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タイトルとTOCグラフィックから読み取れること
・鉄の0価錯体が触媒となる

・芳香族カルボニル化合物のオルト位C–H結合のアルキル化が進行

Abstract: We report here on a C−H alkylation reaction, in which the 
coupling of aromatic ketones with alkenes proceeds in the presence 
of only a simple Fe(PMe3)4 catalyst. The anti-Markovnikov addition of 
ortho C−H bonds in various ketones occurs with excellent 
regioselectivity under relatively mild reaction conditions. A strikingly 
wide variety of alkenes can be used for this reaction, and the high-
yielding anti-Markovnikov addition of aromatic C−H bonds to enol 
ethers was achieved for the first time using this catalyst system.

Iron-Catalyzed Regioselective Anti-Markovnikov Addition of C–H Bonds
in Aromatic Ketones to Alkenes.
Kimura, N.; Kochi, T.; Kakiuchi, F., J. Am. Chem. Soc. 2017, 139, 14849-14852.

・アルキル源はアルケンで電子供与性基ならいける

・アルケンの末端にベンゼン環が選択的に置換する＝反マルコフニコフ付加

Abstractから追加で読み取れること

・カルボニル化合物はケトンのみ



Introduction: 村井反応と関連の報告
イントロを読む際の注意点
(1) 参考文献は精読しなくても良いので、そのabstractと絵だけでも見て流れを掴め
(2) まとまった本や総説(review)は何のトピックに関する内容なのかだけわかれば良い

Ref 1b,c: ref 1aのfull paperとaccount
Ref 2: 触媒的C-H官能基化の最近の総説
Ref 3: 他グループのRu触媒や他の金属を
用いた芳香族ケトンとアルケンのカップリング
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molecules, as can be judged from the Ru-(H2) distances (1.730-
(5), 1.753(5) Å and 1.745(5), 1.764(5) Å). Moreover, these two
ligands are tilted with respect to the coordination plane by 24.6-
(5)° and 22.8(5)°. The ruthenium-hydride separations are equal
and in the expected range for a classical M-H distance (1.628(4)
and 1.625(4) Å). The distances between each hydride and the cis
dihydrogen ligand are around 2.1 Å, ruling out the presence of any
cis interaction.20
The NMR spectra show that 2 is fluxional down to 170 K. In

the 1H NMR spectrum measured at room temperature in C6D6, one
triplet is observed at δ -7.98 (JH-P ) 8.0 Hz) for the six hydrogens
in rapid exchange. H/D exchange between the Ru-H and the C-D
bonds of the deuterated benzene is observed within 1 h, leading to
the formation of various isotopomers RuHxD6-x(PCyp3)2 (with x
) 0-6). After 5.5 h, integration of the hydride and the cyclopentyl
proton signals shows 24% D incorporation. This is in remarkable
contrast with the behavior of 1, which displays no significant H/D
exchange even after 24 h. This observation prompted us to test the
activity of 2 toward the Murai reaction. Indeed, we have previously
demonstrated that 1 was, at room temperature, the best active
precursor for ethylene coupling to a functionalized arene.12d,e Now,
by using 2 as catalyst precursor, we found a 90% conversion of
acetophenone to 2-ethylacetophenone within 35 min (see Scheme
1), whereas 10 h was needed in the same conditions using 1 as the
catalyst precursor.
In summary, the use of an alkylphosphine with a C5 ring allows

the stabilization of a new bis(dihydrogen) complex, RuH2(η2-H2)2-
(PCyp3)2 (2). The single-crystal neutron diffraction study of 2 is
the first carried out for a bis(dihydrogen) complex, confirming the
nature of the hydrogens in the ruthenium coordination sphere and
showing the presence of two “unstretched”, asymmetrically bonded,
dihydrogen ligands. We have also shown that 2 is not only stable
at room temperature but also much more active for H/D exchange
and C-C bond coupling than the well-known complex RuH2(η2-
H2)2(PCy3)2 (1). We are currently exploring both the reactivity of
2 and its catalytic activity for a wide variety of reactions, with a
special focus on C-H activation, hydrogenation, and dehydroge-
nation reactions.
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Scheme 1. Murai’s Reaction Catalyzed by 2 at Room
Temperature
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2: RuH2(η2-H2)2(PCyp3)2

ジヒドリド・ビス(二水素)Ru錯体を触媒とした村井反応
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ethoxyvinylsilane (2a) in the presence of 5 mol% [{Ru(p-
cymene)Cl2}2], 15 mol% triphenylphosphane, and 30 mol%
NaHCO2 in toluene at 140 8C afforded the expected product
in quantitative yield in less than two hours, a result that
compares well with those obtained with the classical complex
[RuH2(CO)(PPh3)3].

We next decided to conduct a ligand screening to further
improve the reactivity of this catalytic system and to
demonstrate its versatility (see Table 1 for selected exam-
ples). From these results, it appears that only a few ligands are
suitable, mainly tri(aryl)phosphanes (Table 1, entries 2–7).
The bidentate ligands tested did not produce any catalytic
activity (Table 1, entries 14 and 15) and the highest conver-
sions were achieved with triphenylphosphane (Table 1,
entry 2). It is also of note that the degree of steric hindrance
provided by the phosphane ligand has a strong influence on
the reaction course (the reactivity decreases with an increase
of the cone angle[12]). Thus, tri(o-tolyl)phosphane (Table 1,
entry 5) did not allow the formation of the expected adduct,
whereas quantitative conversion was achieved under identical
conditions with the meta or para isomers (Table 1, entries 3
and 4). The electronic nature of the ligand also greatly
influences the kinetic course of the reaction, with electron-
donating substituents retarding the coupling (Table 1, com-
pare entries 6 and 7). Indeed, from these preliminary results it
appears that electron-poor and nonhindered tri-
(aryl)phosphane ligands are the most suitable for this
reaction.

We next turned our attention to determining the optimal
ratio between the triphenylphosphane ligand and the ruth-
enium(II) precursor, with a-tetralone (1a) as the aromatic
ketone (Figure 1a). The reaction conducted with one equiv-

alent of PPh3 led to partial decomposition of the catalyst and
low conversion. At least two equivalents of triphenylphos-
phane were needed, with optimal reaction rates being
achieved with three equivalents of ligand. This result can be
compared with that obtained with the most active ruthenium
catalyst described for this reaction, namely [RuH2(CO)-
(PPh3)3].[4] Indeed, we have demonstrated that only the
triphenylphosphane ligand, in the stoichiometry described
above, is a requisite as CO is mainly a spectator ligand in the
[RuH2(CO)(PPh3)3] catalyst precursor.

[13] The stoichiometry
of the added ligand compared to ruthenium was further

confirmed by the reaction with another aromatic ketone,
namely 1-acetonaphthone (1b ; Figure 1b). Once again, a very
fast reaction was achieved with three equivalents of triphe-
nylphosphane, whereas with two equivalents an induction
period was observed. It is also of note that ketone 1b is even
more reactive than 1a—100% conversion was obtained in
less than 20 minutes.

Under these optimal conditions, very high yields of
coupling products were achieved for a variety of aromatic
methyl ketones (Table 2). All reactions were conducted with
two equivalents of alkene, which explains the formation of
disubstituted products, but, by careful control of the number
of equivalents, it was possible, in many cases, to obtain the
mono-substituted acetophenones exclusively. As shown in
Table 2, these conditions are compatible with a bromo

Figure 1. Influence of the amount of triphenylphosphane on the
reaction profile for ketones 1a (a) and 1b (b). Gray circles: 1 equiv;
gray rhombi: 2 equiv; black squares: 3 equiv; black triangles: 4 equiv.

Table 2: The Murai reaction with the herein presented in situ generated
ruthenium catalyst.[a]

Entry 2 Product Time [h] Yield [%][b]

1 a 1 100 (85/15)

2 a 2 92 (50/50)

3 a 0.5 100 (75/25)

4 a 20 70[c] (100/0)

5 a 1.5 99[d] (100/0)

6 a 4 85

7 a 2 100

8 b 5 97

9 c 20 89

[a] Reactions conducted with 1 mmol of ketone 1, 2 equiv of vinylsilane 2,
2.5 mol% [{Ru(p-cymene)Cl2}2] , and 15 mol% of PPh3, in toluene at
140 8C. [b] Yields of isolated product, with the percentages of mono- and
disubstituted products in parentheses. [c] Regioselectivity 85/15.
[d] With 3 equiv of 2a.
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alkyl intermediate.23-27 This chemistry has also been extended
to vinylic C-H bonds in certain R,!-unsaturated ketones and
esters.28,29
Rhodium or iridium complexes, on the other hand, have found

only limited application in catalytic carbon-carbon bond
forming reactions.30-37 While rhodium systems of the type [C5-
Me5RhL] have been crucial in developing an understanding of
the oxidative addition reaction of C-H bonds, they have had
limited application toward the goal of catalytic functionaliza-
tions.38-41
To effect carbon-carbon coupling reactions, the strategy

applied here was to utilize bis-olefin complexes, for example,
[C5Me5Rh(C2H3SiMe3)2], 1, which allow thermal access to the
16-electron species [C5Me5Rh(olefin)]. Oxidative addition of
C-H bonds to this species generates a complex of the type
[C5Me5Rh(olefin)(R)(H)] in which coupling reactions between
olefin and R can be envisioned to occur. This approach is based
on the observation that the parent ethylene complex [C5Me5-
Rh(C2H4)2] will incorporate deuterium into the ethylene ligand
when heated in benzene-d6 (78 °C, 2 h, 25% decrease in
intensity).42,43 This process follows a mechanism that involves
initial ethylene dissociation followed by the reversible activation
of benzene and insertion of olefin which results in scrambling
of the deuterium label from the solvent into the coordinated
ethylene. Increasing the steric bulk of the coordinated olefin in
catalyst 1 results in a decrease of the barrier for olefin loss and
thus more facile generation of the reactive intermediate
[C5Me5RhL]. The increased reactivity of 1 relative to the bis-
ethylene complex is illustrated in a thermolysis experiment in
benzene-d6 that results in selective deuterium incorporation into
coordinated olefin under mild conditions44 (eq 2).

In this paper, we report the use of 1 as a catalyst for the
addition of olefins to aromatic ketones to selectively generate
ortho-alkylated aromatic ketones.

Results and Discussion
A. Alkylation of Benzophenone with Vinyltrimethylsilane

Catalyzed by [C5Me5Rh(C2H3SiMe3)2], 1. Prior to surveying
a range of substrates, we conducted a detailed NMR study of
the addition of vinyltrimethylsilane to benzophenone employing
1 as the catalyst to yield mono- and dialkylated products 3a
and 4a (eq 3). A 1:1 molar ratio of benzophenone and

vinyltrimethylsilane and 1 (0.01 g, 2.3 × 10-5 mol, 5 mol %)
in cyclohexane-d12 was heated in a sealed NMR tube at 120 °C
and monitored by 1H NMR spectroscopy. The formation of
ortho-alkylated product 3a was observed with a turnover
frequency of ca. 0.65 TO/h (Figure 1, Experimental Section).
Characteristic for ketone 3a are resonances for the -CH2-
protons at 2.65 (m, 2H) and 0.84 (m, 2H) and a new -SiMe3
resonance at -0.08 (s, 9H). As in the case of the Murai system,
only alkylation at the ortho position is observed and only the
!-silyl addition product is formed (“anti-Markovnikov” addi-
tion). The only rhodium species observed during catalysis is
complex 1, indicating that this species is the catalyst resting
state.
It was also informative to follow the reaction in toluene-d8

at 120 °C (1:1 molar ratio of substrates, 5 mol % 1). Free
vinyltrimethylsilane showed considerable deuterium incorpora-
tion as the reaction proceeded. After 22 h, both vinylic sites
showed ca. 80% deuteration as judged by use of an internal
standard. At this point 36% conversion of substrates to 3a had
occurred and significant deuteration of the -CH2- groups was
evident (ca. 25%) due to deuteration of the vinylsilane prior to
reaction as well as deuteration of 3a after formation.45 The
deuteration of the olefin and the product 3a are explained with
a reversible H/D exchange sequence as shown in eq 2.44 This
observation is consistent with the assignment of 1 as the catalyst
resting state. Reversible C-H bond activation by [C5Me5Rh-
(C2H3SiMe3)] (in rapid equilibrium with 1), followed by
reversible olefin insertion into Rh-D (see eq 2) must occur on
a faster time scale than productive ketone-olefin coupling.46
Coupling products based on the activation of toluene were not
observed.
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the most elementary hydrocarbon functionalization process.27-31
Productivity and selectivity of these catalysts have been
generally moderate, but recently promising improvements have
been made. Application of catalytic transfer hydrogenation for
preparation of functionalized olefins of utility in organic
synthesis has received only limited attention.
We have recently investigated C-H bond activations by the

first-row metal cobalt and reported the use of [C5Me5Co(C2H3-
SiMe3)2] as a catalyst for H/D exchange in aromatic solvents
and for hydroacylation of olefins.32-34 The key to the increased
reactivity of this complex is the bulky trimethylvinylsilane which
is lost in a dissociative first step to generate the reactive 16-
electron fragment [C5Me5Co(C2H3SiMe3)] capable of C-H
bond activations. In this contribution we have applied this
strategy to analogous rhodium complexes and have prepared
rhodium(I) bis-olefin complexes in which the olefin bears bulky
substituents which increases the rate of ligand dissociation and
thus finds application in bond activation catalysis. As early as
1974 it was shown that the parent rhodium complex [C5H5Rh-
(C2H4)2] heated in benzene-d6 will activate the solvent to
reversibly exchange deuterium for hydrogen in the coordinated
olefin following a reversible olefin insertion-deinsertion se-
quence.35 A mechanism for this exchange process is shown in
Scheme 1 and is supported by our investigations with cobalt
and earlier work regarding the rhodium bis-ethylene complexes.
The first step, which in part controls the rate of the exchange
reaction, is the dissociation of olefin which generates the reactive
16-electron fragment for subsequent bond activation chemistry.

The low reactivity found in this system stands in clear contrast
to the high reactivity of the 16-electron fragment [C5R5Rh(L)]
in bond activation reactions. The dissociative loss of 1 equiv

of olefin and the participation of the second 1 equiv of olefin
in insertion reactions are expected to be reversible. In this work
we have investigated the reactivity of labile rhodium bis-olefin
complexes in bond activation and functionalization reactions.
We report here a variety of H/D exchange reactions toward a
series of substrates and catalytic transfer hydrogenation of vinyl
alkoxysilanes to generate vinyl silyl ethers using complexes of
the type [C5Me5Rh(C2H3R)2] as catalysts.

Results and Discussion
A. Synthesis of Rhodium(I) Olefin Complexes. A general

route into rhodium olefin complexes of the type [C5Me5Rh-
(olefin)2] was developed and involves the reduction of the
chloro-bridged dimer [C5Me5RhCl2]2 with zinc powder in
tetrahydrofuran in the presence of an excess of the desired
olefin.36 A series of new rhodium bis-olefin complexes (1a-e)
was accessible using this pathway. Extraction into pentane and
removal of the solvent allows the isolation of the bis-olefin
complexes as yellow-orange crystalline materials or oils which
are pure by NMR and elemental analysis (eq 2).

The coordination of two monosubstituted olefins to the [C5-
Me5Rh] fragment frequently results in the formation of a mixture
of isomers in which the substituent can either face toward or
away from the Cp* ligand as well as being disposed on the
same or opposite side as the substituent on the second
olefin.37-39 The NMR analysis of the new rhodium olefin
complexes shows that the solids or oils obtained from the
pentane filtrates consist of a mixture of isomers with one major
isomer accounting for at least 75% (1d) and up to 98% (1a) of
the olefin complexes present. The oil initially obtained in the
synthesis of 1a (which likely contains a mixture of isomers)
solidifies during the course of 1 h at room temperature to yield
an orange-yellow solid. It was also possible to recrystallize
complexes 1a,c from acetone at -78 °C to obtain yellow
crystalline materials which contained the rhodium bis-olefin
complex as a single isomer by NMR analysis.
The configuration drawn in eq 2 for the rhodium bis-olefin

complexes is based on the structurally characterized cobalt
analogue of 1a34 and is expected to be the one most favored.
NMR data are consistent with this assumption with a single
Cp* resonance at 1.68 ppm and a single SiMe3 resonance
accounting for two SiMe3 groups at 0.05 ppm along with olefinic(27) Jensen, C. M.; Kaska, W. C.; Flesher, R. J.; Hagen, C.; Gupta, M.

Chem. Commun. 1996, 2083.
(28) Goldman, A. S.; Krogh-Jespersen, K.; Kaska, W. C.; Jensen, C.

M.; Gupta, M.; Rosini, G.; Xu, W.-W. Chem. Commun. 1997.
(29) Jensen, C. M.; Kaska, W. C.; Cramer, R. E.; Hagen, C.; Gupta, M.

J. Am. Chem. Soc. 1997, 119, 840.
(30) Jensen, C. M.; Kaska, W. C.; Gupta, M. Chem. Commun. 1997,

461.
(31) Leitner, W.; Six, C. Chem. Ber. 1997, 130, 555.
(32) Lenges, C. P.; Brookhart, M. J. Am. Chem. Soc. 1997, 119, 3165.
(33) Lenges, C. P.; Brookhart, M.; Grant, B. E. J. Organomet. Chem.

1997, 528, 199.
(34) Lenges, C. P.; White, P. S.; Brookhart, M. J. Am. Chem. Soc. 1998,

120, 6965.
(35) Seiwell, L. J. Am. Chem. Soc. 1974, 96, 7134.

(36) The synthesis of [C5Me5Rh(CO)2] by zinc reduction in methanol
has been reported with moderate yields. Maitlis, P. M.; Kang, J. W. J.
Organomet. Chem. 1970, 26, 393.
(37) The coordination of vinyltrimethylsilane to a rhodium acetylaceto-

nato system has been reported. Fitch, J. W.; Osterlih, W. T. J. Organomet.
Chem. 1981, 213, 493.
(38) Perutz and co-workers have investigated the photochemical synthesis

of [C5H5Rh(olefin)2] complexes including the bis(vinyltrimethylsilane)
complex. The formation of two isomers is observed in contrast to 1a, which
shows essentially one isomer. Perutz, R. N.; Haddleton, D. M.; Duckett, S.
B.; Belt, S. T. Organometallics 1989, 8, 748.
(39) Mueller, J.; Hirsch, C.; Qiao, K.; Ha, K. Z. Anorg. Allg. Chem.

1996, 622, 1441.

Scheme 1. Reversible C-H Bond Activation of Benzene-d6
with [C5R5M(C2H4)2] (M ) Co, Rh) and H/D Exchange
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Wilkinson触媒によりイミンで村井反応、加水分解

Ref 3d

Ref 3e

J. Organomet. Chem. 2008, 693, 3939.
同じ形式の反応だけどIr触媒：Ir+でRuの代わり

Ref 3f

同じ形式の反応だけどIr触媒：Ir+でRuの代わり

J. Am. Chem. Soc. 2014, 136, 10258.

Ref 3g

Angew. Chem., Int. Ed. 2015, 54, 9894.
同じ形式の反応だけどIr触媒：Ir+でRuの代わり

BARF = –B[3,5-(CF3)2C6H3]4

WileyのTOCの説明



5048 

Scheme I 

J. Am. Chem. SOC. 1987, 109, 5048-5050 

Table I. Yield of PhCH=NCH2CMe, upon Irradiation of 1 and 
CNCH,CMe? in Benzene Solution 

(PMe3)2(CNR)3 for a variety of R groups (R = Me, t-Bu, 
CH2CMe3, Ph, 2,6-xylyl; eq 2).14 Most of these complexes are 
thermally stable below 60 "C, a t  which temperature phosphine 
is readily and reversibly lost as evidenced by exchange with 

Fe(PMe3), + 3RNC - Fe(PMe3)2(CNR)3 + 2PMe3 (2) 

Pyrex-filtered irradiation (Hg or W) of a -0.023 M benzene 
solution of the complex Fe(PMe3)2(CNCH2CMe3)3, 1, (X,,, = 
327 nm) results in the formation of aldimine PhCH=NCH,CMe, 
in 88% yield (based on iron). A new organometallic product is 
also formed in 35% yield and is identified as Fe(PMe3)3- 
(CNCH2CMe3),, 2, on the basis of its IH and 31P NMR spectrum 
(eq 3). A similar experiment in toluene solution gives a 2.8:l 

Fe(PMe3)2(CNCH2CMe3)3 - 

P(CD31,. 

hu 

c 6 H 6  

PhCH=NCH,CMe, + Fe(PMe3)3(CNCHzCMe3)2 (3) 

mixture of the analogous m- and p-tolylaldimines in 55% combined 
yield. Irradiation of the xylyl isocyanide complex Fe(PMe,),- 
(CN-2,6-C6H3Me2), in benzene (-0.008 M) also gives the 
corresponding aldimine in 89% yield (based on iron) after 40 min 
of i r rad ia t i~n . '~  

Preliminary mechanistic studies have allowed the formulation 
of a probable sequence of events. Irradiation of a benzene solution 
of Fe(PMe3),(CN-2,6-C6H3Me2), and Me3CCH,NC at -55 "C 
shows in the formation of free CN-2,6-xylyl and PMe3 in a 1:2 
ratio.I6 Irradiation of 1 in the presence of PMe, produces 2, as 
indicated by changes in the 'H N M R  spectrum of the sample. 
These observations are consistent with the photochemical labi- 
lization of the a-acceptor isonitrile ligand in addition to the cT-donor 
PMe, group. Irradiation of 1 in C6D6 solvent gives C6D5CD= 
NCH2CMe3 as determined by 'H N M R  spectroscopy and mass 
spectral data, indicating that the solvent (and not the PMe, ligand) 
is the source of the aldimine hydrogen. 

The mechanism proposed in Scheme I indicates the sequence 
of events anticipated upon production of the low valent electron 
rich intermediate [Fe(PMe3),(CNR),]. It is interesting to note 
that the thermally accessible intermediate [Fe(PMe,)(CNR),] 
does not produce aldimine; apparently the species with three 

(14) Details of the preparation, ' H  and ,IP NMR data, IR, mass spectra, 
analyses, and X-ray structures of these complexes are reported elsewhere: 
Jones, W. D.; Foster, G. P.; Putinas, J. M. Inorg. Chem. 1987, 26, 2120-2127. 

(15) The aldimine products were identified by comparison of their 'H 
NMR spectra and GC retention times with those of authentic samples. The 
organometallic products were identified by their characteristic 'H NMR 
resonances and coupling patterns. 

(16) The low temperature was used in order to ensure the absence of 
thermal scrambling of the isonitrile ligands prior to photolysis. 

0002-7863/87/1509-S048!$01.50/0 

PI [CNCH2CMe3] no. of turnovers" ?& c o n v e r d  
0.004 0.004 2.1 53 
0.002 0.004 3.5 69 
0.001 0.004 5.1 12 
0.0005 0.004 6.6 60 
0.00025 0.004 8.4 44 
0.0005 0.0005 2.1 61 
0.0005 0.001 4.9 91 
0.0005 0.002 5.1 82 
0.0005 0.004 1.5 68 
0.0005 0.008 7.1 31 
0.0005 0.016 0.6 2 

"Based on iron. *Based on total isocyanide, both in 1 and free in 
solution. 

a-acceptor ligands is not sufficiently "electron rich" to induce 
benzene oxidative addition. 

The proposed mechanism indicates that in the presence of added 
RNC, the aldimine-producing reaction should be catalytic with 
respect to iron. However, since the role of light is to induce 
isocyanide dissociation, the back-reaction of R N C  with [Fe- 
(PMe,),(CNR),] to give 1 must be suppressed by keeping the 
absolute concentration of isonitrile very low. As shown in Table 
I, catalytic behavior with respect to iron and efficient conversion 
of both the free and coordinated isonitrile can be obtained by 
working in the mM concentration range. The catalysis stops if 
irradiation is discontinued. 

Irradiation of 1 in cyclohexane or pentane solution at  25 "C 
or at -55 "C does not lead to alkane functionalization. Apparently, 
[Fe(PMe3),(CNCH,CMe3),1 does not oxidatively add to al- 
kanes." 

Acknowledgment is made to the U. S. Department of Energy 
(DE-FG02-86ER13569) for their partial support of this work. 
W.D.J. also thanks the Alfred P. Sloan and Camille and Henry 
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(17) A recent example of alkane oxidative addition to [Fe(dmpe)*] has 
been observed: Baker, M. V.; Field, L. D. J .  Am. Chem. SOC. 1987, 109, 
2825-2826. 

Direct Observation of a Dienolate Intermediate in the 
Base-Catalyzed Isomerization of 
5-Androstene-3,17-dione to 4-Androstene-3,17-dione 
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We describe here the first direct observation of an intermediate 
dienolate ion during the base-catalyzed isomerization of a @,y- 
unsaturated ketone to its conjugated isomer. In addition, we report 
the ionization constant for this &y-unsaturated ketone (5- 
androstene-3,17-dione) in aqueous solution as well as the rate 
constants for the formation of the dienolate ion intermediate and 
its protonation at both @- and y-carbon atoms. 

The conversion of @,y-unsaturated carbonyl compounds to their 
a,@-unsaturated isomers is a simple example of a larger class of 
prototropic rearrangements.] This reaction has been examined 
by several groups for both acidic2 and b a ~ i ~ ~ ~ ~ ~ ~ g ~ ~  solutions. In 

(1) March, J. Adoanced Organic Chemistry, 3rd ed.; Wiley, New York, 
1985; p 524. 
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ベンゼンC-H結合への
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Fe(PMe3)4触媒
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窒素を配向基とした
鉄触媒による位置選択的C-Hアリール化
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J. Am. Chem. Soc. 2014, 136, 13126.

窒素を配向基とした
鉄触媒による位置選択的C-Hアルキル化
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J. Am. Chem. Soc. 2014, 136,13130.

Ref 4h

窒素を配向基とした
鉄触媒による位置選択的C-Hアルキル化
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右上の論文と
連続での報告

Ref 4i
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窒素を配向基とした
鉄触媒による位置選択的C-Hメチル化 Ref 4j
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カルボニルを配向基とした
鉄触媒による位置選択的C-Hメチル化

Ref 4k

Org. Lett. 2015, 17, 442.窒素を配向基とした
鉄触媒による位置選択的C-Hアルキル化
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窒素を配向基とした
鉄触媒によるアルキンへの
C-H, N-Hダブル付加

反応機構は複雑だが
オルトC-H結合の鉄への
酸化的付加から開始すると考えられている



Results and discussion

Reaction of benzophenone with zerovalent iron

Four equivalents of zerovalent Fe(PMe3)4 react with 4 M
equivalents of benzophenone in diethyl ether to form the tetra-
nuclear iron(II)/(0) complex (1) by formal loss of dihydrogen and
eight equivalents of trimethylphosphine [Equation (2)]. Dark brown
crystals of 1 were obtained in 45% yield when crystallizing from
THF/diethyl ether (1:3) at !27 "C. The 1H NMR spectrum of 1 in d8-
THF exhibits three paramagnetically broadened and shifted reso-
nances over 30 ppm chemical shift range, and the solid state
magnetic moment is measured as meff¼ 3.8 mB (Guoymethod) but it
gives no further information for the coordination chemistry. Typi-
cally in tetrahedrally coordinated mononuclear Fe(II) high-spin
complexes meff is detected in the range between 4.4 e 5.2 mB and
2.5e2.8 mB for square planar coordination [9] while the observed
3.84 mB for 1 lies in between those ranges and might arise by Fe(III)
impurity. Contrary, clean cyclometalationwith isoelectronic imines
affordedmononuclear low-valent (d6) iron(II) hydrides in high yield
[10,8].

Complex 1 (Scheme 1) presumably forms via cyclometalation of
a benzophenone by generating a fivemembered octahedral iron(II)-
hydride species (A) (previously observed from us with isoelectronic
benzophenone-imines) [10,8] followed by phosphine dissociation
and p-coordination of an additional equivalent benzophenone (B).
The carbonyl fragment of benzophenone subsequent inserts into
the FeeC bond by ring expansion (C) (seven-membered ring)
accompanied by loss of one trimethylphosphine ligand, when the
new CeC-coupling backbone is formed (D). The hydride speciewith
vacant coordination site undergoes dimerization when a bridging
dinuclear m2-hydrido complex is formed as intermediate (E),
related with a stable bis(m2-hydrido)diiron(II) complex [11]. The
upfield shifted proton resonance of in situ recorded 1H NMR spec-
trum supports the possible FeeH intermediate (AeD) with
d¼!16.2 ppm as apparent broad multiplet. Due to high mobility of
the phosphine ligands and the paramagnetic intermediates during
the reaction cascade (A e D), we cannot exclude the presence of
very similar structural intermediates with overlapping signals as
observed for the broad hydride-resonance. After loss of dihydrogen
by reductive elimination, the m2-phenolato bridging ligands are
constituted by forming a four membered Fe2O2 core structure (F).
Unfortunately we were unable to detect the dihydrogen loss via

Scheme 1. Proposed reaction mechanism for 1.

(2)

R. Beck et al. / Journal of Organometallic Chemistry 778 (2015) 47e5548
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C!H Activation

Cyclometalation of Substrates Containing Imine
and Pyridyl Anchoring Groups by Iron and Cobalt
Complexes

Hans-Friedrich Klein,* Sebnem Camadanli,
Robert Beck, Diana Leukel, and Ulrich Fl!rke

Cyclometalations transform barely activated or nonactivated
C!H bonds of coordinated ligands into C–metal bonds.
Metallacyclic species are known for almost all transition
elements, and the majority of them contain five-membered
rings.[1] The first examples of cyclometalation were observed
for azobenzene (B) with nickel, palladium, and platinum.[2]

Bruce et al. applied the reaction to Schiff bases of benzalde-
hyde (A) and also described examples with manganese,
rhenium, ruthenium, and rhodium (Table 1).[3] If, in the series
azobenzene, benzalaniline, and stilbene, N atoms are replaced
by CH groups,[4] then elevated temperatures are required for
cyclometalation to occur. The reaction with benzalaniline
must be run in THF or toluene at reflux, and stilbene does not
react.

We have recently been able to effect cyclometalation
reactions for the first time at basic cobalt and iron centers by
using imine and pyridyl anchoring groups. Phenyl ketimines
and benzaldimines react smoothly under particularly mild

conditions[5] as well as their isoelectronic structural isomers
having an azadiene topology, the 2-vinylpyridines (C,
Table 1). The new, stable, and structurally characterized
compounds containing N,C-metallacycles can be viewed as
models for the organometallic intermediates in ruthenium-
and rhodium-catalyzed C!C coupling reactions between
aromatic imines and olefins utilized in organic synthesis.[6]

In these reactions typically conducted in refluxing toluene the
metalated species[7] are not isolated but are converted into
metal-free products in a catalytic process.

After simply combining the phenyl ketimines, benzaldi-
mines, or 2-vinylpyridine with cobalt or iron complexes at
!70 8C, we observed a color change indicating that the
reaction was already occurring; for methyl complexes this was
accompanied by evolution of gas (methane, GC). The mixture
was warmed to 20 8C to give complete conversion and
moderate to high yields of crystalline product (Table 2).
Thus benzophenone imine was smoothly ortho-metalated
with methyltetrakis(trimethylphosphane)cobalt [Eq. (1)].

The green crystals of 1 obtained from pentane decompose
at 106 8C under argon; at 20 8C in air the crystal surface
remains unchanged for at least 15 minutes. NMR spectra
obtained from [D8]THF solutions are compatible with a
trigonal-bipyramidal configuration around cobalt and a C-
axial/N-equatorial coordination of the (2-iminobenzoyl)-
phenyl ligand. In the IR spectrum the n(NH) band is observed
with a hypsochromic shift of 45 cm!1 indicating coordination
through the N atom (Table 2).

The X-ray crystal structure of 1[9] confirms this config-
uration at cobalt. Bond lengths and angles in the molecule
remain within the range of expected values. The sum of the
internal bond angles of the chelate ring (542.68) indicates little
strain (planar five-membered ring: 5408). This is also reflected
by the positions of the next-neighbor atoms at the metal

Table 1: Isoelectronic compounds with exchange of N for CH (A, B),
structural isomers (A, C) with azadiene topology, and reagents to effect
cyclometalation.

Substrate Reagent

[MnCH3(CO)4]
[3]

[Fe(PMe3)4]
[Fe(CH3)2(PMe3)4]
[CoCH3(PMe3)4]

[CoCH3(PMe3)4]
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Technische Universit"t Darmstadt
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of ortho-metalated hydrido-iron and methyl-iron complexes and
their reactivities.

Results and Discussion

1. Reactions of Fe(PMe3)4 with Ketimines, PhRCdNH
(R ) C6H5, C(CH3)3). The M-H bond plays an important role
in organometallic chemistry because metal hydrides can undergo
insertion with a wide variety of unsaturated compounds to give
stable species or reaction intermediates containing M-C
bonds.17 Not only are these synthetically useful, but many of
the catalytic reactions involve hydride insertion as the key step.18

Fe(PMe3)4 upon reaction with ketimines were transformed to
Fe-H complexes under mild reaction conditions.

Stoichiometric amounts of diphenylketimine and tert-bu-
tylphenylketimine reacted with Fe(PMe3)4 in pentane at -70
°C. During warmup to room temperature, the color of the
mixtures changed from dark brown to violet for 1 and to reddish
violet for 2 (Scheme 1).16

The reaction likely begins with the coordination of the iron
adduct to the nitrogen or CdN bond by substituting one of the
trimethylphosphines, which brings the metal closer to the ortho
C-H bond (Scheme 1). This chelation assistance results in an
easier and highly selective C-H bond cleavage to give the
cyclometalated iron(II) complex.

Compounds 1 and 2 crystallize from pentane at -27 °C as
dark violet prisms. While compound 2 is moderately sensitive,
compound 1 is extremely hygroscopic. Under 1 bar of argon,
the solids decompose at 105-118 °C. IR spectra of the
compounds give evidence for hydrido-iron(II) complexes with
ν(Fe-H) stretching frequencies at 1730 cm-1 for 1 and 1795
cm-1 for 2. ν(N-H) bands are observed with bathochromic
shifts between 45 and 70 cm-1, indicating coordination through
the N atom. In 1H NMR spectra, Fe-H resonances appear at
-16.4 ppm for 1 and -17.5 ppm for 2 as doublets of triplets
due to the coupling of the hydride nucleus with trans- and cis-
disposed trimethylphosphines.19 Both compounds show two sets
of anisochronic PMe3 groups, which indicate that the iron centers
have an octahedral coordination environment made up of three
meridional PMe3 ligands (Figure 1). The presence of the ortho-
metalated imine complexes is also supported by the 13C{1H}
NMR spectra. Compound 1 contains a doublet at 180.2 ppm
(JP,C ) 10.3 Hz) due to a coupling of the imine carbon with
one of the P nuclei and a multiplet at 204.1 ppm assigned to
the metalated aromatic carbon. In compound 2, these resonate
as multiplets at 186.1 ppm (CdN) and 200.1 ppm (Fe-C). The
31P{1H} NMR spectra of the two compounds, which are
temperature invariant, show two sets of PMe3 groups with
couplings of 37 Hz. The PMe3 group trans to the metalated

carbon gives a triplet with a resonance at around 23 ppm, and
the two isochronic trans phosphines appear at 18 ppm as
doublets in both cases.

The molecular structure of 1 shows a slightly distorted
octahedral frame of donor atoms centered by an iron atom that
bears three meridional PMe3 donor groups (Figure 2). C, N,
and H atoms of the metalacycle occupy three remaining ligand
positions. The angle P3-Fe1-P1 ) 152.878(18) Å shows a
significant deviation from 180° because of spatial relaxation.
The ortho-metalated imine ligand acts with a bite angle of
79.0(6)°, and the sum of internal angle for the five-membered
metalacycle (539.90°) approach the ideal value for a planar five-
membered ring (540°). The Fe-P distances are in the typical
range of 2.18-2.22 Å.20 The Fe1-P2 distance is lengthened
due to the trans influence of the carbon donor, while N1-Fe1
and C1-Fe1 distances are also in typical ranges.21 The CdN
bond is lengthened upon coordination from 1.237(3) Å to
1.314(2) Å.22 The Fe1-H1 1.480(19) Å is in the typical range
for molecular iron hydrides.23

A view of the molecular geometry of 2 is shown in Figure 3.
The X-ray diffraction study on a single crystal of 2 confirms
the structure proposed in Scheme 1 and shows the same
structural characteristics as 1.

2. Reactions of Fe(CH3)2(PMe3)4 with Diphenylketimine
(Ph2CdNH). The possibility of direct introduction of a new
C-C bond via direct C-H bond transformation is a highly
attractive synthetic strategy in synthesis owing to the ubiquitous
nature of C-H bonds in organic substances, where the range
of substrates is virtually unlimited. The activation of C-H bonds
and the formation of C-C bonds in a single preparative step
combine economy, efficiency, and elegance. The reaction of
diphenylketimine with Fe(CH3)2(PMe3)4 afforded a methyl-
iron(II) complex with a C,C-coupling between an sp2 carbon
of the aromatic backbone and an sp3 carbon of the CH3 fragment
(Scheme 2). The C,C-coupling in this reaction suggests an
unusual reaction pathway. Fe(CH3)2(PMe3)4 reacts first with
diphenylketimine to produce a methyl-iron(II) intermediate by
elimination of methane. C,C-coupling between methyl and
phenyl groups and reductive elimination afford the new aromatic
backbone. The Fe(0) complex in solution reinserts into the ortho
C-H bond of the unsubstituted phenyl ring and forms the
hydrido-Fe(II) complex 3.

IR and NMR data support the structure assigned for 3. In
the IR spectrum, the absorption bands at 3279 and 1761 cm-1,
respectively, represent ν(N-H) and ν(Fe-H) vibrations (Table
1 summarizes the properties of complexes 1-3). In the 1H NMR
spectrum the new CH3 group formed by C,C-coupling appears
as a singlet at 2.21 ppm. The Fe-H group resonates at -17.2
ppm as a doublet of triplets. In 13C{1H} NMR the Ar-CH3

carbon appears as a singlet at 21.1 ppm. The imine carbon atom
resonates at 181.2 ppm as a doublet (3JP,C ) 9.8 Hz), and the
metalated carbon gives a multiplet at 203.1 ppm. In the 31P{1H}
NMR the trans PMe3 groups resonate as a multiplet at 15.7
ppm and PMe3 cis disposed to H appears as a triplet with a
coupling constant 2JP,P of 38.3 Hz. These data support a mer-
octahedral hydrido-Fe(II) complex with three PMe3 ligands and
a coordinated imine backbone.

(17) Dedieu, A. Transition Metal Hydrides; VCH: New York, 1992.
(18) (a) Masters, C. Homogenous Catalysis; Chapman Hall: London,
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because, for example in the presence of LiCl, iron(II) hydride
was obtained from the reaction of compound 1 with Fe
(PMe3)4. And when LiBF4·H2O was used as the additive, ionic
complex 10 was generated via activation of a C–H bond
(Scheme 4). It should be noted that the reaction must be
carried out in a polar solvent such as THF. Complex 10 was
characterized by NMR spectroscopy (using deuterated acetone
as the solvent) and X-ray diffraction analysis. In the 19F{1H}
NMR spectrum of 10, the resonances of Ar–F and BF4− were
recorded at −111.0 and −152.0 ppm, respectively, with the rela-
tive integral ratio of 1 : 2. This implies that the C–F bond in
compound 1 remained untouched during the reaction. The 1H
NMR spectrum of complex 10 showed three types of PMe3
signals, with the relative integral ratio of 1 : 1 : 2. This indicates
that there are four PMe3 ligands coordinating to the iron
center. The molecular structure of 10 confirmed our con-
clusion (Fig. 1). The iron atom was coordinated by four PMe3
ligands, one imine-N atom, and one phenyl-C atom in an octa-
hedral coordination geometry. The iron atom is connected to
the C13 atom belonging to the non-fluorinated phenyl group.
Meanwhile, the BF4− group acted as the counter ion.

Application scope of the method to activate C–F bonds with an
auxiliary Lewis acid

We synthesized a series of fluoroarylmethanimines with
different substituent groups to test the application scope of
this method. First, we found that with addition of a Lewis
acid, the C–F bond in compounds 2 and 3 could be activated
to afford the corresponding iron(II) halide complexes 11 and
12 (Scheme 5). Crystals of complexes 11 and 12 suitable for
single crystal X-ray diffraction were obtained from their
mother liquors at 0 °C. The structures showed that the halide
atom (Br1 in complex 11 and I1 in complex 12) was located in
the trans-position to the phenyl-C atom rather than the imine-
N atom. The strong trans-influence of the phenyl-C atom
causes this interesting phenomenon.

Subsequently, monofluoroarylmethanimines were chosen
as the substrates to study the selective activation of C–F and
C–H bonds. At first, the direct reaction of compound 4 with Fe
(PMe3)4 was explored. As a result, iron(II) hydride 13 was
obtained in a yield of 62% (Scheme 6). This indicates the C–H
bond in monofluoroarylimine is easier to be cleaved by Fe
(PMe3)4. The two sets of signals of the 1H NMR, 31P NMR, and
19F NMR spectra of 13 in C6D6 indicate that there are two
isomers of 13a and 13b in solution, but 13a and 13b could not
be identified, while the molar ratio of 13a : 13b (or 13b : 13a) is
about 3 : 1 according to the 19F NMR spectrum (Scheme 6). In
the case of compound 5, iron(II) hydride 14 was obtained in a
yield of 70%, while the 1H NMR and 31P NMR spectra of 14 in
C6D6 indicate that only one isomer of 14 exists in solution.
According to our experience, the C–H bond activation in the
phenyl ring with EWG is easier than that in the phenyl ring
with EDG.13a Therefore, it is considered that 14a should be the
only product in this reaction. However, through the three-com-
ponent reaction of monofluoroarylimine, Fe(PMe3)4, and Lewis
acid, iron(II) halides 15 and 16 via the activation of C–F bond
were obtained (Scheme 7). Both iron(II) halides (15 and 16)
were characterized completely, with the data of complex 15
taken here as an example: in the 1H NMR spectrum of complex
15, the resonance of CvN–H appeared at 9.96 ppm, which is
similar to the data of other iron(II) chlorides. The resonances
of two types of PMe3 were recorded at 1.47 and 1.02 ppm.
Meanwhile, neither a signal of fluorine nor one of the carbon

Scheme 5 Selective activation of C–F bond in (2,6-difluorophenyl)aryl-
methanimine with an auxiliary strong Lewis acid.

Scheme 6 Activation of C–H bond in (2-fluorophenyl)arylmethanimine by Fe(PMe3)4.

Scheme 4 Activation of C–H bond in the presence of LiBF4·H2O.
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Results and discussion

Reaction of benzophenone with zerovalent iron

Four equivalents of zerovalent Fe(PMe3)4 react with 4 M
equivalents of benzophenone in diethyl ether to form the tetra-
nuclear iron(II)/(0) complex (1) by formal loss of dihydrogen and
eight equivalents of trimethylphosphine [Equation (2)]. Dark brown
crystals of 1 were obtained in 45% yield when crystallizing from
THF/diethyl ether (1:3) at !27 "C. The 1H NMR spectrum of 1 in d8-
THF exhibits three paramagnetically broadened and shifted reso-
nances over 30 ppm chemical shift range, and the solid state
magnetic moment is measured as meff¼ 3.8 mB (Guoymethod) but it
gives no further information for the coordination chemistry. Typi-
cally in tetrahedrally coordinated mononuclear Fe(II) high-spin
complexes meff is detected in the range between 4.4 e 5.2 mB and
2.5e2.8 mB for square planar coordination [9] while the observed
3.84 mB for 1 lies in between those ranges and might arise by Fe(III)
impurity. Contrary, clean cyclometalationwith isoelectronic imines
affordedmononuclear low-valent (d6) iron(II) hydrides in high yield
[10,8].

Complex 1 (Scheme 1) presumably forms via cyclometalation of
a benzophenone by generating a fivemembered octahedral iron(II)-
hydride species (A) (previously observed from us with isoelectronic
benzophenone-imines) [10,8] followed by phosphine dissociation
and p-coordination of an additional equivalent benzophenone (B).
The carbonyl fragment of benzophenone subsequent inserts into
the FeeC bond by ring expansion (C) (seven-membered ring)
accompanied by loss of one trimethylphosphine ligand, when the
new CeC-coupling backbone is formed (D). The hydride speciewith
vacant coordination site undergoes dimerization when a bridging
dinuclear m2-hydrido complex is formed as intermediate (E),
related with a stable bis(m2-hydrido)diiron(II) complex [11]. The
upfield shifted proton resonance of in situ recorded 1H NMR spec-
trum supports the possible FeeH intermediate (AeD) with
d¼!16.2 ppm as apparent broad multiplet. Due to high mobility of
the phosphine ligands and the paramagnetic intermediates during
the reaction cascade (A e D), we cannot exclude the presence of
very similar structural intermediates with overlapping signals as
observed for the broad hydride-resonance. After loss of dihydrogen
by reductive elimination, the m2-phenolato bridging ligands are
constituted by forming a four membered Fe2O2 core structure (F).
Unfortunately we were unable to detect the dihydrogen loss via

Scheme 1. Proposed reaction mechanism for 1.

(2)
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ABSTRACT: We report here on a C−H alkylation
reaction, in which the coupling of aromatic ketones with
alkenes proceeds in the presence of only a simple
Fe(PMe3)4 catalyst. The anti-Markovnikov addition of
ortho C−H bonds in various ketones occurs with excellent
regioselectivity under relatively mild reaction conditions. A
strikingly wide variety of alkenes can be used for this
reaction, and the high-yielding anti-Markovnikov addition
of aromatic C−H bonds to enol ethers was achieved for
the first time using this catalyst system.

Selective, straightforward methods for the efficient synthesis
of organic compounds from readily available chemicals are

of great importance in organic synthesis. Since the development
of the ruthenium-catalyzed ortho-selective C−H/olefin cou-
pling by Murai group in 1993 (Figure 1a),1 direct catalytic
formation of C−C bonds via chelation-assisted cleavage of C−H
bonds have been extensively investigated by many researchers,
and a variety of methods are currently available as powerful
synthetic tools for direct C−H functionalization.2

One of the significant challenges still remaining for catalytic
C−H transformations is the development of simple practical
catalyst systems using earth-abundant base metals that operate
under mild reaction conditions, particularly for atom-efficient
C−H additions to multiple bonds.2d,3 Considerable efforts have
recently been devoted to the use of economical, ubiquitous first-
row transition metals for catalytic C−H functionalizations,4,5

but further developments of new methods are still desired. For
example, there are still great limitations in substrate scope in C−
H functionalizations using iron, the most abundant transition
metal, as a catalyst.4a Although stoichiometric reactions
involving the oxidative addition of C−H bonds to low-valent
iron complexes have been known for decades,6 the development
of catalytic aromatic C−H functionalizations have not been
widely explored until recently, except where Jones and co-
workers reported on the Fe(PMe3)2(CNCH2

tBu)-catalyzed
reaction of arenes with isonitriles under photoirradiation
conditions.4e In 2008, Nakamura and co-workers reported on
the catalytic C−H arylation of aromatic compounds with aryl
Grignard reagents using in situ generated low-valent iron
catalysts,4f which has since been employed for numerous C−H
functionalizations. Several examples of iron-catalyzed C−H
alkylation reactions have been reported by Nakamura,4g,j

Cook,4h and Ackermann,4i but there has been only one paper

on the C−H addition to alkenes, which was reported by
Yoshikai and co-workers using heteroarenes as substrates.4k

Herein we report that the C−H alkylation of aromatic
ketones with alkenes proceeds in the presence of only a simple
Fe(PMe3)4 catalyst (Figure 1b). The notable features of this

iron-catalyzed C−H/olefin coupling are (1) the remarkably
wide variety of applicable alkenes and (2) the excellent
regioselectivity toward the anti-Markovnikov hydroarylation
products in all cases. Particularly, the reaction with enol ethers
using this catalyst system represents the first high-yielding anti-
Markovnikov addition of aromatic C−H bonds.
When the reaction of pivalophenone (1a) with triethylvi-

nylsilane (2a) was carried out using 10 mol % Fe(PMe3)4 (3 ) in
THF at 70 °C, monoalkylation proceeded at the ortho position
to give product 4aa in 91% NMR yield (eq 1).7,8 The use of 1,4-

dioxane, toluene, and hexane as a solvent was similarly effective
(90−92%), and interestingly, the reaction performed under neat
conditions also provided 4aa in 93% NMR yield.9 While
catalysts for the iron-catalyzed C−H functionalizations are
mostly generated in situ from iron complexes and main group
organometallic reagents, only a few examples are known for the
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Figure 1. C−H/olefin couplings of aromatic ketones.
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use of distinct low-valent iron catalysts,4e,10 including Wang’s
Fe3(CO)12-catalyzed addition of C−H and N−H bonds of
aromatic imines to internal alkynes.4l Substrates for most of the
iron-catalyzed C−H functionalizations were limited to arenes
possessing nitrogen-containing directing groups or heteroar-
enes, and a simple carbonyl-directed aromatic C−H function-
alization had not been reported until the aforementioned recent
report on C−H methylation by Nakamura’s group.4j

The substrate scope for the C−H alkylation was first
examined using various aromatic ketones and vinylsilanes. The
reaction of 1a with vinylsilanes 2b−d afforded the correspond-
ing products 4ab−ad in excellent yields (Table 1, entries 1−3).

The generality of aromatic ketones was also examined using
vinylsilane 2a (entries 4−11). The C−H alkylation of sec-alkyl
ketones, 1b and 1c with 5 equiv of 2a proceeded to give 4ba and
4ca in 55 and 83% yields, respectively (entries 4,5), but the
reaction of acetophenone did not give any C−H alkylation
product. Pivalophenones containing MeO (1d), Me (1e), F
(1f), and CF3 (1g) groups at the para position reacted with 2a
(1.5 equiv) to provide 4da−ga in 94−96% yields (entries 6−9).
The C−H alkylation of m-methyl- and m-trifluoromethylpiva-
lophenones (1h and 1i) took place exclusively at a sterically less
hindered ortho position to give 4ha and 4ia (entries 10 and 11).
The reactions of benzophenone (5a) and its ortho-

methylated derivatives 5b and 5c gave products 6aa−ca in
20−30% yields (eq 2). In contrast, the introduction of methyl
and methoxy groups at the para positions appeared to increase
the reactivity toward the formation of alkylation products, and
coupling reactions of 5d and 5e with 8 equiv of 2a afforded 1:3
coupling products 8da and 8ea with high selectivity using 15−
25 mol % of 3 (eq 3).11

The reactions of cyclic aromatic ketones 9 were then
explored. While no coupling product was produced by the
reaction of α-tetralone, the C−H alkylation of 2,2-dimethyl-1-

tetralone (9a) with 2a proceeded smoothly to provide 10aa in
96% yield within 15 min using only 5 mol % of 3 (Table 2, entry
1). The reaction of 2,2-dimethyl-1-indanone (9b) using 10 mol
% of catalyst 3 in hexane gave product 10ba in 28% yield (entry
2), and the yield was improved to 40% by increasing the catalyst
loading to 20 mol % (entry 3).12 Benzosuberone derivative 9c

Table 1. Generality of Aromatic Ketonesa

aReaction conditions: 1 (0.6 mmol), 2 (0.9 mmol), 3 (0.06 mmol), 70
°C, 20 h. bIsolated yield. c3 mmol of 2a was used.

Table 2. C−H Alkylation of Cyclic Aromatic Ketones 9 with
Various Alkenesa

aReaction conditions: 9 (0.6 mmol), alkene (0.9 mmol), 3 (0.03−0.12
mmol), 70 °C. bIsolated yield. cHexane (0.2 mL) was used as a
solvent. dPerformed at 50 °C.
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高収率で生成物が得られる
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立体障害のため2置換体はできない

use of distinct low-valent iron catalysts,4e,10 including Wang’s
Fe3(CO)12-catalyzed addition of C−H and N−H bonds of
aromatic imines to internal alkynes.4l Substrates for most of the
iron-catalyzed C−H functionalizations were limited to arenes
possessing nitrogen-containing directing groups or heteroar-
enes, and a simple carbonyl-directed aromatic C−H function-
alization had not been reported until the aforementioned recent
report on C−H methylation by Nakamura’s group.4j

The substrate scope for the C−H alkylation was first
examined using various aromatic ketones and vinylsilanes. The
reaction of 1a with vinylsilanes 2b−d afforded the correspond-
ing products 4ab−ad in excellent yields (Table 1, entries 1−3).

The generality of aromatic ketones was also examined using
vinylsilane 2a (entries 4−11). The C−H alkylation of sec-alkyl
ketones, 1b and 1c with 5 equiv of 2a proceeded to give 4ba and
4ca in 55 and 83% yields, respectively (entries 4,5), but the
reaction of acetophenone did not give any C−H alkylation
product. Pivalophenones containing MeO (1d), Me (1e), F
(1f), and CF3 (1g) groups at the para position reacted with 2a
(1.5 equiv) to provide 4da−ga in 94−96% yields (entries 6−9).
The C−H alkylation of m-methyl- and m-trifluoromethylpiva-
lophenones (1h and 1i) took place exclusively at a sterically less
hindered ortho position to give 4ha and 4ia (entries 10 and 11).
The reactions of benzophenone (5a) and its ortho-

methylated derivatives 5b and 5c gave products 6aa−ca in
20−30% yields (eq 2). In contrast, the introduction of methyl
and methoxy groups at the para positions appeared to increase
the reactivity toward the formation of alkylation products, and
coupling reactions of 5d and 5e with 8 equiv of 2a afforded 1:3
coupling products 8da and 8ea with high selectivity using 15−
25 mol % of 3 (eq 3).11

The reactions of cyclic aromatic ketones 9 were then
explored. While no coupling product was produced by the
reaction of α-tetralone, the C−H alkylation of 2,2-dimethyl-1-

tetralone (9a) with 2a proceeded smoothly to provide 10aa in
96% yield within 15 min using only 5 mol % of 3 (Table 2, entry
1). The reaction of 2,2-dimethyl-1-indanone (9b) using 10 mol
% of catalyst 3 in hexane gave product 10ba in 28% yield (entry
2), and the yield was improved to 40% by increasing the catalyst
loading to 20 mol % (entry 3).12 Benzosuberone derivative 9c

Table 1. Generality of Aromatic Ketonesa

aReaction conditions: 1 (0.6 mmol), 2 (0.9 mmol), 3 (0.06 mmol), 70
°C, 20 h. bIsolated yield. c3 mmol of 2a was used.

Table 2. C−H Alkylation of Cyclic Aromatic Ketones 9 with
Various Alkenesa

aReaction conditions: 9 (0.6 mmol), alkene (0.9 mmol), 3 (0.03−0.12
mmol), 70 °C. bIsolated yield. cHexane (0.2 mL) was used as a
solvent. dPerformed at 50 °C.
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use of distinct low-valent iron catalysts,4e,10 including Wang’s
Fe3(CO)12-catalyzed addition of C−H and N−H bonds of
aromatic imines to internal alkynes.4l Substrates for most of the
iron-catalyzed C−H functionalizations were limited to arenes
possessing nitrogen-containing directing groups or heteroar-
enes, and a simple carbonyl-directed aromatic C−H function-
alization had not been reported until the aforementioned recent
report on C−H methylation by Nakamura’s group.4j

The substrate scope for the C−H alkylation was first
examined using various aromatic ketones and vinylsilanes. The
reaction of 1a with vinylsilanes 2b−d afforded the correspond-
ing products 4ab−ad in excellent yields (Table 1, entries 1−3).

The generality of aromatic ketones was also examined using
vinylsilane 2a (entries 4−11). The C−H alkylation of sec-alkyl
ketones, 1b and 1c with 5 equiv of 2a proceeded to give 4ba and
4ca in 55 and 83% yields, respectively (entries 4,5), but the
reaction of acetophenone did not give any C−H alkylation
product. Pivalophenones containing MeO (1d), Me (1e), F
(1f), and CF3 (1g) groups at the para position reacted with 2a
(1.5 equiv) to provide 4da−ga in 94−96% yields (entries 6−9).
The C−H alkylation of m-methyl- and m-trifluoromethylpiva-
lophenones (1h and 1i) took place exclusively at a sterically less
hindered ortho position to give 4ha and 4ia (entries 10 and 11).
The reactions of benzophenone (5a) and its ortho-

methylated derivatives 5b and 5c gave products 6aa−ca in
20−30% yields (eq 2). In contrast, the introduction of methyl
and methoxy groups at the para positions appeared to increase
the reactivity toward the formation of alkylation products, and
coupling reactions of 5d and 5e with 8 equiv of 2a afforded 1:3
coupling products 8da and 8ea with high selectivity using 15−
25 mol % of 3 (eq 3).11

The reactions of cyclic aromatic ketones 9 were then
explored. While no coupling product was produced by the
reaction of α-tetralone, the C−H alkylation of 2,2-dimethyl-1-

tetralone (9a) with 2a proceeded smoothly to provide 10aa in
96% yield within 15 min using only 5 mol % of 3 (Table 2, entry
1). The reaction of 2,2-dimethyl-1-indanone (9b) using 10 mol
% of catalyst 3 in hexane gave product 10ba in 28% yield (entry
2), and the yield was improved to 40% by increasing the catalyst
loading to 20 mol % (entry 3).12 Benzosuberone derivative 9c

Table 1. Generality of Aromatic Ketonesa

aReaction conditions: 1 (0.6 mmol), 2 (0.9 mmol), 3 (0.06 mmol), 70
°C, 20 h. bIsolated yield. c3 mmol of 2a was used.

Table 2. C−H Alkylation of Cyclic Aromatic Ketones 9 with
Various Alkenesa

aReaction conditions: 9 (0.6 mmol), alkene (0.9 mmol), 3 (0.03−0.12
mmol), 70 °C. bIsolated yield. cHexane (0.2 mL) was used as a
solvent. dPerformed at 50 °C.
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also reacted with 2a to give 10ca in 56% yield (entry 4). Other
vinylsilanes 2b−d were also applicable to the reaction and gave
10ab−ad in 97−99% yields (entries 5−7).
The C−H alkylation were also examined with various other

alkenes using 9a as a substrate. The reactions with aliphatic
alkenes 11a−c proceeded smoothly to provide the alkylation
products 12aa−ac in 71−96% yields (entries 8−10). 1-Vinyl-3-
cyclohexene (11d) possesses two different C−C double bonds,
but only the terminal alkene moiety reacted with the C−H bond
to give 12ad in 58% yield (entry 11). The reactions with
terminal alkenes bearing a siloxy group at the other terminus
(11e and 11f) provided products 12ae and 12af in high yields
when conducted at 50 °C for 40 h (entries 12 and 13).
The reactions with styrene derivatives 13a−c were also

explored. Although C−H alkylation reactions of arenes using
styrene derivatives tend to form branched isomers or at least a
small amount of branched isomers in most cases,1b,13 this iron-
catalyzed C−H alkylation led to the predominant formation of
anti-Markovnikov addition products 14aa−ac in high yields
(entries 14−16).
The application of oxygen- and nitrogen-substituted alkenes

to the C−H alkylation was then investigated (Figure 2). The

reaction of 9a with n-butyl vinyl ether (15a) at 70 °C for 20 h
provided 16aa in 31% yield, and the yield was improved to 58%
by performing at 50 °C for 40 h. Only a few studies have been
reported on the use of enol ethers in C−H alkylation
reactions.14 While Nishimura’s iridium-catalyzed coupling of
2-arylpyridines formed branched products,14c,d the only example
of the catalytic intermolecular anti-Markovnikov C−H addition
to an enol ether reported by Brookhart and co-workers gave the
linear alkylation product in 10% yield.3c Therefore, this result
represents the first high-yielding anti-Markovnikov addition of
aromatic C−H bonds to enol ethers. This reaction was found to

be applicable to a variety of enol ethers. Low-boiling (33 °C)
vinyl ether 15b was converted to 16ab in 40% yield. Vinyl ethers
bearing more bulky alkyl groups 15c−f showed high reactivity to
afford 16ac−af in 80−97% yields. Benzyl vinyl ethers 15g,h
were also used for the reaction to give products 16ag and 16ah
in 40 and 73% yields, respectively. In addition, the reaction of 9-
vinylcarbazole (17a), a nitrogen-substituted alkene, afforded the
corresponding product 18aa in 98% yield. Yoshikai and co-
workers reported the use of 17a for their cobalt-catalyzed C−H
alkylation reaction, which also selectively gave a linear alkylation
product.15

To gain insights into the reaction mechanism, deuterated
pivalophenone 1a-d5 was reacted with 2a at 70 °C for 5 min
(Figure 3a). The 1H and 2H NMR spectra of the recovered

starting materials indicated that partial H/D scrambling
occurred between the ortho positions of the pivalophenone
and the α-position of the vinylsilane (=CH−SiEt3). The NMR
spectra of the alkylation product indicated that a deuterium
atom was incorporated only into the methylene group at the α-
position of the triethylsilyl group (CH2−SiEt3) of the product.
These results suggest that the C−H bond cleavage step is not
turnover-limiting, and that an equilibrium among A−F exists
(Figure 3b). The results also indicate that the hydrometalation
from E to give the branched intermediate G is much slower than
that to form the linear intermediate F. The origin of the linear
selectivity can be attributed to the excellent regioselectivity of
the hydrometalation itself,16 not from the selective reductive
elimination from F over G, which is probably the turnover-
limiting step.
In summary, we report on the Fe(PMe3)4-catalyzed anti-

Markovnikov addition of ortho C−H bonds in aromatic ketones
to alkenes. A wide range of alkenes including vinylsilanes,
aliphatic terminal alkenes, styrenes, enol ethers, and an enamine,
can be used in this C−H alkylation, and the corresponding anti-
Markovnikov addition products, that is, linear alkylation
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This Work 3: Mechanistic Study
重水素標識実験による可逆性の確認

回収ケトンはオルト位から
重水素が一部失われる

回収ビニルシランは
α位が一部重水素化

also reacted with 2a to give 10ca in 56% yield (entry 4). Other
vinylsilanes 2b−d were also applicable to the reaction and gave
10ab−ad in 97−99% yields (entries 5−7).
The C−H alkylation were also examined with various other

alkenes using 9a as a substrate. The reactions with aliphatic
alkenes 11a−c proceeded smoothly to provide the alkylation
products 12aa−ac in 71−96% yields (entries 8−10). 1-Vinyl-3-
cyclohexene (11d) possesses two different C−C double bonds,
but only the terminal alkene moiety reacted with the C−H bond
to give 12ad in 58% yield (entry 11). The reactions with
terminal alkenes bearing a siloxy group at the other terminus
(11e and 11f) provided products 12ae and 12af in high yields
when conducted at 50 °C for 40 h (entries 12 and 13).
The reactions with styrene derivatives 13a−c were also

explored. Although C−H alkylation reactions of arenes using
styrene derivatives tend to form branched isomers or at least a
small amount of branched isomers in most cases,1b,13 this iron-
catalyzed C−H alkylation led to the predominant formation of
anti-Markovnikov addition products 14aa−ac in high yields
(entries 14−16).
The application of oxygen- and nitrogen-substituted alkenes

to the C−H alkylation was then investigated (Figure 2). The

reaction of 9a with n-butyl vinyl ether (15a) at 70 °C for 20 h
provided 16aa in 31% yield, and the yield was improved to 58%
by performing at 50 °C for 40 h. Only a few studies have been
reported on the use of enol ethers in C−H alkylation
reactions.14 While Nishimura’s iridium-catalyzed coupling of
2-arylpyridines formed branched products,14c,d the only example
of the catalytic intermolecular anti-Markovnikov C−H addition
to an enol ether reported by Brookhart and co-workers gave the
linear alkylation product in 10% yield.3c Therefore, this result
represents the first high-yielding anti-Markovnikov addition of
aromatic C−H bonds to enol ethers. This reaction was found to

be applicable to a variety of enol ethers. Low-boiling (33 °C)
vinyl ether 15b was converted to 16ab in 40% yield. Vinyl ethers
bearing more bulky alkyl groups 15c−f showed high reactivity to
afford 16ac−af in 80−97% yields. Benzyl vinyl ethers 15g,h
were also used for the reaction to give products 16ag and 16ah
in 40 and 73% yields, respectively. In addition, the reaction of 9-
vinylcarbazole (17a), a nitrogen-substituted alkene, afforded the
corresponding product 18aa in 98% yield. Yoshikai and co-
workers reported the use of 17a for their cobalt-catalyzed C−H
alkylation reaction, which also selectively gave a linear alkylation
product.15

To gain insights into the reaction mechanism, deuterated
pivalophenone 1a-d5 was reacted with 2a at 70 °C for 5 min
(Figure 3a). The 1H and 2H NMR spectra of the recovered

starting materials indicated that partial H/D scrambling
occurred between the ortho positions of the pivalophenone
and the α-position of the vinylsilane (=CH−SiEt3). The NMR
spectra of the alkylation product indicated that a deuterium
atom was incorporated only into the methylene group at the α-
position of the triethylsilyl group (CH2−SiEt3) of the product.
These results suggest that the C−H bond cleavage step is not
turnover-limiting, and that an equilibrium among A−F exists
(Figure 3b). The results also indicate that the hydrometalation
from E to give the branched intermediate G is much slower than
that to form the linear intermediate F. The origin of the linear
selectivity can be attributed to the excellent regioselectivity of
the hydrometalation itself,16 not from the selective reductive
elimination from F over G, which is probably the turnover-
limiting step.
In summary, we report on the Fe(PMe3)4-catalyzed anti-

Markovnikov addition of ortho C−H bonds in aromatic ketones
to alkenes. A wide range of alkenes including vinylsilanes,
aliphatic terminal alkenes, styrenes, enol ethers, and an enamine,
can be used in this C−H alkylation, and the corresponding anti-
Markovnikov addition products, that is, linear alkylation

Figure 2. Reactions with oxygen- and nitrogen-substituted alkenes.
Reaction conditions were as follows: 9a (0.6 mmol), 15 or 17 (0.9
mmol), 3 (0.06 mmol), 50 °C, 40 h. Isolated yields are shown.

Figure 3. Mechanistic considerations of the iron-catalyzed C−H
alkylation. (a) A deuterium-labeling experiment using 1a-d5. (b) A
proposed catalytic cycle of the iron-catalyzed C−H alkylation.
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・A, C, E, Fまでは可逆で速い
・C-H切断過程A→Cはturnover limiting stepではない

11Hのところ10H分しかない
→重水素1個入ってる

未反応オルト位は
重水素が少し入る

一部重水素化された
ビニルシランの挿入は遅い

生成物のα位は
重水素化されない

アルケン挿入で
分岐体Gはできない回収ビニルシランの

β位は重水素化されない
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when conducted at 50 °C for 40 h (entries 12 and 13).
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styrene derivatives tend to form branched isomers or at least a
small amount of branched isomers in most cases,1b,13 this iron-
catalyzed C−H alkylation led to the predominant formation of
anti-Markovnikov addition products 14aa−ac in high yields
(entries 14−16).
The application of oxygen- and nitrogen-substituted alkenes
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provided 16aa in 31% yield, and the yield was improved to 58%
by performing at 50 °C for 40 h. Only a few studies have been
reported on the use of enol ethers in C−H alkylation
reactions.14 While Nishimura’s iridium-catalyzed coupling of
2-arylpyridines formed branched products,14c,d the only example
of the catalytic intermolecular anti-Markovnikov C−H addition
to an enol ether reported by Brookhart and co-workers gave the
linear alkylation product in 10% yield.3c Therefore, this result
represents the first high-yielding anti-Markovnikov addition of
aromatic C−H bonds to enol ethers. This reaction was found to

be applicable to a variety of enol ethers. Low-boiling (33 °C)
vinyl ether 15b was converted to 16ab in 40% yield. Vinyl ethers
bearing more bulky alkyl groups 15c−f showed high reactivity to
afford 16ac−af in 80−97% yields. Benzyl vinyl ethers 15g,h
were also used for the reaction to give products 16ag and 16ah
in 40 and 73% yields, respectively. In addition, the reaction of 9-
vinylcarbazole (17a), a nitrogen-substituted alkene, afforded the
corresponding product 18aa in 98% yield. Yoshikai and co-
workers reported the use of 17a for their cobalt-catalyzed C−H
alkylation reaction, which also selectively gave a linear alkylation
product.15

To gain insights into the reaction mechanism, deuterated
pivalophenone 1a-d5 was reacted with 2a at 70 °C for 5 min
(Figure 3a). The 1H and 2H NMR spectra of the recovered

starting materials indicated that partial H/D scrambling
occurred between the ortho positions of the pivalophenone
and the α-position of the vinylsilane (=CH−SiEt3). The NMR
spectra of the alkylation product indicated that a deuterium
atom was incorporated only into the methylene group at the α-
position of the triethylsilyl group (CH2−SiEt3) of the product.
These results suggest that the C−H bond cleavage step is not
turnover-limiting, and that an equilibrium among A−F exists
(Figure 3b). The results also indicate that the hydrometalation
from E to give the branched intermediate G is much slower than
that to form the linear intermediate F. The origin of the linear
selectivity can be attributed to the excellent regioselectivity of
the hydrometalation itself,16 not from the selective reductive
elimination from F over G, which is probably the turnover-
limiting step.
In summary, we report on the Fe(PMe3)4-catalyzed anti-

Markovnikov addition of ortho C−H bonds in aromatic ketones
to alkenes. A wide range of alkenes including vinylsilanes,
aliphatic terminal alkenes, styrenes, enol ethers, and an enamine,
can be used in this C−H alkylation, and the corresponding anti-
Markovnikov addition products, that is, linear alkylation

Figure 2. Reactions with oxygen- and nitrogen-substituted alkenes.
Reaction conditions were as follows: 9a (0.6 mmol), 15 or 17 (0.9
mmol), 3 (0.06 mmol), 50 °C, 40 h. Isolated yields are shown.

Figure 3. Mechanistic considerations of the iron-catalyzed C−H
alkylation. (a) A deuterium-labeling experiment using 1a-d5. (b) A
proposed catalytic cycle of the iron-catalyzed C−H alkylation.
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atom was incorporated only into the methylene group at the α-
position of the triethylsilyl group (CH2−SiEt3) of the product.
These results suggest that the C−H bond cleavage step is not
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(Figure 3b). The results also indicate that the hydrometalation
from E to give the branched intermediate G is much slower than
that to form the linear intermediate F. The origin of the linear
selectivity can be attributed to the excellent regioselectivity of
the hydrometalation itself,16 not from the selective reductive
elimination from F over G, which is probably the turnover-
limiting step.
In summary, we report on the Fe(PMe3)4-catalyzed anti-
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Figure 3. アルケン挿入で
分岐体Gはできない

回収ケトンも一部反応している

反マルコフニコフ選択性は挿入段階で決定
F,Gからの還元的脱離の差ではない

C-H結合の
酸化的付加

配位1,2-挿入

2,1-挿入

還元的脱離

還元的脱離
分岐生生物

(マルコフニコフ型)



Other Experiments and Next Approach
他の実験により何かわかるか？

次のアプローチはどうすべきか？ → そのために何を調べてみる？

右図の鉄ヒドリド錯体を合成し
これにアルケンを加えて
中間体EからF,G,Cへの経路を観測
その比を調べることで反応機構の妥当性を探る

生成物は本当にFからの直接還元的脱離なのか？
反応速度に対するホスフィン解離の影響を調べるべく
過剰のホスフィンがある状態での触媒反応および
上記で単離した錯体の反応の速度を比較

反応速度解析を行い、まずはケトンとアルデヒドの反応次数を決定
現状の反応機構が正しいならばアルケン濃度に１次にはならず
平衡定数として効いてくる？

悪性胸膜中皮腫治療薬として知られるPemetrexedの合成に利用可能か？

次週の論文
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Zheng, T.; Li, J.; Zhang, S.; Xue, B.; Sun, H.; 
Li, X.; Fuhr, O.; Fenske, D., Organometallics
2016, 35, 3538.
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内部アルケンは反応するのか？すれば不斉点できる？
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考えられる問題点
・含窒素複素環側の保護が必要？
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H3N COOEt
H COOEt

O
N
H

COOEt
H COOEt

+
OH

O
iBuO Cl

O

25 g, 300 Euro
(abcr Gmbh)

N

HN
N
H

O

H2N TCI 25 g
¥10500

TCI 25 g
¥38400

TCI 100 g
¥3200

上記３つ目のアプローチで低配位鉄錯体が必要になるならば
かさ高いホスフィン配位子を持つ鉄錯体を合成、触媒反応に適用してみる


