does
not depend explicitly on the electronic nature of substi-
tuents. From a sharp increase of the ratio 4:5 upon
transition from linear alkynes such as 3a to branched
alkynes 3 it can be concluded that the orientation is
rather sensitive to steric factors. The largest proportions

Table 6. The effect of substitnents in RCSCH on the rates and
regioselectivity of cyclopentenone photoannelation (in ether, 25%)

R o ..  [4NS1=HH:HT
n-CsHy; (38) -0.04 0.32 L8
tert-CHy (3d) ~-0.07 0.36 7.80
CH,C1(30) +0.15 0.19 262
CH0H (3 +0.05 0.14 128
OC,H; (%) +0.27 0.1 0.79
COOCH; (W) +0.34 0.08 097

Table S. Kinetic parameters for the photocycloaddition of cyclopentenone and cyclo-
hexenone to alkynes

Parameters
L R k- 10° kel Ko
Reaction (mole/Binstein) (M~'sec™  (sec™!)  (n%ec) Kpees
1+3 0.30£0.08 268 055 1800 157
(in cyclobexane, 25°)t 0.39)
1em Cd T em T nm el e
(in benzene, 251% 0.142)

tFor the reaction of 1 with 3-bexyne (in hexane, 20%) reported:'? Gogq = 0.49 mole/Einst;

k=18M"
= 1.04.

tFor the reaction of 2 with 3-hexyme (in
1. 10%; ky=3.2sec

0.048 mole/Einst; k, = 0.23 M™* sec
follows that K geefKereg = 6.70.
§1n brackets, ®ue.

sec™'- 10% k,=023sec”'-10°. From the value of K it follows that

reported: O:u-
the value of K

brmﬂ.m
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Fig. 1(a). The correlation between @™ and oy constants of
substituents in RCaCH for the series 1+ Xa, é-h). The quantum
yield of cycloaddition for the reaction 1+ 3a—+4a+ Sa is taken a3
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Fig. 1(b). The correlation between & and o, constants of
enone substituents R’ for the series 2, 14(a-0) + 1-hexyne.

of HT-adducts are observed for the reactions of 1 with

3g and 3. If in the case of 3g the predominant formation *

of g, aithough not strongly pronounced, coincides qual-
itatively with the regioselectivity of enone cycloaddition
to vinyl cthers, in the case of 3k the high proportion of

Sh finds no amalogy in the regioselectivity of enone

cycloaddition to acrylonitrile, which leads mainly to HH-
adducts (cf Refs. 26, 32).

The reaction of 2 with 3 proceeds with maximum
speed in benzene (see below). Therefore, the rates of
cycloaddition of 2 and its analogs (14a-¢) to 3 were
measured in this solvent at 25°, the concentrations being
0.25M in enonc and SOM in alkyne. The yiclds of

Table 7. The effect of substituents in different cyclohexenones
on the rates and regioselectivity of their cycloaddition to 1-
bexyne (in benzene, 25%)

Ve * 10¢

R o (M'sec) @0 [HHIHT)
HQ) 0.000 352 0048 702
CH; (14a) -0.170 187 00% 551
tert-CH, (10) - 0.197 161 002 423
COOCH,(14) +0450 1687 0.3 051
CN (14d) +0660 35t - §
CeHs (14¢) +0.009 42 0063  0.02¢
OC,H; (13) -0.250 0.0 00 -

tExtrapolated from the rates of disappearance of enones 2, 14¢
and 14d on the assumption that the cycloaddition proceeds much
quicker than all other possible photo-transformations.

tDeduced from 'H NMR dats.

$Determination not possible. From the reduction experiment
HT-cycloaddition seems to prevail.

cycloaddition as determined for 3-5% conversions and
the initial rates of cycloaddition as obtained from the
early parts of the adducts concentration-reaction time
curves are given in Table 7 together witi; normai substi-
tuent constants (o, ) and the HH: HT ratios.

In the case of 14d the amount of cycloadducts could
not be determined by GLC because of their thermal
instability. The reactivity of 14d was estimated indirectly
by the rate of its disappearance in the presence of 3b;
this rate was compared with those of enones 2 and 14¢
under the same conditions. In the absence of 3bthe rates
of disappearance of 14d or 14c were much lower.

The plotting of the quantum yields against o,
constants of the enone substituents R’ reveals a linear
correlation between the efficiency of cycloaddition and
the o, values for five (and, possibly, for all six) members
of this series. The correlation cannot be extended to 3 -
ethoxy - 2 - cyclobexenone 13 which is totally unreactive
towards 3; this is compatible with previous observa-
tions that a,8-cnones with heteroatomic S-substituents
react sluggishly even with most active olefins or do not
react at all.” Enones 2, 14a, 14b, 14c and 14e give a
series with reaction constant p = +1.554 (r = 0.998). The
acceleration of cycloaddition by the electron-withdraw-
ing substituents in the enone again characterizes this
reaction as moderately electrophilic towards acetylenic
substrate: the more electron-deficient is the double bond
in the excited enone, the quicker it attacks the #-bond of
the substrate (see Fig. 1b).

In this series, as in the former, it is difficult to find a
straight-forward connection between the regioselectivity
of cycloaddition and the electronic or steric effects of
substituents. However, any substituent larger than
hydrogen augments the content of the HT-isomer in the
cycloadducts mixture. Moreover, in the case of two
similarly substituted enones, 14a and 14b, a greater
amount of the HT-adduct is formed by the enone with
bulkier alky! substituent.

The oompamon of both reaction series obtained for
similar reactions carried out under similar conditions
shows that the absolute values of p in these series are
close to 1.5. The value |p|~ 1.5 can be considered, al-

though with due reservation, as indirect evidence in
favour of a stepwise mechanism of cycloaddition, since
tbema)olnyoleoncmedmcoouwnhcychcdectron
transfer are characterized by |p|<07 ie. by a low
sensitivity to the effect of substituents.™
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Thehmntyofthecorrelmonobwvedlnthesecond
series (Fig. 1b) implies that the mechanism of cycload-
dition is the same for all members of this series. This
point deserves attention in view of earfier suggestions®
that such enones as 14¢ or 14e might cycloadd in their
singlet rather than triplet states. When the reactions
2+3, 14c+3 and 14e+3B were carried out in the
presence of air oxygen, the rates of photoannelation in
all three cases were 2-2.5 times slower than under argon.
This result seems to confirm the triplet mechanism of
cycloaddition for all members of the series.

Temperature effects
The total quantum yield of cycloaddition for the reac-
tion 1+3a—»4a+Sa in ethyl acetate (molar ratio

enone: alkyne = 1:10) changes but insignificantly when

temperature rises from —23° to +77°. At the same time
the regioselectivity, i.c. the ratio 4a:3a, decreases quite
remarkably. The same situation is observed when 2
reacts with 3 in xylol (molar ratio 1: 10) at temperatures
ranging from — 23° to + 127°. The data thus obtained and
the values of AAH™ and AAS™ calculated thereof are
given in Table 8.

As the mechanism of formation of HH- and HT-
isomers is probably the same, the small values of AAS”™
seem to reflect a close similarity between the cor-
responding transition states. The predominance of the
HH<ycloadducts must be caused rather by the
difference in the heats of activation. From the synthetic
point of view the photocycloaddition at lower tempera-
tures proved to be the most effective way for selective
obtention of the HH-isomers.

Solvent effects

The influence of solvents on the rates and regioselec-
tivity of cycloaddition for reactions 1+3a and 2+ 3%
were studied under standard conditions at 26+ 2°, the
concentrations being 0.16 M in enone and 1.60 M in alk-
yne in the first case and 0.25 M in enone and 2.50 M in

alkyne in the second. The relative rates of cycloaddition
and the ratios of isomers were determined by GLC as
described above. The results are given in Table 9.

As can be seen from Table 9, on the whole there is a
tendency for the rates of cycloaddition to decrease on
passage from unpolar to more polar solvents. The ratio
[HH]:[HT), which characterizes the regioselectivity of
addition, is higher in the former and decreases in the
latter. In aprotic solvents both reactions show “satis-
factory” (ir{>0.90) linear correlation between the
logarithm of the ratio (HH)/[HT) and the Kirkwood-
Onsager parameter {3 =d(e—1)/MW(2¢+1) where d-
density, e-dielectric constant and MW-molecular weight
of the solvent. For the reaction 1+3a—4a+5a in six
aprotic solvents this dependence is described by the
equation:

log{s—‘:}w.«s-ossz-nxnoo (r=—0.951).

In this series acetonitrile deviates somewhat from the
correlation, although general trend remains the same. For
the reaction 2+3—>15+16 in all solvents tried the
correlation is described by the equation:

log 123) . 0,885 - 0.281 - -
log {1 = 08850281 0 X 100 (= ~0939)

The plots of log [HHY[HT] vs ) for both reactions are
nearly parallel (see Fig. 2). This implies the identity of
the stabilizing solvent effect upon the intermediates
and/or transition states for both reactions and hence a
close similarity of these species. In solvents capable of
formmghydmpubondsthedevnnonsﬁomthel(uk
wood-Onsager equation become possible.® Indeed,
whenlrucumaamtm-nuou(nxloo 0.45) the
ratio 4a: Sa sinks to 1.30 and in 95% aqueous AcOH (£} x
100 = 0.66) even to 0.70, i.e. the ratio becomes reversed

.in favour of the HT-isomer.

Table 8. Temperature effects and activation parameters

Temp. ® AAR" AAS”
Reaction (K) (A>316nm) [HHWHT] (kcal/mole) (e.w)
1+3a 250 0.23+0.05 335
(im AcOEY) 300 02410.05 210 -1.56 -385
350 0.25+0.05 1.35
z+amoo4sw ...........
(in xylol) 300 0.048 7.02
350 0.049° 555 -0488 +0.83
400 - 442

Table 9. The effect of aprotic solvents on the rate and regioselectivity of photoan-
solation .

Ve (HH):{HT)
n ‘ l d o;

Solvent %+l MW 1+ 2+% 1+3 2+%
Cyclobhexane 0.18 0.81 0.9 230 625
Benzene 0.26 0.92 1.00 220 71.00
Ether 032 1.00 0.83 2 6.70
Ethyl acetate 0.38 0.64 0.64 2.08 52
Acetone 0.63 0.76 0.72 175 4.60
CHLHL, 0.65 091 - 151 -
Acetonitrile 090 0.12 0.59 1.93 441
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log THH1/[HT]

1
0.4
ax 10t
lemeﬂectofmﬁcwivenuonthemﬁvityof
reactions 1 +3a (solid line) and 2+ 3 (dotted line). Solvents: 1,

Cyclohexane; 2, Benzene; 3, Ether; 4, AcOEt; S, Acetone; 6,
CH.Cly; 7, Acetonitrile.

00 0.2

Summary

Mechanistic aspects of the cycloaddition of 5- and
6-membered cyclic a,-enones to monosubstituted
acetylenes can be generalized as follows: (1) The quan-
tum efficiency of photoannelation lies within the same
order of magnitude (though somewhat lower) as in the
case of the enonc-alkene photocycloaddition. In both
cases the reaction involves the triplet state of the enone
and represents an electrophilic attack of this triplet state
on the w-bond of the substrate; (2) The regioselectivity
of cycloaddition cannot be predicted on the basis of
Corey's hypothesis™ about the formation of an oriented
wr-complex between the triplet state of the enone and the
ground state of the substrate. All enones studied in this
work react with 1-alkynes to give mainly those cycload-
ducts which correspond to the formation of the most
stable 1,4-diradical intermediate; (3) From the solvent
effects observed it can be concluded that the inter-
mediates and/or transition states leading to the HT-
cycloadducts are somewhat more destabilized by dipole-
dipole interactions than those leading to the HH-isomers

Different regioselectivity observed for the tame o8-
enones in their cycloadditions to the structurally similar
terminal olefins and acetylenes may have the following
explanations, verifiable either experimentally or by cal-
culation:

(A) Different stability of w-complexes or  dipole-
dipole associates formed between the ground states of
reactants.

(B) Greater effect of dipole-dipole interactions be-
tween enone triplets and alkynes in comparison with the
case of enone-alkene photoannelation.

(C) Different density of w-electronic charges in struc-
turally similar alkenes and alkynes and/or a weaker
polarization of the w-bond in the latter.

The discussion of these possibilities and of some
factors influencing the regioselectivity of enone pho-
mynelsﬁonmakethcmbiectofthenexteommmi-
cation.

EXPERIMENTAL
For the detailed description of preparative-scale experiments;
sec Refs. 156, 15c, 15d, 16b. Spectral characteristics of the

products loc. cit., and also Refs. 19, 22. Kinetics, temperature
and solvent effects; see Refs. 15b, 15d, 16a, 16c. Medium-
pressure mercury lamps DRT-375 w and PRK-4 (2 X 220 w) were
used as light source. All photolyses were carried out under dry
argon. The isolation of the light with A > 316 nm was achicved
with a glass filter of type UFS6 with the following trans-
mittance: A <316nm, 0%; A 334om, 48%; A 366nm, 73%
(maximum). Analytical and preparative GLC was performed with
all-giass columns with cither 5% PEG-4000 on Chromosord G
(+5% KOH) for the series 1+3a-h or with 5% SE-30 on
Chromaton N-AW-DMCS (for 2 and its analogs +3). Column
chromatography—on silicage! L, preparative TL.C—on silicage!
LG (5-40 ;).

The quantum vyields were measured with ferrioxalate
actinometer™ on the assumption that for the decomposition of
potassium ferrioxalate $y3y =Dy =1.23. The isolation of the
enone n,w*-transition band was achieved by the combination of
UFS-6 filter with conc. NiSO, solution (thickness 5mm), the
intensities of lines with A 334 and 366 nm relating as 1:4.8. The
values of & are averaged from 4 to 5 measurements. The
quenching experiments were done according to Ref. 28. The data
obtained in the study of solvent effects (average from 3-4 runs)
correspond in all cases to the same depth of the reaction when
15£3% of the starting enone was consumed. All plots were
obtained by the least squares method.
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