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ABSTRACT: Migratory insertion polymerization (MIP) of PFpR
[PFp = (PPh2(CH2)3Cp)Fe(CO)2, R = (CH2)4CHCH2 or
(CH2)5CH3] (1) involved competitive MIP ring-closing polymer-
ization and monomer cyclization (MC), producing P(PFpR)
macrocycles (2) and PFpR rings (3), respectively. MC, generating
3, occurred at the early stage of MIP, while the growing polymer
chains exclusively underwent ring-closing cyclization without
producing any linear analogues. The effect of solvent, temperature,
and the concentration of 1 on the competition between the ring-
closing MIP and MC was investigated. 3 was synthesized as the
only product in THF with a low concentration of 1 (1 wt %), while
the ring-closing MIP predominated under the condition at 60 °C
with a high concentration of 1 in THF (>70 wt %), resulting in 2 with Mn up to 17 500 g/mol. This effective synthesis of ring
molecules is attributed to the piano-stool coordination geometry and the low rotation barrier of Cp−Fe bond and will facilitate
further exploration of ring molecules as functional materials and supramolecular building blocks.

■ INTRODUCTION
Synthesis of cyclic compounds has been an active research
topic, inspired by the unique shape and functions of cyclic
biomolecules in living organisms, such as cellulose, peptide,
and DNA, and so on.1 Consequently, many cyclic compounds
with sizes ranging from 3-atom rings to cyclic polymers or
macrocycles have been synthetically produced.2−4 However,
the synthesis of these cyclic compounds, especially macro-
cycles, requires tedious after-reaction purification steps and is
yet to be improved.1,5

The synthesis of organometallic ring molecules has been
explored for possible new functions derived from the metal
elements.6−11 Nonlinear metal coordination geometries are an
advantage for the cyclization. Cyclopentadienyl (Cp) metal
carbonyl complexes bearing a pendant phosphorus have a
piano-stool coordination geometry and can undergo an
intramolecular phosphorus−metal coordination producing
ring molecules.12,13 In addition to the small rings, cyclic
macromolecular structures have also been made via metal
coordination, but the resultant metal-coordinated structures
are usually rigid without viscoelastic properties14 characteristic
of polymer materials. The techniques, developed for the
synthesis of organic cyclic polymers including intramolecular
end-group coupling for ring-closure and ring-expansion
polymerization,5 are not applicable for the synthesis of
organometallic macrocycles.
Ring-closing polymerization for the synthesis of organo-

metallic macrocycles with viscoelastic properties has been
discovered for two systems. The ring-opening polymerization

of silicon-bridged [1]ferrocenophanes using 4,4′-dimethyl-2,2′-
bipyridine (Me2bpy) as initiator produces polymer chains with
propagating active species of Cp anions. The backbiting of Cp
anions replaces the Me2bpy ligands generating polyferroce-
nylsilane (PFS) macrocycles.4 We have previously developed
migratory insertion polymerization (MIP)15 and reported the
MIP in bulk of PFpR (1) [PFp = (PPh2(CH2)3Cp)Fe(CO)2, R
= CH3 or (CH2)5CH3], resulting in a new type of iron−
carbonyl macrocycles P(PFpR), 2.16 The ring-closing process is
facilitated by the nonlinear piano-stool metal coordination
geometry and the conformational flexibility of the polymer
chain due to the low rotation barrier of the Cp−Fe bond in the
backbone.16−18 During the synthesis of 2, a small fraction of
unknown molecules was produced and removed by a
precipitation process.16 It appears that the MIP involves
competitive reactions for two products. This competition is
not yet understood.
Herein, we report the MIP of PFpR (1) [1a: R =

(CH2)4CHCH2; 1b: (CH2)5CH3], which involves two
competing reactions: ring-closing MIP and monomer cycliza-
tion (MC). By adjusting the conditions, either P(PFpR)
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macrocycles (2) or PFpR rings (3) were exclusively prepared in
excellent yields (Scheme 1).

■ RESULT AND DISCUSSION
Bulk MIP of 1 and Characterization of the Resultant

2. The MIP of 1 was performed in bulk at 105 °C. The
polymerization behavior for the two monomers (1a and 1b) is
identical, because the pendent R groups are not involved in the
migratory insertion reaction of the Fp group. As has been
reported,16 the polymerization of 1b generated a small fraction
of unknown products in addition to 2b, which is illustrated by
the 31P NMR (CDCl3) spectrum of a crude product (Figure
1a). As shown in Figure 1a, the two signals at 72.3 and 71.5

ppm are attributed to 2b and the unknown product,
respectively.16 To remove the unknown product, we added
hexane to a THF solution of the crude products to precipitate
2b. The hexane-soluble product was collected in the filtrate,
which shows one signal at 71.5 ppm in the 31P NMR spectrum
(Figure 1b).
2b has been fully characterized as a macrocycle in our

previous work.16 The 1H and 31P NMR spectroscopies of 2a
(Figure 2), like those for 2b, only show the Cp group (4.0 ppm
in Figure 2a) and the coordinated phosphorus (72.3 ppm in
Figure 2b) in the main chain. The absence of detectable NMR

signals for the end-groups is attributed to the formation of a
cyclic structure.16 To further confirm the structure of 2a,
transmission electron microscopy (TEM) was subsequently
performed. The TEM sample of 2a (5 mg/mL in THF) was
prepared by adding a drop of the solution onto a carbon-
coated copper grid. As seen in Figure 3, rings with diameters of

ca. 20−30 nm and ca. 5−10 nm were observed. The contrast
was caused by the breakage of the carbon substrate in the
center of the ring molecules after exposing the grid to electron
beams for a few minutes.16 By comparing the circumference of
the larger rings with the size of the monomers, the degree of
polymerization (DP) for the macrocycle ranges from 40 to 60.
The absolute molecular weight (MW) of the sample as
measured by GPC (triple detectors) is ca. 23 000 g/mol,
corresponding to the DP of 49, which matches with the value
estimated from the TEM image. The GPC trace tails toward
the higher retention times with a large polydispersity index
(PDI) of ca. 1.5, which is in line with the TEM observation.
Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF) experiments of 2a and 2b were
attempted with or without matrix (Table S1). However, no
meaningful results were obtained. The technique for the
characterization of 2 remains to be a matter of future research.

Characterization of 3. The chemical structure for the
hexane-soluble product, collected in the filtrate, was unknown
and is, therefore, fully analyzed by X-ray crystallography, FT-
IR, and NMR spectroscopies; mass spectrometry (MS); and
element analysis. Yellow crystals were obtained from a slow
solvent evaporation of saturated hexane solutions, whose X-ray
diffraction reveals a monoclinic crystal system with a P21/c
space group (Table S2). As shown in Figure 4, 3 is a PFpR ring
that is formed via an intramolecular Fe−P coordination with
the bond length of 2.16 Å for 3a and 2.17 Å for 3b. Migratory
insertion MC of 1 (Scheme 1) accounts for the formation of
ring structures, as the Fe−P coordination results in the
conversion of one terminal CO to acyl CO group. The acyl
CO group is also indicated by the FT-IR absorption at 1599
cm−1 (Figure 5a)16 and the chemical shift at 279.42 ppm in the
13C NMR spectrum (Figure 5b).16 The masses for 1 and 3 is
expected to be the same upon MC (Scheme 1). The
electrospray ionization MS experiment shows a molecular ion
(MH+) peak at 489.16 m/z for 3b (C28H33FeO2P), which
matches with the calculated theoretical MW of 1b for 488.38
m/z. The elemental analysis of 3b also shows a good

Scheme 1. Two Routes for the Migratory Insertion Reaction
(MIR) of 1: Ring-Closing MIP Yielding 2 without Linear
Analogues and MC Yielding 3

Figure 1. (a) 31P NMR (CDCl3) spectra of 1b before and after MIP
in bulk at 105 °C for 48 h. (b) Partial 31P NMR spectra for the crude
products and the separated components.

Figure 2. (a) Partial 1H NMR (CDCl3) spectrum and (b) 31P NMR
(CDCl3) spectrum for 2a.

Figure 3. TEM image of 2a macrocycles. The image was taken after
exposing the sample to the electron beam for a few minutes. Scale bar
is 100 nm.
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agreement with the theoretical values of C and H. 3a was also
characterized in the same manner.
3 was further characterized by 1H and 13C NMR

spectroscopies. As shown in Figure 6a, the 1H NMR spectrum
of 3a reveals three signals between 7.16 and 7.62 ppm and four
signals between 3.8 and 4.8 ppm, which are assigned to the
protons of the two phenyl groups and the Cp group,
respectively.16 The appearance of the four Cp proton signals
indicates that their chemical environments are different from
each other due to the presence of the Fe stereocenter as a
result of the cyclization.19,20 The chemical shifts at 5.68 and
4.86 ppm, with the integration ratio of 1:2, represent the vinyl
protons Hh and Hi respectively. In the 13C NMR spectrum of
3a (Figure 6b), the peaks at 73.1−99.3, 127.8−138.1, 220, and
280 ppm are assigned to the 5 Cp carbons, 12 phenyl carbons,
the terminal CO carbon, and the acyl CO carbon,
respectively.15,16 The signal at 65.5 ppm is assigned to the α
carbon (Cd) next to the electron withdrawing acyl CO group,
which causes the chemical signal of Cd to appear at the lower
field than other CH2 carbons.

15,16 Other protons and carbons
(a−i) peaks in Figure 6 are also assigned and confirmed by
13C−1H HMQC and 1H−1H COSY (correlation spectrosco-

py) spectra (Figure S1) and 13C−1H HMQC (heteronuclear
multiple quantum correlation) 2D NMR experiments (Figure
S2). Multiple sets of diastereotopic protons of b−e (Figures S1
and S2) are explained by the presence of the Fe chiral
stereocenter.20 3b was also characterized in the same manner
(Figures S3−S6).

Solution MIP of 1. The effect of solvent on the MIP of 1b
in solutions (50 wt %) at 60 °C was investigated. After 48 h, a
sample of the crude product was dissolved in CDCl3 and
analyzed by 31P NMR spectroscopy. As shown in Figure 7a,b,
when the polar solvents DMSO and DMF are used, the 31P
NMR spectra of the crude products show a significant signal at
71.5 ppm, representing 3b, aside from the signal at 72.3 ppm
due to 2b.16 In contrast, the THF system produced a smaller

Figure 4. (a) ORTEP drawings (30% probability ellipsoids) for the
molecular structures of 3a and (b) 3b. Hydrogen atoms are omitted
for clarity.

Figure 5. (a) Partial spectra of FT-IR and (b) 13C NMR (CDCl3) for
3a.

Figure 6. (a) 1H NMR (CDCl3) and (b) 13C NMR (CDCl3) spectra
for 3a.

Figure 7. 31P NMR (CDCl3) spectra for the crude products produced
via MIP of 1b at 60 or 105 °C in (a) DMSO, (b) DMF, and (c) THF
with 50 wt % 1b and (d) in bulk.
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amount of 3b (Figure 7c), as indicated by the weaker intensity
of the chemical shift at 71.5 ppm. The polar solvents can
promote a migratory insertion reaction,21,22 which increases
the chance for the MC of 1b before the occurrence of
intermolecular reactions for the polymerization.
Time-dependent 31P NMR analysis also indicated that the

MC of 1b produces 3b at the early stage of MIP. As shown in
the 31P NMR spectra for the samples taken at various reaction
intervals (Figure 8), both MIP for a chain growth and MC

(producing 3) occur within the first hour, as indicated by the
appearance of the chemical shifts at 72.3 and 71.5 ppm (Fe−P
bonds) and the chemical shift at −15.6 ppm (PPh2 end-group
of noncyclized oligomers, 4).16 This result suggests that the
MIP and MC are two competing reactions. After 6 h, the
monomer signal at −15.8 ppm disappears, suggesting a
complete consumption of the monomers. However, the
chemical shift at −15.6 ppm remains, suggesting the presence
of linear polymers with phosphine end groups.16,23,24 This end
group signal (−15.6 ppm) completely vanished after 24 h,
which indicates that all linear chains were cyclized.
By comparing the systems in DMSO and DMF at 60 °C, the

production of 3b in the DMSO system is particularly favored
as indicated by a significant signal at 71.5 ppm in the spectrum
(Figure 7a). We attributed this difference to the solvent
viscosity, as DMSO is 2-fold more viscous than DMF. The
high viscosity of DMSO, 1.12 cP at 60 °C,25 may limit the
mobility of the molecules, thus favoring the intramolecular MC
at the early stage of the reaction. If the hypothesis is right, then
the production of 3b can be suppressed by increasing the
temperature to reduce the solvent viscosity.26 As shown in
Figure 7a, a higher temperature (105 °C) substantially reduces
the production of 3b (Figure 7a). However, the MIP at 105 °C
in DMF (Figure 7b) or in bulk (Figure 7d) does not suppress
the MC but rather generates more 3b. These results can be
understood by the two effects caused by a higher reaction
temperature: (1) reduced viscosity that suppress the MC and
(2) increased reaction rate that favors the MC. The latter effect
may be predominant when the MIP is performed in DMF
solution, resulting in an increased possibility for the production
of 3b. For a bulk MIP, the two effects compete with each
other, producing less 3b at 105 °C (Figure 7d) as compared
with the MIP in DMF at the same temperature (Figure 7b).

The concentration effect of 1 on the competition for the
production of 2 and 3 was investigated. Figure 9 illustrates the
31P NMR spectra for the crude products resulting from the
MIP of 1a (including MC or ring-closing MIP) at different
concentrations in THF at 60 °C. As shown in Figure 9, when
the concentration is extremely low (1 wt %), only one signal at
71.5 ppm is observed, indicating that the MC is the only
reaction producing 3a, and no ring-closing MIP occurs. By
increasing the concentration, the peak intensity at 71.5 ppm
decreased. It suggests that the MC is suppressed by a higher
monomer concentration. It is reasonable because a higher
concentration suppresses the formation of small rings.27 For
the systems with concentrations above 70 wt %, MC is
significantly suppressed as the signal at 71.5 ppm is fairly weak,
and 2a becomes the major product. A higher concentration
favors the intermolecular reaction to grow polymer chains,
which reduces the possibility of MC. However, the growing
chains eventually cyclized, producing 2, which is attributed to
the nonlinear piano-stool coordination geometry and the freely
rotating Fe−Cp bonds in the backbone.16

The GPC analysis of the macrocycle, 2a, produced via the
MIP with the concentrations above 50 wt % (Figure S8) is
summarized in Figure 10. As shown in the figure, the highest

Figure 8. Time-dependent 31P NMR (CDCl3) spectra for the MIP at
60 °C in THF with 50 wt % concentration of 3b.

Figure 9. 31P NMR (CDCl3) spectra of the crude product prepared
by MIRs of 1a in THF with the monomer concentrations of 1−100
wt % at 60 °C for 48 h.

Figure 10. DP and peak MW (Mp) of P(
PFpR) produced by MIP of

1a in THF. Mp was determined by GPC using DMF as the eluent and
PS as the standards.
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MW of 2a was obtained at 70 wt %, with a Mp of 17 700 g/
mol, corresponding to a DP of 36. The lower concentration
(50 wt %) results in a smaller Mp (11 200 g/mol). This is
reasonable as a low concentration favors intramolecular
cyclization. By increasing the monomer concentration to 80
wt % or even 100 wt % (bulk), the Mp, however, was reduced
to 7200−8500 g/mol. The smaller macrocycles produced is
rationalized by the reduced mobility of the oligomers, as we
observed that the reaction systems with the concentrations
above 70 wt % became bulklike. The low mobility decreases
the possibility for intermolecular reaction to form polymers
with higher MWs.

■ SUMMARY

MIP of PFpR (1) involves two competing pathways of ring-
closing MIP and MC, generating macrocycles (2) and PFpR
rings (3), respectively, without the contamination of linear
macromolecules. 3 can be removed by a simple precipitation
purification resulting 2. On the basis of the effect of solvent,
temperature and concentration of 1 on the MIP, PFpR rings 3
can be produced exclusively via MC when the MIP of 1 with a
low concentration (1 wt %) is performed in THF at 60 °C. At
a high monomer concentration of 1 (>70 wt %), P(PFpR)
macrocycles (2) are effectively produced via ring-closing MIP.
2a is a new macrocycle containing pendent vinyl groups that
can be useful for postpolymerization modification. This
effective synthesis of ring molecules will facilitate our further
studies to explore the properties and supramolecular chemistry
of iron−carbonyl compounds.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. All experiments were per-

formed under an atmosphere of dry nitrogen using standard Schlenk
techniques unless otherwise indicated. 1-Bromohexane (98%), 1-
chloro-3-iodopropane (99%), 6-chloro-1-hexene (96%), benzophe-
none (99%), sec-butyllithium solution (1.4 M in cyclohexane),
cyclopentadienyl iron(II) dicarbonyl dimer (Fp2, 99%), potassium
(chunks in mineral oil, 98%), and sodium were purchased from
Sigma-Aldrich. Chlorodiphenylphosphine (>97.0%) was purchased
from Tokyo Chemical Industry CO. All chemicals were used as
received unless otherwise indicated. Tetrahydrofuran (THF) was
freshly distilled over sodium/benzophenone under nitrogen before
use.

1H, 13C, and 31P NMR, 1H−1H correlation spectroscopy (COSY),
and 13C−1H heteronuclear multiple quantum coherence (HMQC)
2D NMR were recorded on a Bruker Avance 300 (300 MHz)
spectrometer at ambient temperature using CDCl3 as the solvent.

1H
NMR chemical shifts were reported relative to the residual CHCl3
signal and 31P NMR resonances were referenced to an external
standard sample of 85% H3PO4.
TEM images were obtained on a TEM apparatus (Philips CM10)

with an acceleration voltage of 60 kV. TEM samples were prepared by
adding 10 μL of sample in THF solution on a carbon-coated copper
grid. The copper grid was dried overnight at room temperature. The
rings appear after exposing the grid to the electron beams for a few
minutes.
Mass spectrometry was acquired by performing positive ion

electrospray ionization (ESI) on a Thermo Scientific Q-Exactive
Orbitrap mass spectrometer. Samples were infused at 10 μL/min in
acetonitrile.
Fourier transform infrared (FT-IR) spectra were recorded on a

Thermo Scientific Nicolet 5700 spectrometer with a resolution of 0.4
cm−1.
Elemental analyses were carried out by using Vario EL cube on an

elemental analyzer (Elementar).

Single crystals suitable for X-ray diffraction analysis were mounted
onto the tips of glass fibers with paratone oil and transferred
immediately into the cold nitrogen gas stream of the diffractometer
cryostat. X-ray data were collected using Mo Kα radiation (λ =
0.71073 Å) at 200 K on a Bruker Kappa APEX II diffractometer
(Madison, WI). Structures were solved using direct methods and
refined by full-matrix least-squares on F2 using the APEX2 package.

Gel permeation chromatography analyses were carried out using 2
instruments: (1) Viscotek VE 2001 GPC instrument equipped with
PolyAnalytik SupeRes mixed bed columns and a TDA 305 triple
detector array (differential refractive index, light scattering, and
viscosity) using THF as the eluent. The temperature was set at 35 °C
and held constant with a flow rate of 1 mL/min. Absolute MW was
obtained. (2) Agilent 1100 Series GPC module equipped with two
Jordi Resolve DVB medium mixed bed columns and a Waters 410
differential refractometer using DMF with 0.1% lithium chloride as
the eluent. The columns were maintained at 45 °C and held constant
with a flow rate of 0.9 mL/min. MW was calculated from PS
standards. Both methods gave similar results.

Preparation of Cyclopentadienyl Iron(II) Dicarbonyl Potas-
sium (FpK), [η5-C5H5]Fe(CO)2K. Potassium benzophenone ketyl was
first prepared by stirring benzophenone (5.00 g, 27.5 mmol, 1.0
equiv) and potassium metal (1.07 g, 27.5 mmol, 1.0 equiv) in a
Schlenk flask containing distilled THF (70 mL). The solution mixture
was stirred overnight to ensure complete reactions. Afterward,
cyclopentadienyl iron(II) dicarbonyl dimer (Fp2, 5.35 g, 15.1 mmol,
0.55 equiv) was added to the solution and stirred for 2 h at room
temperature to produce FpK. The FpK solution (in THF) was used
directly without purification.

Preparation of FpR, [η5-C5H5]Fe(CO)2R, R = (CH2)4CHCH2)
or (CH2)5CH3. In a Schlenk flask containing the FpK solution (5.94 g,
27.5 mmol, 1.0 equiv), an alkyl halide, and 1-bromohexane for a (4.08
g, 24.7 mmol, 0.9 equiv) or 6-chloro-1-hexene for b (2.93 g, 24.7
mmol, 0.9 equiv) was added dropwise to the solution mixture at 0 °C.
Afterward, the solution mixture was warmed to room temperature and
stirred for another 2 h. After the reaction, THF solvent was removed,
and the reaction crude product was filtered through Celite using
hexane as the eluent. The filtrate was subsequently collected and
further purified after solvent evaporation, by running a silica-gel
column using hexane as the eluent. The yellow band was collected,
and the hexane solvent was removed under vacuum to yield a yellow
oil. For a, Fp(CH2)4CHCH2: Yield: 88%.

1H NMR (CDCl3): 5.79
(ddt, J = 17.1 Hz, 10.1 Hz, 6.8 Hz, 1H, Fe(CH2)4CHCH2), 5.00−
4.89 (m, 2H, Fe(CH2)4CHCH2), 4.71 (s, 5H, C5H5), 1.53−1.43
(8H, Fe(CH2)4CHCH2) ppm. For b, Fp(CH2)5CH3: Yield: 83%.
1H NMR (CDCl3): 4.71 (s, 5H, C5H5), 1.43−1.26 (10H,
Fe(CH2)5CH3), 0.86 (3H, (CH2)5CH3) ppm.

Preparation of ClFpR, [η5-Cl(CH2)3C5H4]Fe(CO)2R. In a Schlenk
flask containing FpR (1.0 equiv, for a: 3.55 g, 13.5 mmol; or for b:
3.68 g, 14.1 mmol) in distilled THF (100 mL), sec-butyllithium (1.4
M in cyclohexane; 1.5 equiv; for a: 14.5 mL, 20.3 mmol; or for b: 15.2
mL, 21.2 mmol) was added dropwise at −78 °C and stirred for 15
min. 1-Chloro-3-iodopropane (1.7 equiv; for a: 2.5 mL, 23.0 mmol; or
for b: 2.6 mL, 24.1 mmol) was then added to the solution mixture at
−78 °C while stirring. The solution was warmed to room temperature
and stirred for 1.5 h. THF solvent was removed after the reaction, and
the crude product was filtered through Celite using hexane as the
eluent to remove LiI salts. The filtrate was collected and further
purified by silica-gel column chromatography using hexane as the
eluent. Subsequently, one large yellow band was separated. A mixture
of hexane and dichloromethane (3:1 v/v) was then used as the eluent
to further separate the yellow band. Afterward, two yellow bands were
separated, and the second yellow band was collected as the product.
The solvent was removed under vacuum, yielding a yellow oil
product. For a, ClFp(CH2)4CHCH2: Yield: 53%. 1H NMR
(CDCl3): 5.80 (ddt, J = 16.8 Hz, 10.2 Hz, 7.0 Hz, 1H, CH
CH2), 4.94 (m, 2H, CHCH2), 4.60 (s, 2H, C5H4), 4.56 (s, 2H,
C5H4), 3.55 (t, 2H, CH2Cl), 2.39 (t, 2H, (C5H4)CH2), 2.00 (m, 2H,
CH2CH2CH2Cl), 1.42 (m, 2H, FeCH2), 1.26 (m, 6H,
CH2(CH2)3CHCH2) ppm. For b, ClFp(CH2)5CH3: Yield: 42%.
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1H NMR (CDCl3): 4.59 (s, 2H, C5H4), 4.55 (s, 2H, C5H4), 3.55 (t,
2H, CH2Cl), 2.40 (t, 2H, (C5H4)CH2), 1.95 (q, 2H,
CH2CH2CH2Cl), 1.41 (m, 2H, FeCH2), 1.26 (m, 8H,
FeCH2(CH2)4CH3), 0.87 (m, 3H, (CH2)5CH3) ppm.
Preparation of PFpR, [η5-Ph2P(CH2)3C5H4]Fe(CO)2R, 1. In a

Schlenk flask containing ClFpR (1.0 equiv; for a: 2.3 g, 6.8 mmol, or
for b: 2.5 g, 7.4 mmol) in distilled THF (100 mL), sodium
diphenylphosphide solution (0.5 M in THF, 2.0 equiv; for a: 27.2 mL,
13.6 mmol; or for b: 29.7 mL, 14.9 mmol) was added dropwise into
the solution at 0 °C and stirred for 2 h. After the reaction has
completed, degassed methanol (10 mL) was added to quench the
excess sodium diphenylphosphide. Afterward, THF solvent was
removed under vacuum, and the crude product was filtered through
Celite using hexane as the eluent to remove NaCl salts. The filtrate
was collected and further purified by silica-gel column chromatog-
raphy using a mixture of hexane and dichloromethane (3:1 v/v) as
eluent. The first yellow band was collected and concentrated under
vacuum, yielding a red-orange oil product. For 1a, R = (CH2)4CH
CH2: Yield: 63%.

31P NMR (CDCl3): −15.8 ppm (uncoordinated
phosphine). 1H NMR (CDCl3): 7.35 (m, 10H, C6H5), 5.81 (ddt, J =
16.7 Hz, 9.0 Hz, 6.8 Hz, 1H, CHCH2), 4.94 (m, 2H, CHCH2),
4.56 (s, 2H, C5H4), 4.84 (s, 2H, C5H4), 2.34 (t, 2H, CH2PPh2), 2.05
(t, 2H, (C5H4)CH2), 1.63 (m, 2H, CH2CH2CH2P), 1.39 (m, 2H,
FeCH2), 1.26 (m, 6H, CH2(CH2)3CHCH2) ppm. For 1b, R =
(CH2)5CH3: Yield: 58%. 31P NMR (CDCl3): −15.8 ppm
(coordinated phosphine). 1H NMR (CDCl3): 7.60−7.31 (m, 10H,
P(C6H5)2) 4.56 (s, 2H, C5H4), 4.48 (s, 2H, C5H4), 2.33 (t, 2H,
CH2PPh2), 2.06 (t, 2H, (C5H4)CH2), 1.85 (m, 2H, CH2CH2CH2P),
1.36 (2H, Fe−CH2) 1.25 (8H, FeCH2(CH2)4CH3), 0.86 (3H,
(CH2)5CH3) ppm.
Synthesis of P(PFpR) Macrocycles, 2. In a Schlenk flask

containing 1 (1.0 g, 2.1 mmol, 70 wt % in THF), MIP was initiated by
heating the reaction flask at an elevated temperature to 60 °C for 48
h. After 48 h, MIP was terminated by cooling the reaction flask to
room temperature. The crude product was dissolved in a small
amount of THF (5 mL) and precipitated into hexane (400 mL). The
polymer was separated via filtration and washed with hexane 3 times
to remove impurity traces. The isolated precipitates were dried under
vacuum for 24 h, yielding yellow powders. For 2a, R = (CH2)4CH
CH2: Yield: 50%.

31P NMR (CDCl3): 72.3 ppm. 1H NMR (CDCl3):
7.45−7.25 (br, 10H, C6H5), 5.73 (m, 1H, (CH2)4CHCH2), 4.90
(m, 2H, (CH2)4CHCH2), 4.09−3.95 (m, 4H, C5H4), 2.78 (s, 1H,
Fe(CO)CH2(CH2)3CHCH2), 2 .53 (s , 1H, Fe(CO)-
CH2(CH2)3CHCH2), 2.25−2.11 (m, 4H, CH2CH2CH2PPh2),
1.92 (m, 2H, CH2CH2CH2PPh2), 1.45−1.18 (m, 6H, Fe(CO)-
CH2(CH2)3CHCH2) ppm. For 2b, R = (CH2)5CH3: Yield: 48%.
31P NMR (CDCl3): 72.4 ppm. 1H NMR (CDCl3): 7.38−7.25 (br,
10H, C6H5), 4.08−3.95 (m, 4H, C5H4), 2.76 (s, 1H, Fe(CO)-
CH2(CH2)4CH3), 2.52 (s, 1H, Fe(CO)CH2(CH2)4CH3), 2.24−2.12
(m, 4H, CH2CH2CH2PPh2), 1.25−1.05 (br, 10H, CH2CH2CH2PPh2
and Fe(CO)CH2(CH2)4CH3), 0.83 (s, 3H, Fe(CO)CH2(CH2)4CH3)
ppm.
Synthesis of Intramolecular PFpR Ring, 3. In a Schlenk flask

containing 1 (600 mg, 1.23 mmol, 1.0 wt % in THF), the solution was
stirred at 60 °C for 48 h. The resulting solution was cooled to room
temperature, and the THF solvent was removed under vacuum. The
crude product was purified by silica gel column chromatography using
a mixture of hexane and dichloromethane (3:1 v/v) as the eluent. The
orange band was collected and concentrated under vacuum, yielding a
bright orange oil product. For 3a, R = (CH2)4CHCH2: Yield: 80%;
red/orange oil. 31P NMR (300 MHz, CDCl3): 71.5 ppm (s). 1H
NMR (300 MHz, CDCl3): 7.62 (m, 2H, C6H5), 7.39 (m, 3H, C6H5),
7.16 (m, 5H, C6H5), 5.69 (ddt, J = 17.3, 10.2, and 6.5 Hz, 1H, H2C−
CHCH2), 4.86 (m, 2H, −CHCH2), 4.69 (s, 1H, C5H4), 4.60 (s,
1H, C5H4), 4.23 (s, 1H, C5H4), 3.94 (s, 1H, C5H4), 2.77 (tdd, J =
13.6 Hz, 6.7 Hz, 2.1 Hz, 1H, CH2CH2P), 2.55 (m, 3H), 2.38 (m,
1H), 2.16 (m, 1H), 2.01 (m, 1H), 1.82 (m, 2H), 1.40 (m, 1H), 1.16
(m, 1H), 0.96 (m, 3H) ppm. 13C NMR (300 MHz, CDCl3): 279.42
(d, J = 25.22 Hz), 220.41 (d, J = 28.31 Hz), 139.23 (s), 138.08 (d, J =
46.64 Hz), 136.23 (d, J = 38.87 Hz), 133.64 (s), 133.51 (s), 130.94

(s), 130.82 (s), 130.07 (s), 128.68 (s) 128.30 (s), 128.18 (s), 127.92
(s), 127.80 (s), 113.94 (s), 99.25 (s), 91.70 (s), 82.19 (s), 81.78 (s),
73.12 (s), 65.47 (d, J = 5.5 Hz), 33.71 (s), 28.41 (s), 24.68 (s), 24.51
(s), 21.10 (s), 18.48 (d, J = 26.43 Hz). ppm FT-IR: 1908 cm−1

(terminal CO) and 1599 cm−1 (acyl CO). ESI-MS: m/z = 486.15,
calculated for C28H31FeO2P: 486.36. Anal. Calcd for C28H31FeO2P: C
69.15, H 6.42. Found: C 62.86, H 6.62. (The discrepancy between the
experimental and theoretical values is attributed to the low purity of
the starting reagent of 6-chloro-1-hexene (96%)). For 3b, R =
(CH2)5CH3: Yield: 83%; red/orange oil. 31P NMR (300 MHz,
CDCl3): 71.6 ppm. 1H NMR (300 MHz, CDCl3): 7.61 (s, 2H,
C6H5), 7.39 (s, 3H, C6H5), 7.16 (m, 5H, C6H5), 4.68 (s, 1H, C5H4),
4.60 (s, 1H, C5H4), 4.24 (s, 1H, C5H4), 3.94 (s, 1H, C5H4), 2.78 (tdd,
J = 13.6 Hz, 6.8 Hz, 2.3 Hz, 1H, CH2CH2P), 2.54 (m, 3H), 2.37 (m,
1H), 2.17 (m, 1H), 1.99 (m, 1H), 1.40 (m, 1H), 1.14 (m, 3H), 1.02
(m, 3H), 0.86 (m, 2H), 0.79 (m, 3H, CH2CH3) ppm. 13C NMR (300
MHz, CDCl3): 279.58 (d, J = 28.11 Hz), 220.46 (d, J = 28.11 Hz),
138.16 (d, J = 49.20 Hz), 136.42 (d, J = 38.65 Hz), 133.69 (s), 133.53
(s), 130.95 (s), 130.84 (s), 130.05 (s), 128.64 (s), 128.34 (s), 128.17
(s), 127.90 (s), 127.77 (s), 99.25 (s), 91.65 (s), 82.20 (s), 81.77 (s),
73.12 (s), 65.81 (d, J = 5.27 Hz), 31.74 (s), 28.77 (s), 24.90 (s),
24.68 (s), 22.53 (s), 21.13 (s), 18.50 (d, J = 29.8 Hz), 14.08 (s) ppm.
FT-IR: 1906 cm−1 (terminal CO) and 1596 cm−1 (acyl CO). ESI-MS:
m/z = 488.16, calculated for C28H33FeO2P: 488.38. Anal. Calcd for
C28H33FeO2P: C 68.86, H 6.81. Found: C 68.76, H 6.86.
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