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Table 11. Coordinates of the Heavier Atoms of 5 
atom X Y 2 

c11 
c12 
01 
0 2  
0 3  
0 4  
N1 
c1 
c 2  
c 3  
c 4  
c 5  
C6 
C7 
C8 
c 9  
c10 
c11 
c12  
C13 
C14 
C15 
C16 
C17 

0.21926 (6) 
0.04780 (6) 
0.2496 (1) 
0.0756 (2) 
0.0096 (1) 

0.1863 (2) 
0.0565 (2) 
0.1287 (2) 
0.1267 (2) 
0.0515 (2) 

- 0.489 ( 2 )  

-0.0219 (2) 
-0.0196 (2) 

0.0549 (2) 
0.1761 (2) 
0.2865 (2) 
0.0890 (2) 
0.0068 (2)  

-0.3.21 5 (2) 
--0.1879 (2) 
-0.141 5 ( 2 )  
-0.0149 (2) 
-0.0098 (2) 

0.0246 (2) 

0.01325 (8)  
0.29197 (8) 

0.1 700 (2) 
-0.0939 (2) 

-0.2083 (2) 
-0.4403 (2) 

0.0433 (2) 
0.0974 (2) 
0.0349 (2) 
0.0939 (3) 
0.2149 (3) 
0.2751 (3) 
0.2179 (3) 
0.0272 (2) 

-0.0158 (3) 
0.0111 (4) 
0.1221 ( 3 )  
0.1398 (2) 
0.1184 (4) 
0.0179 (3) 

-0.0958 (3) 
-0.1289 (2) 
-0.3656 (2) 
-0.4282 (3) 

0.04100 (4) 
0.06547 (3) 

-0.23057 (10) 
-0.44231 (9) 
-0.32703 (8) 
-0.28476 (10) 
-0.3412 (1) 
-0.1734 (1) 
-0.1094 (1) 
-0.0363 (1) 
-0.0255 (1) 
-0.0876 (1) 
-0.1610 (1) 
-0.2536 (1) 
-0.2703 (1) 
-0.3779 (2) 
-0.3770 (1) 
-0.3202 (1) 
-0.3561 (2) 
-0.3100 (2)  
-0.2645 (1) 
-0.2578 (1) 
-0.3328 (1) 
-0.4046 (1) 

(89 "01) of 1-acetoxybutadiene (Aldrich), 0.5 g of hydroquinone, 
and 200 mL of chloroform was heated under reflux for 2 days. 
An additional 5 g of diene was added and reflux was continued 
for an additional day. The volatile8 were removed at reduced 
pressure to give a tacky, brown solid. Recrystallization from 
2-propanol gave 12.3 g (74.4% yield) of straw-colored crystals: 
mp 146-148 'C; 'H NMR S 7.36-7.80 (m, 3 H, aromatic), 5.73-6.08 
(m, 2 H, vinyl), 5.39 (d, J = 5.5Hz, 1 H, HCOAc), 3.27 (d of d, 

IR (KBr), 1778 (m), 1731 (s, ester), 1699 cm-' (s, imide); mass 
spectrum, m / e  367 (9%, M'), 325 (24, M-CH,CO), 256 (83, 

J = 9.9,4.5 Hz, 1 H, H-2), 3.00 (5,3H, NCHB), 1.90 (9, 3 H, Ac); 

CllH7C12N02 + H'), 112 (88, M-CllH7ClZN02), 70 (100, 112 - 
CH20). 

Anal. Calcd for C17H16C12N04: C, 55.45; H, 4.11; C1. 19.26; N, 
3.80. Found: C, 55.67; H, 4.17; C1, 19.37; N, 3.81. 

X-ray Crystal Structure of 5. The crystals were monoclinic, 
space group m l / n  (centrosymmetric). The cell dimensions, baaed 
on measuremenQ for 24 strong reflections, are as follows: a = 
11.694 (1) A, b = 8.408 (1) A, c = 17.566 (2) A, 6 = 99.58 (1)'. The 
calculated density is 1.44 g cm-3 for one molecule in the asym- 
metric unit. Three-dimensional data collection on a CAD4 dif- 
fractometer with graphite monochromatized Cu Ka radiation gave 
3510 independent reflections to a maximum 28 of 150.0'. Of these 
2574 were classified as observed by the criterion Z(h) > 3.0uZ(h). 

The structure was solved by direct methods with the set of 
normalized structure factors E(h)  > 1.9. An E map gave the 
positions of 18 atoms. The remaining atoms, including the hy- 
drogens, were located in succeeding difference Fourier synthesis. 

The structure was refined by the full-matrix least-squares 
method with isotropic hydrogen atoms. The final discrepancy 
factor was R = 0.041. The atomic parameters are listed in Tables 
11,111, and IV (Tables I11 and IV, supplementary material). The 
bond distances and angles are given in Table V (supplementary 
material). 
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During their attempts to prepare 9-vinylanthracene from 
methyl(9-anthry1)carbinol (l), both Fieser and Hartwell 

B 
H-C-OH 

1 R=CH, 3 R=CH, a meso-form 

2 R=C,H, 4 R=C,H, b dl-form 

and subsequently Hawkins noted the formation of a di- 
meric product which, on the basis of elemental analysis 
and infrared data, was presumed to be bis[a-(g-anthryl)- 
ethyl] ether ( 3 ) . l p 2  Most recently, bis[a-(9-anthryl)benzyl] 
ether (4) was reported to be formed, among other products, 
from (9-anthry1)benzyl hexachloroantimonate by treatment 
with potassium tert-but~xide.~ Remarkably, in none of 
these reports has the problem of stereoisomerism of a,- 
a'-disubstituted bis[ (9-anthryl)methyl] ethers been men- 
tioned. Bis[(Q-anthry1)methyll ethers 3 and 4 are char- 
acterized by having two like asymmetric carbon atoms and 
could, therefore, have been obtained as a mixture of iso- 
mers, namely, the dl form and the meso compound. 

Inspection of Dreiding molecular models of a,a'-disub- 
stituted bis[ (9-anthry1)methylj ethers suggests the mo- 
lecular geometry of the meso form to be very much dif- 
ferent from that of the dl form because the sterically de- 
manding a-substituents always should be aligned more 
favorably out of the plane of the anthracene. The con- 
formational consequences with respect to the mutual 
orientation of the two molecular halves could be dramatic. 
In the sterically possible conformation of the meso form, 
electronic interactions between the two anthracene moie- 
ties may be formidable, as fully overlapping alignment of 
the aromatic 7c systems (see Figure la) is possible in con- 
junction with rotation about the 9-anthryl-alkyl-ether 
bonds. By contrast, the molecular geometry of the dl form 
may be far less conducive to intramolecular *-orbital in- 
teraction. Model considerations lead to the conclusion that 
a conformational arrangement of perfectly overlapping 
anthracene moieties is not possible for steric reasons (see 
Figure lb). 

We have now found that a,d-disubstituted bis[(9- 
anthry1)methyll ethers can be prepared conveniently by 
reaction of the corresponding secondary 9-anthrylcarbinols 
with potassium hydrogen sulfate and that they indeed exist 
in diastereoisomeric meso and dl  forms. For example, 
keeping methyl(9-anthry1)carbinol (1, 1.78 g) in the pres- 
ence of KHSOl (35 mg) at 140 'C for 5 min gives a mixture 
(approximate ratio 1:l) of diastereoisomeric bis[a-(9- 
anthryl)ethyl] ethers (3) in 84% yield. Separation into the 
meso form 3a and the dl racemate 3b was accomplished 

(1) Fieser, L. F.; Hartwell, J. L. J. Am. Chem. SOC. 1938, 60, 2555. 
(2) Hawkine, E. G. E. J.  Chem. SOC. 1967, 3858. 
(3) Takagi, M.; Ogata, F.; Nojima, M.; Kusabayashi, S. J. Chem. SOC., 

Perkin Trans. I 1979, 2948. 
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Figure 1. Schematic view of parallel aligned anthracene moieties 
in a,d-disubstituted bis[ (9-anthryl)methyl] ethers: a, meso form; 
b, dl diastereoisomers. 

J 

10 9 8 7 6 

Figure 2. 270-MHz 'H NMR spectra of meso compound 3a at 
various temperatures. 

by fractional crystallization. Diastereoisomeric meso and 
dl-bis[cu-(9-anthryl)benzyl] ethers (4) were prepared from 
phenyl(9-anthryl)carbinol(2) in the same fashion in 91% 
yield. 

The conformational differences between the meso and 
dl diastereoisomers discussed above are indeed borne out 
in their characteristically different spectral properties, and 
we believe that their structures can be deduced unequiv- 
ocally from their 'H NMR and UV absorption spectra. For 
example, in the 'H NMR spectrum of the diastereoisomer 
which we consider to be meso-bis[ (9-anthryl)methyl] ether 
(3a), H-10 gives rise to a singlet a t  6 8.10, and the chem- 
ically equivalent aromatic protons of a molecular half are 
pairwise magnetically equivalent and give rise to a doublet 
(6 7.80, J = 8 Hz), a triplet (6 7.24, J i= 8 Hz), and a slightly 
broadened triplet (6 7.05, J = 8 Hz) which we attribute to 
H-4/H-5, H-3/H-6, and H-2/H-7, respectively (see Figure 
2). Obviously missing in the room-temperature NMR 
spectrum of the meso compound 3a is a signal due to the 
inner peri protons H-l/H-8. At 60 "C, a broad absorption 
around 6 8.2 becomes discernible, and a sharpening of the 
upfield triplet is noticeable. We believe these phenomena 
to be explicable by a molecular geometry of the meso form 

.I 

K) 9 8 7 6 

J 
10 9 8 7 6 PpM(8 

Figure 3. 270-MHz 'H NMR spectra of dl  diastereoisomeric 3b 
at various temperatures. 

in which H-1 and H-8 may have different chemical shifts 
as long as rotation around the aryl-methyl single bond is 
impaired by the a-substituent. The low-temperature 'H 
NMR spectrum fully supports this view. At -30 "C, con- 
formational changes of 3a have come nearly to a standstill, 
and H-1 and H-8 are distinguishable by well-defined 
doubleh at 6 8.92 and 7.61, respectively (J  = 8 Hz, in both 
cases). This difference in chemical shifts for chemically 
equivalent protons is remarkably large but is readily un- 
derstood in terms of a molecular conformation (see Figure 
2) which may be characterized by mirror plane symmetry 
(a) and in which H-1, but not H-8, will be affected by the 
proximity of the ether oxygen and, consequently, give rise 
to the downfield doublet at  6 8.92. 

The 'H NMR spectrum of the dl form 3b at 37 "C is 
unusual in several respects. Of the nine aromatic protons, 
only H-10 gives rise to a sharp signal (6 8.39), while the 
absorptions by the other aromatic protons appear as a set 
of seven broad humps, ranging in chemical shift from 6 6.5 
to 9.5 (see Figure 3). Apparently, the intramolecular 
mobility of the dl isomers is greatly impaired even at  room 
temperature, and, therefore, all the protons of the an- 
thracene system may differ in chemical shift. In accord 
with this interpretation, at  60 "C the number of broad 
signals decreases by way of coalescence, and at  -30 "C all 
nine aromatic protons give rise to sharp and, significantly, 
well-separated absorptions. Since we can with reasonable 
certainty assign all the signals, the low-temperature 'H 
NMR spectrum in conjunction with model considerations 
provides a fairly detailed picture of the actual conformation 
of 3b in solution at  -30 "C. In the sterically favored mo- 
lecular geometry of the dl diastereoisomers, the a,a'-sub- 
stituents will be oriented out of the plane of the anthra- 
cenes, and mutual interference by the ad-substituents wil l  
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Figure 4. Electronic abeorption spectra of meso- and dl-bis- 
[ (9-anthryl)methyl] ethers 3 and 4. 

be minimized by appropriate rotation around the alkyl- 
ether bonds. We thus obtain a amformer in which the long 
axes of the two anthracene moieties form an angle of 60°, 
and, interestingly, the molecular geometry is now char- 
acterized by a twofold axis of symmetry (see Figure 3). Of 
the two inner peri hydrogens, H-1 will be greatly affected 
by the proximity of the ether oxygen and wil l  be shifted 
downfield to 9.46 ppm. Its chemical counterpart, H-8 of 
the other lateral ring, will be shifted upfield to 6 6.78 
because of shielding by ita C2 equivalent ring system. The 
assignment of the remaining aromatic protons has been 
verified by the appropriate decoupling experiments. In 
principle, the ‘H NMR spectra of diastereoisomeric bis- 
[(Santhryl)methyl] ethers 4a and 4b exhibit the same type 
of temperature dependence as those of 3a and 3b (see 
Experimental Section), but the aromatic protons are more 
difficult to assign because of the phenyl substituent. 

The electronic absorption spectra of dl diastereoisomeric 
bis[(9-anthryl)methyl] ethers 3b and 4b are characterized 
by well-resolved vibrational bands of the So-S, transition. 
The effect of geometricelly feasible intramolecular r-orbital 
interaction in ground-state meso-bis [ (9-anthry1)methyll 
ethers 3a and 4a is such as to noticeably lower the exci- 
tation energy of the So-S, transition by broadening of the 
typical anthracene spectrum (see Figure 4). 

Upon photoexcitation, a,a’-disubstituted bis[(9- 
anthry1)methyll ethers 3 and 4 undergo valence isomeri- 
zation in the same fashion as has been described for the 
parent bis[ (9-anthry1)methyll ether: i.e., by intramolecu- 

(4) Castellan, A.; h t e ,  J.-M.; Bow-Laurent, H. J. Chem. SOC., 
Perkrn Trans. 2 1979,411. 

IN CYCLONXANE - 4 

R=C& R=CH3 
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Figure 5. Electronic absorption spectra of meso and dl pho- 
toisomers 5 and 6. 

lar, symmetrical [4, + 4,] cycloaddition to give the an- 
nelated dianthracenes 5 and 6. The UV spectroscopically 

hu 

3a: R=CH, 5a: R=CH, 

4a: R=C,H, 6a: R=C,H, 
meso-form 

hv - 

dl-form i 3b R=CH, 5b R=CH, 

4b‘ R=C,H, 6b R=C,H, 

detectable differences between the meso and dl photo- 
products are just as subtle as are their structural differ- 
ences (see Figure 5). In the meso photoproducts 5a and 
6a the substituents may be accommodated more easily 
“above” the dihydroanthracene systems than is the case 
in the dl photoproducts 5b and 6b whose UV absorption 
spectra are slightly broadened. As for their lH NMR 
spectra, the diastereoisomeric photoproducts are distin- 
guishable by using a chiral shift reagent. For example, in 
the presence of [tris[3-(trifluoromethyl)hydroxy- 
methylenel-d-camphor]europium(lII), the a-protons in the 
spectrum of racemic 5b, but not those in the spectrum of 
meso form 58, give rise to two overlapping quartets. We 
are grateful to a referee for suggesting these experiments. 

Interestingly, meso and dl-bis[ (9-anthry1)methyll ethers 
undergo the intramolecular photochemical cyclization with 
about equal quantum efficiency. Thus, both 3a and 3b 
photoisomerize with a quantum yield of about 0.25.5 
Apparently, at  room temperature the ground-state dif- 
ferences in molecular geometry are easily overcome by 
electronic excitation. However, as far as their radiative 
deactivation is concerned, electronically excited meso- 
bis[ (9-anthryl)methyl] ethers are distinguishable from dl 
diastereoisomers. Thus, the meso compounds 3a and 4a 
are virtually nonfluorescent.6 By contrast, photoexcited 

(6) The phobiaomerization of the unsubstituted bu[(g-anthryl)- 
methyl] ether proceeds with a quantum yield of 0.32 in methylcyclo- 
hexane at room temperature (cf. ref 4). 
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Figure 6. Dual emission spectra of dl-bis[ (9-anthryl)methyl] 
ethers 3b and 4b. 

dl compounds 3b and 4b deactivate radiatively from both 
their locally excited state and, more prominently, from an 
excimer state as evidenced by a structureless emission 
around 480 nm (see Figure 6). This result is of particular 
interest with respect to the relationship between molecular 
geometry and excimer luminescence. Molecular model 
considerations discussed above suggest that the geometry 
of the emitting excimer state of dl-bis[ (9-anthry1)methyll 
ethers deviates from the perfect sandwich structure and 
may be one in which the two anthracene moieties are only 
partially overlapping and are in an angular arrangement.' 

Significantly, at room temperature the quantum yield 
of excimer luminescence from dl-bis[ (9-anthry1)methyll 
ethers is only about 1-3% .* Thus, both the meso and dl 
diastereoisomers deactivate to the ground state predom- 
inantly, and  equally efficiently, by  a nonradative decay 
process. 

Experimental Section 
Melting points were determined on a hot-stage microscope and 

are uncorrected. Elemental analyses were performed by NOVO 
Microanalytical Laboratory. 'H NMR spectra were recorded on 
a Bruker 270 instrument, and chemical shifts are given in parts 
per million downfield from Me,Si. Electronic absorption spectra 
were recorded on a Varian Cary 210 spectrophotometer, and the 
emission spectra were obtained on an Aminco SPF 500 (corrected 
spectra) spectrofluorometer. 

Photochemical Experiments. Preparative photoisomeriza- 
tions of bis[(9-anthryl)methyl] ethers were carried out in a 
water-cooled Pyrex immersion well apparatus a t  10 "C under 
nitrogen by using a Philips HPK 125-W high-pressure mercury 
lamp. Quantum yields of photoisomerizations were determined 
in an optical bench arrangement and are based on the quantum 
yield of photoisomerization of 1,2-bis(g-anthryl)ethane (0.26).9 
Quantum yields of emission are based on the quantum yield of 
fluorescence of the parent bis[(9-anthryl)methyl] ether (0.03).4 
Methyl(9-anthry1)carbinol (1) was prepared according to 

ref 1. 
Phenyl(9-anthry1)carbinol (2). Commercially available 

phenyllithium (23 mL; 16.8% in benzene-ether, 7030) was added 
to a stirred solution of 9-anthraldehyde (3.72 g, 18 mmol) in 
benzene (150 mL) under nitrogen. The reaction was quenched 
after 30 min by addition of aqueous ammonium chloride (5%, 
40 mL). The crude residue obtained from the organic layer of 

(6) The meso compound 3a was found to fluoresce with a quantum 
yield of 4 X No emission was detectable from meso compound 4a 

(7) A "staggered excimer" geometry has been proposed for 1,3-bis(9- 
anthryl)-1,1,3,3-tetramethyldisiloxane which, however, undergoes un- 
symmetrical intramolecular photucyclization: (a) Felix, G.; Lapouyade, 
R.; Bouas-Laurent, H.; Clin, B. Tetrahedron Lett. 1976,2277. (b) Cas- 
tellan, A.; Desvergne, J.-P.; Bouas-Laurent, H. Nouu. J.  Chim. 1979,231. 
(c) Ferguson, J.; Castellan, A.; Desvergne, J.-P.; Bow-Laurent, H. Chem. 
Phys. Lett. 1981, 446. 

(8) The quantum yield of emission from 3b is 0.014, and that of 4b is 
0.03. 

(9) Livingston, R.; Wei, K. S. J. Am. Chem. SOC. 1967,89, 3098. 

(6 << 10-4). 

the usual workup was purified by column chromatography 
(Si02/CH2C12) to give 3.92 g (77%) of 2, mp 112-114 "C (after 
recrystallization from methylene chlorideln-hexane) (lit.lo mp 
114 "C). 

Bis[a-(9-anthryl)ethyl] Ether (3). Crystalline potassium 
hydrogen sulfate (35 mg) was added to molten carbinol 1 (1.78 
g) at 140 OC. After 5 min at 140 "C, the reaction mixture solidified. 
Column chromatography on Si02 (CH2C12) afforded a 55:45 
mixture (by 'H NMR analysis) of meso and dl ethers 3 (1.41 g, 
84%) which were separated by fractional crystallization from 
methylene chlorideln-hexane solution. The first fraction of pale 
yellow crystals (450 mg, 26%; mp 247-248 "C) was found to be 
the dl racemate 3b. This melting point is in good agreement with 
that of the ether CsHBO described by Fieser and Hartwell.' Anal. 
Calcd for C32HmO (mol wt 426.53): C, 90.10; H, 6.14. Found: C, 
90.46; H, 6.13. 

The last fraction of pale yellow crystals (427 mg, 25%; mp 
157-161 "C) was found to be the meso compound 3a. I t  is more 
soluble in n-hexane than the dl racemate 3b. Anal. Calcd for 
C32H10 (mol wt 426.53): C, 90.10; H, 6.14. Found C, 90.63; H, 
6.14. 
Bis[u-(9-anthry1)benzyll Ether (4). The dehydration of 

carbinol 2 (2.27 g) in the presence of KHS04 (35 mg) was carried 
out for 20 min in the same manner as described for carbinol 1. 
Column chromatography on Si02(CH2C12) gave a 1:l mixture (by 
'H NMR analysis) of meso and dl ether 4 (2.01 g, 91%). Slow 
crystallization from a methylene chlorideln-hexane mixture gave 
colorleas needleshaped crystals together with big, prismatic yellow 
crystals. Separation was accomplished manually. The yellow 
crystals (689 mg, 31%; mp 218-222 "C) were found to be the meso 
compound 4a: 'H NMR (in CDC13 at 60 "C) 6 7.85 (d, J = 8 Hz, 

(d, J = 8 Hz, 4), 7.30 (s, 2, a-CH), 7.30-7.18 (m, 6), 7.07 (t, J = 
8 Hz, 4, H-3/H-6), 6.78 (t, J = 8 Hz, 4, H-2/H-7). Anal. Calcd 
for C42H300 (mol wt 550.71): C, 91.60; H, 5.49. Found C, 91.92; 
H, 5.44. 

The needle-shaped, colorless crystals (886 mg, 40%) had a 
melting point of 275-279 "C and were found to be the dl racemate 
4b: 'H NMR (in CDC13 at 60 "C) 6 8.45 (s, 2, H-lo), 7.94 (d, J 
= 8 Hz, 4), 7.41-6.80 (br hump, m, 22), 6.68 (s, 2, a-CH). Anal. 
Calcd for Cd2Hm0 (mol wt 550.71): C, 91.60; H, 5.49. Found: C, 
91.99; H, 5.44. 

Photoisomerization of 3a To Give 5a. Irradiation of 3a (300 
mg) in n-hexane (100 mL) for 30 min gave 5a as colorless crys- 
talline product: mp 210-228 "C dec; yield 193 mg (6476, after 
recrystallization from methylene chloride by addition of methanol); 
'H NMR (in CDC1, at 37 "C) 8 7.36 (m, 2), 7.04 (m, 4), 6.89 (m, 
4), 6.82-6.71 (m, 6), 5.19 (9, J = 7 Hz, 2), 4.42 (s, 2), 1.75 (d, J 
= 7 Hz, 6). Anal. Calcd for C32HmO (mol wt 426.53): C, 90.10; 
H, 6.14. Found: C, 90.12; H, 6.09. 

Photoisomerization of 3b To Give 5b. Irradiation of 3b (750 
mg) in benzene (80 mL) for 30 min, followed by the usual workup 
and recrystallization (CH2C12/CH30H), gave 530 mg (71%) of 
colorleas crystalline 5b. When this compound is heated, the crystal 
morphology of 5b changes around 210 "C, and the substance melts 
around 244 OC: 'H NMR (in CDC1, at 37 "C) 6 7.59 (m, 2), 7.13 
(m, 2), 6.93-6.73 (m, 12), 5.57 (4, J = 7 Hz, 2), 4.39 (s, 2), 1.89 
(d, J = 7 Hz, 6). Anal. Calcd for C32H260 (mol wt 426.53): C, 
90.10; H, 6.14. Found: C, 90.24; H, 6.11. 

Photoisomerization of 4a To Give 6a. A solution of 4a (200 
mg) in benzene (80 mL) was irradiated for 10 min. Vacuum 
evaporation of solvent gave a colorless crystalline residue which 
was recrystallized from methylene chloride solution by addition 
of methanol: yield 140 mg (70%); mp 245-252 "C; 'H NMR (in 
CDC1, at 37 "C) 6 7.40-6.24 (m, 28), 4.49 (s, 2). Anal. Calcd for 
C42HNO (mol wt 550.71): C, 91.60; H, 5.49. Found: C, 91.40; H, 
5.44. 

Photoisomerization of 4b To Give 6b. Irradiation of 4b (200 
mg) in benzene (80 mL) for 10 min, followed by a workup as 
described above for 6a, afforded 160 mg (80%) of colorless crystals. 
Upon being heated, the photoisomer turns yellow above 200 "C 
and melts at 284 "C: 'H NMR (in CDC1, at 37 "C) 6 7.40-6.40 
(m, 28), 4.42 (s,2). Anal. Calcd for Cd2Hm0 (mol wt 550.71): C, 

(10) Julian, P. L.; Cole, W.; Diemer, G.; Schafer, J. G. J. Am. Chem. 

4, H-l/H-8), 7.77 ( ~ , 2 ,  H-lo), 7.54 (d, J = 8 Hz, 4, H-4/H-5), 7.53 

SOC. 1949, 71, 2058. 
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91.60; H, 5.49. Found: C, 91.80; H, 5.45. 
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Oxidation of Bromide Ion. Electrophilic Addition 

Bromine chloride can be prepared by condensing chlo- 
rine gas into liquid bromine.2 However, applications of 
this method of bromine chloride formation to millimolar 
or smaller scale reactions is limited because of the difficulty 
in quantitating the amounts of each halide added. Bro- 
mine chloride may presumably by formed more conven- 
iently from the reaction of compounds containing elec- 
trophilic halogens (Br+ or C1+) and the appropriate halide 

Surprisingly, very few investigations of this method 
of bromine chloride formation have been reported in the 
l i t e r a t ~ r e . ~ $ ~  

A desire to explore methods of generating electrophilic 
brominating agents in situ6 led to an investigation of the 
formation of bromine chloride from N-chlorosuccinimide 
(NCS) and bromide ion. We now report on the reaction 
products obtained from the reaction of cyclohexene with 
what appears to be bromine chloride' formed from NCS 
and lithium bromide in a variety of solvents. 

Results and Discussion 
Reaction of cyclohexene 1 with NCS/Br- in aprotic 

solvents at room temperature yielded two major addition 
products. These reaction products were shown to be 1- 
bromo-2-chlorocyclohexane (2) and 1,2-dibromocyclo- 
hexane (3) by gas chromatography/mass spectrometric 
analysis. Reaction of 1 in protic solvents also yielded 2 
and 3; however, the major product was that of the addition 
of one bromine atom and a molecule of solvent, 4. As 

1 2 3 4 

(1) Graduate Research Assistant, 19%-1981. 
(2) de la Mare, P. B. D., 'Electrophilic Halogenation"; Cambridge 

University Press: New York, 1976; p 23. 
(3) Reference 2, p 150. 
(4) Hageman, H. J.; Havinga, E. Red.  Trau. Chim. Pays-Bas 1966,85, 

1141-1156. 

4891-4894. 
(5) Ziegler, J. B.; Shabica, A. C. J. Am. Chem. SOC. 1952, 74, 

(6) Our interest was in finding methods which could be applied to 
radiobrominations. Radiobromine is obtained as bromide, and its con- 
version to an electrophilic brominating agent in situ is the most con- 
venient and yields the highest radiochemical yields. 

(7) It can only be presumed that bromine chloride is formed in situ. 
However, the fact that the reaction solution turns to a deep yellow-orange 
color when NCS and bromide are mixed might be taken as evidence for 
the presence of dihalide. 

% composition b 

solvent 2 3 4 other 

MeOHC 5.3 7.4 86.3 1.0 
MeOHd 18.5 22.1 57.9 1.4 
EtOHC 13.4 10.5 75.3 0.8 
E tOHd 36.3 30.3 31.7 1 .7 
CH,CNC 25.4 55.8 18.8 
C H ; C N ~  39.5 59.3 1.2 
THF 63.5 21.1 15.3 
THF 75.6 22.3 2.1 
DME 74.1 13.2 12.7 
DMEC 66.4 30.4 3.2 

a Composition determined by  GC analysis. Values 
not corrected for  FID response factors. 
of NCS and  Br- z 6 X 
and Br- 2 6 X lo- '  M. 

Concentration 
M. Concentration of NCS 

might be expected, a change in the concentration of 
reactants in solution changed the relative proportions of 
products observed (Table I). An increase in the concen- 
tration of reactants in protic solvents increased the per- 
centage of 2 and 3 and decreased the percentage of 4. This 
is what might be expected for a reaction which involved 
a bromonium ion intermediate, where an increase in 
reactant concentration increases the availability of halogen 
anion for attack of the brominium ion. Likewise, an in- 
crease in the concentration of reactants in aprotic solvents 
also increased the percentage of 2 and 3 present. In these 
examples however, the increases observed were accompa- 
nied by a decrease in the amount of products other than 
2 and 3.8 Hageman and Havinga4 have demonstrated that 
the reaction of bromine chloride with substituted cyclo- 
hexenes in methylene chloride yields the trans diaxial 
addition products. Although different solvents were used 
in this investigation, the same stereochemical and regio- 
chemical reaction course would be expected. 

None of the dichloride addition product was detected 
by GC/MS analysis of the product mixtures. In contrast 
to this, Beger and Thielmanng found that the reaction of 
cyclopentene with bromine chloride gave approximately 
equal quantities of dibromo adduct and dichloro adduct 
in both methylene chloride and methanol. the presence 
of equal quantities of dibromo and dichloro addition 
products in that investigation can be readily explained by 
the disproportionation of BrCl in solution (eq 1).lo 
However, to explain the substantial amounts of dibromo 
adduct 3 and total absence of dichloro adduct observed 
in this investigation, it must be assumed that if BrCl is 
formed, it does not disproportionate under the reaction 
conditiions employed. Since BrCl is stabilized by an as- 
sociation of chloride ions in solution (eq 2)," it can be 
surmised that other anionic species such as bromide ions 
(eq 3) or the nitrogen anion of succinimide might also have 
the same effect. Evidence for such in situ stabilization of 
BrCl can be obtained from an investigation by de la Mare 
and GalandauerI2 where BrCl (from Br, and C1,) was 
added to propene in 1 M HC1. In their investigation they 
also observed no dichloro adduct. Additionally, Surles and 
Popov13 have noted the stabilization of BrCl with nitrogen 

(8) Several minor peaks were observed in most chromatograms. Al- 
though these peaks were not identified, they had retention times identical 
with those observed in the reaciton of NCS and cyclohexene. 

(9) Beger, J.; Thielmann, C. J. Prakt. Chem. 1980, 322, 809-815. 
(10) Popov, A.; Mannion, J. J. J. Am. Chem. SOC. 1952, 74, 222-224. 
(11) Jolles, Z. E., Ed., "Bromine and its Compounds"; Academic Press: 

New York, 1966; p 25. 
(12) de la Mare, P. B. D.; Galandauer, S. J. Chem. SOC. 1958,36-43. 
(13) Surles, T.; Popov, A. I. Inorg. Chem. 1969, 8, 2049-2052. 
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