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Dual [Fe + Phosphine] Catalysis: Application in Catalytic

Wittig Olefination

Susanne Rommel,”” Christian Belger,” Jeanne-Marie Begouin,” and Bernd Plietker*™

In memory of J. L. A. Roustan

Iron hydride complexes of the general formula P,Fe(NO)CO)H
are highly active catalysts for the hydrosilylation of aldehydes
or ketones and phosphine oxides. Depending on the solvent,
the in situ reduction of the phosphine oxide can be faster than

Introduction

Although under investigation for decades, metal-catalyzed re-
ductions of carbonyl groups are a continuously developing
field in organic chemistry." Since Wilkinson’s landmark re-
ports®? on transition-metal-catalyzed reductions, a large
number of new catalysts with sophisticated ligand architec-
tures have been developed and Noyori's Ru-® and Rh-based™
chiral catalysts are the most prominent representatives in this
field. In the past 10 years, Fe-based complexes have entered
this field. Starting from early reports by the groups of Nishiya-
ma® and Beller,® the groups of Chirik,”” Morris,® Milstein,™
and, in particular, Casey"” developed highly active and selec-
tive Fe complexes for selective carbonyl reductions using
either H, gas or transfer hydrogenation or hydrosilylation con-
ditions. Compared with the field of C=0 reductions, the field
of deoxygenation of element oxo species such as phosphine
oxides has only recently become the focus of organometallic
catalysis. Brgnsted acids,”"" Cu salts,"? and titanium alkoxides"
were shown to be suitable catalysts for the reduction of P=O
bonds with silanes as stoichiometric reductants (Scheme 1). To
date, no corresponding Fe-catalyzed process has been report-
ed. This is surprising, given that phosphines are used in various
fields of organic and organometallic chemistry and that the ox-
idation of a phosphine to the corresponding phosphine oxide
can be unwanted (e.g., phosphine synthesis, phosphine cataly-
sis, and organometallic synthesis) or a desired (e.g., Wittig,'”
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the corresponding hydrosilylation of a carbonyl group. This un-
usual activity was used within the context of catalytic Wittig
olefination.
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conditions yield

Cu(OTf), [10 mol %]
TMDS [3 equiv.]
toluene, 100 °C, 18 h

79% (1)

(p-NO,CgH40),P(=0)OH [7.5 mol %]
(EtO),MeSiH [4 equiv.]
toluene, 110 °C, 18 h

3% (2)

Scheme 1. Beller’s""'? organometallic- and organo-catalyzed reduction of
phosphine oxides. TMDS = tetramethyldisiloxane.

Appel," and Mitsunobu® reactions) synthetically useful trans-
formation.

The latter reactions have found widespread use; however,
the fact that stoichiometric amounts of phosphine oxide waste
are produced in these transformations limits their application
on a large scale. A chemoselective reduction of phosphine
oxides to phosphines and hence their in situ recycling can po-
tentially open a new field in method development."” Since
O’Brien’s initial landmark report on phosphine-catalyzed
Wittig-type olefination,"® a number of reports on redox-based
phosphine catalysis such as Appel reaction™ and Mitsunobu
reaction®® have been published. Herein, we report the use of
a readily accessible Fe—H complex in the selective hydrosilyla-
tion of carbonyl groups and phosphine oxides and its applica-
tion in a combined FeH-PPh,-catalyzed Wittig olefination reac-
tion.

Results and Discussion

The catalytic Wittig reaction presents certain challenges to
a probable catalytic system. The selective reduction of a C=0
bond relative to a P=0 bond is certainly the most important
one. O'Brien showed that phospholanes such as 1 or their de-
rivatives exhibit the important balance between nucleophilicity
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and oxophilicity that allow the nucleophilic substitution of the
alkyl halide, subsequent deprotonation of the phosphonium
salt, and subsequent 1,2-addition— elimination reaction of the
phosphine oxide to be faster than the competing hydrosilyla-
tion of the carbonyl-containing starting material. However, in
the vast majority of cases, expensive phosphines need to be
used; only a couple of examples using inexpensive triphenyl-
phosphine as an organocatalyst were reported."® In the latter
case, the highly active trifluorophenylsilane was used as a stoi-
chiometric reductant.

Because of our previous reports on the Fe-catalyzed hydrosi-
lylation of alkynes®'? or alcohols,?'™ we contemplated whether
the Fe—H complexes that were used would be able to reduce
P=0 bonds and hence suitable for a coupled catalytic transfor-
mation, that is, a [Fe+ phosphine]-catalyzed Wittig reaction
with inexpensive triphenylphosphine as an organocatalyst and
simple phenylsilane as a stoichiometric reductant. (Scheme 2).

O’ Brien
1[10 mol %]
Ph,SiH, [1.1 equiv.]

Na,COj3[1.5 equiv.]
toluene, 100 °C, 24 h

catalyst

1[10 mol %]
o 4-NO,CgH,CO,H [2.5 mol %]
)]\ + Bre_COMe PhSiH; [1.4 equiv.] .
Ph™ "H iPryNEt [1.4 equiv.]
EtOAc, RT, 24 h

P\\O1

Ph”

Ph3P=0 [10 mol %]
4-NO,CgH4CO,H [2.5 mol %]
(p-CF3CgH,4)SiH; [1.4 equiv.]_

iProNEt [1.4 equiv.]
toluene, 100 °C, 24 h

this work

Fe-cat. 2[5 mol %]
le) PPh3 [20 mol %]
L+ Br_COMe PhSiH; [1.5 equiv ]
P A iPr,NEt [1.5 equiv.]
toluene, 100 °C, 24 h

> o\ COMe
80 %

catalyst
Ph,R

+ PPh3
H—Fe

_PPh,

i\
ONCO 2

Scheme 2. O'Brien’s catalytic Wittig reactions'®

catalyzed Wittig reaction.

and our [Fe + phosphine]-

Therefore, we initiated our study by investigating the inter-
play between C=O and P=O bond reduction. Various com-
plexes of the general formula P,Fe(CO)(NO)H,?" solvents, and
temperatures were tested in the hydrosilylation of benzalde-
hyde (Table 1).
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Table 1. Development of the Fe—H-catalyzed hydrosilylation of
aldehydes.”
1. (P2)Fe(CO)NO)H [1 mol %]
base [50 mol %]
0 silane [1.0 equiv.] OH
solvent, 7,0.5 h
Ph™ “H 2 1 mL MeOH, 1 mL 2n NaOH . Ph
1h, RT
Entry Base Solvent T Catalyst Conversion
rd [9%]®™
1 NEt, THF 80 3 78
[P,=(PPhy),]
2 NEt; toluene 80 3 12
[P,=(PPhy),]
3 NEt,; 1,4-dioxane 80 3 13
[P,=(PPhy),]
4 NEt; MTBE 80 3 n
[P,=(PPhy),]
5 iPr,Net THF 80 3 12
[P,=(PPhy),]
6 NEt; THF 60 3 38
[P,=(PPhy),]
7 NEt; THF 40 3 14
[P,=(PPhy),]
8 NEt; THF 80 4 n
[P2 — dppe][c]
9 NEt; THF 80 2 86
[P, =dppp]
10 NEt; THF 80 5 13
[P,= dppﬂ
[a] Reactions were performed on a 0.3 mmol scale; [b] Conversion to
benzyl alcohol determined by using 'H NMR spectroscopy with mesity-
lene as an internal standard; [c] dppe=1,2-Bis(diphenylphosphino)-
ethane; [d] dppf=1,1-Bis(diphenylphosphino)ferrocene. MTBE =Methyl
tert-butyl ether.

Both the triphenylphosphine complex 3 and the 1,3-bis(di-
phenylphosphino)propane (dppp) complex 2 showed good ac-
tivity, giving the desired alcohol within 30 min. To get a deeper
insight into the functional group compatibility, various alde-
hydes and ketones were tested under optimal conditions and
the corresponding alcohols were isolated in good to excellent
yields (Table 2).

Both ketones and aldehydes proved to be reactive under
the given conditions. Ethers, halides, and electron-rich and
electron-poor C=C bonds were stable under the given condi-
tions.

We then turned our attention to the corresponding deoxy-
genation of phosphine oxides. Under similar conditions, but
with 5 mol% of the Fe—H catalyst 2, the P—O bond in triphe-
nylphosphine oxide can be reduced in moderate yields. By
choosing toluene as a solvent and iPr,NEt as a base, the yield
could be significantly increased. Different aromatic and aliphat-
ic phosphine oxides were subjected to the reaction conditions
and could be reduced in moderate to good yields (Table 3).

With this result in hand, we used the Fe-catalyzed reduction
protocol for the catalytic Wittig olefination with various alde-
hydes or ketones and a-halocarboxylic acid esters and the stoi-
chiometric reductant phenylsilane (Scheme 3). The initial inves-
tigation indicated that the addition of a-halocarboxylic acid
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Table 2. Hydrosilylation of aldehydes and ketones.”
1) FeH(CO)(NO)(dppp) 2 [1 mol %]
NEt; [50 mol %]
16) PhSiH3 [1.0 equiv.] OH
THF, 80 °C, 18 h —~
R'"R? 2)1mLMeOH, 1mL2vNaOH  R'™ R?
1h, RT
Entry R R? Product Yield
[%][b]
1 Ph H 6a 87
2 4-MeO-C¢H, H 6b 98
3 3-Br-C¢H, H 6¢C 91
4 CoHig H 6d 88
5 2-quinoline H 6e 60
6 citronellal 6f 98
7 Ph Me 69 98
8 (CH5),C=CHCH,CH, Me 6h 66
[a] Reactions were performed on a 0.3 mmol scale; [b] Isolated yield.
Table 3. Reduction of phosphine oxides.?
1. FeH(CO)(NO)(dppp) 2 [5 mol %]
iPrNEt [50 mol %]
[e) PhSiH; [1.5 equiv.]
R1"LTI“R3 toluene, 100 °C, 18 h » RI-PR3
R® 2 1mLMeOH 1mL2vNaOH  R?
1h, RT
Entry R' R? R? Product Yield
[%][b]
1 Ph Ph Ph 7a 65
2 Ph Ph Me 7b 79
3 Ph Ph Cy 7c 44
4 Bu Bu Bu 7d 55
5 4-Me-CgH, 4-Me-CgH, 4-Me-C4H, 7e 67
6 4-F-CH, 4-F-CH, 4F-CH, 7€ 47
[a] Reactions were performed on a 0.3 mmol scale; [b] Isolated yield.

derivatives to the reaction mixture led to the clean formation
of the desired olefination products in moderate to good yields.
The reaction proved to be widely applicable. Various aromatic
and aliphatic aldehydes were olefinated with catalytic amounts
of triphenylphosphine in the presence of a-bromo ethylacetate
or a-chloro acetonitrile. Moderate to good yields and E/Z selec-
tivities were obtained. Importantly, NMR spectroscopic analysis
of the crude product revealed that in none of these cases, the
corresponding alcohol, that is, the product of a competing car-
bonyl reduction, was formed.

Conclusions

Herein, we describe the dual [Fe+ phosphine] catalysis. The
[Fe(CO);(NO)] anion-derived Fe—H complex (dppp)Fe(CO)(NO)H
(dppp =1,3-bis(diphenylphosphino)propane) showed good ac-
tivity for the hydrosilylation of various aldehydes or ketones.
Moreover, phosphine oxides were converted into the corre-
sponding phosphines. Owing to its good activity in the pres-
ence of a base, the catalytic system was demonstrated to

CHEMCATCHEM
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PPh3 [20 mol %]

EWG
j\ FeH(CO)(NO)(dppp) 4 [5 mol %] RV\(
R H iProNEt [1.5 equiv.] R2
PhSiH5 [1.5 equiv.] _ B
+ toluene, 100 °C, 18 h o '
Hal.__EWG R
~_EWG
(2)
o o o
cl Br
8a;t=48 h; 80 % 8b; 71 % 8c; 83 %
EIZ =83:17 EIZ=72:28 EIZ =92:8
o o o
§
" 0okt | ~ OEt O~ "0t
N” \
NO,
8f; 51 %
. . 0 il
8d. 94 % 8e; 34 % E/Z = 90:10
EIZ =83:17
o o o)
N
S X OEt X OMe
\ |
89; 37 % 8h; 30 % 8i: 37 %
EiZ=9238 EIZ = 49:51
CO,Et o
/ /\)J\ X //N
— CoHys OEt
8j; 59 % 8k: 46 % 81; 60 %
EIZ=96:4 EIZ=92:8 EiZ=7822
N
=
X7 N //N /@/\///N
MeO
cl Br e
8m; 82 % Bn; 79 % 80, 6_9 A)-
EIZ=76:24 E|Z = 75:25 EIZ =67:33
N
AN ol AN S NP
\ | \_!
NO, 8r; 25 %
8p; 22 % 8q; 55 % ElzZ=72:28
EIZ =63:35 Eiz=68:32
AN
C7H15/\/
8s;22 %
EIZ =70:30

Scheme 3. Dual [Fe + phosphine] catalysis: Application in catalytic Wittig
olefination. Reactions were performed on a 0.3 mmol scale; isolated yields
are shown. Hal =Halogen; EWG = Electron-withdrawing group.

allow a catalytic Wittig olefination with the organocatalyst tri-
phenylphosphine. Under the given reaction conditions, a selec-
tive deoxygenation of phosphine oxides was observed, but no
competing reduction of aldehydes was observed. Future work
will be directed toward expanding this transformation to other
phosphine catalysts.
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Experimental Section

General procedure for the reduction of aldehydes and ke-
tones (GP-I)

A 10 mL Schlenk tube was charged with (dppp)Fe(CO)(NO)H (2;
1 mol%, 0.003 mmol), THF (400 uL), and triethylamine (50 mol %,
0.15 mmol). Then, the corresponding aldehyde or ketone (1 equiv.,
0.3 mmol) and phenylsilane (1 equiv., 0.3 mmol) were added. The
Schlenk tube was sealed and heated to 80°C for 18 h. After the re-
action mixture was cooled to RT, methanol (1 mL) and an aqueous
solution of sodium hydroxide (2N, 1 mL) were added dropwise.
The mixture was stirred for 1 h at RT and filtered through a silica
gel plug (ethyl acetate). Finally, the sample was purified by using
silica gel chromatography, which yielded the corresponding prod-
uct.

Benzyl alcohol 6a: The product was obtained according to GP-I
starting from benzaldehyde (30 uL, 0.3 mmol) after purification (pe-
troleum ether/ethyl acetate 5:1) in 87 % yield (27.2 mg, 0.25 mmol)
as a colorless oil. Spectroscopic data were identical to those de-
scribed in the literature.?? R;=0.32 (petroleum ether/ethyl acetate
5:1); '"H NMR (300 MHz, CDCl,):  =7.38-7.33 (m, 4H), 7.33-7.24 (m,
1H), 4.67 (s, 2H), 1.84 ppm (s, TH); *C NMR (75 MHz, CDCl;): 6 =
140.9, 128.6, 127.7, 127.0, 65.4 ppm; IR (film) 7=3324 (br), 3064
(w), 3030 (w), 2928 (w), 2873 (w), 1496 (w), 1454 (m), 1430 (w),
1208 (w), 1133 (m), 1080 (m), 1037 (m), 1014 (s), 912 (w), 803 (w),
734 (s), 697 (s), 595 cm™' (m); GC-MS (ESI): m/z (%): 108 (100) [M*],
91 (15); 79 (72), 51 (14).

4-Methoxybenzyl alcohol 6b: The product was obtained accord-
ing to GP-I starting from 4-anisaldehyde (41 uL, 0.3 mmol) after pu-
rification (petroleum ether/ethyl acetate 1:1) in 98 % yield (40.5 mg,
0.29 mmol) as a colorless oil. Spectroscopic data were identical to
those described in the literature.” R;=0.44 (petroleum ether/ethyl
acetate 1:1); '"H NMR (300 MHz, CDCl;): 6=7.28 (d, J=8.7 Hz, 2H),
6.88 (d, J/=8.7 Hz, 2H), 4.60 (s, 2H), 3.80 (s, 3H), 1.85-1.66 ppm (s
(br), TH); *CNMR (75 MHz, CDCl,): 6=159.2, 133.1, 128.7, 114.0,
65.0, 55.3 ppm; IR (film) 7=3348 (br), 3004 (w), 2933 (w), 2836 (w),
1677 (w), 1611 (m), 1586 (w), 1511 (s), 1463 (m), 1441 (m), 1429
(m), 1301 (m), 1244 (s), 1172 (m), 1132 (s), 1108 (s), 1028 (s), 932
(w), 813 (s), 741 (m), 697 (s), 636 (w), 570 (m), 493 cm™' (s); GC-MS
(ESI): m/z (%): 138 (100) [M "], 121 (33); 109 (39), 94 (18), 77 (16), 65
(3), 51 (4), 38 (3)..

3-Bromobenzyl alcohol 6c: The product was obtained according
to GP-I starting from 3-bromobenzaldehyde (35 pL, 0.3 mmol) after
purification (petroleum ether/ethyl acetate 4:1) in 91% yield
(50.8 mg, 0.27 mmol) as a colorless oil. Spectroscopic data were
identical to those described in the literature.”” R;=0.41 (petroleum
ether/ethyl acetate 4:1); '"HNMR (300 MHz, CDCl,): 6 =7.50-7.47
(m, TH), 7.39 (dt, J;=7.2Hz, J,=19Hz, 1H), 7.26-7.16 (m, 2H),
4.60 (s, 2H), 2.49 ppm (s, 1H); *C NMR (75 MHz, CDCL,): 6 =143.0,
130.6, 130.1, 129.9, 125.3, 122.6, 64.4 ppm; IR (film) 7?=3313 (br),
2928 (w), 2873 (w), 1597 (w), 1570 (m), 1473 (m), 1427 (s), 1360
(w), 1199 (s), 1091 (w), 1069 (m), 1012 (s), 882 (m), 844 (m), 828
(m), 773 (s), 695 (s), 666 (w), 612 (m), 506 cm™' (m); GC-MS (ESI):
m/z (%): 186 (100) [M*1, 169 (12); 157 (23), 107 (92), 89 (14), 77
(94), 63 (8), 51 (21).

1-Decanol 6d: The product was obtained according to GP-l start-
ing from 1-decanal (56 pL, 0.3 mmol) after purification (petroleum
ether/ethyl acetate 5:1) in 88% yield (41.8 mg, 0.26 mmol) as a col-
orless oil. Spectroscopic data were identical to those described in
the literature.?? R,=0.40 (petroleum ether/ethyl acetate 5:1);
'H NMR (300 MHz, CDCl,): 6 =3.64 (t, J=6.6 Hz, 2H), 1.63-1.50 (m,
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2H), 1.40-1.19 (m, 15H), 0.88 ppm (t, J=6.7 Hz, 3H); *C NMR
(75 MHz, CDCly): 6=63.1, 32.8, 31.9, 29.6, 29.6, 29.4, 29.3, 25.7,
22.7, 14.1 ppm; IR (film) 7=3330 (br), 2922 (s), 2853 (s), 1465 (m),
1378 (w), 1122 (w), 1056 (s), 721 cm™" (m); GC-MS (ESI): m/z (%):
157 (1) [M7], 140 (11); 112 (34), 97 (42), 83 (77), 70 (100), 55 (96),
43 (70).

Quinolin-2-ylmethanol 6e: The product was obtained according
to GP-l starting from 2-quinolinecarboxaldehyde (47.2 mg,
0.3 mmol) after purification (petroleum ether/ethyl acetate 2:1) in
60% vyield (28.7 mg, 0.18 mmol) as a yellow oil. Spectroscopic data
were identical to those described in the literature.?” R;=0.24 (pe-
troleum ether/ethyl acetate 2:1); '"H NMR (300 MHz, CDCl,): 6 =28.12
(d, J=8.3Hz, 1H), 8.07 (d, J=8.7Hz, TH), 7.81 (d, J=8.5 Hz, 1H),
771 (t, J=7.8Hz, 1H), 7.53 (t, J=7.4Hz, 1H), 7.28 (d, /=8.8 Hz,
1H), 4.92 (s, 2H), 4.78-4.05 ppm (br, 1H); *C NMR (75 MHz, CDCl;):
0=159.1, 146.7, 136.8, 129.8, 128.6, 127.7, 127.6, 126.4, 1184,
64.2 ppm; IR (film) 7=3183 (br), 3042 (m), 2906 (w), 1616 (w), 1599
(m), 1566 (w), 1504 (m), 1467 (w), 1426 (m), 1375 (w), 1314 (m),
1224 (m), 1139 (m), 1117 (m), 1067 (s), 1017 (w), 978 (w), 954 (w),
914 (w), 834 (s), 776 (m), 752 (s), 699 (m), 622 (m), 559 cm™" (w);
GC-MS (ESI): m/z (%): 159 (100) [M*1, 130 (82); 102 (9), 77 (9), 51
(6).

3,7-Dimethyloct-6-en-1-ol 6 f: The product was obtained accord-
ing to GP-l starting from citronellal (54 pL, 0.3 mmol) after purifica-
tion (petroleum ether/ethyl acetate 4:1) in 98% yield (45.7 mg,
0.29 mmol) as a colorless oil. Spectroscopic data were identical to
those described in the literature.” R;=0.61 (petroleum ether/ethyl
acetate 4:1); '"H NMR (300 MHz, CDCl,): 6=5.10 (tt, J;,=7.2 Hz, J,=
1.4 Hz, TH), 3.75-3.60 (m, 2H), 2.09-1.89 (m, 2H), 1.68 (s, 3H), 1.60
(s, 3H), 1.65-1.49 (m, 3H), 1.42-1.29 (m, 2H), 1.24-1.10 (m, TH),
0.90 ppm (d, J=6.6 Hz, 3H); ®CNMR (75 MHz, CDCl,): 6=131.3,
124.7, 61.1, 39.9, 37.2, 29.2, 25.7, 25.4, 19.5, 17.6 ppm; IR (film) 7=
3329 (br), 2962 (m), 2914 (s), 2872 (m), 1452 (m), 1377 (m), 1134
(w), 1056 (s), 1010 (m), 963 (w), 910 (w), 830 (m), 739 (m), 698 cm™'
(m); GC-MS (ESI): m/z (%): 156 (15) [M*], 138 (13), 123 (31), 109
(22), 95 (46), 82 (50), 69 (100), 55 (46), 41 (71), 29 (9).

1-Phenylethanol 6g: The product was obtained according to GP-I
starting from acetophenone (35 puL, 0.3 mmol) after purification
(petroleum ether/ethyl acetate 5:1) in 98% yield (36.0 mg,
0.29 mmol) as a colorless oil. Spectroscopic data were identical to
those described in the literature.”” R;=0.44 (petroleum ether/ethyl
acetate 5:1); '"H NMR (300 MHz, CDCly): 6 =7.37-7.21 (m, 5H), 4.85
(g, J=64Hz, TH), 222 (s, 1TH), 1.46 ppm (d, J=6.4Hz, 3H);
BCNMR (75 MHz, CDCly): 6=145.9, 1285, 127.5, 1254, 704,
25.2 ppm; IR (film) 7=3335 (br), 3062 (w), 3029 (w), 2972 (m), 2927
(w), 2874 (w), 1602 (w), 1493 (m), 1450 (m), 1368 (m), 1284 (m),
1203 (m), 1098 (m), 1075 (s), 1029 (m), 1010 (s), 996 (m), 897 (m),
759 (s), 696 (s), 605 (m), 538 cm ™' (s); GC-MS (El, 70 eV): m/z (%):
122 (33) [M*], 107 (100), 79 (56), 51 (11), 43 (14).

6-Methylhept-5-en-2-ol 6h: The product was obtained according
to GP-l starting from 6-methyl-5-hepten-2-one (44 uL, 0.3 mmol)
after purification (n-pentane/diethyl ether 20:1) in 66% yield
(25.2 mg, 0.20 mmol) as a colorless oil. Spectroscopic data were
identical to those described in the literature.”® R;=0.51 (n-pen-
tane/diethyl ether 20:1); "H NMR (300 MHz, CDCl,): 6=5.13 (tt, J, =
7.2 Hz, J,=1.5Hz, 1H), 3.87-3.74 (m, TH), 2.16-1.98 (m, 2H), 1.69
(s, 3H), 1.63 (s, 3H), 1.53-1.44 (m, 3H), 1.19 ppm (d, J=6.3 Hz, 3H);
BCNMR (75 MHz, CDCl): 6=132.1, 124.0, 68.0, 39.2, 25.7, 24.5,
23.5, 17.7 ppm; IR (film) %=3350 (br), 2966 (m), 2923 (m), 2857
(m), 1450 (m), 1376 (m), 1303 (w), 1172 (w), 1115 (m), 1073 (m),
1028 (w), 990 (w), 952 (w), 932 (m), 908 (w), 856 (w), 825 (w), 733
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(s), 698 (w), 647 (w), 555 cm™" (w); GC-MS (ESI): m/z (%): 128 (15)
[M™], 110 (27), 95 (100), 81 (11), 69 (38), 55 (18), 41 (31).

General procedure for the reduction of phosphine oxides
(GP-II)

A 10 mL Schlenk tube was charged with (dppp)Fe(CO)(NO)H (2;
5 mol%, 0.015 mmol), toluene (400 pL), and iPr,NEt (50 mol%,
0.15 mmol). Then, the corresponding phosphine oxide (1 equiv.,
0.3 mmol) and phenylsilane (1.5 equiv., 0.45 mmol) were added.
The Schlenk tube was sealed and heated to 100°C for 18 h. After-
ward, the reaction mixture was cooled to RT, methanol (1 mL) and
an aqueous solution of sodium hydroxide (2N, 1T mL) were added
dropwise. The mixture was stirred for 1 h at RT and filtered through
a silica gel plug (ethyl acetate). Finally, the sample was purified by
using silica gel chromatography, which yielded the corresponding
product.

Triphenylphosphine 7a: The product was obtained according to
GP-Il starting from triphenylphosphine oxide (83.5 mg, 0.3 mmol)
after purification (petroleum ether/ethyl acetate 20:1) in 65% yield
(51.2 mg, 0.20 mmol) as a white solid. Spectroscopic data were
identical to those described in the literature.””” '"H NMR (300 MHz,
CDCly): 6=7.42-7.25 ppm (m, 15H); ®CNMR (75 MHz, CDCl;): 6 =
137.3, 137.1, 1339, 133.6, 128.7, 1286, 1285 ppm; P NMR
(121 MHz, CDCly): 6 = —5.45 ppm.

Methyldiphenylphosphine 7b: The product was obtained accord-
ing to GP-Il starting from methyldiphenylphosphine oxide
(64.9 mg, 0.3 mmol) after purification (petroleum ether/ethyl ace-
tate 20:1) in 79% yield (47.5 mg, 0.24 mmol) as a white solid. Spec-
troscopic data were identical to those described in the literature.”?®
'H NMR (300 MHz, CDCl,): 0 =7.43-7.37 (m, 4H), 7.36-7.27 (m, 6H),
1.66 ppm (s, 3H); ®*C NMR (75 MHz, CDCl,): 6 =140.3, 132.3, 132.0,
128.4, 126.9, 12.5 ppm; *'P NMR (121 MHz, CDCl,): § = —26.90 ppm;
IR (film) 7=3069 (w), 3052 (w), 2967 (w), 2905 (w), 1585 (w), 1579
(m), 1433 (s), 1328 (w), 1305 (w), 1280 (w), 1184 (w), 1156 (w), 1098
(m), 1069 (w), 1026 (w), 999 (w), 909 (w), 877 (s), 736 (s), 691 (s),
503 cm™' (s); GC-MS (El, 70 eV): m/z (%): 200 (100) [M*], 183 (62).

Cyclohexyldiphenylphosphine 7 c: The product was obtained ac-
cording to GP-Il starting from cyclohexyldiphenylphosphine oxide
(85.3 mg, 0.3 mmol) after purification (petroleum ether/ethyl ace-
tate 20:1) in 44% yield (35.2 mg, 0.13 mmol) as a white solid. Spec-
troscopic data were identical to those described in the literature.™
"H NMR (300 MHz, CDCl,): 6 =7.54-7.42 (m, 4H), 7.40-7.23 (m, 6 H),
2.28-2.21 (m, 1H), 1.85-1.58 (m, 5H), 1.38-1.12 ppm (m, 5H);
BCNMR (75 MHz, CDCl;): 6 =137.2, 133.8, 133.6, 128.6, 128.3, 35.3,
29.7, 29.5, 26.9, 26.8, 26.4 ppm; *'P NMR (121 MHz, CDCly): 6 =
—3.63 ppm; IR (film) 7=3069 (w), 3052 (w), 2922 (s), 2849 (m),
1586 (w), 1495 (w), 1479 (w), 1447 (m), 1433 (m), 1397 (w), 1377
(w), 1344 (w), 1306 (w), 1268 (w), 1173 (m), 1158 (m), 1092 (m),
1069 (w), 1026 (m), 999 (m), 915 (w), 886 (w), 851 (w), 806 (m), 737
(s), 694 (s), 626 (w), 502 cm™" (s); GC-MS (El, 70 eV): m/z (%): 268
(100) [M*1, 213 (33), 186 (56), 108 (52).

Tributylphosphine 7d: The product was obtained according to
GP-Il starting from tributylphosphine oxide (65.5 mg, 0.3 mmol)
after purification (petroleum ether/ethyl acetate 20:1) in 55% yield
(33.4 mg, 0.17 mmol) as a white solid. Spectroscopic data were
identical to those described in the literature.”” 'H NMR (300 MHz,
CDCly): 6=1.49-1.30 (m, 17H), 091 ppm (t, J=6.3Hz, 10H);
3CNMR (75 MHz, CDCl,): 6=30.3, 29.7, 28.4, 26.9, 24.7, 23.9, 13.9,
13.7 ppm; *'P NMR (121 MHz, CDCl,): 6 = —30.60 ppm; IR (film) 7=
3403 (w), 2956 (s), 2929 (s), 2871 (m), 1641 (w), 1665 (m), 1408 (w),
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1379 (w), 1345 (w), 1308 (w), 1277 (w), 1228 (m), 1148 (s), 1093 (m),
1069 (m), 1002 (m), 1073 (w), 968 (m), 901 (m), 802 (m), 720 (m),
698 (m), 547 (m), 509 cm™' (m); GC-MS (El, 70 eV): m/z (%): 202
(43) [M*1, 173 (74), 160 (13), 146 (26), 131 (24), 118 (33), 104 (37),
89 (10), 76 (100), 62 (45).

Tri(p-tolyl)phosphine 7 e: The product was obtained according to
GP-II starting from tri(p-tolyl)phosphine oxide (96.1 mg, 0.3 mmol)
after purification (petroleum ether/ethyl acetate 20:1) in 67 % yield
(61.2 mg, 0.20 mmol) as a white solid. Spectroscopic data were
identical to those described in the literature."”? "H NMR (300 MHz,
CDCly): 6=7.27-7.08 (m, 12H), 2.33 ppm (s, 9H); *C NMR (75 MHz,
CDCly): 0=138.5, 133.7, 1293, 213 ppm; *PNMR (121 MHz,
CDCly): 0=-7.93 ppm; IR (film) 7=3013 (w), 2920 (w), 2861 (w),
1916 (w), 1657 (w), 1594 (w), 1494 (m), 1440 (m), 1393 (m), 1351
(w), 1306 (w), 1271 (w), 1211 (w), 1185 (m), 1116 (m), 1089 (m),
1037 (w), 1018 (m), 846 (w), 808 (s), 710 (m), 658 (w), 640 (w), 622
(m), 604 (M), 526 (s), 514 cm ™' (s); GC-MS (El, 70 eV): m/z (%): 304
(100) [M*1, 211 (10), 183 (5), 152 (4), 122 (7), 78 (3).

Tri(4-fluorophenyl)phosphine 7 f: The product was obtained ac-
cording to GP-Il starting from tris(4-fluorophenyl)phosphine oxide
(99.7 mg, 0.3 mmol) after purification (petroleum ether/ethyl ace-
tate 20:1) in 47 % yield (45.0 mg, 0.14 mmol) as a white solid. Spec-
troscopic data were identical to those described in the literature.”*”
'H NMR (300 MHz, CDCl,): 0 =7.34-7.19 (m, 6H), 7.11-7.00 ppm (m,
6H); *C NMR (75 MHz, CDCl,): =165.1, 161.8, 135.4, 135.5, 135.4,
1353, 132.5, 1324, 116.1, 116.0, 1158, 115.7 ppm; P NMR
(121 MHz, CDCly): 6=-9.08 ppm; IR (film) 7=3064 (w), 2925 (w),
2853 (w), 1896 (w), 1585 (s), 1492 (s), 1464 (m), 1392 (m), 1299 (w),
1220 (s), 1157 (s), 1116 (w), 1089 (m), 1042 (w), 1013 (m), 941 (w),
821 (s), 738 (w), 711 (w), 663 (w), 604 (w), 515 cm™" (s); GC-MS (EI,
70 eV): m/z (%): 316 (100) [M*1, 219 (26), 201 (4), 170 (3), 158 (4),
126 (19).

General procedure for the catalytic Wittig reaction (GP-III)

A 10 mL Schlenk tube was charged with (dppp)Fe(CO)(NO)H (2;
5mol%, 0.015mmol), toluene (400 uL), iPr,NEt (1.5 equiv.,,
0.45 mmol), and triphenylphosphine (20 mol%, 0.06 mmol). Then,
the corresponding aldehyde (1 equiv.,, 0.3 mmol), organohalide
(1.3 equiv., 0.39 mmol), and phenylsilane (1.5 equiv., 0.45 mmol)
were added. The Schlenk tube was sealed and heated to 100 °C for
20 h. Afterward, the reaction mixture was filtered through a silica
gel plug. Conversions were determined by using '"H NMR spectros-
copy with mesitylene as an internal standard. Finally, the sample
was purified by using silica gel chromatography, which yielded the
corresponding product.

(E)-Ethyl cinnamate 8a: The product was obtained according to
GP-lll, but with 48 h reaction time, starting from benzaldehyde
(30 pL, 0.3 mmol) and ethyl bromoacetate (43 pL, 0.39 mmol), as
a mixture of regioisomers (E/Z=83:17). Purification by using silica
gel chromatography (petroleum ether/ethyl acetate 20:1) yielded
the product as a mixture of regioisomers in 80% (42.2 mg,
0.24 mmol) combined yield as a colorless oil. The regioisomers
were separated by using semi-preparative HPLC (petroleum ether/
ethyl acetate 40:1). Spectroscopic data were identical to those de-
scribed in the literature.®” R;=0.41 (petroleum ether/ethyl acetate
10:1); '"H NMR (300 MHz, CDCl,): 6=7.69 (d, J=16.0 Hz, 1H), 7.55-
7.49 (m, 2H), 7.41-7.35 (m, 3H), 6.44 (d, J=16.1 Hz, TH), 4.26 (q,
J=7.24Hz, 2H), 134 ppm (t, J=7.2Hz, 3H); *CNMR (75 MHz,
CDCly): 0=167.1, 144.6, 1349, 130.2, 128.9, 128.1, 118.3, 60.5,
14.3 ppm; IR (film) 7=3061 (w), 2980 (m), 1707 (s), 1637 (s), 1578
(w), 1495 (w), 1449 (m), 1391 (w), 1366 (m), 1309 (s), 1267(m), 1201
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(s), 1163 (s), 1094 (m), 1072 (m), 1035 (m), 978 (m), 864 (m), 838
(w), 765 (s), 739 (w), 710 (m), 698 (m), 684 (s), 619 (w), 588 (m), 573
(m), 511 (m), 483 cm™" (m); GC-MS (El, 70 eV): m/z (%): 176 (43)
[M*], 148 (12), 131 (100), 103 (30), 77 (16), 51 (7).

(E)-Ethyl 3-(3-chlorophenyl)acrylate 8b: The product was ob-
tained according to GP-lll starting from 3-chlorobenzaldehyde
(34 pL, 0.3 mmol) and ethyl bromoacetate (43 pL, 0.39 mmol) as
a mixture of regioisomers (E/Z=72:28). Purification by using silica
gel chromatography (petroleum ether/ethyl acetate 20:1) yielded
the product as a mixture of regioisomers in 71% (45.2 mg,
0.21 mmol) combined yield as a colorless oil. The regioisomers
were separated by using semi-preparative HPLC (petroleum ether/
ethyl acetate 20:1). Spectroscopic data were identical to those de-
scribed in the literature.*” R;=0.24 (petroleum ether/ethyl acetate
20:1); "H NMR (300 MHz, CDCl,): 6=7.61 (d, J=16.2 Hz, 1H), 7.52-
749 (m, 1H), 7.41-7.26 (m, 3H), 6.43 (d, J=16.2Hz, TH), 4.27 (q,
J=7.1Hz, 2H), 1.34ppm (t, J=7.1Hz, 3H); *CNMR (75 MHz,
CDCly): 6=166.6, 142.9, 136.3, 1349, 130.1, 130.1, 127.8, 126.2,
119.8, 60.7, 14.3 ppm; IR (film) 7=3063 (w), 2981 (m), 2938 (w),
2903 (w), 1708 (s), 1639 (s), 1594 (w), 1566 (m), 1475 (m), 1445 (w),
1428 (w), 1392 (w), 1366 (m), 1303 (s), 1311 (s), 1269 (s), 1200 (s),
1175 (s), 1163 (s), 1095 (m), 1078 (m), 1034 (s), 979 (s), 910 (m), 859
(s), 784 (s), 734 (w), 683 (m), 672 (s), 575 (m), 511 (w), 436 (m),
415cm™" (w); GC-MS (ESI): m/z (%): 233 (100) [M+Na*]1, 165 (96),
137 (20), 102 (6); HRMS (ESI): m/z: calcd for C;H;;CIO,+Na™:
233.0340; found: 233.0338.

(E)-Ethyl 3-(3-bromophenyl)acrylate 8c: The product was ob-
tained according to GP-lll starting from 3-bromobenzaldehyde
(35 uL, 0.3 mmol) and ethyl bromoacetate (43 pL, 0.39 mmol) as
a mixture of regioisomers (E/Z=92:8). Purification by using silica
gel chromatography (petroleum ether/ethyl acetate 20:1) yielded
the product as a mixture of regioisomers in 83% (63.8 mg,
0.25 mmol) combined yield as a colorless oil. The regioisomers
were separated by using semi-preparative HPLC (petroleum ether/
ethyl acetate 10:1). Spectroscopic data were identical to those de-
scribed in the literature.®? R;=0.27 (petroleum ether/ethyl acetate
20:1); '"H NMR (300 MHz, CDCl,): 6=7.67 (t, J=1.6 Hz, TH), 7.60 (d,
J=16.0Hz, 1H), 7.50 (d, J=79Hz, 1H), 7.44 (d, J/=7.9Hz, 1H),
7.28-7.22 (m, 1H), 6.43 (d, J=16.0 Hz, 1H), 4.27 (q, /=7.1 Hz, 2H),
134 ppm (t, J=7.1 Hz, 3H); *CNMR (75 MHz, CDCl;): 6=166.5,
142.8, 136.6, 133.0, 130.7, 130.4, 126.6, 133.0, 119.8, 60.7, 14.3 ppm;
IR (film) 7=3062 (w), 2980 (m), 2935 (w), 2903 (w), 1708 (s), 1638
(m), 1592 (w), 1561 (m), 1473 (m), 1445 (w), 1418 (w), 1392 (w),
1366 (m), 1310 (s), 1268 (m), 1196 (s), 1174 (s), 1162 (s), 1113 (w),
1093 (m), 1072 (m), 1033 (m), 978 (m), 892 (w), 858 (m), 782 (s),
756 (w), 725 (m), 668 (s), 578 (m), 540 (w), 510 cm™" (w); GC-MS
(ESI): m/z (%): 254 (41) [M*1, 226 (18), 209 (100), 183 (14), 131 (10),
102 (58), 75 (10), 51 (9); HRMS (ESI): m/z: calcd for C;;H;,BrO,+Na™
: 276.9835; found: 276.9826.

(E)-Ethyl 3-(2-nitrophenyl)acrylate 8d: The product was obtained
according to GP-lll starting from 2-nitrobenzaldehyde (45.3 mg,
0.3 mmol) and ethyl bromoacetate (43 uL, 0.39 mmol) as a mixture
of regioisomers (E/Z=75:25). Purification by using silica gel chro-
matography (petroleum ether/ethyl acetate 5:1) yielded the prod-
uct as a mixture of regioisomers in 64 % (42.6 mg, 0.19 mmol) com-
bined yield as a colorless oil. The regioisomers were separated by
using semi-preparative HPLC (petroleum ether/ethyl acetate 5:1).
Spectroscopic data were identical to those described in the litera-
ture.’” E isomer: R;=0.42 (petroleum ether/ethyl acetate 5:1);
'H NMR (300 MHz, CDCl,): 6=8.11 (d, J=15.9 Hz, TH), 8.04 (d, J=
8.1 Hz, 1H), 7.67-7.67 (m, 2H), 7.59-7.51 (m, 1H), 6.37 (d, J=
159 Hz, 1H), 429 (q, /=7.2 Hz, 2H), 1.35 ppm (t, J=7.2 Hz, 3H);
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BCNMR (75 MHz, CDCly): 6=165.8, 1483, 139.8, 133.5, 130.7,
130.2, 129.1, 124.9, 123.4, 60.9, 14.3 ppm; IR (film) 7=2982 (w),
1711 (s), 1639 (m), 1606 (w), 1572 (m), 1521 (s), 1477 (m), 1443 (m),
1392 (w), 1366 (m), 1343 (s), 1289 (s), 1272 (s), 1249 (m), 1199 (m),
1178 (s), 1114 (w), 1031 (s), 973 (s), 911 (w), 886 (w), 856 (m), 833
(w), 785 (m), 755 (s), 731 (s), 715 (m), 686 (m), 664 (m), 586 (m),
524 cm™' (m); GC-MS (ESI): m/z (%): 244 (100) [M+Na™], 133 (44),
130 (98); HRMS (ESI): m/z: caled for C;;H,;NO,+Na*: 244.0580;
found: 244.0575. Z isomer: R;=0.42 (petroleum ether/ethyl acetate
5:1); "H NMR (500 MHz, CDCl;): 6=8.16 (d, J/=8.6 Hz, TH), 7.61 (t,
J=7.5Hz, 1H), 7.50 (t, J/=7.7 Hz, 1H), 7.44-7.38 (m, 2H), 6.10 (d,
J=11.8Hz, 1H), 423 (q, J=7.2 Hz, 2H), 1.11 ppm (t, J=7.2 Hz, 3H);
BCNMR (75 MHz, CDCly): 6=165.2, 141.3, 133.0, 131.1, 1289,
124.4, 121.4, 60.4, 13.9 ppm; IR (film) 7=3071 (w), 2983 (w), 2937
(w), 2871 (w), 1715 (s), 1641 (w), 1608 (w), 1572 (w), 1520 (s), 1477
(w), 1443 (w), 1403 (w), 1384 (w), 1342 (s), 1292 (m), 1193 (s), 1157
(s), 1113 (m), 1095 (m), 1079 (m), 1028 (s), 961 (w), 858 (m), 832
(m), 816 (m), 788 (s), 756 (m), 732 (m), 706 (m), 665 (m), 591 cm™"
(m); GC-MS (ESI): m/z (%): 244 (100) [M*]1, 176 (11), 130 (97), 102
(3); HRMS (ESl): m/z: caled for C;;H,;NO,-+Na": 244.0580; found:

—

(E)-Ethyl 3-(quinolin-2-yl)acrylate 8e: The product was obtained
according to GP-lll starting from 2-quinolinecarboxaldehyde
(47.2 mg, 0.3 mmol) and ethyl bromoacetate (43 uL, 0.39 mmol) as
a mixture of regioisomers. Purification by using silica gel chroma-
tography (petroleum ether/ethyl acetate 10:1) yielded the product
as a mixture of regioisomers in 34% (22.9 mg, 0.10 mmol) com-
bined yield as a colorless oil. The regioisomers were separated by
using semi-preparative HPLC (petroleum ether/ethyl acetate 6:1).
Spectroscopic data were identical to those described in the litera-
ture® R,=0.56 (petroleum ether/ethyl acetate 10:1); 'H NMR
(300 MHz, CDCl,): 6=8.18 (d, J=8.5Hz, 1H), 8.10 (d, J=8.5Hz,
1H), 790 (d, J=16.0Hz, 1H), 7.82 (d, J=8.4Hz, 1H), 7.74 (t, J=
7.6 Hz, 1H), 7.62 (d, J=8.7 Hz, 1H), 7.56 (t, J=7.6 Hz, TH), 6.99 (d,
J=16.0Hz, 1H), 431 (q, J=7.1Hz, 2H), 1.36 ppm (t, J=7.1Hz,
3H); ®*C NMR (75 MHz, CDCl,): 6=166.6, 153.3, 148.3, 144.1, 136.8,
130.1, 129.9, 128.1, 127.5, 127.3, 123.8, 120.2, 60.8, 14.3 ppm; IR
(film) 7=3058 (w), 2980 (w), 2934 (w), 1708 (s), 1641 (m), 1616 (w),
1593 (m), 1556 (w), 1504 (m), 1463 (w), 1445 (w), 1427 (m), 1391
(m), 1366 (w), 1342 (m), 1291 (s), 1250 (s), 1231 (m), 1211 (m), 1176
(s), 1157 (s), 1117 (m), 1095 (m), 1032 (s), 978 (s), 923 (w), 900 (w),
869 (w), 823 (s), 789 (m), 756 (s), 723 (m), 698 (w), 656 (m), 543 (w),
519 (w), 503 cm™' (s); GC-MS (El, 70 eV): m/z (%): 227 (80) [M*],
198 (13), 182 (100), 155 (76), 128 (34), 101 (9), 91 (8), 77 (17); HRMS
(El): m/z: caled for C,,H;3sNO, *: 227.0946; found: 227.0945.

(E)-Ethyl 3-(furan-2-yl)acrylate 8 f: The product was obtained ac-
cording to GP-lll starting from 2-furfural (25 puL, 0.3 mmol) and
ethyl bromoacetate (43 pL, 0.39 mmol) as a mixture of regioisom-
ers (E/Z=90:10). The regioisomers were separated by using silica
gel chromatography (petroleum ether/ethyl acetate 20:1), and the
regioisomers could be isolated in 51% (25.4 mg, 0.15 mmol) com-
bined yield as colorless oils. The regioisomers were separated by
using semi-preparative HPLC (petroleum ether/ethyl acetate 20:1).
Spectroscopic data were identical to those described in the litera-
ture.®" R;=0.37 (petroleum ether/ethyl acetate 20:1); E isomer:
"H NMR (300 MHz, CDCl,): 6=7.48 (d, J=1.5Hz, 1H), 743 d, J=
15.7 Hz, 1H), 6.60 (d, J=3.4 Hz, 1H), 6.46 (q, J/=1.5Hz, 1H), 6.31
(d, J=15.7 Hz, 1H), 4.24 (q, J=7.1 Hz, 2H), 1.32 ppm (t, J=7.1 Hz,
3H); CNMR (75 MHz, CDCly): 6=167.1, 151.0, 144.7, 131.0, 116.0,
114.6, 112.2, 60.4, 14.3 ppm; IR (film) ?=3129 (w), 2982 (m), 1703
(s), 1637 (s), 1559 (w), 1478 (w), 1446 (w), 1390 (w), 1366 (m), 1303
(s), 1280 (m), 1259 (s), 1208 (s), 1159 (s), 1094 (m), 1075 (m), 1016
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(s), 970 (s), 929 (m), 883 (m), 859 (m), 814 (m), 790 (m), 745 (s), 680
(m), 593 (s), 513 (m), 441 cm™" (w); GC-MS (ESI): m/z (%): 189 (47)
[M+Na*1, 139 (6), 121 (100); HRMS (ESI): m/z: calcd for CgH,,0;+
Na*: 189.0522; found: 189.0536. Z isomer: R;=0.41 (petroleum
ether/ethyl acetate 20:1); '"H NMR (300 MHz, CDCl,): 6=7.67 (d, J=
3.7Hz, 1H), 7.48 (d, J=1.8 Hz, 1H), 6.79 (d, /=12.8 Hz, 1H), 6.52-
6.49 (m, TH), 5.74 (d, J=12.8Hz, 1H), 4.23 (q, J=7.2Hz, 2H),
1.32 ppm (t, J=7.2 Hz, 3H); *CNMR (125 MHz, CDCl,): 6 =166.0,
150.8, 143.9, 130.4, 117.0, 114.4, 112.6, 60.2, 14.3 ppm; IR (CDCl,)
7=3072 (w), 3052 (w), 3005 (w), 2957 (w), 2924 (m), 2852 (w), 2174
(m), 1714 (m), 1639 (w), 1593 (w), 1463 (w), 1430 (m), 1367 (w),
1304 (w), 1261 (w), 1209 (w), 1127 (s), 1088 (s), 1028 (m), 998 (w),
973 (w), 919 (w), 834 (s), 738 (m), 697 (m), 594 (w), 498 (m),
447 cm™' (w); GC-MS (ESI) m/z (%): 169 (60) [M*], 138 (29), 121
(100), 110 (5), 94 (20), 65 (21), 39 (18); HRMS (ESI): m/z: calcd for
CoH,0057: 166.0630; found: 166.0631.

(E)-Ethyl 3-(thiophen-2-yl)acrylate 8g: The product was obtained
according to GP-lll starting from 2-thiophenecarboxaldehyde
(28 pL, 0.3 mmol) and ethyl bromoacetate (43 pL, 0.39 mmol) as
a mixture of regioisomers (E/Z=92:8). Purification by using silica
gel chromatography (petroleum ether/ethyl acetate 20:1) yielded
the product as a mixture of regioisomers in 37% (20.2 mg,
0.11 mmol) combined yield as a colorless oil. The regioisomers
were separated by using semi-preparative HPLC (petroleum ether/
ethyl acetate 10:1). Spectroscopic data were identical to those de-
scribed in the literature.*¥ R;=0.35 (petroleum ether/ethyl acetate
20:1); 'HNMR (300 MHz, CDCl,): 6=7.78 (d, J=15.8 Hz, 1H), 7.37
(d, J=5.0Hz, 1H), 7.25 (d, J=3.4 Hz, 1H), 7.05 (dd, J;=5.0 Hz, J,=
33Hz, 1H), 624 (d, J=15.6 Hz, 1H), 425 (q, J=7.1Hz, 2H),
133 ppm (t, J=7.1Hz, 3H); “CNMR (75 MHz, CDCl,): 6=166.9,
139.6, 137.0, 130.8, 128.3, 128.1, 117.0, 60.5, 14.3 ppm; IR (film) 7=
3106 (w), 2980 (m), 2934 (w), 2903 (w), 1702 (s), 1624 (s), 1517 (w),
1464 (w), 1444 (w), 1426 (w), 1392 (m), 1304 (s), 1260 (s), 1229 (m),
1202 (s), 1157 (s), 1094 (m), 1032 (s), 968 (s), 845 (s), 829 (m), 778
(w), 701 (s), 595 (m), 571 (w), 487 cm™' (m); GC-MS (ESI): m/z (%):
205 (100) [M+Na™1, 137 (99), 109 (17); HRMS (ESI): m/z: calcd for
CoH,00,5 +Na*: 205.0294; found: 205.0282.

(E)-Methyl 2-methyl-3-phenylacrylate 8h: The product was ob-
tained according to GP-lll starting from benzaldehyde (30 pL,
0.3 mmol) and methyl 2-bromopropionate (43 uL, 0.39 mmol) as
a mixture of regioisomers (E/Z=49:51). Purification by using silica
gel chromatography (petroleum ether/ethyl acetate 10:1) yielded
the product as a mixture of regioisomers in 30% (16.1 mg,
0.09 mmol) combined vyield as a colorless oil. Spectroscopic data
were identical to those described in the literature."®® R,=0.58 (pe-
troleum ether/ethyl acetate 10:1); 'H NMR (300 MHz, CDCly): 6=
7.71-7.68 (m, TH), 7.39 (d, J=4.3 Hz, 4H), 7.36-7.30 (m, TH), 3.82
(s, 3H), 2.12 ppm (d, J=2.5 Hz, 3H); *C NMR (75 MHz, CDCl,): 6 =
169.2, 139.0, 135.9, 129.8, 129.6, 129.0, 128.4, 128.3, 128.0, 127.6,
52.1, 14.1 ppm; IR (film) 7=3025 (w), 2950 (w), 1706 (s), 1636 (m),
1576 (w), 1492 (w), 1434 (m), 1388 (w), 1356 (w), 1312 (m), 1295
(m), 1251 (s), 1201 (s), 1112 (s), 1075 (w), 1031 (w), 1018 (w), 1001
(m), 981 (m), 949 (m), 929 (m), 853 (w), 817 (w), 764 (s), 739 (m),
702 (s), 691 (s), 650 (w), 618 (m), 591 (m), 573 (m), 511 cm™' (s);
GC-MS (ESI): m/z (%): 199 (100) [M+Na*], 145 (20), 131 (39), 117
(99), 103 (8); HRMS (ESI): m/z: calcd for Cy;H,,0,4+Na™: 199.0730;
found: 199.0734.

(E)-Benzylidenacetophenone 8i: The product was obtained ac-
cording to GP-Ill starting from benzaldehyde (30 pL, 0.3 mmol) and
2-bromoacetophenone (77.6 mg, 0.39 mmol) as a mixture of re-
gioisomers. Purification by using silica gel chromatography (petro-
leum ether/ethyl acetate 20:1) yielded the product as a mixture of
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regioisomers in 37 % (23.4 mg, 0.11 mmol) combined yield as a col-
orless oil. The regioisomers could not be separated by using semi-
preparative HPLC. Spectroscopic data were identical to those de-
scribed in the literature."® R,=0.21 (petroleum ether/ethyl acetate
40:1); "H NMR (300 MHz, CDCl;): 6 =8.05-8.00 (m, 2H), 7.82 (d, J=
15.8 Hz, 1H), 7.69-7.61 (m, 2H), 7.61-7.48 (m, 4H), 7.46-7.40 ppm
(m, 3H); ®CNMR (75 MHz, CDCl,): =190.6, 144.9, 138.2, 134.9,
132.8, 130.6, 1289, 128.6, 128.5, 128.5, 122.1 ppm; IR (film) 7=
3058 (w), 3026 (w), 2924 (w), 2850 (w), 1662 (s), 1602 (s), 1575 (s),
1494 (m), 1448 (s), 1395 (w), 1334 (s), 1305 (m), 1285 (m), 1213 (s),
1176 (m), 1159 (m), 1073 (w), 1034 (m), 1015 (m), 998 (m), 978 (m),
931 (w), 887 (w), 859 (w), 783 (m), 745 (s), 686 (s), 595 (w)
565 cm ' (s); GC-MS (El, 70 eV): m/z (%): 208 (100) [M*1, 179 (15),
169 (6), 131 (31), 105 (25), 77 (42), 51 (9).

’

(E)-Ethyl 5,9-dimethyldeca-2,8-dienoate 8j: The product was ob-
tained according to GP-lll starting from citronellal (54 pL,
0.3 mmol) and ethyl bromoacetate (43 uL, 0.39 mmol) as a mixture
of regioisomers (E/Z=96:4). Purification by using silica gel chroma-
tography (petroleum ether/ethyl acetate 20:1) yielded the product
as a mixture of regioisomers in 59% (39.5 mg, 0.18 mmol) com-
bined yield as a colorless oil. The regioisomers were separated by
using semi-preparative HPLC (petroleum ether/ethyl acetate 40:1).
Spectroscopic data were identical to those described in the litera-
ture’ R,=0.57 (petroleum ether/ethyl acetate 20:1); 'H NMR
(300 MHz, CDCly): 6=7.00-6.88 (m, 1H), 5.81 (dt, J;=15.6 Hz, J,=
1.3 Hz, 1H), 5.08 (tt, J;=7.2 Hz, J,=13 Hz, 1H), 418 (q, J=7.1 Hz,
2H), 2.27-2.16 (m, TH), 2.10-1.89 (m, 3H), 1.68 (s, 3H), 1.66-1.58
(m, TH), 1.60 (s, 3H), 1.42-1.29 (m, 1H), 1.29 (t, J=7.1Hz, 3H),
1.26-1.10 (m, 1H), 0.91 ppm (d, J=6.7 Hz, 3H); *C NMR (75 MHz,
CDCly): 0=166.7, 148.2, 131.5, 124.4, 122.4, 60.1, 39.6, 36.7, 32.1,
25.7, 25.5, 19.5, 17.6, 143 ppm; IR (film) #=2964 (m), 2914 (m),
1719 (s), 1653 (m), 1447 (m), 1367 (m), 1310 (m), 1264 (s), 1181 (s),
1156 (s), 1116 (m), 1097 (m), 1045 (s), 982 (s), 889 (w), 835 (w), 741
(w), 704 cm™" (w); GC-MS (ESI): m/z (%): 224 (10) [M*], 181 (14);
150 (19), 136 (47), 109 (43), 95 (46), 81 (35), 69 (100), 55 (32), 41
(65); HRMS (ESI): m/z: caled for C,H,,0,": 224.1776; found:
224.1774.

(E)-Ethyl dec-2-enoate 8k: The product was obtained according
to GP-lI starting from octanal (47 pL, 0.3 mmol) and ethyl bromoa-
cetate (43 L, 0.39 mmol) as a mixture of regioisomers (E/Z=92:8).
Purification by using silica gel chromatography (petroleum ether/
ethyl acetate 20:1) yielded the product as a mixture of regioisom-
ers in 46% (27.3 mg, 0.14 mmol) combined yield as a colorless oil.
The regioisomers were separated by using semi-preparative HPLC
(petroleum ether/ethyl acetate 20:1). Spectroscopic data were
identical to those described in the literature.®" R;=0.42 (petroleum
ether/ethyl acetate 20:1); 'H NMR (300 MHz, CDCl,): 6=6.97 (dt,
J,=15.5Hz, J,=7.0Hz, 1H), 581 (dt, ;=154 Hz, J,=1.5Hz, 1H),
4.18 (q, J=7.1 Hz, 2H), 2.19 (q, J=7.2 Hz, 2H), 1.51-1.40 (m, 3H),
1.35-1.23 (m, 10H), 0.88 ppm (t, J=6.6 Hz, 3H); *C NMR (75 MHz,
CDCl,): 0=166.8, 149.5, 121.2, 60.1, 32.2, 31.7, 29.1, 28.0, 26.9, 22.6,
14.3, 14.1 ppm; IR (film) 7=2956 (m), 2926 (m), 2856 (m), 1720 (s),
1654 (m), 1464 (w), 1366 (w), 1308 (m), 1269 (s), 1165 (s), 1126 (m),
1096 (w), 1041 (m), 979 (m), 855 (w), 723 (w), 546 cm ™' (w); GC-MS
(El, 70 eV): m/z (%): 198 (6) [M "], 153 (100), 141 (8), 127 (25), 115
(31), 110 (56), 101 (94), 84 (50), 73 (59), 69 (46), 55 (99), 43 (61), 29
(41); HRMS (El): m/z: caled for Ci,H,,0,": 198.1620; found:
198.1619.

= =

(E)-Cinnamonitrile 81: The product was obtained according to GP-
Il starting from benzaldehyde (30 pL, 0.3 mmol) and chloroacetoni-
trile (25 uL, 0.39 mmol) as a mixture of regioisomers (E/Z=78:22).
Purification by using silica gel chromatography (petroleum ether/
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ethyl acetate 20:1) yielded the product as a mixture of regioisom-
ers in 60% (23.2 mg, 0.18 mmol) combined yield as a colorless oil.
The regioisomers were separated by using semi-preparative HPLC
(petroleum ether/ethyl acetate 20:1). Spectroscopic data were
identical to those described in the literature.®® R,=0.38 (petroleum
ether/ethyl acetate 20:1); 'H NMR (300 MHz, CDCl,): 6 =7.53-7.35
(m, 6H), 5.88 ppm (d, J=16.8 Hz, TH); *C NMR (75 MHz, CDCl;):
0=150.7, 133.6, 131.2, 129.1, 127.4, 118.2, 96.4 ppm; IR (film) 7=
3054 (w), 2216 (s), 1617 (s), 1576 (m), 1494 (m), 1448 (m), 1338 (w),
1300 (w), 1271 (w), 1180 (m), 1159 (w), 1159 (w), 1075 (w), 1029
(w), 965 (s), 920 (w), 844 (w), 827 (w), 778 (m, 746 (s), 687 (s), 623
(m), 579 (m), 533 (m), 503 (M), 436 cm™' (m); GC-MS (ESI): m/z (%):
129 (100) [M*1, 102 (19), 76 (5), 63 (4), 51 (7).

(E)-3-(3-Chlorophenyl)acrylonitrile 8 m: The product was obtained
according to GP-lll starting from 3-chlorobenzaldehyde (34 pL,
0.3 mmol) and chloroacetonitrile (25 pL, 0.39 mmol) as a mixture of
regioisomers (E/Z=76:24). Purification by using silica gel chroma-
tography (petroleum ether/ethyl acetate 10:1) yielded the product
as a mixture of regioisomers in 82% (40.4 mg, 0.25 mmol) com-
bined yield as a colorless oil. The regioisomers were separated by
using semi-preparative HPLC (petroleum ether/ethyl acetate 10:1).
Spectroscopic data were identical to those described in the litera-
ture.”” E isomer: R;=0.36 (petroleum ether/ethyl acetate 10:1);
'H NMR (300 MHz, CDCl,): 0 =7.46-7.30 (m, 5H), 5.90 ppm (d, J=
16.5Hz, 1H); *CNMR (75 MHz, CDCl;): 0=149.0, 135.3, 135.2,
131.1, 1304, 127.1, 125.6, 117.6, 98.0 ppm; IR (film) 7=3064 (w),
2926 (w), 2854 (w), 2218 (s), 1620 (m), 1593 (m), 1565 (s), 1474 (m),
1428 (m), 1416 (m), 1308 (w), 1285 (w), 1259 (w), 1204 (m), 1066
(w), 1133 (w), 1095 (m), 1077 (m), 997 (w), 962 (s), 905 (s), 888 (m),
745 (s), 776 (w), 730 (s), 706 (s), 698 (s), 678 (s), 649 (m), 623 (w),
568 (w), 509 (w), 439 (w), 419 cm™' (m); GC-MS (El, 70 eV): m/z (%):
163 (100) [M™*1, 136 (8), 128 (49), 101 (7); HRMS (ESI): m/z: calcd for
CyH(CIN *: 163.0189; found: 166.0185. Z isomer: R,=0.36 (petrole-
um ether/ethyl acetate 10:1); 'H NMR (300 MHz, CDCl,): 6=7.76
(dt, J;=6.7Hz, J,=1.8Hz, TH), 7.71 (t, J=1.8Hz, TH), 7.45-7.35
(m, 2H), 7.08 (d, J=12.1Hz, 1H), 552 ppm (d, J=12.1 Hz, TH);
BCNMR (75 MHz, CDCly): 6=147.1, 135.1, 134.0, 131.0, 130.2,
129.1, 126.7, 116.8, 96.8 ppm; IR (film) 7=3066 (w), 2969 (w), 2926
(w), 2854 (w), 2214 (s), 1709 (w), 1612 (m), 1592 (w), 1562 (s), 1478
(m), 1389 (w), 1300 (w), 1283 (w), 1227 (w), 1181 (m), 1001 (m),
1081 (m), 999 (w), 956 (w), 882 (m), 854 (w), 833 (m), 794 (s), 757
(m), 732 (w), 679 (s), 649 (M), 579 (w), 485 (w), 425 cm™" (w); GC-
MS (El, 70 eV): m/z (%): 163 (100) [M*], 136 (8), 128 (48), 101 (8);
HRMS (ESI): m/z: calcd for CgHsCIN *: 163.0189: found: 163.0187.

(E)-3-(3-Bromophenyl)acrylonitrile 8n: The product was obtained
according to GP-lll starting from 3-bromobenzaldehyde (35 L,
0.3 mmol) and chloroacetonitrile (25 pL, 0.39 mmol) as a mixture of
regioisomers (E/Z=75:25). Purification by using silica gel chroma-
tography (petroleum ether/ethyl acetate 10:1) yielded the product
as a mixture of regioisomers in 79% (49.2 mg, 0.24 mmol) com-
bined yield as a colorless oil. The regioisomers were separated by
using semi-preparative HPLC (petroleum ether/ethyl acetate 10:1).
Spectroscopic data were identical to those described in the litera-
ture.”® E isomer: R;=0.35 (petroleum ether/ethyl acetate 10:1);
'H NMR (300 MHz, CDCl;): 6 =7.62-7.53 (m, 2H), 7.40-7.35 (m, TH),
731 (d, J=43Hz, 1H), 7.28 (d, J/=8.7 Hz, 1H), 5.90 ppm (d, J=
16.6 Hz, 1H); *CNMR (75 MHz, CDCl,): 0=1489, 135.5, 134.0,
130.6, 130.1, 126.0, 123.3, 117.5, 98.1 ppm; IR (film) 7=3060 (w),
2218 (s), 1620 (m), 1590 (w), 1562 (m), 1472 (m), 1424 (m), 1415
(m), 1283 (w), 1259 (w), 1202 (m), 1170 (w), 1090 (w), 1071 (m),
1032 (w), 994 (m), 961 (s), 887 (m), 873 (m), 826 (w), 775 (s), 732
(w), 680 (s), 623 (w), 561 (w), 508 cm™' (w); GC-MS (El, 70 eV): m/z
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(%): 207 (100) [M*], 128 (73), 101 (21), 77 (10), 564 (10), 50 (9);
HRMS (ESI): m/z: caled for CoHBrN-+Na™: 229.9576: found:
229.9583. Z isomer: R;=0.35 (petroleum ether/ethyl acetate 10:1);
'H NMR (300 MHz, CDCl,): 6=7.82 (d, J=9.4 Hz, 2H), 7.58 (d, J=
7.7Hz, 1H), 733 (t, J=7.7Hz, 1H), 7.06 (d, J=12.0Hz, 1H),
5.52 ppm (d, J=12.0 Hz, 1H); *CNMR (75 MHz, CDCl,): 6 =147.0,
135.4, 133.8, 132.1, 130.5, 127.1, 123.0, 116.8, 96.8 ppm; IR (film)
7=3064 (w), 2968 (w), 2922 (w), 2851 (w), 2214 (m), 1708 (w), 1611
(w), 1557 (s), 1473 (m), 1424 (m), 1387 (w), 1297 (w), 1284 (w),
1230 (w), 1180 (m), 1093 (w), 1073 (m), 997 (m), 970 (w), 951 (w),
907 (w), 882 (m), 791 (s), 752 (m), 727 (m), 678 (s), 664 (M), 656 (w),
593 (m), 513 cm™' (m); GC-MS (El, 70 eV): m/z (%): 207 (100) [M*1,
128 (92), 101 (24), 75 (13), 50 (11); HRMS (ESI): m/z: calcd for
CoHeBrN™: 209.9756; found: 209.9769.

(E)-3-(4-Methoxyphenyl)acrylonitrile 80: The product was ob-
tained according to GP-lll starting from anisaldehyde (41 pL,
0.3 mmol) and chloroacetonitrile (25 pL, 0.39 mmol) as a mixture of
regioisomers (E/Z=67:33). Purification by using silica gel chroma-
tography (petroleum ether/ethyl acetate 10:1) yielded the product
as a mixture of regioisomers in 69% (26.6 mg, 0.21 mmol) com-
bined yield as a colorless oil. The regioisomers were separated by
using semi-preparative HPLC (petroleum ether/ethyl acetate 10:1).
Spectroscopic data were identical to those described in the litera-
ture.”” E isomer: R;=0.29 (petroleum ether/ethyl acetate 10:1);
'H NMR (300 MHz, CDCl;): 6=7.40 (d, J=8.7 Hz, 2H), 7.33 (d, J=
16.7 Hz, 1H), 6.91 (d, J=88Hz, 2H), 571 (d, J=16.7 Hz, TH),
3.85 ppm (s, 3H); *C NMR (75 MHz, CDCl,): 6=162.1, 150.0, 132.0,
129.1, 126.4, 118.7, 114.5, 99.4, 55.5 ppm; IR (film) 7=2936 (w),
2840 (w), 2212 (s), 1682 (m), 1598 (s), 1574 (m), 1510 (s), 1460 (m),
1442 (w), 1423 (m), 1311 (m), 1249 (s), 1215 (m), 1174 (s), 1158 (s),
1111 (w), 1024 (s), 967 (m), 834 (s), 802 (s), 768 (m), 717 (w), 641
(w), 607 (m), 599 (m), 543 (m), 516 (M), 496 (m), 480 cm™' (m); GC-
MS (ESI): m/z (%): 159 (100) [M"], 144 (17), 135 (30), 116 (27), 89
(18). Z isomer: R;=0.29 (petroleum ether/ethyl acetate 10:1);
"H NMR (300 MHz, CDCly): 6=7.80 (d, /=88 Hz, 2H), 7.03 (d, J=
12.0Hz, 1H), 6.95 (d, /=8.8Hz, 2H), 529 (d, J=12.0Hz, 1H),
3.86 ppm (s, 3H); *C NMR (75 MHz, CDCl,): 6 =161.7, 148.0, 131.0,
126.6, 114.3, 91.9, 55.4 ppm; IR (film) 7=3065 (w), 2962 (w), 2839
(w), 2209 (s), 1599 (s), 1569 (m), 1509 (s), 1460 (m), 1442 (w), 1424
(w), 1403 (w), 1327 (w), 1307 (m), 1257 (s), 1172 (s), 1117 (w), 1027
(s), 971 (w), 835 (s), 751 (m), 709 (m), 690 (m), 629 (w), 578 (s), 516
(m), 496 (m), 454 (w), 416 cm™' (w); GC-MS (ESI): m/z (%): 159
(100) [M*], 144 (16), 116 (24), 89 (15), 63 (6).

(E)-3-(2-Nitrophenyl)acrylonitrile 8p: The product was obtained
according to GP-lll starting from 2-nitrobenzaldehyde (45.3 mg,
0.3 mmol) and chloroacetonitrile (25 pL, 0.39 mmol) as a mixture of
regioisomers (E/Z=65:25). Purification by using silica gel chroma-
tography (petroleum ether/ethyl acetate=5:1) yielded the product
as a mixture of regioisomers in 22% (11.4 mg, 0.07 mmol) com-
bined yield as a colorless oil. The regioisomers were separated by
using semi-preparative HPLC (petroleum ether/ethyl acetate 5:1).
Spectroscopic data were identical to those described in the litera-
ture”? R=0.36 (petroleum ether/ethyl acetate 5:1); 'H NMR
(300 MHz, CDCly): 6=8.22 (d, /=8.4Hz, 1H), 7.87 (d, /=7.6 Hz,
1H), 7.77 (t, J=7.6 Hz, 1H), 7.73 (d, J=11.7Hz, 1H), 7.65 (d, J=
7.8 Hz, 1H), 5.72 ppm (d, J=11.7 Hz, 1H); *C NMR (75 MHz, CDCL,):
0=146.6, 134.3, 131.0, 130.7, 129.6, 125.3, 115.9, 100.2 ppm; IR
(film) 7=3111 (w), 3063 (m), 2918 (m), 2849 (w), 2217 (m), 1602
(w), 1567 (m), 1514 (s), 1437 (m), 1382 (m), 1342 (s), 1305 (m), 1291
(m), 1218 (m), 1178 (w), 1161 (w), 1140 (w), 1076 (w), 997 (m), 945
(w), 884 (m), 856 (m), 809 (s), 787 (s), 763 (s), 742 (m), 710 (s), 687
(m), 662 (m), 587 (w), 550 (w), 523 cm ™" (w); GC-MS (El, 70 eV): m/z
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(%): 174 (26) [M*1, 157 (45), 146 (21), 128 (30), 119 (78), 116 (100),
101 (90), 92 (98), 89 (94), 77 (53), 75 (62), 63 (29) 51 (51), 39 (17);
HRMS (El): m/z: calcd for CgHgN,O, *: 174.0429; found: 174.0425.

(E)-3-(Furan-2-yl)acrylonitrile 8q: The product was obtained ac-
cording to GP-lll starting from 2-furfural (25 pL, 0.3 mmol) and
chloroacetonitrile (25 uL, 0.39 mmol) as a mixture of regioisomers
(E/Z=68:32). Purification by using silica gel chromatography (pe-
troleum ether/ethyl acetate 10:1) yielded the product as a mixture
of regioisomers in 55% (19.5 mg, 0.16 mmol) combined yield as
a colorless oil. The regioisomers could not be separated by using
semi-preparative HPLC. Spectroscopic data were identical to those
described in the literature.*” R;=0.32 (petroleum ether/ethyl ace-
tate 10:1); '"HNMR (300 MHz, CDCly): 6=7.50 (d, J=1.7 Hz, T1H),
711 (d, J=16.3Hz, 1H), 6.62 (d, J=3.5Hz, 1H), 6.50 (dd, J,=
3.5Hz, /,=17Hz, 1H), 576 ppm (d, J=16.3Hz, TH); *CNMR
(75 MHz, CDCly): 6=149.9, 145.5, 136.1, 1154, 112.6, 110.6,
93.4 ppm; IR (film) 7=3127 (w), 3063 (w), 2924 (w), 2213 (s), 1689
(w), 1627 (s), 1552 (w), 1504 (w), 1473 (m), 1430 (w), 1390 (m),
1269 (m), 1205 (w), 1150 (m), 1073 (w), 1017 (s), 953 (m), 929 (m),
884 (m), 806 (m), 746 (s), 660 (w), 591 (s), 547 (w), 517 (w), 491 (w),
439 (w), 417 cm™" (m); GC-MS (El, 70 eV): m/z (%): 119 (100) [M™],
90 (28), 64 (19), 39 (6).

(E)-3-(Thiophen-2-yl)acrylonitrile 8r: The product was obtained
according to GP-lll starting from 2-thiophenecarboxaldehyde
(28 uL, 0.3 mmol) and chloroacetonitrile (25 pL, 0.39 mmol) as
a mixture of regioisomers (E/Z=72:28). Purification by using silica
gel chromatography (petroleum ether/ethyl acetate 10:1) yielded
the product as a mixture of regioisomers in 25% (10.0 mg,
0.07 mmol) combined yield as a colorless oil. The regioisomers
were separated by using semi-preparative HPLC (petroleum ether/
ethyl acetate 10:1). Spectroscopic data were identical to those de-
scribed in the literature."® R,=0.26 (petroleum ether/ethyl acetate
10:1); '"H NMR (300 MHz, CDCl,): 6=7.48 (d, /=16.3 Hz, TH), 7.42
(d, J=52Hz, 1H), 7.25 (d, J=3.7 Hz, 1H), 7.08 (dd, J;=5.2 Hz, J,=
3.7 Hz, 1H), 5.65 ppm (d, J=16.3 Hz, TH); *C NMR (75 MHz, CDCl,):
0=1427, 138.4, 131.2, 129.3, 128.4, 118.0, 94.5 ppm; IR (film) 7=
3107 (w), 3050 (w), 2923 (w), 2213 (s), 1738 (w), 1604 (s), 1516 (w),
1420 (m), 1361 (m), 1274 (w), 1246 (w), 1225 (m), 1207 (m), 1080
(w), 1048 (m), 1954 (s), 857 (m), 802 (m), 755 (w), 710 (s), 631 (w),
600 (w), 580 (w), 533 (w), 490 (w), 447 cm™~' (m); GC-MS (El, 70 eV):
m/z (%): 135 (100) [M*], 108 (12), 91 (10), 45 (7); HRMS (El, 70 eV):
m/z: calcd for C;H;NS*: 135.0143; found: 135.0148.

(E)-Dec-2-enenitrile 8s: The product was obtained according to
GP-lIl starting from octanal (47 uL, 0.3 mmol) and chloroacetonitrile
(43 pL, 0.39 mmol) as a mixture of regioisomers (E/Z=92:8). Purifi-
cation by using silica gel chromatography (petroleum ether/ethyl
acetate 20:1) yielded the product as a mixture of regioisomers in
46 % (27.3 mg, 0.14 mmol) combined yield as a colorless oil. The re-
gioisomers could not be separated by using semi-preparative
HPLC. Spectroscopic data were identical to those described in the
literature.*” Mixture of regioisomers: R;=0.34 (petroleum ether/
ethyl acetate 20:1); 'HNMR (300 MHz, CDCl,): 6=6.97 (dt, J,=
15.6 Hz, ,=6.9 Hz, 1H), 6.72 (dt, J;=16.2 Hz, J,=6.9 Hz, TH), 5.81
(dt, Jy=15.4Hz, J,=1.6Hz, 1H), 532 (dt, J;=16.0Hz, J,=1.6 Hz,
1H), 2.21 (quintet, J=7.5 Hz, 4H), 1.52-1.38 (m, 4H), 1.38-1.21 (m,
16H), 0.94-0.82 ppm (m, 6H); >*C NMR (75 MHz, CDCL,): 6 =166.8,
156.2, 149.5, 121.2, 99.6, 60.1, 33.3, 32.2, 31.7, 31.7, 29.1, 29.1, 29.0,
28.0, 27.6, 27.0, 22.6, 22.6, 143, 14.1 ppm; IR (film) ?=2956 (m),
2926 (s), 2856 (m), 1719 (s), 1654 (m), 1634 (w), 1465 (m), 1367 (m),
1308 (m), 1266 (s), 1178 (s), 1126 (m), 1096 (w), 1042 (m), 978 (m),
922 (w), 856 (w), 723 cm™' (w); GC-MS (El, 70 eV): m/z (%): 150 (14)
[M—H*1, 136 (28), 122 (87), 108 (31), 83 (58), 69 (71), 54 (47), 43
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(100), 29 (20); HRMS (El): m/z: caled for CygH;,N—H™: 150.1283;
found: 150.1290.

Acknowledgements

We acknowledge financial support from the Beilstein Foundation
(Ph.D. grant to S.R.).

Keywords: catalysis - iron - olefination - phosphine - reduction

[1] For a recent review on the asymmetric hydrogenation of ketones, see:
J.-H. Xie, D.-H. Bao, Q.-L. Zhou, Synthesis 2015, 47,460-471.

[2] J. A. Osborn, G. Wilkinson, J. J. Mrowca, in Inorganic Syntheses (Ed.: R. J.
Angelici), Wiley, New York, 1990, pp. 77 -79.

[3] a) R. Noyori, T. Ohkuma, Angew. Chem. Int. Ed. 2001, 40, 40-73; Angew.

Chem. 2001, 113, 40-75; b) T. Ikariya, K. Murata, R. Noyori, Org. Biomol.

Chem. 2006, 4, 393; c)T. Ohkuma, M. Koizumi, K. Muniz, G. Hilt, C.

Kabuto, R. Noyori, J. Am. Chem. Soc. 2002, 124, 6508-6509; d)T.

Ohkuma, K. Tsutsumi, N. Utsumi, N. Arai, R. Noyori, K. Murata, Org. Lett.

2007, 9, 255-257; e)K. Murata, K. Okano, M. Miyagi, H. Iwane, R.

Noyori, T. Ikariya, Org. Lett. 1999, 1, 1119-1121.

a) S. Inoue, H. Takaya, K. Tani, S. Otsuka, T. Sato, R. Noyori, J. Am. Chem.

Soc. 1990, 112, 4897 -4905; b) A. Miyashita, A. Yasuda, H. Takaya, K. Tor-

iumi, T. Ito, T. Souchi, R. Noyori, J. Am. Chem. Soc. 1980, 102, 7932-

7934,

[5] T. Inagaki, L. T. Phong, A. Furuta, J. Ito, H. Nishiyama, Chem. Eur. J. 2010,

16, 3090-3096.

a) K. Junge, K. Schroder, M. Beller, Chem. Commun. 2011, 47, 4849; b) D.

Addis, N. Shaikh, S. Zhou, S. Das, K. Junge, M. Beller, Chem. Asian J.

2010, 5, 1687-1691; c)N.S. Shaikh, S. Enthaler, K. Junge, M. Beller,

Angew. Chem. Int. Ed. 2008, 47, 2497 -2501; Angew. Chem. 2008, 120,

2531-2535; d) N. S. Shaikh, K. Junge, M. Beller, Org. Lett. 2007, 9, 5429 -

5432; e)S. Enthaler, B. Hagemann, G. Erre, K. Junge, M. Beller, Chem.

Asian J. 2006, 1, 598 -604.

A. M. Tondreau, E. Lobkovsky, P.J. Chirik, Org. Lett. 2008, 10, 2789-

2792.

[8] R. H. Morris, Chem. Soc. Rev. 2009, 38, 2282.
[9] R. Langer, G. Leitus, Y. Ben-David, D. Milstein, Angew. Chem. Int. Ed.
2011, 50, 2120-2124; Angew. Chem. 2011, 123, 2168-2172.

[10] a) C.P. Casey, H. Guan, J. Am. Chem. Soc. 2009, 131, 2499-2507; b) C. P.
Casey, H. Guan, J. Am. Chem. Soc. 2007, 129, 5816-5817.

[11] Y. Li, L-Q. Lu, S. Das, S. Pisiewicz, K. Junge, M. Beller, J. Am. Chem. Soc.
2012, 7134, 18325-18329.

[12] Y. Li, S. Das, S. Zhou, K. Junge, M. Beller, J. Am. Chem. Soc. 2012, 134,
9727 -9732.

[13] M. Berthod, A. Favre-Réguillon, J. Mohamad, G. Mignani, G. Docherty, M.
Lemaire, Synlett 2007, 2007, 1545-1548.

[14] a) G. Wittig, G. Geissler, Liebigs Ann. Chem. 1953, 580, 44-47; b)G.
Wittig, U. Schollkopf, Chem. Ber. 1954, 87, 1318-1330.

[15] R. Appel, Angew. Chem. Int. Ed. Engl. 1975, 14, 801-811; Angew. Chem.
1975, 87, 863 -874.

[16] a) O. Mitsunobu, Synthesis 1981, 1-28; b) O. Mitsunobu, M. Yamada,
Bull. Chem. Soc. Jpn. 1967, 40, 2380 -2382.

[17] For an excellent review on organophosphorus catalysis, see: H. A. van
Kalkeren, F.L. van Delft, F. P.J. T. Rutjes, ChemSusChem 2013, 6, 1615-
1624.

[18] a)C.J. O'Brien, J.L. Tellez, Z.S. Nixon, L.J. Kang, A.L. Carter, S.R.
Kunkel, K. C. Przeworski, G. A. Chass, Angew. Chem. Int. Ed. 2009, 48,
6836-6839; Angew. Chem. 2009, 121, 6968-6971; b)C.J. O'Brien, F.
Lavigne, E. E. Coyle, A. J. Holohan, B. J. Doonan, Chem. Eur. J. 2013, 19,
5854-5858; ¢)E.E. Coyle, B.J. Doonan, A.J. Holohan, K. A. Walsh, F.
Lavigne, E.H. Krenske, C.J. O'Brien, Angew. Chem. Int. Ed. 2014, 53,
12907 -12911; Angew. Chem. 2014, 126, 13121-13125.

[19] a) H. A. van Kalkeren, S. H. A. M. Leenders, C. R. A. Hommersom, F.P.J. T.
Rutjes, F. L. van Delft, Chem. Eur. J. 2011, 17, 11290-11295; b) For an ex-
cellent review on nucleophilic substitution reactions, see: J. An, R. M.

=

&)

[7

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1039/B513564H
http://dx.doi.org/10.1039/B513564H
http://dx.doi.org/10.1021/ja026136+
http://dx.doi.org/10.1021/ja026136+
http://dx.doi.org/10.1021/ja026136+
http://dx.doi.org/10.1021/ol062661s
http://dx.doi.org/10.1021/ol062661s
http://dx.doi.org/10.1021/ol062661s
http://dx.doi.org/10.1021/ol062661s
http://dx.doi.org/10.1021/ol990226a
http://dx.doi.org/10.1021/ol990226a
http://dx.doi.org/10.1021/ol990226a
http://dx.doi.org/10.1021/ja00168a040
http://dx.doi.org/10.1021/ja00168a040
http://dx.doi.org/10.1021/ja00168a040
http://dx.doi.org/10.1021/ja00168a040
http://dx.doi.org/10.1021/ja00547a020
http://dx.doi.org/10.1021/ja00547a020
http://dx.doi.org/10.1021/ja00547a020
http://dx.doi.org/10.1002/chem.200903118
http://dx.doi.org/10.1002/chem.200903118
http://dx.doi.org/10.1002/chem.200903118
http://dx.doi.org/10.1002/chem.200903118
http://dx.doi.org/10.1039/c0cc05733a
http://dx.doi.org/10.1002/asia.201000064
http://dx.doi.org/10.1002/asia.201000064
http://dx.doi.org/10.1002/asia.201000064
http://dx.doi.org/10.1002/asia.201000064
http://dx.doi.org/10.1002/anie.200705624
http://dx.doi.org/10.1002/anie.200705624
http://dx.doi.org/10.1002/anie.200705624
http://dx.doi.org/10.1002/ange.200705624
http://dx.doi.org/10.1002/ange.200705624
http://dx.doi.org/10.1002/ange.200705624
http://dx.doi.org/10.1002/ange.200705624
http://dx.doi.org/10.1021/ol7021802
http://dx.doi.org/10.1021/ol7021802
http://dx.doi.org/10.1021/ol7021802
http://dx.doi.org/10.1002/asia.200600105
http://dx.doi.org/10.1002/asia.200600105
http://dx.doi.org/10.1002/asia.200600105
http://dx.doi.org/10.1002/asia.200600105
http://dx.doi.org/10.1021/ol800906b
http://dx.doi.org/10.1021/ol800906b
http://dx.doi.org/10.1021/ol800906b
http://dx.doi.org/10.1039/b806837m
http://dx.doi.org/10.1002/anie.201007406
http://dx.doi.org/10.1002/anie.201007406
http://dx.doi.org/10.1002/anie.201007406
http://dx.doi.org/10.1002/anie.201007406
http://dx.doi.org/10.1002/ange.201007406
http://dx.doi.org/10.1002/ange.201007406
http://dx.doi.org/10.1002/ange.201007406
http://dx.doi.org/10.1021/ja808683z
http://dx.doi.org/10.1021/ja808683z
http://dx.doi.org/10.1021/ja808683z
http://dx.doi.org/10.1021/ja071159f
http://dx.doi.org/10.1021/ja071159f
http://dx.doi.org/10.1021/ja071159f
http://dx.doi.org/10.1021/ja3069165
http://dx.doi.org/10.1021/ja3069165
http://dx.doi.org/10.1021/ja3069165
http://dx.doi.org/10.1021/ja3069165
http://dx.doi.org/10.1021/ja301764m
http://dx.doi.org/10.1021/ja301764m
http://dx.doi.org/10.1021/ja301764m
http://dx.doi.org/10.1021/ja301764m
http://dx.doi.org/10.1002/jlac.19535800107
http://dx.doi.org/10.1002/jlac.19535800107
http://dx.doi.org/10.1002/jlac.19535800107
http://dx.doi.org/10.1002/cber.19540870919
http://dx.doi.org/10.1002/cber.19540870919
http://dx.doi.org/10.1002/cber.19540870919
http://dx.doi.org/10.1002/anie.197508011
http://dx.doi.org/10.1002/anie.197508011
http://dx.doi.org/10.1002/anie.197508011
http://dx.doi.org/10.1002/ange.19750872403
http://dx.doi.org/10.1002/ange.19750872403
http://dx.doi.org/10.1002/ange.19750872403
http://dx.doi.org/10.1002/ange.19750872403
http://dx.doi.org/10.1055/s-1981-29317
http://dx.doi.org/10.1055/s-1981-29317
http://dx.doi.org/10.1055/s-1981-29317
http://dx.doi.org/10.1246/bcsj.40.2380
http://dx.doi.org/10.1246/bcsj.40.2380
http://dx.doi.org/10.1246/bcsj.40.2380
http://dx.doi.org/10.1002/anie.201406103
http://dx.doi.org/10.1002/anie.201406103
http://dx.doi.org/10.1002/anie.201406103
http://dx.doi.org/10.1002/anie.201406103
http://dx.doi.org/10.1002/ange.201406103
http://dx.doi.org/10.1002/ange.201406103
http://dx.doi.org/10.1002/ange.201406103
http://www.chemcatchem.org

:f@} ChemPubSoc

[20]

[21]

[22]

[23]
[24]

[25]
[26]
[27]
[28]

[29]
[30]

[31]

ChemCatChem 2015, 7, 1292 -1301

* Europe

Denton, T. H. Lambert, E. D. Nacsa, Org. Biomol. Chem. 2014, 12, 2993 -
3003.

a)T.Y.S. But, P.H. Toy, J. Am. Chem. Soc. 2006, 128, 9636-9637; b) D.
Hirose, T. Taniguchi, H. Ishibashi, Angew. Chem. Int. Ed. 2013, 52, 4613 -
4617; Angew. Chem. 2013, 125, 4711 -4715.

a) C. Belger, B. Plietker, Chem. Commun. 2012, 48, 5419-5421; b)S.
Rommel, L. Hettmanczyk, J.E. M. N. Klein, B. Plietker, Chem. Asian J.
2014, 9, 2140-2147.

A. P. Dieskau, J.-M. Begouin, B. Plietker, Eur. J. Org. Chem. 2011, 5291 -
5296.

J. Lee, T. Ryu, S. Park, P. H. Lee, J. Org. Chem. 2012, 77, 4821 -4825.

J. A. Weitgenant, J. D. Mortison, P. Helquist, Org. Lett. 2005, 7, 3609 -
3612.

T. Schabel, C. Belger, B. Plietker, Org. Lett. 2013, 15, 2858-2861.

S.-F. Hsu, B. Plietker, Chem. Eur. J. 2014, 20, 4242 —-4245.

S. S. Zalesskiy, A. E. Sedykh, A.S. Kashin, V. P. Ananikov, J. Am. Chem. Soc.
2013, 7135, 3550-3559.

A. Kraft, J. Possart, H. Scherer, J. Beck, D. Himmel, I. Krossing, Eur. J.
Inorg. Chem. 2013, 3054 -3062.

R. Dobrovetsky, D. W. Stephan, Angew. Chem. 2013, 125, 2576 -2579.

M. S. Holzwarth, 1. Alt, B. Plietker, Angew. Chem. Int. Ed. 2012, 51, 5351 -
5354; Angew. Chem. 2012, 124, 5447 —5450.

P. Wang, C.-R. Liu, X.-L. Sun, S.-S. Chen, J.-F. Li, Z. Xie, Y. Tang, Chem.
Commun. 2012, 48, 290-292.

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]

[41]

CHEMCATCHEM
Full Papers

T. H. West, D. S. B. Daniels, A. M. Z. Slawin, A. D. Smith, J. Am. Chem. Soc.
2014, 136, 4476 -4479.

Y-G. Zhang, J.-K. Xu, X.-M. Li, S.-K. Tian, Eur. J. Org. Chem. 2013, 3648-
3652.

T. Jiang, T. Livinghouse, H. M. Lovick, Chem. Commun. 2011, 47, 12861 -
12863.

P.R. Blakemore, D.K.H. Ho, W. M. Nap, Org. Biomol. Chem. 2005, 3,
1365-1368.

K. Kanagaraj, K. Pitchumani, Chem. Eur. J. 2013, 19, 14425 -14431.

Z. Wang, S. Chang, Org. Lett. 2013, 15, 1990-1993.

D. A. R. Happer, B. E. Steenson, J. Chem. Soc. Perkin Trans. 2 1988, 19-
24,

C. N. Robinson, J.L. Horton, D.O. Foshee, J. W. Jones, S.H. Hanissian,
C.D. Slater, J. Org. Chem. 1986, 51, 3535-3540.

B.V. Rokade, S.K. Malekar, K.R. Prabhu, Chem. Commun. 2012, 48,
5506-5508.

T. Kochi, S. Noda, K. Yoshimura, K. Nozaki, J. Am. Chem. Soc. 2007, 129,
8948 -8949.

Received: January 21, 2015
Published online on April 2, 2015

www.chemcatchem.org

1301

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1039/c4ob00032c
http://dx.doi.org/10.1039/c4ob00032c
http://dx.doi.org/10.1039/c4ob00032c
http://dx.doi.org/10.1021/ja063141v
http://dx.doi.org/10.1021/ja063141v
http://dx.doi.org/10.1021/ja063141v
http://dx.doi.org/10.1002/anie.201300153
http://dx.doi.org/10.1002/anie.201300153
http://dx.doi.org/10.1002/anie.201300153
http://dx.doi.org/10.1002/ange.201300153
http://dx.doi.org/10.1002/ange.201300153
http://dx.doi.org/10.1002/ange.201300153
http://dx.doi.org/10.1039/c2cc31395b
http://dx.doi.org/10.1039/c2cc31395b
http://dx.doi.org/10.1039/c2cc31395b
http://dx.doi.org/10.1002/asia.201402142
http://dx.doi.org/10.1002/asia.201402142
http://dx.doi.org/10.1002/asia.201402142
http://dx.doi.org/10.1002/asia.201402142
http://dx.doi.org/10.1002/ejoc.201100717
http://dx.doi.org/10.1002/ejoc.201100717
http://dx.doi.org/10.1002/ejoc.201100717
http://dx.doi.org/10.1021/jo300236u
http://dx.doi.org/10.1021/jo300236u
http://dx.doi.org/10.1021/jo300236u
http://dx.doi.org/10.1021/ol050944z
http://dx.doi.org/10.1021/ol050944z
http://dx.doi.org/10.1021/ol050944z
http://dx.doi.org/10.1021/ol401185t
http://dx.doi.org/10.1021/ol401185t
http://dx.doi.org/10.1021/ol401185t
http://dx.doi.org/10.1002/chem.201304770
http://dx.doi.org/10.1002/chem.201304770
http://dx.doi.org/10.1002/chem.201304770
http://dx.doi.org/10.1021/ja311258e
http://dx.doi.org/10.1021/ja311258e
http://dx.doi.org/10.1021/ja311258e
http://dx.doi.org/10.1021/ja311258e
http://dx.doi.org/10.1002/ejic.201300031
http://dx.doi.org/10.1002/ejic.201300031
http://dx.doi.org/10.1002/ejic.201300031
http://dx.doi.org/10.1002/ejic.201300031
http://dx.doi.org/10.1002/ange.201208817
http://dx.doi.org/10.1002/ange.201208817
http://dx.doi.org/10.1002/ange.201208817
http://dx.doi.org/10.1002/anie.201201409
http://dx.doi.org/10.1002/anie.201201409
http://dx.doi.org/10.1002/anie.201201409
http://dx.doi.org/10.1002/ange.201201409
http://dx.doi.org/10.1002/ange.201201409
http://dx.doi.org/10.1002/ange.201201409
http://dx.doi.org/10.1039/C1CC16747B
http://dx.doi.org/10.1039/C1CC16747B
http://dx.doi.org/10.1039/C1CC16747B
http://dx.doi.org/10.1039/C1CC16747B
http://dx.doi.org/10.1021/ja500758n
http://dx.doi.org/10.1021/ja500758n
http://dx.doi.org/10.1021/ja500758n
http://dx.doi.org/10.1021/ja500758n
http://dx.doi.org/10.1002/ejoc.201300368
http://dx.doi.org/10.1002/ejoc.201300368
http://dx.doi.org/10.1002/ejoc.201300368
http://dx.doi.org/10.1039/c1cc15399d
http://dx.doi.org/10.1039/c1cc15399d
http://dx.doi.org/10.1039/c1cc15399d
http://dx.doi.org/10.1039/b500713e
http://dx.doi.org/10.1039/b500713e
http://dx.doi.org/10.1039/b500713e
http://dx.doi.org/10.1039/b500713e
http://dx.doi.org/10.1002/chem.201301863
http://dx.doi.org/10.1002/chem.201301863
http://dx.doi.org/10.1002/chem.201301863
http://dx.doi.org/10.1021/ol400659p
http://dx.doi.org/10.1021/ol400659p
http://dx.doi.org/10.1021/ol400659p
http://dx.doi.org/10.1039/p29880000019
http://dx.doi.org/10.1039/p29880000019
http://dx.doi.org/10.1039/p29880000019
http://dx.doi.org/10.1021/jo00368a027
http://dx.doi.org/10.1021/jo00368a027
http://dx.doi.org/10.1021/jo00368a027
http://dx.doi.org/10.1039/c2cc31256e
http://dx.doi.org/10.1039/c2cc31256e
http://dx.doi.org/10.1039/c2cc31256e
http://dx.doi.org/10.1039/c2cc31256e
http://dx.doi.org/10.1021/ja0725504
http://dx.doi.org/10.1021/ja0725504
http://dx.doi.org/10.1021/ja0725504
http://dx.doi.org/10.1021/ja0725504
http://www.chemcatchem.org

