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Scope of the Nickel Catalyzed Asymmetric Reductive Ring Opening Reaction.
Synthesis of Enantiomerically Enriched Cyclohexenols.
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Abstract: Subjecting a variety of oxabicyclo[2.2.1]heptenes to diisobutylaluminum hydride (DIBAL-H) in the
presence of a catalytic amount of Ni(COD); and (R)-BINAP results in a highly enantioselective ring opening to
generate cyclohexenols with ee's typically greater than 90%. The scope of this reaction has been delineated and
alternative nickel catalysts have been examined which are less sensitive than Ni(COD),.

© 1998 Elscvier Science Ltd. All rights reserved.
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conclusively shown

he hydroalumination of alkynes by diisobutylaluminum
hydride (DIBAL-H).Z Eisch examined the regio- and stereoselectivity of the process including solvent effects.
Detailed mechanistic investigations into the “Nickel Effect” and extensive structural studies were carried out at the
Max-Planck-Institute in Miilheim which indicated that Ni-p-H-Al bridged compounds may be intermediates in
the hydroalumination.3 Remarkably, very few reports have appeared in the literature since then describing
attempts to develop an asymmetric hydroalumination reaction and prior to our initial disclosure, none have been
synthetically useful.# This is puzzling in view of the fact that organoaluminum compounds have significant
synthetic utility in organic synthesis.

We had been interested in the reductive ring opening of oxabicyclic alkenes as part of our efforts to
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investigated was to coupie a hydroalumination with an elimination reaction thereby regenerating the aikene and

generating hydroxyl groups with fixed stereochemistry, Scheme 1.
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We previously reported that the reaction is highly regioselective w
compounds are treated with DIBAL-H in the presence of bis(cyclooctadiene)nickel (Ni(COD);) and phosphines
and have optimized this process so that selectivities exceeding 19:1 are routinely obtained.4a7 Furthermore we
reported the first synthetically useful enantioselective reductive ring opening of meso oxabicyclic compounds.4?

Optimization of our initial success with the DIBAL-H, Ni(COD),/BINAP system provided us with a highly

0040-4020/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.
PIl: S0040-4020(97)10211-3



1108 M. Lautens, T. Rovis / Tetrahedron 54 (1998) 1107-1116

enantioselective ring opening of the oxabicyclic compound 1 to provide cyclohexenol 2 in 97% ee, eq. 1. We
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now describe additional details associated with the development of this reaction and its scope
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During these studies, we discovered a number of interesting parameters which influenced the
enantioselectivity. The most unexpected was a correlation between the ee of the product and the rate of addition
of DIBAL-H. Highly enantioselective ring opening was only possible when DIBAL-H was added slowly to the
reaction mixture, typically by syringe pump. In fact, we found that if DIBAL-H was rapidly added to the
reaction, the ee was no higher than 56%, entry 1 in Table 1. Slowing the addition time to 7 min led to an
improvement in the ee to 82%, entry 2. The optimized conditions were found to be additi
gives the cyclohexenol with 97% ee in nearly quantltatlve yield, entry 3. The ratio of metal to ligand also
influenced the enantioselectivity. Using less than 1.5 equivalents of BINAP to Ni{COD); resuits in a drop in ee,
eniry 5 vs entry 4. Important]y, although most of our studies have been done using 14 mol% catalyst, it is
clearly possible to use lower catalyst loadings and still get ee's in the 90's, entry 6. However, we have found
that a delicate balance needs to be found between the amount of catalyst and addition time of DIBAL-H. For
example, DIBAL-H was added over 8 h when 4 mol % of catalyst was used.

Table 1. Enantioselective Rmn Qpemnn of1t0 2

Entry % Ni(COD), % (R)-BINAP  time? eeb
1 14 mol% 21 mol% <1 min 56%
2 14 mol% 21 mol% 7 min 82%°
3 14 mol% 21mol%  1h 97%¢
4 7 mol% 105mol%s 2h R%
5 7 mol% 9 mol% 2h 87%
6 4 mol% 6 mol% 8h R%

a Additian tima tn 2dd DIRA
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BINAP. Work-up after 1-3h. M asured by preparing the Mosher
ester or by capillary GC (Chiraldex G-TA column). © Isolated yield of
pure product is 78%. 9 isolated yield of pure product is 87%.
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cyclohexenols,®® we have explored the scope of this reaction with a vane[y or oxamcycuc compounds in

addition, we have investigated solvent effects and searched for alternative catalysts which might be more practical
than Ni(COD); which is air sensitive. We now report that the reaction is general for oxabicyclic compounds
bearing exo or endo substituents and for compounds bearing acid sensitive functionalities.

Aromatic solvents were used in our initial studies (Table 2, entries 1 and 2) but some substrates were not
very soluble or tended to decompose under the reaction conditions. Reactions in pentane gave the ring opened
product, although the enantioselectivity was much lower, and reactions in dichloromethane were very messy
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with low ee, entries 3 and 4. However, the most surprising and ultimately im
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portant observation was that the

reaction worked very well in ethereal solvents, particularly in tetrahydrofuran, entry 5.
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14 moi% Ni(COD),

21 mol% (R)-BINAP
1 ¢ 2

1.2 equiv DIBAL-H

2 h addition, solvent

Entry Solvent Yield® eeP

1 PhMe % 9
2 PhH 97 97
3 pentane 91 &
4 CHClp 58 &
5 THF 9 A

2 isolated yield. b measured by preparing the
Mosher ester or by capiiiary GC (Chiraidex
MR.TA ~r D TA Axnbirmem)
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The success of the reaction in THF may provide some insight into the reaction pathway. Pioneering work

isch showed that alkylalanes retain their stereochemistry in donor solvents. 8 This suggests that the
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subsequent elimination which would occur in a syn fashion. Alternatively, it is possible that the organoalane is

P, at P SV,

not an intermediate in the reaction but that ring opening proceeds directly from an organonickel species.

A number of oxabicyclic alkenes were synthesized in order to test the sensitivity of the catalyst to
substituent effects. As expected, the size of the protecting group on the distal hydroxyl groups has no effect on
the enantioselectivity, entry 1, Table 3 vs entry 1, Table 1. Substituents near the reacting olefin have a more
pronounced effect on the enantioselectivity, entry 2, Table 3. For example, 5 gave the tertiary alcohol 6 in 84%
ee and 81% yield. The reaction also gives good to excellent enantioselectivities with substrates bearing endo
substituents and/or acid sensitive functional groups including cyclopropylcarbinyl ethers, entries 3 and 4 in Table

3; cyclohexenol 8 is obtained with 91% ee. The presence of heteroatoms in the endo position results in a slight

decrease in enantioselectivity, entries 4 and 5 in Table 3. The cyclohexenols 10 and 12 are isolated with 86%
s ivity, entries 4 and 5 in Table 3. The cyclohexenols 10 and 12 are isolated with 86%
and 78% ee respectively. Curiously, the reaction in these cases only proceeds to about 50% conversion. The
cyclohexenol 12 has been used in the synthesis of a number of conduritols as well as shikimic acid derivatives.”?
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2 All reactions were run in the presence of 14 mol% Ni(COD); and 21
mol% (R)-BINAP at room temperature unless otherwise noted.

b Aqdition of DIBAL-H to a solution of Ni(COD)y, (R)-BINAP and the
alkene via syringe pump. “Isolated yield. 9 Measured by preparing
the Mosher ester or by capillary GC (Chiraldex G-TA or B-TA column).
¢ The absolute configuration of 2 was proven by correlation to a
compound of known stereochemistry, Alcohol 12 has the same

sense of rotation as that reported in reference 9, and 17 has the
opposite sense of rotation as reported in reference 12. All three are
consistent with the same absolute sense of hydrometallation. 141
mol% Ni(COD)> and 18 mol% (R)-BINAP used. 9 GC vyield.

In order to determine if substrate or reagent control was dominant, we subjected a racemic mixture of 13
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the asymmetric hydrometallation catalyst, Scheme 2. T

£ rac ineanelts
1 was insensitive to remote s

ction
recoenition by the chiral catalyst would lead to the formation of two products, 14 and 15, bot
b4 y
e

Enantiomer 13 would give 14 as the major product and ent-15 as the minor one, whereas en
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u a kind of resolution to yield two
reaction was governed primarily by the
c

substrate, one product of low ee would result. In the event, the reaction proved to be largely reagent controlied.

The two products are formed in nearly equal amounts and enantioselectivities. Compounds 14 and 15 are easily

separable on silica gel. The structure of each product was apparent following methylation of the alcohols and

examination of their 13C NMR spectra.10
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Scheme 2

In the course of our studies in this area, we have found that Ni(COD); must be of high purity to obtain

reproducibly high enantioselectivities and we therefore sought a more convenient air stable catalyst. Since
Ni(COD); is prepared by reduction of Ni(acac); in the presence of a trialkylalane!!, we sought to couple the two
processes (reduction and hydrometallation) in one pot by treating Ni(acac), with an alkylalane in the presence of

the chiral phosphine, thereby generating the active N 1(0) catalyst in situ. We carried out these studies on a related

substrate 16 prepared from benzyne and furan which we have u
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Table 4. Evaluation of Air Stable Catalyst Precursors

[AY

)ﬁ‘—\ 21% (A)-BINAP
/AR

14% catalyst + reducmg agent AN

(AL

=X __) 1.1equiv. DIBAL-H (3 h) I
o — THF, rt Un 7
Entry  Catalyst Reducing Agent Yield® ee®
1 Ni(COD)z none B @8
2 Ni(acac)z DIBAL-H 56 e
3 NiBro.DME nBuLi 56 88
4 Ni(acac)p EtzAl Y &8
5 Ni[P(CPh)3]4 none 60 9

2 isolated yield. b measured by capillary GC (Chiraldex GTA ).

antioselectivity failed to exceed 88%, Table 4,
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catalyst precursors, eniry Other sources of nickel{(0) were aiso investigated and
tetrakis(triphenylphosphite)nickel, an air stable source of nickel(0), was found to be the best catalyst precursor
for the enantioselective reaction. As might be expected, the bidentate triarylphosphine BINAP binds in
preference to the monodentate phosphites on the active catalyst but the enantioselectivity is not significantly
reduced by the presence of the additional achiral ligands.

In summary, we have developed a highly enantioselective route to a variety of substituted cyclohexenols
using the nickel catalyzed hydroalumination reaction. We have also developed air stable catalyst precursors and
have shown them to be nearly as selective as the air sensitive Ni(COD),. Application of this methodology to the

synthesis of biologically important targets is under way.

The following includes experimental procedures, specific details for representative reactions, isolation
and spectroscopic information for the prepared compounds. All procedures were carried out under strictly
anaerobic conditions using freshly distilled solvents. The purity of the solvents and the substrate was of
considerable importance for reproducible, highly enantioselective reactions. Solvents were freshly distilled prior

to use and the substrates were kept in a desiccator for periods of up to two or three weeks.

General Procedure for the Nickel Catalyzed Hydroalumination: To a flame dried round bottomed flask containing
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cannuia to a flask containing (R)-BINAP, and the resulting mixture was stirred vigorously for 45 minutes. The
dark burgundy solution was then transferred via a cannula to a flask containing the oxabicyclic alkene. The
mixture was stirred at room temperature for 10 minutes, then DIBAL-H (1.0 M solution in hexanes) was added
to this solution via a syringe pump over a period of time. After the addition of DIBAL.-H was complete, the
reaction was quenched at 0 °C with Rochelle's salt solution (1.1 M) or saturated K,CO3 (for acid sensitive
substrates). The mixture was allowed to stir at room temperature for 30 minutes and was then extracted 3-5

times with Et;O or EtOAc. The organic layers were combined, washed with brine, dried over MgS0Q4 or

alcohols with Mosher's acid chloride and examination of their |H NMR and !9F NMR spectra.

(1S, 28, 3R)-2,3-Bis(methoxymethyl)-cyclohex-4-en-1-ol (2): Ni(COD)2 (9.1 mg, 0.033 mmol) was

transferred to a dry round bottomed flask in the glove box. Compound 1 (43.6 mg, 0.237 mmol) and (R)-

BINAP (30.8 mg, 0.049 mmol) were combined in a round bottomed flask equipped with a stir bar, and the flask

was flushed with nitrogen. Toluene (1 mL, freshly distilled over sodium metal) was added to the Ni(COD)? and
e solution was transferred to a flask containing 1 and (R)-BINAP via cannula. The dark burgundy red

solution was stirred at room temperature for 30 minutes under positive nilrogen pressure. DIBAL-H (0.26 mL,

h

0.190 mmol) was added via sv r‘ngf- pump (addition time about 1 h). After the addition was
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h. The organic layer was separated and the aqueous layer was extracted twice with ethyl acetate. The turbid
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aqueous layer was acidified with 0% H2804 until the solution cieared, and was then extracted twice more with
ethyl acetate. The organic layers were combined, washed with brine, dried over MgSO4, and concentrated in
vacuo. Flash chromatography on silica gel (20% ethyl acetate in hexanes) yielded 2 (43.0 mg, 98 %), a
colourless oil: Rf (20% ethyl acetate in hexanes) 0.30; bp 100-110 °C/1-2 mm; [o]p=-76.7° (c=0.5, CHCI3):
IR (neat, cm~1) 3416 (br), 2904 (s), 1649 (w), 1457 (m), 1193 (m), 1105 (s), 1041 (m), 961 (m); 'H NMR
(400 MHz, CDCl3) 6 5.69 (1H, m), 5.52 (1H, m), 4.27 (1H, s, disappears with D20), 3.89 (IH, s), 3.57
(1H, dd, J =9.3, 7.9 Hz), 3.51 (1H, dd, J = 9.4, 7.5 Hz), 3.35 (2H, m), 3.35 (3H, s), 3.34 (3H, s), 2.59

(1 m) 22 (1H ddd T =148 74 7276 H>Y 221 (1 dm T =10 H2Y 214 (1 Am J = 17 & 11,
\iL1, i), L.J7 (11X, GO, J 1.0, 1.7, &V 114 )y L.J0 (111, QI J = 10.VU 114, £, 10U {111, Uitl, Jy = 1/.U 112},
13(‘ NMDR (1IN M MY R 127640 179580 799 701 £AA SON §QQ 200 27 72227 Tha ap ~F sk,

U OIVWIVIIN (ITVUU IVRIIL, L3 U 14U, 14LD.7, Tandy 14,1, UV.U, JTF. VU, JO0.7, 37.7, 3/.0 23./. LHC €C O1 LIS
alcohoi was determined to be 97% Dy GC ana1y51s on a Chiraidex GTA column (Advanced beparatlon

Technologies). HRMS calcd for C22H2603 (M+H)* 187.1334. Found: 187.1339.

(1S, 2R, 3R)-2,3-Bis(benzyloxymethyl)cyclohex-4-en-1-ol (4): Following the general procedure, Ni(COD)2
(8.3 mg, 0.030 mmol) and (R)-BINAP (28.2 mg, 0.045 mmol) in 2 mL toluene were added to 3 (72.5 mg,
0.215 mmol). DIBAL-H (0.24 mL, 1.0 M in hexanes, 0.240 mmol) was added via syringe pump (addition time
about 1 h). Standard workup and flash chromatography on silica gel (10% ethyl acetate in hexanes to 20% ethyl

acetate in hexanes) yielded 4 (68.0 mg, 93 %, 97% ee), a colourless oil. The ee of this alcohol was determined

by esterification with Mosher's acid chloride and examination of the 'H NMR spectrum. Rf= 0.30 on silica

N v kl\/\/\.l wuil INf=— U.J U ULl Jdlliva
IINO7 thiil mmnbntaclanvaman) (Al =3 N KO0 (A N MLIMAN TD {ennnt .‘_.‘...-1\ QWATO 2N0NYL YIONO NQTIE NIQLE
L&U70 ClUIY1 allldlC JITAalICS) {a]D=TUV.0 (L=L.U, LI114), LI\ LHCai, Ll ) 29417, DULO, LT7U0, L0790, L00J,

fa v ERY N~ s Vs ] 1m 1 4 (N aYat 1N~ 1NN ~ L lY" XYL AYY /MANMN L IYY P Vet PR e 2 Vi 1T AYY ~ o~
1496, 1454, 1363, 1214, 1095, 1075, 1028, 736, 697, 'H NMR (200 MHz, CDCi3) 6 7.30 (i0H, m), 5.68
(1H, ddd, J=9.9, 6.2, 3.4 Hz), 5.52 (IH, dm, J= 9.9 Hz), 449 (1H, d, J= 12.1 Hz), 444 (1H, d, J= 11.8

Hz), 4.42 (1H, d, J= 12.1 Hz), 4.36 (1H, d, J= 11.8 Hz), 4.27 (1H, exchanges with D20, d, J= 10.0 Hz),
3.91 (1H, did, J= 10.0, 5.2, 2.7 Hz), 3.63 (1H, dd, J= 9.3, 7.8 Hz), 3.53 (1H, dd, J= 9.3, 7.5 Hz), 3.42
(1H, dd, J= 9.5, 4.6), 3.35 (1H, dd, J= 9.4, 4.9 Hz), 2.65 (1H, m), 2.46 (1H, dddd, J= 7.8, 7.5, 7.1, 2.7
Hz), 2.31 (1H, dm, J= 17.9 Hz), 2.14 (1H, dm, J= 18.0 Hz); 13C NMR (50 MHz, CDCI3) § 138.0, 137.5,

1284, 128.4, 128.0, 127.8, 127.8, 127.7, 127.6, 127.0, 125.8, 73.5, 73.3, 69.7, 69.5, 66.8, 39.9, 374,
vi+): 338.1882 Found: 338.1867.
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(I.) 23, JK)- Z J Uzs(memoxymemyu l 4- azmemytcycmnex -4-en-1-ol (O} l“OHOWlﬂg the generau proceaure
Ni(COD)2 (6.1 mg, 0.022 mmol) and (R)-BINAP (2i.2 mg, 0.034 mmol) in 2 mL toluene were added to §
(33.6 mg, 0.158 mmol). DIBAL-H (0.18 mL, 1.0 M in hexanes, 0.180 mmol) was added via syringe pump
(addition time about 12 h). Standard workup and bulb to bulb distillation yielded 6 (27.0 mg, 81%, 84% ee), a
colourless oil. The ee of this alcohol was determined by GC analysis on a Chiraldex GTA column (Advanced
Separation Technologics). Rf (30% ethyl acetate in hexanes) 0.33; bp 70-90 °C/1 mm; [0a]p=-60.1° (c=1.8,
CHCI3); IR (neat, cm~1) 3417 (br), 2963 (m), 2899 (s), 2818 (m), 1446 (m), 1382 (m), 1202 (m), 1103 (s),
966 (m), 908 (m); 1H NMR (400 MHz, CDCI3) § 5.24 (1H, m), 4.98 (1H, s, disappears with D20), 3.73 (1H,
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Add I=Q08 60 H»2Y 3 A1 (1 Ad IT=0R A8 Hry 28R (1 t T—O0O8 H7Y 2A7(1H A4 T ~-09Q2 74 LI\
U, o Uy U ARL)y W01 (RAdy Ny O S0y WU BRLJy S0 By Ly U =~ T KRLY, I (1KLL, U, J — F.0, L. X14),
227 ALY N 226 /ILT N DD AN /1LY Y Y 18 /1LY 34 T . 277 10 I¥N A 1A ATT .\ Y 77 (01T N1 A
D.2/7 \Jf1, D), J.25 \II1, D}, &4.9& (111, D), &4.12 {1611, U, J = J./, 1.0 NZ), L. 19 (£, 1), 1./73 (2K, §), 1.41
(3H, s); 13C NMR (100 MHz, CDCI3) & 132.1, 122.1, 70.7, 69.2, 67.5, 58.9, 58.8, 44.9, 41.5, 40.5, 27 6,
21.6. HRMS caled for C12H2203 (M)*: 214.1569. Found: 214.1562.

(IR, 28, 65)-1,6-di(methoxymethyl)tricyclo[4.1.0]hept-4-en-1-0l (8): Following the general procedure, a
solution of Ni(COD); (6.6 mg, 0.024 mmol) and (R)-BINAP (23.4 mg, 0.037 mmol) in 1 mL of THF was
added to 7 (44.0 mg, 0.224 mmol). DIBAL-H (0.24 mL, 0.240 mmol) was added over 5 h. Chromatography
vielded 39 mg of 8 (88%, 91% ee). The ee was determined by esterification with Mosher's acid chloride and

examination of the lH NMR spectrum. Ry=0.21 on silica gel (hexanes : EtOAc 7 : 3); bp 60°C/0.25 mmHg;

[o]25p= 117° (c= 1.2, CHCl3); IR (neat) 3433, 2926, 2893, 1647, 1451, 1193, 1136, 1102, 1028 cm-!: IH
[RT] I 17 \> iedwy NrRANCEIY )y AN KAWL J o~ Wy T ANy WUy ATy ATV Ay LAy R AUy 21V, 1VAU VILL X1
NRMD /ANN AT MY AR S QY /1T Ad 7 .09 222y SANILY AdAd 7T QO Q "7 1 AALIZ\ A1 1LY
INIVIRN AUV IINIZ, Cei3j 0 J.04 (i, UG, v = 7.0, 5.0 04y, J.4u (1, G4, v = 7.0, /.1, 2.2 NZj), 4.«1 (111, L,
J = 8.2 Hz), 391 (iH, dd, J = i0.1, 1.3 Hz), 3.75 (iH, s), 3.63 (iH, d, J = 10.2 Hz), 3.48 (1H, d, /=99

Hz), 3.38 (3H, s), 3.31 (3H, s), 3.24 (1H, d, J = 10.3 Hz); 13C NMR (100 MHz, CDCI3) § 130.3, 121.4,
77.6, 76.2, 69.2, 59.1, 58.8, 32.5, 30.5, 27.9, 20.0; HRMS calcd for C;1H 303 (M)*: 198.1256. Found:
198.1260.

(18, 2R, 3S)-2,3-dimethoxycyclohex-4-en-1-ol (10): Following the general procedure, a solution of Ni(COD)»
(5.0 mg, 0.018 mmol) and (R)-BINAP (17.0 mg, 0.029 mmol) in 1 mL of THF was added to 9 (14.3 mg,

2 mmol). DIBAL-H (0.11 mL, 0.110 mmol) was added over 2 h. Chromatography yielded 6 mg of 10

o 7
o
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(ANCL. QA0 aaY Tha an ¢ Aatarminad hy £ An o T hiralday (1 TA sahiimam at TINOMT catamtinm timan ~F 1N A
(U700, 60U 70 €Cj. 11C CC § QOWCTIIIICa Oy wow Gl a CiiifaiGlR -1 A COUitii dr 12v «, TeCiitioI ume Or 1v.4
it famm i e ] TN O iie TV N 11 o an oilinn anl (havamas TeMAA~ 1 1Y, b £NOVIN AE o TT o (4,125 2172 70
I {major) atid 1v.o iin .l\f—- V.11 Uil siliCd gC1 ULICAALICS . LiuUAL ] 1), P VDU U/U.Lo THINAg, [Xj=-"p= 23./
NS a8 o io 7 N FATE SO A S LS E O TAET SSLA s ] -5 1 137 RTRATY 7
(c= 0.3, CHCI3); IR (neat) 3416, 2924, 1656, 1463, 1264, 1191, 1072, 1005, 912, 753 cm-!; !H NMR (400

MHz, CDCl3) 6 5.88 (1H, dddd, J = 9.9, 4.8, 2.6, 1.1 Hz), 5.81 (1H, ddd, J = 9.8, 4.8, 2.2 Hz), 4.06 (1H,
dddd, J = 9.5, 9.5, 6.2, 1.5 Hz), 3.98 (1H, dd, J = 4.4, 4.4 Hz), 3.49 (3H, s), 3.44 (3H, s), 3.18 (1H, dd, J
= 9.8, 3.6 Hz), 2.64 (1H, s, disappears with D,0), 2.61 (1H, dddd, J = 18.0, 5.8, 4.7, 1.1 Hz), 2.05 (1H,
ddddd, J = 18.0, 9.1, 2.6, 2.6, 0.7 Hz); 13C NMR (100 MHz, CDCl3) & 129.9, 124.1, 83.7, 71.7, 65.6, 57.4,
57.1, 33.6; HRMS calcd for C7H9O; (M-CH3, HoO)*: 125.0603. Found: 125.0607.

noe n

0.124 mmol). DIBAL-H (0.15 mL, 0.150 mmol) was added over 4 h. The crude mixture was subjected to GC
analysis which showed there to be roughly 50% conversion to product (78% ee). The ee was determined by
CGC on a Chiraldex G-TA column at 120°C, retention time of 10.4 min (major) and 10.8 min. The material was
found to be identical in all respects by comparison with reported data.”

(15,2R,65,10S5)-10-methoxy-1,6-di(methoxymethyl)bicyclo[4.4.0]deca-4,7-dien-2-0l (14) and
(1R 2R,6R 7S)-7-methoxy- 1,6-di(methoxymethyl)bicyclo[4.4.0]deca-4,9-dien-2-0l (15). Following the general
a solution of Ni(COD); (5.9 mg, 0.021 mmol) and (R)-BINAP (20.0 mg, 0.032 mmol) in 1 mL of

iy Ve& 2 JIL 1V
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THF was added to 13 (307 me. 0.149 mmol). DIBAI -H (0.18 mL. 0.180 mmol) was added over 16 h
v S5 Lens L Sy VLTS 1iRizVUAS, AS ARG RESTAR \WV XU dliks, U. 10V J1HUIVI) WAd auuclu uyvel 11U 11,

r‘i-..-,-....non..- aldad 16 e ~F 14 (ANOL ONVO0L aa and 12 e ~F1E 12207 ONOL <2y Thao ~a PR B

L HIUINaUEIL g y _yxcuuc:u 1U IR UL 29 (U0, 0L 70 ©C) dlld 10 111g VI ko (030270, 0470 CC ). 11IC CC WdAS QEICrminea

by esterification with Mosher's acid chloride and examination of the !H NMR spectrum.

(14) Ry=0.20 on silica gel (hexanes : EtOAc 4 : 1); bp 70°C/0.25 mmHg; [a]25p= 155° (c= 0.3, CHCl3); IR
(neat) 3515, 2924, 2360, 1457, 1191, 1105, 1045, 965, 766 cm"i; ITH NMR (400 MHz, CDCl3) 8 5.71 (1H,
dddd, J = 10.2, 4.7, 2.2, 1.1 Hz), 5.68 (1H, ddd, J = 10.2, 4.4, 2.9 Hz), 540 (1H, ddd, J = 10.2, 2.6, 1.5
Hz), 5.30 (1H, ddd, J = 10.2, 4.4, 2.2 Hz), 4.42 (1H, ddd, J = 8.5, 6.9, 2.2 Hz), 4.08 (1H, dd, J = 3.4, 3.3
Hz), 3.63 (1H, d, J = 2.2 Hz), 3.51 (2H, s), 3.33 (3H, s), 3.30 (3H, s), 3.26 (3H, s), 3.09 (2H, s), 2.30 (3H,
m), 2.13 (1H, dddd, J = 18.3, 3.7, 2.6, 2.5 Hz); !3C NMR (100 MHz, CDCl3) 8 129.6, 128.8, 124.7, 124.1,

78.4, 77.8, 74.3, 72.1, 59.4, 59.0, 57.7, 44.8, 44.0, 32.5, 26.6; HRMS calcd for C;5H7404: (M+H)™T:

- A Wil .
(I8Y DR, — N 75 An cilira gal (havanae * FtNA-~ A+ 1) hn 7090/N I8 mmE o Tv125— 24 20 (- N & OLIOLY TR
\IJ) 1\]— V. Lo ULL Dillva sbl \llbi\allbd AN T . 1), Ul.l [AY R STAVIFSIU RS B &4 llh_] l_)—' [ oy ) \b— UAJ, \/l.l\./lj), AN
fn o ma) VATTL ANTO 1AAD 1100 1T1NE 1NEN NLE "TAL ___—l, 1T NIRATY 7ANN RAYY_ AN N QS 2 70 1YY .\ &£ N
(neat) 2470, 4910, 1443, 11906, 11U, 1UdZ, 03, /40 CM™*; *n NMIK (4UU MKz, CLCI3} 0 J3./U (1K, S), J./U
(1H, dd, J = 6.2, 1.5 Hz), 5.66 (1H, ddd, J = 10.2, 5.5, 2.2 Hz), 5.37 (1H, ddd, J = 10.2, 2.7, 1.5 Hz), 4.31

2.
(1H, ddd, J = 9.9, 5.5, 1.8 Hz), 3.78 (1H, d, J = 9.2 Hz), 3.62 (1H, dd, J = 10.2, 5.5 HZ) 3.57 (1H, s),
3.57 (1H, d, J = 9.6 Hz), 3.46 (1H, d, J = 9.9 Hz), 3.35 (3H, s), 3.34 (3H, s), 3.28 (3H, s), 2.37 (1H, ddd, J
= 16.8, 5.5, 4.0 Hz), 2.16 (1H, dddd, J = 17.2, 5.5, 5.5, 1.1 Hz), 1.91-2.04 (2H, m); 13C NMR (100 MHz,
CDCl3) 8 126.9, 126.7, 126.5, 125.7, 78.2, 75.6, 73.4, 70.1, 59.1, 58.6, 57.3, 48.1, 47.3, 31.0, 28.0;
HRMS calcd for C;5H2404 (M)*: 268.1674. Found: 268.1674.
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