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Absolute Asymmetric Synthesis. I. On the Mechanism 

of the Photochemical Absolute Asynunetric Synthesis 

of Helicenes with Circularly Polarized Light . 

Wavelength Dependence of the Optical Yield of 

Octahelicene 

WilliamJ. Bernstein,Melvin Calvin*, and Ole Buchardt 

Contribution from the Laboratory of Chemical Biodynamics, 

Lawrence Radiation Laboratory, and Department .of Cnemis try , 

University of California, Berkeley, California 94720, and 

Chern Lab li, The H.C. {lIrsted Institute, University of 

.Copenhagen, Universitetsparken ~, DK-2l00 Copenhagen, 

Denmark. 

,\;)stract: The synthesis of nonracemic yields of hexa-, hepta-, octa-, 

c.mdnonehelicene with circular light was observed, and the structural 
-

and wavelength dependence of the induced optical yields was examined. 

'111e results obtained, together with a detailed consideration of the 

r.:echanism of helicene synthesis from the parent diarylolefins, indi

cate that the induced optical activity is due to selective reaction of 

enantiomeric confonnations of the parent cis diarylolefins by circular 

light. 
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Nunierous attempts have been Dlade to induceasy:!'iunetric synthesis III 

photodlcmical reactions by employing circularly polarized light.
1

-
3 

Until ~ecent1y , however,·· the rotations found were ~arginal, anJ i11!10 

case \vas the sourCeo.! the rotation positively identified. Furt.'lemIOre, 

in only one eA'"Perlinent4 were opposing rotations found with right and 

ie£t·circula~ly'polar.lzed light (RCL and LeL) , and in this case the 

optical a,ctivity disappeared upon prolonged irradiation. All recent, 

, h f· d1 -1 !i attempt;;. to reproduce many of theseresul ts ave al.le ~ 

After the work reported here was completed, Moradpouret al. 6 

reported that irradiation of ' compounds la and Ib leads to,nonracemic 

yields of hexahelicene. 

We wish to report ,irradiations of the 1.,2 -diarylethylenes (I -IV) In, 

the pres~nce of :Lodine to the helicenes VI -IX with LCLandRCL. 7 -10 

All resUlted in the fonnation of an 'Wlequal mixture of enantiomers of 

the respective helicenes (Scheme 1). 

Resu1 ts arid DiscussioIt 

Wi th each of the substrates I - IV, two sampl es were irradiated under 

identical condition5with ReL and LCL, and except for the marginal 

optical activity reported for irradiation of ra,· significant optical 

act:Lvity was observed. 

Equal and opposi terotations \1ere obtained in the products resulting 

from irradiation with ReL and LCL, and the compounds responsible for the 

optical activity were identified by chromatogr~phyand by the characteristic 

shape of the induced ORD and CD curves ti,sthe expected helicenes (Table I). 

In each case it waS fourid that irradiation with LCL led to a positive 

rotation, whereas irradiation with ReL led toa negative rotation. 

• 

• 

, 
Ii 



• 

• 

III 

hv 
----;? 

<: 

o T L conformations 

Ib 

-3-

Scheme 1 

v 

o + L 

VI II 

o + L 

Ia 

o + L conformations o + L conformations 

I-Phenyl-2-p-benzo[e]phenanthryl)ethylene (Ia) ~ Hexaheliccne (VI). 

1-(2-(Naphw~yl) -2-(3-phenanthryl)ethylene (Ib) --+ Hex<.lI'1elicenc (VI). 

1- (2-Naphthyl) -2- G. -benzo [c]-

phenantJlryl) ethylene (II) -+ Heptahelicene (VII) . 

1- (3-Phenanthryl) -2- (~-benzo [eJ-

phenanthryl)ethylene (In) --r Octa.~elicene (VIII). 

1,2-bis-W.-Benzo[e]phenanthryl)ethylene (IV) ---7 Nonahelieene (IX). 
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Table r. Irradiation of 1,2-Diary1ethylcncs with Circularly Polarized 

. 13 
Light 

.starting :Maximum Rotation (in 0) 
Time (min) i1.- Co;:;plctior, '0 

. ,", - a between Irradiated ~. l' c ,e 
j'.Literlal ',' b 

ot 1)11otO YS1S 

Al and A2 (run) 

Al A2 
C 0.0007 

+ '" 

ra - .0004 500 - 400 30 50 

Ib 0.0086 
+ 

.0004 500 370 30 20 - :.. 

II 0.0044 
+ 

.0004 520 385 20 30 - -

II 0.0100 
+ 

.0004 520 385 45 60 - -

II 0.0132 
+ 

.0004 - 520 - 385 90 80 

III 0.0174 
+ 

.0004 500 410 60 30 - -

rIlf 0.0320 
+' 

.0004 500 410 120 30 - -

IV 0.0144 
+ 

.0004 500 415 120 15 '- -

a. 1 mg/ml except when otherwise stated. 

h. Recorded with the Cary 60 recording spectropolarimeter in the Olm node. 

The rotation are expressed as the difference between the PvO curves 

equalized at }.l' .from the samples irradiated with LCL and RCL, respectively: 

E.g., the last'entrY in the table indicates that the scan for bOw"t 

samples was started at the same ordinate on the ,chart at 500 nnl (AI)' @ld 

tllat at 415 nm 0'2) the curve of the' sample irradiated with LCL was 0.0144° , 

above· the.oneof the sample' irradiated with RCL. All rotations were 

measured, in a 2 em quartz vessel. 

<;:.' % Completion estimated by tIc. 
. ' , 

d. The helicenes were identified by their W spectra and by comparison 

of their ORD spectra with those of authentic samples. Also the CD spectra 

,of hcx~..:, hepta:- and nonahelicene were compared with those of authentic 
samples. ~. 

e. 1a was irradiated in benze'ne solution,lh IV.l1l toluene. 

f. 2 lng/ml. , 

" • 

• 

" 
t 
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~ priori three mechanisms could be invoked to explain the observed 

as)'llUnetric fonnation of helicenes: 1) Prilnary fonnation of racemic 
. . 

helicenes with subsequent light-induced asyrrunetric destruction; 2) ~)ri-

mary light-induced fonnation of racem~<: mixtures of dihydroheliccnes, 

c;.s., compound V, with subsequent light-induced asyrrunetric ring-openi::g 

to the starting olefin, i. e., partial photoresolutionll of the ciihydro

helicene, this intennediate being oxidized at a slower rate to give t.he 

optically active (nonracemic) helicenes; 3) the diarylolefin precursors, 

\Vhich exist in confonneric D- and L- forms in rapid equilibrium at room 

temperature, give rise when irradiated 1vith circular light to different 

amounts of excited D- and L- forms, which ring-close at a faster rate 

than they racemize in the excited state. 

Had mechanism 1 been operative, long wavelength irradiation of the 

olefin with LeL would have resulteq in the development of negative long 

\Vavelength optical activity CORD and CD), while RCL would have resulted 

in positive optical activity. TIle opposite is observed. 

In order to further examine the applicability of mechanism 1, asym

metric destruction of racemic hepta- and octahelicene was attempted under 

identical experimental conditions: no rotations were developed. (Indeed, 

upon prolonged irradiation of hexahelicene with ReL and LeL, l-bradpour 

ct al.
6 

found small rotations opposite to those induced by synthesis of 

hcxahelicene wi th ReL and LeL.) 

Mechanism 2 involves the establishment of a III, \ Vphotostationary 

state wi than Unequal distribution of theenantiomers of V resulting ftom 

their unequal absorption of circular light. Nonracemic yields of heli

cenes would reflect this "partial photoresolution,i of V. Muszcat and 
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Fischer12 have shown for a group of subs ti tuted stilbene-dihydropher.~;rthrenc 

sys tems that the rates of the fODvard (II I -t- V) and reverse (V ~ I II) 

photolyses are comparable, and that the dihydrophenanthren(;s aror;latiz,c 

quite rapidly at even low concentrations of oxidant (V -t- VIII). SincL: 
'.' .' 

many of the photolyses, described below required several dal's, even in 'C;1e ~ 

presence oia re lati vely powerful oxidant' (molecular iodine vh th a DUOS-

pheric exposure), the rate of the fOYW'ard reaction to the dihyJroheiicen.e 

must be slow from the cis compound. Cll1e trans -t cis conversion is rapid 

compareato succeeding steps.)' Since the reverse reaction is of comparable 

rate,12 no dihydroheI ic(ne can accumulate for its photorevcrsal baci-c 

to, the diarylolefin to occur. Thus, if the results of Muszcat and Fisc:1er 
. . 

may be 'applied here, it appears' that mechanism 2 is highly unlikely . 

. ' I~ order to further'clarify the above mechanistic possibiE tics, 

compoUnd III (cis + trans) was irradiated at seven different HavolcngI:is. 

The relative optical yields are plotted' on Figure 1. Note that the sig;1 

of induced optical activity changes at ca. 305 n.rn. The sample irradiated 

wi th LeL at 410 run was 2.7% resolved wi th reference to an octahe licene 

sample partially r~solved by crystallization by Professor R. H. Martin. 13 

Since the actual purity of the crystallized sample is not known, the true 

optical yield ofthe410 nm s~le may be significantly lower than 2.7%. 

1':'1 is , taken together wi than. extrapolation to octa.1.elicene from the CD of 

hexahelicene, led us to assume an optical yield of 2.0% for the 410 n'T! 

s j~ll}r:t ~ . 

From our optically active octahelicene solutions the CD of octaheli,.. 

cene (based on the assumed 2.0% resolution of VIII in the 410 nm sru:1plc:) 

was obtained (Figure 2) • Had mecha."'1ism 1 been operative, the wavelength 
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Jcpcnclcncy of the optical yield of VIIT would have followcd the aDLSOtl'uJJyJ4 

(ac"o1' .["0. 11 = (c -c ) / (t: )] of octahclicene and the induced optical .... .> Q, r total 

activity would have dlangecl sign at ca. 335 nm: it does not U'jgurc 1). 

The wavelength dependence data arc quite cons is tent ~\'.i th til(; 

aJsorption spectrum of the cis isomer of compound III, isolatc.:J by 

chromatography from the synthesized cis -trans mixture. Compow1J V, on 

the other hand, \vould in all probability have Iil:.lny transitions v;dl 

out into the visible, if studies of the absorption of 4a,40 -uihydro

pllenanthrenesl2 are applicable here. Tl1us, if mechanism 2 here V3.lid, 

one would ex-pe ct a change in s ig11 0 f t:he induced op tical ac ti vi ty , 

reflecting a change in the sign in the CD of V, well above 305 run where 

it actually occurs. A final result which is inconsistent wi-::.h ];;2cb.a.i1.ism 2 
. . . 

lsthe observation by J-bradpour et al. that irrdiation of Ib gives 

approximately four times the optical yield of hexahelicene as the 

irradiation of 1a. 6 Our data indicate this difference to be even 

greater (see Table I). Both 1a and Ib should fonnsimilar dihydro-

. helicenicstructures, and it is reasonable to expect them to have simi-

lar capabilities for asynunetric destruction .. 

However, mechanism 3 can account for this difference. Hammond has 

15 . 
noted that in the Sl state of unsynunetrical stilbenes, from 'which all 

stilbene photoclosures take place, the excitation is "localized" in the 

aryl group with the lower Sl energy .. Thus, in the Sl state of cis Ib, 

we would eA'Pect rotation up to 1800 about the napthyl-ethylene bond to 

be nearly free, the excitation being localized on the larger phenanthryl 

group. S~nilarly, we would expect similar rotation about the phenyl

ethylene bond in $1 cis Iato be nearly free. Due to the symmetry of 
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the phenyl group, rotation about the phenyl-ethylene bond (rvl80°) i;: 

cis '1a results in interchange of its enantiomeric confonnations, whcr..;a::, 

corresponding rotation about the naphthyl-ethylene bond in cis Ib docs not, 

due to thedissynunetry of the 2-naphthyl group. 

TIllis, if mechanism, 3 is operative, it can be seen ti1 ... t a1 though 

irradiation of cis Ia with circular light excites its enantiomcric con-

fOlmations unequally, this imbalance of the D., and L- excited fOTI11S is 

greatly reduced through the above described bond rotation. Unequally 

excited cis Ib, ,on the other hand, cannot similarly racemize in the 

excited state, and thus produces higher nonracemic yields of dihydro-

hexahelicene ,\vhich fonus nonracemic hexahe1 icene . The saffle is true 

for the III-V-VIII system, and all of ,the other systems here studied. 

Experiments to further clarify the mechanism of nonracemic heli-

cene production with cirCUlar light are underway. 

b,.-perimen tal 

SyntheSiS of I-IV. Forty g of 2-naphthylmethylenyltriphenylphos

phonium bromide was dissolved in 120rnl 1 N LiOMe-MeOH, and 10 g p-tolu-

aldehyde was added slowly. The mixture \,{as stirred vigorously for 5 to 

10 min and filtered. Crystallization fram benzene-etr..anol gave 8 g (39%) 

1-(2-napthyl)-2-(p-toly1)ethylene eX), mp 188-9°. Two g X was irradiated 

12 hr in a Rayonet reactor (3500 ]{ lamps) in 2 1 cyclohexane ''lith a few 

crystals of iodine and exposure to the air. The volume of the mixture 

was reduced to ~, 10 rill; and chromatographed '(cyclohexane on neutral 

alumina) yielding 1. 7 g (86%) crude ;}.-methylbenzoIc]pnena"1threne (XI), 

mp 77-9° (lit 80-1° 17). The crude XI was dissolved in 20 ml reage;Yi: 

gradeCC14 wi th 1.4 g NBS a'1d a trace of dibenzoyl peroxide, and stirred 

at. a gentle reflux for 3 hr. The succinimide was filtered off, the 

, 
• 

.' • 
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~OlV0Ilt. removed from the filtrate by rotary eV;lporation, and the residue 

of crude d,-bromomethylbenzo [cJphenanthrene (XII) dissolved in 20 ml 

xylene, and stirred at reflux for 45 min. 111e nearly colorless, h:i.6h 

mel ting (>360°) powder, 4-benzo [c]phenarithrylmcthylenyl tr iphneylpj-.os

phonium bromide (XIII) wasfii tereel off, and washed with A,lerlc atid;~ct 

ether. (yield;:: 4 g, 96%). Addition of XIII to equimolar amOU:lts of 

1. N LiOMe-McOH and benzaldehyde, 2-napthaldehyde, 3-phenanthraldehydc, 

or Zl- benzo [c]phenanthraldehyde, and 'dork-up and purificati.on ;;.!s in the 

preparation of X gave Ia (50~5, mp 144-5°, lit 144-5° 8), 1I C60:~,~i;) 200-2°, 

lit 200-1° 8), III (65%, n1p 17()-8°, lit 199-200° 8; the s<l.mp:'es obt;line:ci 

by this syn:thesis were shown by chromatography [benzene on neut:-al 

alumina] to consist of cis [mp 200-2°] and trans [mp 202-4°] olefins. 

Further crystallization of the synthesized mixture from benzene yielded 

pure trans compound, giving the mp reported bYll'!artin8), and IV (40'~, 

Ii1p 230-2°, lit 229-230° 8), respectively. J-Benzo[c]phEmantllYaldcllyde 

was prepared by the procedure of Angyal et al. 16 from crude XII. 

3-Phenanthraldehyde was similarly synthesized from 3-broD.omethylphena..'1threne. 

Condensation of 3-phenanthraldehyde with 2-naphthylmethylenyltriphenylphos

poniumbromide :in 1. N LiOi\1e-MeOH and crystallization from benzene-ethan.ol 

gave Ib (mp 213-5°). 

Irradiation procedure. The Iightsource used in all work Vias an 

SP-200 super-high pressure mercury lamp. For all experiments except the 

w~velength qopende;nce the pealn was collimated with ~ fused silica lens 

d d th h h ·· 1 f··1 18 . l' h f 1 t1 ati passe· roug a c emlca . ·1 ter . to glve 19 to. wave eng r 1S 

340-400 nm. The beam was then passed through rul ultraviolet polarizing 

fil tel' (Polacoat Inc., PL-40) followed by a quarter wave plate centered 

at 390 nm (Gaertner Inc.), followed by the sample. 
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For the wavelength dependence the lamp was attached to a monochroma

tor (Bausdl& Lomb, 33-86-25) with uv and visible gratings (Bausch & 

Lomb, 33,..S6-25-01 and 33:":86~25~02~ respectively). The beam h'as co::'liHated 

wi th a ·fused silica lens and p:.lssed through a PL -40 plate and fused silica 

fresnel rhonlb (Karl Lambredlt Inc.). Inc ellipticity of the light h':.lS 

calculated 'as the ratio of minimum to maXimum intensity of the beam 

transmi tted by a rotating PL-40 plate. At al1 wavelengths the light 

\",asmeasured at 75% circularity. Irradiations were done at 410, 390, 

370, 350,330,' 310, and 290 fun with a total dispersion of 12.8 run at 

eath wavelength. 

, In all work except the wavelength studies,the diarylolefins were 

irra.diated at a concentration of 1. 0 mg/ml unless otherwise noted, 

\vi th a trace' of iodine and exposure to the atmosphere. The vessel 

used was a cylindrical 'quartz cel1 with a capacity of 6.5 mland a 

2 all optical path. Unless otherwise noted, toluene was used as a 

solvent., For the wavelength dependence irradiations were performed 

in a similar vessel at a concentration of 0.1 mg/ml intoluene-Ir 
All samples were chromatographed (benzene on neutral alumina), 

and the helicenic (first) fraction v"as concentrated for ORD or CD 

analysis in a 2 on quartz cell. ' Since the parent cis olefin cannot 

be separated from the respective helicene under these conditions, it 

was d:l.ffieul ttojudgethe holicene concentration by W analysis, , 

unless the reaction was carried to completion. (The wavelength 

studies demandedaccurat~ detenninationof heliceneconcentration ' 

for the calailation'of relative optical yields: thus, these reactions 

were irradiated to completion.) 

• 
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Asynnnetric destructions of heptahe1icene (0.42 mg/ml and 0.12 

mg/ml) and of octahelicene (0.57 rug/ml) were attempted by irradiation 

for 30 min and 60 min respectively, under identical conditions as 

the asynnnetric syntheses in Table I. 

W spectra were taken on a Cary 14 spectrophotometer) CD and 

ORD spectra on a Cary 60 recording spectropolarimeter. 
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