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AYnn-8.Beazoyt-edtutcrionrpbtboidt-2.3.J flk) rearranges in a p~~~rn~l 
di+metbane.type process IO the I-&nroylarpbtho(de-2.3.4~~ycb~4.3.0.~~~~3~?d~~ i&e. RK dihydro 
de&ate UI pad the bydrox~ny~e~yl mmlogs 218 and tk undergo similarly rcgiosekctive rea~~me~ts to 
154 t c. 2h-c. aad Ha, respectively. At 2% K the primary photoreactiin directly occurs from tbc S&n, a*) and 
T&I, 9) states, and it pr& from f&r. a*) and from Qw, a*) citber directly or via T,. At lower temperature on 
direct imdhtion, &-+‘I+ iatmystem crossing and tripkt reaction compete with reaction from the sir&t. I& 
rearrangement 128-+l*H proceeds dong three ration paths evolving from the Iwo primary p&otocbemIcal 
proctutl of ~pbtbyhi~y~ and ViD~bin~f boadiq in &-position to the CO (lf-rZSt29). Two grottnd-state 
tripkt diradial intermediates such as 25 and 27 have been sbown to intervene consecutively-for the frrst time in 
di-r-metbane pbotocbemistry. F*cb tus keen characterized by F.SR and IR, and the second one additioar)ly by 
fluorescena and i?uonsceace cxcitrtioa. and by lxser Rash pbotolysis. 

The fai& of products 14~ to interconvert pbotocbemicaIly is ascribed to efficient energy dissipation through 
tbermdy reversibk pbotockavy of the 3-membered h 

Compounds 12 ud I4 tbermaIIy ir~~ercoavcrt in the dark which constitutes the first exampk of a ground-strtc 
coootcrpart of s di-r-mttbane pbotoream~mcnt. The thermal reaction includes a path with bigbIy rcgiosekctive 
(and possibly coocer~t.d) prcduct formation compctiq witb a stepwise process ausiw positiond scramm. The 
sqwnce 12 -+ 14 @botocbemiuBy; @ = I .O PI 366 nm and 298 K) and an ekctrophiksltrlyzed reversal 14 -, 12 in 
the dark is a model of a cbemiad Ii&t energy s~oragc cycle which can be conducted without loss of reactants 

A few years ago we reported on the intramokcukr stead to an illdefined product mixture,‘.’ whereas the 
transfer in diastereoisomers such as syn- and are homologs 6, 8,’ IO, I2 and 13 underwent smooth 

onli-1’ (Scbcme 1). In a fhst synthetic approach to the 
parent indanone 3,L.’ compound 2 resisted all attempts 
to photocyclixation analogous to the facile photo 
Nazarov transformation 4-S.’ It slowly decomposed in- 

photoconversions to 7. 9. 11. 14. and 15, respectively.’ 
These transformations phtnomenobgically belong to the 
di-a-methane-type rearrangements described aJso for 

other structurally related compounds (i.e. the bar- 
relenesP aro-‘O and diarobarrelenesP”*“” triptyccne.” 
and ~n~bicyclol2.2.2~~dk~s”). 

tlxpartement de Cbimie &ganiqtse. Universiti de Gcnl?vc, 
Swittc&lMI. 
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versity of Letbbidp. AIberta. 
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In an impressively systematic and thorough study,” 
Zimmerman has amply demonstrated the generality of 
the di-a-methane p~torea~~ement, and has tluci- 
dated a large array of mechanistic features knolls 
the reaction. Iitter ofid, barrclerk-type compounds were 
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found IO rearrange preferentially via their triplet excited 
stales, and intricate details of the reaction path were 
elabora1ed by the use of deuterium labels and by the 
independent generation of cyclopropyldicarbinyl diradi- 
cals proposed as possible intermediates. For example, 
I.2naphthobarrekne was shown to rearrange by both 
initial a-naphthyl-vinyl and vinyl-vinyl bonding, and the 
234somer only by the latter bridging process.“” The 
resulting reaction path is illustra1ed for the 2,3-isomer 16 
f@,“. = 0.46) in Scheme 2. The diradical structures 17 
and 18 are, o priori, approximations of species on the 
reaction hypersurface and need no1 necessarily be at 
energy minima. However, the photosensitized decom- 
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Scheme 2. Pbotocbemicd reaction p~tb 16 -+ I9 with hypothetical 
dir&al intermedhtes, in accord with result5 of deutehm 
lahelling expcrim~nts.‘~ and phc4osemitired decomposition of 

uo compound 24 to tripkt dir&al 17.” 

position of the azo compound to gave a CO. I :6 mixture 
of 16 and 19.” The triple1 diradical 17 may therefore 
reasonably approximate a primary intermediate photo- 
chemically derived from 16. 

We now report, in particular detail, on the benzoyl- 
naphthobarrclene-like system 12. Evidence will be 
presented for the nature of the rcaclive excited states, 
for the reaction paths followed in the di-n-methane 
photorearrangement to 14, and-for the first time in 
di-n-methane photochemis1ry-for the involvement of 
two discrete consecutive intermediates. II will be shown, 
moreover, that 12 and 14 interconvert thermally in the 
dark, with the forward reaction, 12 + 14, constituting the 
first example of a ground-state di-n-methane rear- 
rangemen1. The detailed elucidation of the skektal 
transformation required that most studies were per- 
formed with compound It (Scheme 3). in which the IWO 
labels, COPh and D, served as tracers of the different 
reaction paths. Compounds 13a, 218 and 22a were start- 
ing materials for supplementary photochemical work IO 
be discussed. 

previously described for the non-Iabelkd com~unds.” 
Baw-catllyzed H/D excha~ with I-phenylprop-2-yn-l- 
0~” and addition IO cyclohepu[de]naphthene (“plei- 
adknc”)” afforded 12a. Sekctive hydrogenation of the 
doubk bond of this product (121) and its photoisomers 
llec with tris(triphenylphosphine)rhodium chloride 
quantitatively Rave 13a and 15~. respectively. Reduc- 

tion of 121 and 13a with sodium borohydride gave 2lr 
and 221, both as mixtures of diastereoisomeric carbinols. 
which were directly used for photochemical experiments. 
For some additional irradiations, the mixture of 2lr was 
separated by thick-layer chromatography into (1 R*b and 
(IS*)_Zlr. Prior to NMR analysts, the resulting products 
23a~ and 24a were first oxidized IO l&c and lSa, 
respectively, with pyridinium chlorochromate. The for- 
mer, Ma-c. was then hydrogenated IO Ha-c. 

12a lt.com 13m R*- 
21m R.CnOnPh 22a R*CMOWh 

14m-c I= l 2-0 

-I I 

18m.c n= 
- 

2%.cn. 
b5-0 24m 

CHQtR c s-o Km 

scheme 3. 

The positions and the degree of deuterium labelling 
were determined by the integration differences in the 
‘H-NMR spectra of the labelkd and non-lab&d com- 
pounds. The signals of the protons at C(l), C(5). C(6) atnl 
C(7) in 12 were sufficiently separated at 1OOMHz to 
allow for assignments by extensive decoupling, and for 
accurate integration. Only the C(9) signal overlapped 
with aromatic resonances. II was localized by INLIOR 
technique. Quantitative information was obtained in this 
case by proton-decoupled ‘H-NMR at 373 K. at which 
temperature line broadening was minimal. A direct 
analysis of deuteriation a1 C(2), C(6) and C(9) of l&e 
was impaired by the superimpositin of the C(2) and C(9) 
signals. These sampks were therefore converted into 
15~ where at 270 MHz the signals of all alicyclic pro- 
tons were again satisfactorily separated for Ihe purposes 
of integration and assignment by decoupling. FurUter- 
more, ‘H-NMR of 14a+ confirmed that deuterium was 
exclusively attached at C(2). C(6), and C(9). 

nlE~tnmuQIu)YL. 
cLowowAnmNE II 

7%~ re~cl~~ direct and on sensitized 
irradiations, 121 Rave isolopomers of a sin& product, 
Ma+. Reaction conditions. quantum yields and deu- 
Ierium distribution in the products are given in Table I. 
The deutcrium distributions varied only insig&icanUy in 
all runs of room temperature (runs I. 3-5,7. %I I), which 
included irradiation in different solvents (t-butyl akobol, 
benzene), direct cxcitrtion at dillerent wrvekn@hs (31% 
436nm), and Iripkt sensitization with donor energkr io 

the range & 6l.!UX6kcal/mol. The only notabk 
difference appeared in run 2 a1 77 K. 

The rearrangement of It was highly regiorelectfve 
givb exclusively Ihe C(l) beruoyl substituted products 
Ma+. This selectivity demands, in the formulation of any 
mechanism. that either the 4.5 or 5.6 singk bond of the 
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T&k 1. Quantum y-i&la of product formation and deutcrium distriition in OIC prcdwts 14 and 2.3. 
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startin compound be broken and that in either case both 
C(8) arxl C(9) be involved in the formation of two new 
single bonds in the product. In the most plausible rlepwisc 
formation which adopts the &ncral diradical di-a- 
methane mechanism (Scheme 2). the m&r route for 12 
is initial napbthyCvinyi bondiq to 25 (Scheme 4; evC 
c&ace for tbc dindical nature of 25 and the other inter- 
mediates will be discusrod in a subsequent chapter). Tbt 
subsequent transformation of this species can only fur- 
~hllrtl~bsadlIlr.FurOlermon,oncm~tPrput 
that a stepwise sequence alone from Z via 27 should 
give the final products with equal probability if one 
assumes symmetric conditions for the ring closures of 27 
to Ma and 14b (i.e. neglecting an isotope effect owiq to 
the asymmetric deuterium rubstitutbn, which rppears 
reasonable in any event). This r*ulation is not met for 
lh+llr + 14, however. The 2: 1 predominance of 14a 
oval4bcanbeascrii,oprioitoeitheroft!uee 
aheruative mechanisms, or to a combination thereof. An 
overall concerted 0% for s) t da + d’s (or 8) process= 
could specifically kad to 16. It would involve he 4.5 
single bond and the A’ and napbtbo T systems. Any 
similarly concerted pbotochemial mechanism en route 
to 11) is forbidden by orbital symmetry. Tbm is still 

Pootbcr spcci6c path to IL which might compete with 
the fully stepwise route. Tk ckctrophilic nature of the 
&et0 radical in 29 could provide a driving force for a 
direct conversion 2!J + 14a by displacing C(4) at C(5) in a 
cycbpropane cleavage concomitant with regiospecidc 
cyclixatioa (an SJi reaction). Fiily, the (0 and (z)- 
conformers contritnuirqt to the bcn7oykarbinyl radical 
moiety of 27, might exert rqiosekction in the cyclizatbn 
even if the fully stepwise path should exclusively be 
followed. 

(E) - 27 (2) - 27 

Tbc validity of either tk &2i arnl HZ regbsekction 
hypotheses was explored by resom to compound 21r. 
With the reduction of th keto group the ekctro~ 
at C(8) of 26 is diminished, and ET2 isomerism in 28 is 
avoided. IO either case the 

P 
roduct ntio should 

approach unity mote closely or W22b than for 
14&r. 



14a R-CD% 
26 R - CnDWh 23* A-CHOHR 

12m A -Ccwh 14 b R - COP? 
210 A l CHD*P~ 23 b R - cnorr*, 

I 
I 29 R.COW 

31 
L, --_ 30 R. CnOnPh 

_.-~ ,_.__ - - 
_/ ::: ,“:::;p* 

schcmt 4. Pbotore~mcat of lh and tla to ILK aad UH, nspectively, lad P=fiMC stcpwbt ad 
symmetry&wed concerted reaction paths (*WC scheme 5 for fta-thcr disctnsion of step Ilr-+2%. 

A scnsitixcd irradiation of 218 afforded in 405% yield 
products Uec. The other products were shown by NMR 
not to bc rtgioisomtrs of 23. Products 23a and 23b were 
now formed indeed ineq~~o~ts~able I: run 12).This 
supports the proposal that the involvement of intcr- 
mediates such as 22 is mandatory for 211+23a,b, and 27 
for at least part of the reaction lZI-+lL.b. A low 
temperature IR study, discussed below, will show that 
neither the concerted nor the S&?i mechanisms can be 
important at 77 K, and regiosekctive reaction of (E)- and 
(Zj-27 must predominate. 

COPh & 
32 

The minor route to products 14~ and 23~ may again be 
attributed to a photochemically allowed concerted 
mechanism. in this case involvin8 the S,6-sin& bond and 
the A’ and A*‘a systemsaD. Any stepwise altcmativc must 
proceed via 31 rather than 271%. and it must therefore 
include an eventual 6~9-bonding step. The most economic 
path is initiated by direct vinyl-vinyl bonding 1221+ 
29JO. Another route to 14~ and 23c would originate from 
naphthyl bonding to C(8), followed by a 6(5 -9) vinyl 
shift and ckavagt of the initially formed bond. Although 
our experiments do not directly differeotiatc between 
these routes, the latter one is rendered unlikely, at kast 
for the carbinol 218, by the results given below in 
Scheme 8. The failure of the d~y~~~l22a to give 
any MC precludes naphthyl bondit~ to C(8) in this parti- 
cular case where no other route to 24~ is available. 
Consequently, one should not expect it for 2lr+23c 
either. 

29 34 

s&me 5. n!e sat of I& to Me md tbc pbo- 
tort&i&y of 32: pi?uibk lltmJtive U&-+33) to the irW 

villyhillyf bridgiq 12l~29. 

Another result may serve to elaborate the transfor- 
mation 12a+b still fur&a. If vinyl-vinyl bonding were 
a direct primary process, rbe dknc 32 (S&me 5) could 
be expected to react in an analogous fashion. However, 
it remair& pbotochcmically irmrt under several con- 
ditioos, such as irradiations at 254,3tM and > MOnm, 
and tripkt sensitization with acetophcnonc and acetone 
(& of 32 was 69.5 kcabmol by phosphorescence). This 

negative flndinp suggests either that structural 
ditlennccs in the two compounds, 12 and 32, favor the 
thermal reversal of the photochemical bridging in 32 and 
the forward reaction of 29. or that tbc latter is not the 
primary photoproduct. In the first case, extensive delo- 
calixatjon of both radical centrcs in the subsequent in- 
termediate may b: responsibk for the further rear- 
rangement of 29. A similar stabilixatioo would not be 
availabk in the primary product of 32. For tbc second 
true. a hypotbctical alternative is considered in the 
sequence lt+33+34+29, where naphthyl-vinyl 
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S,(n.n’) 

T+n,r(*) 

T,ln.n*l 

Storting.compound 12a 

products 

14a-c 

Fii I. State and reaction d&am for tbc di-r-u&we rurra~mcnt I2+ t4a-c Branching broken MOWS 6-I 
dexipartc procares IK)I di.mimbrP~cd by experiment.” 

bridging, now between C(2) and C(7). would again initiate 

he reaction. 

The high rcgiosclectivity of the rcarrargcmcnt of 12 
with respect to tbc bcnzoyl group is characteristic of the 
directing effects by electron-witbdrawinp substituents in 
related barreknes. Thus, similar bridgings have been re- 
ported IO predominate when carbomethoxy’“.” and cyano 

Bfoup~‘W~~“o arc at the potential carbinyl carbon (e.g.. 
corresponding to C(8) in 2!J and 29, and to C( 1) in 27 and 
31). 

The natvn of the rtaclivt uci!ed slam of 12. The 
dcpcodencc of the rearrangement quantum yield of 12 on 
excitation wavelength and sensitizer tripkt energy at 
room temperature (Tabie 1) indicates that reaction can 
occur directly from 01 /CUJI the lowest singlet aad one 
upper triplet excited state as shown in Fig. 1. A straight- 
forward assignment of the excited singlet states of I2 is 
possible from its UV absorption properties. Thus, the 
bcnzoyl S,(n. n*) and an !&(a, a*) state are populated on 
direct irradiation with wavelengths of 366 and 313nm. 
respcctively.‘P 

An immediate ordering of the triplet state energies is 
less secure, but it is predictabk on the basis of considcr- 

ing the naphthalenc and aryl ketone partial chromo- 
phores of 12 as separate entities. Their lowest triplet 
energies are around 60 and 70 kcallmol, respectively. The 
low energy of T, and its naphthakne nature were 
confirmed by the phosphorescence spectrum of 12 in 
ether-isopcntamtbanol 5 :S: 2 glass at 77 K, charac- 
terized by a O-0 transition of & 58.2 kcallmol and an 
exponential decay with a lifetime of rs 1.56 s. The spcc- 
tral position and shape (see Fii. 7A and 8B) were essen- 
tially identical with those of the dihydro derivative 13 
(Er 59.2 kcal/mol; Fig. 8B). the carbinol 21 (E+ 
58.9 LcaUmol), and with that of the parent naphtbakac 
2Jdihydrophcnalenc (35; ET 59.2 kcallmol. T, 2.38 s’~). 
The phosphorescence spectrum of the alternate parent 
chromophore. the bctuoylbicyclooctene 2. showed a 
much higher Er value of 69 kcallmol. and a typical 
carbonyl lifetime of TV 5.4ms and n,zr* vibrational 
structure with four bands separated by 1607, 1627. and 
lS41 cm-‘. The spectrum of the conesponding bicycle- 
octadknc, 32. was practically identical. 

Laser Rash measurements in benzene showed that 
sensitizer triplets of &Z 62 kcallmol. including tbosc 
used in runs 9-l I of Table 1, were quenched by I2 al 

T&k 2. Rate constants of the qucncm of various sensitizer tripktx by IP 

EXp . oonor (_E,, kcsl/m>l) 

n& ’ 
A 

oba ’ K” (OXPI, l!_ll, 
nr * UC k, _,p 

mol s 

1 a.a.10-2 n Benzophenons (68.6) 535 1.2.10-6 

2 1.5.10-J n Thloxanthone (65.5) 650 3.0.10-7 

3 1.3.10-4 w nlchler ketone (x62) 500 2.2.10-7 

4 5.4.10-2 n Phenanthrane (6 1 .9) 420 1.0.10-6 

5 6.2.10-3 w Chrysane (56.61 560 2.0.10-7 

6 6.0.10-3 w I-Acetylnaphthalone (56.0 500 5.0.10-7 

7 6.0*10-3 X Bent11 (53.0 470 1.0.10-6 

8 6.2.10-’ &t Pyrsne (48.2) 420 7.0.10-7 

(3-16)*10-’ 4 .o* 109 
(o.5-7).10-3 4.2.109 

(0.5-7). 10-3 6.0. lo9 

(0.5-l) .10-3 3.0.109 

(0.5-S). 10-3 9.0.108 

(4-B). 10-3 7.0.108 

(l-5) .10-3 1.2.108 

(l-51.10-3 x5.10’ 

OLaasr flash excitation at 353 M; benxons l olutlona. P Nrubera correspond to those in 

Flqura 2. ‘Range of quencher concantratlonm used for the dot~rmlnatlon of the Scorn-Vol- 

mer *lope.. d Calculated from thm Stern-Volmee mlopea - _LB.lD. 



similar rates close to ditTusion control (Tabk 2: expts t&r& internal conversion to T, remain altcmatives to 
Id). TIM values sharply fell off with lower sensitizer direct reactions from &(r, a*) and T,(r. w*), nspcc- 
energies (expts 5-8). A Herkstroetcr-Hammond plot” of tively. The present data do not unambigtmusly didtcrcb 
tbm rate constants vs. scnsitizr energy @ii 2) in- Gate between these options. It should be noted, bowever, 
dicates an E$ of cu. 59 kcaVmol for the lowest-lying that + of the sear&i& reamuypmeat of 2X (run 12). 
reactive triplet of 12, which identifies it as the phos- where reaction must diictly occur from a T(r, #) state, 
pborescent state, T,(a, a*). Yet, the quantum yields was of tbc same order of magr&de as the Q, values 
&ained with bcnxophcnonc and thioxantlmnc on one measured upon initial population of the T,(a, u*) state of 
hamI and with phcnanthrenc on tbc other are distinctly 12 (runs &8 and I I). 
diKerent. And so arc the yields of tbc irradiations with A temperature depcodence of the rearmrOetnctt( 
405 and 436 nm (ca’ = I.098 and E’~ = 0.824. in benzene), efficiency of 12 is also found for the S, state. On cool& 
wavtkngtbs with which evidently two di#ereat forbid- S,+T intersystem crossing starts incrca&iy to com- 

pete with reaction from St. and phosphorescence from 
T, reaches a quantum yield of (0,0.42 2 1096 at 77 K in 

0 
2.methyltetrabydrofuran. This value is beyond the max- 

~---o--a-- imum yield which could be attributed to the co. 25% 
/O nonreactive conformer frozen out at 77 K (see below). 

1;! Possibly some of tlu -meat to 14 observed at 
I’ 

f 
i 

this temperature is also a Ts process. with internal con- 
version” Ts -+T, being relatively ~ffic~nt at room tcm- 

/ *g perature (to, 5 0.5). 

t 
/ 

// 
Ttfpid gmnd-state diradicah as intemudiatu in Ihe 

reormngcnunt 12 -P 14. Having cstabli@d the reactive 
I COPtl excited states to the extent sbown in F* I. we turned 

8 I ld our attention to search for tbc reaction intamcdhttr 

,i 
0 -ii% 

@ 
0 

tentatively proposed in Scheme I; the variabk-tcm- 
pcraturc fIasb photolytic, RSR, IR aml emission tech- 
niqucs were employed. Wea corn& l2 w88 sub 

12 jcctcd to laser flash photolysis at AofiC 353 run in the km- 

I 
pcrature range @I-2tMK in etbcr-isopcntancMhanol 

I L , L 

so 60 70 
5:5:2, a transient absorption witb maxima at 380 and 
43Onm was recorded (Fw. 3B and 30. Tbe dcaty 

E,- t kcal I mol followed first order kinetics kMical at both 
wavelen@hs. The lif&me (7 = km') varied from SO ps at 

F! 2. Htrk.snuetcr-Hammood plot of rate constanu of the 88 K to IS as at 173 K in etber-isopcntcaGct&nol, from 
qucachipo of various ~nGtir.u tripkts by I2 vs. I& tripkt aqy I ps at 173 K to IS ns at 200 K in methykycbbcxauc, 
of Ihe wmitirers. Detenninatbn of tbc energy of tbc low&tying from 50 ns at I69 K to I5 ns at 2oB K i6 i-propyl ak~M, 

mactivc tripkl state of IL For more dehils tee Tlbk 2. and it was I )rs at 223 K in glycerol triacetatc. Activation 
energies were calculated from Arrimnius plots (log t va 
T-‘) of data obtained in etker-iaopentanc-cthanol at 

den S,,+T transitions of 12 art directly effected (runs IOU 99 K and in i-pro yl 
J 

akobol and methykycb- 
H). Tbc yields with the former hi@rtaergy scn- bcxane at 166WK. &* values were around 3+, 
sit&n flabk I: runs 9 rod IO) coincide with those of 0.5 kcal/mol, which corresponds in ma&nitude to the 
tire direct irradiations at 313 and 405 run (runs I and 9, activation energies for the viscosity chaagc with tent- 
whereas the yield witb the latter (NII II) falls into the pcratur? for each solvent. 
category of the 4% nm irradiations (runs 68). we should Tbc transient was ident&d as the T, state of 12 by 
stress the point here tbat tbc quantum yields were comparison with the parent napbthaleoc Ss. At bw tcm- 
obtained on extrapolation to xcro conversion and high perattire, both compounds exhiitui pbospborescertas 
qucrscher concentration. In other words, they arc limitir~ of identical spectral shape and energy (see above), aad 
values at maximum scnsitixation rates. Tbc results gave comparable &ish ptmtolytic results. Tbc transient 
tltcrefore place the. T2 state in the range of cu. 60 15 E+ 15; absorption obtained from 35 (Pii 3A) was invariant from 
63 kcallmol. assuming that tbc energy transfer in all these 77 to 297K in ether-isopcntano-ctharml. Tbc lifetiatc 
sensitizations, shown to occur at encounter rates CTabk ranged from T lms at ll3K to 2ps at 297K. with & 
2: txpts I, 2 and a), is exothermic by z 2 kcal/mol. Tbc 4% 05 kcabmol at MS-150 K, and it was queucbcd by 
energy of T, of 12 (of presumed n, V* aeon) is oxygen at 26OK with 4 2 + IO’M-’ S-‘, typed for 
thus markedly lower than that of T(n, a*) of 2 and 32. dilTusion controlled triplet qucncbing.” 
This is possibly a consequence of additional orbital At temperatures 2 210 K in the flash experiments, the 
&localization throughout the extensively unsaturated spectrum of triplet 12 disappeared. In its place, a single 
naphthobarrclenc-like system of 12. sharpbPadduetoaaewtn~ientenwiaatU#)nm(F~ 

Tbc quantum yields obtained from the T,(a, s*) state 3E), with T 20 t 4 ns in benxcnc, i-propyl akohol ad 
of 12 on direct irradiation &rc.asc with temperature (E. glyctrol triasctate. and < IS ns in mctbykycbkxanc (all 
cu. 8 kcalfmol) (Table 1: runs 68). Tim unity yield upon at room tcmp). In benzene, the lifetime was tempcr8tun 
singlet n+ r* excitation at 298 K (run 4) and tbc indcpcndcat from 278 to 363 K, and the specks was trot 
significantly lower yields on the direct $+T excitations qucDcbed by oxygen. This is in auzord with the measured 
at the same temperature (runs 5 and 7) preclude then any lifetime, with an assumed 1$-WM-'s-' 8nd [OJ= 

S,-+T intersystem crossing prior to reaction, whereas 2*lO-’ M, and witb the lack of oxys~ea quenching of the 
intersystem crossir~ with unity quantum yield and endo- rearrangement 12-14 in benzene at room temperature. 

32so M.Dln!MHcrCFf. 
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Fii 3. Tnusie~ spectra oNaid on laser Qub pbotolyth of 2,3-&ydrophcdt11~ (39 ud tbc bcnroyl- 
arpbthobicycbnonabnc 12. Sdwn~s: ctba-iropcn~ti 5:S:Z (A and B). mctt~ylcycbbcmc (C ad D). 
befume (E); commtiom: I.1 . IO-* M 3 (A). 3. IO-’ M 12 (ED). I.1 IO-’ M I2 (E); A*? 265 nm (A and B). 

3S3 nm (BE). 

The cot&ions of its gencratio*n+ P* excitation More detailed evidence of the number, sequence ad 
with 353 run-and quenching studies rule out an excited nature of tbc reaction intermediates came forth from the 

state for this second transient. A Stern-Volmer slope of ESR. IR and emission spectroscopy. In these cxpcri- 
k+ r= I.1 M-’ was obtained for t& quenching of merits, the irradiations of I2 were carried out ia 2- 

product formation at concentrations up to 3 M 13 methyltctrahydrofuranY matrixes with > 340 nm light at 

cyclohcxadicnc at A’*’ 366 nm in benzene. The rate 77K. Control runs with 313nm always gave the same 
constant & = 5 + IO’ M-’ s ’ is far too small for tripkt results. Continuous irradiation gave two overtopping 
quenching, considering tk exotbermicity by cu. ESR spectra. A transient rpcctnun showed a rtropp 
6 kcallmol of such a process. Rather, chemical quenching half-field (Am = 2) transition at 1764G and a zero-field 
of a ground state intermediate by the dicnc appears a XYZ pattern (Am = I) with D’ = 8UOG (D - 0.075 cm-‘) 
reasonabk pOsssibility.U Moreover, the extinction and B = 64 G (E = 0.0065 cm-‘). In addition, a pahlly 
coefficient at 38Onm in bcnzcnc at ambient temperature line-resolved signal dominated at 32440 ( = &I. Unlike 
was e,.525lMM-‘cm-‘. Values for c of T+T tran- this latter signnl. the fonaer component disappeared 

sitions are significantly greater for, e.g.. bcnzophenone when irradiation was diacontiaucd. The parameters of 
abd naphthalene.” this short-lived spectrum have all the characteristics of an 

” / 19LK) 
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ekctronicaIi~ excited and randomly oriented aromatic 
tripkt state. It can be amibutcdm to tbc napbthalenc T, 
state of 12 which had already been detected by phos- 
phorescence and by Bash photolysis in the 8MOOK 

mw. 
Tbc long-tivod ESR signal persisted at 77 K in the dark 

for at least two hours without any detect&k decrease in 
intensity. it could be resolved into the spectrum B&n in 
Fii 4 (intermediate I). The zero&Ad parameters are 
D’=SBG (D=0.00S4cm”‘) and P=4G (O.M04cm-‘1. 
A Am = 2 transition could not be identified with certainty 
even under hi& gain and modulation adjustment, and in 
particular it could not be dis~i~t~ from a possibk 
impurity s$nal of the solvent. When this sample was 
warmed from 77 to 94 K without any further irradiation. 
a marked increase in amplitude and a concomitant 
slight cipansion of the spectrum was observed. The 
expansion was found to be a temperature effect, and it 
reversed when the sample was re-cookd to 77 K @ii. I: 
intcnncdiatc II). Tbc cbangt in amplitude, however, was 
not nverstbk. It lasted without decrease for two hours 
at 77 K, but had a ri@kantly shorter lifetime of a few 
minutes at 94 K. It rapidly disappeared when the sample 
was warmed to about 100 K. We conclude that at 94 K 
tbt 77K intermediate I irreversibly changes to inter- 
mediate II. Both bave pmcticaiiy identical ESR 
parameters, but intermediate II has larger amplit~cs. 

A ESR slgrol of bwocf~col of 77K 

Pig. S. Compuixa of f& FSR signal intensity of tbc bnpiivut 
ilucRdiitc I md the fomuioa of product 14 as I fuactkm of 
irradhtioa time. (A) Excitation at 3131~ IB1 excitation at 
> 34111~; (A) mptiudc of ESR Y k; 16,‘ piodwt 14 for- 
nwioa after Ibt ESR sampk wu wmncd IO room tcmpmatrr. 
Maxima of ESR intensity and product formatioo takea as 10096. 
Nolc hat Utc d&m i; DOI I&MLZA for I@ intensities of 

t& two cxcitarioa wavekpllhr. 

The spectra of the two loager-iived intermediates 1 and 
II bavc all the characteristics of randomly oriented 
grotuxi-state triplet diradicals.“Jq The lack of a half-bcld 
signal is iu accord with the small zero-field parameters. 
ctwacteristic of a weak intern&on between the mdical 
centers. 

We assign these diidical spectra to ~~~~~~ in 
the rearrangtmeat 12 + 14. No ESR signal was found on 
irradiation of 14 at e&r 313 and > 340 nm in 2-mcthyl- 
tetrahydrofuran at 77 K. lo view of the lack of quan- 
titative information from ESR. a kinetic correlation, in 
terms of relative amounts formed as a function of 
irradiition time, of the transient spectrum intensity with 
the formation of final product was now desimbk. The Y 
line of the intermediate I signal (Fig. 4) Was chosen in 
view of its large amplitude, symmetric shape, and in- 
dependence from the zero-field monoradical absorption. 
Its amplitude reached maximum intensity after an 
irradiation of about 35 min at 313 nm and about I5 min at 
> 340 run. Since the signal ~tensity did not decrease in 
the dark within two hours, a comparison with product 
formation was meaningful. The amount of 14 formed was 
measured by BIG after the ESR sampks were warmed to 
room temperature. Normalizir~ maximum product for- 
mation and ESR signal saturation to IOODR enabled the. 
relative increases in product formation and ESR signal 
intensity with prognssing irradiation to be compared 
(Fig 5). The close fit of the two curves for both excita- 
tion wavelengths is compatible with, and indeed sug- 
~cstivc of the rok of intermediate I, and consequently 
also of II, as diradical precursors of 14. 

An IR investigation was also c&u! out under the 
conditions employed in the ESR study. It showed, on 
one hand, that new frequencies consecutively appeared 
upon irradiatioo for 30 min at 77 K (1634 and 1648- 
165s cm-’ for intermediate I) and subsequent warming in 
the dark to 92 K (1660 cm-’ for intenntdiate fI). only at 
higher temperatures (2 162 K) did tbe CO band due to 14 
(I665 cm-‘) Brow in (Fig 6). 

tw sX&-tm.??K I 
OflW lrtodlollwl 

YlK 

92K 

182K 
1 

242K - ~ntwwdotc(s) 
II 

1 

1700 1650 cm” 

Tht possibility that these dimdicals are iotermediates 
leading to another product (mtber than to 14) can be 
discarded, For a line width of 12G 0’ line), a rni~~ 
steady-state concentration of cu. lo-‘M is required for 
detection of any ESR signal with our equipment. Yet oo 
products other than 12 am! 14 were found by Bk, under 
conditions where a product concentratioo 2 5 . IO-’ M 
c&d have bbtn detccted.J’ ItI2 K. 
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Thus the IR results, in unison with the ESR data. 
suggest the involvement of a three-step sequence. This 
sequence can be accommodated by the stepwise 
mechanism proposed in Scheme 4. The ESR and IR 
spectra of intermediate 1 were obscrvabk only below 
9W4K. i.e. they may well arise from the primary 
metastabk photoproduct 25. Consequently, the ESR and 
1R spectra of 11. both succeeding 1 above 77 K, should be 
due to the secondary diradical27, which ultimately kads 
to 14a t b. Of course, a minor and not identified con- 
tribution by 29 and 31 (and perhaps 33 and 34; Scheme 5) 
to the ESR and 1R spectra is possible. Judging from the 
product composition resulting from 121 at 77 K (Table I: 
run 21, this reaction should be about one fifth of the total. 

The observed D value of 0.0054cm~ ’ is considerably 
smaller than any of the D values reported previously for 
triplet diradicals. Its assignment to the extensively 
delocalized major diradicals 25 and 27 is acceptable, 
however, in light of the spread of D from 0.01X1.03 cm’ ’ 
for only partly delocalized diradicals” to O.OEcm- for 
the localized I$cyclopcnta diyl.” The IR frequencies of 1 
and 11 are suggested to be those due to the a-keto (orallyI) 
radical groups, although we are not aware of appropriate 
reference data. 

The IR results disclose two further points of interest. 
Neither after tiiation at 77 K nor after warming of the 
photolysate to 92 K could product 14 be detected in a 
sign&ant amount. Yet, the final product ( = Ma) should 
already have appeared either concomitant with inter- 
mediate I (i.e., 25) or with intermediate 11 (27). to the 
extent that the concerted (128-, 144 and &2i 
mechanisms (2S+ lb). respectively, were operating. 
Evidently, at least at 77 K, these routes could not be of 
importance.” Rather. the uneven Ma/Mb distribution 
must lx determined predominantly by regiosclective 
cyclization of (E)_ and cm7. 

Another striking fact is that of the two rotamers of 12 
which are frozen out at 77 K.” the major component 
(vco = 1633 cm-‘) photoreacted preferentially while the 
minor component ( uco = 1644 cm-‘) rem&d largely 
unchanged. This accounts for the observation that co. 
30% of 12 is recovered after exhaustive irradiation at 
77 K. The remarkaMe influence of excited-state 
geometry, as rcfkctcd by the grour~Lstate conformation, 
on the photoreactivity of 12 at 77 K could MM be obser- 
ved at room temperature, with unity & for product 
formation (Table I: run 4). The effect which is currently 
under further investigation, obviously is associated with 
bcnzoyl conformation. The naphthalenc-like T, of both 
conformers were indistinguishable by phosphorescence. 
After exhaustive irradiation at 77 K. the initial phos- 
phorescence of 12 (Fig. 7A) was merely reduced to about 
25% (7B). and the fluorescence shown in Fii. 7C had 
built up instead. The intensity of the fluorescence slowly 
increased in the dark at 77 K over a period of 12 hr. The 
maximum intensity was reached after warming to I I5 K 
for IO min and retooling to 77 K (Fig. 7D). with the 
residual phosphorescence of 12 remaining unaltered. No 
further change occurred when the sample was kept 
overnight at 77 K. The fluorescence nature of this new 
emission is evident from the mirror-image relationship of 
excitation and emission spectra (Fig. 7E). The Buorer- 
cence shown in this last spectrum was obtained by 
computer-aided abstraction of the 25% residual phos- 
phorescence from 12 in spectrum 7C. 

The temperature dependent bchaviour of this new 
tlwrescence source approximates that noted for the ESR 

A. nm 
300 400 500600 

YOCG 28ooo 22ooo ‘6000 

3. cm-! 

Fig. 7. Emission PI 77 K in 2-methyltetrahydrofuran: (A) phos- 
phorescence and phospborescencc excitation of 12; (B) residual 
pbospborescencc of I2 and (C) tbwescence of intermedi8te II 
(plus possibly some emission from intermediate I PI amml 
2%@Icm-‘) immediately after cxhwstivc irradiation II 77 K. and 
(D) after ruch@ maximum intcnsity(i.c., after warming to 1 IS K 
ad rc-cooling IO 77 K); CE) lhrrmcracc and lhrorcsccacc exci. 
tation of intermediate II after computer-aided substraction of 
phosphorescence in (0 AU spectra corrected; A” 491 (A) and 

450 nm (E); A*= 355 MI (A-E). 

and 1R spectra of intermediate II ( = 27) rather than that 
of 1 (= 25). Apparently intermediate 1 does not notice- 
ably emit. unless a weak emission at around 400~1 in 
Fii. 7C is attributabk to this species. 11 must have been 
partially converted lo intermediate 11 already during 
irradiation and emission measurement at 77 K. Its trans- 
formation into 11 was then compktcd during UK tem- 
porary warming process. 

The spectral position of the fluorescence excitation 
spectrum in Fig. 7E is comparable to that of the transient 
spectrum obtained by flash photolysis above 210 K (Fii. 
3E). Taking into account that the two spectra were 
recorded under very different conditions, both may well 
have intermediate 11(n) as a common origin. 

Compound 13a ckanly rearranged at room tem- 
perature to 8896 II and 125% 1Sc when subjected to 
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Run Com- Excltatlon Senaitltsr Proporod lnltlal &ad * Deut.riud 

no Pound wavelength, (5, 13. and 22. sta- .- 
nm kcal/ml) toa p.pllat. - -- db C(2)- C(9)- 

9 15a 9 lk m-m ___ 

1 1 la 366 ___ L, (n,“-) 0.51 
1 

2 oa 366 ___ 

3 13a 366 ___ 

4 13a 313 _.- 

b8ntophonons x2 (n,rs) 
(68.6) 

Hlchler ke- 
tom (” 62) 

fl (m.*? 

S2@#*‘) 

5 22a 313 El (-,m’1 n.d. 100 0 _-- 

$11 run. 7.10 -3 14 ln bentme at room taperature. b-Por out0 notatlona me 

footnote 19. %ctlnoeetry a* dascrlbed ln rof 18. 9’0 glvsn are extrapolated 

to zero conv*rolonr l xpwlmntal error i 5b. dExisorlrntal arror I 2.58. 

direct and tripkt-sensitiz.cd hadiation (!Jchcme 6).” The 
rcsuIts are summahd in Tabk 3. The quantum ykMs of 
product formation were generally smalkr bcre than for 
12+14, but they folIowed tbc same trend in terms of 
relative magnitudes. One may tkcfore conclude that 
lh has a similar excited state-dependent pkitorcactivity. 
IO principle tbea, the state aad reaction diagram of Fii I 
can be adapted to tbc system 13 + IS withut any qua& 
tathe change. An Er value of 58.6 kcaI/mol and a 
lifetime of r, 2.05 s at 77 K by phosphcsceacc (see Fe 
8B) as weU as a fill-off in quantum yield at a sensitizer 
energy of 62 LcaUmol (nm 3) cbsnctcrize the lowest- 

lying reactive excited state a&l as the naphthakne-like 
T, state. 

On tbt baris of tbc results obtained swith lt+l&-c 
(Scheme 4h the formation of only 1% was to be expec- 
tad,eitbtrinacoocertedmlllpa(dtdtr’3.’00rin 
one including a direct &2i-type or a two-step (via 38) 
transformation of the naphthyl-vinyl bridged primary 
photoproduct 36. In order to rationalize the rearrange- 
ment to the umxpcctcd by-product lsC, OIK might fht 
resort to the ahuative naphtbyl-vinyl bridging (-4) 
which would then fkst undergo a 1.2~shift of the methykne 
group C(6) from C(S) to C(9), followed by reversion of 

36 R- COPb 
37 R l CnOHPh 

138 R-COPh 

36 R-CoPh 1s. R-corn 

39 R - CK)HPh 24a R-CHOUP~ 15c 41 

42 43 44 45 
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t& primary pbotocbcmical bonding (AI). However, the 
carbinol22a afforded exclusively product 24a, which can 
again arise via any of tbc three routes, including inter- 
mediates 27 and 39, given in S&me 6. This result 
renders the formation of 1Sc via 4 unlikely as boIh 
ketone 13a and carbinol 22a should bridge IO 0 witb 
similar probability. There remains then the concerted 
mechanism (u’+ 83” or the sfepwise alter- 
native with a direct 1.2~shift IO 41 and subscqucnt ring 
closure. We are not aware of any close precedence for 
this pbotorcaction. The nearest analogies can be seen in 
the rcarra~cments of conjugated cyclohcxcnone~ (e,g. 
42+43)’ and of lcyanocyclohexcne (44+&T).” 

TMx~ALsrAuLrrvo1Tux reoTonooMTs I(w 
Since the ratio of the compomnts in the mixtures 

Ilw and 23a+ did not change with progressing con- 
version of I2a and #a, the isotopic isomers evidently 
were not intcrconvcrtiie under the conditions of for- 
mation. The photostability of the products was further 
confIrmed in the following control experiments (Scheme 
7). In separate direct and scnsitixcd irradiations of Ma+ 
no chan~c of the initial deuterium labels was seen by 
NMR. In particular, no exchange of the C(9) position of 
14~ with CO (lid) was obscrvcd, ahbough the ap- 
pcarance of an olefinic deutcrium sbouki have readily 
been detected by ‘H NMR. Similarly, prolonged sen- 

t1s*1-23 llr*)-23 

Scheme 7. 

tha 
0 mm- 

llmin- 

30 mln- 

@Oml* 

12-14 

sitization of diaslcrcoisomcrically pure (IR*G2 did not 
afford any (IP) isomer and vice ocrsu, which would 
have been rccognizd by the dillerent chemical shift of 
the carbinol ‘H NMR signal (a sin&t al d 5.34 vs 5.29). 

It is intcrestinp to consider the possibk cause for the 
failure of the componenls of I& and 23u to intcr- 
convert. Equilibfation of l)r and 14b on one hand, and 
Me and lid on the other, could have been anticipated 0 
priori to be a facile photocbamical process (path C in 
S&me 8). Efficient competition by another, thermally 
fully reversible photoreaction might in fact nprescnt an 

27 COPb 

31 

14 

46 

Scheme 8. Tbcmully revmibk pbo~~~kmvqc as podk 
mcctunism for the dissipation of excitation energy in I4 and 15. 

time 
Omin- 

120min- 

Fi8.Phospbomceaar177 KurfUDCCiD(IofirrdbtioathKrtroomtcmpenttrnfatbcs~s 12+14(A) 
and 13+ 15 (9) in ctber-isope~ s:s:2.Au spcctncxxleed. 
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oltemative chemical dissipation of t& excitation energy, 
e.g. through cleavage of the cycbpropanc bonds A or B 
in 14 (Scheme 8). In either case, extensively delocalized 
diradkals, 31 and 46. respectively, would resull for 
which the most likely dark reaction would be ring cbsure 
and r~titu~n of starting material. A close analogy to 
process A has previously been encountered in the cis- 
lmns pbotoisomerization of I - bcazoyl - 2 - vinylcycb- 
propane.” 

nK phosphorescence results at 77 K, shown in Fii. 8. 
indicate that process B may in fact very well account for 
Ihe “s~b~i~~n”, wi~ut excluding the p~llel con- 
tribution by reversible bond A rupture. Product 14 did 
not emit at all. which is unusual for a naphthalenc unkss 
p~t~hcrni~ deactivation plays an irn~~nt role. 
Bond cleavages from the excited state. which thermally 
revert. can therefore be anticipated here as energy 
wastin processes. This latter condition is less fully met 
in the dihydro system, and product 15 showed a reason- 
aMy intense phosphorescence of 8, 0.15 @ii. SB). 
Cleavage of bond B in 15 (to #, which is not bis-allylic 
as in 14, is undoubtedly less favorable than fission of A. 
Eased on this merely qualitative mechanistic inter- 
pretation, 14 may thus have two efficient funnels for 
nonradiative deactivation 10 31 and 46, whereas 15 has only 
one (to 41). 

NTERC%WaSJOYWIIhND14 
Camp 14 interconvert thermally in the 

dark. Whik no r~~rnent was observed with 12 and 
14 below 453K. a thermally equilibrated mixture of 
98.8% 12 and 1.2% 14 was obtained when either of the 
two components was heated in benzene to 493 K. Table 4 
summarizes t)re results of several runs with f2.a and with 
the mixture of 58% Ma, 32% Mb and 10% MC. carried 
out to various degrees of conversion (runs 2 and 4-7). 
These results show that the rearrangement 14-12 is 

initially highly regiostlective, i.e. 14~ tZa and Ma-, I2b 
(and impliciuy, MC + itc; Scheme 9). With increasing 
conversion, however. the deutcrium positions were pro- 
gressively scrambled until a I : I ratio of ttr and 12b was 

m 

P 0 I * 

0 

‘12. D-9 . 
WOX i 12b D-1 

14b O-S 
. 14# D-I 0% 

,12c D-7 . WC 0-B I 

Scheme 9. RtpiospeciSc path for tbc tbcmut iatcramvusion d 
12 and 14.” 

attained after maxims conversion of tbc mixture 14a-c 
(run 7). A stepwise rearrangement mechanism as dcl- 
incated in Scheme IO is compatii with this reoio_ 
quaff process as well as with the conetpondii 
result with 121 (--, tzb, run 2). Tbc experiments do ooo1 
discriminate between positional scramMips through 
12#14 and through ftr#Ub and/or tl#tlb. In any 
event, the diradicals (ITI- and (Q-27 are likely inter- 
mediates common to all these regiocquilibrating pro- 
cesses. 

The high regioselectivity of tbc rearrangemeat 14+12 
during the initial phase of the thcrmolyscs is clearly seen 
when the dcuterium dis~~tio~ resulting in 
product 12 (nms 4-7) are extrapolated to zero con- 
version. This finding can be accommodated by either the 
concerted rncc~~srn basted in Scheme 9 or the 
slepwisc alremative of Scheme IO. The experiments 
do not differentiate between the two. The latter 
would require that the E and 2 coroners of 
27 react regiosckctively in either or both directions, 
and that conformational equilibration be slower. A 

_- 
Table 4. Thwmolyrir of lh ad 14~ 

Run starting React ion Product ratio Relative deuterium dlstrlbutiont t-b 

IlO rnater1al th=ns, k 12rll _ _. 

in 125 in 3rd .- _ . 

Cfl)=lZb r(91=12a c(2)-!?? C(6)-14b ._ ..- ___ 

12s ..*m 
12a 
.-- 
14ll-c .__ . 
14a-c l__ 
I4a-c _-_ 
14a-c .._ _ 
14a-c . . . 

t-l loo:0 

tt$ 98.8:1.25 

r-l O:(M 

40 19ta1 

106 61:39 

140 89:ll 

160 98.8:1.2 

0 1% 

6 94 

63 37 

56 42 

53 47 

5r: 50 

n.d. n.d. 

64 36 

58 42 

53 47 

n.4. n-d. 

n.4. n.d. 

-- __ 

!! 2.,*-3 n benzene 9olotlon5, 493 K. k DeUteratlon of 12 at C(S) and Cl71 I- 12c1, .._ -__ 
and of 14 at C(7) and C(9) and C(9) (- 14~) In run* 2 and 4-7 was quslltatlvcly In -_ .-_ 
cvidsncc by ?IXR (totally lot in 12s~c and in 14a-cl but too fou for quantitative 

__. _ -._ . 

measursmont. The doutsrlum parccr.taqen qlvsn equal 1008 for l?a l 12b and for 14a * lib. 
1 

!i and 2ii WR ar.alyaes: 
__. . ___ .._ 

c Corblnatlon of sxprlmantal Clrror z 3\. 5 ‘H wR snalysls: 

rxperimanta1 error f 3\. 2 The 98.811.2 ratio “aa attained already after 48 h. 



I2b f4b 

Scheme 10. P&w for poritiornl dcttlerium scrambling in IklJ2b 
and 14&b. 

fortuitous combination of two of more paralttl equili- 
bntirrg mechanisms which might have s~ulat~ 
rcgiosckctivity, had bacn cxchxkd by measurements at 
difkreat temperatures. No variation of the deutcrium 
distribution was foumi in these cpscs. In kinetic terms, 
the latter experiments exclude sign&ant isotope effects. 

Tbc concerted mec~~rn, if operative. would 
represent a novel exampk of orbital symmetry-con- 
trolkd p&cyclic reactions in terms of a ‘ti - u - 
methanWcyclopropykli - I - methane” interconversion, 
It is a thermally allowed V’ t gl+ I’ t jl” process or 
Idekctron Mobius cyclic array with one nontrivial sign 
inversion as shown in Scheme 9.=- The observed 
ngiosckctivity qualitatively conforms to the regio- 
specScity expected on this basis. An analogous-photo- 
~btmidy forb&kr+thre&ridge mechanism had been 
initially c~n.Gd~red by Zimmerman ef ul?’ for the 
blent of barrcknc to ~rni~lv~~, but 
it was rukd out cxperimtntaUy in favor of the di-a- 
methane route. A similar argument now supports the 
condusion that the second doubk bond is mechanistic- 
rzly 5rtndntOry in tltc thcrtxtal rcarraagrmtnt 12+14, 

@ 

0 __..g_. 
0 T 

13 15 

unlike the situation found in the photochemistry of 12. 
The dihydro compound 13 did not convert into 15 even at 
523 K during 4t3 hr. Only the reverse reaction, IS-, 13, 
was observed under t&se drastic conditions. 

In conclusion, we have discovered, with the trans- 
formation 12-+14, the 6nt exampk of a ground-state 
counterpart of a di-a-methane photorearrangement.” 
with requirements characterizing it as a “t&a-methane” 
pmocsr. The back reaction, 14+12, could aIso be 
achieved in the presence of strong electrophiks at room 
tempcnture. Treatment of 14 in chloroform with tri- 
methykilyl trifltmroacetatc smoothly led to I2 in a quan- 
titative conversion?’ The sequence 

br:O~-10 

thus represents a model for cbcmical light energy storage 

which can be conducted without dtttctabk destruction 
of the reactants over many cycks. It is thus among the 
best approximations to a useful system in organic pbo- 
tochemistry, fulftlhng more of the conditions (such as 
direct excitation at relatively long wavelength, unity 
quantum yield, quantitative thermal reversal under mild 
conditions) than any other examples presently knowr~.~~ 

Gcnml rrmo&r. Mps were determined on a Kotkr hot stage 
microscope and art uncorrected. Mass spectra (MS) were rccor- 
dcd on a Varian MAT CHS instrument at 70tV. NMR spectra 
were detcrmincd (CDCI, unkss stated otbcrwisc) in Ff mode on 
Varian XL.100 (for ‘H: ISJMHz) and Bruker WH-270 instru 
ments. The chcmiul &ftr are -in d units and tbc coupling 
constants (J) in Hz. The abbreviations s. d, I, q. and m refer to 
siagkt. doubkt. tripkt. quartet and mtdtipkt, respectively. Tlrc 
IR spectra (CCL) were recorded oa Perkin-Ehncr 137 and 700 
instruments and are given in cm I. Tbc UV wtra (isooctanc 
unkss stated otherwise) were measured on a Gary 17 spec- 
tropbotomcter; maxima are given in nm, with ema values in 
parentheses: sh = shoulder. Gk anafyscs were made on a V&an 
Atrogmph 1700 instrumcat witb a &me ionization detector cou- 
pled to a Spectra Physics Autokb System I compute integrator. 
Tbe column was an OV 101 gtass capillary column. 2Om. with 
&ogcn as tbc carrier gas. Preparative thick layer chronutograpby 
was carried out on 2 min silica ptates (Merck). Cdtnna cbromato 
praphy was performed with silica gel of mesh 7O-23O (Merck). 
Combustion analyses were performed by Dornis and Kolbc, 
Mitlbcim a.d. Ruhr. Tbc solvents were purified using standard 
procedures. I3Cycbhcxadicnc. used as a qtkncbcr. was Fluka 
UV grade and was dhtilkd prior to use. AIJ solid sensitizers were 
zone refined. and the liquid sensitizers were purifkd by spinning. 
bud dist~k~~n. 

Preparative pbotdyscs weft u&d out with a 250 W Iti&- 
pressure Hg lamp (Philips) runoundcd by a wakrcookd pyrcx 
immersion well. For irradiations at 313~1 tbc Ii&t was passed 
throt& aa aqueous filter jacket (IOmm path). containing a 
solution of S67 mg of KrCrO, and t.O%g of Na,SO, in 1 L of 
water. For irradiations at wavtkngths > 34Onrn tbc tilttr solu- 
tion was prepared from 7508 NaBr ad 8g PMNO,h per 1 L of 
water. Prior to irradiations, I& solns wtre dcoxypnatcd by 
tlusbing with argon for 20 min. A positive pressure of argoa was 
maintained over the stirred solns thr@t tbc course of the 
irradiations. 

Syatktscs and prrpanrrice phorolyses 
2 - Benzoy/&iryclo[2.2.2]occl - 2 - me (2). Dick-Alder odd&n 

of 1.0~ c7.7 mmol) of bcnxoybcttyknc“ to 3.01 (37.5 q mol) of 
l3cyclohcxadicnc gave after 72hr at 60, cdumn chromato- 
graphy with bcnzeae-EtOAc SO:1 and crystaJliution from 
MeOH S26 mg 12.52 mmol. 33%) of 2-6~zu~~~rCrro[2.2.2]~~a. 
Z&dine (32): m.p. S!G@’ (decomposition to b&ophcnonc a1 
2 80% UV 34s t&7). 244 ttt3tXB. 2O3 fl4400~. IR 3O6O. 2970.288O. 
1663. lS92. 14%. 1282. ilSS, 9i2. &to. 722. 700. ‘H NMR 1.4O 
abroad s. 4 H. etbylcne), 3.78 tm. I H. H,,,. on dtcouptig at 
l.40d,J,~=6.2,0fd,JU=6.S,ofd,J~=2.2),4.40fm, lH.Hor, 
on decouple at t.4Od. Jr, - 2, of d. Jr5 - 2, of d. Jr4 = S.81, 
6.2c6.S4 (AA’MMM’. 2 H. l&,J3.6.93 fdd, 1 H. firs,). 7.2c7.69 
(tn. S H. pbcayl). MS OtcrrnaJ decomposition to btnzopheaonc. 
mJc 180. and ctbcnc. 

Hydrogenation of 322mg (l.Smmol) of 32 witJ~ ISO~ 
~~n~~~~~ chbridc in 4 mL benzene 
for I8 hr in tbc dark at room ttmp pave after column c&ornato- 
gmpby wi& benzene and crystallization from McOH 24Ontg 
(l.I4mmol. 76%) of 2. m.p. 8S-86’. UV 346 (851,244 (ISO@&, 603 
(IrsoOJ. IR 3O70. 29SOo. tBB0. 1643. 161s. 145s. l2%J, 1160. 924, 
tUl.72O.7OS. ‘H NMR 1.22-l&O tm. 8 H. four wtbykoes). 2.73 
&road d. I H. H& 3.36 (brad s. I H. H&. 6.911 (d.-J,, - 1.8, of 
d. Jr, = 6.8. I H. &I. 7.22-7.84 &n. SH. D&r& MS I& 212 -.- ,-- .- * ._ 
fC,,H,&‘), 1% 183, IOS (but peak). 77. 

I-pluny/~3-&~fnioprop-2-y1r-l-oae. AsolnofI.ISS8 
(il.9 mmd) bcnzoykcctyknc” ad 2rng cupric acetate in 
SOOI. of MerOD f99.S% d,) was stirred for 3 days at r.t. TYJC 
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(6OXtOaesb). lbe rbort columns were cluted with SOOmL 25% 
ctbe&HrcI, to give 17 m5 (OO55 mmol) of products which were 
~bydc~SSbl)Hin~aK).BotbruPpkrwerr 
bybroparcsdwi&XstprviLnw l&i&catbalordoedUH.The 
deuter& dhtrib&rm for hod sampkr were the same and 
id&ml with thrt t&d in Table I (fun 12) for tbe product 
&mined from tbc dkatereoisomeric mixture of rrutiq com- 
pounds (2lIl. 

Imldkriw of the mixture of Ihe diasrefeoiJQm& 8 - hydroxy- 
phmykatyi - 9 - Atmioaap&~[& - 2.3.4Rricyriol3.2.2lrona - 
2.8 - &ew (IR*b and (IS*)_Z&. A mixture of dhskrco- 
isoatm (1R.b sod (Ima WIS vfpufd 
blbw~ the procedure descrii for 2lr, except that the 
kcumrs could ~01 be -ted. Tbtrefore. tbe 45:SJ mixture 
(Ik determiartioa) was hctly iTdialed (>uonaO in the 
pmcncc of btntophemek (foe details. see tbc preparation of 
2.b-e). After 2.5hr 22a bd disappeared aad 82% Of UI l&b 
were formed. AHer nmov& I& sensitizers by thick-layer 
chromnto5npby. u1 was oxidized, rcordi to the procedure 
for UH (oxidation). lo Iti. 

Irradia~ of 32 (for Ibt preparatioo of 32 we synthesis of 2). 
7. IO-’ M Solns of 32 (1.47 q JmL) in cydobexane were directly 
imdirted 81 254 (low preuure H5 kmpl. 3lXl (Rayonct RUL 
lamps) lad > 340 nm. IO two sensitized rum. acetone was taken 
as 1 solvePI (A’” 300 run) sod rcclopbenooe (3.u.l0-’ Ml wu 
ddedtoacydobcxrat~d31(AU>UOnm).re~- 
tiely.lobothnm, >9S%oftbel~twmabsorbedbythe 
sensitizer. Under alI co&ions 32 proved unreactive even after 
prolort@ irradhtion timet of up to 48 hr. 

Tbc aJui$mcOl. a Nd hur. hu bee0 duuibcd dwwllm.~ 
nc hrd (A- 353llal. pulse width IOM. energy SsOmJ) and 
foutb bumonics (A’, 256nm) were used. lbe output of the 
detectioo system vu fed into a tramient d@izr (l’ektronix R 
7912). Ttie bw-temp measurewots were perfoemed in a cylin- 
drialrupnrilccU(d-L=Icm)aritbcncrrrcodwindows.Tbe 
ccUwucodtdby~ofrN,Ikw.‘lbcLUtl(2mmdii)md 
aBllyxin5 hams were ullppd perpendk&r 10 mnd alow tbc 
;~*vjerlz~; mstely. Ttk optical poatlry wu 0pIimized 

~inuchcauTbewlutions 
were pvosd with m for IS mh prior lo mcuraemcnts wberc 
4 was lo be removed. 

QyII+ng -3 tih 12 0I an occepfor. The results are 
summuncd m T&k 2. Nom that fbe lifc~imes of tbc donors. 70. 
were experimeomny &termirkd. 

Tiouiml rpecho were delermined al An’ 13_8cm-’ for I2 
and for 55. For lbe result3 of the lifelimes and rctivation 
parameters see text. 

7rmuinl obrorplior coc$cienf. Two procedures were fol- 
lowed to &ermine e’-: 

(1)Amtcbods~3utothtdCKIjbCdby~~1Ol.~wp~ 
employed. A solution of I.1 . 10-l M 12 in beruene was imdi- 
rtedwilbaluerenergyvaryingfrom lto2OmJ.Tlretramieot 
rblorbnoce at 3sOnm wls exlnpdrted to zero Iink and pmcd 
vs. tbc kur cnerly. lo a typical au. 8 limitin mnximum v&k 
1t~entrlydA*O0.7~m-‘wuoblriaad.T~~l.OofIbc 
product f-0 (12 + 14; run 4 in rrble I) for cbe t6hcY 0r 
ml8kal formboa (0,). r=rzcOM-‘cm-’ wu obuind 
from wveral runs. 

(bl Tbioxarrtbone rod pyreoe were used as standards with 
~OWO e*, 4~. &nrtac ~t~th0r 1&~ -pounds d 0f 
12 with similar absorlanccr (5.1. 7.3. and 6.2 cm I. respectively) 
were if&&d If A*= 353 nm. Low kser energies were used IO 
avoid ntunfioo probkms. The fw value for the transient was 
c&Sled from 

with A- IDd A - pouad-stale rbsorbaoces of smodud and 12. 
respectively. II 3J3 run; AT = tripkc &&nnce of stlndard II 
630 (thioxunbone) and 42O nm (pyre&; A& - tnnskoc rb 

sorbme r( 3W mm: e-l - ahrptioo coedDckn~ of lripkt rtlb 

dard: @, =ST intersystem crossin yield of standud. lbe 
product rr_r. 0, was measured cmpbyirg pocedure (al. 
Valrks of f- 1.2. lOr (with pyrerkl and 2.5. IV M-1 Cal-’ 
(with thioxmthonc) were obt&kd. The latter value can be mkeo 
u an upPer limit. 

Varioblr-trmpcmtun emUor ap~~ros.copy 
A fully computer controlkd Spex Pluorolo5 spectrometer was 

used for tbc emission studies. The details of the measuremeots 
bavc been described clsewbere.a The irndhtion of tbc sampb 
was carried out with a W W high-pressure Hg lamp (P/u/&) 
surrounded by a water-cooled pyrcx immersion well. Aqueous 
lilier solutions were used (see General Remarks). 

Vatiablt-umptmtun ESR spectnwcopy 
A Varian E9 RSR spectrometer was used with a sensitivity of 

5. IO” of AH rpim. Ssmplcs with (I&6.6). 10-x M lh WCIC 
placed. after purging with Nz. in a Nz 5ow cavity, ad the spectn 
were recorded at 9.0SGHz microwave frequency. T)K light 
source was an SP-MOO W high-pressure H5 lamp (Philips RicM- 
stnbkr) comb&d with liquid filler solutiom (see General 
Remarks) placed in the Ii&t beam II the enlraoce of Ore cavity. 

Variable-tcmpcmrun IR spewoscopy 
Tk spectra were recorded on a Perkin-Elmer 580 rpec- 

trawler. IO-’ M solutiom of lh in 2-mcthyltctnhydrofunn 
were used in cell of 25rm pathkr& lbe temp. w8s varied 
coodtively by a Dewar rttacbcd to the metallic cell frame. The 
irradLtions were carried out with a 2C@ W hi&i-pressure H5 lamp 
(HBO. &ram). Iokrference Olters (scbon. b&width 5Onm) 
were used. 

S&m- Vohur quaching an4lysir 
Ucveoslmple~of7~l0”Mlt~bcnzcncia1&prtlcaccof 

&3 M I,3-c.ycl&udiene were irradia@l in a turn-trbk re&Zor 
at > 34O nm. The pro&t foemafion (l(H) was determined by 
glc. The plot &-& VI quencher cooccntntion 58vc 8 sba&l 
line with a slope of 4. T = I.1 M-‘. 

All umpk sc&iom were deoxypmted as &scribed in 
General Rcrnarkr. The yields of 14.15,23 and 24 oo &+S, rl, 
excitation sod on semitizatioo were measured by an ekctroaic- 
lny inlegming &rometertibedbyAmreineroL“Rtrtbcr 
cxperimcolrl details and results are given in T& I and 3. 

Tbcf nluetofl4rI((Hmd436nmwtrcdctcrmiaedinlOcm 
cuvcttes with I Zeiss PMQ 3 ~tomcter. 

The yields of 14 obtained by Sv+T,_,,2 cxcit&on. were 
demrrnioed by potassium ferrioxaktc actinometry.” lbe sampk 
solutiom were placed in 1 mm lbermosfaled quutz cdk and 
rkoxypenrted as above. D&t sin&c txcitatioo by irradiubo 
into the lor+wavekc& ti of tbc &I absorption baod or by 
strly l#n was excluded for Ibe 105 nm irrldhtioo as fobwr. 10 
IWO pualkl txperilrkncs. one callOR Olter (Scholl (343 ull; 4O% 
transmission at 4COnm) and a combirvtion of two such Olter~ 
(16% trammissiom al 4OOrun) in addition to tbe interference 
liltm (Scbotl UC, IJnm budwidth) were used. Wii both 
arrapgcrrrenls. identical measmemeots were obtained (T&k I: 
run Sl. For the 436mn irrndiations. an inccrfcrence dlter S&n 
JM~widtbl2nml~uK4inwmbinrtionwitbrnrtoU 
filler (Scbott GG 120; u)96 transmission 8l42O MI) and wilb two 
such Oilers (25% trammiuion al 42Onm) (Table I: rum r&5). 
Additioml ex~erimenlll de&k arc given in Table 1. 

2. IO-’ M (Obm&L) Benrene solutioas of l&. l&. UI 
aodl5&ewm~incva&edPyrextubeerl-7lY.Tk 
tubuwcntbenbE8tedinanekctricoveoandlbere&oa8wue 
monitored by 5lc over a temperature rrap of 49%543 K and the 
limeranguindiatedinTabk4.Tbede utrrirtiolo(l2udl5 
rutnllrrtcd(rola~bccombiDed~tnldrlrd’HNldRfa 
~,,~n.H*~~lod31NMRfor~14wubyQoOrrPLcdu 
describe4 urtb laording U. tbc deuterium determhntion of 
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which was carried out dkedly by ‘H NMR (a earlier for 
ti). 
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