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The Knoevenagel condensation of aldose sugarsfvititarbonyl compounds produces furan derivatives
having polyhydroxyalkylated alkyl side chains; this reaction is known as the Garcia Gonzalez reaction.
Despite the fact that these polyhydroxyalkyl furans are interesting scaffolds for synthetic chemists to
utilize in the synthesis of a variety of biologically interesting molecules, the reported approach suffers
from harsh conditions. The development of a general and more efficient protocol is of considerable
importance, and in this manuscript, we wish to explore the role of the Nal in enhancing the activity of
CeCk7H,0 as a useful water-tolerant Lewis acid promoter for the Garcia Gonzalez reaction. The procedure
proceeds with good yields at S€ using our system supported on i@ solvent-free conditions and
represents a simple and convenient methodology for the preparation of densely functionalized molecules.
Furthermore, the first qualitative results obtained on mechanistic investigation on the role of iodide on
this our heterogeneous reaction may be of value for optimization of existing organic transformations and
for the development of new ones.

1. Introduction (Il commercially available, has recently become an attractive
candidate for use as a Lewis acid in chemistry due to its relative
nontoxicity and ready availability at a low cost. In fact, after
the pioneering works by LucReand Imamotd, numerous
reactions and methodologies employing cerium(lll) derivatives
as key components have been develogpkdparticular, major
attention has focused on the use of inexpensive €&A€IO,
which exhibits excellent properties; e.g., it is water tolerant,

Trivalent rare earth compounidsuch as Ce(lll) salts exhibit
characteristic acid properties, and they activate Lewis base
functionalities to promote useful organic transformations. For
this reason, we have frequently employed cerium(lll) com-
pounds as highly efficient reagents or catalysts in modern
organic synthesis. Ceg;lthe most common source of cerium-
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nontoxic, easy to handle, and suitable for use without further o Chirality Q
purification5 The fact that this water-tolerant Lewis acid Flexibility l X
promoter is optimal with regard to economic and ecological \ /N
considerations has allowed its application in important organic HG, oy R
transformations. However, the main limitation is that a sto- T OH, \ Lipophilicity
Hydrophilicity Rigidity

ichiometric amount of Ce@lFH,O is required, and long reaction
times are observed. Therefore, the development of a catalytic
version of a cerium(lll) salt promoted reaction remains as a
major objective of modern organic chemistry. Recent studies evidence for the formation of this complex, the nature of the
by us and by others have shown that the activity of G&&tO species obtained by the interaction of Cel#,0 with Nal is
increases dramatically in the presence of an iodide source sucmot known. For this, even if only very sensible conjectures about
as Nal® Further to the methodologies involving the CeCl  the role of Nal on the performance of CgZH,O as Lewis
7H,O—Nal system to facilitate the cleavage of carbaxygen acid promoter in many organic reactions have been advanced,
and silicon-oxygen bonds under neutral conditiohsiew our CeCk7H,0—Nal combination is very suitable from a
reactions for nitrogencarbo¥ and oxyger-carborf bond synthetic standpoint.

formation promoted by the Ce&£TH,O—Nal system have also We have recently become interested in evaluating the £eCl
been developed. Differences between the activity of &G40 7H,0-Nal catalytic system in the so-called Garcia Gonzalez
and that of the Ce@lF'H,O—Nal combination are especially  reaction!® the Knoevenagel condensation offadicarbonyl
apparent in the context of carbenarbon bond-forming reac-  compound® with an unprotected carbohydrate to give a poly-
tions!® The presence of Nal is crucial in these reactions, hydroxyalkyl furan (Figure 1). Interestingly, more than 100
resulting in shorter reaction times, diminished byproduct forma- furans structurally similar to that of Figure 1 have been recently
tion, and improved yields and purity of the products. A pertinent isolated from plants and microorganisiislbeit in low yield.
example is found in work by Spinelli et lon the 1,4-addition  Substituted furans are also broadly represented among natural
of Fischer bases to nitroenamines. All of these results have products and medicinal agents. Furthermore, they are useful
established that the interaction between G&ELO and an building blocks in heterocyclic chemist8and in the synthesis
inorganic iodidé® gives a complex which exhibits a stronger of carbohydrate$® The latter compounds, of course, are of
Lewis acid character. Ceglbeing a hard Lewis acitf, is enormous importance in chemical, biological, and medicinal
suitable to form a weak and labile iodide iehewis acid science? as well as being of great value in the preparation of
complex;® and then the nucleophilic donor can enhance the polyfunctional heterocycles of interest in pharmaceutical and
electrophilicity of the lanthanide met#l. Although there is agrochemical practic®. There is clearly a need for efficient

FIGURE 1. Useful properties of polyhydroxyalkyl furan moieties.
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SCHEME 1. Garcia Gonzalez Reaction for the Preparation TABLE 1. Reaction betweenp-Glucose (1a) and 2,4-Pentandione
of Furan Derivatives (2a) under Different Experimental Conditions?
HO
o M\ Promoter
HO! OH T,
= + Conditions HO
HO  ©OH 2a
HO
0 Q 2 Lewis s
HO' OH 4 RJ\)I\X LI + 5 CeCk7H,0O Nal
nd oM Acid entry (equiv) (equiv)  conditionsftime (h) (°C) (%)
2a X
1a o /N 1 0.25 HO/7 60 20
0" R 2 0.25 HO/7 80 8
L 3 1.0 HO/15 60 25
HO OH 4 1.2 HO/15 60 31
4 5 1.0 CHCN/25 60 18.5
6 1.0 0.30 CHCN/25 60 54
. . . 7 1.0 0.3 SiQ/25 r 60
synthetic avenues to furahsin this paper, we describe the 8 0.30 03 SiGI22 50 95

application of our CeGi7H,O—Nal system to the condensation

i ; a All reactions were carried out by stirring mixtures td (10 mmol),
8]; (’feglggzlion?;lreceo?opr? duitr;grs@wnh unprotected carbohydrates 1,3-dione2a (13 mmol), and catalyst for the selected reaction tinfel

yields of product isolated by column chromatography.

2. Results and Discussion acetoacetate and Ce@H,0 (25%) provokes the total epimer-

Since the initial Garcia Gonzalez reaction (Scheme 1) using izatior?® at C-1, in contradiction with Misra’s results.
ZnCl in alcohot gives polyhydroxyalkylfuran in very low yield We decided to explore the role of the Nal in enhancing the
(about 30%), major attention has been focused on the application@ctivity of CeCk-7H,0, and we discovered important advances
of various Lewis acid catalysts. Since trifluoromethanesulfonate in the Garcia Gonzalez reaction. Our initial efforts focused on
salts promote acid-catalyzed reactions under mild condifions, achieving the optimum conditions for increasing the yields of
the Knoevenagel condensation of hexoses with 1,3-dione 3 With D-glucose ¢a) as a model aldohexose, in the presence
compounds has been recently carried out under aqueousOf cerium trichloride as the Lewis acid. The results are
conditions in the presence of Yb(OF®r Sc(OTf}.28 In any summarized in Table 1. By screening th_e various condl'_uons_,
case, the reaction produces the polyhydroalky! furgmaken we hqve o_bserved that _the use of ac_etonltrlle as sol_vent in this
with relative further cyclized tetrahydrofuranylfuran derivatives réaction gives a poor yield (18.5%) in a slow reaction (25 h)
4, which could with difficulty be separated by chromatography. (Table 1, entry 5), probably owing to incomplete solution of
Misra et al. have found that unprotected aldose sugars reactcarbohydratda With catalytic amounts of Nal the correspond-
with 1,3-diones ang-keto esters in the presence of CelTH,0 ing product5aa s realized in moderate yield (Table 1, entry
in aqueous mixtures at 9T to produce furan derivatives in  6). About the same yield of the corresponding polyhydroxyalkyl
good yields’” Under the Misra conditions, pentose sugars furan is obtaln_ed und_er solvent-free cor_1qmons and in the
produce furan derivatives having polyhydroxylated alkyl side Presence of an inorganic support such as silica gelj&itable
chains. However, when an aldohexoseis treated with a 1, entry 7). The reaction proceeds with good yield at°&D
B-dicarbonyl compound a single isolable product is obtained, Using the CeGf7H,0—Nal system supported on SiGn
but this is a hydroxytetrahydrofuranylfurdnUnder these harsh s_olvent-free co_ndltlons._ After further attempts to increase the
conditions, in fact, after the formation 8f it further rearranges ~ Yield by changing relative amounts of the reactants, we have
to form a double cyclic derivative, which is a less important found that a mixture ob-glucose (1.0 mmol), 2,4-pentandione
synthetic scaffold than polyhydroxyalkyl fura#®:28It has also (2 1.30 mmol)}® CeCl-7H,0 (0.3 mmol), and Nal (0.3 mmol)
been reported that the condensation of an aldose with benzylMechanically stirred at an external temperature ofG@or 22

h gave an excellent yield (95%) of prodidsda (Table 1, entry

(21) Joule, J. A.; Mills, K Heterocycles Chemistrlackwell Science: 8).
Oxford, 2000. The first clear result is that the use of Si€upport facilitates
Orézzl_)e‘?ta%‘gé D K paundu, A Baatl, R.; Mioskowski, C.; Falek, J. R the workup of the reaction mixtufewith better yields of

(é3) In our met’hodology of the Lewis acid promoter solvent-free reaction, product, even though the reaction has also_ been observed in its
the term “solvent-free” refers solely to the reaction itself. The preparation absence. Furthermore, the use of inorganic support allows the
of initial adsorbate and purification of products invariably involve the use reaction to proceed without solvent to adopt the best experi-

of solvent. i ;
(24) Sanchez Ballesteros, J.: Ayala Montoro,Aul. Soc. Quim. Peru mental conditions to reduce the large amounts of organic

1981, 47, 84—95.

(25) (a) Frost, C. G.; Haitely, J. P.; Griffin, D5ynlett2002 1928- (29) Molina, L.; Moreno-Vargas, A. J.; Carmona, A. T.; Robin&gynlett
1930. (b) Loh, T. P.; Tan, K. T.; Hu, Q.-YAngew. ChemInt. Ed. 2001 2006 1327-1330.
40, 2920-2922. (c) Xie, W.; Bloomfield, K. M.; Jin, Y.; Dolney, N. Y.; (30) We have observed that the excess of 1,3-dicarbonyl compound is
Wang, P. GSynlett1999 498-500. (d) Yu, L.-B.; Chen, D.; Li, J.; Ramirez, advantageous to add in order to avoid decreased yield.
J.; Wang, P. GJ. Org. Chem1997 62, 903—-907. (e) Kobayashi, Synlett (31) In recent years, solid support catalysts have attracted much interest
1994 689-701. in chemistry because of advantages they possess over homogeneous catalysts
(26) Rodrigues, F.; Canac, Y.; Lubineau, &hem. Commun200Q including recyclability, more simple product isolation, and reduction of
2049-2050. environmental pollution and have been successfully used in organic
(27) Misra, A. K.; Agnihotri, G.Carbohydr. Res2004 339, 1381- transformations. For recent reviews, see: (a) Leadbeater, N. E.; Marco, M.
1387. Chem. Re. 2002 102 3217-3217. (b) McNamara, C. A.; Dixon, M. J.;
(28) Saaby, S.; Bayn P.; Aburel, P. S.; Jgrgensen, K. A.Org. Chem. Bradley, M.Chem. Re. 2002 102 3275-3300. (c) Benerjee, A. K.; Laya
2002 67, 4352-4361. Mimo, M. S.; Vera Vegas, W. Russ. Chem. Re2001, 70, 971-990.
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FIGURE 2. Amount of SiQ influences the efficiency of the reaction.

solvents neede#. Although SiQ was originally introduced as interaction may reduce the LUMO energy of cerium(l11)/SiO
only a support, kinetic studies have revealed that it not only and this one is lower in energy than the LUMO of cerium(lll).
acts as a carrier to increase the surface area as intended bubiven that the strength of a Lewis acid is related to the energy
also enhances the rate constarfor the Garcia Gonzalez  of its LUMO in such as way that the lower the LUMO energy,
reaction. It is known that the silanol groups on the silica surface the easier its interaction with a base molecule, we believe that
might affect the activity of the immobilized cataly®t3>and in the Lewis acidity of cerium(lll) salt is considerably increased
fact, the CeGH7H,O—Nal system supported on Si@ives a by incorporation of the lanthanide in the framework of $iO
better yield of the adduct than in an unsupported system. This In its absence, the reaction of Garcia Gonzalez affords low yields
is possibly due to the interaction between the cerium(lll) site of adductbaawith longer reaction times, which do not improve
of the catalyst with the silanol groups of the uncapped silica the conversion, because the competitive decomposition of dicar-
surface changing the environment of the catalyst active site. bonyl compound begins to be important. Even the amount of
The CeC{7H,O—Nal system is also more well-dispersed SiO; is decisive for completion of this type of Garcia Gonzalez
throughout the porous support and better separated from eachreaction (Figure 2). The results indicate that 0.5 g/mmol of
other3® This shows that Si©functions as an activator for Cegl carbohydrate is the most appropriate ratio, and the use of an
7H,O—Nal Lewis acid system as well as support. Whereas its excessive amount of silica gel (more than 0.5 g/mmol) causes
high performance as a support has been well documented, thea significantly lower yield of furan derivativeaa Analogously,

fact that SiQ works as a good activator for our CeZH,0— a decrease in the amount of Si@ads to the partial recovery
Nal system has often been overlooked. We have argued thatof the starting material even when the reaction time is prolonged.
the function of SiQ as an activator stems from a very probable  The fact that our methodology is clean and the addaet
electronic interaction between a catalytically active cerium(lll) has been obtained in high yield without formation of any side
species and hydroxyl or even oxide groups at surface 0$.SiO products normally observed under the influence of strong acids
Then, the treatment of Ce£IH,O—Nal system with Si@might does not exclude the existence in the solid promoter of a
lead to the formation of a supported cerium(lll) salt in which distribution of sites that may contain simultaneously i&ted

the cerium atom is grafted to the surface via one covalent bondand Lewis sites® In fact, according to Spencer's stuéfy,
(=SI0—Ce)’” and mass balance analysis is in progress in our investigations aimed at confirming the effective catalyst do not
laboratories to investigate this possibility. Consequently, this preclude the existence of a Brsted acid-catalyzed pathway in
our procedure. The presence of the weak base 2térebutyl-
4-methylpyridine, which only binds to protons and is unable to
coordinate to metal cerium, due to the butkyt-butyl groups?°
significantly retards the Garcia Gonzalez reaction. Certainly,
the catalytic activity of the Ce@FH,O—Nal Lewis acid is in-
dispensable for promoting new bond-forming reactions and is
related to its ability to form acigbase adducts with either the
nucleophile or the electrophile reagent enhancing its reactivity.

(32) The CeC7H,O-Nal system dispersed on chromatography silica
gel (Baker analyzed reagent with particle size distribution @0um) was
prepared by simply mixing both reagents in acetonitrile followed by
complete removal of the solvent; see: Bartoli, G.; Bartolacci, M.; Bosco,
M.; Foglia, G.; Giuliani, A.; Marcantoni, E.; Sambri, L.; Torregiani, E.
Org. Chem 2003 68, 4594-4597.

(33) Silica gel is recognized as a powerful activator of lanthanide
diketonate complexes; see: Ciufolini, M. A.; Deaton, M. V.; Zhu, S.; Chen,
M. Tetrahedron1997, 53, 16299-16312.

(34) (a) Bassett, J.-M.; Cépet, C.; Soulivong, D.; Taoufik, M.; Thivolle-
Cazat, JAngew. Chem.Int. Ed. 2006 45, 6082-6085. (b) Lee, S. S.;
Ying, J. Y.J. Mol. Catal. A: Chem2006 256, 219-241. (c) Lee, S. S;

(37) Zapilko, C.; Widenmeyer, M.; Nagl, |.; Estler, F.; Anwander, R.;
Randschl-Sieber, G.; Groeger, O.; Engelhardt) GAm. Chem. So€006

Hadinoto, S.; Ying, J. YAdv. Synth. Catal2006 348 1248-1254. (d)
Rodriguez-Batancourtt, V. M.; Nattland, Bhys. Chem. Chem. Phy05

7, 173-179. (e) Lancaster, T. M.; Lee, S. S.; Ying, J.Ghem. Commun.
2005 3577-3579. (f) Copeet, C.; Chabanas, M.; Saint-Arroman, R. M;
Basset, J.-MAngew. Chem Int. Ed. 2003 42, 156-158.

(35) For selected reviews on silica-supported catalysts, see: (a) Fau, Q.-

H.; Li, Y.-M,; Chan, A. S. C.Chem. Re. 2002 102 3385-3466. (b) De
Vos, D. E.; Dams, M.; Sets, B. F.; Jacobs, P.Ghem. Re. 2002 102,
3615-3640.

(36) Huh, S.; Chen, H.; Wiench, J. W.; Pruski, M.; Lin, V. S.Ahgew.
Chem, Int. Ed. 2005 44, 1826-1830.
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128 16266-16276.

(38) (a) Boronat, M.; Corma, A.; Renz, M.; Viruela, P. @hem. Eur.
J. 2006 12, 7067-7077. (b) Corma, A.; Garcia, HChem. Re. 2003 103
4307-4366. (c) Ishihara, K.; Yamamoto, H. Am. Chem. S0d994 116,
1561-1562.

(39) Wabnitz, T. C.; Yu, J.-Q.; Spencer, J. Bhem. Eur. J2004 10,
484—493.

(40) For the use of 2,6-dert-butyl-4-methylpyridine, see: (a) Barrett,
A. G. M,; Braddock, D. C.; Henschke, J. P.; Walker, E.JRChem. So¢.
Perkin Trans. 11999 873-878. (b) Hollis, T. K.; Bosnich, BJ. Am. Chem.
Soc.1995 117, 4570-4581.
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Extending this procedure to reactions of a variety of aldohex-
oses with differenf-dicarbonyl compounds, good to excellent
yields of the corresponding polyhydroxyalkyl furan derivatives
have been realized (Table 2, entries1D). The success of the

JOC Article

With this new finding of important advances in the Garcia
Gonzalez reaction promoted by the Ce@H,O—Nal system,
we decided to explore the mechanistic role of Nal in enhancing
the Lewis acid activity of cerium trichloride. In contrast to

reaction is independent of the type of hexoses used with the Bronsted acidity, it is very difficult to define and quantify Lewis
results that are comparable to those of pentoses reported in theacidity 37 The trivalent cerium shows a strong affinity toward

literature?® Workup is very easy, the hydroxyl groups did not
require prior protectioA! and the avoidance of harsh conditions
for deprotection permits compatibility with a wide range of

hard base& The formation of an adduct implies that an electron
density transfer from the donor to the Lewis acid acceptor occurs
which is directly proportional to the energy difference and

functional groups. However, the column chromatography cannot degree of overlap between the occupied orbitals of the base and
be avoided because we always observe the formation of tracegshe empty orbitals of the acid. In this process of Lewis acid

of unwanted hydroxytetrahydrofuranyl furan (ty@eas byprod-
uct. The reaction works well with 1,3-dione afieketo esters,

activity, modification of electronic levels of the metal by
adsorption of a molecule on the metal center should be taken

and by screening a range of 1,3-dicarbonyl compounds in theinto account. Consequently, the Lewis acid activity of GeCl

reaction withp-glucose, we have observed that witfbenzoil

7H,O depends not only on the properties of the isolated acid

carbonyl compound the Garcia Gonzalez adduct is obtained insite but also on the changes caused by its interaction with an

very modest yield (Table 2, entry 6). In fact, for steric and
electronic reasons the formation of the prod&ety is not

iodide source additive, such as Nal. The central question
concerning the mechanism is whether our optimized Garcia

observed at 50°C after 36 h, so we have increased the Gonzalez reaction occurs through a heterogeneous or homoge-
temperature of the reaction to 76 obtaining a very low yield neous promoting pathway. In a heterogeneous manner, the
(25%). Under these conditions, a competitive decomposition reaction takes place predominantly on the cerium salt surface
of dicarbonyl compound begins to be important. To avoid the and not in the solution phase; therefore, the reaction would occur
necessity of using too elevated temperatures, we attempted tdnside the pores of the silica gel. This mechanism would lead
favor the homogenization of the reagents by adding the to a complete recovery of our system because leading into the
carbohydrate and the dicarbonyl compound to the €&@i0O— solution phase would not occur. Under homogeneous conditions
Nal mixture in acetonitrile, allowing it to stir for 0.5 h, and  with a heterogeneous promoter, the reaction takes place in the
then removing the solvent. In this way, we have succeeded in solution phase with cerium species that are leaded from the solid.
getting an increase of the yield to 40%, and this indicates a In order to determine if the Ce€IH,O—Nal system is acting
limitation of the methodology. Furthermore, while etlfyketo in a heterogeneous or homogeneous form, we have performed
esters (Table 2, entries 2, 4, 7, and 9) work well as substrates this interesting experiment. We have stopped the reaction of

in the case of thdert-butyl analogue (Table 2, entry 5), a
significantly different result occurs during the course of the
reaction. We have, in fact, purified the desired product in
moderate yield. By analysis of the reaction mixture, besides
the presence of polyhydroxyalkyl fur&aeand traces of double-
cyclized byproduct, we observe the formation of faC-
glycosidic ketone3 that accounted for 36% of the reaction. This

p-glucose (1.0 equiv) with3-dicarbonyl compound?a (1.3
equiv) in the presence of Ce&H,O (0.3 equiv), Nal (0.3
equiv) supported on Si{after the formation of approximately
50% of the producbaa Then, after filtration of the heteroge-
neous materials using acetonitrile as solvent, we have allowed
the reaction to continue in the filtrate under the same reaction
conditions (Table 1, entry 6). We later found that the reaction

result prompted us to propose the mechanism in Scheme 2.is completely stopped. This observation led us to conclude that

Initially, the tert-butyl -keto ester2e adds to the aldehyde
moiety of thep-glucose, and the Ce&lH,O—Nal system in

this case acts as a Lewis acid promoter of a Knoevenagel

condensatioA%Under the reaction conditions, deprotection of
tert-butyl ester5 is promoted by our systeft*2for providing
keto acid derivativés. Then, a decarboxylation occurs spontane-
ously during the reaction, and finally, an intramolecular Michael
reaction promoted by our CeflIH,O—Nal systerfi® would give

the 3-C-glycoside target? Given that thes@-C-glycosides are
useful building blocks for the synthesis of various type of natural
products and as potential enzyme inhibitors, the possibility to
obtain 5-C-glycosidic ketones with better yields in one step
directly from the unprotected sugar is currently under investiga-
tion in our laboratories.

(41) O-Benzyl protection is a standard strategy in syntheses of carbo-
hydrate derivatives; see: Haines, A. Adv. Carbohydr. Chem. Biochem.
1976 33, 11-1009.

(42) (a) Bartoli, G.; Bosco, M.; Marcantoni, E.; Massaccesi, M.; Sambri,
L.; Torregiani, E.J. Org. Chem2001, 66, 4430-4432. (b) Bartoli, G;
Bellucci, M. C.; Bosco, M.; Massaccesi, M.; Marcantoni; E.; Petrini, M.;
Sambri, L.J. Org. Chem200Q 65, 4553-4559.

(43) (a) Bartoli, G.; Bartolacci, M.; Giuliani, A.; Marcantoni, E.;
Massaccesi, M.; Torregiani, E. Org. Chem.2005 70, 169-174. (b)
Bartoli, G.; Bosco, M.; Marcantoni, E.; Petrini, M.; Sambri, L.; Torregiani,
E. J. Org. Chem2001, 66, 9052-9055.

(44) Howard, S.; Withers, S. G. Am. Chem. S0d.998 120, 10326~
10331.

the reaction takes place via a heterogeneous pathway because no
active-promoting cerium species have been present in solution.

Having established what appeared to be the promoting
pathway of the solid Ce@rH,O—Nal system, we switched our
attention to the water of crystallization in the cerium(lll) salt.
It seemed appropriate to investigate if the amount of water
present in the reaction mixture might vary the yield of Garcia
Gonzalez addudf Therefore, we carried out a systematic study
on the influence of the amount of water on the reaction rate by
drying CeC}7H,0% before using it supported on dry silica el
and then adding water in known amounts to the reaction mixture
(Scheme 3). We analyzed the conversioriafn polyhydroxy-
alkyl furan5aain the presence of increasing amounts of added
water.

With <1 equiv of water, decreased activity was observed,
and the rate dropped dramatically. On the other hand, with 4
equiv of water, essentially identical results were obtained as

(45) In some reactions promoted by the Ce@H,O—Nal system, the
presence of water in the reaction mixture is essential; for instance, see:
Bartoli, G.; Giovannini, R.; Giuliani, A.; Marcantoni, E.; Massaccesi, M.;
Melchiorre, P.; Sambri, LEur. J. Org. Chem2006 1476-1482 and
references cited therein.

(46) Imamoto, T.; Takeda, NOrg. Synth.1998 76, 228-238.

(47) Hoffmann, F.; Cornelius, M.; Morell, J.; Ava, M. Angew. Chem.

Int. Ed. 2006 45, 3216-3251.
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TABLE 2. Reaction of Aldohexoses (3) withB-Dicarbonyl Compounds (2) Promoted by CeC#7H,O—Nal System on SiQ Under Solvent-Free
Conditions

(0]
ath
(6] (e}
CeCl37H,0
Aldohexose  + RJI\/U\X e 82 HO o~ R
Nal, SiO, 50°
1a-c 2a-g ) o .
5
i i o/.\b
Entry Aldohexose Dicarbonyl Compound Product® Yield (%)
R X Time/h
HO (o]
(o)
Ho..bOH OH /] Me 05
1 HO  ©H Me Me  HOY 0" “Me 22
OH OH
1a 2a 5aa
(o]
OH 7 OEt 85
2 Me OEt  HO ™ o “Me 30
OH OH
1a 2b 5ab
(o}
Bu-n
OH /A 45¢
3 Me n-Bu HO Y 0O~ Me 30
OH OH
1a 2c 5ac
o)
OH OBt g3
4 n-Bu OEt HO™ ™ O~ "Bu-n 30
OH OH
1a 2d Sad
(0]
OH / \ OBu-t 55d
48
5 HO™ ™ 0~ "Me
Me OBu-t 5H OH
1a 2e 5ae
o)
40
6 Ph OEt 72
1a 2f
HO
HO © OH 97
7 Me Me 18
HO OH
1b 2a
HO 95
(0)
8 HO%:)MOH Me OEt 18
HO  ©H
1c 2b
Me Me 89
9
1c 2a 5ba 24

a All products were identified by their IR, NMR, MS, and elemental analysM yields refer to pure isolated compoundsNo selectivity was obtained,
and a mixture other the furan trisubstitute regioisomer was isol@fegrmation of the corresponding-C-glycosidic ketone has been observed in 36%
yield.
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SCHEME 2. Proposed Mechanism for Formation off3-C-Glycosidic Ketone of Type 8
HO o} HO 0
O ™\ MoBu  CeCls7H,0 OH
HO OH 4 ———— |HO 0
. Nal, SiO, 50°C HO No
HO  ©OH g OH OBu'
1a 2a 5
CEC|3'7H20
Nal
HO HO 0
HO OH _ HO OH °
HO HO ~
HO ) HOOW Q)
H™ T H”
7 6
HO
HO oH
(o]
8
SCHEME 3. Yield Effect of Water on the Garcia Gonzalez find explanation in its coordination, which simplifies the
Reaction Promoted by CeC¢7H,0—Nal—-SiO, disaggregation of the crystal lattice of cerium salt and might
HO lead to a notable increase in the Lewis acidity of the cerium
o Q 9 available at the particle surfaée
HO: OH 4 MMl _CeClg7H,0, Nal p _ . .
Z Si0, 50°C, 22 h The results have established that the choice of hydrated
HO  OH 2a cerium(lll) salt plays a crucial role in the ability of the CeCl

1a

with the cerium salt heptahydrate. The same reaction rate was
obtained with 7 and 10 equiv of water. It is worth noting that
not only does our Lewis acid perform best in the presence of
water?8 but also its promoting activity is amplified by the water.
This effect is taken as a proof-of-principle that substrate
interaction cerium(lll) Lewis acid species and water are not
mutually exclusive’® To obtain further evidence for this effect,

we have carried out the reaction by addingCDinstead of

H,0,%0 given that RO has a higher viscosity that makes mixing

more difficult and reduces the hydrophobic effethe first

7H,O—Nal system supported on Si@o promote the Garcia
Gonzalez reaction. We have attempted a similar reaction in the
presence of silica gel and Nal without using Cel,0. The
reaction was not successful, and the starting materials remained
intact. We have also noted that in the absence of Nal the
procedure with CeGI7H,0 on SiQ does not afford the adduct
5in the typical reaction conditions. Undoubtedly, the presence
of Nal is also essential for allowing the efficient preparation of
polyhydroxyalkyl furan derivatives by reaction of aldohexoses
with g-dicarbonyl compounds. These findings suggest that the
CeClk7H,0O—Nal combination leads to a more powerful Lewis
acid. We therefore set about identifying the nature of the Lewis
acid generated from a 1:1 mixture of CeZH,O and Nal by
NMR spectroscopy. For this we tried to study the complexation
of substratela with CeCk7H,0 and with a CeGI7H,O—Nal
combination. Unfortunately, no identifiable species could be
discerned from théH NMR and3C NMR, due, very probably,

results indicate a decrease in the reaction rate, but this isotopic e presence of paramagnetic Ce(lll) speétes

effect can be only speculative because the transformation is
performed on Si@ which naturally contains a lot of water as

well as Si-OH functions. Therefore, the O could become a
trace amount highly diluted with #D; other kinetic experiments

in support of this are in progress. However, the remarkable

observed ability of water to generate more active speties

The acceleration effect caused by addition of Nal to GeCl
7H,O might be rationalized by an halogen exchange rea@ion
that leads to more strong Lewis acid (eq 1). But hydrateg Cel

CeCL + n Nal CeClz_pl, ¥ nNaCl (1)

n=1-3

(48) Catalysis in water depends on the ability of the catalysts to tolerate

(52) For the coordination chemistry of lanthanide halide, see: Evans,

water on one hand and to remain active on the other hand; see: (a)W. J.; Feldman, J. D.; Ziller, 3. WI. Am. Chem. S0d.996 118 4581-

Kobayashi, S.; Manabe, KAcc. Chem. Res2002 35, 209-217. (b)
Bosnich, B.Aldrichim. Acta1998 31, 76—83.

4584,
(53) Glinski, J.; Keller, B.; Legendziewicz, J.; SamelaJSMol. Struct.

(49) This hydrophobic amplification concept is marvelously rationalized 2001, 59-66.

in: Narayau, S.; Muldoon, J.; Finn, M. G.; Fokin, V. V.; Kolb, H. C.;
Sharpless, K. BAngew. Chem Int. Ed. 2005 44, 3275-3279.
(50) Kleiner, C. M.; Schreiner, P. Rhem. Commur2006 4315-4317.
(51) (a) Graziano, GJ. Chem. Phys2004 121, 1878-1882. (b)
Graziano, GChem. Phys. LetR004 396 226-231.

(54) (a) Alessandrini, S.; Bartoli, G.; Bellucci, M. C.; Dalpozzo, R.;
Malavolta, M.; Marcantoni, E.; Sambri, LJ. Org. Chem1999 64, 1986-
1992. (b) Hubert-Pfalzgraf, L. G.; Machado,Rolyhedron1996 15, 545—
549. (c) Stecher, H. A.; Sen, A.; Rheingold, A.lbhorg. Chem.1989 28,
3280-3282.
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alone shows an activity only slightly superior to that of GeCl 3. Conclusion
7H,0 and significatively lower than that the Ce@H,O—Nal

system:® Moreover, the system CeglH,O0—3Nal is less - )
efficient than a 1:1 combination, so that the iodide ion is not how the CeG7H,0—Nal system promotes new bond-forming

active as a promoter whereas cerium is. Certainly, this 1:1 reactions in solvent-free conditions, such as the popularly known
combination of CeGI7H,0 and Nal might ine Ce@ll-?i-bo "~ Garcia Gonzalez reaction, which provide a simple and conve-
which might be a more powerful Lewis acid than Cgmzd nient methodology for the synthesis of densely functionalized
parent. All of the efforts into structural characterization of this .molecules'. At the end of these |nvest|gat|on§ Itis clegr that
complex CeGJ_I, have been unsuccessful. For understanding incorporation of Nal in the most common starting material for
the mechanistic role of Nal we have analyzed the interaction cernum complexes as such as (_:g'ﬂﬂg_o_ results in remarkable
between CeGi7H,O with Nal on SiQ by X-ray photoelectron Improvements of key Lewis acid activity. Moreover, .th.e study
spectroscopy. This provides a valuable technique to quantify provides the f.|r.st experimental evidence that the origin of the
the chemical surroundings of the probed atom by means of theenhanced activity of the C_eﬂHZO_—NaI system is not dug to
analysis of the chemical shift in the core level binding enerfies. a halogen %xchange react!on_, asithas b_een observed W'th other
Fundamental reasons for this are the inherent element specificit;/ne'[al ions’® Further vs_/ork IS IN progress in our Iaboratone;ltq

of the element specific core level binding energies. Another study other nucleophiles that may enhance the electrophilicity

reason is the sensitivity both to the amount of the element of Lewis acidic promoter by disaggregation of oligomeric

present and its localization at the surface, the latter characteristic>tUctures. Moreover, we are currently expanding our procedure

caused by the short mean free path of low energy-(BI0 to cover other synthetically useful organic chemistry processes
eV) photoelectrons in the solids. Insulating rare-earth trihalides which are LeW.'S. a.C|d catalyzed because the use.of catalytic
like CeC are wide gap in the trivalent sta®Such systems promoters to minimize waste has become a demanding _challenge
show interesting double peak structures in the 3d core-level for chemists when atom economy and green chemistry are

spectra with the two peaks showing dramatic changes dependingcons'dered'

on the halide element. This is a final state because in the two ) )

different screenings a shoulder at lower binding energy is 4- Experimental Sectior?®

observed® We have started from a belief that Ce@ a rare- General Procedure for the Garcia Gonzalez Reaction (5aa).
earth trihalide whose initial state i (Ce = [Xe]4f15d'6<), as Silica gel (0.5 g) was added to a mixture of CeTH,0 (0.113 g,

no promotion of f electron is required for a trivalent bonding 0.3 mmol) and Nal (13.4 mg, 0.3 mmol) in acetonitrile (7 mL),
with chlorine. Nevertheless, in the final state the charge-transferand the mixture was stirred overnight at room temperature.
energy defined as the energy required to take an electron fromp-Glucose 1a) (0.18 g, 1.0 mmol) was added, and the reaction
the ligand p level to the unoccupied 4f level (about 9.76V) Mixture was then stirred at room temperature for 1 h. The
(f2) is less than the value of the 4f-core hole Coulomb attraction acetonitrile was removed by rot_ar evaporation and to the resulting
(12.2 eV). This led to ar?b satellite (wherev is the hole in the powder was added 2,4-pentandioa)(0.17 mL, 1.3 mmol). Then,

alence) at about 3.4 eV lower binding enerav. The intensit the mixture was mechanically stirred at an external temperature of
v ) ut 5. W inding 9y ! Y 50 °C until the disappearance of the starting aldehexose (22 h,

and -energy of this satellite are sensitive .to the degree of hecked by TLC analysis). After addition of methanol (15 mL),
hybridization of the f states with the conduction st&feBven the mixture was passed through a short pad of Celite and the filtrate
if the XPS spectr® were unable to determine the coordination was concentrated under reduced pressure. The crude was purified
environment of the Ce(lll) ion because we do not observe a by flash chromatography on a silica gel column (eluent, dichlo-
variation within few percent in the intensity of théatellite, romethane-ethyl acetate, 90:10) to give 0.26 g (95% yield) of the
the results suggest that there is no direct interaction betweencorresponding Garcia Gonzalez addGaa
the cerium(lll) site and the iodide ion. The activity of the CeCl ]
7H,0—Nal system is mainly exerted in the heterogeneous phase, Acknowledgment. We are grateful to Dr. Francesco D'’Amico
and above all, we believe that a chloro-bridged oligomeric Performing XPS measurements and are also grateful to Dr.
structuré* of CeCk7H,0 is easily broken by donor species such Gianni Rafaiani for NMR experiments. This _work was carried
as the iodide ion. The resulting monomeric CeTH#,0—Nal out under the framework of the National PrOJec'gs s.u'pported by
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