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(Vitamin E Acetate) Using [3,3] Sigmatropic Rearrangement 
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A new synthesis of (2R,4’R,8’R)-a-tocopheryl acetate ( l b )  was achieved by the application of stereoselective [3,3] 
sigmatropic (Claisen) rearrangement. Treatment of the (S)-chromanylacetaldehyde 6 with propynylmagnesium 
bromide gave two diastereomeric acetylenic carbinols, (R)-15a and ( S ) - 1 6 a  (-2:l). Orthoester Claisen rearrange- 
ment of allylic alcohols (R,E)-17 and (S ,Z)-18 ,  respectively, yielded the same unsaturated ester, ( R , E ) -  19a, with 
essentially complete chiral transmission. The ester 19a was converted into tosylate 24b by standard transforma- 
tions. Coupling of 24b with the optically active nine-carbon synthon 25c furnished tocopheryl benzyl ether ( I C ) .  
Hydrogenation of I C  followed by acetylation then afforded l b  (vitamin E acetate). The complete transfer of chiral- 
ity from (R,E)-17 and (S ,Z)-18  to (R,E)-19a demonstrates the wide potential applicability of this (3,3] sigmatropic 
process in the synthesis of optically active substances. 

Previous approaches to the synthesis of (2R  ,4‘R ,8’R)-a- 
tocopherol (la) and the acetate 1 b have involved Wittig re- 
actions between the homologous chromanyl aldehydes 2 and 
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l a ,  R = H (vitamin E )  
b,  R = COCH, 
c, R = CH,C,H, 

CH 
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2a, R = COCH,; R ,  = CHO 
b, R = CH,Ph; R ,  = CHO 
3, R = COCH,; R ,  = CH,CHO 

5 ,  R = H; R ,  = CH,COOH 
6, R = CH,Ph; R ,  = CH,CHO 

4, R = CH,Ph; R,  = CH,CH,OSO,C,H,-pCH, 

CH 

i’a, R, = CH,CH,P’Ph,Br- 
b,  R, = CH,P’Ph,Br- 
c, R, = CH,MgBr 

8a ,  R, = CH,CH,OH 
b, R, = CH,OH 

3 and the optically active side chain synthons 7al and 7b,2 
respectively, or alternatively, coupling of the chromanyl tos- 
ylate 4 with the Grignard reagent 7~~~ (Scheme I). In our re- 
cent  paper^,^^,^ the preparation of highly enantiomerically 
pure isoprenoid synthons such as 8a4 and 8b3a (precursors to 
7) via [3,3] sigmatropic (Claisen) rearrangements was de- 
scribed. The success of this approach (Scheme 11) depends on 
the complete transfer of chirality from allylic alcohols such 
as (R,Z)-lla and (S,E)-12b [derived from acetylenic carbinols 
(R)-loa and (S)-lob, respectively] to the optically active 
product (S,E)-13a.4 An important feature of this synthesis 
involves the economical utilization of both antipodal or dia- 
stereomeric carbinols (E)-loa and (S)-lob for the production 
of the same target molecule. Furthermore, the absolute con- 
figuration of the final product can be manipulated simply by 
choosing the right combination of absolute configuration and 
geometry of the allylic alcohols. Thus, allylic alcohols (R,Z)- 
-1la and (S,E)-12b give the optically active (S,E)-13a (path 
i, Scheme 11), whereas the isomers possessing the alternate 
geometry, namely, (R,E)-12a and (S,Z)-llb,  generate the 
antipodal or diastereomeric (R,E)-13b (path ii). In this 
manner, it is possible to construct optically active isoprenoid 
synthons utilizing either a “right-to-left” (path i)5 or “left- 
to-right’’ (path ii)5 strategy. In the present report, we would 
like to disclose an alternative synthesis of vitamin E acetate 
( lb) ,  which further demonstrates the versatility of this con- 
cept. 

Our synthetic plan (Scheme 111) was based upon the con- 
sideration that the vitamin E molecule could be constructed 
starting from the chroman moiety using a “left-to-right’’ 
approach, provided diastereomerically pure carbinols 17 [cf. 
(R,E)-12a] and 18 [cf. (S,Z)-llb] were readily accessible 
(Scheme 111). We envisioned that the synthon 19a [cf. (R,E)- 
13b], resulting from orthoester Claisen rearrangement of these 
carbinols and possessing the required chirality at  the newly 
secondary methyl center, would be easily elaborated into the 
target molecule 1. 
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a a and b are enantiomeric or diastereomeric pairs. 

Results and Discussion 
We set as our first goal the preparation of the required di- 

astereomerically pure acetylenic carbinols. The starting ma- 
terial for our synthesis was the readily available optically ac- 
tive 2-chromanylacetaldehyde 6, easily obtained from (5')- 
chroman-%acetic acid ( 5 ) 6  as described previously.2 Treat- 
ment of 6 with propynylmagnesium bromide4 gave a 2:l 
mixture of acetylenic carbinols 14a (Scheme 111). Crystalli- 
zation of the corresponding mixture of 3,5-dinitrobenzoates 
14b followed by alkaline hydrolysis and further crystallization 
of the crude hydrolysate afforded the major acetylenic car- 
binol 15a. The minor carbinol 16a was obtained from the 
mother liquor by recrystallization. The absolute configura- 
tions of 15a and 16a7 were assigned to be R and S, respec- 
tively, by chemical transformations described below. 

Reduction of 15a with sodium bis(2-methoxyethoxy)alu- 
minum hydride4 gave the allylic alcohol (R,E)-17, whereas 
partial hydrogenation of 16a with Lindlar catalysts afforded 
the (S,Z)-18. Claisen rearrangement of 17 and 18 with triethyl 
orthoacetate-propionic acid439 in both cases yielded the same 
unsaturated ester (3R,4E)-19a [cf. (R,E)-13b in Scheme 111. 
On the other hand, partial hydrogenation of 15a furnished the 
R,Z allylic alcohol 20, which underwent Claisen rearrangement 
to give the diastereomeric unsaturated ester (3S,4E)-21a [cf. 
(S,E)-13a in Scheme TI]. Based on the results of various Cla- 
isen rearrangements reported earlier: the absolute configu- 
ration of the newly introduced asymmetric center in unsatu- 
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rated ester 19a could be assigned to be R .  This was further 
confirmed by the following sequence of transformations. 
Hydrolysis of ester 19a gave the corresponding unsaturated 
acid 19b, ozonolysis of which yielded a mixture of acidic 
compounds which was then treated with diazomethane. The 
crude product was purified by column chromatography on 
silica gel to give (R)-( +)-dimethyl 2-methylsu~cina te~~ (22) 
(Scheme IV). A reference sample of 22 was further prepared 
from the unsaturated acid 13b (R' = OH), which had been 
shown to have the R configuration4J1 and was in turn derived 
via allylic alcohols (R,E)-12a and (S,Z)-llb, from the optically 
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I 
I 

(1) 0 3  CH, H 
( 2 )  H 2 0 , - N a , C 0 3  

(3)  CH2N2 
%COCK" 19b 

H COOC 

212 
R = (CH,),CHCH, 



(2R,4'R ,8'R)-a-Tocopheryl Acetate 

active acetylenic carbinols loa and lob, respectively.4 1H 
NMR studies of 22 [derived from unsaturated acid 13b (El' = 
OH)] using an optically active shift reagent [tris[( (heptaflu- 
oroprop-3-y1)hydroxymethylene) -d -camphorato]europi. 
um(III), Eu(hfbc)3]12 revealed the presence of a singlet signal 
for the sec-carbomethoxy group (CH3CHCOOCHs) a t  6 4.78 
(racemic 22 displayed two singlets at 6 4.78 and 4.82, respec- 
tively, with equal intensity), while the primary carbomethoxy 
function (CH2COOCH3) of 22 exhibited a singlet at  6 4.69. 
Comparison of 22 derived from ester 19b with the reference 
sample [derived from unsaturated acid (R,E)-13b] thus firmly 
established the R configuration of the sec-methyl grouip in 
acid 19b. Based on previous results and the established 
mechanism4 of the Claisen rearrangement, these results 
provide confirmation of the absolute configurational assign- 
ment of the starting allylic alcohols (2R,3E)-17 and 
(2S,3Z) - 18. 

The enantiomeric purity of the new chiral center in 19a was 
first estimated to be nearly 100% by NMR studies on 22 as 
mentioned earlier. The exact enantiomeric compositions a t  
C(3), however, were obtained by LC analysis4J3 of the corre- 
sponding (R)-a-methyl-p -nitrobenzylamide derivatives 19c 
and 21c: showing 98.9% R, 1.1% S [19c derived from (R,E)- 171; 
98.8% R, 1.2% S (19c derived from (S,Z)-18];and 4% R, 96% 
S [21c derived from (R,Z)-20], respectively. The transfer of 
chirality therefore was essentially 100% in going from allylic 
alcohols (R,E)-17 and (S,Z)-18 to unsaturated ester (R,E)- 
19a. 

Having accomplished the synthesis of the desired key in- 
termediate 19a (cf. compound 13b as shown in Scheme 11) 
with 99% R purity at  C(3), we then proceeded to construct the 
target molecule 1. Hydrogenation of unsaturated ester 19a 
using 5% palladium on carbon gave the saturated ester 23a 
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(Scheme V). IH NMR studies of the corresponding methyl 
ester 23d, using a chiral shift reagent, indicated the enan- 
tiomeric composition at  C(3) to be approximately 90% S and 
10% R. Thus, racemization had occurred to a certain extent 
during hydrogenation using palladium as ~a ta lys t .~a  On the 
other hand, hydrogenation of 19a with Raney nickel at  25 "C, 
30 psi, resulted in partial cleavage of the benzyl ether group; 
therefore, the crude product of hydrogenation was treated 
with benzyl chloride-potassium carbonate to give the desired 
saturated ester 23a in good yield. This material was converted 
to the corresponding (R)-( +)-a-methyl-p-nitrobenzylamide 
23c, having an enantiomeric composition a t  C(3) of 96.1% S 
and 3.9% R by LC analysis. Clearly, Raney nickel catalyst is 
preferred, although the reaction conditions for the hydroge- 
nation step have not yet been optimized. Reduction of satu- 
rated ester 23a (derived from 19a by hydrogenation using 
palladium catalyst)14 with sodium bis(2-methoxyethoxy)- 
aluminum hydride afforded the optically active chromanyl 
alcohol 24a, which was then converted to the corresponding 
tosylate 24b in the usual manner.20 With this optically active 
tosylate 24b in hand, the stage was set to achieve the final goal, 
which could be accomplished by coupling of 24b with an op- 
tically active nine-carbon synthon derived from 25a. To this 
end, the nine-carbon Grignard reagent 25c,3a prepared from 
alcohol 25a3aJ5 via the bromide 25b,3a was allowed to react 
with the tosylate 24b in the presence of L ~ ~ C U C ~ ~ ~ ~ J ~  to give 
(2R,4'R,8'R)-a-tocopheryl benzyl ether ( 1 ~ ) ~ ~  (69% yield), 
which was then converted to the corresponding acetate lb,17 
shown to be identical (IR, NMR, and MS spectroscopy, GC, 
and TLC) with an authentic sample.2 

In summary, a new synthesis of vitamin E ( lb)  was achieved 
by the application of stereoselective [3,3] sigmatropic rear- 
rangement. I t  was further demonstrated that both R and S 
allylic alcohols (R,E)-17 and (S,Z)-18 [cf. (R,E)-12a and 
(S,Z)-llb,  Scheme 111 could be utilized productively to give 
the same optically active synthon (19a), and the transfer of 
chirality in this [3,3] sigmatropic process was essentially 100%. 
These findings, together with our earlier r e p ~ r t s ~ , ~  and results 
of other groups,18 demonstrate the wide potential applicability 
of these Claisen rearrangements in the synthesis of optically 
active substances.19 

Experimental Section 
General. Melting points were determined on a Reichert micro- 

melting point apparatus and are uncorrected. Spectral and gas 
chromatographic measurements were performed by members of the 
Physical Chemistry Department of Hoffmann-La Roche Inc. using 
the following instruments: IR, Beckmann IR 9 or Perkin-Elmer 621 
spectrophotometers; UV, Cary Model 14 spectrometer; NMR, Varian 
A-60 and HA-100 spectrometers with tetramethylsilane as an internal 
standard; GC, Becker 409 or Hewlett-Packard 5700 instruments with 
a flame ionization detector; [ a ] ~ ,  Perkin-Elmer 141 polarimeter. LC 
separations were carried out as described previ~usly.~. '~  Column 
chromatography was performed using Merck (Darmstadt) silica gel, 
0.063-0.2 mm. Unless otherwise noted, the ''usual workup" procedure 
involves dilution of the reaction mixture with water or brine followed 
by three extractions with the specified solvent. The organic extracts 
were then combined, washed when appropriate with HzO, 1 N HCI, 
saturated NaHC03, and/or saturated brine, dried over MgS04, fil- 
tered, and concentrated under water aspirator pressure at  30-40 "C 
on a rotary evaporator. 
(2S,2R*)-1-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 

2H-benzopyran-2-y1)-3-pentyn-2-01 (15a) and (25,25*)-1- 
(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl-2H-benzopy- 
ran-2-yl)-3-pentyn-2-01(16a). A solution of the aldehyde 62 (64 g, 
0.19 mol) in 1.0 L of dry ether was added dropwise at  -4 "C with 
mechanical stirring under argon to a suspension of propynylmag- 
nesium bromide (-2.5 mol; preparation described previously) in -1.0 
L of ether. When the addition was complete, the reaction mixture was 
further stirred at  -4 "C for 0.5 h and then at  25 "C for 0.5 h. The re- 
action mixture was poured in small portions into 500 niL of saturated 
aqueous NH4Cl solution. I t  was worked up with ether to give 74 g of 
the crude product 14a (mixture of isomers ca. 2:l). This material (70 
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g, 0.185 mol) was dissolved in 300 mL of dry pyridine, and the resulting 
solution was added at  4 "C to a solution of 73.6 g (0.37 mol) of p-tol- 
uenesulfonyl chloride and 39 g (0.19 mol) of 3,5-dinitrobenzoic acid 
in 300 mL of dry pyridine.20 The mixture was stirred at  -4 "C for 4 
h. It was worked up with CHC13 as usual, and the crude dinitroben- 
zoate 14b was crystallized from CH30H-CHC13 (-3:l) to give 63 g 
(59.4%) of 15b as yellow crystals (-84% 15b and 16% 16b by NMR). 
A small sample was recrystallized from CH30H-CHC13 for analysis: 
mp 150-156 "C; [aIz5D -124.9" (c 4.39, CHC13); MS mle 572 (M+); 'H 

-5% of 16b), 1.80 (d, C=CCH3), 1.9-2.0 (m, CH2), 2.04,2.14, and 2.16 
(s, 3ArCH3), 2.34 (d, CHzCH), 2.63 (t, ArCH2CH2), 4.58 (s, PhCH20, 
minor isomer), 4.63 (s, PhCH20, major isomer), 5.95 (m, CHCEC), 
8.95 (m, 3,5-N02Ph, minor 16b), 7.4 (m, PhCHZO), 9.12 (s, 3,5- 
N02Ph). Anal. Calcd for C32H32Nz08: C, 67.12; H, 5.63; N, 4.87. 
Found: C, 66.81; H, 5.6'7; N, 4.80. 

The above dinitrobenzoate (60 g) was dissolved in 150 mL of 
methanol and 100 mL of 6 N NaOH. It  was refluxed for 2.0 h and 
worked up with ether as usual to give 41.0 g of yellow oily material 
after chromatography on 150 g of silica gel (ether-petroleum ether 
2:3 as eluent). This mixture of acetylenic carbinols 15a and 16a was 
then crystallized from ether-petroleum ether (30-60 "C) to give 27.5 
g (38.5% from 6) of the major carbinol 15a: mp 89-91 "c;  [Cf]25D -16.2" 
( e  5.05, CHC13); MS mle 378 (M+); IR (KBr) 3450 (OH) cm-'; 'H 

and 2.14 (3s, 9, 3ArCH.3 1, 2.63 (t, CHz), 3.08 (d, CHOH), 4.66 (9, 
ArCH20-), 4.75 (m, CHOH), 7.4 (m, ArCH2-). Anal. Calcd for 
C25H3003: C, 79.33; H, '7.99. Found: C, 79.20; H, 7.89. 

The mother liquor from the first crystallization, yielding a mixture 
of 63 g of 15b and 16b, was evaporated to dryness a t  reduced pressure 
to give an oily residue. This was quickly filtered through 400 g of 
Florisil. Elution with CHCl3 afforded 36 g of oily material which was 
dissolved in 100 mL of CH30H containing 50 mL of 6 N NaOH. It  was 
refluxed for 1.5 h and worked up with ether as usual. The crude 
product was filtered through 100 g of silica gel. Elution with ether- 
petroleum ether (2:3) gave 20 g of oily material consisting of ap- 
proximately 26% of 15a and 74% of 16a (by NMR). Crystallization of 
this material twice fro:m ether-hexane gave 5.01 g (7% from 6) of 
acetylenic alcohol 16a as white crystals: mp 74-76 "C; [a Iz5~ -42" (c 
5.01, CHCl3); MS m/e 378 (M+); IR (KBr) 3450 (OH) cm-1; 1H NMR 

(3s, 9,3ArCH3), 2.61 (t, CHz), 3.30 (d, CHOH), 4.65 (s, C&&HzO), 
4.82 (m, CHOH). 7.4 (m, ArCHr). Anal. Calcd for C25H3003: C, 79.33; 
H, 7.99. Found: C, 79.411; H, 8.13. 
(2S,2R*,3E)-1-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 

y1-2H-l-benzopyran-:2-yl)-3-penten-2-01(17). The acetylenic al- 
cohol 15a (5.0 g, 13.2 mmol) was dissolved in 50 mL of dry ether and 
treated dropwise with a solution of 4.1 mL (29 mg-atom of hydrogen) 
of sodium bis(2-methoxyethoxy)aluminum hydride (Aldrich Red-Al, 
70% in benzene) in 10 mL of ether. The resulting solution was refluxed 
for 17 h under argon and then cooled in an ice bath. A solution of 10% 
(by volume) aqueous H2S04 (100 mL) was carefully added. The 
mixture was filtered and washed with ether and water. The aqueous 
phase was again extracted with ether. The combined ether phases 
were washed with saturated aqueous NaHC03 solution and water and 
dried over MgSO4. Evaporation of ether to dryness a t  reduced pres- 
sure yielded 5.21 g of crude product which was crystallized from pe- 
troleum ether tQ give 423 g of 17 as white needles: mp 6%70 "c; 
-24.0" (c 5.00, CHCl3); MS mle 380 (M+); Raman (5145 A, neat) 1690 
cm-1; 1H NMR (CDCl3) 6 1.24 (s, 3, C(2) CH3), 1.66 (d, C=CCH3), 
1.79-2.02 (m, 2CH2), 2.06, 2.13, and 2.18 (3s, 9, 3ArCH3), 2.63 (m, 
CHz), 3.06 (s, OH), 4.42 (m, CHOH), 4.65 (s, ArCH20-), 5.58 (m, 
(E)-CH=CH, J = 15..5 Hz) 7.4 (m, ArCH2-). Anal. Calcd for 
C25H3203: C, 78.91; H, 8.48. Found: C, 79.12; H, 8.63. 
(2S,2S*,32)-1-(3,4-l~ihydro-6-benzyloxy-2,5,7,8-tetrameth- 

y1-2H-l-benzopyran-2-yl)-3-penten-2-01 (18). A mixture of 2.5 
g (6.60 mmol) of acetylenic alcohol 16a, 0.25 g of Lindlar catalyst, and 
0.1 mL of quinoline in 1.5 mL of ethyl acetate-hexane (2:l) was hy- 
drogenated a t  23 "C for 4.0 h. The catalyst was removed by filtration 
and washed with ethyl acetate. The solvent was evaporated to dryness 
in vacuo, and the oily residue was dissolved in diethyl ether (300 mL), 
washed with 1 N HCl and water, and dried over anhydrous MgS04. 
Evaporation of ether to dryness in vacuo gave 2.51 g of yellow oil which 
upon crystallization from pentane afforded 2.05 g of 18 as white 
crystals: mp 84-86 "c;  [ c X ] ~ ~ D  -30.6" (c 5.04, CHC13); Raman (5145 
A, neat) 1675 [(Z)-C=C] cm-l; lH NMR (CDC13) 8 1.41 (s, 3, C(2) 
CH3), 1.73 (d, C=CCH3), 2.11, 2.18, and 2.23 (3s,9,3ArCH3), 4.69 (s, 
ArCHzO), 5.50 (m, (Z)-CH=CH, J = 7.5 Hz), 7.43 (m, C&). Anal. 
Calcd for C25H3203: C, 78.91; H, 8.48. Found: C, 78.69; H, 8.39. 
(2S,3R*,4E)-6-(3,4-:Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 

NMR (CDC13) 6 1.34 (s, C(2) CH3, -95% of 15b), 1.44 (9, C(2) CH3, 

NMR (CDC13) 6 1.29 (s, 3, C(2) CH3), 1.81 (d, CGCCH~), 2.07,2.19, 

(CDC13) 6 1.34 (s, 3, C(2)l CH3), 1.81 (d, CGCCH~), 2.07,2.21, and 2.14 

yl-2H-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid Ethyl 
Ester (19a). (A) From Allylic Alcohol 17. A mixture of 4.42 g 
(0.0116 mol) of (R,E)-17,13.1 g (0.081 mol) of triethyl orthoacetate, 
and 85.5 mg (1.16 mmol) of propionic acid in a flask equipped with 
a short distilling column was degassed, placed under argon, and heated 
in an oil bath at  140 "C. The ethanol that formed was removed by 
distillation, and the solution was refluxed for 4.0 h. The excess of re- 
agent was removed under vacuum, and the resulting oily product was 
quickly chromatographed on 125 g of silica gel. Elution with 1:4 
ether-petroleum ether (30-60 "C) afforded 4.86 g (92% yield) of un- 
saturated ester 19a as a colorless oil: [aIz5D +0.9" ( c  5.05, CHC13); MS 
mle 450 (M+); Raman (5145 A, neat) 1680, 1755 cm-'; 'H NMR 

COOCH2CH3), 1.78 (broad s, CHz), 2.07, 2.13, and 2.17 (3s, 9, 
3ArCH3),2.82-2.52 (m, 3 ),4.05 (q,COOCHzCH3), 4.64 (s,ArCHzO), 
5.52 (m, (E)-CH=CH, J = 15.5 Hz), 7.4 (m, CsHb). Anal. Calcd for 
C29H3804: C, 77.16; H, 8.51. Found: C, 77.30; H, 8.50. 

(B) From 18. A mixture of 500 mg of S,Z allylic alcohol 18,1.48 g 
of triethyl orthoacetate, and 9.7 mg of propionic acid was allowed to 
react as described above. After purification of the crude product by 
column chromatography on silica gel, 479 mg (81% yield) of the un- 
saturated ester 19a was obtained as a colorless oil: [&']25D +0.5" (c 4.2, 
CHC13); IR and NMR spectra were identical with those described 
above in A. 

(2S,3R*,4E)-6-( 3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 
yl-2H-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid (19b). A 
solution of 2.0 g (4.4 mmol) of unsaturated ethyl ester 19a ([CtIz5D 
+0.9") in 7 mL of methanol and 2 mL of 6 N aqueous NaOH was re- 
fluxed for 2.0 h. The solution was diluted with water and extracted 
with ether. The aqueous alkaline phase was cooled in an ice bath and 
then acidified with concentrated hydrochloric acid. I t  was worked up 
with ether in the usual manner to give 1.57 g of unsaturated acid 19b 
as a colorless oil (84% yield): [aIz5D -2.7" (c 3.18, CHC13); MS m/e 422 
(M+); IR (neat) 3000-3400, 1710 (COOH) cm-l; 'H NMR (CDC13) 

and 2.21 (3s, 9, 3ArCH3), 2.56 (t, CHz), 4.64 (s, ArCHzO), 5.48 (m, 
(E)-CH=CH, J = 15.5 Hz), 7.4 (m, C&), 9.95 (broad, COOH). Anal. 
Calcd for C27H3404: C, 76.75; H, 8.12. Found: C, 76.85; H, 8.09. 
(2S,3R*,4E)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 

yl-2H-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid ( R ) - a -  
Methyl-p-nitrobenzylamide ( 1 9 ~ ) .  A solution of 38 mg of unsatu- 
rated acid 19b (derived from R,E allylic alcohol 17 via ester 19a) and 
203 mg of oxalyl chloride in 5 mL of dry benzene was refluxed for 1.0 
h and worked up with ether in the usual manner to give 38 mg of the 
corresponding acid chloride. This material was treated with 49.8 mg 
of (R)-a-methyl-p-nitrobenzylamine as reported before13 to give the 
corresponding amine 19c which was analyzed by LC using conditions 
as described previou~ly.'~ The enantiomeric composition at  C(3) was 
shown to be 1.1% S (k' 13.5) and 98.9% R (50 X 0.45 cm column packed 
with Partisil 10; eluent 20% THF in heptane, a t  3 mL/min). 

Similarly, the unsaturated acid 19b, which was derived from S,Z 
allylic alcohol 18, was transformed into the corresponding amide 19c 
as a viscous oil: LC 1.2% 3 s  (k' 13.5) and 98.8% 3R; MS mle 570 (M+); 
IR (neat) 3300 (NH), 1647 (amide CO) cm-I. 
(2S,2R*,3Z)-l-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 

y1-2H-l-benzopyran-2-yl)-3-penten-2-01 (20).  A mixture of 5.0 
g (13.2 mmol) of acetylenic alcohol 15a, 0.5 g of Lindlar catalyst, and 
0.3 mL of quinoline in 150 mL of hexane-ethyl acetate (1:2) was 
stirred in an atmosphere of hydrogen at  25 "C until 1 equiv of hy- 
drogen was consumed. Workup as described above for 18 gave a yellow 
oil which upon crystallization from petroleum ether in a dry ice- 
acetone bath afforded 3.41 g of 20 as a white semisolid substance: mp 

(CDC13) 6 1.01 (d, J = 6 Hz, CHCH3), 1.17 (s, 3, C(2) CH3), 1.19 (t, 

8 1.06 (d, 3, CHCHs), 1.21 (s, 3, C(2) CH3), 1.75 (t, CH2), 2.08, 2.15, 

31-33 "c;  [a Iz5~ -27.4" ( C  3.67, CHC13); MS mle 380 (M'); 'H NMR 
(100 MHz, CDC13) 6 1.30 (s, 3, C(2) CH3), 1.67 (d, 3, C=CCH3), 2.11, 
2.18, and 2.22 (3s, 9,3ArCH3), 2.96 (s, OH), 4.69 (s, 2, ArCHzO), 4.82 
(m, 1, CHOH), 5.51 (m, 2, (2)-CH=CH), 7.43 (m, 5, C&, ) .  Anal. 
Calcd for C25H3203: C, 78.91; H, 8.48. Found: C, 79.00; H, 8.44. 
(2S,3S*,4E)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 

yl-2H-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid Ethyl 
Ester (21a). A mixture of 4.0 g (10.5 mmol) of the R,Z allylic alcohol 
20,77.3 mg (1.05 mmol) of propionic acid, and 11.8 g (73.5 mmol) of 
triethyl orthoacetate was refluxed for 3.0 h, while the ethanol that  
formed was removed by distillation. The mixture was worked up as 
described earlier. The crude product was chromatographed on 125 
g of silica gel. Elution with ether-petroleum ether (1:4) gave 4.72 g 
(98% yield) of unsaturated ester 21a as a colorless oil: [ a I z 5 ~  +19.6" 
(c 5.02, CHCl3); MS mle 450 (M+); IR (neat) 1735 (COOCzH5) cm-l; 

1.20 (t, 3, COOCH2CH3), 2.08,2.14, and 2.19 (3s, 9,3ArCH3), 2.57 (m, 
2,CH2COOCzH6),4.08 (q,2,COOCH&H3),4.67 (~,2,ArCH20),5.45 

'H NMR (100 MHz, CDC13) 6 1.05 (d, CHCHs), 1.20 (s, 3, C(2) CH3), 
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(m, 2, CH=CH), 7.42 (m, CsH5). Anal. Calcd for Cz~H3804: C, 77.16; 
H, 8.51. Found: C, 77.43; H, 8.50. 
(2S,3S*,4E)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetrameth- 

yl-2H-l-benzopyran-2-yl)-3-methyl-4-hexenoic Acid (21b). A 
mixture of unsaturated ester 21a (1.5 g, 3.34 mmol), 2 mL of 6 N 
NaOH, and 10 mL of methanol was refluxed for 2.0 h. Workup as 
usual gave 1.33 g (94% yield) of the unsaturated acid 21b as a colorless 
oil: [ C I ' ] ~ ~ D  t 22.4' (c 2.67, CHC13); MS m/e 422 (M+); IR (neat) 
3000-3400,1710 (COOH) cm-'; 'H NMR (100 MHz, CDC13) 6 1.02 
(d, 3, CHCHB), 1.15 (s, 3, C(2) CH3), 2.06, 2.12, and 2.17 (3s, 9, 
3ArCH3), 4.65 (s, 2, ArCHz), 5.45 (m, 2, CH=CH), 7.38 (m, CsH5), 
10.90 (COOH). Anal. Calcd for C Z ~ H ~ ~ O ~ :  C, 76.75; H,  8.12. Found: 
C, 76.64; H, 8.07. 

The acid 21b was converted, as described earlier, to the corre- 
sponding (R)-cu-methyl-p-nitrobenzylamide 21c, whose enantiomeric 
composition at  C(3) was shown by LC (conditions the same as, de- 
scribed for 19c) t.o be 96% 3S and 4% 3R. 
(R)-(-)-(E)-3,7-Dimethyl-4-octenoic Acid [13b; R' = OH[]. A 

mixture of 4.0 g of (S,Z)-6-methyl-2-hepten-4-01 ( l l b )  [prepared from 
(S)-6-methy1-2-heptyn-4-01 (lob) of 93.6% S and 6.4% R by Lindlar 
hydrogenation as reported previouslp], 226 mg of propionic acid, and 
36.6 g of triethyl orthoacetate was refluxed for 16 h, while the ethanol 
that formed was removed by distillation. Workup as described earlier 
gave 3.67 g of the unsaturated ester (R,E)-13b (R' = OCzH5) as a 
colorless oil, [OIz5D -18.1' (neat). A 2.0-g sample of this ester was 
refluxed in 5 mL of methanol and 3 mL of 6 N NaOH for 2 h. Woykup 
in the usual manner afforded 1.54 g of unsaturated acid 13b  bp 99-100 
"C (0.6 mm) (Kugelrohr); [ C Y ] ~ ~ D  -2.7" (neat); homogeneous by GC 
analysis (conditions described previouslfl). Anal. Calcd for CioH:.aOz: 
C, 70.55; H, 10.66. Found: C, 70.11; H, 10.42. 

Similarly, the unsaturated acid 13b, [a]25D -2.6' (neat), was also 
prepared from (R,E)-6-methyl-2-hepten-4-01 (12a) [95.9% R and 4.1% 
S prepared from (R)-6-methyl-2-heptyn-4-01 (loa) as reported pre- 
viously4]. 
(R)-(+)-Dimethyl2-Methylsuccinate (22). (A) From Unsat- 

urated Acid 19b. A solution of the unsaturated acid 19b (1.03 1:) in 
20 mL of ethyl acetate was cooled in a dry ice-acetone bath. A stream 
of ozone (3%) was slowly bubbled through until the solution became 
blue (-20 min). Most of the ethyl acetate was removed in vacuo, and 
the reaction mixture was heated with 25 mL of 10% aqueous sodium 
carbonate and 15 mL of 30% Hz02 at 80 "C for 3 h. I t  was cooled in an 
ice bath, acidified with concentrated hydrochloric acid, and finally 
saturated with NaC1. Extraction with ether and workup in the usual 
manner gave 715 mg of product which was dissolved in 10 mL of cther 
and treated with a solution of ethereal diazomethane (25 mL) rtt 23 
"C for -1.0 h. Evaporation of ether gave 645 mg of a yellow liiquid 
which was chromatographed on 30 g of silica gel. Elution with 
ether-petroleum ether (1:4) gave 129 mg of material which was further 
purified by Kugelrohr distillation at  100 'C (20 mm) to give 114 mg 
of @)-(+)-dimethyl 2-methylsuccinate (22) as a colorless liquid: [ c ~ ] ~ ~ D  

100/200,80-250 'C) retention time, 26 (67.6% of 22), 33.6 (21.1% of 
unknown with molecular weight 174), and 39.8 min (3.3% of unknown 
with molecular weight 186). GC-IR showed the major component to 
be completely identical with a sample of racemic dimethyl 2-meth- 
ylsuccinate: 'H NMR (CDC13) 6 1.24 (d, CHCHR), 2.35-3.1 (m, 

'H NMR [lo0 MHz, CDC13,20 mg of sample and 40 mg of Eu(hflic)3] 

Comparison of this material with racemic dimethyl 2-methylsuccinate 
and a reference sample of (R)-(t)-dimethyl2-methylsuccinate pre- 
pared from 3(R),i-dimethyl-4(E)-octenoic acid (13b) firmly estab- 
lished its R configuration and showed no detectable S enantiomer 
present. 

(B) From Unsaturated Acid 13b. The unsaturated acid 13b (250 
mg, [e Iz5D -2.6") was ozonized as described above to give 209 nig of 
partly crystalline acidic substance. This was treated with cold CI-IC13 
and filtered to remove the isovaleric acid that formed. The CI-IC13 
filtrate was evaporated, and the residue was dissolved in ether and 
treated with 10 mL of ethereal diazomethane. Evaporation of ether 
afforded 108 mg of 22 as a slightly yellow liquid: +1.6' (c 2.52, 
CHC1,); GC (97.6% pure) (conditions the same as in A) retention time, 
26.2 min; 'H NMR (20 mg of sample and 40 mg of Eu(hfbc)3 in CIlCl3, 

+4.2' ( C  5.42, CHC13) [lit.1o [ a ] 2 5 ~  +6.1']; GC (10% ov-101, (;CQ 

CHCH3andCHzCOOCH3),3.69 (s,CH~COOCH~),~.~~(S,COOCH~); 

6 2.38 (d,CHCH3),4.69 (~,CHzC00CH3),4.78 (s,CH~CHCOOCH~). 

100 MHz) 6 2.43 (d, CHCH.11, 4.72 (s, CHZCOOCH~), 4.8? (5, 

CH3CHCOOCH3,90% R ) ,  4.88 (s, CH3CHCOOCH3, -10% S ) .  
Racemic Dimethyl 2-Methylsuccinate. A 5.0-g (0.044 mol) 

sample of methyl succinic anhydride in 30 mL of methanol containing 
1 mL of concentrated H2S04 was refluxed for 16 h. I t  was diluted with 
water and extracted with ether. The ether extract was washed with 
saturated NaHC03 and water and dried over MgS04. Evaporation 

of ether to dryness in a rotary evaporator a t  25 "C and purification 
of the crude product by Kugelrohr distillation [110-115 "C (20 mm)] 
afforded 5.94 g of racemic dimethyl 2-methylsuccinate: MS m/e 129 

(m, CHCH3 and CHZCOOCH~), 3.65 (s, CH3COOCH3), 3.66 (s, 
COOCH3); 'H NMR [lo0 MHz, CDC13,31 mg of sample and 62 mg 

(M+ - 31); 'H NMR (100 MHz, CDC13) 6 1.21 (d, CHCH3), 2.3-3.05 

of E ~ ( h f b ~ ) 3 ]  6 2.4 (d, CHCH3), 4.69 (s, CH&OOCH3), 4.78 (s, ( R ) -  
CH~CHCOOCHB), 4.82 (s, (S)-CH3CHCOOCH3). 

(2R,3Sa )-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 
2H-l-benzopyran-2-yl)-3-methylhexanoic Acid Ethyl Ester 
(23a). (A) Hydrogenation with Palladium Catalyst. A mixture of 
3.36 g of unsaturated ester 19a and 350 mg of 5% palladium on carbon 
was hydrogenated in 20 mL of ethyl acetate at 23 "C and atmospheric 
pressure until 1 equiv of hydrogen was consumed (4 h). Workup gave 
3.07 g of ester 23a as a colorless oil: [aIz5D -0.2 " (c 4.14, CHCl3); MS 
mle 452 (M+), 437, 407, 362 (base peak); IR (neat) 1730 cm-'; 'H 

COOCHPCH~), 1.4-1.85 (m, 6, CHz), 2.08,2.14, and 2.19 (3s, ArCHz), 
2.00-2.4 (m, CH&OO), 2.58 (t, CHzCHz), 4.10 (q, COOCHZCH~), 4.67 
(s, ArCHZO), 7.4 (m, ArCH20). 

(B) Hydrogenation with Raney Nickel. The unsaturated ester 
19a (1.0 g, 2.22 mmol) was hydrogenated with -200 mg of Raney 
nickel in ethyl acetate (25 mL) at 25 'C (30 psi) for 4.0 h. The catalyst 
was filtered off and washed well with ethyl acetate. Evaporation of 
ethyl acetate in vacuo gave 1.0 g of colorless oil which was dissolved 
in DMF (10 mL) and treated with 532 mg (3.8 mmol) of anhydrous 
potassium carbonate and 435 mg (3.8 mmol) of benzyl chloride a t  25 
"C for 60 h. The reaction mixture was diluted with water and ex- 
tracted with ether. Workup in the usual manner gave 930 mg of crude 
product which was purified by thick-layer chromatography on silica 
gel (ether-petroleum ether 2:3) to give 650 mg of saturated ester 23a 
as an oil [aIz5D -1.4 ' (c 4.97, CHC13); IR, MS, and NMR spectra were 
identical with the material described in A. 

The ester 23a (200 mg) was hydrolyzed in aqueous NaOH-MeOH 
to give 189 mg of the acid 23b which was then converted into the 
corresponding amide 23c as described for the preparation of 19c. LC 
analysis indicated the enantiomeric composition at  C(3) to be 96.1% 
S and 3.9% R (two 50 cm X 4.5 mm columns in series, Partisil 10, R-19, 
flow rate a t  -3 mL/min, eluted with 1:4 THF-heptane, monitored 
at  254 nm; retention volume 182 mL for R and 194 mL for S ) .  
(2R,3S*)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 

2H-l-benzopyran-2-yl)-3-methylhexanoic Acid (23b). A mixture 
of 600 mg of ethyl ester 23a (prepared from Pd/C hydrogenation of 
19a) and 2 mL of 6 N NaOH in 10 mL of methanol was refluxed for 
2.0 h. Workup in the usual manner gave the crude oily acid, which was 
quickly filtered through a column of silica gel (10 9). Elution with 
CHC13 yielded 510 mg (90% yield) of the acid 23b as a colorless oil: 
[cY]'~D -1.7' ( c  1.93, CHC13); MS m/e 424 (M+); IR (neat) 3000-3400, 
1705 (COOH) cm-'. Anal. Calcd for Cz~H3604: C, 76.38; H,  8.55. 
Found: C, 76.18; H, 8.67. 

The enantiomeric purity at C(3) was determined by NMR analysis 
of the corresponding methyl ester 23d [30 mg of 23d, 80 mg of 
Eu(fod)3, and 5 pL of CH30D in CDC131: 6 9.30 (s, COOCH3,10% 3R), 

(2R,3Sa)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 
2H-l-benzopyran-2-yl)-3-methylhexan- 1-01 (24a). The ester 23a 
(2.2 g, 4.85 mmol; prepared from 19a by Pd/C hydrogenation) in 20 
mL of dry ether was treated dropwise with a solution of 1.81 mL (13 
mmol) of sodium bis(2-methoxyethoxy)aluminum hydride (70% in 
benzene) in 2 mL of ether. The resulting solution was refluxed for 3.0 
h and then cooled to 0 "C, and the excess of hydride was destroyed 
by careful addition of 10 mL of 1.0 N H2SO4 followed by 100 mL of 
water. The precipitate was filtered and washed well with ether. The 
aqueous phase was separated from the ether Iayer and was extracted 
again with ether. Workup of the ether phase in the usual manner gave 
2.18 g of crude product which was chromatographed on 100 g of silica 
gel. Elution with 3:7 ether-petroleum ether afforded 1.55 g (78% yield) 
of the alcohol 24a as a colorless oil: [ c Y ] ~ ~ D  -0.6" (c  1.01, CHC13); IR 
(neat) 3350 (OH) cm-'; 'H NMR (CDC13) 6 0.88 (d, CH3CH-), 1.22 
(s, C(2) CH3), 1.3-1.5 (m, CHCH3and 3CH2), 1.8 (t, 2, CHz), 2.08,2.14, 
and 2.19 (3s, ArCH3), 2.62 (t, 2, CHz), 3.62 (t, CH?OH), 4.66 (s, 
ArCHZO), 7.4 (m, CsH5). Anal. Calcd for C27H3803: C, 78.98; H, 9.33. 
Found C, 78.91; H, 9.23. 
(2R,3S*)-6-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl- 

2H-l-benzopyran-2-yl)-3-methylhexan-l-ol p-Toluenesulfonate 
(24b). A solution of 1.23 g (2.98 mmol) of alcohol 24a in 4 mL of dry 
pyridine (dried and distilled over barium oxide) was treated in por- 
tions with 1.14 g (5.96 mmol) of p-toluenesulfonyl chloride at -0 OC.zo 
The resulting solution was stirred at  0 "C for 3.0 h and then kept a t  
-10 "C for 16 h. The mixture was poured into 100 mL of ice water and 

NMR (CDC13) 6 0.94 (d, CHCHB), 1.23 (s, C(2) CH3), 1.23 (t, 

9.33 (s, COOCH3,90 f 2% 3s) .  
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acidified with 3 N HC1 (ca. 50 mL). I t  was extracted with ether, and 
the combined ether extracts were washed with water and dried over 
anhydrous potassium carbonate-sodium sulfate (-1:l). Evaporation 
of ether in vacuo yielded 1.80 g of 24b as a yellow oil: [CYIz5D +1.4" (c  
2.06, CHC13); MS mle 564 (M+); IR (neat) 1365 ( - 0 S 0 2 )  cm'; 'H 
NMR (CDC13) 6 0.82 (d, CHCH3), 1.22 (s, C(2) CH3), 1.3-1.6 (m, 71, 
1.77 (t, CHz), 2.08, 2.16, and 2.21 (3s, ArCHs), 2.42 (s, CHaTos), 2.58 
(t, ArCHZ), 4.04 (t, CH:!S03-), 4.67 (s, ArCHZO), 7.4 (m, ArCHz and 

(2R,4'R,8'R)-a-Tooopherol B e n z y l  E t h e r  (IC). A solution of 
1.24 g (6.0 mmol) of (R)-2,6-dimethylheptyl 1-bromide (25b) (pre- 
pared from (S)- (+)-p-  hydroxyisobutyric acid via the C(9) alcohol 
25a)3 in 3 mL of dry ether was added dropwise a t  23 "C with stirring 
under argon to a suspension of 195 mg (8 mmol) of powdered mag- 
nesium in 3 mL of ether. The resulting mixture was refluxed with 
stirring under argon for 3.0 h and then was further stirred at  25 "C for 
1.0 h. I t  was then cooled to -75 "C in a dry ice-acetone bath. To this 
mixture 0.1 mL of LiaCuC14 was first added followed by a solution of 
0.64 g (1.14 mmol) of the p-toluenesulfonate 24b in 10 mL of THF. 
The resulting reaction mixture was stirred at -75 "C for 10 min, and 
then it was allowed to warm to 25 "C and stirred for 17 h under argon. 
The mixture was then treated with 5 mL of 1 N aqueous HzS04 and 
worked up by ether extraction in the usual manner to give 1.03 g of 
crude product. This material was purified by thick-layer chroma- 
tography on silica gel, and elution with ether-hexane (5:95) afforded 
409 mg of (2R,4'R,8'R )-a-tocopherol benzyl ether (IC; 69% yield), 
[CY]"D +0.4O (c ai.19, benzene) [lit.38 [CYIz5D +0.7" ( c  1.95, benzene)]. 
Anal. Calcd for C36H5,;Oz: C, 83.02; H, 10.84. Found: C, 82.98; H,  
10.95. 

(2R,4'R,8'R)-a-Tooopheryl A c e t a t e  ( l b ) .  A mixture of IC (326 
mg, 0.63 mmol) and 600 mg of 5% palladium on carbon in 5 mL of THF 
containing two drops of concentrated HC1 was hydrogenated a t  25 
"C and atmospheric pressure for 1.5 h. Workup gave 239 mg of 
(2R,4'R,8'R)-a-tocopherol ( l a )  as a light yellow oil which was treated 
with 2 mL of dry pyridine and 2 mL of acetic anhydride a t  25 'C for 
16 h. The mixture was poured into ice water and extracted with 
CHC13. The combined CHC13 extracts were successively washed !vith 
aqueous 1 N HC1, saturated NaHC03 solution, and H20 and dried 
over MgS04. Evaporation of solvent in vacuo gave 250 mg of crude 
product which was purified by thick-layer chromatography on silica 
gel (ether-petroleum ether 1:4) to yield 188 mg (64%) of l b  as a light 
yellow oil: [aIz5u +2.6" (c 2, CzH50H) [lit.z [CYIz5D +3.2" (CzH50H)I; 
MS m/e  472 (M+); 97.8% pure by GC (OV-101, GCQ 100/120,6 f t  X 
4 mm column, 250 "C; retention time, 52.3 min); IR, NMR, and UV 
spectra were identical with an authentic sample (Eastman Kodak, 
highest purity). Anal. Calcd for C31H5203: C, 78.76; H, 11.09. Found: 
C, 78.82; H, 11.17. 
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