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Metal catalysis of symmetric and asymmetric carbene transfer reactions has been widely
applied in natural product synthesis and material science over years. Metal carbene can be
easily generated from the extrusion of nitrogen under the catalysis of metal complexes to
further undergo various organic reactions, O/N/C-H insertions, cycloadditions, and ylide
formations. Currently, the dominant effective catalysts for carbene reactions are built with
expensive precious metal, for example, rhodium, ruthenium, palladium, gold. Notably, the
effective reactivity and enantioselectivity of the dirhodium(II) catalysts are researched and
established over the decades. However, the use of precious metal catalysts is the major
source of metal residues in pharmaceutical products; thus, it becomes a concerning safety
factor towards the environment. Iron, instead, to our interest, is an economical and ecofriendly element. Iron has been used in different catalytic reactions but achieved moderate
reactivity and low enantioselectivity towards carbene transfer reactions. Within, the
electronic environment and the mechanism of iron catalysts are underdeveloped. A new
series of ligands named bis(imino)pyridine family has been found to be able to offer
coordinate sites for transition metals to build effective metal complexes can be used for
different organic reactions. This type of ligand can be easily synthesized in relatively short
steps and the structure of the substituents can be facially tuned. These advantages show the
great potential of bis(imino)pyridine ligands in organic catalysis.

xiii

In this project, bis(imino)pyridine ligands were applied as the backbone structure to
construct a series of achiral and chiral iron catalysts that were investigated in catalytic
metal carbene reactions in terms of reactivity and selectivity. By manipulating the structure
of the ligands, the high reactivity of the achiral iron(II) complexes towards various carbene
reactions was achieved, while moderate enantioselectivity was observed by the catalysis of
chiral iron(II) complexes.
To our delight, the bis(imino)pyridine iron(II) complex, for the first time, is shown as
an effective metal carbene catalyst for carbene transfer reactions of donor–acceptor diazo
compounds. Its broad catalytic capability is demonstrated by a range of metal carbene
reactions, from cyclopropanation, cyclopropenation, epoxidation, and Doyle–Kirmse
reaction to O–H insertion, N–H insertion, and C–H insertion reactions. The asymmetric
cyclopropanation of styrene and methyl phenyldiazoacetate was successfully achieved by
the new chiral bis(imino)pyridine iron catalyst, which delivers a new gateway for the
development of chiral iron catalysis for metal carbene reactions.

xiv

Chapter 1: Background and introduction of proposed research
1.1 Background
1.1.1 Background of carbene chemistry
Carbenes are molecules with a neutral dicoordinate carbon atom which play an
important role in all fields of chemistry today. E. O. Fisher began his work in metal carbene
chemistry in 1964 demonstrating that the sequential addition of an organolithium
nucleophile and an O-alkylating or acylating electrophile across the C=O bond, can be
extended to CO ligands in metal carbonyls.1–6 The synthesis and characterization work of
Munich laboratories on carbonyl carbene complexes have laid out the basis for both
organometallic coordination and organic synthesis.7 The electronic properties of the
carbene carbon atom can be controlled by the coordination fragments, which serves as an
organometallic functional group and has led to various unprecedented carbon-carbon bond
forming reactions.8 Additionally, the transition metal can serve as a template that provides
attainability to relevant substrates for coupling processes.9 Besides the above contributions,
metal carbenes also have a tradition as catalysts formed in situ. The Doyle group
demonstrated the methodology development of copper-catalyzed reactions of diazo
compounds, which has been extended to binuclear rhodium systems that provide selective
catalysts for domino-type addition, insertion and cyclization reactions.10 The reactive
carbenoid intermediates are mainly generated from diazo compounds by metal catalyzed
dinitrogen extrusion.1,8 The scope of these reactions extend from addition, insertion to
cycloaddition and ylide formation (Figure 1.1).2,3,10–15 The reactions, catalyzed by metal
complexes, are powerful tools for the synthesis of diverse organic structures. Furthermore,
the considerable potential and necessity for the development of metal carbene catalysts that

1

offer high reactivity and selectivity in the synthesis of molecular complexity, material
science, and catalysis is in high demand.

Figure 1. 1 Metal catalyzed carbene transfer reactions
Traditionally, carbene transfer reactions are often mediated by precious metal catalysts
(e.g. rhodium, ruthenium, palladium, gold), which become a significant obstacle in organic
synthesis. For example, the important role of dirhodium(II) catalysts for controlling
selectivity in metal carbene reactions has been established over the years. The synthesis of
many dirhodium(II) derivatives with chiral ligands have been published.16–19 Three
structural classes have been categorized as the most effective catalysts to achieve high
stereoselectivity, including chiral dirhodium carboxamidates derived from cyclic chiral
carboxamides, chiral dirhodium carboxylic acids attained from substituted chiral prolinates,
and chiral dirhodium carboxylic acids attained from phthalimide-protected 𝛼 -amino
acids.18 These catalysts confer high stereoselectivity in the intramolecular and
intermolecular reactions of acceptor carbene, acceptor-acceptor carbene and donoracceptor carbene intermediates.19 G. C. Vougioukalakis and R. H. Grubbs reviewed in their
work, nearly 400 ruthenium heterocyclic carbene-coordinated olefin metathesis catalysts
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have been prepared. They offer a wide array of structures and activities that will benefit
specific applications such as aqueous and asymmetric reactions. In spite of all these
structures, it is pleasing to recognize that, for most applications, a few structures will
provide excellent results.20 N. Marion and S. P. Nolan reported the appealing properties of
N-heterocyclic carbenes (NHC) as ancillary ligands and the high potential of gold(I) and
gold(III) as organometallic catalysts have made their encounter inevitable. Still in its
infancy, NHC–gold catalysis is nevertheless growing rapidly.21 However, in the term of
advancement of sustainable chemistry, the development of economically competitive and
environmentally-benign earth-abundant metals catalysis systems in solving synthetically
relevant challenges and mimicking or ideally surpassing the performance of precious metal
catalysts is greatly desired. Additionally, the rigorous development of such catalysts
involving their design, preparation, and reactivity studies would offer sustainable synthetic
strategies for the synthesis of chiral structures in a more and eco-friendly way. It will also
inspire and facilitate the development of new sustainable catalysis.
1.1.2 Background of iron catalysts
Iron is the second most abundant metal on Earth and can be readily utilized in many
economic research avenues. Moreover, its biological relevance (essential trace elements)
and low toxicity offer tremendous potential for the development of sustainable benign
catalysis.22–25 Although iron’s capability of catalyzing carbene transfer reactions has been
recognized for years, it has not been developed as a catalyst to the same extent as precious
metals in metal carbene chemistry. Primarily, there remains limited methodology
employing iron as a catalyst that can achieve highly enantioselective carbene transfer
reactions with a broad spectrum of carbene precursors in a general way. The rigorous
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development of such catalysts involving their design, preparation, and reactivity studies
would offer sustainable synthetic strategies for the synthesis of chiral structures in a more
cost-efficient and eco-friendly way. Additionally, it has potential to inspire and facilitate
the development of new sustainable catalysts.

Figure 1. 2 Iron porphyrin complexes by Woo26 and Spiro-bisoxazoline iron complexes
by Zhou9.
Since the launch of iron porphyrin-catalyzed cyclopropanation by Woo (Figure 1.2),26
various carbene transfer processes of diazo compounds, including cyclopropanation,
heteroatom-hydrogen bond insertions and intramolecular C–H inversion have been
achieved by porphyrin and related macrocyclic iron complexes. However, these generally
occur with active 𝛼 -hydrogen-diazocarbonyl compounds, diazoalkanes or the
corresponding precursors.9,24,27 The spiro-bisoxazoline iron complexes (Figure 1.2)
developed by Zhou's group have exhibited high catalytic activities and selectivities for
heteroatom–hydrogen bond insertions and intramolecular cyclopropanation reactions of
adiazoesters adiazoesters.9 Despite these achievements, iron has not been developed as a
catalyst to the same extent as other late transition metals, particularly for utilization in metal
carbene reactions. The advancement of iron catalysis for general carbene transfer reactions
with broad substrate schemes, especially asymmetric processes under mild reaction
conditions, remains a wide-open field for discovery and innovation.
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1.2 Introduction of proposed research
1.2.1 Insight from previous research work
It has been almost a decade since sterically demanding bis(imino)pyridine ligands were
found to impart late transition metals, especially iron and cobalt,28,29 with very high
(unprecedented for these metals) catalytic activities for ethylene polymerization. The basis
of this synthetic methodology development pertaining to these innovated ligands was
accounted for with structure-activity relationships.22,23,29–33 However, the actual rationale
why bis(imino)pyridine ligand set can promote potential catalytic activity comparing to
other ligands remains undeveloped. G. A. Solan investigated the electronic character of the
bis(imino)pyridine ligands and furnished insight about the mechanism. Their research
focused on the development of the tridentate bis(imino)pyridine ligand and its associated
metal complexes, which revealed the capability of donating or accepting negative charges
and lead to the tuning of the redox potential of the coordinated metals.30 The development
of bis(imino)pyridine ligands and its relatives provides a gateway to a series of new
potential ligand families for their use in various metal-mediated transformations. Research
in coordination chemistry for these series of ligands has led to the investigations of many
transition metals.9,34,35 Bianchini and co-workers have developed a new series of Cs- and
C1-symmetric 2,6-bis(imino)pyridine ligands. These ligands form stable five-coordinated
complexes with FeCl2 and CoCl2, despite their known counterparts in the presence of alkyl
and aryl substituent at the ketimine nitrogen atoms.29
Specifically, (imino)pyridine chelated iron complexes have emerged as an effective
class of catalysts for ethylene polymerization, olefin hydrogenation, hydrosilation and [2p
+ 2p]-cycloaddition reactions.34 In addition, the bis(imino)pyridine ligand is easily
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modifiable, allowing versatility in ligand design, synthesis, and screening.6,23,30,31 Despite
these achievements, catalytic metal carbene reactions by bis(imino)pyridine iron
complexes have not been revealed. Recently, Chirik’s group reported the formation of a
bis(imino)pyridine iron carbene complex B from a stoichiometric amount of
bis(imino)pyridine iron dinitrogen complex A and diphenyldiazomethane by dinitrogen
extrusion (Figure 1.3).6 However, the attempts towards metal carbene reactions such as
cyclopropanation and C–H insertion were ineffectual with the bis(imino)pyridine iron
carbene complex.6,32,33

Figure 1. 3 Formation of a bis(imino)pyridine iron carbene from bis(arylimino)pyridine
iron dinitrogen complexes and diphenyldiazomethane.6
1.2.2 Research hypothesis
We hypothesized that one reason for the lack of reactivity for bis(imino)pyridine iron
carbene complexes A in carbene transfer process is due to the charge delocalization
induced by the diphenyl group (Figure 1.3). To address this issue, we predicted that
augmenting the electrophilicity of the disubstituted diazo compound would increase the
reactivity of the corresponding iron carbene, thus it could more readily engage in carbene
transfer reactions.1 It has been documented that the donor-acceptor metal carbene, which
can be produced from donor-acceptor diazo compound by metal catalyzed dinitrogen
extrusion, exhibited higher reactivity than the one from diphenyldiazomethane due to its
6

stronger electrophilicity.36 Herein, donor-acceptor diazo compound, aryldiazoacetate, was
selected as the carbene precursor in this study to investigate the bis(imino)pyridine iron
catalyzed metal carbene reactions. Additionally, recent computational studies of
bis(imino)pyridine iron complexes for C-H functionalization of donor-acceptor diazo
compound also suggests feasibility.31
The catalytic cycle for the conversion of a diazo compound to a metal-stabilized carbene
intermediate is initiated from the metal-catalyzed dinitrogen extrusion of nucleophilic
diazo compound. We envisioned that compared to the formal iron(0) complex A, the more
electrophilic bis(imino)pyridine iron(II) complexes would exhibit higher reactivity towards
the nucleophilic diazo compound and facilitate the subsequent metal carbene transfer.
Therefore, we aimed to electronically and sterically tune the bis(imino)pyridine iron(II)
complexes to achieve the carbene transfer reactions of the donor–acceptor diazo compound
under mild reaction conditions.
Consequently, in this project, we will develop methods to synthesize achiral and chiral
catalysts that can be utilized in effectuating pharmaceutical agents and biologically active
molecules. Principally, we are targeting to synthesize new eco-neutral iron catalysts based
on bis(imino)pyridine ligands and discover new synthetic methodology of the catalysts in
various metal carbene reactions to achieve high efficiency and selectivity. Furthermore, the
catalysts will be used to test more metal carbene reactions such as O/N/C-H insertions,
ylide transformations, Doyle-Kirmse reactions.
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Chapter 2: Synthesis of series of achiral catalysts
This project will proceed in two stages. Stage one is the development of achiral
bis(imino)pyridine iron catalysts and the investigation of activities of the catalysts in metal
carbene reactions. Stage two is the synthesis and investigation of chiral bis(imino)pyridine
iron catalysts in various metal carbene reactions.
In the first stage, two types of achiral iron catalysts will be synthesized. They are aryl
and alkyl symmetrically substituted iron complexes.
2.1 General procedures for the synthesis of achiral bis(imino)pyridine catalysts
2.1.1 General procedures for the synthesis of achiral bis(arylimino)pyridine catalysts

Figure 2. 1 Synthesis of achiral bis(arylimino)pyridine ligands
The achiral bis(arylimino)pyridine ligands were prepared according to the modified
literature procedures.37,38 2,6-diacetylpyridine (3.5 g, 21.5 mmol, 1.0 equiv.) and arylamine
(75.0 mmol, 3.5 equiv.) were dissolved in 75 mL of toluene in a round-bottom flask. pToluenesulfonic acid monohydrate (2 mol%, 0.43 mmol, 74.0 mg) was added, and the
solution was refluxed for 12 h. Then the reaction solution was concentrated under reduced
pressure resulting in a yellow solid. The yellow solid was recrystallized by hot ethanol to
give a yellow solid.
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Figure 2. 2 Synthesis of achiral bis(arylamino)pyridine iron complexes
The achiral bis(arylimino)pyridine iron complexes, (MePDI)FeCl2 and (iPrPDI)FeCl2,
were prepared according to the literature procedures.30,37–39 A Schlenk flask was charged
with 1.0 mmol of achiral bis(arylimino)pyridine ligand, 1.0 mmol of FeCl2, and 25 mL of
THF under nitrogen protection. The reaction mixture was stirred 12 h. Diethyl ether was
then added to the reaction to precipitate the complex, and the resultant solids were filtered
in air and washed with Et2O and pentane and dried in vacuo.

Figure 2. 3 Synthesis of achiral bis(arylimino)pyridine iron complexes
The achiral bis(arylimino)pyridine iron complexes, [(MePDI)Fe(CH3CN)2](SbF6)2 and
[(iPrPDI)Fe(CH3CN)2](SbF6)2, were prepared according to the literature procedures.30,39 A
Schlenk flask was charged with 0.60 mmol of (MePDI)FeCl2 or (iPrPDI)FeCl2, 2 equivalents
(412 mg, 1.20 mmol) of silver(I) hexafluoroantimonate, AgSbF6, and 25 mL of acetonitrile
(CH3CN) under nitrogen protection. The solution was stirred for 4 h at room temperature
and subsequently reduced to dryness. Then 10 ml of dichloromethane was added and the
solid AgCl was filtered off. The filtrate was concentrated under reduced pressure to about
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5 mL, and pentane was added to precipitate an orange color solid. This solid was washed
once with pentane and twice with diethyl ether to give the product as an orange powder.
2.1.2 General procedures for the synthesis of achiral bis(alkylimino)pyridine catalysts

NH2

+
N

R

O

TsOH H2O (5 mol%)

R

O

Toluene, refluxing
12h

R

N

R

R = iPr
R = Cy

3.5 equiv

1.0 equiv.

N
N

Figure 2. 4 Synthesis of achiral bis(alkylimino)pyridine ligands
The achiral bis(alkylimino)pyridine ligands were prepared according to the modified
literature procedures.37,38 2,6-diacetylpyridine (3.5 g, 21.5 mmol, 1.0 equiv.) and
alkylamine (75.0 mmol, 3.5 equiv.) were dissolved in 75 mL of toluene in a round-bottom
flask. p-Toluenesulfonic acid monohydrate (2 mol%, 0.43 mmol, 74.0 mg) were added,
and the solution was refluxed for 12 h. Then the reaction solution was concentrated under
reduced pressure resulting yellow solid. The yellow solid was recrystallized by hot ethanol
to give a yellow solid.
FeCl2
N
R

N

N

N

THF, rt, 12h
R

R = iPr, (iPrAPDI)FeCl2
R = Cy, (CyAPDI)FeCl2

R

N

N

Fe
Cl

R

Cl

Figure 2. 5 Synthesis of achiral bis(alkylamino)pyridine iron complexes
The

achiral

bis(alkylimino)pyridine

iron

complexes,

(iPrAPDI)FeCl2

and

(CyAPDI)FeCl2, were prepared according to the literature procedures.30,37–39 A Schlenk
flask was charged with 1.0 mmol of achiral bis(alkylimino)pyridine ligand, 1.0 mmol of
FeCl2, and 25 mL of THF under nitrogen protection. The reaction mixture was stirred 12
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h. Diethyl ether was then added to the reaction to precipitate the complex, and the resultant
solids were filtered in air and washed with Et2O and pentane and dried in vacuo.
2+
AgSbF6 (2 equiv.)
N
R

N

N

Fe
Cl

N

CH3CN, rt, 4h
R

R

N
NCMe

Cl

Fe

N

R
MeCN

2SbF6-

R = iPr, [iPrAPDI)Fe(CH3CN)2](SbF6)2
R = Cy, [CyAPDI)Fe(CH3CN)2](SbF6)2

Figure 2. 6 Synthesis of achiral bis(alkylimino)pyridine iron complexes
The achiral bis(alkylimino)pyridine iron complexes, [(iPrAPDI)Fe(CH3CN)2](SbF6)2
and [(CyAPDI)Fe(CH3CN)2](SbF6)2, were prepared according to the literature
procedures.30,39 A Schlenk flask was charged with 0.60 mmol of (iPrPDI)FeCl2 or
(CyPDI)FeCl2, 2 equivalents (412 mg, 1.20 mmol) of silver(I) hexafluoroantimonate,
AgSbF6, and 25 mL of acetonitrile (CH3CN) under nitrogen protection. The solution was
stirred for 4 h at room temperature and subsequently reduced to dryness. Then 10 ml of
dichloromethane was added and the solid AgCl was filtered off. The filtrate was
concentrated under reduced pressure to about 5 mL, and pentane was added to precipitate
an orange color solid. This solid was washed once with pentane and twice with diethyl
ether to give the product as an orange powder.
2.2 Characterization data for achiral bis(imino)pyridine ligands and iron complexes
2,6-Bis-[1-(2,6-dimethylphenylimino)ethyl]pyridine.
Yellow solid, 66% yield, 5.21 g. 1H NMR (500 MHz, CDCl3) δ
8.50 (d, J = 7.8 Hz, 2H), 7.89 (t, J = 7.8 Hz, 1H), 7.13–6.98 (comp,
6H), 2.27 (s, 6H), 2.06 (s, 12H). 13C NMR (126 MHz, CDCl3) δ
167.31, 155.28, 149.06, 137.12, 128.08, 125.57, 123.12, 122.58, 18.21, 16.74. This
11

compound has been previously reported; the spectroscopic data are identical to those in
reference.
2,6-bis-[1-(2,6-diisopropylphenylimino)ethyl]pyridine.
Yellow solid, 62% yield, 6.42 g. 1H NMR (500 MHz, CDCl3) δ
8.58 (d, J = 7.8 Hz, 2H), 7.92 (t, J = 7.8 Hz, 1H), 7.20–7.10
(comp, 6H), 2.78 (sept, J = 6.8 Hz, 4H), 2.30 (s, 6 H,), 1.18 (dd,
J = 6.8 Hz, 24H). 13C NMR (126 MHz, CDCl3) δ 167.24, 155.25, 146.48, 135.87, 123.75,
123.24, 122.67, 122.41, 28.39, 23.38, 17.17. This compound has been previously reported;
the spectroscopic data are identical to those in reference.
(MePDI)FeCl2
Blue solid, 74% yield, 297.2 mg. 1H NMR (CD2Cl2, broad
singlets are observed in each case): δ 81.0 (2H), 45.3 (1H), 17.6
(4H), 15.8 (12H), -10.6 (2H), -19.2 (6H). This compound has
been previously reported; the spectroscopic data are identical to those in reference.30
(iPrPDI)FeCl2
Blue solid, 71% yield, 510.1 mg. 1H NMR (CD2Cl2, broad
singlets are observed in each case): δ 87.0 (2H), 77.5 (1H), 16.5
(4H), -4.5 (24H), -8.9 (2H), -20.2 (4H), -33.8 (6H). This
compound has been previously reported; the spectroscopic data are identical to those in
reference.37
[(MePDI)Fe(CH3CN)2](SbF6)2
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Orange solid, 63% yield, 370.1 mg. 1H NMR (CD2Cl2, broad
singlets are observed in each case): δ 72.3 (2H), 50.1 (6H,
CH3CN), 28.7 (1H), 15.4 (12H), 13.2 (4H), 4.7 (6H), −15.1
(2H). This compound has been previously reported; the
spectroscopic data are identical to those in reference.40
[(iPrPDI)Fe(CH3CN)2](SbF6)2
Orange solid, 66% yield, 431.8 mg. 1H NMR (CD2Cl2, broad
singlets are observed in each case): δ 94.3 (2H), 56.6 (6H,
CH3CN), 34.4 (6H), 14.3 (4H), 9.7 (1H), 5.4 (12H), 4.3 (12 H),
−16.9 (2H). This compound has been previously reported; the
spectroscopic data are identical to those in reference.40
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Chapter 3: Achiral bis(imino)pyridine iron complexes catalyzed cyclopropanation
3.1 Screening of the achiral bis(imino)pyridine iron catalysts for cyclopropanation
reaction
As a starting point, we focused on evaluating a series of bis(imino)pyridine iron(II)
catalysts for the cyclopropanation reaction of styrene 2a with methyl phenyldiazoacetate
1a (Table 3.1). As proposed, in the presence of 5 mol% of bis(arylimino)pyridine
iron(II) dichloride complexes (entries 1 and 2), the reaction of 2a and phenyldiazoacetate
1a afforded the cyclopropanation product 3a, however, in low yields with predominately
recovered starting material. To improve the catalytic activity of the iron complexes,
examination of the noncoordinating counterions was performed. The employment of more
electrophilic iron complexes with hexafluoroantimonate (SbF6-) as counterions (entries 3
and 4) led to a marked increase in yield. The combination of (iPrPDI)FeCl2 and NaBArF4
also delivered 3a with enhanced yield (48%).
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Table 3.1 Screening of achiral iron catalysts for cyclopropanationa

entry

catalyst

solvent

1

(MePDI)FeCl2

DCE

T [0C] yield
(%) b
50
14

2

(iPrPDI)FeCl2

DCE

50

18

3

[(MePDI)Fe(CH3CN)2](SbF6)2

DCE

rt

65

4

[(iPrPDI)Fe(CH3CN)2](SbF6)2

DCE

rt

86

5

(iPrPDI)FeCl2/NaBArF
(10 mol%)

DCE

rt

48

6

[(iPrPDI)Fe(CH3CN)2](SbF6)2

DCM

rt

68

15

a

7

[(iPrPDI)Fe(CH3CN)2](SbF6)2

Toluene

rt

58

8

[(iPrPDI)Fe(CH3CN)2](SbF6)2

Chlorobenzene

rt

71

9

[(iPrPDI)Fe(CH3CN)2](SbF6)2

Diethyl ether

rt

34

10

[(iPrPDI)Fe(CH3CN)2](SbF6)2

CH3CN

rt

8

11

[(iPrAPDI)Fe(CH3CN)2](SbF6)2

DCE

50

8

12

[(CyAPDI)Fe(CH3CN)2](SbF6)2

DCE

50

<5

13

FeCl2/PyBOX(I)/AgSbF6

DCE

50

<5

14

FeCl2/PyBOX(II)/AgSbF6

DCE

50

<5

15

FeCl2/OIP/ AgSbF6

DCE

50

9

Reaction condition unless otherwise noted: 1a (0.20 mmol, 1.0 equiv.) in dry DCE (1.0

ml) was added to a 1.0 mL DCE solution of 2a (1.0 mmol, 5.0 equiv.), and catalyst (0.01
mmol) under N2 within 1 h. bYield of isolated product 3a based on the limiting reagent 1a.
(1,2-dichloroethane

=

DCE,

NaBArF

=

sodium

tetrakis

[3,5-

bis(trifluoromethyl)phenyl]borate, CH3CN = acetonitrile, DCM = dichloromethane)

[(iPrPDI)Fe(CH3CN)2](SbF6)2 bearing bulky 2,6-diisopropylphenyl substituents was
identified as the best catalyst,16 which catalyzed the cyclopropanation under room
temperature, generating 3a in 86% yield with excellent diastereoselectivity (dr > 20:1). A
lower yield of 3a (entry 6, 68%) was obtained when the reaction was performed
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with 1a: 2a = 1: 1 in the presence of [(iPrPDI)Fe(CH3CN)2](SbF6)2. To reveal the iminosubstituents' effect on the catalyst, iron complexes containing N-alkyl substituents were
examined. However, they resulted in low catalytic activity with recovery of starting
material (entries 11 and 12), which could be due to electronic and/or steric constraints from
the imino-alkyl groups. Additionally, neither iron complexes of pyridine bis(oxazoline)
ligands nor oxazoline iminopyridine iron complexes were effective catalysts for this
transformation (entries 13 to 15). These results demonstrate the indispensability of the
imino-arylsubstituent in the ligand frame to conduct active iron catalysis in metal carbene
reactions of donor–acceptor diazo compound.
3.2 Investigation of achiral bis(imino)pyridine iron-catalyzed cyclopropanation
3.2.1

General

procedures

for

the

bis(arylimino)pyridine

iron

complex,

[(iPrPDI)Fe(CH3CN)2](SbF6)2, catalyzed cyclopropanation of diazo compound 1 and
styrenes 2.
Under the optimized condition, we investigated the scope of this bis(arylimino)pyridine
iron-catalyzed cyclopropanation across a range of aryldiazoacetates and styrene derivatives.

Ar1

CO2Me

R1
+

R2

Ar2

N2
1

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%
DCE, rt, 12h

2

R2
R1

CO2Me
Ar1

Ar2
3

Figure 3. 1 Cyclopropanation reaction of diazo compound 1 and styrenes 2
To a two-dram vial containing a magnetic stirring bar, [(iPrPDI)Fe(CH3CN)2](SbF6)2
(21.8 mg, 0.020 mmol, 5 mol%) and 2.0 mL of dry 1,2-dichloroethane (DCE) were added
sequentially under a nitrogen atmosphere. Then styrene 2 (2.0 mmol, 5.0 equiv.) was
subjected into the system. The flask was capped by a rubber septum, and its solution was
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stirred before diazo compound 1 (0.40 mmol, 1.0 equiv.) dissolved in 1.0 mL of dry DCE
was added. Stirring was continued at room temperature until all the diazo compound 1 was
consumed based on TLC analysis. Subsequently, the reaction mixture was passed through
a short pad of Celite and concentrated under reduced pressure. The diastereomeric ratio
was determined by 1H NMR spectroscopy of the residue, which was then purified by flash
chromatography on silica gel using 10:1 hexane: ethyl acetate as the eluent to afford the
corresponding cyclopropanation product 3. The results of screening scope are show below
in Table 3.2.
3.2.2 Screening scope of the cyclopropanation
Table 3.2 Scope of bis(imino)pyridine iron-catalyzed cyclopropanationa

Ar1

CO2Me

R1
+

R2

Ar2

N2
1

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

R2
R1

CO2Me
Ar1

Ar2

DCE, rt, 12h

2

3

entry

1

2

yieldb

1

1b, 4-MeC6H4

2a, Ph, H, H

3b, 81

2

1c, 4-MeOC6H4

2a, Ph, H, H

3c, 83

3

1d, 4-ClC6H4

2a, Ph, H, H

3d, 88

4

1e, 4-BrC6H

2a, Ph, H, H

3e, 83

5

1f, 2-naphthyl

2a, Ph, H, H

3f, 81

6c

1g, 4-NO2C6H4

2a, Ph, H, H

3g, <5

7

1h, 2-MeOC6H4

2a, Ph, H, H

3h, 52

8

1i, 2-ClCH6H4

2a, Ph, H, H

3i, 58

9

1a, Ph

2b, 4-MeC6H4, H, H

3j, 91
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a

10

1a, Ph

2c, 4-MeOC6H4, H, H

3k, 88

11

1a, Ph

2d, 4-ClC6H4, H, H

3l, 90

12

1a, Ph

2e, 4-CF3C6H4, H, H

3m, 67

13c

1a, Ph

2f, Ph, Ph, H

3n, 73

14c

1a, Ph

2g, Ph, H, CH3

3o, 70

For experimental details, see above. b Isolated yield. c Reactions were performed at

40 oC.

As indicated by entries 1 to 5, aryldiazoacetates with electron-rich, halogen parasubstituents and 2-naphthyl group all reacted smoothly with styrene, generating the
corresponding cyclopropanes in good yields (81–88%, 3b–3f) with excellent
diastereoselectivities (dr > 20: 1). However, no reaction occurred with the electrondeficient system, even at 40 ºC (1g, entry 6). Reactions of aryldiazoacetates 1h and 1j
bearing ortho-substituents on the aromatic ring resulted in lower yields (entries 7 and 8).
We rationalize that such lower reactivity can be attributed to a higher kinetic barrier for the
generation of corresponding iron carbene intermediate, which is caused by the increased
steric hindrance between the ortho-substituent and the bulky bis(imino)pyridine ligand
frame. The cyclopropanes 3j–3l derived from styrene derivatives 2b–2d were obtained in
yields ranging from 88 to 91%, whereas moderate yield (67%, entry 12) was obtained with
4-(trifluoromethyl)styrene 2e. Disubstituted styrenes, including 𝛼-phenylstyrene 2f and
trans-β-methylstyrene 2g, were also ideal reagents for this iron catalyzed cyclopropanation,
producing products 3n and 3o in good yields.
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3.2.3 Investigation of different substrates of cyclopropanation
In addition to the styrene derivatives, the reaction of 1,3-cyclohexadiene and 1a was
also effectively catalyzed by [(iPrPDI)Fe(CH3CN)2](SbF6)2, affording the cyclopropane
product 3p in 80% yield with dr > 20 : 1 (equation (1)). Furthermore, as shown in equation
(2), [(iPrPDI)Fe(CH3CN)2](SbF6)2 catalyzed the cyclopropanation of cyclohexene, and 1a
was also successfully achieved, affording the desired product 3q in 72% yield. To further
probe the diazo substrate generality, vinyl-diazoacetate 1j was subjected to
bis(imino)pyridine iron-catalyzed cyclopropanation with styrene (equation (3)).
Gratifyingly, the cyclopropane product 3r was obtained in 84% yield, which demonstrates
the catalytic capability of bis(imino)pyridine iron for a broader scope of donor–acceptor
diazo compounds. Remarkably, [(iPrPDI)Fe(CH3CN)2](SbF6)2 was also capable of
catalyzing the cyclopropenation of 1a and phenylacetylene, furnishing the product 3s in
61% yield at 40 ºC (equation (4)), which has not been achieved by other reported iron
catalysts.
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(1)

Ph

CO2Me

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

+

1a
Ph

3p, 80%, dr > 20:1

2h
CO2Me

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

+

1a

Ph

(3)

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

+

Ph

CO2Me
1j

DCE, rt, 12h

CO2Me

+

Ph

N2
1a

H

CO2Me
Ph

Ph

3r, 84%, dr > 20:1

2a

Ph

H

3q, 72%, dr > 20:1

2i
Ph

(4)

MeO2C

DCE, rt, 12h

N2

N2

Ph

DCE, rt, 12h

N2

(2)

MeO2C

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

MeO2C

Ph

DCE, 40oC, 12h

Ph
3s, 61%

2j

Figure 3. 2 Cyclopropanation of different types of substrates
3.3 Characterization data and NMR spectra for the scope of cyclopropanation
(±) (1S,2R)-Methyl 1,2-diphenylcyclopropanecarboxylate 3a.

White solid, 86% yield, 86.5 mg, m.p. 59.0–61.1 °C, dr > 20:1. 1H
NMR (500 MHz, CDCl3) δ 7.15–7.11 (comp, 3H), 7.09–6.97 (comp,
5H), 6.77–6.74 (comp, 2H), 3.67 (s, 3H), 3.12 (dd, J = 9.4, 7.3 Hz, 1H), 2.14 (dd, J = 9.4,
4.9 Hz, 1H), 1.89 (dd, J = 7.3, 4.9 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 174.47, 136.43,
134.79, 132.02, 128.12, 127.78, 127.77, 127.12, 126.39, 52.75, 37.48, 33.23, 20.61. HRMS
(ESI) calculated for C17H16O2Cs [M+Cs]+: 385.0205; found: 385.0209. The spectroscopic
date and stereochemical assignment are consistent with previously reported results.41
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(±) (1S,2R)-Methyl 2-phenyl-1-(p-tolyl)cyclopropanecarboxylate 3b.
White solid, 81% yield, 86.1 mg, dr > 20:1. 1H NMR (500 MHz, CDCl3)
δ 7.11–7.07 (comp, 3H), 6.96–6.89 (comp, 4H), 6.81–6.77 (comp, 2H),
3.67 (s, 3H), 3.11 (dd, J = 9.4, 7.2 Hz, 1H), 2.27 (s, 3H), 2.14 (dd, J =
9.4, 5.0 Hz, 1H),1.90 (dd, J = 7.2, 5.0 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 174.57,
136.51, 136.42, 131.72, 131.63, 128.75, 128.38, 127.94, 126.57, 52.81, 37.24, 33.46, 21.32,
20.67. The spectroscopic date and stereochemical assignment are consistent with
previously reported results.16
(±) (1S,2R)-Methyl 1-(4-methoxyphenyl)-2-phenylcyclopropanecarboxylate 3c.
Colorless oil, 83% yield, 93.4 mg, dr > 20:1. 1H NMR (500 MHz,
CDCl3) δ 7.13–7.09 (comp, 3H), 6.99–6.95 (comp, 2H), 6.84–6.80
(comp, 2H), 6.73–6.68 (comp, 2H), 3.75 (s, 3H), 3.70 (s, 3H), 3.14
(dd, J = 9.0, 7.4 Hz, 1H), 2.19–2.15 (dd, J = 9.0, 5.0 Hz, 1H), 1.89 - 1.86 (dd, J = 7.4, 5.0
Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 174.69, 158.48, 136.46, 132.72, 128.05, 127.58,
126.64, 126.18, 113.09, 54.96, 52.60, 36.67, 33.13, 20.68. The spectroscopic date and
stereochemical assignment are consistent with previously reported results.16
(±)

(1S,2R)-Methyl

1-(4-chlorophenyl)-2-phenylcyclopropanecarboxylate

3d.

White solid, 88% yield, 100.4 mg, dr > 20:1. 1H NMR (500 MHz,
CDCl3) δ 7.14–7.06 (comp, 5H), 6.96 (J = 8.7 Hz, 2H), 6.79–6.76
(comp, 2H), 3.68 (s, 3H), 3.12 (dd, J = 9.1, 7.4 Hz, 1H), 2.14 (dd, J =
9.1, 5.0, 1H), 1.88 (dd, J = 7.4, 5.0 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 174.15, 136.50,
133.83, 133.57, 133.31, 128.27, 128.16, 128.10, 126.83, 52.95, 37.01, 33.41, 20.8. The
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spectroscopic date and stereochemical assignment are consistent with previously reported
results.42
(±) (1S,2R)-Methyl 1-(4-bromophenyl)-2-phenylcyclopropanecarboxylate 3e.
White solid, 83% yield, 110.1 mg, dr > 20:1. 1H NMR (500 MHz,
CDCl3) δ 7.26 (d, J = 8.6 Hz, 2H), 7.11–7.07 (comp, 3H), 6.90 (d, J =
8.6 Hz, 2H), 6.79–6.75 (comp, 2H), 3.65 (s, 3H), 3.14 (dd, J = 9.0, 7.3
Hz, 1H), 2.13 (dd, J = 9.0, 5.0 Hz, 1H), 1.84 (dd, J = 7.3, 5.0 Hz, 1H). 13C NMR (126 MHz,
CDCl3) δ 173.84, 139.00, 135.87, 133.57, 130.89, 128.01, 127.84, 126.45, 121.12, 52.67,
36.96, 33.06, 20.21. The spectroscopic date and stereochemical assignment are consistent
with previously reported results.16
(±) (1S,2R)-Methyl 1-(naphthalen-2-yl)-2-phenylcyclopronecarboxylate 3f.
White solid, 81% yield, 97.0 mg, dr = 18:1. 1H NMR (500 MHz, CDCl3)
δ 7.72–7.68 (comp, 2H), 7.60 (s, 1H), 7.54 (d, J = 8.5 Hz, 1H), 7.42–
7.38 (comp, 2H), 7.06–7.04 (m, 1H), 7.01–6.98 (comp, 3H), 6.83–6.81
(comp, 2H), 3.64 (s, 3H), 3.18 (dd, J = 8.9, 7.5 Hz, 1H), 2.21 (dd, J = 8.9, 5.0 Hz, 1H),
2.00 (dd, J = 7.5, 5.0 Hz, 1H).
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C NMR (126 MHz, CDCl3) δ 174.81, 136.53, 133.37,

133.0, 132.72, 130.92, 130.43, 128.38, 128.19, 128.00, 127.92, 127.40, 126.68, 126.09,
125.92, 52.93, 37.84, 33.56, 20.79. The spectroscopic date and stereochemical assignment
are consistent with previously reported results.16
(±) (1S,2R)-Methyl 1-(2-methoxyphenyl)-2-phenylcyclopropanecarboxylate 3h.
Light yelow oil, 52% yield, 58.8 mg, dr = 15:1. 1H NMR (500 MHz,
CDCl3) δ 7.20–7.12 (comp, 2H), 7.06–6.99 (comp, 3H), 6.89–6.88 (m,
1H), 6.82–6.76 (comp, 2H), 6.53 (d, J = 8.1 Hz, 1H), 3.66 (s, 3H), 3.35
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(s, 3H), 3.25 (dd, J = 9.5, 7.8 Hz, 1H), 2.00 (dd, J = 9.5, 4.8 Hz, 1H), 1.86 (dd, J = 7.8 and
4.8 Hz, 1H).
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C NMR (126 MHz, CDCl3) δ 174.68, 159.21, 137.05, 131.78, 128.84,

127.93, 127.29, 126.08, 124.12, 120.08, 110.52, 55.21, 52.68, 34.32, 32.59, 20.81. The
spectroscopic date and stereochemical assignment are consistent with previously reported
results.42
(±) (1S,2R)-Methyl 1-(2-chlorophenyl)-2-phenylcyclopropanecarboxylate 3i.
White solid, 58% yield, 66.3 mg, dr > 20:1. 1H NMR (500 MHz, CDCl3)
δ 7.19–7.04 (comp, 7H), 6.85–6.78 (comp, 2H), 3.69 (s, 3H), 3.14 (dd,
J = 8.8, 7.2 Hz, 1H), 2.12 (dd, J = 8.8, 5.1, 1H), 1.93 (dd, J = 7.2, 5.1
Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 173.58, 137.47, 133.53, 129.67, 129.0, 128.17,
127.56, 127.43, 126.73, 126.44, 124.66, 52.93, 33.60, 30.01, 21.88. The spectroscopic date
and stereochemical assignment are consistent with previously reported results.42
(±) (1S,2R)-Methyl 1-phenyl-2-(p-tolyl)cyclopropanecarboxylate 3j.
Colorless oil, 91% yield, 96.3 mg, dr > 20:1. 1H NMR (500 MHz,
CDCl3) δ 7.15–7.11 (comp, 3H), 7.08–7.05 (comp, 2H), 6.85 (d,
J = 8.0 Hz, 2H), 6.64 (d, J = 8.0 Hz, 2H), 3.64 (s, 3H), 3.06 (dd,
J = 9.2, 6.8 Hz, 1H), 2.23 (s, 3H), 2.14 (dd, J = 9.2, 4.8 Hz, 1H), 1.86 (dd, J = 6.8, 4.8, 1H).
13

C NMR (126 MHz, CDCl3) δ 174.68, 135.97, 135.00, 133.72, 132.34, 129.05, 128.13,

127.86, 127.05, 53.14, 37.83, 34.17, 21.08, 20.60. The spectroscopic date and
stereochemical assignment are consistent with previously reported results.43
(±) (1S,2R)-Methyl 2-(4-methoxyphenyl)-1-phenylcyclopropanecarboxylate 3k.
Light yellow solid, 88% yield, 99.6 mg, dr > 20:1. 1H NMR (500
MHz, CDCl3) δ 13C NMR (126 MHz, CDCl3) δ 7.20–7.14 (comp,
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3H), 7.09–7.03 (comp, 2H), 6.78-6.65 (comp, 4H), 3.69 (s, 3H), 3.63 (s, 3H), 3.05 (dd, J =
10.0, 8.8 Hz, 1H), 2.10 (dd, J = 10.0, 4.6 Hz, 1H), 1.80 (dd, J = 8.8, 4.6 Hz, 1H). 174.63,
158.21, 134.93, 132.00, 129.04, 128.42, 127.74, 126.98, 113.41, 55.20, 52.61, 37.10, 32.74,
20.61. The spectroscopic date and stereochemical assignment are consistent with
previously reported results.43
(±) (1S,2R)-Methyl 2-(4-chlorophenyl)-1-phenylcyclopanecarboxylate 3l.
White solid, 90% yield, 103.1 mg, dr > 20:1. 1H NMR (500 MHz,
CDCl3) δ 7.14–7.10 (comp, 3H), 7.06–7.02 (comp, 4H), 6.72–
6.69(comp, 2H), 3.68 (s, 3H), 3.10 (dd, J = 9.0, 7.0 Hz, 1H), 2.14
(dd, J = 9.0, 4.9 Hz, 1H), 1.85 (dd, J = 7.0, 4.9 1H). 13C NMR (126 MHz, CDCl3) δ 175.43,
158.98, 136.15, 134.10, 132.45, 130.25, 128.45, 126.59, 114.00, 55.88, 53.08, 37.01, 32.95,
21.32. The spectroscopic date and stereochemical assignment are consistent with
previously reported results.43
(±) (1S,2R)-Methyl 1-phenyl-2-(4-(trifluoromethyl)phenyl)cyclopropanecarboxylate
3m.
White solid, 67% yield, 85.0 mg, dr > 20:1. 1H NMR (500 MHz,
CDCl3) δ 7.30 (d, J = 8.0 Hz, 2H), 7.21–7.12 (comp, 3H), 7.08–
6.92 (comp, 2H), 6.87 (d, J = 8.0 Hz, 2H), 3.68 (s, 3H), 3.16 (dd,
J = 9.0, 6.5 Hz, 1H), 2.21 (dd, J = 9.0, 4.8 Hz, 1H), 1.94 (dd, J = 6.5, 4.8, 1H). 13C NMR
(126 MHz, CDCl3) δ 175.34, 159.68, 141.73 (q, J = 2.0 Hz), 133.54, 130.10 (q, J = 34.5
Hz), 129.90, 126.81, 126.21 (q, J = 5.1 Hz), 125.00 (q, J = 281.2 Hz), 114.45, 55.80, 53.68,
37.91, 33.58, 21.77. The spectroscopic date and stereochemical assignment are consistent
with previously reported results.43
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Methyl 1,2,2-triphenylcyclopropanecarboylate 3n.
White solid, 73% yield, 95.5 mg. 1H NMR (500 MHz, CDCl3) δ
7.46–7.41 (comp, 2H), 7.31–7.22 (comp, 5H), 7.12–7.10 (comp, 3H),
6.92–6.86 (comp, 5H), 3.68 (s, 3H), 2.70 (d, J = 5.5 Hz, 1H), 2.54 (d,
J = 5.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 172.02, 142.51, 139.72, 135.92, 131.99,
130.12, 128.86, 128.43, 127.51, 126.98, 126.12, 52.43, 44.54, 43.54, 23.00. The
spectroscopic date and stereochemical assignment are consistent with previously reported
results.41
(±) (1S,3R)-Methyl 2-methyl-1,3-diphenylcyclopropanecarboxylate 3o.
White solid, 70% yield, 74.8 mg, dr = 17:1. 1H NMR (500 MHz,
CDCl3) δ 7.15–7.12 (comp, 3H), 7.08–6.99 (comp, 5H), 6.80–6.75
(comp, 2H), 3.66 (s, 3H), 3.10 (d, J = 8.0, 1H), 2.30-2.26 (comp, 1H),
1.48 (d, J = 6.8, 3H).

13

C NMR (126 MHz, CDCl3) δ 173.01, 138.21, 137.02, 132.42,

128.10, 127.91, 127.58, 127.01, 126.25, 53.10, 42.65, 37.94, 27.99, 13.00. The
spectroscopic date and stereochemical assignment are consistent with previously reported
results.41
Methyl 7-phenylbicyclo[4.1.0]hept-2-ene-7-carboxylate 3p.
White solid, 80% yield, 73.1 mg, dr > 20:1. 1H NMR (500 MHz, CDCl3)
δ 7.27–7.25 (comp, 3H), 7.22–7.20 (comp, 2H), 6.03–5.97 (m, 1H),
5.41 (ddd, J = 10.0, 5.9, 2.5 Hz, 1H), 3.56 (s, 3H), 2.36–2.27 (comp,
2H), 2.00–1.93 (m, 1H), 1.86–1.74 (m, 1H), 1.60–1.53 (m, 1H), 0.45-0.35 (m, 1H).

13

C

NMR (126 MHz, CDCl3) δ 174.15, 134.79, 131.78, 128.56, 127.84, 127.02, 122.74, 52.57,
52.56, 40.41, 27.82, 27.81, 25.74, 21.09, 16.84. HRMS (ESI) calculated for C15H16O2Cs
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[M+Cs]+: 361.0205; found: 361.0206. The spectroscopic date and stereochemical
assignment are consistent with previously reported results.41
Methyl 7-phenylbicyclo[4.1.0]heptane-7-carboxylate 3q.
White solid, 72% yield, 66.4 mg, dr > 20:1. 1H NMR (500 MHz, CDCl3)
δ 7.37–7.29 (comp, 3H), 7.27–7.24 (comp, 2H), 3.55 (s, 3H), 2.05–1.94
(comp, 4H), 1.77–1.71 (comp, 2H), 1.10–1.04 (comp, 2H), 0.62–0.59
(m, 2H). 13C NMR (126 MHz, CDCl3) δ 175.85, 134.80, 132.33, 128.36, 126.79, 52.43,
52.56, 26.02, 20.98, 20.34. HRMS (ESI) calculated for C15H19O2 [M+H]+: 331.1385; found:
331.1390. The spectroscopic date and stereochemical assignment are consistent with
previously reported results.41
(±) (1R,2R)-methyl 2-phenyl-1-((E)-styryl)cyclopropanecarboxylate 3r.
Colorless oil, 84% yield, 93.6 mg, dr > 20:1. 1H NMR (500 MHz,
CDCl3) δ 7.25–7.20 (comp, 4H), 7.19–7.10 (comp, 6H), 6.35 (d, J =
16.0 Hz, 1H), 6.13 (d, J = 16.0 Hz, 1H), 3.76 (s, 3H), 3.01 (dd, J = 9.0, 7.4 Hz, 1H), 2.02
(dd, J = 9.2, 5.0 Hz, 1H), 1.83 (dd, J = 7.4, 5.0 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ
174.26, 137.16, 135.60, 133.17, 129.19, 128.48, 128.09, 127.44, 126.87, 126.34, 124.18,
52.55, 35.07, 33.39, 18.72. HRMS (ESI) calculated for C19H18O2Cs [M+Cs]+: 411.0361;
found: 411.0365. The spectroscopic date and stereochemical assignment are consistent
with previously reported results.41
Methyl 1,2-diphenylcycloprop-2-enecarboxylate 3s.
Colorless oil, 61% yield, 61.3 mg. 1H NMR (500 MHz, CDCl3) δ 7.70–
7.61 (comp, 2H), 7.480–7.37 (comp, 5H), 7.30–7.25 (comp, 2H), 7.21–
7.10 (comp, 2H), 3.72 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 175.12,
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140.93, 123.00, 129.89, 128.84, 128.09, 128.23, 126.45, 125.53, 117.34, 100.41, 52.54,
33.83. HRMS (ESI) calculated for C19H18O2Cs [M+Cs]+: 411.0361; found: 411.0365. The
spectroscopic date is consistent with previously reported results.44

Figure 3. 3 1H NMR for (±) (1S,2R)-Methyl 1,2-diphenylcyclopropanecarboxylate 3a.
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Figure 3. 4 13C NMR for (±) (1S,2R)-Methyl 1,2-diphenylcyclopropanecarboxylate 3a.

Figure 3. 5 1H NMR for Methyl 7-phenylbicyclo[4.1.0]heptane-7-carboxylate 3q.
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Figure 3. 6 13C NMR for Methyl 7-phenylbicyclo[4.1.0]heptane-7-carboxylate 3q.

Figure 3. 7 1H NMR for (±) (1R,2R)-methyl 2-phenyl-1-((E)styryl)cyclopropanecarboxylate 3r.
30

Figure 3. 8 13C NMR for (±) (1R,2R)-methyl 2-phenyl-1-((E)styryl)cyclopropanecarboxylate 3r.
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Chapter 4: Synthesis of chiral bis(arylimino)pyridine ligands and chiral
bis(imino)pyridine catalyzed asymmetric cyclopropanation reactions.
With

the

accomplishment

of

achiral

bis(arylimino)pyridine

iron-catalyzed

cyclopropanation, we proceeded to the second stage of our project which is modifying the
ligand architecture to generate a chiral iron catalyst for asymmetric cyclopropanation. Our
catalyst screening (Table 3.1) indicated that the N-aryl substituent in bis(imino)pyridine
ligand is indispensable for the effective catalytic activity of iron complexes. Guided by
these experimental results and Bianchini's original design of chiral bis(imino)pyridine
ligand,29 we synthesized an enantiopure, C1-symmetric chiral bis(imino)pyridine ligand
[(S)-VMEPDI] (Figure 4.1), in which one imine is “anchored” by a 2,6-diisopropylphenyl
group (activating element) and the other is prepared from L-valine methyl ester(chiral
element).
4.1 Procedure for the synthesis of chiral bis(arylimino)pyridine ligand (S)-VMEPDI.

Figure 4. 1 Synthesis of chiral bis(arylimino)pyridine ligand (S)-VMEPDI
2,6-Diacetylpyridine (1.63 g, 10.0 mmol, 1.0 equiv.) and 2,6-diisopropylaniline (2.30 g,
13 mmol, 1.3 equiv.) were dissolved in 50 mL of ethanol in a round-bottom flask.
Anhydrous sodium sulfate (6 g) was added, and the solution was stirred for 12 h. Then the
reaction solution was filtered to remove sodium sulfate. The filtrate was concentrated under
reduced pressure resulting yellow solid, which was washed twice by cold ethanol. The solid
was then recrystallized by hot ethanol to give off-white solid product S1 and dried under
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vacuum (72% yield, 2.32 g). Enantiopure L-valine methyl ester (472.0 mg, 3.6 mmol, 1.2
equiv.) and the single-sided ligand S1 (967.2 mg, 3 mmol, 1.0 equiv.) were dissolved in 40
mL of toluene in a round-bottom flask. The reaction was set to reflux, and the water was
removed using a Dean-Stark apparatus containing sodium sulfate. After 24 h, the solvent
was removed under reduced pressure and the yellowish residue was recrystallized from a
minimal amount of hot ethanol. The off-white solid was collected by filtration, washed
with cold (-20 ºC) ethanol (10 mL) and dried under vacuum (68% yield, 887.5 mg).
4.2 Procedure for the chiral bis(imino)pyridine iron catalyzed asymmetric
cyclopropanation

Ph

CO2Me

FeCl2 (5 mol%)
(S)-VMEPDI (6 mol%)
AgSbF6 (10 mol%)

+

Ph

N2
1a

DCE, rt, 12h

2a

CO2Me
Ph

Ph

78% yield
65% ee,
dr > 20:1

3a

Figure 4. 2 Asymmetric cyclopropanation catalyzed by (S)-VMEPDI
To a two-dram vial containing a magnetic stirring bar, FeCl2 (2.5 mg, 0.020 mmol, 5
mol%), chiral bis(imino)pyridine ligand (S)-VMEPDI (10.6 mg, 0.024 mmol, 6 mol%) and
2.0 mL of dry 1,2-dichloroethane (DCE) were added sequentially under a nitrogen
atmosphere. The resulting mixture was stirred at room temperature under nitrogen
atmosphere for 1 h, which turned from colorless to blue. Then AgSbF6 (13.7 mg, 0.040
mmol, 10 mol%) in 1.0 mL of dry 1,2-dichloroethane (DCE) was injected to the reaction
that was stirred at room temperature under nitrogen atmosphere for another 1 h. The color
of the reaction mixture turned from blue to orange. Next, styrene 2a (208.0 mg, 2.0 mmol,
5.0 equiv.) was subjected into the system. The flask was capped by a rubber septum, and
its solution was stirred before diazo compound 1a (70.5 mg, 0.40 mmol, 1.0 equiv.)
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dissolved in 1.0 mL of dry DCE was added via syringe pump over 1 h. Stirring was
continued at room temperature until all the diazo compound 1a was consumed based on
TLC analysis. Subsequently, the reaction mixture was passed through a short pad of Celite
and concentrated under reduced pressure. The diastereomeric ratio was determined by 1H
NMR spectroscopy of the residue, which was then purified by flash chromatography on
silica gel using 10:1 hexane: ethyl acetate as the eluent to afford the corresponding
cyclopropanation product 3a in 78% yield, 78.7 mg.
4.3

HPLC

spectra

for

Chiral

bis(imino)pyridine

catalyzed

asymmetric

cyclopropanation reaction
Enantiomeric excesses of 3a (65% ee) were determined on a Varian 9020/9050 Series
HPLC using Regis Whelk O-1 column. HPLC conditions for determination of
enantiomeric excess: Regis Whelk O-1 column, 254 nm, hexanes/i-PrOH = 98:2, 1.0
mL/min, tr (major) = 12.24min, tr (minor) = 10.98 min. [α]D22 = +27.8 (c = 1.84,
chloroform). The spectroscopic date and stereochemical assignment are consistent with
previously reported results.
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Figure 4. 3 HPLC spectra for (1S,2R)-Methyl 1,2-diphenylcyclopropanecarboxylate 3a.
4.4 Chiral bis(imino)pyridine catalyzed asymmetric cyclopropanation reaction
Within the positive results of the chiral iron catalyst showed in Figure 4.2, we proceed
to run a solvent and temperature condition screening for the according catalyst. The results
are show below in Table 4.1.

35

Table 4.1 Condition screening of iron catalyst for asymmetric cyclopropanationa

Ph

CO2Me

FeCl2 (5 mol%)
(S)-VMEPDI (6 mol%)
AgSbF6 (10 mol%)

+

Ph

N2
1a

a

DCE, rt, 12h

CO2Me
Ph

2a

Ph

78% yield
65% ee,
dr > 20:1

3a

entry

solvent

T [0C]

Yield (%)b

ee (%)c

1

DCE

rt

78

65

2

DCE

40

89

34

3d

DCE

0

42

78

4

DCM

rt

69

58

5

toluene

rt

72

21

6

diethyl ether

rt

32

48

7

THF

rt

<5

-

8

pentane

rt

43

63

9

CH3CN

rt

<5

-

Reaction condition unless otherwise noted: Reaction conditions: 1a (0.20 mmol, 1.0

equiv.) in dry solvent (1.0 mL) was added to a 1.0 mL solution of 2a (1.0 mmol, 5.0 equiv.),
ligand (0.024 mmol), FeCl2 (0.01 mmol), and AgSbF6 (0.04 mmol) under N2 within 1 h.
b

Yield of isolated product 3a based on the limiting reagent 1a. cEnantiomeric excesses of

3a were determined by chiral HPLC analysis. d24 hours. (1,2-dichloroethane = DCE, THF
= tetrahydrofuran, CH3CN = acetonitrile, DCM = dichloromethane).
To our delight, the asymmetric cyclopropanation reaction of 1a and styrene was
successfully achieved by in situ prepared chiral iron catalyst from (S)-VMEPDI, FeCl2, and
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AgSbF6 at room temperature. The cyclopropane product 3a was isolated in 78% yield with
65% enantiomeric excess as show above. Although with moderate enantioselectivity, the
success of this asymmetric cyclopropanation reaction provides a strong basis for the
development of a new chiral bis(imino)pyridine iron catalyst for metal carbene reactions.
4.5 Characterization data and NMR spectra for chiral bis(arylimino)pyridine ligand
(S)-Methyl

2-((1-(6-(1-((2,6-diisopropylphenyl)imino)ethyl)pyridin-2-yl)ethylidene)

amino)-3-methylbutanoate (S)-VMEPDI.
Off-white solid, 68% yield, 887.5 mg, m.p. 118–120 °C. [α]D22 =
+143.2 (c = 1.20, chloroform).

1

H NMR (500 MHz,

CHLOROFORM-D) δ 8.37 (dd, J = 7.8, 1.0 Hz, 1H), 8.32 (dd, J
= 7.8, 1.0 Hz, 1H), 7.83 (t, J = 7.8 Hz, 1H), 7.18–7.15 (comp, 2H), 7.11–7.08 (m, 1H), 4.18
(d, J = 6.8 Hz, 1H), 3.74 (s, 3H), 2.77 – 2.71 (comp, 2H), 2.45 (s, 3H), 2.48–2.41 (comp,
4H), 1.14 (d, J = 6.9 Hz, 12H), 1.01 (dd, J = 6.8, 0.6 Hz, 6H).

13

C NMR (126 MHz,

CHLOROFORM-D) δ 172.41, 168.99, 167.08, 156.22, 154.87, 146.61, 136.85, 135.92,
135.88, 123.64, 123.10, 123.07, 122.60, 121.93, 70.79, 52.02, 32.63, 28.41, 28.38, 23.32,
23.30, 23.03, 23.01, 19.67, 18.72, 17.28, 14.44. HRMS (ESI) calculated for C27H37N3O2Cs
[M+Cs]+: 568.1940; found: 568.1947.
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Figure 4. 4 1H NMR for (S)-Methyl 2-((1-(6-(1-((2,6diisopropylphenyl)imino)ethyl)pyridin-2-yl)ethylidene) amino)-3-methylbutanoate (S)VME

PDI.
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Figure 4. 5 13C NMR for (S)-Methyl 2-((1-(6-(1-((2,6diisopropylphenyl)imino)ethyl)pyridin-2-yl)ethylidene) amino)-3-methylbutanoate (S)VME

PDI.
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Chapter 5: Achiral bis(imino)pyridine iron catalyzed C-H, N-H, O-H, Doyle-Kirmse
and epoxidation reactions and mechanism study
5.1 Examination of achiral iron catalysts for various of carbene reactions
Encouraged

by

the

success

of

bis(arylimino)pyridine

iron(II)-catalyzed

cyclopropanation, we then sought to examine the generality of this iron catalyst for metal
carbene reactions. The bis(arylimino)pyridine iron-catalyzed reaction of 1a and
benzaldehyde yielded the epoxide product 4 in 80% yield with excellent
diastereoselectivity at room temperature (Figure 5.1). Under the same condition (Figure
5.2), allyl phenyl sulfide reacted with 1a smoothly to form the Doyle–Kirmse product 5 in
91% yield. [(iPrPDI)Fe(CH3CN)2](SbF6)2 was also able to catalyze the N–H insertion of
aniline and C–H insertion of N,N-dimethylaniline, although higher reaction temperatures
were required (Figure 5.3 and 5.4). Furthermore, in the presence of 5 mol%
[(iPrPDI)Fe(CH3CN)2](SbF6)2, O–H insertion reactions of 1a with methanol, n-butanol, and
water were achieved, furnishing the corresponding products 8a–8c in good to
moderate yields (Figure 5.5).
5.1.1 Procedures for bis(arylimino)pyridine iron catalyzed Epoxidation reaction

Ph

CO2Me

+

Ph

O

DCE, rt, 12h

N2
1a

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

2.0 equiv.

O
Ph

Ph
CO2Me

4, 80%, dr > 20:1

Figure 5. 1 Epoxidation reaction of 1a and benzaldehyde
To a two-dram vial containing a magnetic stirring bar, [(iPrPDI)Fe(CH3CN)2](SbF6)2
(21.8 mg, 0.020 mmol, 5 mol%) and 2.0 mL of dry 1,2-dichloroethane (DCE) were added
sequentially under a nitrogen atmosphere. Then benzaldehyde (85.0 mg, 0.8 mmol, 2.0
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equiv.) was subjected into the system. The flask was capped by a rubber septum, and its
solution was stirred before 1a (70.5 mg, 0.40 mmol, 1.0 equiv.) dissolved in 1.0 mL of dry
DCE was added. Stirring was continued at room temperature until all the diazo compound
1a was consumed based on TLC analysis. Subsequently, the reaction mixture was passed
through a short pad of Celite and concentrated under reduced pressure. The diastereomeric
ratio was determined by 1H NMR spectroscopy of the residue, which was then purified by
flash chromatography on silica gel using 10:1 hexane: ethyl acetate as the eluent to afford
the epoxide product 4 (80% yield, 81.4 mg).
5.1.2 Procedures for bis(arylimino)pyridine iron catalyzed Doyle-Kirmse reaction

Ph

CO2Me

+

Ph

S

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

Ph

DCE, rt, 12h

PhS

N2
1a

2.0 equiv.

CO2Me

5, 91%

Figure 5. 2 Doyle-Kirmse reaction of 1a and allyl phenyl sulfide
To a two-dram vial containing a magnetic stirring bar, [(iPrPDI)Fe(CH3CN)2](SbF6)2
(21.8 mg, 0.020 mmol, 5 mol%) and 2.0 mL of dry 1,2-dichloroethane (DCE) were added
sequentially under a nitrogen atmosphere. Then allyl phenyl sulfide (120.2 mg, 0.8 mmol,
2.0 equiv.) was subjected into the system. The flask was capped by a rubber septum, and
its solution was stirred before 1a (70.5 mg, 0.40 mmol, 1.0 equiv.) dissolved in 1.0 mL of
dry DCE was added. Stirring was continued at room temperature until all the diazo
compound 1a was consumed based on TLC analysis. Subsequently, the reaction mixture
was passed through a short pad of Celite and concentrated under reduced pressure. The
diastereomeric ratio was determined by 1H NMR spectroscopy of the residue, which was
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then purified by flash chromatography on silica gel using 10:1 hexane: ethyl acetate as the
eluent to afford the epoxide product 5 (91% yield, 108.1 mg).
5.1.3 Procedures for bis(arylimino)pyridine iron catalyzed N-H insertion reaction

Ph

CO2Me

+

PhNH2

N2
1a

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

Ph

DCE, 40oC, 12h

HN

1.5 equiv.

CO2Me
Ph

6, 68%

Figure 5. 3 N-H insertion reaction of 1a and aniline
To a two-dram vial containing a magnetic stirring bar, [(iPrPDI)Fe(CH3CN)2](SbF6)2
(21.8 mg, 0.020 mmol, 5 mol%) and 2.0 mL of dry 1,2-dichloroethane (DCE) were added
sequentially under a nitrogen atmosphere. Then aniline (56.0mg, 0.6 mmol, 1.5 equiv.) was
subjected into the system. The flask was capped by a rubber septum, and its solution was
stirred before 1a (70.5 mg, 0.40 mmol, 1.0 equiv.) dissolved in 1.0 mL of dry DCE was
added. Stirring was continued at 40 °C until all the diazo compound 1a was consumed
based on TLC analysis. Subsequently, the reaction mixture was passed through a short pad
of Celite and concentrated under reduced pressure. The residue was then purified by flash
chromatography on silica gel using 10:1 hexane: ethyl acetate as the eluent to afford the
N–H insertion product 6 (68% yield, 65.7 mg).
5.1.4 Procedures for bis(arylimino)pyridine iron catalyzed C-H insertion reaction
N
Ph

CO2Me

+

DCE, 40oC, 12h

N2
1a

CO2Me

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

1.5 equiv.

Ph
Me2N
7, 71%

Figure 5. 4 C-H insertion reaction of 1a and N, N-dimethylaniline
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To a two-dram vial containing a magnetic stirring bar, [(iPrPDI)Fe(CH3CN)2](SbF6)2
(21.8 mg, 0.020 mmol, 5 mol%) and 2.0 mL of dry 1,2-dichloroethane (DCE) were added
sequentially under a nitrogen atmosphere. Then N, N-dimethylaniline (72.7 mg, 0.6 mmol,
1.5 equiv.) was subjected into the system. The flask was capped by a rubber septum, and
its solution was stirred before 1a (70.5 mg, 0.40 mmol, 1.0 equiv.) dissolved in 1.0 mL of
dry DCE was added. Stirring was continued at 40 °C until all the diazo compound 1a was
consumed based on TLC analysis. Subsequently, the reaction mixture was passed through
a short pad of Celite and concentrated under reduced pressure. The residue was then
purified by flash chromatography on silica gel using 10:1 hexane: ethyl acetate as the eluent
to afford the N–H insertion product 7 (71% yield, 76.6 mg).
5.1.5 Procedures for bis(arylimino)pyridine iron catalyzed O-H insertion reaction

Ph

CO2Me

+

R-OH

DCE, rt, 12h

N2
1a

[(iPrPDI)Fe(CH3CN)2](SbF6)2
5 mol%

5.0 equiv.
R = H, Me, nBu

Ph

CO2Me
O

R

8a, R = Me, 80%
8b, R = nBu, 74%
8c, R = H, 63%

Figure 5. 5 O-H insertion reaction of 1a and alcohols/water
To a two-dram vial containing a magnetic stirring bar, [(iPrPDI)Fe(CH3CN)2](SbF6)2
(21.8 mg, 0.020 mmol, 5 mol%) and 2.0 mL of dry 1,2-dichloroethane (DCE) were added
sequentially under a nitrogen atmosphere. Then alcohol (2.0 mmol, 5.0 equiv.) was
subjected into the system. The flask was capped by a rubber septum, and its solution was
stirred before 1a (70.5 mg, 0.40 mmol, 1.0 equiv.) dissolved in 1.0 mL of dry DCE was
added. Stirring was continued at room temperature until all the diazo compound 1a was
consumed based on TLC analysis. Subsequently, the reaction mixture was passed through
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a short pad of Celite and concentrated under reduced pressure. The residue was then
purified by flash chromatography on silica gel using 10:1 hexane: ethyl acetate as the eluent
to afford the O–H insertion product 8.
5.2 Characterization data and NMR spectra for the products of metal carbene
reactions
(±) (2R,3R)-methyl 2,3-diphenyloxirane-2-carboxylate 4.
Colorless oil, 80% yield, 81.4 mg, dr > 20:1. 1H NMR (500 MHz,
CDCl3) δ 7.66–7.62 (comp, 2H), 7.42–7.34 (comp, 8H), 4.15 (s, 1H),
3.55 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 167.18, 134.73, 133.79,
128.93, 128.73, 128.68, 128.47, 126.28, 126.04, 67.14, 65.91, 52.32. HRMS (ESI)
calculated for C16H14O3Cs [M+Cs]+: 386.9997; found: 387.0001. The spectroscopic date
is consistent with previously reported results.17
Methyl 2-phenyl-2-(phenylthio)pent-4-enoate 5.
Colorless oil, 91% yield, 108.1 mg. 1H NMR (500 MHz, CDCl3) δ
7.31–7.24 (comp, 7H), 7.20–7.16 (comp, 3H), 5.99–5.85 (m, 1H), 5.11
(ddt, J = 10.2, 2.0, 1.1 Hz, 1H), 5.06 (ddd, J = 17.1, 3.3, 1.5 Hz, 1H),
3.70 (s, 3H), 2.93–2.80 (comp, 2H). 13C NMR (126 MHz, CDCl3) δ 172.46, 139.85, 136.99,
133.27, 130.72, 129.39, 128.60, 128.19, 127.62, 127.51, 118.93, 64.60, 52.76, 40.69.
HRMS (ESI) calculated for C18H18O2SCs [M+Cs]+: 431.0082; found: 431.0086. The
spectroscopic date is consistent with previously reported results.45
Methyl 2-phenyl-2-(phenylamino)acetate 6.
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White solid, 68% yield, 65.7 mg. 1H NMR (500 MHz, CDCl3) δ 7.52–
7.48 (comp, 2H), 7.37–7.28 (comp, 3H), 7.12 (dd, J = 8.4, 7.4 Hz, 2H),
6.71–6.68 (m, 1H), 6.59–6.52 (comp, 2H), 5.07 (d, J = 5.8 Hz, 1H),
4.95 (d, J = 5.3 Hz, 1H), 3.73 (s, 3H).

13

C NMR (126 MHz, CDCl3) δ 172.42, 145.99,

137.67, 129.34, 128.98, 128.41, 127.34, 118.19, 113.46, 60.79, 52.94. HRMS (ESI)
calculated for C15H16NO2 [M+H]+: 242.1181; found: 242.1186. The spectroscopic date is
consistent with previously reported results.46
Methyl 2-[4-(dimethylamino)phenyl]-2-phenylacetate 7.
White solid, 71% yield, 76.6 mg. 1H NMR (500 MHz, CDCl3) δ
7.31–7.30 (comp, 4H), 7.26–7.24 (comp, 1H), 7.18 (d, J = 8.8 Hz,
2H), 6.69 (d, J = 8.8 Hz, 2H), 4.95 (s, 1H), 3.73 (s, 3H), 2.92 (s,
6H).

13

C NMR (126 MHz, CDCl3) δ 173.65, 149.85, 139.49, 129.35, 128.58, 128.56,

127.10, 126.41, 112.67, 56.22, 52.29, 40.65. HRMS (ESI) calculated for C17H20NO2
[M+H]+: 270.1494; found: 270.1497. The spectroscopic date is consistent with previously
reported results.47
Methyl 2-methoxy-2-phenylacetate 8a.
Colorless oil, 80% yield, 57.8 mg. 1H NMR (500 MHz, CDCl3) δ 7.46–
7.40 (comp, 2H), 7.40–7.31 (comp, 3H), 4.77 (s, 1H), 3.71 (s, 3H), 3.40
(s, 3H).13C NMR (126 MHz, CDCl3) δ 171.25, 136.20, 128.91, 128.78,
127.32, 82.63, 57.46, 52.45. HRMS (ESI) calculated for C10H13O3 [M+H]+: 181.0865;
found: 181.0868. The spectroscopic date is consistent with previously reported results.48
Methyl 2-butoxy-2-phenylacetate 8b.
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Colorless oil, 80% yield, 57.8 mg. 1H NMR (500 MHz, CDCl3) δ 7.46–
7.42 (comp, 2H), 7.38-7.30 (comp, 3H), 4.87 (s, 1H), 3.68 (s, 3H), 3.58–
3.52 (m, 1H), 3.49–3.41 (m, 1H), 1.68–1.64 (comp, 2H), 1.42–1.37
(comp, 2H) 0.91 (t, J = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.68, 136.92, 128.73,
128.61, 127.24, 81.39, 70.00, 52.28, 31.81, 19.29, 13.94. HRMS (ESI) calculated for
C13H19O3 [M+H]+: 233.1334; found: 2339.1335. The spectroscopic date is consistent with
previously reported results.48
Methyl 2-hydroxy-2-phenylacetate 8c.
Colorless oil, 63% yield, 42.0 mg. 1H NMR (500 MHz, CDCl3) δ 7.46–
7.35 (comp, 5H), 5.43 (s, 1H), 3.76 (s, 3H), 3.73 (d, J = 4.8 Hz, 1H). The
spectroscopic date is consistent with previously reported results.48

Figure 5. 6 1H NMR for (±) (2R,3R)-methyl 2,3-diphenyloxirane-2-carboxylate 4.
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Figure 5. 7 13C NMR for (±) (2R,3R)-methyl 2,3-diphenyloxirane-2-carboxylate 4.

Figure 5. 8 1H NMR for Methyl 2-phenyl-2-(phenylthio)pent-4-enoate 5.
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Figure 5. 9 13C NMR for Methyl 2-phenyl-2-(phenylthio)pent-4-enoate 5.

48

Figure 5. 10 1H NMR for Methyl 2-phenyl-2-(phenylamino)acetate 6.

Figure 5. 11 13C NMR for Methyl 2-phenyl-2-(phenylamino)acetate 6.
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Figure 5. 12 1H NMR for Methyl 2-[4-(dimethylamino)phenyl]-2-phenylacetate 7.

Figure 5. 13 13C NMR for Methyl 2-[4-(dimethylamino)phenyl]-2-phenylacetate 7.
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Figure 5. 14 1H NMR for Methyl 2-methoxy-2-phenylacetate 8a.

Figure 5. 15 13C NMR for Methyl 2-methoxy-2-phenylacetate 8a.
5.3 Mechanism study
5.3.1 Investigation on the radical potential of reaction mechanism
As documented, bis(imino)pyridines have been recognized as radical-based, redox non
innocent ligands that can directly participate in the electronic structure of metal
complexes.5,22,32,49 Chirik's study demonstrated that a carbene radical is engaged in
bis(imino)pyridine iron carbene complex A, which is obtained from a formal iron(0)
complex (Figure 1.3).6 Therefore, considering the redox activity of the bis(imino)pyridine
ligand, radical trapping experiments were conducted to address whether a radical carbene
involved in this bis(arylimino)pyridine iron(II) catalyzes carbene transfer reactions.50,51
Thus the test reactions were run as below (Figure 5.16).
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Figure 5. 16 Mechanism study
5.3.2 Procedure for the mechanism study reactions
To a two-dram vial containing a magnetic stirring bar, [(iPrPDI)Fe(CH3CN)2](SbF6)2
(21.8 mg, 0.020 mmol, 5 mol%) and 2.0 mL of dry 1,2-dichloroethane (DCE) were added
sequentially under a nitrogen atmosphere. Then styrene 2a (208.3 mg, 2.0 mmol, 5.0 equiv.)
and 2,2,6,6-tetramethylpiperidine N-oxide (125.0 mg, TEMPO, 0.8 mmol, 2.0 equiv.) was
subjected into the system. The flask was capped by a rubber septum, and its solution was
stirred before diazo compound 1a (70.5 mg, 0.40 mmol, 1.0 equiv.) dissolved in 1.0 mL of
dry DCE was added. Stirring was continued at room temperature for 12 h. Subsequently,
the reaction mixture was passed through a short pad of Celite and concentrated under
reduced pressure. The diastereomeric ratio was determined by 1H NMR spectroscopy of
the residue, which was then purified by flash chromatography on silica gel using 10:1
hexane: ethyl acetate as the eluent to afford the corresponding cyclopropanation product 3.
5.3.3 Proposed reaction mechanism
As shown in Figure 5.6, the addition of the radical scavenger TEMPO (2,2,6,6tetramethylpiperidine N-oxide) did not harm the [(iPrPDI)Fe(CH3CN)2](SbF6)2-catalyzed
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cyclopropanation reactions of 1a or vinyldiazoacetate 1j, and the corresponding products
were isolated with similar yields to those from the reactions in the absence of TEMPO.
These results reveal the unlikely involvement of the carbene radical intermediate in
[(iPrPDI)Fe(CH3CN)2](SbF6)2-catalyzed cyclopropanation reactions. Moreover, the
achievement of C–H insertion reaction of 1a with N,N-dimethylaniline (Figure 5.4) implies
the likely generation of donor–acceptor iron(II) carbene intermediate.36,52 Based on the
obtained experimental results and mechanism study, we propose that the donor–acceptor
diazo compound was decomposed by the bis(arylimino)pyridine iron(II) catalyst to
generate an iron(II) carbene intermediate, which readily undergoes cyclopropanation of
olefins to afford the cyclopropane product (Figure 5.17).

Figure 5. 17 Proposed mechanism of bis(arylimino) pyridine iron(II)-catalyzed
cyclopropanation

53

Chapter 6: Conclusions
In conclusion, this research demonstrated the effective catalytic activity of
bis(arylimino)pyridine iron complexes for carbene transfer reactions of donor-acceptor
diazo compounds by a range of metal carbene transformations from cyclopropanation,
insertions, to ylide formation. Notably, asymmetric cyclopropanation of methyl
phenyldiazoacetate and styrene has been achieved by a new chiral iron catalyst based on
the bis(imino)pyridine ligand derivatized from L-valine methyl ester.
In Chapter 2, a series of achiral bis(alkyl/arylimino)pyridine ligands and the
corresponding iron(II) catalysts were synthesized. The structure-activity relationship of
bis(imino)pyridine iron(II) catalysts towards the carbene transfer reactions have been
revealed by the cyclopropanation reaction of phenyl diazoester. The employment of more
electrophilic iron complexes with hexafluoroantimonate (SbF6-) as counterions led to a
marked increase in yield of cyclopropanation reaction. [(iPrPDI)Fe(CH3CN)2](SbF6)2 was
determined to be the best catalysts towards cyclopropanation reaction. More importantly,
this study demonstrate the indispensability of the imino-aryl substituent in the ligand frame
to conduct active iron catalyst for metal carbene reaction of donor-acceptor diazo
compound.
In Chapter 3, with the condition in hand, a broad scope of the bis(arylimino)pyridine
iron-catalyzed cyclopropanation of aryldiazoacetates and styrene derivatives was
conducted. Aryldiazoacetates with electron-rich, halogen para-substituents and 2-naphthyl
group all reacted smoothly with styrene, generating the corresponding cyclopropanes in
good yields (81-88%) with excellent diastereoselectivities (dr > 20: 1). Reactions of
aryldiazoacetates bearing ortho-substituents on the aromatic ring resulted in lower yields.

54

It is rationalized that such lower reactivity can be attributed to a higher kinetic barrier for
the generation of corresponding iron carbene intermediate, which is caused by the
increased steric hindrance between the ortho-substituent and the bulky bis(imino)pyridine
ligand frame. Mono- and di- substituted styrenes, were also ideal reagents for this iron
catalyzed cyclopropanation. In addition, the reaction with 1,3-cyclohexadiene and
cyclohexene afford the desired product as well, which demonstrates the catalytic capability
of bis(imino)pyridine iron for a broader scope of donor–acceptor diazo compounds. To our
delight, the cyclopropenation of diazo and phenylacetylene, which has not been achieved
by other reported iron catalysts, was catalyzed by [(iPrPDI)Fe(CH3CN)2](SbF6)2.
In Chapter 4, with the accomplishment of achiral bis(arylimino)pyridine iron catalyzed
cyclopropanation, we have sought to modify the ligand architecture to generate chiral iron
catalyst for asymmetric cyclopropanation. Based on the catalyst screening, N-aryl
substituent in bis(imino)pyridine ligand is indispensable for the effective catalytic activity
of iron complexes. Guided by these results, an enantiopure, C1-symmetric chiral
bis(imino)pyridine ligand [(S)-VMEPDI], in which one imine is “anchored” by a 2,6diisopropylphenyl group (activating element) and the other is prepared from L-valine
methyl ester (chiral element). By applying the in situ generated chiral iron catalyst from
(S)-VMEPDI, FeCl2, and AgSbF6, the asymmetric cyclopropanation reaction of phenyl
diazoacetate and styrene was successfully achieved at room temperature. The cyclopropane
product was isolated in 78% yield with 67% enantiomeric excess. Although with moderate
enantioselectivity, the success of this asymmetric cyclopropanation reaction provides a
strong basis for the development of new chiral bis(imino)pyridine iron catalysis for metal
carbene reactions.
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In Chapter 5, encouraged by the success of bis(arylimino)pyridine iron(II)-catalyzed
cyclopropanation, we then sought to examine the generality of this iron catalyst for metal
carbene reactions. The bis(arylimino)pyridine iron-catalyzed epoxidation, Doyle-Kirmse
reaction, N-H insertion, C-H insertion, and O-H insertion, were successfully achieved.
Considering the redox activity of the bis(imino)pyridine ligand22, radical trapping
experiments were conducted to address whether a radical carbene involved in this
bis(arylimino)pyridine iron(II) catalyzes carbene transfer reactions. The addition of the
radical scavenger TEMPO did not harm cyclopropanation reactions, and the corresponding
products were isolated with similar yields to those from the reactions in the absence of
TEMPO. These results indicate the unlikely involvement of the carbene radical
intermediate in [(iPrPDI)Fe(CH3CN)2](SbF6)2-catalyzed cyclopropanation reactions. Based
on the obtained experimental results and mechanism study, we proposed that the donor–
acceptor diazo compound was decomposed by the bis(arylimino)pyridine iron(II) catalyst
to generate an iron(II) carbene intermediate, which undergoes cyclopropanation of olefins
to afford the cyclopropane product (Figure 5.7).
The effective catalytic activity of bis(arylimino)pyridine iron (II) complexes for carbene
transfer reactions of donor–acceptor diazo compounds have shown us the possibility of
achieving high reactivity and enantioselectivity towards different types of carbene transfer
reactions. Future studies aim at developing new asymmetric bis(imino)pyridine iron
catalysts for highly enantioselective metal carbene reactions, as well as elucidating the
mechanism of such process and the nature of the iron carbene intermediate.
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APDI: Bis(alkylimino)pyridine
CDCl3: Chloroform-d
CD2Cl2: Dichlromethane-d2
CH3CN: Acetonitrile
Cy: Cyclohexyl
DCE: 1,2-Dichloroethane
DCM: Dichloromethane
dr: Diastereometric ratio
ee: Enantiometric excess
ESI: Electrospray ionization
EtOH: Ethanol
Et2O: Diethyl ether
HPLC: High-performance liquid chromatography
HRMS: High-resolution mass spectrometry
iPr: Isopropyl
Me: Methyl
NMR: Nuclear magnetic resonance
PDI: Bis(imino)pyridine
TEMPO: (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
THF: Tetrahydrofuran
TLC: Thin-layer chromatography
TsOH: p-Toluenesulfonic acid
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