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Abstract: Biological cyclization is highly efficient, and this

can be attributed to the conformation of the backbone of
the biopolymer. Taking advantage of metal-coordination ge-
ometry, we developed a method for conformation-directed

polymerization cyclization through rational design of
metal carbonyl monomers that could be used to produce

cyclic macromolecules, even in bulk. PFpR [PFp =

(PPh2(CH2)3Cp)Fe(CO)2 with the phosphine group tethered

on the cyclopentadiene (Cp) ring; R = CH3 or (CH2)5CH3] was

designed and synthesized for migration insertion polymeri-
zation to generate P(PFpR) with the polymer backbone con-

taining Cp@Fe bonds. Growth of the backbone led to a

cyclic conformation with close end-to-end distances, which

facilitated the cyclization. This conformation-directed cycliza-
tion was attributed to the piano-stool metal-coordination
geometry of the repeating units and the low rotational barri-

er of the Cp@Fe bonds in the backbone. The produced mac-
rocycles, which contain a metal carbonyl coordination struc-

ture in their backbones, are rigid, unlike many organic mac-
rocycles. The macrocycles thus have a large excluded

volume. This new type of metal carbonyl macrocycle will be

of interest as a building block for supramolecular chemistry
and in the exploration of novel materials.

Introduction

The conformation of biopolymers is important for many bio-

logical processes, including the cyclization of polypeptides.[1]

Biosynthesis has inspired chemists to develop methods for the

conformation-directed ring closure of polypeptides[2] and mac-
romolecules,[3] which are usually achieved through the preor-
ganization of chains in solution.[4] However, the products are
often contaminated by unreacted linear precursors,[5] and tedi-

ous purification steps are required in many cases to isolate the

macrocycles.[6] Ring-expansion polymerization is more effective
in the synthesis of macrocycles, as it forces the growth of the
polymer chain within a ring structure through the insertion of

monomers into activated cyclic chains.[7] However, the synthe-
sis of cyclic initiators is not trivial, and the polymerization often

generates a small amount of linear analogues as well.[7b] In ad-
dition to ring closure and expansion, it is also possible to grow
linear polymer chains into macrocycles.[5c, 8] This polymerization
cyclization is attributed to the conformation of the polymer

chain, but it is less studied than other routes. By taking advant-
age of the metal coordination geometries[9] and the nature of
coordination bonds, main-chain organometallic polymers are
ideal systems to explore conformation-directed polymerization
cyclization.[8]

We developed migration insertion polymerization (MIP) that
can polymerize FpP [Fp = CpFe(CO)2, Cp = cyclopentadiene;

P = alkyldiphenylphosphine][10] and other metal carbonyl

monomers[11] under a step-growth mechanism[12] to generate
P(FpP) and its analogues (Figure 1 a).[13] One interesting feature

of P(FpP) is the piano-stool metal coordination geometry of
the repeating units,[13] which is nonlinear and accounts for vari-

ous chain conformations depending on the solution conditions
and the backbone structures.[11, 14] The MIP of FpP in either bulk
or THF generates extended P(FpP) chains with NMR spectros-

copy detectable end groups (Figure 1 a).[10b, 12, 13, 15] This linear
growth is attributed to the directional Fe@C and Fe@phosphine

metal coordination bonds that extend the chains and prevent
intramolecular reaction of the end groups for cyclization.

It is well known that the Cp@Fe coordination bond has a
low rotational barrier.[16] The incorporation of this bond into
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the backbone to replace the Fe@C bonds in P(FpP) will render

the resultant chain rotatable[8] and will encourage the chain to

adopt a conformation with close end-to-end distances for ef-
fective polymerization cyclization.[8] To explore this con-

formation-directed synthesis, we designed PFpR [PFp =

(PPh2(CH2)3Cp)Fe(CO)2, R = CH3, (CH2)5CH3] monomers for MIP.

This design, in which the phosphine group is tethered onto
the Cp ring, allows for the MIP to yield a polymer backbone

with Cp@Fe bonds.

Herein, we report the synthesis and MIP of PFpR, which is a
step-growth polymerization.[12] A traditional step-growth poly-

merization tends to produce small rings in dilute solution, but
this can be suppressed by increasing the concentrations of the

monomers. However, the MIP of PFpR generated P(PFpR) mac-
rocycles without linear contaminants, even if the polymeri-
zation was performed in bulk. An all-atom dynamic simulation

indicated that the coordination geometry and bonds of PFpR
accounted for the cyclic conformation of P(PFpR). The resultant
macrocycles with metal coordination bonds are rigid, have
large excluded volumes (EVs) (Figure 1), and represent a new

group of ring molecules.

Results and Discussion

Synthesis and characterization of PFpR (1)

PFpR was synthesized (Scheme 1) and characterized by FTIR

and NMR spectroscopy. Taking 1 b [R = (CH2)5CH3] as an exam-
ple, the presence of terminal CO groups is indicated by the

FTIR absorption bands at ñ= 1997 and 1935 cm@1 (Figure S2 in

the Supporting Information)[10b] and is confirmed by the
13C NMR spectrum (Figure 2 a), which shows a chemical shift at

d= 218.7 ppm due to the CO groups.[12] All other assignments
of the signals in Figure 2 a are confirmed by the 13C,1H HMQC

2D NMR spectrum (HMQC: heteronuclear multiple quantum
correlation, Figure S3 a). Figure 2 b displays the 1H NMR spec-

trum of 1 b. As shown in this figure, the signals at d= 4.6 and
4.5 ppm can be attributed to the protons in the Cp ring,[17] and
those at d= 7.5–7.0 ppm can be assigned to the phenyl
groups. Other assignments (a–e) as marked in Figure 2 b are
confirmed by the 1H,1H COSY 2D NMR spectrum (Figure S3 b).

The proton integration ratio for Ph/Cp/a/b/c/(d + e)/f is
10:4:2:2:2:10:3, which matches the theoretical values for the

targeted structure. The 31P NMR spectrum (Figure 2 c) shows a

single resonance at d =@14.6 ppm, which is indicative of the
presence of a phosphine.[10b] The mass of 1 b was determined

by using electrospray ionization mass spectrometry, which
showed an ion with m/z = 489 (Figure S4) corresponding to

[M++H]+ of 1 b. The C/H/Fe ratio found by elemental analysis
also matches the theoretical value (Table S1). The chemical

structure of 1 a was characterized and confirmed by the same

techniques (Table S1, Figure S5a, b, and Figures S6–S8).

MIP cyclization of PFpR (1) for c-P(PFpR) (2)

Bulk MIP of 1 at 105 8C was first performed. The oil-like mono-
mer gradually became a transparent reddish-brown solid

Figure 1. Chemical structures of: a) FpP, and b) PFpR and schematic illustra-
tion of the monomers and corresponding: a) linear P(FpP), and b) cyclic
P(PFpR) resulting from migration insertion polymerization (MIP). The bonds
highlighted in red represent those in the main chains.

Scheme 1. Schematic illustration for the synthesis of PFpR.

Figure 2. a) 13C NMR (C6D6), b) 1H NMR (CDCl3), and c) 31P NMR (CDCl3) spec-
tra of 1 b. In panel a, the JCP for the b carbon atom is larger than that for the
a carbon atom, which is usually observed for phosphorus compounds.[18]
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during the MIP. After 48 h, the polymerization was terminated
by cooling the reaction flask to 23 8C. The crude product was

dissolved in a small amount of THF, which generated a clear
red solution. This THF solution was added dropwise to n-

hexane, a poor solvent, to yield a yellow precipitate. Com-
pound 2 is soluble in a broad range of organic solvents

(Table S2), including toluene, THF, and DMF, and is chemically
stable in C6D6 for 1 week, as indicated by 1H NMR and 31P NMR
spectroscopy (Figure S9). Differential scanning calorimetry

(DSC) (Figure S10 a, c) and powder X-ray diffraction (Figure S11)
indicate that 2 possesses no melting temperature and is amor-
phous. The glass transition temperature (Tg) of 2 a and 2 b are
93 and 70 8C, respectively. The higher Tg of 2 a is due to the

smaller free volume resulting from the smaller pendant methyl
group. Thermogravimetric analysis (TGA) (Figure S10 b, d) re-

veals that 2 a and 2 b are thermally stable up to 162 and

173 8C, respectively.
The chemical structure of 2 was analyzed by FTIR and NMR

spectroscopies (Figures S5c, d and S12–S14). The FTIR spectrum
(Figure S12) of 2 b shows two absorption bands at ñ= 1906

and 1601 cm@1 corresponding to the terminal and acyl CO
groups, respectively.[10b] These two CO groups are also detect-

able in the 13C NMR spectrum (Figure 3 a) with signals at d =

273.9 and 220.7 ppm, respectively. The appearance of a cross
peak in the 13C,1H HMBC 2D NMR spectrum (HMBC: heteronu-

clear multiple bond correlation, Figure S13 a) confirms that the
signal at d= 273.9 ppm is the acyl group with a CH2 group a

to the carbon atom. The appearance of the acyl group indi-
cates that 2 b is produced from MIP.[10b]

The 1H NMR spectrum (Figure 3 b) of 2 b displays corre-

sponding assignments for the protons in propyl diphenylphos-
phine (signals Ph, a, b, and c in Figure 3 b) and Cp groups (sig-

nal Cp in Figure 3 b). These two groups, by coordination to Fe,
constitute the backbone of 2 b (Figure 1 b). The protons due to

the pendent acyl groups are assigned as signals d, e, and f in
Figure 3 b. These assignments are confirmed by the 13C,1H

HMQC 2D NMR spectrum (Figure S13 b). The appearance of
two diastereotopic protons (signals d in Figure 3 b), ascribed to

the CH2 group a to the acyl CO group, further confirms the oc-
currence of MIP.[10b] It is noticeable that only one resonance

signal (d = 4.1 ppm) due to the Cp groups is observed in the
1H NMR spectrum (Figure 3 b). The 31P NMR spectrum of 2 b
(Figure 3 c) also shows a single resonance at d= 73.6 ppm due

to the main-chain-coordinated phosphorus atom. This suggests
that 2 b possesses no unreacted Fp or uncoordinated phos-
phine end groups[10b] (Figure S16 a, b). Compound 2 b is, there-
fore, a macrocycle.[14] Further experiments indicate that the

MIP of both 1 a and 1 b in either bulk or THF generates corre-
sponding 2 a and 2 b without detectable end groups (Figures

S5 c, S14, and S15). The MIP of PFpR is, therefore, a cyclization

process and c-P(PFpR) is produced.[14]

Kinetic studies were performed to understand the cyclization

process. The 31P NMR spectra of the samples taken at different
times during the MIP of 1 a at 105 8C are illustrated in Figure 4

(the samples are crude products without purification by pre-
cipitation), in which four chemical shifts are detected and la-

beled as P1, P2, P3, and P4. Signal P1 is attributed to the phos-
phorus atom in monomer 1 a (Figures 2 c and S7). Signals P2

and P3 are assigned to the phosphorus atom in the linear olig-
omers on the basis of our previous work on l-P(FpP).[12] This as-

signment is confirmed by the 31P NMR spectra of the oligomers
and macrocycles separated from the crude products (Fig-

ure S17). Signal P4 is assigned to the phosphorus atom in mac-

rocycle 2 a (Figures 3 c and S14). The spectra of the final crude
product (Figure 4) and the precipitation-purified sample (Fig-

ure S14) show the same single signal (P4), which suggests that
the macrocycles are produced as the only products.

Integration of the 31P NMR spectrum was also performed to
estimate the conversion of the monomer.[12] As shown in

Figure 3. a) 13C NMR (C6D6), b) 1H NMR (C6D6), and c) 31P NMR (CDCl3) spectra
of 2 b.

Figure 4. a) Chemical structures of the starting monomers and resulting
products, including oligomers and macrocycles, during MIP. The dimer
drawn in the figure represents oligomers. b) 31P NMR spectra of the crude
products taken at different time intervals during the MIP of 1 a in bulk at
105 8C.

Chem. Eur. J. 2018, 24, 15380 – 15386 www.chemeurj.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim15382

Full Paper

http://www.chemeurj.org


Figure 4, the polymerization consumes approximately 94.9 % of
the monomers after 0.5 h. The resultant products contain 50 %

macrocycles (P4) and 50 % linear oligomers (P2 and P3). This
result suggests that the cyclization has a fast rate, as macrocy-

cle 2 a is produced within 0.5 h. The linear oligomers are com-
pletely converted into macrocycle 2 a after a longer time

period (48 h), which is attributed to the slow diffusion of the
oligomers in the bulk matrix of the macromolecule. This MIP

cyclization is directed by the conformation of the chain, as de-

signed, and this may occur even the mobility of the polymer
chain is low during the bulk polymerization. To test this idea,

we performed the MIP of 1 a at 70 8C, a temperature that is
lower than the Tg of 2 a (93 8C). Cyclization still occurred and

produced macrocycle 2 a (Figure S18 a). The cyclization, there-
fore, benefits more from the conformation of the polymer

chain than from the mobility of the chain.

The MIP of 1 b at either 70 or 105 8C underwent a similar
cyclization process to produce 2 b (Figure S18 b, c). The poly-

merization rates for 1 b are much faster than those for 1 a at
the same temperature, because the chain mobility of 2 b (Tg =

70 8C) is higher than that of 2 a (Tg = 97 8C). For example, mo-
nomer 1 b was completely converted into macrocycle 2 b
within 3 h if the polymerization was performed in bulk at

105 8C.

Molecular weight and ring structure of 2

The gel-permeation chromatography (GPC) measurements in-

dicate that the apparent number-average molecular weight
(Mn,GPC) relative to the polystyrene (PS) standard are 8900 and

14 100 g mol@1 for 2 a and 2 b, respectively. The absolute
weight-average molecular weights, as determined by static

light scattering (SLS) (Mw,SLS, Table S3), are 9900 and
15 000 g mol@1, respectively. The GPC and SLS results both con-

firm that compounds 2 are macromolecules. On the basis of

the Mw,SLS values, the values for the degree of polymerization
(DP) of 2 a and 2 b are 24 and 31, respectively. This relatively

small DP is due to cyclization directed by the chain conforma-
tion. A long fiber can be pulled out from compounds 2 at a

temperature above their Tg (Figure S19), which suggests that
the macrocycles, despite the small DP, have viscoelastic proper-

ties.
The cyclic voltammetry (CV) curves (Figure S20 a) of 2 b, simi-

lar to those of the P(FpP) linear analogues (Figure S20 b), show
two anodic potentials at 0.75 and 0.99 V due to the oxidation
of the Fp units,[19] because the iron atoms adjacent to the oxi-

dized Fp groups have a higher oxidation potential.[20] It was re-
ported that the CV curve of cyclic polyferrocenylsilane (c-PFS)

with an odd number of repeating units displays a three-wave
pattern for the oxidation processes. This effect of the ring

structure on the redox behavior, however, only occurs for rings

with a small DP (DP = 2–7).[8] The size of 2 b (DP = 31) is rela-
tively large, and the spatial effect due to the ring structure is

negligible.
The cyclic structure of 2 was analyzed by transmission elec-

tron microscopy (TEM) and atomic force microscopy (AFM)
techniques. Ring molecules, especially those with flexible back-

bones, are usually difficult to image. Only those rings with
grafted polymer brushes have previously been imaged.[7b, 21]

The ring structure of 2 restricts rotation of the Fp@Cp metal
coordination bonds, so the macrocycle is rigid. We believed

that this rigidity and the high electron density resulting from
the metal elements would allow for characterization by micro-

copy,[22] so we examined the possibility to image the cyclic
polymers directly. The TEM specimen was prepared by blotting
a drop of solution containing 2 b on a carbon film. Figure 5 a

displays the TEM image, which reveals a cyclic structure. Nota-

bly, the molecule was not discernible upon initial placement of
the sample in the TEM chamber. However, after a few minutes,

we noticed rupture of the carbon film, which resulted in ring
structures with bright centers. The average diameter (D) of the

rings is approximately 15 nm. If the rings are macrocycles, the

DP is estimated to be 36 (SI) by comparing the perimeter with
the theoretical size of the monomer. This value is close to the

Mw,SLS of 2 b (Table S3), which suggests that the rings appearing
in the TEM image represent macrocycles. The success of this

TEM image is rationalized by the uneven stress on the carbon
film upon interaction of the rigid molecule with the sub-

strate.[23] As a result, the film at the central area of the ring be-

comes fragile and breaks after a long (&3 mins) exposure to
the electron beam, which results in the contrast that facilitates
the TEM experiment. Figure 5 b displays an AFM topographic
image of 2 b. A drop of the solution was naturally dried on a

mica substrate for the measurement, so the molecules may
have aggregated during the drying process to result in large

aggregates (Figure 5 b). Nevertheless, a few individual objects
with donut-like morphology can be observed, which supports
the ring structure of the macrocycles.

Cyclic polymers in good solvents, in comparison with their
linear analogues, are expected to have large excluded volumes

(EVs).[24] The ratio of Dg/Dh (Dg = radius of gyration Dh = hydro-
dynamic radius) is an indicator of the EV, because Dg is more

sensitive to EV than Dh.[24b] Macrocycles with flexible back-

bones, for example, cyclic polystyrene, have small Dg/Dh ratios
in the range of 0.8 to 1.2, as reported in the literature

(Table S4), which suggests that their EVs are small.[24b] In con-
trast, the Dg/Dh ratios of macrocycles 2 a and 2 b are 4.0 and

4.2 (Table S4), respectively. These larger ratios suggest large
EVs, and this can be attributed to the rigid backbone con-

Figure 5. a) TEM (scale bar = 50 nm), and b) AFM images of macrocycles.
Insets show the enlargements of the areas highlighted by red circles.
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structed from the metal-coordination structural units. In a

recent work, the Dg/Dh ratio for cyclic poly(phenylacetylene)
was reported to be approximately 6.7.[25] The alkene backbone

of the conjugated macrocycle is expected to be more rigid

than that of 2 that contains flexible alkyl spacers. This compari-
son justifies that the rigidity of the backbone is one factor that

influences the EV.

Dynamic simulation of the PFpR and FpP oligomers

Effective cyclization can be attributed to the chain conforma-

tion of the P(PFpR) backbone. To verify this, molecular dynam-
ics simulations of P(PFpMe) were performed. Snapshots of

P(PFpMe) with various DPs (5–30) are listed in Figure 6 a and
are compared with those simulated for the P(FpMe) macromo-

lecules (Figure 6 b). As shown in Figure 6 a, the P(PFpMe) main
chains adopt circular conformations regardless of their DP with
root-mean-squared end-to-end distances (Re) of approximately

15 a (Figures S22 and S23 a). In contrast, the Re of P(FpP) (Fig-
ure 6 b) increases from 13.84 to 62.55 a (Figure S23 a) as the
DP is varied from 5 to 30. This larger Re renders the cyclization
difficult during the MIP of FpP either in bulk or THF (Fig-

ure 6 b).[14, 26] The circular chain conformation of P(PFpR) is at-
tributed to the incorporation of Cp@Fe bonds in the main

chain of the polymer. In addition, the calculations (Fig-
ure S23 b–f) indicate that the angles between the two vectors
of adjacent repeating units in P(PFpMe) is larger than that in

P(FpP). This suggests that the design of PFpR also takes better
advantage of the metal coordination geometry for effective

MIP cyclization (Figure S23 d, f).

Conclusions

In summary, PFpR (R = methyl or hexyl) with a phosphine

group tethered on the Cp ring was designed for MIP, which
generated c-P(PFpR) with the main chain containing Cp@Fe

bonds. Unlike most reported syntheses of ring molecules,[27]

this MIP cyclization can be performed even in bulk, and no ad-

ditional steps are required to purify the macrocycles. The resul-

tant macrocycles have large EVs owing to the rigid metal-coor-
dination backbone. The cyclization is attributed to the confor-

mation of the backbone of the polymer chain and is reminis-

cent of the biological synthesis of cyclic polypeptides; this pro-
tocol creates a new group of metal carbonyl macrocycles for

supramolecular chemistry and for the exploration of new ma-
terials.[28]

Experimental Section

Synthesis and characterization

General procedure for the synthesis of [h5-Cl(CH2)3C5H4]-
Fe(CO)2R : (h5-C5H5)Fe(CO)2R (2.0 mmol) [R = CH3 or (CH2)5CH3] was
dissolved in THF (40 mL). The solution was cooled to @78 8C by
using a dry ice/acetone bath, and sBuLi solution (1.4 m) in cyclo-
hexane (1.7 mL, 2.4 mmol) was then added dropwise. The solution
gradually turned from yellow to dark red. After stirring at @78 8C
for 30 min, 1-chloro-3-iodopropane (3.2 mL, 3.0 mmol) was added
dropwise, which generated a green solution. At the end of the ad-
dition, the cold bath was removed, and the system was warmed to
room temperature. The solution gradually turned brown. After stir-
ring at room temperature for 1.5 h, THF was removed under
vacuum to yield a brown oil. The crude product was dissolved in a
small amount of n-hexane and was passed through a plug of
Celite to remove LiI. The solution was concentrated under vacuum
and was subsequently chromatographed on a silica gel column by
using n-hexane as the eluent. Unreacted 1-chloro-3-iodopropane
eluted first, and this was followed by two yellow bands. The first
band was unreacted FpR, and the second yellow band was the
product, which was collected. The solvent was finally removed
under vacuum to yield a yellow oil as the final product. The yield
for the final product with R of CH3 or (CH2)5CH3 is about 50 %.
[h5-Cl(CH2)3C5H4]Fe(CO)2CH3 : 1H NMR (300 MHz, CDCl3): d= 4.65 (t,
2 H, C5H4), 4.58 (t, 2 H, C5H4), 3.57 (t, 2 H, CH2Cl), 2.37 (t, 2 H,
CH2C5H4), 1.99 (m, 2 H, C5H4CH2CH2CH2), 0.14 ppm (s, 3 H, FeCH3).
[h5-Cl(CH2)3C5H4]Fe(CO)2(CH2)5CH3 : 1H NMR (300 MHz, CDCl3): d= 4.63
(t, 2 H, C5H4), 4.59 (t, 2 H, C5H4), 3.57 (t, 2 H, CH2Cl), 2.40 (t, 2 H,
CH2C5H4), 1.99 (m, 2 H, C5H4CH2CH2CH2), 1.43 (m, 10 H, Fe(CH2)5),
0.87 ppm (t, 3 H, Fe(CH2)5CH3).

Figure 6. Snapshots resulting from the dynamic simulations of: a) P(PFpR), and b) P(FpP) with the degree of polymerization (DP) varied from 5 to 30 (Fe: blue,
P: purple: C in the backbone: yellow, C in the pendent groups: gray).
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General procedure for the synthesis of [h5-Ph2P(CH2)3C5H4]-
Fe(CO)2R [R = CH3 or (CH2)5CH3)]: [h5-Cl(CH2)3C5H4]Fe(CO)2R
(1.5 mmol) was dissolved in THF (20 mL). The THF solution was
cooled to 0 8C by using an ice bath and a THF solution of NaPPh2

(6.0 mL, 0.5 mol L@1) was added dropwise. After the addition, the
ice bath was removed. The solution was warmed to room tempera-
ture and was subsequently stirred for 2 h. At the end of the reac-
tion, degassed methanol (2.0 mL) was added dropwise to react
with the excess amount of NaPPh2. The solution was then passed
through a Celite column to remove salts, and the filtrate was con-
centrated under vacuum. The crude product was chromatograph-
ed on a silica gel column by using n-hexane/dichloromethane (3:1,
v/v) as the eluent. The yellow band was collected, and the solvents
were removed under vacuum to yield a yellow oil as the final prod-
uct. The yield for the final product with R of CH3 or (CH2)5CH3 is
about 47 %.
[h5-Ph2P(CH2)3C5H4]Fe(CO)2CH3 (1 a): 1H NMR (300 MHz, C6D6): d=
7.30 (m, 5 H, C6H5), 7.12 (m, 5 H, C6H5), 3.95 (t, 2 H, C5H4), 3. 86 (t,
2 H, C5H4), 1.94 (t, 2 H, CH2PPh2), 1.85 (t, 2 H, CH2C5H4), 1.44 (m, 2 H,
CH2CH2CH2PPh2), 0.28 ppm (s, 3 H, FeCH3) ; 13C NMR 75 MHz, C6D6):
d= 218.2 (s, C/O), 139.5 (s, C6H5), 139.4 (s, C6H5), 133.2 (s, C6H5),
133.0 (s, C6H5), 105.9 (s, C5H4), 84.6 (s, C5H4), 83.6 (s, C5H4), 29.0–28.7
(d, JPC = 13.2 Hz, CH2CH2CH2PPh2), 28.3–27.8 (d, JPC = 13.1 Hz,
CH2CH2CH2PPh2), 27.8–27.2 (d, JPC = 17.5 Hz, CH2CH2CH2PPh2),
@20.6 ppm (s, FeCH3) ; 31P NMR (120 MHz, CDCl3): d=@14.6 ppm.
FTIR: ñ= 1994, 1933 cm@1; MS (ESI): m/z : 419.17 [M++H]+ ; elemental
analysis calcd (%) for C23H23FeO2P (418.25): C 66.05, H 5.54, Fe
13.35; found: C 66.34, H 6.35, Fe 13.35.
[h5-Ph2P(CH2)3C5H4]Fe(CO)2(CH2)5CH3 (1 b): 1H NMR (300 MHz, CDCl3):
d= 7.50–7.30 (br, 10 H, C6H5), 4.56 (t, 2 H, C5H4), 4.48 (t, 2 H, C5H4),
2.31 (t, 2 H, CH2PPh2), 2.02 (t, 2 H, CH2C5H4), 1.60 (t, 2 H,
CH2CH2CH2PPh2), 1.56–1.00 (m, 10 H, Fe(CH2)5), 0.87 ppm (s, 3 H,
Fe(CH2)5CH3) ; 13C NMR (75 MHz, C6D6): d= 218.7 (s, C/O), 139.5 (s,
C6H5), 139.4 (s, C6H5), 133.2 (s, C6H5), 133.0 (s, C6H5), 105.5 (s, C5H4),
85.0 (s, C5H4), 84.6 (s, C5H4), 39.9 (s, CH2CH2CH2PPh2), 35.4 (s,
FeCH2(CH2)4CH3), 32.3 (s, FeCH2(CH2)4CH3), 29.1 (d, CH2CH2CH2PPh2),
28.1 (d, CH2CH2CH2PPh2), 27.6 (d, CH2CH2CH2PPh2), 23.5 (s,
FeCH2(CH2)4CH3), 23.3 (s, FeCH2(CH2)4CH3), 5.5 ppm (s,
FeCH2(CH2)4CH3) ; 31P NMR (120 MHz, CDCl3): d=@14.6 ppm; FTIR:
ñ= 1997, 1935 cm@1; MS (ESI): m/z : 489.33 [M++H]+ ; elemental anal-
ysis calcd (%) for C28H33FeO2P (488.38): C 68.86, H 6.81 Fe 11.43;
found: C 68.75, H 7.46, Fe 11.54.
Migration insertion polymerization (MIP) of 1: Bulk MIP of 1 (1 a :
R = CH3, 1 b : R = (CH2)5CH3, 1.0 mmol) was performed at either 70
or 105 8C. After polymerization, the crude product was dissolved in
THF (5.0 mL) and was then precipitated with n-hexane (200 mL).
The precipitate was collected by filtration and was dried under
vacuum overnight at room temperature to yield a yellow powder
(>90 %). Solution MIP of 1 b was performed in THF with a mono-
mer concentration of 50 wt %. The solution was heated in an oil
bath at 70 8C. After polymerization, the mixture was concentrated
to 5.0 mL and then precipitated with n-hexane (200.0 mL). The pre-
cipitate was collected by filtration and dried under vacuum over-
night at room temperature to yield a yellow powder. Yield for the
final product with CH3 or (CH2)5CH3 is about 81 %.
Compound 2 a : 1H NMR (300 MHz, C6D6): d= 7.80–7.30 (br, 5 H,
C6H5), 7.30–6.90 (br, 5 H, C6H5), 4.20–3.90 (m, 4 H, C5H4), 2.70–2.30
(m, 4 H, CH2CH2CH2PPh2 and CH2CH2CH2PPh2), 2.30–2.00 (s, 3 H,
Fe(CO)CH3), 1.63–1.20 ppm (s, 2 H, CH2CH2CH2PPh2) ; 13C NMR (75
MHz, C6D6): d= 273.1 (C=O), 221.1 (C/O), 102.6 (s, C5H4), 86.8 (s,
C5H4), 84.5 (s, C5H4), 82.3 (s, C5H4), 51.7 (s, Fe(CO)CH3), 29.7 (b,
CH2CH2CH2PPh2, CH2CH2CH2PPh2), 26.1 ppm (s, CH2CH2CH2PPh2) ;
31P NMR (120 MHz, CDCl3): d= 73.6 ppm; FTIR: ñ= 1907 (terminal
CO group), 1594 cm@1 (acyl CO group).

Compound 2 b : 1H NMR (300 MHz, C6D6): d= 7.80–7.00 (br, 10 H,
C6H5), 4.20–3.80 (m, 4 H, C5H4), 3.00 (s, 1 H, Fe(CO)CH2(CH2)4), 2.90 (s,
1 H, Fe(CO)CH2(CH2)4), 2.60–2.30 (t, 2 H, CH2CH2CH2PPh2), 2.30–2.10
(m, 2 H, CH2CH2CH2PPh2), 1.80–1.50 (t, 2 H, CH2CH2CH2PPh2), 1.50–
1.20 (s, 8 H, Fe(CO)CH2(CH2)4CH3), 1.00–0.90 ppm (s, 3 H, Fe-
(CO)CH2(CH2)4CH3) ; 13C NMR (75 MHz, C6D6): d= 273.9 (C=O), 220.7
(C/O), 102.3 (s, C5H4), 86.7 (s, C5H4), 84.7 (s, C5H4), 82.1 (s, C5H4), 66.5
(s, Fe(CO)CH2(CH2)4), 32.4 (s, Fe(CO)CH2(CH2)4CH3), 29.7 (br,
CH2CH2CH2PPh2, CH2CH2CH2PPh2, Fe(CO)CH2(CH2)4CH3), 26.5 (s, Fe-
(CO)CH2(CH2)4CH3), 26.1 (s, CH2CH2CH2PPh2), 23.1 (s, Fe-
(CO)CH2(CH2)4CH3), 14.4 ppm (s, Fe(CO)CH2(CH2)4CH3) ; 31P NMR (120
MHz, CDCl3): d= 73.6 pm; FTIR: ñ= 1906 (terminal CO group),
1601 cm@1 (acyl CO group).
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