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Abstract: Several ruthenium-catalyzed
atom-economic transformations  of
propargyl alcohols with pyrroles or in-
doles leading to alkylated, propargylat-
ed, or annulated heteroaromatics are
reported. The mechanistically distinct
reactions are catalyzed by a single
ruthenium(0) complex  containing
a redox-coupled dienone ligand. The

argyl alcohols determines the reaction
pathway and depends on the alcohols’
substitution pattern. Secondary sub-
strates form alkenyl complexes by
a 1,2-hydrogen shift, whereas the trans-
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formation of tertiary substrates in-
volves allenylidene intermediates. 1-
Vinyl propargyl alcohols are converted
by a cascade allylation/cyclization se-
quence. The environmentally benign
processes are of broad scope and allow
the selective synthesis of highly func-
tionalized pyrroles and indoles generat-
ing water as the only waste product.

mode of activation regarding the prop-

Introduction

Ruthenium-catalyzed reactions of unsaturated substrates
offer various atom-economic transformations. Nucleophilic
additions through vinylidene or allenylidene complexes and
redox isomerizations of allyl and propargyl alcohols have
been described in particular besides metathesis and C—C-
coupling reactions.!! An interesting route to important alka-
loid classes could be obtained by selective catalytic function-
alization of pyrroles or indoles with propargyl alcohols.
Trost and co-workers have reported a ruthenium-catalyzed
formation of p-heteroarylated ketones from internal secon-
dary propargyl alcohols by a redox isomerization process.”"!
A similar transformation catalyzed by phosphane-bridged
diruthenium complexes was described by Nishibayashi and
co-workers.” The same group has demonstrated catalytic
propargylations of various heteroaromatics with terminal
secondary propargyl alcohols several times. These reactions
are catalyzed by thiolate-bridged diruthenium complexes
and proceed via allenylidene intermediates.™ The scope of
alternative propargylations of heteroaromatics with proparg-
yl alcohols catalyzed by Lewis acids,** Brgnsted acids,* or
iodinel® is largely restricted to internal aromatic substrates
regarding the propargyl component. Few exceptions are ob-
served when using pTsOH (pTs=para-tosyl) as the cata-
lyst.F!
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In previous studies, we have shown that ruthenium com-
plexes of redox-active cyclopentadienone (CPD) ligands (1)
catalyze various transformations of propargyl alcohols.l**
The catalytic activity of 3,4-diaryl-substituted complexes of
the type 1A is largely limited to the conversion of secondary
propargyl alcohols,**?! whereas in the presence of 3,4-diami-
no-substituted catalysts of the type 1B primarily terminal
secondary and tertiary propargyl alcohols are activated
(Scheme 1).[*4 Secondary substrates can be converted into
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Scheme 1. Cyclopentadienone ruthenium complexes and substrate coor-
dination.

enones, f-amino ketones, or enamino ketones!*®! by a redox
isomerization process.[**! Terminal propargyl alcohols allow
the formation of a,f-unsaturated imines, allenyl carbamates,
hydroxy enolesters, 4 H-pyranes, or conjugated enynes via
vinylidene or allenylidene intermediates.**"! The chelating
substrate coordination involving the basic coordination site
of the electronically coupled ligand is crucial for these regio-
selective transformations (Scheme 1). Substrates without
suitable hydrogen-bond donors are usually not converted.
Herein, we report several mechanistically different selec-
tive reactions of propargyl alcohols with pyrroles or indoles
that are catalyzed by complex 1Ba. These environmentally
benign and atom-economic transformations proceed through
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Scheme 2. Ruthenium-catalyzed transformations of propargyl alcohols
with pyrrole or indole.

strikingly different reaction pathways that are determined
by the nature of the propargyl substrates. By using pyrrole
as the nucleophile, secondary propargyl alcohols form pyr-
rolyl propanones (2, Scheme 2) in the presence of catalyst
1Ba and an acidic additive, whereas tertiary propargyl alco-
hols lead to propargylation of the pyrrole. 1-Vinyl propargyl
alcohols that are easily accessible from enones are trans-
formed to yield 4-methyl indoles (6, Scheme 2). By using
indole as the nucleophile, the conversion of secondary prop-
argyl alcohols leading to indolyl propanones (3) proceeds in
high yields, whereas the transformations of tertiary proparg-
yl alcohols to propargyl indoles (5) or of 1-vinyl propargyl
alcohols to 1-methyl carbazoles (7) proceed slowly
(Scheme 2). The corresponding alkyl or silyl propargyl ether
or propargyl acetates are not converted under the reaction
conditions. Ruthenium complexes of type 1A, [Ru;(CO),],
or [RuCl,(PPh;);] offer no comparable catalytic activity. No
transformation is observed in the absence of the catalyst or
co-catalyst with the exception of strongly activated aromatic
propargyl alcohols that may form elimination or substitution
products under weakly acidic conditions.

Results and Discussion

X-ray single-crystal structure of catalyst 1Ba: We have pre-
viously reported the synthesis and catalytic activities of sev-
eral complexes of the series 1A and 1B including 1Ba.[*>!
Its proposed structure is now confirmed by X-ray crystallog-
raphy.! An image of the molecule is shown in Figure 1. The
coordination environment of the ruthenium atom is com-
prised of three terminally coordinated carbonyl ligands and
a n*-CPD ligand (CPD = cyclopentadienone). The CPD-
ruthenium bond lengths (average, 2.263 A) contrast with the
non-bonding interaction of the CPD carbonyl carbon atom
with the metal (2.477 A). Intra-ring distances involving
metal-bonded carbon atoms range from 1.432 to 1.454 A, in
contrast with intra-ring distances involving C1 (1.498,
1.486 A). The structural data indicates no bond alternation
in the diene system but a longer bond between C2 and C3
(1.454 A) with the closest metal coordination at C2
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Figure 1. X-ray structure of 1Bal® with thermal displacement parameters
drawn at 50% probability. Hydrogen atoms are omitted for clarity. Se-
lected bond lengths [A]: Ru—Cl 2.477(3), Ru—C2 2214(3), Ru—C3
2.264(5), Ru—C4 2.344(5), Ru—C5 2.229(5), Ru—C22 1.906(5), Ru—C23
1.965(6), Ru—C24 1.904(5), C1—-C2 1.498(6), C2—C3 1.454(6), C3—C4
1.432(6), C4—C5 1.433(6), C5-C1 1.486(6), C1-O1 1.230(5), C2—C10
1.480(6), C3—N2 1.388(6), C4-N1 1.361(5), C5—C16 1.476(7), C22-02
1.156(6), C23—03 1.121(6), C24—04 1.147(6).

(2214 A) and the largest metal-diene separation at C4
(2.344 A). The ring carbonyl is twisted from the 14-diene
plane, exo with respect to the metal and eclipses one of the
terminally coordinated carbonyl ligands. This conformation
leads to the lengthening of the Ru—C23 bond (1.965 A) with
concomitant shortening of the C23—03 bond (1.121 A). The
tetrahydropyrazine system is almost planar with C7 twisted
from the plane, endo with respect to the metal. The nitrogen
atoms are not equivalent. N1 is more planarized and bound
closer to the diene system (1.361 vs. 1.388 A). This confor-
mation reflects the asymmetric coordination of the metal,
closer to C2 than to C5.

Catalytic transformation of 3-methyl-1-pentene-4-yn-3-ol
with pyrrole by using complex 1Ba as the catalyst: Since
catalysts of type 1 develop various activities towards unsatu-
rated alcohols, we decided to investigate their interaction
with 1-vinyl propargyl alcohols. These substrates can be re-
garded as allylic or as propargylic systems. Surprisingly 3-
methyl-1-pentene-4-yn-3-ol reacts with pyrrole in the pres-
ence of catalyst 1Ba and an acidic co-catalyst to yield 4,5-di-
methyl-1H-indole (6a) as the sole product (Scheme 3). Re-

HO, U 1Ba (2 mol%) Fb
F | + N~ 2dditive (2 mol%) N
H conditions, 4 h H
6a

Scheme 3. Optimization of the reaction conditions.

garding the co-catalyst several acidic additives are suitable.
The best result for the conversion of 3-methyl-1-pentene-4-
yn-3-ol with pyrrole is observed by using catalytic amounts
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Table 1. Variation of additives and reaction conditions (CSA =camphor
sulfonic acid, OTf =triflate).

Entry Additive Reaction conditions Yield 6a [%]
1 TFA toluene, 100°C 96
2 TFA toluene, 60°C 20
3 TFA toluene, 25°C <1
4 TFA THEF, 65°C <1
5 TFA (CH,(Cl1),, 80°C <1
6 acetic acid toluene, 100°C 12
7 oxalic acid toluene, 100°C 82
8 cinnamic acid toluene, 100°C 58
9 CSA toluene, 100°C 32

10 pTsOH toluene, 100°C 27

11 HBF,-Et,O toluene, 100°C 65

12 BF;-Et,O toluene, 100°C 73

13 In(OTf), toluene, 100°C <1

14 Sc(OTf), toluene, 100°C <1

15 Yb(OTf); toluene, 100°C <1

of trifluoroacetic acid (TFA) and 1Ba in toluene at 100°C
(Scheme 3, Table 1). The discovery of this unique transfor-
mation led us to systematically investigate reactions of vari-
ous propargyl alcohols with pyrroles or indoles by using
complex 1Ba as the catalyst.

Catalytic transformations of secondary propargyl alcohols:
Pyrrolyl or indolyl propanones (2 or 3) are accessible from
aliphatic or aromatic saturated or unsaturated terminal sec-
ondary substrates (Scheme 4, Table 2). Depending on the
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Scheme 4. Transformation of secondary propargyl alcohols.

pyrrole

Table 2. Ruthenium-catalyzed functionalization of pyrrole or indole with
secondary propargyl alcohols.

Entry  Nucleophile  R! Yield 2/3 [%]  Yield 8 [%]*
1 pyrrole Ph <1 92 (8a)

2 pyrrole Me 30 (2b) 65 (8b)

3 pyrrole CH=CHPh 75 (2¢) <1

4 pyrrole CH=CHMe 12 (2d) 18 (8d)

5 pyrrole CH=CH, <1 <1

6 indole Ph 80 (3a) -

7 indole Me 65 (3b) -

8 indole CH=CHPh 91 (3¢) -

[a] Yield based on the propargyl alcohol.

propargyl alcohol, the reaction leads to mono- or disubstitu-
tion. Internal secondary substrates like 1-phenylbut-2-yn-1-
ol or pent-3-yn-2-ol are not converted.

If different substituted pyrrole units are present, the one
with higher electron density is selectively alkylated
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Scheme 5. Transformation of substituted pyrroles.
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(Scheme 5a). A few N-substituted pyrroles form isomeric
products that are accompanied by several byproducts
(Scheme 5b), whereas C-substituted pyrroles are very suita-
ble substrates. Terminal alkyne motifs are tolerated under
the reaction conditions (Scheme 5¢).

Catalytic transformations of tertiary propargyl alcohols: Ter-
minal tertiary propargyl alcohols lead to propargylation of
the nucleophile (Scheme 6, Table 3). The conversion of aro-

/(;2+/

Scheme 6. Transformation of tertiary propargyl alcohols.

1Ba (2 mol%) Y
TFA (2 mol%) /N 4

N toluene, 100°C,4h  H R R?

Table 3. Ruthenium-catalyzed propargylation of pyrrole.

Entry R! R? R® Yield 4 [%]
1 Me Et H 91 (4a)

2 Me (CH,),CH=CH, H 69 (4b)

3 —(CH,)s— H 72 (4¢)

4 —(CH,)s— Me <1

5 —(CH,)— H 26 (4e)

6 Me Ph H 8 (41)
7t Me Ph Me 78 (4g)

[a] Byproduct PhC(CH,)C,Me (12 %); product formation is independent
from the ruthenium catalyst.

matic members occurs slowly (Table 3, entry 6). Internal ali-
phatic substrates are not reactive (Table 3, entry 4), whereas
internal aromatic members form substitution or elimination
products already in the presence of the acidic additive
(Table 3, entry 7). Indole is slowly propargylated at the 3-
position (Scheme 7).

Catalytic transformations of terminal tertiary 1-vinyl prop-
argyl alcohols: The transformation of terminal tertiary 1-
vinyl propargyl alcohols with pyrrole leads to 4-methyl in-
doles (6) in moderate to high yields (Scheme 8, Table 4).

Chem. Eur. J. 2012, 18, 6302—-6308
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Scheme 7. Ruthenium-catalyzed propargylation of indole.
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Scheme 8. Transformation of terminal 1-vinyl propargyl alcohols.

Table 4. Ruthenium-catalyzed indole formation.

Entry R! R* R® R*  Yield6[%]  Yield 13 [%]
1 Me H H H 96 (62) <1

2 Me H Ph H 58 (6b) <1

3 Me —~(CH,)~ H 35 (6¢) <1

4 Me ~(CH,)5~ H 44 (6d) <1

5 Et H Me H 60 (6e) <1

6 Me H H Me 45 (61) <1

7 Me H Ph Me 68 (6g) 21 (13g)

8 Et H Me  Me 16 (6h) 5 (13h)

9 Me H H Ph <1 <1

With N-methyl pyrrole, the regioisomeric 7-methylpyrroles
(13) are formed as byproducts in some cases (Table 4, en-
tries 7 and 8). The electron-poor N-phenyl pyrrole remains
unreactive (Table 4, entry 9).

C-substituted  pyrroles react comparatively fast
(Scheme 9a), whereas the conversion of indole to the corre-
sponding carbazole occurs slowly (Scheme 9b).

HO. AN f\ 1Ba(2mol%)
a) ///ﬂ| . N~ _TFA (2 mol%) \ Vi
H toluene, 100 °C, 4 h N
4a H
4 (62%)

1Ba (2 mol%)
TFA (2 mol%)

29 Sy
b) + ) Almoh)
/ﬁ toluene, 100 °C, 8 h

N N
H H
7 (15%)

Scheme 9. Ruthenium-catalyzed formation of substituted indoles or car-
bazoles from 1-vinyl propargyl alcohols.

Catalytic transformations of internal 1-vinyl propargyl alco-
hols: Internal tertiary substrates lead to allylation of the nu-
cleophile, yielding (Z)-enynes (Scheme 10, Table 5). Secon-
dary internal substrates are not transformed with the excep-
tion of strongly activated members that yield the corre-
sponding (E)-enynes (Table 5, entries 6-10).
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Scheme 10. Transformation of internal 1-vinyl propargyl alcohols.

Table 5. Ruthenium-catalyzed allylation.

Entry R! R’ R’ R* Yield 15 [%]
1 Me Ph Ph H 81 ((2)-152)
2 Me Ph Me H 51 ((2)-15b)
3 Me Ph Hex H 97 ((2)-15¢)
4 Me Ph TMS H 77 ((2)15d)
5 Me Ph Ph Me 60 ((2)-15¢)
6 H H Ph H <1
7 H H Me H <1
8 H Me Me H <1
9 H Ph Me H <1

10 H Ph Ph H 25 ((E)-15)

Mechanistic studies: The conversion of secondary propargyl
alcohols is initiated by a redox isomerisation process. This
leads to the formation of conjugated enones in the absence
of a suitable nucleophile (Scheme 11a). Complexes of type

OH 1Ba (2 mol%)

TFA (2 mol%)
a) Ph/\\)\ —_—

toluene, 100 °C, 4 h
OH 1Aa (2 mol%)

b) 4\ _TFA (2 mol%) _
Pip N CeDe

o

(e}
NN~

12 (74%)

e ke

21% conversion
1Ba(2mol%) O

o) D D
TFA (2 mol%
( O)Ph)J\]/+ Ph)k‘r/ + Ph/& . Ph/l\/\\o
D H

CeDe
80°C,8h o
33% conversion 3:1:8:1
OH 1Ba (2 mol%) oD o
+
¥ Ph)\ CeDs Ph)\ T P "ph
D 80°C,8h H
40% conversion major traces traces

Scheme 11. Transformation of secondary propargyl alcohols in the ab-
sence of a suitable nucleophile.

1A are known to activate only secondary propargyl alcohols
by a 1,2-hydrogen shift (Scheme 11b).**! In contrast, the
similar transformation catalyzed by complexes of type 1B
also leads to CO-shortened alkenes and Meyer—Schuster
products (Scheme 11c¢). The two additional compounds may
be formed from an allenylidene species.["**7? C3-deuterated
substrates yield only traces of the former products aside
from the H/D-exchanged compound as the major product
(Scheme 11d). These results indicate an initial activation of
the terminal C—H bond.

Terminal tertiary propargyl alcohols are converted into
mixtures of conjugated enynes and CO-shortened alkenes in
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Scheme 12. Transformation of tertiary propargyl alcohols in the absence
of a suitable nucleophile and exclusion of a potential reaction pathway.

the absence of a suitable nucleophile (Scheme 12a). Both
products may be derived from an allenylidene intermedia-
te.l¥72<l A subsequent ruthenium-catalyzed transformation
of the conjugated enyne with pyrrole or indole does not
occur (Scheme 12b). A potential reaction pathway via the
initial formation of an enyne can therefore be excluded.

Tertiary 1-vinyl propargyl alcohols undergo a formal allyl-
ic rearrangement in the absence of a suitable nucleophile.
The rearranged alcohol may cyclise to form the correspond-
ing furan. A competing elimination of acetylene is observed
in the case of aromatic substrates (Scheme 13).

1Ba (2 mol%)

HO
a) TFA (2 mol%) N IIl
Z CDs F “Z |
B0°C.8N 45y, OH  4gy, O
HO 1Ba (2 mol%) o
b) TFA (2 m0|°/g[ )H + m
& J\ CeDe J\ Ph
pp 80°C.8h Ph 0
52% 25%

Scheme 13. Transformation of 1-vinyl propargyl alcohols in the absence
of a suitable nucleophile.

The cyclization of the terminal enyne 15k, formed from
the allylated product 15d by deprotection, also occurs by
ruthenium catalysis. No transformation of 15k is observed
in the absence of the catalyst or co-catalyst (Scheme 14).

TMS ——_ ~
— — 1Ba (2 mol%)
]\ KoCOs 7\ TFA (2 mol%)_ //
N MeOH N toluene N
H o o H Ph o 0 Ph
154 25°C.6h,99% 15k | 100°C, 4h, 78% 6b

Scheme 14. Ruthenium-catalyzed enyne cyclization.

Overall mechanism: We assume that the initially formed -
complex A is in equilibrium with alkynyl complex B and vi-
nylidene species C. Similar equilibria have been reported
previously."”! Complexes of type 1A transform terminal
and internal m-complexed secondary propargyl alcohols di-
rectly by a 1,2-hydrogen shift.** The analogous transfor-
mation catalyzed by complexes of type 1B is limited to ter-
minal substrates and may depend on the initial formation of
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alkynyl species B. The latter should allow the intramolecular
protonation of the triple bond. Although the results of our
mechanistic studies support this mechanism, a direct conver-
sion of the m-complexed substrate cannot be excluded at
this time. Nucleophilic attack on the resulting trans-alkenyl
complex D leads to compound E that reductively eliminates
the product under regeneration of the active catalytic spe-
cies. By using terminal tertiary substrates, the corresponding
vinylidene complex C may easily form allenylidene species
F. Nucleophilic attack leads to alkynyl complex G, which
eliminates the substitution product reductively (Scheme 15).

OH N7~
— N~ /\\R1 /N\QPh
_N Ph // R2 Ph | Q
Ph” Ry O ’ (CO),Ru
oc’ ] ™ -co . « of
&4 ~co s / R © o
1Ba ] / A R
_N Ph ~N—25,-Ph /N\QPh
Ph” | TOH Ph” | “OH Ph” | ~O
-
(CO),Ru e h (CO),Ru QO (CORU,
H 0 R!
2
D R B R c R? R1OH
+ NuH i-HzO
Ph” | “OH Ph™ | TOH Ly P o
<F NuH
(CO),Ru__Nu (CO),Ru SN (CO)nRu\\C\\C o
2
l R1 l R R2
2,3,89 11 4,5

Scheme 15. Proposed mechanisms regarding the catalytic conversion of
secondary and tertiary substrates.

1-Vinyl propargyl alcohols lead to the allylation of the nu-
cleophile yielding the sterically less hindered (Z)-enynes in
the case of tertiary substrates. A closely related ruthenium-
catalyzed transformation of allylic alcohols has been report-
ed previously."*! Internal substrates are not further convert-
ed. In the case of terminal substrates, the resulting m-com-
plex H is in equilibrium with alkynyl species I and vinyli-
dene complex J (Scheme 16).” The following cyclization
leads to alkenyl complex K and that may be formed from -
complex H or alkynyl species I. We believe the latter, since
no cyclization occurs with internal substrates. A 1,5-hydro-
gen shift followed by reductive elimination of the product
regenerates the active catalytic species (Scheme 16).

Conclusion

We have presented a selective and atom-economic function-
alization of pyrroles or indoles with terminal propargyl alco-

Chem. Eur. J. 2012, 18, 6302—-6308
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Scheme 16. Proposed mechanisms regarding the catalytic transformations
of 1-vinyl propargyl alcohols.

hols catalyzed by ruthenium complex 1Ba. The reaction
pathway depends on the alcohols’ substitution pattern.
Three fundamentally different modes of activation can be
distinguished. Secondary substrates form alkenyl complexes
by a 1,2-hydrogen shift, whereas the transformation of terti-
ary substrates involves allenylidene intermediates. The over-
all reactions lead to the formation of p-heteroarylated ke-
tones in the former and to propargylated heteroaromatics in
the latter case. 1-Vinyl propargyl alcohols are converted by
a cascade allylation/cyclization sequence to yield cycloaddi-
tion products in the presence of the binucleophilic pyrroles
or indoles. The stepwise combination of these transforma-
tions allows the selective synthesis of highly functionalized
pyrroles and indoles by using a single pre-catalyst and gen-
erating water as the only waste product. Further investiga-
tions regarding the reaction mechanisms, scope, and limita-
tions focused on sequential catalyzed processes and asym-
metric catalytic applications by the use of axial-chiral mem-
bers of the series of complexes 1B are currently under in-
vestigation.

Experimental Section

General methods: All reactions were carried out in a dry atmosphere
under argon by using standard Schlenck techniques. The chemicals used
were dried and purified according to common procedures. Products were
identified by spectroscopic analysis (‘HNMR, “CNMR, IR, MS,
HRMS). IR spectra were obtained on a Perkin—Elmer FTIR 2000. NMR
spectra were recorded on a BRUKER DPX 400 or a BRUKER
AVANCE 600 spectrometer. MS and HRMS data were obtained on
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a FINNIGAN MAT 91. The intensity data of 1Ba were collected on
a STOE & CIE IPDS 2T diffractometer with Moy, radiation. The data
were collected with the STOE & CIE X-AREA® program by using -
scans. The space group was determined with the X-RED32!*! program.
The structure was solved by direct methods (SHELXS-97)" and refined
by full-matrix least-squares methods on F* by using SHELXL-97.1%! Cata-
lysts 1Aa and 1Ba (except for the crystal structure) have previously been
published.®®! CCDC-853116 (1Ba)!®! contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

General catalytic procedure: Catalyst 1Ba (0.02 mmol) was dissolved in
toluene (1 mL) and TFA diluted in toluene (0.02 mmol, 1wm), the proparg-
yl alcohol (1 mmol) and the pyrrole (1 mmol) or indole (1 mmol) were
subsequently added. The mixture was stirred at 100°C for 4 or 8 h under
argon. Evaporation of the solvent and flash column chromatography on
silica furnished the purified products.

Data of selected compounds

Compound 2¢ (C;;H,;sNO): '"HNMR (400 MHz, CDCl,): 6=3.03 (t, /=
7.0 Hz, 2H), 3.06 (t, J=7.0 Hz, 2H), 5.91 (brs, 1H), 6.32 (brs, 1H), 6.76
(brs, 1H), 6.80 (d, J=16.0Hz, 1H), 7.27-7.59 (m, SH), 7.64 (d, J=
16.0 Hz, 1H), 8.80ppm (brs; N-H); "CNMR (100 MHz, DEPT,
CDCly): 0=21.7 (CH,), 40.9 (CH,), 104.7 (CH), 107.7 (CH), 117.5 (CH),
125.8 (CH), 128.1 (CH), 128.7 (CH), 130.2 (CH), 130.3 (C), 134.1 (C),
142.6 (CH), 200.1 ppm (C); IR: #=3346 (m), 3057 (m), 3025 (m), 2922
(m), 2040 (w), 1965 (w), 1686 (s), 1655 (s), 1608 (s), 1575 (s), 1494 (s),
1449 (s), 1337 (s), 1178 (s), 1096 (s), 974 (s), 750 (s), 697 cm™" (s); MS
(EI): m/z (%): 225 [M™*] (22), 149 (39), 131 (100), 105 (57), 103 (80), 93
(30), 91 (31), 77 (80); HRMS: m/z calcd for C;sHsNO: 225.1154 [M*];
found: 225.1151.

Compound 3¢* (C,H;NO): "THNMR (400 MHz, CDCly): =3.13 (t,
J=68 Hz, 2H), 3.23 (t, J=6.8 Hz, 2H), 6.78 (d, J=16.4 Hz, 1H), 6.99
(brs, 1H), 7.19-7.51 (m, 8H), 7.57 (d, /=164 Hz, 1H), 7.70 (d, J=
7.6 Hz, 1H), 8.16 ppm (brs; N—H); *C NMR (100 MHz, DEPT, CDCl,):
0=19.8 (CH,), 412 (CH,), 111.2 (CH), 115.0 (C), 118.6 (CH), 119.1
(CH), 121.6 (CH), 121.8 (CH), 126.2 (CH), 127.1 (C), 128.2 (CH), 128.8
(CH), 130.4 (CH), 134.3 (C), 136.3 (C), 142.6 (CH), 200.3 ppm (C); IR:
7=3400 (s), 3055 (m), 3024 (m), 2924 (m), 2070 (w), 2006 (w), 1958 (w),
1686 (s), 1655 (s), 1607 (s), 1576 (s), 1493 (m), 1457 (s), 1413 (m), 1338
(m), 1180 (s), 1095 (w), 977 (m), 742 (s), 700 (m), 690 cm ' (m); MS (EI):
miz (%): 275 [M*] (100), 257 (75), 144 (98), 130 (86), 105 (38), 103 (37),
77 (40), 61 (39), 60 (48); HRMS: m/z caled for C,,H;;NO: 275.1310 [M*
]; found: 275.1310.

Compound 4a (C,,H,;sN): '"HNMR (400 MHz, CDCl,): 6=1.60 (s, 3H),
1.80-1.85 (m, 2H), 1.99-2.05 (m, 2H), 2.40 (s, 1H), 4.94 (dd, /=104,
12 Hz, 1H), 5.01 (dd, J=16.8, 1.2 Hz, 1H), 5.80 (ddt, /=16.8, 10.4,
6.4 Hz, 1H), 6.01 (brs, 1H), 6.19 (brs, 1H), 6.69 (brs, 1H), 8.46 ppm
(brs; N—H); "CNMR (100 MHz, DEPT, CDCl,): 6=29.3 (CH,), 29.8
(CH,), 35.8 (C), 43.0 (CH,), 71.0 (CH), 87.9 (C), 102.9 (CH), 108.7 (CH),
114.4 (CH,), 115.8 (CH), 135.0 (C), 138.2 ppm (CH); IR: #=3420 (m),
3304 (s), 2950 (s), 2868 (s), 2104 (w), 1694 (s), 1466 (s), 1098 (w), 1039
(m), 990 (m), 922 (m), 787 (m), 720 cm™" (s); MS (EI): m/z (%): 173
[M+] (58), 158 (15), 130 (100), 117 (39); HRMS: m/z caled for C,H;sN:
173.1204 [M*]; found: 173.1204.

Compound 6a”®! (C,,H;;N): '"HNMR (400 MHz, CDCl;): 6=2.47 (s,
3H), 2.58 (s, 3H), 6.63 (brs, 1H), 7.11 (d, J=8.4 Hz, 1H), 7.16 (brs, 1H),
7.18 (d, J=8.4Hz, 1H), 8.05ppm (brs; N-H); "CNMR (100 MHz,
DEPT, CDCL): 6=15.4 (CH;), 19.2 (CH;), 100.7 (CH), 108.1 (CH),
123.7 (CH), 124.5 (CH), 125.3 (C), 127.4 (C), 128.4 (C), 134.1 ppm (C);
IR: 7=3392 (s), 2922 (s), 2856 (s), 2274 (w), 1991 (w), 1656 (s), 1485 (s),
1451 (s), 1328 (s), 1240 (s), 1153 (s), 1091 (s), 873 (w), 802 (m), 768 (s),
725 (s), 606 (w), 555 (w), 521 cm™ (w); MS (EI): m/z (%): 145 [M*]
(100), 144 (78), 130 (95); HRMS: caled for CH;N: 145.0891 [M*];
found: 145.0891.

Compound 15¢ (C,Hy;N): '"HNMR (400 MHz, CDCLy): 0 =0.80-0.83
(m, 3H), 1.18-1.24 (m, 4H), 1.32-1.39 (m, 2H), 1.44-1.52 (m, 2H), 1.80
(s, 3H), 2.29 (t, J=7.0 Hz, 2H), 5.16 (d, J=9.8 Hz, 1H), 5.76 (brs, 1H),
5.88 (d, J=99Hz, 1H), 6.05 (dd, J=5.7, 2.9 Hz, 1H), 6.61 (brs, 1H),
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7.09-7.24 (m, 5H), 7.86 ppm (brs; N—H); *C NMR (100 MHz, CDCL): 6
=14.0 (CH3), 19.5 (CH,), 22.6 (CH,), 23.5 (CHj;), 28.6 (CH,), 28.8 (CH,),
31.4 (CH,), 45.8 (CH), 79.6 (C), 94.7 (C), 105.9 (CH), 108.2 (CH), 116.9
(CH), 119.4 (C), 126.7 (CH), 128.2 (CH), 128.6 (CH), 133.8 (C), 136.3
(CH), 142.4 ppm (C); NOESY (600 MHz, CDCl,): cross-peak: 1.80/5.88,
Z isomer; IR #=3432 (m), 3027 (m), 2955 (s), 2928 (s), 2857 (s), 2212
(w), 1946 (w), 1709 (m), 1493 (m), 1453 (m), 1377 (m), 1355 (m), 1029
(m), 968 (w), 909 (m), 885 (w), 733 (s), 700 (s), 648 cm™* (w); MS (EI):
miz (%): 305 [M*] (50), 290 (62), 234 (89), 220 (100); HRMS: m/z caled
for C,H,;N: 305.2143 [M*]; found: 305.2145.
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