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Photochemical irradiation of crystalline (2R,4S)-2-carbomethoxy-4-cyano-2,4-diphenyl-3-butanone 1 led to highly efficient decarbonylation reactions.
Experiments with optically pure and racemic crystals showed that the intermediate radical pairs undergo a highly diastereo- and enantiospecific
radical-radical combination that leads to the formation of two adjacent stereogenic centers in good chemical yield and with high chemical
control. Reactions with chiral crystals occurred with quantitative enantiomeric yields and >95% diastereomeric yields.

We have recently shown that crystalline ketones with radical remarkably simple and promising method for the construction
stabilizing substituents in the twa-positions can photode- of compounds with adjacent tertiary and quaternary stereo-
carbonylate to form radical pairs in a relatively efficient and genic centers. Our motivation for this study comes from the
reliable manner. We have reported examples involving well-documented occurrence of natural products possessing
ketones with alkyl, phenyl,carbonyl? and alkoxy substit-  such a structural feature and from the difficulties involved

uents® In addition, we have observed theddical pairs in their preparation by conventional synthetic methodfs.
formed in crystals tend to form -€C bonds in a highly  addition, we believe that challenging, solvent-free reactions
chemoselective and stereospecific marfhér. this com- may contribute to the development of the rapidly expanding

munication, we report an application of this reaction in a field of environmentally benign chemistfy.
To determine the feasibility of the solid-state method, we
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enantiomorphous crystal formg\ stereochemical correlation
based on single-crystal X-ray diffraction analyses confirmed
that the solid state reaction occurs by retention of configu-
ration at the two configurationally trapped radical centers.
Compoundl was obtained in enantiomerically pure and
racemic forms from 2-methyl-2-phenyl malonic acid mono-
methyl ester3b (Scheme 2). Samples of-§-(R)-3b were

Scheme 2
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PLE = Pig liver esterase
(-)-NMA = (-)-1-(1-Naphthyl)ethylamine

prepared from the meso diestg# by enzymatic desym-
metrization with pig liver esterase (90% &ej by resolution
of acid &)-3b with (—)-1-(1-naphthyl)ethylamin& Acid
(+)-3b was converted into the corresponding acyl chloride,
which was reacted with the anion of benzyl cyanide to give
ketone (R,49-1 and its diastereomer 4R)-1a (not shown)
in 85% isolated yield in a 4:1 ratio. Pure samples of
(+H)-(2R,49-1 {[a]p = 12C° (c 0.73, CHC})} were obtained
by crystallization from hexane and diethyl ether (4:1 v/v).
Thin needles of the optically pure ketone had a melting point
of 66—68°C. An identical procedure starting with racemic
(£)-3b led to racemic crystals of)-(2RS,4SR)-1 which
have a melting point of 97—108C.

Photochemical experiments with oxygen-free 0.1 M ben-
zene solutions off)-(2R,4S)-land (4)-(2RS,4SR)-dsing
a Hanovia lamp with a Pyrex filter (# 300 nm) at 298 K
led to complex product mixtures (Figure 1, bottom). In
contrast, crystals off)-(2R,49-1 and (&)-(2RS4SR-1 (ca.

(7) For an excellent monograph describing the crystallization of chiral
molecules, please see: Jacques, J.; Collet, A.; Wilen, &nidntiomers,
Racemates and Resolutions; John Wiley & Sons: New York, 1981.
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1052.

(10) Optically enriched samples of-J-3b were obtained by crystalliza-
tion of ()-3b with (—)-1-(1-naphthyl)ethylamine in ED (50% ee). These
crystallized as optically puret)-(2R,4S)-1after the reaction sequence in
Scheme 2.
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Figure 1. Gas chromatograph obtained after ca. 40% conversion
upon photolysis of (+)-(2RS,4SR)+lLbenzene solutions (bottom)
and in crystals (top). Results of experiments carried out wit} (
(2R,4S)-1were essentially identical.

Benzene

50 mg) irradiated under similar conditions resulted in a very
clean reaction with formation of a major photoproduct in
40—60% conversion and 95% selectivity (Figure 1, top).
The product was later shown to be-)¢(2R,3R)-2 and
(+)-(2RS,3RS)-om the optically pure and racemic crystals,
respectively.

The relative configurations of +)-(2R49-1 and
(+)-(2RS,4SR)-Wwere established by single-crystal X-ray
diffraction analyses (Figure 2). Enantiomerically pure

Figure 2. ORTEP diagrams of (top)}{)-(2R,4S)-1and its solid-
state product{)-(2R,3R)-2 and (bottom) ORTEP diagrams af)-
(2RS4SR-1 and the racemic solid-state photoprodue}-(2RS3RS-

2. The X-ray structures of)- and &)-2 were obtained after
dissolving crystals of reactetl. From the racemic crystals, only
the (2R,4S)-Bnd (2R,3R)-Znantiomers are illustrated.

(+)-(2R49-1 crystallizes in the hexagonal space group
P65 with six ketones and one disordered hexane molecule
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per unit cell’? The racemic compound crystallizes in the is borne out from the X-ray structures shown in Figure 2.
space grou2,/c with four molecules per unit cell and no  The spatial orientation of the substituents at C2 and C4 in
solvent of crystallizatiod® The absolute configuration of ketonel is maintained at stereocenters C2 and C3 in product
(+)-(2R,4S)-1was assigned from the known configuration 2. Notably, the orientation of the ester group in crystals of
of (+)-(R)-3b, which is determined by the enantioselectivity (+)-(2R,4S)-1is different than that observed in crystals of
of the enzymatic hydrolysis. (+)-(2R,3R)-2(Figure 2, top). However, for reactions in
As illustrated in Figure 2, the structure of keton&{&5)-1 crystals, it is well-known that changes in size and shape must
is very similar in the two enantiomorphous (i.e., enantio- be relatively smalt’ Therefore, it is likely that{)-(2R3R-2
merically pure and racemic) crystal forrhK.is characterized s originally formed with the ester carbonyl in a conformation
by a conformation where the 2-methyl and 4-cyano substit- similar to that of the starting material and that it only changes
uents are approximately eclipsed with the ketone carbonyl after the reacted sample is dissolved and recrystallized. Very
and the phenyl groups adopt a staggered orientation. Thesmall conformational differences can be appreciated for the
main difference between the two molecular structures is the structure of compoun@ in its two crystal forms.
orientation of the carboxylate ester groups. The ester carbonyl Regarding the reaction mechanism, it is well-kné%that
points toward the cyano substituent in the racemic crystals decarbonylation proceeds in a stepwise manner by sequential
and in the opposite direction in the optically pure modifica- o-cleavage and decarbonylatidWvith experimentat?*3and

tion.4 computationaP evidence gathered in our group, we have
Assuming that double inversion in the crystal lattice is suggested some general guidelines to “engineer reactions in

extremely unlikely, the optical purity off)-(2R,3R)-2is crystals”!~2 Our observations indicate that photodecarbo-

determined by the optical purity of crystalling-)-(2R,4S)- nylation in the solid state is enabled by substituents that lower

1, which is expected to be 100% in its enantiomorphous the bond dissociation energy of the twebonds by more
phase. An ¢Jo = 128 (c 1, EtOAc) determined for  than ca. 12 kcal/mol as compared to that of acetone (BDE-
(+)-(2R,3R)-2is of the same sign as those of the ketone [Me—COMe]= 81.1 kcal/mol):° This suggestion arises from
precursor {)-(2R,49-1 and the acid ester{)-3b. A >95% a known relation between reaction efficiencies and heats of
de determined by GLC for optically active and racemic reaction first proposed by Fisher and P&ul-Cleavage and
samples (Figure 1, top trace) indicates a very small amountdecarbonylation in ketoné& are enabled by phenyl, car-
of inversion at either one of the two stereogenic centers. A bomethoxy, and cyano groups. On the basis of extensive
small stereochemical loss may be due to reaction occurringliterature datd? one may expect that phenyl, ester, and
at the crystal surface or at defect sites. X-ray structural methyl groups at C2 will lower thex-bond dissociation
elucidation of ¢)-(2R,3R)-2 (mp = 78—79 °C)*® and energy by ca. 25 kcal/mol with respect to that of acetone.
(£)-(2RS,3RS)-Zmp = 99—101°C)'® confirmed the ex-  Similarly, phenyl and cyano substituents at C4 are expected
pected stereospecificity of the bond-forming reaction. The to weaken the othew-bond by ca. 23 kcal/mol, which is
simple visualization of the reaction illustrated in Scheme 1 also well in excess of the suggested value. Not surprisingly,
(12) (2R AS) L. QNG MW = 307,34, space gropte, a— compoundl_ reacts in crystals Wi_th apparent effic_iencies that
19.1543) A, Ab = 1'9.15}17(3) }('C = 8393(2) A = ff = 90° y = compete with those observed in solution reactions.
120°,V = 2666.5(9) R, Z = 6, pcaica= 1.156 Mg/nd, F(000) = 978,1 = Knowing that accumulation of the product depresses the
0.71073 Au(Mo Ko) = 0.080 mm, T = 100(2) K, crystal size= 0.60 melting point of the pure starting material, it is advantageous

x 0.10 x 0.10 mn?. Of the 15 993 reflections collected (2772 6 < .
28.29), 4062 R(int) = 0.0297] were independent reflections; max/min  t0 document the nature of the (ideally) two-component

;?]sdid\,l\],g o gg?f?;}f%é?? andl76 e nm, Ry = 0.0369 1 > 20())] system so that a suitable photolysis temperature is selcted.
(13) (£)-(2R,49)-1: @H1:NOs, MW = 307.34, space group2./c, a Differential scanning canrjmetric (DSC) analyses of
Eéﬁ'ﬁ?%(?éb =, 0:4680) 1/\,2% 7='\%3/-§§10F(80/§),)ﬂ o7 7690 V= (+)-(2RS,4SR)-before reaction and after ca. 45% conver-
. L = 4, Pcaled = L. g/nt, = A =0. . . . . .
A, u(Mo Ka) = 0.087 mm-1T = 100(2) K, crystal size= 0.4 x 0.3 x sion indicate that a solid phase is preserved below ca. 30

0.3 mn?. Of the 9819 reflections collected (1%& 6 < 28.26°), 3760 40 °C and that reaction proceeds by a phase separation

R(int) = 0.0298] were independent reflections; max/min residual electron ; ; ; i
Lle(nsi%y g 298] Were B 0371 1 2 and Wi o630 " mechanism (Figure 3. The melting transition of pure

(all data). (+£)-(2RS,4SR)-1at 97 °C broadens and shifts to lower

_ (14) Calculated (AM1) dipole moments are 5.92 and 3.53 D for structures temperatures as the product accumulates in crystals of the

'C”h{g‘fi’:;';’taﬁgdafepﬂg’jﬂryogfggi;[;’Sgi',;'espec“ve'y' However, only the reactant phase. That phase separation occurs in this reaction
(15) (+)-(2R,4S)-2: @H17NO,, MW = 279.33, space group2y, a = is deduced by the observation of a broad peak at about 60

g;goggggg é'bZ:: %'4p81|8d@ 1;\'2(:5; gés;ﬁﬁgoﬁ{fggg-jggggg%; °C, which corresponds to the formation of a eutectic mixture.
«(Mo Ka) = 0.082 mnt, T = 100(2) K, crystal size= 0.50 x 0.40x  This result suggests that high reaction yields with maintained

0.33 mn?. Of the 6629 reflections collected (2.26° 0 < 28.27°), 3454 selectivity mav be attained by controlling the temperature
[R(int) = 0.0132] were independent reflections; max/min residual electron y y y 9 P

density 272 and-150 e nm3, Ry = 0.0284 [I> 2¢(1)] and wR = 0.0680

(all data). (17) Cohen, M. D.Angew. Chem., Int. Ed. Engl975,14, 386—393.
(16) (£)-(2RS,3RS)-2: H17NO,, MW = 279.33, space group2i/n, (18) Weiss, D.Org. Photochem; Padwa, A., Ed.; Marcel Deker: New

a=11.1764(16) Ab = 9.0080(13) A,c = 15.168(2) )i),ﬂ = 08.844(2), York, 1981; Vol. 5, pp 347420.

V=1508.9(4) B, Z= 4, pcaica= 1.230 Mg/n#, F(000)= 592,14 = 0.71073 (19) Luo, Y.-R.Handbook of Bond Dissociation Energies in Organic

A, n(Mo Ka) = 0.080 mnt?, T = 100(2) K, crystal size= 0.40 x 0.35 x Compounds; CRC Press: Boca Raton, FL, 2003.

0.25 mn¥. Of the 9649 reflections collected (2.12° 0 < 28.30°), 3568 (20) Fisher, H.; Paul, HAcc. Chem. Red987,20, 200—206.

[R(int) = 0.0170] were independent reflections; max/min residual electron (21) Keating, A. E.; Garcia-Garibay, M. AVlolecular and Supramo-

density 360 and-190 e nm3, Ry = 0.0345 [I> 20(1)] and wR = 0.0875 lecular Photochemistry; Ramamurthy, V., Schanze, K., Eds.; Marcel

(all data). Dekker: New York, 1998; Vol. 2, pp 195248.
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Figure 3. Differential scanning calorimetric (DSC) analysis of)¢+
(2RS,4SR)-before photolysis (top) and after 45% conversion
(bottom). The eutectic transition is marked with an asterisk (*) in
the bottom thermogram.

of the reaction well below the eutectic point. While the
presence of solvent in crystals of)-(2R,4S)-1makes the
phase diagram more complex and high conversions difficult,

In conclusion, we have shown that photodecarbonylation
of crystalline ketones with radical-stabilizimgsubstituents
provides a promising strategy for the diastereo- and enan-
tiospecific construction of adjacent stereogenic quaternary
and tertiary centers. The method used for the synthesdis of
can be easily modified to prepare a large number of
analogues, which may be used to obtain building blocks for
the synthesis of more complex molecules. The generality of
this procedure and applications in total synthesis will be
reported in forthcoming publications.
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Supporting Information Available: X-ray diffraction
data for racemic and optically pure crystals of compouhds
and 2 (CIF files) and experimental procedures for the
preparation ofda, 1, 3b, and2. This material is available
free of charge via the Internet at http://pubs.acs.org.

suitable crystals may be obtained from other solvents or from OL0347803

the melt, by hydrolysis of the ester to form the carboxylic
acid, or by forming higher-melting carboxylate s&fts,
alternatives that will be investigated.
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