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Abstract: The stenxchemistry of the osmium-catalyzed dihydmxylation ol a series of chiral allylic amides and 
cnrhamaks has been studied. The diasweoselectiwty of rhese rextions wan fwnd w be dependem uyur~ the 
solvent and the nitrogen protecting group as well as the gecmetry and substitution pattern of the oletin substrate. 
In conuasl 10 the erylhro selectiwty observed with allyk alcohols, osmylalions of the allylic amides and 
carhzlmatec in this study were Ihreo selective. Swichiomealc osmylations were consiaenrly mwe selective than 
the corresponding catalytic rexlions. Control expenments suggest this IS due 10 the presence of a second catalytic 
cycle Iwed upon an osmium glycola~e catiylyl which accumulates as tie reaction proceeds 10 completion. Double 
di~terwselective dihydmxyktions of allylic carbamates were ako h&fly exammed. 

Introduction 

x-Facial diastereoselection in the addition reactions of chiral, allylically functional&d alkenes is a 

phenomenon of both synthetic and theoretical importance. 2 Rcccnt work in a number of laboratories with a wide 

range of substituted allylic alkenes has resulted in a variety of synthetically useful transformations3 as well as 

contributed to our fundamental understanding of the factors which govern the stereoselectivity of these 

processcs.4 

Although the x-facial diastereoselection of alkenes containing allylic heteroatoms has, in general, been 

well studied, the reactions of allylic amines have only recently come under scrutiny. The emergence of the 

allylic amine substrate in this context has mainly been due to its role in the stereocontrolled synthesis of various 

amino-alcohols and amino-polyols related to amino-sugars,5 unusual amino-acid& and peptidomimetic enzyme 

inhibitors.7 As a result, a growing body of data concerning the stereochemistry of allylic amine epoxidation,* 

dihydroxylation,9 oxygenation,“) hydroborationt I and halogenutionl* has begun to appear in the literature. 

With this in mind, we now report the results of our study of the stereochemistry of the osmium-catalyzed 

dihydroxylation of a series of chiral, allylic secondary amides and carbamates. 

Results 

BCJCH~ EocHT$ HocHN 

La 2s (IbreD) 3a (rrythro) 

Our interest in this area grew out of a need to optimize the dihydroxylation of la as an approach to the 

synthesis of the protected dihydroxyethylene dipeptide isostere 28. I3 Under standard conditions’4 (eq I), the 

process was essentially unselective. Fortunately, simply changing the solvent 10 iso-propanol and limiting the 

amount of water to that associated with the stoichiometric oxidant (N methyl-morpholine N-oxide hydrate, 

NMMO) improved the selectivity of the reaction for the desired three dlastereomer 20 to a respectable X2/1 X.15 
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Scheme I. Stoichlometric and Two Cycle Catalytic Experiments 

NaHS’ ,,: 
Na&OI 

Exp A 
BocHN 

Ia Exp N 
I 2niJa: 75/25 

In the c‘our.se of our op~imiza(ion studies, we observed rhar at low conversions thr thr~(~/ery;hro rario of 

the product was quite high (t’u. X-WI) and that rhis ratio deteriorated as the reaction proceeded io completion. in 

order to gain insight into the origin of this behavior, a stoichiomeaic osmylation of la was performed (Scheme 

I. Exp A) and found to give the thrco diastcrcomcr in a greatly inurcased 1)1/g ratio. A likely explanation for 

this conversion-dcpendant reduction in selectivity was suggested by the recent work of Sharpless and co- 

workers. Ih In the cour.se of their tlcveloprncnr of the cinchona alkaloid-bused asytruuetz~ic dihydr~,xlarion (AD.1 

~~~~~~~(~l(t~y. Shitt-ple<\ i[j~rltifit~f a second caralyric cyclr ha<;eti UJXXI f~~rni~lrn gly~olatr cpecicc such iis 5a. 

These complexes apparently arise when oxidation of the osmium adduct Ua successfully competes with its 

hydrolysis (eq 2).17 

Experiment I3 was performed to test the validity of the osn~lum-~ly~ol~te hypothesih.‘h As shown in 

Scheme 1. osmylarion of Ia under anhydrous conditions (to insure minimal hydrolysis of the putative osmium- 

glycolate 4a) followed by oxidation with anhydrous NMMO and treatment w,ith :L second equivalent of lu led to 

rhe isolation of a 7X.5 mixture of dia.\tercomels 2a and 3a. This corresponded to a second dihydrnxplatlon 

reaction which proceeds with a (rO/40 thrco/erythro selecrivity. R;i\ed upon thi\ expurirntbnr it XCIW likely th;rr ,I 

complex related to Sa could be reaponsihle for the reduced selectivity of thr caralyttc reacrirtn relative to the 

stoichiometric counterpart. Unfortunntcly. adoption of procedures developed by Sharpless to buppress this 

second catalytic cycle did not improve the selectivity of the catalytic reaction.‘“. fix 

A’; an alternate approach to improving the selectivity. a \,clies of .\ubhuates with different nitrogen 

protecting groups was surveyed (Table 1 ). Although our initial choice of prorectinp group provrd to be optin~l. 

two Interesting trends were observed. As is evident from entries l-3, carhamatr protect4 allylic amincs gavr 

experimentally identical selectivities regardless ot steric bulk. Conversely. amide protecting groups displayed 

significant stcric effects. Acetamide Id (entry 4) gave poor selectivity white the more bulky tri~hlor(lacetamitit, 

lel” gave an improved threo/erythro ratio of 75/25 (entry 5). The highly hindered pivalumidc substrate If was 
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osmylated with a .wIectivity (entry 5) comparable to that observe4l with the carbamatr: substrates. III the tluee 

c’a~s examined. stoichiometric osmylations were more sektivc than the corresponding catalytic reactions.?” 

From these data, it appears that carbamate derivatives are the substrates of choice for threo selective osmium- 

catalyzed dihydroxylations of (,Z)-allylic amines. 

Table 1. Effect of Nitrogen Protecting Group on Diastereoselectivity. 

Enlr) Substrate P Product 213, Cal” Z/3, StoicP 

I la r-B&C(O) 2a/3a x2/1x 91/Y 

2 lb B&C(O) 2b/3b X0/20 

3 lc EtC)CQ 2c/3 b X2jlX 

4 Id M&Q 2d/3d i1ofl/40 75RS 

5 Ie Cl~C(O) 2e/3e 7st25 

6 If I-BuC{O) 2fj3f 83/l7 X9/I I 
d 2.5 lnol% 0.~04. 2.5 equiv NMMO, tso-propanol. (I “C to t-t. 18 hr. 75SOTi yield of a rnixturc of Z/3. 

h I .I) equiv o&4. ;so-ptop~~l. 0 “C to rl. 4 h. 

Since no systematic study of the effects of olefin substitution on the diastereoselective osmium-catalyzed 

dihydroxylation of allylic amine derivatives has ken reported, we also examined a series of rcr!-butyl carbamate 

protected allylic arnines under our optimized conditions. As shown in Table 2. only the previously mentioned 

(Z)-olefin la {entry I) gave good simple diaztereoselectivity. Not surprisingly, the corresponding (El-isomer 

Ig reacted with poorer selectivity (entry 2): the major isomer, again, was the three diol 2g. The I .I- 

disubstituted substrate lh (entry 3) reacted with a slight preference for the threo isomer I\Gk infra) as did the 

monosubstituted olefin li. 

Table 2. Effect of Olcfin Substitution and Geometr): on Diastereoselectivity 

la,g-i 2a,g-i 
threo 

3a,g-i 
ergtbro 

Kntry Substrate R’ R2 R3 Product z/3 

1 la H H I-BU 2al3 a X2/18 

2 Ip: H i-Bu H 2gi3 g 66/J s 

3 Ih f& H H 2bi3h 57f43” 

4 Ii H H H 2ii3i 60/40 

UStenx~kmisby lenlatively awgned by analogy. 
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Sharp&s A.D. conditions IXb wcrc also examined but double diastereoselective” dihydroxylation was 

successful only in the cast of (E)-substrate lg.“* USC of a quinidine-derived ligand gave the threo diastereomer 

3g in a matched pair reaction (X6/14) while the corresponding erythro diastereomer could be selectively 

generated (7S/25) in the mismatched case by use of a quinine-derived ligand. Use of these conditions with the 

other substrates in Table 2 gave selectivities that were either unchanged or reduced when compared to the simple 

WA4 catalyzed reactlons. 

Iliscussion 

The consistent threo selectivity obscrvecl for the allylic carbamates and amides In this study 1s somewhat 

unusual since very few exampIt:< of rhren selective nsmylatinns involving olefins hearing allylic hrtrro;ltoms 

have been reported.?’ The vast majority of reported examples show moderate co excellent erythro selecrivity 

dcpcnding up011 tllc ~‘xact nature: of the substrate. 20Z.1.24 Indectl. prcviou5 cxarnplc~ of osmium-catalyzed 

dihydroxylations of acyclic allyl~c amides have alsu been elythro selective reactions (selcctiviteb ranging frown 

60/4(l to X0/20. erythro/thrco). ( Although any rigorous mechanistic or theoretical examination of thlb systenl is 

fraught with dangers. the trends for the diastereoselcctivity in the osmylation of allylic corbamatea and amides 

may be rationalized through a consideration of the “inside alkoxy” or “perpendicular” transition sfatc model for 

htereoselective transformations of olefins containing allylic heteroatoms. AV.4Z’.1!.25 

R:~sed on the above transition state models. the two lowest energy conformutions for electrophilic 

addition to la-i are proposed to be conformers A and H (figure). The OsO4L species is envisioned to attack 

anriperiplanar to the o-donating. and sterically bulky, cyclohexylmethyl substituent. Additionally. the electronic 

deactivation of the olefin is minimized in A and H since efficient overlap hetween the electron withdrawing. (r* 

orbital of the C-N bond and the n-system of the olefin is avoided. 

Figure. Conformational Analysis of 7%).eo-Selectivity 

Inside Conformer A Outside Conformer B 
erylhro product three product 

Calculations hy Hnuk4’~~h indicate that, in the absence of strong steric considerations, “inside” conformer 

A is the more stable structure. since the deactiviting C-N bond is nearly coplanar with the olefin. But. as the 

steric den~~is of the system increase. it is expected that “outside” confomer H would hegin to predominate by 

virtue of reduced At.S interac’tions with the olcfirl R2 substitucnt (NP-R? \*.! H-R2).4e.Z3 As shown in thr 

figure. the “inside” conformer A would lead to an erythro anlino-tliol while the “outside” species R would 

provide the thrco product. 

An examination of the data for allylic amide osmylation (data from this study as well as that frunl 

previous work in other labsy) within the context of this model proves particularily illustrative. For the relatively 

unhindered (E)-allylic amides ,26 the electronic stablility of A appears to slightly outweigh the steric liabilities and 
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leads to a marginally erythro selective reaction. However, upon moving to a mcxe hindered Q-allylic amide, 

increased Atv3 interactions induce a crossover to a threo selective reaction via conformer B. As the steric bulk of 

the amide protecting group increases (Table I entries 4-6). conformer A is destablized further. leading to a 

corresponding increase. In three selectivity. 

Apparently, the carbamate substituents are quite bulky regardless of the steric nature of their alkoxy 

moieties and, thereby, force the molecule to consistently adopt the outside conformation B. As demonstrated by 

entries 2-4 in Table 2. the carbamate function is large enough to slightly disfavor the inside conformation even 

when the R2 substituent of the olefin is hydrogen. Consequently, electronic factors never completely overcome 

the steric interactions and. although the threo selectivity decreases significantly for these substrates, crossover to 

an erythro selective pmcess in the carhamate series is not observed. 

Conclusions 

As a result of our investigations the following conclusions may be drawn with respect to the 

diastereoselectivity of the osmium-catalyzed dihydroxylation of allylic amides and carbamates: I) threo amino- 

diols are the major products of the osmylation of allylic carbamates; 2) (Z)-allylic amides are also threo selective 

with substrates containing bulky amide groups giving the best ratios; 3) as a result of the apparent in situ 

generation of a second, poorly selective osmium glycolate catalyst, sroichiometric osmylations give consistently 

higher diastereoselectivities than the corresponding catalytic reactions; 4) the perpendicular transition state model 

may be used to rationalize the general trends for the observed diastereoselectivites. It is hoped that these 

observations will be of use to those interested in the synthesis of amino-diols as well as to those interested in the 

stereocontrolled functionalization of alkenes bearing allylic substituents. 
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EXPERIMEKTAL 

General. Solvents and reaeents were obtained from commercial sources and were used as received 
without further purification. Reaction temperatures refer to bath temperatures. Gas chromatograms were 
recorded on a Hewlet Packard HP 5890 instrument euuinued with an Alltech AT- I column. Determinations of . a. 
enantiomeric purity based on chiral HPLC were made on a Spectra Physics SP8800 instrument using a Regis 
Pirkle Covalent D-2napthylalanine column. tH and l3C NMR were recorded on a GE QE300 spectrometer at 
300 MHz and 74.8 MHz respectively and are referenced to internal TMS (0.00 ppm). All allylic amine 
substrates and aminodiol products were characterized spectroscopically (tH and t3C NMK, IK, and MS). All 
diastereomer ratios were determined by CC analysis of crude reaction products. The stereochemistry of diols 
2,3a-g were assigned by correlation with the free amino-diol compound. Diols 2i and 3i are known 
compounds and the stereochemistry was assigned by comparison to literature data.‘” The stereochemistry of 
diols 2h and 3h has not been rigorously established and has been tentatively assigned by tH NMR and 
chromatographic (GC, TLC) comparison to the related diols 2i and 3i . 
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Represenatative Procedure for Synthesis of Boc-Protected Allylic Amines: (2S)-IV- 
(~er~-Butyloxycarbonyl)-2-amino-l-cyclohexyl-6-methyI-3(Z)-heptene (la).?7 A 500 IIIL round 
botkm llahk equipped with a nitrogen inlet. an addition funnel. a thermo~netcr. and a magnct~c atirbar was 
charged with isoatriyltriplienyIpllospholliuili bromide (44.2 g. 0.1 1 mol. I .3 equlv) and tetrahydrofuran ( 100 

mL) The suspension was cooled with an ice/methanol bath to an internal temperature of -IWC before being 
treated with solld potassium terr-butoxide (13.8 g. 0.123 mol. 1.5 cqulv). The reachon mixture turned deep red 

and was stirred at IOV for 6 h. The mixture was then treated with u tetrahydrofuran (SO mL) solution of(S)- 
N-(BOC)-cyclohexylalani~~al Ih (20.9 g, 0.082 mol. 1.0 equiv) in a dropwise fashion ovcl a 0.5 h period 

(Internal temperature was maintained below WC) The reactIon was judged complete after 0.5 h by CC analysis 
for disappearance of starting material The mixture was poured into ice cold 20% :tqueous citric acid (200 mL) 
and allowed to warm IO room temperature. The mixture was extracted with heptane (300 ml..) and the organic 
layer was washed with 90/10 dimethylformamide/water solution (3 X IS0 mL). The resulting heptane extracts 
were concenfrnfcd tn givr la (IX.0 g. 71%. 3S:l mixture of 7:E isomers) as an off white. waxy soltd. mp 

SSW. [*]“t, = +48.8 (c = I. CH3OH). GC retcntmn time: 5.75 min. 100”C-250”(:/20”C/Inirl. TI.C. R/ = 

0.70. 50/50 EtOAc/l Icptanc, Cc I”. 

III. J = 15.0. 9.0. 7.5,. 1.5 

‘H NMR (CDCIA): 6 5.45 (d oft, IH. J = 10.8. 7.5. 1.5 11~) 5.18 (q oft, 
III.). 4.50-4.30 (overlapping multiplets. ZII). 2.03 (1, 211. ./ = 9.0, 7.5 Hz), i.80 - 

1.55 (multiplet. 7II). 1.43 (a. 911). 1.30-1.10 (m. 7II). 0.91 (d. 311. .I = 3.0 11~). 0.8s (d, 311, J= 3.0 Hi). 

‘3C NMR (CDCIj) 6 131.80, 130.76, 7857, 45.41, 44.2, 36.79, 34.17, 33.53, 33.S1, 31.75, 28.59, 28.45, 

28.25. 26.57. 26.28, 22.41, 22.33. 22.14. IR (CDClj): 3346, 2975, 2899. 1703. 1517. 1458, 1370 CIII '. 

LRMS nr/r 310 (Mtl). 271 (100). 2% , 210. HRMS (FARI Calc’d for CI~H~~NO~. 310.2745; Found: 
310.283.5. 

Representative Conversion of (la) to Amide or Carbamate Protected Allylic Amines 
(lb-f): (2S)-N-(‘~rin~etl~ylacetyl)-2-amino-l-cycio~~exyl-6-n~elhyl-3(Z)-beptene (If). A IL 3 
neck round bottom flask was charged with la (I 2.0 g. 0.04 mul, 1.0 cquiv) and treated with a 4/l (v/v) solution 
of acetic acid/hydrwhloric acid (200 mL) and stirred fol 1 II. At this tlmr no starting material was evident by 
TLC or GC analysts. The solution was diluted with water (200 mL) and ice was added. Thu pH of the solution 
was carefully adjusted above 12 wit11 50% aqueous sodiulll hydroxide. Once coulcd. the mixture was extracted 
with dichloromethane (2 x 200 IIIL) and the combined organic layers were washccl with water C I SO mL) ~lnd 
brine ( 1 SO mL) bcforc being dried (sodiuni sulfate) and concentrated to a tlllck oII. The uil was inunediately 
dissolved in dichlotomethane ( IS0 ML) and trratcd with trirthylamlnc (5.0 g. 0.06 1uo1. 1 .S cquivl and 
tnmethylacetyl chloride (3.28 g. 0.04. 1.0 equiv). Tllr starved mixture was then mzated with a c.rtalytic amount 
of N,N-dimcthylammo-pyridinc (ca. 300 lug) and allowed to stir for 2.S II. CiC sllowed IIO lrnlaining fret 
amine and the reaction was poured mto a stirred solution of 10% cit~lc acid (200 mL). The organic layer was 
rcmovcd and washed with an additional portion of IO% citric acid (IS0 mL). water (IS0 ml,) and finally brine 
(150 mL). The resulting reddish solution was dried (sodium sulfate) and conccntratcd to give If as an off-white 
solid (6 9 g, 81% ). GC retrnrion 11iiic’ 6.76 min. lOO”C-2S0°C/ZOoC/min TLC: Rf= O..%, 50/X1 

EtOAc/IIeptane, Cc’“. ‘II N.MR (CDCl<) 6 5.49 (111, d oft of d. .I = 12.0, 10.5. 7.5, 1.S 11~). S.38 (IH. 
brwatl cl). 5.20 (111. t of’~. J = 12.0. 9.0. 1.5. 1.0 Hz). 4.78 (IH. m) , 2.07 (2H, t of d, J = 9.0. 7.S. 1.0 117). 
I.HO-1.60 (711. m). 1.43 (III. III), 1.30-I.10 (hll, m), 1.16 (911, s). 0.89 (6H, d, J 1-7.5 Hz),l%’ NMR 

(CI>CIq) 6 200.2. 131.69, 130.98. 44.30. 43.60. 38.49. 34.37. 33.46. 33.19. ‘8.SO. 27.55. 26.46, 26.17, 
22.29. IR (KBr) 3440, 3300. 2960, 2920, 2870. 2850, l62S, lS30. I.RMS W/Z 293 (M). 278, 2.50, 222, 
210. 196. 107.. 57 (100). HRMS (FAR) Calc’d for C,QHJ~NO. 293 2719: Found, 293 271X 

General Osmium-Catalyzed Dihydroxylatinn Prncedure: Preparatian of (2S, 3K, 4S)- 
N-(!erl-butyloxycarbonyl)-2-amino-l-cyclohexyl-3,4-dihydroxy-6-methylheptane (2a). A 250 
ml. round bottom flask was charged with an i.vo-propanol solution (32 ml.) of la (15.0 g. 0.016 mol. 1 .O equiv). 
The solution WI\ treated with N-methyl-mnrpholtne-N-oxide hydrate (3 4 g, 0.025 mol. 1.5 equiv) and cooled 
to WC with an ice bath. ‘l‘hc solution was then treated with a 0.12.5 M toluene solution of osmium tetroxidc (0.6 
mL, 0.8 mmol, 0.05 equiv). The coohng bath was removed after 15 min and the solution was allowed to stir at 
room tempcrnturc for 18 h atter which time no starting nlaterial remained by GC and TLC analysis. The dark 
mlxture W;IS diluted with ethyl acetate (75 mL) and poured into aqueous 10% bisultitc (30 mL). After stirring 
for 1 h, the aqueous layer was rcmovcd and washed with an additIona portion of ethyl acetate (SO mL). The 
comhlncd orgamc layers wcl-e washed with 10% aqucou~ C‘IUIC acid (100 111L) and brine (75 mL) before being 
dried (sochum sulfate) and conccntratcd to give a mixture of 2a/3a as a light brown solid. The solid was 
recrystalltzed by dissolving In ethanol (50 mL) and @eating with water (20 mL); alter 12 h. the solid precipitate 
was Isolated by flItration and shown to be >95% diastereomerically pure 2a by HPLCI. The solid was then 
dissolved in hot heptane and cooled 10 room temperature to induct preclpltation. ‘l‘he resulting white ml~ti ~‘3s 
icolatrd 10 give 2a (.{..A g. Ml’k) 3% a whltc powder which show4 no detectable osmium resldurs hy I(‘lJ dfomlc 
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absorbtion analysis. mp 12%129eC. [a]*sD = -55.0 (c = 8. MeOH). CC retention time: 2a. 7.22 min; 3a 

7.32 mm; 100(‘C-250°C/200C/min. TLC: Rj= 2a. 0.67: 3a 0.44; 5(1/50 EtOAc/Heptane. CetV. lH NMR 

(CDCI3): 6 4.81 (lH, d. .I = 9.9 Hz), 4.02 (IH, m), 3.34 (IH, m), 3.17 (IH, d, .I = 9.0 Hz), 2.0 - 1.6 (7H, 

m). I S-1.2 (IOH, m), 1.45 (9H, s), 0.95 (3H, d, J = 7.5 Hz), 0.87 (3H, d, J = 7.5 Hz). t3C NMR (CDCI3): 

6 157.60, X0.02, 77.45, 69.09, 47.90, 42.00, 39.67, 34.19, 33.69, 32.75. 28.33, 28.22, 26.43, 26.22, 

26.09. 24.3 I, 23.97, 21.22. IR (CDC13): 3640, 3620-3240, 3000-2480, 2240, 1680 cm-t. LRMS m/z 344 
(M+l), 226, 201, I70 (100). 140. 126, 57. Anal. Calc’d for CtqH37N04: C. 66.47: H, 10.79; N. 4.0X: 
Found: C, 66.82: H, 10.61; N. 4.12. 
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