OCArticle

Solventless Protocol for Efficient BisN-Boc Protection of Adenosine,
Cytidine, and Guanosine Derivatives

Siddharth A. Sikchi and Philip G. Hultin*
Department of Chemistry, Usrsity of Manitoba, Winnipeg, MB, R3T 2N2, Canada

hultin@cc.umanitoba.ca

Receied February 28, 2006

tBu
NH2 O/[(NJI\O/ tBU
@ Boc,0O @
RO o N cat. bmap RO o N
ball mill grinding
OR X OR X

adenosine, cytidine, guanosine derivatives

A solvent-free reaction employing a simple low-energy ball mill apparatus converts the amino groups of
adenosine, 2-deoxyadenosine, cytidine, 2-deoxycytidine, guanosine, and 2-deoxyguanosine as well as
some of their ribosyD-protected derivatives to the corresponding Bigoc carbamates. In the case of
guanosine compounds, the carbonyl group of the base moiety was also blocked-Bei®nol carbonate.

A variation of this approach using transient in sibsilylation permitted the preparation of biéBoc
nucleosides in which the sugar hydroxyls were unprotected. The ball mill reactions were rapid, convenient,
and very high-yielding except in the case of the guanosine compounds. This highly efficient method
protects the amino groups of these nucleosides with a base stable and acid labile group suitable for
further synthetic manipulation.

Introduction In the course of other research, we requirgdarnide
derivatives of adenosing-Barboxylate1® but making these
The synthesis of modified nucleosides and oligonucleotides proved difficult because compouridwas very poorly soluble
requires the protection and deprotection of functional groups in the organic solvents commonly used for amide formation.
on both the sugar and base portions of the monomers. In additionWe thought that protecting the 6-amino group bfwould
to allowing regioselective reactions, protection enhances the €nhance its solubilityN-Benzoylated nucleobases are more
generally poor organic solubility of the parent nucleosides. The labile to base-promoted solvolysis than are other amides, but
amino groups in adenosine, cytidine, and guanosine are fre-the Ilterature aIsp reyealed that yields for these reactions gquld
quently protected byN-acylation or bisN-acylation’2 The bg variable. This did n'ot encourage us to rely.on reactivity
alkaline conditions used to remove these protecting groups differences between amides and amidines to obtain our proposed

restrict the range of other functional and protecting groups that targets. However, the use of an acid-laiilprotecting group

mav be present in svnthetic nucleosides. Carbamates anOoffered an alternative solution to this problem. The most
y P y ; common acid-labileN-protecting group in general use is the

biscarbamates that can be removed under mildly basic to neutral

conditions are more usefuN-protecting groups for these
(3) (a) Strasser, M.; Ugi, |Acta Chem. Scand.993 47, 125-130. (b)

. 45 . .
nucleos!de§. In Comre_‘St’ a‘?'d labiléd _protgctmg grOUpS for Hotoda, H.; Saito, R.; Sekine, M.; Hata, Tetrahedron199Q 46, 1181—
nucleosides have received little attention in the literature. 1190. (c) Ueno, Y.; Mishima, T.; Hotoda, H.; Hata, Chem. Lett199Q
595-598.

(4) (a) Alvarado, G. G. PCT Int. Appl. WO 2004029297 A1, 2004. (b)
*To whom correspondence should be addressed. Tel.: 204-474-9814. Fax: Kutyavin, I. V.; Woo, J.; Lukhtanov, E. A.; Meyer, R. B., Jr.; Gamper, H.

204-474-7608. B. PCT Int. Appl. WO 9712896 A1, 1997.
(1) Schaller, H.; Weimann, G.; Lerch, B.; Khorana, H.JGAm. Chem. (5) (@) Anzai, K.; Uzawa, JJ. Org. Chem1984 49, 5076-5080. (b)
So0c.1963 85, 3821—-3827. Anzai, K.; Hunt, J. B.; Zon, G.; Egan, W. Org. Chem1982 47, 4281—
(2) Cui, Z.; Zhang, L.; Zhang, Bletrahedron Lett2001, 42, 561-563. 4285. (c) Alvarez, K.; Vasseur, J.-J.; Beltran, T.; Imbach, J-lOrg. Chem.
For bisN-benzoylation see the following: Busca, P.; Etheve-Quelquejeu, 1999 64, 6319-6328.
M.; Valéry, J. M. Tetrahedron Lett2003 44, 9131-9134. (6) Epp, J. B.; Widlanski, T. SJ. Org. Chem1999 64, 293-295.
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SCHEME 1. Solventless Reaction of 1 with (Bog and SCHEME 2. SolventlessN-Protection of O-Protected
DMAP Nucleoside Derivative3
NH2 (Boc),N (Boc)oN
2 N Base Base
K NK l \> (Boc),O lo)
NN DMAZP
HOZC o ['-BUOZC o OR2 X
(Boc),0 — Base
DMAP ! I 3a-f adenine 4a-f
OXO Grind OXO 5a-c cytosine 6a-c
75% OBoc
1 2
JI “ﬁ
tert-butoxycarbamate (Boc) group. Boc groups have seldom (Boc), )\
been used for the protection of modified nucleositi@sOur _ (Bocy0 RiO
attempts to protect this-6 group ofl with Boc using the usual “DMAP
methods were unsuccessful, and it was evident that the problems OR; X
of solubility were a major factor in our difficulties. 7a-c 8a-c

Solvent-free synthesis is gaining popularity, especially in
industry, because it may be both more environmentally benign
and more economically feasibléWe therefore examined Boc
protection ofl in the absence of any solvent. To our satisfaction,
grinding 1 with an excess of diert-butyl dicarbonate ((Bog)

a8 See Table 1 for R- and X-groups, conditions, and yields.

TABLE 1. Solventless Reactions of Nucleoside Derivatives with
(Boc)O and DMAP

and 4N,N-(dimethylamino)pyridine (DMAP) resulted in the  substrate R R2 X conditiong ()eirglgl{);)t)
rapid formation of a less-polar product, which proved to be 3a Ac Ac OAG A 6h 4a(90)
t-butyl N,® N°-bis [(tert-butoxy)carbonyl]-23-O-isopropylidene- 3p TBDMS TBDMS OTBDMS B,2h  4b(99)
adenosine-5carboxylate2 (Scheme 1). BidN-protected amines 3c Ac C(Me  OC(Me) B,4h 4c(96)
often avoid side reactions or unwanted cyclizati&rSolution- 3d  TBDMS C(Mep OC(Mep B,2h  4d(99)
phase methods for making HisBoc protected amines generally gfe ?EDMS %DMS ':| BB' 21?] 21?753329)
require the use of strong basésalthough some methods 5a TBDMS TBDMS OTBDMS C,1h  6a(99)
employing DMAP catalysis have been reportédA few 5b TBDMS TBDMS H C,1lh 6b (99)
instances of bitN-Boc protected adenosine and cytosine deriva- ?C 20 20 (")lA g, %2 gc (gg)
tives have been reportéd.® We now report that solventless 73 TEDMS TCBDMS OTEDMS b &h 8;‘((40))
reactions of this kind provide rapid and efficient access to a . TBDMS TBDMS H E 6h 8¢ (70)

variety of bisN-Boc protected adenosine and cytidine deriva-
tives. We also describe our results with guanosine compounds

Results and Discussion

aReaction conditions: (Method A) 30 mol % DMAP, 4 eq (Bg)

‘(Method B) 10 mol % DMAP, 3 equiv (BogD; (Method C) 20 mol %

DMAP, 4 equiv (Boc)O; (Method D) 20 mol % DMAP, 5 equiv (Bog;
(Method E) 40 mol % DMAP, 6 equiv (Bog.

The reaction of amines with (Bo®) cannot be performed scale reactions. This simple mill provided a relatively gentle

in a closed glass flask or vial as @@Q) is liberated during the R . ) .
reaction. Experiments in closed containers agitated in a shakerg”nd'.ng action, Wh'.Ch was nevertheless quite adequate for t_hese
' reactions. Ball milling has been a part of industrial materials

resulted in cracking because of excess pressure buildup. A . ;
; . L . processing for many years and has recently been recognized as
simple ball mill apparatus consisting of a thick-walled round- . ' .
a useful technique in organic syntheXis.

bottom flask, 9 mm glass beads, and an overhead stirrer with a To determine the scope of this solvent-free reaction, we
loosely fitting shaft proved to be very satisfactory for benchtop- applied it to commorO-protected nucleosides (Scheme 2 and

Table 1). The knowrD-acetylated derivative8a,c,e, 5¢, and
7a were prepared by published procedutess were the
O-TBDMS derivatives 3b,d,f, 5ab, and 7b,c.l> These O-
protected nucleoside derivatives were ground with (Bo@nd
DMAP until the reactions were complete as judged by TLC

(7) (a) Furrer, E.; Giese, Bdelv. Chim. Acta 2003 86, 3623-32. (b)
Crich, D.; Suk, D. H.; Hao, ZTetrahedron2002 58, 5789-5801. (c)
Schirmeister, H.; Pfleiderer, WHelv. Chim. Actal994 77, 10-22. (d)
Ubukata, M.; Isono, KTetrahedron Lett1986 27, 3907-3908.

(8) Somu, R. V.; Boshoff, H.; Qiao, C.; Bennett, E. M.; Barry, C. E.,
IIl.; Aldrich, C. C. J. Med. Chem2006§ 49, 31-34.

(9) Bazzanini, R.; Gouy, M.-H.; Peyrottes, S.; Gosselin, Grigaed,
C.; Manfredini, S.Nucleosides NucleotideX)05 24, 1635-1649.

(10) (a) Cave, G. W.; Raston, C. L.; Scott, J.@hem. CommurR2001
1-25. (b) Rothenberg, G.; Downie, A. P.; Raston, C. L.; Scott, J. lAm.
Chem. Soc2001, 123 8701-8708. (c) Tanaka, K.; Toda, Ehem. Re.
200Q 100, 1025-1074.

(11) (a) Van Esseveldt, B. C. J.; Van Delft, F. L.; Smits, J. M. M.; Gelder,
R.; Schoemaker, H. E.; Rutjes, F. P. J.Adv. Synth. Catal2004 346,
823-834. (b) Vogensen, S. B.; Greenwood, J. R.; Varming, A. R.; Brehm,
L.; Pickering, D. S.; Nielsen, B.; Liljefors, T.; Clausen, R. P.; Johansen, T.
N.; Krogsgaard-Larsen, FOrg. Biomol. Chem2004 2, 206-213. (c)
Hamilton, D. J.; Sutherland, ATetrahedron Lett2004 45, 5739-5741.

(d) Roberts, J. L.; Chan, O.etrahedron Lett2002 43, 7679-7682.

(12) (a) Cox, R. J.; Gibson, J. S.; Mayo-Martin, M. BhemBioChem
2002 3, 874-886. (b) Cox, R. J.; Hadfield, A. T.; Mayo-Martin, M. B.
Chem. Commurk001, 18, 1710-1711.

(13) (a) Zhang, Z.; Gao, J.; Xia, J.-J.; Wang, G.®fg. Biomol. Chem.
2005 3, 1617-1619. (b) Zhang, Z.; Wang, G.-W.; Miao, C.-B.; Dong, Y .-
W.; Shen, Y.-BChem. Commur2004 1832-1833 and references therein.
(c) Zhang, Z.; Dong, Y.-W.; Wang, G.-W.; Komatsu, 8ynlett2004 61—
64. (d) Balema, V. P.; Wiench, J. W.; Pruski, M.; Pecharsky, VJKAm.
Chem. Soc2002 124, 6244-6245.

(14) Matsuda, A.; Shinozaki, M.; Suzuki, M.; Watanabe, K.; Miyasaka,
T. Synthesis 986 385-386.

(15) (a) For the preparation 8b and7b see Sheu, C.; Kang, P.; Khan,
S.; Foote, C. SJ. Am. Chem. So®002 124, 3905-3913. (b) For the
preparation of3f, 5b, and7c see Ogilvie, K. K.Can. J. Chem1973 51,
3799-3807. (c) For the preparation &d see Snip, E.; Koumoto, K.;
Shinkai, S.Tetrahedron2002 58, 8863-8873. (d) For the preparation of
S5asee Ogilvie, K. K.; Schifman, A. L.; Penney, C. Can. J. Chem1979
57, 2230-2238.
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analysis. We observed that as grinding continued the solid

Sikchi and Hultin

reactants formed a liquid phase or melt. The reaction proceededTransient Silylation of the Sugar Hydroxyls

quickly once the melt was obtained. Model reactions in which
grinding was stopped after only a few minutes (to achieve
uniform mixing) did not form melts even after standing for

several days. TLC analyses of these reactions showed only a

small amount of conversion to highBrmaterials. This suggests

that grinding the components is necessary, and that even

relatively low-energy grinding provides sufficient activation to
promote reaction. Grinding may generate “hot spots” leading
to localized meltind? and the reactants may mix and react in
this liquid medium. As the reaction proceeds, melting may

continue because of the expected melting point depression of

the mixture. In all cases, the mixtures were completely liquid
when the reactions were complete. Although one moleeidf
butyl alcohol was produced for each mole of (Bfz)that
reacted, we do not believe that this was sufficient to account
for the liquefaction of the reaction mixture.

Although many truly solid-state reactions are known, melt
formation during a reaction of initially solid materials is very
common, and many reported “solid-state” reactions in fact only
proceed in such an intermediate liquid phase. This is true for
catalytic transformations (aldol condensatiR4® and oligo-
merizationd”) and for noncatalytic reactions (BaeyeYilliger
oxidations!?18 oxidative coupling of naphthof¥?1° homo-
etherification of benzylic alcohoR, and aromatic bromina-
tion?Y).

On completion, the entire mixture was washed from the beads
and glassware with a small amount of an appropriate solvent.

After concentrating the washings, DMAP was removed from

the product by passage through a short silica gel column. As

SCHEME 3. Solventless Base Moiety Protection with
HzN HoN
Base Base
HMDS
HO o) cat. TMS-OTf TMSO 0
cat. DMAP
OH X Grind TMSO X'
Base X X' = OTMS, H

9a,b Adenine OH, H

11a,b Cytosine OH, H (Boc),0| cat. DMAP

Grind
(BocyoN (Boo),N
Base Base|
HO MeOH |TMSO
o TEA

OH X TMSO X'

Base X .
10a,b Adenine OH, H X'=0OTMS, H
12a,b Cytosine OH, H

anhydride derivative with (Bog and DMAP, which acylated
tert-butyl alcohol formed from the breakdown of Bax

We next focused orN-protecting nucleosides that lacked
O-protecting groups on their sugar rings. To our knowledge,
Boc groups have not previously been installed on the base
moiety of nucleosides without prior sug@rprotection. Under
our solventless conditions, both the sugar hydroxyls and the
amino group of the base reacted with (Bf2) Limiting the
amounts of (Bog)O or DMAP catalyst did not give satisfactory
results. We realized that in situ transient protection of the
hydroxyl groups could be useful to tackle this problem.

Transient protection of the sugar hydroxyls using the trim-
ethylsilyl (TMS) group is standard practice in solution-phase

shown in Table 1, acetyl esters, silyl ethers, and acetonide , ;cjeoside chemist but it has not been employed in
derivatives were unaffected by these conditions. The reactionsgqyentless reactions. Adenosine, cytidine, guanosine, and their

were complete within £7 h, affording a single product in very

2-deoxy analogues were treated with hexamethyldisilazane

high yield except in the case of the guanosine derivatives. The \vDSY24 prior to the introduction of the Boc group. No
lower yields observed for these reactions reflected the formation reaction occurred in the presence of HMDS alone. Adding

of several unidentified polar byproducts. Similar modest to low

DMAP did not promote silylation, but adding 3 mole percent

yields are seen in solution-phase reactions of guanosine and ityf TMSOT5 to mixtures already containing HMDS and DMAP

derivatives?223 The bisN-Boc products4, 6, and 8 are new
compounds, with the exception of deoxyadenosine derivative
4f.72

The liquid phase was formed sooner in the reactions of silyl-

led to completeO-silylation within 1—3 h. In solution-phase
reactions, TMSCI has been employed to promote silylation by
HMDS 24 Although DMAP alone was ineffective as a silylation
catalyst, the reactions were very sluggish in its absence. Hence,

protected nucleosides, and the reactions were faster and slightlyfor the solventless in situ silylation (Scheme 3 and Table 2) the
higher yielding than was the case for reactions of ester-protectednucleoside was ground with-% equivalents of HMDS along

compounds (Table 1, reactions3if vs 3a, 3d vs 3¢, 3f vs 3¢

5b vs5c). The faster melt formation in the case of silyl-protected
derivatives may reflect the lower melting points of these
derivatives compared to acetyl ester derivatives. Our initial
observation that the reaction of carboxylic atiformedtert-
butyl ester2 (Scheme 1) indicates that carboxyl groups are
reactive under these conditions. Presumdbigrmed a mixed

(16) Raston, C. L.; Scott, J. IGreen Chem200Q 2, 49-52.

(17) Scott, J. L.; Raston, C. L.; MacFarlane, D. R.; Teoh, CGveen
Chem.200Q 2, 123-126.

(18) Renz, M.; Meunier, BEur. J. Org. Chem1939 4, 737-750.

(19) Toda, F.; Tanaka, K.; Iwata, S. Org. Chem.1989 54, 3007
3009.

(20) Toda, F.; Takumi, H.; Masafumi, A. Chem. Soc., Chem. Commun.
199Q 1270-1271.

(21) Goud, B. S.; Desiraju, G..R. Chem. Res. SynopP95 244-245.

(22) Nowak, I.; Robins, M. JOrg. Lett.2003 5, 3345-3348.

(23) Fan, Y.; Gaffney, B. L.; Jones, R. Arg. Lett. 2004 6, 2555
2557 and references therein.
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with catalytic amounts of TMSOTf and DMAP until TLC
showed complete conversion to product. At this point, all
reaction mixtures were liquids. Neat (Bg®)was then added,
with additional DMAP in some cases. Grinding was continued
until the reaction was complete. The complete sequence required
no more than 10 h. Th@®-silyl groups were conveniently
removed by stirring overnight in methanol containingNEtThe
bis-N-Boc adenosine and cytidine produd®a,b and 12a,b
were obtained in good yields, as shown in Table 2. In contrast,

(24) (a) Coleman, R. S.; Siedlecki, J. Nletrahedron Lett1991, 32,
3033-3034. (b) Ferris, J. P.; Devadas, B.; Huang, C. H.; Ren, WJ.Y.
Org. Chem 1985 50, 747—754. (c) Perlman, M. E.; Watanabe, K. A.;
Schinazi, R. F.; Fox, J. J. Med. Chem1985 28, 741-748. (d) Schinazi,

R. F.; Prusoff, W. HJ. Org. Chem.1985 50, 841-847. (e) Wada, T.;
Mochizuki, A.; Higashiya, S.; Tsuruoka, H.; Kawahara, S.; Ishikawa, M.;
Sekine, M.Tetrahedron Lett2001, 42, 9215-9219.

(25) Erion, M. D.; Reddy, K. R.; Boyer, S. H.; Matelich, M. C.; Gomez-
Galeno, J.; Lemus, R. H.; Ugarkar, B. G.; Colby, T. J.; Schanzer, J.; Poelje,
P. D. V.J. Am. Chem. So004 126 5154-5163.
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TABLE 2. One Pot BisN-Boc Protection Using Transient Silylation

conditions
substrate silylation Boc rxn product (yield %)
9a 6 equiv HMDS, 3% TMSOTf, 20% DMAP, 3 h 5 equiv (Be€), 10% DMAP, 6-7 h 10a(60)
9b 4 equiv HMDS, 3% TMSOTf, 10% DMAP, 3 h 5 equiv (Be€), 20% DMAP, 6-7 h 10b(72)
1la 4 equiv HMDS, 3% TMSOTf, 10% DMAP, 2 h 4 equiv (Be6), 4 h 12a(65)
11b 3 equiv HMDS, 3% TMSOTf, 10% DMAP, 1 h 4 equiv (Boc), 10% DMAP, 4 h 12b(50)

the method afforded complex product mixtures when applied 91.2 (CH), 114.7 (C), 129.5 (C), 143.6 (CH), 150.44Z), 150.6
to guanosine or 2-deoxyguanosine. (C), 152.2 (CH), 152.3 (C), 170.2 (C)ouJ*» = —14.2 € 1.01,
CH,Cl,). Anal. Calcd for formula gH3sNsOg: C, 54.64; H, 6.42;
N, 12.74. Found: C, 54.32; H, 6.59; N, 12.60.
General Protocol for Transient Silylation and Boc Protection.
The solvent-free bit\-Boc protection of the heterocyclic ~ The nucleoside, hexamethyldisilazane (HMDS), and DMAP were
amino group of nucleosides and their derivatives has been placed in the ball mill apparatus. The indicated amount of TMSOTf

demonstrated at 100-milligram through gram scales. TheseWas added, and the mixture was ground until TLC showed complete

reactions use minimal amounts of reagents and solvents duringCCMVersion to a higher-running spot. Grinding was halted while

workup and purification. Transient silylation permits the one- (BocO and additional DMAP (if required) were added. Grinding

| f hesis of d leosid was then resumed and continued until TLC indicated complete
pot solvent free synthesis of bié-Boc protected nucleosides o50tion. MeOH plus 20% B by volume was then added, and

without O-protecting groups on the sugar ring, avoiding tedious the solution was stirred overnight at room temperature to complete

multistep sequences. The solventless low-energy ball mill the desilylation. The mixture was evaporated, and the residue was

technique is both operationally simpler and more efficient than applied to a short silica gel column. The product was eluted using

existing solution-phase methods and thus offers considerablethe indicated solvent(s).

advantages in the preparation of nucleoside derivatives for N&NS-bis(tert-Butoxycarbonyl)adenosine (10a)Adenosineda

further synthetic elaboration. (100 mg, 0.374 mmol), HMDS (047 mL, 2.24 mmol), DMAP (92

mg, 0.07 mmol), and TMSOTf (1.4L, 7.5 umole) were ground

together for 3 h. To this was added (Bg2)(408 mg, 1.87 mmol)

and grinding was continued for a further 6 h. MeOH (25 mL) and
General Protocol for Solventless Boc ProtectioriThe nucleo- TEA (5 mL) were added and stirring was continued overnight. The

side along with (Bog)O and DMAP (amounts as stated below) solvent was evaporated, and the residue was subjected to column

were placed in the ball mill along with 9 mm Pyrex beads. For chromatography (13% MeOH in GEly), to give 10a (105 mg,

small-scale reactions (ca. 16800 mg) 16-20 beads were used;  60%).*H NMR (300 MHz, CDC}): 6 1.46 (s, 18H), 3.71 (dd]

on gram-scale reactions as many as-26 were used. The mixture = 1.2, 12.3 Hz, 1H), 3.92 (dd, = 1.7, 12.3 Hz, 1H), 4.26 (dl =

was ground (ca. 126140 rpm) until the reaction was done as 1.2 Hz, 1H), 4.34 (ddJ = 1.2, 5.0 Hz, 1H), 4.82 (dd] = 1.2, 6.6

judged by TLC analysis of small aliquots scraped from the reactor Hz, 1H), 5.91 (dJ = 6.6 Hz, 1H), 8.21 (s, 1H), 8.81 (s, 1H), broad

and dissolved in a suitable solvent. The thick oily product was unresolved signals for 3 hydroxyl protons observed between 3.7

washed from the apparatus using sevenadllportions of a suitable ~ and 5.8 ppm!C NMR (75 MHz, CDCk): 6 27.7 (6 x CHy),

solvent. The solvent was evaporated and the residue was applied2.8 (CH), 71.8 (CH), 74.0 (CH), 84.6 (% C), 87.3 (CH), 91.1

to a short silica gel column, eluting using the solvent(s) indicated. (CH), 129.8 (C), 144.8 (CH), 150.6 (CH), 150.7 (C), 151.6(2

Conclusions

Experimental Section

Only 5—10 fractions were required to obtain the product. C), 152.0 (C). ¢1]*°% = —45.1 ¢ 1.01, CHCly). Anal. Calcd for
N&,Né-bis(tert-Butoxycarbonyl)-2',3-O-isopropylidene-3-O- formula GoH2oNsOs: C, 51.39; H, 6.25; N, 14.98. Found: C, 51.55;

acetyladenosine (4c)According to the general procedure,3 H, 6.50; N, 14.83.

O-isopropylidene-50-acetyladenosin&c (400 mg, 1.15 mmol), . .

DMAP (14.0 mg, 0.01 mmol), and (Bo€) (750 mg, 3.43 mmol) Acknowledgment. This work was funded by a Discovery

were ground together for 4 h. Chromatography (5% MeOH in-CH Grant from the Natural Sciences and Engineering Research
Cl,) gavedc (604 mg, 96%)H NMR (300 MHz, CDC}): 9 1.38  Council (NSERC) of Canada.

(s, 3H), 1.43 (s, 18H), 1.61 (s, 3H), 1.93 (s, 3H), 4.19 (ti&; 5.8,
11.9 Hz, 1H), 4.33 (dd] = 4.2, 11.9 Hz, 1H), 4.474.52 (m, 1H),
5.01 (dd,J = 3.4, 6.2 Hz, 1H), 5.44 (dd) = 2.1, 6.2 Hz, 1H),
6.16 (d,J = 2.1 Hz, 1H), 8.15 (s, 1H), 8.85 (&). 13C NMR (75
MHz, CDCk): 6 20.5 (CH), 25.3 (CH), 27.1 (CH), 27.7 (6 x

CHs), 63.9 (CH), 81.5 (CH), 83.8 (2« C), 84.2 (CH), 84.9 (CH),  JO060430T

Supporting Information Available: Details of the ball mill
apparatus, as well as experimental procedures and spectroscopic
data for all reported compounds. This material is available free of
charge via the Internet at http://pubs.acs.org.
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