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Abstract: By using a readily available, air- and moisture-stable dihydrido—-Ru com-

plex, a variety of Z olefins are accessible under transfer-hydrogenation conditions
with formic acid as the hydrogen source in excellent yields and Z/E selectivities.

Introduction

Olefins are important functional units within molecular
frameworks that allow a selective transformation of two
planar sp*-hybridized carbon atoms into defined three-di-
mensional structural architectures by a variety of methods.
Most of these methods rely on direct translation of the -
bond geometry of the olefin into a defined relative configu-
ration of the two adjacent stereogenic centers formed.
Hence, the problems that arise in stereoselective synthesis
can in part be attributed to the selective formation of either
E- or Z-configured olefins. Although many methods for the
selective formation of the thermodynamically favorable E
olefins that start from different substrates (e.g., carbonyl
compounds, olefins,” alkynes®”') have been developed, Z-
configured olefins are somewhat more difficult to obtain.®
Apart from the classical alkyne reduction by using stoichio-
metric amounts of reductants,””) the heterogeneous Pd-cata-
lyzed semireduction of alkynes, namely, the Lindlar reduc-
tion,'”) has proved to be the most reliable method so far.
Recently research in this field focused on the development
of catalytic systems that allow the semireduction of alkynes
under transfer-hydrogenation conditions.'l In particular, the
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latter aspect appears to be of significant importance because
the use of a hydrogen atmosphere is avoided. Herein, we
present a Ru-catalyzed semireduction of alkynes!"” by using
formic acid as the hydrogen source, thus adding to the Pd-
catalyzed methods developed most recently.!'!

The addition of a Ru—H species to a C=0O bond certainly
represents one of the best investigated methods.*! In-depth
studies on the reaction mechanism and scope have led to
the development of powerful catalytic transformations. Fur-
ther to the initial reports on Ru-catalyzed C=O reduction
with hydrogen as a stoichiometric reductant, transfer-hydro-
genation conditions involving nonvolatile and hazardous re-
ductants, such as alcohols or formic acid, have been devel-
oped.!® In a similar manner, one might envision a Ru-cata-
lyzed C=C reduction in alkenes or alkynes to be of compa-
rable importance (Scheme 1).1"

Recently we have shown that Ru-hydride complexes are
active catalysts in the hydrovinylation of a variety of termi-
nal and internal alkynes."¥ From our mechanistic point of
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Scheme 1. Mechanistic relationship between C=O and alkene/alkyne re-
duction.
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view, hydrometallation of an alkyne was proposed to be a
crucial intermediate step (Scheme 2). On the basis of these
results, we envisioned a similar mechanism that probably
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Scheme 2. The role of hydrometallation in the mechanism of hydrovinyla-
tion and semireduction reactions.

leads to the corresponding Z-configured olefins instead
(Scheme 2). Different from the hydrovinylation mechanism
in which the active Ru-hydride species is formed through
oxidative insertion into a vinylic C—H bond, the metal hy-
dride in the semireduction is derived from a suitable H, sur-
rogate. The active species subsequently reacts with the
alkyne in a hydrometallation/reductive elimination sequence
to give the corresponding alkene (Scheme 2).

Although this reaction appears to be a solved problem at
first sight (see above),’'? we were surprised to find that in
contrast to the Ru-catalyzed reduction of a C=0O bond the
reduction of an alkene/alkyne under transfer-hydrogenation
conditions remained to be an unexplored field in Ru cataly-
sis. This finding was even more surprising if one considers
this transformation to provide access to Z-configured al-
kenes that possess two prostereogenic carbon atoms that
represent suitable starting points for further synthetic elabo-
rations. Herein, we present an in-depth study that leads to a
broadly applicable Ru-catalyzed semireduction of alkynes to
Z olefins in the presence of only 1.25 mol % [RuH,(Ph;P),]
in high yields under transfer-hydrogenation conditions at
room temperature.
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Results and Discussion

One the basis of our investigations into Ru-catalyzed hydro-
vinylation reactions!' (see above), we initially wondered
whether the same or a similar catalytic system, in which a
second hydride ligand is bound to the metal center, would
allow the stereoselective semireduction of alkynes in a hy-
drogen atmosphere. In this respect, the above -outlined
mechanism would differ significantly from the groundbreak-
ing investigation by Shvo and co-workers on the use of
redox-active cyclopentadienyl Ru complexes,'” in which the
hydride is bound to the metal center and a proton is trans-
ferred from the ligand. Hence at the outset of our investiga-
tions different Ru catalysts were tested for their reduction
potency under hydrovinylation conditions in DMF at room
temperature as a starting point in a hydrogen gas atmos-
phere (Table 1).

Table 1. The influence of the catalyst in Hy-mediated Ru-catalyzed semi-
reduction reactions of alkyne 1.1

Ph H,
catalyst [5 mol %] /= Ph Ph
—_— + e it N

H DMF, rt Ph Ph~ Ph Ph
Ph
1 22 (Ey2 3
Entry  Catalyst (Z2)2®  (E)-20 3 Conv. [%]
PPhy
_I e
1 PRPRUSG 4 87 13 - 76
PPhy
PPh,
| H
2 PRPRiSg 5 77 23 - 32
PPh,
PPh,
| \H
3 PRPRUSH 6 64 36 - 17
PPh,
Fl’F’h3
4 PhPrpyel g p 28 - 12
Ph,P” | ClI
CcO
||3Ph3
5 PhPrgioH 8 64 36 - 13
PhsP” | “H
cO
F|'|=>h3
Ph.P:.. B
6 S TR 37 - 38

PhsP” | VH
PPh

[a] The reactions were performed in a H, atmosphere (1bar) on a
1 mmol scale with 5 mol % catalyst in dry DMF (1 mL) at room tempera-
ture for 14 h. [b] Determined by integration of the GC and 'H NMR
spectroscopic analyses of the crude products. [c] Determined by GC inte-
gration with undecane as an internal standard.

Different Ru complexes can catalyze this transformation.
Amongst them, [RuClL(Ph;P);] (4) gave the best result
(Table 1, entry 1). The reaction took place at room tempera-
ture without formation of the overreduction product 3. Fur-
thermore, [RuH,(Ph;P),] (9) proved to be suitable by giving
rise to the desired Z-configured olefin 2, albeit in moderate
yield and selectivity (Table 1, entry 6). However, catalyst 8,
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which was successfully employed in the hydrovinylation pro-
tocol, delivered the product in low yields and moderate E/Z
selectivity (Table 1, entry 5).

Further optimization of the solvent led to an improved
protocol in which the semireduction of 1,2-diphenylacety-
lene (1) was achieved in almost quantitative yield and per-
fect stereoselectivity in the presence of only 2.5 mol% 4 at
room temperature. No traces of the overreduction product 3
were observed, even after prolonged reaction times. Further-
more, the H, atmosphere proved to be necessary, thus ex-
cluding reduction under transfer-hydrogenation conditions
at this point. Different alkynes were subjected to the reac-
tion conditions to explore the scope of the H,-mediated Ru-

Table 2. Scope and limitations of the Ru-catalyzed semireduction reac-
tion.!

4[2.5 mol %] ,
_— 2 — xR 2
R=F ton RR| TRV ROR
Ei-gas (1 bar) 5 c Ak
Entry  Alkyne t Product  Z/E/alkane®  Yield
[h] [%]¢
114 Ph—=—=—"Ph 12 2 99:1:0 97
ol CsHe———="C4Hy 12 10 98:2:0 93
3 Ph———CsH, 12 1 93:7:0 95
4 CoHs———=C4Hy,Cl 12 12 98:2:0 92
5 CoHy———=CeHisCN 12 13 - <10
6 CHs———CgHiNPhtal 12 14 81:19:0 89
7 C,H;———C,H,OH 12 15 99:1:0 91
8 CH~———CH,C(O)CH;, 12 16 91:9:0 23

[a] The reactions were performed on a 1 mmol scale with 2.5 mol% 4
and 1atm H,. [b] Determined by integration of the GC and 'H NMR
spectroscopic analyses of the crude products. [c] Yield of the isolated
products. [d] Catalyst loading=1.25 mol % 4. alk =alkane.

catalyzed semireduction (Table 2). We were pleased to find
the catalytic process to be applicable to a range of different
alkynes and provided the desired olefins in good-to-excel-
lent yields and E/Z selectivities. Different functional groups
were compatible with the reductive conditions. Compared to
the Lindlar reduction, no overreduction took place because
the reaction stops at the olefin stage.

With these encouraging results in hand, we subsequently
turned our attention toward the development of a transfer-
hydrogenation protocol in which common H, surrogates
were employed in the presence of potential Ru—H com-
plexes. However, amongst the various Ru complexes tested
only 9 gave promising conversions and selectivities in the
presence of formic acid as the H, surrogate (Table 3,
entry 7).

Further optimizations indicated that the Z/E selectivity
significantly increased upon decreasing the reaction temper-
ature. Finally, changing the concentration and solvent/formic
acid stoichiometry resulted in a protocol that allowed for
the Z-selective semireduction of 1 in the presence of only
1.25mol% 9 in excellent yield at room temperature
(Scheme 3).
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Table 3. Influence of the solvent and temperature on the Ru-catalyzed
semireduction reaction.

Fl’Ph3 F|>Ph3 PPh;
PhsPgoH - PhsPrgy R Phyp-RuC
Ph.P” | Yol PhP” | YH I

co co PPh,

7 8 4

H,-Donor
catalyst [5 mol %] Ph Ph

DMF, 75 °C Ph Ph  Ph Ph

1 (2)-2 (E)-2 3
Entry H, donor Catalyst (2)-21(E)-2/3" Conv. [%]
1 iPrOH 7 87:13:0 25
2 iPrOH gl 79:21:0 59
3 iPrOH 9 67:33:0 53
4 iPrOH 4 100:0:0 2
5 HCO,H 7 33:67:0 90
6 HCO,H gl 50:50:0 94
7 HCO,H 9 70:30:0 100
8 HCO,H 4 6:94:0 100
9 HCO,H/NEt; 7 61:39:0 63
10 HCO,H/NEt; 84 61:39:0 85
11 HCO,H/NEt; 9 40:60:0 100
12 HCO,H/NEt; 4 63:37:0 81
13 [NH,][HCO,] 7 75:25:0 22
14 [NH,][HCO,] gl 62:38:0 23
15 [NH,][HCO,] 9 77:23:0 29
16 [NH,][HCO,] 4 87:13:0 25
17 HCO,EVH,0 7 71:29:0 33
18 HCO,Et/H,0 8l 64:36:0 22
19 HCO.EVH,0 9 60:40:0 29
20 HCO,EVH,0 4 100:0:0 3

[a] The reactions were performed in a N, atmosphere on a 1 mmol scale
with 5mol% catalyst and H, donor (4 equiv) in dry DMF (1 mL) at
75°C for 12 h. [b] Determined by integration of the GC and 'H NMR
spectroscopic analyses of the crude products. [c] Determined by GC inte-
gration with undecane as an internal standard. [d] Prepared in situ from
1 by addition of 10 mol% NaOMe to the reaction mixture prior to the
addition of the H, donor.

9 [2.5 mol %]

Ph—= * PPN
DMF/HCO,H (1:2), L _Ph___Ph Ph
1 ¢=065mol L7, rt. (2)2 (E)-2
9% 98 : 2

Scheme 3. The Z-selective Ru-catalyzed semireduction of alkynes.

Ru complexes are known to catalyze the decomposition
of formic acid into CO, and H,.™™ Because both hydrogen
and formic acid might serve as suitable reductants in this
semireduction reaction, the question arose whether this
transformation follows a transfer-hydrogenation mechanism
or whether formic acid decomposes to CO, and hydrogen in
the presence of 9 prior to the reduction reaction. Subse-
quent re-coordination of H, to the metal center would lead
to a Ru—H complex that might catalyze the semireduction
reaction. Two competition experiments were performed to
shed light on the role of the reductant (Scheme 4). The sem-
ireduction of alkyne 1 was performed under standard condi-
tions either in the presence of formic acid [Eq. (1) and

Chem. Eur. J. 2010, 16, 12214 -12220
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Z-Selective Ru-Catalyzed Semireduction of Alkynes
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1 (Z2)-[D4]-2 (Z)-[D4]-2 (2)-2
conditions product distribution
9 [5 mol %] <1% - >32 % 1)
D, [1 bar] (Z/IE = 80/20)
DMF 1 mL, HCO,H (4 equiv)
9 [5 mol %] > 40 % - <1 @)
H, [1 bar] (ZIE = 86/13)

DMF 1 mL, DCO,D (4 equiv)

Scheme 4. The use of formic acid as the H, source.

Scheme 4] or deuterated formic acid [Eq.(2) and
Scheme 4]. Furthermore, the nitrogen atmosphere was ex-
changed for a deuterium or hydrogen atmosphere [Eqs (1)
and (2), respectively; Scheme 4].

The competition between these two reductants in the
semireduction reaction was followed by GC-MS analysis. In
either case, the hydrogenated or deuterated product was
formed exclusively in the presence of HCO,H or DCO,D.
Hydrogen or deuterium incorporation from the gas atmos-
phere was not observed. Furthermore, the conversion of the
reaction was significantly decreased, thus leading to product
formation in lower yields and significantly lower Z/E selec-
tivity. On the basis of these results, we propose that formic
acid acts as a transfer-hydrogenation reagent and follows
the mechanistic scenario outlined in Scheme 2.

With these results in hand, we turned our attention
toward an investigation into the scope and limitation of this
transformation (Table 4).

We were pleased to find the reaction to be applicable to
various substituted alkynes. The corresponding Z-configured
olefins were obtained in good-to-excellent selectivities and
yields. However, alkyne-bound carboxyl groups led to an
erosion in Z/E selectivity due to a fast acid-mediated iso-
merization (Table 4, entries 12 and 13). The corresponding
formate compounds were isolated in good yields by using
unprotected alcohols (Table 4, entries 14). The alkynes were
subjected to standard conditions for the Lindlar reduction
to compare the present catalytic system with established
heterogeneous catalysts. In the presence of 5 mol% of the
catalyst, efficient and fast conversions into the correspond-
ing Z alkenes were observed; however, in some cases a fast
overreduction to the corresponding alkane occurred. Fur-
thermore, a decrease in the catalyst loading down to
1.25 mol % led to an erosion in the conversion.

The first indication of the chemoselectivity of the trans-
fer-hydrogenation protocol (Table 4) suggested that the car-
bonyl groups were unreactive under the reaction conditions.
Ynone 25 was subjected to the three hydrogenation proto-
cols used in this investigation to finalize this statement
(Scheme 5).

The Ru-catalyzed transfer hydrogenation is highly chemo-
selective. Neither enol 26 nor the corresponding alkanol or
alkinol were observed. The Z-configured alkene (Z)-16 was
obtained as a single product in high yield [Eq.(2) and
Scheme 5]. The corresponding hydrogen-mediated protocols
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Table 4. Scope and limitations of the Ru-catalyzed semireduction reac-
tion.["!
9 [1.25 mol %]

RI——R? R(:\RZ + RK\/RZ + R/\/Rz
DMF/HCO,H (1:2), |
c=13molL™", rt. z E Alk
Entry Alkyne t[h]  Product Z/E/alk- Yield
anel® [%][cl
_ 98:2:0
lefl  Ph—==—FPh
1 3602) 2 ©10) 1O
— 36 91:9:0
CH——=—=—CH 9
2 CuHe 4Hg 2.5) 10 (97:3:0) 96 (97)
CsH;7——CH
3 3H7 511 2.5) 17 (99:1:0) 96 (96)
— 36 91:9:0
C,Hs————CgH
4 CoHg o1 2.5) 18 (99:1:0) 95 (97)
— 36 90:10:0
H,C———C,H
5 3 715 (7.5) 19 (99:1:0) 96 (98)
— 36 92:8:0
el Ph————CH
6 ? ©0s) 2 131y 249
— 36 92:8:0
lel  Ph———C;H
7 o 075 1 @132 B 0OD
— 96:4:0
C,Hs———=—C¢H,,ClI
8 Mg 612 36 (3) 12 (99:1:0) 90 (99)
CaHe—==—CHxCN n.b.
9 CHs sHaa 36(2) 13 Go10) <100®)
— 90:10:0
[l C,H;————Cg4H,sNPhtal
10 2Hs sH13 36 (3) 14 (99:1:0) 90 (96)
— 87:13:0
[ C,Hs———C,H,OH
1118 CyHg X 363) 15 ©010) 1O
— 48 80:20:0
le]  Ph———CO,Me
12 : 225 A @saany 2008
— 48 25:75:0
] MeOQ,C———=—CO,Me
13 : : (125 2 (71:128) L9
14 BZOH,C—==—CH,0Bz 48 (3) 23 98:2:0 96 (99)
(99:1:0)
15t TBSOH,C—==—CH,0TBS 48 (1) 24 99:1:0 91 (98)
(99:1:0)

[a] The reactions were performed under N, on a 1mmol scale with
125mol% 9 and HCO,H (500 puL) in dry DMF (250 uL) at room tem-
perature. [b] The numbers in parentheses refer to the Lindlar reduction
reaction, which used 5 mol% Lindlar catalyst, quinoline (30 mol %), and
alkyne (1.0 mmol) in toluene (7.5 mL) at room temperature. H, uptake
was measured with a gas burette. [c] Determined by integration of the
GC and '"H NMR spectroscopic analyses of the crude products. The num-
bers in parentheses refer to the ratio of the products when the Lindlar re-
duction was used. [d] Yield of the isolated products. The numbers in pa-
rentheses refer to conversion when the Lindlar reduction was used.
[e] Catalyst loading: 2.5 mol% 9. [f] H, source: HCO,H (1000 uL), sol-
vent: dry DMF (500 pL). [g] The product was isolated as the formate
compound. [h] The product was isolated as the bis-formate compound.

that employed either Ru catalyst 4 or the heterogeneous
Lindlar system [Eqs (1) and (3), respectively; Scheme 5]
possess some disadvantages. Although in the former system
both the Z/E selectivity and yield were lower, the latter
system required higher catalyst loading and careful control
of H, uptake to minimize the formation of overreduction
products.

Conclusion

Herein, we have reported a broadly applicable, scalable, H,-
free Ru-catalyzed stereoselective semireduction of internal
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25 (ZIE)-16 (ZIE)-26
conditions product distribution
0,

Etz[jf ?23 Im/:] = 0% @
9 [2.5 mol %] 81 %

Mt eEsen © 0% @
Lindlar catalyst [5 mol %] 93 %

H, [1 bar] (ZIE = 99/1) 0% (3)

toluene 7.5 mL

Scheme 5. Chemoselecitvity in Ru- or Pd-catalyzed semireduction of alk-
ynones.

alkynes. The catalyst employed in this study is derived as an
air-stable complex within one step that starts from inexpen-
sive [RuCl;]. To the best of our knowledge, this is the first
report of a Ru-catalyzed reduction of alkynes to alkenes
under transfer-hydrogenation conditions. No problems with
overreduction to the corresponding alkanes or functional
group reductions were observed in any of the cases investi-
gated. The overall operational simplicity, functional-group
tolerance, and chemoselectivities are characteristic of this
process, which represents a good alternative to the methods
developed so far. Future study will concentrate on an expan-
sion of the reaction scope by employing alcohols as H,
donors.

Experimental Section

General: Dry DMF was purchased from Acros and used without further
purification.  The  [RuH,(PPH,),],'¥  [RuCL(PPhs);], " and
[RuCI(CO)(H)(PPh;);]"¥! complexes were prepared according to report-
ed procedures.

General procedure for the preparation of Z alkenes by hydrogenation: A
10 mL Schlenk tube was charged with [RuClL(PPH,);] (28.8 mg,
0.025 mmol, 2.5 mol %) and the solid alkyne (1.0 mmol) in a N, atmos-
phere. Ethanol (1.5 mL) was added to the reaction mixture. If the alkyne
was a liquid (1.0 mmol), it was added at this point. The reaction mixture
was deaereated, flushed with hydrogen gas from a balloon, and the reac-
tion was carried out for the appropriate time. The crude product was di-
rectly purified by flash chromatography on silica gel with pentane as the
eluent for nonpolar products. For polar products, the reaction mixture
was diluted with diethyl ether, washed with water then brine, dried
(Na,S0,), and gently evaporated. Purification was performed by column
chromatography on silica gel with petroleumeum ether/ethyl acetate as
the eluent.

General procedure for the preparation of Z alkenes by transfer hydroge-
nation: A 2 mL Wheaton vial was charged with [RuH,(PPH,),] (14.4 mg,
0.0125 mmol, 1.25 mol %) and the solid alkyne (1.0 mmol) in a N, atmos-
phere. The vial was sealed, evacuated, and vented with nitrogen gas. Dry
DMF (0.25 mL) was added to the reaction mixture. If the alkyne was a
liquid (1.0 mmol), it was added at this point. Formic acid (0.5 mL) was
added and the reaction was carried out in the sealed vessel for the appro-
priate time. The workup was performed as described above.

General procedure for the preparation of Z alkenes through the Lindlar
reduction: A 50 mL two-necked round-bottom flask was charged with
the Lindlar catalyst (106.2 mg, 0.05 mmol, 5mol%), absolute toluene
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(7.5 mL), quinoline (38.8mg, 0.3 mmol, 30mol%), and alkyne
(1.0 mmol) in a N, atmosphere. The reaction mixture was deaereated and
flooded with hydrogen gas. The reaction vessel was attached to a gas bu-
rette to monitor H, consumption and the reaction was stopped when
1.0 mmol of H, had been consumed. Purification was performed as de-
scribed above. (Caution: Heterogeneous active metal catalysts have to be
handled with care!)

(Z)-Stilbene [(Z)-2]:" Yield: 164 mg (0.91 mmol, 91%). R;=0.90 (pen-
tane); 'H NMR (300 MHz, CDCl,): 0=7.31-7.14 (m, 10H), 6.60 ppm (s,
2H); “CNMR (75MHz, CDCL): 6=137.3, 1303, 1289, 1282,
127.1 ppm; IR (film): =2978 (m), 2872 (m), 1111 (m), 905 (s), 726 cm ™
(s); MS (EX): m/z (%): 180 (100) [M]*, 165 (50), 152 (15), 102 (11), 89
(20), 76 (17), 51 (15).

(Z)-[D,]Stilbene [(Z)-[D,]-2]:*" Yield: 59.6 mg (0.33 mmol, 33%). Ri=
0.90 (pentane); 'HNMR (300 MHz, CDCly): §=7.42-7.07 (m, 10H),
6.59-6.56 ppm (m, 0.1H); "CNMR (75 MHz, CDCl;): 6=137.3, 131.8
129.0, 128.3, 127.2 ppm; IR (film): 7=3054 (m), 3021 (m), 2240 (w), 1951
(W), 1493 (m), 1442 (m), 918 (m), 742 (s), 691 cm™' (s); MS (EI): m/z
(%): 182 (100) [M]*, 167 (31), 153 (10), 103 (6), 90 (17), 77 (14), 63 (6),
51 (10).

(Z)-5-Decene [(Z)-10]:*" Yield: 135 mg (0.96 mmol, 96%). R;=0.95
(pentane); "H NMR (300 MHz, CDCL;): 6 =5.38-5.29 (m, 2H), 2.11-1.92
(m, 4H), 1.42-1.24 (m, 8H), 0.95-0.84 ppm (m, 6H); *C NMR (75 MHz,
CDCLy): 6=129.8, 32.0, 27.0, 22.4, 14.0 ppm; IR (film): =2977 (m,),
2931 (w), 2872 (m), 1111 (m), 907 (s), 728 cm™" (s); MS (EI): m/z (%):
140 (17) [M]*, 95 (19), 81 (33), 70 (30), 67 (89), 55 (100).
(Z)-1-Phenyl-1-pentene [(Z)-11]:*? Yield: 136 mg (0.93 mmol, 93%).
R;=0.90 (pentane); '"H NMR (300 MHz, CDCl;): 6=7.38-7.14 (m, 5H),
6.41 (dt, J=11.7, 1.9 Hz, 1H), 5.67 (dt, J=11.7, 7.2 Hz, 1H), 2.31 (dq, /=
74, 19Hz, 2H), 1.57-1.40 (m, 2H), 0.94 ppm (t, J=7.37Hz, 3H);
BCNMR (75 MHz, CDCl;) 6=137.9, 133.1, 128.8, 128.7, 128.1, 126.4,
30.7, 23.2, 13.9 ppm; IR (film): 7=2978 (m), 2935 (w), 2872 (m), 961 (s),
728 cm™! (s); MS (EI): m/z (%): 146 (33) [M]™*, 128 (4), 117 (100), 104
(34), 91 (31), 77 (7).

(Z)-1-Chloro-7-decene [(Z)-12]: Yield: 157 mg (0.90 mmol, 90%). R;=
0.90 (pentane); '"H NMR (300 MHz, CDCLy): 6=5.39-5.18 (m, 2H), 3.46
(t, J=6.8 Hz, 2H), 2.04-1.85 (m, 4H), 1.76-1.64 (m, 2H), 1.42-1.12 (m,
6H), 0.88 ppm (t, J=7.6 Hz, 3H); "CNMR (75 MHz, CDCl;) 6 =131.8,
129.0, 45.2, 32.7, 29.6, 28.6, 26.9, 26.8, 20.5, 14.4 ppm; IR (film): #=2959
(m), 2930 (s), 2856 (m), 1461 (m), 1304 (w), 966 (w), 726 cm™" (s); MS
(EI): m/z (%): 174 (57) [M]*, 118 (15), 104 (34), 83 (34), 69 (64), 55
(100), 41 (78); HRMS (ESI+HR) caled for C,H,Cl: 174.1175; found:
174.1172.

(Z)-1-Cyano-7-decene [(Z)-13]: Yield: 155 mg (0.94 mmol, 94%). R;=
0.75 (petroleum ether/ethyl acetate 10:1); '"H NMR (300 MHz, CDCL):
0=5.43-525 (m, 2H), 2.34 (t, J=7.1 Hz, 2H), 2.09-1.95 (m, 4H), 1.71-
1.60 (m, 2H), 1.51-1.30 (m, 6H), 0.96 ppm (t, J=7.5 Hz, 3H); “C NMR
(75 MHz, CDCl;): 6=131.9, 128.8, 119.8, 29.4, 28.6, 28.3, 26.9, 25.4, 20.5,
17.1, 14.4 ppm; IR (film): #=3004 (m), 2930 (s), 2857 (m), 2246 (W), 1462
(m), 1069 (w), 729 cm™" (m); MS (EI): m/z (%): 164 (6) [M]*, 150 (8),
136 (74), 122 (100), 108 (19), 94 (33), 80 (31), 69 (61), 55 (94); HRMS
(ESI+HR): calcd for C;;H;oN: 165.1517; found: 165.1501.
(Z)-1-Phthalimido-7-decene [(Z)-14]: Yield: 256 mg (0.90 mmol, 90 % ).
R;=0.75 (petroleum ether/ethyl acetate 10:1); 'HNMR (300 MHz,
CDCl;) 6=7.79-7.70 (m, 2H), 7.66-7.57 (m, 2H), 5.41-5.14 (m, 2H),
3.59 (t, J=7.4 Hz, 2H), 2.02-1.78 (m, 4H), 1.67-1.52 (m, 2H), 1.32-1.11
(m, 8H), 0.85 ppm (t, J=7.6 Hz, 3H); *CNMR (75 MHz, CDCl;) 6=
168.4, 133.8,132.2, 131.6, 129.0, 123.1, 38.0, 29.5, 28.8, 28.5, 26.9, 26.7,
20.5, 14.3 ppm; IR (film): #=2929 (m), 2856 (w), 1707 (s), 1393 (s), 1366
(m), 1187 (w), 1048 (m), 715 cm™" (s); MS (EI): m/z (%): 285 (2) [M]*,
186 (4), 160 (100), 148 (32), 130 (13), 104 (6), 77 (11), 55 (6); HRMS
(ESI*HR) caled for C;gH,;NO,+Na: 308.1626; found: 306.1611.
(Z)-1-Hydroxy-5-decene [(Z)-15]:*" Yield: 142 mg (0.91 mmol, 91%);
R;=0.30 (petroleum ether/ethyl acetate 3:1); 'HNMR (300 MHz,
CDCl;) 6=5.47-529 (m, 2H), 3.65 (t, J=6.6 Hz, 2H), 2.12-1.95 (m,
2H), 1.65-1.59 (m, 2H), 1.49-1.39 (m, 2H), 1.38-1.24 (m, 6H), 0.95-
0.85 ppm (m, 3H); "CNMR (75 MHz, CDCl;) §=1304, 129.3, 63.0,
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32.4, 31.9, 27.0, 269, 25.9, 22.4, 14.0 ppm; IR (film): 7=3331 (b), 2954
(m), 2926 (s), 2858 (m), 1965 (w), 1456 (m), 1060 (m), 713 cm™" (w); MS
(EI): miz (%): 138 (6) [M—H,0]*, 110 (15), 95 (44), 81 (66), 67 (100), 55
(76).

(Z)-5-decen-2-one [(Z)-16]:* Yield: 125 mg (0.81 mmol, 81%). R;=0.3
(petroleum ether/ethyl acetate 5:1); '"HNMR (300 MHz, CDCly): 6=
5.44-524 (m, 2H), 2.51-2.43 (m, 2H), 2.35-2.23 (m, 2H), 2.14 (s, 3H),
2.09-1.95 (m, 2H), 1.38-1.23 (m, 4H), 0.94-0.8 ppm (m, 3H); *C NMR
(75 MHz, CDCl,): 6=208.6, 131.3, 127.6, 43.7, 31.8, 30.0, 26.9, 22.4, 21.7,
14.0 ppm; IR (film): 7=2957 (m), 2926 (m), 2858 (w), 1966 (m), 1715 (s),
1359 (m), 1160 (m), 1014 (w), 795 cm™"' (m); MS (EI): m/z (%): 154 (9)
[M]*, 136 (4), 125 (12), 111 (22), 96 (69), 81 (100), 67 (58), 54 (81).
(Z)-4-Decene [(Z)-17]:!* Yield: 135mg (0.96 mmol, 96%). R;=0.95
(pentane); "H NMR (300 MHz, CDCL): 6=5.37-5.22 (m, 2H), 2.04-1.84
(m, 4H), 1.37-1.12 (m, 8H), 0.90-0.77 ppm (m, 6H); *C NMR (75 MHz,
CDCly): 6=130.1, 129.6, 31.6, 29.5, 29.4, 27.3, 23.0, 22.6, 14.1, 13.9 ppm;
IR (film): 7=2945 (w), 2928 (m), 2895 (w), 1465 (w), 903 (s), 724 cm™'
(s); MS (EI): miz (%): 140 (100) [M]*, 125 (5), 111 (16), 97 (52), 83 (75),
69 (45), 55 (28).

(Z)-3-Decene [(Z)-18]:* Yield: 133 mg (0.95 mmol, 96%). R;=0.95
(pentane); 'H NMR (300 MHz, CDCL): 6=5.37-5.19 (m, 2H), 2.04-1.84
(m, 4H), 134-1.12 (m, 8H), 0.88 (t, J=7.5Hz, 3H), 0.81 ppm (t, /=
6.8 Hz, 3H); "C NMR (75 MHz, CDCl,): 6=131.5, 129.4, 31.8, 29.8, 29.0,
27.1, 227, 20.6, 14.4, 14.1 ppm; IR (film): 7=2959 (m,), 2924 (s), 2855
(m), 1459 (w), 1210 (w), 906 (s), 730 cm™* (s); MS (EI): m/z (%): 140
(21) [M]*, 111 (6), 97 (15), 83 (13), 69 (45), 55 (100).

(Z)-2-Decene [(Z)-19]:*" Yield: 135mg (0.96 mmol, 96%). R;=0.95
(pentane); 'H NMR (300 MHz, CDCL): 6=5.44-5.26 (m, 2H), 2.05-1.91
(m, 4H), 1.56-1.52 (m, 3H), 1.32-1.13 (m, $H), 0.88-0.72 ppm (m, 5H);
BCNMR (75 MHz, CDCly): 6=130.9, 123.6, 31.9, 29.6, 29.3, 29.2, 26.9,
227, 14.0, 12.7 ppm: IR (film): 5=2957 (m,), 2925 (s), 2855 (m), 1464
(w), 1377 (w), 907 (m), 732 cm™" (m); MS (EI): m/z (%): 140 (22) [M]*,
111 (7), 97 (16), 83 (15), 69 (54), 55 (100).

(Z)-1-Phenyl-1-propene [(Z)-20]:*® Yield: 111 mg (0.94 mmol, 94%).
R;=0.90 (pentane); '"H NMR (300 MHz, CDCL,): §=7.34-7.06 (m, SH),
637 (dq, J=11.6, 1.8 Hz, 1H), 5.72 (dq, J=11.6, 7.2 Hz, 1H), 1.83 ppm
(dd, J=7.2, 1.8 Hz, 3H); B*CNMR (75 MHz, CDCl;): 6=137.7, 129.9,
128.8, 128.1, 126.8, 126.4, 14.6 ppm; IR (film): 7=3020 (m), 2937 (w),
1494 (m), 1443 (m), 962 (w), 912 (w), 764 (m), 692 cm™ (s); MS (EI):
miz (%): 117 (100) [M—H]*, 103 (11), 91 (40), 77 (11), 63 (13), 51 (17).
(Z)-1-Formyl-5-decene [(Z)-21]: Yield: 168 mg (0.91 mmol, 91%). R;=
0.75 (petroleum ether/ethyl acetate 10:1); 'H NMR (300 MHz, CDCL,):
5=7.99 (s, 1H), 5.43-5.19 (m, 2H), 4.15-4.05 (m, 2H), 2.08-1.84 (m,
4H), 1.71-1.51 (m, 2H), 1.43-1.14 (m, 6H), 0.90-0.77 ppm (m, 3H);
BCNMR (75 MHz, CDCl,): 6=160.1, 129.7, 127.8, 62.9, 30.9, 27.1, 25.9,
25.6, 24.9, 21.3, 13.0 ppm; IR (film): 5=2927 (m), 2859 (w), 1728 (s),
1465 (w), 1165 cm™" (s); MS (EI): m/z (%): 184 (1) [M]*, 138 (44), 110
(44), 95 (70), 81 (74), 67 (100), 55 (82), 41 (77), 29 (28); HRMS (ESI+
HR) calcd for C;;H,,0,: 184.1463; found: 184.1432.

(Z)-Methyl cinnamate [(Z)-21]:!*! Yield: 115 mg (0.71 mmol, 71%). R;=
0.40 (petroleum ether/ethyl acetate 10:1); '"H NMR (300 MHz, CDCl,):
5=7.54-7.49 (m, 2H), 7.35-7.24 (m, 3H), 6.89 (d, J=12.4 Hz, 1H), 5.89
(d, J=12.4 Hz, 1H), 3.64 ppm (s, 3H); “*CNMR (75 MHz, CDCL,): 6=
166.6, 143.4, 134.8, 129.7, 129.1, 128.1, 119.3, 51.4 ppm; IR (film): #=2950
(w), 1723 (s), 1631 (m), 1436 (m), 1198 (s), 1167 (s), 827 (m), 696 cm™
(m); MS (EI): miz (%): 163 (36) [M—H]*, 131 (100), 121 (6), 103 (10),
77 (4), 51 (2).

(E)-Methyl cinnamate [(E)-21]:*) R;=0.40 (petroleum ether/ethyl ace-
tate 10:1); '"HNMR (300 MHz, CDCL): 8=7.63 (d, J=16.1 Hz, 1H),
7.49-7.42 (m, 2H), 7.35-7.29 (m, 3H), 6.37 (d, J=16.1 Hz, 1 H), 3.74 ppm
(s, 3H); ®CNMR (75 MHz, CDCL): 6=167.4, 144.9, 134.4, 130.3, 128.9,
128.1, 117.8, 51.7 ppm; IR (film): #=2950 (w), 1723 (s), 1631 (m), 1436
(m), 1198 (s), 1167 (s), 827 (m), 696 cm™" (m); MS (EI): m/z (%): 163
(84) [M—H]*, 131 (100), 121 (16), 103 (22), 77 (11), 51 (7).

Dimethyl maleate (22):"” Yield: 33 mg (0.23 mmol, 23%). R;=0.40 (pe-
troleum ether/ethyl acetate 5:1); "H NMR (300 MHz, CDCl;): 6 =6.28 (s,
2H), 3.82ppm (s, 6H); P*CNMR (75 MHz, CDCL): 6=165.7, 129.8,
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522 ppm; IR (film): #=2956 (w), 1722 (s), 1437 (m), 1389 (m), 1215 (m),
1157 (s), 990 (w), 817 cm™ (m); MS (EI): m/z (%): 144 (3) [M]*, 113
(100), 85 (20), 59 (27).

Dimethyl fumarate (22):°' R,=0.50 (petroleum ether/ethyl acetate 5:1);
'HNMR (300 MHz, CDCL): 6=688 (s, 2H), 3.82ppm (s, 6H);
BCNMR (75 MHz, CDCL): 6=165.4, 133.4, 523 ppm; IR (film): 5=
2963 (w), 1710 (s), 1437 (m), 1302 (m), 1155 (m), 987 (s), 880 cm ™' (m);
MS (EI): m/z (%): 144 (3) [M]*, 113 (100), 85 (70), 59 (36), 53 (23).
(Z)-1,4-bis-Benzoyl-2-butene [(Z)-23]:*! Yield: 284 mg (0.96 mmol,
96%). R;=0.35 (petroleum ether/ethyl acetate 10:1); 'HNMR
(300 MHz, CDCL,): 6=8.13-8.00 (m, 4H), 7.62-7.38 (m, 6H), 6.02-5.89
(m, 2H), 5.06-4.99 ppm (m, 4H); “C NMR (75 MHz, CDCLy): 6=166.4,
133.1, 129.9, 129.7, 128.4, 128.3, 60.6 ppm; IR (film): #=1720 (s), 1266
(s), 1097 (m), 709 cm™ (m); MS (EI): m/z (%): 296 (1) [M]*, 175 (5),
105 (100), 77 (29).

(Z)-1,4-bis-Formyl-2-butene  [(Z)-24]:*? Yield: 131 mg (0.91 mmol,
91%). R;=0.5 (petroleum ether/ethyl acetate 2:1); '"H NMR (300 MHz,
CDCL): 0=7.97 (s, 2H), 5.77-5.65 (m, 2H), 470 ppm (d, J=4.9 Hz,
4H); "CNMR (75 MHz, CDCly): 6=160.7, 127.9, 59.4 ppm; IR (film):
#=2977 (m), 2864 (s), 1716 (s), 1120 (s), 934 (s), 845 cm™" (s); MS (EI):
miz (%): 98 (6) [M—CO,]*, 70 (100), 57 (26).
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