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wilfl acctaldchyde, liberates a-pincne quantitatively, providing optically active dichyl hetcrocyclic boronates7. 

These chiral organoboronic estcrs containing only one organyl group attached to boron are highly promising 

in\umcdin\cs for asymmetric syntheses8. However, such heterocyclic boronate esters with a hcteroatom in Ole P- 

position arc known to be unstable with a tendency for elimination o r  rearrangement during synthetic 

transformations. To establish whcther this side reaction is a serious problem, we exumincd the one-carbon 

homolngation of thcsc boronatc cstcrs. This transformation would shift !he position of thc boron atom from the 

p-. 3 . to  y- lo the hctcro atom. 4, thereby increasing the stability of thcsc hcterocyclic boronatc estcrs. Thcsc 

one-carbon hnmalogaled hctcrocyclic boronate esters. 4, are valuable synthetic intermediates i n  organic 

synt~>esis4 

homologation 

In principle, it is possible to prepare such boronate esters via asymmetric hydroboration of hctcrocyclic olcfins 

bearing an exocyclic double bond on a carbon atom P to the heleroalom. Unfortunately. the optical induction 

achicved in the asymmcuic hydroboration of such oleiins is known lo be cnnsidcrably lower than rllat achicvcd 

wilh the parent endocyclic dcrivativeslO. 

It is a well known fact h a t  homologation translomations proceed wilh retention of conliguration at the chiral 

cenar. Hcnce by starting wilh an optically pure heterocyclic bomnatc ester it is possible to get the one-carbon 

homologatcd boronic ester with retention of configuration at the chiral center. The ease of preparing such 

hetcrocyclic boronatc esters wifh high optical purity via asymmelric hydroboration prompted us to study the one- 

carbon homologation of these hetcrocyclic boronate esters. This would facilitate the use of these homologatcd 

heterocyclic boronate esters for carbon-carbon bond forming reactions. The utility of such reactions has bcen 

dcmonstratcd in the synthesis of a-chiral-a'-alkynyl ketones of highoptical purity11. 

RESULTS AND DISCUSSION 

Many new synthetic mellw& in organic chemistry involving carbon-carbon bond iorma&on are now based 

on organoborane chemislry 12. In the last decade many new reactions and reagents have emergcd for the convcrsion 

of organoboranes into complex organic molecules with C-C bond formation under very mild conditions13. 

Carbanionic reagrnts bearing a polential leaving group at the a-position homologates the organyl-B linkage. The 

reaclion proceeds lhrougll the formation of an ate-complex, followed by a 1.2-migration of the organyl group from 
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boron to the carbanionic centcr with displacement of llle leaving group. This olfcrs a convenient practical way u, 

achicve C-C band lonning transformations via organaboranes. 

Various carbenoid reagents bearing apatenlial leaving group have been studied lor the one-carbon homologation of 

various classes of org.maboranes. (Dichlorumethyl)lilhium, LiCHC12. [chloro(trimethylsilyl)melhyl]lithium. 

LiCHCI(SiMe3). and [methoxy(phenylthio)methylIlithium, LiCH(0Me)SPh. are now known to homologate all 

three classcs of organoborancs, vir R3B. R2BOR' and RB(OR')2, cleanly and Matteson et d!5 

dcrnonstratcd the utility of LiCHzCI, generated in siru by ueating iodochloromethane with n-BuLi in THF at -78 

OC. for l l~e one-carbon homologation of boronic esters. A critical examination of all the available prucedurcs lor 

the one-carbon homologation of boronate esters was undertaken in our laboratory and an elegant and simplc 

proccdurc achicvcd16. This involves the generation of LiCkl~Cl,  in situ from the trcatmcnt of 

bromocl~loron~ctltane with n-BuLi in THF at -78 "C in tile presence of lhe boronate cam. 

It a p p x e d  dcsirablc to examine the one-carbn homologalion ufrepresentative heterocyclic baronic esters of high 

optical purity using LiCHzCI, generated in silu in THF from BrCH2CI and n-BuLi at-78 OC. The following 

hctcrocyclic boronatc esters were utilized: (+)-3-teual1ydrofuryl-I,3,2dioxaborinane 5. (-)-3-tetrahydrofuryl-1.3.2- 

dioxaborinane 6, ( - ) -N-(carbobenzyluxy)-3-pynolidinyl-1.3e 7. lA-epoxy-l.4-dihydronapLl1yl-1,3.2- 

dioxaborinane 8, (+)-Irom-2-(2-furylcyclopcntyl)-l.3.2-dioxaborinane 9. (+)-Irons-2-(lhienylcyclopcntyl)-1.3.2- 

dioxahrinane 10, (+)-lrm-2-(3-U1ieny1cyclopentyI)-1.3.e 11 and (-)-N-benzyl-3-pyrrolidinyl-1,3.2- 

dioxaborinane 12 (Table I). 

GENERAL PIIOCEVURES FOR THIS PREI'ARATION O F  I lETEROCYCLlC UORONATE 

E S T E R S  

Asynuneuic hydroboralion of Ute hctcrocyclic o l e l i i  bearing an endocyclic double bond (cis-disubstitutcd 



nlkcnes) was in THF using Ipc2BH. I, while the asymmetric hydroboration of the heterocyclic oletins 

bearing an exocyclic double bond (trisubstituted alkenes) was performed6 using IpcBH2.2. The procedure for the 

preparation of (+)-3-teuahydrofuryl-1,3,2-dioxaborinane 5, is representative. This derivative was prepared by the 

asymmetric hydroboration of 2.3-dihydrofuran3 inTHF at -25 OC. To the stined suspension of (-)-Ipc2BH (25 

mmol) derived from (+)-a-pinene at -25 OC was added 2.3d'ihydrofuran (25 mmol) and the reaclion mixhlre was 

stined at -25 OC lor 6 h. The solid Ipc2BH disappeared and the formation of trialkylborane was complete as 

evidcnt by I1B nmr (6 86 ppm). The reaction flask was brought to 0 OC and acetaldehyde (100 mmol) was added 

dropwise, and stirred at 25 OC for 6 h. The excess acetaldehyde was removed in vacuo to furnish (+)-diethyl-3- 

teval~ydrofurylboronate as is evident by I1B nmr (6 31 ppn). This bronale ester was separated h m  the liberated 

a-pinene eithcr by column chromatography or by applying high vacuum (0.1 mm of Hg) at 25 OC for 12 h3.  

Thc rcaction of this purified boronate ester with an equivalent of 1.3-pmpanediol in pntane17 furnished (+)-3- 

tekal~ydroluryl-1.3.2-dioxaborinane 5, further purilied by distillation under reduced pressure. 

In the case 01 N-benzyl-3-pym~line. asymmetric hydrabaration was performed by using two equivalents of 

I ~ ~ ~ B H ~ ~ .  The first equivalent o l  IpqBH forms a complex with the nitrogen atom of the N-benzyl-3-pymline 

while the second equivalent of Ipc2BH is utilized far asymmeeic hydroboration. The required baronate ester was 

then prepared from the resulting trialkylborane by eeating with acetaldehyde followed by the treatment with 1.3- 

pmpancdiol18. 

Thc hydraboratian of I-heteraarylcycloalkenes was achieved using IpcBH2. Preparation of (+)-frans-2-(2- 

furylcyclopcntyl)-1.3.2-dioxaborinane 9, is representative. To a solution of IpcBH2 (25 mmol) in diethyl ether 

cooled lo -35 OC was added I-(2-furyl)-cyclopentene (25 mmol) over a period of 5 mix  The reaction mixture was 

allowed to stand at -35 OC for 96 h. A white crystalline precipitate separated out. This was washed with chilled 

ether and the solid was dried under vacuum (-15 mm of Hg) at 0 OC. This was then suspended in ether (15 ml) 

and ueated with excess acetaldehyde (100 mmol) at 0 OC and then stirred at 25 OC for 6 h. Excess acetaldehyde 

was removed in vacuo and the residue was distilled under reduced pressure to furnish (+)-tram-diethyl-2-(2- 

furylcyclopentyl)boronate6. (+)-franr-2-(2-Furylcyclopentyl)-1,3.2-dioxabe 9 was then prepared by reacting 

the above obtained diethyl boronate ester with an equivalent of 1.3-propanediol in pentane and purified by 

fractional distillation under reduced pressure. In most of the cases the optical purity was upgraded by 

crystallization of the dialkylbrane obtained via asymmeeic hydrobration of 1-heteroarylcycloalkenes. In some 

exceplions. the dialkylbrane couldnot be induced to cryslallize. In such cases, the dialkylborane was treated with 

excess acetaldehyde to get the desired diethyl boronate ester directly. Hydrolysis of the diethyl boronate ester then 

furnished the corresponding optically active boronic acid, upgraded by crystallization in ethyl ether-pentane6. 

Treatment of this boronic acid with 1,3-popanediol furnished the corresponding 1.3.2-dioxaborinane in very high 

optical purily. 
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The optical purities of thcse boronate esters were determined by oxidizing them to the corresponding alcohols. 

analyzcd either by dircct comparison of lheir optical rotations, or by analysis of their Moshcr cstcrs by 1 9 ~  

nm? or capillary G C . ~  The results are summarized in TableI. 

Table I. Preparation 01 Hctcrocyclic Boronate Esters; Asymmetric Hydroboration of Representative Heterocyclic 
Olcr is  wih (-)-Diisol,inocampheylboranea andor Monoisopinccampheylborane 

olclin hctcrocyclic boronate temp time yield oxidation ~ - I ~ ~ D  % ee absol. 
ester OC h % product dcg coniig, 

R*BO2(CH2)3. R* = 

2.3-dihydroluran 3-tcuahydroluryl. 5 -25 6 92 3-hydmxytetrahydro- -17.3 > 9yb 3R 
furan (c2.4. McOH) 

2.5-dihydrduran 3-tclrahydroluryl. 6 -25 8 68 3-hydroxytelrahydro- +17.3 > 9yb 3S 
furan (c2.4. McOH) 

N-(carbabenzyloxy)- N-(carbbenr.yloxy)-3- 0 4 92 N-(carbabenzyloxy)-3- +20.5 > 89b 3S 
3-pynoline pynolidinyl. 7 pynolidinol (c3.7, McOH) 

14-epuxy-14-dihy- 1.4-epoxy-1.4-dihydra- -25 7 68 7-ox-exo-2-benzo- +29.7 >9gb IR, 
dronnphlhalene naphthyl. 8 norborneol (c2.O. McOH) 2S.4R 

trans-1-(2-furyl). lmnr-2-(2-furyl). -35 96 70 lmm-2-(2-furyl). +88.2 >99C 1S.2.S 
cyclopcntcne cyclopentyl. 9 cyclopentanol (c2.3. MeOH) 

lrafls-I-(2-thicnyl)- Iratrr-2-(2-lhienyl)- -35 96 64 lmm-2-(2-thimyl). +70.6 > 99' 1 S . S  
cyclopcntcne cyclopcntyl. 10 cyclopentanol (c2.3. MeOH) 

N-bcrvyl-3- N-benzyl-3- -25 24 89 3-hyhoxy-N- -3.14 > 99" 3 s  
pynolinc pynolidinyl. 12 benzylpyrrolidinol (c1.2. CHCI3) 

a T l ~ c  rcagent was prepared from (+)-a-pinene . [a lUD +47.2O (neat). 91.4% ee and BMS. The reactions wcre 
pcrfonnd on a25 mmol scale. 

Dctcrmincd by 1 9 ~  nmr of h e  conesponding Mosherester on a 200 MHz insmment. 
Dctcrmincd by capillary GLC analysis. 

GENERAL PROCEDURE FOR T H E  HOMOLOGATION O F  HETEROCYCLIC UORONIC 

ESTLSRS 

The one-carbon homologation of (+)-3-tetral1ydrofulyl-1.3.2-dioxabarinae, 5, is representative. To a stincd 

solution of 5 (10 nunol) in THF, cooled to -78 OC was added bromochloromclhane (11 mmol) and n-BuLi (1 1 

nunol) dropwise over a period of 15 min. The reaction mixture was then allowed to stir at -7S0C for about 

an ltour and Uicn slowly w m c d  to room temperature and stirred at room temperature for 14 h. The progress of 

thc rcaction was monitored by nmr, which indicated the completion of migration in the ate-complex (6 33 

ppm). THF was pumped 011 in vacuo and the residue was extracted with anhydrous n-pcntanc (2 x 20 ml). 

I'umping olipcnlane in vocuo furnished the onc-carbon homologated boronate ester, which was funhcr purilicd by 

distillation undcr rcduccd pressure. Oxidation of this boronate ester with alkaline H z 0 2  fumishcd an alcohol 



which was purified by distillation under reduced pressure and by preparative GC. The optical rotation of thc 

alcohol was recorded and compared with lhe literature data if available. 

It is a well established fact lhat lhc one-carbon homologation reaction proceeds wilh l l ~ c  rctcntion of chirality19 at 

thc chiral center and hence the starting optical purity is reflected in the homologated boronatc esters. By following 

this gcncral proccdurc, rcprcsentative one-carbon homologated baronalc esters have been prepared in wry  high 

optical puritics and the rcrults are summarized in Table n. 
Howcvcr, we encountercd problems in the one-carbon homologation of N-(benzy1)-3-pyrrolidinyl-1.3.2- 

dioxaborinane 12. Treatment of 12 wilh (chloromelhyl)lithium under tlte identical condilions dcscribcd above did 

not lurnish thc expected one-carbon homologated product. Oxidation of the reaction product with alkalinc Hz02 

furnished a mixture of products. Presumably. the more acidic benzylic group might have intcrlercd in lhc 

homulogadon sequence. This problem could probably be overcome by utilizing N-(1-cumy1)-3-~nolidinyl-1.3.2- 

dioxaborinane, but time did not permit a study of this possibility. 

Table 11. One-Carbon Homologation 01 He~erocyclic Boronate Esters wilh LiCk12CI (gcncratcd in siru in THF at 

-78 "C). 

borunale ester hornulogated boronate ester isolalcd oxidation product [ ~ I ~ ~ L I  % cc absol. 
R*B02(CH2)3 R*-CHz-B02(CH2)3 yield, degrces conIig 

K'= It*= % 

3-lcuahydrulmyl. 5 3-tctrahydroluryl. 13 86 3-hydroxymcthyl- +24.8 > 99 3 s  
teuahydrofurm (~2.14. McOH) 

tra1m-2-(2-Uiicr1yl)- 
cyclopcntyl. 10 

lrrulr-2-(3-tlucnyl)- 
cyclopentyl. 11 

CONCLUSION 

N-(c&benzyloxy)-3- 69 
pyrrolidiiyl, 15 

trans-2-(2-fmyl). 80 
cyclopcntyl. 17 

trans-2-(2-tluenyl). 82 
cyclopcntyl, 18 

r 2 ( 3 i y )  78 
cyclopcntyl. 19 

3-hydmxymethyl- -24.8 > 99 3R 
tctrahydroluran (c2.2, McOH) 

N-(carbobenzy1oxy)- +19.04 89 3 s  
3-pyrrolirlinyl- (c2.5. MeOH) 
methanol 

1.4-epoxy-2-hydmxy- -2.06 > 99 1s. 
methyl-1.4-diliydro- (c2.1. McOH) 2R.4R 
naphthalene 

frm-Z-(2-fu1yl)- +77.02 > 99 1s. X 
cyclopentyl- (~2.25, McOH) 
mcthanol 

Wm-2-(2-lhicny1)- +59.32 > 99 l S . X  
cyclopcntyl- (c2.2. McOH) 
methanol 

tram-2-(3-thienyl). c57.55 > 99 IS, X 
cyclopentyl- (c2.1. McOH) 
methanol 

The present study providcs a simple procedure lor the synthesis of various P-chiral hclcrocyclic baronale eslcrs 

with very high optical purities. These are valuable intermediates, especially pronlising for chiral synthesis 
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proceeding (hrough boron intermediates. Both (+) and (-)-a-pinenes are readily available. Consequently, both 

enantiomcrs can be readily synthesized. Also. thechiral auxiliary, a-pinene, can be readily rccovcrcd and rccyclcd. 

Oxidation of these homologated boronate esters with alkaline H z 0 2  provides heterocyclic alcohols of high 

enantiomcric purity. An elegant synthesis of a-chiral4'-alkynyl ketones has been r c p n e d  from our laboratory 

starting from a-chiral heterocyclic boronate esters via the DCME reaction1'. By following a similar procedure 

various P-chiral-a'-alkynyl ketones could be prepared in very high optical purities from P-chiral hctcrocyclic 

boronate esters, indicating U~eir synthetic potential for asymmetric synthesis. 

EXPERIMENTAL 

Thc reaction flasks and other glass equipment were stored in an oven at 150 OC overnight and assembled in a 

strcam of dry nitrogen gas. Syringes were assembled and fitted wilh needlcs while hot and cooled in a stream of 

dry nitrogcn gas. All operations were carried out under a nitrogen aunosphere. Special techniques uscd in 

I~mdling air scnsitivc materials are described in detail c ~ s e w h c r e ~ ~ .  

Spectra. "B Nmr spectra were rcmrded on a Varian Fl-80A i n s m e n t .  The chemical shifts arc in 6 rclntive 

to BF3:OEq. I H  Nmr (90 MHz). I3c nmr (80 MHz). 1 9 ~  nmr (200 MHz) were remrded on Pwkin-Elmcr K- 

32. Varian FT-BOA and Varian FT-200 instruments respectively. Ir and mass spectra were recordcd on Pcrkin- 

Elmer 137 and Fincngan GCImass Spectrometers respectively. Optical rotations were mcasurcd on a Rudolph 

polarinletcr Autopol 111. 

GC analysis. All Gc'analyscs were canied out wilh a Hewlett-Packard 5890A gas chromatograph using (a) 12 

It x 0.125 in columns packed with 10% cnbowax 20 M on Chromosorb W (100-120 mesh) or (b) 12 It x 0.125 

in column packed will1 10% SE-30 on Chromosorb W (100-120 mesh). For preparative GC eithcr (c) a 6 i t  x 0.5 

in column packed with 20% carbowax on Chromosorb W (60-80 mesh) or (d) a 6 ft x 0.5 in column packed with 

20% SP-2100 on Chromosorb W (60-80 mesh) was used. Capillary GC analyses was performed on a Hcwlctt- 

Packard 5890A instrument with (e) 50 m x 0.25 mm mlumn packed with methylsilicone or ( f )  15 m x 0.25 mm 

column packed with Supelcowax with helium as a carrier gas. 
Materlnla Borano-mclhyl sulfide (BMS), (+)a-pinene and P-pinene were purchased fmm Aldrich Chcmicd Co. 

(-)-a-Pincnc was prcpared by isomerization of ( - ) - ~ - ~ i n e n e ~ ~ .  Tetrahydrofuran (THF) was distilled over 

bcnrrrphcnonc kctyl and stored under nitrogen atmosphere in an ampoule. 2.3-Dihydrofuran. 2.5-dihydrofuran and 

3-pyrroline were kept over anhydrous potassium carbonate overnight and distilled in nitrogcn atmosphere. N- 

(Carbobcnzyloxy)-3-yynoline (containing 25% of N-(carbobenzyloxy)pynolidine) was prepared by reacting 3- 

pyrroline (contains 25% pynollidie. Aldrich) with benzy1 cllorolormate in the presence of sodium hydroxidc24. 

l.4.-Epxy-1.4-dil~ydronapl1II~alene was purcltased from Aldrich N-Benzyl-3-pynoline was prcparcd by treating cis- 

-1.4-dicl~loro-2-butcnc (Aldrich) with an excess of bemylamine in refluxing toluene25. I-Hctcroarylcyclaalkencs. 

utilized in this smdy. were prepared by treating the 2- or 3-lilhio-heterncycle wilh the cycloalkanone followcd by 

the dehydration of thc resulting lcniary alcohol with P T S h z e n e .  (-)-~iiso~inocam~l1c~lboranc2~ [(-)-IpqBH] 

and ( - ) - ~ o n o i s o ~ i n o c a m ~ h c ~ l b o r a n e ~ ~ [ ( - ) - ~ p c ~  of >99% ee were prepared acmrdimg to l l~e lilcrature procedurc. 

Bromochloromelhane (Aldrich) was purified by distillation o v a  P205 in an atmosphere of nitrogen and stored 

ovcr 4A nwlccular sicvcs. n-Butyllilhium (Alfa) in hexane was estimalcd to be 2.3 M?I 

General Procedure for the Asymmelrlc Hydroburnlion of Heterocyclic Oleflns. I'reparatlun 

of Uiethyl Heterocyclic Borunates. Asymmetric hydroboration of 2.5-dihydrofuran is representative . To 

a stirrcd suspcnsion of (-) Ipc2BH (25 mmol) in THF (25 ml) at -25 OC was added 1.9 ml (25 mmol) of 2,s- 



dil~ydrohran. Tlic rcaction mixture was stirrcd at -25 "C lor 8 h. The solid lpc2BH disappeared and the lormatian 

of trialkylbarane was complete. The reaction flask was brought ln 0 OC and 5.6 ml(100 lmnol) of acetaldchydc 

was addcd drupwisc and stirred at25 OC for 6 h. Excess acetaldehyde was removed under reduccd prcssurc (25 OC, 

12 mm of Hg, 1 11). a-Pincne was removed by applying high vacuum (25 'C, 0.1 tnm of Hg, 12 h); yield 2.65 

g (68%). A part of this boronate ester was dissolved in THF and subjected lo oxidation using NaOHff1202, The 

rcaction mixture was stirred at 25 OC for 5 h. The aqueous layer was saturated with polassium carbonatc, 

exuactcd with 3 x 25 ml of ethyl ether, dried over anhydrous MgSOq, and the ellin evaporated. The residuc was 

filtered lluough silica gel; the ether eluate furnished the alcohol, purified by distillation (bp 80 '~115 mm of Hg); 

GC purity 99%. It was lurther purified by preparative GC using column c to furnish a GC pure material: [alZ3v 

+17.3O (c 2.4, McOH); >99% ee (lit.28 [ a ] 2 3 ~  +16.23" (c 2.427. MeOH). 99% ee). 

Genera l  P rocedures  f u r  t h e  Asymntetrlc Hydrobura t ion  of 1.Heteroarylcycloalkenes. 

I'reparation of Uletllyl lleterocyclic Uorunates. 

a) I'reparation nf tertlnry alcohols. Tcrtiary alcohols were prcparcd lollowing similar procedures rcpurtcd 

in i l ~ e  ~ i a r a t u r e ~ ~ .  To an ice-cooled (0 OC) solution of 16.32 8 (240 mtnol) o l  luran and ethyl ethcr (200 ml) was 

added dropwise n-BuLi in hexane. 76.8 ml(176 mmol). The resulling mixture was stirrcd at 0 OC lor 1 h, altcr 

which was addcd an e!hereal solution of l l ~ e  concsponding ketone (152 mmol). Aftcr being stirred overnight, Ilic 

rcaction mixture was qucnched with watcr (10 ml). The ether layer was decanted, dried over MgS04, and tho 

sulvcnt removed undcr reduced pressure. 

b) I'reparatlun of 1-heteruarylcycloalkenes. To the crude alcohol taken in 100 ml of anhydrous bcnzcnc 

was added a catalytic amount ofp-toluencsulfonic acid and the mixture was stirred at 40-50 "C for 30 minutcs. 

The benzene layer was dried over anyhdrous K2CO3 and distilled to give the required olefins in 80.90% ovcrall 

yield and >98% purity by GC. 

c) Asymmetrlc hydroboration of 1-l~eteroarylcycloalkenes. Preparation of diethyl borunate 

esters. The procedure used for lhe asymmetric hydroboration of 1-(2-1uryl)cyclopenlene is rcprescntativc. A 250 

mI round bottom flask equipped with a sidearm, magnetic stirring bar and a gas lcad was flushed with niuogcn. 

Tu the flask was added 3.35 g (25 mmol) of I-(2-1uryl)cyclopentene dropwise with airring. Thc flask was 

maintained at -35 OC without stirring for 4 days. A white crystalline d i d  separated out. The supcmatant liquid 

was removed by a double-endcd needle and l l ~ e  crystals were washed w i h  cold ethcr (3 x 10 ml). The solid was 

dricd under vacuum (-15 mm of Hg) at 0 OC. It was then suspended in 20ml of ethcr and trcated with cxccss 

acclaldchydc (3 ml). The reaction mixture was stirred at room temperature for 5 hand ~ I B  nmr (6 30.97) showed 

thc absence of dialkylborane. The exccss acetaldehyde was pumpcd olf and t l~e residue was distillcd, bp 65-70 

OC/0.02 mm, to furnish [I's, is]-(+)-diethy] lrans-2-(2-futyl)cyclopentylb01onat~, 3.52 g. 60% isolated yicld. 

[a lZ2v +51.58O (~2.52. EtOH). A part of this sample was oxidized with NaOHIH202 to give trans-2-(2- 

1uryl)cyclopcntanol. which was further purified by preparative GC: [a123D +88.2' (~2.325. McOH). >99% cc by 

capillary GC analysis of its Mosher esln. 

General Procedures for the Isolation of Heterocyclic Uoronic Esters of Iligh Optical Purity. 

a) Uy column chromatography. Diethyl heterocyclic boronates were prepared via asymmetr ic  

hydroboratinn 01 heterocyclic olefins either with IpqBH or IpcBR2 followed by treatment with 100% excess 

acctaldchyde at 25OC as described above. The crude boronate was freed from h e  solvent and acelaldchyde and 

subjected to column chromatography using neutral alumina. Elution with pentane removed a-pinene coniplctcly. 
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whcrcas eluIion with ethanol afforded lhe boronale. Ethanol was removed undcr vacuum at 25OC to obtain pure 

dicthyl hctcrocyclic boronate. 

b) Dicthyl heterocyclic boronatcs could also be freed from a-pinene by pumping off the latlcr under high vacuum 

(0.5 mm of Ilg) at 25 OC for 8 h. 

The spcclral properties of diethyl heterocyclic boronates are as follows: 

Diethyl 3 - t e t r a h g d r o l ~ r a n ~ l  boronate: l l B  Nmr (CDC13) 6 30.6; [ a l Z 3 ~  +21.Y0 (c 5.1. CHC13); ir 

(pentane) 3373. 1328. 1415. 1224.1017 cm-I: 'H (CDCb) 6 3.0-4.2(m, 8H). 1.66-2.2(m, 2H), 1.23(1.6H). 

0.5(m. 111); ms. m l ~  173 (M++1) (100%). 177(22%). 147(10%). 145(6%), 131(8%). 119(13%). 
Diethyl N4carbobenzyloxy)-3-pyrrolidingl boronate: "B Nmr (CDCl3) 6 30.2; [ a l Z 3 ~  -lOO(c 5.3. 

McOli); I H  nmr (CDC13) 67.3(s. 5H). 5.l(s. 2H). 3.9(q.4H). 3.6-3.0(mV4H). 2-I.Y(m. 2H). 1.2(1, 6H); ms, mfz 

348 (Mf+l). 

Uiethyl 1,4-epoxydil~ydronaphthyl boronate: 1 1 ~  Nmr (CDCI3) 6 329: [ a l z3~  +3Z0 (c 4.42, ELOH): 

ir (CHC13) 3486,2972,2918, 1481,1415, 1374, 1337, 1221, 1044,987,854; I H  nmr (CDCI3) 6 7.16(m, 4H), 

5.43(1n, 2H). 3.86(q, 4H). 2(m, ZM), l.Z3(r, 6H), O.Y(m,IH): ms, m/z 247 (MC+l). 

Diethyl trans-2-(2-1uryl)cyclopentyl boronate: Bp 65-68 OCI0.02 mm of Hg: l l B  nmr (CDC13) 6 

30.97; I ~ I ~ ~ D  +51.58"(c 2.52. EIOH);'H nmr (CDC13) 6 7.25, (m. 1H). 6.20(m. 1H). 5.90(m, 1H). 3.85(q, 

4H). 3.25(m. IH). 2.25-1.60(m.7H). 1.20(m,6H). 

Dietllyl lrnns-2-(2-thlenyl)cycIopentyl boronate: l l B  Nmr (CDC13) 6 30.9; bp 85-90 OC10.25 mm; 
23 l a ]  D +36.10° (c  2.54. EtOH); I H  nmr (CDC13) 6 7.10-6.7(m. 3H). 3.90(m. 4H). 3.20(m. IH). 2.5-1.5(m. 

7H). 1.4-0.9(m. 6H). 

Diethyl trans-2-(3-tl1lenyl)cyclopentyl boronate: l l B  Nmr (CDCl3) 6 31.42; bp 90-91 OC/0.05 mm; 
23 la1 D f46.7Z0(c 2.5. EtOH); IH nmr (CDC13) 6 7.4-6.8(m. 3H). 3.80(m, 4H). 3.15(m. 1H). 2.40-1.6(m, 7H). 

l4-0.9(m. 6H). 

Dietllyf (N-benzyl-3-pyrrolidInyl)boronate: l l B  Nmr (CDC13) 6 32.2; I H  nmr (CDC13) 6 7.56(s. 5H). 

4.0(m. 2H). 3.80(q. 4H). 3.0-1.66(m, 7H). 1.4-0.9(m. 6H). 

General Procedure lor  the  Preparation of I~eteroeycllc 1,3,2-Dioxaborinane. Heterocyclic-1.3.2- 
dioxaborinanes were prepared by reacting the dielhyl heterocyclic boronate esters with an equivalent of 1.3- 

propandid in p l a n e  at mom tcmperature17. 

Thc spcclral propenics of heterocyclic 13.2-dioxaborinanes are as follows. 

[3'~j-(+)-3-~etrah~drofur~l-1,3,2-dloxaborlnane 5: Bp 95-100 OCI2 mm of Hg; I1B nmr (CDC13) 6 

31; + 2 ~ . 6 7 ~ ( c  2.3. THF); 'H nmr (CDC13) 6 4.10-3AO(m. 8H), 2.1-l.S(m, 4H). 1.05(m, 1H). 

[~'sI-(-)-3-~etrahydroluryl-1,3,2-dloxabornane 6: Bp 94-99 OCI2 mm of Hg; I1B nmr (CDC13) 6 31; 

[a123D -26.8'(c 2.4. THF);'H nmr (CDCl3) 64.2-3.4(m. 8H). 2.2-lS(m. 4H). I.l(m, 1H). 

13'~1-(-)-~-(~arbobenzylox~)-3-pyrroiidin~f-l,3,2-dloxaborinane 7: l l B  ~ ~ m r  (CDC13) S 31.96; 

l a l Z 3 ~  -5.94' (c 8,THF); 'H nmr (CDC13) 6 7.30(s, 5H); 5.10(s, ZH), 4.2-3.75(m, 4H), 3.60-3.10(m, 4H), 

2.10-1.60(m. 4H), l.tO(m. 1H). 

IS1-(+)-1,4-Epoxy-l,4-dihydronapBthyl-l,3,2dloxaborlnane 8: l l B  Nmr (CDC13) 6 31.88: [ a l Z 4 ~  

+31° (c 4, TIiF); IH nmr (CDC13) 87.16(m, 4H). 5.43(m, 2H). 4.0(1,4H), 2.26-1.66(m, 4H); 0.9(m. 1H). 
0 ,  

I1 S,2 SI-(+)-trans-2-(2-liurylcyclopentyl)-1,3,2-dloxaborlnane 9: Bp 96.100 OC/0.1 mm; [a]23D 

+88.22O (c 6.35, TIiF); l l B  nmr (CDCl3) 6 30.9; IH nmr (CDC13) 6 7.3(m, lH), 6.2(m, lH), 6.0(m, lH), 4.1- 

3.8(r. 4H). 3.10(m. lH), 2.10-l.4(m. 9A). 



[1'.~,2'~l-(+)-:rons-2-(2-~hien~lc~clo~ent~l)-l,3,2-dioxaborlnane 10: Bp 125.130 OC10.4 mm; 

, Ia123~ +57.3O(c 6.82. THF); IH nmr (CDCl3) 6 7.10-6.70(m. 3H). 4.10-3.8(1. 4H). 3.25(m, 1H). 2.10-1.50(m, 

9H). 

[1'~,~'~1-(+)-1rons-2-(3-~hien~lc~clu~ent~l)-l,3,2dloxaborlnane 11: Bp 139-140 OC/0.4 mm; 
[ a l Z 4 ~  +88.5' (c 6.9. THF); IH nmr (CDC13) 6 7.15(m, IH), 6.90(m, 2H). 4.05-3.70(:, 4H), 3 ,10(m, ' l~) .  

2.20-1.5(m. 9H). 

[3'~1-~-~enz~l-3-~~rrolidin~l-1,3,2-dioxaborlnane 12: I1B Nmr (CDC13) 6 31.96; [a]23D -16.4O (c 

2.1, THF); 'H nmr (CDC13) 6 7.560, 5H). 4.0(,. 4H). 3.6(s, 2H), 3.3-1.6(m, 8H). I.O(m. 1H). 

General Procedure fur  the Homologatlon of Heterocyclic 1,3,2-Dioxaborlnanes Proccdurc for 

the one-carbon homologation of (1'~.f~)-(+)-lronr-2-(2-1urylc~clo~ty1)-1.3~2-diox~borinane 9 is representative. 

A solution of 9 (3.3 g. 15 mmol). and bromochloromelhane (1.3 g. 21 mmol) in THF (25 ml) was cooled to -78 

OC using a dry ice-acetone bath. To this was added chilled n-BuLi (9.5 ml. 21 mmol) dropwise from tlte side of 

the flask, maintaining s ampcramre of -78 OC in an aunosphere of nitrogen gas. The reaction mixlure was 

stirred at -78 OC for 1 h, lhcn warned slowly to room temperature, and stirred at mom tempenure lor 14 h. The 
solvent THF was pumped olt under reduced pressure and the residue extracted with n-pcntane (2 x 20 ml). Tho 

supernatant pcntane layer was transferred io another flask by means of a double-ended needle in an atmosphere of 

nitrogen gas. The combined organic fraction was evaporated under reduced pressure at room temperature to provide 

crude [tram-2-(2-furylcyclopetltyl)me(hyl]-I. 17. This was furlher purified by distillation: bp 

135-138 OCIU.8 mm of Hg; 3.75 g; 80% yield. [a]22D +59.52O (c2.1.THF). 

By following similar procedures, other representative heterocyclic boronate esters were homologated. The spectral 

properties of one carbon homologated boronsle esters are as follows. The structures of these homologated 

helcmcyclic boronate esters were further w n f i i e d  by oxidizing them to lhe corresponding alcohols. 

[31~l-(+)-[(3-~etraliydrofuranyl)methyll-1,3,2-dloxaborlnane 13: Bp 105-108 OCI0.8 mm; yield 

86%; "B nmr (CDC13) 8 31; [ ~ I ~ ~ D  +27.6' (c 2.2, THF); IH nmr (CDC13) S 4.2-3.20(m, 8H), 2.5-1.70(m, 

4H). 1.6-0.7(m, 3H). 

l3'~1-(-)-[(3-~etral1ydrofuranyl)methyl1-1,3,2-dloxaborlnane 14: Bp 104-107 0C/0.8 mm; yield 

78%; I I B  nmr (CDC13) 8 30.9; [ a l Z 3 ~  -27.1' (c 2.1, THF); 'H nmr (CDCl3) 6 4.3-3.2(m, 8H), 2.5-1.7(m, 

4H). 1.7-0.6(m, 3H). 

13'~l-(-)-~(~-(~arbobenzyloxy)-3-pyrrolldln~lmeth~ll-l,3,2-doxborlnane 15: yield 69%; 1 1 ~  

nmr (CDCl3) 8 32; [ a 1 ~ ~ ~ - 7 . 7 0  (c 2.52. THF); IH nmr (CDCl3) 6 7.30(s. 5H). 5.10(6s. 2H). 4.16-3.33(m, 

lOH) 2.06-0.8(m. 5H). 

~S1-(+)-~(1,4-Epoxydll1ydronaphthyl)methyll-1,3,2-dloxaborlnane 16: yield 67%; l l B  nmr 
(CDC13) S 32; [a123D +6.11° (c 2.2. THF); IH nmr (CDC13) 6 7.66-7.30(m. 6H). 5.23(m, 2H). 3.66(1, 4H). 

3.66-1.06(m. 5H). 

t1'~,2'~1-(+)-[:rans-2-(2-~uryl~lopentyleth~ll-l,3,2d1oxaborlnane 17: Bp 135.138 OC/0.8 
m, yield 80%; [a122D +59.52' (c 2.1, THF); I1B nmr (CDC13) S 31; IH nmr (CDC13) 6 7.2(m, lH), 6.20(m, 

IH). 5.95(m. 1H). 4.0-3.65(1,4H), 3.40(m. IH). 2.2-1.5(m. 11H). . . 
[I S,2 S1-(+)-[trens-2(2-Thlenylcyclopentyl)methyll-l,3,2-dloxaborinane 18: Bp 138-140 OC10.8 

mm; yield 82%; [ a ] 2 3 ~  +25.06' (c 2.07.THF); "B nmr (CDC13) 6 32; IH nmr (CDC13) 6 7.15-6.75(m, 3H). 

4.10-3.70(m. 4B). 3.40(m. IH). 2.30-1.60(m. 11H). 



, , 
[ I  S,2 S1-(+)-[1rons-2-(3-Thlenylcyclopentyl)methyll-l,3,2-dloxaborlnane 19: Bp 140-144 
OC10.8 mm; yicld 78%; [alZzD +47.53O (c 2.12, THF); I1L3 nmr (CDC13) 6 32.6: IH nmr (CVC13) 6 7.10(m. 

IH). 6.90(m, 2H). 4.0-3.60(m, 5H), 2.20-1.50(m, 11H). 

Oxidation of Heterocyclic iloronate esters. Oxidation of these homologated boronic esters was 
performed with alkaline hydrogen peroxide to furnish P-chiral alcohols of high optical purity. These alcohols 

were purified by distillation under reduced pressure and further purified by preparative GC. The oplical puritics of 

lhese p-chiral alcohols were determined by measuring their optical mtation and comparing them with the optical 

rotations rcported in the literature. The Mosher esters of these alcohols were also analyzed by capillary GC and 

wcrc iound to be enantiomcrically pure. Further support for the optical purity is providcd by I3c  nmr. 

The spectral properlie; of lhese alcohols are as follows: 

[SI-(+)-3-Hydroxymethyltetrahydrofuran: Bp 94-95 OCI15 mm; yield 80%; [a]23D +24.83O (c 2.14. 

M~oH)~'; ir (neat) 3378,2937,2875,1468. 1450. 1437. 1384, 1054.985.903 an-I; IH nmr (CM313) 6 4.10- 

3.40(m, 6H). 2.10-I.lO(m. 4H); ms, m/z 113 (Mf+l); I 3 c  nmr (CDCl3) 6 70.67. 67.86. 64.93. 41.47 and 

28.71. 

[l~l-(-)-3-HydruxymeIl1yltetraI~ydroluran.: Bp 94-95 OCI15 mm; yield 78%: [ a l Z 3 ~  -24.8O (c 2.2. 

McOH); ir, nmr and mass spectral data was identical with the reported S isomer. 

IS1-(+)-LN-Carbubenzylox~3-pyrrolidinylmethano [ a l Z 3 ~  +19.04O (c 2.5. MeOH); ir (neat) 3450. 
3010, 2940. 1720, 1410, 1390. 1230, 1150. 1020. 905. 800. 730 cm-I; IH  nmr (CDC13) 6 7.3(s. 5H). 5.l(s. 

2H), 4.14(m, IH), 3.60-3.35(m, 6H), 3.0 (bs, IH), and 1.90(m. 2H); I3c  nmr (CDC13) 6 155.26, 136.89, 

128.47. 128.14. 127.73. 70.42. 69.75. 66.83. 54.42. 44.17. 33.86. 33.47. 

IWI-(-)-1,4-Epoxy-2-hydroxymethyl-i,4-dlhydronaphthalene: yield 75%; [ a l Z 3 ~  :2.06O (c 2.1. 

McOH); ir (neat): 3359.3057. 2922. 2870.1595. 1457. 1385. 1364. 1278. 1083. 1054. 1044. 1032,794,773, 

753. 648. 634 cm-I; IH nmr (CDCl3) 6 7.66-7.3(m. 4H), 5.U(rn. 2H). 3.6(rn, 3H). 1.5-0.9(m. 3H); ms. m h  

177 (M++I). 

t1S,2S1-(+)-lrons-2-(2-Furylcyclupentyl)methanol: yield 85%; bp 80-82 0C10.02 mm: [a]2SD 
+77.0z0 (c 2.25. MeOH); ir (neat). 3357,2953,2872. 1449. 1148. 1058, 1011,799.730 cm-l; IH nmr (CDC13) 

6 7.l(m, IH), 6.10(m, IH), 5.80(m, HI), 3.50(m. ZH), 2.6S(m, IH), 2.2-1.4(m, 8H); ms, m/z 166 (Mf+l); I 3 c  

Nnr (CDCb) 6 140.82. 110.0. 103.8. 70.3. 65.66. 47.66.41.42. 32.26. 29.23 and 24.46. 

I1S,2S1-(+)-1rons-2-(2-Thienylcyclupentylmethanol: Bp 100-102 OC/0.02 mm; yicld 87%; [ a 1 2 2 ~  
, 

+59.3Z0 (c 2.2. McOH); ir (neat) 3361.2950.2870. 1465. 1441. 1322. 1277. 1238. 16>8; 1020. and 823 cm-I; 

'H  nrnr (CVC13) 6 7.15-6:7(m, 3tl);.3.56(m. 2H). 3.0(m. IH). 2.30-1.60(m. 8H): ms. & 183 (Mf+l); 1% 

nmr (CVCI3) 6 149.8, 126.7, 123.22, 122.7, 65.36, 50.9. 43.6. 36.7. 29.2, 24.41. '- 
. - 

LIS,2SI-(+)-rrans-2-(3-Tl1ienylcyclupentyl)methanol: Bp 100-104 OC10.02 mm; yield 82%; [ a l Z 3 ~  

+57.55" (c 2.1, MeOH); ir (neat) 3367,2949,2869. 1465. 1449. 1413, 1387, 1080. 1056. 1020 and 776 cm-I; 

'H'nmr (CDCl3) 6 7.3 (m, IH), 7.0(m, ZH), 3.M)(m, 2H). 2.90(m, IH), 2.20-1.50(m, 8H); ms, m/z 183 (Mf+l); 

I3c  nmr (CDC13) 6 127.0. 125.7. 125.6, 119.4. 66.13.49.7. 44.1. 35.1. 29.3 and24.3. 
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