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AbrtRct- This paper summartra the rcsulls of rrzent tnvcsttgahons Into the photochcmlcal ISO- 
mcrizations in the vttamin D ticld which were the subjcxt of further rcscarch m our laboratories 
during the Iasst dccadc. A new scheme IS proposed showing the various reactions occurring durtng 
irradiation of a provitamin D. The quantum yields of these reactions at 2537 A were dctermincd. 
On the basis of thcsc data the cffcct of the wavelength of the light used on the yields of products LS 
explained. Emission spectra of crgustcrol and its photoisomers were mcasurcd at 80 K. No phos- 
phorescence was observed. Some aspcc~s of the mechanism of the photochcmical cycliratiom. ring 
opcnmgs and the ci.c~wans isomerlzatron arc discussed. 

(a) The stoicheiumetric reacrion pattern 

AHOLT five years ago the results of tracer experiments with %-labellcd provitamin D 
as well as a thcorctical consideration of the quantum yields of the (prc)vitamin D 

T D 
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FIG. 1. The Windaus’ scheme for rhc photoisomcrlzallon of pro\~tam~n D. With R C,H,,. 
E ‘. ergostcrol; L lum~srcrol,; P prc-crgocaldcrol; 7’ rachysrerol,; 

D crgocalclfcrol. 

formation led to the conclusion that the scheme of the photochemical formation of 
vitamin D from provitamin D via lumistcrol and tachysterol. as given by Windaus 

1 E. Havinga, A. 1.. Kocvocr and A. Vcrloop. Rec. Tics. Chim. 71, 1230(19<5); and other papers m thts rer~s; 
For a rrview see H. H. lnhofkn and K. Irrmchcr. fbrschrrtrr drr (‘hem. yg. .V~~~urstofle 17. 70 (IYS9). 
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(Fig. I ) and commonly accepted for twenty years, could no longer be upheld.’ Even 
upon incorporation of the discoveries of Vclluz concerning the occurrence of prc- 
sitamin D and the reversibility of at least some of the reactions,’ the old picture could 
not give an adequate description of the experimental results. New schemes were 
suggested but short-cut attempts to prove the correctness of one of these gave no 
dctinitc results. 

It was necessary that a complete analysis of the reactron mixtures obtained with 
difTcrent irradiation times from each of the isomers concerned should be undertaken. 
In this manner the necessary data for unravclling the pattern of simultaneous and 
conscwutive reactions that occur during prolonged irradiation of. for example, pro- 
vitamin I) solutions could be obtained. This work was started in 1956. 

Solutions of each of the four isomers crgostcrol (E), lumisterol, (L), tachysterol, 
(T) and prc-ergocalcifcrol (P) wcrc irradiated Hith light of suitable wavelength. In 
each case the composition of the reaction mixture as a function of degree of photo- 
chemical conversion was determined. The rate of reaction was chosen sufftcicntly low 
to avoid the complicating “film effect” resulting from inhomogeneity of the irradiated 
solution. 

E was determined by precipitation Gth digttonin. rhc con~en!rdti~yn of P was found from the 
incw in ultra-VI&~ absorption after thermal cquihbrtum P . - I3 had been SCI up. For T. a direct 
apctrophotomctric detcrmtnation at 313 320 m/c proved to bc ~dcquatc. L was not dctcrmmcd 
directly. cxccpt in favourablc casts whcrc 11s conccntrztton w&s large enough to allow of spcctro- 
photometric dctc~inatl~~n. In one mstancc the prcscncc of 1. was established and tts amount 
evaluated by the isolation of lumistcrol,-3,S-dlnitrobenrc,atc. Quantum yields wcrc dctermmcd using 
uranyl oxalalc aatinomctry. 

Extrapolation of the percentage composition of the reaction mixture to zero time 
indicated both qualitatively and quantitati~,ely the primary products formed from 
each of the compounds by photochemical conversion. For example, we represent the 
data obtained by irradiation of a pre-ergocalciferol solution with light of wavelength 

.310 rnp. According to the results, represcntcd in Figs. 2 and 3, the photochcmical 
conversion of prc-crgocalcifcrol yields more than 90 per cent tachystcrol, and about 5 
per cent ergostcrol as primary products. 3 In the same way it was established that 
tachystcrol, gives 70 per cent pm-crgocalciferol and no detectable amount of crgo- 
sterol, the balance probably consisting of lumisterol,. Lumistcrol, yielded 100 per cent 
pre-crgocalciferol .’ Ergostcrol was converted to the extent of X5 per cent into pre- 
crgocalcifcrol and I5 per cent into other products (“over-irradiation products”‘!. not 
lumistcrol,).S 

Quantum yields Hcrc determined for the ptlot~~cc~n~ersions of the four isomers 
using radiation of i. 2537 A.5 ‘l’hc results lead to the rcacrions represented in Fig. 4. 

On account of its experimental basis the scheme, Fig. 4, may prove to be fairly 
dcfimte Hith respect to its major lines. The chief remaining uncertainties arc related 
to the reactions that may lead to lumistcroi. As small amounts of this compound arc 
difficult to determine, it is planned to tackle these problems with the aid of tracer 

* 1.. Vcllur. <i. Amwd and A. l’cl11. Bull. Siw. (‘him. Fri. 501 (1949); 1.. Vellur. G. Amlard and 8. <;offincr, 
/b,J. 1341 (1950 

’ M. P. Krppoldt, Rec. Toe. (*him. In pr~sr. 
‘ M. P. R;tppoldf, Rrc-. 7irir. C’htm. 79. 3Y2 (1960). 
’ M. P. Rappoldr and E. Hwingn. Rec. Zrar. Chim. 79, 369 (19601. 
* M. P. Rappold~. J. A. Kevcrlmg Hutsman and fi. Havmp. nrc. Tour. Chrm. 77, 327 (IYSO). 
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FIG. 4. The essential photochemical reactions of crgosterol and its isomers wth quantum 
yields at 2537 A. 

experiments. In accordance with the view expressed in an earlier paper,O the excited 
states of the various isomers, formed by absorption of light, appear to differ from each 
other. This is especially noteworthy in the case of the cis~fruns isomers P and T; on 
photoactivation, these compounds undergo-besides interconversion-ring closure 
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to form diffcrcnt products (E and L, respcctivcly). Later in this paper, the mechanisti- 
cally important difference between excited cis and rruns isomers, also observed in the 

cast of stilbcnc,’ is rcfcrred to. 

(b) The phorosrarioruyv stale 

If the schcmc rcprcscnted in Fig. 4 is correct, prolonged irradiation should give rise 
to a quasi-stationary state. For a given wavclcngth the composition of this state would 

TARLL: I. f%RCEhTAti~S Ob I’, 1’ AND F. IS ‘THE SO1 LXX AFTFR 

PWOI.OSGLD IWRAt>IAllON. d 2537 A 
-_ 

“i in the solute 

Startmg matcrlal 
T I’ E 

-- _ _ . -- --. 
Ergostcrol 68 14 
Tachystcrol, 72.5 155 1.4 
Lumwerol, 71 14.5 I.5 

_. 

‘rAR1.E 2. ‘rHE CALCUl.A1ED C(WIPOStTIOS OF THE PIIOTO- 

Sl At-tOUARY SfAl,! AT VARIOIIS WAY)I.t~MiTltS 

i. in m/r “, I? O,P Y,‘1’ “AL 
_- - -__ _---. . _-.-_._ 

253.7 2 I9 ’ M II 
280 I.5 47 41 ’ IO 
2% 5 I4 bo 27 I2 
302 3.4 53 26 I7 
313 26 IV 8 47 

be the same, irrczpcctivc of the isomer used as starting material. The formation of 
“over-irradiation” products dots not give rise to serious complications; it proceeds 
slowly enough to assure constant concentration during a considcrablc period. Ergos- 
terol, tachystcrol, and lumisterol, wcrc irradiated with light of wavelength 2537 A 
until constant concentration was reached; the results of thcsc expcrimcnts arc sum- 
marized in Table I. The same stationary state is reached by prolonged irradiation of 
each of the isomers considcrcd. 

The data rcprescntcd in f:ig. 4, togcthcr with the extinction coefficients of the 
various isomers at a given wavelength, enable us to predict by calculation the com- 
position of the (quasi) photostationary state at that wavelength. Adhering to the 
assumption that the quantum yields do not vary appreciably within the wavelength 

region (250-320 mp) conccrncd. the results rcprescnted in Table 2 wcrc obtained for 
the composition of the stationary state mixtures at varying wavclcngths. Thcsc ligurcs 
have only scmiquantitati\c value. 

The first conclusion to bc drawn from the figures is, within the limits of error, that 
thcrc is agrccmcnt with the enpcrimental data obtained with 1. 2537 A (I’ablc I). 
‘1 his supports the validity of the scheme, Fig. 4, and the assumption of the constancy 
of the stoicheiomctric pattern with varying wavclcngth that formed the basis of the 
evaluation Icadin_e to ‘I’ablc 2. It must be pointed out, that whcrcas quantum yields of 

’ G. Rivcbos. Thcs~s. Ixidcn (19S9). 
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conversion wcrc measured at 2537 A. the stoichciometric yields of formation of the 
various reaction products were mostly determined at longer wavclcnghs. 

Table 2 clarifies the situation with respect to the seemingly contradictory remarks 

in the literature about the yields of photo-products. Harris ef al.” rcportcd that “the 
photochemical activation of ergostcrol by ultra-violet light of 2537 3025 A is suh- 

stantiatty uniform per quantum of energy applied”. It has been reported that light of 

270-310 rnp gives a high yield of vitamin I), light of shorter wavelength yields mainly 

tachysterot and light of longer wavelength causes production of predominantly 
lumisterol.g The data of Table 2 dcmonstratc clearly the shift in the yictds of products 

10 be expected from long-term irradiation cxperimcnts with light of varying wave- 

lengths. 

While the knowledge of the paths of reaction and of the stoicheiometryof the photo- 

isomcriza.tions in the vitamin I> field has substantially Increased in recent years, the 

study of the reaction mcchamsms is still in the orientation stag. In a previous pub- 

lication.1° it was mentioned that there is the possibility that illumination of provitamin 

11 (and other isomers) may give rise lo a triplet state that could function as a not loo 

short tivc4 intcrmediatc. Efforts have been made to invcstigatc this possibility. 

With this in mind. the lumincsccncc spectra wcrc measured. During irradiation of 

solid solutions of crgostcrol or 7-dchydrocholcstcrot in EPA* at HO’K. no indications 

of phosphorescence were found. From these cxpcriments. the occurrence of bi-radicals 

or triplet states seems rather improbable. Solutions of crgosterol in EPA or ether 

showed no lumincscencc upon irradiation at room tempcraturc with ultra-violet light 
of i. .- 230-300 rnp. As the quanrum yield of the photochcmical conversion of crgos- 

terol in ethereal solution is about 0.3, 70 per cent of the cxcitcd crgostcrol molcculcs 

seem 10 lose, under thcsc conditions, their surplus cncrgy by radiationless transitions. 

Characteristic ftuorexcnce was, however. obsc~cd during illumination of solid 
solutions in EPA of crgostcrol. lumistcrol and tachystcrol and also of pyrocatcifcrot 

(Yz-lumisterol) and isopyrocalcifcrol (9fi-ergosterol). The shape of the spectra (cf. 

Fig. 5, 6.7 and 8). having mirror symmetry with the corresponding ultra-violet ahsorp- 

tion spectra. together with other criteria, identify thcsc fluorcsccncc spectra as due 10 
transitions from the lowest level of the first excited sin@ state to the lower Icvcls of 

the ground state. It should be noticed thal the U.T Isomer pre-ergocalcifcrol does not 

show tluorc!cencc nor phosphorescence 
On the evidence now available. it would appear that ~hc photo-isomerizations of 

the pro- and prc-vitamins D occur via the cxcitcd singlet states of Ihe various molccutcs. 
In order 10 arrive at a more positive conclusion. it IS ncceswry to know bolh the 

quantum yields of the pholochcmical conversions and the fluorc\ccncc yields obtained 
wilh solid solutions (at A HO ‘K). 

(d) Discussion 

It IS not difficult 10 conceive that in the cxcitcd singlet state the atoms 9 and IO of 

l A rnmurc of 5 purs ctfw. 5 perls ~ropcnlanc and 2 psrls ethanol. 

’ R. S. Harris. J. W. M. ffunkcr and L. .M. Moshcr. /. Amer. C’hmt. SIC-. 60. 257Y (193X). 

l E. If. Rccrmk and A. van Wlfk. Srruh/mrhrrr~pp,r40.728 (lY31); A. Wlndau%. K. Dlthnmr and I’ fwnholr 
IJcbiRs Ann. 493, 2SY (1932); <‘f. tf. Vogel and If. Knobloch. Chrmw und Jic-hnrh do I’rrommr p. 218. 

Fcrd,nand fmkc Vcrlag. Sturlgarl (IYSO). 
I* fi. ffavinp. A Vcrloop anti A. 1.. Koc~ocI. Rrr. T’ror,. C’htm. 75. 371 (lY56~. 
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FICL 5. --- Vl~n.\~olcr abrorprlon specwum of ergoswrol at 80 K. -. - Fluorcsccoce 
spxtrum of crgosrcrol In EPA at 83-K. 
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FIG. 6. -. - Ll~ra-\iulc~ absorption spccwum of lumwcrol, al ROOK. - - - - FIuomacu~cc 
spccrrum of lumwcrol, In F.PA al 80’K. 

crgostcrol or lumisterol, can move away from each other smoothly without passing 
through a highly unfavourablc state at any time. The molecule will thus transform 
into the open cis-hexatricne derivative (pre-ergocalciferol). 

This ring opening constitute! one of the main photochcmical reactions occurring 
with I .3cyclohexadicne systems and also occurs with r-phcllandrene and 1.3~cycle- 
hexadiene.” The reverse reaction, i.e. the ring closure ofexcitcd hexatricne derivatives, 

” R. J. de Kock. N. G. Mmnaard and E. Havmga. Rec. True. Chim. 79. 922 (1960); cf. R. 1. de Kock. 
Thesis Letden (1959); D. H. R. Hanon, Ii&. Chim. At-1042, 2604 (1959): R. Srmwasm. Penal 
communlcal10n. 
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Fw. 8. Fluorcsccncc spcclra of pyre- and Iropyro-calderol. 

seems to offer no special difficulties from a mechanistic point of view. It remains to be 
explained, however, why prc-crgmlcifcrol undcrgocs photo-induced ring closure into 
ergosterol whereas tachysterolz seems to be transformed preferentially into lumisterol,. 
Further stereochemical specificities that offer problems with regard to mechanistic 
concepts, are found in the result of a special investigation that established the absence 
of the stcrcoisomcrs pyro- and isopyro-calciferol in the reaction mixture obtained by 
irradiation of an ethereal solution of ergosterol for a long time (see Experimental). 
Evidently, photochemical ring closure of prc-crgocalcifcrol and tachysterol] leads 
exclusively to ergosterol and lumisterol, (9, IO anti-isomers) whereas the thermal ring 
closure of (pre)vitamin D, results specifically in the pyre- and isopyro-calciferols (9. 10 
syn-isomers). It is remarkable that lumistcrol, photo-isomerizes quantitatively into 
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prs-crgocalcifcrol while crgosterol forms some I5 per cent of another. still unidentified 
product. Finally, it may be remarked that pyro- and isopyro-calcifcrol show ultra- 
violet absorption and fluorescence spectra that arc similar to those of ergosterol and 

lumistcrol. The pyre-compounds undergo photo-isomerization, in which the cyclo- 
hcxadicnc I3 ring is transformed into a bicyclic system. l2 The photochemical cis/rrunr 

isomcrization, prc-crgocalciferol t-; tachystcrol,, also shows some remarkable aspects.’ 
Extrapolation of the conclusions drawn from the cncrgics calculated for the various 

conformations and configurations of the ground states and the first excited states in the 
cast of frcms and cis stilbenc,’ leads one to expect that the sterically hindered prc- 
crgocalcifcrol. upon hcing cxcitcd by the uptake of a light quantum, would bc able to 
transform into the encrgctically more favourablc trc~~tsconforrnation. ‘1’his”down hill” 
mokemcnt would need no extra thermal activation. Thermal energy remains ncccssary 
for the conversion of the excited WUIIS form into the cis conformation with probably a 
few kilocalories higher cncrgy content. It was found, contrary to what happens at room 
tcmpcrature, that the rram compound tachysterol, is not isomcrkcd into pre-crgo- 

calcifcrol by irradiation at 80’ K, cithcr in solid solution in EPA or in liquid solution in 
propane. ‘I hc cis crram isomeriiration. on the other hand, still occurs at HO‘K even in 
sol~tl solution. It thus appears that the pattern of the photo-interconversion of prc- 
crgocalcifcrol and tachystcrol, is consistent with results obtained in the study of other 
ci.s.~rrani isomers, that of stilbcncs in particular. With prc-ergocalcifcrol and tachy- 
stcrol, the dificrcncc between the photo-excited cis and rrnns isomers is particularly 
ebidcnt from the difference of their chemical transformations. 

‘I’hr phoroslalionary slate 

A solution of 1.0 g crgostcrol in 2 I. crhcr ws lrradlalcd with ultra-vmlct light of wavelength 

2537 A. This radiation was obtamrd from a low-prcysurc mercury vapour lamp (Philips TUV IS 

N’att). the light of which was filtered by I cm of gaseous chlormc at 2 atm press. The rcmp wan kept 

bcrwccn 10. and 20 . Samples taken at irradlalion times of 3. 31 and 4 hr contained equal amounts of 

prcergocalcifcrol and tachyslcrol,. The irradiation tcchnrquc and the analytical methods have been 

dcscrlbcd clscwhcrc.’ Similar cxpcrimcnrs were carried out with lumisterol, and rachyslcrol, as 

<tarring materials. The \alur3 of rhc conccmratlons found at the irradiation timr3 mentioned were 

averaged and cxprrxscd as percentages of rhc solute. The rrzulis arc summarlrcd in Table 1. 

The calculalcd composition of the (quasi) photostarionary state IO bc cnpcctcd at various wave- 

lengths started from rhc following cquatlons: 

1.. . p .;. ‘I’ .i. L I. ]a) 

1 047 IP 

I,.-----. 0 077 0,033 (‘1 

T 041 11. 
1. _--. :. 

0033 ir 

P 0 26 005 ! t 1: II. -.- ,. - 
0,002 tP 

rP. r’l’. t I.. and , E arc the cxtmc1lon cocff~clcnc\. In Table 3 the ,5$2 of P. ‘1. 1. and E IS given at the 

wavelengths used. 

l WC wish to thank Prof. Dr. L. J. GoqcrhofT and Dr. <i. Rtezzbos for valuable dIscussions. 

** A. Windaus. K. DImroth and W. Brcywlsch. I.lrhi~~ Ann. 543, 240 (1940); W. <i. Daubcn and G. J. 
Fonkcn. J. Amrr. Chcm. SW. 81. 4060 (1959). 
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The absmrc o/pwo- and isopyro-calcijcrol in irradiarion mixrurcs 

A solution of Y g crgosterol m 4 I. e1her was uradlated for Y hr with the untihercd light of a hrgh- 

prrssurc mercury vapour lamp (Philips HOV I500 watt). The iemp of the solulron was kcp1 between 

IO’ and 20 . After removal of the solvcn1. a resmous produc1 with ucak ulira-vmlc1 absorption was 

obtamcd. &,,, 243 mlr ; E,‘,~~ HO. tlcaring of the rcsm for I hr a~ ,X0 or at 300’ caused a 

slight mcrcase of 1hc cx1mction. but no maxlma near 270 and 280 m/r developed. These maxima 

would be cxpecrcd rf an apprcciablc amoun1 of photo-pyrocalcifcrol or photo-rsopyrocalcifcrol had 

been present in the irradrarron producr. Therefore 11 may be concluded that pyre- and Isopyro- 

ralclfcrol arc not formed by uradra1mn of crgosrcrol or of IIS pho1o-isomers. This conclusion 1s no1 

jus1lficd in 1hc hypothc1rcal cast 1ha1 photo-pyro- and isopyrosalclfcrol are uncrmrdlalcs In 1hc 

formalron of “over-rrradrarmn products”. 

Eic*i (erhcr) 

i. in m/r 

f. P ‘r I. 
-_ - . . - ___. -.. -. -.--__-.. - 

253.7 I21 207 250 I20 

2SO 2% 141 705 226 

2Y6.5 132 48 463 82 

,302 2x 2n 245 30 

313 04 86 YO I.2 
_- -.._._ - ..- .- -. _ 

A~rasurenrc*n~ oj the ultra-cider ahorprion and lumrntscmcc spectra a; X0 K 

(a) The uhra-violc1 absorption spcvtra were measured In a spcc~ally dcsrgncd cell whxh was 

slmdar to the one described by Potts”. The solvcn1 was a mlxmrc of 3 parts rsopcntanc and I part 

mc1hyJcyclohcxanc. 

(b) The lumrnc.%cncc was achrcvcd by means of a super-high-prr%urc mercury vapour lamp 

(Philips SP 500 wa11). The ligh1 of this lamp passed successrvcly through a 2 cm layer of a solution of 

60 g N1S0,.7ff,0 and 20 g CoS0,.7H,O in 100 ml water, a 3 cm layer of gaseous chlorine and a 

<:orning Fiher No ‘9863. This filter iombina1lon rcmovcd all incldcn1 radialron above 300 m/l. 

The solu1ions IO bc s1udicd wcrc placed in a cylindrical quartz tube. lmmened in an unsilvcrcd 

&war vessel filled with hquid air. ‘I he solvcnrs used were EPA fa mixture of 5 par1s ether. 5 parts 

isopcntanc and 2 parrs ethanol) and MIP (a mixture of I par1 methyl cyclohcxanc and 3 parts ISO- 

penlane). 

Phosphorescence was measured according to 1he method described by van Roggcn and Vroomr’ 

using roratmg shu11crs. In 1hc fluorcscencc cxperunen1s the cxcuing Irght fell on the sample perpcndi- 

cularly IO the dirrvrion In which 1hc cmlssion was measured. 

A quartr lens placed behind the sample condensed the luminescence ligh1 on the SIII of a Huger 

medium quartz spccrrograph. The spcc1ra were recorded by means of Ilford ILPS plates or. when 

infra-red emission W;LS Investiga1ed, with Kodak IL pla~cs 

” W. 1. P01ls.I. Chrnr. Phys. 21. 191 (IW3). 
I’ A. van Roggcn and K. A. V’room. 1. Sri. /U.WUW. 32, IA0 (IVES). 


