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Abstract: Diaryl acetylenes, in which one of the aryl groups is either a pyridine or a pyrazine, undergo
efficient triplet state photocycloaddition to 1,4-cyclohexadiene with formation of 1,5-diaryl substituted
tetracyclo[3.3.0.0%8.0*¢]octanes (homoquadricyclanes). In the case of pyrazinyl acetylenes, the primary
homogquadricyclane products undergo a secondary photochemical rearangement leading to diaryl substituted
tricyclo[3.2.1.0%¢]oct-2-enes. Mechanistic and photophysical studies suggest that photocycloaddition
proceeds through an electrophilic triplet excited state whereas the subsequent rearrangement to the
tricyclooctenes proceeds through a singlet excited state. Chemical and quantum yields for the cycloaddition,
in general, correlate with the electron acceptor character of aryl substituents but are attenuated by
photophysical factors, such as the competition between the conversion of acetylene singlet excited state
into the reactive triplet excited states (intersystem crossing: 1SC) and/or to the radical-anion (photoelectron
transfer from the diene to the excited acetylene: PET). Dramatically enhanced ISC between 7—za* S; state
and “phantom” n,zz* triplet excited state is likely to be important in directing reactivity to the triplet pathway.
The role of PET can be minimized by the judicious choice of reaction conditions (solvent, concentration,
etc.). From a practical perspective, such reactions are interesting because “capping” of the triple bond with
the polycyclic framework orients the terminal aryl (4-pyridyl, 4-tetrafluoropyridyl, phenyl, etc.) groups in an
almost perfect 60° angle and renders such molecules promising supramolecular building blocks, especially
in the design of metal coordination polymers.

Introduction stituents on the acetylenic termini (e.g., tetrafluoropyrieyl
TFP) into respective indene products (Schem®&°1j contrast

The triple bond is among the most important functional ' A
to the photochemical Bergman cyclizatior?, the C1C5 cy-

groups in organic chemistry. As a result, further understanding
of the chemical and photochemical reactions of the acetylenic
moi i irabl I.R ntl h hemistry of - (4) Alabugin, 1. V.; Kovalenko, S. VJ. Am. Chem. SoQ002 124, 9052.

olety Is a desirable goa .ece ty, p OtOC. € S.t yo acer Alabugin, I. V.; Manoharan, MJ. Am. Chem. So2003 125, 4495.
lenes received a lot of attention from the point of view of their  (5) A topologically similar but mechanistically different C1C5 cyclization of

i H ity 1.2 i ini enediyne radical-cations was also reported: Ramkumar, D.; Kalpana, M.;
b|0|09lcal a_CtIVIty' Howev_er, quplte_ contlnumg eﬁo@rt_the Varghese, B.; Sankararaman, S.; Jagadeesh, M. N.; Chandrasekhar, J.
photochemistry of alkynes is still considerably less studied than Org. Chem.1996 61, 2247. A further mechanistic study: Schmittel, M.;

H Kia, S.Liebigs Ann./Recl1997 1391. For a related triplet rearrangement

the photochemlstry of alkenes. ] ) of enyne allengssee: Schmittel, M.; Rotguez, D.; Steffen, J. FAngew.

Our group recently reported the photochemical transformation Chem., Int. E.200Q 39, 2152. For a triplet cyclization of diethynyl

. . - diphenyl methanes, see: Zimmerman, H. E.; Pincock, Am. Chem. Soc.
of benzannelated enediynes possessing electron-accepting sub- 1973 g5, 3246.

(6) The original work on the thermal Bergman cyclization: Jones, R. R.;
. . . Bergman, R. GJ. Am. Chem. Sod.972 94, 660. Bergman, R. GAcc.
T Florida State University. Chem. Res1973 6, 25.
* University of Florida. (7) Photochemical Bergman cycloaromatization reaction: Turro, N. J.; Even-
(1) DNA cleavage photosensitized by simple enediyne compounds: Kagan, zahav, A.; Nicolauo, K. CTetrahedron Lett1994 15, 8089. Evenzahav,
J.; Wang, X.; Chen, X.; Lau, K. Y.; Batac, I. V.; Tuveson, R. W.; Hudson. A.; Turro, N. J.J. Am. Chem. Sod.998 120, 1835.
J. B.J. Photochem. Photobiol., B993 21, 1352. (8) (a) Funk, R. L.; Young, E. R. R.; Williams, R. M.; Flanagan, M. F.; Cecil,
(2) Marchant, Y. Y.; Towers, G. H. NBiochem. Syst. EcolLl986 14, 565. T.L.J. Am. Chem. S0d.996 118 3291. (b) Kaneko, T.; Takanashi, M.;
McLachlan, D.; Arnason, T.; Lam, Biochem. Syst. Ecol986 14, 17. Hirama, M.Angew. Chem., Int. EA999 38, 1267. (c) Jones, G. B.; Wright,
Mitzel, F.; FitzGerald, S.; Beeby, A.; Faust, Bhem—Eur. J.2003 9, 1233. J. M.; Plourde, G., Il; Purohit, A. D.; Wyatt, J. K.; Hynd, G.; FouadJF.
(3) For selected recent references on the cycloaddition reactions of alkynes, Am. Chem. Soc200Q 122 9872. (d) Choy, N.; Blanco, B.; Wen, J.;
see: Margaretha, P.; Agosta, W. C.; ReichowJ.S0rg. Chem1994 59, Krishan, A.; Russell, K. COrg. Lett.200Q 2, 3761.
5393. Wang, C.; Sheridan, J. B.; Chung, H. J.; Cote, M. L.; Lalancette, R.  (9) For the most recent references, see: (a) Benites, P. J.; Holmberg, R. C.;
A.; Rheingold, A. L.J. Am. Chem. Sod.994 116, 8966. Wenk, H. H; Rawat, D. S.; Kraft, B. J.; Klein, L. J.; Peters, D. G.; Thorp, H. H.; Zaleski,
Huebert, R.; Sander, W.; Zhang, X.; Fan, A.; Foote, CJ.30rg. Chem. J. M. J. Am. Chem. So2003 125 6434 and references therein. (b)
1996 61, 5456. Wenk, H. H.; Hubert, R.; Sander, W.Org. Chem2001, Schmittel, M.; Viola, G.; Dal’Acqua, F.; Morbach, @hem. Comn2003
66, 7994. Alibes, R.; De March, P.; Figueredo, M.; Font, J.; Fu, X,; 646. (c) Theoretical description: Clark, A. E.; Davidson, E. R.; Zaleski, J.
Racamonde, M.; Alvarez-Larena, A.; Piniella, J.J-.Org. Chem2003 M. J. Am. Chem. SoQ001], 123 2650. Clark, A. E.; Davidson, E. R.;
68, 1283. Zaleski, J. M.Chem. Comm2003 2876.
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Scheme 1. C1C5 Photocyclization of Scheme 3. Photochemical Reactions of Tolane with Cyclic Dienes
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Scheme 5. Competing Reaction Pathways in Reaction of
Acetylenes with Dicarboxylic Acid Anhydride!4P
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clization proceeds in polar solvents (&EN) in the presence R, R' (A'B) = H (49:1), Me (23:2), SiMe, (0:1), Ph (1:4)

of 1,4-cyclohexadiene (1,4-CHD) which plays a dual role as a CH,OCH, (11:14), CdchB(m)onng (1:1) '

hydrogen and an electron donor. In the first step, 1,4-CHD

donates one electron to the singlet excited state of the enediyne o other reported photocycloaddition pathway involves

1 diverting it to the C1C5 cyclization. In further steps, 1,4- several acetylenes containing a carbonyl or carboxyl group

CHD provides four.hydrog.ens (in the form of .protons O |eading to formation of homoquadricyclane products (Scheme
hydrogen atoms) which are incorporated into the final product. 4)22 Only a handful of acetylenes undergoes this reaction in

_ Inthe course of our studies aimed at defining the scope and aher Jow isolated yields. The structure of the tetracyclic
limitations of this process, we found that a subtle modlflcatlon products was derived exclusively from spectroscopic analysis
of the core chromophore opens a new photochemical pathway,yithout crystallographic evidence to confirm these assignments.
where pyr§12|ne_ened|yr83undergoes photocycloaddition to 1.4- Literature data suggest that the competition between th2][2
CHP to give tr;c;r/:;lf'[?,l.szc.:l.ﬁ)ﬂgfgt'-:zhe&? (hS Ch(_amle i)'m;tThe and homoquadricyclane pathways is sensitive to the structure
asagnme(;ts 0 t i ,han > Th chemical s II S_:;‘ q of the reagents. For example, although photocycloaddition of
compoundk are given in Scheme 2. The structure was eluci ated geveral acetylenes to a carboxyl substituted cyclohexadiene also
from the HE-C13 one-bond and Iong-rgnge coupllngs reygaled leads to homoquadricyclan&s!S the reaction of diphenyl
by the ghch and ghmbc spectra discussed in detail in theacetylene proceeds mainly through the-B3 pathway (Scheme
Supporting Informatlo.n. ) ) 5). Even though the factors controlling the competition between
The new photoreaction with 1,4-CHD transforms the enediyne the two pathways remain unknown, the regiochemistry 2P
Into a dla_lryl substituted trlcyclo[3_.2.ﬂvgoct-z-ene. Topologi- cycloadditions suggests that they are likely to proceed through
cally, this unusual transformation involves formal double o oycited state of the diene where the excitation is concentrated
cycloaddition of the acetylene moiety to both double bonds of .. o double bond conjugated with the carbonyl groups.
1,4-CHD fOIIO\tNeSd : y a rznechanlstlcally interesting skeletal None of the literature photocycloaddition reactions produced
rearrangement (Scheme 2). the tricyclooctene skeleton of. Intrigued by the dramatic

Bth the dra;natlc dchtangte n pfht(;toche(rjnlc;all reallcir[l\./lty. of tge change in photochemical reactivity of the enediyne moiety and
enediyne moiety and structure ot tne product are intriguing e'OPy the intricate polycyclic structure of the produdt we
cause literature photocycloadditions of acetylenes to dienes lea

to products that differ from tricycloocten&° For example, (12) Kubota, T.: Sakurai, H). Org. Chem1973 38, 1762.

the parent diaryl acetylene, tolane, reacts with 1,4-CHD when (13) \llﬁvubrller,t CE. ?:tDﬁngghui%é(s%;?Dolr{rgSn,TLl.(; ﬁtut%er,MF. f(t Eanieli\,(N.:
. . . . . . enkert, E. letrahedron y . lakahasni, ., Kitahara, Y.;
iradiated with high energy 254 nm light but gives the cyclo- Murata, I.; Nitta, T.; Woods, M. CTetrahedron LettL968 30, 3387. Fujita,
butene [2-2] adduct (Scheme 3}.When the two double bonds K.; Matsui, K.; Shono, TNippon Kagaku Kaishi975 6, 1024. Shim, S.

. . . . C.; Kim, S. S.Tetrahedron Lett1985 26, 765.
of the diene are separated by a more flexible linker (e.g., in (14) (a) Askani, RChem. Ber1965 98, 3618. (b) Askani, R.; Hoffmann, J.

1,5-cyclooctadiene), the initially formed §2] adduct reacts Chem. Ber1991, 124, 2307 and references therein. -

. . . . (15) The same is usually true for cycloadditions of acetylenes with quinones.
with the second double bond of the diene forming a polycyclic For [24-2] addition to the carbonyl group, see: Zimmerman, H. E.; Craft,
product.12 L. Tetrahedron Lett1964 2131. (b) Bryce-Smith, D.; Fray, G. |.; Gilbert,

A. Tetrahedron Lett1964 2137. (c) Bosch, E.; Hubig, S. M.; Kochi, J. K.
J. Am. Chem. S0d.998 120, 386. For a [2-2] addition to the &C bond,
(10) Horspool, W. M.Photochemistry2003 34, 69. see: (d) Pappas, S. P.; Pappas, B. C.; Portnoy, N. 8rg. Chem1969
(11) Kaupp, G.; Stark, MChem. Ber1978 111, 8. 34, 520.
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Scheme 6. Choice of Model Substrates
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undertook a more detailed study aimed at the elucidation of protocoli® whereas the TFP moiety was introduced by a one-
the mechanism of this reaction. Our original goals were to pot sequence which involves fluoride-assisted in situ desilylation
determine the spin multiplicity of the excited states involved in of TMS acetylene followed by selective “para” nucleophilic
this transformation, to define its scope and limitations, and to substitution in pentafluoropyridin€.Yields of the products are
understand photochemical and photophysical factors controlling given in the Experimental Section (see Supporting Information).
chemical and quantum efficiency of this process. Several Photochemistry of Pyridinyl Arylacetylenes. Having the
possibilities were considered a priori: (a) a truly one-photon requisite acetylenes in hand, we proceeded to study their
process where concerted formation of the four new bonds is photochemistry using 313 nm irradiatidrin the presence of
driven by absorption of a single photon, (b) a stepwise process1,4-CHD in acetonitrile. Although tolane is unreactive under
where all but the initial step are thermally activated, or (c) a these conditiond! pyridinyl aryl acetylenes yielded 1,5-diaryl
sequential multiphoton process with intermediates successfully substituted tetracyclo[3.3.3:80*%octanes (homoquadricycla-
competing for light with the starting material. Since only one nes) in good yields (Scheme 7, Table 1). Pyridinyl enediyne
of the triple bonds of the enediyne moiety is involved in the

transformation, we tested the reactivity of a family of diaryl Scheme 7. Photochemical Reactions of Aryl Pyridinyl Acetylenes
monoacetylenes different in acceptor ability and photophysical with 1,4-CHD

properties of aryl substituents. 31§ :::m Ar
This choice allowed us to concentrate on fundamental A—=Ar, + @ —_—

processes which should be of general importance in the CH,CN Arj
photochemistry of acetylenes. In addition, in the course of these
studies, we found a convenient entry to a new family of well-
defined molecular scaffolds for molecular recognition with an
almost perfect 60angle between the two functional groups

defini hydrophobi ity. '

Re |n||ng adémp 0_ Ic cavity Structures of the products were confirmed %y, 13C, 19F
esults and Discussion . ) NMR, mass-spectrometry, and, in the cases of tetracyclooctanes
Model Substrates.The diarylmonacetylenes designed and 19 anq 22, X-ray crystallographic analysis (Figure 2)The

prepared for these mechanistic studies are summarized i”presence of the homoquadricyclane products in‘teNMR
Scheme 6. They are roughly organized in three overlapping

groups: (a) the diarylacetylenés-13, 18 with strong acceptor (16) ((g)) éonogasfp]i,ra, If( Trl?/lhdtai \é;tH?gihgrgmtrte}hegrog Le;tthl9;5 gGY.

. . . - onogashira, K. etal-Catalyze eaction®iederich, F., Stang,
SUbS“tuen"[Sa (b) chWIenés& 11-16bearing smple pyrldlne P. J., Eds.; Wiley-VCH: NewYork, 1998. (c) Stang, P. J.Ntodern
and pyrazine moieties, and (c) acetyled&sl8 with either a Acetylene Chemistrpiederich, F., Ed.; VCH: Weinheim, Germany, 1995.

. . . (d) Tykwinski, R. R.Angew. Chem., Int. E®2003 42, 1566.
phenyl and/or pentafluorophenyl moiety but without a nitrogen- (17) Artamkina, G. A.; Kovalenko, S. V.; Beletskaya, I. P.; Reutov, ORASS.

containing heterocycle. These three sets were chosen to probe  J- Org. Chem199Q 26, 225. For fluoride-induced reaction of organosilicon
. . compounds with electron-deficient aromatic substrates, see also: (a)
the role of triple bond polarization as well as the role of the RajanBabu, T. V.; Reddy, G. S.: Fukunaga,JTAm. Chem. Sod985
i i i 107, 5473. (b) Kovalenko, S. V.; Artamkina, G. A.; Beletskaya, I. P;
nature of the excited state. We algo included diphenylacetylene Relitov, O. A, Organomet. Cherd9gg 1. 125,
(tolane) as a useful reference point. (18) Solution of 0.001 M KCrO, was used as a filter; maximum transmission
i i at 313 nm wavelength.
Dependlng on the nature, of the, aryl SUbStltue,ntS’ the 19) 35% Overall yield; 2:1 ratio of inseparable regioisomers determined from
acetylenes were prepared via two different synthetic routes. H NMR integration of peaks.
[ H ; ; 20) The details of X-ray analysis are included in the Supporting Information.
Pyndl_ne’ py_razme, and pemaﬂt_mmb_enzene substituents We_re( Detailed X-ray analysis including the interesting-s interactions and
combined with an acetylene moiety via a standard Sonogashira  H-bonding patterns will be reported separately.

19-26
a2The newly formed bonds are shown in blue.

provided a mixture of homoquadricyclane monoadducts to both
of the triple bonds in a 2:1 rati®.

4272 J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005
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Figure 1. ORTEP presentations of homoquadricycla@@s19, 27, and tricyclo[3.2.1.0:foct-2-ene29.
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Figure 2. Changes in théH NMR spectra of the aromatic region during irradiation of acetyl&re the presence of 5-fold equivalent of 1,4-CHD.

Table 1. Conditions and Yields for the Photochemical
Cycloaddition of Acetylenes to 1,4-Cyclohexadiene®?

irradiation isolated
compounds product Ary Ar, time, h¢ yield, %
6 19 2-Py TFP 1 61
7 20 3-Py TFP 1.5 55
8 21 4-Py TFP 0.5 80
9 26 TFP TFP 0.75 48
10 22 Ph TFP 4 35
13 24 2-Py PFB 20 20
14 25 4-Py 4-Py 10 65
15 23 4-Py Ph 5 25
17 Ph Ph >48 no rxr¢
18 Ph PFB >48 no rxr¢

a[rradiation was performed at 313 nm in acetonitrile at°25 initial
[acetylenes= 1.0 x 103 M with 100-fold excess [1,4-CHD¥ 0.1 M.
b Ph = phenyl, Py= pyridinyl, Pyra= pyrazinyl, TFP= tetrafluoropy-
ridinyl, PFB = pentafluorobenzené Irradiation time until complete
consumption of the acetylene according to TLC analyss95% yield
determined by GCt Acetylenes were completely recovered under these
conditions.

of the reaction mixture is revealed by a characteristic doublet
of quintetg! at ~2.4 ppm with geminal coupling of 13.0 Hz

corresponding to two protons on the methylene bridges con-

necting the two cyclopropane rings. The other two protons from
these bridges are shifted upfield and are displayed as a rather
sharp doublet with the same geminal constant.

Since the earlier homoquadricyclane structures were suggested
exclusively from NMR spectr&1* X-ray crystallographic
analysis of compounds9 and22 for the first time unambigu-
ously confirmed the homoquadricyclane structure of the prod-
ucts. This analysis also revealed interesting structural features
of the [3.3.0.68.0*%octane moiety. Most interestingly, the two
aryl groups defining the hydrophobic cavity are cross-conjugated
through the adjacent cyclopropane moieties and are oriented in
an almost perfect 60angle.

The isolated yields of the homoquadricyclane products are
given in Table 1 (according to GC analysis, the reaction yields
are even higher reaching95% in the case of acetyler@. In
some of the cases, the combination of high yields of the
homoquadricyclane products along with the short irradiation
times is quite remarkable and indicates a surprisingly efficient

(21) Apparently the vicinal and the W-constants for these protons are close in
magnitude.

J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005 4273
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Scheme 8. Photochemical Reactions of Aryl Pyrazinyl Acetylenes Table 2. Conditions and Yields for the Photochemical

with 1,4-CHD Cycloaddition of Pyrazinyl Acetylenes to 1,4-Cyclohexadiene®?
hu irradiation

Ar—=—Ar, + @ ﬂ. Ary + An time .
CH,CN Ars Ar; entry reactants product Ary Ar, (hye % yield?
19-26 4,29-31 la 11 27 Pyra-2-Cl  TFP 7 23
14 11 29  Pyra-2-Cl  TFP 7 40
process which contrasts sharply the observed lack of photo- 1% 11 27 Pyra2-Cl  TFP 47 90
hemical reactivity of toland7 and Ph-PFB acetylents, 1o 2r 29 Pyra2Cl - TFP 13 ~99
chemica ity cety - 2a 12 30  Pyra TFP 2 38

Figure 2 which shows the progress of this photochemical 2p 12 28 Pyra TFP 2
conversion in the case of 2-tetrafluoropyridinylethynyl pyridine  2¢ ig g? Eyfa ;EF’ 2-875 >9%)
. . . . . . . yra

further illustrates this efficiency. Since all signals in the product 3 1 Pyra-TFPE  TFP 5 20

are uniformly moved upfield relative to the starting acetyl&he,
the reaction can be conveniently monitored with NMR. a|rradiation was performed in GJEN at 313 nm in acetonitrile at 25
Although the presence of the strong acceptor TFP moiety is °C; initial [acetylenes}= 1.0 x 10"% M with 100-fold excess [1,4-CHD]

.. . " = 0.1 M; 1b, 1c, 2b, and 2c were performed in &I in an NMR tube
beneficial and leads to the more efficient photocycloadditions, (see Experimental Section in Supporting Informatiérh = phenyl, Py
especially in nonsymmetric acetylenes, the electron deficiency = pyridinyl, Pyra = pyrazinyl, TFP = tetrafluoropyridinyl, TFPE=
and overall polarization of the triple bond per se are neither tetrafluoropyridinylethynyl¢ Irradiation time until total consumption of the

L . acetylene according to TLC analysfdsolated vyields, unless stated
necessary nor sufficient for the reaction to occur. For example, otherwise Irradiation at 330 nm Yields estimated byH NMR. 9 The
the highly polarized phenylpentafluorophenyl acetyl&8eloes product was present in small amounts but could not be isolated from the
not react whereas a symmetric bis-pyridinyl acetyletid reaction mixture" Unreacted acetylene was recovered, and product yield

. . . was estimated byH NMR of the crude reaction mixture.
undergoes photoreaction with 1,4-CHD which proceeds rela- i

tively slow but in a high yield. Since the ground-state polariza- in the vinylic region, a doublet of triplets at 3 ppm, and two
tion of the triple bond is not a prerequisite for the cycloaddition, sjgnals (dd at 1.8 ppm and a doublet at 1.1 ppm) of hydrogens
the lack of reactivity in the case of tolane lies elsewhere. Taken of the two diastereotopic GHyroups.
together, these trends in reactivity suggest that the presence of anp important question was whether the tricyclooctene
a nitrogen atom in a six-membered aryl ring represents a key pathway is mechanistically independent of homoquadricyclane
requirement for the photocyclization. formation. In particular, we sought to determine whether
An intriguing possible rationale for these observations is that tetracyclooctanes and tricyclooctenes were related as primary
the reactivity of diarylacetylenes correlates with the availability gng secondary photochemical products or were formed through
and electronic structure of af; excited states in pyridinyl/  pranching from a common intermediate. In the first case, one
pyrazinyl acetylenes and with the absence of this state in of these products should be transformed into the other upon

diphenylacetylenes lacking nitrogen atoms (vide infra). The fyrther photolysis, while in the second case no such intercon-
presence of the nitrogen atom may allow entry to triplet yersion would be observed.

intermediates of a different electronic nature and, thus, provides  Fortunately, introduction of a chlorine atom in the pyrazine

an alternative to carbonyl- and carboxy- substituted acetylenes.mojety of acetylend 1 modifies photochemical reactivity in a
Two mechanisms for the i} state involvement are possible.  way where both types of photoproducts are formed at the same
The most obvious route involves a direct change in the nature time and their interconversion during photolysis at 313 nm can
of the reactive excited state froms* to n,7%, the two states  pe monitored with NMR. These products were isolated and
which are well-known to have different reactivit®@sThe second identified, first spectroscopica”y and later by X_ray Crysta|_
indirect possibility is based on differences in photophysical |ography, as tricyclo[3.2.1.68oct-2-ene29 and 1-tetrafluoro-
properties of the involved states, such as relative efficiencies pyridyl-5-(2-chloro-3-pyrazinyl)tetracyclo[3.3.026.0*9-
of the reactive triplet state formation which may be based on octane27 (Figure 1).
the differences in the ISC rates between™ singlet excited Taking advantage of the observation that, unlike the starting
state and the n;* and .7 triplets * To gain more experimental  acetylene, the homoquadricyclane prodeiztdoes not absorb
insight into these questions, we explored the photochemistry jight at 2 > 330 nm, we repeated the photolysis under these
of pyrazinyl-substituted acetylenes. conditions*H NMR monitoring of the reaction progress clearly
Photochemistry of Pyrazinyl Arylacetylenes.Pyrazinyl-  showed that only tetracycloocta@@is formed in ca. 90% yield
substituted aryl acetylend and 16 also reacted readily with  after 47 h of irradiation. No secondary photochemistry2@f
1,4-CHD under identical conditions. However, this reaction was observed under these conditions. On the other hand, when
leads to the formation of 1,5-diaryl tricyclo[3.2.4qbct-2-enes,  the tetracyclooctane was separated from the starting acetylene
the same products that we observe in the photochemistry ofand subjected to further irradiation at 313 nm, the homogquad-
the pyrazinyl enediyn8, Scheme 8 and Table 2. The tricyclo-  ricyclane27 was cleanly converted into the rearranged tricy-
[3.2.1.0-%0oct-2-ene products can be easily identified by a clooctene produce9 (see Figure S2 in the Supporting Infor-
characteristic set ofH NMR signals which include a doublet  mation for the spectra). As expected, 1,4-CHD was not needed
(22) This effect can be attributed either to the loss of conjugation with a strong for the latter Step' T.hus' in this case, the unusual t.rICyCIOOCtene
electron acceptor or, to some extent, to the change in orientation of the adduct formation is a result of a photochemical cascade
g’;’gma;gg“ggfre’:]”tggf ‘t"r’]*gcThFFl’D'aﬁcrf; the pyridine ring in the vicinity of the  yrgceeding through the homoquadricyclane intermediate.
(23) For a recent fascinating example of a dramatic effect on excited state nature ~ Moreover, the homoquadricyclane intermediate can also be
in photochemistry of cyclohexenones, see: Zimmerman, H. E.; Nesterov, qatected in the reaction with the pyrazinyiPF acetylend.2

E. E.J. Am. Chem. SoQ003 125, 5422. i
(24) El-Sayed, MJ. Chem. Phys1962 36, 573. when a less powerful and more tunable light sothrees used
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Figure 3. Time evolution of the relative amounts of acetyler#2(#), homoquadricyclan8 (O), and tricycloocten&0 (a) during photolysis at 313 nm.
Slight deviations from the ideal AB—C kinetics are explained by the differences in the absorbance between comp@uamit28 and by the quenching
effect of 30.

Table 3. Quantum Yields for the Disippearance of Acetylene and nonsymmetric acetylenes is, by far, the most effective in
Formation of Polycyclic Photoadducts increasing quantum efficiency. In this context, the only seem-
acetylenes - acetyenes X 102 P—tetacycoocane X 107 ingly surprising observation is that the quantum yield for the
2-Py-TFP6 33.04 0.8 (15.2+ 0.4) 32.5+ 0.2 (6.5+ 0.1) formation of homoquadricyclane from the bis-TFP acetylene is
g'gY'EEv? ié-gi 8-; Eélfiiooé?) 3g-gi 8-‘1‘ ggé?tiooi)a only half of that for 4-Py-TFP acetylene (we will comment on
Ph-TFP .10 17.8+ 0.6 (6.0+ 0.2) 5.2+ 0.1 (1.2+ 0.1) this observation 'ater)j . . .
TFP-TFP9 22.54+ 0.8 (50.2+ 0.9) 18.4+ 0.3 (51.2+£0.7) The cases of 2-pyridinyl-TFP, 4-pyridinyl-TFP, and bis-4-
g'iy'gﬁgrllg i-gig-g g-gi 06205 pyridinyl acetyleness, 8, and 14, respectively, are especially
-Py- E . . . . . . . - .
4-Py-Ph15 <05 <05 interesting. The relative quantum efficiencies for the three

acetylenes are drastically different; substitution of TFP for Ph
aDegassed solution in acetonitrile irradiated at 313 nm, €0 decreases the quantum yield by a factor of 12, Table 3. This

[Acetylene]= 1.0 x 1073 M; [1,4-CHD] = 1.0 x 10°* M except for the i i _Pv- i -
Values in parentheses which correspond to [L4-CHD2.0 x 10-3 M: suggests that the highly polarized 4-Py-TFP triplet attacks 1,4

error limits are average deviation from the mean of several GC traces. CHD noticeably faster. However, the quantum yields for the
disappearance of the reactant and the appearance of the product

for the photolysis. According to the NMR analysis of the are the same within experimental error. This indicates that
reaction mixture, ca. 60% of the homoquadricycle2® is formation of the tetracyclic product is ttenly photochemical
formed afte 2 h of irradiation atA > 313 nm under these  pathway operating for both of these acetylenes anderety
conditions, whereas further irradiation (the total of 10 h of excited molecule of these substrates which is not desteti
photolysis) led to the reaction mixture which contained ca. 80% through competing radiate and radiationless decay options
of the tricyclooctene30 (Figure 3). but undergoes a photochemical reaction follows an exotusi
Quantum Efficiency for Formation of Homoquadricycla- path to the homoquadricyclane produtit other words, every
nes.To get further insight into reaction mechanism and effects molecule which enters a reactive path is efficiently converted
of substituents on the efficiency of this process, we determined into the respective homoquadricyclane product.
quantum yields for the formation of the photochemical products ~ Smaller quantum yields for product formation in the case of
and disappearance of the starting material. Quantum yields forother acetylenes may indicate the presence of an intermediate
the loss of acetylenes and formation of tetracyclooctane andundergoing a slower secondary photochemical process or simply
tricyclooctene adducts were determined for 1 mM acetylene formation of byproducts along the thermal reaction paths. The
solutions usingrans-stilbene isomerization in benzene as the highest observed values of quantum yields of ca. 0.5 indicate
actinometerg = 0.5)26 The results are summarized in Table 3  that the transformation involves no more than two photochemical
(pyridines) and Table 4 (pyrazines). steps. In other words, when all information about quantum yields
The quantum yields in the presence of 1,4-CHD (0.1 M) is taken together, it suggests a stepwise process where all steps
correlate well with the time necessary to complete the reaction except for one or two are thermally activated. In the case of a
(Table 1). Reaction efficiency increases in parallel with the sequential two-photon process, the intermediate should suc-
electron acceptor ability of the substituents. 2-Py and 4-Py are cessfully compete for light with the starting material and react
more efficient than 3-Py and Ph, but the TFP moiety in efficiently.

(25) 200 W Hg-Xe lamp (Spectra-Physics, Laser & Photonics Oriel Instrument) We have also me.asured the dependence of the quantum ylelds
and Corning glass filter # 7380 (C.S-62) that transmits light above 340 = On the concentration of 1,4-CHD. In the case of the more
nm. i -Pv- - i -

(26) Saltiel, J.; Marinari, A.; Chang, D. W. L.; Mitchener, J. C.; Megarity, D reactive 4 Py TF_P acetylerﬁ:" a 50-fold decrease in the ]_"4
J. Am. Chem. Sod979 101, 2982. Acetylenes with low reactivity required ~ CHD concentration leads to only a ca. 30% decrease in the
extended irradiation times. Thus, the conversiorirahsstilbene to the quantum yields. The photocycloaddition of the less reactive

cis-isomer was more than 10%, and correction for the back reaction was X -
required; Lamola, A. A.; Hammond, G. $. Chem. Phys1965 43, 2129. 3-Py-TFP and Ph-TFP acetylenand10is more sensitive to
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Table 4. Quantum Yields for the Disappearance of Acetylene and Formation of Polycyclic Photoadducts in Pyrazinyl Acetylenes?

acetylenes (pfacelylenes x 10 ¢7letracyclooclane x10? ¢7lncyc\ooc|ene x 10
Pyra-2,3-TFP3 10.0+ 0.4 b 0.76+ 0.0#
Pyra-2-Cl-3-TFP11 28.3+ 1.1 (8.1+ 0.1) 18.8+ 0.4 (4.3+ 0.1) 8.0+ 0.1
Pyra-2-TFP12 27.3+03 13.6+ 0.3 7.7+ 0.1

aDegassed solution in acetonitrile irradiated at 313 nm, 26;JAcetylenes}= 1.0 x 1073 M; [1,4-CHD] = 1.0 x 101 M except values in parentheses
are for [1,4-CHD]= 2.0 x 102 M; error limits are average deviation from the mean of several GC trdd&sotoproduct not detectablg,< 5 x 1073,
¢ The overall quantum yield for acetylene/CHBicyclooctene transformatio.Quantum yields determined for the photorearrangement of homoquadricyclane
to tricyclooctene adduct.

Table 5. Quantum Yields for the Consumption of Bis-TFP Acetylene 9 and Formation of Polycyclic Photoadducts?

solvent diene D—acetylenes X 102 @—teracyciooctane X 102
acetonitrile 1,4-CHD 22.5 0.8 (50.2+ 0.9) 18.4+ 0.3 (51.2+ 0.7)
1,5-dimethoxy-1,4-CHD 9.6 0.1 (40.5+ 0.3) 7.71+ 0.07 (34.0+ 0.1)
cyclohexane 1,4-CHD 315 1.7 (49.5+ 0.9) 8.5+ 0.5 (13.3+ 0.2)

aDegassed solution irradiated at 313 nm, 25X initial [Acetylenes]= 1.0 x 10-3 M; initial [1,4-CHDs] = 1.0 x 1071 M except for the values in
parentheses which are for [1,4-CHDs]2.0 x 1073 M; the error limits are average deviations from the mean of several GC traces.

the concentration of the diene, and the same decrease in the Dependence of the Quantum Yields on the Nature of 1,4-
1,4-CHD concentration leads to ca. 60% decreases in theDiene and Solvent.To understand further the anomalous
qguantum efficiency. However, the most surprising behavior is behavior of bis-TFP acetylen® we compared the quantum
displayed by the bis-TFP acetyleB&vhere the 50-foldlecrease yields of the reaction of 1,4-CHD and a more electron-rich 1,5-
in the concentration of 1,4-CHD leads to more than a 30% dimethoxy-1,4-cyclohexadiene and found that the unusual trend
increasein the quantum yield for the disappearance of the in the concentration dependence in the quantum yield is even
acetylene and tanore than a 3-fold increasi the quantum  more pronounced. On the other hand, when the reaction is
yield for the formation of the respective homoquadricyclane carried out in a nonpolar solvent (cyclohexane), the effect of
product. To understand this peculiar behavior, we have inves- 1 4-CHD concentration on the quantum yields is smaller (Table
tigated the effect of 1,4-CHD concentration on the reaction with 5). These data strongly suggest that photoinduced electron
2-Py-TFP and TFP-TFP acetylenes in more detail and deter-transfer (PET) plays a role in the concentration effects on the
mined the limiting quantum yields for these processes (vide cycloaddition efficiency in the case of the highly electron-

infra). _ acceptor acetylenes.
In the case of 2-Py-TFP acetyle@gp;i, for the consumption

of acetylene and the formation of tetracyclooctane adduct were
0.32 + 0.03 and 0.31+ 0.05, respectively (Figure 4 and

Quantum Efficiency for Formation of Tricyclooctenes.
Quantum yields were determined similarly for the photochemical
reactions of TFP-pyrazine acetylenes (Table 4). The overall

Supporting Information). A linear relationship obtained when quantum yield for the formation of tricyclooctene from enediyne
Lig were plotted against 1/[1,4-CHD] indicates that the mech- 3is rather low (less than 0.01). We also determined the quantum

nism not change when higher concentrations of CHD are". . -
3sesd does not change when higher concentrations of C aeylelds for the two sequential steps of acetylefl®moquadri-

In sharp contrast, in the case of bis-TFP acetyl@niae cyclane—tricyclooctene transformation separately. The first step

analogous relationship betweer End 1/[1,4-CHD] is clearly is comparable in efficiency to photocycloaddition of pyridinyl

nonlinear (Figure 4). Aa 1 mMconcentration of the acetylene, acetylenes_ and_has a similar dependepce from the diene
the quantum efficiency of the photoaddition reaches its maxi- concentration as in the case of nonsymmetric Ar-TFP acetylenes.
mum at a 25-fold molar excess of 1.4-CHD. The lower 'he guantum yields for the secondary transformation are in the

guantum yields at the higher 1,4-CHD/acetylene molar ratios order of 0.1, indicating a moderately efficient process.

suggest a Change in mechanism. GC ana|ysis shows that new Nat.ure of EXFiIEd States.The Spin multipllicity of the excited
products are formed at higher concentrations of 1,4-CHD at the State involved in the formation of polycyclic photoadducts and

expense of the tetracyclooctane adduct. their subsequent rearrangement was determined using quenching
. and sensitization experiments. Whereas the homoquadri-

- 237 . cyclane—tricyclooctene rearrangement is not affected by triplet

= 20 | T /\’\.\‘ sensitizers and quenchers and, thus, should proceed through a

singlet excited state, formation of homoquadricyclanes can be
sensitized by benzophenorter(= 68 kcal/mol) and acetophe-
none Er = 74 kcal/mol) and quenched by azuler& & 39
kcal/mol) and molecular oxyget. The latter observation is

154 o

10 - y=0.0255x+3 2397

5 oo important from a practical point of view because, due to the
—e qguenching effect of oxygen, degassing is essential for reaching
0 4 T . T w high conversions and reaction yields. Interestingly, despite the
0 100 200 300 400 500 accelerating effects of the acceptor groups mentioned above,
1/[CHD], M™! the reaction can be performed not only in polar solvents

Figure 4. Limiting quantum yields for the formation of the tetracyclooctane

products from 2-Py-TFRX) and TFP-TFP @) acetylenes. The results are  (27) Nondegassed samples showed 50% less conversion than degassed samples
tabulated in the Supporting Information. under identical conditions; see Figuré the Supporting Information.
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Et;N (Acetonitrile) . Scheme 9. Competing Photophysical Pathways for the Reaction
4 1 y = 109.83x + 0.9832 1,4-CHD (Acetonitrile) of 1,4-CHD (D = donor) and Diaryl Acetylenes (Ac)?
< 354 R%=09989 y =78.986x + 1.097 y
> ‘ R?=0.9902
< 34 ) . _
p— !
2.5 1 21 .23
y 7 ISC| PET)
21 1,4-CHD (Cyclohexane) T1 85 4 NI
1.5 y=50.976x + 1.0259 Ac-..D*
1 R%=0.9906
0.5 1
O T T T T T 1 SO
0 0.005 0.01 0015 0.02 0.025 0.03 0.035 aEnergies of states relative t@ 8re given in kcal/mol for the case of
[CHD]*103, M bis-TFP acetylen® in acetonitrile.
Figure 5. Stern-Volmer plots for fluorescence quenching of bis-TFP  electron donor, BN (AGegr = —30 kcal/mol), shows a 40%

acetylene with 1,4-CHD in acetonitril®) and cyclohexanel{) and with

EGN in acetonitrle @). increase in the efficiency of fluorescence quenching indicating

that PET in the case of 1,4-CHD is very fast but not diffusion

(acetonitrile) but also in nonpolar solvents (cyclohexafe). —controlled.
Together, these results clearly suggest that the photocycload- These results provide an explanation for the “anomalous” plot
dition step proceeds through an acetylene triplet excited statein Figure 4 and show that reaction efficiency is a compromise
without formation of charged intermediates. between the rate of intersystem crossing forming the reacting
Competition between Triplet and Photoelectron Transfer triplet and unproductive interception of the singlet excited state
(PET) Pathways.Fast intersystem crossing (ISC) to the triplet through electron transfer from 1,4-cyclohexadiene (Scheme 9).
excited state (vide infra) is likely to be responsible for the In the case of the strongly acceptor bis-TFP acetyl@mad
absence of radical-anionic C1C5 cyclization in the case of high concentrations of 1,4-CHD, PET successfully competes
enediyne3. Fast ISC rate in this molecule is consistent with With ISC leading to the observed decrease in cycloaddition
the drastically reduced quantum yield of fluorescence in the €fficiency. For the less electron-deficient acetylenes, this
pyrazine enediynes (0.01 f8ivs 0.90 forl).2? Electron transfer competition is less important and triplet reactivity is observed
from cyclohexadiene to the lower energy triplet excited state (Table 6).
of enediynes is less favorable than PET to the singlet excited Phosphorescence of Diaryl Acetylenes at Low Tempera-
state of enediyn&. The thermodynamics of the PET can be ture. Further insight into the nature of triplet excited states of

calculated using the RehnWeller equatior?® diaryl acetylenes was obtained by spectroscopic studies. Low-
temperature emission spectra of six acetylenes (four reactive
AGg, = 23 06E1/2(D+/D) — Ey(AJAT)] — W, — AGq, and two unreactive) were recorded at 77 K in Pyrex NMR tubes

' P

in methylcyclohexane glass after three freeze/pump/thaw de-

where AGer is the energy of electron transfer (ET) process, gassing cycles. Under these co_nditions,_emission spectra of the

E1» values are oxidation and reduction potentials for the donor 2C€tylenes show two sets of signals (Figure 6). The set at the

(D) and acceptor (A), andGoo is the excited-state energi/- shorter wavelengths is a mirror image of the excitation spectrum

(1,4-CHD)= 1.74 V l(vs SCEP!Ey(3) = —1.07 V (vs SCE) and corresponds to the fluorescence spectrum, whereas the

Eus(1) = —1.22 V (vs SCE). According to this estimateGer second set of peaks at lower energy>( 450 nm) corresponds

is equal to—26 and+3 kcal/mol, respectively, for the singlet @ Phosphorescence. Importantly, both the strong band and

and triplet excited states of enediyr@éaking Es = 90 kcall the vibronic structure in the phosphorescence spectra of all

mol andEr = 61 kcal/mol). To estimate efficiency of PET in acetylenes are almost identical to each other and to the literature
: 32 imi i

these systems, quenching of fluorescence of bis-TFP acetyleneSPectrum of toland 7.3 Such spectral similarity suggests that

9 with 1,4-CHD was investigated in acetonitrile and cyclohex- the electronic structures of the lowest triplet excited states are

ane. close as well.

Stern-Volmer plots for the quenching are linear with slopes ~Although phosphorescence could not be sensitized in glassy
of kg = 79 and 51 M in acetonitrile and cyclohexane, methylcylor_lexane th_r_ough triplet energy transfer using con-
respectively (Figure 5). Since the excited states of 1,4-CHD ventional triplet sensitizers (benzophenoke = 68 kcal/mol;
are higher in energy than the respective excit.ed states of .theTable 6. Reduction Potentials, Energies of Singlet and Triplet
acetylene, electron transfer should be the main photophysicalExcited States and PET Free Energies for Selected Diaryl
mechanism for the fluorescence quenching. Consistent with thisAcetylenes

notion, the quenching is ca. 5 times less efficient in cyclohexane  acetylenes ExNA- (V)@ Es®  E  AGeS®  AGeT*

than in acetonitrile (assuming that the lifetimes are similar in  pn_prg 18 21 93 62 5.7 252

the two solvents). A SteraVolmer plot for a much stronger 2-Py-TFP6 -1.4 88 63 —-16.9 8.1

Ph-TFP,10 -1.6 90 62 -15.4 14.6

(28) The quantum yields for the loss of 2-tetrafluoropyridylethynyl pyrazine ~ TFP-TFP9 -1.0 85 64 -23.1 —21

12 izn acetonitrile, (27.3t 0.4) x 1072 in cyclohexane, (26.% 0.3) x Pyra-TFP12 -1.2 89 61 —214 6.6
1072

(29) Measured by Professor J. Kauffman at the University of Missouri-Columbia.

(30) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 59 aThe reduction is irreversible, peak potentials are measured vs SCE in

(31) Shono, T.; Ikeda, A.; Hayashi, J.; Hakozaki,JSSAm. Chem. S0d.975 DMF, [acetylene}= 1 x 1072 M. P Values in kcal/mol estimated from low-
97, 4261. T U ' temperature fluorescence and phosphorescence spedtatues in kcal/

(32) Nagano, Y.; lkoma, T.; Akiyama, K.; Tero-Kubota,JSChem. Phys2001, mol calculated from the RehmWeller equation takingy, = 1.3 kcal/mol,
114, 1775. and E1(D*/D) = 1.74 (vs SCE) for 1,4-CHD.
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Figure 6. Excitation (dotted red line) and emission (solid blue line) spectra fron? M of acetylene solutions in the absence and presence of methyl
iodide (dashed green line): (a) Ph-TE®, (b) TFP-TFP9; (c) Pyra-TFPL2; (d) 2-Py-TFP6; (e) Ph-PhL7; (f) Ph-PFB18in frozen methylcyclohexane glass
(77 K). Both excitation and detection wavelengths are shown.

Table 7. Lifetimes of Excited Species Determined by LFP,

acetophenoneer = 74 kcal/mol; and xanthon&r = 74 keall CH3CN, 25 °C in Argon-Saturated (Left) and Oxygen-Saturated

mol), we found it to be sensitive to the presence of Mel (Figure (Right) Solutions

6).23 Remarkably, adding Mel to the methylcyclohexane glasses argon-saturated oxygen-saturated

enhanced initially very weak phosphorescgnce of reactive acetylene ) ) ) )

acetylenes, 9, 10, and12 (at the expense of their fluorescence) PV TFPG 18 240

but did not lead to a similar phosphorescence enhancement in P-h-YI'-FP 10 4.06 <15

the case of unreactive Ph-PAB and Ph-Ph acetylends’.33 Ph-PEB.18 25.6 5.2 <15

These differences between reactive and unreactive acetylenes Pyra-TFP12 22.6 4.36 10.8 <15
-~ ; ; TFP-TFP9 1.82 <15

further suggest that ISC efficiency and the dynamics of triplet 4-Py-4-Py14 175 <15

state formation are important for the homoquadricyclane forma-
tion.

The phosphorescence spectra also give triplet energies offecessary) a double exponential function (further details are
acetylenes, 9, 10, 12, and18. Values estimated from the onset ~ given in the Supporting Information). The results for selected
of the phosphorescence peaks are given in Table 6. These valuedcetylene triplet states with and without oxygen in acetonitrile
are in a good agreement with the results of triplet quenching are shown in Table 7.
and sensitization experiments discussed above and with the Interestingly, 2-Py-TFP acetylerewhich has the longest
computational data provided in Table 8. lived triplet excited state has the highest cycloaddition quantum

Laser Flash Photolysis StudiesTransient absorption of  Yield, vide supra. In all of the cases, saturation of solutions with

diaryl acetylenes under laser flash photolysis (LFP) using 266 ©Xygen leads to a noticeable decrease in the lifetime of the
nm excitation was monitored at 450 nm. The triplet lifetimes €XCited specie! Interestingly, the triplet states of more electron-

were determined by fitting the decays with a single or (when deficient 2-Py-TFF6 and Pyra-TFFR2 acetylenes are quenched
by oxygen rather inefficiently compared to the triplet of Ph-

(33) 20l of Mel was added to 1.0 mL of acetylene solution. PFB 18 acetylene. The slower quenching is consistent with
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different electronic properties of the respective triplet states, e.g.
higher electrophilicity and greater oxidative potential of the TFP

triplets35 Unfortunately, the two symmetric acetylenes have

lifetimes shorter than our instrument response which precluded

us from estimating the efficiency of triplet quenching with
oxygen using available instrumentatihThe efficiency of

, Scheme 10. Most Common Reactions of Singlet 1,4-Biradicals*

singlet 1,4-diradicals are expected either to undergo the Grob

singlet oxygen formation has been used in the literature as afragmentation or to close into the cyclobutene products (Scheme

tool to study electronic properties and nature pffates’” For
example, these efficiencies vary from 0.3 to 0.5 for*rexcited
ketones’® whereas in the cases af-7* excited ketones and

10).
Computational Analysis of Triplet Excited States of the
Diaryl Acetylenes. Although the phosphorescence studies

m—m*excited aromatic hydrocarbons, these values are generally syggest that all diaryl acetylenes have lowest excited states of

close to unity (0.8-1).3°

the similar nature, the oxygen quenching in LFP experiments

These data suggest that, besides the ISC efficiency, suf-and contrasting Mel effects on phosphorescence suggest that

ficiently long triplet lifetime and electron deficiency of triplet

differences in dynamics and electronic properties exist between

state are the two conditions favoring the photocycloaddition. reactive and unreactive acetylenes. In the next section of the
In the ideal case of 2-Py-TFP acetylene, both of these conditionspaper, we describe a computational study aimed to determine
are satisfied. In the case of short-lived triplets, the role of how the nature of aryl group influences the electronic structure
electrophilicity becomes essential as illustrated by comparison of the T, state of diaryl acetylenes.
of the results for the two symmetric acetylen@sand 14: The results of computational analysis of these species using
although the lifetimes of bis-TF@and bis-4-Pyl4 triplets are unrestricted B3LYP/6-31(d,p) methods are shown in Table 8.
very close, the quantum yield for the formation of homoquad- Although the energies of all of the excited triplet states of
ricyclane product is considerably higher in the case of the more acetylenes are quite close and all of the triplet states are
electron-deficient and, thus, more reactive bis-TFP acetylene.dominated by ary—m* configuration4-42some differences in
Reaction Mechanisms. A. Formation of Homoquadricy- their electronic structures are noticeable. Comparison of nitrogen-
clanes.Literature reports describing the photochemical trans- containing acetylene$0 and 15 with Ph-PFB acetylen&8 is
formation of acetylenes into homoquadricyclanes are scarce, andespecially interesting. Polarization of the triple bond in the
there are no mechanistic studies aimed at elucidation of factorsground state is quite similar for the Ph-TFP and Ph-PFB
controlling efficiency of this reaction as well as the nature of acetylenes, and in both cases, electron density is shifted to the
excited states (singlet vs triplet) involved in this transformation. acceptor group. As a result, the acetylenic carbon adjacent to
The reaction yields are generally low, and quantum yields for this group acquires a small negative charge, whereas the
the formation of the products were never measured. The only acetylenic carbon remote from the acceptor attains a positive
conclusion regarding the reaction mechanisms which could be charge. Although electron density is moved from the central
derived from the earlier literature data is that formation of carbons in all of the triplets, only in the case of 4-Py-Bh
homoquadricyclanes from acetylenes requires the presence ofind Ph-TFPL0 triplet states polarization of the triple bond is
a C=0 moiety in the excited reagent (either the diene or the inverted relative to the respective ground state (‘umpolung” by
acetylene). This observation supports the notion that the presencdight). In contrast, theelative polarization of the triple bond in
of a long-lived and electron-deficient triplet excited state (vide the triplet of Ph-PFB acetylene does not change relative to the
supra) is essential for these photocycloadditions and agrees welground state. Interestingly, in the nitrogen-containing triplets,
with our experimental data for diarylacetylenes. the carbon atom adjacent to the pyridyl groups bears a larger
One can also speculate that the other key requirements are?0sitive charge and is more electrophilic. Althoughtfiplets
efficient formation of the triplet state upon excitation and atthe UB3LYP level are still dominated bysaz* configura-
inefficient ISC of the triplet 1,4-diradical intermediate formed tion, this change may suggest a slight increase in the& n,
by addition of excited acetylene to alkene to its singlet character in pyridine triplets with electron density being

counterpart (vide infra). Depending on their conformation, transferred from the nitrogen lone pair to the orbital
delocalized throughout the molecule.
(34) Interestingly, argon-saturated solutions of acetylenes changed color after At the UB3LYP/6-31G(d,p) level, the differences between

flash photolysis (yellowish in the case of Ph-TFP and even yellow reddish the electronic structures of reactive and unreactive acetylenes
in the case of 2-Py-TFP). The color change is less pronounced in oxygen . .
saturated solutions. This indicates that the acetylenes reacted when irradiatecf€ NOt dramatic (Table 9) and, when taken alone, are not likely

with the laser pulse and that the reactive species, presumably the triplet {q explain the sharp divergence in reactivity of TFP- and PFB-
excited state of the acetylene, is quenched with oxygen. i . K . .
(35) Oxygen quenching rate correlates with oxidation potential of fluorenes: Substituted acetylenes. Calculations including the self-consistent
Mehrdad, Z.; Noll, A.; Grabner, E. W.; Schmidt, Rhotochem. Photobiol. i ] i ¢
Sch. 2002 1 263, Biphenyls: Schmidt, R. Shafii. B, Phys. Chem. A reaction field (SCRF) solvation model (GEN) confirm ihe
general trend found by the gas-phase computafid8slvation

2001, 105 8871. Wilkinson, F.; Abdel-Shafi, A. Al. Phys. Chem. A999
effects slightlyenhancehe change in polarization upon triplet

103 5425. For a detailed review, see: Schweitzer, C.; SchmidGHem.
Rev. 2003 103 1685.

(36) It is interesting that the decay is biexponential in the cases of PhiBFB
and Pyra-TFPL2 acetylenes.

(37) Darmanyan, A. P.; Foote, C. $. Phys. Chem1993 97, 4573.

(38) Gorman, A. A.; Lovering, G.; Rodgers, M. A.J.Am. Chem. Sod978
100 4527. Chattopadhyay, S. K.; Kumar, C. V.; Das, PJKPhotochem.
1985 30, 81. Redmond, R. W.; Braslavsky, S. Ehem. Phys. Letl988
148 523. Wang, B.; Ogilby, P. Rl. Photochem. Photobiol., 2995 90,
85. Mehrdad, Z.; Schweitzer, C.; Schmidt, RPhys. Chem. 2002 106,
228.

(39) Marti, C.; Jurgens, O.; Cuenca, O.; Casals, M.; Nonell]. &hotochem.
Photobiol., A1996 97, 11.

(40) Differences in hybridization of nonbonding orbitals at apd sp carbon
centers are neglected.

(41) These results are consistent with those reported in a recent combined
experimental and theoretical study of phenyleaeetylenes: Magyar, R.

J.; Tretiak, S.; Gao, Y.; Wang, H. L.; Shreve, A. @hem. Phys. Lett.
2005 401, 149.

(42) Our computational results also strongly support conclusions of Tero-Kubota
and co-workers (ref 32) who, based on experimental observations, suggested
that T1 states of diphenyl acetylene and related molecules are planar and
have am,—m* configuration.
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Table 8. C=C Distances (A), Charges (au) at the “Alkyne” Carbon Atoms (Values for Triplet Excited State are Given in Parentheses), and

Energies (kcal/mol~1) for the T; States of Diarylacetylenes in CH3CN at the UB3LYP/6-31G(d,p) Level (See Supporting Information for

Computational Details)

Arl—lElz—Ar2 C-G, qci qc2 Ty energy
Ari = A, = Ph, 17 12167 (12645 0.001 (0.031) 0.001 (0.031) 612
Ar, = Ar, = 4-Py, 14 12150 (12663)  0.019 (0.072) 0.019 (0.072) 62.8
Ar, = Ar, =TFP, 9 1.2120 (1.2631) 0.042 (0.097) 0.042 (0.097) 62.5
Ar, =Ph, Ar, = PFB, 18 1.2151 (1.2612) 0.055 (0.060) -0.029 (0.029) 60.4
Ar, = Ph, Ar, = 4-Py, 15 1.2162 (1.2639) 0.028 (0.018) -0.010 (0.076) 61.6
Ar; =Ph, Ar,=TFP, 10 1.2154 (1.2604) 0.084 (0.039) -0.040 (0.079) 60.2
Ar, = 4-Py, Ar, = TFP, 8 12138(12643)  0.072(0.093)  -0.010 (0.076) 62.4

Table 9. Singly Occupied Molecular Orbitals (SOMOs) and Spin Density Distribution for the Lowest Triplet States of Diarylacetylenes
Optimized at the UB3LYP/6-31G(d,p) Level

Compound SOMO, SOMO; Spin density

FRITELE
TEIINE
$115 880

excitation in pyridinyl acetylenes ardkcreasesuch a change  plays an important role in thefficiencyof 3z,r* triplet excited
in Ph-PFB acetylene. state formation. In seminal studies, El-Sayed had shown that
Role of na* States in Homoquadricyclane Formation. the first-order spir-orbit coupling (SOC) is forbidden between
Since the lowest energy triplets in both reactive and unreactive states of the same configuration and developed the set of
diaryl acetylenes in this study have a dominant* configu- selection rules (commonly known as El-Sayed rules) for ISC
ration, one has to ask the question about the origin of the in compounds possessing-z* and n—x* states?* This work
dramatic difference in reactivity of pyridinyl and pyrazinyl found that transition betweehr,7* and 3n* states in N-
acetylenes and whether the presence of a higher enengy n, heterocyclic molecules proceeds up to three orders of magnitude
state in azaheterocycles play any role in this phenomenon.  faster (-10-95s) in pyridines than ISC betweén,7* and 37,7*
Since3n7* is not the lowest triplet state, it should undergo  gtates €108 s) and radiative decay back to the ground state
fast radiationless decay into the lowest enetgyr* state in (~107s). Since transitions betweém,7* and 7+ are known
accordance with Kasha's rufég®and, thus, is unlikely to play g pe very fast £10711s), the overall effect of thénz* state
a direct role in photochemical reactivity. However, its presence presence is a dramatic increase in the efficiencyiof B triplet
state formation, Scheme 11. This increase effectively “blocks”
side reactions associated with singlet excited-state reactivity.
Competing Pathways for the Homoquadricyclane Forma-
tion. Several photochemical routes summarized in Scheme 12
can account for the formation of homoquadricyclane adducts.

(43) Calculations including the self-consistent reaction field (SCRF) in the gas-
phase computations are included in the Supporting Information.

(44) Kasha, MDiscuss. Faraday Sod.95Q 9, 14.

(45) For the interesting consequences of the presencerbtates in pyridines
and other azaheterocycles, see: ref 44 and Kash&adiat. Res. Suppl.
1960 2, 243. Goodman, LJ. Mol. Spectroscl961, 6, 109. Lower, S. K.;
El-Sayed, M. A.Chem. Re. 1966 66, 199.
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Scheme 11. Role of a “Phantom” 3n,z* State in Enhancing ISC in
Diaryl Acetylenes
T S n-r*
5 ", Fast -
n,m
—_—
Very faii
T, 1ISC [2+2] and
3, other byproducts
—
So

In every case, the initially formed first singlet excited state of
diaryl acetylenes (3 undergoes intersystem crossing (ISC) to
the first triplet excited state J. High efficiency of ISC is

a notion which is in perfect agreement with the observed
guantum vyield increase for acetylenes with electron-acceptor
substituents (Table 3).

After addition of the triplet acetylene to the double bond,
the initially formed diradical intermedia&?2 can undergo three
different intramolecular cyclizations. In the most “economic”
mechanismA, the radical on the cyclohexenyl moiety “comes
back” to the former acetylenic moiety in a 3-exo-trig fasifon
with formation of a carben83. Insertion of the carbene into
the remaining double bond will lead directly to the tetracy-
clooctane adducB7. The insertion can be either stepwise or
concerted depending on the multiplicity of the carbene (triplet
or singlet), which, in turn, is determined by the relative ISC
timing. The carbene mechanism is supported by an earlier
finding that the photochemical reaction of dimethyl acetylene
dicarboxylate with ethylert® resulted in a 9:1 mixture of

consistent with the drastically reduced fluorescence and with cyclobutene and dicyclopropane adducts where the latter product
the observed lack of photochemical reactivity (C1C5 cycliza- was suggested to be formed through a similar cyclopropane

tion)* derived from PET from 1,4-CHD to the enediyne moiety
of 3.6 In contrast with the earlier photochemical reactions of
enediynes where 1,4-CHD serves as a souraeauftrons and/

or hydrogen atométhe triplet excited state of enediyBeand

carbene intermediate.

The main problem with extending this mechanism to our
system is that in the intramolecular version of this process the
first cyclization step should lead to formation of a mixture of

related monoacetylenes finds yet another way to engage 1,4-two carbene isomers (exo- and endo-) shown in Scheme 12,
CHD in a photochemical reaction by attacking one of the two and according to the simple geometric considerations, only one

double bond®f cyclohexadiene moiety. Although lack of PET
from 1,4-CHD is readily explained by the lower energy of the

of these isomers can insert into the double bond. Although the
“unreactive” isomeB3-exocan be “recycled” back to the 1,4-

triplet state, the switch from H-atoms abstraction to the attack diradical32, one would expect that if carbe®3 and diradical

on them-system provides a direct insight into the electronic

32 were in an equilibrium, the latter would sooner or later

structure of the triplet acetylenes and deserves an additionalundergo ISC to a ground state 1,4-diradical which should close

comment.

to the cyclobutene product of formal+{2] cycloaddition. We

In general, such a competition between hydrogen atom do not observe such a product as well as any other products
abstraction and addition to a double bond is a typical feature of derived from33-exocarbene in reactions with cyclohexadiéhe.
radical processes. Although radicals can participate in both of In a recent work, Tomioka et al. had shown that triplet diaryl
the above reactions, they often exhibit a preference toward acarbenes readily abstract hydrogen from 1,4-C¥D.

particular pathway depending on their nucleophilic or electro-

philic charactef? The fact that triplet acetylenes choose for the
attack a position of increased electron density ftH®nd) rather
than the partially positive hydrogen atom of@& bonds strongly
suggests thelectrophilic nature of the triplet diaryl acetylenes

In a second possible mechanisBy the radical at the
cyclohexene moiety @2 reacts via another 3-exo-trig pathway
with the remaining double bond of 1,4-CHD to give a new
diradical 34. The newly formed radical centers can combine
after ISC to give a stable intermedi@6.53 This intermediate

Scheme 12. Possible Mechanisms of the Homoquadricyclanes Formation in Photocycloaddition of Diaryl Acetylenes to 1,4-CHD*8
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3-exo

33.;;\‘ (2]
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Ar,
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Figure 7. Relative energies (UB3LYP/6-31G**) from groundgj&nd triplet (T, in parentheses) states for conformers of diradical intermedi2endo
and 32-exa

would require further photochemical excitation in order to tion eventually comes back to the same carbon atoms as a
undergo a [Z2+20] transformation to the homoquadricyclane boomerang. Again, ISC is needed somewhere along this reaction
products#? path to arrive at the final product.

The final possibilityC is the 5-exo-trig cyclization of the The partitioning between the alternative cyclization pathways
vinyl radical 32 leading to a 1,3-diradicad5. According to the  will depend on the conformational landscape of the diradical
empirical “rule of five™®> which is a paraphrase of the Baldwin 32 potential energy surface. For the parent version of this
rules?® this should be the most likely pathway. This cyclization diradical, this landscape is rather fat the triplet hypersurface
opens two new directions. In the first of them, the diradical with the “equatorial” conformers suitable for the 5-exo cycliza-
undergoes ISC and closes to form the cycloprogzehich tion being among the lowest energy conformers (Figure 7). In
needs to absorb another photon for the transformation to thecontrast, the singlet hypersurface is biased toward the two
final product 37 as described in the previous paragraph. conformers where both radical orbitals are parallel to the bridge
Alternatively, one of the radical centers 8% reacts with the  C—C bond. This arrangement results in a stabilizing interaction
double bond to give diradica8, and the two radical centers  transferred through the* bridge orbital®® Such interactions

recombine only at the final stage providing the homoquadricy- received a lot of attention in the chemistry of 1,4-diradicals
clane product37. In this process, each of the two unpaired produced in the Bergman and related cycloaromatization reac-
electrons generated at the triple bond by photochemical excita-tions®® where they are estimated to be typically on the order of

- - - - - 3—5 kcal/mol®°-61 Most importantly, the lower energy conform-
(46) Unlike the highly exothermic PET to the singlet excited state, PET from

1,4-CHD to the triplet excited state becomes endothermic due to the lower €r'S for the singlet 1,4-diradical are predisposed for the22

energy of the latter state. adduct formation, the Grob fragmentation regenerating the
(47) A particularly thorough study: Pryor, W. A,; Tang, F. Y.; Tang, R. H.; . | d 1.4-CHD 3 lizati leadi

Church, D. FJ. Am. Chem. S0d982 104, 2885. Zipse, H.; He, J.; Houk,  Starting acetylene and 1,4- or 3-exo cyclization leading to

K. N.; Glese B.J. Am. Chem. Socl99], 113 4324. Tararov V. L; - it i isi i

Kuznetzow. N. ¥.. Bakhmutov V. 1: Tkonnikov. N. S.: Bubnov. V. M. 33 exa Thus, it is not surprising that. the homoquadrlcyclane

Khrustalev, V. N.; Saveleva, T. F.; Belokon, Y. Bl.. Chem. Soc., Perkin formation only proceeds through a triplet excited state.

Trans. 11997 20, 3101. Heberger, K.; Lopata, Al. Org. Chem1998 : f :

63, 8646. Arnaud, R.; Bugaud, N.; Vetere, V.; Barone,VAm. Chem. Computatlonal Analy5|s.of Reactlop Hypersurface for the

Soc.1998 120, 5733, Roberts, B. P.; Smits, T. M. Chem. Soc., Perkin  Formation of Homogquadricyclane. Since all of the mecha-

Jans. i%ggi }33223216 Lalevee, J.; Allonas, X.; Fouassier,JJPhys. nisms involve the similar steps (if one agrees to consider the

(48) Note that ISC should occur somewhere along the reaction hypersurface in carbene insertion as a formal addition of 1,1-diradical to a double
order to reach the final produ&?. The lack of [2-2] adducts suggests o | h sicul h
that ISC occursfter the initially formed diradical32 undergoes one of bond) and differ only in their sequence, it is difficult to choose be-

the further steps in the cyclization cascade. Five possible ISC points are tween the different mechanisms without additional information.
shown, but it is possible that ISC occurs even before these points.

(49) For recent examples of 3-exo-trig cyclizations, see: Journet, M.; Malacria, ~ TO gain this information, we performed computational
M. J. Org. Chem1994 59, 718. Srikrishna, A.; Danieldoss, S. Org. ; : :
Chem.1997, 62, 7863. Lange, G. L.; Merica, ATetrahedron Lett1999 a'naly5|s of thg potenﬂa! energy reaction hypersurfaces for the
40, 7897. The first step of diemethane rearrangement can also be singlet and triplet reactions of acetylene and 1,4-CHD at the
considered to be a 3-exo-trig cyclization when the excitation is mostly
concentrated on one of the double bonds: Zimmerman, H. E.; Armesto,

D. Chem. Re. 1996 96, 3065. (57) This is a typical situation for diradical species. For a recent discussion and
(50) Owsley, D. C.; Bloomfeild, J. J. Am. Chem. S0d.971, 93, 782. references, see: Doering, W. v. E.; Barsa, EJAAM. Chem. So2004
(51) The [2+2] adducts are readily formed in reactions with alkenes such as 126, 12353. See also: Doering, W. v. E.; DeLuca, JJ.PAm. Chem. Soc.
cyclohexene and tetramethyl ethylene. 2003 125 10608. von Doering, W.; Cheng, X.; Lee, K.; Lin, 4. Am.
(52) Monguchi, K.; Itoh, T.; Hirai, K.; Tomioka, HJ. Am. Chem. So2004 Chem. Soc2003 124, 11642.
126, 11900. (58) The seminal study: (a) Hoffmann, R.; Imamura, A.; Hehre, W. Am.
(53) Control experiments ruled out a thermal homo-Diélder reaction Chem. Soc1968 90, 1499. (b) Hoffmann, RAcc. Chem. Redl 971, 4,
between 1,4-CHD and acetylene which is the other way to form compound 1-9. (c) Paddon-Row, M. NAcc. Chem. Red.982 15, 245. (d) Gleiter,
36. R.; Schafer, WAcc. Chem. Re4.99Q 23, 369-375. (e) Brodskaya, E. I.;
(54) Srinivasan, R.; Ors, J. A,; Brown, K. H.; Baum, T.; White, L. S.; Rossi, A. Ratovskii, G. V.; Voronkov, M. GRuss. Chem. Re1993 62, 975.
R.J. Am. Chem. S0d.98Q 102, 5297. (59) Logan, C. F.; Chen, B. Am. Chem. Sod.996 118 2113. Schottelius,
(55) Srinvasan, R.; Carlough, K. H. Am. Chem. Sod 967 89, 4932. See M. J.; Chen, PJ. Am. Chem. S0d.996 118 4896. Kraka, E.; Cremer, D.
also: Turro, N. JMolecular PhotochemistryUniversity Science Books: J. Am. Chem. So@00Q 122 8245. Alabugin, I. V.; Manoharan, Ml.
1991; p 430. For MO and state correlation diagrams for the formation of Am. Chem. SoQ003 125, 4495.
five-membered biradicals in cyclizations of 1,4-pentadiene and 1,5- (60) For the most thorough recent discussion, see: Squires, R. R.; Cramer, C.
hexadiene, see: Gleiter, R.; Sander,Aligew. Chem., Int. Ed. Endl985 J.J. Phys. Chem. A998 102 9072.
24, 566. For the role of sigma bridge in these processes, see: Verhoeven, (61) Antiperiplanar arrangement of the two radical centers strengthens their
J. W.Recl. Tras. Chim. Pays-Ba498Q 99, 375. interaction even further: Prall, M.; Wittkopp, A.; Schreiner, PJRPhys.
(56) Baldwin, J. EJ. Chem. Soc., Chem. Commua®76 734. Chem. A2001, 105 9265.
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Scheme 13. UB3LYP/6-31G(d,p) Analysis of the Triplet and Singlet Reaction Hypersurfaces for Photocycloaddition of Acetylene to 1,4-CHD
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Reaction coordinate
. . Table 10. UB3LYP/6-31G(d,p) Analysis of Possible Cycloaddition
UBSLYP/6-3lG(d,p) level (Scheme 13) Accordlng t_o this  Reaction Intermediates: Relative Energies (RE) to the Ground
analysis, both 5-exo and 3-exo cyclizations of diradigal State Acetylene and 1,4-Cyclohexadiene, Singlet—Triplet Gaps,
proceed through low energy transition states but formation of and Spin—Orbit Coupling (SOC) Values
intermediate35 through the 5-exo pathway is the most favorable

RE(So) RE(T,) Est, soc,2
pathway, both kinetically and thermodynamically. The kinetic __compound keal/mol™* keallmol™ keallmol™* cm™!
preference for 5-exo cyclization is greater in the triplet state  32-exo 36.2 36.9 0.7 0.2
than in the singlet state (2.3 vs 0.7 kcal/mol), but in both cases ~ 32-éndo 37.1 37.8 0.7 0.2
the cyclization is ca. 2425 kcal/mol exothermic and essentiall 33-exo 319 372 >3 128
the cycl - <calf : nc an Ay 33-endo 36.2 38.4 2.2 12.8
irreversible. Two new possibilities arise at this point. In the first,  34-exo 445 45.4 0.8 0.0
recombination of the two radical centers 8% leads to the 34-endo 45.9 46.0 0.2 0.0
formation of the strained intermediaB. Two isomers 0f36 35 12.2 13.8 1.6 0.1

. . . 36-exo —26.7 43.2 69.9 na
(exo- and endo-) can be fqrmed via relat|vely_low barr_ler_s (ca.  36-endo —o48 47.9 72.6 na
5 and 4 kcal/mol, respectively). Transformation of this inter- 37 —41.6 na na na

mediate to the final produ@7 through [2r—27] cyclization ; ] ]
releases ca. 15 kcal/mol of strain energy and should be 312?&f;?%:gl’;?'gégﬂgt“r'igg?” at the CASSCF level on the UB3LYP/6-
essentially irreversibl&Z High photochemical reactivity of

intermediate86 may explain its absence in the reaction mixtures 4oble bond. The spirorbit coupling (SOC) values in Table
and the quantum yields for the formation of homoquadricyclane 1 suggest that both triplet carber@sshould readily undergo

products which reach the upper limits of 0.5, the maximum |sc tg their singlet counterparts unlike t1 — 35 — 38

possible value for a sequential two-photon process. The secondsequence which may occur at the triplet hypersurface.
possibility which cannot be eliminated at this moment is that

the diradical remains a triplet and reacts with the remaining
triple bond to give38. The latter intermediate finally undergoes
ISC to form the homoquadricyclane product.

“Boomerang” Cycloaddition. Even though, at this point, the
computations do not give a definitive answer about the preferred
reaction path and, at least, two converging pathways may be
The 3-exo cyclizations 082 into cyclopropyl carbene83- responsible for the formation of the observed products, the bulk
exoand33-endois less likely but still a viable possibility. In of computational results QOes suggest_ that S_GXO. cyclization at
contrast to the 5-exo pathway, these transformations are almosfge tr!p:et Yr\]ypersurface '5; thel mObSt likely rea_ﬁtl_o?l pathwahy.
thermoneutral and should be readily reversible. This is especially ertainly, the presence ot aryl su stituents willinfluence ,t €
important in the case of the exo-isomer which does not posses ather subtle differences between the alternative mechanisms,
a readily accessible intramolecular reaction path. On the other@nd further experimental and theoretical studies are needed to
hand, the endo-isomer can be readily and irreversibly trapped €lucidate all of the mechanistic details of the (acetylértiene)
through intramolecular cyclopropanation of the remaining — hemoquadricyclane transformation. It is possible that ISC
may also be important in controlling the partitioning between
(62) fFreema;]n an%co-wor.kers have ShOV\IIn thr?t Lh(_e endo-isomer reﬁctﬁ twlo timedhe alternative mechanisrfsHowever, from a practical per-

aster than the exo-isomer, a result which is consistent with the larger i i
exothermicity computed in the former case: Freeman, P. K.; Kupur,gD. spectl_ve, all of _the mechanisms converge .tO the same prOdUCt
and differ only in a sequence of bond-forming steps, and thus,

G.; Mallikarjuma Rao, V. NTetrahedron Lett1965 37, 3301.
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Scheme 14. Retrosynthetic Analysis of the Photochemical
Approach to Homoquadricyclanes Based on the Triplet
Photocycloaddition of Diaryl Acetylenes and 1,4-CHD
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Scheme 15. Topological Analysis of the “Boomerang” Reaction of
Vinyl-1,2-diyl with Two Double Bonds?

iv» _>f0_> 8

a(a) Triplet diradical is formed; (b) two new sigma bonds and two new
radicals are formed at the expense of twdonds of 1,4-CHD; (c) the
new radical centers complete the cyclic bond-forming route

Scheme 16. Secondary Photochemistry of Pyrazinyl
Homogquadricyclanes
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topologically, one can think about this transformation as
cyclopropanation of both double bonds of a 1,4-diene by a 1,2-
bicarbene synthone (Scheme 1M)echanistically this trans-
formation occurs through a “boomerang” reaction of a vinyl-
1,2-diyl diradical with two double bonds where the two radical
centers “self-annihilate” after completing a circular cascade of
bond-forming events (Scheme 15).

B. Homoquadricyclane—Tricyclooctene Transformation.
Finally, the most probable mechanism for the transformation
of homoquadricyclanes to the tricyclo[3.2.49bct-2-enes is
shown in Scheme 16. Photochemical excitation of homoquad-
ricyclane 37 results in the regioselective-€C rupture in the
cyclopropyl group attached to the pyrazinyl ring and formation
of 1,3-diradical39. The source of this selectivity is unknown
at this momer® but is perfectly consistent with the absence of
homoquadricyclanetricyclooctene rearrangement in the case
of pyridinyl-substituted homoquadricyclanes. This process is not
affected by triplet sensitizers and quenchers and is likely to
proceed through a singlet excited st&td his transformation
is followed by a 1,2-carbon shift directly leading to tricy-
clooctened0.

(63) For interesting observations on reactivity of singlet and triplet 1,4-diradicals
in photochemical reactions, see: Scaiano, Jetrahedrorl982 38, 819.
Wagner, P. JAcc. Chem. Re4.989 22, 83. Griesbeck, A. G.; Stadtitler,

S.J. Am. Chem. Sod.99Q 112 1281. Griesbeck, A. G.; Stadtither, S.

J. Am. Chem. Socl99], 113 6923. Griesbeck, A. G.; Mauder, H.;
Stadtniller, S.Acc. Chem. Re4994 27, 70. Zand, A.; Park, B. S.; Wagner,
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or xanthone.
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Practical Outlook. Although it is known that strained alkynes
sometimes react like bicarberfésthe use of simple diaryl
acetylenes in their triplet excited states as synthetic equivalents
of 1,2-bicarbenes is interesting from a fundamental point of
view. This process also opens new practical possibilities which
we intend to explore in future studi€&A particularly interesting
structural feature of homoquadricyclane products is that the two
aryl groups defining the hydrophobic cavity are oriented in an
almost perfect 60angle. In the context, it is interesting to quote
a recent paper by Stang and co-workefEhe relative dearth
of triangles synthesized to-date can be explained by the difficulty
in finding the appropriate corner unit... there exist no single-
center complex that possesses & &0gle between coordinated
ligands.”® 1,5-(4,4-Dipyridyl)homoquadricyclanes may be
suitable corner units for such supramolecular triangles or
rhomboids?®

Conclusions

Although this paper started as a curiosity driven project, it
evolved into a detailed mechanistic study of two scarcely studied
photochemical transformations. This study significantly ex-
panded the utility of the photochemical conversion of acetylenes
to homoquadricyclanes and, for the first time, provided a
mechanistic rationale for this intriguing and atom-economical
cascade transformation. Photoirradiation of pyridine-substituted
acetylenes in the presence of 1,4-CHD vyielded 1,5-diaryl-
substituted tetracyclo[3.3.3:0*¢|octanes in good yields. The
spin multiplicity of the excited state involved in the formation
of polycyclic photoadducts and their subsequent photorear-
rangement was determined using quenching and sensitization
experiments. These experiments unambiguously confirmed that
formation of homoquadricyclanes proceeds through a triplet
excited state. An electron-accepting substituent increases the
efficiency of the reaction by enhancing electrophilic character
of the triplet acetylene moiety. However, electron-acceptor
properties of the acetylene moiety must be balanced in such a
way that ISC to the triplet exited state would proceed faster
than electron transfer between excited acetylene and 1,4-diene
moieties. Lack of such balance can lead to the situation when,
in the case of larger concentrations of dienes, the singlet excited
state of acetylene is intercepted through electron trabsfere
it is transformed into the triplet, and thus, efficiency of the triplet
photocycloaddition decreases.

Sufficiently long triplet lifetime and electron deficiency of
triplet state are the two conditions favoring the photocycload-
dition. Acetylenes where both of these conditions are satisfied
react with 1,4-CHD very efficiently. In the case of short-lived
triplets, the role of electrophilicity becomes essential as il-
lustrated by comparison of the results for the two symmetric
acetylenes: although the lifetimes of TFP-TFP and 4-Py-4-Py
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triplets are very close, the quantum yield for the formation of polycyclic framework orients the terminal aryl (4-pyridyl,
homoquadricyclane product is considerably higher in the case 4-tetrafluoropyridyl, phenyl, etc.) groups in an almost perfect
of the more electron-deficient TFTFP acetylene. 60° angle rendering such molecules promising supramolecular

In the triplet excited state produced from Ph-PFB acetylene building blocks in the design and synthesis of metal coordination
18, relative polarization of the triple bond does not change polymers.
compared to the ground state, whereas, in the case of 4-Py-Ph
and Ph-TFP triplets, there is an inversion of the ground-state Acknowledgment. The authors are grateful to the National
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Finally, from a practical point of view such reactions are
interesting because “capping” of the triple bond with the JA043803L
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