OCArticle

Stereocontrolled Synthesis of Functionalized
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The reaction of alkene-tetheregketocarboxylic acid derivatives with monosubstituted hydrazines allows
highly substitutedcis-cyclopentapyrazolidine ring systends to be constructed rapidly. Successful
cyclocondensations are realized under thermal reaction conditions; in some cases, protic or Lewis acids
accelerate these reactionsMethoxy-o.,3-unsaturated esters are suitable alkene components, as are alkenes
having either electron-withdrawing or electron-donating substituents at the terminal alkene carbon.
o-Ketoestersg-ketoamides, and-ketothioesters can be employed. Various hydrazines substituted with
N-acyl, N-carboalkoxy, oiN-carbamothioyl protecting groups are tolerated in these transformations. The
rate of intramolecular cycloaddition is found to reflect not only the reactivity and equilibrium concentration

of the azomethine imine intermediate, but, also in some cases, the rate at which hydrazone sterecisomers
interconvert under the reaction conditions.

Introduction Various methods to generate azomethine imines are available.
A commonly employed approach generates this dipole in situ
from the condensation of 1,2-disubstituted hydrazines with
aldehydes, acetals, or hemiacefalsis strategy has been used
widely, for example, by Jacobi and co-workers in their incisive
Yotal synthesis of£)-saxitoxin® Azomethine imines can also
be generated from hydrazones by thefoalacid-induce#l1,2-
prototropy from the terminal nitrogen atom to the central
nitrogen atom. In our studies to prepare potential precursors of
the complex diguanidine alkaloid palau’amirig Figure 1), we
employed this latter approach to assemble pentacyclic pen-

(1) Synthetic Applications of 1,3-Dipolar Cycloaddition Chemistry taamineg (Scheme 13:8
Toward Heterocycles and Natural I’DroducBadwa, A., Pearson, W. H., In t,he anFeXt of a pmgram 'nlour Iﬁ)borator'es to synthesize
Eds.; Chemistry of Heterocyclic Compounds Series 59; Wiley: Chichester, the diguanidine alkaloid massadir®,¢-1°we sought to expand
2002.
(2) (@) Oppolzer, W.Tetrahedron Lett.197Q0 11, 3091-3094. (b) (4) (a) Jacobi, P. A.; Martinelli, M. J.; Polanc, 3. Am. Chem. Soc
Oppolzer, W.Angew. Chem., Int. Ed. Endl977, 16, 10—23. 1984 106, 5594-5598. (b) Jacobi, P. A.; Brownstein, A.; Martinelli, M.;
(3) () Schantl, J. G. Azomethine ImineScience of Synthesi&eorg Grozinger, K.J. Am. Chem. S0d 981, 103 239-241. (c) Martinelli, M.
Thieme Verlag: Stuttgart, 2004; Vol. 27, pp 73824. (b) Padwa, A. J.; Brownstein, A. D.; Jacobi, P. A.; Polanc, Groat. Chem. Actd 986

Transformations that rapidly introduce molecular complexity
are essential for the efficient chemical synthesis of complex
natural products and other fine chemicals. 1,3-Dipolar cycload-
ditions are one such class of reactions that provide rapid acces
to structurally complex five-membered heterocyél&nce the
initial reports by Oppolzer and co-workers in the early 1970s,
intramolecular 1,3-dipolar cycloadditions of azomethine imines
have been used to construct a variety of complex heterocyclic
structures containing pyrazolidine rings.

Intermolecular 1,3-Dipolar Cycloadditions. I@omprehensie Organic 59, 267—295.

SynthesisTrost, B. M., Fleming, |., Eds.; Pergamon: London, 1991; Vol. (5) Grigg, R.; Kemp, J.; Thompson, N.etrahedron Lett1978 31,
4, pp 1069-1109. (c) Wade, P. A. Intramolecular 1,3-Dipolar Cycloaddi- 2827—2830.

tions: Azomethine Imine Cyclizations. I8omprehensie Organic Syn- (6) Le Fevre, G.; Sinbandhit, S.; Hamelin, Detrahedron1979 35,
thesis Trost, B. M., Fleming, ., Eds.; Pergamon: London, 1991; Vol. 4, 1821-1824.

pp 1144-49. (7) Katz, J. D.; Overman, L. ETetrahedron2004 60, 9559-9568.
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FIGURE 1. Palau’amine and massadine.
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MeCN
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9:R'= OMe 13: R" = OMe; 79%
10: R' = Oi-Pr 14: R' = Oi-Pr; 82%
11: R' = NHBn 15: R' = NHBn; 68%
12: R' = SEt 16: R' = SEt; 75%
CsF, AcOH (0]
MeCN MeOZCM R! 17:R'=OMe; 99%
t2h 18: R' = Oi-Pr; 99%
' OMe o)
RZ_O
N,NH
H,NNHC(=O)R2
MeOZCM R’
catalytic HCI
EtOH OMe (0]

19: R' = Oi-Pr; R2 = Ph; 88%

20: R" = Oi-Pr; R2 = (4-Ph)-CgHa; 92%
21: R" = Oi-Pr; R? = Me; 61%

22: R' = Oi-Pr; R2 = (CHy),CH=CHy; 86%

developed. The synthesis of acyclic substrates in which the

the scope of intramolecular cycloaddition reactions of azome- double bond is substituted with both an electron-withdrawing

thine imine dipoles generated from the condensation-&&-
toesters and monosubstituted hydrazines. As massd&jitaeks
the pyrrolidine ring of palau’aminelf, we wanted to define

and an electron-donating substituent began with Hoetrner
Wadsworth-Emmons olefination of 2-hydroxytetrahydrofuran
(5) with phosphonat&!! in the presence of LiCl and DBU to

whether the C ring of massadine and the elements of the A andprovide a separable mixture d)¢alkene7 and the correspond-
B rings could be assembled by a cycloaddition sequenceing E stereoisomer in a-1:1 ratio (Scheme 2 Oxidation of
analogous to the one depicted in Scheme 1, in which the 7 with Dess-Martin periodinane furnished aldehy8en 98%

a-hetero-substitutedy,3-unsaturated ester dipolarophile was
acyclic. In this Article, we report the results of such an
investigation of the transformation depicted in eq 1. We
demonstrate several useful strategies for forntisgcyclopen-

tapyrazolidines4 having a variety of substituents at the 2, 3,

yield .13 Reaction of this intermediate with phosphonged 214
provided a-siloxy a,3-unsaturated acid derivativds8—16 as
inconsequential mixtures of stereoisomers in yields ranging from
68% to 82%. Desilylation of esteis8 and14 was accomplished

by reaction with CsF and acetic acid at room temperature to

and 6a positions. We also report the discovery of several newcleanly givea-ketodiestersd7 and18. As these intermediates
reaction conditions that accelerate the cycloaddition reaction partially decomposed during silica gel chromatography, they
and allow otherwise unreactive substrates to participate in this were used directly without purification. Reaction of isopropy!

useful transformation.

COR'
o) N2

R1OZCMX + HNNHZ —» ZNZ

R2 o] X

M

O 4
Results

Synthesis of Cycloaddition SubstratesFlexible synthetic

strategies to access a variety of cycloaddition precursors were®9%0

(8) For our earlier studies in this area, see: (d)aBger, G.; Hong,
F.-T.; Overman, L. E.; Rogers, B. N.; Tellew, J. E.; Trenkle, WJOrg.
Chem.2002 67, 7880-7883. (b) Overman, L. E.; Rogers, B. N.; Tellew,
J. E.; Trenkle, W. CJ. Am. Chem. Sod.997, 119, 7159-7160.

o-ketodiestell 8 with monosubstituted hydrazines and catalytic

(9) Nishimura, S.; Matsunaga, S.; Shibazaki, M.; Suzuki, K.; Furihata,
K.; van Soest, R. W. M.; Fusetani, Krg. Lett.2003 5, 2255-2257.

(10) For reviews of guanidine-containing natural products, see: (a)
Berlinck, R. G. S.; Kossuga, M. HNat. Prod. Rep2005 22, 516—-550.

(b) Berlinck, R. G. SNat. Prod. Rep2002 19, 617—-649. (c) Berlinck, R.
G. S.Nat. Prod. Rep1999 16, 339-365. (d) Berlinck, R. G. S\Nat. Prod.
Rep.1996 13, 377—-409.

(11) Scheidt, K. A.; Bannister, T. D.; Tasaka, A.; Wendt, M. D.; Savall,
B. M.; Fegley, G. J.; Roush, W. R. Am. Chem. So002 124, 6981—

(12) Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P.;
Masamune, S.; Roush, W. R.; Sakai,TEtrahedron Lett1984 25, 2183~
2186.

(13) Dess, D. B.; Martin, J. Cl. Org. Chem1983 48, 4155-4156.

(14) (a) Nakamura, ETetrahedron Lett1981 22, 663-666. (b) Horne,

D.; Gaudino, J.; Thompson, W. Tetrahedron Lett1984 25, 3529-3532.
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SCHEME 3 s
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DBU, LiCl HzClo, 11, 2.
MeCN, 3 h H 2
5 0°C to rt (55%) 23 N s
N
Y
MeO,C NH
OTBS O~ OTBS =
P A com PP R Rl Acom OMe 0
0 Me "o og Me 36
2 25: R' = CO,Et 29: R' = CO,Et; 73% slow this side reaction. A model study was performed in which
26: R' = COSEt 30: R = COSEY; 82% pyruvate esters of various sizes were heated with thiosemicar-
2r: R: = CONMe(OMe) 31:R"= CONMe(OMe); bazide inds-ethanol with the formation of thioxotriazinorg¥
28: R’ =OMe 2 k! —(gnvf;- 5400 being monitored byH NMR analysis (eq 3). As we suspected,
’ R formation of37 occurred at a higher temperature with isopropyl
CsF, AcOH o pyruvate and ethyl pyruvate than with methyl pyruvate (at 115,
MeCN Et0,C \/\/\)J\ 100, and 80°C, respectively). The even bulkigert-butyl
- t2h Z COMe pyruvate rapidly decarboxylated in the presence of thiosemi-
2 (99%) carbazide to produce thiourea, acetamide, and isobutene.
R2__O
~~_ HNNHC(=0)R? \"\l/l:' S H
- .N__S
catalytic HCI N j\ HoNNH” NH, N‘ o
E \/\/\)L
B0 0L~ COMe Me” “CO,R de-ethanol, A NH
6" Me
34: R? = Ph; 80% 0
35: R2= OBn; 76% (2:1 Z:E) 37

_ ) 80 °C, R = Me; 100 °C, R = Et; 115 °C, R = i-Pr
HCI in ethanol at room temperature provided hydrazdt@s

22, which were formed as single stereoisomers in yields ef 61
92%. The observation of the-\H hydrogen of these products

ato 11-12 ppm in their'H NMR spectra indicates that t® 1 1 equiv of thiosemicarbazide at 180 for 60 h providectis-
stereoisomer was formed (vide infra). cyclopentapyrazolidin8 as a single stereoisomer in variable
A similar flexible strategy was employed to prepare cycload- yields with thioxotriazinone36 being a major byproduct
dition substrates that contain double bonds having various (Scheme 4). Cycloadducs8 was converted into tricyclic
terminal substituents (Scheme 3). The synthesis began withihiohydantion39 by further heating the reaction mixture at 135
Horner-Wadsworth-Emmons reaction of lactd with phos- °C for an additional 24 h. The relative configuration of
phonated™* to afford siloxya.,f-unsaturated est@3as an 8:1  yriazatricycle39 was obtained by single-crystal X-ray analysis
mixture of stereoisomers in 55% yield. Oxidation of this product  anq js consistent with the cycloaddition proceeding by a chairlike
with Dgss—Martm pe_nodmane prqwdeq Fhe unsFabIe aldehyde transition structure (vide infraf
24, which was used immediately in Wittig reactions to furnish  \ye hypothesized that the irreproducibility observed during
alkenes29—32 in yields ranging from 54% to 82% over tWo  the cycloaddition reaction to form cyclopentapyrazolidBg:
steps. Cleavage of the enoxysilane substituent of proB8ct  might be caused by basic impurities, as crudketoesterl8
with CsF and acetic acid quantitatively yieldeeketoesteB3, was used without purification. Therefore, the effect of adding
which was used without fu'rther purification. Hydrazodsand various acids and bases was investigated (Table 1). Although
35 were also prepared directly from-ketoester29 by HCl- the rate of formation of cycloaddu@8 from the reaction of
catalyzed condensation with the appropriate hydrazine. a-ketoester18 and thiosemicarbazide was not significantly
Intramolecular Cycloaddition: Preliminary Optimization — affected by the presence of triethylamine, ammonium acetate,
Studies.Initially, the reaction ofo-ketoesterl7 and thiosemi-  acetic acid, or citric acid, the rate of formation of thioxotriazi-
carbazide was studied under thermal conditions similar to those none 36 decreased markedly with increasing acidity of the
previously employed in our laboratories for related intramo- yeaction medium. Additionally, in the presence of acids, the
lecular azomethine imine cycloaddition reactidngo our initially formed cis-cyclopentapyrazoliding8 cyclized at 100
surprise, dipolar cycloaddition was not observed, and thioxot- o tq form tricyclic producB9. The optimal additive was found
riazinone36 was formed exclusively (eq 2). Varying the solvent 14 pe citric acid. With ethanol as solvent, byproducts resulting
and the reaction temperature had little effect on the outcome of fyo/y Fischer esterification of citric acid hindered product

this reaction. Because thioxotriazinoB6 could conceivably purification. Employingtert-butyl alcohol avoided this com-
undergo prototropy to generate an azomethine imine and pjication (entry 5).

participate in a subsequent intramolecular cycloaddition, this Scope of Thermal Intramolecular Cycloadditions. After
compound was heated at elevated temperatures-a30°C), developing a reliable procedure for forming cycloadd@et

but no reaction was observed. . ] we turned to explore the scope of related thermal intramolecular
As thioxotriazinone86 is likely formed from the intermediate

thiosemicarbazone by intramolecular acylation of the terminal (15 crystallographic data for this compound were deposited at the
nitrogen, increasing the steric bulk of the ester substituent shouldCambridge Crystallographic Data Centre: CCDC 614479.

With this knowledge in hand, isopropgtketodiested 8 was
chosen for further study. Heating this substrate in ethanol with

9146 J. Org. Chem.Vol. 71, No. 24, 2006
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SCHEME 4 TABLE 2. Reaction of a-Ketoester 18 with Various
s Monosubstituted Hydrazines
g s H COqi-Pr H CO,i-Pr
0 H,NNH" “NH, Y 0 H,NNHR RN
MeO,C . MeO,C L —
Z CO,i-Pr EtOH HyN 7, Z CO-Pr EtoH, 100 °C "
‘OMe ’ MeO,C™ DM
OMe 100 °C, 60 h MeO2C OMe 2 e
18 (10-80%) 38 18 40-44
entry R time, h product yield, %
1 3-pyridylcarbonyl 18 40 92
2 Bz 18 41 88
EtOH 3 Ac 18 42 56
4 Cbz 60 43 82
135°C,24 h
’ 5 Troc 18 44 64
(90%)
a Conditions: crudel8 (1.0 equiv) and hydrazine (1.1 equiv) in EtOH
(0.05 M) at 100°C.°Mean yield of purified product from duplicate
experiments.
X-Ray Model of 39 TABLE 3. Reaction of Various a-Ketocarbonyls with Benzoic
Hydrazide
TABLE 1. Reaction of a-Ketoester 18 and Thiosemicarbazide in oTBS 1. CsF,AcOH, HR
the Presence of Additives MeCN. 1t. 3 h N
S MeOZC = Z R oz BzN
e 2. H;NNHBz, EtOH
o H,NNH” “NH, OMe 100°C, 18 h MeO,C" OMe
MeO,C . _ .
2 \l/\/\)]\COZI-Pr additve 39 + 38 + 36 1316 41, 4547
OMe solvent
18 110°C, 60 h entry? precursor R product yield, %
o : 1 13 CO:Me 45 81
138 0
entry? additive solvent  39:38.36° yield of 39, % > 14 CO-Pr n 87
1 EtN EtOH 0:0:100 3 15 C(=O)NHBn 46 89
2 NH,OAc EtOH 2:2:3 4 16 C(=0O)SEt 47 50
3 AcOH EtOH 3:0:2 54
4 citric acid EtOH >20:0:1 89 aConditions: Step 1, silyl enol ether (1.0 equiv), CsF (3.2 equiv), and
5 citric acid -BUOH >20;O;1 93 AcOH (6.0 equiv) in MeCN (0.07 M) at rt for 3 h. Step 2, crudéketoester

(1.0 equiv) and benzoic hyrazide (1.1 equiv) in EtOH (0.05 M) at 400

aConditions: 18 (1.0 equiv), thiosemicarbazide (1.05 equiv), and additive for 18 h.? Mean yield of purified product from duplicate experiments.
(10 equiv) in solvent (0.05 M) at 118C for 60 h.? Five equivalents of
citric acid was usecdt Determined by'H NMR. 9 Yield of purified product.

yield of cycloadduct44 was reduced because of product

azomethine imine dipolar cycloaddition reactions. Initially, we G€COMPOsition under the reaction conditions (entry 5). Several
examined the effect of substituents on the dipole component. ©ther monoprotected hydrazines were also examined. #dth
Using different monoprotected hydrazines in the reaction with Putyl carbazate and trifluoroacetic hydrazide were unstable to
o-ketoesterL8 allowed the dipole N-terminus substituent to be the reaction cpnd|t|ons, resultlng in complex product mixtures.
easily varied. The optimal conditions identified for these Phenylhydrazine, benzylhydrazine, apdra-toluenesulfonyl-
reactions employ 1.0 equiv of-ketoesterl8 and 1.1 equiv of ~ hydrazide produced only the corresponding hydrazones upon
the monoprotected hydrazine in an alcohol solvent (EtOH, reaction witha-ketodiesterl8 under these conditions.
t-BUOH, ors-BuOH). The use of nonpolar solvents, polar aprotic  Next, we examined a series of substrates in which the dipole
solvents, or acetic acid as solvent resulted in increased reactionc-terminus substituent was varied. To minimize differences in
times and decreased product yielfiincreasing the equivalents  product yield resulting from the instability of the-ketoester
of hydrazine led to the formation of polar byproducts and component, the reactions were performed as a two-step sequence
ultimately to lower yields of cycloadducts. starting with enoxysilane derivatives3—16. The precursors
Results obtained from the reaction of fin-acyl or N- were treated with CsF and acetic acid at room temperature for
cart_)oalkoxyhydrazine_s withi-ketoesterl8 in ethanol_at 100 3 h, and the resulting crudg-ketoesters were immediately
°C in a sealed reaction vessel are summarized in Table 2.5)j0wed to react with benzoic hydrazide in ethanol at 2G0
Nicotinic hydrazide (entry 1) and benzoic hydrazide (entry 2) fo; 18 h in a sealed reaction vessel (Table 3). In general, the
gave tr_]e hlghe_st yleld'_s Of_ cycloadducts (920_/0 and 8_8%' nature of the substituent at the dipole C-terminus was found to
respectively), with reaction times of 18 h. Acetic hydrazide e jitle effect on reaction rate or yield. Theketoester
(entry 3) also reacted under these conditions; however, Cydoad'intermediates (entries 1 and 2) aneketoamide intermediate
duct 42 was isolated in only 56% yield. Hydrazines having (entry 3) provided cycloadduc#s, 41, and46in >80% yield
N-carboalkoxy substituents also performed well, with benzyl for the two-step sequence. Thx’ekeiothioester intermediate

carbazate providing cycloaddudB in 82% vyield after 60 h - .
(entry 4). TFr)we reac?ionyotﬁn-ketodiestel'l8 Wi%/h 2 2 2_trichlo- (entry 4) reacted at a similar rate, but the yield of cycloadduct
- 47 was lower because of the instability of the thioester

thyl (T bazat ded idly (18 h), but th
roethyl (Troc) carbazate proceeded more rapidly ( ). bu efunctionality under the reaction conditions.

(16) Other solvents examined: toluene, 1,2-dichloroethane, acetic acid, We also exa_mined the _reaCtion of the related aldehyde
acetonitrile, 2,2,2-trifluoroethanol, and|N-dimethylformamide. substrate48, which was available fron8 by a standard one-
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H COai-Pr SCHEME 5
BzN, 5, OYP" H CO.Me
- CHou s-BuOH N
Me0,C75\ H Yo n-VH — BN
100 °C, 24 h
EtO CMJ\ ’
\) NOESY z CO,Me complete EtO,C
41 34 conversion 50
FIGURE 2. Observed NOESY correlations for cycloaddddt Os_OBn
. . . NH s-BuOH recovered
carbon homologation sequenteln this case,cis-cyclopen- N — starting
tapyrazolidined9 was formed in nearly quantitative yield (eq Etozc\/\/\)J\CO Me 100°C,24h material
4). z
3ba
H BnO___O
N H CO,Me
Me02CY\/\/CHO —>H2NNHBZ BzN (4) \’& s-BuOH N X
e EtOH, 100 °C . AN ——  ChaN
-, 0
© (95%) Me0,C” OMe etoc o~ 100°C, 24 h
48 49 COMe complete EtO,C
35b conversion 51

The relative configuration of the C3 and C3a stereocenters
of cycloadduct41l was assigned usingH—'H COSY and As a carbamate-protecting group is more synthetically useful
NOESY correlations (Figure 2). The trans relationship between than an amide-protecting group, we further explored the
the methoxy substituent and the angular hydrogen at C3adifference in reactivity between the intermediate hydrazone
demonstrates, as expected, that the alkene participated inderivatives 34 and 35 (Scheme 5). First, the hydrazone
suprafacial fashion. The ring fusion is assigned as cis, becauseintermediates were isolated, and their configurations were
molecular mechanics calculations find this isomer to~&5 determined by single-crystal X-ray analysis. Hydraz84ethe
kcal/mol lower in energy than the isomer having a trans ring sole product of the reaction of benzoic hydrazide witketo-
fusion (i.e., the C3,C3a epimer 41).18-20 This assignment of  diester33, has theZ configuratior?* An intramolecular hydrogen
relative configuration o#1 is supported by the similarity of  bond between the hydrazone and the carbonyl group of the
IH NMR spectra of cycloadductsl and39, with the signal for methyl ester of34 is apparent both in the solid state and in
the C3a hydrogen being particularly diagnostit:3.40 ppm solution where this hydrogen is observed at a diagndstic
(dd,J =9, 3 Hz) for cycloadducB89 andé 3.53 ppm (ddJ = NMR chemical shift ofd 13.38. The Cbz-protected hydrazone,
9, 3 Hz) for cycloadduc#l. This diagnostic signal also is  on the other hand, was generated as a separable 2:1 mixture of
observed atd 3.45-3.65 ppm in thelH NMR spectra of geometric isomers from the reaction @fketodiester33 with
cycloadducts40, 42—44, 45-47, and 49, whose relative benzyl carbazate. The major hydrazone stereois@Baras
configurations are assigned by analogy to cycloadddct the Z configuration with an intramolecular hydrogen bond
Next, we turned our attention to the dipolarophile component. between the hydrazone-Md and the carbonyl group being
Initially, o-ketodiesteB3was condensed with benzoic hydrazide suggested by the single-crystal X-ray motfelHydrazone
and benzyl carbazate at 10C in secbutanol (eq 5). When stereoisomer85a and 35b show diagnostidH NMR signals
benzoic hydrazide was employed, cycloaddt@tformed in for the N—H hydrogen at) 11.85 and 8.20 (CDG), respec-
nearly quantitative yield after 24 h, whereas with benzyl tively. As summarized in Scheme 5, a dramatic and surprising
carbazategis-cyclopentapyrazoliding1 was produced in only  difference in reactivity was observed between hydrazone ste-
53% yield after 24 h. In the latter case, th®-fydrazone35a reoisomers: Z)-hydrazone34 and E)-hydrazone35b were
(vide infra) constituted the majority of the remaining material. converted completely (by NMR analysis) to their respective
cycloadducts when heated gecbutanol at 100°C for 24 h,

o HoNNHR H COMe whereas Z)-hydrazone35a was recovered unchanged under
£10,6 e~ (2equv) o ) these conditions.
CO,Me 10%—‘3502'1 " The development of new reaction conditions was necessary
33 ’ EtO,C to circumvent the reactivity difference between the benzyl
50: R = Bz (96%) carbazate-derived hydrazone sterecisomers. We hypothesized
51: R = Cbz (53%) that establishing rapid equilibrium between hydrazone isomers

35aand35bwould allow reaction of the stereocisomeric mixture

(17) Wittig reaction of aldehyd® with methoxymethyltriphenylphos-  through the reactiveE stereoisomer. Toward this enC_Z){ )
phonium chloride and potassium hexamethyldisilazane (KHMDS) in THF, hydrazone85awas exposed to various Bronsted or Lewis acids
followed by hydrolysis of the resulting enol ether with aqueous hydrochloric  5¢ temperatures ranging from 25 to 145, or to nucleophiles

acid in THF, gave aldehydé8 in 85% vyield over two steps. h hloride i tate i hvdrazi Thi
(18) A Monte Carlo conformational search was performed using the SUCN a@s chioride 1on, acetate ion, or excess nydrazine. [his

MMFF force field as implemented in Spartan 2005. survey identified catalytic pyridiniurp-toluenesulfonate (PPTS,
(19) The cis cycloadduotl was calculated to have a conformational 594) in refluxing toluene as a useful reaction condition. Under
energy of 163.4 kcal/mol, whereas the cycloadduct (epimeric at C3 and
C3a) had a conformational energy of 171.9 kcal/mol.
(20) cis-Diquinanes are known to be lower in energy than the corre- (21) Crystallographic data for this compound were deposited at the
sponding trans stereoisomers; see: Paquette, L. A.; Doherty, A. M. Cambridge Crystallographic Data Centre: CCDC 614481.
Polyquinane Chemistry-Synthesis and Reacti@minger-Verlag: New (22) Crystallographic data for this compound were deposited at the
York, 1987. Cambridge Crystallographic Data Centre: CCDC 614480.

9148 J. Org. Chem.Vol. 71, No. 24, 2006



Synthesis of Functionalized cis-Cyclopentapyrazolidines ]OCArticle

TABLE 4. Cycloaddition Reactions with ana,f-Unsaturated Ester TABLE 5. Cycloaddition Reactions Varying the Dipolarophile
Dipolarophile Component
o H2NNH-R H CO.Me oTBS 1. CsF, ACOH, H COMe
5% PPTS N MeCN, rt, 3 h N
EtOZC\/\/\)J\co Me —Briaiear™ RN R\/\/\)\ e Ch2ZN
2Me TPhMe, heat COMe 2 HNNHCbz,
24 h
33 EtO,C  51.56 2932 ?:/; F:gTzs‘i ihMe |
_ ’ 51, 57-59
entry R temp,°C product yield, %
1 Cbz 115 51 85 entry? precursor R product yield, %"
2 COMe 115 52 85
CO,Et
3 Troc 110 53 63 ! 29 2 51 8
5 C(=S)NHBn 115 55 66 =0)
6 (4-Ph)-GHa 100 56 94 3 31 C(=O)NMeOMe 58 72
aConditions: crude33 (1.0 equiv), benzyl carbazide (1.2 equiv), and H CO,Me
PPTS (0.05 equiv) in toluene (0.25 M) at a specified temperature for 24 h. 4 - oM N 59
b Mean yield of purified product from duplicate experiments. 32 e CbzN
59
these conditions Z)-hydrazone85awas transformed completely a Conditions: (1) Silyl enol ether (1.0 equiv), CsF (3.2 equiv), and AcOH
to cycloadduct1 within 24 h at 115°C (eq 6)%3 (6.0 equiv) in MeCN (0.07 M) at rt for 3 h. (2) Crude-ketoester (1.0
equiv), benzyl carbazate (1.2 equiv), and PPTS (0.05 equiv) in toluene (0.25
O. _OBn M) at 115°C for 24 h. P Mean yield of purified product from duplicate
i oot .
T 5% PPTS H CO,Me experiments. ¢ Mixture of four alkene isomers.
N~ PhMe
— . ChzN ®) . . . . .
EtOzC\/\/\)LCOZMe 115°C, 24 h cycloadducts as single stereoisomers in good yields (entries
complete  EtO,C 1-3). The electron-rich enol ethe32 was also a suitable
35a conversion 51 substrate. In this case, intramolecular cycloaddition was followed

by elimination of methanol to deliver hexahydrocyclopentapy-
After identifying improved reaction conditions for forming  razole 59 in 59% vyield (entry 4). In contrast, reaction of the
cycloadduct51, we explored further the scope of the thermal analogous substrate having an unfunctionalized alkene unit (R
intramolecular azomethine imine dipolar cycloaddition reaction. = H, not shown) yielded largely the hydrazone intermediate
Initially, we reexamined the effect of the dipole N-terminus ith only trace amounts<10%) of a cycloadduct after 24 h.
subst_ituent_ by using c_iifferent r_’nonoprotected hydrazines in the ¢ rg|ative configuration of a representative cyclopentapy-
reaction W|tha-ketod|ester33.|.n the presence of 5% PPTS o, jigine formed by intramolecular dipolar cycloaddition in
(Table 4). Under these conditions, benzyl carbazate (entry 1) . presence of PPTS was confirmed by single-crystal X-ray
and methyl carbazate (entry 2) provided cycloadducts in 85% ;4\ sis Although diesté was not crystalline, reaction with

yield. Cycloadditions with qarbazates bearing 2,_2,2-trich|oro- benzoylisothiocyanate provided the corresponding thioGfea
ethyl (Troc) or 2-(trimethylsilyl)ethyl (Teoc) substituents were |, ..., gave single crystals suitable for X-ray analysis (eq 7).

complicated by competitive formation of decomposition prod- ¢ ¢ising junction and cis relationship of the ester substituents
ucts (entries 3 and 4). Optimal yields of cycloadduc@s derived are apparent in the X-ray model (see Supporting Informafbn).
from these latter substrates (63% and 71%, respectively) wereryq re|ative configuration is the same as that observed in

obtained at a slightly lower temperature (II0). N-(Carbam- v 103 ducts formed in the absence of PPTS. Diagnostic angular

othioyl)hydrazines andN-acylhydrazines also reacted under :

4 >, - ; . . ydrogen signals appear betwe®2.96—-3.20 ppm for cyclo-
these mildly acidic cqnd|t|onsN-Ber_12yIth|osem|carba2|de pentapyrazolidineS1—58, allowing their relative configuration
provided cycloadduc5 in moderate yield (entry 5), whereas - po assigned by analogy to thiouré@

p-phenylbenzoic hydrazide gave the highest yield of cycloadduct
(94%, entry 6). In all cases, the cycloadducts were isolated as

single stereoisomers. Monosubstituted hydrazines sutdgrtas H COMe BzHN—(S CO,Me
butyl carbazate and trifluoroacetic hydrazide were found to be N BzNCS, PhMe N
unstable to these reaction conditions, giving low yields of CozN T s00C,24h CbzN @
cycloadducts. BO,C EtO,C
Next, we investigated the role of substituents on the dipo- 51 60
larophile (Table 5). As in our earlier study, crudeketoester
intermediates were generated from enoxysilane precugsers Alternative Cycloaddition Conditions. Lewis acids have

32 by reaction with CsF and acetic acid and were combined peen shown to promote the cycloaddition reaction between
immediately with benzyl carbazate and PPTS in toluene and hydrazones and alkend&s?6 Hydrazonel9 was chosen as a

heated at 113C for 24 h. Precursors containing dipolarophile - g jitaple substrate to screen in the presence of a broad selection
fragments bearing various electron-withdrawing groups reacted

well under these conditionsao,S-unsaturated este29, o,(-
unsaturated thioest&80, anda,3-unsaturated amid&l provided

(24) Crystallographic data for this compound were deposited at the
Cambridge Crystallographic Data Centre: CCDC 614482.

(25) (a) Yamashita, Y.; Kobayashi, 8. Am. Chem. SoQ004 126,

(23) The toluene/PPTS conditions were also examined with substrates 11279-11282. (b) Chung, F.; Chauveau, A.; Seltki, M.; Bonin, M.; Micouin,
that containedr-methoxy,a,-unsaturated esters dipolarophile fragments. L. Tetrahedron Lett2004 45, 3127-3130. (c) Kobayashi, S.; Hirabayashi,
In these cases, the cycloaddition substrates decomposed to give intractabldR.; Shimizu, H.; Ishitani, H.; Yamashita, Y.etrahedron Lett2003 44,
mixtures. 3351-3354. (d) Kobayashi, S.; Shimizu, H.; Yamashita, Y.; Ishitani, H.;
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TABLE 6. FeCl-Promoted Cycloadditions of Hydrazones 19-22 after 45 min at room temperature. Reactions with acetyl
R _O hydrazone?1 (entry 3) and 4-pentenoyl hydrazo®2 (entry 4)
W COLiPr required 6 h. In these cases, some polar side products were
NN FeCl, o N 2 observed, thereby diminishing the yields of cycloadducts. A
MeOQCW COsiPr T CHCh 1t R>\‘_N ! variety of other hydrqzones (trifluproacetyl, Cbz, 3-pyridylca}r-
Me Me0, “OMe bonyl',.formyl) were either unreactive or unstable to the reaction
19-22 41-42, 61-62 con_d|t|ons. . : . o
’ Finally, we briefly examined the use of microwave irradiation
entn?  hydrazone R product time, h yield,®6 to shorten the reaction times of a representative thermal
1 19 Ph a1 075 a8 intramolecular azomethine imine cycloaddition reacé®#f.A
2 20 (4-Ph)-GHa 61 0.75 86 secbutanol solution of hydrazonk9 was converted to cycload-
3 21 Me 42 6 64 duct4lin 82% yield when heated at 20C for 2 h in a 255
4 22 CH;=CH(CH,). 62 6 56 W microwave reactor (eq 10). However, directly treating
aConditions: hydrazone (1.0 equiv) and FeCl1.0 equiv) in CHCl, o-ketoesterl8 with a variety of monosubstituted hydrazines

(0.05 M) at rt.> Mean yield of purified product from duplicate experiments. under identical conditions led to intractable mixtures.

Ph O

of Lewis acids?’28 Two Lewis acids were found to promote s-BUOH H COi-Pr
cycloaddition. Hydrazond9 was converted into cycloadduct n-NH 255 W u-wave B N,N 10

41in 88% yield after 45 min at room temperature in the presence MeOZC\MCO P 200°C,2h - ! (10)

of 1 equiv of FeG and in 79% yield afte6 h in thepresence Svte 2T 82%)  MeO.C” oMe

of 1 equiv of AICk (eq 8). Hydrazonel9 was recovered 19 4

unchanged when treated with either aqueous or anhydrous

hydrochloric acid under identical conditions. The cycloaddition Dijscussion

promoted by FeGlwas found to be quite tolerant of water. ) ] -
Employing FeGd-6H,0 instead of anhydrous Fe@jave nearly . The results descrlbeq he_re_ln demonstrate the .b.road utlll.ty of
identical results; 1 equiv of FegbH,O provided41 in 89% intramolecular azomethine imine dipolar cycloaddition reactions

yield after 45 min. Cycloadduetl was also produced in 76%  in forming highly substitutedis-cyclopentapyrazolidines from
yield by the direct reaction ofi-ketoesterl8 with benzoic simple starting materials. This systematic investigation of a

hydrazide in the presence of 1 equiv of FeGit room range of substrates and reaction conditions revealed reactivity
temperature (eq 9). trends that will allow more general application of this powerful
transformation.
Ph. _O Several trends concerning the hydrazine component of the
Y COiP cycloaddition reaction are evident. For instance, didgcyl,
NH H GO2-Fr . . . .
N° LA (1 equiv) N N-carboalkoxy, andN-carbamothioylhydrazines give high-
MeOsz/\/\)kcozi_F>r CHoCly, 1t BzN . ® yielding reactions. Moreover, this hydrazine substituent must
OMe MeO.C” OMe be compatible with the temperatures and additives required for
19 LA = FeCl, (88%, 45 min) “ the cycloaddition to takfa place at a practical rate. For example,
AICls (79%, 6 h) tert-butoxycarbonyl, trifluoroacetyl, and formyl protecting
groups performed poorly in the cycloaddition reactions surveyed
o H,NNHBZ (fequiv) W COi-Pr in this st_udy. Reacnvny generglly increases as thg electron.-
MeO.C FeCls (1 equiv) N withdrawing ability of the hydrazine protecting group increases;
e \/\/\)Lcozi-Pr oo o ©) thus, acylhydrazines perform better than carbazates. This trend
OMe z 2’0 © MeO,C OMe may reflect the stability of the azomethine imine tautomer of
(76%) the hydrazone. As the dipole’s negative charge is more localized
18 41 on the N-terminus than on the C-terminus, a better electron-

withdrawing group (acyl rather than carboalkoxy) attached to

To examine the scope of the Fg@romoted cycloaddition,  the N-terminus should better stabilize the reactive dipole,
monoprotected hydrazon&$—22 were exposed to 1 equiv of  jncreasing the equilibrium concentration of this reactive tau-
this Lewis acid in dichloromethane at room temperature (Table tomer.
6). Both benzoyl hydrazon#9 (entry 1) andp-phenylbenzoyl Interpretation of reactivity trends arising from the hydrazine
hydrazone20 (entry 2) underwent cycloaddition in80% yield component is complicated by the different reactivity of hydra-
zone stereoisomers derived framketoesters. In the case of
Kobayashi, JJ. Am. Chem. So@007 124, 13678-13679. (¢) Norman,  the N-benzyloxycarbonyl hydrazone stereoison&Saand35b,

M. H.; Heathcock, C. HJ. Org. Chem1987 52, 226-235. (f) Padwa, A.; . - .
Ku, H. J. Am. Chem. S0a98Q 45, 3756-3766. (g) Wilson, R. M.; Rekers, only E isomer 35b underwent cycloaddition at 100C; Z

J. W.J. Am. Chem. Sod.979 101, 4005-4007. stereoisomeB5awas recovered unchanged under these condi-
_(26) Lewis acids have also been used to promote related azomethinetions (Scheme 5). TheZJ-hydrazone stereoisomer is stabilized
ylide cycloadditions: (a) Chen, C.; Li, X.; Schreiber, S.1.Am. Chem. by an intramolecular hydrogen bond between the hydrazone

Soc.2003 125 10174-10175. (b) Nyerges, M.; Rudas, M.; Toth, G.;
Herenyi, B.; Kadas, |.; Bitter, I.; Toke, LTetrahedron1995 48, 13321

13330. (29) For a general review of microwave chemistry, see: Galema, S. A.
(27) Carlson, R.; Lundstedt, A. N.; Prochazka, Atta Chem. Scand. Chem. Soc. Re 1997, 26, 233-238.

1986 40B, 522-533. (30) Microwave irradiation has previously been reported to promote
(28) Additional Lewis acids examined: BfE©O, SnCk, TiCls, TM- intermolecular azomethine imine cycloaddition reactions, see: Arrieta, A.;

SOTf, Sc(OTf}, Zr(Oi-Pr), TiCls, CrBrs, AQOAc, LiBr, MgBr-Et,O, Znl,, Carrillo, J. R.; Cos®, F. P.; Daz-Ortiz, A.; Ganez-Escalonilla, M. J.; de

SnCh, AlBr3, and Cu(OTf). la Hoz, A.; Langa, F.; Moreno, ATetrahedron1998 54, 13167-13180.
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N—H and the carbonyl oxygen of the ester, whereas the cyclopentapyrazolidines having an ester, thioester, or amide
corresponding azomethine imine tautor88rshould be desta-  substituent at C6ax-Methoxy-a,5-unsaturated esters are suit-
bilized by charge repulsion (eq 11). As a result, prototropy to able alkene components, as are alkenes having either electron-
form the reactive azomethine imine tautomer should be much withdrawing or electron-donating substituents at the terminal
less favorable with theZ)-hydrazone stereoisomer. We suggest alkene carbon. Depending upon the specific case, these cyclo-
that this factor is responsible for the lack of reactivity of the condensations are achieved optimally either under thermal

(2)-N-carboalkoxy hydrazone stereoisomer. As this trend should
be seen also with hydrazones haviNeacyl substituents, we
attribute the successful cycloaddition of th#)-(N-benzoyl
hydrazone isome34 (Scheme 5) to rapid equilibration of these
hydrazone steroisomers. One indication that equilibration might
be rapid for hydrazon84 is seen in our isolation of only the
(2)-hydrazone stereoisomer in thebenzoyl series (and in acyl
hydrazoned9—22). Thus, the rate of intramolecular cycload-
dition appears to reflect not only the reactivity and equilibrium
concentration of the azomethine imine intermediate, but in some

conditions or in the presence of protic acids or Lewis acids.

Experimental Sectior?*

General Method A for Formation of Cycloadducts. 3-Meth-
oxy-2-(pyridine-3-carbonyl) Hexahydrocyclopentapyrazole-3,-
6a-dicarboxylic Acid 6a-lsopropyl Ester 3-Methyl Ester (40).

A solution of a-ketoesterl8 (54 mg, 0.20 mmol) and 3-pyridyl-

carbonyl hydrazide (30 mg, 0.22 mmol) in EtOH (3.9 mL) was
maintained at 100C for 18 h. EtOH was removed in vacuo, and
the resulting yellow oil was purified via flash chromatography (40%

cases also the rate at which hydrazone stereoisomers interconvegttOAc/hexanes) to yield 72 mg (93%) of cycloaddddtas a clear

under the reaction conditions.

0._0Bn O§/08n
NNH & N
EtO,C Mé ~  EO,C~ (1)
OMe OMe
353 tabiization 63 Coulombic
rep ulsion

Considerable variation in the dipolarophile fragment of the
intramolecular cycloaddition precursors examined in this study

glaze: 'H NMR (500 MHz, CDC}) ¢ 9.35 (br s, 1H), 8.68 (br s,
1H), 8.60 (dtJ = 8.0, 1.9 Hz, 1H), 7.38 (dd} = 7.9, 4.9 Hz, 1H),
5.05 (septJ = 6.3 Hz, 1H), 4.35 (s, 3H), 3.77 (s, 3H), 3.58 (s,
3H), 3.50 (dd,J = 9.2, 3.1 Hz, 1H), 2.262.21 (m, 1H), 2.12
2.04 (m, 1H), 1.951.78 (m, 3H), 1.76:1.68 (m, 1H), 1.18 (dJ
= 6.3 Hz, 3H), 1.15 (d,J = 6.3 Hz, 3H);3C NMR (125 MHz,
CDClg) 6 173.3, 168.3, 165.7, 151.2, 150.8, 138.2, 130.2, 122.8,
93.7, 79.8, 69.4, 63.0, 54.4, 52.9, 35.4, 27.7, 27.4, 21.8, 21.7; IR
(film) 3250, 1756, 1745, 1723, 1640, 1596 cmMHRMS (ESI)
m/z calcd for GoHosNaNsOg (M + Na) 414.1641, found 414.1653.
Anal. Calcd for GgH25N306: C, 58.30; H, 6.44; N, 10.74. Found:
C, 58.17; H, 6.52; N, 10.61.

General Method B for Formation of Cycloadducts. 2-Benzoyl-

was tolerated. Substrates containing electron-donating or electron3.methoxy Hexahydrocyclopentapyrazole-3,6a-dicarboxylic Acid

withdrawing groups at the alkene terminus underwent intramo-
lecular dipolar cycloaddition efficiently. However, analogous

6a-lsopropyl Ester 3-Methyl Ester (41).A solution of hydrazone
19 (11 mg, 0.03 mmol) in CkCl, (1.0 mL) was added in one

substrates containing a terminal vinyl substituent were convertedportion to a flask containing solid iron(lll) chloride (4.6 mg, 0.03

only slowly to cyclopentapyrazolidines. As HOMO and LUMO
energies of azomethine imines and alkenes are fairly siffilar,
either raising the alkene HOMO or lowering the alkene LUMO
could increase reaction rate by decreasing the HGMOMO

gap between the reacting partners. Such a trend would be

consistent with perturbation theory calculations reported previ-
ously by Houk and co-worker&.

The synthetic value of 1,3-dipolar cycloaddition reactions is
directly linked to the ability to predict the reactivity and the

mmol), and the resulting yellow-green solution was maintained at
room temperature for 45 min. The solution was directly loaded onto
silica gel and purified by flash chromatography (20% EtOAc/
hexanes) to give 9.8 mg (88%) of cycloaddddtas a clear glaze:

H NMR (400 MHz, CDC}) 6 8.10 (dd,J = 6.1, 1.5 Hz, 2H),
7.47-7.27 (m, 3H), 5.08 (sepd, = 6.3 Hz, 1H), 4.26 (s, 3H), 3.78

(s, 3H), 3.54 (ddJ = 9.2, 3.0 Hz, 3H), 2.262.21 (m, 1H), 2.08

2.01 (m, 1H), 1.921.66 (m, 4H), 1.21 (dJ) = 6.3 Hz, 3H), 1.17

(d, J = 6.3 Hz, 3H);'3C NMR (100 MHz, CDC}) 6 173.5, 168.6,
168.0, 134.0, 131.2, 129.9, 127.7, 93.5, 79.7, 69.2, 62.7, 54.2, 52.9,

regiochemical and stereochemical outcome of these transforma-35.6, 27.7, 27.4, 21.8, 21.7; IR (film) 3256, 1756, 1745, 1719, 1637,

tions. The regiochemistry of the intramolecular azomethine
imine cycloaddition reactions studied here is dictated by the
three-carbon tether, which favors the formation of only
diazabicyclo[3.3.0]octane produé&The high stereoselectivity
seen in these cycloadditions is consistent with cycloadditions
proceeding by chairlike transition structugd, which allows
favorable overlap between the orbitals of the dipole and
dipolarophile (eq 12).

CO,i-Pr H CO2-Pr
Hop N
Me0,C~__— RN (12)
r-N"
R MeO.C" R
64 65
Conclusions

Intramolecular dipolar cycloaddition reactions of azomethine
imines derived from the condensation of hydrazines bearing an
electron-withdrawing substituent amdketoesterso-ketoam-
ides, ando-ketothioesters provide access to a wide variety of

1448, 1384 cm'; HRMS (ESI)m/z calcd for GoH26NaN,Og (M
+ Na) 413.1689, found 413.1671. Anal. Calcd fosold,eN2Os:
C, 61.53; H, 6.71; N, 7.18. Found: C, 61.44; H, 6.67; N, 7.05.
General Method C for Formation of Cycloadducts. 2-Ben-
zoyl-3-methoxy Hexahydrocyclopentapyrazole-3,6a-dicarboxylic
Acid Dimethyl Ester (45). Following the previously described
procedure to prepare-ketoesterl7, enoxysilanel3 (52 mg, 0.15
mmol) gave 40 mg (99%) af-ketoesterl7 as a clear glaze. Next,
a solution of a-ketoesterl7 (40 mg, 0.15 mmol) and benzoic

(31) Sustmann, RPure Appl. Chem1974 40, 569-593.

(32) (a) Houk, K. N.; Sims, J.; Duke, R. E., Jr.; Strozier, R. W.; George,
J. K.J. Am. Chem. S0d.973 95, 7287-7301. (b) Houk, K. N.; Sims, J.;
Watts, C. R.; Kuskus, L. . Am. Chem. S0d.973 95, 7301-7315.

(33) Although bicyclo[3.3.0]octane ring systems are generally observed
in intermolecular dipolar cycloadditions in which a dipole is connected to
an alkene through a three-carbon tether, bicyclo[3.2.1]octane ring systems
have been observed, see: Koumbis, A. E.; Gallos, Lugr. Org. Chem.
2003 7, 585-628.

(34) All cycloaddition reactions were performed in thick-walled sealed
tubes for reaction volumes greater than 2 mL and in screw-cap vials with
Teflon caps for reaction volumes of 2 mL or less. Other general experimental
details have been described: MacMillan, D. W. C.; Overman, L. E.;
Pennington, L. DJ. Am. Chem. So@001, 123 9033-9044.
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hydrazide (22 mg, 0.16 mmol) in EtOH (2.9 mL) was maintained
at 100°C for 18 h. The reaction was cooled and concentrated in
vacuo, and the resulting light yellow oil was further purified by
silica gel chromatography (20% EtOAc/hexanes) to give 43 mg
(82%) of cycloadduct5 as a clear glazelH NMR (500 MHz,
CDCls) ¢ 7.95 (dt,J = 7.0, 1.6 Hz, 2H), 7.47 (tJ = 7.2, 1.4 Hz,
1H), 7.41 (app tJ = 7.0 Hz, 2H), 3.78 (s, 3H), 3.73 (s, 3H), 3.59
(s, 3H), 3.56 (ddJ = 9.1, 3.5 Hz, 1H), 2.262.20 (m, 1H), 2.09
2.02 (m, 1H), 1.94-1.70 (m, 4H);33C NMR (125 MHz, CDC}) ¢

174.5, 168.8, 168.6, 134.5, 131.0, 129.2, 127.8, 93.6, 79.6, 62.9,

54.3,53.0,52.7, 35.6, 29.9, 27.6, 27.3; IR (film) 3252, 1750, 1735,

1642, 1448 cm!; HRMS (ESI)m/z calcd for GgHooNaN,Og (M

+ Na) 385.1375, found 385.1372. Anal. Calcd forgld,,N,Og:

C, 59.66; H, 6.12; N, 7.73. Found: C, 59.66; H, 6.03; N, 7.68.
General Method D for Formation of Cycloadducts. 3-Ethyl-

6a-methyl-2-benzoyloctahydrocyclopentafpyrazole-3,6a-dicar-

boxylate (50).A solution of hydrazon®&4 (6.9 mg, 0.02 mmol) in

secbutanol (0.2 mL) was heated at 100 for 24 h under an inert

atmosphere. The solvent was then removed in vabdidNMR of

the residue indicated complete conversion to cyclopentapyrazolidine199 ¢ 173.8. 157.0 (br), 136.1, 128.5, 128.3, 128.2, 74.4, 68.2

50: 'H NMR (500 MHz, CDC}) 6 7.87—7.74 (m, 2H), 7.4#
7.36 (m, 3H), 5.64 (br s, 1H), 5.12 (br s, 1H), 42818 (m, 2H),
3.75 (s, 3H), 3.08 (br s, 1H), 2.3@.12 (m, 2H), 1.821.72 (m,
3H), 1.63-1.53 (m, 1H), 1.30 () = 7.3 Hz, 3H);3C NMR (125
MHz, CDCl) 6 173.7, 170.6, 170.2, 134.2, 130.7, 129.2, 127.6,
65.0, 61.6, 56.5, 52.8, 37.2, 33.4, 29.6, 26.5, 14.1; IR (film) 3272,
2960, 1734, 1647, 1447, 1388, 1283, 1198 EmIRMS (ESI)nvz
calcd for GgHo,NaN,Os (M + Na)t 369.1426, found 369.1424.
General Method E for Formation of Cycloadducts. 2-Benzyl-
3-ethyl-6a-methylhexahydrocyclopentaf]pyrazole-2,3,6a(H)-
tricarboxylate (51). A suspension ofi-keto esteB83 (39 mg, 0.17
mmol), benzyl carbazate (34 mg, 0.20 mmol), and pyridinium
p-toluenesulfonic acid (2.1 mg, 0.0085 mmol) in toluene (0.68 mL)
was heated at 118C for 24 h under an inert atmosphere. After
this time, the solvent was removed by rotary evaporation. The
residue was purified by silica gel chromatography (2:1 hexanes/
ethyl acetate) to give 55 mg (85%) bl as a clear oil:'H NMR
(500 MHz, CDCk @ 348 K) 6 7.40-7.27 (m, 5H), 5.41 (br s,
1H), 5.23 (d,J = 20.0 Hz, 1H), 5.20 (dJ = 20.0 Hz, 1H), 4.58
(d,J =1.5Hz, 1H), 4.23-4.13 (m, 2H), 3.76 (s, 3H), 3.09 (ddd,
J=8.0, 4.5, 2.0 Hz, 1H), 2.30 (d§, = 13.0, 6.5 Hz, 1H), 2.18
2.09 (m, 1H), 1.86-1.78 (m, 1H), 1.781.70 (m, 2H), 1.76-1.60
(m, 1H), 1.25 (tJ = 7.0 Hz, 3H);13C NMR (125 MHz, CDC}) 6

9152 J. Org. Chem.Vol. 71, No. 24, 2006

Gergely et al.

173.8, 170.7, 156.3 (br), 136.3, 128.5, 128.4, 128.2, 77.3, 67.9,
67.0, 61.7, 57.1, 52.9, 38.1, 33.4, 26.6, 14.1; IR (film) 2958, 1733,
1698, 1456, 1395, 1288, 1199 ci HRMS (ESI)m/z calcd for
CioH2aNaN,Os (M + Na)* 399.1532, found 399.1540.

General Method F for Formation of Cycloadducts. 2-Benzyl-
6a-methyl-3-(ethylthiocarbonyl)hexahydrocyclopentaf]pyrazole-
2,6a(IH)-dicarboxylate (57).Following the procedure to prepare
33, enoxysilane30 (0.2 mmol) was converted to the corresponding
a-ketoester. A suspension of crudeketo ester, benzyl carbazate
(40 mg, 0.24 mmol), and pyridiniurp-toluenesulfonic acid (2.5
mg, 0.01 mmol) in toluene (0.8 mL) was then heated at*1or
24 h under an inert atmosphere. Solvent was then removed in vacuo,
and the residue was purified by silica gel chromatography (3:1
hexanes/ethyl acetate) to give 58 mg (74%)bafas a clear oil:

H NMR (500 MHz, CDC} @ 328 K)6 7.42-7.27 (m, 5H), 5.37

(s, 1H), 5.25 (dJ = 24.0 Hz, 1H), 5.23 (dJ = 24.0 Hz, 1H), 4.67
(brs, 1H), 3.74 (s, 3H), 3.20 (ddd= 8.1, 5.0, 1.9 Hz, 1H), 2.90
2.81 (m, 2H), 2.322.24 (m, 1H), 2.152.05 (m, 1H), 1.79-1.55

(m, 4H), 1.24 (tJ = 7.5 Hz, 3H);13C NMR (125 MHz, CDC}) 6
56.8,52.9, 38.1, 33.2, 29.7, 26.5, 23.4, 14.4; IR (film) 2960, 1734,
1685, 1466, 1388, 1298, 1113 cin HRMS (ESI)m/z calcd for
CigH24NaN,OsS (M + Na)t 415.1304, found 415.1313.
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