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Using 1,2-dicyclohexyl-1,2-ethanediol as chiral auxiliary, the 
enantiomerically pure 2-pentenylboronate 9c was obtained. Its 
addition to benzaldehyde proceeded with complete transfer of 
chirality to give the syn-E-homoallyl alcohol 11. The ability of 
the reagent 9c to create new stereocenters under reagent control 
of diastereoselectivity was tested in its addition to the chiral al- 
dehydes 15 and 24. This resulted in a short and stereospecific 
synthesis of invictolide (18), as well as of a C-9/C-15-partial struc- 
ture 25 of erythronolide A. 

One strategy for the synthesis of natural products of po- 
lyketide-derived biogenesis, especially for the synthesis of 
polypropionate molecules2), consists in an iterative sequence 
of chain elongation steps. 

PGO PGO 0 

-- 
PG = protectivegroup 

Stereoselektive Syntbese von Alkoholen, XXXI'? - Stereosdektive 
C- C-Bindungsbildung mit Hilfe chirakr Z-Pentenylboro&4uter 

Unter Verwendung von 1,2-Dicyclohexyl-l,2-ethandiol als chi- 
ralem Auxiliar wurde der enantiomerenreine Z-Pentenylboron- 
saureester 9c erhalten. Dessen Addition an Benzaldehyd ergab 
den syn-E-Homoallylalkohol 11 unter vollstandiger Chiralitats- 
Obertragung. Die Fihigkeit des Reagenz 9c zur Bildung neuer 
Stereozentren unter Reagenz-Kontrolle der Diastereoselektivitat 
wurde in der Addition an die chiralen Aldehyde 15 und 24 gepruft. 
Dies fiihrte zu einer kurzen stereospezifischen Synthese des In- 
victolids (18) wie der eines C-9/C-15-Bausteins 25 des Erythro- 
nolids A. 

Control of the formation of the individual stereocenters 
depends on simple diastereoselection during the carbon - 
carbon bond forming steps3) as well as on reagent control 
of diastereo~electivity~) using chiral reagents exerting high 
asymmetric induction. We recently reported on cr-methoxy- 
(E)-crotylboronates (1) as reagents, which allow for the gene- 
ration of the stereotriades C and D'). Here, we would like 
to describe the chiral 2-pentenylboronate 2, which should 
allow for the generation of the stereotriades A and B. Some 
aspects of this work have already been communicated in 
preliminary form '1. 

A preceding study on racemic E- and Z-pentenylboro- 
nates') demonstrated that only the Z isomer 3 shows high 
diastereoselectivity on addition to aldehydes. The product 
4 with an E-double bond is formed preferentially since the 
transition state 5 of the competing reaction leading to 6 with 
a 2-double bond is destabilized by allylic 1,3-strain6). As the 

OH 
1 

- - R.R.R or S.S,S 
B A 
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E/Z ratio 4/6 is identical to the level of asymmetric induction 
that can be attained using an enantiomerically pure reagent 
3, we set out to prepare such chiral reagents. 

> 90 \ 

< '"J 3 

Preparation of the R,R,R- and S,S,S-Pentenylboronates 9 

To obtain the Z-pentenylboronates in enantiomerically 
pure form, we followed the route of M a t t e ~ o n ~ - ~ )  by which 
a chirally modified (dichloromethy1)boronate 7 is converted 
into an a-chiral allylboronate, a route which we had used 
advantageously to obtain enantiomerically enriched (u- 
chloroallyl)boronateslO). 

Since, however, the related (a-chlorocroty1)boronates 8 
have a high tendency to epimerize and isomerize under the 
conditions of their preparations"), we had to rely on the 
route via 10. Matteson had already prepared the (a-chlo- 
roethy1)boronate 10a of 95% diastereomeric purity9.'*). He 
reported that larger groups R on the chiral glycol gave prod- 
ucts of higher diastereomeric purity (e. g. 10 b, ds 97% 8)).  We 
therefore turned to the compounds 7c and 1Oc with R = 
cyclohexyl. 

The chiral auxiliary (S.S)-1,2-dicyclohexyl-l,2-ethanediol 
was prepared in 84% yield by hydrogenation of S,S-hydro- 
benzoin. T,he latter is most readily obtained by a slight mod- 

ification of the method of Sharple~s'~): Reaction at -4°C 
led frequently to crystallisation of enantiomerically pure hy- 
drobenzoin directly from the reaction mixture. Other routes 
to optically pure hydrobenzoin by resol~t ion '~)  or by sep- 
arate crystallisation of the enant i~mers '~)  are less conven- 
ient. The S,S- or the R,R-dicyclohexyl-ethanediol was ester- 
ified using diisopropyl (dichloromethyl)boronate16") to give 
quantitatively the hydrolytically stable crystalline ester 7c. 
In view of the expected lability of 10 towards epimerisation 
by chloride ionsI7), the transformation of 7c into 9c via 1Oc 
was carried out as a one-pot procedure. Thus, 7c was treated 
with one equivalent of methyllithium in ether at -78"C, 
then with ZnClz in THF at room temperature, and finally 
with one equivalent of Z-propenyllithium at -78°C. The 
resulting 9c was contaminated by ca. 15% of the corre- 
sponding Z-propenylboronate. Formation of the latter is a 
known") side reaction on treating (a-chloroalky1)boron- 
ates with propenyllithium. The configuration of the newly 
formed stereocenter in 9c was assigned on the basis of the 
well-founded stereochemical studies of Matteson *). The dia- 
stereomeric purity of 9c, i. e. the level of asymmetric induc- 
tion in the formation of 1Oc could not easily be evaluated. 
The fact, that 9c showed only one set of signals in the l3C- 
NMR spectrum does not in itself proove the diastereomeric 
purity. Therefore, (S,S,S)-9c was added to benzaldehyde to 
give the homoallyl alcohol 11 (71 YO). 

P nu 

9c 1 1  

The enantiomeric purity of 11 was determined by gas 
chromatography on a chiral capillary column19) to be 99%. 
This indicates a similarly high diastereomeric purity of 9c. 
The high level of chirality transfer in this reaction could in 
principle be ascribed in part to the presence of the chiral 
auxiliary. We therefore evaluated the influence of the chiral 
auxiliary in a separate set of experiments (12 + 13 --+ 14). 

The chiral (chloromethy1)boronate 12 was prepared from 
diisopropyl (ch1oromethyl)boronate") and converted into 
the Z-butenylboronate 13 (ca. 45%) contaminated by ca. 
30% of the corresponding propenylboronate. Reaction of 
this mixture with benzaldehyde led to practically racemic 
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syn-homoallyl alcohol 14. Therefore, there is no noticeable 
asymmetric induction by the dicyclohexyl-ethanediol chiral 
auxiliary in the crotylboronate addition to aldehyde. This 
contrasts with the high asymmetric induction that may be 
achieved with crotylboronates bearing tartrates as chiral 
auxiliaries2’). In consequence, the high asymmetric induction 
attained on addition of 9c to benzaldehyde stems solely from 
the stereochemical purity of the chiral center ci to the boron 
atom in 9c. 

/O , . .\‘‘ 0 rL1 
c‘-cH2- B ‘ O b  

c 

1 2  

n 

1 3  1 4  

1 5  

0 OH 

1 6  

0 

Addition of (S,S,s)-Pentenylboronate 9c to Chiral 
Aldehydes, Synthesis of Invictolide 

O n  addition of 9c to chiral aldehydes the formation of 
the new stereogenic centers should be controlled by the 
asymmetric induction of the reagent. We tested this in the 
reaction of S,S,S-9c with the aldehyde 15, which was pre- 
pared from d.l-2,4-dimethylglutaric acid 22) .  The diacid was 
resolved23) and converted into the aldehyde 15 by standard 
transformations, cf. ref.24). The intermediates were charac- 
terized by their spectra only. 

Reaction of the aldehyde 15 with the S,S,S-pentenylbo- 
ronate 9c produced a single isomer of the hydroxy ester 16 
(67%). Saponification of the latter followed by lactonisation 
led to 17 (92%). 

The identity of this lactone was established by hydrogen- 
ation to the known natural product (S,S,S,S)-invict~Iide~~.~~’. 

This synthesis of (S,S,S,S)-invictolide (18) is among the 
shortest ones. It follows the same pattern as that of Yama- 
motoZ6). Due to the chiral reagent 9c it is, however, fully 
stereospecific. 

Synthesis of a C-9/C-15-Partial Structure of Erythronolide A 

Another structure of interest containing a syn arrange- 
ment of a methyl and hydroxyl group is 25 representing the 
C-9 to C-15 segment of erythronolide A. This segment could 
in principle be obtained by chain extension from the alde- 
hyde 24, provided this can be realized with sufficient ster- 
eoselectivity. Early investigations by Heathcock2” in the ra- 
cemic series using the aldol addition showed that the sub- 
strate-based asymmetric induction of 19 led predominantly 
(3: 1) to the undesired stereoisomer 20. Hence, reagent con- 
trol of diastereoselectivity4J is required to attain the desired 
stereo structure 21. 

OLi 

1 9  

0 

2 0  2 1  

17 18 
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protective group, therefore the acetonide function in 22 was 
changed to the cyclopentylidene group (50%). 

The resulting ester 23 was converted into the aldehyde 24 
(73%) by reduction and Swern oxidation. In an exploratory 
experiment, the aldehyde 24 was allowed to react with the 
S,S,S-boronate 9c for three days at 4 kbar pressure. The 
product was a 2: 1 mixture of 25 and unreacted aldehyde. 
The new alcohol was obtained as a single stereoisomer as 
judged from the 13C-NMR spectrum. The alcohol clearly 
contained an E-double bond (1 5.5 Hz coupling constant in 
the 'H-NMR spectrum). Thus, based on the sense of chirality 
transfer inherent in 9c the obtained alcohol should have the 
desired structure 25. In a second experiment, the reactands 
were heated for 2 d to 50°C instead of applying high pres- 
sure. This resulted in only 1 1  YO of recovered aldehyde 24, 
while the yield of the desired alcohol 25 was increased to 
71%. However, probably as a consequence of the higher 
reaction temperature, 7% of an additional isomer having a 
Z-double bond was formed. 

In summary, the chain extension of 24 with 9c represents 
a viable route to the erythronolide A building block 25. 
Aside from the avoidable protective group change 22 -+ 23, 
the aldehyde 24 could be prepared in 8 steps from D-fructose. 
This is quite long for a compound with two stereogenic 
centers, but quite normal for carbohydrate-based synthe- 
ses"'. The increase in complexity in going from 24 to 25 is 
rapid. Thus, the building block 25 with four stereogenic 
centers is available in nine steps overall. Compared to pre- 
viously reported methods for the generation of similar build- 
ing blocks comprising the C-9/C-15 structure of erythron- 
olide A3""), the route to 25 reported here is at present still 
competitive. 
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Experimental 
All temperatures quoted are not corrected. - 'H NMR: Bruker 

WH 400. - I3C NMR: Bruker WH 400 and Varian XL 100. - 
Preparative gas chromatography: Wilkens Aerograph A-90-P3, 
1.5 m x 0.6 cm column with 5% Apiezon on chromosorb G, AW- 
DMCS, 60-80 mesh, 200 ml He/min. - Analytical gas chroma- 
tography: Siemens Sichromat 3 with 50 m x 0.5 mm glass capillary 

column with XE 60 (S)-Valine-(S)-a-phenylethylamide 1 9 ) ;  1 bar 
He. - Optical rotations: Perkin-Elmer Polarimeter 141. 

1) (1S,2S)-I,2-Dicyclohexyl-f,2-ethanediol~ To a solution of 
7.50 g (35 mmol) of (S,S)-hydrobenzoinf3) in 30 ml of methanol was 
added 0.4 g of 5% rhodium on alumina. The mixture was vigor- 
ously stirred at  60°C under 7 bar of hydrogen. After the hydrogen 
uptake had ceased (ca. 36 h), the slushy mixture was taken up in 
100 ml of ether and filtered. The filtrate was concentrated to  20 ml 
and chromatographed over 30 g of silica gel with ether. Some di- 
cyclohexylethane was eluted with the first solvent. The main frac- 
tions were concentrated and recrystallized from 200 ml of petro- 
leum ether (b. p. 60-90"C)/chloroform = 4: l to give 6.66 g 84% 
of (S,S)-1,2-dicyclohexyl-1,2-ethanediol of m. p. 136- 137°C. - ' H  
NMR (400 MHz, CDCI3): 6 = 1.0-1.85 (m, 24H), 3.33 (d, J = 
5.7 Hz, 2H)"'. - I3C NMR (25 MHz, CDCIJ: 6 = 26.1, 26.2, 26.4, 
28.2, 29.6, 40.4, 75.1. - [a]: = +2.6 (c = 0.78 in CHCI3). 

C14H2602 (226.4) Calcd. C 74.28 H 11.56 
Found C 74.17 H 11.75 

2) (4S,5S)-2-Dichloromethyl-4,5-dicyclohexyl-l,3,2-dioxaboro- 
lane (7c): A solution of 5.50 g (25.9 mmol) of diisopropyl (dichlo- 
romethane)boronate and 5.85 g (25.9 -01) of (S,S)-1,2-dicyclohexyl- 
1,2-ethanediol in 100 ml of n-hexane was stirred for 30 min at room 
temperature. A 2-propanol/n-hexane azeotrope (b. p. 57 "C) was dis- 
tilled from the mixture over a 20-cm column. The residual solvents 
were removed i. vac. from a bath of 60'C to  give a solid residue 
which was recrystallized from 50 ml of petroleum ether (b.p. 
40-60°C): 8.24g (100%) of 7c, m.p. 50.5"C. - 'H NMR 
(400 MHz, CDCIJ: 6 = 0.94-1.30 (m, 8H), 1.38-1.44 (m, 12H), 
1.55-1.82 (m, 12H), 4.05 (dd, J = 8.6 and 3.8 Hz, 2H), 5.38 (s, 

42.7, 84.9. - [a]: = -64.0 (c = 10.3 in CDC13). 
1 H). - 13C NMR (25 MHz, CDC13): 6 = 25.8,25.9,26.3,27.1,28.1, 

C,SH2SBC1202 (319.1) Calcd. C 56.46 H 7.90 
Found C 56.51 H 8.03 

3) ( 4 S J S )  -4.5-Dicyclohexyl-2- f (I S,2Z)-I  -methyl-2-butenyl]- 
1,3,2-dioxaborolane (9c): To a solution of 2.87 g (9.0 mmol) of 7 c  
in 30 ml of T H F  was added at -78°C over 10 min 8.5 ml of a 
1.05 n solution (9.0 mmol) of methyl-lithium in ether. The resulting 
suspension was stirred for 45 min at -78°C. A solution of 1.04 g 
(7.6 mmol) of anhydrous zinc chloride in 10 ml of T H F  was added 
slowly via canula. After stirring for 30 min, the clear solution was 
allowed to reach room temperature. After 3 h the mixture was 
cooled to -78°C again. 30.0 ml of a 0.30 M solution (9.0 mmol) of 
Z-propenyllithium in ether was added dropwise. The mixture was 
allowed to reach room temperature and quenched with 20 ml of 
saturated aqueous NH,CI solution. The mixture was extracted three 
times with 30 ml of ether. The combined organic phases were dried 
with MgS04 and concentrated. The crude product was flash-chro- 
matographed over a 16 x 4 cm column with Kieselgel 60 (0.04 to 
0.063 mm, Merck) with petroleum ether (b.p. 40-6OoC)/ether, 4: 1. 
The resulting 2.06 g of product contained 1.69 g (62%) of 9 c  and 
0.37 g (1 5%) of (4SSS)-4,5-dicyclohexyl-2-(Z-propenyl)-f ,3.2- 
dioxaborolane. 
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9c: 'H NMR (400 MHz, CDCI,): 6 = 0.87-1.31 (m, 14H), 1.07 
(d, J = 7.4 Hz, 3H), 1.51 -1.75 (m, 8H), 1.60 (d, J = 5.0 Hz, 3H), 
2.14-2.22(m, 1 H), 3.82(d,J = 4.3 Hz, 2H), 5.32-5.41 (m, 2H). - 
',C NMR (25 MHz, CDCI,): 6 = 12.9, 16.2, 25.9, 26.0, 26.5, 27.2, 
28.2, 43.0, 83.2, 122.1, 133.4. 

The following signals of the propenylboronate could be recorded: 
'H NMR (300 MHz, CDCI,): 6 = 0.85-1.30 (m, 14H), 1.55-1.75 
(m. SH), 1.93 (dd, J = 6.9 and 1.5 Hz, 3H), 3.83 (d, J = 3.9 Hz, 
2H), 6.65 (m, 1 H), 5.35 (dq, J = 13.6 and 1.5 Hz, 1 H). - "C NMR 

149.6. 
4) (lR,2S,3E)-2-Methyl-f-phenyl-3-penten-l-o/ (1 1): To a solu- 

tion of 0.96 g (2.4 mmol) of 9c as obtained under 3) in 5 ml of 
petroleum ether (b.p. 40-60°C) was added 0.25 g (2.4 mmol) of 
benzaldehyde. After 12 h the mixture was concentrated and taken 
up in 10 ml of ether. After addition of 0.35 g (2.4 mmol) of tri- 
ethanolamine the mixture was kept under reflux for 4 h. The re- 
sulting boratrane was filtered and washed three times with 20 ml 
each of ether. The filtrate was stirred intensively with 50 ml of a 
20proz. aqueous solution of NaHSO,. The phases were separated 
and the aqueous phase was extracted twice with 20 ml each of ether. 
The combined organic extracts were washed with 10 ml of water 
and 10 ml of saturated NaCl solution and subsequently dried with 
MgS04. Concentration i. vac. gave 0.52 g of an oil which was sub- 
jected to short-path distillation at lo- '  Torr from a bath of 60°C: 

J = 6.9 Hz, 3H), 1.64-1.66 (m, 3H), 1.89 (s, broad, lH),  2.53 (m, 
l H ) , 4 , 5 8 ( d , J =  5.1 Hz , lH) ,5 ,34 (ddq , J=  15.4,7.0and1.4Hz, 
lH),  5.47 (ddq, J = 15.4, 6.5 and 1.0 Hz, lH),  7.22-7.35 (m, 
5H). - I3C NMR (25 MHz, CDCI,): 6 = 14.6, 17.9, 43.6, 77.3, 
126.0, 126.4, 127.0, 127.8, 132.8, 142.7. - [a12 = +9.7 (c = 9.3 in 
CDC13). The enantiomeric purity was determined by G C  at 160°C 
to be 99% e.e. Retention times (1R,2S): 69.9 min, (1S,2R): 71.6 min. 

(75 MHz, CDC13): 6 = 18.4, 24.5, 25.6, 26.0, 27.5, 28.5, 43.0, 83.3, 

0.30 g (71%) of 11. - 'H NMR (400 MHz, CDCI,): 6 = 0.95 (d, 

C12H160 (176.3) Calcd. C 81.77 H 9.15 
Found C 81.72 H 9.25 

5) (4RJR) -2-Chloromethyl-4,5-dicyc/ohexy/-f ,3,2-dioxaborolane 
(12): 2.52 g (14.1 mmol) of diisopropyl (chloromethaneboronate and 
3.20 g (14.1 mmol) of (R,R)-1,2-dicyclohexyl-l,2-ethanediol were 
transesterified as described under 2) to give 4.0 g (100%) of 12 as 
a colourless oil. - 'H NMR (400 MHz, CDCI,): 6 = 0.91 - 1.40 
(m, 12H), 1.57-1.85 (m, lOH), 2.97 (s, 2H), 3.93-3.97 (m, 2H). - 
I3C NMR (25 MHz, CDCI,): 6 = 25.8, 25.9, 26.3, 27.2, 28.2, 42.8, 
84.3. - [a]g  = +65.4 (c  = 14.0 in CDCI,). Short-path distillation 
at lo- '  Torr from a bath of 120°C gave a sample for analysis. 

ClSH26BC102 (284.6) Calcd. C 63.30 H 9.21 
Found C 63.17 H 9.40 

6) (4RJR)-2-[ (2Z)-2-ButenyIJ-4.5-dicyc/ohexy/-l,3,2-dioxabo- 
rolane (13): To a solution of 1.42 g (5 mmol) of 12 in 20 ml of ether 
was added over 5 rnin at -78°C 9.2 ml of a 0.6 N solution (5.5 
mmol) of 2-propenyllithium in ether. The mixture was allowed to 
reach room temperature and quenched with 20 ml of saturated 
aqueous NH4CI solution. The mixture was extracted twice with 
20 ml of ether each. The extracts were washed with 10 ml each of 
water and saturated NaCl solution and subsequently dried with 
MgS04. Concentration gave the crude product, which was filtered 
with CH2CI2 through 50 g of silica gel: 1.10 g of crude 13containing 
up to 40% of (4R,SR)-4,5-dicyclohexy/-2- (Z-propenyl) -1.3,2-dioxa- 
borolane. 

13: 'H NMR (400 MHz, CDCI3): 6 = 0.96-1.49 (m, 14H), 
1.52-1.89 (m. lOH), 1.59 (dd, J = 6.3 and 1.2 Hz, 3H), 3.83-3.89 
(m, 2H), 5.42-5.56 (m, 2H). - ',C NMR (25 MHz, CDCI,): 6 = 
12.5, 18.4, 25.9, 26.5, 27.3, 28.3, 43.0, 83.2, 125.3, 149.8. 

7) (R*,S*)-l-Hydroxy-2-methy/-l-pheny/-3-butene (14): 1.10 g 
(ca. 1.5 mmol) of the crude 13 as obtained under 6) and 0.16 g (1.5 
mmol) of benzaldehyde were allowed to react as described under 4) 
to give 0.15 g (62%) of 14"). On determination of the enantiomeric 
purity as described under 4), the product turned out to be racemic. 
Retention times (1R*,2S*): 48.1 min, (1S*,2R*): 50.0 min. 

8) (2S,4S)-2,4-Dimethy/glutaric Acid Monomethyl Ester: T o  a so- 
lution of 6.9 g (48.5 mmol) of (2S,4S)-2,4-dimethylglutaric anhydri- 
de2') (m.p. 42-43°C) in 4.2 ml of CH2CI2 were added 7.7 g 
(97 mmol) of pyridine and 4.2 ml of methanol. After stirring for 4 h 
at room temperature, the mixture was acidified to pH = 1 with 
hydrochloric acid under cooling. The phases were separated and 
the aqueous phase was extracted twice with 50 ml each of CH2CI2. 
The combined organic phases were washed with 20 ml of water and 
were subsequently dried with MgS04. Concentration and distilla- 
tion gave 7.2 g (85%) of the ester with b. p. 82-83"C/0.01 Torr. - 

J = 7 Hz, 3H), 1.78 (t, J = 7 Hz, 2H), 2.50 (q, J = 7 Hz, 1 H), 
2.56 (q, J = 7 Hz, lH),  3.68 (s, 3H), 11.5 (s, 1H). - I3C NMR 

182.4. - [a12 = +49.8 (1 cm, neat). 

9) Methyl (2S,4S)-5-Hydroxy-2,4-dimethylpentanoate: To a so- 
lution of 1.74 g (10.0 mmol) of the above monoester in 20 ml of 
ether was added at 0°C 2.16 ml (11.0 mmol) of a 7.1 M solution of 
BH, - S(CH&. After the exothermic reaction, the mixture was held 
15 rnin at 0°C and 40 rnin at room temperature. At 0°C a mixture 
of 15 ml of glycerol, 5 ml of water, and 300 mg of NaHCO, was 
slowly added. The aqueous phase was saturated with NaCl and the 
phases were separated. The aqueous phase was extracted four times 
with 20 ml each of ether and the organic phases were washed with 
10 ml of saturated aqueous NaCl solution. The organic phases were 
dried with MgSOJ and concentrated to give 1.57 g (98%) of the 
alcohol as a colorless oil. - 'H NMR (400 MHz, CDCI,): 6 = 0.91 
(d , J  = 7 Hz, 3H), 1.15 ( d , J  = 7 Hz, 3H), 1.40-1.58 (m, 2H), 1.67 
(sept, J = 6.5 Hz, lH),  1.88 (broad s, lH) ,  2.58-2.60 (sext, J = 
7 Hz, 1 H), 3.43-3.50(m, 2H), 3.68 (s, 3H). - I3C NMR (25 MHz, 

10) Methyl (2S,4S)-2,4-Dimethyl-5-oxopentanoate (15): To a so- 
lution of 1.12 ml(l3.1 mmol) of oxalyl chloride in 25 ml of CH2C12 
was added at -78°C a solution of 1.0 ml (14 mmol) of dimethyl 
sulfoxide in 2.5 ml of CH2C12. After 30 min a solution of 1.5 g (9.3 
mmol) of the above hydroxy ester in 15 ml of CH2C12 was added 
dropwise. After 30 rnin at -78"C, 6.15 ml (44.2 mmol) of triethyl- 
amine was added and the mixture allowed to reach room tempera- 
ture. 15 ml of water, 6 ml of ether, and 24 ml of petroleum ether 
(b.p. 40-60°C) were added and the organic phase was separated. 
It was washed three times with 15 ml each of saturated aqueous 
NaCl solution. The organic phase was dried with Na2S04 and con- 
centrated at 100 Torr. Rapid bulb-to-bulb distillation of the residue 
at 0.01 Torr gave 1.40 g (950/,) of the aldehyde 15 as colorless oil. 
This was used immediately since the aldehyde epimerized rapidly 
on'standing either neat or in solution. - 'H NMR (400 MHz, 

1.71 (ddd, J = 14.0, 8.3 and 6.2 Hz, 1 H), 1.82 (ddd, J = 14.0, 7.6 
and 6.3 Hz, 1 H). 2.37-2.42 (m, 1 H), 2.51 -2.57 (m, 1 H), 3.66 (s, 

13.6, 17.3, 34.2, 37.0, 44.2, 51.6, 176.5, 203.9. 

'H NMR (400 MHz, CDCI3): 6 = 1.17 (d, J = 7 Hz, 3H), 1.20 (d, 

(25 MHz, CDCI,): 6 = 17.4, 17.5, 37.1, 37.46, 37.50, 51.6, 176.7, 

CDCI,): 6 = 16.4, 17.1, 33.5, 37.0, 37.03, 51.5, 67.7, 177.6. 

CDCI,): 6 = 1.09 (d, J = 7.2 Hz, 3H), 1.16 (d, J = 7.0 Hz, 3H), 

3H), 9.60 (d, J = 1.7 Hz, 1 H). - "C NMR (25 MHz, CDCI,): 6 = 

11) (3S,5S,6S)-Terrahydro-3,5-dimethyl-6-[(fS,2E)-l-methy/-2- 
butenyl]-2H-pyran-2-one (17): 1.6 g (11 mmol) of the aldehyde 15 
and 2.9 g (9.5 mmol) of 9c were dissolved in 5 ml of petroleum ether 
(b. p. 40-60°C) and pressurized for 18 h to 4 kbar. To the resulting 
mixture was added a solution of 1.5 g(10 mmol) of triethanolamine 
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in 80 ml of ether. After heating for 4 h under reflux the mixture 
was cooled. The supernatant solution was decanted from the bor- 
atrane and filtered over 10 g of alumina. Concentration and flash 
chromatography over a 15 x 1 cm column of silica gel with petro- 
leum ether (b. p. 40-6O0C)/ether = 4: l gave 0.7 g of unreacted 15, 
0.20 g of the lactone 17, and 1.46 g (67%) of methyl (2S,4S,6S,7E)- 
S-hydroxy-2,4,6-trinzethyl-7-nonenoate (16). - 'H NMR (400 MHz, 

1.09 (d, J = 7.0 Hz, 3H), 1.46-1.56 (m, 3H). 1.61-1.72 (m, 4H), 
2.31 (sext, J = 6.6 Hz, 1 H), 2.46-2.55 (m, 1 H), 3.16(q, J = 5.4 Hz, 
1 H), 3.65 (s, 3H), 5.34 (ddq, J = 15.4, 7.5 and 1.5 Hz, 1 H), 5.48 
(dqd, J = 15.4,6.3 and 1.0 Hz, 1 H). - I3C NMR (25 MHz, CDCI,): 
6 = 14.9, 16.1, 16.2, 17.7, 33.0, 34.3, 36.9, 39.6, 51.2, 79.3, 124.8, 
134.2, 177.6. 

CDCI,): 6 = 0.88 (d, J = 6.8 Hz, 3H), 0.97 (d, J = 6.8 Hz, 3H), 

0.23 g (1.07 mmol) of the hydroxy ester 16 was stirred for 5 h 
with a solution of 0.56 g (10.0 mmol) of KOH in 1 ml of water and 
10 ml of methanol. The mixture was acidified with 5 N hydrochloric 
acid to pH = 2 and extracted 5 times with 20 ml of ether each. 
The extracts were dried with MgS04 and concentrated to give a 
colorless oil which was flash-chromatographed on a 1.4 x 20 cm 
column of silica gel with petroleum ether (b. p. 40-60QC)/ether = 
4: 1; 0.18 g (92%) of 17. - 'H NMR (400 MHz, CDCI,): 6 = 0.99 
(d, J = 6.8 Hz, 3H), 1.02(d, J = 6.9 Hz, 3H). 1.20(d, J = 6.9 Hz, 
3H), 1.63-1.69 (m, 5H), 1.93-2.00 (m, lH),  2.34-2.41 (m, lH),  
2.55-2.63 (m, 1 H), 3.86 (dd, J = 9.3 and 3.3 Hz, 1 H), 5.44-5.58 
(m, 2H). - 13C NMR (25 MHz, CDCI,): 6 = 13.4, 16.4, 17.7 (2C), 
28.4, 32.2, 34.9, 38.5, 86.8, 125.2, 133.5, 176.2. 

1 2) (3S,SS,6S) - Tetrahydro-3,S-dimethyl-6-[ (is) - l-methylbutylj- 
2H-pyran-2-one (18, invictolide): A solution of 0.49 g (2.5 mmol) of 
17 in 10 ml of methyl acetate was stirred with 100 mg of 10% Pd on 
carbon for 24 h under 1 bar of hydrogen. The mixture was filtered 
through 10 g of AI2O3, concentrated, and flash-chromatographed 
as described under 12) to give 0.42 g (84%) of invictolide (18). The 
compound was identified by its NMR spectra: 'H NMR (400 MHz, 

0.90 (d, J = 6.7 Hz, 3H), 1.14 (d, J = 6.9 Hz, ?H), 1.19-1.44 (m, 
5H), 1 .60(t ,J  = 8.2 Hz,2H), 1.86-1.96(m, lH) ,2 .56 (q t , J  = 7.0 
and 6.0 Hz, 1 H), 3.82 (dd, J = 10.1 and 2.1 Hz, 1 H). - I3C NMR 

35.4,36.0, 85.7, 176.5. - [a]g = 103 (c = 4.57, CDCI3), cf. ref.25d.2Sh1 
101; ref.2ss1 77.4. 

CDCIJ: 6 = 0.83 (t, J = 7.6 Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H), 

(25 MHz, CDCI3): 6 = 12.2, 14.0, 16.5, 17.6, 20.3, 28.3, 32.4, 33.6, 

13) Methyl (ZR,3R)-2,3-Dihydroxy-2-methylpentanoate: 4.06 g 
(20 mmol) of methyl (4R,5R)-5-ethyl-2,2,4-trimethyl-l,3-dioxolane- 
4-carboxylate (22) was heated in 20 ml of a 3: 3: 2 mixture of acetic 
acid/THF/water for 14 h at  reflux. After concentration i. vac. the 
residue was taken up in 20 ml of ether. It was washed three times 
with 10 ml each of aqueous saturated NaHC03  solution. The aque- 
ous extracts were saturated with ammonium sulfate and extracted 
twice with 10 ml of ether each. The combined organic phases were 
dried with Na2S04 and concentrated i. vac. Bulb-to-bulb distilla- 
tion of the residue from a bath of 110°C gave 2.00 g (62%) of the 
dihydroxy ester as a colorless oil. - 'H NMR (400 MHz, CDC13): 
6 = 0.99(t ,J  = 7.4 Hz, 3H), 1.34-1.40(m,2H). 1.42(s, 3H),2.19 
(d,J=8.2Hz,lH),3.44(s,lH),3.44-3.46(m,lH),3.77(~,3H). - 

175.8. - [a]:'(nm) = 0.6(589), -0.1 (546), -5.6(436), -19.4(365) 
(c = 11.0 in CDC13). - A sample was purified by gas chromato- 
graphy (100°C). 

"C NMR (25 MHz, CDCI3): 6 = 10.7, 22.3, 24.6, 52.6, 77.3, 77.7, 

C7Hl404 (162.2) Calcd. C 51.84 H 8.70 
Found C 51.96 H 8.79 

14) Methyl (2R,3R)-3-Ethy1-2-methyl-l.l-dioxaspiro f4.4jnon- 
ane-2-carboxylute (23): To a mixture of 5.13 g (31.6 mmol) of the 
above dihydroxy ester, 17.0 ml of cyclopentanone, and 10.0 ml of 
1,l-dimethoxycyclopentane was added 0.3 g p-toluenesulfonic acid. 
After stirring for 4 h at room temp. the volatile components were 
removed at 0.1 Torr from a bath of 85°C. The residual liquid was 
filtered through 20 g of silica gel with ether. The filtrate was con- 
centrated to  leave 5.76 g (80%) of the spiro acetal 23 as a colorless 
liquid. - 'H NMR (400 MHz, CDCI,): 6 = 1.00 (t, J = 7.2 Hz, 
3H),1.34-1.77(m,8H),1.45(s,3H),1.86-1.93(m,1H),2.04-2.11 
(m, 1 H), 3.60 (dd, J = 9.2 and 4.0 Hz, 1 H), 3.68 (s, 3H). - "C 

51.7, 82.9, 86.0, 119.0, 172.9. - [a]:' (nm) = 36.7 (578), 67.6 (436), 
98.7 (365) (c = 18.05 in CDCI,). - For analysis a sample was 
subjected to short-path distillation at 12 Torr from a bath of 100°C. 

NMR (25 MHz, CDC13): 6 = 10.9, 22.1, 22.9 (2C), 23.6, 36.4, 37.6, 

Cr2H2,,04 (228.3) Calcd. C 63.13 H 8.83 
Found C 63.23 H 8.70 

15) (2R.3S)-2-Ethyl-3-hydroxymethyl-3-methyl- l ,4-dioxaspi-  
ro(4.4jnonane: A solution of 2.50 g (11.0 mmol) of the ester 23 in 
10 ml of ether was added over 1 h at 0°C to a suspension of 0.91 g 
(24.0 mmol) of LiAlH4 in 10 ml of ether. After the reaction subsided, 
the mixture was stirred for 4 h at  room temperature and hydrolyzed 
at 0°C by dropwise addition of water until the inorganic hydroxides 
precipitated. The supernatant liquid was decanted and the residue 
was extracted 5 times with 20 ml each of boiling ether. The com- 
bined organic phases were washed with 10 ml of brine and subse- 
quently dried with Na2S04. Concentration gave 1.75 g (79%) of the 
crude alcohol as a colorless oil. - ' H  NMR (400 MHz, C6D6): 6 = 
0 . 9 0 ( t , J =  7.4Hz,3H),l.09(s,3H),1.16-1.95(m,lOH),3.26and 
3.44 AB system (JAB = 10.9 Hz, 2H), 3.42 (dd, J = 9.6 and 3.9 Hz, 

21.2,21.6,23.5,24.2,38.0,38.3,65.3,81.6,85.3, 117.2. - Foranalysis 
a sample was subjected to short-path distillation at  12 Torr from 
a bath of 100°C 

1 H), 4.10 (s, broad, 1 H). - I3C NMR (25 MHz, C6D6): 6 = 11.7, 

CI IH2003  (200.3) Calcd. C 65.97 H 10.07 
Found C 65.90 H 10.21 

16) (2R,3R)-S-Ethyl-2-methyl-l,4-dioxaspiro(4.4]nonane-2-carb- 
aldehyde (24): To a solution of 1.42 g (1 1.1 mmol) of oxalyl chloride 
in 10 ml of CH2C12 was added over 10 min at -78°C a solution 
of 0.90 g (1 1 mmol) of dimethyl sulfoxide in 2 ml of CH2CI2. After 
stirring for 20 min, the mixture was allowed to  reach -50°C. Over 
10 min a solution of 1.54 g (7.7 mmol) of the above prepared alcohol 
in 5 ml of CH2C12 was added. After 30 min at  -50°C 2.96 g (29.0 
mmol) of triethylamine was added dropwise. The mixture was al- 
lowed to reach 0°C. Then 10 ml of water was added under vigorous 
stirring. The phases were separated and the aqueous phase was 
extracted three times with 20 ml each of a 4: 1 mixture of petroleum 
ether (b.p. 40-60°C) and ether. The combined extracts were dried 
with MgS04 and concentrated i. vac. The crude aldehyde was chro- 
matographed over 30 g of silica gel with ether to give 1.40 g (92%) 
of 24 as a slightly tan oil. - 'H NMR (400 MHz, CDCI3): 6 = 1.00 
( t , J  = 7.4 Hz,3H),1.28(s,3H),1.42-1.56(m,2H),1.65-1.87(m, 
6H), 1.90-2.08 (m, 2H), 3.67 (t, J = 6.8 Hz, 1 H), 9.60 (s, 1 H). - 
I3C NMR (100 MHz, C6D6): 6 = 11.1, 18.8, 22.4, 23.4, 24.3, 37.9, 
38.0, 85.3, 86.5, 119.6,201.9. - For analysis a sample was subjected 
to short-path distillation at  12 Torr from a bath of 60°C. 

/ 

CllHI8O3 (198.3) Calcd. C 66.64 H 9.15 
Found C 66.76 H 9.34 

17) Reaction of 24 with the Pentenylboronate 9c: To a solution 
of 0.71 g (3.61 mmol) of the aldehyde 24 in 8 ml of petroleum ether 
(b.p. 40-60°C) was added dropwise a solution of 1.10 g (3.61 
mmol) of 9c in 5 ml of petroleurn ether. The mixture was heated 
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for 2 d under reflux. 0.53 g (3.61 mmol) of triethanolamine was 
added at  room temperature. The mixture was held under reflux for 
additional 3 h and was quenched with 10 ml of saturated aqueous 
NH4CI solution. The phases were separated and the aqueous phase 
was extracted three times with 15 ml each of ether. The combined 
organic phases were dried with MgS04 and concentrated i. vac. 
The residual oil was flash-chromatographed over 15 cm of silica 
gel 60 (Merck) with petroleum ether (b.p. 40-6OoC)/ether = 10: 1. 
This resulted in 77 mg (11%) of 24, 687 mg (71%) of 25, 67 mg 
(7%) of an isomer, and 550 mg (68%) of S,S-dicyclohexylethanediol. 

(2R,3S) -2- Ethyl-3-1 (1 R,2S,3E) - I-hydroxy-2-rnethyl-3-penten- 
yl/-3-methyl-1,4-dioxaspiro[4,4]nonane (25): 'H NMR (400 MHz, 

1.21 (s, 3H), 1.7-1.9 (m, lOH), 1.65 (dd, J = 6.2 and 1.3 Hz, 3H), 
2.30 (qd, J = 7.0 and 2.9 Hz, lH) ,  2.35 (d, J = 5.6 Hz, lH), 3.42 
(dd, J = 5.5 and 3.0 Hz, lH),  3.55 (dd, J = 9.5 and 4.1 Hz, 1 H), 
5.42 (dqd, J = 15.3, 6.0, and 0.8 Hz, 1 H), 5.53 (ddq, J = 15.3, 6.1 
and 1.4 Hz, 1H). - "C NMR (75 MHz, CDC13): 6 = 11.6, 14.2, 
17.9, 22.2, 22.3, 23.1, 24.1, 37.2, 37.7, 38.8, 75.2, 83.2, 87.7, 117.1, 
123.6, 136.1. 

CDCI3): 6 = 0.99 (t, J = 7.4 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H), 

C16H2803 (268.4) Calcd. c 71.60 H 10.51 
Found C 71.55 H 10.54 

The minor product, probably (2R,3S)-2-ethyl-3-[ ( iS ,2R,3Z)- l -  
hydrox y-2-met hyl-3-pentenyl]-3-methyl-l,4-dioxaspiro[4.4/nonane, 
showed the following NMR spectra: 'H NMR (400 MHz, CDC13): 
6 = l . O O ( t , J = 7 . 4 H z , 3 H ) , 1 . 0 4 ( d , J = 6 . 8 H z , 3 H ) , 1 . 2 3 ( ~ , 3 H ) ,  
1.65 (dd, J = 6.8 and 1.7 Hz, 3H), 1.50-1.70 (m, 5H), 1.81-1.95 
(m, 6H), 2.95 (d of quint of d, J = 10.1, 5.8, and 0.8 Hz, 1 H), 3.39 
( d d , J =  5 . 4 a n d 3 . 8 H z , l H ) , 3 . 5 2 ( d d , J =  lO . l and3 .5Hz , lH) ,  
5.33 (tq, J = 10.8 and 1.7 Hz, lH), 5.58 (dqd, J = 10.8, 6.8 and 
0.7 Hz, 1H). - 13C NMR (100 MHz, CDCI3): 6 = 11.5, 13.3, 18.6, 
19.2, 22.0, 23.3, 23.5, 33.6, 38.2, 38.4, 75.0, 83.0, 87.4, 117.0, 125.8, 
132.6. 

CAS Registry Numbers 

7 ~ :  105065-54-1 / 9 ~ :  105065-55-2 / 11: 105065-56-3 / 12: 120788- 
77-4 / 13: 120788-78-5 / (+)-14: 63553-63-9 / 15: 120850-95-5 / 17: 
120850-96-6 / 16: 120850-97-7 / 22: 85994-60-1 / 22 (diol): 120850- 
98-8 / 23: 120788-79-6 / 23 (alcohol): 120788-80-9 / 24: 120788- 
81-0 / 25 (isomer 1): 120788-82-1 / 25 (isomer 2): 120850-99-9 / 
(S,S)-hydrobenzoin: 2325-10-2 / (S,S)-1,2-dicyclohexyl-l,2-ethane- 
diol: 120850-91-1 / diisopropyl(dich1oromethane)boronate: 62260- 
99-5 / Z-propenyllithium: 6524-17-0 / (4S,SS)-4,5-dicyclohexyl-2- 
(Z-propenyl)-l,3,2-dioxaborolane: 120788-76-3 / benzaldehyde: 
100-52-7 /( R,R)-1,2dicyclohexyl-l,2ethanediol: 120850-92-2 /(4R,5R)- 
4,5-dicyclohexyl-2-(Z-propenyl)-1,3,2-dioxaborolane : 120850-93-3 / 
(2S,4S)-2,4-dimethylglutoric anhydride: 11 8139-25-6 / (2S,4S)-2,4- 
dimethylglutaric acid monomethyl ester: 100227-54-1 / methyl 
(2S,4S)-5-hydroxy-2,4-dimethylpentanoate: 120850-94-4 / invicto- 
lide: 103619-04-1 / 1,l-dimethoxycyclopentane: 931-94-2 / ery- 
thronolide A: 26754-37-0 
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