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Summary: Photogenerated I,l-diarylspiropentane cation radicals competitively rearranged to 

the more thermodynamically stable I-(dlarylmethylene)cyclobutanes and the less stable 2,2- 

diaryl-I-methylenecyclobutanes in a concerted and stepwise manner, respectively. 

Doering had proposed that the thermal unimolecular rearrangement of spiropentane (SP) to 

methylenecyclobutane (MCB) occurs via two successive bond cleavages, involving cyclopropyl- 

l,l-biscarbinyl and allyllcally stabilized 1,4-biradicals.’ However, the possibility of the 

concerted rearrangement of SP to MCB was proposed 1ater.l Herein we report the SP-MCB rearr- 

angement of photogenerated l,l-diarylspiropentane cation radicals, in which two different 

processes compete, i.e., the rearrangement to I-(diarylmethylene)cyciobutanes occurs predomi- 

nantly in a concerted manner, whereas a sequential rearrangement pathway gives rise to 2,2- 

diaryl-I-methylenecyclobutanes. 
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The phosphorescence of anthraquinone (AQ, E$=-0.94 V vs. S.C.E) was efficiently quenched 

by la (E912=1.17 V vs. S.C.E),31b(E’1~2=l.42V vs. S.C.E)3 and lc(E~~2=1.67V vs. S.C.E),3 at 

rates of kq=l.3x101’. 8.1~10~ and 2.5~10’ M-ls-‘, respectively, in acetonitrile. Upon lrra- 

diationl of AQ with la in acetonitrlle, 2a5 and 3a5 were isolated in 33 and 26% yields, res- 

pectively, after 79% conversion of la. Similarly, 2 and 3 were obtained either under the 

2,4,7-trinitrofluorenone (TNF, Eff.f= -0.42 V vs. S.C.E) or under the p-chloranil (CA, E$.$ 

+O.Ol V vs. S.C.E)-sensitized conditions as shown In Table 1. However, under the CA-sensitlz- 

ed conditions a significant amount of 4’ was isolated as a secondary CA-adduct in acetonitr- 

ile and dichloromethane. 6a The intriguing facets in photoinduced electron-transfer (PET) 

reactions of 1 are: i) the 2 to 3 ratio increases with an increase in solvent polarity 6b; ii) 

the ratio of the sum of 2 and 4 to 3 in acetonitrile under the CA-sensitized conditions is 

markedly large as compared with that under the TNF- or AQ-sensitized conditions. 

Table. 1. Photoreactions of I under the AQ-, TNF- and CA-Sensitized Condition@ 

yields and conversions 1%) 

in CH3CN in Cl-l2Cl2 in WI3 in C&i 
la lb lc la lb lc la lb lc la lb lc 

2 33 19 13 17 13 tb 15 tb tb 12 0 0 

p4 3 26 29 29 41 31 18 48 20 11 44 4 2 

con. 79 61 59 68 59 28 81 35 18 86 13 4 

2 31 18 14 13 9 7 8 6 0 

‘IbF 3 20 20 12 34 23 14 32 23 10 

con. 61 51 30 67 41 29 51 41 17 

2 3 8 18 6 18 6 0 0 5 

CA 3 2 tb 4 tb 10 13 40 32 31 

4 45 72 49 I2 44 47 0 tb 5 

con. 100 100 100 100 99 94 100 100 97 

* A 5 ml solution of 1 (0.06 mmol) and AQ (0.01 mmol), TNF IO.01 mmol) or CA IO.08 

mmol) was irradiated for 30 min (AQ), 20 min (TNF) and 60 min (CA), b less than 2%. 

Because 2 and 3 failed to interconvert under the sensitized conditions employed and the sepa- 

ration of photogenerated ion radical pairs is assumed to be facilitated by an increase in 

solvent polarity, an increase in the 2 to 3 ratio with an increase in solvent polarity sugg- 

ests that 2 and 3 are formed independently after and before the separation of photogenerated 

ion radical pairs, respectively. After the separation to the solvent-separated ion radical 

pairs (SSIP) or free ion radicals (Fl), the direct C4 to C2 migration occurs in l’* so as to 

give the more thermodynamically stable 2’+ than 3’+ which could be formed by the alternative 

sterically unfavorable migration to Cl. Because the separation to SSIP or Fl would be most 

facilitated in the combination of l’+ with the more localized CA’- among three sensitizer 

anion radical counterparts, the exclusive formation of 2 in acetonltrile under the CA-sensit- 

ized conditions can be well accounted for by a mechanism through SSIP or FI. In contrast, 

1.+ subseqruently collapse within contact ion radical pairs (CIP) to 5’+ and 6’+ in which 

charge and spin are localixed,7 keeping a tight ion pair interaction which is important for 

the stabilization of CIP ‘In the less polar solvents. Because of the steric reasons, the 

dlarylmethylene moiety of 6’+ is orthogonal to the C2-C3 bond. The formation of the less 

thermodynamically stable 3 thus requires only the rotation of the C4 methylene group, hut not 
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the bulkier diarylmethylene group. This sequential rearrangement process resembles that con- 

firmed in the degenerate rearrangement of 2,2-diaryl-I-methylenecyclopropane cation radicals 

through the trimethylenemethane cation radical intermediate. 8 Evidence that oxygenation 

products such as 7’ and 8’ were formed only under conditions9 where 3 is formed in moderate 

yields support 6’+ as the direct precursor of 3. 

In support of this mechanism are the stereochemical results derived from PET reactions of 

trans- and cis-anti-4,5-dimethyl-l,l-diphenylspiropentane (trans-9 and cis-9).*0 If this 

mechanism is correct, the rearrangement to I-(diarymethylene)cyclobutanes would occur with 

high stereoselectivity, whereas stereorandomization would be expected for the rearrangement 

to 2,2-diaryl-I-methylenecyclobutanes. Under the CA-sensitized conditions in acetonitrile, 

trans-9 gave trans-10 (30%) together with the 4-type CA-adduct (10%) and 12 (17%).’ The AQ- 

sensitized reaction of trans-9 in acetonitrile afforded trans-IO, trans-II, and cis-11 in 14. 

I I, and 4% yields, respectively together with 12 (9%) after 65% conversion. 5 Evidence that 

the CA-sensitization of trans-9 did not give either cis- or trans-11 in acetonitrile while 

the AQ-sensitization of trans-9 gave those together with trans-10 further supplements the 

arguments that two independent rearrangement pathways are operative in PET reactions of 1,1- 

diarylspiropentanes. The high stereoselective formation of trans-10 from trans-9 can be 

explained by the concerted [o2a+cf2sj pathway with retention at C2 and retention at C4.2 The 

retention pathway at C2 and C5 can afford trans-10 in a similar way, but this pathway does 

not operate because of significant steric repulsion. 2 In fact, cis-9 was reluctant to give 

cis-10, but instead the successive Cl-C3 and C4-C5 bond cleavagell led to 12 under the CA- 

and AQ-sensitized conditions regardless of solvent polarity. The non-stereoselective formati- 

on of cis- and trans-11 can be well explained by a sequential mechanism through 13 and 14 as 

shown in Scheme 2. The results shown here thus 

cation radicals in which rearrangement sequence is 

ptor interaction in photogenerated ion radical pairs. 

s&me 2 

provided a characteristic rearrangement of 

changed by the degree of the donor-acce- 

trans-9.+ trans-10 

trans-9.+ _*$+$$r.-$; + & 

13 14 trans-I 1 cis-I I 
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tetraethylammonium perchlorate as supporting electrode. 
2 kW xenon lamp through a Toshiba cutoff filter UV-37 (350-nm) at 15-20°C. 
Satisfactory 5lemental analyses were obtained for all new compounds in this report. 2a: 
mp 116S“C; H NMR (90 MHz, CCl4), 82.00 (2H, q, J’17.5 Hz), 2.66 (4H, t, J=7.5 Hz), 3.74 
(6H, s), 6.68 (4H, m), 6.99 (4H, m). 2b: mp 64-65’C; H NMR (90 MHz, Cfj$, ;2.0@& 
q, J~7.8 Hz), 2.30 (6H, s), 2.87 (4H, t, J=7.8 Hz), 6.65-7.04 (8H, m); 
MHz, CDCl ), 617.33 (t), 21.12 (q), 32(18 (t), 128.71 (d), 132.59 (s), 135.62 (s), 
137.89 (s). 139.87 (s). 2c~ mo 58-58.5OC; H NMR (90 MHz. Ccl”). 62.02 (2H. a. 1=7.5 
HZ), 2.90.(4H, t, J=7.5 Hz), 6.93-7.32 (IdH, m); 3a: oil; ‘H .NMR 990 MHz, CCl4),~ 62.63 
z$t,Lbr.s). 3.73 (6H, s), 4.83 (lH, m), 4.96 (lH, m), 6.70 (4H, m), 7.10 (4H, m). 3b: 

H NMR (90 MHZ, CC1 ), 62.27 (6H, s), 2.60 (4H, br.s), 4.63 (IH, m), 4.95 (HI, m), 
6.87-7.16 (8H, m). 3c: oi? ‘H NMR (90 MHz CC1 ) 62.63 (4H br.s) 4.88 (1H m) 
4.98 (1~ m) 6.92-7.28 (l.oH’ m). 4s mp 152-152~5°C &comp). ‘H NMR (90 MHz CC1 )’ 
82.10-2.\0 (jH, m), 3.40-3.)80 (lH, m). 3.71 (3H, s), 3.73 (3H s) 5.70 (lH br.)s) 5.4; 
(lH, m), 6.40-7.10 (6H, m). 4b: mp 145-149’C (decomp); ‘H NMR’ (9; MHz, CD’CI ), ‘al.lO- 
2.86 (3H, m), 2.27 (3H. s), 2.31 (3H, s), 3.33-3.39 (lH, m), 5.63 (1l-i. mf ~.83-6.06 
(lH, m), 6.67 (2H, m), 6.67 (2H, m), 7.04 (4H, s); C NMR (50.2 MHz, CD2Cl ), 621.28 
(q), 21.40 (q), 25.97 (t), 31.42 (t), 80.91 (d), 116.87 (s), 127.95 (s), l2s.58 (d), 
128.91 (d), 128.99 (d). 129.09 (d), 135.18 (s), 136.91 (s), 136.98 (s), 137.43 (s), 
137.66 (s), 139.37 (s), 144.96 (s). 146.11 (s). 4~: mp 132-137°C (decomp.); ‘H NMR 

(IH, m), 5.82 flH, s), 5.92-6.00 (IH, m), 6.78-6.90 (2H, m), 7.04-7.42 (8H m). 
(200 MHZ, CD C12),62.20-2.38 (lH, m), 2.42-2.58 (IH, m), 2.60-2.76 (IH, m), l%y-33: 

(50.2 MHz. CDCI?). 626.00 (t). 31.12 (t). 60.84 (d. 118.87 (s). 126.97 ‘(s). ‘127.58 (d). 
i27.90 (dj, 126.38 (d), 129169 (d), 129.19 (d); i37.44 (s);‘l39.53 (s);’ 139.56 iSi; 
140.40 (s), 144.89 (s), 146.15 (s). 7a: not separated; H NMR (90 MHz, CDCI,). 62.62 
(2H, t, J=5.7 Hz), 
7b: not separated; 

f.77 (6H, s), 4.32 (2H, t; J=5.7 Hz), 4.76 (2H, s), 6.7-7.3”(8H, m). 
H NMR (90 MHz, CDC13), 62.30 (3H, s), 2.32 (3H, s), 2.60 (2H,,t, 

~~5.7 HZ). 4.30 (2H, t, J=5.7 Hz), 4.73 (2H, s), 6.9-7.3 (8H, ml. 7c: mp 6869°C; l-l 
NMR (90 MHz, CC14), 62.57 (2H, t, J=5.7 Hz), 4.21 (2H, J=5.7 Hz), 4.63 (2H, s), 6.93- 
7.38 (IOH, m). 8a: not separated; ‘H NMR (90 MHz, CDCI ), 62.55 (2H, br.t, J=6.0 Hz), 
3.77 (6H, s), 4 42 (2H t J=6.0 Hz) 4.48 (IH m) 5.20 (?H m), 6.7-7.3 (8H. m). 8b: 
not separated; )H NMR (‘90 MHz &Cl ) 62.;2 (6H, s), 2.4; (2H, br.t, J=S.O Hz), 4.40 
(2H, t, J=6.0 Hz), 4.45 (IH, m), i.17 (l?f: m), 6.8-7.3 (8H, m). 8c: mp 126.0-127.5”C; ‘H 

5.13 (1H m) 709-743 (10H 
NMR (90 MHZ. CC1 ), 62.50 (2H, br.t, J=6.0 Hlz), 4.36 (2H, t, J=6.0 Hz), 4.40 (lH, m), 

m). trans-10: 011; H NMR (200 MHz, CDCl ), 60.85 (3H, d, 
f=7.0 H;). i.15 (3H. d. I=>.0 Hz). 1.97 (1H. ddda. 1=5.0. 6.0. 7.0. 8.9 Hz). 2.33 (lH. 
H;) dd J=6 7 io,(lo;l 6. 16 5 Hz) m) ’ ,trans_,,. 2 6d (1H ,cl.y dd.’ J = 2 .8, 5.0, 7.6.Hz), 3125 (iH, ddd, J=2.8, 8.7, i6.5 

H NMR (200 MHz, CDCl ), 60.88 (3H, d, J=6.5 Hz), 
1.1; (3,. d, J:6.5’Hz), 2.52 (lri, dddq. J=9.3, 6.5, 3.0. 2.t Hz), 2.78 (IH, dq. J=9,3, 
6.5 Hz), -4.95 (LH, d, J=3.0 Hz), 5.03 (1Hi d, J=2.6- Hz); 7.2 (LOH, m). cis-ll:~~oil; tH 
NMR (200 MHz, CDCl ), 60.72 (3H, d, Jz7.0 Hz), 1.03 (3H, d, J=7.0 Hz), 3.08 (lH, dddq, 
J=9.4, 7.0, 3.0, 2.6 dz), 3.36 (IH, dq, J=9.4, 7.4 Hz), 5.19 (lH, d, J=2.6 Hz), 5.26 
(IH, d, J=3.0 Hz), 7.2 (IOH, m). 12: mp 39.5-415°C; 
d, J=7.9 Hz), 1.66 (3H, dddd, J=6.5, 2.5, 2.5, 

H NMR (200 MHz, CDC13), 6 0.82 (3H, 
1.0 Hz), 3.06 (lH, dddq, J=lS.O, 2.5, 

2.5, 1.0 Hz), 3.52 (IH, dddq, J=lS.O, 2.5, 2.5, 1.0 Hz), 3.73 (lH, dddqq, J&O, 2.5, 
2.5, 1.0, 1.0 Hz), 5.18 (IH, dddq, J=6.5, 2.5, 2.5, 1.0 Hz), 7.23 (IOH, m); H NMR 
(50.2 MHz, CDCI ), 613.08 (q), 14.96 (q), 41.63 (t), 48.26 (d), 51.14 (s), 112.63 (d). 
125.68 (d), 125.?1 (d), 127.07 (d), 127.65 (d), 127.89 (d), 128.16 (d). 141.59 (s). 
144.59 (s). 150.44 (s). 

a) At low conversions, 4 was not detected by NMR. Control experiment showed that photo- 
reaction of 2 with CA gave 4 in high yield. Under the CA-sensitized conditions, the 2:1 
CA-la adduct was also isolated in 46 and 58% yields, respectively, in acetonitrile and 
dichloromethane together with 24 3a and 4a b) Dielectric constant: 37.5 (CH3CN, 20”(Z), 
8.93 (CH Cl , 25”C), 4.81(CHC13, 2O’C), 2.27 (C6H6, 25’C). 
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A solution of 1 and AO, TNF or CA in acetonitrile or dichloromethane was DressUriZed 
with oxygen (20 kg/cd) and irradiated. Under the AQ-sensitization in dichioromethane 
la gave 7a and 8a in 7 and 8% yields, respectively, together with 3a (27%). The AQ- 
sensitization in acetonitrile and TNF-sensitization in dichloromethane gave similar 
results. Under the CA-sensitized conditions in acetonitrile, however, la-lc did not give 
any oxygenation product. 
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by Jones was a 8:l”mixture of anti-cis - (mp 30.5-31bC) ‘and syn-cis- (mp 62-63°C) iso- 
mers. We separated both and used the anti-cis isomer (cis-9) for this work afetr the 
confirmation of stereochemistry by means of the NOE examination. 
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