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Related work in progress is directed to (a) the characterization 
of the reactivities of the various species 1, 2, and 3 with other 
functional groups (alcohols, amines, conjugated and nonconjugated 
polyolefins, thiols, ascorbic acid, a-tocopherol, and model sub
strates for lignin) and polyfunctional substrates, (b) the devel
opment of other ML*/solvent systems for the selective formation 
of reactive intermediates 1, 2, and 3 (metals: Co, Cu, Mn, Cr, 
V, Mo, and Ru), and (c) the complete characterization of the 
various species 1, 2, and 3 by electrochemical, spectroscopic, 
magnetic, and kinetic measurements. Preliminary results indicate 
that (a) the Fen(bpy)22"7HOOH/py system is an effective reaction 
mimic (via production of species 1) for ligninase (selectively 
dehydrogenates 3,4-(MeO)2PhOH)32'33 and (b) several Cu11L1 

complexes activate HOOH in a manner similar to that of Co11-
(bpy)2

2+-3 
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Introduction 
In 1964, on the basis of experimental evidence involving ste

reochemical studies as well as analyses of products, we proposed 
our initial mechanism for Grignard reagent formation.20 This 
mechanism was elaborated26 upon in 1973 and is depicted in 
Scheme I. There is general agreement that the reaction is initiated 
by an electron transfer from the magnesium surface to the <r* 
antibonding orbital of the carbon-halogen bond (outer sphere, 
pathway 1) to produce a tight radical anion-radical cation pair 
and that this is the rate-determining step of the reaction.2""8 There 
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Scheme I. Proposed Mechanism for Grignard Reagent Formation 

is also agreement that free radicals are involved in this reaction, 
formed either directly by inner-sphere electron transfer from the 
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Abstract: The reaction of exo-2-norbornyl bromide with Rieke magnesium in ether at -70 0C in the presence of /er/-butyl 
alcohol-O-rf gave exclusively exo-2-deuterionorbornane whereas the epimer enrfo-2-norbornyl bromide yielded a 1:1 mixture 
of endo- and exo-2-deuterionorbornane. Reaction of the epimeric bromides with Rieke magnesium in the presence of /e/-/-butyl 
alcohol and a 10-fold equivalent excess of the radical trap deuterated dicyclohexylphosphine resulted in only 8% deuterium 
incorporation in the products. Treatment of exo-5-bromo-2-norbornene under identical conditions (/erf-butyl alcohol-O-rf, 
-70 0C) yielded a 65:35 mixture of exo-5-deuterio-2-norbornene and 3-deuterionortricyclene. In the presence of /erZ-butyl 
alcohol and a 10-fold excess of deuterated dicyclohexylphosphine the reaction of exo-5-norbornenyl bromide gave the same 
mixture of products but with only 8% deuterium incorporated. These results strongly support the surface nature of the Grignard 
formation reaction. 

0002-7863/92/1514-3455S03.00/0 © 1992 American Chemical Society 



3456 J. Am. Chem. Soc, Vol. 114, No. 9, 1992 Walborsky and Topolski 

magnesium surface (pathway 2) or by collapse of the tight radical 
anion-radical cation (pathway 3) to yield a loose radical pair. It 
is at this juncture that there is disagreement. We have provided 
evidence that most of the radicals remain adsorbed on the mag
nesium surface to form Grignard reagent either by collapse of the 
tight radical anion-radical cation pair (pathway 4) or by com
bination of the radical with magnesium halide (pathway 5). The 
surface radicals can also undergo dimerization and dispropor
tion tion (pathway 6), and some can escape the surface and react 
in solution. The experimental evidence in support of this mech
anism has recently been reviewed.21m Recently a model, the 
"D-model", based on diffusion theory has been proposed9 for 
Grignard reagent formation whose basic tenet is "that all radicals 
leave the surface and diffuse freely in solution at all times". Our 
mechanism and the D-model have recently been reviewed.10 We 
now present our findings on the reaction of exo- and endo-2-
norbornyl bromide as well as 5-exo-norbornenyl bromide with 
magnesium which provide further evidence in support of the 
surface nature of Grignard reagent formation. 

The 2-norbornyl system was selected for investigation because 
the 2-norbornyl radical has been thoroughly investigated. The 
radical is a planar ir-radical11 which is attacked largely from the 
less hindered exo side. Therefore, whether one starts with the 
exo or endo precursor of the 2-norbornyl radical, a mixture of exo 
and endo products is obtained, with the exo product always 
predominating, fceM » fcendo. Thus, conversion of substituted 

> -^ - ^ "if ^f 
X H 

2-norbornanecarboxylic acids to the corresponding 2-norbornyl 
bromides by the Hunsdiecker or related reactions gives the same 
product ratio (69% exo, 31% endo) independent of the stereo
chemistry of the starting material.12 Oxidation of epimeric 
tri-2-norbornylboranes with oxygen leads to a mixture containing 
76% exo- and 24% endo-2-norbornanol,u and the same product 
ratio is obtained in the autooxidation of 2-norbornylmagnesium 
halides.14 Also, free radical chlorination or bromination of 
norbornane yields 70% exo product, and halogen abstraction by 
the 2-norbornyl radical from carbon tetrachloride affords 95% 
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exo-2-chloronorbornane.15 In solution, reductions of epimeric 
2-norbornylmercuric bromides with metal deuterides were found 
to give predominantly exo products (84-92%), again independent 
of the stereochemistry of the starting material.16 However, it 
is significant and of interest to note that the reductions of epimeric 
2-norbornylmercuric acetates16b and exo- and endo-(3-methoxy-
2-norbornyl)mercuric chlorides17 proceed with complete retention 
of configuration when the reductions are performed using sodium 
amalgam, a surface reaction. 

The literature provides a clear picture of the behavior of the 
norbornyl free radical in solution. If this radical is produced in 
the reaction forming the Grignard reagent and if "all the radicals 
leave the surface and diffuse freely in solution at all times", then 
one should observe the same ratio of endo- to exo-norbornyl-
magnesium halide regardless of which epimer of 2-norbornyl 
bromide is used since this radical is a planar ir-radical. However, 
as we shall see this is clearly not the case. 

Results and Discussion 
It has been demonstrated that the carbon-magnesium bonds 

in vinyl and cyclopropyl systems are configurationally stable at 
room temperature in aprotic solvents.2 It has been shown that 
sp3 hybridized secondary carbon-magnesium bonds undergo slow 
inversion on the NMR time scale18 and, as expected, the 2-nor
bornylmagnesium bond behaves in a similar manner. The 
endo-exo equilibrium composition is obtained only after allowing 
a sample to remain at ambient temperature for 1 day.19 There 
is agreement that the epimerization is slow but the reported 
endoxxo ratios at equilibrium vary from 54:46 for 2-norbornyl
magnesium chloride20 to 59:41 for 2-norbornylmagnesium brom
ide.14'19 On the other hand, Hill21 found the equilibrium mixture 
for 2-norbornylmagnesium chloride to be 50:50. In our hands 
we find a 47:53 endoxxo ratio at equilibrium starting from the 
exo bromide and a 48:52 endo:exo ratio starting from the endo 
bromide. 

The reactions of the epimeric 2-norbornyl bromides were carried 
out in ether with Rieke magnesium22 which is known to react with 
organic halides even at -70 0C. The presence of 4 equiv of 
terf-butyl alcohol-O-d in the reaction mixture assures rapid 
quenching of the organomagnesium species and also provides a 
marker in the products for analytical purposes.21 At the same time 
it reduces the possibility of epimerization of the Grignard reagents. 
The reference samples of exo- and en^o-2-deuterionorbornane were 
prepared starting with the corresponding bromides which were 
treated with ferf-butyl lithium at -70 0C followed by quenching 
with methanol- O-d. The 2H NMR chemical shifts found were 
at 5 = 1.1 ppm for exo and 5 = 0.8 ppm for the endo isomer. 

The reaction of exo 2-norbornyl bromide with Rieke magnesium 
at -70 0C in the presence of terf-butyl alcohol-0-rf gave exclusively 
exo-2-deuterionorbomane, as evident from the 2H NMR spectrum 
of the product (5 = 1.1 ppm). On the other hand, when endo-
2-norbornyl bromide, the sterically hindered epimer, was reacted 
under the same conditions a mixture of products containing 50% 
exo and 50% endo derivative was formed. Thus, the less hindered 
exo epimer reacts almost exclusively via pathways 1 and 4 whereas 
the more hindered endo epimer can also proceed by pathways 
1-3-5 or -6 and/or 2-5 or -6 in Scheme I. Even when both 
reactions were run at room temperature, the difference between 
them, although much smaller, was still detectable. Starting from 
the exo bromide, the product ratio was 88% exo and 12% endo, 
whereas from the endo bromide the composition was 79% exo and 
21% endo. We have observed the same temperature effect pre-
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viously in the reaction of (5)-(+)-l-bromo-l-methyl-2,2-di-
phenylcyclopropane under the same conditions.̂  At -65 0C, the 
hydrocarbon (/?)-(-)-1 -deuterio- l-methyl-2,2-diphenylcyclo-
propane was obtained with an optical purity of 43% whereas at 
+20 0C the same hydrocarbon was formed but with an optical 
purity of 18%. 

In order to determine experimentally whether the 2-norbornyl 
radicals did indeed leave the surface of the magnesium and 
"...diffuse freely in solution at all times", as proposed by the 
diffusion theory based D-model, we selected the radical trap 
dicyclohexylphosphine. This reagent has been shown to be a very 
effective radical trap23 and has been used by Ashby24 in the 
Grignard reaction for this purpose rather than using a nitroxyl 
radical as a trapping agent.58 The latter, a frequently used radical 
trapping agent, should not be used for Grignard reactions since 
they have been found to oxidize the Grignard reagents25 and induce 
further radical reactions. Thus, the Grignard reactions of epimeric 
norbornyl bromides were conducted, at room temperature, in ether 
with Rieke magnesium in the presence of 10 equiv of deuterated 
dicyclohexylphosphine, which should trap the free radicals al
legedly floating in solution, to give CD products. Also present 
in solution was 4 equiv of rert-butyl alcohol in order to quench 
the organomagnesium species to yield CH products. The reaction 
mixtures were analyzed by the GC-MS technique. Essentially 
no deuterium incorporation was found in the case of exo-2-nor
bornyl bromide and only 8% deuterium incorporation was found 
when the endo bromide was used. These results clearly indicate 
that even at room temperature the relatively high percentage of 
epimerization should be attributed to pathway 3 in Scheme I, 
where rotation of the radicals on the surface can occur. Diffusion 
of the radicals into the solution seems to be a minor process. At 
low temperatures, -70 0C, the results obtained for exo and endo 
bromides show a great deal of retention of configuration, indicating 
that pathway 4 is competing effectively with pathway 3. These 
observations unambigously indicate the surface nature of the 
Grignard reaction. 

The Norbornenyl-Nortricyclenyl System. The rearrangement 
of the 5-norbornenyl radical to the 3-nortricyclenyl radical has 
been thoroughly studied and found to be a very useful radical 
clock.26 The rate constant for this rearrangement has been 

8 -1 
10 -10 s <fcb 

established using kinetic electron paramagnetic resonance (EPR) 
spectroscopy and found to be 6 X 102 s"1 at -130 0C and greater 
than 106-108 s"1 at 25 0C.27'23" At equilibrium, in solution, the 
mixture was found to consist mainly of the nortricyclenyl deriv
ative. Davies et al.28 showed that the cobaltous chloride catalyzed 

(23) (a) Alnajjar, M. S.; Kuivila, H. G. J. Org. Chem. 1981, 46, 1053. (b) 
Smith, G. F.; Kuivila, H. G.; Simon, R.; Sultan, L. / . Am. Chem. Soc. 1981, 
103, 833. (c) Ashby, E. C; DePriest, R. J. Am. Chem. Soc. 1982,104, 6144. 

(24) Ashby, E. C; Oswald, J. J. Org. Chem. 1988, 53, 6068. 
(25) Carloni, P.; Greci, L.; Stipa, L.; Eberson, L. J. Org. Chem. 1991, 56, 

4733. 
(26) Griller, D.; Ingold, K. U. Ace. Chem. Res. 1980, 13, 323. 
(27) Wong, P. C; Griller, D. J. Org. Chem. 1981, 46, 2328. 
(28) Davies, D. I.; Done, J. N.; Hey, J. / . Chem. Soc, Chem. Commun. 

1966, 725. 

reaction of 5-bromo-2-norbornene and 3-bromonortricyclene with 
methylmagnesium bromide leads to an identical mixture of 
products consisting of 30% 2-norbornene and 70% nortricyclene. 
Free radical (SET) reactions of trimethyltin sodium with 5-
norbornenyl and 3-nortricyclenyl halides gave almost the same 
equilibrium mixture of products233 as did the tri-n-butyltin hydride 
reduction of these same halogens.29 On the other hand, sodium 
amalgam reductions of acetoxy-substituted 5-norbornenyl- and 
3-nortricyclylmercuric halides proceed with complete retention 
of configuration at carbon,16b obviously excluding a free radical 
pathway and speaking for the surface nature of this reaction. 

The Grignard reaction of exo-5-bromo-2-norbornene was 
carried out in ether with Rieke magnesium at -70 0C exactly 
following the conditions described above for norbornyl bromides. 
In order to establish 2H NMR chemical shifts for the possible 
products exo-5-deuterionorbornene and 3-deuterionortricyclene, 
it was necessary to prepare reference samples of these compounds 
as well as their bromide precursors. A sample of 3-bromonor
tricyclene was prepared by phase-transfer-catalyzed addition of 
hydrobromic acid to norbornadiene, which gave mainly the re
arranged nortricyclyl product isolated by preparative gas chro
matography. Since it was impossible to separate the desired 
ex0-5-bromo-2-norbornene from a small amount of its endo ep-
imer, we had to devise another method for its synthesis. We found 
that low-temperature addition of hydrogen bromide to nor
bornadiene gives, in the presence of silica gel,30 mainly the exo-
5-norbornenyl bromide, some of a nortricyclyl product, and no 
endo isomer. The exo-5-norbornenyl bromide could now be iso
lated by using preparative gas chromatography. 

HBr 
LL^// Silica gel 

Br. 

The hydrolysis of the Grignard reagents prepared from either 
3-bromonortricyclene or e/irfo-5-bromo-2-norbornene produces 
nortricyclene and 5-10% of unsaturated hydrocarbon.31 Free
man32 has reported that heating the Grignard reagents formed 
from a 54:46 endo/exo mixture of 5-chloro-2-norbornene in di
n-butyl ether to 130 0C followed by hydrolysis yielded 92% 
nortricyclene and 7% 2-norbornene. The 3-chloronortricyclene, 
under the same conditions, gave 87% nortricyclene and 13% 2-
norbornene. This represents the thermodynamic equilibrium 
mixture of the Grignard reagents. 

Finally the Grignard reaction of exo-5-norbornenyl bromide 
was conducted under previously described conditions (-70 0C, 
terf-butyl alcohol-0-rf). The product was analyzed by 2H NMR 
and GC and found to be a 65:35 mixture of two compounds. The 
minor product showed a chemical shift 8 = 1.0 ppm, identical with 
that of 3-deuterionortricyclene.33 The major product (5 = 1.4 
ppm) was identified as exo-5-deuterionorbornene by GC analysis 
(comparison with authentic samples). 

Mg 
/-BuOD 

The same reaction was repeated in the presence of a 10-fold 
excess of deuterated dicyclohexylphosphine and fert-butyl alcohol. 
The product mixture was then analyzed by the GC-MS technique. 
Again two products were found, norbornene (65%) and nortri
cyclene (35%). The deuterium incorporation in norbornene was 
barely detectable (~2%) whereas the nortricyclene contained 22% 

(29) Carlsson, D. J.; Ingold, K. U. J. Am. Chem. Soc. 1968, 90, 7047. 
(30) Kropp, P. J.; Dans, K. A.; Crawford, S. D.; Tubergen, M. W.; Kepler, 

K. D.; Craig, S. L.; Wilson, V. P. J. Am. Chem. Soc. 1990, 112, 7433. 
(31) Roberts, J. D.; Trumbull, E. R., Jr.; Bennett, W.; Armstrong, R. J. 

Am. Chem. Soc. 1950, 72, 3116. 
(32) Freeman, P. K.; George, D. E.; Rao, V. N. M. / . Org. Chem. 1964, 

29, 1682. 
(33) An authentic sample of 3-deuterionortricyclene was prepared inde

pendently (see Experimental Section). 
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deuterium. This amounts to about 8% total deuterium incorpo
ration. These results are understandable in light of the mechanism 
proposed in Scheme I. The norbornene is formed by pathways 
1 and 4 and corresponds to the retention of configuration we 
observed in the chiral systems;2 very little, if any, deuterium would 
be expected to be incorporated since we are dealing with a sur
face-bound radical anion-radical cation intermediate. The collapse 
of this intermediate to the loose radical pair (pathway 3) would 
permit the 5-norbornenyl radical to form 5-norbornenylmagnesium 
bromide and also to rearrange to 3-nortricyclenyl radical which 
can then form the corresponding Grignard reagent (pathway 5) 
at the surface. Some of the 3-nortricyclenyl and 5-norbornenyl 
radicals, whose ratio is not known, leave the surface and go into 
solution (pathway 6) where the 5-norbornenyl radical is largely 
converted to the 3-nortricyclenyl radical (106-108 s"1 at 25 0C), 
and the radicals can react with the deuterated dicyclohexyl-
phosphine. 

Conclusion 
Our experimental results provide further confirmation of the 

view that Grignard reagent formation is largely a surface reaction 
and that the basic premise of the D-model "that all radicals leave 
the surface and diffuse freely in solution" is untenable. 

Experimental Section 
The solvents tetrahydrofuran and ether were dried by refluxing and 

distilling from sodium-potassium alloy. /ert-Butyllithium was titrated 
before use. All experiments were conducted in a dry argon atmosphere. 

IR spectra were taken on a Perkin-Elmer 257 spectrophotometer. 1H 
and 13C NMR spectra were recorded with a Varian 300-MHz instrument 
(75 MHz for 13C nuclei). 2H NMR and 31P NMR spectra were taken 
with a Bruker 270-MHz instrument operating at 41 MHz for deuterium 
nuclei and at 109 MHz for phosphorus nuclei. 2H NMR chemical shifts 
are reported relative to deuteriochloroform, whose chemical shift was 
assumed to be 7.24 ppm. Mass spectra and GC-MS analyses were 
performed using a Finnigan 4500 automated gas chromatograph/EI mass 
spectrometer equipped with a DB-5 fused silica capillary column (J&W 
Scientific). Deuterium incorporation was calculated from the data for 
the parent ions using standard procedures. Vapor pressure chromatog
raphy (VPC) analyses were performed with a Hewlett-Packard 5710 gas 
chromatograph with 20% SE-30 as a stationary phase. Preparative GC 
separations were performed with a Varian Aerograph Model 700 gas 
chromatograph with 15% SF-96 on chromosorb W as a stationary phase. 

General Procedure for the Preparation of Rieke Magnesium. Rieke 
magnesium was prepared according to the original procedure of Rieke22 

using 10 mmol of magnesium bromide (prepared in situ from magnesium 
turnings and ethylene dibromide) and 19 mmol of potassium in 25 mL 
of THF. The black slurry of Rieke magnesium was allowed to cool, and 
the solvent was removed by filtration using a positive pressure of argon. 
It was then washed with ether and filtered, and 20 mL of fresh ether was 
added. 

Preparation of exo-2-Deuterionorbornane. A solution of exo-2-nor-
bornyl bromide34 (0.9 g, 5 mmol) in ether (20 mL) was treated with a 
1.5 M solution of ferr-butyllithium in pentane (8 mL, 12 mmol) at -70 
0C, and the reaction mixture was stirred at -70 0C for an additional 1 
h, quenched with methanol-O-d, and washed with water. The organic 
layer was separated and dried over magnesium sulfate, and 5 mL of 
chloroform was added. The solvents were then removed by distillation 
using a spinning band. The residue was then analyzed by GC, and the 
product exo-2-deuterionorbornane was identified by GC-MS and 2H 
NMR: MS (EI) m/e 97 (M+); 2H NMR 5 = 1 . 1 ppm. 

Preparation of enrfo-2-Deuterionorbornane. The procedure described 
above was followed but starting with en<fo-2-norbornyl bromide:35 2H 
NMR i = 0.8 ppm. 

Grignard Reactions of exo- and endo-2-Norbornyl Halides with Rieke 
Magnesium at -70 0C. The slurry of Rieke magnesium (10 mmol) in 
ether (20 mL) was cooled to -70 °C, and the solution of 2-norbornyl 
bromide (5 mmol) and fert-butyl alcohol-CW (20 mmol) in ether (2 mL) 
was added. The reaction mixture was stirred for 4 h at -70 °C, allowed 
to reach -40 0 C within 0.5 h, and quenched with saturated ammonium 
chloride solution. The organic layer was separated and dried over 
magnesium sulfate. Chloroform (5 mL) was then added, and solvents 
were removed by distillation using a spinning band column. The distil-

(34) Purchased from Aldrich Chemical Co. 
(35) Tamao, K.; Yoshida, J.; Yamamoto, H.; Kakui, T.; Matsumoto, H.; 

Takahashi, M.; Kurita, A.; Murata, M.; Kumada, M. Organometallics 1982, 
J, 355. 

lation was stopped when the boiling point of chloroform was reached. 
The residual solution was then analyzed by GC, GC-MS, and 2H NMR 
techniques. The product 2-deuterionorbornane was identified by GC 
comparison with authentic samples and the GC-MS technique. 

When exo-2-norbornyl bromide was used as a starting material, only 
exo-2-deuterionorbornane could be detected by 2H NMR (S = 1.1 ppm). 
endo-2-Norbornyl bromide, on the other hand, gave 50% exo product (2H 
NMR S = 1.1) and 50% endo derivative (2H NMR & = 0.8 ppm): MS 
(EI) m/e 97 (M+). 

Grignard Reactions of exo- and endo-Norbornyl Halides with Rieke 
Magnesium at Room Temperature. A solution of norbornyl bromide (5 
mmol) and lert-butyl alcohol-0-d (20 mmol) in ether (2 mL) was in
jected into the slurry of Rieke magnesium in ether at room temperature. 
The reaction mixture was stirred for 4 h at room temperature and worked 
up as described above. The product ratio was analyzed by the 2H NMR 
technique. 

When exo-norbornyl bromide was used as a starting material, the 
product consisted of 88% exo-2-deuterionorbornane (2H NMR 6 = 1 . 1 
ppm) and 12% endo derivative (2H NMR i = 0.8 ppm). 

When endo-norbornyl bromide was used as a starting material, the 
product composition was 79% exo- (2H NMR b = 1.1 ppm) and 21% 
endo- (2H NMR 5 = 0.8 ppm) 2-deuterionorbornane. 

Equilibration Experiments. A solution of norbornyl bromide (5 mmol) 
in ether (2 mL) was added to the slurry of Rieke magnesium in ether, 
and the reaction mixture was stirred under reflux, quenched with tert-
butyl alcohol-CW (20 mmol), and worked up as usual. The product ratio 
was determined using the 2H NMR technique. 

Starting from exo-2-norbornyl bromide, the ratio was 65% exo, 35% 
endo after 0.5 h of reflux, 60% exo, 40% endo after 3 h of reflux, and 
53% exo, 47% endo after 10 h of reflux. Starting from endo-2-norbornyl 
bromide, the ratio was 52% exo, 48% endo after 1 h of reflux as deter
mined by 2H NMR. 

Dicyclohexylphosphine. The literature procedure36 was followed to 
give the product: 31P NMR 6 = -21.21 ppm; 1H NMR d = 0.80-1.22 
(m, 12 H), 1.56-1.74 (m, 10 H); 13C NMR & = 26.09 (s), 26.87 (d, J 
= 9.1 Hz), 29.49 (d, J = 7.9 Hz), 32.46 (d, J = 11.4 Hz); IR (film) 2260 
cm"1 (P-H). 

Preparation of Deuterated Dicyclohexylphosphine. A solution of di
cyclohexylphosphine (9.9 g, 50 mmol) in ether (100 mL) was treated with 
a 2.5 M solution of n-butyllithium in hexane (40 mL, 100 mmol) at -70 
0C. The reaction mixture was allowed to warm to 10 0C, and within 1 
h a yellow precipitate was formed. The mixture was cooled to -70 0C, 
quenched with methanol-CM, and filtered through a short pad of Celite 
under an argon atmosphere and the solvent stripped in vacuo. The 
residue was distilled in Kugelrohr (80 0C at 0.3 Torr) to give 8.0 g (80% 
yield) of deuterated dicyclohexylphosphine: 31P NMR S = -27.28 ppm; 
1H NMR J = 0.82-1.22 (m, 12 H), 1.56-1.74 (m, 10 H); 13C NMR 8 
= 25.99 (s), 26.76 (d, J = 9.1 Hz), 29.37 (d, J = 7.9 Hz), 32.45 (m); 
IR (film) 1657 cm"1 (P-D). 

Grignard Reaction in the Presence of Deuterated Dicyclohexyl
phosphine. A mixture of 2-norbornyl bromide (5 mmol), deuterated 
dicyclohexylphosphine (50 mmol, 10-fold excess), and fert-butyl alcohol 
(20 mmol) was added to the slurry of Rieke magnesium in ether at room 
temperature. The reaction mixture was stirred for 4 h at room tem
perature and worked up as usual. The deuterium incorporation into the 
product was determined using the GC-MS technique. 

In the case of exo-2-norbornyl bromide the deuterium incorporation 
was not detectable, whereas in the case of e/i<fo-2-norbornyl bromide the 
deuterium incorporation was 8%. 

Preparation of 3-Nortricyclyl Bromide.31,37 Concentrated hydro-
bromic acid (50 mL) was added to a solution of norbornadiene (21.6 mL, 
200 mmol) in methylene chloride (100 mL) containing tetrabutyl-
ammonium bromide (50 mg). The resulting two-phase mixture was 
vigorously stirred at room temperature for 3 h and then diluted with 
water. The organic layer was separated, washed with saturated sodium 
bicarbonate solution and water, and dried over magnesium sulfate, and 
the solvent was removed under reduced pressure. The residue was dis
tilled to give 19.3 g (53%) of the product, bp 68-70 0 C (20 Torr). The 
product was analyzed by GC and 'H NMR and found to consist of 69% 
3-nortricyclyl bromide, 27% exo-5-norbornenyl bromide, and 4% endo-
5-norbornenyl bromide. A sample of the nortricyclyl bromide was iso
lated by using preparative gas chromatography (75 0C) to give the fol
lowing data: 1H NMR 6 = 1.18-1.22 (m, 1 H), 1.24-1.45 (m, 5 H), 1.98 
(d, J = 11.3 Hz, 1 H), 2.08 (s, 1 H), 3.90 (s, 1 H). The two epimeric 
norbornenyl bromides were not separable by using this technique. 

(36) Houben-Weyl Methoden der Organischen Chemie; Verlag-Chemie: 
Stuttgart, 1963; Vol. XII/1, p 62. 

(37) Schmerling, L.; Louvisi, J. P.; Welch, R. W. / . Am. Chem. Soc. 1956, 
78, 2819. 



/ . Am. Chem. Soc. 1992, 114, 3459-3464 3459 

Preparation of ejro-5-Norbornenyl Bromide.38 Dry hydrogen bromide 
was passed at -70 0C through a solution of norbornadiene (21.6 mL, 200 
mmol) in methylene chloride containing 5 g of silica gel. The saturated 
solution was washed with water, saturated sodium bicarbonate solution, 
and water. The organic layer was dried over magnesium sulfate and the 
solvent evaporated under reduced pressure. The residue was distilled in 
vacuo to give the product, 16.9 g, (49% yield), bp 68-70 0C (20 Torr). 
The product composition was determined by GC and 1H NMR and was 
found to be 75% exo-5-norbornenyl bromide and 25% 3-nortricyclyl 
bromide. e/xfo-5-Norbornenyl bromide was not detectable. The desired 
exo-5-norbornenyl bromide was isolated by using preparative gas chro
matography (75 0C): 1H NMR i = 1.59-1.64 (m, 1 H), 1.81-2.01 (m, 
3 H), 2.88 (s, 1 H), 3.08 (s, 1 H), 3.73-3.78 (m, 1 H), 5.96 (dd, J = 3.3 
Hz, J = 5.1 Hz, 1 H), 6.17 (dd, J = 3.3 Hz, J = 5.1 Hz, 1 H). 

Preparation of Deuterated Nortricyclene. 5-Nortricyclyl bromide (173 
mg, 1 mmol) was dissolved in ether, cooled to -70 0C and treated with 
a 1.5 M solution of ««-butyllithium in pentane (2.5 mmol, 1.7 mL). The 
reaction mixture was stirred for 1 h at -70 0C and quenched with 
methanol-O-d, washed with water, and dried over anhydrous magnesium 
sulfate and chloroform (5 mL) added. The solvents were removed by 
distillation through a spinning band column until the boiling point of 
chloroform was reached. The residual solution was analyzed by GC-MS 
and 2H NMR: MS (EI) m/e 95 (M+); 2H NMR 5 = 1.0 ppm. 

Grignard Reaction of esro-5-Norbomenyl Bromide with Rieke Mag
nesium. A mixture of exo-5-norbornenyl bromide (350 mg, 2 mmol) and 

(38) Grob, C. A.; Gunther, B.; Hanreich, R. HeIv. Chim. Acta 1982, 65, 
2288. 

tert-bulyl alcohol-0-rf (8 mmol) was added to the slurry of Rieke mag
nesium in ether at -70 0C, and the reaction mixture was stirred at this 
temperature for 4 h. The mixture was allowed to warm to -40 0C within 
0.5 h, and the excess Rieke magnesium was destroyed with saturated 
ammonium chloride solution. The reaction mixture was then washed 
with water and dried and chloroform (5 mL) added. The solvents were 
removed by distillation through a spinning band column until the boiling 
point of chloroform was reached. The products were identified by GC 
comparison with authentic samples, and the product ratio was determined 
by GC and 2H NMR: 2H NMR & = 1.4 ppm (exo-5-deuterionor-
bornene, 65%), S = 1.0 ppm (deuterionortricyclene, 35%). 

Grignard Reaction of oiro-5-Norbornenyl Bromide with Rieke Mag
nesium in the Presence of Deuterated Dicyclohexylphosphine. The 
Grignard reaction was carried out under the conditions described above 
using 2 mmol of exo-5-norbornenyl bromide, 8 mmol of terf-butyl alco
hol, and 20 mmol of deuterated dicyclohexylphosphine. After the usual 
workup the sample was analyzed by GC-MS. Two products were found: 
65% norbornene (2% deuterium incorporation) and 35% nortricyclene 
(22% deuterium incorporation). 

Registry No. Mg, 7439-95-4; r-BuOD, 3972-25-6; /-BuOH, 75-65-0; 
MgBr2, 7789-48-2; exo-2-norbornyl bromide, 2534-77-2; endo-2-nor-
bornyl bromide, 13237-87-1; exo-5-bromo-2-norbornene, 5889-54-3; di
cyclohexylphosphine, 829-84-5; deuterated dicyclohexylphosphine, 
91523-73-8; exo-2-deuterionorbornane, 22642-76-8; emfo-2-deuterio-
norbornane, 22642-75-7; 2,5-norbornadiene, 121-46-0; endo-5-nor-
bornenyl bromide, 5810-82-2; 3-nortricyclyl bromide, 695-02-3; exo-5-
deuterio-2-norbornene, 37907-31-6; 3-deuterionortricyclene, 38570-13-7. 
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Abstract: Quantum chain processes in the photoisomerization of retinal isomers (all-trans, 7-cis, and 11-cis) are reflected 
in the dependence of quantum yield of isomerization on concentration of retinal (to values exceeding unity), the presence of 
one-photon multiple-bond isomerization, and changes of product distribution on retinal concentration. The processes are believed 
to take place exclusively from the triplet states. Reaction schemes involving participation of 12-(S)-CiS conformers in the quantum 
chain processes have been advanced to account for all of the results. 

Introduction 
The concept of propagation of light quanta (quantum chain 

process) in an isomerization process, first postulated in 1969,1 was 
firmly established in dienes by Saltiel and co-workers,2 followed 
by cases of trienes.3 The involvement of the quantum chain 
process was characterized by increasing quantum yield of isom
erization at higher substrate concentrations (to greater than unity) 
and by the presence of one-photon two-bond isomerization. Since 
then, similar phenomena have been demonstrated in hindered 
styryl derivatives4 and in diphenylbutadiene.5 

Photoisomerization of retinal has been investigated in great 
detail by many workers. Those studies preceding 1988 are covered 
in an extensive review by Becker.6 More recently, Jensen et al.7 

reexamined the triplet-state reaction in detail, emphasizing the 
relation between rates of triplet sensitization (energy transfer) 
with quantum yields of isomerization and photostationary-state 
compositions. They further clarified some of the ambiguities from 
conflicting reported data. No attempts were made to examine 
the effects of retinal concentration although some of their quantum 

f For previous paper in the series, see ref 25. 
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yield data, particularly those from the hindered 11-cis isomer, 
nearly exceeded unity. The latter situation would have suggested 
possible involvement of quantum chain processes in retinal isom
erization, a possibility that was then demonstrated in the hindered 

(1) Hyndman, H. L.; Monroe, B. M.; Hammond, G. S. J. Am. Chem. Soc. 
1969, 91, 2852-2859. 

(2) (a) Saltiel, J.; Townsend, D. E.; Sykes, A. J. Am. Chem. Soc. 1973, 
95, 5968-5973. (b) Saltiel, J.; D'Agostino, J.; Megarity, E. D.; Metts, L.; 
Neuberger, K. R.; Wrighton, M.; Zafiriou, O. C. Org. Photochem. 1973, 3, 
1-113. 

(3) (a) Liu, R. S. H.; Butt, Y. C. C. /. Am. Chem. Soc. 1971, 93, 
1532-1534. (b) Butt, Y. C. C, Ph.D. Thesis, University of Hawaii, Honolulu, 
HI, 1973. (c) Butt, Y. C. C; Singh, A. K.; Baretz, B. H.; Liu, R. S. H. /. 
Phys. Chem. 1981, 85, 2091-2097. 

(4) (a) Karatsu, T.; Arai, T.; Sakuragi, H.; Tokumaru, K. Chem. Phys. 
Lett. 1985, 115, 9-15 and papers cited therein, (b) Sundahl, M.; Wenner-
strom, O.; Sandros, K.; Norinder, U. Tetrahedron Lett. 1986, 27, 1063-1066. 
(c) Ito, Y.; Uozu, Y.; Dote, T.; Ueda, M.; Matsuura, T. J. Am. Chem. Soc. 
1988, 110, 189-198. 

(5) Yee, W. A.; Hug, S. J.; Kliger, D. S. J. Am. Chem. Soc. 1988, 110, 
2164-2169. 

(6) Becker, R. Photochem. Photobiol. 1988, 48, 369-399. 
(7) Jensen, N.; Wilbrandt, R.; Bensasson, R. V. J. Am. Chem. Soc. 1989, 

///,7877-7888. 
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