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77. Photochemical Reactions 
Part 58 [ 11 

On the Mechanism of the Rearrangement of the Triplet-excited 
a, p-Unsaturated d-Diketone 3,7-Dioxo-4,4-dimethyl- 17P-acetoxy- 

d5-androstene 
by S. Domb and K. Schaffner 

Laboratorium fur Organische Chemie der Eidg. Technischen Hochschule, 8006 Zurich 

(3. 111. 70) 

Zusammenfassung. In einer vorangehenden Arbeit [Z] wurde gezeigt, dass sich das triplettan- 
geregte a, 8-ungesattigte S-Diketon 1 in die beiden stereoisomeren Cyclopropyl-diketone 2 und 3 
umlagert. Neue Resultate vermitteln nun einen naheren Einblick in die mechanistischen Aspekte 
dieser Photoreaktion. Die Bestrahlung der 4u-Trideuteromethyl-Verbindung 7 in Dioxan mit 
2537 A lieferte nach einem Urnsatz von ;r 30% die an C-4 sterisch aquilibrierten Photoisomeren- 
paare 8a. b und 9a, b, wahrend im regenerierten Ausgangsmaterial (7) die C(4)-Chiralitat erhalten 
blieb. Dieser Befund spricht gegen eine konzertierte Umlagerung und ist indikativ fur einen schrittwei- 
sen Reaklionsablauf. 

In a recent paper [2] we reported the photorearrangement of the triplet-excited 
u,@-unsaturated d-diketone 1 to the two stereoisomeric cyclopropyl diketones 2 and 3 
(Chart 1). Three pathways are a priori possible for this type of transformation: two 
stepwise mechanisms, each leading to diradical products in the primary photochemical 
processes, and a concerted (r;(C3,4) + n&15) cyclo-addition [3]. Each of the stepwise 
mechanisms is capable of scrambling the diastereotopic geminal methyl groups at  C-4, 
and the concerted reaction should occur with inversion at C-4 [ 2 ] .  A selective label on 
one of these methyl groups was therefore considered to serve as a suitable stereo- 

Chart 1. Previous Results [2] : The Photorearrangement of 3,7-Dioxo-4.4-dimethyl-77~-acetoxy-A6- 
androstene (1) 

l9 I f 
0 +/Lo -\ 

o+foAc 
04 

2 

1 

43a 
3 



678 HELVETICA CHIMICA ACTA - Vol. 53, Fasc. 4 (1970) - Nr. 77 

chemical test to differentiate between the stepwise and concerted reaction modes in 
the further pursuit of this work. 

The 4cetrideuteriomethyl compound 7 was chosen for this purpose. I t  was ob- 
tained by alkylation of 0-acetyl-4-methyltestosterone (4) [4] with CD,J and KOC(CH,), 
in t-butanolla), reacetylation of product 5 to 6 and subsequent oxidation of the me- 
thylene group C-7 with t-butyl chromate solutionlb) (Chart 2). The comparison of the 
nmr. spectra of 1 and 7 in C,D, solution2) shows that alkylation of 4 with CD,J had 
occurred with a stereoselectivity of -95% (see Fig. 1) 3). 

Chart 2. Synthesis of 3,7-Dioxo-4cc-trideuteriomethyl-4~-meth3,1-77~-acetoxy-A~-androstene (7) 3, 
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Fig. 1. Nmr. Spectra [700 M c ,  C,D, solutiona)] of Compounds 1 [Z] and 7s) 
[spectra of 7 identical for samples before irradiation and after recovery from the photolyses at 

2537 A in dioxane, and at  > 3400 A in dioxane + naphthalene] 

1) Methods described by (a) Woodward, Barton & al. [5]; (b) Domb & al. [2], and references therein. 
2) The nmr. signals of the geminal methyl groups of compound 1 as well as those of the non- 

deuteriated analogue of 6 are coincidentally isochronous in CDC1, solution. 
The stereochemical assignment a t  C-4 in compounds 5-7 is based solely on analogy with estab- 
lished results in similar cases, e.g. the ethylation of 4-methylcholestenone [6 ] .  We may note 
here that, while the stereoselective label of C-4 in diketone 7 is essential for the evaluation of 
the photochemical results reported here, the chirality of this carbon is irrelevant. 
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Fig. 2.  Nmr. Spectra (220 Mc, CDC1, solution) 0.f Compound 2 [a4) and of the Mixture 8a+ b 
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Fig. 3.  Nmr. Spectra (220 Me,  CDCI, solution) of Compound 3 [2] and of the Mixture 9a+ b 

') Corrigendum: Two erroneous values for the chemical shifts of methyl groups in photoproduct 2 
have been reported in [2]. The correct values are: 1.35+ 1.53 6/2s, 4a- and 4/?-CH,, and 1.46 6/s, 
CH,-19. 
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Compound 7 was irradiated a t  2537 A in dioxane solution until a conversion of 
2 30% was reached. The components (7, 8 and 9)  of the resulting mixture were sepa- 
rated by chromatography and crystallization and investigated by nmr. spectroscopy. 
The spectrum of the recovered starting material (7, Fig. 1) shows that the chirality of 
C-4 had been fully preserved during the irradiation. The spectra (Fig. 2 and 3) of the 
fractions which correspond in their appropriate data to the photoproducts 2 and 3, 
however, prove that both of these samples consist of ca. 1:l mixtures of C(4)-dia- 
stereoisomeric products (8a + b and 9a + b, Chart 3 ) .  

Chart 3. The Photorearrangement of Compound 73) 
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The cis-fusion of the three- and six-membered rings in the products 2 and 3 
demands that in a photochemically allowed concerted mechanism [3] the 3,4-single 
bond of 1 adds in an antara-antara-facial fashion to the A5-bond. While such pathways 
with inversion at  C-4 appear feasible structurally for the rearrangement to both 2 and 
3 (cf. [ 2 ] ) ,  the molecular geometry is extremely unfavorable for the alternative with 
retention at  C-4, even if one allows for maximum non-planar distortion of the triplet- 
excited enone group. The stereochemical scrambling at  C-4 during the rearrangements 
7 -+ 8 and 7 + 9 would demand a fortuitous 1: 1 partitioning between 0: + nf 
additions with inversion and with retention at  C-4, respectively. Barring this unlikely 
coincidence, the experimental result is not compatible with a rearrangement mechanism 
which is subject to orbital symmetry conservation rules, but it is accePtable as evidence for n 
stepwise rearrangement sequence. 

One possibility is C(5) + C(3) bonding to form the stereoisomeric diradicals a and 
c (Chart 4) 5 ) .  Thermal reversal to starting material (7) by the cleavage of bonds a in a 
and e would maintain the stereochemistry at  C-4, and the cleavage of bonds b would 
permit stereochemical equilibration of the 4-CH3 and 4-CD3 groups in the intermediates 

6, The preparation of a 4,4-dimethyI-3 a, 5cr-cyclo-cholestane (an i-steroid, corresponding to the 
ring system of c) has been achieved by a base-catalyzed internal displacement of the tosyloxy 
group in the 3~-tosyloxy-6-ketone precursor [7]. The formation of the hitherto unknown 38,58- 
cyclo system of a could be anticipated here as a consequence of the considerable steric inter- 
action between the 48-CH3 and CH,-19 groups, which is introduced upon formation of c. 
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b and d prior to the ring closure to products. An analogous bridging mechanism has 
been considered previously for the similar photorearrangement of the triplet-excited 
u,,!I-unsaturated y-aldehydoketone 3, 19-dioxo-17~-acetoxy-A4-androstene IS]. 

Chart 4. Stepwzse Mechanisms for the Rearrangements 7 + 8a+ b and 7 + 9a+ b3) 
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A direct (4 + 5) acyl shift via the two corresponding stereoisomeric species e6)  as 
another pathway to the intermediates b and d remains an alternative possibility'). 

Homolytic fission of the 3,4-bond and total release of the acyl radical, leading to 
intermediate f '), appears less likely. Molecular models of f show that cyclization to 
8a + b, the major photoproducts, is clearly less favorable for structural reasons than 
cyclization to 9a + b, which represent the minor part of the mixture of photo-isomers. 
Moreover, recombination of f to 7 would be expected to scramble the geminal methyl 
groups at C-4, an effect which could not be detected experimentaliy (see Fig. 1)". 

A species of type e has been proposed for a non-concerted variant of the cyclohexenone-hi- 
cyclo [3.1.0] hexanone rearrangement of, e.g., the ring-A-enone testosterone; see [9]. 
Note that more than one conformation of ring A has to  participate at the excited state reaction 
of 7 in order to account for two stereochemical paths of the (3 + 5)  bonding (+ a+ c)  and the 
acyl migration (+ e) mechanisms : boat-like form of ring A + b, chair-like form + d. A similar 
condition is required for the C(4)-methyl scrambling in the mechanism via f. 
In  search for a reversible cleavage involving stereochemical equilibration a t  C-4 in the singlet- 
excited compound 7, a photolysis of 7 in dioxane at  > 3400 A was carried out in the presence of 
1 . 0 ~  naphthalene, which is known to quench the photorearrangement completely [Z]. After an 
irradiation time which corresponded to  the 2.5-fold period required for complete conversion of 
1 in a parallel run without naphthalene, the stereochemistry of C-4 was unaltered in the re- 
generated starting material 7 (Fig. 1). 
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Attempts to intercept free radical intermediates of the photorearrangements of 1, 
e.g. in the form of cyclopropanol derivatives of the diradicals a and c, have not been 
successful so far. In one series of such experiments (irradiation of 0.018 M 1 in benzene 
at  > 3400 A) various concentrations of tri-n-butyl-stannane were added. At 0 . 1 5 ~  
stannane, only reduction to  the saturated diketone 10 was observed, and at 0 . 0 1 6 5 ~  
stannane rearrangement to 2 and 3 and reduction to 10 occurred (Chart 5). 

Chart 5. Irradzation of Compound 1 zn the Presence of Trz-n-butyl-stannane 

1 4 
2 +  3 

10 
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Experimental. - General Remarks. Silicagel Merck (0.05-0.2 mm) was used for preparative 
coluinn chronaatography, and Merck Plates F,,, (silicagel) for thin-layer chromatography (tlc.). The 
tlc. spots were located by the use of uv. light and by spraying the dried plates with conc. H,SO, and 
subsequent heating. 

Melting points were measured in open capillaries and are not corrected. [a],, values were 
determined in a 5 cni tube, concentrations (c) are added in parantheses. 

U v .  spectra: A,,, are given in nm ( E  values in parentheses). - Ir.  spectra: v,,, in cn-1. - Nmr. 
Spectra of 8 and 9 were recorded at  220 Mc, all other ones at 100 Mc. Chemical shifts are given in 4 
values, with (CH,),Si as the internal standard. Abbreviations: s (singlet), t (triplet), b (broad), J 
(coupling constant in cps). Proton integration of each signal is in agreement with the given 
assignments. 

3-0xo-4a-trideuterioilzethyl-4~-methyl- 1 7i3-acetoxy-A6-androstene (6) 7. 2 in1 of CD, J in t- 
butanol were added dropwise under N, to a solution of 2 g 0-acetyl-4-methyltestosterone (4) [4] 
and 2.4 g KOC(CH,), in t-butanol. After stirring the mixture for 24 hr a t  room temperature, 200 ml 
H,O were added and the precipitate was filtered and dried by azeotropic distillation with benzene. 
Direct acetylation of the crude product (1.94 g 5 )  for 2 hr a t  80" in pyridine+ acetic anhydride was 
followed by the removal of the volatile material by repeated evaporation in vacuo with toluene. 
The crude product was then filtered in CH,CI, through neutral Alto, (activity 111) and finally 
chromatographed in acetone-hexane 1 : 8 on 200 g silicagel to yield 1.23 g 6, mp. 155-156" (1 x 
cryst. from acetone-hexane). [ G ( ] ~  -27" (1.01 in CHCl,). Ir. (CC1,): 1240, 1710, 1735, 2220. Nmr. 
(CDCI,) : 0.82/s, CH,-18; 0.90+ 1.25/2s, 4B-CH, and CH,-19; 2.05/s, 17-OCOCH3; ca. 4.6/bt, CH-17; 
ca. 5.55/b, CH-6; (C,D,) : 0.68+0.75+ 1.36/3s, 4,f-CH3, CH,-18 and -19; 1.72/s, 17-OCOCH3. Ms.: 
wzje 361 (M+,  C2,H,,D,0,). Cf. 3-Oxo-4,4-dimethyl-17~-acetoxy-d6-androstene: mp. 154-156"; 
[or],, - 29" (C,H,OH) [lo]; nmr. (C,D,), 1.13/s, 4or-CH,y). 

3,7-Dioxo-4cr-trideuteriomethy1-4i3-methyl-l 7,!?-acetoxy-A5-androstene (7) 3). For the oxidation of 
6 with t-butyl chromate in CCl, a t  22", the procedure described for the preparation of 1 [2] was 
followed. 1.57 g of 6 furnished 309 mg starting material 6 and 863 mg 7, mp 155-158' (cryst. from 
acetone-hexane). [a] -78" (1.05 in CH,Cl,). Ir. (CCl,): 1240, 1620, 1675, 1720, 1740, 2220. Nmr. 
(CDCI,) : 0.83/s, CH3-18; 1.13+ 1.35/2s, 4/l-CH, and CH,-19; 2.06/s, 17-OCOCH,; ca. 4.7/bt, CH-17; 
5.95/s, CH-6; (C,D,) : Figure 1. Ms. : m / e  375 (M+, C,,H2yD,0,). Cf. 1 : mp. 156-158" (an erroneous 
value for the mp. of 1 was given in [Z]); [or] -75" (CH,Cl,) [219). 

y, Compounds 5-9 showed identical tlc. retention times and proton magnetic resonance signals on 
comparison with the respective non-deuteriated analogues. 
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Irradiation of 7 in Dioxane at 2537 A. The procedure described for 1 [2] was employed, using a 
low-pressure mercury lamp NK 6/20 (QuarzZampen GmbH., Hanau; main emission a t  2537 A). Tlc. 
of the crude reaction mixture showed only the two spots corresponding to  7 and 8 + 9, respectively. 
Column chromatography yielded 38% starting material (7; see nmr., Fig. 1) and 30% of the mixture 
Sa, b+ 9a, b. Repeated crystallizations of the latter from acetone-hexane gave: 

19 % of the mixture of C(4)-diastereoisomeric 3,7-dioxo-4-methyZ-4-trideuteriomethyZ- 7 7B-acetoxy- 
3[4+ 5~]-abeo-4,6a-cycZo-androstanes (8a,b). mp. 160-161". Ir. (CC1,) : 1245. 1690, 1730. Nmr. : 
see Figure 2. Ms.: m/e  375 (M+, C,,H,,D,O,). Cf. 2:  mp. 157-158" [2]a)rt), and 

4 % of the mixture of C(4)-diastereoisomeric 3,7-dioxo-4-methyZ-4-trideuteriomethyl- 17P-acetoxy- 
3 [ 4  + 5a]-abeo-4,6~-cycZo-andvostanes (9a,b), mp. 170-171". Ir. (CCl,) : 1245, 1690, 1730, ca. 2350 
(broad). Nmr.: see Figure 3. Ms.: m/e 375 (M+, C,,H,,D,O,). Cf. 3: mp. 158-159" [219). The mp. of 3 
and of 9a, b remained constant on further crystallizations. 

Irradiation of 7 in Dioxane at > 3400 A in the Presence of 1 . 0 ~  Naphthalene. 103 mg of 7 were 
irradiated in 9 ml of a 1.0 M dioxane solution of naphthalene in a pyrex tube, using a 125 W medium- 
pressure mercury lamp and an aqueous filter solution of 750 g NaBr + 8 g Pb(NO,),/I in a turntable 
reactor. The solvent was then evaporated in vacuo. Tlc. of the crude product showed only the spots 
corresponding to naphthalene, 7, and traces of unidentified material. Naphthalene was removed 
by chromatography on 10 g silicagel with benzene. Elution with benzene-ethyl acetate 6 :  1 and 
crystallization from acetone-hexane gave 60 mg starting material (7; identification by mp., mixed 
mp., tlc., ir., and nmr., see Fig. 1). 

A parallel run with 1 without naphthalene (same solvent and concentration) resulted in the 
complete conversion to 2+ 3 after about two fifths of the irradiation time. 

Irvadiation of 1 in Benzene + Tri-n-butyl-stannane at >3400 A. -a) A solution of 1 g 3,7-d10xo- 
4,4-dimethyl-17~-acetoxy-ds-androstene (1) [2] and 6.4 g (8.2 mole equiv.) (n-C,HJ3SnH in 150 ml 
benzene was irradiated for 1 hr (light source and filter used as described above). The solvent was 
then evaporated and excess stannane was removed by filtration in benzene through a column of 
30 g silicagel. Elution with ethyl acetate furnished the crude product mixturelo) which was chro- 
matographed on 100 g silicagel with acetone-hexane 1 : 8. First a mixed fraction containing starting 
material (1) and 10 was obtained, followed by a 197 mg fraction of pure 3,7-dioxo-4,4-dimethyZ-77B- 
acetoxy-5a-androstane (lo), mp. 181.5-182.5" (80 mg after three cryst. from CH,CI,-hexane). [oijD 
-55" (1.7 in CH,CI,). Ir. (CC1,): 1240, 1710, 1735. Nmr. (CDCI,): 0.80/s, CH,-18; 1.09 (6H)+1.30 
(3H)/Zs, 4,4-(CH,), and CH,-19; 2.03/s, 17-OCOCH3: 4.70/bt, CH-17. Ms.: mje 374 (AT+). 

C,,H,,O, Calcd C 73.76 H 9.15% Found C 73.73 H 9.13% 

Compound 10 was identical with a sample obtained by hydrogenation of 1 on P t  in CH,COOH 
and subsequent reoxidation with CrO, (no depression of mixed mp., comparisonof [a]D, tlc., ir. and 
nmr.). In  this latter experiment, ,?-ox0-4,4-dimethyZ-7 7p-acetoxy-5cr-androstane (cf. 1111) was formed 
additionally, mp. 150-151". [aID - 19" (0.8 in CH,Cl,). Ir. (CCI,) : 1240, 1710, 1735. Nmr. (CDCl,) : 
0.80/s, CH,-18; 1.06 (9H)/s, 4,4-(CH,), and CH,-19; 2.02/s, 17-OCOCI3,; ca. 4.6/bt, CH-17. M s .  : 
m/e  360 (M+) .  

C,,H,,,O, Calcd C 76.62 H 10.07% Found C 76.66 H 10.06% 

The same acetoxyketone was formed also upon hydrogenation and reoxidation as described 
above of 3-oxo-4,4-dimethyl-17j3-acetoxy-d~-androstene [lo] (identified by mixed mp. and com- 
parison of [a]D, tlc., ir., and nmr.). 

b) In  a similar run, a solution of 53 mg 1 and 35 mg (0.85 mole equiv.) (n-C,H,),SnH in 8 ml 
benzene was irradiated for 2 hr. Tlc. analysis of the reaction mixture indicated the presence of 1, 2,  
3, and 10 (despite thc similar tlc. retentions of 1 and 10, thcse compounds and mixtures thereof can 
be differentiated by the spot colors in lurninescencc and after treatment with H,SO,). 

Control runs in the dark were conducted parallel to the irradiation experiments a) and b). No 
reaction of 1 with stannane occured under these conditions. 

lo) TIC. of the crude reaction mixture showed one spot corresponding to 1 and 10, and i t  gave no 
indication for other reaction products except for traces of unidentified material which were 
isolated by preparative plate chromatography and contained Sn according to mass spectro- 
metric analysis. 
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The elemental analyses werc carried out by Mr. W. Munsev of theMicroanalytica1 Laboratory of 
ETH Zurich. Nmr. spectra were measured in our Instrumental Division (Prof. W .  Simon), and 
mass spectra by Pn Dr. J. Seibl. 
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78. Die Photoelektron-Spektren von 
CH,-CHLCH-CH,, CH,-N&CH-CH,, CH,-N&N-CH,, 

ein Beitrag zur Frage nach der Wechselwirkung zwischen den 
einsamen Elektronenpaaren der trans-konfigurierten Azogruppe [ 11 

von E. Haselbach und E. Heilbronner 
Physikalisch-Chemisches Institut dcr Universitat Base1 

(6. 111. 70) 

Summary. A correlation of the photoelectron spectra of trans-2-butene, trans-acetaldehyde- 
methylimin and trans-azomethane shows that  the split d = &(ag(n)) - &(b,(n)) between the lone 
pair orbitals a,(%) and bu(n) of trans-azomethane amounts to 3.3 0.2 eV. Molecular orbital 
calculations by the MINDOjl procedure indicate that  a,(.) lies above b,(n). In  agreement with 
the experimental results the n-orbital au(n) is predicted to fall into the interval between a,(n) and 
b,(n). 

Im klassischen Model1 der Azogruppe, wie sie in trans-konfigurierten aliphatischen 
oder aromatischen Azoverbindungen, z. B. im trans-Azomethan (I) vorliegt, besetzen 
die beiden einsanien Elektronenpaare die Atomorbitale n, und n2. Dabei wird mei- 

I N = N- 
\ d CH, 

n1 

stens angenonimen, dass es sich bei n1 und n2 im wesentlichen urn sp2-Hybride han- 
delt. Da die lokale Symnietrie der truns-Azogruppe aber C2,* ist, sind aus n, und n, 




