
Studies on (2R,4/R,8'R)-a-Tocopherol Utilizing Side Chain Synthons J.  Org. Chem., Vol. 41, No. 22, 1976 3505 

(1971). 
(21) (a) J. A. Dale, D. L. Dull, and H. S. Mosher. J. Org. Chem., 34,2543 (1969); 

(b) G. R.  Sullivan, J. A. Dale, and H. S.  Mosher, ibid., 38, 2143 (1973). 
(22) (a) R. A. Raphael, 'Acetylenic Compounds in Organic Synthesis", Academic 

Press, New York, N.Y., 1955, p 27. (b) LiAlH4 reduction of acetylenic car- 
binols is reported to give € allylic alcohols. Cf. B. Grant and C. Djerassi, 
J. Org. Chem., 39, 968 (1974). In our studies, higher yields of €products 
were obtained using NaAIH2(0CH2CH20CH&. 

(23) W. H. Watanabe and L. E. Conlon, J. Am. Chem. SOC., 79, 2828 (1957). 
(24) J. Plesek, Collect Czech. Chem. Commun., 22, 644 (1957). 
(25) W. S. Johnson, L. Werthemann, W. R. Bartlett, T. J. Brocksom, T. T. Li, D. 

J. Faulkner, and M. R.  Peterson, J. Am. Chem. SOC., 92, 741 (1970). 
(26) (a) A. E. Wick, D. Felix, K. Steen, and,A. Eschenmoser, Helv. Chim. Acta, 

47, 2425 (1964); (b) D. Felix, K. G. Steen, A. E. Wick, and A. Eschenmoser, 
ibid., 52, 1030 (1969). 

(27) (a) R.  E. Ireland and R.  H. Mueller, J. Am. Chem. Soc., 94, 5897 (1972): 
(b) R. E. ireland and A. K. Willard, J. Org. Chem., 39,421 (1974). We thank 
Professor Ireland for providing us with detailed experimental proce- 
dures. 

(28) Racemization most likely occurs via double bond migration during hydro- 
genation. Cf. P. N. Ryiander, "Oganic Synthesis with Noble Metal Catalysts", 

Academic Press, New York, N.Y., 1973, Chapter 5. 
(29) This material was obtained by reduction of 12b with NaAIH2(0- 

CH2CH*OMe)*. For convenience, the studies shown in Scheme II were 
carried out using 14 derived from (R)-(+)-pulegone (13). Thus, 13 was 
converted to (R)-(+)-cRronellic acid as described by P l e ~ e k . ~ ~  Catalytic 
hydrogenation then ave 12b having an enantiomeric composition of 

with hydride to (R)-(+)-citronellol which was then hydrogenated to give 
14. 

(30) M. Fetizon and M. Golfier, C. R. Acad. Sci., Ser. C, 267, 900 (1968). 
(31) J. H. Brewster and C. J. Ciotti, Jr., J. Am. Chem. SOC., 77, 6214 (1955). 
(32) These experiments were carried out before it was discovered that palladium 

catalysts caused racemization during hydrogenation of such unsaturated 
esters. It would be expected that hydrogenation of the 15-carbon ester 6c 
over nickel, in analogy with the results obtained for ester 4c, should provide 
19c without concomitant racemization. Such experiments were not carried 
out, however. 

(33) A sample of I d  derived from natural (7R,llR)-phyt0l'<~.~ exhibited CY 2 5 ~  
t3.16' (CHC13). This alcohol was converted into the acid lgb, [ a j Z 5 ~  
t5.43' (CHC13), shown to be 99+% 3R by HPLC analysis15 of the cor- 
responding amide 19e. 

96.4% R, 3.6% S.' B Alternatively, the citronellic acid was first reduced 

Synthetic Studies on (2R,4'R,8'R)-a-Tocopherol. An Approach 
Utilizing Side Chain Synthons of Microbiological Origin 

Noal Cohen,* Wayne F. Eichel, Rocco J. Lopresti, Christian Neukom, and Gabriel Saucy 

Chemical Research Depar tment ,  Hof fmann-La Roche Inc., Nut ley ,  N e w  Jersey 07110 

Received Apri l  22, 1976 

A synthesis o f  (2R,4'R,B'R)-a-tocopheryl acetate (1 ,  R = Ac) is described in which key, optical ly active side chain 
synthons are produced start ing f rom (S)-(t)-3-hydroxy-2-methylpropanoic acid (6), i tself  a readi ly available enan- 
t iomerical ly homogeneous substance o f  microbiological origin. In the most  expeditious approach, (S) - ( t ) -S- te r t -  
butoxy-2-methyl-1-propanol p-toluenesulfonate (13, produced in three steps f rom 6) i s  coupled w i t h  (R)-3,7-di- 
methyl-1-octylmagnesium bromide [33; derived f r o m  (R)-(+)-pulegone] giving (BR,GR)-(+)-l-tert- butoxy-2,6,10- 
tr imethylundecane (20). T h e  derived 14-carbon Gr ignard reagent, 22, is then coupled w i t h  (5')-( +)-6-benzyloxy- 
2,5,7,8-tetramethylchroman-2-ethanol p-toluenesulfonate (36) giving (2R,4'R,8'R)-c~-tocopheryl benzyl ether and 
subsequently 1, R = Ac. T h e  ten-carbon synthons (Le., 33) could also be prepared f rom 13 via (R)- ( t ) -3 ,7-d imeth-  
yloctanoic acid (28) thus prov id ing a n  approach in which b o t h  chiral centers as well  as eight carbon atoms o f  the 
tocopherol side chain are derived f r o m  the acid 6. 

The first formal total synthesis synthesis of (2R ,4'R,- 
8'R)-a-tocopherol(I, R = H) was reported by Mayer and Mer 
and co-workers in 1963.182 This group utilized a convergent 
approach in which the molecule was assembled via a Wittig 
coupling between the chroman-2-carboxaldehyde 2a and the 

R C ) W c H  

I 

CH3 3 
CH3 CH3 

2 0 ;  n = O  
2 b :  n =  I 

30;  n = 2 
3 b ; n  = I 

4 I 

15-carbon3 phosphonium salt 3a. More recently, a related 
scheme was described by Scott et aL4 involving coupling of the 
homologous units, chroman-2-acetaldehyde 2b and the 14- 
carbon phosphonium salt 3b. In both of these approaches, the 

side chain intermediates were derived from natural, 
('iR,llR)-phytOl, a total synthesis of which had been pre- 
viously achieved.5 In the preceding paper, an approach to the 
synthesis of optically active 15-carbon side chain synthons 
utilizing stereospecific Claisen rearrangements is delineated.6 
In this report, we wish to describe the preparation, starting 
from small, microbiologically derived, chiral compounds, of 
14-carbon side chain intermediates4 and their conversion into 
optically pure (2R,4'R,8'R)-a-tocopheryl acetate (1, R = 
Ac). 

Our strategy was based upon the use of a four-carbon in- 
termediate of the type 4 in which the group Y represents a 
reactive function capable of coupling with a ten-carbon species 
such as 5 and X, a protected function which would allow 
subsequent elaboration into a species such as 3b. It  was 
envisioned that the ten-carbon intermediate 5 could be de- 
rived either from natural products or by total synthesis 
starting from 4. By reversing the latent and reactive properties 
of X and Y (i.e,, by preparing compounds of opposite chirality) 
one could employ an alternative sequence in which the four- 
carbon connective unit was attached first to the chroman 
portion and the remaining ten carbon atoms added at  the end 
of the synthetic route. I t  was expected that schemes such as 
these would be especially well suited for the production of 
optically pure a-tocopherol in that the crucial carbon-carbon 
linking operations could be achieved without affecting the 
integrity of the chiral centers present in the enantiomerically 
homogeneous starting synthons. This consideration had 
practical significance since the detection and removal of ra- 



3506 J.  Org. Chem., Vol. 41, No. 22,1976 Cohen, Eichel, Lopresti, Neukom, and Saucy 

cemic or diastereomeric impurities present in the final a- 
tocopherol molecule (especially materials isomeric at the side 
chain centers) loomed as a formidable problem which we 
hoped to avoid. 

Results 
While searching for potential optically active starting ma- 

terials from which synthons of the type 4 could be obtained, 
we were intrigued by a report of Goodhue and Schaeffer7 in- 
dicating that (S)-(+)-3-hydroxy-2-methylpropanoic acid (6) 
was readily available via the bacterial oxidation of isobutyric 
acid. Compound 6 possesses not only the desired number of 
carbon atoms but also two easily distinguishable functional 
groups. Thus, given the absolute configuration of 6, it ap- 
peared that one need only protect the hydroxyl group in this 
substance and perform relatively straightforward transfor- 
mations on the carboxyl moiety in order to obtain interme- 
diates of the type 4 and eventually 3b. To this end, acid 6 was 
prepared as described7 and treated with isobutylene-phos- 
phoric acid-boron trifluoride etherate819 giving the tert- butyl 
ether ester 7 in 79% yield. Lithium aluminum hydride re- 
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duction of the latter compound then afforded the (R)-hydroxy 
ether 12 (89%). 

The enantiomeric, (S)-hydroxy ether 11 was also readily 
available from 6 by propitious manipulation of protecting 
groups. Thus, reaction of 6 with phenyl isocyanate gave the 
urethane acid 87 which was selectively reduced with borane- 
methyl sulfide complexlo yielding the hydroxy urethane 9. 
t e r t - B u t y l a t i ~ n ~ , ~  of the latter substance produced the ether 
10 which upon alkaline hydrolysis afforded 11 in 64% overall 
yield. 

Before proceeding with the synthetic scheme, it was deemed 
necessary to ascertain the enantiomeric composition of these 
four-carbon intermediates as we lacked assurance first, that 
the starting acid 6 was enantiomerically pure,ll and secondly, 
that racemization had been avoided in the sequences leading 
from 6 to 11 and 12. Examination of the lH NMR spectrum 
of the ester 7 in the presence of the chiral lanthanide shift 
reagent Eu(hfbc)313 revealed only singlet resonance signals 
due to the tert-butyl groups thus indicating that this material 
was essentially enantiomerically homogeneous. In contrast, 
racemic 714 exhibited two singlets of equal intensity separated 
by 1.5 Hz for each of the tert-butyl resonances.16 A similar 
analysis could be carried out on the hydroxy ethers 11  and 12. 
In the case of the racemic modification,14 resolutions of 3.0 Hz 
for the tert-butyl protons and 8.0 Hz for the secondary CH3 
protons were observed thus giving rise to two singlets and two 
doublets, respectively, in the Eu(hfbc)a shifted spectrum. 
Because 11 and 12 exhibited shifted spectra in which such 
resolutions could not be detected, these materials were con- 
sidered to be essentially enantiomerically pure. On the basis 
of these results, the starting acid 67 must also be enantiom- 
erically homogeneous since enantiomeric fractionation was 
not carried out during its conversion into 11 and 12. Further 
confirmation of these IH NMR results is provided below. 

Our initial studies aimed at  the synthesis of 14-carbon in- 
termediates starting from 6 involved the utilization of ten- 
carbon species derived from natural products. To this end, the 
bromide 14 was prepared from 12 by treatment of the latter 
compound with N-bromosuccinimide-triphenylphosphine.17 
The corresponding Grignard reagent 15 (Le., 4, X = t-BuO; 
Y = MgBr) was formed in THF and reacted with (R)-dihy- 
drocitronellal [27, prepared from (R)-pulegone6J8] giving the 
adduct 16 as a mixture of hydroxyl epimers, in 61% yield.lg 
Direct removal of the hydroxyl group in compounds such as 
16 was found, in model studies, to be complicated by side re- 
actions.*O Therefore, this carbinol mixture was first oxidized21 
to the ketone 17 (84%) which upon treatment with trifluo- 
roacetic acid yielded the keto1 18 quantitatively. Wolff- 
Kishner reduction2* of the latter material then provided the 
desired, optically pure (BR,GR)-alcohol 1g4 in 60% yield. 

A considerably more expeditious route to 19 was subse- 
quently developed utilizing the coupling procedure of Fouquet 
and S c h l o ~ s e r ~ ~  by which saturated carbon-carbon linkages 
can be formed directly and with high efficiency. In this man- 
ner, the Grignard reagent 15 upon reaction with tosylate 31 
[derived from ( R )  -pulegone via ( R )  -dihydrocitronellol (30)6Js] 
in the presence of dilithium t e t r ach lo r~cupra t e~~  gave the 
14-carbon ether 20 in 69% yield. The alternative mode of 
coupling involving the tosylate 13 and the Grignard reagent 
3325 furnished 20 in 71% yield. Exposure of the latter com- 
pound to trifluoroacetic acid liberated the desired alcohol 19 
which was now quite easily accessible from 6. Finally, the key 
bromide 214 was obtained either by treatment of 19 with N- 
bromosuccinimide-triphenylphosphine's or, more directly, 
by exposure of the ether 20 to refluxing 48% hydrobromic 
acid. 

The ready availability of our optically pure four-carbon 
intermediates prompted us to investigate their conversion into 
the ten-carbon synthons 30-33 (Le., 5) originally obtained 
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from natural  products. Such an approach, based on the results 
described above, would provide a route  to  a- tocopherol  in 
which both asymmetric centers  as  well as eight carbon atoms 
of the side chain are derived from the acid 6. T h i s  goal was 
readily accomplished. React ion of t h e  tosylate 13 with 3- 
methyl-1-butylmagnesium bromide in t h e  presence of di-  
lithium t e t r a c h l o r o c ~ p r a t e ~ ~ ~ ~ ~  gave t h e  nine-carbon e ther  23 
i n  83% yield. A straightforward sequence including tert -butyl 
ether cleavage (+ 24,26 C F ~ C O Z H ) ,  tosylation (+ 25, p- to l -  
uenesulfonyl chloride-pyridine), one-carbon homologation 
(4 26,27 NaCN) ,  and alkaline hydrolysis t h e n  produced 
(R)-dihydrocitronellic acid (28)6J8 in  80% overall yield. T h e  
enantiomeric composition of this material was determined by 
high-pressure liquid chromatographic  analysis of the corre- 
sponding (R)-a-methyl-p -nitrobenzyl amide  derivative 2gZ8 
and found to  consist of essentially only (>99%) the R antipode, 
in confirmation of t h e  aforementioned lH NMR shift studies 
carried out  on t h e  four-carbon precursors 7 and 12. Hydr ide  
reduct ion of 28 led t o  (R)-dihydrocitronellol (30)5,6 thus 
providing access to  optically pure ten-carbon synthons of t h e  
type  5. 

Having t h e  14-carbon bromide 21 (and  i t s  precursors) in 
hand via several routes, all that remained was its coupling with 
an appropr ia te  chroman u n i t  t o  form t h e  a- tocopherol  mole- 
cule. Again, the Fouquet-Schlosser procedure23 was found to 
be advantageous. Thus,  the  required 2-chromanethyl tosylate 
36 was prepared s ta r t ing  from the known,4 (8)-(-)-ester  34 
via t h e  hydroxy e ther  35, and reacted with t h e  Grignard re- 
agent  22, in t h e  presence of di l i thium t e t r a c h l o r ~ c u p r a t e . ~ ~  
T h i s  procedure afforded (2R,4'R,8'R)-a-tocopheryl benzyl 
e ther  (1, R = C H ~ C G H ; )  in 93% yield. Removal of the benzyl 
protecting group was accomplished by catalytic hydrogenol- 
ysis a n d  t h e  resulting a- tocopherol  (1, R = H )  was immedi-  
ately acetylated. The physical, spectral, and chromatographic 
propert ies  of t h e  acetate  (1, R = Ac) so obtained were in ex- 
cellent agreement  with those of na tura l  a- tocopheryl  ace- 
tate.2.29 T h e  crucial coupling reaction with 22 was also carried 
o u t  using the mesylate 37. In th is  case, however, the desired 
product (1, R = CH2C6Hj) was obtained in  only 14% yield. 

In summary ,  we have achieved a synthesis of (2R,4'R,- 
8 'R)-a- tocopheryl  acetate  by means of a s t ra tegy in which 
three chiral units of total or near total enantiomeric purity are 
sequentially coupled. Whereas the asymmetry in t h e  chroman 
syn thon  is introduced via a resolution p r ~ c e d u r e , ~  ei ther  one 
(C4f) or both of t h e  chiral centers in the side chain have been 
derived from the  acid 6 via t h e  key four-carbon synthon 12 and 
related substances. It is anticipated that relatively simple and 
readily available intermediates such as 12 (and its enantiomer 
11) will have utility in t h e  synthesis of other natural products 
containing chiral, secondary methyl  centers. 

E x p e r i m e n t a l  S e c t i o n  
Unless otherwise noted, all reactions were carried out under an 

atmosphere of argon. All melting points were determined on a 
Thomas-Hoover capillary melting point apparatus and are uncor- 
rected. The "usual workup" consists of dilution of the reaction mixture 
with saturated brine followed by three extractions with the indicated 
solvent. The organic extracts were then combined, washed with sat- 
urated brine, dried over anhydrous MgS04, filtered, and concentrated 
under water aspirator pressure using a rotary evaporator. The residue 
was dried to constant weight under high vacuum or aspirator pressure 
in the case of volatile materials. Column chromatography was per- 
formed using Merck (Darmstadt) silica gel 0.063-0.2 mm. The prog- 
ress of reactions was usually monitored by thin layer chromatography 
(TLC) which was performed using Merck (Darmstadt) silica gel 60 
F-254 plates. Plates were developed with one of the following mobile 
phase solvent systems: A, 1:l benzene-ethyl acetate; B, 1:l hexane- 
ether; C, 19:l hexane-ether. Spots were detected with uv light, or 
phosphomolybdic acid spray followed by heating. Varian A-60, HA- 
100, or Jeolco C-60H spectrometers were used to  obtain the 'H NMR 
spectra (in CDC4 solution). Chemical shifts are reported relative to 
Me4Si as an internal standard. Infrared spectra (CHC13 solution) were 

recorded on Beckman IR-9 or Perkin-Elmer 621 spectrophotometers. 
The ultraviolet spectra (95% EtOH solution) were recorded on a Cary 
14M spectrophotometer. Low-resolution mass spectra were measured 
on CEC21-110 or JMS-O1SG instruments. Tetrahydrofuran (THF) 
and pyridine were dried by slurrying over Woelm grade I, neutral 
alumina just prior to use. Optical rotations were measured on a Per- 
kin-Elmer Model 141 polarimeter. For GC conditions, see paragraph 
at  end of paper regarding supplementary material. 

(S)-( t)-3-Hydroxy-2-methylpropanoic Acid (6).  This material 
was prepared by bacterial oxidation of isobutyric acid essentially as 
described by Goodhue and S~hae f fe r .~  The crude acidic residue was 
pumped free of isobutyric acid a t  50 "C (0.05 mm) using a rotary 
evaporator. This gave the hydroxy acid 6, as a viscous, reddish oil 
having a GC purity of 87-99% which was not further purified. A 
sample having a GC purity of >99% exhibited [a]25D t12.72" ( e  12.5, 
EtOH) [lit.12b [ 0 1 ] 5 : 8 ~ ~  t4.4" ( e  11.5, EtOH); lit.lZb for the enantiomer 
[ ( ~ ] 5 7 8 ~ ~  -7.57" (c 11.95, EtOH)]; ir 3600-3400 (OH), 1705 cm-l 

2.69 (sx, 1, X H C H , ) ,  1.16 ppm (d, 3, J = 7 Hz, CH3). 
(S)-( t)- tert-Butyl 3- tert-Butoxy-2-methylpropanoate (7). 

A solution of 8.7 g (0.074 mol, 89% pure by GC analysis) of acid 6 in 
140 ml of CH2C12 was stirred and cooled to  -72 "C (dry ice-acetone 
bath) whereupon 70 ml of liquefied isobutylene was added rapidly. 
To the resulting mixture was added with stirring, at -72 "C a mixture 
of 1.6 ml of phosphoric acid (prepared by dissolving 5 g of P2O5 in 11 
ml of 85% H?POI) in 10 ml of CH2C12, dropwise followed by 3.5 ml of 
boron trifluoride etherate also dropwise. The resulting mixture was 
stirred at -72 "C for 2 hand at  0-5 "C (ice bath) for 20 h, then treated 
with ice-water followed by a solution of 19 g of NaHC03 in 200 ml of 
water. Workup with CHzClz in the usual manner gave 23.3 g of crude 
product as a yellow oil. This material was chromatographed on 200 
g of silica gel. Elution with 19:l and 9:l hexane-ether gave the desired 
product (TLC, system C) which was distilled yielding 12.7 g (79%) of 
the ether ester 7 as a colorless liquid, bp 99 "C (22 mm), [ o ] ~ ~ D  t19.52" 
( e  4.25, CHsOH). The analytical sample was obtained from another, 
similar preparation as a colorless liquid: bp 77-79.5 "C (10 mm); [cI]~~D 
t19.74' ( e  4, CH30H); ir 1715 cm-l (ester C=O); NMR 6 3.38 (m, 2, 

1.14 (s, 9, -CH20-t-C4H9), 1.07 ppm (d, 3, J = 7 Hz, CHzCH<). [No 
resolutions of the tert -butyl resonances were detectable when the 
spectrum was run in the presence of Eu(hfbc)3]. 

Anal. Calcd for CIzHz403: C, 66.63; H, 11.18. Found: C, 66.95; H, 
11.33. 
(R)-(t)-3-tert-Butoxy-2-methyl-l-propanol (12). A slurry of 

11.2 g (0.295 mol) of lithium aluminum hydride in 470 ml of anhydrous 
ether was stirred with ice-bath cooling while a solution of 31.9 g 
(0.1475 mol) of ester 7 in 470 ml of anhydrous ether was added drop- 
wise over 70 min. After stirring at  0-5 "C for 0.5 h and at room tem- 
perature for 3 h, the reaction mixture was again chilled and cautiously 
decomposed by the dropwise addition of 22.4 ml of water and 17.9 ml 
of 10% aqueous NaOH solution. The resulting mixture was stirred at 
room temperature for 16 h, then the solids were filtered and washed 
thoroughly with ether. The filtrate and washes were combined and 
concentrated at aspirator pressure. Distillation of the residue afforded 
19.3 g (89.3%) of hydroxy ether 12 as a colorless liquid, bp 76 "C (13 
mm), [(u]~'D +0.47' ( e  4.06, CH30H). An analytical specimen was 
obtained from another preparation after purification by chroma- 
tography on silica gel (eluted with 2:l and 1:l hexane-ether) followed 
by evaporative distillation, as a colorless liquid: bp 62-67 "C (bath 
temperature) (10 mm); [aI2 jD t0.49' (c 4, CH30H); ir 3625, 3475 
cm-I (OH); NMR 6 3.40 (m, 4, -OCH2-), 1.95 (m, 2, CH3CH< and 
-OH), 1.20 (s, 9, -O-t-C4H9), 0.86 ppm (d, 3, J = 7 Hz, CH3CH<). [No 
resolutions of the tert-butyl or methyl resonances were detectable 
when the spectrum was run in the presence of Eu(hfbc)~]. 

Anal. Calcd for CgH1802: C, 65.71; H, 12.41. Found: C, 65.53; H, 
12.18. 
(f)-3-Hydroxy-2-methylpropanoic Acid [ (f)-6]. Benzyl alcohol 

(108 g, 1 mol) was stirred and treated with 0.3 g of 50% sodium hy- 
dride-mineral oil dispersion. To the resulting solution was added 
dropwise 415 ml (335 g, 5 mol) of methacrylonitrile over a 40-min 
period, at  room temperature. The reaction mixture was heated at  
60-65 "C for 5 , then cooled, acidified with 1 N HzS04, and diluted 
with ether. The ether solution was worked up in the usual manner. 
Distillation of the residue gave, after removal of low-boiling materials, 
149.3 g (85%) of (f)-3-benzyloxy-2-methylpropionitrile as a colorless 
liquid, bp 90-93 "C (0.02 mm). An analytical sample was obtained 
from another, similar run in which the crude product was chromato- 
graphed on silica gel. Elution with 19:l and 9:l benzene-ethyl acetate 
followed by evaporative distillation under high vacuum gave pure 
nitrile, ir 2250 cm-l (C-N). 

(C=O); NMR 6 7.66 (s, 2, COzH, OH), 3.74 (d, 2, J = 6 Hz, -CH20-), 

-CHzO-), 2.50 (SX, 1, J = 6 Hz, >CHCH3), 1.44 (s, 9, -COz-t-C4Hg), 
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Anal. Calcd for C11H13NO: C, 75.40; H,  7.48; N, 7.99. Found: C, 
75.07; H, 7.68; N, 8.09. 

A solution of 50 g (0.286 mol) of this nitrile in 250 ml of methanol 
was cooled in an ice-salt bath and stirred while HC1 gas was passed 
in. After the solution had become saturated with HC1, it was refluxed 
for 2.25 h, then concentrated under aspirator pressure. The residue 
was treated with aqueous KzC03 and the resulting alkaline mixture 
was worked up by ether extraction in the usual manner giving 52.2 
g of an oil. This material was distilled under reduced pressure yielding 
32 g (53.8%) of (&)-methyl 3-benzyloxy-2-methylpropanoate as a 
colorless liquid, bp 88-90 "C (0.03 mm). In another experiment, the 
crude product was first chromatographed on silica gel (eluted with 
9:1 and 4:l hexane-ether), then evaporatively distilled under high 
vacuum giving an analytically pure sample, ir 1735 cm-' (ester 
C=O). 

Anal. Calcd for C12H1603: C, 69.21; H,  7.74. Found: C, 69.09; H, 
7.64. 

A solution of 3.2 g (0.0154 mol) of this ester in.35 ml of CHsOH was 
stirred at  0 "C while 15.4 ml of 1 N aqueous NaOH was added drop- 
wise. The reaction mixture was stirred a t  0 'C for 1 h, then a t  room 
temperature for 2 h. An additional 1.5 ml of 1 N aqueous NaOH was 
then added and stirring was continued for 1.5 h a t  room temperature:, 
The resulting solution was diluted with water, some NaCl was added, 
and the mixture was extracted with ether. The aqueous solution was 
acidified with 3 N aqueous HC1 and the liberated acid was isolated 
by ether extraction in the usual manner giving 2.5 g (84%) of ( f ) - 3 -  
benzyloxy-2-methylpropanoic acid as an oil. A sample of this material 
was evaporatively distilled giving a colorless oil, bp 95-100 "C (bath 
temperature) (0.02 mm), ir 3500-2500 (CO*H), 1715 cm-' (acid 
C=O). 

Anal. Calcd for CllH1403: C,  68.02; H,  7.27. Found: C, 68.03; H, 
7.29. 

A mixture of 2 g (0.0103 mol) of this acid, 0.5 g of 5% palladium on 
carbon, and 20 ml of anhydrous T H F  was stirred in an atmosphere 
of hydrogen until 1 molar equiv of hydrogen was taken up. The cat- 
alyst was filtered and washed with CH2C12, then the filtrate and 
washes were combined and concentrated under reduced pressure. The 
residue was evaporatively distilled giving 0.88 g (82%) of hydroxy acid 
(=k)-Slj as aviscous, colorles oil, bp 105-110 "C (bath temperature) 
(0.275 mm).The ir and NMR spectra were essentially identical with 
those of the (S) - (+)  form. 

(&)-  tert-Butyl 3- tert-Butoxy-2-methylpropanoate [ ( f ) -7] .  
This material was prepared from ( f ) - 6  as described for the (S ) - (+ )  
modification. There was obtained a colorless liquid, bp 81-87 "C (bath 
temperature) (10 mm), in 81.2% yield. This material was identical with 
(S)-(t)-7 by ir, NMR, GC, and TLC comparisons. When the 1H NMR 
spectrum was run in the presence of Eu(hfbc)s, both tert-butyl singlet 
resonances were resolved into two singlets of equal intensity, each with 
a separation of 1.5 Hz [60 mg of ester + 50 mg of Eu(hfbc)s]. 

Anal. Calcd for C12Hz403: C, 66.63; H,  11.18. Found: C, 66.53; H, 
11.25. 
(f)-3-tert-Butoxy-2-methyl-l-propanol [ (=k)-12]. Reduction 

of the ester ( f ) - 7  was carried out as described above for the optically 
active form. The resulting hydroxy ether was obtained in 88% yield 
as a colorless liquid, bp 70-72 "C (10 mm). This material was identical 
by ir, NMR, GC, and TLC comparisons with (R)-(+)-12. When the 
'H NMR spectrum was run in the presence of Eu(hfbc)a (100 mg/66 
mg hydroxy ether), the tert-butyl singlet resonance was resolved into 
two singlets, of equal intensity, separated by 3 Hz whereas the CH:j 
doublet was resolved into two doublets, of equal intensity, separated 
by 8 Hz. 

Anal. Calcd for C8H1802: C,  65.71; H,  12.41. Found: C, 65.96; H,  
12.64. 

(S)-(  +)-3-N-Phenylcarbamoyloxy-2-methylpropanoic Acid 
(8). A mixture of 106.2 g (0.935 mol) of acid 6 (91.5% purity by GC 
analysis) and 1380 ml of benzene was stirred efficiently at  room 
temperature while 102 ml(111 g, 0.935 mol) of phenyl isocyanate was 
added dropwise over a 45-min period. The reaction was mildly exo- 
thermic and a clear, orange solution was obtained a t  the end of the 
addition period. Crystallization soon began and a very dense slurry 
formed which was stirred at  room temperature for 22 h. The resulting 
mixture was filtered with suction and the solid was washed with 
benzene and then hexane. The damp solid was then slurried in hexane, 
refiltered, and washed with fresh hexane. After drying on a rotary 
evaporator first a t  aspirator pressure and then under high vacuum 
[40 "C (0.4 mm)] there was obtained 159.1 g (76.3%) of the urethane 
acid 8 as a slightly off-white solid, mp 108-110.5 "C, [ o ! ] * ~ D  +16.79' 
(c 2.8, CH3OH) [lit.7 [cY]*~D +17.g0 (c 2.8, CH3OH), lit12a for the en- 
antiomer mp 108-110 "C, [O!]*~D -17.9" (c 2.8, CH30H)I. 

The benzene and hexane filtrates and washes were combined, 

concentrated under aspirator pressure, and dried under high vacuum 
giving 58.0 g of impure acid 8 as an orange semisolid which could be 
separately transformed into the hydroxy ether 11 as descrbed below 
for the pure material. 
(R)-3-Hydroxy-2-methyl-l-propyl Carbanilate (9). To a stirred 

solution of 53 g (0.237 mol) of urethane acid 8 in 177 ml of dry T H F  
was added 24.1 ml (19.3 g, 0.25 mol) of borane-dimethyl sulfide 
complex10 dropwise, keeping the temperature between 25 and 30 "C 
with occasional ice-bath cooling. After the addition was complete and 
the exotherm had subsided, the reaction mixture was stirred at  room 
temperature for 17 h, then cooled in an ice bath and decomposed by 
the dropwise addition of 80 ml of MeOH. After stirring a t  0-5 "C for 
0.75 hand a t  room temperature for 15 min, the reaction mixture was 
concentrated under aspirator pressure. The residue was dissolved in 
ether and the resulting solution was washed with 250-ml portions of 
saturated aqueous NaHC03 then worked up in the usual manner 
yielding 49.6 g of the hydroxy urethane 9 as a yellow oil which was used 
without further purification (TLC system A). 

In a separate experiment, the crude product was chromatographed 
on silica gel. Elution with 2:1 and 1:l benzene-ether yielded the pure 
product as an oil which was evaporatively distilled, bp 110-120 "C 
(bath temperature) (0.05 mm). A sample of the distillate (which had 
solidified).was recrystallized from ether-petroleum ether giving col- 
orless solid: mp 59-60 "c; [aIz5D +6.00° (C 2.00, C6H6); [aIz5D -4.22" 
(c 2.01, CHJOH); ir 3650 (OH), 3450 (NH), 1725 (C=O), 1605 cm-1; 
PjMR 6 7.25 (m, 6, CsH5, NH), 4.13 (d, 2,  J = 5 Hz, -CO*CHz-), 3.52 
It, 2, J = 5 Hz, -CHzOH), 3.02 (m, 1, -OH), 2.00 (m, 1, -CHCH3), 0.93 
ppm (d, 3, J = 7 Hz, CH3CH-); uv max 235 nm ( e  18 420). 

Anal. Calcd for C11HlBNOs: C, 63.14; H,  7.23; N, 6.69. Found: C, 
63.29; H, 7.14; N, 6.85. 

( R ) - (  -)-3- tert-Butoxy-2-methyl-I-propyl Carbanilate (10). 
The hydroxy urethane 9 (49.6 g, 0.237 mol) from the preceding ex- 
periment was tert-butylated using the procedure described above for 
the conversion of 6 to 7. The crude product (66 g) was used without 
further purification. In a separate experiment, a 1-g sample of the 
crude product was chromatographed on 100 g of silica gel. Elution with 
4:l hexane-ether gave pure 10 (0.793 g) as a viscous, colorless oil: 
[oIz5D -4.89" (e 2.04, CHC13); ir 3440 (NH), 1735 (C=O), 1605 cm-I; 
NMR 6 7.20 (m, 5, CeHs), 6.75 (m, 1, NH), 4.06 (d of d ,  2, J = 1 , 6  Hz, 
-CO&H*-) 3.22 (d, 2, J = 6 Hz, -CHzO-t-Bu), 1.96 (m, 1, -CHCHs), 
1.12 (s, 9, -0-t-Bu), 0.87 ppm (d, 3, J = 7 Hz, -CHCH3); uv max 235 
nm ( t  17 450). 

Anal. Calcd for C15H23N03: C, 67.90; H,  8.74; N, 5.28. Found: C, 
67.95; H, 8.92; N, 5.33. 

(S)-(-)-3- tert-Butoxy-2-methyl-1-propanol (1). A solution of 
the crude urethane ether 10 from the preceding experiment and 79.7 
g (1.42 mol) of KOH in 915 ml of EtOH was stirred and refluxed for 
1.5 h. The resulting slurry was then cooled and concentrated to ap- 
proximately one-half its original volume on a rotary evaporator. The 
residue was chilled in an ice bath, treated with ether, and cautiously 
acidified with 3 N aqueous HC1 (gas evolution). The ether layer was 
separated and the aqueous layer was extracted three times with ether. 
The combined ether layers were washed twice with 3 N HC1, saturated 
NaHC03, and brine, then dried, filtered, and concentrated in vacuo. 
The residual mixture of oil and solid was distilled at  water aspirator 
pressure using a &in. Vigreux column. After removal of a small 
amount of forerun, the hydroxy ether 11 was obtained as a colorless 
liquid, bp 78-80 "C (14 mm) (22.2 g, 64.1% overall yield based on acid 
8). GC analysis of this material indicated a purity of 98%. 

In a separate experiment, the crude hydrolysis product (11.1 g) was 
chromatographed on 500 g of silica gel. Elution with 2:l and 1:l hex- 
ane-ether afforded 5.9 g of the hydroxy ether 11 which was distilled 
giving 5.1 g of a colorless liquid, bp 77 "C (15 mm), [alZ5D -0.35' (c 
3.96, CH1OH). Their  and lH NMR spectra, GC retention time, and 
TLC mobility (system B) of this material were identical with those 
of the (R) - (+)  enantiomer. No resolutions of the tert-butyl or methyl 
resonances were detectable when the lH NMR spectrum was run in 
the presence of Eu(hfbc)s. 

Anal. Calcd for C8H1802: C, 65.71; H,  12.41. Found: C, 65.51; H, 
12.23. 

(5 ) - (+ ) -3 -  tert-Butoxy-2-methyl-I-bromopropane (14). A 
solution of 25.8 g (0.176 mol) of hydroxy ether 12 and 50.5 g (0.193 
mol) of triphenylphosphine in 105 ml of CHZC12 was stirred while 32.8 
g (0.184 mol) of N-bromosuccinimide was added in portions, keeping 
the temperature below 30 "C with occasional ice-bath cooling. The 
resulting solution was stirred at  room temperature for 1 h, then most 
of the solvent was distilled under water aspirator pressure using a 
Vigreux column. The product was distilled from the residue using a 
short distilling head giving 0.7 g of forerun, bp 58-62 "C (23 mm), and 
then the main fraction (31.1 g), bp 62-69 "C (14-18 mm). The total 
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distillate (31.8 g) was chromatographed on 450 g of silica gel. Elution 
with 19:l and 9 1  hexane-ether yielded the pure bromo ether 14 which 
was distilled giving 26 g (70.6%) of colorless liquid, bp 71 "C (16 mm), 
[(uIz5D +23.32" (c 4.23, CsH6). An analytical sample was obtained from 
another similar preparation as a colorless liquid: bp 56-57 "C (10 mm); 

3.27 (d, 2, J = 6 Hz, -CHz-), 2.06 (m, 1, >CHCH3), 1.20 (s, 9, -0-t- 
C4H9), 1.01 ppm (d, 3, J =7 Hz, CH&H<). 

Anal. Calcd for C&17BrO: C, 45.95; H, 8.19; Br, 38.21. Found: C, 
46.13; H, 8.36; Br, 38.45. 

Mixture of (2R,4R,6R)- and (2R,4S,GR)-l-tert-Butoxy- 
2,6,1O-trimethylundecan-4-01 (16). T o  a stirred mixture of 1.01 g 
(0.0421 g-atom) of powdered magnesium in 10 ml of anhydrous THF 
were added a crystal of iodine and a few drops of a solution of 7.35 g 
(0.0351 mol) of bromide 14 in 14 ml of dry THF. The mixture was 
brought to reflux and after reaction had begun, the remainder of the 
bromide solution was added dropwise to the refluxing mixture. After 
the addition was complete, the reaction mixture was stirred a t  reflux 
for an additional 1 b, then cooled to 0-5 "C, whereupon a solution of 
5.48 g (0.0351 mol) of (R)-(t)-dihydrocitronellal (2716 in 27 ml of dry 
THF was added dropwise keeping the temperature a t  4-8 "C. The 
reaction mixture was stirred for 3 h a t  room temperature, then treated 
with water and saturated aqueous NH&l solution. The product (9.5 
g) was isolated by ether extraction using the usual workup procedure 
and then chromatographed on 450 g of silica gel. Elution with 4:l and 
2:l hexane-ether gave the desired product (TLC, system B) which 
was distilled under high vacuum. There was obtained 6.1 g (61%) of 
the carbinol mixture 16 as a colorless oil, bp 9&114 "C (0.05 mm). Gas 
chromatographic analysis indicated the presence of two components 
in a ratio of 1.45:l. In another, similar experiment, an analytical 
specimen of 16 was obtained as a colorless oil: bp 75-85 "C (bath 
temperature) (0.05 mm); [aIz5D t2.42' (c 2.07, CH30H); ir 3375 cm-I 
(OH). 

Anal. Calcd for C18HS8O2: C, 75.45; H ,  13.37. Found: C, 75.13; H, 
13.38. 

(2R,6R)-( t ) -  1- tert-Butoxy-2,6,10-trimethylundecan-4-one 
(17). A solution of 6 g (0.021 mol) of the hydroxy ether mixture 16 in 
90 ml of acetone was stirred with ice bath cooling while 6 ml (0.024 
mol of 4 M aqueous HzCr04 solutionz1) was added dropwise, over a 
12-min period. The reaction mixture was treated with 12% aqueous 
NaHS03 solution and water and the product was isolated by ether 
extraction in the usual way giving 5.9 g of a colorless oil. This material 
was chromatographed on 300 g of silica gel. Elution with 19:l hex- 
ane-ether gave the desired keto ether 17 which was distilled under 
high vacuum yielding 5.0 g (83.8%) of a colorless oil: bp 87-95 "C (0.03 
mm); [?]*'D +6.62" (c 2.03, CH30H); ir 1700 cm-' (ketone C=O). The 
analytical specimen obtained from another experiment exhibited 
[a]"D t7.04" (C 2.02, CH30H). 

Anal. Calcd for C18H3602: C, 76.00; H, 12.76. Found: C, 76.04; H ,  
12.86. 
(2R,6R)-l-Hydroxy-2,6,1O-trimethylundecan-4-one (18). A 

5-g (0.0176 mol) sample of keto ether 17 was stirred at  0 "C while 62.5 
m of cold trifluoroacetic acid was added dropwise over 0.5 h. The re- 
sulting solution was kept at  0 "C for 4.5 h, then poured onto a mixture 
of ice and excess 10% aqueous NaOH. The product was isolated by 
ether extraction in the usual manner giving 3.98 g (99%) of the ketol 
18 as a pale-yellow oil: ir (neat) 3400 (OH), 1700 cm-l (ketone 
C=O). 
(2R,6R)-(t)-2,6,10-Trimethylundecan-l-ol (19) f rom Keto1 

18. A mixture of 3.98 g (0.0174 mol) of ketol 18, 108 ml of diethylene 
glycol, 25 g of KOH, and 43.5 ml of hydrazine hydrate was stirred and 
heated until distillation began. Distillation was then continued unti! 
the internal temperature of the reaction mixture reached 195 "C, then 
the mixture was maintained at  reflux for 4 h. After cooling, the re- 
sulting mixture was treated with ice and 3 N aqueous HC1 and worked 
up by ether extraction in the usual manner giving 2.9 g of a pale-yellow 
oil. This material was chromatographed on 180 g of silica gel. Elution 
with 4:l hexane-ether yielded the desired product, alcohol 19,4 which 
was evaporatively distilled affording 2.22 g (59.7%) of a colorless oil, 
bp 90-105 "C (bath temperature) (0.2 mm), [a I z5D +9.44O ( e  2.04, 
hexane) [lit.4 [aIz5D t9.36" ( e  2.02 hexane), bp 76-78 "C (0.05 mm)]. 
GC analysis indicated a purity of >99%. 
(R)-(+)-3,7-Dimethyl-l-octanol p-Toluenesulfonate (31):To 

a solution of 14.2 g (0.09 mol) of (R)-(+)-dihydrocitronellol (30fi3*8) 
in 250 ml of anhydrous pyridine at  0 "C was added 34.4 g (0.18 mol) 
of p-toluenesulfonyl chloride in portions. The resulting mixture was 
kept at  0 "C for 22 h, then treated with ice water. The precipitated 
oil was extracted with ether and the ether extracts were combined, 
washed with cold 1 N aqueous HC1, saturated aqueous NaHC03, and 
water, then dried over anhydrous KzCOs-NazSO4. After filtration 

[CU]~'D t22.34' (C 4.09, CsHs); NMR 6 3.50 (d, 2,  J = 5 Hz, -CH2-), 

and removal of the solvent in vacuo, there was obtained 27.9 g (99.3%) 
of the tosylate 31 as a yellow oil. This material was used without fur- 
ther purification: ir (neat) 1585, 1180, 1170 cm-'. 

(S)-( +)-3-  tert-Butoxy-2-methyl-1-propanol p-Toluenesul- 
fonate (13). Using the Qrocedure of the previous experiment, the 
hydroxy ether 12 was converted into the tosylate 13 in quantitative 
yield. The tosylate was obtained as a colorless liquid which was used 
without further purification: [aIz5D t8.18" (c 4.22, CsHs); ir 1595, 
1360,1180,1170 cm-l. 
(R)-(-)-l-Bromo-3,7-dimethyloctane ( 3 2 ) .  To a solution of 10 

g (0.0633 mol) of 30 and 18.1 g (0.069 mol) of triphenylphosphine in 
38 ml of CHZClz was added 11.8 g (0.0663 mol) of N-bromosuccini- 
mide" in portions, with occasional ice-bath cooling, keeping the 
temperature below 30 "C. After stirring at  room temperaure for 1 h, 
the solvent was removed in vacuo (aspirator). The residue was treated 
with hexane and filtered and the solids were washed thoroughly with 
hexane. Concentration of the combined hexane extracts left 15 g of 
crude bromide which was chromatographed on 300 g of silica gel. 
Elution with hexane and 49:l hexane-ether gave the pure bromide 
32 which was distilled, affording 11.5 g (82.3%) of a colorless liquid, 
bp 105-108 "C (18 mm), [aIz5D -5.7" (neat) [lit.25 bp 102-107 "C (15 
mm), [a]20D -4.6" (neat)]. 

(2R,6R) - ( t  ) - 1 - tert-Butoxy-2,6,l0-trimethylundecane (20) 
from 15 and 31. A solution of the Grignard reagent 15 was prepared 
from 3.34 g (0.016 mol) of the bromo ether 14 and 0.42 g (0.0176 g- 
atom) of magnesium powder in a total of 14 ml of dry THF as de- 
scribed above. To a stirring solution of 2 g (6.4 mmol) of the tosylate 
31 in 6 ml of dry THF cooled to -78 oC23a was added 7 ml(-8 mmol) 
of this Grignard solution dropwise followed by 0.33 ml of an 0.1 M 
L i 2 C ~ C 1 4 ~ ~  solution in dry THF. The resulting mixture was stirred 
at  -78 "C for 10 min, then in an ice bath (0-5 "C) for 2 h, and finally 
at  room temperature for 16.5 h. The reaction mixture was treated with 
1 N aqueous HzS04 and the product was isolated by extraction with 
ether in the usual manner. Chromatography of the crude product (1.7 
g) on silica gel (50 parts) afforded pure ether 20 (eluted with 49:l 
hexane-ether). Evaporative distillation gave 1.19 g (68.8%) of colorless 
oil: bp 75-80 "C (bath temperature) (0.05 mm); [(uIz5D t1.29" (e  2.01, 
hexane); mass spectrum mle 270 (M+). 

Anal. Calcd for C18H380: C, 79.93; H, 14.16. Found: C, 80.14; H, 
14.32. 
(2R,6R)-(t)-l-tert-Butoxy-2,6,lO-trimethylundecane (20) 

from 13 and 33. A mixture of 2.33 g (0.097 g-atom) of powdered 
magnesium and a few iodine crystals in 23 ml of dry THF was stirred 
at  reflux temperature while a solution of 17.9 g (0.08 mol) of brgmide 
32 in 51 ml of dry THF was added dropwise over 1 h. The mixture was 
stirred a t  reflux for an agditional 1 h, then cooled to room tempera- 
ture. To a solution of 19.5 g (0.065 mol) of tosylate 13 in 56 ml of dry 
THF, stirring at  -78 "C, was added the Grignard solution (33) 
dropwise, followed by 3.3 ml of a 0.1 M LinCuC14 solution in dry THF. 
The resulting mixture was stirred a t  -78 "C for 10 min, for 2 h in an 
ice bath, and finally for 18 h a t  room temperature. At the end of this 
time, the reaction mixture was treated with 1 N aqueous HzS04 and 
workup was carried out by extraction with ether in the usual manner. 
The crude product was chromatographed on 450 g of silica gel. Elution 
with 19:l hexane-ether gave the desired product, which was distilled 
under high vacuum yielding 12.5 g (71.4%) of 20 as a colorless oil, bp 
91-95 "C (0.3 mm), [aIz5D t0.94" (c 2.01, hexane). This material was 
virtually identical with that prepared in the preceding experiment 
by spectral, TLC (systems B and C), and GC comparison. GC analysis 
indicated a purity of 98.3%. 
(2R,6R)-(+)-2,6,10-Trimethylundecan-l-ol (19) from Ether  

20. A 16.9-g (0.0626 mol) sample of ether 20 was treated dropwise with 
cold trifluoroacetic acid (226 ml) a t  0 OC. The resulting solution was 
kept a t  0 "C for 4 h, then concentrated a t  water aspirator pressure. 
To the residue was added 400 ml of 5% methanolic NaOH solution. 
After stirring at  room temperature for 15 min, the alkaline mixture 
was diluted with water and extracted with ether. The crude product 
(13.5 g) isolated from the ether extracts in the usual manner was 
chromatographed on 500 g of silica gel. The alcohol 1g4 was eluted with 
4:l hexane-ether and distilled under high vacuum, giving 12.2 g (91%) 
of colorless oil, bp 96-99 "C (0.4 mm), [aIz5D +9.13' (c 2.17, hexane). 
GC analysis indicated a purity of >99%. 
(2R,6R)-(-)-l-Bromo-2,6,lO-trimethylundecane (21) from 

Alcohol 19. A 12.1-g (0.0565 mol) sample of alcohol 19 from the pre- 
ceding experiment was treated with N-bromosuccinimide (10.65 g, 
0.0598 mol) and triphenylphosphine (16.5 g, 0.063 mol) in CHzClz (40 
ml) using the procedure described above for prgparation of 32. After 
purification by column chromatography and distillation, there was 
obtained 13.7 g (88.4%) of bromide 214 as a colorless oil, bp 90-93 "C 
(0.4 mm), [aIz5D -1.152' (neat) [ l k 4  bp 94-95 "C (0.25 mm), [ a I z 5 D  
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-0.73' ( e  1.92, hexane)]. 
(2R,6R)-(-)-l-Bromo-2,6,lO-trimethylundecane (21) f rom 

Ether  20. A mixture of 1 g (3.7 mmol) of ether 20 and 10 ml of 48% 
aqueous HBr was stirred and heated at  reflux for 5.75 h. The resulting 
mixture was cooled and worked up by ether extraction in the usual 
manner giving 0.9 g of crude product. This material was chromato- 
graphed on 30 g of silica gel. Elution with 49:l hexane-ether gave the 
pure bromide 21 which was evaporatively distilled yielding 0.748 g 
(73.4%) of a colorless oil, bp 83-85 "C (bath temperature) (0.15 mm). 
GC analysis indicated a purity of 96.9%. 

( R ) - (  +)-1- tert-Butoxy-2,6-dimethylheptane (23). A solution 
of the tosylate 13 (8.6 g, 0.0286 mol) in 30 ml of dry THF was stirred 
a t  -70 "C while 2 1  ml of 3-methyl-1-butylmagnesium bromide solu- 
tion [prepared from 10.82 g (0.07 mol) of 1-bromo-3-methylbutane 
and 2.06 g (0.086 g-atom) of magnesium powder in a total of 40 ml of 
THF] was added dropwise followed by 1.47 ml of 0.1 M LizCuC14 so- 
lution in THF. The resulting mixture was stirred at  -70 "C for 10 min, 
in an ice bath for 2 h, and at  room temperature for 18 h, then treated 
with 1 N aqueous H2S04 and worked up by ether extraction in the 
usual manner. The crude, oily product (8.0 g) was chromatographed 
on 250 g of silica gel. Elution with 9:l hexane-ether afforded 4.72 g 
(82.7%) of pure ether 23. A sample prepared in this way was distilled, 
giving a colorless liquid, bp 94-96 "C (20 mm), [a]25D +9.91" (c 1.22, 
CsH6). 

Anal. Calcd for C13H280: C, 77.93; H,  14.08. Found: C, 78.08; H, 
14.40. 
(R)-(+)-2,6-Dimethylheptan-l-o1(24). Treatment of the ether 

23 with trifluoroacetic acid using the procedure described above for 
conversion of 20 to 19 gave the alcohol 24,26 in 90% yield, as a colorless 
liquid: bp 92-95 "C (bath temperature) (16 mm); [a]25D +10.14' ( e  
2.01, C6H6); ir (CHCls) 3625 cm-l (OH). 

Anal. Calcd for CsHzoO: C, 74.93; H. 13.97. Found: C, 74.68; H, 
14.08. 
(R)-(-)-3,7-Dimethyloctanenitrile (26). Treatment of the al- 

cohol 24 (3.37 g, 0.0234 mol) with p-toluenesulfonyl chloride (8.89 g, 
0.0468 mol) in 75 ml of pyridine, using the procedure described above 
for preparation of 31, gave the tosylate 25 (6.91 g), as a pale-yellow 
oil. Without further purification, this material was dissolved in 72 ml 
of EtOH and treated with a solution of 2.27 g (0.0463 mol) of NaCN 
in 8 ml of water. The resulting mixture was stirred and refluxed for 
16 h, then cooled and poured into ice water. Workup with CHZC12, in 
the usual manner, gave 3.57 g of crude nitrile 26 as a yellow oil which 
was used without further purification. In a separate experiment, a 
sample of the crude nitrile was chromatographed on silica gel (30 
parts). Elution with 19:l and 9:l  hexane-ether, followed by evapo- 
rative distillation, furnished pure (Tlc, system B) 26 as a colorless 
liquid: bp 106-108 'C (bath temperature) (20 mm); [aIz5D -3.51' ( e  
2.08, CsH6); ir 2250 cm-l (CGN) [lit.27 bp 120-122 "C (35 mm); [a]"'D 
-4.6" (neat)]. 

Anal. Calcd for CloH19N: C, 78.36; H, 12.49; N, 9.14. Found: C, 78.50; 
H, 12.61; N, 9.08. 
(R)-(+)-3,7-Dimethyloctanoic Acid (28) .  A solution of the crude 

nitrile from the preceding experiment (3.57 g) in 81 ml of ethylene 
glycol was treated with a solution of 10 g of KOH in 9 ml of water and 
the resulting mixture was stirred and refluxed for 17 h. After cooling 
to room temperature, the reaction mixture was diluted with water and 
extracted with ether (the ether extract was discarded). The aqueous, 
alkaline solution was then acidified with 6 N HC1 and worked up with 
ether in the usual manner. The residue was evaporatively distilled 
giving 3.54 g (88% based on 24) of pure (TLC, system B) acid 28"lS 
as a colorless oil, bp 86-88 "C (bath temperature) (0.10 mm), [a]"D 
+7.49' ( e  5, CHC13) [lit.18 bp 109" (3 mm), [aIz0D t 5.70' (neat)]. 

Enantiomeric Puri ty  of Acid 28. A 108-mg (0.63 mmol) sample 
of acid 28 prepared as described above [a mixture of two lots having 
[ c Y ] ~ ~ D  +i.25 and +7.4Z0 ( e  5, CHC13)] was converted into the amide 
29, a yellow solid (183 mg, 97.3%), using the previously described 
procedure.28 Analysis of this amide sample by HPLCg8 revealed a 
comDosition of 99.1 f 0.05% R,3R (capacity ratio h' = 6.8) and 0.9 f - -  
0.05%R,3S (k' = 8.5). 
(RI-(+)-3.7-Dimethvloctan-l-o1 (30). A solution of 3.33 g. (0.0194 

mil) of acid 28 (prepare; as described above, starting from 12) in 100 
ml of benzene was treated with 16.3 ml of 70% sodium bis(2- 
methoxyethoxy)aluminum hydride in benzene. The resulting mixture 
was stirred and refluxed for 2 h, then cooled and cautiously poured 
into 1 N HC1. Workup with ether in the usual manner (the combined 
ether extracts were additionally washed with aqueous NaHCO 3)  af- 
forded a yellow oil which was evaporatively distilled. There was ob- 
tained 2.97 g (97%) of 30 (GC purity >99%), as a colorless liquid, bp 
98-100 'C (bath temperature) (8 mm), [aIz5D +4.20° (c  5, CHClJ [lit:j 
bp 92 "c (0.4 mm). [CY]~* 'D + 5.23" (neat)]. 

( S ) - (  -)-6-Benzyloxy-2,5,7,8-tetramethylchroman-2-ethanol 
(35). A 70% solution of sodium bis(2-methoxyethoxy)aluminum hy- 
dride in benzene (35 ml) was stirred with ice-bath cooling while a 
solution of 20.55 g (0.0558 mol) of ester 344 in 50 ml of benzene was 
added dropwise over 80 min keeping the temperature below 20 "C. 
The resulting solution was stirred a t  room temperature for 2 h, then 
cautiously poured onto a mixture of ice and 1 N aqueous NaOH. 
Workup by means of ether extraction in the usual manner afforded 
19.8 g of a viscous, colorless oil. This material was triturated with 
petroleum ether (bp 30-60 "C) and the resulting solid was filtered, 
washed with petroleum ether, and dried under high vacuum, giving 
14.95 g (78.7%) of chromanethanol35 as a colorless solid: mp 55-56 
"C; [alZ5D -16.21' ( c  2.03, CHC13); ir 3550 cm-l (OH). 

Anal. Calcd for C22H2~03: C, 77.61; H, 8.29. Found: C, 77.16; H,  
8.20. 

An additional 3.26 g (17.2%) of 35 was obtained from the petroleum 
ether mother liquor. 

( S ) -  (+)-6-Benzyloxy-2,5,7,8-tetramethylchroman-2-ethanol 
p-Toluenesulfonate (36). Using the procedure described above for 
preparation of 31, the chromanethanol 35 was converted into the 
tosylate 36 which was obtained in essentially quantitative yield as a 
pale-yellow glass, [ C ~ ] ~ ' D  +8.40° ( c  1.13, C&). 

Anal. Calcd for C29H340jS: C, 70.42; H, 6.93. Found C, 70.39; H, 
7.07. 

(S) -6-Benzyloxy-2,5,7,8-tetramethylchroman-2-ethanol 
Methanesulfonate (37). Treatment of the alcohol 35 (0.5 g, 1.47 
mmol) with methanesulfonyl chloride (0.37 g, 3.2 mmol) in pyridine 
(5 ml), using the procedure described above for preparation of 31, gave 
0.587 g (95.6%) of the mesylate 37 a s a  colorless solid, mp 81-83 "C, 

Anal. Calcd for C23H300jS: C, 66.00; H, 7.22. Found C, 66.15; H, 
7.25. 

(2R,4'R,8'R)-(u-Tocopheryl Benzyl Ether  (1, R = CHzC6H.s) 
f rom the  Mesylate 37. A mixture of 0.216 g (9 mg-atom) of magne- 
sium powder and a crystal of iodine in 2.1 ml of anhydrous THF was 
stirred and treated with a few drops of a solution of 2.07 g (7.5 mmol) 
of bromide 21 in 4.9 ml of dry THF. The mixture was brought to reflux 
and after reaction had begun, the remainder of the bromide solution 
was added dropwise a t  reflux. After the addition was complete, the 
mixture was stirred at  reflux for an additional 1 h, then cooled to room 
temperature. This solution, containing the Grignard reagent 22, was 
then added dropwise to a stirring mixture of the mesylate 37 (2.4 g, 
5.7 mmol) in 4.7 ml of dry THF,  cooled to -72 "C. After the addition 
of 0.27 ml of 0.1 M LiZCuC14 solution in THF,  the reaction mixture 
was stirred for 10 min at  -72 "C, then for 2 h in an ice bath, and finally 
for 24 h at  room temperature. After treatment with aqueous 1 N 
HzS04, the mixture was worked up by ether extraction in the usual 
manner, giving 3.6 g of the crude product as a yellow oil. This material 
was chromatographed on 200 g of silica gel. Fractions eluted with 
hexane gave 1.0 g of oily material rich in the desired product (TLC, 
system C). This material was further purified by rechromatography 
and by preparative thin layer chromatography (silica gel, 19:l hex- 
ane-ether) yielding 0.34 g (14.4%) of pure ether (1, R = CHzCsHi) as 
a pale yellow oil: [aIZ5D +0.72" (c 1.95, CsH6); NMR 6 7.34 (m, 5, 
CsHj-), 4.62 (s, 2, C6H3CH2-), 2.56 (t, 2, J = 7 Hz, ArCH2-), 2.18 (s, 
3, ArCH3), 2.13 (s, 3, ArCHS), 2.08 (s, 3, ArCH3), 1.76 (t, 2,  J = 7 Hz, 
ArCHZCHZ-), 1.21 (s, CHzCO-), 0.84 ppm [overlapping d's, 12,  
>CHCH? and (CH3)zCH-1; mass spectrum mle 520 (M+). 

Anal. Calcd for C36Hj602: C, 83.02; H, 10.84. Found: C, 83.22; H, 
10.90. 

(2R,4'R,8'R)-a-Tocopheryl Benzyl Ether  (1, R = CHzCcHs) 
from the  Tosylate 36. A solution of the Grignard reagent 22 was 
prepared as described in the preceding experiment, from 2.68 g (9.7 
mmol) of the bromide 21 and 0.28 g (11.7 mg-atoms) of magnesium 
powder in a total of 8.9 ml of dry THF. This Grignard solution was 
then added dropwise with stirring to a solution of 3.63 g (7.35 mmol) 
of the tosylate 36 in 6.3 ml of dry THF,  cooled to -78 'C. After the 
addition of 0.36 ml of 0.1 M LiZCuC14 solution in THF, the reaction 
mixture was stirred for 10 min at  -78 "C, then for 2 h inpn ice bath, 
and finally at  room temperature for 19 h. Treatment with 1 N aqueous 
H2S04 was followed by workup by ether extraction in the usual 
manner giving 4.3 g of crude product. This material was chromato- 
graphed on 200 g of silica gel. Elution with 19:l hexane-ether afforded 
3.55 g (93%) of ether 1 (R = CHzC6Hj) as a viscous, colorless oil. This 
material was virtually identical by spectral and TLC comparison with 
that prepared in the preceding experiment. 

(2R,4'R,8'R)-~~-Tocopheryl Acetate (1, R = Ac). A solution of 
the benzyl ether from the preceding experiment (3.55 g, 6.83 mmol) 
in 63 ml of ethyl acetate was stirred in an atmosphere of hydrogen in 
the presence of 1.77 g of 5% palladium on carbon catalyst. After hy- 

[aIZ5D -0.36" ( C  0.82, CsHs). 
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drogen uptake ceased, the catalyst was filtered and the filtrate was 
concentrated in vacuo yielding 2.90 g of (2R,4'R,8'R)-a-tocopherol 
(1, R = H) as a colorless oil. A solution of this material in 18 ml of dry 
pyridine and 14.5 ml of acetic anhydride was kept a t  room tempera- 
ture for 20 h, then concentrated under high vacuum. The residue was 
worked up with hexane in the usual manner, giving a viscous oil which 
was chromatographed on silica gel (250 g). Elution with 9:1 hexane- 
ether afforded 2.5 g (78.7%) of pure (TLC, system C) acetate (1, R = 
Ac) as a colorless oil. A 2.4-g sample of this material was evaporatively 
distilled yielding 2.37 g of a colorless oil: bp 180-200 "C (bath tem- 
perature) (0.7 f i ) ;  [a]*'D +3.03' (c 5.1, EtOH); uv max 278 mm (c 
1770), 284 (2000), infl287 (1960); NMR 6 2.56 (t, 2, J = 7 Hz, ArCHp), 
2.27 (s, 3, -OCOCH3), 2.07 (s, 3, ArCHa), 1.99 (9, 3, ArCHa), 1.95 (s, 
3, ArCH3), 1.75 (t, 2, J = 7 Hz, ArCH2-), 1.21 (s, CHsCO), 0.85 ppm 
[overlapping d's, 12, CHsCH< and (CH3)2CH-]; mass spectrum m/e 
472 (Mt) ,  430 (base) [lit.2b [aI2'D +3.2' (EtOH)]. This material was 
identical with an authentic sample of d-a-tocopheryl acetate by GC 
and TLC comparison. 

Acknowledgments. We wish to express our gratitude to 
Dr. N. Palleroni and Mr. B. Tabenkin and their associates 
(Microbiology Department, Hoffmann-La Roche Inc., Nutley, 
N.J.) for carrying out the bacterial oxidation of isobutyric acid. 
The assistance provided by Dr. C. G. Scott and his associates 
(Separations Laboratory, Physical Chemistry Department, 
Hoffmann-La Roche Inc., Nutley, N.J.), regarding many of 
the GC and LC separations required in this work must also 
be acknowledged. Most of the spectral, microanalytical, and 
polarimetric determinations reported herein were carried out 
by the personnel of the Physical Chemistry Department, 
Hoffmann-La Roche Inc., Nutley, N.J. 

Registry No.-1 (R = C H ~ C ~ H S ) ,  59965-06-9; 1 (R = H), 59-02-9; 
1 (R Ac), 58-95-7; (S)-(+)-6,26543-05-5; (+)-6,44520-17-4; (S)-(+)-7, 
59965-07-0; ( f ) - 7 ,  60018-10-2; 8, 59965-08-1; 9, 59965-09-2; 10, 
59965-10-5; 11, 59965-11-6; (R)-(+)-12, 59982-04-6; (f)-12, 60018- 
11-3; 13, 59965-12-7; 14, 59965-13-8; (2R,4R,6R)-16, 59965-14-9; 
(2R,4S,6R)-16, 60018-12-4; 17, 59965-15-0; 18, 59982-05-7; 19, 
54154-25-5; 20, 59965-16-1; 21, 54154-27-7; 23, 59965-17-2; 24, 
59983-44-7; 25, 59965-18-3; 26, 33885-93-7; 27, 60018-13-5; 28, 
32531-52-5; 30, 1117-60-8; 31, 59965-19-4; 32, 59965-20-7; 34, 
58846-72-3; 35,60018-14-6; 36,59965-21-8; 37,59965-22-9; isobutyl- 
ene, 115-11-7; benzyl alcohol, 100-51-6; methacrylonitrile, 126-98-7; 
(f)-3-benzyloxy-2-methylpropionitrile, 59965-23-0; (+)-methyl 3- 
benzyloxy-2-methylpropanoate, 59965-24-1; (&)-3-benzyloxy-2- 
methylpropanoic acid, 59965-25-2; phenyl isocyanate, 103-71-9; N- 
bromosuccinimide, 128-08-5; p-toluenesulfonyl chloride, 98-59-9; 
3-methyl-1-butyl bromide, 107-82-4; methanesulfonyl chloride, 
124-63-0. 

Supplementary Material Available. A table containing the gas 
chromatographic analytical data pertaining to many of the com- 
pounds described above (1 page). Ordering information is given on 
any current masthead page. 

References and Notes 
(1) H. Mayer, P. Schudel, R. Ruegg, and 0. Mer, Helv. Chim. Acta, 46, 650 

(1963). 
(2) For reviews of the chemistry and synthesis of a-tocopherol and related 

compounds see (a) H. Mayer and 0. Isler, in "Methods in Enzymology", 
VoI. XVIII, Part C, S. P. Colowick and N. 0. Kaplan, Ed., Academic Press, 
New York, N.Y., 1971, pp 241-348; (b) P. Schudel, H. Mayer, and 0. isler 
in "The Vitamins", Vol. V, W. H. Sebrell, Jr., and R. S. Harris, Ed.. Academic 
Press, New York, N.Y., 1972, pp 168-218. 

(3) The description of intermediates throughout this paper by number of carbon 
atoms refers only to those carbon atoms destined, ultimately, to form Dart 
of the a-tocopherol skeleton. 

59, 290 (1976). 
(4) J. W. Scott, F. T. Bizzarro, D. R. Parrish, and G. Saucy, Helv. Chim. Acta, 

(5) J. W. K. Burrell, R. F. Garwood, L. M. Jackman, E. Oskay, and B. C. L. 

(6) K. K. Chan, N. Cohen, J. P. De Noble, A.  C. Specian, Jr., and G. Saucy, J. 

(7) C. T. Goodhue and J. R. Bchaeffer, Biofechnol. Bioeng., 13, 203 (1971). 
(8) H. C. Beyerman and G. L. Heiszwolf, Red. Trav. Chim. Pays-Bas, 84, 203, 

(1965). 
(9) Z. G. Hajos. R. A. Micheli, D. R. Parrish, and E. P. Oliveto, J. Org. Chem., 

32, 3008 (1967). 
(IO) C. F. Lane, H. L. Myatt, J. Daniels, and H. B. Hopps, J. Org. Chem., 39, 3052 

(1974). 
(1 1) Goodhue and Schaeffer7 do not comment on the enantiomeric purity of 

the acid 6. These workers do note, however, tha the carbaniiate derivative 
8 obtained from a purified sample of the bacterially produced acid exhibited 
a rotation equal and opposite to that of the R enantiomer derived from 
fhreo-3-methyl-~-aspartic acid.12a In our hands, samples of acid 6 having 
a GC purity of >99% typically showed [cx]'~D values in the range of 
+12-+13° (c 12, EtOH). The acid 6 has also been prepared by resoiu- 
tion.'2b 

(12) (a) M. Sprecher and D. B. Sprinson, J. Bid. Chem., 241, 868 (1966); (b) 
J. Retey and F. Lynen. Biochem. Z., 342, 256 (1965). 

(13) (a) M. D. McCreary, D. W. Lewis, D. L. Wernick, and G. M. Whitesides, J. 
Am. Chem. Soc., 96, 1038 (1974); (b) H. L. Goering, J. N. Eikenberry, G. 
S. Koermer, and C. J. Lattimer, ibid, 96, 1493 (1974). 

(14) Racemic 615 was prepared by a sequence involving conjugate addition of 
benzyl alcohol to methacrylonitrile, methanolysis of the resulting nitrile 
adduct, saponification and catalytic hydrogenolysis of the benzyl ether. 
Racemic 7 and 12 were prepared from racemic 6 in a manner identical 
with that described for the optically active compounds; see the Experi- 
mental Section. 

Weedon, J. Chem. SOC. C, 2144 (1966). 

Org. Chem., preceding paper in this issue. 

(15) E. E. Blaise and I. Herman, Ann. Chhirn. Phys., 17, 371 (1909). 
(16) The determination of enantiomeric purity of some related acid derivatives 

using chiral shift reagents has been reported: 0. Korver and M. van Gorkum, 
Tetrahedron, 30, 4041 (1974). 

(17) E. E. Schweizer, W. S. Creasy, K. K. Light, and E. T. Shaffer, J. Org. Chem., 
34. 212 (1969). 

(18) i. Plesek, Collect. Czech. Chem. Commun., 22, 644 (1975). 
(19) In model studies with racemic compounds, attempted Witti coupling of 

phosphoranes related to 15 [i.e., 4, X = OR; Y = =P(CeH&f with (f)-27 
led to comnlex nroduct mixtures Dossiblv owina to decomDosition of the 
phosphoratk via cyclopropane fo;matioi Cf. KrUtimoto. M. Tamura, and 
K. Sisido, Tetrahedron, 29, 1169 (1973). 
Attempted dehydration of (*)-I6 (a mixture of four racemates) or the 
corresponding I-benzyioxy analogue with POCI, led to complex mixtures 
in which the tetrahydrofuran i was the major component. This cyclic ether 

H ,C JZLr-2 1 CH, 

was formed when (&)-le and related compounds were treated with pto l -  
uenesuifonyl chloride-pyridine as well. 
K. Bowden, I. M. Heilbron, E. R. H. Jones, and B. C. L. Weedon, J. Chem. 
Soc.. 39 119461. _.. , _ _  ~ . .- 

(22) L. F. Fieser andM. Fieser, "Reagents for Organic Synthesis", Vol. 1. Wiley, 
New Ycrk, N.Y., 1967, p 434. 

(23) (a) G. Fouquet and M. Schlosser, Angew. Chem., lnf. Ed. Engl., 13, 82 
(1974); (b) M. Schlosser, /bid., 13, 701 (1974). 

(24) M. Tamura and J. Kochi, Synthesis, 303 (1971). 
(25) Derived from (R)-dihydrocitronello1.6,i8 The bromide 32 has been prepared 

previously in optically impure form: P. C. Jocelyn and N. Polgar, J. Chem. 
SOC., 132 (1953). 

(26) The racemic modification of this compound has been reported previously: 
H. Hover, M. Mergard, and F. Korte, Jusfus Liebigs Ann. Chem., 685, 89 
(1965). 

(27) This compound has previously been prepared in optically impure form: I. 
J. Bolton, R. G. Harrison, and B. Lythgoe, J. Chem. SOC. C, 2950 
(1971). 

(28) D. Valentine, Jr., K. K. Chan, C. G. Scott, K. Johnson, K. Toth, and G. Saucy, 
J. Org. Chem., 41, 62 (1976). 

(29) Methodology for the direct analysis of enantiomeric composition at all three 
centers of the intact a-tocopherol molecule does not exist, presently. The 
chirality at Cp appears to be largely responsible for the observed optical 
and chiropticai properties.' Thus, such properties provide little information 
regarding the enantiomeric composition at the Cd' and Cg, centers. It is 
assumed, in the present work, that, on the basis of the demonstrated en- 
antiomeric purity of the synthons employed and the manner in which they 
were assembled, the final product is at least 96% the 2R,4'R,8'R isomer, 
The use of ten-carbon intermediates derived from (R)-pulegone introduces 
a small amount of 8'5 epimer.6 


