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Supporting Inforrnation for

'Enantio'c.ontrolled Synt'hes'is of Hi'ghly Functionalized Tropanes via [S +2]
Cycloaddltlon to n -Pyrldlnylmolybdenum n-Complexes :

‘Helena C. Malmakova and Lanny S. Liebeskind* v
Sanford S. Atwood Chermstry Center, Emory Umversrty, 1515 Pierce Drive, Atlanta, GA 30322
= General Methods. Unless otherwise 1nd1cated all NMR data were collected at room ,
temperature in CDCl3 wrth mtemal CHCl3 as the reference (67.26 ppm for 'H and 77.23 ppm for
Bo). Due to the restrrcted rotation about the C-N bond of the carbamate group, addrtronal
“satellite” peaks accompany the main s1gnals Srgnals for the satelllte peaks are. mdrcated in~
parentheses following the srgnal for the maJor peak. Measurmg the 13C NMR at 60 °C d1d not
eliminate the peak broademng and d1d not remove the satellite peaks IR spectra were measured
in KBr pellets, unless stated otherwrse Meltmg points are uncorrected and were taken in open
| caplllary tubes. MS were measured under fast atom bombardment (FAB) or electron 1mpact (EI)
.condltlons Analytic thin-layer chromatography (TLC) was carrred out on commercral Merck
| srhca gel 60 plates 0. 25 thrckness w1th fluorescent mdlcator (F- 254) or stamed with 5%

- phosphomolybdic acrd in ethanol. Column chromatography was performed with 32-63 um s1hca '
“gel (Woelm). THF was freshly distilled from sodrum/benzophenone chhloromethane was
 distilled from CaHz and kept over molecular sieves under an atmosﬁere of dry argon

Trrethylamme (TEA) was d1stllled from CaHz and kept under atmosphere of dry argon. Dry Etzo
was purchased from Mallmckrodt and used as received; other solvents were used as rece1ved
' Unless otherwrse specified, all reactlons were carried out under an atmosphere of dry n1trogen or |

. argon in oven dried (at least 6 h at 140 °C) glassware Smgle crystals for X-ray analysrs were

' obtained by slow- diffusion of hexanes into methylene chloride solutlons of the molybdenum

B LE.U\/E, |
fswzszaoa U

complexes.




=
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1-Methoxycarbonyl?l,2,3,6-tetrahydropyridin-4-en-3-one (1a). To a solution of l-benzyl- N
1,2,3,6-tetrahydropyridin-4-en-3-one (2.231 g, 11.93 mmol) in methylene chloride (39 mL)
under argOn at roomtemperature was added methoxychloroformate (1.502 g; 15.89 mmol). The . -
reaction mixture was stirred at room temperature for 16 hours Solvents were removed under -
reduced pressure and the crude product was puriﬁed by ﬂash chromatography over silica elut1ng
vw1th ether/hexane 2:1) to afford the pyridone 1a (1.484 g, 80 %) as a light yellow 011 Rf 0.24 |
: (ether/hexane 2: 1), H 1 NMR (400 MHz (CD3)ZSO 60 °C) 8 7.21 (dt J= 10.0 Hz, 3.6 Hz 1 H), b'
16.10(dt, J = 10.8 Hz, 2.4 He, 1H), 423 (brt,J = 24Hz,2H) 4.05 (brs, 2H),365 (s, 3 H); 13c
NMR (100 MHz, CDC13) ) 192 8 155.7, 146. 9 (145. 9) 127 7, 53. 2,517 (51 4) 43. 1 IR (neat
cm™): 1695 (s), 1455 (m), 1409 (w) 1380 (w) 1355 (w), 1227 (m), 1192 (m), 1109 (m), 974
(w), 768 (w); HRMS (EI) calcd for C7H9NO3 (M") 155. 0582 found 155 0580. Rapid

decomposition of the sample precluded a successful elemental ana_lys1s.

'1-[(R)-dihydro-4,4‘-dimethyl-2(3H)-furanone-3éyl]oxychloroformate. To a solution of
phosgene (285 mL of 1.93M solution in toluene, 550 mmol) in MTBE (500 mL) at 0 °C under.

- argon u'as added dropwise ouer 2 hours a solution of (R)-pantolactone (35.05 g, 269 mmol) and
2,6-lutidine (37.0 mL, 34.00 g, 3 l7 mmol) in MTBE (630 mL) The resulting light yellow
suspension was stirred at room temperature for 3 h. Ether (1 L) and 12M aqueous HCl (1.5 L)
were added and st1rr1ng was continued for an addltlonal minutes to destroy excess of

: phosgene The organic layer was separated, washed w1th brine dried (MgSO4) and solvents were
removed under reduced pressure to afford 1- [(R) d1hydro-4 4-dimethyl- 2(3H) furanone 3--
yl]oxychloroformate (31 40 g, 60%) as a light yellow 01l lH NMR (300 MHz, CDC13) d5. 28 (s
1 H), 4.10(d,J= 93Hz 1H), 4.04 (d,J = 93Hz lH) 128(s 3H) 1.19 (s, 3 H); l3CNMR
(75 MHz, CDCl3) 6 170.0, 150.3, 81 2,75.8, 40.1, 22.4, 19 4, IR (CHzClz, KCl, cm™): 2973 (m),
1797 (s), 1466 (w) 1144 (s); Anal. calcd for C7H9C104 C 43, 66; H, 4.71. Found: C,44.04; H,
4.84.
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1- [(R)-Drhydro-4 4- dlmethyl-2(3H)-furanone-3-yl]oxycarbonyl 1,2,3,6- tetrahydropyrldm- |
, 4-en- 3-one (1b). To a solution of 1 benzyl 1,2,3, 6 tetrahydropyrrdm-4 -en-3-one! (18.50g,99 |
mmol) in methylene chlorrde (800 mL) under argon at room temperature was added a solution of
1- [(R) -dihydro-4,4- drmethyl 2(3H) furanone-3- yl]oxychloroformate (31.40 g, 163 mmol) in
methylene chlonde ( 100 mL). The reactlon mlxture was st1rred at room temperature for 16 hours
Solvents were removed under reduced pressure and the crude product was purlﬁed by f11trat1on
' through a short plug of silica elutmg with ether/hexane (2 l) to afford the pyrldone 1b (22 41 g,
89 %) as a light yellow oil: Rr=0.38 (ether/hexane, 1: l), 'H NMR‘(4OO MHz, CDCl;) § 7.07
(dt, J = 10.4 Hz, 3. 6Hz OSAH)' 6.98 (dt, J= 10.4 Hz, 3. 6 Hz, 0.5 H), 6.23 (d, J = 10.4 Hz, 1 H),
537(s 0.5 H), 534(s 0.5 H), 442-424(m 2H) 422-4 l9(m 2 H), 4.07- 4.02 (m, 2H) 1.24 -
~ (s, 1.5H),1 22 (s, 1.5 H), 1.13 (s 3 H); 13C NMR (100 MHz, CDC13) §192.2 (191.9), 172.8 .
a72. 6) 153.8, 146 4 (145.3), 127.6 (127.8), 76 4 (76.2), 51.7 (51.5),43.4 (43 2), 40.4 (40 2),
23.1, 20 2 (two carbons) IR(KBr cm’ ) 1794 (s), 1717 (s) Anal. calcd for C12H15N05 C,
56.91; H, 5.97; N, 5.53. Found C 56.67; H, 5.98; N, 544

(+)-charbonyl[hydrrdotrrs(l-pyrazolyl)borato][n (34 5) 3- methoxy-l-methoxycarbonyl— :
1,2,3,6- tetrahydropyrldm-3-yl]molybdenum [(i) Za] Molybdenum complex v
Mo(CO)3(DMF)3 (8.171 g, 20.47 mmol) was added to a Schlenk flask under a hrgh.stream of .
dry argon Then methylene chloride (75 mL) pféL‘ ou sly deoxygenated by spargmg with dry
~argon for 15 mmutes ‘was mjected A solutlon of pyr1done 1a (3.147 g, 20 31 mmol) i in
methylene chloride (20 mL) was added to the dark green solutlon that 1mmed1ately turned dark
red color. Then a solutlon of TBDMSCI (3 136 g, 20. 80 mmol) in methylene chlorrde (10 mL)
‘was 1njected and the reaction mrxture was st1rred at room temperature under argon overmght '
Solid KTp (5 140 g, 20.38 mmol) was added to the reaction mixture and stirring was contrnued
“ for 30 mmutes Then, TBAF°3 H20 (16 36 g, 51 85 mmol) was added as solid and strrrlng was

continued for an addltlonal 30 mmutes Then 1odomethane (27 O mL, 61.50 g, 433 mmol) was

injected and the reaction mlxture was stlrred at room temperature for an addltlonal 24 hours. The
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- crude reaction mr).(turewas.directly poured on a column of basic alurnina (300 g) eluting with
.EtOAc/h.exane :(1: 3) to afford the molybdenum complex (i)-2a (6.53’g,.60%) as anorange o
- solid: mp = ?'123-12'5 °C (EtOAc/hexane)' Ry=0. 4o (EtOAc/hexane' 1:1); II»-I}'NMR (300 MHi
CDC13)5839(S lH) 787(d J= 84Hz lH) 764762(m 3H) 750(d J= 21Hz lH) |
624622(m 2 H), 618 (t J= 24Hz lH) 462(d J- 162Hz 05H) 453 @, J 159Hz
OSH) 430(dd J—138Hz 2.1 Hz, OSH) 415(dd J—135Hz 3.0 Hz, OSH) 399 390(m
1 H), 377360(m 2H), 373(s 1 H), 372(s 2H) 345(d J= 81Hz 05H),341(d,J=78
| _." Hz, 0.5 H), 3,14 (s, 1.5 H),3.09 (s, 1 5 H) 13C NMR (75 MHz, CDCI3) $229.6 (229 0),227.6
(227. 3) 155.9 (155. 7) 146.8, 144.8 (144 7), 144.3, 140.0 (139 9), 136. 5 (136 3), 136.0, 134 6, |
131.6 (131.4), 105.8, 105.6 (two carbons), 56.5, 55.'4 (55.3), 53.6 (53.1, 52.9, 52.8), 45.1 (44.9),
419 (41.8); IR' .(.KBr cm"); 2957 (w) 1925 (s) | 1832 (s) ’1703 (m), 1504 (w), 1452 (m) 1408
(m), 1394 (w), 1305 (w) 1224 (m) 1238 (m) 1120 (m) 1049 (m), 767 (w), 721 (w); Anal caled
for C19H22N705BM0 C, 42.64; H 4, 14; N,18. 32 Found C 42.67; H, 427 N, 18 16.

Dicarbonyl[hydrid’otr'is(l-pyrazolyl)borato][11-(3,4i,5)-(3S)-1-[(R)-dihydro-4,4-dimethy_l- i
2(3H) furanone 3-yl]oxycarb'onyl 3-methoxy-1 2, 3 6-tetrahydropyridin-S-yl]molybdenum o
[(-)-(S, R)-2b] and dlcarbonyl[hydrldotrls(l-pyrazolyl)borato][T] -(3,4,5)- (3R)-1 [(R)
dihydro-4,4- dlmethyl 2(3H) furanone-3- yl]oxycarbonyl -3- methoxy-l 2 23,6~
tetrahydropyrldln-3-yl]molybdenum-n FR;B)-2b1.- Molybdenum complex Mo(CO)3(DMF)3
(25.30 g, 63.36 mmol) was added to a Schlenk flask under a high stream of dry argon. Then, -

| _ methyiene chioride (200 rnL), previously deoxygenated by Sparéing with dry argon' for 15
mihnutes., was injected to _the Schienk fl'ask}. .A solution of vp"yridone lb (10.30 g, 40.71 mmol) in
methylene_ chloride (25 mL) was added to the dark green solu_ti-on that immediately turned bright
red color. A solution of TBDMSCI (6.14 g, 40.72 mmol) in methylene chloride (25 mL)' was B
1n]ected and the reaction mlxture was st1rred at room temperature under argon overni ght Sohd
KTp (16. 00 g, 63.46 mmol) was added and st1rr1ng was contlnued for 30 mmutes Then, .

TBAF 3 H20 (30 0g, 95. 00 mmol) was added as sohd and stlrrlng was continued for an
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. -additional v‘30vminutes Then, iodomethane (60 mL, 136.8 g, 963 mmol) was injected and the o
reactron mixture was strrred at room temperature for an additional 48 hours. The crude reaction
mixture was directly poured on a column of bas1c alumma and eluted w1th EtOAc/hexane (1 3)
to afford a mixture of the drastereomerrc molybdenum complexes ( -)-(S,R)-2b and (+) (R R)-2b
(18 45 g, 72 %) as an orange sohd mseparable by chromatography Rf— 0.40 (EtOAc/hexane

1:1); Anal. calcd for CotsNi0y BMo: C,45.52; H, 446N, 15 49. Found: C, 45.74; H, 4.52; N
1525, .

| SeparatiOn of the Diastereomers (-)-(S;R)-Zb and (+)-(R,R)-2b‘.‘

Pure dlastereomers (-)-(S,R)-2b and (+) (R,R)-2b were obtained by crystalhzatron from ethyl
: acetate Since the diastereomers tend to crystallize selectlvely from the eluent solution after

: chromatography, the followmg fractions of the product were collected by a stepwrse evaporatron
.and frltratron of the combmed eluents from two preparations carrled out as descrrbed above (total

weight of products (_-)-(S,R)-Zb plus‘ (+)-(R,R)-2b was 36.9 g): '
Fraction I (26.2 g, m‘olar ratio of diastereomers (-)-2b/(+)-2b 60/}40);’1
Fraction I (62 g, molar ratio of diastereomers (.-)-2b/(+)-2‘h“45;/'55); |
Fractiorr I (1.5 g, molar-ratre of- daa:*crcon c*: | ) 2b/(+) 2b 84/ 14)

‘ | Fractiorx IV 3.0 g,j molar ratio .of diastereomers (-)-2b/(+)-2bv 19/81).‘ S

V‘ A single crystallizatl‘on of the Fraction I from b_oili'ng ethyl acetatev(324 mL/1 g) afforded 118g "

‘of pure (-)-(S R)-2b (by 'H NMR) as the first crystals and 2‘9 g of pure (+)-(R, R)-Zh (by'H |
»NMR) as the second crystals A smgle crystallrzatron of the Fraction II from boiling ethyl acetate -
afforded 15g of a mrxture of d1astereomers (-)-2b and (+)-2b in molar ratio 85/15. This materral

- was combined w1th the Fractron I and a smgle crystallrzat1on from borlmg ethyl acetate

afforded 2.0 g of pure ( ) (S R)-2b (by lH NMR) Crystalhzatron of the Fraction v from bo1lmg
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ethyl acetate afforded 1 O g of pure +)- (R,R) 2b (by H NMR) Materral contained i in the

: combmed filtrates from all the above descr1bed crystall1zat1ons was recrystalhzed tw1ce from
‘borlmg ethyl acetate to afford 3. 9 g of pure (+) (R,R)-2b (by 1H NMR). The materral remammg
in the filtrates (12 O0g, molar ratio of d1astereomers (- ) 2b/(+)-2b 35/65) could be further

separated. .

In ‘summary, from 36.9 g of the mixture of drastereomers 13 8g (68% based on 20 3 g theory)
of the diasteromer (-)-(S,R)- 2b and 7.8 g (48%, based on 16 5 g theory) of the drastereomer (+)-

| (R,R)-2b was obtamed and 12.0 g of the mixture of dlastereomers was recovered

The prec1se drastereomerrc excess (98% de) for both )-(S R)-2b and (+)- (R R) was determmed
by HPLC (Table S1, page 27) Addrtronal recrystallrzanon of the dlastereomer (- ) (S R) 2b (13 8 .
g, 98 % de) from ethyl acetate afforded (-)-(S R)-2b (10.0 g, 99% de) with an 1mproved de. The

: drastereomerrc purity of the drastereomer #H-R,R)- 2b (98% de) did not 1mprove by an

‘additional crystallrzatron

Analytical data_ for (-)-(S,R)-Zb: mp =188 ~-192°C decbmp; (EtOAc/hexaue); 99% de ([och = -
324°,¢ 1.01 CHCl3); '"H NMR (300 MHz, CDCl;) 8 8.30 (d, J = 2.1 Hz,1H),7.82(d,J=1.8
Hz, 1 H), 7,63 (brs, 2 H), 7.58(d, J=15 Hz, 1H),7.49 d,J = 2.4 Hz, 1 H), 623 (t,J=2.1 Hz,
1 H), 6.201(t,~J-=-2 A+ 6.4 (9= 2.4 Hz, 1 H), 5.36 (5,1 H),4.57 (d,J = 16.2 Hz, 1-H),
~ 4.21(dd, J=14.1 Hz, 2.4 Hz, 1 H), 4.03 6, 1H), 4.02 (s 1H),3.95(dt, J=8.1 Hz, 1.2 Hz, 1
H),3.71(d, J = 15.9 Hz, 1 H),3.67(d,J=7.5 Hz, 1 H), 3.60 (dd, J = 13.8 Hz, 1.8 Hz, 1 H), ‘
- 3.07(s, 0. 3 H) 3.04 (s, 2.7 H) 1.25 (s, 3 H), 1. 19 (5' 3H)- 1'3c NMR (75 MHz, CDCl;) § 230.3,
2268, 173.5, 153.6, 146.6, 144.9, 139.8, 136.5, 136. 0,134.7, 132.5, 105.8, 105.7 (two carbons) -
76.5, 76, 3,56. 9, 55. 2, 52 6,45.4,42.3,40.6, 22 8, 19 9; IR (neat, cm™): 1922 (s), 1830 (5), 1795
. (m), 1710 (m) 1239 (s) 1119 (s) 760 (m) 721 (m) The absolute conflguratlon of was assrgned

by X- ray crystallography of (-)-2b. -
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.Analytlcal data for +)-(R, R)-2b mp = 215 °C decomp. (EtOAc/hexane) 98% de ([OL]D +264
° ¢ 0.29 CHCly); 1HNMR(3OOMHZ CDCly) 58.36 (d, J=18Hz, 1H),786(d,J= 1.8 Hz, 1
| H),7.62-7.61 (m, 3H), 7.48 (4, J = 2.7Hz, 1 H), 623 (t, J= 1.8 Hz, 1 H), 620 (1, J=2.1 Hz, 1
H), 616(t J=24Hz, 1 H),5.38 (s, 1H), 449 (4, J=152Hz, 1 1), 425(dd J=141Hz,27
Hz, 1 1), 400 (4, /=21 Hz, 2 W), 3.98-3.95 (m, 1 H), 3.84 (4, J = 159 Hz, 1 H), 372 J=
3.4 ¥z, 1 ), 3.52 (dd, J = 14.1 Hz, 1.5 Hz, 1 H), 3.12'(5, 03 H), 3.09 (5, 2.7 H), 1.20 (5, 3 H),
115 (s, 3 H); °C NMR (75 MHz, CDCly) 8229.0, 227.8, 173.5, 153.9, 1468, 1448, 1399,
136.6, 136.1, 134.7, 130.9, 105.8, 105.7, {05.6, 764,762, 56.6, 5.6, 52.6, 45.1, 42.5, 404,
22.6,19.9; R (neat, cm™): 1926 (s), 1830 (s), 1791 (m), 1714 (s), 1224 (5), 1119 (s), 760 (s), 721 |

SmIz-Mediated’Removal of the Pantolactone Chiral Auxiliary.

charbonyl[hydrldotrls(l-pyrazolyl)borato]['r] (3 4 5) (3S)-3-methoxy-l-methoxycarbonyl-
1,2, 3 6-tetrahydropyrldm-3 yl]molybdenum [( )-2a)] and dlcarbonyl[hydrldotrls(l-
pyrazolyl)borato][n -(3,4 5) (3R)-3-methoxy-1-methoxycarbonyl 1,2, 3 6- tetrahydropyndm-
-yl]molybdenum [(+)-2a] A solutlon of the molybdenum complex (- ) (S,R)- 2b (5.07 g, 8. 04

| mmol) and HMPA (40.0 mL 41.2 g, 230 mmol) in dry THF (175 mL) was thoroughly

‘ deoxygenated by spargmg with dry argon for 15 mlnutes Then dry deoxygenated methanol (1 O | '_

| mL, 0.8 g, 25,;;ol)vas;dded The commerc1ally avallable O 1M solutlon of SmIz in THF -
(250 mL, 25.0 mmol) was added dropw1se over 60 mlnutes. The resultmg yellow suspensmn was
stirred for an additional 66 rninutes at room ternperature under argon. The reaction mixture was

' partltloned between saturated aqueous NaHCO3 and Et20 the . orgamc layer was washed with

b_ saturated aqueous NaHCO3 and concentrated under reduced pressure to approxlmately 100 mL.
TI—IF (250 mL) was added and the solutlon was concentrated under reduced pressure to

approximately 250 mL. The resulting solutlon was placed in a 500 mL round bottomed flask

- equ1pped with a magnetlc stirrer and cooled to 0 °C 3N aqueous NaOH (7 5mL, 225 mmol)

- was added followed by neat methyl chloroformate (0. 75 mL, 0 92 g, 9. 78 mmol). The reaction
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mixture was stirred for 5-10 minutes at0 ‘°C in air and then par_titioned between water and ether. o
The organic layer was washed with water. dried (MgSO4) and solven‘t removed under reduced
' pressure to afford a crude product as a brown oil. The crude product was pur1f1ed by ﬁltratlon
‘through a short layer of basrc alumina, elutlng with EtOAc/hexane (l 3) and later (1: 1) to yield |
the molybdenum complexes ( -)- 2a 2 as.a brlght orange fluffy solld (3. 14 g, 74%) in 98 % ee ([OL]D

L= —332 ° cO. 113 CHCl3) In the same way, the molybdenum complex H-(R, R) 2b (5 26 g, 8.33.
mmol) afforded (+) 2a as a brrght orange fluffy solid (3.56 g, 80%) in 98 % ee ([a]D— +333
-0 116 CHC13)

(i)-Dicarbonyl[hydridotris(l-pyrazol_yl)borato][n?(2,3,4)'-5-methoxy-1¥methoxycarbonyl-
1,2-dihydropyridin-2-yllmolybdenum [(£)-3], dicarbonyl[hydridotris(1- |
pyrazolyl)borato][n-(Z 3 4)-(2R)-5-methoxy-1-methoxycarbonyl-l 2-dihydropyridin-2-' '

‘ »yl]molybdenum [()- (R) 3] and dlcarbonyl[hydrldotrls(l-pyrazolyl)borato][’r\ 2,3,4)- (ZS)-S-
methoxy-l-methoxycarbonyl -1,2- dlhydropyrldm-z-yl]molybdenum [(+) (S)-3]. To a solution
of the molybdenum complex (+)-2a (7 09 g, 13. 30 mmol) in methylene chlorrde (83 mL)ina
Schlenk flask (500 mL) at (-70°C - -_60 .°C) under argon was added solid Ph3C+PF5 (6.10 g,
15.70 mmol). The temperature was allowed to slowly rise to 20»°(‘3 over 2 hours so that the

. | increase of temperature from -70 °C to -40 °C oCcurred over 90 minutes. After stirring the.

P 'I'CdCthu"'ﬂhALth ai-room temperature for 20 m1nutes methylene chlorlde (100 mL) was added =~ ; RS
and the dark colored solution was cooled in an ice bath. TEA (12.0 mL,»8.71 g, 86.25 mmol) was
added, and the reaction mixture was stirred for 10 minutes at 0 °C under argon. The entire -

- reaction mixture was filtered through a short plug' of basic alumina. The crudeproduct was
purified by flash chromatography over silica eluti_ng with EtOAc/hexane a 3) to yield.the pure
molybdenum complex' (:l:)-3 (545 8 T1%) as abright orange solid' mp = 21.0-211 °C decomp.
(EtOAc/hexane) Rf 0.42 (EtOAc/hexane 1: 3); "H NMR (300 MHz CDCl3) 88 43 (d, J 2.1

HzOSH)823(dJ 15HzOSH)821(sJ—18HzOSH) 813(d]-18H205H)
777(dJ 2.1 Hz, 05H)770(d] 2.1 Hz, OSH)765(dJ 2.1 Hz, OSH)763(dJ—
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24 Hz, 0.5 H),7.61(d, J=2.1 Hz, 1 H), 7.49"-7;48 (m, '1_H>),77.45 \(dd, J=57 Hz, 3.3 Hz, 05 ,
H),7.29 (dd, J = 5.7 Hz, 3.6 Hz, 0.5 H), 6.30 (t,J=2.1Hz, 0.5 H), 627 (&, J=2.1 Hz, 05H),
623-6 19(m 2 H), 388 (t,J=1.5Hz ‘OSH) 57l (t J='1 21—lz 0.5 H), 469'465 (m 1H),
4.01 (s, 15H) 3.90 (s, 1.5 H), 365(s 1H) 3.63 (s, 2H) 2.84 (t, J 66Hz OSH) 279(t J=
6.6Hz, 0.5 H); Bc NMR (100 MHz, CDC13) $229.9 (228. 8) 222 6 (223 4), 154 0 (153 8), 150 7
(151 4) 146.3 (146 4), 145 O 143 3, 140.3 (140. 8) 136. 2 (136. 4) 136 0(136.1), 134. 6 106 0

(105.9), 105.6 (105. D, 927 (92 4),92.0 (90.2), 60 3(58.9),55.5 (55.6), 54.2 (54.1), 51. 9 (51 2), |

"R (KBr cm™): 3129 (w), 2952 (w), 1935 (s), 1842 (s), 1713 (s) 1646 (w), 1407 (m), 1439 (m)
1306 (s), 1233 (m), 1123 (m), 1050 (m), 986 (w) 974 (w) 763 (m), 721 (m) 1620 (w); Anal.

- calced for C19H20N705BM0 C 42.80; H, 3.78; N 18.39. Found C, 43.28; H 3 92; N, 18.24.

- HRMS (FAB) calcd for C19H20N705BM0 (M*) 535 0673 found 535 0699. In the same way, the

' .chrral non-racemic molybdenum complex (-)-2a (2.5 1 g, 4.70 mmol) afforded (-)-3 as a bright _
orange solid (1.85 g, 74%) in 98% ee ([al = -140°, c0.1 18 CHCI3). Also, the chiral non-
racemic moljybdenum complex (+);2a (.88 g, 5.40 mmol) afforded (+)-3 as a bright orange solid
(2.56 g 89%) in 99% ee ([olp=+149 ° ,C 0 113 CHCl3) However care had to be taken to

~ employ only a minimum amount of silica for the fmal chromatography and to carry out the.

purification as fast as possible in order to avoid partial racemization of the crude product. '

' '-r-v=~,-;-"-G-:r=u ‘.l dure for [5+2] Cycloaddltlons To a solution of the molybdenum complea«e: (4;1__; TR
o 3, (-)-3 or (+)- 3 (1 mmol) and the approprrate alkene (1.2-1.8 mmol) in methylene chlorrde (15.0 |
mL) at 0 °C (ice bath) under argon was injected the indicated volume of IM solutron of EtAICI, -
in hexanes (O 2-1.8 mL 0. 21 :1 8 mmol). The ice bath was removed and the dark orange
solutrons were stirred at room temperature under argon for the mdrcated t1me (10 min - 16 h).
" The reaction mrxtures were then cooled to O °C in an ice bath and quenched by the addition of

_ water (1-2 mL) Resultmg emuls1ons were filtered through a short layer of srlrca elutmg with

' EtOAc/hexane mrxtures Solvents were removed from the eluent under reduced pressure to yreld

the crude product or mrxture of products as orange sol1ds (95%- 100%) The crude products were
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pur1f1ed by flash chromatography over s1l1ca eluting with EtOAc/hexane mixtures to afford the

) molybdenum complexes 4- 13 as br1ght orange mo1sture and air stable sol1ds

(+)-D1carbonyl[hydrldotrls(l-pyrazolyl)borato]['r] (8,9,10)- (1S 2R 6S 7S ,8R)-4,11- dlaza 8-
methoxy-ll methoxycarbonyl -4- methyltrlcyclo[S 3.1.0% 6]undec 9-ene 3,5-dione- 8- |

~ ¥llmolybdenum [(¥)-4]. A solut1on of the molybdenum complex (i)-3.(Q.1OO g 0.188 rnmol)' :_ '
and N—methylmaleimjde © '023 g, 0.208 mmol) in methylene chloride 3.0 rnL) was ltreated vyith ’

, lM solut1on of EtAICl; in hexanes (. 225 mL 0. 225 mmol) for 10 mmutes at room temperature
Elutmg the srlrca with EtOAc/hexane (2 1) afforded O 120 g (97%) of the crude product as an
orange solid. Flash _chromatography over srl1ca,.elut1ng with Et_OAc/hexane (1:1) and_later

" EtOAc/hexane (2:1), provided the molybdenum complex» *)-4 (01.082 g, 68%) as an orange
solid' Vmp =250°C decomp (EtOAc/hexane)' R}: O 12 (EtOAc/hexane 2:1); 'H NMR (400 _
MHz CDC13)6834(s 1H), 8.02 (dd, /=13.2 Hz, 1.6 Hz, 1H) 7.63 -7.61 (m 3H) 750(t J— |
28Hz 1 H), 625(q,J 2.8 Hz, lH) 6.22 (t, J 24Hz 1 H), 6.19- 6. 17 (m, 1 H), 5.05 (s, 05- |
H), 4.93 (s, 0.5 H), 4.90 (d, J= 4.0 Hz, 0.5 H), 4.83 (d, J =4.0 Hz, 0.5 H), 4.14 (dd, J= 7.8 Hz,
4.0Hz, 0.5 H) 4‘.0_9 (dd, J=7.6 Hz, 4.0 Hz, 0.5 H),_3.61 (s,3 H), 3.52-3.48 (m, 3 H), 344 (s, 1.5

TH), 3.35 (s, 1.5 H), 2.90 (s, 3 H); °C NMR (l(_)O-.MHz, CDCl3) §227.4 227.1), 227.0 (226.6).
176.2 (175.8), .175-4.(174 9) 154. 1'(154 0), 146 4, 144.8 (144 8), 141.1 ('140>9) 136.7 (136 6),
av.-,;—«'-«-—»vw-:«— 2, 134.6, 129.4, 128 8 106. 0, 105 7 (two carbons) 62.3 (61 9) 61.5 (61 2)569: 1{59» ), £6: 8

(56.7), 53.6, 534 (53.3), 532 (53 1), 52.9; IR(KBr cm’ ) 3120 (w) 2952 (w), 1928 (s), 1848
(s), 1774 (w), 1711 (s), 1503 (w),‘1430 (m), 1408 (m)p,’ 1308 (m), 1283 (m), 1126 (m), 1126 (m),
997 (w), 770 (W), 721 (W), 662 (w); MS (FAB) m/z (relative intensity) 644 (M+H+ 11) 618
(15) 590 (100) 577 (16); Anal calcd for C24H25N307BM0 C, 4474 H, 3. 91 N,17. 39 Found
C, 4478 H, 4.03; N 17.20.

(+)-charbonyl[hydrrdotrls(l-pyrazolyl)borato] ['r] -(2,3 4) (IS 2R SS 6R) 8-aza-2-methoxy- ’
8- methoxycarbonyl 6-methylcarbonylb1cyclo[3 2. 1]oct- -ene-2-yl]molybdenum [exo-(+)-Sa]
and (i)-dlcarbonyl[hydrldotrls(l pyrazolyl)borato][n (2 3 4) (IS 2R,5S,68)- 8 aza-2- '

 ”10 B
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' methoXy-8-"methoxycarbonyl-6-methylcarbonylbicyclo[3 2. 1]oct-3-ene-2-yl]molybdenum'

[endo (+) 5b] A solutron of the molybdenurn complex (+) 3(0.403 g, 0. 756 mmol) and methyl
vmyl ketone (0. 072 mL 0 062 g, 0 887 mmol) whrch was prevrously dlstrlled from K,CO3, i in

methylene chlonde (11.0 mL) was treated with a 1M solutlon of EtAlClz in hexanes (O 380 mL,

0.380 mmol) for 20 minutes at room temperature Eluting srhca wrth EtOAc/hexane (2 1) and

* later with EtOAc afforded the crude product 0.48 g (100%) as an orange solrd Flash

chromatography over silica (130 g), elutmg with EtOAc/hexane (1:1), provrded molybdenum
complex exo- (i) Sa (0. 294 g, 65%) and molybdenum complex endo-(1)-5b (0. 056 g, 14%).

Analytical data for the complex ex.o-(j:)b-Sa. mp = 233-235 ‘fC decomp. (EtOAc/hexane); Ry =

0.42 (EtOAc/hexane, 2: 1); 'H NMR (§OO,MI_-IZ, CDCl;3) 6 8.42 (d,J=1.5Hz, 1 H), 7.97 (s, 1

H), 7.64-7.61 (m, 3H)"7v49.(d J=18Hi 1H),624-621 (m, 2 H), 6.16 (t, 7= 2.1 Hz, 1 H),

476, J= 51Hz 05H)467(dJ 33HzOSH)463(dJ 54H205H) 455(dJ—
36HzOSH)413-404(m1H)368(s15H)363(slSH)342(dJ 78Hle)
343-335(m1H)330(s15H)326(slSH) 270-260(m 05H) 2.56-2.49 (m, 0.5 H),

1234 (s, 1.5 H), 2.28 (s 1.5 H), 2.11-1.97 (m, 1 H); CNMR (100 MHz, CDCl3) & 228 7 (228 1),

227.3 (227 8), 206. 1 (206 0) 154. 3 (154 2), 146.3, 144.7 (144 6), 140.6, 136 5, 136. O 135 9,
135.7, 134 5, 105.8, 105 6 (two carbons) 62.8 (62 5),59.5 (59 2, 59 1) 58.9 (59 0, 58.6), 56. 7

(56 5), 52. 9 (52.7), 52.6 (52.5), 33 9 (33.8),29.3 (29.2); IR (KBr, cm’ ) 2947 (w) 1926 (s),

et e & e e

1837 (s) 1706 (s) 1503 (w), 1407 (m) 1305 (m) 1214 (rn) 1170 (w) 1050 (m) 1013 (w) 785
(m), 761 (m), 723 (m); MS (FAB) m/z (relatlve 1ntensrty) 604 (M+H+ 10) 574 (40), 549 (100);
Anal calcd for C23H26N706BM0 C,45.79; H, 4.34; N 16 25. Found C, 45 53; H, 442 N,

16 07. Analytrcal data for the complex endo-(3)-5b: mp 240-243 °C decomp. (EtOAc/hexane)
Rf=0.57 (EtOAc/hexane 2 1); 'H NMR (300 MHz CDCl3) d 8.40 (d J=15 Hz 1 H) 7.99-

7.93 (m, 1 H), 7.59-7.58 (m 2H) 748(d J=2.1Hz, lH) 746-742(m 1H), 622 (t, J=2.1

Hz, 1 H), 6.18 (t,J = 21Hz 1 H), 615(t J= 24Hz 1 H), 496486(m OSH) 4,84-4.76 (m,

0.5 H), 465-456(m OSH) 453-450(m OSH) 372(s 3H) 366(dd J= 78Hz 39Hz, 1

H), 3.50-3.41 (m, 1 H),3.35(d, J=6.9 Hz, 1 H),3.27 (s, 1.5 H),3.25 (s, 15 H), 2.68-2.54 (m, 1

1
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H) 2.41 (s, 3 H) 2.16-1.92 (m 1 H); 13C NMR (100 MHz CDC13) 8229 0,227.9, 205. 3 174. 2
146.3, 144 7 140.3 (two carbons) 136. 4 136. 0 135. 8 134. 5, 105 8 105 6 (two carbons) 59. 1 .
. (58.5), 57.8 (57 2), 570 56.2, 53. 6 530 33. 0(32 6), 308 IR(KBr em): 3124 (w) 2951 (w)
1934 (s) 1848 (s), 1707 (s), 1503 (w), 1447 (m), 1407 (m) 1447 (m) 1395 (m) 1305 (m), 1215
) (m) 1125 (m), 1050 (m) 764 (w) 722 (w) MS (FAB) m/z (relatlve mtenSIty) 604 (M+H+ 15),
577 (18), 549 (37) Anal calcd for C23H26BM0N706BM0 C 45 79; H, 4 34; N, 16 25. Found C,
4578, H, 4.39; N, 16.16.

| (+)-Dicarbonyl[hydridotris(I-pyrazolyl)borato][11 (9,10, 11)‘ (1s, 2R,7S,85,9R)-12-aza-9- |
' .methoxy-l2-methoxycarbonyltrlcyclo[6 31 02’7]dodec 10-en-3-on- 9-yl]molybdenum [(+)-6]
and dlcarbonyl[hydrldotrls(l-pyrazolyl)borato][n (9 10 11) (1R,2S, 7R 8R,9S)-12-aza- 9- .
| methoxy-12-methoxycarbonyltrlcyclo[6.3.1.02’7]dodec-10-en53-on-9-yl]molybdenum [()-6].
A solution of the molybdenum complex (i)-3 (0513 g, 0.963 mmol) and cyclohexenone (0.1257
mL, 0.1724 g, 1.29t rnmol) tn methylene chloride (15.0 mL) u/as tre.ated with a 1M solution of
EtAlClzv in hexanes (. 50() mLA 0.500 mmol) for 30 minuteS at room temperature. Etuting silica
with EtOAc/hexane (1 9] and later. w1th EtOAc afforded the crude product 0. 693 g (100%) as an
'orange solid. Flash chromatography over silica (130 g), elutlng w1th EtOAc/hexane (1:2) and
| gradually 1ncreasmg the percentage of EtOAc to 100% prov1ded the recovered molybdenum
- complex (%)-3 (0. 044 g, 8%) and the molybdenum comple () ~+O 52758 °7%) as a bright
orange solid: mp = 180- 185 °C (EtOAc/hexane) Rf 0.38 (EtOAc/hexane 2: l) 1H NMR (400
MHz, CDCl3) 6841 (d, J = 2.0‘Hz,_1 H),7.97(d,J= 1.6 Hz, 0.7 H), 7.94 (d, J=16Hz,03H), -
762(d J=2.0Hz, 0.5 H), 760(d J=04Hz, 25H) 7.48 (. J—é4H’z 1H), 622 (t, J=24
Hz, 1 H), 6.21 (t, J = 2.4 Hz, 1H) 616(t J=2.0 Hz, 1H) 497(d J=44Hz, 03H) 495(d,J -
--44Hz 0.7 H), 456(s 07H) 443(s O3H),409(d J=4.4Hz, OSH) 4.07 (d, J = 4.0 Hz,
OSH) 369(s 09H) 3.68 (s, 21H) 341 (d J 7.6 Hz, 1 H), 332(5 21H),323(s 09H)
3.11(d,J = 88Hz 0.3 H), 309(d J= 88Hz O7H) 299290(m lH) 2.47-2.42 (m, IH) A
- 221-2.04 (m 2H) 191 1 84 (m, IH) 174 1.54 (m 2H) 13CNMR(IOOMHz CDCl3) 6 |

12
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227 9 221.5,211.1 (210. 5) 154.3 (153.5), 146.3, 144.7 (144 6), 140 8 (140 5), 136.4, 136.0,
135. 6 134.4 (134 6), 105 8, 105. 6, 64.4, 63.4 (63.1), 62.5, 59.1 (58.9), 58.7 (58. 6) 56 6 (56.8),
53.1 (52.9), 527 (52.6), 49.6 (49 4), 38.7 (38. 7) 28.4(28.6),21.1 (21. 2); IR (KBr, cm™): 2947 .
. - (w), 1843 (s), 1932 (s), 1704 (s), 1503 (m), 1448 (m), 1407 (m), 1305 (m), 1212 (m), 1117 (m),
| 1049 (m), 1012 (w) 983 (w) 763 9m), 721 (m) MS (FAB) m/z’ (relatlve mtensrty) 630 (M+H+;_
18), 603 (21), 575 (100); Anal. calcd for CosHysN;0sBMo: C, 47.71; H, 4.48; N, 15.58. Found:
C,47.85; H,4.59; N, 15.58. In the same way, the chiral non-racemic (98% ec) mol’yb'denum |
_’ complex (=)= 3a (O 451 g, 0. 846 mmol) afforded (-)-6 as a brlght orange sohd (0 472 g, 88%) in -

97% ee ([adp= -369 cO. 110 CHC13)

| (:t)-charbonyl[hydrldotrls(l-pyrazolyl)borato][11 (2 3 4) as, 2R 58 6R) 8-aza-2- methoxy- '
6,8- bls(methoxycarbonyl)blcyclo[3 2.1]Joct- 3-ene-2- yl]molybdenum [(®)- 7] and
dlcarbonyl[hydrldotrls(l-pyrazolyl)borato][1'|-(2,3,4)-(lR,ZS,5R,6S)-8-aza-2-methoxy-6,8-
bis(me_thoxycarbonyl)bicycloB.2.1]oct-S-ene-2-yl]moiybdenum [(:-)-7]7. A solution of the
molybdenum complex (2)-3 (0.498 g, 0.935 mmol) and methyl acryiate'(O.IQO mL,0.095g,
: 1..1 10 mmol) which was previously filtered thr’otxgh baeic altlmina, in .methylene chloride (15.'0 _ b'
: mL) was treated with a 1M solution of EtAiClz in hexanes (V1 825 mL; 1 825 mmo.l) for 55
mlnutes at room temperature Elutmg silica with EtOAc afforded the crude product 0. 593 g
(102%) as an orange- sohd Flash chromatograph} "‘Jcr-s»:lrea (‘ ’l ") elutmg with EtOAc/hexane S
(1: 2) provided the recovered molybdenum complex (#)-3 (0.026 g, 5%) and the molybdenum
complex (i)-7 (0.509 g, 88%) as a brrght orange solid_: mp = 177-179 °C (EtOAc/hexane); Ry =
045 (EtOAc/hexane 1: Al)' lH NMR (300 MHz, CDCL3) & 8 42 (d'v J=1 8 Hz, 1 H)i 7. 97 (s, lH)
762-760(m 3 H), 748(d J= 21Hz 1 H), 622(t J= 24Hz 1 H), 6.21 (t J=2.1Hz, 1H),
_ 616(t J=2.1Hz, 1 H), 477(d J=5.4Hz, 0.5 H), 472(d J= 36Hz OSH) 465(d J=45
sz OSH) 4.61 (d J=39Hz, OSH) 411-404(m 1H) 371 367(m 6 H), 338(dd J=15
Hz, O9Hz 1 H), 328 3.24 (m, 4H) 255 2.44 (m, lH) 226 2 18(m 1 H); 13CNMR(IOO
MHz, CDCly) 0228.5,227.8 (227.4), 173.9,»154_.6, 146.4, 144.8 (144.7), 140.7,'136.5, 136.0,

13
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135 8 (135 6), 1345 105 8, 105.6, 62.5 (62 3), 609 604 584(58 9N, 566 (567) 52.8,52.5,
524, 509 (50 3),35.7 (35.9); IR(KBr cm’ ) 3120 (w) 2951 (w) 1933 (s), 1847 (s), 1732 (m)
| 1708 (m) 1504 (w), 1444 (m), 1407 (m) 1394 (m) 1306 (m) 1209 (m), 1116 (m), 1012 (w)
982 (w) 786 (w) 763 (w), 721 (w) Anal calcd for C23H26N7O7BM0 C, 44. 61 H, 423 N,
15.83. Found C, 44, 48; H, 4.27; N 15.56. In the same way, the ch1ral non- racemlc (98% ee)
molybdenum complex (-)-3a (0 192 g, 0.361 mmol) afforded ( ) 7 as a brlght orange solid (0.151
g 70%) in 98% ee ([a]D— -292 ,¢O. 123 CHClg)

(+)-Dicarbonyl[hydridotris(1-pyrazolyl)borato][n‘-(2 3 4)-(1s 2R,5S 6R) S-aza-z-.methoxy-' |
6 8- bls(methoxycarbonyl) 6-methylblcyclo[3 2. 1]oct 3-ene-2-ylmolybdenum [(+) 8] and
dlcarbonyl[hydrrdotrls(l-pyrazolyl)borato][11 2,3 4) (1S,2R,58 6R) 8-aza 2-methoxy-6,8-
brs(_methoxycarbo‘nyl)-6-methylb1cyclo[3.2.1]oct-3-ene-2-yl]molybdenum [(+)-8]. A solutlon ,
of the molybdenum complex (®)-3 (0. 509 g O 955 mmol) and methyl methacrylate (0.124 mL,
0.116 g 1. 159 mmol) that was prevrously f11tered through basic alumma in methylene chlorlde
(20.0 mL) was treated with a 1M solution of EtAlClz in hexanes (1.400 mL, 1 400 mmol) for 16
_hours at room temperature Elutmg silica w1th EtOAc/hexane (1: 1) afforded the crude product
0.573 g (95 %) as an orange solid. Flash chromatography over 51l1ca (150 g), eluting w1th

| EtOAc/hexane (1:3) provided the recovered molybdenum complex (:I:) 3 (0. 111 g, 21%) and the
molybdenum complex (#)-8 (0.279 g, /—Lﬂa) ran ge*.xolld mp 246 247 °C decomp |

; (EtOAc/hexane) Rf— 0.28 (EtOAc/hexane 1:2); 'H NMR (400 MHz, CDClg) 8 8.45 (d J=20 |
Hz 0.5 H); 843(d J= 20Hz 0.5 H), 801 (t, J=2.0 Hz, 1H) 765(d J—16Hz 1H) 761-
760(m 2 H), 749 (t, J 20Hz 1H),623(q,J 20Hz 1 H), 622(t J=2.0Hz, lH) 6.16
(t,J=2.0,1H), 4.68 -4.65 (m, 1 H), 4.56-4.53 (m, 1 H), 3.92-2.85 (m, 1 H), 3.69 (s, 1.5H),
368(s 1.5 H), 3.66 (s, 15H) 3.64 (s, 1.5 H), 3.59 (d, J=T6Hz, 1 H),3.37 (s, 1.5 H), 333(s‘

o 15H) 3. 12305(m 1 H), 176(s 3 H), 1.70 (d, J—lOOHz OSH) 1.67(d, J—104Hz 05
) Bc NMR (100 MHz CDC13) o 228 4,228.0, 176. 9 (176 9), 154 0 (153 9), 146.4, 144.7 -
| (144.6), 141.0 (141.0), 136.4 (136.5), 136.0, 135.5 (135.6), 134.5, 105.9, 105.6, 63.4, 62.9, 58.7 |

14
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(58 3), 57 7(57. 3) 56. 6 (56.5), 54 6 (54 9) 54 5 (54 4), 53 1 (52 8), 52.7 (52.6), 42.4 (42. 8)
22.0 (21 8); IR (KBr cm™):' 2950 (w), 1936 (s), 1852 (s), 1731 (m) 1705 (m) 1504 (w), 1480
(w), 1442 (m) 1407 (m) 1395 (m) 1322 (m) 1305 (m), 1261 (m) 1216 (m) 1129 (m) 1051
(m), 1014 (m), 982 (m), 786 (m), 754 (m), 719 (m) Anal. calcd for C24H23N707BM0 C, 45 52;
- H,445 N, 15 48 Found C 45.44; H, 455 N 15.31. Inthe same way, the chiral non-racemic
_ (96% ee) molybdenum complex (+) 3a (0. 192 g, 0.0. 361 mmol) afforded (+)-8 as a bnght
orange sol1d (O 062 g 51%) in 65% ee ([OL]D= +191° ,C 0. 148 CHC13)

(+)-D1carbonyl[hydrldotrls(l-pyrazolyl)borato][‘r] (2,3,4)- (IS 2R SS ,6R)-8-aza- 6-formyl 2-
methoxy-8- methoxycarbonyl 6-methylb1cyclo[3 2 1]0ct 3-ene-2-yl]molybdenum [exo ()-
9a)], dlcarbonyl[hydrldotrls(l pyrazolyl)borato][n (2 3 4) (1R,2S, SR ,6S)-8- aza-6-formyl 2-
methoxy-s methoxycarbonyl -6- methyl b1cyclo[3 2. l]oct- -ene-2 yl]molybdenum [exo-(-)-
9a], (i)-dlcarbonyl[hydrldotrl_s(lepyrazolyl)bor,ato][n-(2,3,4)-(IS,2R,SS,6S)-8-aza-6- ’
hydrocarbonyl-Z-rnethoxy-S-methoxycarbonyl-6-.methyll)icyclo[3.2.1]_0ct-3-ene-2- |

b' yl]molybden_um [endo-(+)-9b] an.d dicarbonyl[hydridotrio(l-pyrazolyl)borato][n-(2,3,4)-
(1R,25,5R,6R)-8-aza-6-‘for-myl-2-meth'ox‘y-8-methoxyca_rbonyl-6-methylb.icyclo[3.2.l]oct-3-.
ene-2-yl]molybdenum [endo-(-)-9b] A solution of the molybdenum ’complex (-3 (0.203 g o
0.382 mmol) and methacrole1n (0. 040 mL 0 034 g 0 483 mmol) in methylene chlor1de (6 0 mL)
'was treated with a lM solutlor‘_"f-EtAJCL-;n hexanes (O 100 mL, 0.100 mmol) for 40 minutes at
room temperature Elutlng s1hca with EtOAc afforded the crude product 0. 257 g (110 %) as an . |
oran ge solid. Flash chromatography over silica (IQO g), elutlng,W1th EtOAc/hexane (1.3) and

~later with EtOAc/hexane (1:2), provided the recovered molybdenum complex (i)-3 ©. 050 g, |

| 25%), molybdenum complex exo- (+)-9a (0.105 g, 45%) as an orange solid and molybdcnum

. complex endo-(+) 9b (0.066 g, 29%) as a bright orange solid. Analytlcal data for the complex. I_

| -exo-(+)-9a: mp = 173 175 C decomp (EtOAc/hexane) Rf 0.25 (EtOAc/hexane 1: 1); 'H . - -. o
| NMR (40() MHz, CDC13) §9.52 (s,.Ov.S' H), 9.46 (s, 0.5 H), 8.42 (d, J=20 Hz,1H),798(dd,J .
=7.6Hz, 1.6 Hz, 1 H), 7.62 (s, 3H), 749 (s, 1 H), 624-621 (m, 2 H), 6.16 (t, /=20 Hz, 1 D),

15
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4.68 (d, J = 6.4 Hz, OSH).454-453.(m '1 H),4.42 d, J=j36.Hz vOSH) 3.87-3.81 (m, 1H)‘ .
-3.65 (s, 1.5 H), 3.63 (s, 15H) 362359(m 1 H), 334(s 1.5 H), 328(s 1.5 H), 284275(m |
1H),1.65(s,3H), 1. 64 1 60 (m, 1 H), Bc NMR (100 MHz, CDCl3) §228.5 (228 2), 227. 8 - |
-(227 8), 201. 5 (201.4), 153. 8 (153 6) 146.3, 144 8 (144.7), 140 8 (140.7), 136 5 (136 5), 136.2
(135.8), 1361 1345 1059 105.6, 6011 597 594 58.3, 579(578) 57.1, 568 56.6, 391
‘, ‘(39 0) 18.2 (17.9); IR (KBr cm’ ) 2952 (w) 1935 (s), 1847 (s), 1723 (m) 1700 (m), 1503 (w)

1446 (m) 1407 (m) 1395 (m), 1321 (w) 1305 (m) 1218 (m) 1124 (m) 1049 (m), 1017 9w)
763 (m), 721 (m) Anal caled for C23H26N705BM0 G, 45 79 H, 434 N, 16.25. Found: C,
~46.01; H,4.52; N, 16. 04 Analytlcal data for the complex endo-(+)-9b mp =207-209 °C | |
decomp. (EtOAc/hexane) Re= 043 (EtOAc/hexane 1: 1); '"H NMR (400 MHz, CDCl5) 8 10. 08 R
(d,J=2.4 Hz, 1H) 8.39 (s, 1H) 792(dd J= 104Hz 20Hz 1 H), 759-758(m 2 H), 750-
7.46 (m, 2H) 6.21(q,J = 20Hz 1 H), 6 18 (q, J = 2.0 Hz, 1H) 6.14 (t,J = - 2.0 Hz, 1H) 472
i(d J= 56Hz 0.5 H), 4.61 (d J= 56Hz OSH) 449 (d,J= 28Hz OSH) 437(dd J=36
Hz, 08Hz 0.5 H); 385—380(m 1H) 3.74 (s, 1.5 H), 3.73 (s, 15H) 334(dd J"46HZ' 1.2
Hz, OSH) 332(dd J= 46Hz 12Hz 0.5 H), 3.24 (s, 15H) 3. 18(s 1.5 H), 275(t J=124
Hz, 1 H), 1.78-1.67 (m 1 H) 1.28 (s, 1 SH), 1.22 (s, 1 5 H); 13CNMR(loOMHz CDCly) &
228.8 (228. 1) 227 7 (227 3) 202. 1 (201 8) 154. 2 146. 3 144.8 (144. 7) 140.6 (140.4), 136. 8
»(136 6) 136 5 (136 4), 136. 1 134 5, 105.8, 105.6, 63 8, 62.9, 62.0 (61 8), 594 (58 8) 58.0

(57.3), 570 (56.8), 53.6 (53.5), 52.9 (52.9), 40.2 (39.7), 23.4 (23.4); IR (KBr, cm): 2952 (w)

| 1936 (s), 1849 (s), 1706 (m), 1504 (w), 1448 (m), 1407 (m), 1320 (m) 1305 (m), 1213 (m), 1125
(m), 1049 (m) 1017 (w), 982 (w) 762 (m), 721 (m); Anal. calcd for C23H26N706BM0 C, 45 79 )
H, 4.34; N 16. 25 Found C, 46 03 H, 4.44; N 16. 06. Inthe same way, the chiral non-racemic ,
(98% ee) molybdenum complex (-)-3a (0.186 g, O 348 mmol) afforded [exo-(-)-9a] as a bright - -

.. orangevsolid (O .084‘1 g, 40%) in 95 5 % ee ([OL]D -205 °c O 200 CHC13) and [endo-(- )-9b] asa

| brlght orange sohd (0. 045 g, 21%) in 95 5% ee ([a]D— -259 °c 0 099 CHC13)

16
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. (+)-Dicarbonyl[hydridOtris(l-pyrazolyl)b(jrato][11-(2 3,4)-(1S,2R,5S,6R,7R)-8-aza-7- ethyl 6
formyl-2 methoxy-S-methoxycarbonylb1cyclo[3 2.1]oct-3- ene- 2 yl]molybdenum [ex0-(+)- °
10a] and - d1carbonyl[hydrldotns(l-pyrazolyl)borato][n -(2,3,4)-(1S, 2R, ,3S,6S,7S)- 8-aza-
7-ethyl-6- formyl 2-methoxy-8-methoxycarbonylblcyclo[3.2 l]oct 3-ene-2-yl]molybdenum
| [endo-(1)-10b]. A solutlon of the molybdenum complex (£)-3 (0.494 g, 0 927 mmol) and trans- -
2- pentenal (0 116 mL, 0. 099 g 1. 186 mmol) in methylene chlorlde (15.0 mL) was treated with a .' -‘
lM solution of EtAICl, i in hexanes (0.450 mL, 0.450 mmol) for 60 minutes at room temperature.
Elutin'g silica with EtOAc afforded the.crude prodvuct 0. 6(‘)3.'g (100%) as an orange solid. Flash
chromatography over silica (150 2), elutmg with EtOAc/hexane (1 4) and later with “
_ EtOAc/hexane (1: 3) prov1ded the recovered molybdenum complex -3 (O 071 g, 14%)
"_molybdenum complex exo-(1)-10a (O 297 g, 42%) as a dark orange solid and molybdenum
complex endo- (+)-10b (O 183 g, 32%) asa brlght orange solid. Analy’ucal data for the complex
exo-(%)- 10a: mp = 237-239 °C decomp (EtOAc/hexane) Rf—— 0.29 (EtOAc/hexane 1: 1):'"H
NMR(4OOMHz CDC13)8959(d J=3.2 Hz, OSH) 956(d J=2.8Hz, OSH) 8.38 (, J—
2.0Hz, 1 H), 7.89 (s, lH) 763-762(m 2H), 758(d J—16Hz lH) 7.48 (d,J=1.6Hz, 1
H), 6.23 (t, J—20Hz lH) 621 (t, J= 24Hz 1 H), 6 18 (t,J=2.0 Hz, 1H) 4.77 (d, J—56
Hz, OSH) 470467(m lH) 458(d J=4.0Hz, OSH) 4.08- 402(m lH) 3.71 (s 15H)
13.69 (s, 1.5 H), 335(d J= 8.0 Hz, lH) 3.07 (s, 15H) 305(s 15H) 2.80-2.75 (m, 1 H), '
2672, séﬂ(gqlﬁﬁ)wi“éfl% (m, 1 H), 1.63-1.57 (m, 1 H), 1.03 (t, /= 7.2 Hz, 3 H); "CNMR
(75 MHZ CDCl3) 6229.5 (228 8), 227. 9 (228.5), 199.6, 154.0 (153.8), 146.3, 145.0 (144.9),

o S o b

; 140. 2 138 1(137.9), 136 6, 136.0, 134, 5,105.8, 105.7, 65. 7 (65.6), 61. 2 (61 N, 61 1 (60. 7)
58.0,57.3, 54.6, 53.9 (53. 8) 53.0, 495 (49.2), 23. 9 13 3; IR (KBr, cm™): 2952 (w) 1931 (s)
1904 (s) 1844 (s), 1822 (s) 1718(m) 1695 (m), 1522 (w), 1504 (w) 1447 (m), 1407 (m) 1395
(m), 1306 (m), 1219 (m) 1117 (m), 1050 (m) 1023 (w), 981 (w) 787 (w), 760 (m), 723 (m);
Anal. calcd for C24H23N706BM0 C 46.70; H, 457 N 15 88. Found C, 46.55; H 460 N,
15.63. Analytical data for the complex endo- (+) 10b mp = 210—212°C decomp |

'(EtOAc/hexane) Rf 0.40 (EtOAc/hexane 1: 1) 1H NMR (400 MHz CDCl3) § 10. 15 10. 14

17
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(@ 1H), 840(t J=24Hz, 1 H, 799(d,J = 20Hz, 0.5 H), 795(d J=16Hz,0.5 H), 7.61-.
7.59 (m, 2 H), 754(d J=15Hz,05H),751 (4, J=20Hz, 0.5H),7.48 (. /=2.0Hz, 1 1),

622(q, /=24 Hz, 1H),6. 18,/ = 24Hz 1H),6 15, J=2.0Hz, 1 H), 497 (/=44 H,
0.5 H), 487 (1, =44 Ha, 0.5 H), 4.53 (5, 0.5 H), 437 (s, 0.5 D, 3.87-3.83 (m, 1 H), 374 5,09 -

H),372(, 218, 338 (¢, J= 6.4 Hz, 1 H), 332(s 0.9 H), 3.25 (s, 2.1 H), 2.87 (t, J = 49 Hz,
0.7H), 2.80 (1, / = 4.8 Hz, 03 H), 277-2.72 (m, 1 H), 1.56-1.47 (m, 0.5 H), 146-1.38 (m, 0.5
H), 1.35-1.20 (m, 1 H), 0.99 (t, J = 7.2 Hz, LS H), 0.96 (t, J = 7.2 Hz, 1.5 H); °C NMR (100
MHz, CDCl;) §228.1 (228.4), 2280 (2276) 2004 (2009), 154.6 (154.2), 1463, 144, 6 (144 o

11406 (1408), 136.5 (136.4), 136.1, 135.6 (135.0), 134.5, 105.8, 105.6, 64.0 (64.7), 62. 7(61.9),

| 58.8,57.9 (57.7), 57.0 (56.8), 57.0, 53.4 (53.6), 52.8 (53.0), 50.1 (50.7), 28.7 (28.8), 12.4 (12.7);
IR (KBr, cm™): 2959 (w), 1941 (5), 1936 (5), 1708 (m), 1504 (), 1448 (m), 1407 (m), 1394 (m),
1304 (m), 1253 (w), 1211 (m), 1116 (m), 1049 (m), 1071 (w), 1049 (m), 1021 (w), 763 (m), 720
(m); Anal caled for V'C24H23_1\I:‘7O’6BM0: C 46.70; H ‘4.571 N, 15.88. Found: C, 4688 H, 4.62; N, i
15.60.

(+)-charbonyl[hydrldotrls(l-pyrazolyl)borato][11 (2 3 4) (IS 2R SS 6S) S-aza 2 methoxy-8-
methoxycarbonyl 3’-oxasp1ro[b1cyclo[3 2.1Joct-3- ene-2-yl 6, 1' -cyclopentane-2’ o
| on]molybdenum [exo- (+) lla] and (+)-dlcarbonyl[hydrldotrls(l-pyrazolyl)borato][11-
(27::;5% ES52R,58,6R)-8-aza-2- methoxy-S-methoxycarbonyl 3’-oxasp1ro[b1cyclo[3 2 1]0et~3—~ e
ene-2-yl-6 1’-cyclopentane-Z’-on]molybdenum [endo )- 11b] A solution of the molybdenum
complex (£)-3 (0. 224 g, 0.420 mmol) and oc-methylene—'y-butyrolactone (O 047 mlL, 0.052 g,
0.536 mmol) in methylene chlor1de (7.0 mL) was treated with a 1M solution of EtAICI, in
hexanes (0. 750 mL 0 750 mmol) for 16 hours at room temperature Elutrng s1l1ca with EtOAc
afforded the crude product as an orange solid. Due to a poor solubrhty, the crude product was
' deposrted on cellte and the SOlld was loaded on top of the chromatographrc column. Flash
_'chromatography over s111ca (100 g) elut1ng w1th EtOAc/hexane (2:1) and later with :

EtOAc/hexane (3.1), pro_v1ded the molybdenum complex endof(i')-llb (0.069 g, 26%) as an

18
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orange solid and molybdenum complex exo- -(1)-11a (0 159 g, 60%) as an orange solid.
Analytlcal data for the complex exo- (+)-lla mp 256-257 °C decomp. (EtOAc/hexane); Rf—
0. 27 (EtOAc/hexane 2 1) 'H NMR (400 MHZ DMSO) 88.31(d,J= 2 0 Hz, 0.7 H), 8.27 (d J
=2.0 Hz, 0.3 H), 8.35-8.01 (m, 1 H) 790 (t,J = 4.0 Hz, 1 H) 7.86 (d J= 2 4Hz, 1 H) 7.82 (d,f
~ J=2.0Hz,1H),781 d,J= 2.0 Hz, 1 H), 635(t J= 24Hz lH) 632(t J= 24Hz 1 H),
629(t J=2.0Hz, 1 H), 450(q,J 8.8 Hz, 1 H), 442(q,] 64Hz 1 H), 4.38- 427(m 3 H), |

355 (d,J= 68Hz 1H), 350(s 1H) 345(s 2 H), 323(s 2H) 3 18-3. 12(m lH) 3.16(s, 1
H), 260251 (m, 1H) 244239(m 0.3 H), 235-230(m 0.7 H), 198(t J= 72Hz 1 H); 13C

. . NMR (100 MHz DMSO) 5228.8,227.9 (228 3), 180.0 (179. 6) 153. 6 (152. 2) 145.6 (145. 5)
144. O 141.9 (142 8), 138.9, 137.2 (137 0), 1364 135. 1, 1062 105.8, 65 8 (65. 7) 60.9, 59.9
(598) 588(583) 575(577) 566 53.7 (53. 3) 530(53 1) 519 41 7(42 1), 32 1(31.9); IR
(KBr, cm’ ) 2949 (w) 1940 (s), 1843 9s), 1756 (m), 1697 (m) 1503 (w), 1445 (m), 1393 (m),
1323 (m), 1304 (m), 1213 (m), 1169 (m), 1050 (m), 1022 (m), 771 (m), 760 (m); HRMS (FAB)
caled for CasHarNO7BMo (M) 633. 1041' found 633.1068, calcd for C23H§7N50513Mo (M-CO")
605 1092, found 605. 1113 Anal. calcd for C24H26N7O7BM0 C,45.66; H, 4. 15 N, 15. 53 Found
- G, 45 75; H, 444 N, 15. 08 Analytical data for the complex endo (£)-11b: mp = 253-254°C

| decomp (EtOAc/hexane); Rf—048 (EtOAc/hexane 2:1); 1H NMR (400 MHz-r DMSO) 58.31 VF

(dd J 88Hz 2.0 Hz, 1 H), 789(q,J 20Hz 1H),785(td J 5.6 Hz, 2.0 Hz, 2H),7.83

..,.;,q LA SR ,_r—~=..-~-r’.,.1—-(:¢-n S

(s 15H) 7.77 (d, J = 2.0 Hz, OSH) 635(t J - 2.0Hz, 1 H), 6.31- 629(m 2H),4.55(d, J =
3.6 Hz, 0.5 H), 4.51-4.48 (m, 1.5 H), 443-437(m 2 H), 433(t J= 8.0 Hz, 1 H), 4.01-3.96 (m,
lH) 3.59 (s, 1.5 H), 3.58 (s, 1.5H),3.51(dd, J = 6.8 Hz, 4.8 Hz, lH) 329 (s, 1.5 H), 3.22 (s,
1.5 H), 2.44 (d, J = 2.8 Hz, 0.5H),2.41(d,J= 3.2 Hz, 0.5 H),2.27-2.15 (m, 1 H), 2.12-2.01 (m,

1H); 1'3c NMR(lOO MHz, DMSO) §229.1 (228.8), 2287(228 5), '1’77'2(177 1), 153.3(153.3),
1457(145 6), 1439 141.5, 1413 1370 136.5 (136.4), 135.1 (135. 0), 1062 105.8, 65.1 (65. 0),
62.6 (61.9), 583, 57.,56.8, 565(564) 556(555) 54.3, 524(524) 439(43 1), 370(368)
IR (KBr, cm™): 1931 (s), 1844 (s), 1769 (m), 1707 (m), 1487 (w) 1504 (w), 1445 (m), 1407 (m),
1396 (m) 1325 (w) 1304 (m) 1251 (w), 1207 (m), 1171 (w) 1116(m) 1049 (m), 1018(m)

'- f 19
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984 (w), 786 (w), 765 (m), 723 (m); HRMS (FAB) calcd for CasHaN,0:BMo (M) 63.1041,

 found 633.1070; Anal. caled for C;4HasN0:BMo: C, 45.66; H, 4.15; N, 15.53. Found: C, 45.99;

H,4.37; N, 14.95.

» (i-)-']“)icarbonyl[hydridotris(l-pyrazolyl)bOrato][11-(2,3,4)-(15,2R,SS,6R)48-aza-2-rnethoxy-
-6 8-bis(methoxycarbonyl)-7-(1’-methoxyca'rbonylmethylidene)bicyclb[3 2.1]oct- 3';ene-2-
: yl]molybdenum [(+) 12]. A SOlllthl’] of the molybdenum complex (+)-3 (O 104 g, 0.195 mmol)

and d1methy1 2,3- pentadlenoate (1 0 mL from a solutlon of 0.1590 g of neat allene in 4.0 mL of

, -'methylene chloride, 0.040 g, 0.256 mmol) in methylene chlorlde (3 0 mL) was treated witha IM -

solution of EtAICl, in hexanes (0. 220 mL, 0 220 mmol) for 35 mmutes at room temperature

- Eluting 5111ca with EtOAc/hexane mixtures 1: 2 and I: 1 afforded the molybdenum complex (+)

.12 (0.077 g, 57%) as an orange solid: mp = 134 °C decomp (EtOAc/hexane) Rf— 0.31

(EtOAc/hexane 1: 1) 'H NMR (400 MHz, CDC13)5847 (d J 24Hz O2H) 843 (apt J =
3.2 Hz, OSH) 804(dJ 24Hz O2H)796(dd] 60Hz 08H)760(ath 2.4 Hz, 2‘
H)755(dJ—16Hle)748(tJ 16Hle)624(tJ 20Hle)62l618(m2

o H), 6.16 (t, J=2.0 Hz, 1 H), 4.97 (5, 0.5 H), 4.86 (s, 0.5 H), 4.74 (d, J= 4.0 Hz, 0.5 H), 4.61 (d,

T e

J=2.8Hz, 0.5 H),4.27 (d, J = 4.4 Hz, 1 H), 4.09-4.04 (m, 1 H), 3.81 (d, J=24 Hz, 1 H),3.71

- (d,J=1.2 Hz, 3 H), 369(s 1H) 367(s 1 H),3.65 (d, J—onz 3 H), 344(d J=16Hz,1

H),3.22 (5,0.5 H) 3.20 (s 1.25 H) 3.17 (s, 1.25 H); Bc NMR (100 MH:-CDCIJ)@”'”Q 3

1(227.6), 226.9 (226.3), 170.7, 166.7? 159_.3_ (159.0), 154.5, 146.5 (two carbons), 145.0, 144.9,

1404, 136.6, 136.2, 134.5, 130.5 (130.3), 113.2 (112.7), 106.0, 105.8 (tWé_ carbons), 63.7 (63.2),
61.2 (60.7), 60.5 (60. 2), 57.5 (57.4), 56.9 (56.7), 53.5.(53.1, 53. 0), 51.7 (526, 52. 5); IR (neat,

em): 1938 (s), 1857 (s), 1718 (s), 1444 (m), 1305 (m), 1208 (m), 1050 (m), 764 (m), T21(m);
Anal. calcd for C26H28N709BM0 c 45.30; H, 409N, 14. 2. Found: C, 45.47; H, 427N,

~14.00.

(4)-Dicarbonyl[hydridotris(1-pyrazolyDborato][n-(2,3,4)-(15,2R 55)-8-aza-6-

: ethoxycarbonyl-24methoxy-8;methoXycarbonylbieyclo[3.2.1]oct-3,6-diene-2- :

20
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v yl]molybdenum [(£)-13]. A solution of the molybdenum complex (#)-3 (0. 051 g, 0. 696 mmol)’ '
and ethyl proplolate (0.013 mL, 0.0126 g, 0 128 mmol) in methylene chlonde (2. 0 mL) was -
- treated with a 1M solutron of EtAlClz in hexanes (O 150 mL, 0.150 mmol) for 2. 5 h atroom
- temperature Eluting silica with EtOAc/hexane (1: 3) and later with EtOAc/hexane (1: 2)
provrded the recovered molybdenum complex (+)-3 (. 054 & 11%) and molybdenum complex
(¥)-13 (O 041g, 68%) as a dark orange solid: mp 234- 235 °C decomp (EtOAc/hexane) Rf_ .
0.63 (EtOAc/hcxanc 1:1); 'H NMR (400 MHz, CDClg) ) 8 70 (d, J 2.0Hz,0.5H),844 (d,J .
—20Hz OSH) 840(d J=2.0Hz, OSH) 8.17(d,J= 20Hz 0.5 H), 781(d J= 24Hz 0.5
H) 769(d J=2.0Hz,0.5 H), 7.60 (d, ] = 2.0 Hz, OSH) 758(d J—16Hz 0.5 H), 7.57-7.56
(m, 1 H), 7.47 (ap t, J—16Hz lH) 686(dd J 6.0 Hz, 16Hz OSH) 6.75 (apd J= 08Hz
‘075H) 6.74 (d, J-16Hz 025H) 672(d J—12Hz OSH) 624622(m 2H) 619616
(m, 1 H),5.15(dt, J = 76Hz 1.6 Hz, lH) 441 (s, 025H) 438-432(m 2H),419(s O75H)
:392(s 125H) 3.81 (s 175H) 343(d J =6.4 Hz, 025H) 341 (d J= 6.4 Hz, 025H) 336
| (s,2 H), 3.35 (s, lH) 333(d J= 6.4 Hz, 0.25 H), 331(d J= 6.4 Hz, 025H) 139(td J 72
Hz, 2.0 Hz, 3 H); *C NMR (100 MHz CDCly) 8231 2 (229.6), 225.8 (224.3), 161.6 (161 5), |
- 155.5 (155.4), 148.3 (147.9), 147.2 (147.1), 146 1,143.9, 143.3 (143 5), 140.6 (139 9) 1363 - N
(136.5), 135 8 (136.0), 134. 7 106.0 (105.9), 105.7 (105. 8) 97 4,93.7,85.0 (84 9), 65. 1 (63.5),
62.6 (62. 4) 61.0 (61 0), 542 (53. 7 53. 6) 52.3 (52 1) 14 5 IR (neat cm’ ) 1961 (s), 1857 (s),

1714 (m), 1320 (m), 1123 (m), 1050 (m), 760 (m), 721 (m) Anal. caled for C24H26N7O7BM0 C,
45.66; H, 4.15; N, 15.53. Found: c 45.59; H, 4.23; N, 15.36.

Modifications of the Functional Group'in the Cycloadduct (+)-6.

; (+)-Dicarbonyl[hy’dridotris(l-pyrazolyl)borato] M-(9,10 11)-15.2R 3R‘ 7S,8S,9R)-12-aza-3-
| hydroxy-9 methoxy-lz methoxycarbonyltrlcyclo[6 3. 1 02’7]dodec 10-en- 9-yl]molybdenum
[(H)- (14)] To a strrred solution of the molybdenum complex (+)-6 (0.207 g, 0.329 mmol) in a
mrxture of abs. ethanol (20 mL) and methylene chlorrde S 0 mL) under argon at room-

| temperature was added solrd NaBH, (0 442 g 11. 683 mmol) in ﬁve (5) portrons over 5 S hours. "
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Water (O 5 mL) was added and the react1on mrxture was filtered through a short layer of silica.
Solvents were removed under reduced pressure to yleld a crude product 0.223 g (107 %) as an A

' orange sohd The crude product was separated by flash chromatography over srhca (30 g) elutmg
w1th EtOAc/hexane (1: 2) and later EtOAc/hexane (1:1) to provide a dlastereomencally pure

. molybdenum complex (+)-14 (0.113 g, 54%) as an orange sohd along with a mixture of

molybdenum complexes (1)-14 (O 068 g, 33 %) d1astereomer1c at C-3 (ratro of d1astereomers

- 2:1). Thus, molybdenum complex (i)-14 was obtained in 87% overall y1eld as a 7:1 mixture of -
diastereomers at C 3. Analytlcal data for the major d1astereomer (+) 14; mp = 228°C decomp

o (EtOAc/hexane) Ry=0.37 (EtOAc/hexane 1 1); 1H NMR (300 MHz, CDCl;) 8 8.43 (d J=138

Hz, 1 H), 7.95 (s, 1H) 7.61-760(m 3H) 748(d J-18Hz 1H) 622(t J=21Hz 1H)
6.19(t, J=1.8 Hz, 1 H), 616(t J= 21Hz 1H) 4.45-4.42 (m, 1H) 430(s 0.5H),4.31(, 0.5
H), 4.07- 3.99 (m, 1 H), 3.75 (s, 075H) 371 (s 2.25H),3.40(d, J=7.5Hz, 1 H), 327(s 0.75
H), 3.23 (s, 2.25 H), 2.52-2.40 (m, 2 H), 1.83-_1.56 (m, 6 H), 1.50-1.37 (m, 2 H); MS (FAB)m/z
(relative intenvsity) 632 (M+H", 14), 603 (31),"577 (65), 545 (60); IR (KBr, cm’™): 3218 (m, br), |
2930 (m), 1936 (s), 1843 (s), 1688 (m), 1503 (w), 1455 (m), 1407 (m),»l334 (W), 1305 (m), 12164_

| (m) 1117 (m), ~1o4'9 (m), 1017 (W), 982 (w), 762.(m), 721 (m); The minor diastereomer shows
two sets of "H NMR signals distinct from the major isomer: at 3.73 ppm (s) and at 3.72 ppm (s) |
for COOMe at 3. 28 ppm (s) and at 3. 21 ppm (s) for OMe. Complete characterlzatlon of the .

1 e e e ot e

| reduct1on product was carrred out after convertrng the alcohol 14 to the acetate 15

'(:t)-charbonyl[hydrldotrls(l-pyrazolyl)borato][T] (9 10 ,11)- (IS 2R ,3R,7S,8S 9R) 3- acetoxy-
12-aza-9- methoxy-12 methoxycarbonyltr1cyclo[6 3.1.0* 7]dodec 10- -en- 9-yl]molybdenum .
- [(+)-15] Toa solutlon of the dlastereomerlcally pure molybdenum complex (:l:) 14 (0 076 g, '
: VO 119 mmol) in methylene chlorlde 3.0 mL) at room temperature under argon was added TEA
(0.086 mL, 0. 062 g, 0 618 mmol) acet1c anhydr1de 0125 mL 0. 125 g, 1.225 mmol) and solrd

' DMAP (0. 015 g, 0.123 mmol) The reaction mixture was. strrred at room temperature for 16

hours. Then, the mixture was partrtloned between water and methylene chlor1de. The organic
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layer was dried (MgSO04) and solvents removed under reduced pressure to yield a crude product
- .The crude product was purrfred by filtration through a short layer of silica (10 g) elutmg with

| EtOAc/hexane (1: 1) to afford a d1astereomer1ca11y pure acetate (+) 15 (0. 072 g, 89%) as a brlght
| orange sohd mp = 133 135°C (EtOAc/hexane) Rr=0.56 (EtOAc/hexane 1 1); '"H NMR (400
MHz, CDC13)8840(d J =1.6 Hz, 1H) 792(d J—16Hz 1 H), 7.61 (d J= 20Hz lH)
759(d J= 20Hz 1 H), 7.57 (d, J=2.0Hz, 1 H), 747(d J=1.6Hz, 1 H), 621 6.19 (m, 2 H),
6.15 (t, J = 20Hz lH) 532540(m 1 H), 437(d J= 32Hz 1 H), 431 (s lH) 401 (dd J
=7.8 Hz,3.8 Hz, 1 H), 374(s 0.2 H), 369(s 28H) 338(d J= 72Hz 1H),3.21 (s, 0.2 H),

3. 16(s 2.8 H), 265(dd J= 84Hz 5.2 Hz, 1 H), 2.46- 240(m lH) 2.07 (s, 3H), 1.86-1.79
(m, 1 H), 1.78- 170(m 1H), 1.68-1. 60(m 1H), 1.52-1.46 (m, 3 H); °C NMR (100 MHz,
CDC13) 8228.6 (228.2), 227.7 (227.4), 171.6, 152.8, 146.3, 144.6, 140.3, 138.9, 136.4, 135.9,.
134.4, 105.8, 105.5, 69. 9 (70.5), 63. 8, 62.7 (63.1), 57. 3 (two carbons), 56. 7 (56.5), 53.0 (52 8), "
52.2,50.3,46.4, 24.0, 23.9, 221 171 IR (KBr, cm’ ) 2950 (m) 1936 (s), 1843 (s) 1731 (m)
1704 (m) 1503 (w), 1452 (m), 1407 (m), 1306 (m), 1270 (w), 1216 (m), 1116 (m), 1049 (m),
1021 (m), 760 (m) 721 (w); Anal. calcd for C27H32N7O7BM0 C, 48. 16 H, 4.79; N, 14.56.
Found: C, 48.09; H, 4.89; N, 1438.

Oxidative Demetalla'tion of the [5+2] Cycloadditron Products To the orange colored
' solutions of cycloadducts (+)-4 - (:l:) 6-,«( <15 (t -;a, (=}=6, ( )- 7 and (-)-9a (1 mmol) and TEA
(1 5 mmol) in THF/water mixture (3 1, 50 mL) at0 °C (1ce bath) open to air was added a.
solution of CAN (8 0 mrnol) in water. (25 mL) dropwrse over 5 minutes. Durmg the addmon, the
solutlons turned a dark color and a gas evolved. After completmg the addrtron the color faded
- and alight yellow solutron resulted. The reactron mixtures were strrred for an additional 5-7
minutes at room temperature and then partitioned between methylene chloride(40 mL) and
Water (40 mL) The organic layers were xyashed With saturated aqueous NaHCO;, dried (MgSO4) ’ _‘
¥ and solvents were removed under reduced pressure to provide crude products The crude

'products were separated by flash chromatography over silica elutmg with EtOAc/hexane :
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mixtures to afford the tropanes (+) 16 (*)- 17 (1)-18, (+)-19 (+)-17, (+) 18 and (+) 19 as

colorless orls whrch sohd1f1ed on standmg at low temperature (5 °C)

- :(IS,2R,6S‘,7S)-4,11-diaza-11-methoxycarhonyl-4-methyltrfcy’clot5.3.1.02’6]undec-9-ene-
3,58-trione [()-16]. The molybdehum complex (2)-4 (0.155 g, 0.2401 mmol) was treated with
TEA (O 050 mL, 0.036 g, 0. 360 mmol) and CAN (1.109 g, 1 995 mmol) accordmg to the general
‘procedure Flash chromatography over s111ca elutmg w1th EtOAc/hexane mixtures (1: 1) and (2:
1 afforded the tropane (:t)-16 (0. 033 g, 52%) mp 35 37 °C (EtOAc/hexane) Rf—-— 0.25
(EtOAc/hexane 1:1); lH NMR (400 MHz, (CD3)ZSO 60 °C) 67.67 (dd J= 10 0 Hz,52Hz, 1
H), 603(d J=9.8 Hz, 1 H), 488(d J= 56Hz lH) 446(s,1H) 359(s 3H) 353(d J—
7.2Hz,1H),336(d,J=7.2Hz, | H) 2.88 (s, 3 H); C NMR (100 MHz, (CD5);50, 60°C)° &
:' 1922, 175. 0, 174 9, 152 2 (two carbons), 126 3, 66 8, 56.6 (56.7), 53.0 (52 9) 49.7,45.5, 24.9;
IR (neat cm ) 1783 (w) 1699 (s, br) 1444 (m), 1385 (m), 1325 (m) 1125 (m), 993 (m), 735
(w); MS (ED) m/z (relatlve intensity) 264 M, 57), 205 (100), 153 (48) 125 (75); HRMS (EI)
calcd for C12H12N205 (M+ ) 264, 0746 found 264. 0736 Anal. calcd for C12H12N205 C, 54.54; H
:458 N, 1060 Found: C, 54.81; H 4.85; N, 10.34.

(+)-(1s 2R,7S SS)-12-aza-12-methoxycarbonyltricyclo[6 3.1.0>"]dodec-10-en-3,9-dione [(+)-
17 and (IR,2S,7R 8R)-12 aza-12- methoxycarbonyltrlcyclo[6 3.1. o2 7]d0dec 10-en-3, 9-dione
[(+) 17] The rnolybdenum complex (+) 6 (O 151 g, 0.240 mmol) was treated wrth TEA (0. 050 | v |
mL O 036 g, 0. 360 mmol) and CAN (1. 065 g 1. 944 mmol) accordmg to the general procedure |
'Flash chromatography over silica elutmg with EtOAc/hexane (1:1) afforded the tropane H)-17
(0. 048 g, 81%): mp= 75-77 °C (EtOAc/hexane) Rf=0. 57 (EtOAc/hexane 2 1); 'H NMR (400
MHz (CD3)2SO 60°C)87 53 (dd J= IOOHz 56Hz lH) 596(d J 90Hz 1H), 5.12 (4,
J= 56Hz 1H), 405(s 1H) 358(s 3 H), 297(d J 92Hz lH) 2.72- 265(m lH) 248-, |
242(rn 1.H), 221 (pent, J 84Hz 1H), 2. 16212(m 1H), 1.87-1.77 (m, 2H), 1 24(qd J=

_ 12.8 Hz, 3.6 Hz 1 H); l3C NMR (100 MHz, CDC13) 5208 8 (208 2) 195.2 (194.7), 151.1, 152. 9

(151.2), 127.8,704, 56.3 (56.1), 53.7 (52.6), 53.2, 41.1_(40.3), 38.3, 28.5, 20.5; IR (neat, cm’ ):

24
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2952 (w), 1708 (s), 1449 (m) >138‘6 (w), ;1329 (m), 1298 (w) 1211 (m).'11>24 (m), 976 (m), 800 :
.(w) 781 (w) MS (ED m/z (relatrve rntensrty) 249 (M+ 100), 221 (77) 218 (46) 194 (95), 153
- (42); HRMS (EI) calcd for C13H15NO4 M) 249 1001 found 249. 1005; Anal. calcd for .
C13H15NO4 C, 62. 64 H, 6.06; N, 561 Found C 63 10 H, 642 N 5.47. In the same way, the
ch1ral non-racemic (97% ee) molybdenum complex ( )-6 (0 103 g,0.163 mmol) afforded (+) 17
asa wh1te solid (O 036 g, 87%) in 96 % ee ([OL]D +82 c 0920 CHCl3).

(i)-(1S,SS,6R)-8-aza-6,8-bis(methoxyéarbon_yl)bicyclo[3.2.1]0ct-3-en-2-0ne [(£)-18] and-
(IR,5R 6S)-s-aza-6 8-bis(methoxycarbonyl)bicyclo[3 2.1Joct-3 3-en-2-one [(+)-18]. The
molybdenum complex (1)-7 (0.149 g, 0.241 mmol) was treated wrth TEA (O 049 mL, 0.035 g,
0.352 mmol) and CAN (1. 010 g, 1.842 mmol) accord1ng the general procedure Flash
chromatography over. srllca eluting with EtOAc/hexane (l 2) afforded the tropane (+)-18 0. 045
g, 77%) mp = 90- 92 °C (EtOAc/hexane) Rf 026 (EtOAc/hexane l 1); '"H NMR (400 MHZ
(CD3)2SO 60°C)87 54 (dd, J = 100Hz 5.6 Hz, 1 H), 5.96 (d, J= 10.0 Hz, 1 H), 4,94 (d, J—‘
5.6 Hz, lH) 448 (d,J= 84Hz lH) 367(s 3H),360(s 3 H), 3.13 (dd, J 92Hz 36Hz
1 H), 2 70 2.60 (m, 1 H), 1. 95 (dd,J= 140Hz 9.2Hz, 1 H) Bc NMR (100 MHz, CDCl3) &
195.2,172.4, 154.8, 151. 7(1505) 1279 64.1, 57.6, 532 52.9, 460(470) 28.8 (28.3); ]R
(neat, cm™): 2956 (w) 1731 (s) 1715 (s) 1448 (m) 1394 (w) 1320 (m), 1202 (m) 1104 (m), _

1024 (w); (64 Wi 33 (w 53 MS-ED) m/z (relatrve 1ntensrty) 239 (M™, 79) 208 (53) 207 (74), .- REEERETEE
180 (96), 17}9 (41), 154 (59), 153 (35), 152 (100), _137 (42), 126 (62), 125 (62), 120 (43), 105 - |
(47) 101 (16), 59 (85), 55 (39); HRMS (ED calcd for C11H13N05 (M+) 239.0793, found | v
239 0798; Anal. calcd for C11H13N05 C, 55 22, H, 5.48; N 5 85. Found: C, 55.67; H, s, 60; N,

- 5. 80 In the same way, the chlral non-racemic (98% ee) molybdenum complex (-)-7 (O 114 g,
- 0. 184 mmol) afforded (+)-18 asa whlte SOlld (0 025 g, 57%) in 98 % ee ([O.]D . +98 ° ,c0.792
© CHCL). |

() (IS 58 6R) 8-aza-6- formyl 8-methoxycarbonyl 6- methylbrcyclo[3 2 l]oct 3- en-2-one |
| [(#£)-19] and (1R, SR 6S) 8- aza 6- formyl 6 8- brs(methoxycarbonyl)-G methyl-.

’s .
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hicyclo[3.2.1]oct-3.-en.42-'one [(+)-19]. The molybdenum complex (+);Sla (O 402 & O 667 mmol)
was treated w1th TEA (0. 138 mL, 0.100 g, 0.992 mml) and CAN (2 961 g, 5.401 mmol) '

3 accordmg to the general procedure Flash chromatography over silica eluting w1th EtOAc/hexane
(l 2)-afforded the tropane (+)-19 (O 115 g, 77%)‘ mp =81-82°C (EtOAc/hexane)° Rf=0.33 .

._ ’(EtOAc/hexane 1: 1); 1H NMR (400 MHz (CD3)ZSO 60 °C) ) 9 59 (s, 1 H), 7.47 (dd, J = 10. 0
Hz, 56Hz 1H) 6.12 (dd, J-lOOHz 1.6 Hz, 1H) 490(d J= 56Hz 1H), 436(d J= 88
‘Hz, 1 H), 3.58 (s, 3 H), 2.95 (dd, J= 136 Hz, 88 Hz, 1 H), 1.38 (d,J=14.8 Hz, 1 _H), 1.12 (s, 3
H); °C NMR (75 MHz, CDC13) 8 200.4, 194.8, 154.9, 150.1 (1v48.8)‘, 129.7, 64.1,-58.1,' 53.3,

- 33.5,33.1, l7 5 lR(neat em™): 1702 (s), 1447 (m) 1320'(5) 1100 (m), 992 (w)l 880‘(\&) '853 '
(m), 775 (w); HRMS (ED) calcd for C11H13NO4 (M™) 223.0844, found 223.0843; Anal caled for
C11H13NO4 C,59.19; H, 5 87; N, 6.27. Found C 58.97; H, 5.80; N 6.38. In the same way, the

: ch1ra1 non-racemic (95% ee) molybdenum complex (-)-9a (O 055 g, 0.091 mmol) afforded (+)-19
as a white solid (0.014 g, 70%) with [OL]D— +81 °cO. 710 CHCl3 Determmatlon of the |
‘enantiomeric purity of the product by HPLC was not successful dueto a poor separation of the
optical antipodes under all conditions (statlonary phases: Chlralpak AD and Chiracel OD)

explored.

Determination of Enantiomeric Excesses by HPLC.

N P SRR LRGN S S A L A

| HPLC was performed ona Millipore Waters™ 600 HPLC chromatograph w1th a CHIRALPAK T
AD and CHIRACEL OD columns at room temperature usmg a WatersTM 486 UV detector (230
.' nm). Samples of products for HPLC analyses were prepared by dxssolvmg 4 mg of the pure
,‘ 'molybdenum complexes in4.0-8.0 mL of absolute ethanol One mxcrohter (1 p.L) of the "
solutxon was mJected for the HPLC analy51s HPLC grade 1sopropanol and hexane were used.

Racemic sample was run 1mmed1ate1y prior to each analys1s of an optlcally enrlched materlal to

, verlfy efficiency of the separatron The results are’ hsted in the followmg table

26
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Table S1. Determination vof % de and % ee by HPLC

Entry |Compound | Column® |Eluent® | Retentiontime® | Retention time®
' R .| of (-) isomer of (+) isomer

1 2b A 40% 121min - | 18.7 min '

2 2a B | 15% 22.7 min 15.5 min

3 3 1A 2% | 36.7 min | 3.9 min

4 6 B 30% 14.0 min © | 8.6 min

5 7 A 20%- 9.7 min - | 154 min

6 - 8 A 110%  [145min- | 26.8 min

7. |9a A | 20% 9.8 min =~ 12.4 min

8 9% A 20% 7.7 min | | 10.3 min

9 17 A 120% | 12.0min -1 14.2 min

10 18 1A . 5% 23 5 min - | 258 min

*A = CHIRALPAK AD B= CHIRACEL OD.’ % of 1sopropanol n hexane flowrate 1 ml/mm
‘detection at 230 nm. ° in minutes
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