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General Information. NMR spectrawere recorded on an Oxford 300 MHz NMR spectrometer
running Varian VNMR software. Chemical shifts are reported in parts per million (ppm)
downfield from tetramethylsilane with reference to internal solvent for ‘H NMR and *C NMR
spectra. Chemical shifts are reported in parts per million (ppm) downfield from H,PO, for *'P
NMR spectra. Multiplicities are abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet
(9), quintet (quint), septet (sept), multiplet (m), and broad (br). Optical rotations were taken on a
Jasco P-1010 polarimeter with awavelength of 589 nm. The concentration “c” has units of
0/100mL (or 10 mg/mL) unless otherwise noted. Analytical thin-layer chromatography (TLC)
was performed using silica gel 60 F254 precoated plates (0.25 mm thickness) with a fluorescent
indicator. Visualization was performed with standard potassium permanganate stains,
anisaldehyde or UV light. Flash column chromatography of organic compounds was performed
using silicagel 60 (230-400 mesh), and flash column chromatography of ruthenium compounds
was performed using silica gel 60 (230-400 mesh) from TSI Scientific (Cambridge, MA). All
enantiomeric purities were determined by chiral GC (Chiraldex G-TA, 30mx0.25mm or CP
Chirasil-Dex-CB, 25mx0.25mm) or chiral HPLC (Chiracel AD, OD-H, AS) and were compared
to racemic samples. All glassware was either oven dried or flame dried, and reactions were done
under an atmosphere of argon unless otherwise noted. All organic solvents were dried by
passage through solvent purification columns containing activated alumina. All commercia
chemicals were used as obtained, and (PCy,),Ru(=CHPh)CI, was a gift from Materia, Inc.

Compounds 2a,b', 3a,b', 5a,b', 6a,b’, 11", 14", 15a", and 22" are known compounds and were
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prepared as previously reported. Compounds 8, 12, and 13, 16 were purchased from Aldrich and

used as received.

Catalyst Preparation

OH OH Mel OMe
Br, K,COj3
CHCl,, 65 °C, 5 mi acetone
s mn 40°C, 12 h
Br Br
s1 s2

4-Br omo-5-isopropyl-2-methyl-anisole (S2). Br, (1.7 ml, 33 mmol) in CHCI, (20 ml) was
added dropwise over 20 min from an addition funnel to carvacrol (5 g, 33 mmol) in CHCI, (60
ml) stirring at 65 °C. The reaction was stirred for 5 min and then quenched with a saturated
agueous solution of Na,S,0;. The organic layer was removed; the aqueous layer was extracted
3x with CHCI; and the combined organic fractions were dried over MgSO, and purified by
column chromatography (5% EtOAc/Hex) to yield 6.54 g (86%) of S1. CAUTION: Be
extremely careful if you attempt to scale this reaction up further. Great care must be taken with
the addition rate of the bromine solution to prevent the solution from exotherming too greatly
and generating bromine gas. *H NMR (300 MHz, CDCl.) § 7.28 (1H, d, 0.9 Hz), 6.70 (1H, 9),
4.97 (1H, s), 3.26 (1H, sept, 6.6 Hz), 2.19 (3H, 5), 1.20 (6H, d, 6.9 Hz); *C (75 MHz, CDCl,) §
153.6, 146.3, 134.6, 123.6, 114.5, 113.5, 32.8, 23.0, 15.3; HRMS (El+) calc for C,,H,,OBr,
228.0150. Found 228.0156.

To asolution of S1 (6.54 g, 29 mmol) and K,CO; (11.9 g, 86 mmol) in acetone (125 ml) was
added Mel (5.4 ml, 86 mmol). The reaction was heated to 40 °C and stirred for 12 h. Then the
reaction was cooled to RT and filtered through a glass frit which was rinsed with acetone. The
solution was then concentrated and purified by column chromatography (2% EtOAc/Hex) to

yield 5.54 g (80%) of 25. 'H NMR (300 MHz, CDCl,) § 7.28 (1H, d, 0.9 Hz), 6.73 (1H, 5), 3.83



(3H, ), 3.33 (1H, sept, 6.9 Hz), 2.16 (3H, d, 0.4 Hz), 1.25 (6H, d, 6.9 Hz): *C (75 MHz, CDCI.)
§ 157.57, 145.65, 134.25, 126.4, 114.1, 108.4, 55.7, 33.2, 23.1, 15.7; HRMS (El+) calc for

C,H,<OBr, 242.0306. Found 242.0306.

Ph Ph
HoN NH
oMe : : NH4BF,4
Pd,(dba)3 CHClI3 (5 mol %) , Pr HCOQH ’—. , Pr
NH HN N - N
(+)-BINAP (12 mol %) HC(OEt)3
Br NaOt-Bu FPr Me 120°C, 12 h i-Pr F4_ Ve
s2 toluene, 90 °C, 48 h

Tetrafluoroborate Imidazolium Salt S3. A solution of S2 (2.66g, 11 mmol) and toluene (17
ml) in a schlenk tube was freeze/pump/thawed 3 times using aliquid nitrogen bath. After
reaching RT, the positive argon pressure was briefly stopped and to this solution was added
(1R,2R)-(+)-1,2-diphenylethylenediamine (1.1 g, 5 mmol), Pd,(dba),* CHCI, (260 mg, 0.125
mmol), and (z)-BINAP (374 mg, 0.6 mmol) in one portion. The argon pressure was
immediately resumed, and a very brief pump/backfill was performed at RT. The argon pressure
was again briefly stopped, and NaOt-Bu (1.44 g, 15 mmol) was added. A brief pump backfill
was performed and the reaction was heated to 90 °C and sealed. The reaction mixture stirred for
48 h at 90 °C, and after cooling to RT was quickly passed through a small silicagel column with
5% EtOAc in hexanes. The eluting was stopped when no more UV active material came off the
column. The eluent containing partially purified diaryl diamine was concentrated and (EtO),CH
(8.3 ml, 50 mmol) was added. To this mixture was added NH,BF, (524 mg, 5.2 mmol) and 2
drops of formic acid. The reaction was heated to 120 °C and stirred for 12 h. Upon cooling to
RT, Et,O was added and a white precipitate was briefly observed but ultimately athick oil
formed. The reaction was concentrated, purified by flash chromatography (10% MeOH/CH,CI,),
and placed under high vacuum for 12 h to yield 1.85 g (58%) of S3 asahard foam. [a]*,

+285.08 (¢ 0.57, CH,Cl,). *H NMR (300 MHz, CDCl,) § 8.10 (1H, s), 7.46-7.33 (10H, m), 7.21
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(2H, 9), 6.60 (2H, 9), 5.68 (2H, ), 3.78 (6H, ), 3.05 (2H, sept, 6.6 Hz), 2.12 (6H, d, 6.6 H2),
1.29 (6H, d, 6.9 Hz), 1.12 (6H, d, 6.9 Hz); °C (75 MHz, CDCl.) 6 159.4, 157.9, 143.8, 133.4,
131.0, 130.5, 130.0, 129.9, 128.9, 128.8, 127.1, 123.2, 107.3, 55.6, 29.0, 25.0, 24.1, 15.7; HRMS

(FAB+) calc for C;,H,3N,O,, 547.3325. Found 547.331.

oK Me,, — e
PCy; + ,( :Z N NQ\
MeO
"/—< /Pr ||?"\CI FsC™ | CF3 i.Pr \RK\CI OMe
u=\ u—-\ Me
N N v v
’Q 7 Q c ’ Ph toluene, 60 °C, 6 h Cl | Ph
iPr PCys PCys

BF,~ Me

Ruthenium Compound 4a. In adrybox, potassium hexafluoro-tert-butoxide (308 mg, 1.39
mmol), imidazolium salt S3 (1.07 g, 0.71 mmol), and (PCy,),Ru(=CHPh)Cl, (334 mg, 0.71
mmol) were suspended in toluene (25 ml). The flask was sealed with a septum and heavy
parafilm, removed from the glove box and stirred at 60 °C for 6 hours. The reaction mixture was
concentrated and purified by flash chromatography (10% Et,O/Hexanes) using TSI silicagel (see
Genera Information section) to afford 4a, which was lyophilized from benzene to give 600 mg
(78%) of abrown powder. *H NMR (300 MHz, C,D;) 8 19.88 (s, 1H), 8.83 (s, 1H), 7.64 (d, J=
7.2 Hz, 4H), 7.11-6.88 (m, 14H), 6.62 (s, 1H), 5.40 (d, J= 4.2 Hz, 1H), 5.04 (d, J= 4.2 Hz, 1H),
4.19 (septet, J= 6.6 Hz, 1H), 3.26 (s, 3H), 3.04 (s, 3H), 2.33 (s, 3H), 1.83 (d, J= 6.3 Hz, 6H),
1.75-1.45 (m, 21H), 1.28 (d, J = 7.2 Hz, 6H), 1.15-1.00 (m, 12H); *P{*H} NMR (C,D,) & 25.6
(s); ®*C NMR (126 MHz, C,D, ppm) only diagnostic peaks reported: & 221.0 (d, J= 88.4 Hz).

HRMS (FAB+) calc for C4,HgN,PCl,RUO,, 1088.446. Found 1088.449.



Preparation of Norbornene Substr ates.

@ t-BuNH, @
0=_=0

O—‘:. ;”—O xylenes, reflux N
o~ K
8 10

Imide 10. To asolution of anhydride 8 (71g, 430 mmol) in xylenes (400 ml) was added tert-
butyl amine (50ml, 480 mmol). A Dean-Stark trap was attached and the reaction was stirred at
reflux for 10 hours. At that point, 8 ml of H,O had collected in the trap, so 350 ml of xylenes
were distilled away. The reaction was cooled to RT and then placed in a0 °C freezer but this did
not induce crystallization. Instead, an excess of petroleum ether was added and the reaction was
refluxed for 30 min. A minimal amount of MeOH was added and the reaction was refluxed for
an additional 15 min. The flask was cooled to RT and then -78 °C. Imide 10 was obtained as
white crystals (13.5 g, 14%). *H NMR (300 MHz, C,D,) 6 6.10 (t, J= 2.1 Hz, 2H), 3.35 - 3.32
(m, 2H), 3.08 - 3. 07 (m, 2H), 1.66 (t, J= 1.8 Hz, 1H), 1.63 (t, J= 1.8 Hz, 1H), 1.45 (s, 9H); °C
(75 MHz, CDCl;) 6 179.3, 134.6, 58.3, 52.0, 45.6, 45.5, 28.7; HRMS (FAB+) calc for

CH,,NO,, 219.1259. Found 219.1263.

General Procedure A: Asymmetric Ring-Opening Cross Metathesis Reactionswith 6a. To
the norbornene (.2 mmol) and styrene (230 ul, 2 mmol) in CH,CI, (3 ml) was added the
dichloride catalyst 6a (2.3 mg, .002 mmol) and the reaction stirred at RT for 1h. The solvent was
evaporated, and the remaining residue was purified by flash chromatography to yield the desired

functionalized cyclopentane.

General Procedure B: Asymmetric Ring-Opening Cross M etathesis Reactionswith 6b. A

solution of Nal (30 mg, .2 mmol) and dichloride catalyst 6a (7 mg, .006 mmol) in CH,CI, (2 ml)
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was stirred at RT for 1 h. A solution of norbornene (.2 mmol) and styrene (230 ul, 2 mmol) in
CH,CI, (1 ml) was added, and the solution stirred at RT for 1 h. The solvent was evaporated, and

the remaining residue was purified by flash chromatography to yield the desired functionalized

cyclopentane.

Ph

- Oy
L o o—ioito
9

0= =0
8

Anhydride 9. Using 33 mg of anhydride 8, procedure A yielded 25 mg (47%) of anyhydride 9.
Procedure B at 0 °C yielded 26 mg (48%) of anhydride 9. Column eluent was 50%
Et,O/Hexanes. The ee was determined by chiral HPLC (Chiralcel AS, 8% IPA/Hex, .75 ml/min,

ret. times: 40.4 [magjor], 47.2 [minor]). Anhydride 9 isaknown compound.”

Ph
- RO
o—\Nﬁzo oiNizo
t-Bu t-Bu
10 s4

Imide $4. Using 44 mg of imide 10, procedure A yielded 37 mg (57%) of imide $4 and 27 mg
(42%) of cis-SA. Procedure B yielded 34 mg (52%) of 4 and 2 mg (3%) of cissS4. Column
eluent was 30% Et,0O/Hexanes. The ee was determined by chiral HPLC (Chiralcel OD, 3%
IPA/Hex, 1 ml/min, transret. times: 36.0 [major], 44.8 [minor]; cis ret. times: 12.0 [minor], 13.6

[major]). Characterization of S4 *H NMR (300 MHz, C,D) § 7.39-7.18 (m, 5H), 6.48-6.32 (m,

¥ J.J. Van Veldhuizen, S. B. Garber, J. S. Kingsbury, A. H. Hoveyda, J. Am. Chem. Soc. 2002,
124, 4954-4955.
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2H), 6.07-5.95 (m, 1H), 5.16-5.09 (m, 2H), 3.16-2.91 (M, 5H), 2.03-1.96 (m, 1H), 1.54 (s, 9H);
15C (75 MHz, CDCl,) § 177.6, 137.5, 137.0, 130.7, 129.0, 128.8, 127.5, 126.6, 115.8, 58.6, 49.3,
48.9, 46.7, 45.9, 35.6, 28.7; HRMS (FAB+) calc for C,H,sNO,, 323.1885. Found 323.1895.
Characterization of cis-S4 *H NMR (300 MHz, C,D,) & 7.37-7.23 (m, 5H), 6.65 (d, J= 11.1 Hz,
1H), 6.02-5.90 (m, 1H), 5.64 (dd, J= 11.7, 11.7 Hz, 1H), 5.12-5.04 (m, 2H), 3.37-3.25 (m, 1H),

3.10-3.01 (m, 2H), 2.90-2.79 (m, 1H), 1.94-1.86 (m, 1H), 1.59 (s, 9H).

Ph
= ‘\\=/
T\ %
N-N — N-N
O=LN/EO o=<N)=O
Ph Ph
11 S5

Heter ocycle S5. Using 48 mg of heterocycle 11, procedure A yielded 37 mg (54%) of S5 and 32
mg (46%) of cis-S5. Procedure B yielded 37 mg (54%) of S5 and 31 mg (45%) of cis-Sb.
Column eluent was 70 - 100% Et,O/Hexanes. The eefor S5 was determined by supercritical
CO, chira HPLC (Chiralcel OD-H, 5-25% MeOH over 10 min then 25% MeOH, 1 ml/min, ret.
times: 11.8 [mgjor], 14.0 [minor]). The eefor cis-S5 was determined by chiral HPLC (Chiralcel
AD, 8% IPA/Hexanes, 1ml/min, ret. times: 21.3 [minor], 33.0 [mgjor]). Characterization of S5
'H NMR (300 MHz, C,D,) & 7.58-7.26 (m, 10H), 6.76 (d, J= 15.9 Hz, 1H), 6.25 (dd, J = 15.6,
6.6 Hz, 1H), 6.03-5.92 (m, 1H), 5.50 (dd, J= 18, 0.9 Hz, 1H), 5.34 (dd, J= 9, 0.9 Hz, 1H), 4.78
(dt, J= 6.9, 6.9 Hz, 1H), 4.63 (dt, J= 7.2, 7.2 Hz, 1H), 2.91-2.82 (m, 1H), 2.36-2.27 (m, 1H); *C
(75 MHz, CDCl,) 6 136.0, 135.1, 133.6, 129.3, 128.9 128.6, 127.0, 126.1, 125.6, 118.7, 59.7,
59.4, 41.9; HRMS (FAB+) calc for C,;H,N;O,, 346.1556. Found 346.1532. Characterization of
cis-S5 *H NMR (300 MHz, C,Dy) & 7.53-7.26 (m, 10H), 6.76 (d, J= 11.4 Hz, 1H), 5.97 (ddd, J
=16.8, 10.2, 6 Hz, 1H), 5.83 (dd, J= 11.7, 9.6 Hz, 1H), 5.50 (d, J= 9 Hz, 1H), 5.36 (d, J = 10.2

Hz, 1H), 5.02 (ddt, J=8.1, 8.1, 0.9 Hz, 1H), 4.55 (dt, J= 6.9, 6.9 Hz, 1H), 2.80 (m, 1H), 2.27
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(m, 1H); *C (75 MHz, CDCl,) 6 134.8, 133.4, 129.3, 129.0, 128.8, 128.7, 128.2, 127.9, 125.6,

118.8, 59.4, 55.4, 42.5: HRMS (FAB+) calc for C,H,,N,0,, 346.1556. Found 346.1570.

Ph

—/

HO‘Q*OH HO OH

12 s6
Diol S6. Using 31 mg of diol 12, procedure A yielded 8.5 mg (16%) of S6 and 7.5 mg (14%) of
cis-S6. Column eluent was 80% Et,O/Hexanes. The ee was determined by chiral HPLC
(Chiralcel OD, 5% IPA/Hex, Iml/min, cis-S6 ret. times: 11.7 [minor], 13.0 [major], S6 ret.

times: 18.8 [minor], 21.3 [magjor]). Diol S6isaknown compound.”

o oy

HO— —OH HO— *~OH
13 S7

Ph

=/

Diol S7. Using 31 mg of diol 13, procedure A yielded 5 mg (10%) of an inseparable mixture of
S7 and cis-S7. Column eluent was 85% Et,O/Hexanes. The ee was determined by chiral HPLC
(Chiralcel OD, 5% IPA/Hex, 1ml/min, cis-S7 ret. times. 15.4 [minor], 16.7 [major], S7 ret.

times: 22.3 [major], 27.2 [minor]). Diol S7 isaknown compound.”"

o =y

AcO— *OAc AcO— —OAc
14 S8

Ph

—/

Acetate Protected Diol S8. Using 49 mg of acetate protected diol 14, procedure A yielded 62
mg (91%) of an inseparable mixture of S8 and cis-S8. Procedure B yielded 53 mg (78%) of an
inseparable mixture of S8 and cis-S8. Column eluent was 30% Et,O/Hexanes. The ee was
determined by chiral HPLC (Chiralcel AD, 2% IPA/Hex, 1 ml/min, cis-S8 ret. times: 10.3

[minor], 11.9 [major], S8 ret. times: 16.0 [major], 18.6 [minor]). Characterization of a mixture

'], J. Van Veldhuizen, D. G. Gillingham, S. B. Garber, O. Kataoka, A. H. Hoveyda, J. Am.
Chem. Soc. 2003, 125, 12502-12508.
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of S8 and ¢is-S8 'H NMR (300 MHz, C,Dy) § 7.37 - 7. 18 (m, 5H, cis and trans), 6.49 (d, J=
11.7 Hz, 1H, cis), 6.40 (d, J=15.6, 1H, trans), 6.22 - 6.14 (m, 1H, cisor trans), 5.89 - 5.76 (m,
1H, cisand trans), 5.60 (dd, J=11.1, 11.1 Hz, 1H, cisor trans), 5.10 - 5.00 (m, 2H, cisand
trans), 4.25 - 4.04 (m, 4H, cisand trans), 3.42 - 3.30 (m, 1H, cisor trans), 3.03 - 2.73 (m, 2H,
cisand trans), 2.63 - 2.50 (m, 2H, cisand trans, 1H, cisor trans), 2.05 (s, 3H, cisand trans),
2.00 (s, 3H, cisor trans), 1.99 (s, 3H, cisor trans); **C (75 MHz, CDCl,) § 171.1, 171.1, 139.3,
139.0, 137.5, 1334, 131.2, 131.1, 131.0, 130.3, 128.8, 128.5, 127.5, 127.1, 126.3, 116.0, 63.0,
62.9, 44.9, 44.8, 44.5, 44.4, 38.8, 36.7, 29.9, 21.3, 21.2 ; HRMS (FAB+) calc for C,;H,O,,

342.1831. Found 342.1839.

Absolute Stereochemistry Deter mination.

b (3% _Ph __Ph
6 = Br-( )NH, = o=
&~ CH,Clh0°C 1h @ O

0= =0 xylenes

=\ = = L
0 Ph (10 Eq) 0=c"0 SN
82% ee Ar
recryst. to 97% ee
9 S9

Using procedure B at 0 °C on alarger scale (607 mg, 3.7 mmol of norbornene starting material)
yielded 258 mg (26%) of 9 in 82% ee. To thiswas added 4-bromoaniline (182 mg, 1.06 mmol)
and xylenes (2 ml). Thereaction was stirred at 140 °C for 24h, cooled to RT and purified by
flash column chromatography (50% Et,O/Pentane) to yield S9 (300 mg, 75%). Imide SO was
recrystallized by slow diffusion of pentane into a solution of S9 in benzene. The ee was
determined by chiral HPLC (Chiralcel AD, 8% IPA/Hex, 1ml/min, ret. times: 31 [minor] , 41
[major]). X-ray crystal analysis of three separate crystal samples revealed that the absolute

stereochemistry was that which is depicted in the above scheme (all down).
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In a separate experiment 9 (330 mg, 1.2 mmol) was treated with LAH (93 mg, 2.4 mmoal) in Et,O
(14 ml) to give S7 (146 mg, 47%). HPLC analysis confirmed that this sample had the same

absol ute stereochemistry as S7 prepared from 13 using catalyst 6a.

X-Ray Crystal Analysis of S9

CCDC 234164

Cross Metathesis Substrate Preparation

OH TIPSCI, Imidazole OTIPS
W DMF W
15b

TIPS protected 1,4-pentadiene-3-ol (15b). TIPSCI (2.42 ml, 11.3 mmol) was added to a
solution of 1,4-pentadiene-3-ol (1 ml, 10.3 mmol) and imidazole (770 mg, 11.3 mmol) in DMF
(20 ml). The reaction was stirred overnight and then quenched with saturated aqueous NH,Cl.

Et,O was added and the organic layer was removed. The agqueous layer was extracted 3x with

S11



Et,O. The combined organic fractions were washed with saturated aqueous NaHCO, and
saturated agueous NaCl. The organic layer was then dried over MgSO,, filtered, concentrated
and purified by column chromatography (5% EtOAc/Hexanes) to yield 1.7 g (68%) of 15b. 'H
NMR (300 MHz, CDCl,) 6 5.82 (ddd, J= 17.1, 10.2, 5.4 Hz, 2H), 5.23 (ddd, J= 17.1, 1.5, 1.5
Hz, 2H), 5.07 (ddd, J = 10.2, 1.5, 1.5 Hz, 2H), 4.72-4.67 (m, 1H), 1.07-1.06 (m, 21H); **C (75

MHz, CDCL,) § 140.9, 113.9, 75.1, 18.3, 12.5; HRMS (El+) calc for C,H,,0Si, 240.1910. Found

240.1910.
o
o~ N N\ j\
7 N7 TN
OH N N
W =/ '~/ O) (O 1. NaHCO3, MeOH TMSO‘—. .QTMS
OH CH,Cl, = — 2. TMSCI, Imidazole, DMF —/ \—=
S10 18

TMS protected 1,5-hexadiene-3,4-diol 18. Carbonyl diimidazole (7.46 g, 46 mmol) was added
to 1,5-hexadiene-3,4-diol (5 g, 43.8 mmol, mixture of meso and rac) in CH,CI, (60 ml). The
reaction was stirred for 12h and quenched with saturated aqueous NH,Cl. The aqueous layer
was removed and the solution was concentrated. Et,O and Hexanes were added and the aqueous
layer was added. The solution was washed 3x with saturated aqueous NH,Cl, dried over Na,SO,
and purified by flash column chromatography (40% Et,O/Hex, desired spot is the lower spot) to
yield 620 mg (10%) of carbonate protected meso-1,4-pentadiene-3-ol. To 550 mg (6.07 mmol)
of this compound was added NaHCO, (1.5 g, 18.2 mmol) and methanol (10 ml). The reaction
was stirred for 18h and then worked up to yield 690 mg (99%) of meso-1,5-hexadiene-3,4-diol
(S10). *H NMR (300 MHz, CDCl,) 8 5.94-5.83 (m, 2H), 5.39-5.26 (m, 4H), 4.22-4.19 (m, 2H),
2.19 (s, br, 2H); ©C (75 MHz, CDCI.) & 136.1, 117.8, 75.6; HRMS (El+) calc for C;H,,0,,

114.0681. Found 114.0683.
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To S10 (110 mg, 0.96 mmol) was added imidazole (328 mg, 4.8 mmol) and DMF (3ml). The
reaction was cooled to 0 °C and TMSCI (306 ul, 2.4 mmol) was added. The reaction was stirred
for 12h, during which time it warmed to RT, and Et,O was added. The reaction was washed with
saturated agueous NH,Cl, saturated aqueous NaHCOQO,, and saturated aqueous NaCl. The organic
layer was dried over Na,SO, and purified by flash column chromatography (5% Et,O/Hexanes)
to yield 18 (137 mg, 55%). *H NMR (300 MHz, C,D,) & 5.95-5.84 (m, 2H), 5.21 (dd, J = 18.3,
1.2 Hz, 2H), 5.13 (ddd, J=10.5, 1.2, 1.2 Hz, 2H), 3.96-3.94 (m, 2H), 0.10 (s, 18H).*C (75
MHz, CDCl,) § 138.6, 115.7, 76.8, 0.5; HRMS (El+) calc for C,,H,:0,Si,, 257.1393. Found

257.1400.

TfO, OTf t-Bu. Si,t-Bu
Si Ol
OH OH tBu” " ~tBuU oo
) O i H =
CH,Cl,, RT THF,-10-->0C pyridine

20
Protected 1,3-diol 20. Following literature procedure,"" 1,6-heptadiene-3,5-diol was prepared
as amixture of meso and rac isomers. To thisdiol mixture (815 mg, 6.36 mmol) in pyridine (20
ml) was added di-tert-butylsilylbis(trifluoromethanesulfonate) (2.55 ml, 6.99 mmol). The
reaction was stirred at RT for 3 hours and Et,O was added. The reaction was washed 3x with
saturated agueous NH,Cl, dried over MgSO,, concentrated and purified by flash column
chromatography (3% Et,O/Hexanes) to yield 633mg (37%) of 20. '"H NMR (300 MHz, C,D,) &
5.84 (ddd, J= 6.0, 12.0, 18.0 Hz, 2H), 5.33 (ddd, J = 2.0, 2.0, 24 Hz, 2H), 5.08 (ddd, J= 2.0, 2.0,

9.0 Hz, 2H), 4.64-4.57 (m, 2H), 1.8-1.7 (m, 1H), 1.6-1.5 (m, 1H), 1.1 (s, 9H), 1.0 (S, 9H).

O
OH OH OTBS

| =——MgBr LAH /W\ TBSCI, Imidazole /\)\/\
| THRocrRT /\)\ THF, reflux e DMF e

23

' C. Baylon, M.-P. Heck, C. Mioskowski, J. Org. Chem. 1999, 64, 3354-3360.
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TBS protected alcohol 23. A modified literature procedure was used.” To asolution of 1-
propynlmagnesiumbromide in THF (100 ml, .5 M, 50 mmol) at 0 °C was added crotonaldehyde
(3.5 ml, 42.2 mmol). The reaction was stirred for 12 hours and allowed to warm to RT during
thistime. Saturated agueous NH,Cl was added and the reaction was extracted 3x with Et,O. The
combined organic layers were washed with saturated agueous NaHCO,, dried over MgSO, and
purified by flash column chromatography (20% EtOAc/Hexanes) to yield 4.18 g (88%) of the
propargyl alcohol. This propargyl acohol (4.18 g, 37.3 mmol) in THF (80 ml) was added to
LAH (2.83 g, 74.5 mmol) in THF (250 ml) at 0 °C. The reaction was warmed to RT and then
stirred at reflux for 18 hours. The reaction was quenched with H,O and 15% agueous sol ution of
NaOH, filtered through celite and purified by flash column chromatography (20%
EtOAc/Hexanes) to yield 1.16 g (27%) of the symmetrical alcohol. A number of mixed fractions
were recolumned in 5% EtOAc/Hexanes to yield an additional .815 g (19%) of the symmetrical
alcohol. To thisacohol (.815 g, 7.1 mmol) was added DMF (15ml), imidazole (483 mg, 7.1
mmol) and TBSCI (1.07 g, 7.1 mmol). The reaction was stirred for 12 hours and saturated
agueous NH,Cl was added. The mixture was extracted 3x with Et,O, dried over MgSO, and
purified by flash column chromatography (5% Et,O/Hexanes) to yield 1.184 g (74%) of 23. 'H
NMR (300 MHz, CDCl,) & 5.64-5.53 (m, 2H), 5.43 (ddqg, J= 1.2, 5.7, 15.0 Hz, 2H), 4.53-4.49
(m, 1H), 1.68 (dd, J= 1.2, 6.6 Hz. 6H), 0.89 (s, 9H), 0.05 (s, 6H); °C (75 MHz, CDCl.) § 134.1,

125.0, 74.2, 26.2, 18.6, 17.9, -4.3; HRMS (EI+) calc for Cj5H,0Si, 226.1753, found 226.1755.

" T. L. Underiner, H. L. Goering, J. Org. Chem. 1990, 55, 2757-2761.
S14



Asymmetric Cross M etathesis Reactions

OBz ACO—J/__\L—OAC OBz
QQV/k\%7 §§/J\<4%\V/OAC
CH,Cl,, 40 °C
28

Diene 28. Benzoate protected 1,4-pentadiene-3-ol (32 mg, .17 mmol) was added to cis-1,4-
diacetoxy-2-butene (134 ul, .85 mmoal) in CH,CI, (570 ul) open to air. The flask was then
flushed with argon and catalyst 5a (9 mg, .0085 mmol) was added. A reflux condenser was
attached and the reaction was stirred at 40 °C overnight (12h). The reaction was concentrated
and purified by column chromatography in 20% Et,O/Hexanes to yield (17 mg, 38%) of the
desired product. When aTLC plate is stained with anisaldehyde, the product is purple, the
starting material isblack and cis-1,4-diacetoxy-2-butene is brown. The enantiomeric excess was
determined by chiral HPLC analysis (Chiralcel AD, 1% IPA/Hex, 1 ml/min, ret. times: 13.8
[major], 15.5 [minor]). *H NMR (300 MHz, CDCI.)) & 8.07 (d, J= 7.2 Hz, 2H), 7.57 (t, J= 7.2
Hz, 1H), 7.44 (t, J= 7.2 Hz, 2H), 5.99-5.89 (m, 4H), 5.40 (d, J = 16.5 Hz, 1H), 5.29 (d, J= 9.9
Hz, 1H), 4.60 (d, J= 3.9 Hz, 2H), 2.07 (3H, s); *C (75 MHz, CDCL.) § 170.9, 165.6, 135.0,
133.3, 131.0, 130.4, 129.9, 128.6, 127.6, 118.1, 74.6, 64.1, 21.1; HRMS (El+) calc for C;sH,(O,,

260.1049. Found 260.1057.

OTBS AcO—/_\—OAc OTBS
N W/OAC
CH,Cl,, 40 °C
15a 17a

Diene 17a. Substrate 15a (37 mg, .186 mmol) was added to cis-1,4-diacetoxy-2-butene (147 ul,
.93 mmol) in CH,Cl, (570 ul) open to air. The flask was then flushed with argon and catalyst 5a
(9.3 mg, .0093 mmol) was added. A reflux condenser was attached and the reaction was stirred at
40 °C overnight (12h). The reaction was purified by column chromatography in 20%
Et,O/Hexanes to yield (14 mg, 28%) of the desired product. To determine the enantiomeric

excess, 17a was converted to 28. NEt;-3HF (50 ul) was added to 17ain CH,CI, (1 ml); the
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reaction was stirred for 12h. Then, NEt; (200 ul) and benzoyl chloride (50 ul) were added and
the reaction was stirred for 2h. Workup and analysis was the same as for 28. Characterization of
17a'H NMR (300 MHz, C,D,) 6 5.84-5.73 (m, 3H), 5.22 (ddd, J= 17.1, 1.5, 1.5 Hz, 1H), 5.07
(ddd, J=10.2, 1.5, 1.5 Hz, 1H), 4.64-4.62 (m, 1H), 5.56 (dd, J= 3.9, 0.6 Hz, 2H), 2.06 (s, 3H),
0.90 (s, 9H), 0.06 (s, 6H).*C (75 MHz, CDCl,) & 171.0, 139.9, 136.6, 123.6, 114.4, 73.7, 64.6,

26.1,21.1, 18.6, -4.5, -4.5: HRMS (El+) calc for C,H,.0,Si, 269.1573. Found 269.1561.

OTIPS ACO—/_\—OAC OTIPS
CH,Cl,, 40 C
15b 17b

Diene 17b. Substrate 15b (44.8 mg, .186 mmol) was added to cis-1,4-diacetoxy-2-butene (147
ul, .93 mmol) open to air. The flask was then flushed with argon and catalyst 5a (9.3 mg, .0093
mmol) was added. A reflux condenser was attached and the reaction was stirred at 40 °C
overnight (12h). The reaction was purified by column chromatography in 20% Et,O/Hexanes to
yield (5 mg, 8%) of the desired product. To determine the enantiomeric excess, 17b was
converted to 28. NEt;-3HF (50 ul) was added to 17b in CH,CI, (1 ml); the reaction was stirred
for 12h. Then, NEt; (200 ul) and benzoy! chloride (50 ul) were added and the reaction was
stirred for 2h. Workup and analysis was the same as for 28. Characterization of 17b *H NMR
(300 MHz, C,Dg) 8 5.85-5.74 (m, 3H), 5.23 (ddd, J=17.1, 1.5, 1.5 Hz, 1H), 5.08 (ddd, J = 10.2,
1.5, 1.5 Hz, 1H), 4.73-4.70 (m, 1H), 4.56 (d, J = 4.2 Hz, 2H), 2.05 (s, 3H), 1.06-1.04 (m, 21H).
BC (75 MHz, CDCI,) 6 171.0, 140.4, 137.2, 123.5, 114.2, 73.9, 64.6, 21.2, 18.2, 12.5; HRMS

(E14) calc for C;H,,0,Si, 313.2199. Found 313.2184.
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TMSO,  OTMS

—/ \—=

— TMSO.  OTMS
CH,Cl,, 40 C OAc

18 19
Diene 19. Substrate 18 (27 mg, .104 mmol) was added to cis-1,4-diacetoxy-2-butene (82 ul, .52

mmol) open to air. The flask was then flushed with argon and catalyst 5a (5.7 mg, .0052 mmol)
was added. A reflux condenser was attached and the reaction was stirred at 40 °C for 12h. The
reaction was purified by column chromatography in 40% Et,O/Hexanesto yield (6 mg, 17%) of
19. For ee determination, 19 was converted into its triacetate analogue. TMS protected diol 19
(6 mg) in CH,CI, (.5 ml) wastreated with NEt,-3HF (3 drops) and stirred for 0.5 hours. Triethyl
amine (100 ul) and Ac,0O (50 ul) were added and the reaction was stirred for 14 hours. This
crude sample was then directly analyzed by chiral GC (3-DM, 100 °C for 5 min, then ramp
2°C/min to 200 °C, ret. times: 30.7 [minor], 30.9 [major]). Characterization of 19 *H NMR (300
MHz, C,Dy) 6 5.93-5.71 (m, 3H), 5.21 (ddd, J=17.1, 1.5, 1.5 Hz, 1H), 5.15-5.11 (m, 1H), 4.56
(d, J= 5.4 Hz, 2H), 3.99-3.91 (m, 1H), 2.06 (s, 3H), 0.09 (18H). *C (75 MHz, CDCl.) § 138.5,

135.2, 125.2, 115.9, 77.4, 76.3, 64.6, 21.2, 0.5, 0.5: HRMS (El+) calc for C,H4,0,Si, 331.1761.

Found 331.1769.
t-Bu< .. t-Bu t-Bu< .. t-Bu
.Si. _/:\_ _Si-
o 0 AcO OAc o 0
NNNNF NN OAC
CH,Cl,, 40 C
20 21

Diene 21. Substrate 20 (33 mg, .124 mmol) was added to cis-1,4-diacetoxy-2-butene (59 ul, .37
mmol) in CH,CI, (570 ul) open to air. The flask was then flushed with argon and catalyst 5a (6.7
mg, .0062 mmol) was added. A reflux condenser was attached and the reaction was stirred at 40
°Cfor 12h. The reaction was purified by flash column chromatography (10% Et,O/Hexanes) to
yield (20 mg, 48%) of 21. For ee anaysisthe diol was reprotected with benzoate groups. Silyl

protected diol 21 (20 mg) in CH,CI, (1ml) was treated with NEt,-3HF (100 ul) and stirred for 18
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hours. Triethyl amine (300 ul) and BzCl (100 ul) were added and the reaction was stirred for 14
hours. The benzoate-protected diol was purified by flash column chromatography (40%
Et,O/Hexanes) and analyzed by chiral HPLC (Chiralcel AD, 5% EtOH/Hexanes, 1Iml/min, ret.
times: 16.2 [major], 19.4 [minor]). Characterization for 21 *"H NMR (300 MHz, CDCl,) & 5.91-
5.70 (m, 3H), 5.32 (d, J= 18 Hz, 1H), 5.08 (d, J= 9 Hz, 1H), 4.66-4.56 (m, 4H), 2.08 (s, 3H),

1.74 (d, J= 15 Hz, 1H), 1.57 (s, 1H), 1.05 (s, 9H), 1.02 (s, 9H).

OTBS = OTBS
aco— \onc

N = X =
03 CH,Cl,, 40 C 04

Diene 24. Substrate 23 (98 ul, .5 mmol) was added to cis-1,4-diacetoxy-2-butene (79 ul, .5

OAc

mmol) in CH,CI, (1 ml) open to air. The flask was then flushed with argon and catalyst 5a (6.7
mg, .0062 mmol) was added. A reflux condenser was attached and the reaction was stirred at 40
°Cfor 12h. The reaction was purified by flash column chromatography (10% Et,O/Hexanes) to
yield (32 mg, 23%) of 24. For ee analysis athree step sequence was carried out (see below).
Characterization of 24'H NMR (300 MHz, CDCl,) § 5.74-5.72 (m, 2H), 5.67-5.55 (m, 1H),
5.45-5.36 (m, 1H), 4.59-4.48 (m, 3H), 2.06 (s, 3H), 1.68 (d, 6.3 Hz, 3H), 0.90 (s, 9H), 0.05 (s,
6H). °C (75 MHz, CDCl.) & 171.0, 137.4, 133.1, 126.0, 123.1, 73.4, 64.7, 26.1, 21.2, 17.9, -4.3,

-4.5; HRMS (El+) calc for C,;H,,0,Si, 283.1730. Found 283.1741.

TB OH
/\)O\j\/OAC 1. NaHCOz, MeOH, RT \/‘\/\/OB
n
N = 2. NaH, BnBr, THF, RT
24 3. TBAF

MeOH (1 ml) and NaHCO, (75 mg, .89 mmol) were added to 24 (32 mg, .14). The reaction was
stirred for 12 hours and H,O and Et,O were added. The Et,O was removed and the remaining
mixture was extracted 3x with Et,O. The combined organic extracts were dried over MgSQO,,
filtered and concentrated to yield 26 mg (96%) of the deprotected primary alcohol. To this

compound (26 mg, .11 mmol) was added THF (3 ml) and NaH (85 mg, .22 mmol) and the
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reaction was stirred for 20 minutes. Benzyl bromide was purified by passing it through neutral
aluminaand 38 ul (.33 mmol) was added. The reaction was stirred for 12 hours and then
purified by flash column chromatography (10% Et,O/Hexanes) to yield 23 mg (65%) of the
protected diol. To this compound (23 mg, .07 mmol) was added TBAF (150 ul, 1M in THF).
The reaction was stirred for 2 hours and Et,O and saturated agueous NH,Cl were added. The
Et,O was removed and the agueous layer was extracted with Et,O. The combined ether layers
were washed with NaHCO,, dried over MgSO, and purified by flash column chromatography
(50% Et,0O/Hexanes) to yield 10 mg (64%) of the deprotected secondary alcohol. The ee was
determined by chiral HPLC (Chiralcel OD, .75% IPA/Hexanes, 1ml/min, ret. times. 94.6

[maor], 116.4 [minor]).
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Cross Metathesis Ster eopr oofs.

Stereoproof for 17a,b.

1. BnO—/_\—OBn
o) R.R)-Sal Co)AcO. H-,O o 1a, CH2C|2, 40 °C OH
N (RR)-Salen(Co)Aco. By N \/-\/\/OBn
2. (Me);SI, BuLi
THF, -10 °C -> RT
opposite
enantiomer
OTBS 5a (5 mol%)
W CH,Cl,, 40 °C \)TS/VOA 1. NaHCO3, MeOH, RT \L\/OB
—_— c )
/7 N ~ 2. NaH, BnBr, THF, RT
15a AcO OAc (5 eq) 17a 3. TBAF 11
16

To prepare a known sample: (R,R)-Salen(Co) (562 mg, 0.93 mmol) was stirred with glacial
acetic acid (600 ul) in toluene (5 ml) for 30 minutes. Then the solution was concentrated to
dryness and butadiene monoxide (5ml, 62 mmol) was added. The solution was cooled to 0 °C
and H,O (782 ul, 43.4 mmol) was added. The reaction was stirred for 72 hours and during this
period it was allowed to warm to RT. The epoxide was isolated by vacuum transfer to a
receiving flask cooled to -78 °C. The epoxide was put through a plug of auminato dry it and
the epoxide (626 mg, 29%) was isolate enantioenriched [0]?,-9.93 (¢ 3.17, iPrOH) [Lit. vaue:
-10.4, ¢ 2.97, iPrOH]. Inasecond step, catalyst 1a (42 mg, .05 mmol) was added to the
enantioenriched epoxide (322 ul, 4 mmol) and cis-1,4-dibenzyloxy-2-butene (257 ul, 1 mmal) in
CH,CI, (5 ml). The reaction was stirred for 12 hours at 40 °C, then cooled to RT, concentrated
and purified by column chromatography (15% Et,O/Hexanes, the product is the middle spot) to
give the desired product (121 mg, 63%). This product was added to a solution of (Me),SI (344
mg, 1.68 mmol) and BuLi (980 ul, 1.57 mmol) which was prestirred for 2.5 hours at -10 °C. The
reaction was stirred for 12 hours during which time it was allowed to warm to RT and then the
reaction was quenched with a saturated agueous solution of NH,Cl. Et,O was added and the

organic layer was removed, the agueous layer was extracted 3x with CH,Cl, and the combined
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organic fractions were dried over MgSO,, concentrated and purified by column chromatography
(30% Et,0O/Hex) to yield S11 (65 mg, 57%). The material was analyzed by chiral HPLC
(Chiralcel OD, 206 nm, 2% IPA/Hex, 1ml/min) to give aminor peak at 35.6 min and a major

peak at 41.1 min with an ee of 44%.

To prepare a sample by asymmetric cross metathesis: 17a was prepared as previously
described. An excess of NaHCO, (93 mg, 1.1 mmol) and MeOH (3 ml) was added to 17a (26
mg, 0.1 mmol). The reaction was stirred for 48 hours and then H,O and Et,O were added. The
ether was separated and the agueous layer was extracted 3x with ether. The organic fractions
were combined and dried over MgSO, and concentrated to give the desired primary alcohol (23
mg, 99%). In a second step, BnBr (36 ul, 0.3 mmol) was added to the primary acohol (23 mg,
0.1 mmol) and NaH (6 mg, 0.15 mmol) prestirred for 15 minutesin THF (500 ul). Thereaction
was stirred for 48 hours and then purified by column chromatography (5% Et,O/Hex) to give the
TBS and Bn protected diol (25 mg, 78%). To this substrate (25 mg, 0.078 mmol) was added
TBAF (200 ul, 1M in THF, 0.2 mmol). The reaction was stirred for 12 hours and then quenched
with a saturated agueous solution of NH,Cl. The reaction was extracted 3 times with diethyl
ether. The combined organic fractions were dried over MgSO, and purified by column
chromatography (50% Et,O/Hex) to give S11 (6 mg, 38%). This sample was also analyzed by
chiral HPLC (Chiralcel OD, 206 nm, 2% IPA/Hex, 1ml/min) to give amajor peak at 36.2 min

and aminor peak at 42.0 min with an ee of 44%.
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Ster eopr oof of 19.

v \o \-

2 ° DAL CH,Cl, S 9 PhPCH,Br, LIHMDS e 9 DMSO, (COCI),
-78 °C ° -78 °C
O:O HOD THF, 0 °C _ /N o EtaN. CHoCly,
o] o]
S12 S13 S14
Q>\Q LiCl, DBU, CH,CI Q>\Q DIBAL, CH,Cl, Q" o Ac,0, Et;N
_/—\_ o o — -78 °C — CH,Cl,
] / \
—_— —0 P\)k —_— —_— :/—\:\;
Et07 OEt
G CO,Et OH
S16
S15 S17 S18
OXO Chiral GC indicates this is the
RN 1. 1N HCI, THF ACQ,_ ;OAC same enantiomer as the major
2. Ac,0, EtzN, DMAP product of the asymmetric
— — — — cross metathesis reaction
OAc OAc
S19 S20

Compound S12 was purchased enantiopure from Aldrich. In CH,CI, (180 ml), S12 (5.7 g, 36
mmol) was cooled to -78 °C and DIBAL (41.1 ml, 1M in Toluene, 41.1 mmol) was added. The
reaction was stirred for 3 hours and MeOH (12 ml) was added along with H,O (100 ml) and
NaTartrate-(H,0),. The reaction was stirred for 12 hours and the aqueous layer was removed,;
the organic layer was washed with 1N HCI. The combined aqueous layers were extracted 3x
with EtOAc. The combined organic layers were dried over MgSO, and purified by flash column

chromatography (2% EtOAc/Hex) to yield 5 g (87%) of S13.
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Ph,;PCH_Br (4.91 g, 13.7 mmol) in THF (50 ml) was cooled to 0 °C and LiIHMDS (27.4 ml, 1M
in THF, 27.4 mmol) was added. Lactol S13 (2 g, 12.5 mmol) was added via canulain THF (15
ml). Thereaction was stirred for 14 hours. Et,O (50 ml) and a saturated agueous solution of
NH,CI (100 ml) were added, the Et,O was separated and the aqueous layer was extracted 2x with
Et,O. The combined organic layers were dried over Na,SO, and purified by flash column
chromatography (20% EtOAc/CH,Cl,) to yield 1.98 g (99%) of S14.

CH,CI, (10 ml) was cooled to -78 °C and (COCl), (276 ul, 3.16 mmol) was added. DM SO (450
ul, 6.32 mmol) was added slowly and gas was evolved. The reaction was stirred 10 minutes and
S14(250 mg, 1.58 mmoal) in CH,CI, (5 ml) was added via canula. The reaction was stirred for 1
hour and triethylamine was added dropwise. The reaction was stirred for 30 minutes and
warmed to RT. Et,0, hexanes and a saturated agueous solution of NH,Cl were added, the Et,O
was removed and the aqueous layer was extracted 2x with Et,O. The combined organic layers
were dried over Na,SO, to yield S15. This product was taken on crude. To S15 (1.58 mmol
estimated) was added flame dried LiCl (80.5 mg, 1.9 mmol) and CH,CN (10 ml). To the
solution was added S16 (377 ul, 1.90 mmol) and DBU (236 ul, 1.58 mmol). The reaction was
stirred 30 minutes, worked up and purified by flash column chromatography (50%

EtOAc/Hexanes) to yield 64 mg (18%) of S17.

To S17 (54 mg, 0.284 mmol) in toluene (1 ml) at 0 °C was added DIBAL (711 ul, 1M in toluene,
0.711 mmol). The reaction was stirred for 2 hours and slowly warmed to RT, quenched with a
saturated agueous solution of NaHCO, and stirred vigorously. The reaction was extracted 3x
with toluene, dried and purified by flash column chromatography (60% Et,O/Hexanes) to yield

33 mg (75%) of S18.
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CH,CI, (1 ml), triethylamine (100 ul) and Ac,0O (50 ul) were added to S18 (33 mg) and the
reaction was stirred for 2 hours. Et,0O, hexanes and a saturated solution of NH,Cl were added,
the Et,O was removed and the aqueous layer was extracted 2x with Et,O. The combined organic
layers were dried over Na,SO, and purified by flash column chromatography (30%

Et,O/Hexanes) to yield 36 mg (89%) of S19.

To S19 (36 mg) in CH,CI, (1 ml) was added 1IN HCI (100 ul). The reaction was stirred for 12
hours and then MeOH was added. The reaction was stirred 8 hours and then neutralized. The
reaction was extracted 3x with Et,O and dried over Na,SO,, filtered and concentrated. To this
was added CH,Cl,, Ac,0 and triethylamine and DMAP. The reaction was worked up and

purified by flash column chromatography (40% Et,O/Hexanes) to yield S20.

Chiral GC analysis ($-DM, 100 °C for 5 min, then ramp 2°C/min to 200 °C, ret. time: 30.9)

demonstrated that this was the same enantiomer as the major enantiomer produced by the

asymmetric cross metathesis of 18.
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