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Although photochemical crystal-to-crystal reactions have been
documented since the early nineteenth century,1 most examples have
been discovered by serendipity. It is only recently, and greatly
motivated by the development of green chemistry,2 that chemists
have begun systematic studies of synthetically promising crystal-
to-crystal reactions.3 In a perfect setting, pure crystalline compounds
would be activated to break and make bonds in a predictable
manner. Multigram quantities of readily accessible crystalline
reactants would be transformed into value-added crystalline prod-
ucts, perhaps by sunlight, with no need of external reagents or
purification. Naturally, to reach this stage one must identify suitable
reactions, develop mechanistic models to establish their generality,
and ascertain the experimental feasibility of the method. With that
in mind, we have recently explored the photodecarbonylation4 of
crystalline ketones as a model with far-reaching potential. The
reaction is suited to address one of the most important challenges
in organic synthesis: the construction of adjacent stereogenic
quaternary centers (Scheme 1).5,6

The overall process may start with simple ketones and take
advantage of several synthetic strategies to attach up to six
R-substituents (R1-R6) in a stereoselective manner.5,7 We have
shown that a robust crystal lattice is needed to ensure that the
stereochemistry of the reactant is transferred efficiently to the
product and that the reaction relies on the high energy content of
the ketonen,π* excited state (ca. 80 kcal/mol) and on the effects
of the R-substituents, which lower the bond dissociation energies
of the two R-bonds.4 Notably, taking acetone as a standard and
assuming that bond cleavages in crystals must be thermoneutral or
exothermic, we proposed that substituents with radical-stabilizing
energies (RSE) greater than ca. 12-15 kcal/mol should enable the
solid-state reaction.4,8 In fact, several crystalline ketones with
secondary, tertiary, and quaternaryR-carbons bearing phenyl,9

carbonyl,8 and dialkoxy groups10 support this model. Thus,
recognizing the potential ofR-akenyl-cyclohexanones as precursors
of prostaglandins and other interesting structures, we decided to
investigate the solid-state reactivity of a model structure. Although
thermochemical values11 suggest that crystals of these compounds
should be highly reactive (RSEg 18 kcal/mol),12 solution studies
have shown thatâ,γ-unsaturation often leads to concurrent 1,3-
acyl shifts, oxa-di-π-methane rearrangements, intramolecular ox-
etane formation, andγ-hydrogen abstraction.13 For that reason, it
was important to determine whether the crystalline media could
control the chemo- and stereoselectivity of the reaction, and whether
the reaction may be carried out under environmentally benign
conditions.

Searching for an efficient and simple preparation of bis-â,γ-
unsaturated ketones, we decided test an extension of the conjugate
addition oftert-butyl-substituted imines to acetylenic esters reported
by Ito et al.14 Although we found that alkyl propiolates fail to

produce a double Michael adduct, presumably due to the steric
demands of the second conjugate addition,15 this was not the case
when 2,6-dimethyl-cyclohexanoneiso-butyl imine (1) was submitted
to the reaction (Scheme 2). Although small amounts ofcis-alkenoyl
isomers were detected in the crude1H NMR spectrum, imine
hydrolysis followed by equilibration of the ketone with 1 equiv of
Bu3P16 yielded thetrans-alkenoyl cyclohexanone isomerstrans-2
andcis-2 in ca. 85 and 15% yields, respectively.

The stereochemical relation of the methyl groups intrans-2 and
cis-2 was established by single-crystal X-ray diffraction analysis
of diacidstrans-3 (mp ) 192-193 °C, Figure 1a) andcis-3 (mp
) 237-239°C) obtained by removal of the benzyl group with BBr3

(Scheme 2).
Solution photolyses of diesterstrans-2 and cis-2 and diacids

trans-3 andcis-3, in dilute methanol-d4 solutions (2 mg/mL), gave
complex mixtures of products showing multiple vinyl hydrogens
and methyl signals in their1H NMR spectra. In contrast, small-

Figure 1. Single-crystal X-ray diffraction-derived ORTEP diagrams of
cyclohexanone diacidtrans-3 (left) and cyclopentane diacidtrans-6.17

Scheme 1

Scheme 2 a

a Conditions: (a) Benzyl propiolate 6 h, 80°C. (b) HCl(aq), MeOH, reflux
3 h. (c) Bu3P, toluene, reflux 12 h. (d) BBr3 (3 equiv); NH4Cl (aq).
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scale photolyses of stereoisomerically pure samples of2 and3 in
the crystalline state at 25°C each yielded a single photoproduct at
low conversion values (<20%), but a loss of selectivity due to
partial melting was observed at higher conversion. Since Scheffer
has shown that ionic crystals tend to be very robust in solid-state
reactions,3c the quaternary ammonium salttrans-4 (mp ) 187-
189°C) obtained by addition of 2 equiv of benzylamine totrans-3
was investigated in detail (Scheme 3). As expected, photolyses
carried out with ca. 25 mg samples at 25°C showed the formation
of a single product in>97% yield, which was later shown to be
the cyclopentane derivativetrans-5. Dissolution and acidification
of trans-5 yielded the crystalline diacidtrans-6, which was suitable
for X-ray diffraction analysis17 (Figure 1). Notably, thetrans-
dimethyl and trans-alkene configurations of the reactant were
preserved in the structure of the product.

Microscopic observations of reacted samples oftrans-4 under
polarized light revealed that crystals remain birefringent at all
conversion values, as expected for a reaction that proceeds in a
crystal-to-crystal manner. Differential scanning calorimetric18 analy-
sis of partially reacted samples revealed a eutectic temperature of
45 °C, indicating that reactions may be carried out at ambient
temperature (ca. 20-25°C) without the occurrence of liquid phases.
Accordingly, analysis by13C CPMAS NMR as a function of
irradiation time showed a smooth progression from 0 to 95%
conversion (Figure 2). Searching for improved conditions, we
discovered that microcrystals obtained from a rapidly cooled
supersaturated acetone solution were ideal for large-scale reactions.
A suspension of carboxylate microcrystals (1.5 g) in 100 mL of
n-hexane irradiated with a medium-pressure Hg lamp using a Pyrex
jacket (λ g 290 nm) proceeded to>97% conversion in 12 h, and
the nearly pure photoproduct was simply collected by filtration.

Qualitative experiments with 25 mg samples using sunlight resulted
in quantitative reaction within 2 h.19

In conclusion, the combined effects of theR-alkenoyl and
R-methyl groups intrans-4 enable the photodecarbonylation of
crystalline ketones by forming stabilized allyl radical intermediates.
Following the loss of CO, the 1,5-biradicals react with chemose-
lectivity and stereospecificity that rival those observed in enzymatic
processes. Notably, the use of ionic crystals results in a remarkable
improvement in the efficiency of the solid-state reaction, and
photolysis with suspended microcrystals and using sunlight hint at
promising methods to scale-up these reactions into the multigram
scale. Put together, these results and observations highlight the
potential of crystal-to-crystal reaction strategies for the development
of green chemistry.

Supporting Information Available: Photochemical procedures,
synthesis of compounds1-4, analytical data for all compounds, and
CIF files for trans-2 and trans-6. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) (a) Roth, H. D.Angew. Chem., Int. Ed. Engl.1989, 28, 1193-1207. (b)
Ramamurthy, V.; Venkatesan, K.Chem. ReV. 1987, 87, 433-481.

(2) (a) Poliakoff, M.; Fitzpatrick, J. M.; Farren, T. R. A.; Anastas, P. T.Science
2002, 297, 807-810. (b) Anastas, P. T.; Kirchhoff, M. M.Acc. Chem.
Res. 2002, 35, 686-694. (c) Anastas, P. T.; Warner, J. C.Green
Chemistry: Theory and Practice; Oxford University Press: Oxford, 1998.

(3) (a) Keating, A. E.; Garcia-Garibay, M. A. InMolecular and Supramo-
lecular Photochemistry; Ramamurthy, V., Schanze, K., Eds.; Marcel
Dekker: New York, 1998; Vol. 2, pp 195-248. (b) Toda, F.Acc. Chem.
Res.1995, 28, 480-486. (c) Gamlin, J. N.; Jones, R.; Leibovitch, M.;
Patrick, B.; Scheffer, J. R.; Trotter, J.,Acc. Chem. Res.1996, 29, 203-
209. (d) MacGillivray, L. R.NATO Science Series, II: Mathematics,
Physics and Chemistry; 2002; Vol. 68, pp 355-365.

(4) (a) Garcia-Garibay, M. A.; Campos, L. M. InCRC Handbook of Organic
Photochemistry; Horspool, W., Ed.; CRC Press: Boca Raton, FL, 2003.

(5) Ellison, M. E.; Ng, D.; Dang, H.; Garcia-Garibay, M. A.Org. Lett. 2003,
5, 2531-2534.

(6) Ng, D.; Yang, Z.; Garcia-Garibay, M. A.Org. Lett.2004, 6, 645-647.
(7) (a) Enders, D.; Knopp, M.; Runsink, J.; Raabe, G.,Liebigs Ann.1996,

1095-1116. (b) Enders, D.; Bartsch, M.; Backhaus, D.; Runsink, J.; Raabe,
G. Synthesis1996, 1438-1442. (c)J. Am. Chem. Soc.2005, 127, 62-
63. (d) Trost, B. M.; Schroeder, G. M.,Chem.sEur. J. 2005, 11, 174-
184. (e) Behenna, D. C.; Stoltz, B. M.J. Am. Chem. Soc.2004, 126,
15044-15045. (f) Patil, N. T.; Yamamoto, Y.J. Org. Chem.2004, 69,
6478-6481.

(8) (a) Yang, Z.; Ng, D.; Garcia-Garibay, M. A.J. Org. Chem.2001, 66,
4468-4475. (b) Campos, L. M.; Ng, D.; Yang, Z.; Dang, H.; Martinez,
H. L.; Garcia-Garibay, M. A.J. Org. Chem.2002, 67, 3749-3754.

(9) (a) Choi, T.; Peterfy, K.; Khan, S. I.; Garcia-Garibay, M. A.J. Am. Chem.
Soc.1996, 118, 12477-12478. (b) Peterfy, K.; Garcia-Garibay, M. A.J.
Am. Chem. Soc.1998, 120, 4540-4541.

(10) Ng, D.; Yang, Z.; Garcia-Garibay, M. A.Tetrahedron Lett. 2002, 43,
7063-7066.

(11) Luo, Y.-R. Handbook of Bond Dissociation Energies in Organic
Compounds; CRC Press: Boca Raton, FL, 2003.

(12) Mortko, C. J.; Dang, H.; Campos, L. M.; Garcia-Garibay, M. A.
Tetrahedron Lett.2003, 44, 6133-6136.

(13) Houk, K. N.Chem. ReV. 1976, 76, 1-74
(14) (a) Ito, K.; Shigemori, N.; Miyajima, S.Nippon Kagaku Kaishi1987, 10,

1849-1852. (b) Miyajima, S.; Ito, K.Bull. Chem. Soc. Jpn.1985, 58,
2659-2663.

(15) (a) Cave´, C.; Desmae¨le, D, d’Angelo, J.; Riche, C.; Chiaroni, A.J. Org.
Chem. 1996, 61, 4361-4368. (b) Jabin, I.; Revial, G.; Tomas, A.;
Lemoine, P.; Pfau, M.Tetrahedron: Asymmetry1995, 6, 1795-1812.

(16) Bella, M.; Jørgensen, K. A.J. Am. Cem. Soc.2004, 126, 5672-5673.
(17) X-ray structure oftrans-6 is substitutionally disordered with two different

molecular orientations occupying the same crystallographic site.
(18) Hohne, G., Hemminger, W., Flammersheim, H.-J., Eds.Differential

Scanning Calorimetry: An Introduction for Practitioners; Springer:
Berlin, 1995.

(19) Experiments were carried out in Los Angeles, midmornings, in June, 2004.
The results of quantitative studies will be reported in due course.

JA0508166

Figure 2. Collection of 13C-CPMAS NMR spectra oftrans-4 at various
degrees of conversion. The ketone peak at 212 ppm disappears as the
reaction proceeds.

Scheme 3
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