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Abstract   

The o-(3-butenyl)phenyl system bearing a phenyl group on the 2-position of the side chain was 

studied as a potential mechanistic probe for distinguishing between radical and carbanion 

intermediates. The Bu3SnH reduction of 1-bromo-2-(2-phenyl-3-butenyl)benzene, 4, yields 

mainly the 1,5-cyclization product, 6, with a preference for the trans- isomer. Treatment of 4 

with Mg or t-BuLi leads to double-bond isomerization and yields (E)-1,2-diphenyl-2-butene, 8, 

along with 3,4-diphenyl-1-butene, 5. 
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Introduction   

 

Mechanistic studies of chemical and biochemical processes often include reactions of radical 

probe substrates. Our interest in the mechanism of formation of Grignard reagents and 

homogeneous versus heterogeneous electron transfers focused our attention on 1-bromo-2-(3-

butenyl)benzene 1.1-4 Cyclization of o-(3-butenyl)phenyl radical 2r (kcy = 5 x 108 s-1, 30 °C) to 1-

methylindanyl radical 3r and related rearrangements have been used to detect radical 

intermediates in several reactions.5-8 However, cyclization of the o-(3-butenyl)phenyl anion 2c 

has to be considered (Scheme 1). The reaction of 1 with 2 equiv of n-BuLi yields 42% of 

cyclization product after 5 minutes at room temperature.9 This anionic rearrangement was 

confirmed later by a series of electrochemical experiments.10 Consequently, tests using the 

radical probe 1 have to be carried out under conditions where the anion does not cyclize, at low 

temperature, or by increasing the proton-donating ability of the solvent with adequate 

additives.3,10,11 This mechanistic drawback is not specific to radical probe 1. Several probes 
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based on the cyclopropylcarbinyl radical ring-opening have been applied in studies of P-450 

oxidation of hydrocarbons.12 However, the corresponding carbocations lead to the same 

rearranged products.  

 

Br
or

1 2r or 2c
3r or 3c

or

 
 

Scheme 1 

 

 Newcomb et al., by substituting the cyclopropyl ring with appropriate substituents, designed 

a hypersensitive mechanistic probe to differentiate between radical and carbocation 

intermediates.13,14 In mechanistic studies involving 6-halo-1-heptenes, this information was 

provided by the proportion of cis- and trans- isomers of the 1,2-dimethylcyclopentane obtained. 

The 6-hepten-2-yl radical cyclizes with a preference for the cis- stereochemistry while the 

corresponding organolithium gives predominantly the trans- isomer.15-18 Cohen et al. used such 

cis-/trans- ratios of cyclization products to show that unsaturated alkylzinc iodides cyclize by a 

radical rather than a polar mechanism. They found that probably all of the organozinc 

cyclizations are radical chain reactions initiated by traces of oxygen.19 These findings appear as 

an additional warning against deceptive rearrangements observed with radical probes.20 

 The aim of our work was to design a new radical probe for distinguishing between o-(3-

butenyl)phenyl radical 2r and the corresponding carbanion 2c intermediates. On the basis of the 

results obtained with 6-halo-1-heptenes, our probe design was first based on the simple idea that 

substitution on the allylic position of the butenyl chain with a phenyl group could induce a 

difference in the stereochemistry of cyclization according to the nature of the intermediate. 

 

 

Results and Discussion   

 

The radical probe 4 was prepared by the reaction of cinnamyl bromide with mechanically 

activated Mg, which yields cinnamylmagnesium bromide,21 then reaction of this Grignard 

reagent with 2-bromobenzyl bromide which occurs with an allylic rearrangement22 yields  

1-bromo-2-(2-phenyl-3-butenyl)benzene 4 in 53% isolated yield (Scheme 2). 

 The radical chemistry of 4 was studied under Bu3SnH reduction conditions.23 The reaction of 

4 with Bu3SnH (2.4 equiv, 0.25 M) in refluxing benzene gave the linear product 5 (7% relative 

yield), the two five-membered cyclized products 6 (84%, trans/cis = 88/12, GC), and 2-

phenyltetralin 7 (9%). From GC analysis, 5, 6 and 7 accounted for ca 90% of the total product 

mixture (Scheme 3). Aryl radicals are aggressive hydrogen atom abstractors and 1,4-hydrogen 
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atom transfer would lead to a thermodynamically stabilized radical.24 This situation is 

reminiscent of the formation of pentadienyl radicals.25 Nevertheless, in contrast to 1,5-hydrogen 

transfer,26 1,4-hydrogen atom transfer is less frequently observed 27,28 and such a competition 

with cyclization was neglected here. 

 

Ph MgBr

Br

Br

Br

4

Et2O

53%  
 

Scheme 2 
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Scheme 3 

 

 These results conform to Beckwith’s studies on the o-(3-butenyl)phenyl radical bearing 

substituents on the 2-position of the butenyl chain. These radicals show a preference for the 

formation of trans- disubstituted products and give also small amounts of 6-membered rings 

(endo products).29,30 With a larger excess of Bu3SnH (5 equiv., 0.46 M) the ratio 5/6/7 becomes 

15/77/8. The application of the steady-state theory shows that when Bu3SnH is in large excess, 

kc = kH [Bu3SnH][C]/[U]. The quantities [C] and [U] are the final concentrations of cyclized 

and uncyclized products, respectively, and kc is the sum of the rate constants for cyclization.31 

The value kH is the rate constant for the reaction of the aryl radical with Bu3SnH. Taking kH = 

109 s-1 (80 °C),5 cyclization of radical 5r occurs with a rate constant kc of about 2.6 x 109 s-1 at 

80 °C.32 This value is slightly higher than the previous determination of the rate constant for 

cyclization of 2r (kc = 109 s-1, 80 °C).5,6,29,31 A solution of benzene, radical probes 1 (1 equiv., 

0.05 M), 4 (1 equiv., 0.05 M), AIBN (0.19 equiv) and an excess of Bu3SnH (0.95 M, added last) 

was heated under reflux for 5 h. After work up, we examined the ratios [C]/[U] for each 

structure. These ratios were respectively 61/39 and 73/27 for 1 and 4. Assuming that kH has the 

same value for alkenylphenyl radicals 2r and 5r, we confirm that 5r cyclizes faster than 2r. This 

rate-enhancing effect of the phenyl group was expected. Beckwith, in the same way, found an 
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increase of kc when the 3-butenyl chain was substituted with a methyl or an ester group on the 

2-position.29 

 The carbanion chemistry of 4 was first studied under metal-halogen exchange reaction 

conditions. The reaction of 4 with t-BuLi (2.2 equiv.) in THF generates, after quenching with 

water, a mixture of hydrocarbons 5 and 8 in a ratio 5/8 = 34/66 (Scheme 4). No cyclized product 

6 was formed (<1%). Instead, double bond isomerization takes place, which is in surprising 

comparison with the cyclization observed with the aryllithium reagent formed from 1. This 

migration is reminiscent of the results described by Wilson et al.,33 in which reaction of 3,4-

diphenyl-1-butene, 5, at 0 °C with 1 equiv. of n-BuLi in a hexane/THF mixture yields, after 

quenching, 78% of 8 and 17% of the starting derivative, 5.  

 

Br

+

1) t-BuLi, THF

2) H+

4 5 (34%) 8 (66%)

-78 °C, 15 min
rt, 1 h

 
 

Scheme 4 

 

 The lithium-halogen exchange is an extremely fast process. Coupling products may be 

avoided by the use of two equivalents of t-BuLi. The second equivalent reacts rapidly with the 

t-BuBr formed, even at very low temperature, to give 2-methylpropene, 2-methylpropane and 

lithium halide.34 Several reports in the literature propose that alkyllithium compounds react faster 

with the C-halogen bond than with acidic hydrogens.35-39 However the interpretation of this kind 

of competition can be far from straighforward.40 Under our reaction conditions, the total 

conversion of 4, and the low yields of incorporation of the t-Bu group observed (≤1-20%, see the 

Experimental Section) suggest that the excess of t-BuLi mainly quenches the t-BuBr formed, 

rather than deprotonating the allylic position. The formation of the rearranged product 8 could 

then be explained by an intramolecular 1,4-proton transfer leading to the delocalized carbanion 

8Li (Scheme 5). Previous work proposes that such a proton transfer leading to an allyllithium 

intermediate could compete effectively with the cyclo-isomerization of an aryllithium.41 

Intramolecular 1,4-proton transfer was also observed in the 5-hexenyl anion so that, under 

favorable conditions, the 5-hexenyl probe detects both alkyl radical and anion intermediates.42 

Intramolecular proton transfers can be very fast, the proximity of reactive centers and the angle 

of attack playing an important role.43,44  
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Scheme 5 

 

 Another way of generating carbanionic species was to study the reaction of 4 with Mg. This 

reaction, in THF at room temperature, yields a mixture of 5 and 8 in a ratio of 5/8 = 91/9 

(Scheme 6). No cyclized product 6 was formed (<1%). In a series of works, Bickelhaupt’s group 

showed45-48 that the reaction of aryl halides with magnesium involves reactive aryl carbanion 

intermediates whose presence is evidenced by well identified by-products formed in yields of 4-

85%. The detailed interpretation of these results involves an aryl bromide radical anion whose 

cleavage provides an aryl radical which is reduced extremely rapidly into a carbanion. 

Combination of this carbanion with MgBr+ leads to the Grignard reagent.49 The product- 

distribution depends on the rate of the reaction trapping the carbanion versus the barrier to the 

association of the carbanion with MgII.50  Such competition, applied to the reaction of 4, is 

indicated in Scheme 6.  
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 Thus, considering Bickelhaupt’s works, the rearranged product 8 would originate from a 

carbanion intermediate rather than the Grignard reagent itself. In both cases, this experiment 

indicates that the aryl carbanion species formed from 4 lead to the rearranged product 8. 

 

 

Conclusions  

 

These results show that the radical probe derived from 4 behaves in a specific way. The presence 

of the phenyl ring in the αposition to the exocyclic unsaturation increases considerably the 

acidity of the proton α to this double bond. As a consequence, the rate of proton abstraction 

becomes higher than the rate of cyclization of the aryl carbanion. Under such conditions, the use 

of probe 4 to distinguish between radical and carbanionic route would be based directly on the 

nature of the formed products rather than on subtle stereochemical difference in yield of cyclized 

products. This work opens the way to a new family of radical probes designed for the study of 

reactions where carbanions and radicals are possibly involved.  

 

 

Experimental Section 

 

General. Diethyl ether, THF and benzene were dried over sodium-benzophenone and distilled 

from blue-purple solutions prior to use. Bu3SnH 97% (Aldrich), t-BuLi 1.5 M in pentane (Acros) 

and magnesium turnings (Aldrich, 99.98%) were used as received. Petroleum ether 40-65 °C and 

pentane for liquid phase chromatography were distilled prior to use. Thin-layer chromatography 

was performed using Merck silica gel 60F254 plates. Column chromatography was performed 

using Merck silica gel (230-400 mesh). Separations were monitored by both TLC and GC. 

AgNO3-impregnated silica gel: in a flask equipped with a magnetic stirrer was introduced 

AgNO3 (2.5 g) and CH3CN (150 mL). After stirring in the dark (10 min) silica-gel (50 g) was 

added. The mixture was stirred 2 hours in the dark and then the solvent was evaporated. Drying 

was achieved overnight in an oven. The column was performed in the dark. Gas chromatography 

analyses were performed using a BPX5 capillary column (SGE, 25 m, 0.22 mm internal 

diameter) with helium as carrier gas and a flame ionization detector. The following temperature 

programs were used: injector : 280 °C; detector: 250 °C; 150 °C (3 min) to 250 °C (5 min) at 5 

°C min-1 or 80 °C to 250 °C (5 min) at 5 °C min-1. We assumed that response factors were similar 

for isomers. If necessary, the area integrations were corrected using the Effective Carbon 

Number.51 GC-MS (70 eV) analyses were performed using a HP5 MS capillary column (30 m, 

0.25 mm i.d.) with helium as carrier gas. The following program temperature was used: injector : 

280 °C; interface: 280 °C; 150 °C (3 min) to 250 °C (5 min) at 5 °C min-1. As in previous 

works,2-4 the reactions of 4 with Mg (and with t-BuLi) were performed in a Schlenk tube 

equipped with greaseless stopcock and Teflon protected screw-cap. 1H NMR and 13C NMR were 

recorded with a Bruker Avance 300 MHz spectrometer. Reaction mixtures were analyzed from 
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1H NMR, GC, GC-MS and by comparison with authentic samples. 1-bromo-2-(3-

butenyl)benzene 1,49b authentic samples of 3-butenylbenzene 249b and 1-methylindane 349b,52 

were prepared as described in literature. An authentic sample of 3,4-diphenyl-1-butene 5 was 

prepared in diethyl ether from the Grignard reagent of 1-bromo-2-(2-phenyl-3-butenyl)benzene 

4. The 1H NMR and GC-MS data obtained agree with published values.53,54  1-Methyl-2-

phenylindane 6 and (E)-1,2-diphenyl-2-butene 8 were isolated from reaction mixtures (see 

experimental part). 2-phenyltetralin 7 was isolated among other reaction products, this structure 

was proposed by NMR (1H, 13C) and GC-MS comparisons with literature and database data 

(NIST98.L).55,56  

 

Preparation of 1-bromo-2-(2-phenyl-3-butenyl)benzene (4). A Schlenk tube containing 6.059 

g (249 mmol) of magnesium turnings was degassed by three cycles of vacuum-nitrogen. The 

metal was stirred for three days at room temperature under nitrogen.21 Then, another cycle 

vacuum-nitrogen was performed and the Schlenk tube was equipped with a dropping funnel 

containing a solution of cinnamyl bromide (7.00 g, 35.5 mmol) in Et2O (66 mL). The Schlenk 

tube was cooled with an ice bath and the solution was added dropwise over a 1.5-hour period. 

After this addition, the mixture was stirred for 2 h near 0 °C. Then 1 mL of the Grignard reagent 

solution was titrated by the method of Watson and Eastham.57 The yield of Grignard reagent was 

ca 64%. The Grignard reagent solution was transferred under nitrogen with a cannula, toward a 

two-necked flask containing 2-bromobenzyl bromide (2.27 g, 9.08 mmol) in Et2O (10 mL). This 

flask was cooled with a NaCl-ice bath. The reaction mixture was stirred overnight and reached 

room temperature. Then, the reaction mixture was quenched with H2SO4 2 M (8 mL) and water 

(2 mL). After decantation and extraction with Et2O (2 x 15 mL), the organic layer was dried 

(MgSO4). The solvent was evaporated and the crude product was purified on silica gel 

(petroleum ether as eluent) to give 1.377 g (53% yield) of 1-bromo-2-(2-phenyl-3-

butenyl)benzene 4 as a colorless oil (≥ 95%, GC).58 1H NMR (300 MHz, CDCl3), H 7.52 (dd, J 

= 7.9, 1.5 Hz, 1H), 7.30-6.91 (m, 8H), 6.07 (ddd, J = 17.0, 10.2, 7.5 Hz, 1H), 5.03 (ddd, J = 10.2, 

1.5, 1.1 Hz, 1H), 4.95 (dt, J = 17.0, 1.5 Hz, 1H), 3.71 (broad q, J = 7.6 Hz, 1H), 3.18 (dd, J = 

13.4, 7.8 Hz, 1H), 3.08 (dd, J = 13.4, 7.4 Hz, 1H). 13C NMR (100 MHz, CDCl3), C 143.5, 140.8, 

139.4, 132.8, 131.8, 128.5, 127.9, 127.8, 127.0, 126.5, 124.9, 115.2, 49.7, 42.6. Anal. Calcd. for 

C16H15Br: C, 66.91; H, 5.26. Found: C, 67.22; H, 5.36. 

Reaction of 1-bromo-2-(2-phenyl-3-butenyl)benzene (4) with Bu3SnH. A solution of bromide 

4 (0.154 g, 0.536 mmol), AIBN (0.0064 g, 0.039 mmol) and tributyltin hydride (0.350 mL, 1.26 

mmol) in benzene (4.65 mL) was refluxed for 22 h under a nitrogen atmosphere. After 

evaporation of the solvent, Et2O (5 mL) and DBU (0.3 mL) were added and the mixture was 

titrated with a 0.1 M iodine solution in Et2O.59 The solution was filtered through a short column 

of silica gel, dried (MgSO4) and evaporated. GC, GC-MS and NMR analyses of the reaction 

mixture showed the formation of products 5, 6 and 7 in a ca 90% yield. The ratio 5/6/7 was 

7/84/9. When 5 equiv of Bu3SnH (0.46 M) were used, the ratio 5/6/7 was 15/77/8. An authentic 

pure sample of the cyclized product (two diastereoisomers) was isolated from this experiment. A 
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first chromatography on silica gel (petroleum ether and petroleum ether-ethyl acetate 95-5 as 

eluents) followed by a chromatography on AgNO3-impregnated silica gel (petroleum ether as 

eluent) afforded the rearranged product 6 (36% isolated yield). The ratio trans/cis was 88/12. 1H 

NMR (300 MHz, CDCl3), H 7.34-7.14 (m, 9H cis- and 9H trans-), 3.76 (q, J = 7.6 Hz, 1H cis-), 

3.50 (quint., J = 7.4 Hz, 1H cis-), 3.33-3.03 (m, 4H trans- and 2H cis-), 1.29 (d, J = 6.6 Hz, 3H 

trans-), 0.85 (d, J = 7.4 Hz, 3H cis-). 13C NMR (75 MHz, CDCl3), C 148.55, 147.48, 144.00, 

142.74, 142.55, 142.38, 128.59, 128.32, 128.23, 127.85, 126.73, 126.72, 126.64, 126.57, 126.55, 

126.28, 124.46, 124.27, 123.87, 123.23, 55.88, 49.59, 47.24, 43.90, 40.69, 36.51, 17.75, 16.25. 

GC-MS, m/z (relative intensity): 208 (100), 193 (95), 179 (29), 178 (53), 130 (73), 117 (22), 115 

(60), 91 (24). The stereochemistry of the two diastereoisomers was assigned by comparison with 
1H- and 13C- NMR of the cis- isomer which were available in the literature.60,61  

Reaction of 1-bromo-2-(2-phenyl-3-butenyl)benzene (4) with t-BuLi. A Schlenk tube was 

successively degassed by three vacuum-nitrogen cycles, flamed under a flow of nitrogen and 

degassed again. Bromide 4 (0.149 g, 0.52 mmol) and THF (15 mL) were added. The solution 

was cooled to – 78 °C (acetone-dry ice) and t-BuLi (0.77 mL, 2.2 equiv) was added. The solution 

was stirred 15 min at – 78 °C and 1 h without the cooling bath. The reaction mixture was 

quenched with water (2 mL), extracted with Et2O and dried (MgSO4). GC, GC-MS and 1H NMR 

analyses show that the reaction mixture contains 5 and 8 in a 34/66 ratio. (E)-1,2-diphenyl-2-

butene 8 was isolated from the crude mixture. A first chromatography on silica gel (pentane as 

eluent) afforded a mixture of 8 and 5. A chromatography on AgNO3-impregnated silica gel was 

performed (pentane as eluent) to isolate the rearranged product 8 (0.05 g, 46% yield). 1H 

NMR (300 MHz, CDCl3), H 7.32-7.11 (m, 10H), 6.08 (q, J = 6.8 Hz, 1H), 3.88 (s, 2H), 1.85 (d, 

J = 6.8 Hz, 3H). This 1H NMR spectrum was consistent with the E stereochemistry.62,63 13C 

NMR (75 MHz, CDCl3), C 143.22, 139.93, 138.54, 128.51, 128.30, 128.28, 126.65, 126.27, 

125.93, 125.07, 35.64, 14.73. GC-MS, m/z (relative intensity) : 208 (100), 193 (66), 179 (31), 

178 (31), 130 (41), 117 (54), 115 (87), 91 (42). 

This reaction was not controlled easily and revealed a capricious behavior. The best 

reproducibility was obtained using Schlenk techniques as described above. Nevertheless, 

variable amounts of two other products 9a and 9b were obtained (≤1-20%) altering the ratio 5/8. 

These products were not isolated but GC-MS (molecular ion: m/z = 264) and 1H NMR (two 

singlets at 0.94 and 0.97 ppm) analyses of the crude product suggest that they probably result 

from the incorporation of the tert-butyl group. The ratio 5/8 became 48/52 when 20% of tert-

butyl incorporation was found (5/8/9a-b = 38/42/20). 

Reaction of 1-bromo-2-(2-phenyl-3-butenyl)benzene (4) with Mg. Magnesium (0.0322 g, 1.32 

mmol) was introduced in a Schlenk tube equipped with a magnetic bar. The Schlenk tube was 

successively degassed by three cycles of vacuum/nitrogen, flamed under a flow of nitrogen and 

degassed again. A flask (10 mL) containing bromide 4 (0.0857 g, 0.298 mmol), was flushed with 

nitrogen for about 10 min. Then, THF (2 mL) and 1,2-dibromoethane (10 l, 0.115 mmol) were 

added by syringe in the flask. The solution obtained was transferred via cannula to the Schlenk 

tube. After 3 h 20 min of stirring (Teflon coated stir bars were used) at room temperature the 
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yield of the Grignard reagent was estimated by the Watson and Eastham’s method.57 A solution 

of o-phenanthroline (~ 1 mg) in THF (~ 1 mL) was added by syringe. If the Grignard reagent is 

present, a red-maroon color develops here. The mixture was then titrated to the endpoint with a 

solution of 2-butanol in xylenes (0.5 M). The yield was 89% (average of 2 experiments). After 

dilution with Et2O, the reaction mixture was successively washed with ammonium chloride 10% 

and water, dried (MgSO4), and filtered. GC and 1H NMR analyses show that the reaction mixture 

contains 5 and 8 in a 91/9 ratio.  
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