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A Facile Synthesis of a-Fluoro Ketones Catalyzed by [Cp*IrCl,],
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Abstract: Allylic alcohols are isomerized into enolates (enols) by
[Cp*IrCL,],. The enolates react with Selectfluor present in the reac-
tion media. This method produces a-fluoro ketones as single consti-
tutional isomers in high yields.
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Generation of enolates from noncarbonyl precursors is an
attractive strategy that overcomes some of the limitations
of the classical methods. One of these advantages is that
enolates can be formed in a regiocontrolled manner. For
example, enones can be transformed into enolates by re-
duction with lithium in liquid ammonia.! During the last
decade, transition-metal complexes have been used to
promote enolate formation from enones or allylic alco-
hols. The enolates generated under such catalytic condi-
tions can react with electrophiles present in the reaction
mixture (e.g., aldehydes).> Furthermore, since the reac-
tions are run under neutral conditions, base-sensitive elec-
trophiles can be present from the reaction outset. In the
case of enones, reductants such as hydrogen?® or silanes*’
are needed, whereas when allylic alcohols are used, the
enolate may be formed through an internal oxidation/
reduction sequence (Scheme 1a).% Several research
groups,’” including our own,'® have reported catalytic
systems able to combine allylic alcohol isomerizations
with carbon—carbon bond-forming reactions using elec-
trophiles such as aldehydes and imines (Scheme 1a). Most
of these systems use complexes of ruthenium, rhodium,
iron, or nickel as catalysts.

The development of new methods to synthesize fluorinat-
ed compounds under mild reaction conditions is a highly
desirable goal. A high percentage of the drugs produced
by pharmaceutical industries contain fluorine atoms. The
presence of fluorine can improve the biological activity
and influence the pharmacokinetics of certain drugs.!' In
the last few years, transition-metal-catalyzed electrophilic
fluorination has been used as an efficient tool to prepare a
variety of fluorinated aromatic'?> and aliphatic'*»'* com-
pounds. Fluorination of carbonyls has been extensively
developed,'® including asymmetric fluorinations of B-keto
esters using chiral transition-metal complexes of titanium,
ruthenium, and palladium, among other metals.'* Howev-
er, there are very few reports on the regioselective synthe-
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sis of a-fluoro ketones containing similar substituents at
both sides of the carbonyl moiety.'®
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Scheme 1 Transition-metal-catalyzed regiospecific synthesis of (a)
aldols and Mannich type products, and (b) a-fluoro ketones from al-
lylic alcohols

Very recently, we have reported the synthesis of a-fluoro
ketones from allylic alcohols (Scheme 1b)!” using
[Cp*IrCl,], as the catalyst in combination with an electro-
philic fluorine source (Selectfluor®, Figure 1). Compati-
bility of all the reagents and in particular the stability of
the transition-metal catalyst under the reaction conditions
was essential to achieve this tandem transformation.
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Figure 1 Electrophilic fluorinating reagents

In this article, we report our further investigations on the
iridium-catalyzed tandem isomerization/fluorination re-
action of allylic alcohols (Scheme 1b). Herein, the com-
patibility of the fluorinating catalytic system with
different substrates containing various functional groups,
such as aromatic rings with different electronic properties,
enolizable methylene groups, and ketone or alcohol func-
tionalities is evaluated.

In our preliminary studies, various complexes of rutheni-
um(Il) and rhodium(I) were tested to obtain a-fluoro
ketones 2 by reacting allylic alcohols 1 with N-fluoro-
benzenesulfonimide (NFSI) or Selectfluor® (SelectF)
(Figure 1). Although the complexes tested were known to
catalyze isomerizations (Scheme 2) and tandem isomer-
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ization/aldol reactions,”'* they decomposed in the pres-
ence of the electrophilic fluorinating reagents or afforded
only traces of fluorinated ketones 2.
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Scheme 2 Isomerization of allylic alcohols catalyzed by transition-
metal complexes

Only complexes of a higher oxidation state, such as
[Cp*RhCL,], and [Cp*IrCl,], gave preliminary good re-
sults.!” After screening different reaction conditions, the
best results were obtained with [Cp*IrCl,],. Only 1 mol%
of this catalyst was sufficient to fluorinate allylic alcohol
1a in 82% yield in the presence of SelectF when phos-
phate buffer (pH 7) or water—tetrahydrofuran mixtures
(1:5 v/v) were used as reaction media (Scheme 3). The re-
action is not sensitive to oxygen, and thus it can be run un-
der an atmosphere of air. The formation of nonfluorinated
ketones 3 could not be completely suppressed.

OH [Cp*IrCly]o (1 mol%) 0 10
SelectF (1.25 equiv) .
4 THF—phosphate buffer A
) (PH 7, 5:1) F 4
a 1h,30°C

2a (82%) 3a (13%)

3
F 2a' (not formed)

Scheme 3 Optimized reaction conditions for the tandem isomeriza-
tion/fluorination of 1a

Table 1 Fluorination of Aliphatic Allylic Alcohols 1a-1*

Several aliphatic allylic alcohols 1a—f were subjected to
the optimized reactions conditions (Table 1, entries 1-6).
The C—F bond is formed exclusively at the alkenylic car-
bon of the starting allylic alcohol in all cases 1a—f (i.e., 2a’
is not formed). Next, our attention turned to the synthesis
of a-fluoro ketones bearing enolizable methylene groups,
such as 1,3-dicarbonyl compounds. Since these com-
pounds are in equilibrium with their tautomeric form,
fluorination at the acidic methylene is easily achieved in
the presence of electrophilic fluorine sources.'® Using the
tandem isomerization/fluorination we aimed at introduc-
ing the fluorine exclusively at the less acidic position.
When the allylic alcohol 1g was subjected to the reaction
conditions, monofluorinated B-keto ester 2g was formed
in 80% yield together with ketone 3g (20%) after one hour
(Table 1, entry 7). Introduction of fluorine at the enoliz-
able methylene group was not detected (i.e., 4g or 5g was
not formed, Figure 2). However, if the mixture was not
worked up, but left stirring for prolonged reaction times,
4g and 5g were formed. Nevertheless, if the reaction time
is controlled, high yields of the desired product can be ob-
tained. Similar results were obtained with allylic alcohol
1h (Table 1, entry 8), which afforded 61% yield of fluor-
inated diketone 2h. Aromatic aldol 1i was converted into
the desired product 2i in 58% yield (Table 1, entry 9).
Along with fluoro ketone 2i, products arising from fluor-
ination at the activated methylene were also formed, albeit
in trace amounts (4% 4i, Figure 2). The fluorination meth-
od is compatible with the presence of an additional hy-
droxyl functional group within the molecule (Table 1,
entry 10). Also, 1k underwent isomerization/fluorination
to give 2k with a quaternary fluorinated carbon (Table 1,
entry 11). Cyclic allylic alcohol 11 was fluorinated in
moderate yield after prolonged reaction times (entry 12).

Entry Allylic alcohol 1 a-Fluoro ketone 2 Time (h) Yield 2/3
(%)
(0]
OH
1 la 2a 1 82/13
)\/ H1105)H/
H11Cs L
OH (0]
2 1b BUW 2b BUW)H/ 4 78/19
Et Et F
OH 0}
3 1c F 2c ))H/ 2 91 (77)/5
Ph Ph F
o O
H
4 1d 2d BnO 8 92 (74)/5
BHON \)H/
F
O
5 le oH 2e 1 69/15
/\)\
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Table 1 Fluorination of Aliphatic Allylic Alcohols 1a—-1* (continued)

Entry Allylic alcohol 1 a-Fluoro ketone 2 Time (h) Yield 2/3
(%)
(0]
; OH
6 1t Y 2f /\Hk 2 78 (67)/15
X Ph
Ph
F
(0] (0]
it 1g j\)oi/ 2 O)J\)H/ 1 80 (63)/20
= Et
EtO
! F
O OH O O
gd-e 1h “ 2h 1 61/32
F
O (e}
gi-th i j\/ot/ 2i Ph)W i 58 (43)/30
¥
Ph
F
o . OH OH . oH -9
10 1j P 2 CV/K/U\( 0.5 61/39
Cy
F
OH (0]
11 1k 2k 15 60/11
CeH1s CeH1s
F
126 1 >QOH 21 ><:2:° 24 57/13
F

* Unless otherwise noted, reactions were run with [IrCp*Cl,], (1 mol%), allylic alcohol 1 (1 mmol), SelectF (1.25 mmol) in THF (5 mL)—deion-
ized H,O (1 mL) [or a buffer K/NaPO,> (pH 7) for entries 1 and 2] at 30 °C. Full conversion into 2 and 3 was achieved, unless otherwise noted.
® Determined by NMR spectroscopy with 1,4-dimethoxybenzene, 1,4-di-tert-butylbenzene, or fluorobenzene as internal standard. Isolated

yields in parenthesis.

¢ With 2 equiv SelectF.

4 [Cp*IrCl,], (2.5 mol%).

¢ THF—deionized water = 10:1.
f Reaction run at 25 °C.

2 Conversion: 93%. Product 2h formed as a mixture of diastereomers.

b Product 4i was formed in 4%.
! With 3 mol% of [Cp*IrCl,],.

o 0 o o o 0
Eto)%/u\/ EtO)J\HK( Ph) ‘\)J\/
Fag Fog F F 4

Figure 2 By-products formed in the fluorination of 1g and 1i

Next a variety of aromatic allylic alcohols with different
electronic properties were tested (Table 2). In general, the
fluorination of aromatic allylic alcohols required longer
reaction time than that of aliphatic allylic alcohols and for
some substrates a higher catalyst loading was needed
(Table 1 vs Table 2). a-Vinylbenzyl alcohol (1Im) was
fluorinated in high yield (Table 2, entry 1). Aromatic al-
lylic alcohol 1n, with an electron-withdrawing substitu-
ent, was also transformed into the corresponding a-fluoro
ketone 2n (Table 2, entry 2). Other functional groups such
as fluoro, bromo, methyl, methoxy, or phenoxy are well
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tolerated, and the corresponding fluoro ketones were
formed in high yields (Table 2, entries 3—7). A more ster-
ically hindered substrate, such as a-naphthyl-substituted
alcohol 1t afforded 2t in excellent yield (Table 2, entry 8).
Double fluorination was achieved when the starting mate-
rial contains two allylic alcohol functionalities as in 1u
(Table 2, entry 9). Fluorination of the aromatic ring was
never detected.

The fluorination reaction did not give satisfactory results
with several allylic alcohols having certain functional
groups, such as pyridine, furan, and amide. Allylic alco-
hols bearing a primary hydroxyl group (e.g., cinnamyl al-
cohol) afforded considerable amounts of the
corresponding o,B-unsaturated aldehyde (cinnamalde-
hyde) together with the desired product, and homoallylic
alcohols decomposed under the reaction conditions. Al-
lylic alcohols bearing a trisubstituted double bond did not
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Table 2 Fluorination of Aromatic Allylic Alcohols 1Im—u*

Entry Allylic alcohol 1 o-Fluoro ketone 2 Time (h) Yield 2/3 (%)°

OH O
15 82 (67)/8

/

\
/_\
\ 7/

OH o}
2 In /@)\/ 2n /@)H/ 16 81 (69)/4
F
FoC FaC
F  OH £ O
3¢ 1o = 20 6 93 (54)/7
F
OH o}
4 1p /@)\/ 2p AN 16 97 (70)/3
Br Br Z F
OH o)
5 1q = 2q N 16 85/15
= F
OH
6 1r Meo\©/v 2r 16 91 (75)/8
OH
7 1s PhO XN = 2s 16 91 (82)/9
|
4
OH

8 1t I = 2t 16 91 (81)/9
9¢ 1u 2u 48 81/0°

\
:
\

o
T

* Unless otherwise noted, reactions were run with [Cp*IrCl,], (1 mol%), allylic alcohol 1 (1 mmol), SelectF (1.25 mmol) in THF (5 mL)-H,0
(0.5 mL) [or a buffer K/NaPO,* (pH 7) for entries 3, 7, and 8] at 25 °C. Full conversion into 2 and 3 was achieved, unless otherwise noted.

b Determined by 'H NMR with 1,4-dimethoxy benzene, 1,4-di-tert-butylbenzene, or fluorobenzene as internal standard. Isolated yields in pa-
renthesis.

¢ [Cp*IrCl,], (2.5 mol%).

4 With SelectF (2.2 equiv) and [Cp*IrCl,], (2.5 mol%), THF-aq K/NaPO,> (pH 7) (5:1). See Supporting Information for a detailed description.
¢ Monofluorinated diketone was formed in 14% yield.

afford the desired product either. The substrates that failed OH OH o  OH
to give good results in the tandem isomerization/fluorina- N P /
. L 2 ~ =
tion are shown in Figure 3. “ | \\ TM/
o}
We propose the mechanism shown in Scheme 4 based on OH OH

deuterium labeling studies and cross-over experiments.'’ ~ @ o
The first step is an oxidation of the allylic alcohol to the “ |
corresponding a,B-unsaturated carbonyl compound (inter-

mediate I). An iridium-hydride complex is formed, which
reduces the double bond of I forming an enolate interme-

Figure 3 Unsuccessful alcohols in tandem isomerization/fluorina-
tion reaction
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diate IL.3%'3In the last step, the iridium enolate reacts with
SelectF yielding the a-fluoro ketone.

&//\
o | O (HO  [ir—D]
R\)\/\D [r] ? | 7
F (iii) (i)
SelectF

0 O(H) (] (H)o/[lr]D

- s .
R\)J\(\Dﬁ R\)vD‘; R e
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Scheme 4 Proposed catalytic cycle

An alternative mechanism in which the allylic alcohol 1 is
first isomerized to the corresponding ketone 3, followed
by fluorination of this ketone 3 with SelectF can be ruled
out since the reaction with aliphatic substrates is regiospe-
cific and thus, the products are formed as single regio-
isomers. In the case of aromatic allylic alcohols, a control
experiment in which propiophenone (3m) was subjected
to the reaction conditions (Table 2, entry 1) for 48 hours
confirmed that fluorination of aromatic ketones does not
proceed under these mild conditions (Scheme 5).

o [Cp*IrClo]s (2.5 mol%)
SelectF (1.25 equiv)
Ph/“\/ no reaction
3m THF-H,O
(5:1)
48 h, 25 °C

Scheme 5 Control experiment

In conclusion, we have developed a straightforward meth-
od to synthesize a-fluoro ketones from allylic alcohols us-
ing iridium catalysis and SelectF as the fluorine source.
This methodology is characterized by the following fea-
tures: (a) the reaction is regiospecific. Thus, the new C-F
bond is formed exclusively at the olefinic carbon of the
starting material; (b) aliphatic and aromatic allylic alco-
hols can be transformed into a-fluoro ketones in good
yields; (c) this method can be used to synthesize o’-fluor-
inated 1,3-dicarbonyl compounds, with the fluorine sub-
stituent at the less acidic a-carbon; (d) the reactions are
run under an atmosphere of air, under mild reaction con-
ditions (25-30 °C) and are simple to perform; (e) fluori-
nation of aromatic rings is not observed; (f) the system is
not compatible with certain nitrogen containing function-
al groups on the substrates, and primary allylic alcohols,
homoallylic alcohols, and hindered allylic alcohols give
low yields of the desired products, and (g) a mechanism
via enone intermediates formed by oxidation of the allylic
alcohol with concomitant formation of an iridium hydride
is proposed. We are currently performing further mecha-
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nistic investigations to have a better understanding of this
tandem isomerization/fluorination reaction.

Air and moisture sensitive reactions were carried out under an at-
mosphere of dry N,. Ir-catalyzed reactions were run under an atmo-
sphere of air. Reagents were used as obtained from commercial
suppliers without further purification. THF was used as obtained
from supplier (puriss. p. a., stabilized with 2,6-di-tert-butyl-4-meth-
ylphenol ~250 mg/L). The undistilled THF used in the reactions
tested negative for peroxides (0% by Quantofix peroxide). A
KH,PO,/Na,HPO, buffer (pH 7; per liter: 3.54 g KH,PO,/14.7¢g
Na,HPO,) was used as obtained from supplier. Flash chromatogra-
phy was carried out on 60 A (35-70 pum) silica gel. Spectra were re-
corded at 400 or 500 MHz for '"H NMR, at 100 or 125 MHz for '*C
NMR, and at 376 MHz for '°F NMR on a Bruker Avance spectrom-
eter. 'H and '*C NMR chemical shifts (8) are reported in ppm from
TMS with the solvent resonance as the internal standard, (CDCl;: oy
7.26 and 8¢ 77.16). '°F NMR chemical shifts (8) (‘H-decoupled) are
reported in ppm from CFCl; with C,HsF (6 —113.15) as the internal
standard. Coupling constants (J) are given in Hz. High-resolution
mass spectra (HRMS) were recorded on a Bruker microTOF ESI-
TOF mass spectrometer.

Alcohols 1a, 1e, 3-methylcyclohex-2-enol, and cinnamyl alcohol
were used as obtained from supplier (Aldrich). 4-Ethyloct-1-en-3-
ol (1b),!” 5-phenylpent-1-en-3-ol (1¢),'° 1-(benzyloxy)but-3-en-2-
ol (1d),"” (E)-4-phenylbut-3-en-2-ol (1f),% ethyl 3-hydroxypent-4-
enoate (1g),>! 1-phenyl-1-oxo-3-hydroxypent-4-ene (1i),?? 2-meth-
ylnon-1-en-3-0l (1k),!” 4,4-dimethylcyclohex-2-en-1-o0l (11),2 1-
phenylprop-2-en-1-0l (1m),2* 1-(4-trifluoromethylphenyl)prop-2-
en-1-ol (In),* 1-(2-fluorophenyl)prop-2-en-1-ol (10),% 1-(4-bro-
mophenyl)prop-2-en-1-ol (1p),*® 1-(p-tolyl)prop-2-en-1-ol (1q),”’
1-(3-methoxyphenyl)prop-2-en-1-ol (1r),?® 1-(2-furyl)prop-2-en-1-
ol,*  1-(3-phenoxyphenyl)prop-2-en-1-ol  (1s),”® 1-(o-naphth-
yDprop-2-en-1-ol (1t)* 1-phenylhex-5-en-3-o0l,’' and 1-(2-py-
ridyl)prop-2-en-1-01*? were prepared as described in the literature.

Allylic Alcohols 1b-d,k,m-u; General Procedure

A solution of the corresponding alkenyl/alkylmagnesium bromide
(1 M in THF, 1.1 equiv, 2.2 equiv in the case of 1v) was added to
the corresponding aldehyde (1 equiv) at 0 °C. The reaction mixture
was slowly warmed up to r.t. On consumption of the aldehyde (as
monitored by TLC: EtOAc—pentane, 1:20), the reaction was
quenched with ag NH,CI1 (1 mL/mmol of alcohol), extracted with
EtOAc (10 mL/mmol of alcohol) and the combined organic extracts
were washed with brine (5 mL/mmol of alcohol). The combined or-
ganic phases were dried (MgSO,) and the solvent was removed un-
der reduced pressure. Purification by column chromatography
(EtOAc—pentane, 1:20-1:5) afforded the pure allylic alcohols.

1,4-Bis(prop-2-en-1-ol)benzene (1u)*
Yield 51%; white solid; mixture of 2 diastereoisomers.

'HNMR (400 MHz, CDCL,): § = 7.33 (s, 4 H), 6.01 (ddd, J = 16.7,
10.5, 6.3 Hz, 2 H), 5.32 (dt, J = 16.7, 1.4 Hz, 2 H), 5.20-5.15 (m, 4
H), 2.33 (br s, 2 H).

13C NMR (125 MHz, CDCl,): § = 142.1, 140.2, 126.6, 115.2, 75.1.

HRMS-ESI: m/z [M + Na]* caled for C,,H,,0, + Na: 213.0886;
found: 213.0892.

Aldol Allylic Alcohols 1g—j; General Procedure

n-BuLi (6.8 mL, 11 mmol, 1.6 M solution in hexanes) was added to
a stirred solution of distilled (i-Pr),NH (1.54 mL, 11 mmol) in an-
hyd THF (50 mL) at —78 °C. After 15 min, the corresponding ke-
tone or amide (10 mmol) was added slowly, and the mixture was
stirred for another 45 min. Distilled acrolein (0.67 mL, 10 mmol) in
THF (5 mL) was added dropwise. After 10 min at —78 °C, sat. aq
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NH,CI (2 mL) and H,O (15 mL) were added. After extraction with
Et,0 (3 x 20 mL), the combined organic layers were dried
(MgS0,), filtered, and the solvent was evaporated. Purification by
column chromatography (SiO,) afforded alcohols 1g—j.

2-(Prop-2-en-1-ol)cyclooctanone (1h)

Following the general procedure, the reaction was performed with
cyclooctanone (1.3 g, 10 mmol) and acrolein (0.67 mL, 10 mmol).
The product was purified by column chromatography (SiO,; pen-
tane—EtOAc, 4:1), and isolated as a yellowish oil (1.52 g, 84% as a
mixture of distereomers 1:1).

'HNMR (400 MHz, CDCLy): § = 5.82 (m, 1 H), 5.30 (m, 1 H), 5.18
(m, 1 H), 4.23-4.37 (m, 1 H), 2.99 (m, 1 H), 2.83 (m, 1 H), 2.32—
2.48 (m, 2 H), 1.95-2.61 (m, 1 H), 1.14-1.86 (m, 9 H).

13C NMR (100 MHz, CDCl,): § =23.31, 23.68, 24.80, 24.87, 25.05,
25.21,28.02,28.17,28.48, 31.66, 44.10, 44.97, 53.70, 54.00, 73.15,
75.23, 115.93, 116.53, 138.00, 138.79

HRMS-ESI: m/z [M + Na]* calcd for C; H;sNO, + Na: 205.1199;
found: 205.1192.

1-Cyclohexylpent-4-ene-1,3-diol (1j)

This compound was prepared in two steps from 1-cyclohexyletha-
none. Following the general procedure, the reaction was performed
with 1-cyclohexylethanone (1.26 g, 10 mmol) and acrolein (0.67
mL, 10 mmol). The product, 1-cyclohexyl-3-hydroxypent-4-en-1-
one, was purified by column chromatography over silica gel (pen-
tane—EtOAc, 4:1), and isolated as a yellowish oil (1.55 g, 85%) as a
mixture of diastereomers (1:1).

'H NMR (400 MHz, CDCl,): § = 5.87 (m, 1 H), 5.31 (m, 1 H), 5.14
(m, 1 H), 4.57 (m, 1 H), 3.19 (m, 1 H), 2.32-2.38 (m, 2 H), 2.35 (m,
1 H), 1.68-1.88 (m, 5 H), 1.19-1.40 (m, 5 H).

13C NMR (100 MHz, CDCl,): § =25.54, 25.77, 28.20, 46.51, 51.38,
68.64, 114.90, 139.07, 214.70.

HRMS-ESI: m/z [M + Na]* caled for C; H{NO, + Na: 205.1199;
found: 205.1191.

To a solution of 1-cycohexyl-3-hydroxypent-4-en-1-one (0.32 g,
1.75 mmol) in MeOH (5 mL) was added NaBH, (0.08 g, 2.1 mmol)
slowly. The resulting mixture was stirred at r.t. for 1 h. After com-
pletion of the reaction (as confirmed by TLC analysis; pentane—
EtOAc, 7:3), the solvent was evaporated. After extractive workup
(H,O-Et,0), the combined organic layers were dried (MgSO,), and
the solvent was evaporated. Product 1j was obtained as a colorless
o0il (270 mg, 84%). Its characterization data was identical to that re-
ported in the literature.>*

Isomerization/Fluorination of Allylic Alcohols 1; General Pro-
cedure

[Cp*IrCL], (4 mg, 5-10~ mmol, 1 mol%) was dissolved in a mix-
ture of THF (2.5 mL) and H,O (0.25-0.5 mL) at 25-30 °C. Select-
fluor® (0.63 mmol, 1.25 equiv) and the corresponding allylic
alcohol 1 (0.5 mmol) were added to the reaction mixture. The mix-
ture was stirred at 25-30 °C for the time indicated in Tables 1 and 2.
On completion (as monitored by TLC; EtOAc—pentane, 1:10), H,O
(1 mL) was added and the mixture was extracted with Et,O (3 X2
mL), and the combined Et,0O extracts were dried (MgSO,). Evapo-
ration of the solvent afforded a mixture of o-fluorinated ketone 2
and nonfluorinated ketone 3. The yield and F/H ratios were deter-
mined by 'H NMR using 1,4-dimethoxybenzene (0.25 mmol) as an
internal standard. Isolated products were purified by column chro-
matography (EtOAc—pentane or Et,O—pentane 1:40-1:20). TLC
plates were developed with KMnO, or cerium molybdate (Hanes-
sian’s stain). The preparation of a-fluoro ketones 2a—f, 2k, and 2m
has been previously reported by us.!”

Ethyl 4-Fluoro-3-oxopentanoate (2g)
Yield: 63%; colorless oil; 2g exists as a mixture of dicarbonyl and
enolized forms.

'H NMR (400 MHz, CDCL,): § (keto form) = 5.00 (dq, 2/ = 49.6
Hz,J=6.9 Hz, 1 H), 4.23 (q, J=7.2 Hz, 2 H), 3.65 (m, 2 H), 1.54
(dd,*Jyg=24.0Hz, J = 6.9 Hz, 3 H), 1.30 (t, J=7.3 Hz, 3 H).

13C NMR (125 MHz, CDCl,): 8 (keto form) = 202.9 (d, 2Jc.5 = 27.1
Hz), 166.7 (d, *Jcr = 2.2 Hz), 92.4 (d, 'Jc = 191.2 Hz), 61.5, 44.9,
17.3 (d, 2oy = 21.6 Hz), 14.1.

YF NMR (376.4 MHz, CDCl,): § (keto form) = -183.5 (dqt,
2 = 49.6 Hz, Wy = 24.0 Hz, 4y = 4.0 Hz).

"H NMR (400 MHz, CDCl,): § (enol form) = 12.03 (d, *Jyz = 2 Hz,
1 H),5.32(dd, *J,, = 2.0 Hz, J = 1 Hz, 1 H), 5.02 (dqd, 2/, = 48.0,
J=69 Hz, J=1 Hz, 1 H), 424 (q, J=7.3 Hz, 2 H), 1.56 (dd,
3JH,F =23.0Hz,J=69Hz,3H), 1.32(t,/J=7.3 Hz, 3 H).

13C NMR (125 MHz, CDCL,): § (enol form) = 174.8 (d, 2/ = 24.1
Hz), 172.7 (d, *Joz = 1.5 Hz), 86.8 (d, 'Jcx = 174.4 Hz), 87.5 (d,
4Jer =79 Hz), 604, 19.1 (d, 2Jo = 22.6 Hz), 14.2.

F NMR (376.4 MHz, CDCl,): & (enol form) = —185.3 (dqt,
2Jyup =49.6 Hz, *Jy . = 23.0 Hz, J,, = 2.0 Hz).

HRMS-ESI: m/z [M + Na]* caled for C;H,;FO; + Na: 185.0584;
found: 185.0584.

4-Fluoro-1-phenylpentane-1,3-dione (2i)

Yield: 43%; colorless oil; 2i was obtained as a mixture of enolized
and dicarbonyl forms in a ratio of 96:4 (contaminated with <5% of
3i).

"H NMR (400 MHz, CDCI,): § (keto form) = 8.01-7.89 (m, 2 H),
7.72-7.45 (m, 3 H), 5.06 (dq, 2Jyr = 48.7Hz, J = 6.9 Hz, 1 H), 4.37
(dd, J=16.3 Hz, *Jyz=4.5 Hz, 1 H), 4.26 (dd, J=16.3 Hz,
Jyp=4.5Hz, 1 H), 1.54 (dd, 3J, = 24.1 Hz, J = 6.9 Hz, 3 H).

“F NMR (376.4 MHz, CDCl,): & (keto form) = —182.8.

"H NMR (400 MHz, CDCI,): & (enol form) = 15.91 (s, 1 H), 7.98—
7.93 (m, 2 H), 7.61-7.55 (m, 1 H), 7.52-7.47 (m, 2 H), 6.57 (d,
4Jyr=3.0Hz, 1 H),5.11 (dq, 2y = 48.6 Hz,J = 6.9 Hz, | H), 1.64
(dd, *Jyr=24.5Hz, J = 6.9 Hz, 3 H).

13C NMR (125 MHz, CDCl,): & (enol form) = 195.4 (d, 2/, = 23.4
Hz), 183.7 (d, 3Jc,F =1.0 Hz), 134.2, 132.8, 128.7, 127.2, 91.7 (d,
Jep=6.7Hz),89.3 (d, Uey = 179 Hz), 18.8 (d, 2 = 22 Hz).

F NMR (376.4 MHz, CDCl;): & (enol form) = —184.8, (dqd,
2 \p = 48.6 Hz, *Jy = 24.5 Hz, *Jy, . = 3.0 Haz).

HRMS-ESI: m/z [M + Na]* calcd for C;,H,,FO, + Na: 217.0635;
found: 217.0625.

2-Fluoro-1-(4-trifluoromethylphenyl)propan-1-one (2n)

Yield: 69%; colorless oil.

'H NMR (400 MHz, CDCl,): § = 8.13-8.06 (m, 2 H), 7.78-7.73 (m,
2 H), 5.66 (dq, 'Jyz=484 Hz, J=6.8 Hz, 1 H), 1.68 (dd,
ZJyr=24.1Hz,J = 6.8 Hz, 3 H).

BC NMR (125 MHz, CDCly): 8 = 196.5 (d, 2J = 20.9 Hz), 137.0,
135.1 (q, e =32.8 Hz), 129.6 (d, *Jcr=4.5 Hz, 2 C), 125.9 (q,
Jep=37 Hz, 2 C) 123.6 (q, 'Jor=272.8 Hz), 909 (d,
Jer=180.7 Hz), 18.2 (d, 2Jo ¢ = 23.0 Hz).

YF NMR (376.4 MHz, CDCl,): § =—63.3 (3 F), -180.8.
HRMS-ESI: m/z [M + Na]* caled for C,,HgF,O + Na: 243.0403;
found: 243.0398.

2-Fluoro-1-(2-fluorophenyl)propan-1-one (20)
Yield: 54%; colorless oil.
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'H NMR (400 MHz, CDCl,): § = 7.88 (m, 1 H), 7.58 (m, 1 H), 7.29
(m, 1 H), 7.16 (m, 1 H), 5.70 (dqd, 2/ z=48.5 Hz, J=7 Hz,
SJyp=2.3Hz, 1 H), 1.64 (ddd, *Jyyx = 23.7Hz,J = THz,J = 1.5 Hz,
3 H).

3C NMR (125 MHz, CDCly): & = 195.8 (dd, Jop=20.2
Hz3Jcp = 4.2 Hz), 161.3 (d, 'Jep = 254.7 Hz), 135.3 (d, Jop = 9.0
Hz), 131.5 (t, Jop=2.8 Hz), 124.9 (d, Jor=2.9 Hz), 123.0 ,
Jep =143 Hz), 1165 (d, 2Jep = 23.5 Hz), 91.5 (dd, 'Jep = 180.3
Hz, “Jcp = 8.4 Hz), 17.5 (dd, 2 = 23.0 Hz, Jcp = 1.9 Hz).

19F NMR (376.4 MHz, CDCl,): 5 = —108.82 (d, 5J5.. = 13.5 Hz),
~183.37 (d, /g5 = 13.5 Hz).

HRMS-ESI: m/z [M + Na]* caled for CyHg F,O + Na: 193.0435;
found: 193.0429.

1-(4-Bromophenyl)-2-fluoropropan-1-one (2p)
Yield: 70%; colorless oil (contaminated with <5% of 3p).

'H NMR (400 MHz, CDCl,): = 7.93-7.85 (m, 2 H), 7.69-7.62 (m,
2 H), 5.65 (dq, Yyr=48.6 Hz, J=6.9 Hz, 1 H), 1.67 (dd,
*Jur=243Hz,J=69Hz, 3 H).

13C NMR (125 MHz, CDCL): § = 196.1 (d, 2. = 20.3 Hz), 132.7
(d, *Jep=2.8 Hz), 132.1, 130.6 (d, “Jcx = 4.4 Hz), 129.1, 90.6 (d,
Jep = 180.5 Hz), 18.2 (d, . = 22.6 Hz).

F NMR (376.4 MHz, CDCl,): § = -180.5.

HRMS-EST: m/z [M + Na]* calcd for CoHg”BrFO + Na: 252.9635;
found: 252.9629.

2-Fluoro-1-(3-methoxyphenyl)propan-1-one (2r)
Yield: 75%; colorless oil.

"HNMR (400 MHz, CDCl,): § =7.55-7.49 (m,2 H), 7.39 (t, J = 7.9
Hz 1 H), 7.17-7.13 (m, 1 H), 5.71 (dq, 'Jyy s =48.7 Hz, J = 6.8 Hz,
1 H), 3.86 (s, 3 H), 1.66 (dd, %/, s = 24.0 Hz, J = 6.8 Hz, 3 H).

13C NMR (125 MHz, CDCL,): § = 196.8 (d, 2. = 19.3 Hz), 160.0,
135.4, 129.9, 121.9 (d, “Jep =4.2 Hz), 120.5, 113.3 (d, “Jop =32
Hz), 90.3 (d, ;. = 180.3 Hz), 55.6, 18.6 (d, /.5 = 22.8 Hz).

F NMR (376.4 MHz, CDCl,): § = -181.5.

HRMS-ESI: m/z [M + Na]* caled for C,;;HyFO + Na: 205.0635;
found: 205.0626.

2-Fluoro-1-(3-phenoxyphenyl)propan-1-one (2s)
Yield: 82%:; colorless oil.

'HNMR (400 MHz, CDCL,): § =7.74-7.70 (m, 1 H), 7.64-7.61 (m,
1 H), 7.47 (t, J = 7.7 Hz, 1 H), 7.43-7.36 (m, 2 H),7.29-7.24 (m, 1
H), 7.21-7.16 (m, 1 H), 7.09-7.03 (m, 2 H), 5.67 (dq, 2Jyyx = 49.0
Hz,J = 6.8 Hz, 1 H), 1.67 (dd, *J;; = 24.1 Hz, J = 6.9 Hz, 3 H).

13C NMR (125 MHz, CDCy): 8 = 196.3 (d, 2Jc. = 19.8 Hz), 157.9,
156.4, 135.7 (d, *Jor= 1.5 Hz), 130.1, 130.0, 124.0, 123.9 (d,
4Jop=44 Hz), 123.6, 119.2 (d, *Jor=2.9 Hz), 118.7, 90.3 (d,
Jep = 180.1 Hz), 18.3 (d, JJcp = 22.7 Hz).

19F NMR (376.4 MHz, CDCL,): & = ~181.2.

HRMS-ESI: m/z [M + Na]* calcd for C;sH;3FO, + Na: 267.0792;
found: 267.0791.

2-Fuoro-1-(a-naphthyl)propan-1-one (2t)
Yield: 81%; colorless oil.

'H NMR (400 MHz, CDCL): & = 8.50-8.45 (m, 1 H), 8.10-8.04 (m,
1 H), 7.95-7.90 (m, 1 H), 7.90-7.84 (m, 1 H), 7.70-7.50 (m, 3 H),
5.80(dq, Yy = 49.0 Hz, J = 6.9 Hz, 1 H), 1.69 (dd, *Jj, . = 23.7 Hz,
J=69Hz, 3 H).

13C NMR (125 MHz, CDCly): 8 =200.9 (d, 2Jc.;. = 20.1 Hz), 134.0,
1332, 132.6, 130.6, 128.6, 128.2, 127.9 (d, “Je. = 4.6 Hz), 126.7,
125.3,124.2,90.7 (d, Jo = 180 Hz), 18.2 (d, 2/ = 22.7 Hz).
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F NMR (376.4 MHz, CDCl,): § = -179.8.

HRMS-ESI: m/z [M + Na]* caled for C;;H,,FO + Na: 225.0686;
found: 225.0679.

Selected NMR Data of a-Fluoro Ketones 2h and 21

a-Fluoro ketones 2¢,d,h,l,q were not isolated due to difficult sepa-
ration from the nonfluorinated ketones 3 and their volatility. In
these cases, the yields reported in Tables 1 and 2 were calculated
using 1,4-dimethoxybenzene, 1,4-di-tert-butylbenzene, or fluoro-
benzene as the internal standard. For compounds that have not been
reported previously, selected 'H and '°F NMR peaks are listed be-
low:

2-(2-Fluoropropanoyl)cyclooctanone (2h)

The spectra were recorded with a crude sample, which was a mix-
ture of diastereoisomers 51% (dr = 2:1) together with enolized form
10% and ketone 3h (32%). Selected NMR signals:

'"H NMR (400 MHz, CDCl;): § (keto form) = 4.90 [dq, 2Jy ¢ = 48
Hz,J =6.9 Hz, 1 H (minor)], 4.87 [dq, 2Jyr =49 Hz,J = 6.9 Hz, 1
H (major)], 4.23 [dt, J=11.6 Hz, *Jyz=3.6 Hz, J=3.6 Hz, | H
(major) + 1 H (minor)], 1.48 [dd, 3JH,F =245Hz, J=69 Hz, 3 H,
(major)], 1.47 [dd, 3Jyr = 24.3 Hz, J = 6.9 Hz, 3 H (minor)].

9F NMR (376.4 MHz, CDCl,): & (keto form) = —183.6 (major),
—183.6 (minor).

'H NMR (400 MHz, CDCL,): § (enol form) = 5.32 (dq, 2Jy r = 48
Hz,J = 6.9 Hz, 1,.H), 1.57 (dd, *Jy s = 24.3 Hz, J = 6.9 Hz, 3 H).

“F NMR (376.4 MHz, CDCl,): § (enol form) = —181.5.

HRMS-ESI: m/z [M + Na]* caled for C,;H;;FO, + Na: 223.1105;
found: 223.1100.

1-Cyclohexyl-4-fluoro-1-hydroxypentan-3-one (2j)

This compound was obtained as a mixture of 2 diastereoisomers
(dr = 56:43), which could not be separated from 3j. Selected NMR
signals:

'H NMR (400 MHz, CDCl,):  =4.93 [dq, %/ =49.3 Hz,J = 6.9
Hz, 1 H, (major)], 4.91 [dq, */yr =49.3 Hz,J=6.9 Hz, 1 H, (mi-
nor)], 3.94-3.82 [m, 1 H (major) + 1 H (minor)], 2.87-2.71 [m, 1 H
(major) + 1 H (minor)], 1.51 [dd, EJH,F =239 Hz, J=69 Hz, 3 H,
(major)], 1.51 [dd, 3Jyr = 23.9 Hz, J = 6.9 Hz, 3 H (minor)].

“FNMR (376.4 MHz, CDCl,): 8 =—184.1 (minor), —184.3 (major).

HRMS-ESI: m/z [M + Na]* caled for C,;H;,FO, + Na: 225.1216;
found: 225.1252.

2-Fluoro-4,4-dimethylcyclohexanone (21)!*!
"H NMR and "°F NMR spectra were identical to those previously re-
ported.

2-Fluoro-1-(p-tolyl)propan-1-one (2q)

'H NMR (400 MHz, CDCl,): 6 =7.88 (d, J = 8.0 Hz, 2 H), 7.28 (d,
J=8.0 Hz, 1 H), 7.17-7.13 (m, 1 H), 5.69 (dq, 'Jyr=48.7 Hz,
J=6.8Hz, 1 H),2.42 (s, 3 H), 1.65 (dd, %y = 24.0 Hz, J = 6.8 Hz,
3 H).

3C NMR (125 MHz, CDCly): § = 196.6 (d, *Jc ¢ = 19.2 Hz), 144.9,
131.6 (d,*Jop=12Hz,2C), 129.1 (d, *Jcp=4.1 Hz,2 C), 90.3 (d,
Yer=179.9 Hz), 21.7, 18.6 (d, 2Jc 5 = 22.8 Hz).

19F NMR (CDCl,, 376.4 MHz): § = ~181.3.

HRMS-ESI: m/z [M + Na]* caled for C;H,;;FO + Na: 189.0686;
found: 189.0688.

1,1’-(1,4-Phenylene)bis(2-fluoropropan-1-one) (2u)
Product 2u was formed as a mixture of 2 diastereoisomers not dis-
tinguishable by NMR spectroscopy.
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'HNMR (400 MHz, CDCl,): § = 8.05 (s, 4 H), 5.67(dq, 'Jy r = 48.4,
Hz, J = 6.8 Hz, 2 H), 1.65 (dd, 2/, = 24.1 Hz, J = 6.8 Hz, 6 H).

13C NMR (125 MHz, CDCLy): & = 196.7 (d, 2o = 20.7 Hz, 2 C),
137.8 (d, g = 1.7Hz, 2 C), 129.3 (d, *Jo = 4.1 Hz, 4 C), 90.7 (d,
Jep=180.6 Hz, 2 C), 18.1 (d, 2Jop = 22.5 Hz, 2 C).

F NMR (376.4 MHz, CDCl,): § =-181.3.

HRMS-ESI: m/z [M + Na]* calcd for C,H,,F,0, + Na: 249.0698;
found: 249.0703.

Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synthesis.

Acknowledgment

Financial support from the Swedish Research council (vetenskaps-
radet), the Wenner—Gren Foundation, the Knut and Alice Wallen-
berg Foundation, and the Berzelius center EXSELENT is gratefully
acknowledged.

References

(1) Stork, G.; Rosen, P.; Goldman, N.; Coombs, R. V.; Tsuji, J.
J. Am. Chem. Soc. 1965, 87, 275.

(2) For early examples, see: (a) Gazzard, L. J.; Motherwell, W.
B.; Sandham, D. A. J. Chem. Soc., Perkin Trans. 1 1999,
979. (b) Matsuda, I.; Takahashi, K.; Sato, S. Tetrahedron
Lett. 1990, 31, 5331; and references cited therein.

(3) For examples of Rh-catalyzed reductive aldol reaction using
hydrogen as reducing agent, see: (a) Jang, H.-Y.; Krische,
M. J. Acc. Chem. Res. 2004, 37, 653. (b) Ngai, M.-Y;
Kong, J.-R.; Krische, M. J. J. Org. Chem. 2007, 72, 1063.

(4) For recent examples of Rh-catalyzed reductive aldol
reaction using silanes as reducing agents, see:

(a) Nishiyama, H.; Shiomi, T.; Tsuchiya, Y.; Matsuda, 1.

J. Am. Chem. Soc. 2005, 127, 6972. (b) Fuller, N. O.;
Morken, J. P. Synlett 2005, 1459. (c) Ito, J. I.; Shiomi, T.;
Nishiyama, H. Adv. Synth. Catal. 2006, 348, 1235.

(d) Shiomi, T.; Ito, J.-I.; Yamamoto, Y.; Nishiyama, H. Eur.
J. Org. Chem. 2006, 5594. () Shiomi, T.; Nishiyama, H.
Org. Lett. 2007, 9, 1651. (f) Hashimoto, T.; Ito, J.-i.;
Nishiyama, H. Tetrahedron 2008, 64, 9408.

(5) For recent catalytic reductive aldol couplings using other
metals, see: (a) Lam, H. W.; Joensuu, P. M. A. Org. Lett.
2005, 7, 4225. (b) Lam, H. W.; Murray, G. J.; Firth, J. D.
Org. Lett. 2005, 7, 5743. (c) Deschamp, J.; Chuzel, O.;
Hannedouche, J.; Riant, O. Angew. Chem. Int. Ed. 2006, 45,
1292. (d) Chuzel, O.; Deschamp, J.; Chauster, C.; Riant, O.
Org. Lett. 2006, 8, 5943. (e) Zhao, D.; Oisaki, K.; Kanai,
M.; Shibasaki, M. Tetrahedron Lett. 2006, 47, 1403.

(f) Zhao, D.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am.
Chem. Soc. 2006, 128, 14440. (g) Welle, A.; Diez-
Gonzalez, S.; Tinant, B.; Nolan, S. P.; Riant, O. Org. Lett.
2006, 8, 6059. (h) Lipshutz, B. H.; Amorelli, B.; Unger, J. B.
J. Am. Chem. Soc. 2008, 130, 14378. (i) Chrovian, C. C.;
Montgomery, J. Org. Lett. 2007, 9, 537. (j) Shibata, L;
Kato, H.; Ishida, T.; Yasuda, M.; Baba, A. Angew. Chem.
Int. Ed. 2004, 43, 711. (k) Miura, K.; Yamada, Y.; Tomita,
M.; Hosomi, A. Synlett 2004, 1985.

(6) Cadierno, V.; Garcia-Garrido, S. E.; Gimeno, J.; Varela-
Alvarez, A.; Sordo, J. A. J. Am. Chem. Soc. 2006, 128, 1360.

@)

®)

®

10)

(1)

12)
13)

14)

s)

16)
A7)

18)
19
(20)
@n
(22)
(23)

(24)

(a) Wang, M.; Li, C.-]. Tetrahedron Lett. 2002, 43, 3589.
(b) Wang, M.; Yang, X.-F.; Li, C.-J. Eur. J. Org. Chem.
2003, 998. (c) Yang, X.-F.; Wang, M.; Varma, R. S.; Li,
C.-1. Org. Lett. 2003, 6, 657. (d) Yang, X.-F.; Wang, M.;
Varma, R. S.; Li, C.-J. J. Mol. Catal. A: Chem. 2004, 214,
147.

(a) Uma, R.; Davies, M.; Crévisy, C.; Grée, R. Tetrahedron
Lett. 2001, 42, 3069. (b) Crévisy, C.; Wietrich, M.;

Le Boulaire, V.; Uma, R.; Grée, R. Tetrahedron Lett. 2001,
42,395. (c) Uma, R.; Gouault, N.; Crévisy, C.; Grée, R.
Tetrahedron Lett. 2003, 44, 6187. (d) Branchadell, V.;
Crévisy, C.; Grée, R. Chem. Eur. J. 2004, 10, 5795.

(e) Cuperly, D.; Crévisy, C.; Grée, R. Synlett 2004, 93.

(f) Cuperly, D.; Petrignet, J.; Crévisy, C.; Grée, R. Chem.
Eur. J. 2006, 12, 3261.

Mizuno, A.; Kusama, H.; Iwasawa, N. Chem. Eur. J. 2010,
16, 8248.

(a) Bartoszewicz, A.; Livendahl, M.; Martin-Matute, B.
Chem. Eur. J. 2008, 14, 10547. (b) Ahlsten, N.; Martin-
Matute, B. Adv. Synth. Catal. 2009, 351, 2657.

(a) Miiller, K.; Faeh, C.; Diederich, F. Science 2007, 317,
1881. (b) Bohm, H.-J.; Banner, D.; Bendels, S.; Kansy, M.;
Kuhn, B.; Miiller, K.; Obst-Sander, U.; Stahl, M.
ChemBioChem 2004, 5, 637. (c) Jeschke, P. ChemBioChem
2004, 5, 570. (d) Mikami, K.; Itoh, Y.; Yamanaka, M.
Chem. Rev. 2003, 104, 1.

Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147.
(a) Nyffeler, P. T.; Durén, S. G.; Burkart, M. D.; Vincent, S.
P.; Wong, C.-H. Angew. Chem. Int. Ed. 2005, 44, 192.

(b) Cahard, D.; Xu, X.; Couve-Bonnaire, S.; Pannecoucke,
X. Chem. Soc. Rev. 2010, 39, 558. (c) Lectard, S.;
Hamashima, Y.; Sodeoka, M. Adv. Synth. Catal. 2010, 352,
2708. (d) Kang, Y. K.; Kim, D. Y. Curr. Org. Chem. 2010,
14,917. (e) Brunet, V. A.; O’Hagan, D. Angew. Chem. Int.
Ed. 2008, 47, 1179. (f) Pihko, P. M. Angew. Chem. Int. Ed.
2006, 45, 544. (g) Ibrahim, H.; Togni, A. Chem. Commun.
2004, 1147. (h) Kwiatkowski, P.; Beeson, T. D.; Conrad, J.
C.; MacMillan, D. W. C. J. Am. Chem. Soc. 2011, 133, 1738.
(a) Bélanger, ; Cantin, K.; Messe, O.; Tremblay, M.; Paquin,
J.-F. J. Am. Chem. Soc. 2007, 129, 1034. (b) Wang, W.;
Jasinski, J.; Hammond, G. B.; Xu, B. Angew. Chem. Int. Ed.
2010, 49, 7247. (c) de Haro, T.; Nevado, C. Adv. Synth.
Catal. 2010, 352, 2767.

Nontransition-metal-catalyzed methods: (a) Stavber, G.;
Stavber, S. Adv. Synth. Catal. 2010, 352, 2838. (b) Taylor,
S. D.; Kotoris, C. C.; Hum, G. Tetrahedron 1999, 55,
12431. (c) Davis, F. A.; Kasu, P. V. N. Org. Prep. Proced.
Int. 1999, 31, 125. (d) Wilkinson, J. A. Chem. Rev. 1992, 92,
505. (e) Verniest, G.; Van Hende, E.; Surmont, R.;

De Kimpe, N. Org. Lett. 2006, 8, 4767.

Zhang, W.; Hu, J. Adv. Synth. Catal. 2010, 352, 2799.
Ahlsten, N.; Martin-Matute, B. Chem. Commun. 2011, 47,
8331.

Hartwing, J. F.; Bergman, R. G.; Andersen, R. A.
Organometallics 1991, 10, 3326.

Kim, J. W.; Koike, T.; Kotani, M.; Yamaguchi, K.; Mizuno,
N. Chem. Eur. J. 2008, 14, 4104.

Onaran, M. B.; Seto, C. T. J. Org. Chem. 2003, 68, 8136.
Ling, T.; Chowdhury, C.; Kramer, B. A.; Vong, B. G;
Palladino, M. A.; Theodorakis, E. A. J. Org. Chem. 2001,
66, 8843.

Tamaru, Y.; Hojo, M.; Kawamura, S. I.; Sawada, S.;
Yoshida, Z. I. J. Org. Chem. 1987, 52, 4062.

Aramini, A.; Brinchi, L.; Germani, R.; Savelli, G. Eur. J.
Org. Chem. 2000, 1793.

Iwasaki, M.; Kobayashi, Y.; Li, J.-P.; Matsuzaka, H.; Ishii,
Y.; Hidai, M. J. Org. Chem. 1991, 56, 1922.

Synthesis 2011, No. 16, 2600-2608 © Thieme Stuttgart - New York

Downloaded by: State University of New York at Binghamton. Copyrighted material.



2608

N. Ahlsten et al.

SPECIAL TOPIC

(25)
(26)

@n

(28)
(29)

Bunce, R. A.; Nago, T. J. Heterocycl. Chem. 2009, 46, 623.

Bouziane, A.; Hélou, M.; Carboni, B.; Carreaux, F.;
Demerseman, B.; Bruneau, C.; Renaud, J.-L. Chem. Eur. J.
2008, /4, 5630.

Kundu, N. G.; Dasgupta, S. K.; Chaudhuri, L. N.; Mahanty,
J. S.; Spears, C. P.; Shahinian, A. H. Eur. J. Med. Chem.
1993, 28, 473.

Schmidt, B. J. Org. Chem. 2004, 69, 7672.

Bartoszewicz, A.; Martin-Matute, B. Org. Lett. 2009, 11,
1749.

Synthesis 2011, No. 16, 2600-2608 © Thieme Stuttgart - New York

(30)
(3N
(32)
(33)

(34

Barluenga, J.; Fafiands, F. J.; Sanz, R.; Marcos, C.; Trabada,
M. Org. Lett. 2002, 4, 1587.

Ishiyama, T.; Ahiko, T.; Miyaura, N. J. Am. Chem. Soc.
2002, 124, 12414.

Marion, N.; Gealageas, R.; Nolan, S. P. Org. Lett. 2007, 9,
2653.

Deming, T.J.; Novak, B. M.; Ziller, J. W. J. Am. Chem. Soc.
1994, 116, 2366.

Herrmann, A. T.; Saito, T.; Stivala, C. E.; Tom, J.; Zakarian,
A.J. Am. Chem. Soc. 2010, 132, 5962.

Downloaded by: State University of New York at Binghamton. Copyrighted material.



