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Abstract: The first synthesis of a vitaminiB A—B-semicorrind4 is described. Both A and B rings were prepared
from the same precursor, enam# which is obtained by a sequence of sigmatropic rearrangements and a biomimetic
oxylactonization. The coupling has been achieved via Eschenmoser sulfide contracti@isetnicorrind4 allows

a new approach toward vitamimBand other uroporphinoids.

Vitamin Bs (1) belongs to the family of the uroporphinoid

Vitamin By, (1)
cofactors, the so-called “pigments of life2which includes such CONH,

vital substances as chlorophydl (4), used by plants in * CONH, R=CN
photosynthesis, and hem#)(the red blood pigment which is /— ‘
essential for oxygen transport. Other members of this family Methylcobalamin (2)
are sirohemeg), which has been discovered in sulfite and nitrite R=CHg

reductases of bacteria and plants, and the nickel-containing
factor F 430 §), the prosthetic group for the coenzyme M

Coenzyme By, (3)
reductase of primitive methanogenic bacteria (Figuré 2).

The cobalaminsl), methylcobalaminZ), and coenzyme B CONH, A=
(3) (Figure 1) contain a reduced tetrapyrrole, toerin macro- 4N
cycle, which is less symmetric than porphyrin and characterized on NN NH,
by the direct junction of rings A and D. The ligand is decorated HO\(S N
with methyl, acetamide, and propionamide substituents. This d N

creates the situation in which nine of the 1@ sarbons are
stereogenic centers, with three of them being quaternary.
After the brilliant and extensive studies by R. B. Woodward
and A. Eschenmoser, culminating in the first two total syntHeses
of 1 and in the discovery of the WoodwattHoffmann rules,
no further synthesis has been achieved, despite promising
approaches by Stevens and Jacolbn this paper, we wish to
disclose our own work in this area, which led to the first
synthesis of a northern (AB) vitamin By, semicorrin.

HC™

M

Figure 1. Vitamin By, and its coenzymatic forms.

Results and Discussion

Strategy and Retrosynthetic Analysis. The A-B Strategy.
It is known from the work of Bernauer et athat cobyric acid
(8), a corrinoid natural product and biosynthetic intermediate Chiorophyil a (4) F430 (5)
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give access to all of these compounds by only varying th®©C 3 ,\%ég’:‘e'\/’% o
portion. Furthermore, Eschenmoser’'s photoinducedDA 4. NH, 2 B
secocorrin cyclizatioff-8is perfectly suited to solve the “zero- 38%  CH;N,, (MeO) HN 2 i~ COMe
linkage problem”, i.e. the direct junction of rings A and Dlin o %
This leads to the AD-secocorrin9 as a precursor. Further
bond disconnection between rings B and C givesBA Q 1. QCCNH '\,’L‘EOH
semicorrin10. Interestingly semicorrirll has been used to 3. P22852
synthesize model isobacteriochlofia® Analogously,10could HN_ /" COMe 54%
be used in a synthesis 6f besides the synthesis 8fand 8 o) °
(Scheme 1). 17 MeO,C

Retrosynthetic Analysis of 10. Both rings, A and B, contain )
a quaternary stereogenic center, bearing an acetate and a methyl ’ Z
group vicinal to a tertiary stereogenic center with a propionate 18+ 19 PhCOO), MeO,C_ . /
side chain. They should therefore be accessible fronsanee H" \/@
intermediate, namely enamiddl. This reduces the synthesis NC”%
of semicorrin10 to a synthesis of enamidk4 and its dimer- N
ization (Scheme 2). ©
Interestingly, such an approach could have also been realized ,/_609Me """ = 7

via Eschenmoser’s synthesis of the ring fragments A and B as
outlined in Scheme %

Although this has never been attempted, the A and B rings
could in principle be connected by means of a sulfide contraction 17 via an acyl iminium intermediate. Moreover, the Eschen-
between enamid&8 and thioamidel9 (vide infra). However, moser approach has three additional drawbacks: (a) it includes
under the acidic conditions which are I'EQUiI'Ed in the oxidative optica| resolution on the stage of Carboxy"c ad-15, which
precoupling to the sulfide, it is likely that the methyl ester in  implies a considerable loss of material; (b) the two stereogenic
18 exerts a neighbouring group effect and recyclizes to lactone centers in18 and 19 are configurationally not independent, as

(7) (a) Friedrich, W.. Gross, G.. Bernauer, K., Zeller, Helo. Chim. they are generated by the initiating Diel&lder reaction; (c)

Acta’196Q 43, 704. (b) Friedrich, W2. Europasches Symposiuribar the side chains ii8 and19 are not easily variable with respect
Vitamin Bu. Intrinsic Factor2.-5, August 1961Enke Verlag: Stuttgart, to chain length and functionalization.

Germany, 1962; 8ff. . . .
®) (aleamad;pY.; Milijkovic, D.; Wehrli, P.: Golding, B.: linger, Therefore, we decided to use a different approach to ring A

P.; Keese, R.; Miler, K.; Eschenmoser, AAngew. Chem1969 81, 301— and B fragments which is based on lactic acid as the source of
306. chirality and utilizes sigmatropic rearrangements to establish

(9) (a) Ofner, S.; Rasetti, V.; Zehnder, B.; EschenmoseH&w. Chim. i ; i
Acta 1981 64, 1431 (b) Montforts, F.P.. Ofner, S.. Rasetti, V.: the crucial tertiary and quaternary stereogenic centers (Scheme

Eschenmoser, A.; Woggon, W. D.; Jones, K.: Battersby, Arijew. Chem. 4). In this way, the sequence is more flexible, predictable with
1979 91, 752. respect to absolute configurations and optical purity, and does
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P R functionalized analogues @3 and, hence, semicorrit0. As
: ’ semicorrins have found widespread applications as chiral
“oH catalystsi this is of interest also beyond the synthesislof
(B)-25 102 1 (2-25 We have shown that tetrasubstituted homoallylic alcohols can

be formed E)-stereoselectivelyia [2,3]-Wittig—Still sigma-
tropic rearrangemetft from trisubstituted allylic alcohol&3

) ) ) Thus, alcohoR3 was converted to the stannylmethyl etl2dr
not require optical resolution. It also overcomes the problem o treatment with potassium hydride and rirbutyl (iodo-

of reactive side chain functionalities, as they are introduced as methyl)stannan& Tin—lithium exchange of stannylmethyl
protected alcohols. Hence, enamidecould be prepared from  gther24 with n-butyllithium and subsequent [2,3]-WittigStill
allyl diol 16 via [3,3]-Claisen rearrangement for the construction yearrangement at low temperature furnished the tetrasubstituted
of the quaternary center and a [2,3]-Wittig rearrangement for homoallylic alcohol E)-25 with an E/Z ratio> 100:1 The
the tertiary center. Allyl dioll6 in turn could be elaborated  §ouble-bond configuration was assigned by NOEDS measure-
from enone22. ment on the minor isomeZ}-25. The stereochemical outcome
Synthesis. For the synthesis of enor?, we used a novel  of this reaction can be explaned with transition s&®, where
one-pot three-component synthesisugf-unsaturated ketones  allylic 1,3-strain interactions are minimized (Scheme 6). A
which has been developed in our laboratoHedhus, treatment  related transition state has recently been proposed by Kallmerten
of the known lactic ester derivativ&0'! with diethyl 1-(lithio- in the synthesis of trisubstituted olefiks.
ethyl)phosphonate and then with water and aldel8tigfrom Alcohol (E)-25 was converted t@7,18 which underwent a
1,4-butanediolvia monotritylation and Swern oxidation, see highly effective and stereoselective Eschenmoser Claisen rear-
Supporting Information) gave enor# in 58% vyield, as a  rangemerif under mild conditions, to give thed-unsaturated
single diastereometii and*3C NMR). Presumably, thisnew  amide 28 as a single diastereom®. The stereochemical
Corey-Kwiatkowski'? Horner-Wadsworth-Emmons tandem  outcome of this reaction can be interpreted in terms of a chairlike
reaction, which creates two carbecarbon bonds in one transition stateTS3 (Scheme 8), in which allylic 1,3-strain
operation, proceedsa a -keto phosphonate carbanion. Treat- interactions are minimizel2 Interestingly this reaction was
ment of enone22 with methyl magnesium chloride at low  originally designed by Eschenmoser for the creation of exactly
temperature gave exclusively taati-allylic alcohol 23 (from the same quaternary stereogenic center in an intended vitamin
NOEDS of an acetonide) in high yield. The high selectivity B;, synthesis but was not used in the final synthesis. To our
can be interpreted in terms of the chelate Cram mo@8iif disappointment neither ami@s8 nor ether29 could be oxidized
(Scheme 5§32 to the desired keton®0, presumably a result from the sterical
Quite obviously, this connective assemblage of alcd@®l
from simple componentsoféhydroxy ester+ aldehyde + 88 gﬁ‘llltzv’véé ?(l:\)ligg,em';Eein??ghzs&f?éag?a 100, 1927.

Grignard reagent) allows the formation of a wide variety of  (16) Seyferth, D.; Andrews, S. B. Organometal. Chen1971, 30, 151—
166. Still, W. C.J. Am. Chem. Sod.97§ 100, 1481-1487.

(R'= CH,CH,CH,OTr)
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32, 3957-3960.

(12) Corey, E. J.; Kwiatkowski, G. T.. Am. Chem. So4966 88, 5654.

(13) (&) Cram, D. J.; Elhafez, F. A. Al. Am. Chem. Sod952 74,
5828-5835. (b) Still, W. C.; McDonald, J. H., IlTetrahedron Lett1980Q

21,1031. (c) Mulzer, J.; List, BTetrahedron Lett1994 35, 9021-9024.

(17) (@) Hoffmann, R. W.Chem. Re. 1989 89, 1841-1869. (b)
Wittman, M. D.; Kallmerten, JJ. Org. Chem1988 53, 4631-4635.

(18) (a) Kozikowski, A. P.; Wu, J.-Pletrahedron Lett1987, 28, 5125~
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23, 885.
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(20) Assigned from NOEDS measurements.
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shielding of the adjacent quaternary center. A new route had
to be found (Scheme 7).

On considering the biosynthesis of vitamimB! we noticed
that nature has to solve a similar problem (Scheme 9). The
crucial ring contraction step, from precorrin-331]j to precor-
rin-6A (33) is initiated by an oxygenas€6bQ converting31
into precorrin-3B €3x) (32), which chemically represents an
olefin oxy-lactonization. This gave us the idea to mimic the
CobGstep by converting amid28to the corresponding hydroxy
lactonevia an epoxidation reactioff.

Indeed, treatment of amid8 with m-chloroperbenzoic acid
furnished hydroxy lacton84 as a mixture of diastereomers (2:
1, structural assignment by NOEDS of the isolated isomers) in
high yield (Scheme 10). Reduction (LAH), tritylation of the
primary alcohol function of the resulting tric3%$),23 and in situ
glycol cleavage with Pb(OAg)gave ketone6in 72% overall

(21) Review on the biosynthesis of vitaminB Blanche, B.; Cameron,
B.; Crouzet, J.; Debussche, L.; Thibaut, D.; Vuilhorgne, M.; Leeper, F. J.;
Battersby, A. R.Angew. Chem1995 107, 421-452. The oxidative
sequence shown in Scheme 9 was first described by: Spencer, J. B.
Stolowich, N. J.; Roessner, C. A.; Min, C.; Scott, AJI.Am. Chem. Soc.
1993 115 11610-11611. The configuration at C-20 (tertiary alcohol) of
precorrin-3x was assigned by: J. B.; Stolowich, N. J.; Wang, J.; Spencer,
J. B.; Santander, P. J.; Roessner, C. A.; Scott, Al. IAm. Chem. Soc.
1996 118 16571662.

(22) Ichikawa, Y .-i.; Miwa, T.; Narasaka, Bull. Chem. Soc. Jpri985
58, 3309-3311.

(23) Mulzer, J.; Kirstein, H. M.; Buschmann, J.; Luger JPAm. Chem.
Soc.1991 113 910-923.
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yield from lactone34. The absolute and relative configurations
of the stereogenic centers B6 were determined by single-
crystal X-ray diffraction (Figure 3, Supporting Information).

After deprotection (TBAF) and in situ oxidation (PDC) of
ketone36, keto acid37 was obtained (Scheme 11). To introduce
nitrogen,37 was dehydrated to the corresponding enol lacténe.
This is usually achieved under harsh conditions (for example,
H,SOQy, Ac,O, HOAC)?®> Much to our surprise, we found this
transformation to proceed quite readily on treating &davith
MsCI and Hunig's base. At 0 °C enol lactone38 is quantita-
tively formed within minutesThe reaction presumably proceeds
via the mixed anhydride.

From38, enamide40 was then prepared with ammoffiand
by dehydrating the intermediate keto am&8in vacuo. Amide
40, which is both the precursor for rings A and B, is sensitive
to moisture and is rehydrolyzed 89. Therefore it was not
isolated and used directly for the next steps.

Dimerization of Enamide 40via Sulfide Contraction. The
sulfide contraction was originally developed by Eschenmoser
during the synthesis of vitamin,B&"#2because the more obvious
imino ether enamine condensation, which proved to be very
successful in model studies, failed with vitamigBntermedi-
ates (Scheme 12). In principle, both reactions represent aza
analogous Claisen condensations, the sulfide contraction being
an intramolecular version.

For the synthesis of ring A precursé?, the exocyclic double
bond in enamidet0 was first protected as cyano lactah?8
which was in situ treated with Lawesson’s reaggng furnish
thio lactam42 in 88% yield from keto amid&9 (Scheme 13).
Thio lactam42 was produced as a mixture of diastereomers
(6:1, NMR) in favor of the (R)-isomer, which was confirmed
by NOEDS of the final product. According to the protocol
developed by Eschenmoser et%ltreatment of a mixture of
.enamide40 and thio lactanm®2 with benzoyl peroxide gave the
'stable sulfide43 which was isolated in 56% yield. This reaction
is presumably initiated by the formation of disufide),, which

(24) Amos, R. A.; Katzenellenbogen, J. A.Org. Chem1978 43, 560—
564 and references therein.

(25) Shaw, EJ. Am. Chem. Sod.946 68, 2510.

(26) Struve, D. Dissertation, Univer&itBremen, 1994.

(27) Fischli, F.; Eschenmoser, Angew. Chem1967, 79, 865.

(28) Wehrli, P. Dissertation, ETH-Zich, Austria, 1967.



5516 J. Am. Chem. Soc., Vol. 119, No. 24, 1997

Scheme 13
R' R
KCN, then W S 40 W S}
Lawesson's reagent 2 A PhCOO0), 2% 1 )
40 = R NH R N
% ; 56% T
(from 39) 61 NCY: NCT%
' 42 (42),
1 R? .
R! R? 6:1
g P(OEY)s, ;
N 1 120°C e ~iR
Rz~ A\ B )R R\ “H
- N HN 90% NC ._’ O
NCT% g o 61/ a4
R'= CH,CH,CH,OTr, R%= CH,CH,OTr
Scheme 14
1. P,Ss
2. MegO*BFy

3. CH,=C(OLi)Ot-Bu

(R'= CH,CH,CH,OTr, R%= CH,CH,OTr)

is cleaved by a nucleophilic attack from enamitle Thereby

Mulzer et al.

and a novel, very mild procedure for the enol lactonization of
keto acids have been developed during this investigation. The
oxidation of the side chains to carboxylates has been rep®rted.

With substantial quantities @f4 at hand, we feel in a good
position to complete total syntheses of sirohere ¢obyric
acid @), and finally vitamin B (1).

Experimental Section

(2R,3S,4E)-2-(((4-Methoxybenzyl)oxy)methoxy)-3,4-dimethyl-8-
(trityloxy)oct-4-en-3-ol (23). A cooled (~78 °C) solution of 9.30 g
(16.47 mmol) of enon82in 50 mL of dry THF under argon was treated
with 10 mL (30.00 mmol) of methyl magnesium chloride (3 M in THF).
After 30 min, 3 mL of saturated aqueous MH were added and the
mixture was warmed to room temperature (rt), dried (MgS€itered,
and concentrated. Column chromatography (10:1 hexane/EtOAc) gave
9.23 g (96%) of allylic alcohoR3 as a clear oil: ¢]*°> = —17.7 (c
1.15, CHCY); IR (thin film) 3567, 1491, 1449 cnt; *H NMR (250
MHz, CDCk) 6 0.97 (d,J = 6.3, 3H), 1.30 (s, 3H), 1.53 (d,= 1.0,
3H), 1.70 (m, 2H), 2.13 (m, 2H), 3.05 @ = 6.5, 2H), 3.72 (qJ =
6.3, 1H), 3.80 (s, 3H), 4.54 (d,= 11.4, 1H), 4.59 (dJ = 11.4, 1H),

4.75 (d,J = 7.1, 1H), 4.82 (dJ = 7.1, 1H), 5.55 (dtJ = 1.0, 7.2,

1H), 6.88 (m, 2H), 7.17#7.21 (m, 11H), 7.387.46 (m, 6H);**C NMR

(63 MHz, CDC}) ¢ 13.02, 14.27, 24.36, 25.55, 29.86, 55.16, 63.04,
69.35, 77.36, 86.24, 93.26, 113.80, 123.80, 126.73, 127.61, 128.59,
129.40, 129.66, 137.06, 144.37, 159.22; EIM&330 (1), 243 (100),

121 (45). Anal. Calcd for €H440s: C, 78.54; H, 7.64. Found: C,
78.50; H, 7.74.

(2R,3S,4E)-2-(((4-Methoxybenzyl)oxy)methoxy)-3,4-dimethyl-3-

(tri- n-butylstannyl)methoxy-8-(trityloxy)oct-4-ene (24). Potassium
hydride (1.51 g, 37.69 mmol, prewashed three times with 8 mL of dry
pentane), vigorously stirred in a separate flask with 20 mL of dry THF,
was transferred through a transfer needle to an ice cold solution of the
alcohol23(8.74 g, 15.06 mmol) in 80 mL of dry THF. of Dry DMPU
(7.8 mL), and after 20 min, (iodomethyl)mi-butyltin (16.22 g, 37.69
mmol) in 30 mL of dry THF were added. Afté h at rt, themixture

was cooled to O0C and carefully treated under argon with water and
ice. The organic layer was washed with water, and the combined
aqueous layers were extracted with hexane. The combined organic
layers were dried (MgS$), filtered, and concentrated. Purification by
silica gel chromatography (40:1 hexane/EtOAc) afforded 10.23 g (77%)
of ether24: [a]®% = —5.8 (c 3.54, CHCY); IR (thin film) 2954, 1491,

thiolactam42 is regenerated and can be oxidized with benzoyl 1449 cn; *H NMR (250 MHz, CDC) 6 0.80-0.92 (m, 15H), 1.13

peroxide again. On being heated in benzene (sealed tube, 12
°C, 70 h),43 was converted into AB-semicorrin44 in 90%
yield, as a mixture of four diastereomers (ca. 36:6:6:1, NMR
and HPLC analysis), probably arising from an epimerization
(6:1) at C-3, during the sulfide contractiéh.Diastereomerically
pure44 was obtained in 67% yield after HPLC separation. The
structural assignment of -AB-semicorrin44 is based on high-
field NMR (600 MHz ROESY, NOESY, COSY 9G3C—1H-
COSY), IR and MS spectroscopy, and combustion analysis. An
obvious synthesis of siroheme frofd is suggested in Scheme

14, which is based on the Eschenmoser synthesis of model

isobachteriochlorir1 2.2

Conclusion. In this paper, we describe the first synthesis of
a vitamin B> A—B-semicorrin 44). By starting from (R)-
isobutyl lactate this synthesis requires only 16 isolated inter-
mediates. The total yield is 7%Key steps are a sequence of
sigmatropic rearrangements, including a [2,3]-Witttstill

d,J=6.3, 3H), 1.17 (s, 3H), 1.29 (mc, 6H), 143.53 (m, 6H), 1.55

s, 3H), 1.70 (mc, 2H), 2.112.20 (m, 2H), 3.06 (dJ = 9.5, 1H), 3.08

(t, 3= 6.5, 2H), 3.36 (d,) = 9.5, 1H), 3.68 (qJ) = 6.3, 1H), 3.77 (s,

3H), 4.40 (d,J = 11.4, 1H), 4.49 (dJ = 11.4, 1H), 4.53 (dJ = 7.2,

1H), 4.62 (d,J = 7.2, 1H), 5.38 (tJ = 6.2, 1H), 6.81+6.87 (m, 2H),

7.13-7.31 (m, 11H), 7.4%7.46 (m, 6H);*3C NMR (63 MHz, CDC})

0 —6.28, 8.79, 12.39, 13.73, 14.44, 15.17, 25.19, 27.33, 29.16, 30.05,

50.35, 55.21, 63.31, 68.79, 76.14, 83.16, 86.30, 93.40, 113.76, 126.79,

127.66, 128.65, 129.33, 130.16, 136.76, 144.42, 159.08; HEE827

(IM — Bu]*, 3), 689 (1), 371 (6), 291 (12), 243 (100), 121 (32). Anal.

Calcd for GiH7,0sSn: C, 69.31; H, 8.21. Found: C, 69.38; H, 8.18.
(2S,3E,5R)- and (2R,3Z,5R)-5-(((4-Methoxybenzyl)oxy)methoxy)-

3,4-dimethyl-2-(3-(trityloxy)propyl)hex-3-en-1-ol (25). A cold (—95

°C) solution of 9.94 g (11.27 mmol) of eth2d in 70 mL of dry THF

was treated with 21.2 mL ai-BuLi (1.6 M in hexane, 33.85 mmol).

After 2 h, the mixture was warmed te50 °C and treated with 5 mL

of saturated aqueous NEI and 100 mL of diethyl ether. The mixture

was dried (MgSQ), filtered, and concentrated. Purification by silica

gel chromatography (5:1 hexane/EtOAc) afforded 6.20 g (10.43 mmol,

rearrangement for the construction of the tertiary stereogenic 92%) of olefin €)-25 and 61 mg (0.10 mmol, 0.9%) oF}-25, both

centers and a [3,3]-Claiseischenmoser rearrangement for the

quaternary centers. Furthermore, we made use of a biomimetic

oxylactonization process. The sulfide contraction was used for
the final coupling reaction betweea B ring enamide40) and

an A ring thio lactam 42), which has been prepared in a one-
pot procedure from a ring A enamide. The tandem Cerey
Kwiatkowski/Horner-Wadsworth-Emmons reactiof a new

and highly diastereoselective synthesis of tetrasubstituted df&fins,

as clear oils. Data forH)-25: [0]?% = +70.5 (¢ 0.20, CHCY); IR

(thin film) 3455, 1613, 1449 cnt; *H NMR (250 MHz, CDC}) 6

1.21 (d,J= 6.5, 3H), 1.23-1.53 (m, 4H), 1.55 (s, 6H), 2.83 (mc, 1H),
3.02 (mc, 2H), 3.46 (mc, 2H), 3.64 (s, 1H), 3.74 (s, 3H), 4.45)(¢,

12.1, 1H), 4.49 (dJ = 6.7, 1H), 4.60 (d,) = 6.7, 1H), 4.61 (d] =

12.1, 1H), 4.83 (g,) = 6.5, 1H), 6.86-6.86 (m, 2H), 7.16:7.29 (m,
11H), 7.39-7.43 (m, 6H);13C NMR (63 MHz, CDC}) 6 11.23, 11.52,
19.16, 25.05, 27.65, 44.12, 55.07, 63.32, 64.67, 68.77, 69.95, 86.20,
91.00, 113.64, 126.70, 127.58, 128.52, 129.31, 130.04, 130.68, 133.32,
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144.25, 159.02; EIM®n/z594 (M*, <0.1), 243 (100), 121 (87). Anal.
Calcd for GgH4eOs: C, 78.76; H, 7.79. Found: C, 78.50; H, 7.86.
Data for )-25: [0]?% = +45.6° (¢ 1.00, CHC); IH NMR (250 MHz,
CDCl) 6 1.31 (d,J = 6.5, 3H), 1.26-1.75 (m, 4H), 1.61 (dJ = 0.9,
3H), 1.72 (d,J = 0.9, 3H), 2.96-3.19 (mc, 3H), 3.50 (mc, 2H), 3.78
(s, 3H), 4.54 (dJ = 11.7, 1H), 4.60 (dJ = 6.8, 1H), 4.65 (dJ = 6.8,
1H), 4.68 (dJ=11.7, 1H), 4.95 (9J = 6.5, 1H), 6.85-6.91 (m, 2H),
7.22-7.37 (M, 11H), 7.447.52 (m, 6H);**C NMR (63 MHz, CDC})
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concentrated. The residue was dissolved in 60 mL ot@Hand
treated with 1.72 g (3.87 mmol) of Pb(OAc) After 5 min, 2 g of
solid NaCO; was added and the mixture was stirred for 30 min, filtered,
and concentrated. Purification by silica gel chromatography (10:1
hexane/EtOAc) gave 3.10 g (98%) of ketdd@as crystals: mp 93

95 °C (THF); [0]?% = —6.9° (c 0.77, CHCY}); IR (KBr pellet) 2928,
1702 cnt’; *H NMR (250 MHz, CDC}) 6 0.00 (s, 6H), 0.88 (mc,
14H), 1.00-2.00 (m, 5H), 2.00 (s, 3H), 2.823.18 (m, 4H), 3.36

0 12.82, 20.1125.91, 27.90, 43.46, 55.12, 63.73, 64.64, 68.68, 69.24,3.56 (m, 2H), 7.127.68 (m, 30H);*3C NMR (63 MHz, CDC}) o
86.26, 90.87, 113.66, 126.75, 127.63128.62, 129.18, 130.19, 131.44,—5.77, 15.31, 18.25, 23.36, 25.87, 26.61, 29.25, 37.12, 47.22, 51.79,

134.06, 144.39, 158.97. Anal. Calcd fog8460s: C, 78.76; H, 7.79.
Found: C, 78.61; H, 7.94.
[3S,3(1S),4E]-3-[1-(((tert-Butyldimethylsilyl)oxy)methyl)-4-(tri-
tyloxy)butyl]-3,4-dimethylhex-4-enoic acid Dimethyl Amide (28) A
solution of allyl alcohol26 (4.38 g, 7.84 mmol) in 200 mL of toluene
was treated at 110C with 7.67 mL (6.97 g, 47.04 mmol) of

60.00, 63.22, 63.66, 86.36, 86.98, 126.86, 127.71, 128.57, 128.62,
144.08, 144.35, 212.80; EIM8vVz 573 (Mt — Tr, 0.1), 243 (100).
Anal. Calcd for GsHesO4Si: C, 80.84; H, 7.89. Found: C, 80.62; H,
7.85.

Crystal Structure Determination of 36. Crystals of36, grown
from THF, are monoclinic, space grof®; with a = 9.3738(8) Ab

dimethylacetamide dimethyl acetal (90%) in 10 mL of toluene. During = 13.007(2) A,c = 21.668(3) A, = 100.856(8), V = 2595(1) &,
the following 4 h, a mild argon stream was introduced into the solution Z = 2, andpcac = 1.138 g/cmi at rt. A colorless, transparent crystal

through a glass capillary to remove methanol.

The solution was of dimensions 0.09< 0.32 x 0.37 mnf was measured on an Enraf-

concentrated and purified by silica gel chromatography (3:1 hexane/ Nonius CAD4 diffractometer with graphite monochromated Cu K

EtOAC) to give 4.82 g (98%) of amid@8 as clear, viscous oil: of] %%

= —2.2 (c 1.00, CHCH); IR (thin film) 1647, 1449 cm?; H NMR
(250 MHz, CDCH) & 0.01 (s, 6H), 0.87 (s, 9H), 1.16 (s, 3H), 1.50
(mc, 2H), 1.56 (mc, 1H), 1.58 (s, 3H), 1.62 (H= 5.5, 3H), 1.92 (mc,
1H), 2.40 (d,J = 12.3, 1H), 2.52 (dJ = 12.3, 1H), 2.87 (s, 3H), 2.92
(s, 3H), 3.08 (mc, 2H), 3.50 (mc, 2H), 5.28 @= 5.5, 1H), 7.16-
7.34 (M, 9H), 7.39-7.60 (M, 6H):°C NMR (63 MHz, CDCH) 8 —5.75,

radiation. A total of 5255 reflections, corresponding to hemisphere of
reciprocal space, were collected up t6 2 110°. A total of 5113
reflections withl > 0 were used. Three standard reflections, remea-
sured every 5500 s, decreased 3% during data collection. The data
were rescaled with respect to the standards. An empirical absorption
correction based og-scan gave a relative transmission factor from
0.86 to 1.00. The structure was determined by direct methods using

—5.66, 13.23, 13.70, 18.06, 19.78, 23.84, 25.82, 29.45, 35.30, 37.87,program SHELXS. A difference Fourier synthesis revealed a com-
39.31, 45.37, 46.67, 62.92, 63.75, 86.16, 118.52, 126.70, 127.58, 128.59pletely disordered THF molecule per asymmetric unit. H atoms were

139.59, 144.43, 171.60; EIMB/z 627 (M', 1), 570 (12), 368 (20),
243 (100). Anal. Calcd for gHs7/0sNSi: C, 76.51; H, 9.15; N, 2.23.
Found: C, 76.44; H, 9.11; N, 2.22.

[45,4(19),55,5(1R)]- and [4S,4(15),5R,5(19)]-4-[1-(((tert-Butyldi-
methylsilyl)oxy)methyl)-4-(trityloxy)butyl]-5-(1-hydroxyethyl)-4,5-
dimethyldihydrofuran-2-one (34a,b). Amide28(4.52 g, 7.19 mmol)
and 3.37 g (23.73 mmol) of NHPG; in 80 mL of CHCl, were treated
with 5.86 g (23.73 mmol) ofmn-CPBA in portions. After 4 h, the
mixture was washed twice with saturated aqueous Nai&@d with
water. The aqueous layers were extracted with,@l and the
combined organic layers were dried (MggQiltered, and concentrated.

placed at calculated positions and were not refined. The non-H atoms
were refined with anisotropic thermal parametersFomalues using
weighting schemew(F) = 4F2{o%(F?) + (0.03F??}. Refinement
converged aR(F) = 0.064,wR(F) = 0.073,S = 2.44. The final
difference density was less than 0.44 ®/AA refinement including
the Flackx-parameter gave = —0.03(5) and confirmed the absolute
configuration of the structure (see Figure 3, Supporting Information).
(3S,49)-4-Methyl-5-methylene-4-(2-(trityloxy)ethyl)-3-(3-(trityl-
oxy)propyl)dihydrofuran-2-one (38) and (35,4S)-5-Hydroxy-4,5-
dimethyl-4-(2-(trityloxy)ethyl)-3-(3-(trityloxy)propyl)pyrrolidin-2-
one (39). To a cold (0°C) solution of 2.37 g (3.30 mmol) of acigi”

Purification by silica gel chromatography (10:1 hexane/EtOAc) afforded in 60 mL of CHCl, was added 4.51 mL (3.40 g, 26.43 mmol) of
2.74 g of a major diastereomer which crystallizes from hexane and i-Pr,NEt and 1.03 mL (1.52 g, 13.20 mmol) of MsCI. After2 min
1.37 g of a minor diastereomer as amorphous solid. The total yield of the mixture was filtered through silica gel. The product crystallizes
both diastereomers (dr: 2:1) is 4.11 g (93%). Data for the major very readily from many common solvents (e.g., from diethyl ether/

diastereomer lacton@4a): mp 124°C (hexane); ¢]*% = —17.7 (c
1.31, CHCY); 'H NMR (250 MHz, CDCH) & 0.05 (s, 3H), 0.06 (s,
3H), 0.87 (s, 9H), 1.03 (s, 3H), 1.22 (d= 6.3, 3H), 1.32 (mc, 1H),
1.33 (s, 3H), 1.55 (mc, 1H), 1.80 (mc, 2H), 2.13 (d= 17.3, 1H),
2.58 (d,J = 17.3, 1H), 2.99-3.11 (m, 2H), 3.22 (s, 1H), 3.62 (mc,
2H), 3.96 (q,J = 6.3, 1H), 7.16-7.31 (m, 9H), 7.377.42 (m, 6H);
13C NMR (63 MHz, CDC}) 6 —5.78, 15.13, 15.26, 17.99, 18.14, 18.98,

hexane). Enol lacton88 (2.30 g ¢99%)) as fine white crystals can

be obtained. Usually the residue from the above filtration was used
for the next step without purification, by dissolving in 65 mL of THF
and 40 mL of ethanol and adding this solution to liquid ammonia (700
mL). After 36 h nearly the entire ammonia has evaporated. The residue
was concentrated and chromatographed (1:1 hexane/EtOAc) to yield
2.15 g (91%) of keto amid&9 as a solid. Kote This material is not

25.80, 28.64, 42.90, 43.09, 48.11, 62.75, 63.28, 65.71, 67.13, 86.32,stable on storage.) Enol lactoB8& mp 133-135°C; [0]?, = —16.0°

91.95, 126.82, 127.65, 128.46, 144.02, 174.88. Anal.
CsgHs0sSi: C, 73.98; H, 8.50. Found: C, 73.42; H, 8.64. Data for
the minor diastereomer lactong4p): *H NMR (250 MHz, CDC}) 6
0.03 (s, 3H), 0.04 (s, 3H), 0.86 (s, 9H), 1.15 (s, 3H), 1.213(#;, 6.3,
3H), 1.24 (s, 3H), 1.421.48 (mc, 3H), 1.76:1.83 (m, 1H), 2.20 (dJ
=17.1, 1H), 2.41 (dJ = 17.1, 1H), 3.07 (mc, 2H), 3.67 (m, 1H), 3.84
(mc, 2H), 4.03 (mc, 1H), 7.167.30 (m, 9H), 7.36-7.41 (m, 6H);*°C
NMR (63 MHz, CDC}) 6 —5.57, 14.61, 17.56, 18.00, 18.36, 25.31,

Calcd for (c0.75, CHCY); IR (KBr pellet) 1799, 1669 cm; *H NMR (400 MHz,

CDCls) 6 1.07 (s, 3H), 1.461.60 (m, 3H), 1.79-1.94 (m, 3H), 2.47
(dd,J = 7.7 and 6.3, 1H), 2.993.08 (m, 2H), 3.20 (mc, 2H), 4.06 (d,
J=2.9, 1H), 4.56 (dJ = 2.9, 1H), 7.18-7.30 (m, 18H), 7.367.43

(m, 12H); 2*C NMR (63 MHz, CDC}) 6 23.13, 27.84, 38.50, 44.65,
44.66, 47.43,59.91, 63.29, 86.39, 86.90, 87.18, 126.72, 126.84, 127.58,
127.66, 128.47, 128.57, 143.85, 144.27, 163.03, 175.58. Anal. Calcd
for CqoHs604: C, 84.21; H, 6.63. Found: C, 84.06; H, 6.86. Keto

25.71, 28.46, 44.52, 45.91, 48.46, 62.32, 63.87, 67.72, 86.45, 91.33,amide39: [a]?% = +11.5 (c 0.60, CHC}); IR (KBr pellet) 3387,
126.90, 127.69, 128.49, 143.99, 174.47. Data for a mixture of both 1687 cnt?; *H NMR (400 MHz, CDC}) 6 0.76 (s, 3H), 1.25 (s, 3H),

diastereomers: IR (KBr pellet) 1774, 1756 TmEIMS m/z 616 (M*,

<0.1), 243 (100).
(3S,49)-4-(((tert-Butyldimethylsilyl)oxy)methyl)-3-methyl-7-(tri-

tyloxy)-3-(2-(trityloxy)ethyl)heptan-2-one (36). Triol 35(2.40 g, 3.87

mmol) as a mixture of diastereomers was dissolved in 40 mL of
pyridine, and a catalytic amount of DMAP and 4.30 g (15.49 mmol)

of PhkCClI were added. Afte2 d at rt, asmall amount of water and

40 mL of ethanol were added. The mixture was concentrated, treated

1.20-1.40 (m, 1H), 1.56-1.70 (m, 2H), 1.731.81 (m, 1H), 1.85

2.10 (m, 2H), 2.41 (mc, 1H), 2.98.10 (m, 2H), 3.19-3.38 (m, 2H),

3.84 (s, 1H), 5.71 (s, 1H), 7.217.33 (M, 18H), 7.347.44 (m, 12H);

13C NMR (63 MHz, CDC}) 6 14.13, 22.96, 23.55, 48.12, 48.33, 60.34,

63.15, 86.29, 88.04, 88.62, 126.78, 126.90, 127.65, 127.73, 128.51,

128.63, 144.34,144.37,178.76. Anal. Calcd fasHGNO4: C, 82.21;

H, 6.90; N, 1.96. Found: C, 81.21; H,6.95; N, 1.88.
(3S,4S)-4-Methyl-5-methylene-4-(2-(trityloxy)ethyl)-3-(3-(trityl-

with 25 mL of hexane, and filtered, and the residue was washed with oxy)propyl)pyrrolidin-2-one (40), (2R,3S,45)-2,3-Dimethyl-5-oxo-

hexane. This hexane solution was dried (Mggdiltered, and

3-(2-(trityloxy)ethyl)-4-(3-(trityloxy)propyl)pyrrolidine-2-carboni-
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trile, and (2R,3S,45)-2,3-Dimethyl-5-thioxo-3-(2-(trityloxy)ethyl)-
4-(3-(trityloxy)propyl)pyrrolidine-2-carbonitrile (42). Keto amide

39 (1933 mg, 2.70 mmol) was melted at 1 mbar and 1CGand kept
under these conditions for 1 h. Spectroscopically pure enadlde
(1884 mg,>99%) was thus obtained.N6te This amide is moisture
sensitive and gives keto ami®® on storage.) The above enamide
(40) (796 mg, 1.14 mmol) was dissolved in 8 mL of THF and treated
with a mixture of KCN (222 mg, 3.42 mmol) and KHG@42 mg,
3.42 mmol) and dissolved in 8 mL of water and 16 mL of isopropanol.
After being stirred at 55C for 24 h, the mixture was poured into
CH.Cl; and brine. The aqueous layer was extracted with@#land

the combined organic layers were dried (MgjOfiltered, and
concentrated to give 827 mg 09%) of cyano lactard1. This was
dissolved in 10 mL of dry THF and treated with Lawesson’s reagent
(593 mg, 1.60 mmol). After 45 min at 6@, the mixture was poured
into diethyl ether and saturated aqueous NakGfe aqueous layer

Mulzer et al.

45.29, 48.37, 51.61, 59.99, 60.35, 62.87, 63.36, 73.00, 83.65, 86.11,
86.36, 86.93, 87.04, 119.69, 126.61, 126.78, 127.47, 127.59, 128.37,
128.42, 128.45, 143.68, 143.76, 143.99, 144.14, 152.02, 176.88, 178.40.
Anal. Calcd for GoHeaN3OsS: C, 82.75; H, 6.52; N, 2.92. Found:
C, 82.49; H, 6.89; N, 2.67.
[2R,3S,4S,5(2Z,3S,49)]-2,3-Dimethyl-5-[(3-methyl-5-0x0-3-(2-(tri-
tyloxy)ethyl)-4-(3-(trityloxy)propyl)pyrrolidin-2-ylidene)methyl]-3-
(2-(trityloxy)ethyl)-4-(3-(trityloxy)propyl)-3,4-dihydro-2 H-pyrrole-
2-carbonitrile (44). A solution of 200 mg (13%mol) of sulfide 43
and triethyl phosphite (0.148 mL, 142 mg, 8bfol) in 2 mL of dry
benzene was degassed and heated to’C2@r 72 h in a sealed tube.
The mixture was concentrated and chromatographed on aluminium
oxide (activity llI-1V, linear gradient of 16-20% EtOAc/hexane) to
give 177 mg (90%) of A-B-semicorrin44 as a mixture of diastereo-
isomers (ca. 36:6:6:1). Diastereomerically pure material was obtained
by HPLC (Nuc 56-10, 10:1:2 hexane/MeOAc/diethyl ether20%

was extracted with diethyl ether, and the combined organic layers were hexane, 10 mL/min). The pure-AB-semicorrin44 (130 mg, 67%)

dried (MgSQ), filtered, and concentrated. Purification by silica gel
chromatography (5:1 hexane/EtOAc) afforded 744 mg (88%) of thio
lactam42 as a solid. Enamidd0: IR (KBr pellet) 1709, 1677, 1654
cm; *H NMR (250 MHz, CDC}) 6 1.07 (s, 3H), 1.461.70 (m, 3H),
1.75-1.97 (m, 3H), 2.30 (mc, 1H), 2.968.10 (m, 2H), 3.17 (mc, 2H),
3.89 (d,J = 1.9, 1H), 4.15 (dJ = 1.9, 1H), 7.157.35 (m, 18H),
7.35-7.47 (m, 12H), 7.52 (s, 1H}3C NMR (63 MHz, CDC}) 6 22.88,

was thus obtained as an amorphous solid}*}, = +17.3 (¢ 0.26,
CHCl); IR (KBr pellet) 1738, 1638, 1545 cr; *H NMR (600 MHz,
with ROESY, NOESY, COSY 901°C—!H-COSY, GDs) 6 0.34 (s,
3H, C-Me), 0.87 (s, 3H, &Me), 1.18 (s, 3H, &Me), 1.18 (mc, 1H,
Cs-Ha), 1.34 (mc, 2H, G-Ha, Cg-Ha), 1.54 (mc, 2H, G-Hp, Cs-Hy),
1.67 (mc, 2H, G-Ha, Cs-Hp), 1.78 (mc, 2H, G-Hy), 2.00 (mc, 1H,
Cz-HaJ), 2.25 (mc, 1H, @-Hy), 2.34 (mc, 1H, G-Hy), 2.51 (dd,J =

23.51, 28.35, 39.68, 44.06, 48.67, 60.21, 63.58, 84.00, 86.23, 86.93,5.8 and 8.5, 1H, gH), 2.61 (dd,J = 4.1 and 7.9, 1H, §H), 3.02
126.72,126.84,127.58, 127.66, 128.47, 128.57, 143.85, 144.27, 162.51(mc, 1H, G--H,), 3.10-3.28 (m, 6H, G-Ha, Cg»-Hp, Cp-Ha, Cgr-

177.91. Cyano lactaml [(2R:2S) = 6:1 mixture of diastereomers]:
[0]?% = —10.7 (c 1.20, CHCH}); IR (KBr pellet) 1709 cm?; *H NMR

(400 MHz, CDC}) 6 0.74 (s, 3H), 1.251.38 (m, 1H), 1.31 (s, 3H),
1.66 (mc, 1H), 1.921.97 (m, 1H), 2.08 (mc, 1H), 2.19 (mc, 1H), 2.30
(dd,J = 3.5, 9.3, 1H), 3.04 (mc, 2H), 3,14 (mc, 1H), 6.06 (s, 1H),
7.17-7.36 (m, 18H), 7.4%7.45 (m, 12H)23C NMR (63 MHz, CDC})

0 14.09, 21.24, 21.70, 28.62, 37.43, 48.45, 51.55, 59.15, 59.84, 63.23

H,), 3.34 (mc, 1H, G-Hy), 5.05 (s, 1H, GH), 7.00-7.20 (m, 36H,
Ar-H), 7.48-7.60 (m, 24H, ArH), 11.24 (s, br, 1H, Nd); °C NMR
(63 MHz, GiDe) 6 14.28 (G-Me), 22.65 (G-Me), 23.60 (G), 23.82
(Ce), 23.91 (G-Me), 29.05 (G-), 30.60 (G, 38.44 (G), 39.47 (G),
45.50 (G), 47.60 (G), 50.69 (G), 59.44 (G), 60.48 (G+), 60.93 (G-),
63.57 (G), 64.18 (G~), 72.94 (G), 86.91, 87.04, 87.67, 87.71, 87.87

/(Cs), 120.61 (G-CN), 126.85, 126.99, 127.03, 127.10, 127.71, 127.81,

86.46, 87.50, 120.17, 126.89, 127.09, 127.75, 127.89, 128.58, 128.68,127.86, 128.48, 128.58, 128.68, 144.31, 144.61, 144.82, 145.03, 162.95

143,76, 144,36, 176.91. Anal. Calcd fogH4eN.Os: C, 82.84; H,
6.67, N, 3.86. Found: C, 82.34; H, 7.03; N, 3.52. Thio lact?n
[(2R:29 = 6:1 mixture of diastereomers]:a]?% = +3.4° (c 0.85,
CHCl); IR (KBr pellet) 1596 cm; *H NMR (250 MHz, CDC}) ¢
0.59 (s, 3H), 1.25 (s, 3H), 1.241.41 (m, 1H), 1.57190 (m, 3H),
2.01-2.33 (m, 2H), 2.46-:2.50 (m, 1H), 2.93-3.12 (m, 4H), 7.09
7.29 (m, 18H), 7.367.45 (m, 12H), 8.28 (s, 1H}3C NMR (63 MHz,
CDCl) ¢ 13.35, 20.41, 23.45, 29.25, 36.74, 51.06, 59.58, 61.07, 63.06,
64.01, 86.41, 87.47, 126.81, 127.02, 127.67, 127.83, 128.46, 128.57
143.54,144.25. Anal. Calcd forsgHsgN2O,S: C, 81.05; H, 6.53; N,
3.78. Found: C, 81.22; H, 6.43; N, 3.51.
[2R,3S,45,5(2Z,3S,4S)]-2,3-Dimethyl-5-[(3-methyl-5-ox0-3-(2-(tri-
tyloxy)ethyl)-4-(3-(trityloxy)propyl)pyrrolidin-2-ylidene)methane-
sulfonyl]-3-(2-(trityloxy)ethyl)-4-(3-(trityloxy) propyl)-3,4-dihydro-
2H-pyrrole-2-carbonitrile (43). A solution of thio lactam?2 (1740
mg, 1.00 mmol) in 5 mL of dry benzene was added to freshly prepared
enamide40 (1047 mg, 1.50 mmol). At OC benzoyl peroxide (415
mg, 1.20 mmol) was added. The mixture was stirred in the dark and
under argon for 24 h and poured into a mixture of diethyl ether and
saturated agueous NaHgOThe organic layer was dried (MgQpQ
filtered, and concentrated. Purification by silica gel chromatography
(linear gradient of 1620% EtOAc/hexane) afforded 804 mg (56%)
of sulfide 43 as a solid. §]*% = +4.8 (c 1.05, CHC}); IR (KBr
pellet) 1716, 1646, 1566 cnit *H NMR (600 MHz, CDC}) 6 0.64 (s,
3H), 1.09 (s, 3H), 1.21 (s, 3H), 1.24.55 (m, 6H), 1.76:1.95 (m,
5H), 2.13 (mc, 1H), 2.40 (mc, 1H), 2.70 (dd,= 4.5 and 8.4, 1H),
2.95-3.11 (m, 5H), 3.123.28 (m, 3H), 5,14 (s, 1H), 7.04 (s, 1H),
7.13-7.34 (m, 36H), 7.367.48 (M, 24H)3C NMR (63 MHz, CDC})
0 15.03, 22.14, 22.93, 23.04, 23.24, 28.14, 29.34, 31.34, 37.82, 39.12

(Co), 177.69 (G), 178.36 (G); FDMS m/z1403 (M, 15), 1377 (M
— CN, 100), 1134 (M — Tr — CN, 15), 243 (96); {]-FAB
(menitrobenzyl alcohol, Csl, xenomyz 1537 (M + Cs, 0.3), 243
(100). Anal. Calcd for GHoaN3Os+4H,0: C, 80.51; H, 6.89; N, 2.85.
Found: C, 80.62; H, 7.20; N, 2.61.
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