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Abstract: An interesting acceleration
effect of an allylic hydroxy group on
ring-closing enyne metathesis has been
found. Ring-closing enyne metathesis
of terminal alkynes possessing an allyl-
ic hydroxy group proceeded smoothly
without the ethylene atmosphere gen-
erally necessary to promote the reac-

with the aid of this efficient reaction
has been demonstrated. Mechanistic
studies of the acceleration effect were
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also carried out. Results of NMR stud-
ies suggested that the reaction proceed-
ed via an “ene-then-yne” pathway. Ki-
netic studies indicated switching of the
rate-determining step as a consequence
of the presence of an allylic hydroxy
group. These results suggest accelera-
tion of the reentry step of Ru-carbene

tion. The synthesis of (+)-isofagomine

Introduction

Metathesis catalyzed by Ru-alkylidene catalysts has
emerged as a powerful synthetic method.'! The inherent
characteristic properties of Ru—alkylidene catalysts—partic-
ularly their remarkable functional group compatibility, air-
and moisture-insensitivity, and thermal stability, even in tol-
uene at reflux—expand the utility of metathesis. The reac-
tion has contributed greatly to organic synthesis.’! Despite
its popularity, however, our knowledge of the interplay of
structure and efficiency in metathesis is limited. Substituents
on a substrate often activate or deactivate the substrate and
greatly affect reactivity and/or selectivity in metathesis, al-
though not usually in a readily controllable manner.*?
Better fundamental understanding and application of those
substituent effects are important for the execution of effi-
cient and selective molecular transformations. Extensive
works have been devoted to study of the substituent effects
of metathesis.**
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species by the allylic hydroxy group.

In particular, the presence of a hydroxy group often
shows interesting effects.**® Hoye and Zhao found an ac-
celeration effect of an allylic hydroxy group in ring-closing
olefin metathesis with the first-generation Grubbs catalys-
t.4=1 Modulation of the ring size of a ring-closing olefin
metathesis by the activation effects of an allylic hydroxy
group has also been demonstrated.l***>! On the other hand,
there are several reported instances of negative effects of an
allylic hydroxy group decreasing the efficiency of olefin
metathesis.[*”! A few reports of substituent effects of a hy-
droxy group in enyne metathesis have also been reported.®!
We have reported an acceleration effect of an allylic hy-
droxy group in ring-closing enyne metathesis (Scheme 1).1%?!
Very recently, Diver and co-workers also reported an accel-
eration effect of an allylic hydroxy group in cross-metathe-
sis. 5]

In this report we give details of a study of the acceleration
effect of an allylic hydroxy group on ring-closing enyne
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Scheme 1. Allylic hydroxy group-accelerated enyne metathesis.*!
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metathesis. In general, ring-closing enyne metathesis of ter-
minal alkynes in the presence of the first-generation Grubbs
catalyst is known to be a slow reaction. An ethylene atmos-
phere is necessary to promote the reaction efficiently."”’ On
the other hand, the ring-closing enyne metathesis of enyne
substrates possessing an allylic hydroxy group proceeded
smoothly in the absence of an ethylene atmosphere (under
Ar). The substrate scope of this acceleration effect of an al-
lylic hydroxy group and the effects of hydroxy groups at
other positions were investigated. As an application of the
efficient reaction based on the acceleration effect of an allyl-
ic hydroxy group, a synthesis of (4)-isofagomine was accom-
plished.

Mechanistic studies of substituent effects on metathesis
are relatively rare.’Y Improved knowledge of mechanisms
should lead to extended application of substituent effects
and the design of new reactions. Mechanistic insights into
the acceleration effect are also described.

Results and Discussion

Ring-closing enyne metathesis is a powerful tool for con-
struction of carbo- and heterocyclic compounds."*¥! In con-
junction with our ongoing studies on aza-sugars,'? we inves-
tigated enyne metathesis of N-containing enyne substrates
for the construction of 1,2,5,6-tetrahydropyridine frame-
works. During these studies, we identified an interesting sub-
stituent effect on ring-closing enyne metathesis. N-Contain-
ing enyne substrates (1a-d) were treated with the first-gen-
eration Grubbs catalyst (4 mol %) in CH,Cl, at room tem-
perature. The results are summarized in Table 1.

Table 1. Acceleration effect of allylic hydroxy group.

first-generation
Grubbs catalyst |

|
R U | (4 mol%) R
CHoCly, RT
N " N
Boc Time Boc
1a-d under Ar 2a-d

Entry  Substrate R Time [h]  Product  Yield™" [%]
1 1a H 41 2a 32 (41)
2l la H 1.5 2a 96
3 1b OH 1.5 2b >99
4 1c OBn 41 2¢ 44 (32)
5 1d OTBDPS 41 2d 7 (73)

[a] Yield of isolated product. [b] Values in parentheses are yields of re-
covery estimated from the 'H NMR spectrum of a crude reaction mix-
ture. [c] The reaction was performed under ethylene atmosphere. Boc=
tert-butoxycarbonyl, Bn =benzyl, TBDPS =tert-butyldiphenylsilyl.

An interesting effect of the allylic hydroxy group was
highlighted by the results. Enyne metathesis of the substrate
without an allylic substituent (1a) proceeded slowly, and
only a 32% yield of product (2a) had been obtained after
41 h, with 41% recovery of the starting material (Table 1,
entry 1). The efficiency of the reaction is low. On the other
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hand, the enyne metathesis of the substrate with an allylic
hydroxy group (1b) proceeded rapidly (Table 1, entry 3).
After a short time, the reaction had afforded the desired
product (2b) quantitatively (1.5 h, >99 %). This acceleration
effect of an allylic hydroxy group is comparable to the accel-
eration effect of an ethylene atmosphere, which is a known
accelerator of ring-closing enyne metathesis of terminal al-
kynes (Table 1, entry 2).

In addition, the acceleration is specific to an allylic hy-
droxy group. Protection of the allylic hydroxy group by a Bn
or TBDPS group decreased the reaction efficiency (Table 1,
entries 4 and 5). These results clearly indicate an accelera-
tion effect of the allylic hydroxy group.

We then investigated the scope of this acceleration effect
of an allylic hydroxy group. Ring-closing metathesis of vari-
ous N-, O-, and C-tethered enynes, each containing an allyl-
ic hydroxy group, was investigated in the presence of the
first-generation Grubbs catalyst (4 mol %) in CH,Cl, at RT
(Table 2). The enyne metathesis of an O-tethered enyne

Table 2. Scope of the acceleration effect of an allylic hydroxy group.

Entry Substrate Con- Time Product Yield
ditions”! [h] [% ]!
| |
HO I HO.
1 A 1.5 >99
N” 1b N” 2b
Boc Boc
HO | I HO._~ |
2 A 1.5 99
o~ 1le o0~ 2
3 | A 445 Ho | 74 (17)
4 o Al B 1 66
1f o
5 HO ‘ | ‘ A 32 HO | >99
6 B 5 66
19 2g
7 | A 485 \ 76
g Mo~ B 3 Ho 77
1h 2h
fBuOOC COO1Bu BuOOC COOtBu
X
3\
9 A 4 79
HO 1 HO 2i
10 \ A 44 = 15
11 N \ B 16.5 45
12 HO 4j C 1.5 HO 61
i %
Ho | I HO |
13 A 1 ‘ < 9gldl
1k O 2

[a] Conditions A: first-generation Grubbs catalyst (4 mol%, 0.002m),
CH,Cl,, RT; conditions B: first-generation Grubbs catalyst (8 mol%,
0.002m), CH,Cl,, RT; conditions C: first-generation Grubbs catalyst
(12 mol %, 0.002m), CH,Cl,, RT. [b] Yield of isolated product. [c] Values
in parentheses are yields of recovery estimated from "H NMR spectrum
of the crude reaction mixture. [d] Since 2k is easily transformed into 2-vi-
nylnaphthalene, the yield was calculated from the sum of 2k and 2-vinyl-
naphthalene (2k/2-vinylnaphthalene 74:26). After 14 h, 2k had been
completely converted into 2-vinylnaphthalene.
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(1e) to form a six-membered cyclic 1,3-diene (2e) proceed-
ed with an excellent yield (99%) and in a short time
(Table 2, entry 2). C-Tethered enynes with and without sub-
stituents on the tethered chain (1f-j) smoothly promoted
ring-closing enyne metathesis to afford five- and six-mem-
bered cyclic products (2f-j) (Table 2, entries3-12). Al-
though some reactions took a long time and had low effi-
ciency, almost all of these reactions were complete in short
times with higher catalyst loadings, giving cyclic products in
good yields. The reaction of a benzene ring-tethered enyne
(1k) also proceeded smoothly to yield a bicyclic product
(2Kk) in an excellent yield (Table 2, entry 13).

In contrast, no acceleration effect of an allylic hydroxy
group was observed in ring-closing enyne metathesis to con-
struct seven-membered ring. No seven-membered ring prod-
ucts were obtained from the corresponding N-, O-, and C-
tethered enynes with allylic hydroxy groups (1}-1n;
Scheme 2). At this point, the reason for this shutdown is un-
clear.

=5

1In

first-generation
Grubbs catalyst

CHZCIZ RT
under Ar

1I: X= NBoc, Y= CH,

No reaction 1m: X=CH,, Y=0

Scheme 2. Lack of ring-closing enyne metathesis by potential seven-mem-
bered ring precursor substrates.

Though there are some limitations, the enyne metathesis
of terminal alkynes possessing an allylic hydroxy group pro-
ceeds smoothly in the absence of an ethylene atmosphere.
The acceleration effect is applicable to a wide range of
enyne substrates.

We next investigated the influence of the position of the
hydroxy group on the acceleration effect (Scheme 3).) We
were interested in knowing whether a hydroxy group at an-
other position would also function as an accelerator. A ho-
moallylic hydroxy group showed an acceleration effect
weaker than that of an allylic hydroxy group. An enyne sub-
strate with a homoallylic hydroxy group—1q—promoted
ring-closing enyne metathesis slowly in the presence of the
first-generation Grubbs catalyst, although the desired cyclic
1,3-diene (2q) was obtained in good yield (74 %) after 14 h.
The corresponding enyne substrate with an allylic hydroxy
group—1 f—promoted rapid ring-closing enyne metathesis
(1 h, 66%) under the same conditions. The effect of a prop-
argylic hydroxy group was also investigated. An enyne sub-
strate with a propargylic hydroxy group—1r—showed poor
reactivity for ring-closing enyne metathesis. The reaction of
1r under the same conditions as used for the reaction of 1i
(corresponding enyne substrate with an allylic hydroxy
group; first-generation Grubbs catalyst, 4 mol %, RT, 4 h,
79 %) provided only a 6% yield of the ring-closure product
with 50% recovery of the starting material (NMR yields).
These results indicated that an allylic hydroxy group has a
strong acceleration effect.
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Scheme 3. Influence of position of the hydroxy group.

In a utilization of this efficient ring-closing enyne meta-
thesis based on the acceleration effect of an allylic hydroxy
group, a synthesis of (+)-isofagomine was demonstrated
(Scheme 4). (+)-Isofagomine is a potent selective B-glucosi-
dase inhibitor that has recently received much attention in
Gaucher’s disease therapy.'” The enyne substrate 1b, with
an allylic hydroxy group, was synthesized by addition of
propargylamine to butadiene monoxide, followed by protec-
tion of the imino group with a Boc group (71% over two
steps). The allylic hydroxy group-accelerated ring-closing
enyne metathesis of 1b efficiently provided cyclic product
2b (>99%) in a short reaction time. The hydroxy group of
2b was then protected with a TBDPS group (99 %), and the
TBDPS-protected product 2d was treated with AD-mix-c.”
Highly regioselective dihydroxylation of terminal olefin pro-
ceeded to provide diol 3 (78%). Oxidative cleavage of the
diol 3 with NalO,, followed by reduction with NaBH,, gave
allyl alcohol 4 (98 % over two steps), and protection of the
hydroxy group of 4 with a benzyl group (92%) and subse-
quent removal of the TBDPS group (98 %) then provided
benzylated product 5. Kinetic transesterification of 5 with
vinyl acetate in the presence of lipase PS-C accomplished
excellent resolution of enantiomers, and almost enantiomer-
ically pure (+)-5 was obtained (46 %, 99 % ee). Hydrobora-
tion of the internal olefin of (+)-5, followed by oxidation
with NaOH/H,0,, afforded diols 7 (67% over two steps).
After removal of both the benzyl group (99 %) and the Boc
group, (+)-isofagomine (78%) and (—)-3-epi-isofagomine
(20%) were obtained. (+)-Isofagomine was thus synthesized
in an 11.5% total yield from commercially available buta-
1,3-diene monoxide.!"**]
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1b o
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OH
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RT 15h° N" EtOH / H,0, RT, 1.5h Boc
78 9% 3 98 % 4
1) NaH, BnBr, BuyNI (cat.) HO lipase PS-C
RT, 6.5h: 92% \(ﬁ/\OBn vinyl acetate ACO"’(j/\OBn
— . +
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0
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Scheme 4. Application to a synthesis of (+)-isofagomine: DMAP =4-N,N-

The acceleration effect of an allylic hydroxy group on
ring-closing enyne metathesis is interesting. A similar accel-
eration effect of an allylic hydroxy group has been observed
in olefin metathesis in the presence of the first-generation

Grubbs catalyst, though details
are not clear.”! To examine the
acceleration effect further, we
investigated the mechanism of
the allylic hydroxy group-accel-
erated enyne metathesis. We
first checked the course of the
reaction: “ene-then-yne” or
“yne-then-ene”  (Scheme 5).l'"!
"H NMR analysis of the enyne
metathesis of oct-1-en-7-yn-3-ol
(1f) in the presence of the first-
generation Grubbs  catalyst
(Table 2, entry 3) showed new
two signals around 19 ppm,
which are attributed to Ru-car-
bene species (Figure 1,a).7%1l
Through comparison with relat-
ed Ru-carbene species generat-
ed by straightforward routes
(Figure 1,b and c), the two sig-
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dimethylaminopyridine.

nals are assigned as Ru-(a-hydroxy)carbene species (IM-1,
18.92 ppm; Scheme 5) and Ru-vinylcarbene species (IM-2,
19.53 ppm), respectively. While these observations do not
rule out the possibility of the “yne-then-ene” pathway, they

vo

Ho | Il
first- first-
generation generatlon -/
Grubbs Grubbs
catalyst Initiation atalyst
”Ru"
HO .
5 HO — Ry Ry —
IM-4

"Yne-then-Ene”
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“ene-then-yne” or “yne-then-ene”.
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Figure 1. NMR study: “ene-then-yne” versus “yne-then-ene”.

provide direct evidence that the “ene-then-yne” pathway is
viable. In addition, styrene was detected quickly in the
'H NMR spectrum of the reaction mixture. This observation
is further suggestive of initial generation of Ru-(a-hydroxy)-
carbene species (IM-1).

Selecting the “ene-then-yne” pathway, we speculated that
the reentry step of the Ru-carbene species (IM-1) from the
Ru-vinylcarbene intermediate (IM-2; Scheme 5, “ene-then-
yne” pathway, IM-2 to IM-1) would be accelerated by an al-
lylic hydroxy group on the next substrate (Scheme 6). The
rate-determining step of ring-closing enyne metathesis of a
terminal alkyne is thought to be the reentry step (Scheme 5,
IM-2 to IM-1).""'"<"l The reaction rate would be increased
if the rate-determining step is accelerated.

On the basis of this speculation, we predicted switching of
the rate-determining step. If the reentry step of Ru-carbene
species (Scheme 5, IM-2 to IM-1) is accelerated by the allyl-
ic hydroxy group, the rate-determining step might be re-
placed by another step of the catalytic cycle because the re-
entry step would be faster. In such cases, a different step of
the catalytic cycle would be the rate-determining step rather
than the reentry step. Kinetic study of the ring-closing
enyne metathesis''*®! was carried out to confirm the change
of the rate-determining step. We first investigated the reac-
tion behavior of 1a, an enyne substrate without an allylic hy-
droxy group, to check the usual rate-determining step of
ring-closing enyne metathesis (Figure 2). Generally, the
rate-determining step of ring-closing enyne metathesis is be-
lieved to be the reentry step of the Ru-carbene species
(Scheme 5, IM-2 to IM-1).1%1°¢1] The results of a kinetic
study of la support the general assumption. Ring-closing
enyne metathesis of an enyne substrate without an allylic
hydroxy group indicated nearly first-order initial rate de-
pendency on concentration of the substrate. This result indi-
cates involvement of a substrate in the rate-determining
step, so the reentry step of the Ru-carbene species
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log [rate constant (mm min™")]

(Scheme 5, IM-2 to IM-1)
seems to be the rate-determin-
ing step.

A kinetic study of ring-clos-
ing enyne metathesis of a sub-
' strate with an allylic hydroxy
gy 8roup, on the other hand,
: B HO\©) showed different results. Be-

cause the reaction of 1b is too
; fast for kinetic study to be car-
: Ho "Flf“'|' | ried out, we chose 1j as the
' C: \i/ substrate for the kinetic study
(Figure 3). The kinetic study in-
proposed structures dicated no initial rate depend-
ency on concentration of the
' enyne substrate (zero order in
enyne substrate). This result
means that the enyne substrate
is not associated with the rate-

] |
H Jl Grubbs' 1° gen. cat. =
—_—

N CD,Cl, RT N
Boc under Ar Boc
1a 2a

1.5

12

y=1.013x +2.100

0.9

0.6

0.3

0 " n L " s L " " .
-18 -17 -16 -15 -1.4 -13 -12

log [initial concentration of 1a (m)]

Figure 2. Kinetic study: rate dependency on concentration of a substrate
without an allylic hydroxy group.

determining step. From this result, the reentry step of the
Ru-carbene species (Scheme 5, IM-2 to IM-1), which in-
volves an enyne substrate, would not be the rate-determin-
ing step.

The results of kinetic studies thus indicate a change in the
rate-determining step of ring-closing enyne metathesis re-
sulting from the presence or absence of an allylic hydroxy
group. These results are consistent with our speculation that
the reentry step of the Ru-carbene species from a Ru-vinyl-
carbene intermediate would be accelerated by the allylic hy-
droxy group on the next substrate (Scheme 6).”"! In addi-
tion, switching of the rate-determining step by an allylic hy-
droxy group demonstrates that ethylene is not necessary in
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Figure 3. Kinetic study: rate dependence on concentration of a substrate
with an allylic hydroxy group.
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Scheme 6. Proposed acceleration effect of an allylic hydroxy group.

ring-closing enyne metathesis in the presence of an allylic
hydroxy group.!'’>

Conclusion

We have found an interesting acceleration effect of an allylic
hydroxy group on ring-closing enyne metathesis.”"! The ring-
closing enyne metathesis of various terminal alkynes, each
containing an allylic hydroxy group, proceeded smoothly in
the absence of an ethylene atmosphere. The ethylene-free
reaction is convenient and atom-economical. In addition,
the metatheses with the first-generation Grubbs catalyst
often demonstrate more chemoselective transformation than
the more reactive newer-generation Ru—carbene catalysts.*”)
We believe that enyne metathesis utilizing this acceleration
effect could be a more helpful and familiar tool in organic
synthesis. Indeed, we have accomplished the synthesis of
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(+)-isofagomine with the aid of allylic hydroxy group-accel-
erated ring-closing enyne metathesis. Mechanistic studies on
the acceleration effect have suggested acceleration of the re-
entry step of Ru—carbene species from the Ru-vinylcarbene
species in the catalytic cycle (Scheme 6). The olefin with an
allylic hydroxy group on the substrate would be reactive
enough to react with the stable Ru-vinylcarbene intermedi-
ate to bring about the reentry of the reactive Ru-carbene
species into next catalytic cycle. However, details of the ac-
celeration, especially why the acceleration occurs, are still
unclear.”™ Further investigations into the mechanism of the
acceleration are currently underway. In addition, application
of this acceleration effect to other systems and the develop-
ment of selective molecular transformations using this accel-
eration effect are proceeding in our laboratory.

Experimental Section

General: NMR spectra were recorded on JINM-EX270 (270 MHz), JEOL
JNM-AL400 (400 MHz), JNM-EX400 (400 MHz), and JNM-EX600
(600 MHz) spectrometers in CDCl;, C;Ds, D,O, and CD,Cl,. *C NMR
spectra were recorded with use of broad-band proton decoupling. The re-
sidual CHCl; signal or tetramethylsilane were used as internal standards
for '"H and "C NMR in CDCl;. The C¢D; itself was used as an internal
standard for "C NMR in C¢Dg. The residual non-deuterated H,O signal
was used as an internal standard for '"H NMR, and acetonitrile was used
as an internal standard in ®C NMR in D,0. CD,Cl, was used in NMR
studies and 'H NMR spectroscopic kinetic studies. In NMR studies, the
chemical shift of the residual non-deuterated CH,Cl, was used as an in-
ternal standard. In kinetic studies, CH,CICH,Cl was used as internal
standard both for chemical shift and for concentration. Chemical shifts
are expressed in 0 (ppm) values, and coupling constants are expressed in
hertz (Hz). The following abbreviations are used: s=singlet, d=doublet,
m=multiplet, brs=broad singlet, brd=broad doublet, dd=double dou-
blet, and ddd=double double doublet. Mass spectra were recorded on
JEOL JMN-DX303 or JEOL JMA-DAS5000 spectrometers. IR spectra
were measured with a Perkin—Elmer 1725 X series FI-IR spectrometer.
CH,(Cl, was bubbled with Ar well before use in ring-closing enyne meta-
thesis.

General procedure for allylic hydroxy group-accelerated ring-closing
enyne metathesis: The first-generation Grubbs catalyst (4, 8, or
12 mol %) was added at room temperature under Ar to a CH,Cl, solution
of an enyne substrate® containing an allylic hydroxy group. The concen-
tration of the first-generation Grubbs catalyst was kept at 0.002m. The
mixture was stirred for the indicated reaction time. The reaction mixture
was then concentrated in vacuo, and the residue was purified by silica gel
column chromatography to provide a cyclic 1,3-diene.
N-tert-Butoxycarbonyl-3-vinyl-1,2,5,6-tetrahydropyridine (2a): 'H NMR
(400 MHz, CDCl;): 6=1.47 (s, 9H), 2.22 (s, 2H), 3.48 (t, J=5.6 Hz, 2H),
4.04 (s, 2H), 497 (d, J=11.1 Hz, 1H), 5.07 (d, J=17.9 Hz, 1H), 5.84 (s,
1H), 6.30 ppm (dd, J=17.9, 11.1 Hz, 1H); ®C NMR (100 MHz, CDCl,):
0=25.4, 274, 28.4, 39.6, 40.8, 42.3, 42.8, 79.6, 85.1, 111.0, 126.7, 127.4,
133.4, 136.9, 146.7, 154.9 ppm; IR (neat): #=1697 cm™'; EI-MS: m/z: 209
[M]*; HRMS: m/z: caled for C,H,;NO,: 209.1416; found: 209.1424.
N-tert-Butoxycarbonyl-5-hydroxy-3-vinyl-1,2,5,6-tetrahydropyridine (2b):
'HNMR (600 MHz, CDCl;, TMS): 6=1.48 (s, 9H), 2.23 (s, 2H), 3.55
(brs, 2H), 3.95 (d, /J=17.6 Hz, 1H), 4.10-426 (m, 2H), 5.12 (d, J=
11.0 Hz, 1H), 5.22-5.25 (m, 1H), 5.87 (brs, 1H), 6.30 ppm (dd, /=17.6,
11.0 Hz, 1H); "CNMR (67.5 MHz, C¢D,, 60°C): 6=28.5, 43.0, 48.2,
64.2, 79.8, 113.1, 130.3, 135.7, 136.7, 155.1 ppm; IR (neat): 7=1683,
3406 cm™!; EI-MS: m/z: 225 [M]*; HRMS: m/z: caled for C,,H;j)NO;:
225.1365; found: 225.1370.
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N-tert-Butoxycarbonyl-5-benzyloxy-3-vinyl-1,2,5,6-tetrahydropyridine
(2¢): 'HNMR (400 MHz, CDCLy): 6=1.48 (s, 9H), 3.48-3.85 (m, 2H),
4.06 (d, J=15.0Hz, 3H), 4.58 (d, /=11.6 Hz, 1H), 4.66-4.68 (m, 1H),
5.10 (d, J=11.1 Hz, 1H), 5.14-5.31 (m, 1H), 5.89 (s, 1H), 6.31 ppm (dd,
J=17.9, 11.1 Hz, 1H); *C NMR (100 MHz, CDCl;): 6 =28.4, 42.9, 44.8,
70.4, 70.6, 80.0, 113.4, 113.9, 126.5, 127.7, 128.4, 136.0, 136.1, 138.2,
154.8 ppm; IR (neat): #7=1696 cm™'; EI-MS: m/z: 315 [M]*; HRMS:
m/z: calcd for CgHysNO;: 315.1834; found: 315.1829.
N-tert-Butoxycarbonyl-5-tert-butyldiphenylsilyloxy-3-vinyl-1,2,5,6-tetra-
hydropyridine (2d): '"H NMR (400 MHz, CDCl;, TMS): 6 =1.00 (s, 9H),
1.33 (s, 9H), 3.13 (dd, /=124, 6.8 Hz, 1H), 3.58-3.61 (m, 1H), 3.82 (d,
J=16.6 Hz, 1H), 4.04 (d, J=17.1 Hz, 1H), 424 (brs, 1H), 4.96 (d, J=
11.2 Hz, 1H), 5.08 (d, J=17.6 Hz, 1H), 5.56 (brs, 1H), 6.13 (dd, /=17.8,
11.0 Hz, 1H), 7.28-7.38 (m, 6H), 7.59-7.63 ppm (m, 4H); “C NMR
(100 MHz, CDCl;): 6=19.2, 26.9, 28.4, 42.0, 48.0, 65.5, 79.8, 127.6, 127.6,
127.7, 129.7, 129.8, 135.5, 1357, 135.8, 154.7 ppm; IR (neat): V=
1699 cm™'; EI-MS: m/z: 463 [M]*; HRMS: m/z: calcd for C,sH3;,NO;Si:
463.2543; found: 463.2522.

5-Vinyl-3,6-dihydro-2 H-pyran-3-ol  (2e): Colorless oil; 'HNMR
(400 MHz, CDCl;): 6=2.04 (brs, 1H), 3.70 (dd, J=11.6, 2.9 Hz, 1H),
3.85 (dd, J=11.6, 1.9 Hz, 1H), 4.04 (brs, 1H), 4.18 (d, /=15.9 Hz, 1H),
4.38 (d, J=15.5Hz, 1H), 5.09 (d, /=18.4 Hz, 1H), 5.10 (d, /=10.6 Hz,
1H), 593 (d, /J=59Hz, 1H), 625ppm (dd, /=184, 11.6 Hz, 1H);
BCNMR (100 MHz, CDCl): 6=63.0, 65.1, 70.8, 114.0, 126.3, 1353,
137.9 ppm; IR (neat): 7=1007, 1123, 1606, 1648, 2849, 3390 cm'; EI-MS:
mlz: 126 [M]*; HRMS: m/z: caled for C;H;(NO,: 126.0681; found:
126.0676.

3-Vinylcyclohex-2-en-1-0l (2f): Colorless oil; '"HNMR (400 MHz,
CDCly): 0=1.56-1.64 (m, 2H), 1.71 (brs, 1H), 1.79-1.90 (m, 2H), 2.11-
2.15 (m, 2H), 4.29 (brs, 1H), 5.04 (d, /=10.7Hz, 1H), 520 (d, J=
17.6 Hz, 1H), 5.75 (brs, 1H), 6.34ppm (dd, J=17.6, 10.7 Hz, 1H);
BCNMR (100 MHz, CDCLy): 6=18.8, 23.7, 32.0, 66.2, 112.9, 130.8, 138.6,
139.2 ppm; IR (neat): #=909, 991, 1049, 1607, 2863, 2935, 3308 cm '; EI-
MS: m/z: 124 [M]*; HRMS: m/z: caled for CgH;,O: 124.0888; found:
124.0889.

6,6-Dimethyl-3-vinylcyclohex-2-en-1-0l (2g): Colorless oil; 'HNMR
(400 MHz, CDCl;): 6=0.90 (s, 3H), 0.97 (s, 3H), 1.42-1.47 (m, 2H),
1.56-1.62 (m, 1H), 2.10-2.17 (m, 1H), 3.86 (brs, 1H), 5.03 (d, J=
10.6 Hz, 1H), 5.18 (d, J=17.9 Hz, 1H), 5.65 (brs, 1H), 6.35 ppm (dd, J=
17.9, 11.1 Hz, 1 H); *C NMR (100 MHz, CDCl,): 6=20.9, 21.5, 26.4, 32.7,
33.9, 74.6, 112.7, 130.5, 137.4, 138.9 ppm; IR (neat): ¥=990, 1029, 1606,
2920, 3369 cm™'; EI-MS: m/z: 152 [M]*; HRMS: m/z: calcd for C,gH,¢O:
152.1201; found: 152.1197.

Di-tert-butyl  5-hydroxy-3-vinylcyclohex-3-ene-1,1-dicarboxylate  (2h):
Colorless, viscous oil; '"H NMR (400 MHz, CDCl,): 6=1.42 (s, 9H), 1.46
(s, 9H), 2.20-2.28 (m, 2H), 2.53 (d, /=16.9 Hz, 1H), 2.68 (d, J=16.9 Hz,
1H), 3.07 (d, J=9.2 Hz, 1H), 4.31 (brs, 1H), 5.10 (d, /=10.6, 1H), 5.30
(d, /=179 Hz, 1H), 5.76 (brs, 1H), 6.53 ppm (dd, /J=17.4, 11.1 Hz, 1H);
BCNMR (100 MHz, CDCLy): 6=27.7, 27.8, 29.3, 36.6, 53.8, 64.2, 81.7,
82.1, 113.5, 130.1, 134.4, 138.4, 170.3 ppm; IR (neat): #=1147, 1257, 1369,
1608, 1716, 1729, 2934, 2978, 3522 cm™'; EI-MS: m/z: 324 [M]*; HRMS:
mlz: calcd for CgH,305: 324.1937; found: 324.1947.
3-Vinylcyclopent-2-en-1-0l (2i): Colorless oil; 'HNMR (400 MHz,
CDCly): 6=1.72-1.78 (m, 1H), 1.86 (brs, 1H), 2.29-2.39 (m, 2H), 2.55-
2.70 (m, 1H), 4.89 (brd, /=53 Hz, 1H), 5.17 (d, /J=11.1 Hz, 1H), 5.21
(d, J=18.8 Hz, 1H), 5.75 (s, 1H), 6.56 ppm (dd, J=17.9, 10.6 Hz, 1H);
BCNMR (100 MHz, CDCL): 6=28.94, 33.43, 77.31, 116.70, 131.92,
133.08, 145.80 ppm; IR (neat): #=905, 1044, 1591, 2853, 2939, 3339 cm™/;
EI-MS: m/z: 110 [M]*; HRMS: m/z: calcd for C;H,,O: 110.0732; found:
110.0732.

5,5-Dimethyl-3-vinylcyclopent-2-en-1-0l (2j): Colorless oil; 'HNMR
(400 MHz, CDCl;): 6=1.08 (s, 3H), 1.09 (s, 3H), 1.32 (brs, 1H), 2.18 (d,
J=159Hz, 1H), 2.36 (d, /J=15.9 Hz, 1H), 4.25 (brs, 1H), 5.15 (d, J=
10.6 Hz, 1H), 5.16 (d, J=17.4 Hz, 1H), 5.68 (brs, 1H), 6.53 ppm (dd, /=
17.4,10.6 Hz, 1 H); *C NMR (100 MHz, CDCly): 6=22.7, 28.4, 41.7, 44.1,
84.5, 116.4, 131.0, 133.5, 145.0 ppm; IR (neat): ¥favor993, 1036, 2926,
2956, 3361 cm™'; EI-MS: m/z: 138 [M]*; HRMS: m/z: calcd for C,H,,O:
138.1045; found: 138.1047.
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3-Vinyl-1,4-dihydronaphthalen-1-ol (2k): This compound is not stable
and easily converted into 2-vinylnaphthalene. Compound 2k was there-
fore not isolated. '"H NMR data for 2k were extracted from the '"H NMR
spectrum of the mixture of 2k and 2-vinylnaphthalene. No other charac-
terization data for 2k could be measured. 'H NMR (400 MHz, CDCl;):
0=1.77 (d, J=9.2 Hz, 1H), 3.47 (dd, /=21.3, 3.9 Hz, 1H), 3.60 (brd, J=
19.8 Hz, 1H), 5.20 (d, /=10.6 Hz, 1H), 5.21-5.30 (m, 1H), 5.39 (d, J=
17.4 Hz, 1H), 6.08 (m, 1H), 6.52 (dd, /J=17.4, 10.6 Hz, 1H), 7.24-7.33
(m, 3H), 7.59-7.61 ppm (m, 1H).

2-Vinylnaphthalene: White solid; 'H NMR (400 MHz, CDCl;): 6=5.35
(d, 7=10.6 Hz, 1H), 5.89 (d, J=17.4 Hz, 1H), 6.90 (dd, /=17.4, 10.6 Hz,
1H), 7.44-7.50 (m, 2H), 7.65 (dd, J=8.7, 1.4 Hz, 1H),7.77 (brs, 1H),
7.80-7.85 ppm (m, 1H); "C NMR (100 MHz, CDCl,): 6=114.2, 123.2,
125.9, 126.2, 126.4, 127.7, 128.0, 128.1, 133.1, 133.5, 135.0, 136. 9 ppm; IR
(KBr): 7=3382, 3058, 2933, 1688, 1630, 1600, 1508, 1467,1356, 1284, 1230,
1196, 1125 cm™'; EI-MS: m/z: 154 [M]*; HRMS: m/z: caled for C,H,,:
115.0783; found: 115.0779.

Ring-closing enyne metathesis of enynes containing a homoallylic or a
propargylic hydroxy group: The reactions were carried out by the Gener-
al Procedure for allylic hydroxy group-accelerated ring-closing enyne
metathesis.

4-Vinylcyclohex-3-enol (2q): 'HNMR (400 MHz, CDCl;, TMS): 0=
1.60-1.75 (m, 2H), 1.89-1.97 (m, 1H), 2.10-2.24 (m, 2H), 2.32-2.38 (m,
1H), 2.48 (brd, J=17.4 Hz, 1H), 3.97 (m, 1H), 4.94 (d, /=10.6 Hz, 1 H),
5.08 (d, J=17.4 Hz, 1H), 5.64 (brs, 1H), 6.35 ppm (dd, J=17.4, 10.6 Hz,
1H); CNMR (100 MHz, C¢Dy): 6=21.9, 30.5, 34.8, 66.9, 110.9, 126.2,
135.6, 139.1 ppm; IR (neat): 7=1606, 1644, 3346 cm™'; EI-MS: m/z: 124
[M]*; HRMS: m/z: caled for C,H;)NO;: 124.0888; found: 124.0887.

2-Vinylcyclopent-2-enol (2r): This compound was obtained in quantities
too small to isolate and we could not measure spectroscopic data of a
pure sample. The 'HNMR data were extracted from a spectrum of a
mixed sample with reference to reported data.” 'H NMR (400 MHz,
CDCl;, TMS): 6=1.82-1.88 (m, 1H), 2.17-2.35 (m, 2H), 2.54-2.61 (m,
1H), 4.90-5.10 (m, 1H), 5.15 (d, J=10.6 Hz, 1H), 5.42 (d, J=17.9 Hz,
1H), 5.89 (t, J=2.4 Hz, 1H), 6.47 ppm (dd, J=17.9, 10.6 Hz, 1H). The
yield was estimated from the "H NMR spectrum of the crude reaction
mixture based on internal standard.

Application to the synthesis of (+)-isofagomine

tert-Butyl 2-hydroxybut-3-enylprop-2-ynylcarbamate (1b): Butadiene
monoxide (18 mmol) was added at 15°C to a solution of propargylamine
(54 mmol) and H,O (0.25 mL), and the mixture was stirred at 100°C for
6 h. The mixture was then concentrated in vacuo, and the residue was dis-
solved in 14-dioxane (25mL) and H,0 (5mL). NaOH (1N, 20 mL,
20 mmol) and Boc,O (20 mmol) were added to the solution at ambient
temperature, and the mixture was stirred overnight. The solvent was
evaporated in vacuo, and the residue was diluted with Et,O. The mixture
was washed with aqueous citric acid solution (20%) and brine. The or-
ganic layer was dried over Na,SO,. The solvent was evaporated in vacuo,
and the residue was purified by silica gel column chromatography (n-
hexane/AcOEt 10:1-6:1) to provide 1b (2.87 g, 71 % yield) and tert-butyl
2-hydroxybut-3-enylprop-2-ynylcarbamate (132 mg). Compound 1b:
'HNMR (400 MHz, CDCL,): 6=1.46 (s, 9H), 2.24 (t, J=2.4 Hz, 1H),
3.37 (brs, 1H), 3.44 (dd, J=14.6, 3.8 Hz, 2H), 4.07 (brs, 2H), 4.35-4.39
(m, 1H), 5.16 (d, J=10.6 Hz, 1H), 5.33 (brd, J=16.4 Hz, 1H), 5.84 ppm
(ddd, J=16.4, 10.6, 5.8 Hz, 4H); *C NMR (100 MHz, CDCl;): 6=28.3,
38.3, 52.9, 71.7, 72.2, 79.6, 81.0, 115.9, 138.1, 156.3 ppm; IR (neat): 7=
1683, 3441 cm™'; EI-MS: m/z: 225 [M]*; HRMS: m/z: caled for
C,HyNO;: 225.1365; found: 225.1361.
1-tert-Butoxycarbonyl-3-vinyl-1,2,5,6-tetrahydropyridin-3-ol (2b): Com-
pound 2b was synthesized by the allylic hydroxy group-accelerated ring-
closing enyne metathesis (Table 2, entry 1).
1-tert-Butoxycarbonyl-5-tert-butyldiphenylsilyloxy-3-vinyl-1,2,5,6-tetrahy-
dropyridine (2d): Imidazole (7.02 mmol), DMAP (0.094 mmol), and
TBDPSCI (5.15 mmol) were added at ambient temperature to a solution
of 2b (4.68 mmol) in CH,Cl, (20 mL), and the mixture was stirred for
1 h. The mixture was then filtered with a pad of celite. The filtrate was
washed with brine and dried over Na,SO,. The solvent was evaporated in
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vacuo, and the residue was purified by silica gel column chromatography
(n-hexane/AcOEt 8:1) to provide 2d (2141 mg, 99 % yield).
1-tert-Butoxycarbonyl-5-zert-butyldiphenylsilyloxy-3-(1,2-dihydroxyeth-
yl)-1,2,5,6-tetrahydropyridine (3): AD-mix-o. and methanesulfonamide
(0.30 mmol) were added at ambient temperature to a solution of 2d
(0.30 mmol) in tBuOH/H,0O (1:1), and the mixture was stirred for 15 h.
The mixture was then diluted with AcOEt and washed with saturated
aqueous NH,Cl and H,O. The organic layer was dried over Na,SO,. The
solvent was evaporated in vacuo, and the residue was purified by silica
gel column chromatography (n-hexane/AcOEt 1:1) to provide 3 (116 mg,
78 % yield). "H NMR (400 MHz, CDCL;): 6=1.06 (s, 9H), 1.41 (brs, 9H),
2.49 (brs, 2H), 3.31-3.93 (m, 6H), 4.06 (brs, 1H), 427 (brs, 1H), 5.65
(brs, 1H), 7.35-7.45 (m, 6H), 7.65-7.70 ppm (m, 4H); “CNMR
(100 MHz, CDCL): 6=19.2, 26.9, 28.4, 42.5, 48.1, 65.0, 65.3, 73.4, 80.0,
127.6, 127.7, 127.7, 129.8, 135.7, 135.7, 154.9 ppm; IR (neat): 7=1661,
3407 cm™'; EI-MS: m/z: 496 [M+H]*, 497 [M]*; HRMS: m/z: calcd for
CysH3NOsSi: 497.2597; found: 497.2587.
N-tert-Butoxycarbonyl-5-tert-butyldiphenylsilyloxy-3-hydroxymethyl-
1,2,5,6-tetrahydropyridine (4): NalO, (2.04 mmol) was added at ambient
temperature to a solution of 3 (1.70 mmol) in EtOH/H,O (1:1, 30 mL),
and the mixture was stirred for 3 h. NaBH, (3.40 mmol) was then added
to the mixture at ambient temperature. After the mixture had been
stirred for 3 h, the reaction mixture was concentrated in vacuo, and the
residue was diluted with CH,Cl,. The mixture was washed with Na,S,0;
(10%), saturated aqueous NaHCO;, and brine. The organic layer was
dried over Na,SO,. The solvent was evaporated in vacuo, and the residue
was purified by silica gel column chromatography (n-hexane/AcOEt 2:1)
to provide 4 (776 mg, 98% yield). "H NMR (400 MHz, CDCl;): 6=1.07
(s, 9H), 1.39-1.45 (m, 9H), 2.19 (brs, 1H), 3.27 (dd, J=12.8, 6.6 Hz, 1 H),
3.59 (d, /=9.9 Hz, 1H), 3.76-3.98 (m, 4H), 429 (s, 1H), 5.64 (s, 1H),
7.36-7.45 (m, 6 H), 7.67-7.70 ppm (m, 4H); “C NMR (100 MHz, CDCl,):
0=19.2, 26.9, 28.3, 43.0, 48.0, 64.2, 65.1, 80.0, 127.6, 127.7, 128.3, 129.8,
135.7, 135.7, 154.7 ppm; IR (neat): 7= 1689, 3419 cm™'; EI-MS: m/z: 467
[M]*; HRMS: m/z: caled for C,;H;;NO,Si: 467.2492; found: 467.2491.
3-Benzyloxymethyl-1-tert-butoxycarbonyl-1,2,5,6-tetrahydropyridin-5-ol
(5): NaH (1.68 mmol) was added at 0°C to a solution of 4 (0.84 mmol) in
THF (8.0 mL), and the mixture was stirred for 1 hour. Benzyl bromide
(2.52 mmol) and tetrabutylammonium iodide (12 mg) were then added to
the mixture at 0°C, and the mixture was stirred for 6.5 h at ambient tem-
perature. The resulting mixture was diluted with Et,0 and was washed
with saturated aqueous NH,CI, water, and brine. The organic layer was
dried over Na,SO,. The solvent was evaporated in vacuo, and the residue
was purified by silica gel column chromatography (n-hexane/AcOEt
10:1) to provide benzylated product (431 mg, 92% yield). 'H NMR
(400 MHz, CDCl;): 6=1.08 (s, 9H), 1.41 (brs, 9H), 3.36-3.27 (m, 1H),
3.48-3.96 (m, 5H), 4.28 (brs, 1H), 4.41 (s, 2H), 5.67 (brs, 1H), 7.27-7.49
(m, 11H), 7.67-7.71 ppm (m, 4H); “C NMR (100 MHz, CDCl;): 6 =19.7,
26.8, 28.3, 43.3, 47.8, 65.0, 71.3, 72.0, 79.5, 126.3, 127.5, 127.6, 127.7, 128 2,
129.6, 129.7, 135.6, 135.6, 137.8, 154.5 ppm; IR (neat): #=1701 cm™'; EI-
MS: m/z: 557 [M]*; HRMS: calcd for Cy,HNO,Si: 557.2961; found:
557.2958.

Tetrabutylammonium fluoride (2.1 mmol) was added at room tempera-
ture to a solution of the obtained benzylated product (1.7 mmol) in THF
(20 mL), and the mixture was stirred at room temperature for 1.5 h. The
solvent was then evaporated in vacuo, and the residue was diluted with
CHCl,. The mixture was washed with saturated aqueous NaHCO;, and
the resulting aqueous phase was extracted with CHCl;. The combined or-
ganic extracts were washed with brine and then dried over Na,SO,. The
solvent was evaporated in vacuo, and the residue was purified by silica
gel column chromatography (n-hexane/AcOEt 2:1) to provide 5 (535 mg,
98% yield). "H NMR (400 MHz, CDCly): 6 =1.47 (s, 9H), 1.80 (s, 1H),
3.52 (brs, 2H), 3.81 (d, /=18.4Hz, 1H), 3.97-4.11 (s, 3H), 4.21 (brs,
1H), 4.50 (s, 2H), 5.90-5.91 (s, 1H), 7.26-7.39 ppm (m, SH); *C NMR
(100 MHz, CDCL,): 6=28.3, 44.1, 47.2, 63.5, 71.5, 72.3, 80.2, 127.7, 127.7,
127.9, 128.2, 128.4, 137.8, 155.1 ppm; IR (neat): #=1695, 3405 cm™'; EI-
MS: m/z: 319 [M]*; HRMS: m/z: caled for CgH,sNO,: 319.1784; found:
319.1776.
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(—)-N-tert-Butoxycarbonyl-5-acetoxy-3-(benzyloxy)methyl-3-piperidine
(6) and  (S)-N-tert-Butoxycarbonyl-5-hydroxy-3-(benzyloxy)methyl-
1,2,5,6-tetrahydropyridine: Vinyl acetate (96.8 mmol) and lipase PS-C
(628 mg) were added at ambient temperature to a solution of 5
(1.21 mmol) in diisopropyl ether (5.8 mL). The mixture was warmed to
30°C and stirred for 15 h. The mixture was then filtered through a pad of
celite. The filtrate was concentrated in vacuo, and the residue was puri-
fied by silica gel column chromatography (n-hexane/AcOEt 10:1) to pro-
vide 6 (179 mg, 46 % yield) and (+)-5 (233 mg, 53 % yield).

Compound 6: [0])=-79.6 (c=1.7 in CHCL); 'HNMR (400 MHz,
CDCLy): 6=1.47 (s, 9H), 2.05 (s, 3H), 3.40-3.44 (m, 1H), 3.74-3.86 (m,
2H), 3.98 (s, 2H), 4.19 (brs, 1H), 4.50 (s, 2H), 5.19 (brs, 1H), 5.88 (brs,
1H), 7.27-7.37 ppm (m, SH); "C NMR (100 MHz, CDCL;): 6 =21.0, 28.1,
433, 44.8, 65.5, 71.1, 72.4, 79.9, 122.3, 127.6, 128.1, 128.3, 137.6, 154.6,
170.4 ppm; IR (neat): #=1701, 1735cm™'; EI-MS: m/z: 361 [M]*;
HRMS: m/z: caled for C,yH,,NOs: 361.1889; found: 319.1883.

Compound (+)-5: [0]7=+45.6 (c=1.0 in CHCl;); HPLC (Chiralpak IA,
hexane/AcOEt 90:10, 1.5mLmin"', 254 nm): f..,=23.4 min, Lajor =
25.9 min: 99 % ee. The absolute configuration of (+)-5 was determined as
(S) after conversion into (+)-isofagomine as described below.

The ee of 6 was determined after cleavage of the benzyl group to convert
it into (—)-5. K,CO; (0.06 mmol) was added at ambient temperature to a
solution of 6 (0.12mmol) in dry MeOH (1.5mL). After stirring for 1
hour, the reaction mixture was diluted with AcOEt and washed with
water. The aqueous layer was extracted twice with AcOEt, and the com-
bined organic extract was dried over Na,SO,. The solvent was evaporated
in vacuo, and the residue was purified by silica gel column chromatogra-
phy (n-hexane/AcOEt 1:1) to provide (—)-5 (36 mg, 94 % yield). [a]4 =
—43.0 (¢c=1.1 in CHCl;). The absolute configuration of (—)-5 was deter-
mined as (R) based on (+)-5.
5-Benzyloxymethyl-1-zert-butoxycarbonylpiperidine-3,4-diol (7:
BH; THF (1.0m THF solution, 2.1 mL, 2.1 mmol) was added at 0°C to a
solution of (+)-5 (0.26 mmol) in THF (1.0 mL). The reaction mixture was
then warmed to 70°C and stirred for 9.5 h. After the stirring, the mixture
was cooled to 0°C. NaOH (3N, 3.0mL) and H,0, (30%) were added
dropwise to the mixture, which was stirred for 6 h at ambient tempera-
ture. Then organic and aqueous layers were separated, and the aqueous
layer was extracted five times with CHCl;. The combined organic ex-
tracts were washed with brine and then dried over Na,SO,. The solvent
was evaporated in vacuo, and the residue was purified by silica gel
column chromatography (n-hexane/AcOEt 1:2) to provide 7 (59 mg,
67% yield). 'H NMR (400 MHz, CDCL,): 6 =1.44 (s, 9H), 1.84 (brs, 1H),
2.52 (brs, 2H), 3.37-3.48 (m, 2H), 3.58 (brs, 3H), 3.83 (brs, 1H), 4.11—
419 (m, 2H), 4.51 (s, 2H), 7.27-7.36 ppm (m, SH); *C NMR (100 MHz,
CDClLy): 6=283, 44.1, 44.1, 453, 47.6, 64.8, 67.2, 70.1, 71.5, 73.3, 80.2,
1272, 127.5, 127.7, 127.8, 137.7, 140.3, 154.6, 155.7 ppm; IR (neat): 7=
1671, 3395cm™'; EI-MS: m/z: 337 [M]*; HRMS: m/z: caled for
C3H»NOs: 337.1889; found: 337.1898.
1-tert-Butoxycarbonyl-5-(hydroxymethyl)piperidine-3,4-diol (8): MeOH
(7mL) was added under H, atmosphere at ambient temperature to a
mixture of 7 (0.22 mmol) and Pd/C (30 mg). After stirring for 5 h, the re-
action mixture was filtered with a pad of celite. The filtrate was concen-
trated in vacuo, and the residue was purified by silica gel column chroma-
tography (CH;Cl:MeOH 10:1) to provide 8 (54 mg, 99% yield). 'H NMR
(400 MHz, CDCl;): 6=1.42 (s, 9H), 1.67 (brs, 1H), 2.56 (brs, 2H), 3.34—
3.55 (m, 2H), 3.69-3.76 (m, 3H), 3.884.16 ppm (m, 3H); “C NMR
(100 MHz, CDCl;): 6=28.4, 43.4, 477, 618, 62.8, 714, 75.7, 80.5,
155.0 ppm; IR (neat): #=1669, 3383 cm™'; EI-MS: m/z: 247 [M]*;
HRMS: m/z: caled for C;;H, NOs: 247.1420; found: 247.1416.
5-(hydroxymethyl)piperidine-3,4-diols ((+)-isofagomine and (—)-3-epi-
isofagomine): HCl (10%, 2.7mL) was added to a solution of 8
(0.20 mmol) in 14-dioxane (0.9 mL), and the mixture was heated to
reflux. After stirring for 2 h, the reaction mixture was allowed to cool to
ambient temperature. Aqueous NH,OH solution (28 %) was then added
to basify the mixture, and the solvent was evaporated in vacuo. The resi-
due was purified by silica gel column chromatography (MeOH/10%
NH,OH 10:1) to afford (+)-isofagomine (23 mg, 78 % yield) and (—)-3-
epi-isofagomine (6 mg, 20%).
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(+)-Isofagomine: [a]7 =+17.6 (c=0.3 in EtOH) [lit.:"¥ [a]7=+16.3 (c=
032 in EtOH)]; '"H NMR (600 MHz, D,0): 6=1.48-1.57 (m, 1H), 2.21-
228 (m, 2H), 2.91-3.00 (m, 2H), 3.13 (t, J=9.7 Hz, 1H), 3.30-3.37 (m,
1H), 3.45 (dd, J=11.6, 6.8 Hz, 1H), 3.64 ppm (dd, J=11.6, 3.4 Hz, 1H);
BCNMR (100 MHz, D,0, CH;CN): 0=44.4, 463, 49.3, 60.4, 71.9,
73.6 ppm; IR (neat): ¥=3383 cm'; EI-MS: m/z: 147 [M]*; HRMS: m/z:
calcd for CsH3NOj5: 147.0895; found: 147.0889.

(—)-3-epi-Isofagomine: [a]¥=-19.3 (c=0.6 in EtOH); 'HNMR
(400 MHz, D,0): 6=2.05-2.10 (m, 1H), 2.61 (t, J=12.6 Hz, 1 H), 2.89 (d,
J=13.5Hz, 1H), 3.16-3.25 (m, 2H), 3.59-3.65 (m, 2H), 3.72 (dd, J=11.6,
3.4 Hz, 1H), 3.98 ppm (s, 1H); *CNMR (67.8 MHz, D,0, CH,CN): 0=
37.8, 45.0, 48.3, 60.1, 66.2, 68.5 ppm; IR (neat): 7¥=3345 cm™'; EI-MS:
miz: 147 [M]*; HRMS: m/z: caled for C¢H;sNO;: 147.0895; found:
147.0894.

Procedure for NMR studies to determine reaction pathway: The first-
generation Grubbs catalyst (0.025 mmol) was placed in a NMR tube and
the tube was equipped with a rubber stopper. Then the tube was dried in
vacuo for 30 min. After drying, the tube was placed under Ar. CD,Cl,
was added. An equimolar amount of a substrate (0.025 mmol) was added
to the mixture at ambient temperature. '"H NMR spectra of the resulting
mixtures were then measured.

Procedure for kinetic studies to confirm the change in rate-determining
step:®! The first-generation Grubbs catalyst was dried in vacuo for
30 min, and an appropriate amount of CD,Cl, was added under Ar to
prepare a 0.002Mm solution of first-generation Grubbs catalyst in CD,Cl,.
1,2-Dichloroethane was added to the solution as an internal standard (ca.
0.034m). This solution (0.6 mL) was then transferred to a dried NMR
tube. Just before 'HNMR measurement, a corresponding amount of
enyne substrate (1a, 1j) was added to the NMR tube and the tube was
shaken intensively. The '"H NMR spectrum was then measured continu-
ously. The concentration of the desired product (2a, 2j) was estimated by
integration with 1,2-dichloroethane as an internal standard. Initial reac-
tion rates were estimated from the approximated curves (first order) of
the first 5 minutes under each set of conditions.
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