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Abstratq - The ~nter~ept~un and tra~~~~~ by molecular axygen arad xryla- 
nItrile uf tr~~thy~~n~eth~~~ dfradfcals durfng their reversible thermal 
formatfon from stable met~ylenecyc~uprupane precursors 4s repurted. The 
re~iu~b~~stry of acrytunttrHe ~y~~uadd~t~un tu a tri~thy~en~tbane 4s 
also ~ne~~~vu~a~~y demunstrated and provjdes fnsfght tnta the trappfrrg 
prYm?ss. 

The ~nter~ept~un of dfrad#cats in bimu’fecutar trappfng reactSons has only been rarely ab- 

served. In ganwal, ~~t~~~~~u~~~ cycffzation prscesses cmpete too favorably wtth any inter- 

molecular reactlons, Berson, In a series of e’legant papers, has described cunditfuns wherefn the 

trapping of butti the sfngtet and trfplet forms of 2-aT~ylTd~ecyclopi?ntane-1,3-diyr, 3-S and 34, 

furned during the thermal or phutu~h~~~a~ deazetatians of 1, or frwr the themlysb ( -Sfi%f uf 

the stratrted and very reactSve 5-atkyffde~ebfc~~pe#tane (2), 4s able tu be dfstlnctty 

observed.1 Berson has accumulated convincing kinetic evidence for the reversible: formatfun of 
slnglet trimethy~en~~hane specfes 3-S whtch can itself undergu cycluadditians wfth diylophffes 

such as acryfsnStrf1~ ur maletc anhydrfde? It shoufd be noted that fn the absence of trapping 
dfylophtles, at temperatures MS%, 2 ds nut stable and trndergms dfmerttatfun, presramably via 

3-T. 
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Indeed *triplet dfradicals, including parent trimethylene methane, 5-T, have often been 

trapped bimolecularly. Gajewski noted, for example, the d-imerfratfon of 5-T durdng his study of 

the deazetatjon of pyrazoline 4.3 Wilson and Gefser have been successful in trapping 3-T as well 

hv +N 2 

PhH (52 mn) b 
4 
A * 

\ 

4 5-T 

as triplet cyctopentane-1,3-dfyl with molecular oxygen, forming cyclic peroxides in good 

yield.'l In such trapping experiments, it has co!mnonly been assumed that any diradfcal species 

successfully trapped by molecular oxygen are in their triplet states. 's4s5 Consistent with this 

assumption is the very interesting report of the trapping of a thermally-generated diradical by 

Roth whereby the trapping of sfnglet and triplet 2,3-dimethylene-1,4_cyclohexadiyl 6 by 1,3-buta- 

diene and molecular oxygen respectively, is elegantly demonstrated.' 

We wish to report at this time a slmflar interception and trapping of trfmethylenemethane 

diradicals by acrylonitrile and molecular oxygen during thetr reversible thermal generation from 

~thylenecyclopropane precursors. 

ResuIts 

2-(Dffluoronethylene)spfro~cyclopropane-l,9'-f9Hf-fluorene], 7, was synthesized by addition 

of diatofluorene to l,l-dffluoroallene,' followed by photolysis of the product mtxture. Attempts 

to purify 7 by recrystallization or column chromatography led to the isolation of 

RT 

5 h, Et20 
(99%) 

'2:28 

(55%) 
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impurities with masses of 272 (i.e. mass of 7 + 32) and the realization that 7 was apparently re- 

actjve with 02. 

Indeed, bubbling 02 into a CHCl3 solution of 7 led to its clean conversfon to the three di- 

oxolanes 8, 9 and 10. 

7 8 9 IO 
58% 36% 4.6%' 

The three adducts, 8, 9 and 10, were fsolated by silka gel flash chromatography and char- 

acterized by 'HI, lgF and 13C NHR and IR-spectroscopy. Distinctive spectroscpic characteristics 

included for 8, vinyl protons at 6 5.72 (d of t) and 5.10 ppm (d of t), a sjngle 19F absorptfon 

at 4~ 77.7 (triplet), and a trfplet with JCF = 266 Hz at 6 127.6 ppm fn the 13C spectrum; for 9, a 

two proton triplet at 6 5.16, two lgF absorptions at (0 85.4 (d of t) and 87.8 (d of t) and a 

doublet of doublets at 4 148.1 in the 13C spectrum wjth JCF = 285.6 and 290.5 Hz (the character- 

istic strong TR absorptfon due to =CF2 at 1789 cm'l was also present); for 10, a two proton 

triplet at 6 5.55 and a single "F absorption at (0 78.0. 

When 7 was heated at 70°G in acrylonjtrile a surprisingly regioselective formation of three 

adducts was observed In 75% yfeld. The products were Isolated by flash chromatography and char- 

acterized by NMR and IR spectroscopy. Distinct$ve spectroscoptc characteristics fncluded for 

0 

8 
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7 
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11, vinyl protons at 6 5.68 and 4.90 ppm (d of d of d), two "F absorptions at 9 88.3 and 98.5 

ppm (AB), and a triplet in 13C (JcF = 247.7 Hz) at 6 123.9 ppm; for 12, no vinyl protons, a lgF 

AB system at + 85.7 and 86.2 ppm, a 13C doublet of doublets (JFF = 287,5 and 291.1 Hz) at 6 150.5 

ppm, and the expected strong IR absorption at 1765 cm-l; for 13, no vinyl protons, an AB pattern 

fn lgF at (fi 89.5 and 92.4 ppm and a triplet in the I313 spectrum at 6 128.4 (JCF = 248.2 Hz). In 

the characterization of 11, 12 and 13 the ‘JcF, 2JcF and 3JcF couplings were partkularly Inform- 

attve structure indfcators. 

1 t was also found in prelfminary experfments that 7 underwent simf lar reacttons with d 

methyl fumarate and tetracyanoethylene, although these adducts were not ful ly characterized 

7*7 

Interestingly, 2,2-diphenyl-10(difluor~thylene)cycl~ropane 

did n& react s lmilarly, while the fluorenyl system 15, without 

( 

i- 

li4), prepared similar1 Y to 
fluorine substituents, did 
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02’ CHCIJ 

4d, 28" 
. No Reaction 

react wfth oxygen atbeit more stowty to form the expected two adducts (16 and 17) which were 

easjly characterjzed spectroscopically, 

+ 

92:8 

are generally unreactive addends fn ~y~~oadd~t~o~s* Wheh especlalfy 

reactive ones such as ~dff~uor~thy~e~e)~yclopropa~es and ~d~eh~or~thy~ene)~y~To~ropa~es do 

react they've generally been shown to form the normal (2+2) adducts or (2+4) adducts as shown be- 

A 

fhe reacttons of 7 and 15 are mast simply fnterpreted as deriving from a trapm of thefr 

respect&e, reversfbty-formed t~i~thy~~~~tha~es~ For example,, 7 wauld be expected to be in 

slow thermal equf~lbri~ with tr~~thy~~~~tha~e X8 at rwrn temperature. The fluorenyl group 

should luwer the activation energy for hmo'tysfs to trf~ethy~en~etha~e IB by n?17 kcal&ofe.'2 
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With the activation energy for isomeriration of (difluor~thylene~cyclopropane being 40.2 

kcal/mole13 this would give rise to an Ea for formation of 18 of -25 kcal/mle, Assuming a log A 

1 1 
8+IO 9 (+lO) 

CH=CHCN 

16 

11 + 13 
81:19 

1 
12 

of 13.2,13 this would generate a rate constant of k = 1.15 x lOa5 at 28OC. If trapping were to 

occur with each cleavage of 7 to 18, which is unlikely, the expected half-life for formation of 

peroxides 8, 9 and 10 would be 16 hours, a value not inconsistent with the observed reactivity of 

7. 

While the benzhydryl-radical-stabilized tri~thyle~~thane species 23 should be similarly 

stabiliredl'l, the preexponential factor for 14 + 23 conversion should be significantly 

lower because of the entropy loss associated with stabIliration by the two phenyls (Log A =: IO.8 

for 14 vs -13.2 for 7)14. In contrast to the situation with the two phenyl substituents, the 
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fluorenyl group should require virtually no loss of entropy to act as a radical stabilizer since 

it is perfectly aligned in 7 for delocalfzatfon of the incipient radical resulting from homolysis 

to 20. The difference in log A alone would lead to a sufficient diminishment in rate for 14 to 

account nicely for the observed relative lack of reactivity of 14. 

A mechanistic scheme similar to that proposed by Roth' for trapping of diradical 6, wherein 

acrylonitrile and oxygen trap singlet and triplet 18, respectively, is consistent with our re- 

sults. The fact that 7 is stable indefinitely in solution in the absence of trapping agent 

4, 8 + 9 + IO 

would require 18-S and 180T to be in equilibrium, as was found in Roth's case. While the above 

scheme is consistent with our results, there is E direct evidence for it. While the oxygen 

trapping is likely of the triplet, one cannot yet be certain as to the multiplicity of the 

species trapped by acrylonitrile. 

The regiochemical results are also consistent with the proposed mechanism. It is reasonable 

that intermediates 19 and 2X should be kinetically favored over 20 and 22 respectively, The 

strong thermodynamic preference for sp3-hybridized versus sp2-hybridized CF215 apparently influ- 

ences the regiochemistry of 02 and CH2=CHCN trapping substantially, not unlike the kind of 

preferences shown in cyclfration of difluoroallene (2+2) cycloaddition intermediate 

dfradicals? Note, moreover, that O2 trapping is less regioselective (63:37) than that of 

CH2=CHCN (84:I6), as 

verse relationship. 

one might have expected on the basis of the usual reactivity-selectivity in- 

23% 

cht 

The regfochcmistry of acrylonitrile addition provides additional important information about 

the trapping process. While Berson demonstrated that his trimethylenemethane species 3 could be 

trapped by acrylonitrile, the regiochemistry of the addition with respect to the acrylonitrile 

was not reported. Our observation of adducts 11, 12 and 13 would seem to exclude the possibility 
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of intermediate 24 and, by analogy, 25, playing sfgnificant roles in the trapping processes. 

The fluorenyl group, not the geminal fluorine substituents, of 7 would appear to give rise 

to Its special reactivity. The diminished but real reactivity of unfluorfnated analog 15 

indicates the fluorine substituents to be salutory but not required for cycloaddition to occur. 

The nature and regiochemfstry of the addition products would appear to require a mechanism 

Involving trapping of trimethylen~thane diradicals, Concerted mechanisms of 7 and 15, or pro- 

cesses involvfng charge-transfer or electron transfer seem unlikely. 

Takehashi and coworkers have recently reportedI' the photosensitized trapping of a tri- 

methylenemethane radical cation 27 by molecular 02. However there is no chance that our 

reactions could have been photointtiated. 

vertant photolysls is remote. 

All reagents were colorless; hence the chance of inad- 

In thfs connection, two cases of related reactions which likely involve non-photoinduced 

electron-transfer should be mentioned. One, a 1971 report of the reaction of TCNE (and 

apparently only TCNE) with 2,2-diphenyl~thylenecyclopropane, 26,1ga was at that time interpreted 

fn terms of a standard diradical mechanism, while the other, a very recent report of the 

reactions of TCNE with various fluorene-actfvated cyclopropanes, 28,1gb proposes electron 

+ I-CM 
RT 

) 
acetone 

transfer as the inftial mechanistic step. With neither 

thermal electron acceptors, especially when compared to 

acrylonftrile nor 02 be ing effective 

TCNE, ft seems unlikely that electron 

transfer is involved 

explicitly excluded. 

in our observed reactions. However, this possIbflity has not yet been 



While there fs yet a significant amount of mechanistic ambiguity regardfng the formatfons of 

these l:Z adducts of ~thy~ene~y~~uprupane 7 and 15 with mtecular+ oxygen and acrylonitrile, the 

structures of the products clearly point tu the reactians invalvDng intermolecular interception 

and resultant cycluadd~tGm of tri~thylen~thane intermediates, Additfonal kinetic, stereu- 

chemical and rrtgiochemicat studies, likely with simpler species that can be studied in the gas 

phase, wtll be required to etuleidate ambiguities as ta the details of the mechanism. 

Infrared spectra were determined ejther as films between KBr plates or in solution with 

matched liquid cells (0.1 mn}. NMR chemical shifts for ‘H spectra are repurted in ppm downfield 

from internal 1% in CD&13 solution. Chemical shifts for lgF spectra are reported in ppm upffeld 

from internal CFC13 tn CDCt3 solutian, Chemical shffts fur 13C spectra are reported in ppm down- 

field from fnternal TIctS Sn CDC13 solution. All assfgnments uf 13C WI3 resonances are made with . 
the afd of off-resonance spectra or pulse-sequence spectra. 

A 60-d glass tube contatnlng IOU mg (US370 ale) 5~~D~f~uur~~thylene)~4~~adihydro_3~~~d~~ 

pheny~~3*~~pyra~ole and 40 mE. pentane was sealed under vacuum and irradiated in a Rayonet Photo- 

reactor (350 nm) fur 15 hours l The cloudy mWure was concentrated by rotary evaporation at re- 

duced pressure to give 89 mg (99%) yellow of1 which was 15 (purification by flash chromatography 

using silica gel and hexane): 

fw), 1498, 1231, 1166 cm-l; i 

Rf - 0.39; ~R{C~14) 3095, 3070, 3D36, 1845 (s), 1690 (w), 1602 

H NMI d 7.3-7.1 {complex m, NH), 1.98 (t, 2H, JHF z 4*5 HZ); “F 

NM? $ @I,3 fd uf t, IF, JFF = 64.7 and JtfF = 4,5 HZ), 90.0 (d of t, lF, JFF = 64.7 and JHF = 4,s 

Hz); ‘3C tWR 6 151.6 fd of d, JCF - 281.4 and 276,5 Hz, =CF2), 14lJ3 (d, +F = 2.4 Hz, subst are- 

matic), 128S, 1128.1, 127.3 (aromatic), 78.1 (t, JCF - 35.4 Hz, C2)) 36.1 (d, JcF - 6.1 Hz, Cl), 

20.8 (d, JCF = 3.7 Hz, CH2); mass spectrum gave Ht 242.0895 4 O,DD21 (9 ppm), calcd for C16H12F2 

242.0907 dev ~0,00116 (5 ppm), Anal. C, H. 

In a sfm+lar expertment, QP(dfffuuromethylene~o4~ 

radiated fur 5 hours to give 85X: 15. 

5-dfhydru-3,3-d ipheny~~3~~p~a~ole~ was tr- 

‘Into a 700~ml gas sample bulb with teflon Rotuflo stopcock containing SJXI 9 (26.0 mmoles) 

d2azafluorene2’ and 200 mL ether was condensed 2.37 9 f31,2 mnoles) difluoroaltene.21 The tube 

was kept at ruom temperature fur 5-5 hours, then connected to a vacuum line and 50 mL ether were 

transferred off in order to remove excess dfffuaruallene. 

The tube was irradiated in a Rayonet Photoreactor (350 nm) for 8 hours. The nitrogen 

evolved was rmved on the vacuum line and irradiation was cuntfnued for a total uf 28 additional 

hours. 

After 36 hours trradfatjun, the solvent was rapidly ratwed by rutary evaporation at redue 

pressure to give a ye1 low solid, which was imediately and rapidly purified by flash chromatu- 

graphy usfrrg sil fca ge 1 and 95% hexane/5% EtOAt to give 3.4 g ( 54% ) yellow sol id 7? Solutions 

of 7 must be kep t cold and the procedure followed rapidly in order to minimize react on with 

oxygen. 

A so lution uf 338 mg (1.41 mnoles) 7 in 10 mL CHC13 was exposed to a slow flow of oxygen 

fch was bubbled through the sulutfon. Analysis by TLC after 32 hours tndicatsd the startfng 
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6 146.9, 146.2 (t, JcF = 2.4 Hz), 140.3, 140.1 (subst aromatics), 128.9, 128.6, 128.0, 127.9, 
124.0, 122.7, 120.3 (aromatic), 150.5 (dd, JCF - 287.5 and 291.1 Hz, =CF2), 117.9 (CN), 93.5 (dd, 

JCF = 23.2 and 17.1 Hz, olefinfc), 59.2 (quat C), 43.2 (d, JCF = 2.4 Hz, CH), 29,9 (CH2), 26.2 

(CH2); mass spectrum gave M+ 293.10189 2 0.00069 (2 ppm), calcd for C19Hl3NF2 293.10160 dev 

0.00029 (1 ppm). 

Finally it gave 67 mg (5%) of 13: Rf = 0.20; mp 164.5-167°; 1H NMR 6 8.1 (m, lH), 7.6 (m, 

2H), 7.3 (m, 5H), 3.4-2.3 (complex m, SH); 19F NP18 0 89.5 and 92.4 (AR pattern, JPF = 251.2 Hz); 

13C NMR (acetone-d6) 6142.0, 141.8, 138.7, 138.5, 135.8 (subst aromatics and otefinic), 130.4, 

130.2, 128.6, 128.3, 127.0, 120.7, 120.4 (aromatics), 132.6 (t, JCF * 21.9 Hz, C4 olefinic), 

127.5 (t, JCF = 9.9 Hz, aromatic), 128.4 ft, JcF = 248.2 Hz, CF2), 121.0 (CN), 41.3 (t, JCF = 

27.4 HZ, C2), 37.6 (t, JcF = 4.2 HZ, Cg), 25.0 (dd, JCF = 3.4 and 5.5 Hz, CH); mass spectrum gave 

M' 293.10129 2 0.90104 (4 ppm), calcd for C19H13NF2 293.01060 dev -0.00032 (1 ppm). 

'The total combined y+eld of isolated products was 42% with 49% recovered starting 

material. On a smaller scale, an isolated yield of 75% products and 15% starting material was 

obtained. The relative yields of products determined by integration of the lgF NMR spectrum of 

the reaction mixture were 68.2% for 11, 15.6% for 12, and 16.1% for 13. 

2-13et)yllmesplrofcyctogropane-l,9’-[pHff1uorene], { 15). 

Into a 150~mt glass tube containing 2.00 g (10.4 twaoles) diazofluorene20 and 50 mL Ccl4 was 

condensed 2.00 g (52 mnoles) allene. The tube was sealed under vacuum and irradiated in a 

Rayonet Photoreactor for 6 hours. The tube was cooled and opened. The dark red-brown solution 

was concentrated to give an otl which was purified by flash chromatogrphy using silica gel and 

hexane. A total of 0.764 g crude solid, Rf = 0.32, were obtained. Further purification by frac- 

tional crystallization from hexane gave white needles (mp 149.5-150.5) of an undesired by-product 

and colorless rhombohedral crystals of 15 which were separated by hand to give 90 rag (4.2%) pure 

15: mp 104-111 O; IR (CC14) 3075, 3022, 2975, 1450, 1120, 893 cm '1; 'H NM S 7.9 (m, 2H), 7.4-7.1 

(m, 6H), 5.75 (t, lH, 3 = 2.3 Hz), 5.52 (t, lH, 3 = 3.0 Hz), 2.30 (t, 2H, J - 2.8 Hz); I313 NM? 

6147.4, 140.1, 138.6 (subst aromatic and olefinfc), 126.9, 126.2, 119.9 (aromatics), 104.7 

(=CH2), 34.1 (quat), 21.2 (CH2); mass spectrum gave M+ 204.09302 + 0.00188 (9 ppm), calcd for 

C16H12 204.0939 dev -0.00080 (4 ppm). Anal. C, H. 

e-lrkthylenesp~ro~,2-dioxotane-3,9’-[9HffluorerreJ, (16) and 4-Fluorenytidene-1,2Ibioxot~, (17). 

A solution of 63 mg (0.308 mnole) 15 in 5 ad_ CHCl3 was exposed to a slow flow of oxygen 

which was bubbled through the solution. Analysis by lH NMR after 43 hours indicated 57% comple- 

tion by integration. The reaction was continued. After 7 days, the solution was concentrated by 

rotary evaporation at reduced pressure to give a yellow solid. Flash chromatography using silica 

gel and 96% hexane/4% EtOAc gave 7 mg (11%) recovered starting material and 55 mg (75%) crude 

product mixture. Recrystallization from hexane/CHC?3 gave 24 mg (33%) pure major isomer 16: F$ 

= 0.24 mp 148.0-149.6 O; IR (CC14) 3072, 2908, 2853, 1678 (VW), 1452 (s), 900 cm "; 1H NMR 6 7.60 

7.2 (complex m, &i), 5.08 (t, 2H, J = 2.0 Hz), 5.03 (d of t, lH, J = 1.9 and 1.0 Hz), 4.64 (d of 

t, lH, J = 2.2 and 1.0 Hz); 13C NHR 6155,5 (subst olefinic), 144.6, 140.7 (subst aromatics), 

129.8, 128.3, 125.3, 120.1 (aromatics), 105.6 (-CH2)t 93.0 (quat), 74.3 (CH2); mass spectrum gave 
M+ 236.08347 + 0.00193 (8 ppm), calcd for C16H1202 236.08373 dev -0.00026 (1 ppm). Anal. C, H. 

Characterization of the minor product 17 relies on the 'H NMR spectrum of the reaction mix- 

ture which showed a singlet at 5.17 ppm for the CH2 protons of 17. Integration of the 'H NMR 

spectrum of the product mixture indicated relative yields of 90.8% for 16 and 9.2% for 17. 
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