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ABSTRACT

Chiral polymers have many important applications, including separation of racemic compounds
and catalysts in asymmetric syntheses. There are many examples of chiral natural polymers,
such as proteins, DNA, or cellulose. However, synthetic chiral polymers are rather rare. On the
other hand, the incorporation of metal centers into synthetic polymer chains allows the
preparation of new functional materials with unique properties that complement those of organic
macromolecular materials. Recently, Miiller’s group developed a synthetic route to strained
ferrocenophanes (FCPs) with planar chirality, and via ring-opening polymerization (ROP), new
chiral metallopolymers were obtained. In this thesis, the syntheses of new chiral
phospha[n]FCPs are described, as well as their behaviors towards ROP.

New enantiomerically pure phospha[n]FCPs (n = 1, 2) equipped with two iPr groups in o

positions were prepared. The molecular structure of diphospha[2]FCP (S,,S, R.R )-9( CH25IMe3

was
determined by single-crystal X-ray analysis showing a tilt angle a = 12.2°. Furthermore, the new
chiral (S,,,5,,5,5)-1,1"-(NiPry),fc™ 882 (fc™ = (S,,5,)-[(Me,CH)~(CsH3)],Fe) was also
selectively synthesized and isolated, which gave suitable crystals for single-crystal X-ray
analysis.

Attempted anionic ROPs were performed on phospha[1]FCPs, however, no polymeric
materials could be obtained from these reactions. Detailed studies on phospha[l]FCPs with
different substituents on phosphorus atom were carried out, showing that the initiation step in the
anionic ROP worked, but the ring-propagation did not occur. In attempts to perform this type of
reaction, one of the phospha[l]FCP (Sp,Sp)-ZOPh showed the ability to be cleanly ring-opened

when using 1 equiv of nBuLi and afforded a 3 to 1 diastereomeric mixture of products. This

mixture was sulfurized and a single isomer, (S,,R )-95°, was isolated and characterized by single-
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crystal X-ray analysis. In addition, based on the clean anionic ring-opening reaction of the
compound (SP,SP)-ZOPh with 1 equiv of nBuLi, the new chiral ferrocene-based phosphine ligand
(57,5)-99 was successfully synthesized.

In order to measure the amount of strain in [1]FCPs, differential scanning calorimetry
(DSC) studies were performed on a series of phospha[l]FCPs having different substituent
groups. On the other hand, thermal ROP of compound (SP,S,,)-ZIP " afforded both linear polymer
102, and cyclic oligomers 103. Gel permeation chromatography (GPC) of the sulfurized
polymer resulted in a molecular weight of 19 kDa (M) and a dispersity of 1.3 (D). Mass
spectroscopic analysis of the oligomers showed the presence of cyclic species from dimers to
hexamers. After sulfurization, preparative thin layer chromatography (PTLC) led to the
separation of five isomeric dimers. Structural characterization of one of the dimers (syn-C2-103s-
3) by single-crystal X-ray analysis revealed that Fe—Cp bond broke during the thermal ROP

process.
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CHAPTER 1. INTRODUCTION

The field of synthetic polymers grew extensively over the last century and had a long lasting
impact on society.' These types of polymers have been used for a wide range of applications —
from textiles to coatings, adhesives to packaging materials — and have been produced in massive
quantities to fulfil global demand. The larger part of these materials is carbon-based organic
polymers, which can be synthesized via step-growth and chain-growth polymerization,
respectively. Ring-opening polymerization (ROP) is one form of chain-growth polymerization,
which has also been used to prepare organic polymers, starting from strained cyclic organic
compounds. In comparison, the use of strained organometallic compounds to prepare polymers
with transition-metal centres in the backbone, so called metallopolymers, have been less
explored. The main reason was due to some preparative problems, such as synthetic procedures,
purification aspects, and a lack of readily available starting materials. However, this field of
study has been developing rapidly over the last few decades, and continues to attract much
attention.*>% 1

Metallocyclophanes are a class of strained cyclic organometallic compounds with a
transition metal complex. In these compounds, two m-hydrocarbon rings of a sandwich complex
are linked together by n atoms in the bridging position. Due to the interesting structure of these
compounds, a wide variety of metallocyclophanes with varying transition metals, m-hydrocarbon
rings, and bridging elements were prepared. [n]Metallocenophanes (1; Figure 1-1),"

13-1
> and

[n]metalloarenophanes (2; Figure 1—1),]2 [n]metalloarenocenophanes (3; Figure 1-1),
ansa-cycloheptatrienyl—cyclopentadienyl complexes of type 4 (Figure 1-1)'*'" are just some of

many examples of metallocyclophanes that have been reported.



M (ERn M (ERyn M (ER)n M (ERx)n
2 o4 2>
1

2 4

w

Figure 1-1. Metallocyclophanes.

Among the many metallocyclophanes, [n]metallocenophanes ([#]MCPs; 1) are the
largest class of strained cyclic organometallic compounds. [n]MCPs are compounds that contain
two ns—cyclopentadienyl (Cp) rings that sandwich a transition metal M through n-, -, and d-
bonds, and are connected together by n bridging elements through - bonds. The strained MCPs

have interesting structures and the ability to undergo ROP (Scheme 1-1), resulting in high-

=N LS~ (ER )
MI (ER)m E, 1/n I\I/I
e .
n

Scheme 1-1. Ring-opening polymerization of metallocenophanes.

molecular-weight polymers.

1.1 [rn]Metallocenophanes and ring-opening polymerization of strained metallocenophanes

The first reported example of an [#]MCP is the [3]ferrocenophane ([3]FCP) (§; Figure 1-2),
which was prepared in 1957 by Rinehart et al.'® Shortly after this discovery, the same group
reported the synthesis of a [2]JFCP with a C,Me, bridge (6; Figure 1-2)."° Fifteen years later,
Osborne and co-worker prepared the first two [1]JFCPs with a silicon bridge (7 and 8; Figure

1-2).%°
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Figure 1-2. The first reported examples of [n]FCPs.

To date, there are two well-known methods to prepare strained [n]FCPs: the “flytrap”
route and the “salt-metathesis” reaction (Scheme 1-2). The “flytrap” route requires the
preparation of a dianionic compound, which consists of two cyclopentadienide rings linked
together by a bridging moiety. The dianionic compound reacts with an appropriate metal(II)
dihalide to give the targeted [n]FCP. This method is typically used to prepare [n]MCPs with n >
2; e.g., the dicarba[2]FCP (6) was obtained through this pathway.19 However, the salt-metathesis
reaction is the most commonly employed method and is usually applied to prepare [n]FCPs. The
salt-metathesis method involves the reaction of a dilithioferrocene(tmeda) and an element
dihalide to yield the targeted strained FCP. Several strained [1]FCPs, including those with
bridging elements from group 13 (B, Al, Ga, In),”! group 14 (Si, Ge, Sn),"! group 15 (P,

As), ! group 16 (S, Se), and others have been prepared by the salt-metathesis method.*®

=

(a) FeXy + A?* ER

=

F

X w‘ /
LS —Li — e@/ERX

(b) Fe + REX; -2 LiX
-t
Li meda
2/3 imeda

Scheme 1-2. Synthetic pathways for [#]FCPs via (a) a “flytrap” route, or (b) the salt-metathesis

route.

(O8]



In ferrocene, two Cp rings are parallel to each other. The introduction of short ansa[#]
bridges (n = 1, 2) causes the Cp rings to tilt, thus generating strain in the ferrocene system.“’27
The dihedral angle between the two Cp planes in an [#]FCP is known as tilt angle o, which is a
measure of the degree of ring tilt.'"*® In addition to the o angle, the B (CPeentroid—Cpipso—E), the 0

(Cipso—E—C'ipso)> the 8 (Cpeentroid—M—Cp'centroia), and the t angles also help to describe the ring-

tilted structure of [n]FCPs (Figure 1—3»).28

Fe ?

ferrocene [n]FCP

Figure 1-3. Representation of ferrocene and geometric parameters a, 3, 8, 6, and t in an [n]FCP.

The tilt angle a is inversely proportional to the size of the bridging element: the smaller
the bridging element, the larger the o angle is. For example, a sila[1]FCP 9%, Figure 1-4) has a
tilt angle o of approximately 18-22°,%" whereas a bora[1JFCP (10) has a larger tilt angle (o ~
31-32°).>' Furthermore, increasing the number of atoms in the FCP bridging moiety decreases
the tilt angle a.”® For instance, the phospha[l1]JFCP 11™®" has a larger tilt angle (a ~ 27°)%

compared to that of the diphospha[2]FCP 26" (o ~ 130).33

= D AT SN L

. P
F SiR, Fe B=N\ Fe PtBu Fe lI3
5w B e
9R (R=PhorMe) 10a(R=R'=SiMe;) 118Bu 261Bu
10b (R = R' = jPr)

Figure 1-4. [n]FCPs with varying bridging elements.



The first reported metal-containing polymer is polyvinylferrocene, which was prepared by
Arimoto and Haven at DuPont Co. in the 1950s.** However, the synthetic difficulties associated
with lack of characterization methods were main problems during the early development of the
metallopolymers field. More specifically, the polymerization led to undesirable side reactions
giving low-molecular-weight polymers that are often insoluble and poorly characterized. Until
the mid-1990s, many of the key obstacles to the preparation of high-molecular-weight and
soluble metallopolymers had been overcome through the development of new synthetic
pathways. The synthesis of high-molecular-weight poly(ferrocenylsilane)s (PFSs), which was
reported by Manners and co-workers in 1992 (Scheme 1-3),” was a milestone in this
development. Since this key discovery, a wide variety of strained [1]FCPs incorporating group
13 (B, Ga, Al), group 14 (Si, Ge, Sn), group 15 (P, As) and group 16 (S, Se) elements have all

: -39,11,40,41
been shown to undergo ROP reactions.”> %1140

R
s
/ _ A IR
Fe SiR, —————— 1/n| Fe
?/ R = Me: 130 °C
R = Ph: 230 °C
9R (R = Me or Ph) 9%

Scheme 1-3. Synthesis of poly(ferrocenylsilane)s via thermal ROP of sila[1]FCPs.

Phosphorus, a unique element which plays important roles in both organic and inorganic
chemistry, was selected as the main element for this thesis’s topic. Due to the relatively small
radius of phosphorus, phosphorus-bridged [1]JFCPs are highly strained species that have the

37-39,42

ability to wundergo ROP. The following sections describe the preparation of

phospha[n]FCPs and their behavior towards ROP.



1.2 Phosphorus-bridged [n]ferrocenophanes and poly(ferrocenylphosphine)s

Phosphines are a very important class of ligands, especially in asymmetric catalysis. Many
catalysts contain phosphines, and many catalytic reactions use chiral phosphines.“_45 In
addition, the incorporation of phosphorus into the polymer backbone led to materials with novel
applications.%_48 Phosphorus-containing polymers are of particular interest, because they can
offer either monodentate or multidentate sites for coordination of a metal fragment. Therefore,
these phosphorus-containing polymers can be used as sensors, and as polymer-supported ligands
for transition-metal complexes in organic transformation.*#>>°

Phospha[1]FCPs are among a few groups of strained sandwich compounds that can be
polymerized with controlled molecular weight and molecular weight distribution.**#%31:3738:32°55
Poly(ferrocenylphosphine)s (PFPs) also show possible applications as polymer-supported
ligands in catalysis.z“’56 This is due to the presence of phosphorus centers in the main chain,
which allows for the incorporation of metal complexes. In addition, the unusually high refractive
indices of PFPs make them promising materials for a range of photonic applications.”’
Manners and co-workers investigated the optical properties of polyferrocenes with Si and P as
the bridging elements.”’”® Both of these polymers showed exceptionally high refractive indices
(RI) with relative low optical dispersion. On the other hand, comparing to materials containing
group 14 elements (such as, PFSs), PFPs have higher Rls. This can be explained by the P-
valency of phosphorus compounds. The P-center in PFPs is trivalent with a non-bonding pair of
electrons. Therefore, it was assumed that for phosphorus, a higher molar value of refraction
indicated the higher tendency of nonbonding electrons to be polarized by an applied field.”

Another interesting and useful property of PFPs is their micellization behavior.”® A diblock

copolymer of poly(isoprene-b-ferrocenylphenylphosphine) formed micellar aggregates in hexane



with a dense PFP core. Furthermore, additional metal atoms can be introduced into the micelle
core via the coordination with phosphine groups. These self-assembled metal-containing
micelles offer possible applications in catalysis or as precursors to magnetic

nanostructures .56’59’60

1.2.1 Phosphorus-bridged [1]ferrocenophanes

The synthesis of phospha[1JFCPs was first reported in 1980 by Osborne ef al. (11™; Scheme
1-4)°" and by Seyferth and Withers (11™™ and 11™%)*2. After these first reports, many
phospha[ 1 ]JFCPs with various substituents (11%; Scheme 1-4) were also synthesized by typical

salt-metathesis methods using dili‘[hiofelrrocene(tmeda).25 937,32

L
| /
Fe + RPCl, — Fe PR
Li
2/3 tmeda 11R

R = Ph, Me, tBu, p-tBuCgH4, CH,C(CHj3)s, Cl, NiPry, CH,SiMes, tmp

Scheme 1-4. Synthesis of phospha[1]FCPs via the salt-metathesis reaction.

In 1983, a further significant contribution to this area was reported by Cullen et al., with
the synthesis of the first planar-chiral phospha[l]FCPs (12-14; Scheme 1-5a), which were
prepared as racemates.’> Later, Manners and co-workers reported the synthesis of other planar-
chiral phospha[1]FCPs (15 and 16; respectively; Scheme 1-5b), with the compound 15 was

obtained as a mixture of four racemates.’’



1

R1
Li @
)

B

Fe -2/3tmeda + RPCl, —> Fe PR (a)
q—Li
R? R?
12 (R! = CH(Me)NMe,; R% = H; R = Ph)
13 (R' = CH(Me)NMe,, R? = H, R = tBu)
14 (R' = CH(CHMe,)NMe,; R2 = H; R = Ph)
R! R!
iy @\
| /
Fe -2/3tmeda + RPCl, — Fe PR (b)
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/ /
R2 R2

15 (R" = nBu; R? = H; R = Ph)
16 (R! = R? = SiMeg; R = Ph)

Scheme 1-5. Synthesis of racemic, planar-chiral phospha[ 1]FCPs.

Brunner et al. first reported the synthesis of chiral phospha[l]FCPs having chiral
substituents on phosphorus atoms (17 and 18; Scheme 1-6).>* The compound 17 as well as its
polymeric derivative from thermal ROP were used as chiral ligands in the Rh-catalyzed

diastereoselective hydrogenation of folic acid.**
L1

(-)-MenPCl, /Q\
" DME %/P
|
-)-BorPCl, Q\
2/3 tmeda de 90%)

hexanes Q/ e

18 (de 90%)

Scheme 1-6. Synthesis of chiral phospha[1]FCPs.

Recently, Miiller and co-workers reported the synthesis of chiral phospha[l]FCPs

starting from an enantiomerically pure dibromoferrocene (S,,5,)-19, which was equipped with



alkyl groups on both Cp rings [(SP,SP)—ZOR and (S,,5,)-21; Scheme 1-7].5%* Later, the same
group synthesized a racemate of planar-chiral phospha[l]FCP, having one iPr group on the

ferrocene moiety (rac-22).

1 R

R
@\ 2.1 equiv nBuLi, 0 °C,
Br )

] thf / hexanes (1/9)

Fe - Fe
Br 1.1 equiv CI,PR E? /
C 2

R RZ

PR

(Sp:Sp)-19 (Sp.Sp)-20R (R' = R? = iPr; R = Ph, iPr, or {Bu)
(Sp.Sp)-21 (R" = R? = 3-pentyl; R = tBu)
rac-22 (R' = iPr; R = H; R = Ph)

Scheme 1-7. Synthesis of chiral phospha[1]FCPs having alkyl substituted Cp rings.

1.2.2 Diphosphal2]ferrocenophanes

In [2]FCPs, the common angles a, B, 8, and 0 are defined in a similar manner as those in
[1]JFCPs. In addition, the angle t is also introduced in the [2]FCP system, which is the angle
between the least-squares plane Cpeentroia—Fe—Cpeentroia and the E-E bridging bond vector (Figure
1—5).11 In general, the introduction of an additional bond into the bridge of [2]FCPs leads to a

decrease in the tilt angle a comparing to that of the [1]FCPs, therefore diminishes the ring strain.

_74[3— @//
Fe s MRy (a JRbEE F/L(E

O'(ER, _\_----"
L &b

Figure 1-5. Common angles to characterize distortions in [2]FCPs.

While there are many reports on the preparation of phospha[l1]FCPs as well as their
polymerization behaviors,” >>**% diphospha[2]FCPs have not been extensively studied so far.

The first diphospha[2]FCP is the bis(triphosphazene)-bridged [2]FCP (23; Figure 1-6), which



was reported by Allcock in 1984.%° Compound 23 was isolated in a trace amount from the
mixture obtained from the reaction of dilithioferrocene(tmeda) with an excess of
hexachlorotriphosphazene (NPCl,);. The phosphorus centres of species 23 reacted with
nucleophiles like CF3CH,ONa or LiEt;BH to give ring-opened products.65 Later, Pietschnig et
al. reported the preparation of a diphospha[2]FCP with trivalent and pentavalent phosphorus
66

atoms in the ansa bridge (24), using a water-induced P—P bond formation reaction.

cl
Cl—p=

N pCl O H
=N5_N QB/P\

N

Tbt

Fe FI’ Fe |
~ P<__Tbt
U N\P/CI @ i
N e
CI/F,)\N Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl
Cl
23 24

Figure 1-6. Diphospha[2]FCPs having pentavalent phosphorus centers.

Recently, Mizuta and co-workers isolated the first diphospha[2]FCP containing Bu
groups on trivalent diphosphine units (26™"; Scheme 1-8), through a reductive coupling with
magnesium turnings.33 Later, the same group also reported the synthesis and isolation of the
diphospha[2]FCP with NEt, substituents on the two trivalent phosphorus atoms (26™2).5 The
X-ray crystallographic measurement of compound 26" showed a tilt angle of 12.6°, which is

1° smaller than that of the previously diphospha[2]FCP (26™", 0 =13.6°).%

Cl
|
PR TN
| Mg I PR
Fe — > FRe |
- 2>
= PR
Cl
25R (R = Bu, NEt,) 26R (R = tBu, NEt,)

Scheme 1-8. Synthesis of diphospha[2]FCPs through a reductive coupling with magnesium

turnings.
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Others [2]FCPs contained phosphorus as one of the bridging elements were also

%854 Due to the significant Cp ring tilt of 27 and 28

successfully synthesized (27-30; Figure 1-7).
(o = 14.9° and 18.2°; respectively), both compounds could be thermally polymerized.54 Later,
Miiller and co-workers reported the first example of [2]FCP bridged by nitrogen and phosphorus

atom (29; Figure 1—7).68 In addition, in the purification of compound 29 by column

chromatography, its desilylated counterpart was also isolated (30).

Me
Me
Me~ g @\
Me? CH, [ NR
Fe ! Fe !
> PR \ P(S)tBu
27 (R = Ph) 29 (R = SiMe3)
28 (R = Mes) 30 (R=H)

Manners et al., 2000 Miiller et al., 2016

Figure 1-7. [2]FCPs with phosphorus in bridging positions.

To date, there are no reports on the polymerization activities of the diphospha[2]FCPs.

The currently known application of diphospha[2]FCPs as diphosphine ligands is the

coordination reactions with [(W(CO)s] and [Cr(CO)s] metal fragments (Scheme 1-9).”>*’

W(CO)s Cr(CO)s
@r!)/nBu C/@\FL/Ph

/
Re Fe |

£ ey 2> e

W(CO)s / Cr(CO)s
31 32
W(CO)s :/ “p—R/crco)s

Fe
P\
2> x
26R (R = nBu, Ph, or NEt;)  Mizuta et al., 2012, 2016

Cr(CO)5J

Scheme 1-9. Synthesis of metal complexes of diphospha[2]FCPs.
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1.2.3 Other phosphorus-bridged [#]ferrocenophanes

The first [3]FCP where phosphorus is included in a carbon tether (34; Figure 1-8) was reported
by Hey-Hawkins and co-workers.”’ After that, Pietschnig et al. reported the synthesis of [3]FCP
with NPN bridge (35),” and recently, they also prepared a series of [3]FCPs with P—Si—P motifs

(36)."

Fe PR
Hey-Hawkins et al., 1993

34 (R=Phor Cy)

T™MS tBu
N (E=SS
Fe >P-Tbt Fe /Sin Pietschnig et al., 2015, 2016
N @—Fi
\TMS tBu
35 36 (X = Cl, Br, 1)

Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl

Figure 1-8. [3]FCPs with phosphorus in the heterobridge.

Marinetti and co-workers synthesized 2-phospha[3]FCPs derivatives with either
stereogenic carbons (37; Figure 1-9) or planar chirality (38).”>”> The planar chiral [3]FCPs 38
were used as catalysts for a [3 + 2] cyclization reaction, between ethyl 2,3-butadienoate and
diethyl fumarate. Especially, the chiral compound with a cyclohexyl (Cy) group on phosphorus,
389, showed both high yield (70%) and high enantioselectivity (90%) in this type of cyclization

: 2
react10n.7
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Fe 1
"

38R1
R = Me, Et, Me,Ph, Me
R" = Ph, Menth, Cy

Ph
@—k Rssi;' \
Fe PPh
Ph
37

Marinetti et al., 2007, 2009

Figure 1-9. Chiral 2-phospha[3]FCPs.

Osborne and co-workers reported the synthesis of the first triphospha[3]FCPs (39; Figure
1-10), using the reaction of 1,1'-dibromoferrocene and LiP(Ph)-P(Ph)-P(Ph)Li.” Recently,
Pietschnig et al. synthesized a series of triphospha[3]FCPs with various substituents on
phosphorus atoms (40-43)." All of these [3]FCPs are basically unstrained as the Cp rings

deviate only slightly from coplanarity (interplanar angles o = 1.2-4°).”*"

Ph
e
F \PPh
e
/ Osborne et al., 1993
R
Ph
39
/tBu /tBu
=S =S
Fe /PX Fe /PH
<+ <+
tBu tBu
40(X=F, ClBr. ) 41 Pietschnig et al., 2017
/tBu /tBu
< A
Fe /PNEt2 Fe /PtBu
< R C&E—Fi
tBu tBu
42 43

Figure 1-10. Triphospha[3]FCPs.



1.2.4 Poly(ferrocenylphosphine)s via ring-opening polymerization of

phospha[n]ferrocenophanes

In the early 1980s, Seyferth and co-workers isolated high-molecular-weight PFPs (M,, = 161
kDa) via a polycondensation reaction when treating 1,1-dilithio ferrocene with PhPCI, (Scheme
1-10).* For a polycondensation reaction, such a large molecular weight is unexpected due to the
difficulties in achieve both high purity levels of the reactive organometallic species, and the
precise stoichiometry between the monomers. Therefore, polycondensation reactions normally
lead to the formation of only low-molecular-weight products. The authors did not speculate

about this unexpected high value of the molecular weight.

1 @\P cl o @P OH
! Et20, ', Ph 22, I, Ph

Fe + PhPCl — Fe Fe
v R== H

* n n

2/3 tmeda M,, = 161 kDa

Scheme 1-10. Synthesis of poly(ferrocenylphosphine)s via polycondensation reaction.

Also in the same work, attempted anionic ROP was performed by reacting the
phospha[1]FCP 11™ with phenyllithium in ethereal solvents (Scheme 1-11).** This led to the

formation of oligo(ferrocenylphosphine)s with 2—5 repeating units.

I\ PhLi

PPh —— Oligomers
Fe thf, rt, 0

11Ph

Scheme 1-11. Attempted anionic ROP of the phospha[1]FCP 11™.
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In 1995, Manners successfully produced high-molecular-weight PFPs via thermal ROP
of the phospha[l]FCP 11" Ring-opening polymerization, one form of chain-growth
polymerization, is an efficient way for the formation of high-molecular-weight polymers. The
driving force for the ROP is the release of ring strain of metallocenophanes. The following

sections describe different types of ROP methods applied for phospha[1]FCPs.
1.2.4.1 Thermal ring-opening polymerizations

Thermal ROP of metallocenophanes is one of the most convenient and simplest method to
obtain metallopolymers. However, with this method molecular weight and molecular weight
distributions cannot be controlled. Manners et al. first reported the successful thermal ROP of
phospha[ 1 JFCPs having different substituents on the Cp rings (11™, 15, and 16; Scheme 1-12)
to afford polymers 11,™, 15, and 16, respectively.”’ The resulting polymers were reacted with
elemental sulfur in order to be analyzed by Gel Permeation Chromatography (GPC). The
sulfurized polymers possessed molecular weights from 18,000-65,000, and molecular weight
distributions from 1.5-2.3.%” In contrast, direct thermal ROP of a phosphine sulfide bridged
[1]JFCP (11™-S) resulted in partial decomposition of the products, and generation of insoluble

materials that cannot be analyzed.”’

R R'

§§R heat h gh Sg y \QID Eh
Fe PPh e — > 1n Fe Isl,
/ \ n

R? R? 2 n

11Ph (R1=R2 = H) 1,7 11,Ph.s

15 (R' = nBu; R? = H) 15, 15,-S

16 (R"=R2? = SiMes) 16, 16,-S

Scheme 1-12. Thermal ROP of substituted phospha[ 1 ]JFCPs and sulfurization of resulting PFPs.
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Later, Manners and co-workers conducted the thermal ROP of a phosphonium-bridged
[1]JFCPs (44; Scheme 1-13) to yield polymer 44,°% The molecular weight as well as the
molecular weight distribution of polymer 44, could not be determined by GPC, due to the
interaction between the cationic polymer backbone and the column material. Dynamic light
scattering (DLS) studies showed that the polymer 44,, possessed hydrodynamic radii in the range

of 3045 nm, suggesting that the compound was polymeric rather than oligomeric.52

. -
* oTf
Ph
= LS4
/ - 145°C
Fe  pCPMomt T 2 g Fe  Me
E
n

|
44 44,

Scheme 1-13. Thermal ROP of the phosphonium-bridged [1]FCP 44.

Brunner et al. thermally polymerized the chiral phospha[1]FCPs 17 and 18, which
afforded oligomeric products 17, and 18, with up to 8 repeating units (Scheme 1-14).** The
rhodium complexes of 17 and its oligomeric product 17, were both used as catalysts for
asymmetric hydrogenation of folic acid, however, low diastereomeric excesses were achieved

(2.1-20%).**

/@\ WR 190-195 °C :.

P
Fe&/P EE—— Fe R
17 (R = menthol) 17,
18 (R = borneol) 18,

Scheme 1-14. Thermal ROP of the chiral phospha[1]FCPs 17 and 18.

The first thermal ROP of phospha[2]FCP was reported by Manners and co-worker.”*

Compound 27 was thermally polymerized at 250 °C to afford polymer 27,, which was then
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reacted with elemental sulfur in order to be analyzed by GPC (Scheme 1-15). The sulfurized

polymer 27,-S possessed a molecular weight M, of 1.2 x 10* g/mol and a dispersity D of 1.6.

Me Me Me Me Me
I == =
Me
o Me Me Ph
Me Fle C|H2 M» Me'Fe i» MeFe
\ PPh
27 27, 27,-S

Scheme 1-15. Thermal ROP of compound 27.

Recently, Miiller and co-workers reported on a thermal ROP of a planar-chiral
phospha[1]FCP having one iPr group on the ferrocene moiety (Scheme 1-16).>' This
polymerization led to the formation of polymer 22, and cyclic oligomers of type 45. MS data of
the cyclic oligomers showed the presence of a range of cyclic species, from dimers to heptamers.
Structure characterization of one of the isolated cyclic dimers (anti-45) led to the conclusion that

the Fe—Cp bond breaks during the thermal ROP process.

Ph
P iPr 1-S
iPr jl s @ @ = "=
/ :\ 1) 300 °C I 4 | ' TS P
Fe PPh~>" | Fe Ph| + Fe Fe + Fe ¢ Fe '
e’ s >N - N>
= CP\/P < Q\/P
N Prg’| iPr |

Ph Ph

trans-22 22, anti-45 syn-45

Scheme 1-16. Thermal ROP of the planar-chiral [1]FCP trans-22.

1.2.4.2 Living anionic ring-opening polymerizations

Living anionic ROP provides several advantages over other polymerization methods, such as
control of molecular weight, and narrow molecular weight distribution of polymers. Anionic
ROP of metallocenophanes initiated by organolithium reagents involves a cleavage of a Cp—P

17



bond in the monomer. The living anionic ROP of phospha[1]FCP 1™ using nBuLi as initiator
was reported by Manners ef al. (Scheme 1-17).*** After sulfurization, depending on monomer
to initiator ratios (11:1 to 100:1), the resulting polymer 46,-S possessed molecular weights

ranging from 36,000 to 32,000, respectively.

nBuLi @P//HBU o ©\ /’”BUS @\Ph,/nBu

/
n Fe PPh———— Fe Ph| ———| Fe Ph| — | Fe U
tht

LiT

11Ph

Scheme 1-17. Living anionic ROP of compound 11",

Also in the same work, a block copolymer prepared by living anionic ROP of species
117" with hexamethylcyclotrisiloxane (47,; Scheme 1-18 ) reacted with either Pd(1,5-cod)Cl, or
Fe,(CO)o, resulting in polymers 48,.°° In both cases, the amount of coordination to phosphine

groups was estimated to be about 20-22% based on *>'P NMR spectroscopy.

l\llle
@\P MU e.siO] Si—0-SiMe;
Y i) [Me,Si |
Fe Ph e Fe Me
ii) Me3SiCl Ph y
nBu+P —(&)7
Li «
ag,t " 47,
[M]l
Ph
p <L
| I
Fem n Fe Me
Ph |
nButP —(&)7 &) Sli-O
v Me
M] y

48, [M] = PdCl, or Fe(CO),

Scheme 1-18. Synthesis of diblock copolymer 47, and metal coordination reaction of the block

copolymer 47,, with Pd(1,5-cod)Cl, and Fe,(CO).
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The diblock copolymer poly(isoprene-b-ferrocenylphosphine)s (PI-b-PFP) 49, was
synthesized via a living anionic ROP (Scheme 1-19).>® Micellization of PI-b-PFP with different
block ratios was studied by transmission electron microscopy (TEM) and DLS measurements.
These block copolymers formed star-shaped spherical micelles in hexanes, with a dense PFP
core surrounded by a corona of PI chains. In addition, the phosphorus sites in the block
copolymer backbone were reacted with Au(CO)CI to produce the corresponding gold-modified

block copolymers.5 6

g " ”j/iu @\P

—_— Fe Ph n

mRe PPN MeoH
2>’ <

11Ph 49,

Scheme 1-19. Synthesis of poly(isoprene-b-ferrocenylphosphine)s 49,.
1.2.4.3 Photolytic ring-opening polymerizations

Photolytic ROP is the most recent method that was developed to obtain well-defined high-
molecular-weight polyferrocenes. Miyoshi and co-workers first reported the photolytic ROP of
phospha[1]JFCP 11™ to yield in polymer 50, with M, = 1.9 x 10* Da (Scheme 1-20).* The
authors also found the formation of cyclic dimers 51 as minor products when the compound 1™
was irradiated under ultraviolet-visible (UV-Vis) light.76 Both syn and anti isomers of the cyclic
dimers 51 were isolated, and their molecular structures were solved by single-crystal X-ray

. 76
analysis.
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Ph

|.S
Ls
) = ey =
1) hv, thf, 0 °C = p" | ~p 1 |
F Fe
8

/N
nFe@/PP“ | Feos ©oFe g fe

== s b &b
n CAS//FI,/Q Q\T\\S T
Ph Ph
11Ph 50, syn-51 anti-51

Scheme 1-20. Photolytic ROP of compound 11",

In the same work, the photolytic ROP of phosphorus-bridged [1]FCPs coordinated to a
transition metal moiety (52; Scheme 1-21) afforded highly metallized polymer 53, with M, = 1.8
x 10* Da and P = 1.67.> Since the pendant group is present in every repeating unit, the final

polymer 53, has a well-defined structure.

=}

[M] = [Mn(n*-C5H4Me)(CO),], IMn(n’-C5Hs)(CO),] and [W(CO)s]

Scheme 1-21. Photolytic ROP of phospha[ 1]JFCPs coordinated to a metal fragment.

In order to understand the mechanism of this photolytic ROP, Miyoshi and co-workers
carried out the photolysis of phospha[1JFCP 11™™-S in the presence of P(OMe); or PMe;.”
When being irradiated with a large excess of P(OMes), compound 11™-S was transformed into
species 54. Single-crystal X-ray analysis of this compound showed that one Cp ring underwent a
haptotropic shift from ns to nl. Thermal ROP of 54 yielded polymer 50,, indicating that the

structural feature of this compound is suitable for polymerization.
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S
<= Y
/ _Ph  excess P(OMe); i Ph

Fe

P~
Fe@/ \S thf, hv (MeO)3P/ |
(OMe)3P

11Ph.s 54

Scheme 1-22. Photolysis of compound 11™-S in the presence of P(OMe)s.

In contrast, if P(OMes3) was replaced by stronger coordinating ligand PMes, the ring-
opened product 55 was formed. NMR spectroscopic data revealed that one Cp ring completely

dissociated from the iron centre.

Fe Px
22 /7S thf, hy MesP” [\
Me;P PMej

11Ph.g 55

i
S\ L2 —P-Ph
/ ,Ph excess PMej T+
e}

Scheme 1-23. Photolysis of compound 11*-S in the presence of PMes;.

These results strongly support that the mechanism of photolytic ROP proceeds through a
cleavage of the Fe—Cp bond (Scheme 1-24). First, the UV-Vis irradiation of monomer 11""-S
weakens the Fe—Cp bond and facilitates a nucleophilic attack at the Fe center. A 175—'[0—171
haptotropic shift occurs, leaving two vacant coordination sites on the Fe center, which are
occupied by two thf molecules. This ring slippage leads to the formation of intermediate 56. The
compound 56 further reacts with another monomer 11™-8, thereby propagating the molecule

chain.
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&

A o

thf— \s initiation [
P 11Ph.s Fe propagatlon
Ph

56

Scheme 1-24. Proposed mechanism for the photolytic ROP of compound 11™-S. For the
intermediate 56, only one of many feasible isomers is shown. These isomers differ with respect

to the position of the allylic proton on the n' bound Cp ring.

In recent years, Manners and co-workers synthesized homopolymers and diblock-
copolymers of PFPs via a photolytic living anionic ROP of phospha[l1]FCPs 57, and S8,
(Scheme 1-25).*° This type of living polymerization provides the same advantages as anionic
ROP, such as control over molecular weight, and deliver of narrow molecular weight
distribution. Furthermore, it can also allow for the preparation of block copolymers. In addition,
the use of a milder initiator like NaCsHs makes this polymerization method easier to perform in

practice than that where conventional organolithium reagents (like nBuL.i) are required.
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1) NaCp, thf

@\ 2h,5°C
) D
n Fe PR —> Fe Fe

@/ ) MeOH

1R
(R = CMe3, CH,CMej, or CH,SiMej3)

NaCp, thf
2h,5°C
n Fe/
1. light off
9 (b)
11CH2CMe3 Q\
(R = CH,SiMe3) i
@/ CH,CH,CF5
2. lighton, 3 h,5°C

R 3. MeOH
B
] ] -
Fe Fe
H é—Si
/\
HsC CH,CH,CF
n m

8n

Scheme 1-25. Synthesis of (a) poly(ferrocenylphosphine)s homopolymers 57, and (b) diblock
copolymer 58, through photolytic living anionic ROP. For the polymer 57, and 58,,, only one

specific isomer was shown, with respect to the Cp ring.

The living anionic ROP initiated by organolithium reagents occurs through a cleavage of
Cp-P bond. By contrast, the photolytic living anionic ROP proceeds through photoactivation
and subsequent cleavage of the Fe—Cp bond of the monomer. The mechanism of this photolytic
living anionic ROP (Scheme 1-26) is similar to that of the previously mentioned photolytic ROP

of compound 1178 (Scheme 1-24).
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Scheme 1-26. Proposed mechanism for the photolytic living anionic ROP of compound 1™,

1.2.4.4 Transition-metal-catalyzed ring-opening polymerizations

Phospha[1]FCPs have also been shown to have the ability to undergo transition-metal-catalyzed
ROP.**"" However, trivalent phosphines do not undergo ROP under these conditions due to the
poisoning of the employed catalysts by coordination to phosphorus centers.”’ Reaction of the
phospha[1JECP 11™ with methyl triflate led to a phosphonium-bridged [1]FCP 44 that could be
converted into polymeric material by transition-metal-catalyzed ROP (Scheme 1-27)>% In
addition to the polymer 59, other unidentified products were found. The authors speculated that

these byproducts are likely cis and trans conformers of cyclic dimers.’>

+ +OTf
=N o /
/ _Ph - 10 mol% PtCl P
Fe P oTf —— 22, Fe e
2? /" Me CH,Clp ~
44 59,

n

Scheme 1-27. Transition-metal-catalyzed ROP of the phosphonium-bridged [1]FCP 44.
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The reaction of compound 11" with boron trichloride resulted in a borane adduct (60;
Scheme 1-28) of the phosphorus-bridged [1]FCP. The adduct 60 was found to undergo
transition-metal-catalyzed ROP with a platinum catalyst,”’ resulting in the insoluble polymer
60,,, which could not be analyzed by GPC. However, solid-state NMR spectroscopy and
pyrolysis-mass  spectrometry confirmed that 60, is poly(ferrocenylphenylphosphine

trichloroborane).77

< o
/ _Ph 6 mol% Pt(cod), r P
Fe P =—————3% | Fe |
\ CH,Cl, BCl,
BCl,
60 60, n

Scheme 1-28. Transition-metal-catalyzed ROP of the borane adduct 60 of phospha[1]FCP.

1.3 Ferrocene-based P-chiral phosphine ligands

1.3.1 Planar-chiral ferrocenes

Electrophilic substitutions on the Cp ring of a ferrocene unit can break its plane of symmetry,
thus creating a planar-chiral ferrocene. In this thesis, the nomenclature “R,” and “S,” proposed
by Schldgl™ is used to indicate the planar chirality of substituted ferrocene derivatives (Figure
1-11). According to this rule, when a molecule is viewed from above, a R or S configuration

indicates a clockwise or anticlockwise sequence of groups of decreasing priority, respectively.
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Figure 1-11. Assigning planar chirality for 1,2-heterodisubstituted ferrocenes using the S, and

78
1,

R, stereodescriptors, as defined by Schlogl,”™ where X has a higher priority than Y.

Planar-chiral ferrocenes are very important compounds that are commonly applied in
asymmetric catalysis. A remarkable example of the use of a chiral ferrocene ligand in the
chemical industry is the synthesis of a precursor of the herbicide (S)-metolachlor, by an Ir-
Xyliphos-catalyzed asymmetric hydrogenation reaction (Scheme 1-29).”° This is an extremely
efficient process and is the largest-scale enantioselective catalytic process in industry with
turnover numbers (TONs) of 2,000,000 and turnover frequencies (TOFs) of around 600,000 h',
producing more than 10,000 tons per annum. The following section describes the preparation of

chiral ferrocene-based phosphine ligands and their application in asymmetric catalysis.

H3CO HsCOJ\
.COCH,CI
NH, o )\NH N 2
. )J\/OCHQ, +H, Ir/Xyliphos
iodide, acid

cyclohexane
50 °C, 80 bar ee 76-78% (S)-metolachlor
@/LP@l
PPh
L

(Sp;R)-Xyliphos

Scheme 1-29. Enantioselective synthesis of (S)-metolachlor.
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1.3.2 Structural variety of ferrocene-based P-chiral phosphine ligands

The first example of an enantiopure planar-chiral ferrocenylphosphine is ppfa (68; Figure 1-12),
which was synthesized by Hayashi and Kumada in 1974 via a diastereoselective ortho-lithiation
of Ugi’s amine.*® This ligand is an efficient chiral ligand in some transition-metal-mediated
reactions, and since this early discovery, a variety of chiral ferrocene ligands have been

developed and used in asymmetric catalysis (Figure 1-12) .38

1-Substituted ferrocenes 1,1'-Disubstituted ferrocenes Fe% Fe%
R Q 4
©/P\"R @ P @ P‘APh - @_P'Aph -
| Ar | I NMe, [ NMe,
Fe R Fe R Fe Fe
@ éP—@ @—PRZ

64 (ChenPhos
61 R Me,N ( )

62 (FerroTANE)

63 (Trifer)

1,2-Disubstituted ferrocenes

! NR; ]
P(R"), : O P(R"), , — /l / S—tBu
— - N @
PAr, T PR \ Fl PR,
e

| “PPh
Fe 2 Fe Fe Fe 2

- . s s =
65 (Josiphos) 66 (Taniaphos) 67 (Walphos) 68 (ppfa) 69 (Fesulphos)
1,1'1,2'-Tetrasubstituted ferrocenes Bisferrocenes
: CHEt, R :

: s [
@\NMez @—Pth @/Lp/ﬁ
| "PR, I | “PPh, Ph,P” |
Fe Fe Fe Fe

PR, éTPPhZ s Jem)
CHEt,
NM62
70 (Ferriphos, 71 [Ferrophos, R = (1-methoxy-1-methyl)ethyl] 72 (Pigiphos)

or Mandyphos)

Figure 1-12. Representative families of chiral ferrocene ligands with various applications in

asymmetric catalysis.
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The Ugi amine method is the most widely used strategy to synthesize chiral ferrocene-
based ligands, especially 1,2-disubstituted derivatives. Some specific ligands derived from Ugi’s
amine are Josiphos (65),84 Taniaphos (66),85’86 Walphos (67),87 and Pigiphos (72).88 For the
Josiphos-type ligand (65), after the diasteroselective ortho-lithiation, the dimethylamino group
in the Ugi amine is substituted using a secondary phosphine (R,PH) or pyrazole in polar solvents
(Scheme 1-30a).** The synthesis of the Walphos-type ligand (67) following Ugi amine method is
also illustrated in Scheme 1-30b.

@L NMe, @L PRy
PAI’Z PAr2

nBuLi | R,PH |

—————— Fe —— Fe a)

Ar,PCI <£ AcOH <__|_>
/\—/< NMe,

65 (Josiphos)

c&y NMe, P(R%),
73 1) sBulLi 4 1)sBuli (D
ZnCl, Bs (R"),PCI Fo (b)

2) @[Br == 2) (RPH ) PR,

AcOH
|

67 (Walphos)
[(Ph3P),PdCl,]

Scheme 1-30. Examples of syntheses of 1,2-disubstituted ferrocene ligands (Josiphos and

Walphos) from Ugi’s amine.

In recent years, a wide variety of 1,2-disubstituted ferrocene ligands have also been

synthesized by a sulfoxide approach, including ligands with planar chirality only (for example,

89,90
9

the Fesulphos 6 or Taniaphos-type ligand (66; Scheme 1-31).”' In this method, the chiral

sulfoxide was first employed via the diastereoselective ortho-lithiation step.*”***! After that, the

89,90 or it

ortho-directing group can be reduced to a metal-coordinating thioether (Fesulphos; 69),
can act as a leaving group by a rBuLi-mediated C-S cleavage, and further react with an

appropriate electrophile (Taniaphos; 66).”"
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CHO '
<= @E <= R,PCI <
75 PPh, 66 (Taniaphos)

Scheme 1-31. Sulfoxide approach for the synthesis of 1,2-disubstituted ferrocene ligands
Taniaphos and Fesulphos.

Another notable contribution to this area is the preparation of a new class of ligands
called “Ferriphos” with a 1,1',2,2'-tetrasubstituted ferrocenyl pattern, and later one type of

Ferriphos ligand was renamed as Mandyphos by De:gu521a.92’93

These ligands were developed
from the Corey-Bakshi-Shibata (CBS) reduction of a 1,1'-diacetylferrocene to the corresponding
diol, followed by a nucleophilic substitution reaction (Scheme 1-32). A worthy note about this
method is the retention of configuration (R,R-central chirality) on the ferrocene unit during the

formation of product. Kang and co-workers have independently reported the C,-symmetric

bisphosphine Ferrophos ligand with similar structural features (71; Figure 1-12).

Ph
@ th OH NMe, NMe,
NN /O - : :
e ; =% S
FI AcCI/AICI; FI Me FI 1) Ac,0, pyridine FI 1) nBuLi, Et,0 |:| PPh,
e ———> Fe e e e
CH,CI H4B*SMe,, thf, 0 °C 2) HNMe,, MeOH/H,0 2) CIPPh,
i~ 2vl2 3 €2 & &) &) PPh,
0 OH NMe, NMe,
76 77 78 79 70 (Ferriphos)

Scheme 1-32. Synthesis of C,-symmetrical Ferriphos ligand.
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Burk er al. reported the synthesis of the 1,1'-disubstituted ferrocenyl phosphine
FerroTANE (62; Figure 1-12) achieved by attaching two phosphetanyl fragments to the
ferrocene moiety.”” In accordance with the interest in C,-symmetric ferrocenyl ligands, Marinetti
and co-workers also isolated some rhodium and ruthenium complexes of FerroTANE-type
ligand (62; Figure 1-12).°*" In recent years, Chen and co-workers synthesized a new class of
chiral diphosphine ligand called Trifer (63; Figure 1-12), which combines carbon- and
phosphorus-centered chirality and planar chirality.98 Later, the same group reported the synthesis
of another C;-symmetric P-chiral diphosphine ligand, ChenPhos (64; Figure 1-12) which was

also developed from the Ugi amine method.”
1.3.3 Applications of chiral ferrocene-based phosphine ligands in asymmetric catalysis

Many chiral ferrocene-based phosphine ligands with outstanding applications in asymmetric
catalysis have been developed (Figure 1-12). Among those, many impressive results have been
achieved with members of the Josiphos (65), Ferriphos (70), Taniaphos (66), and FerroTANE
(62) families. For instance, the Josiphos-type ligands (65) have taken the lead in many industrial
applications of asymmetric catalysis. One of the notable industrial applications of Josiphos
ligands is the Rh-catalyzed asymmetric synthesis of (+)-Biotin (Scheme 1-33).100 The Josiphos-
type ligand 65", containing bulky fBu group, was found to afford a very high

diastereoselectivity in the synthesis of intermediate 80.
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Scheme 1-33. Rh-catalyzed synthesis of (+)-Biotin intermediate using the Josiphos-type ligand
65tBu.

A group at Takeda Chemical Industries studied the Rh-catalyzed asymmetric

hydrogenation of a B,B-diaryl-substituted o,B-unsaturated acid (Scheme 1-34).'"!

Among many
ligands used for test reactions, the Josiphos-type ligand 65 provided the corresponding
substituted propanoic acid (81) in 93% ee. This product is a key intermediate for synthesizing

naphthoquinone derivative II, which is a potential therapeutic drug for neurodegenerative

disease.

MeO
[Rh(nbd),]CIO, (5 mol %)

OO GO gaoy (5 mol %)
=
H, (10 MPa), MeOH, Et3N,

MeO 70 °C
OMOM
PPh,
PCyz
|
Fe Me

65 (Josiphos)

PhSO,H o\/\N/\\o
MOM = methoxymethyl [

Scheme 1-34. Josiphos/Rh-catalyzed asymmetric hydrogenation of a f3,-diaryl-substituted a,f3-

unsaturated acid drug precursor.
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In addition to the above industrial applications, chiral ferrocene-based phosphine ligands
also have found their applications on laboratory scale. A C,-symmetric ferrocene-based
phosphine ligand FerroPhos (71) developed by Kang et al. was found to be efficient for Rh-
catalyzed hydrogenations of a-dehydroamino acid derivatives (98% ee).”*' The Mandyphos-
type ligand 70 also provided excellent enantioselectivities in asymmetric hydrogenation of a-
dehydroamino acid derivatives (up to > 99.5% ee) (Scheme 1—3»5).85 Rh- or Ru-complexes
equipped with Taniaphos-type ligand 66,°'% have shown the high efficiency in asymmetric
hydrogenations. Especially, the Taniaphos-type ligand having a MeO group at the chiral carbon
center (66™°), showed good to outstanding performances in hydrogenation of several olefin and

ketone substrates (up to 99% ee) (Scheme 1-35).85

@) (0}
2
OR [Rh(nbd),]BF4/ferrocene ligand (2 mol %) OR?
pressure), MeOH

R"  x-cor?® M2 R' X-COR®

OMe

MeO @2 I?Et
o 2 P @l—P?
PO AR g g

>
|
rRMH Fe  NMe, Et
< ép_@
R',P :
Et
70 (Mandyphos) 66Me0 (Taniaphos) 62Et (FerroTANE)
R1=R2= OMe

Scheme 1-35. Rh-catalyzed asymmetric hydrogenation of dehydro-a-amino acids and itaconic

acid derivatives.

The synthesis of FerroTANE-type ligands was reported independently by Marinetti”®"’

and Burk.” The FerroTANE-type ligand 62" has been successfully applied in Rh-catalyzed
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hydrogenation of itaconates, which showed outstanding results in term of rate as well as
enantioselectivity (98% ee) (Scheme 1-35).” These types of catalysts were also used in the Rh-
catalyzed hydrogenation of B-keto esters, and showed moderate to high enantioselectivities

(Scheme 1-36).7°

R2, — R2 —
AN o o
\_/ OR! _Rh/62E 1 mol % \W/ OR'
0 — H, (1 bar), MeOH (6] "
>\—NH >—NH
Et
: 82 (R' = Me, Et; R? = H, 4-CHj, 4-Cl, 3-NO,)
= P
|
et Fe Et

ép—@

Et
62Et (FerroTANE)

Scheme 1-36. Rh-catalyzed asymmetric hydrogenation of a,B-unsaturated (E)-B-acylamino

esters.

1.4 Research objectives

The main objective of my PhD thesis was to synthesize new chiral phosphorus-containing
polymers, more specifically, poly(ferrocenylphosphine)s (PFPs). In order to achieve the main
goal, it was intended to prepare a family of monomers for ROPs. As mentioned in section 1.2,
phospha[1][FCPs are among a few groups of strained organometallic compounds that can
undergo ROP with control over molecular weight and molecular weight distribution. Although
phospha[1]FCPs are well-documented in literature,**>%%>%-2 chiral phospha[l1]FCPs are
comparatively less explored.’****’ On the other hand, diphospha[2]FCPs have not been

28,33,65,66,104

thoroughly studied to date, and no attempts to polymerize these compounds have been

reported. Therefore, new enantiomerically pure phospha[n]FCPs (n = 1, 2) with different
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substituents on phosphorus were prepared. Once synthesized, the polymerization behaviour of
these new species was explored.

Thermal ROP was chosen to polymerize these strained compounds (section 2.3), as it is
one of the most convenient methods to obtain well-defined metallopolymers. However, with this
method molecular weight and molecular weight distribution cannot be controlled. Therefore, the
use of another advanced technique was selected. As discussed in section 1.2.4.2, anionic ROP
provides the preparation of polymers with control of major structural factors that affect polymer
properties. In addition to the polymerization, alkyl groups on the ferrocene moiety could be used

as markers to investigate the mechanistic insights into the unknown mechanism of thermal ROP.
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CHAPTER 2. RESULTS AND DISCUSSION

2.1 Synthesis of chiral phospha[n]ferrocenophanes
2.1.1 Synthesis of (S,,S,)-1,1’-dibromo-2,2'-di(isopropyl)ferrocene

The synthesis of the starting material of key importance for the thesis at hand, the
dibromoferrocene (S,,5,)-19, was successfully performed by following the published procedure
(Scheme 2-1).'"? The key step in the multistep synthesis is the asymmetric CBS reduction of
1,1'-diacetylferrocene 77 to the R,R-isomer of the diol 78, which was transformed into amine 79
with retention of configuration.'®** Compound 79 was stereospecifically lithiated and then
brominated with 1,2-dibromotetrachloroethane to yield species 84. In this last step of Scheme
2-1, the central chirality was removed to give the final compound (S,,S,)-19 with planar chirality

(Sp,Sp'isomer; C2 Symmetry)'loz,lOS

Ph

+ | Ph
0 osequn { I oH OAc
N_/
> @)k ; =

¥ ACCIAICI, Me : Ac,0 :
Fe Ch,Cl Fe BHySMe,, thf, 0 °C Fe oyridine [
2Ll 3 €y, N,
o) OH OAc
76 77 78 83
MeOH/HZOlHNMeZ
Me OAc NMe, NMe,
Me,,. = = =
d\H @\ @\ 1) 4 equiv nBuli, @\
~ Br AlMe;, ] Br Ac,0,70°C 3 Br _ELOrt12h T
- - e - Fe -
2) (CCL,Br),,

CQ# it oraCle 78 OC@ @ thf, -78 °C
Me

Me OAc NMe, NMe,
(Sp:Sp)-19 85 84 79

Scheme 2-1. Synthesis of the known chiral dibromoferrocene (S,,S,)-19.
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The reported single-crystal X-ray analysis data of the dibromoferrocene (S,,S,)-19
showed that one of the methyl groups of iPr is approximately in the same plane as a Cp ring,
whereas the second methyl group is oriented away from iron and nearly perpendicular to the Cp
ring.lo5 It is interesting to note that a recent study revealed that the alkyl group, which is oriented
approximately perpendicular to the Cp ring, affects the outcome of the salt-metathesis

Lo
reaction.'%

2.1.2 Synthesis and characterization of the chiral phosphal[l]ferrocenophane (S,,S,)-

H2SiM
gGCH2SiMe3
Me,,Me Me,lMe Me/[ Me
e @ H @H
" B s iequivnBuli0°c o S« 1.1 equiv CLPCH,SIMey _
i thf/ hexanes (1/9) [ 50 °C, hexanes Re  PCHaSiMes
B s, Lith), ’
H . .
M M
® Me & e Me”
(Sp,sp)'19 (sp,Sp)-19Li (Sp,Sp)-SGCHZSiMe3

Scheme 2-2. Synthesis of the chiral phospha[1]FCP (Sp,Sp)-86CHZSiMe3.

Due to the moderate steric bulk of -CH,SiMe; group, the targeted phospha[1]FCP g6 HSIMe
was expected to be stable enough to be isolated. The known compound CI,PCH,SiMes; (87;
Scheme 2-3) was synthesized using the reaction of phosphorus trichloride with an
organocadmium reagent.”” The latter species was prepared in situ by a transmetallation of the
Grignard reagent (trimethylsilyl methyl magnesium chloride) with anhydrous cadmium chloride
at a low temperature (0 °C). Repeated flask-to-flask condensation at reduced pressure yielded
species 87 as a clear oil, which shows one signal at 8 = 205.5 ppm in the *'P NMR spectrum

(reported value: & =205.8 ppm).*’
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87

Scheme 2-3. Synthesis of the phosphorus reagent 87.

Addition of C1,PSiMej afforded the targeted phospha[1]FCP (S),S,)-86“"*™¢ (Scheme
2-2), which could be clearly identified in the reaction mixture by its distinct pattern of six Cp
signals in 'H NMR spectra. This could also be observed by a distinctive color change from

orange to dark-red. The compound (S,S,)-86">5Me?

was isolated by vacuum sublimation at 80
°C, to yield a mixture of a dark-red oil and a solid. The mixture was further purified by
crystallization in hexanes at —80 °C, and the final product was obtained in a form of dark-red
crystals (50% isolated yield).

As expected for a Cj-symmetric compound, 'H NMR spectroscopic data of the isolated
species show 6 equally intense peaks in the Cp range at 6 = 4.41, 4.25, 4.22, 4.18, 4.04, and 3.96
ppm (Figure 2-1). This is similar to the 'H NMR pattern of Cp range of the related chiral
phospha[1]FCPs (S,,,Sp)—ZOR, which were previously synthesized by the former group member
Saeid Sadeh (Figure 2-2).% Compared to the 'H NMR spectrum of the known non-alkylated
phospha[1JECP (11°"2™3) which showed four signals in the Cp range (8 = 4.42, 4.35, 4.29 and
4.22 ppm), an unusually low ¢ value (3.96 ppm) in one of the Cp protons signal of (S,,S,)-
86°15Me3 a5 observed. The signal at & = 3.96 ppm is assigned to one of the o-H, which is in
the proximity of iPr group on the neighboring Cp ring. The methine protons of iPr groups
resonate at 6 = 3.10 and 3.43 ppm. The signal difference in the chemical shift is likely caused by
the CH,SiMe; group, which shields one of the methine proton. On the other hand, the two

methine signals show different patterns in 'H NMR spectrum, for example, a septet at 8 = 3.10

ppm and a septet of doublets at 8 = 3.43 ppm. As the methine protons of the iPr groups of the
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precursor (S,,5,)-19 appear as septets, the additional coupling in compound (Sp,Sp)-86CH25iM"’3 at
0 = 3.43 ppm must be caused by phosphorus (Jpy = 3.2 Hz). The fact that only one of the two
methine protons shows coupling with phosphorus proves that it cannot occur through bonds, but

through space.'””'® The chiral species (S,,S,)-86"25™M¢3

equipped with two iPr groups adjacent
to phosphorus is a unique species to exemplify the uncommon through-space nuclear 'H-'P

coupling. This type of compound is an ideal example to differentiate between through-space and

through-bond coupling mechanism in NMR spectroscopy.107

-Si(CH;);
Me, Me A o 1<::|~
g R ECEEIE ISR
H | \/ \
, . \ SY \
Fe  PCH,SiMes P-CH,-Si(CH,),
§ H / \M
Me'
Me 1
)
(Sp,Sp)-SGCst'M°3 T T T T T

1 1 1.4 ppm

| [l |1

D) ) ~ [Vel |

o O | Q) O

. © ol o

CH(CHs),
Cp protons CH(CH;),
N P [ W A
T T T T T 1 ‘ T '
4.5

T T
4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 ppm

Bk I "

Figure 2-1. "H NMR spectrum (500 MHz) of the chiral phospha[ 1]JFCP (Sp S[,)-86CHZSiMe3,

The most distinguishable feature of the 13C{IH} NMR spectrum of (Sp,Sp)—86CHZSiMe3 is
the upfield shifts of the two ipso-carbon atoms attached to the bridging P atom, which appear as

two doublets at 6 = 19.6 and 20.4 ppm (Jpc = 49 and 67 Hz; respectively). These values are close
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to those of the known phospha[1]FCP with the same bridging moiety (11CH5Me3. 5 = 20.8
ppm).* Two downfield resonances for the ipso-carbon atoms attached to iPr groups at & = 104.7
and 106.7 ppm, are also in the reported chemical shift range of chiral phospha[1]FCPs ((S,.S,)-
20® and (SP,S,,)—thB“; o = 104-107 ppm).lOQ’5 164 The 3'p NMR spectrum of species (S,,S,)-
§CH2IMe3

shows a signal at 6 = —4.2 ppm, which is quite close to the known non-alkylated

species (11H2Me3. 5 — 7 1 ppm).*

CHMe, ~CHEt,
/@\ [\ N
LF;/PCHzSiMe;.; LL?/PR Re  PtBu
CHMe, CHEL,
11 CH2SiMe3 (Sp,S,)-20R (SpSp)-21"84
R = Ph, iPr, tBu

Figure 2-2. Non-alkylated and alkylated phospha[ 1]FCPs.

2.1.3 Synthesis and characterization of the chiral phospha[1]ferrocenophane (Sp,Sp)-861\I"Pr2

Me.,, | Me, Me CHMe,

' g = NiPr

C H (1) 2.1 equiv nBuLi, 0 °C, QH D) z
Br / " /P

] thf / hexanes (1/9)

Fe - - Fe PNiPr, + Fe CI
Br (2) 1.1 equiv C|2PNIPF2 MezHC:.
%H r.t., hexanes H =
Me Me Me T_CI
Me NiPr,
(Sp,sp)'19 (Sp‘sp)_ssNiPrZ ggNiPr2

Scheme 2-4. Synthesis of the chiral phospha[1]FCP (S,,,S,,)—86Nipr2, along with the formation of

1,1'-bis(phosphanyl)ferrocene 88™*"2.

The known aminodichlorophosphine 89 was prepared by a one-step synthesis from /Pr,NH and
PCl; at 0 °C in hexanes (Scheme 2-5).''" The final product 89 was obtained as a colorless liquid
by condensation under partial pressure (0.1 mbar). The 3P NMR spectrum of compound 89

shows one signal at 6 = 170.3 ppm, which is close to the reported 3P chemical shift of the same
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compound (8 = 170.2 ppm).'" Since the NiPr, group has a large steric bulk and works as a -

donate to phosphorus center, the resulted phopsha[1]FCP (Sp,Sp)—86l\I"Pr2 was also expected to be

stable enough for the isolation, like the previously synthesized (S, Sp)—86CHZSiMe3.

iPr iPr,
\ \

o /NH PCl3, hexanes /N—PCI2
iPr 0°C iPr

89

Scheme 2-5. Synthesis of the phosphorus reagent 89.

As before, Li/Br exchange reaction was used to prepare (Sp,Sp)-19Li, followed by a
dropwise addition of a iPr,NPCI, solution over a period of 10 min using a syringe pump
(Scheme 2-4). The reaction mixture was then warmed up to r.t. and stirred at this temperature for
30 min. The '"H NMR spectrum of the reaction mixture shows an approximate ratio of 1 to 1
between (S,,S5,)-86™"" and 1,1'-(NiPr,),fc™" 88N (fc™ = (S,,5,)-1,1'-[(Me,CH)H;Cs],Fe). The
phospha[ 1]ECP (S,,S,)-86""""* was isolated by a flask-to-flask condensation at reduced pressure,
with temperature of 80 °C, and obtained as a dark-red oil (20% isolated yield). The compound
was characterized with NMR spectroscopy, mass spectrometry, and CHN elemental analysis.

In the '"H NMR spectrum of the isolated species, the lack of symmetry is clearly observed
with four overlapping signals in the Cp range, corresponding to six Cp protons (6 = 4.45, 4.22,
4.15, and 3.91 ppm; Figure 2-3). Tts *C{'H} NMR spectrum shows two distinct doublets at & =
105.9 and 104.3 ppm for two ipso-carbon atoms caused by coupling with *'P atoms [Jpc = 10 Hz
and 33 Hz], indicating the presence of a non-symmetrical compound. These "*C chemical shifts

are close to those of reported chiral P[1]FCPs ((S,,S )—20Ph and (S,,S, )-21’B“; Figure 2—2).109’64
p>Op P> p g
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Figure 2-3. '"H NMR spectrum (600 MHz) of the chiral phospha[1]FCP Sy Sp)-86NiPr2,

It was noticed that the difference in *'P chemical shifts between the non-alkylated and
alkylated phospha[l]FCPs having Ph [11Ph and (Sp,Sp)—ZOPh] or CH,SiMe; [11CH28iMe3 and
(Sp,Sp)—86CHZSiMe3] substituents on phosphorus was approximately 3 ppm.38’39 By contrast, the
non-alkylated and alkylated phospha[1]FCPs with NiPr, substituents (llNiPr2 and (Sp,Sp)—86NiPr2;
respectively), show a significant difference in *'P chemical shift (5 = 31.1% and 49.7 ppm;

respectively). So far, the reason for this is still unclear.
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2.1.4 Synthesis and characterization of the 1,1'-bis(phosphanyl)ferrocene (S,,,S,,,S,S)-SSNiP r2

-
/‘K/H CHMe,
Me K e
= P

(Sp.Sp)-195

Fe 4
—_— Cl
hexanes/thf ~ Me&2HC X&)?
0°c FI><C|
ProN
(Sp:Sp. S, S)-88NPr2

iPI’zNPC|2

Scheme 2-6. Synthesis of the chiral bis(phosphanyl)ferrocene (Sp,Sp,S,S)-SSNiPrZ.

As mentioned above, the addition of iPr,NPCI, solution to the dilithio ferrocene derivative
(S,.5,)-19" gave a 1 to 1 mixture of phospha[1]FCP (S,,S,)-86™"" and 1,1'-species 88™""2. In
order to fully characterize the 1,1'-bis(phosphonyl)ferrocene 88N this compound was
synthesized selectively using the reverse order of addition that was used before. That means a
solution of the dilithio species (S),,S,)-19"" was added to the solution of 3 equivalents of
iPr,NPCl, within 10 min at 0 °C (Scheme 2-6). Due to phosphorus being a stereogenic atom, 3
diastereomers could possibly form in this reaction. However, the synthesis was very selective, as
one of the isomers was found to be dominant. For example, the *'P NMR spectroscopic data of
this reaction mixture show signals in the range of 6 = 131.1-123.0 ppm, with the major signal at

0 =123.2 ppm (Figure 2-4).
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Figure 2-4. 3Ip{'H} NMR spectrum (500 MHz) of the reaction mixture.

The reaction mixture was purified by sublimation at reduced pressure, with a temperature
of approximately 135 °C, resulting in a yellow solid (31% isolated yield). The yellow solid was
crystallized in hexanes at —80 °C to yield yellow crystals that were used for single-crystal X-ray

diffraction analysis. The crystal structure shows species 88~

crystallized in a monoclinic
space group C2 displaying a two-fold symmetry with both phosphorus atoms possessing S-

configuration. On the other hand, the two bulky NiPr, groups are oriented away from the

ferrocene moieties to avoid steric repulsion with Fe atom.
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C7

8NiPr2

Figure 2-5. Molecular structure of (S,,S,,5,5)-8 with thermal ellipsoids at the 50%

probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and bond
angles [°]: P1-C1 = 1.809(2); P1-CI1 = 2.1539(8); PI-N1 = 1.668(2); C1-P1-CIl1 = 97.82(8);
C2-P1-C1 = 122.20(18); N1-P1-C1 = 102.75(11); P1-N1-C12 = 116.52(16); C12-N1-C9 =
116.3(2); C9-N1-P1 = 124.21(16). For other bond lengths [A] and angles [°] see Table 4—1.

The obtained crystals were characterized by CHN elemental analysis, mass spectrometry,
and NMR spectroscopy. Both the 'H and ?C NMR spectra support the expectation that species
(Sp,Sp,S,S)-88N"P'r2 is a single diastereomer, having C,-symmetry. Specifically, the '"H NMR
spectrum shows three Cp signals of equal intensity for six Cp protons (6 = 4.27, 4.69 and 5.19
ppm), and six doublets for twelve methyl groups (6 = 0.59, 1.05, 1.08, 1.22, 1.35 and 1.47 ppm).
One of the most distinguished signals are those of methine protons of the iPr groups on the two
Cp rings (& = 2.88 ppm), which is more upfield than that of the phospha[1]FCP (SI,,S,,)—861\I"Pr2 ©

= 3.57 and 3.02 ppm). Furthermore, the methine signal is a septet of doublets, which is caused
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by additional coupling with phosphorus atom. The BC{'H} NMR spectrum of species
(SP,SP,S,S)—SSI\J’.Pr2 shows two doublets at & = 102.8 and 77.1 ppm for the iPr-bound and the
phosphorus-bound carbon atoms, respectively. Its 3'p NMR spectrum shows one signal at § =

123.3 ppm, indicating the presence of a single diastereomer.
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Figure 2-6. 'H NMR spectrum (500 MHz) of the chiral 1,1'-bis(phosphanyl)ferrocene
(S.5,.5,5)-88NF"2,

i

In general, three possible isomers can be obtained in this reaction, which are shown in
Figure 2-7. The formation of these isomers can be explained based on a Snx2-like nucleophilic

L2 Nucleophilic substitution at trivalent phosphorus atom is one of

substitution mechanism.
the most common reactions in the synthesis of organophosphorus compounds. The substitution

occurs through the formation of a pentacoordinated transition state, in which both the attacking

. . . .. 113
and leaving group are in apical positions.
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Figure 2-7. Possible diastereomers that could be generated from the reaction.

The first substitution on the upper lithiated Cp ring of (S,,,S[,)—19Li can lead to 6 possible
pentacoordinated transition states (Scheme 2-7). Three of the transition states generate S- and the
other three generate R-isomers. Using steric reasons, one can explain why S-isomer is the
dominant species in the mixture. Among the three transition states generating R-isomers (TSI,
TS3, and TSS; Scheme 2-7), TS1 has the lowest energy because the steric hindrance between
iron and NiPr; is absent. Using the same rationale, TS2 has the lowest energy among TS2, TS4,
and TS6. Between transition states TS2 and TS1, the TS2 has lower energy as there is no
repulsion between Cl and iPr group attached to Cp ring. This results in the formation of
intermediate S-I2, which is the kinetic product. The nucleophilic substitution of the remaining Li
atom can also be explained using the same rationale, resulting in the S-isomer as the dominant
species. Overall, the synthesis of the 1,1'-bis(phosphanyl)ferrocene is selective, and the isolated
compound (Sp,LS*p,S,S)—SSI\I’.Pr2 is also the most thermodynamically stable product based on its

crystal structure.
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Scheme 2-7. Proposed reaction mechanism of the first substitution at phosphorus atom.

Newman projection along the CI-P—C"* bond of each transition state is shown.
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Table 2-1. Crystal and structural refinement data for compound (S,,S,,,S,5)-88™""2.

(SP,SP,S,S)'ssNiPrz

empirical formula CogHysClLFeN, P,
fw 601.37

cryst. size / mm’ 0.10 x 0.15 x 0.25
cryst. system monoclinic
space group C2

Z 2

alA 114871(7)

bl A 9.9292(5)

clA 14.7360(9)

a/° 90

B/° 109.0810(10)
yl° 90

volume / A® 1588.41(16)

Pealc / & cm’ 1.257
temperature / K 173(2)

Heale / mm”! 0.763

0 range / ° 1.46 to 29.57
collected relections 34076
independent reflections 4470[R(int) = 0.0292]
absorption correction multi-scan

data / restraints / params 4470/ 1/ 166
goodness-of-fit 1.195

R [1>2c(D]? 0.0258

wR, (all data)® 0.0806

largest diff. peak and hole, 0.453 and -0.467
APeiect | € A7

“Ry = [Z||Fo|-|Fe|[l/[Z|Fo[] for [Fo> > 20 (Fo)], wRy = {[Ew(F-F&) 1[Ew(F,5)*1} " [all data]
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2.1.5 Synthesis and characterization of the chiral diphospha[2]ferrocenophanes

(SP’SP9R5R)'90CHZSiMe3 and 90NiPr2

M
Me,,, €
@ H
. Li
Fe
Li
H
; CHM92
Me
R CHMe
Me < =
(Sp:Sp)-19Y v P Mg T p—
RPCl, —————> Fe ¢f —— FRe |
2
hexanes/thf thf, r.t. P—
Me,HC ’ R
o~y a2
|:I>—C| CHMe,
R
88 (Sp.Sp)-90R

R = CH,SiMeg, or NiPr,

Scheme 2-8. Synthesis of the chiral diphospha[2]FCPs (S,,,S,,)—90R (R = CH,SiMe; or NiPry).

In the first step, the same procedure as mentioned in section 2.1.4 was applied to synthesize the
1,1'—(Me3SiCH2)2fCiPr (88CHZSiMe3) (Scheme 2-8). The 3'p NMR spectrum of this reaction mixture
shows that the phosphorus dihalide species CLPCH,SiMes; was completely consumed after 20
min of stirring, and signals of new compounds are detected. For example, the 3'p NMR spectrum
shows one major signal at 6 = 87.5 ppm, and one minor signal at 88.0 ppm, suggesting the
presence of two diastereomers. These 3P chemical shifts are quite close to those of the reported
1,1"-(nBuCIP),fc and 1,1'-(PhCIP),fc (fc = (CsHy),Fe) (6 = 95.2 and 77.6 ppm; respectively).33
Attempts to isolate the diastereomeric mixture of ggCHzsiMe3 by sublimation and crystallization
methods were unsuccessful, thus the next step was conducted without purification. For the
reductive coupling between the two phosphorus centers, a diastereomeric mixture of ggCH2siMe3
was allowed to react with magnesium turnings in thf. The 3'p NMR spectrum of the reaction

mixture shows the presence of a new signal at 6 = 2.0 ppm as the major component.
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The reaction mixture was purified by FCC, then the orange fraction was collected and
further purified by vacuum sublimation at 100 °C. Orange crystals were obtained from vacuum
sublimation and were characterized by CHN elemental analysis, mass spectrometry, NMR
spectroscopy, and single crystal X-ray diffraction analysis. The signal patterns of the 'H and Be
NMR spectra show that compound 9QCHISIMeES (g successfully isolated as one single isomer,
which possesses a two-fold symmetry. For example, in the "H NMR spectrum, three signals at &
= 4.94, 431, and 3.67 ppm are found for six Cp protons, indicating that 90 H2Me has a two-
fold symmetry with respect to the NMR time scale at ambient temperature (Figure 2-8). One of
the methylene protons of the CH,SiMes group appears as a doublet of triplet (6 = 1.88 ppm; J =
13.7, 6.1 Hz), due to coupling with the other diastereotopic proton and two phosphorus atoms.
Similarly, the signal of other methylene proton is a doublet of triplet (6 = 1.16 ppm; J = 13.7, 3.8
Hz). In the C{'H} NMR spectrum, Cp carbons at the ipso positions to phosphorus atom and iPr
groups are observed as two virtual triplets due to strong coupling with the two *'P nuclei (5 =
72.1 and 105.4 ppm; respectively). These spectroscopic features are consistent with the
formation of a P-P bond. The *'P NMR spectrum shows only one signal at 2.0 ppm, indicating

the formation of one single diastereomer.
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Figure 2-8. "H NMR spectrum (500 MHz) of the chiral diphospha[2]FCP (S,,,S),,R,R)-9025Me3,

. H2SiM
Species 90CHSMe3

crystalizes in the orthorhombic space group P2,2,2,, displaying non-
symmetrical molecule (Figure 2-9). The two CH,SiMe; groups on the phosphorus centers adopt
a trans orientation with respect to the P-P bond, and both phosphorus atoms possess R
configuration. This trans orientation was also observed for the previously reported
diphospha[2]FCPs (26™" and 26712 3367 By performing a density functional theory (DFT)

calculation with the two configurations of (PH),-bridged [2]FCP, it was found that the trans

configuration was more stable than the cis configuration.™
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C16

C22

Figure 2-9. Molecular structure of (SI,,S,,,R,R)-90CHZSiMes with thermal ellipsoids at the
50% probability level. Hydrogen atom are omitted for clarity. Selected bond lengths [A] and
bond angles [°]: P1-C1 = 1.832(2); P2—C21 = 1.853(2); P1-P2 = 2.2402(8); P2—C6 = 1.828(2);
C21-Si2 = 1.868(2); C21-P2-P1 = 98.71(8); C21-P2—-C6 = 104.26(12); C6-P2-P1 = 97.60(7);
P2-C21-Si2 = 116.73(13); C21-S12-C24 = 110.67(19). For other bond lengths [A] and angles

[°] see Table 4-2.

The P-P bond length of (S,,,SP,R,R)—9OCHZSiMe3 of 2.2402(8) A is almost identical to that
of the known diphospha[2]FCPs 26" and 26™*% **'** Despite having a relatively long P—P bond
length (~ 2.1-2.3 A) compared to the dibora[2]FCPs (~ 1.7 A) and dicarba[2]FCPs (~ 1.3-1.9
A),” diphospha[2]FCPs are still strained as the cyclopentadienyl ligands are tilted (o = 7.7—
13.6°). According to the data shown in Table 2-2, the P-P bonds of diphospha[2]FCPs are

shorter than the Si—Si bond of disila[2]FCP 91 (~ 2.35 A; Table 2-2), consistent with the smaller
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covalent radius of phosphorus atoms compared to silicon atoms. Shorter E-E bonds tend to
make the ferrocene unit more distorted, therefore, the o angles of diphospha[2]FCP are larger

than that of the disila[2]FCP 91 (around 4°).

Table 2-2. Geometry parameters of selected [2]FCPs tethered with an E-E bond.

Compound E E-E distance o Ref.
(S,.5,,R,R)-90CHMe — p 2.2402(8) 12.2 This work
26™" P 2.2502(8) 13.6 [33]
262 P 2.229 12.6 [104]
24 P 2.219(1) 7.7 [66]
91 Si 2.3535(9) 42 [114]
92 M2 C 1.539(12) 21.6 [115, 28]
9 CMe2 C 1.584(14) 23.3 [28, 115]
do  SiMe ?ng
CC\Dyslmez Cé?/CRz
91 92 (R = H, Me)

Figure 2-10. [2]FCPs with Si and C as bridging elements.
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Table 2-3. Crystal and structural refinement data for compound (S,,S,,,R,R)-90"25™M¢3,

Compound (S,,S,,R, R)_90CHZSiMe3

empirical formula Co4H4oFeP5Si,
fw 504.54
cryst. size / mm’ 0.35 x 0.30 x 0.25
cryst. system orthohombic
space group P212124
Z 4
al A 10.4123(5)

bl A 12.2936(6)

cl A 22.4168(12)
a/° 90

p/e 90

yl° 90
volume / A’ 2869.5(2)

Pealc / & cm’ 1.168
temperature / K 173(2)

Heale / mm”! 0.729

0 range / ° 3.143 t0 28.714
collected relections 30858
independent reflections 7405 [R(int) = 0.0262]
absorption correction multi-scan

data / restraints / params 7405/0/273
goodness-of-fit 1.031
R [1>2c(D]? 0.0266

wR, (all data)® 0.0673

largest diff. peak and hole, 0.322 and -0.371
APeiect | € A7

“Ry = [Z||Fo|-|Fe|[l/[Z|Fo[] for [Fo> > 20 (Fo)], wRy = {[Ew(F-F&) 1[Ew(F,5)*1} " [all data]
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The synthesis of diphospha[2]FCP 90™""? was carried out following the same method as
that used for compound (Sp,Sp,R,R)-90CHZSiMe3. NMR spectroscopic data of the reaction mixture

also show species 1,1'-(NiPr,),fc™ (88NF"2

) as the major component. Without any purification,
the crude mixture of 88N""% was allowed to react with magnesium turnings for the reductive
coupling between the two phosphorus atoms. After stirring for 12 h, the J'p('H} NMR signals of

8NiPr2

mixture of diastereomers 8 at 6 = 123.3 ppm disappear and only a signal at & = 11.7 ppm

appears, indicating that the stereoselective formation of species gQNiPr2

occurs. The produced
diphospha[2]FCP 90™""2 was obtained as an orange solid after purification by FCC and vacuum
sublimation at 135 °C. Compound 90N""2? was characterized by NMR spectroscopy, mass
spectrometry, and CHN elemental analysis. In the '"H NMR spectrum, three signals are found for
six Cp protons at 6 =4.71, 4.27, and 3.99 ppm (Figure 2-11), revealing that species 90N""2 has a
two-fold symmetry element with respect to the NMR time scale. In the >C{'H} NMR spectrum,
the two ipso-carbon atoms attached to the iPr group and phosphorus atom appear as two virtual
triplets (8 = 105.0 and 67.9 ppm; respectively), owing to the two 'P nuclei strongly coupling
through the direct bond. This is similar to what was observed for species (S ,Sp,R,R)-9OCHZSiMe3.
Crystal structure of species 90™""2 was not obtained, thus the configuration of phosphorus atoms
was not assigned. However, it was reported that the related NEt,-diphospha[2]FCP 26™* had a
trans configuration,'™ hence, the compound 9Pr2 might also adopt the same configuration. On
the other hand, it can be assumed that the two NiPr, groups on phosphorus atoms should be

located away from each other, and also be away from the iPr groups attached to Cp rings to

avoid the steric congestion.
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Figure 2-11. 'H NMR spectrum (500 MHz) of the chiral diphospha[2]FCP 90™*"2.

2.2 Anionic ring-opening polymerization

phospha[1JFCP 11™ was repeated following literature,

As discussed in the Introduction (section 1.2.4.2), anionic ROP of strained ferrocenophanes is
one of the most advanced methods to obtain well-defined metallopolymers. This type of living
ROP is one of the most “painstaking” methods for polymerization. For example, it requires
extremely rigorous purification of monomers, solvents, and other reagents to be used, as well as
complete removal of oxygen, moisture, and other impurities from the polymerization system. In
order to apply the right techniques on the polymerization of the new chiral phospha[1]FCPs, it is

important to test the ability to reproduce the published data. Thus, the anionic ROP of the known

38,42
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compared to the reported data. The same technique used for anionic ROP of the known

compound 11" was applied to the chiral phospha[1]FCPs (S),S,)-20.

2.2.1 Anionic ring-opening polymerization of the known phospha[1]ferrocenophane 1™

@\ L nBu - L nBu
/" O\ nBuLi I P H,0 Q\ P
n Fe PPhT Fe Ph —— Fe Ph
< <>
Li | L |
- n n
11Ph 46,

Scheme 2-9. Anionic ring-opening polymerization of the phospha[1]FCP 1™,

Anionic ROP of the known compound 11™ was performed with different amounts of nBuLi
(monomer/initiator = 1/1 to 20/1) (Scheme 2-9). The result with a monomer/initiator ratio of
11/1 is shown below as an example. After addition of nBulLi, the reaction mixture was stirred for
30 min at r.t., and the color of the solution slowly turned from dark-red to dark-brown while
stirring. >'P NMR spectrum of the reaction mixture taken after 30 min shows that all the
monomer was consumed. After degassed H,O was added to quench all the active species, the
mixture was precipitated into stirred hexanes, resulting in a yellow precipitate. The 'H and *'P
NMR spectroscopic data of the precipitates show the formation of polymeric product, and its
NMR chemical shifts are similar to the reported data.’®* For example, the '"H NMR spectrum
shows broad signals in the range of & = 4.37-4.89 ppm, corresponding to Cp rings. The *'P
NMR spectrum shows two sets of signals, one at 8 = —29.0 ppm for the phosphorus atom
attached to the nBu group, and a second one in the & range of —31.7 to —31.9 ppm for the
phosphorus atoms on the main chain of the polymer. The relative intensity of these two sets of

signals is ca. 1/11, which confirmed that the targeted transformation has occurred cleanly.
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2.2.2 Anionic ring-opening reactions of the chiral phosphal[r]ferrocenophanes (S,,S,)-

86CHZSiMe3 and (Sp,Sp,R,R)'90CHZSiMe3

CHMe, CHMe,
CHMe
@ 2 (1) 1 equiv nBuLi, @ @
F/ PCH.SIM thf, r.t., 45 min Fle + Fle )
e SiMe; ————— >
(2) MeOH Me,HC - :i: Me,HC :_L:
CHMe, nBu\P nBu-
|
CH,SiMes
(Sp,Sp)-86CH2SiMe3 93a 93b
CHMe, CHMe, CHMe,
@ A L == ST e Sl L
/ thf, r.t., 45 min ] ] L
Re 2) MeOH g Fe RR * Fe  MeR @)
e
P CH,SiMe, Me,HC &):: Me,HC - &)::
CHMez
(Sp:Sp,R,R)-90CH2SMe3 94a 94b
or
CHMe2
@P_PmBu
Fe R Me
Me,HC - &): -
94c

94a,b,c (R = CH,SiMe,)

Scheme 2-10. Anionic ring-opening reactions of (S,,,5,)-86“">M* and (S,,S,,R,R)-90">>Me3
with 1.0 equiv of nBuLi. Each of the compound 93a, 93b, 94a, 94b, and 94c¢ are a mixture of

diastereomers.

Anionic ring-opening reactions were performed on the chiral phospha[1]FCP (Sp,Sp)—86CHZSiMe3
and diphospha[2]FCP (Sp,S},,R,R)—90CHZSiMe3 with monomer/initiator ratio of 1/1. The reaction
mixture was reacted with degassed MeOH to neutralize all the active species (Scheme 2-10).
Mass spectra of the reaction mixture 1 show two major signals with molecular weights of 444.14
and 372.12, corresponding to the proposed compounds 93a and 93b, respectively. For reaction
2, its mass spectroscopic data shows 94a and 94b as the major compounds, along with the

unreacted monomer (S,,5,,R, R)_9()CHZSiMe3

. Due to phosphorus being a stereogenic centre, each
compound 93a, 93b, 94a, and 94b was a diastereomeric mixture of products. It was expected to
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obtain 4 diastereomers in the reaction 1, and 8 diastereomers in the reaction 2. However, the 3p
NMR spectrum of reaction 1 shows two signals at & = —53.3 and —55.1 ppm, with approximate
ratio of 3 to 1 (Figure 2-12). It is likely that these two 3'p NMR signals representing the two
diastereomers of species 93a, due to their very close *'P chemical shifts (8 = —53.3 and —55.1
ppm). The absence of NMR signals from mixture 93b was likely due to their trace amounts in
the reaction mixture. Presumably, the diastereomeric mixture 93a was generated first, and the
formation of mixture 93b was just a side reaction from 93a. The "H NMR spectra of reaction 1

also show mainly two species with ratio of 3 to 1.

—-53.17
T—-54.92

CHM92

* @
Fe

= )
o <+ MezHC
U] sl
nBu\P
|
CstiMe3
* 93a
+ +

T T T T T T T T T T T
20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 ppm

Figure 2-12. SIp{'H} NMR spectrum (202.5 MHz) of the reaction mixture illustrated equation 1

(Scheme 2-10). The signals of two diastereomers of 93a are marked with * and +.

On the other hand, 7 signals were observed in the *'P NMR spectra of reaction 2 (8 = 2.0,
-46.8, —47.3, —60.7, —124.9, —125.2, and —141.6 ppm). Beside the signal of the unreacted
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monomer (S,,5,.R, R)-9(CH2SIMe3

at 6 = 2.0 ppm, it can be assumed that the other signals are
caused by the presence of different diastereomers of the mixture 94a and 94b.

Both 93a and 94a, respectively (reaction 1 and 2; Scheme 2-10), are the targeted
compounds of the ring-opening reactions. However, the presence of other species (93b and 94b,
or 94¢; Scheme 2-10) indicated that the anionic ring-opening reactions are not clean.
Compounds 93b and 94b are also the ring-opened products, but one of the SiMe; group was
removed. Scheme 2-11 shows a proposed pathway for the formation of species 93b. First, the
ring-opened species 93" is generated in the initiation step. Next, it is assumed that nucleophilic
attack of nBuLi to the SiMes group of 93" leads to dissociation of the SiMes group from the
PCH, moiety (93CH2Li; Scheme 2-11). The PCH,-Li bond of species 93CH2Li 5 then likely

hydrolyzed by a proton source (MeOH) to yield compound 93b. Following the same pathway,

the formation of compound 94b can also be similarly explained.

CHMe, CHMe, CHMe, CHMe,
= 1 equiv nBuLi, - iy
/ thf, T "1 equivnBuLi ) ' MeOH !
Fe  PCH,SiMe; : Fe —— Fe - Fe
rt, 45min  Me,HC Me,HC Me,HC — :&2
CHMe, nBu\P: nBu\P: nBu-p
| | |
CH,SiMeg CH,Li CHs;
(Sp‘sp)_BGCHZSiMes g3t 93CH2Li 93b

Scheme 2-11. Proposed pathway for the formation of compound 93b.

The reaction between nBuli and compounds of group 14 element is known in the
literature with Li/Sn exchange as the most common one. "7 For example, the transmetalation
reaction between (CH;3),NCH,Sn(n-C4Ho); and nBulLi led to the formation of (CH3)2NCH2Li,] 16
in which the Sn(n-C4Hog); group was removed. However, Li/Si exchange is not quite common.
Therefore, the mechanism illustrated in Scheme 2-11 is just an assumption for the formation of
species 93b and 94b.
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Anionic ROP was also attempted on the compound (S),S,)-86"*™ After 4 h of
stirring, the *'P NMR spectra of the reaction mixture of 4/1 monomer/initiator ratio shows
mainly two signals at 6 = —4.2 and —54.9 ppm, corresponding to the unreacted monomer (S,,S,)-
86°15™M3 and the ring-opened mixture 93a. Based on the *'P NMR spectrum, approximately
25% of monomer was consumed and transformed into the ring-opened mixture 93a, along with
the formation of other unidentified compounds. Similarly, the reaction at 10/1 monomer/initiator
ratio shows that only 10% of monomer was reacted and converted to other unidentified species.
No polymeric products could be isolated from these reactions. Presumably, there were two
factors that can lead to the unsuccessful ROP of these compounds: the side reaction between the
SiMes group and nBuLi, and the steric repulsion between substituents of the monomer (S,,S),)-
861253 and the lithium species 93" that hinders the propagation step.

Obviously, the phospha[n]FCPs (S,.S,)-86"*M and (S,,,S,,,R,R)-90"*5M equipped
with CH,SiMe; groups are unsuitable for the anionic ROP initiating by nBuLi. To avoid these

problems, ring-opening reactions of the phospha[1]FCP (Sp,Sp)-ZOPh were investigated and the

results are discussed in the next section.
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2.2.3 Investigations on anionic ring-opening reactions of chiral phospha[1]ferrocenophanes

with different substituents on a phosphorus atom

2.2.3.1 Anionic ring-opening reactions of the chiral phophal[1l]ferrocenophane (SI,,S,,)-ZOPh

and identification of the ring-opened product (SI,,R)-95S

QCHM% (1) 1 equiv nBuLi, thf, @CHMeZ @CHMeZ
Fe ppn It 45min Fe — 58 Fe
é/ (2) H;0 MesHC — MezHC\;éy
CHMe; P—Ph Sspph
nB’U nBIu
(Sp:Sp)-207" 95 955

Scheme 2-12. Anionic ring-opening reaction of the chiral phospha[1]FCP (LS“I,,SI,,)—ZOPh with 1.0

equiv of nBuLi.

After the addition of 1.0 equiv of nBuLi to the solution of (Sp,Sp)-ZOPh, the color of reaction
mixture slowly turned from dark-red to orange. After 45 min of stirring, the reaction mixture
was quenched with H,O and the resulting compound was analyzed by NMR spectroscopy and
mass spectrometry. Due to the presence of a P-stereogenic centre, it was expected that the
reaction mixture would contain two isomers. Both 'H and *'P NMR spectra supported that
expectation. For example, the '"H NMR spectrum of the mixture 95 shows two sets of signals in
the Cp range with ratio of 3 to 1, indicating two diastereomers (Figure 2-13). Both sets show
seven signals each and are partially overlapping. The *'P NMR spectrum also shows two distinct
signals at 6 = —35.7 (minor isomer) and —35.9 ppm (major isomer), and the ratio of 3 to 1 was

determined by inverse gated decoupling >'P NMR spectroscopy (Figure 2-14).''®
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Figure 2-13. '"H NMR spectrum (600 MHz) of Cp range of the mixture 95. The two

diastereomers are marked with * and +, respectively.
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Figure 2-14. Inversed gated Sp{'"H} NMR spectrum (243 MHz) of the mixture 95.
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Attempts to separate the two isomers from the mixture 95 by crystallization were
unsuccessful. Therefore, the mixture 95 was sulfurized to obtain air-stable products, which were
expected to facilitate their isolation and characterization (Scheme 2-12). 3P NMR spectrum of
the sulfurized mixture 95° shows two signals at 6 = 42.4 and 39.9 ppm with ratio of 3 to 1,

respectively (Figure 2-15).

4243
39.93

T T T T T T T T T T T T T T T T T T T
455 450 445 4.0 435 430 425 420 415 410 405 400 395 390 385 380 375 370 ppm

Figure 2-15. Inversed gated *'P{'H} NMR spectrum (243 MHz) of the sulfurized mixture 95°.

A hexanes solution of the sulfurized mixture 95° was left for crystallization, and the
isolated crystals were characterized by NMR spectroscopy, mass spectroscopy and single-crystal
X-ray analysis. The crystal structure shows that the isolated species is the major compound in
the mixture 95° (0 = 42.4 ppm) which crystalizes in the orthorhombic space group P2,2,2,

displaying a non-symmetrical species. According to its crystal structure, the nBu group is almost
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perpendicular to the Cp rings and located away from the ferrocene unit. In contrast, the phenyl
group is in the close proximity of ferrocene moiety, while sulfur is pointed towards one of the
iPr groups attached to Cp ring. The configuration at phosphorus atom was determined as R.

The NMR spectroscopic data of this isolated species (SP,R)—95s is also in agreement with
what was observed in the crystal structure. For example, the '"H NMR spectrum shows 7 Cp
protons (& = 3.82, 3.91, 3.94, 3.99, 4.13, 4.41, 4.43 ppm), indicating an asymmetric species
(Figure 2-16). The two methine protons of the two iPr groups appear as two septets at 6 = 4.10
and 2.06 ppm. The downfield signal at 6 = 4.10 is likely caused by the sulfur atom, which is in
close proximity with one of the iPr groups. Four CHj groups of the two iPr groups appear as four
doublets at & = 1.36, 1.25, 0.90, and 0.88 ppm. The (SP,R)-95S isomer shows one signal at & =
42.3 in the *'P NMR spectrum. The minor isomer, which resonates at & = 39.9 ppm in the *'P

NMR spectrum, did not crystallize and remained dissolved in the mother liquor.
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Figure 2-16. "H NMR spectrum (500 MHz) of the chiral phosphine ligand (S ,R)-95%.
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Compound (SP,R)—95S was the major isomer isolated from the 3 to 1 mixture. To explain
this, two isomers of the non-sulfurized mixture 95 and the Newman projections of their

conformers are shown in Figure 2-17.

CHMez/nBU CHMe,
@/ 3 =
| . .
Fe Fe /
=, R Ph
( ( \nBu
CHMe, CHMe,
S,,R)-95 (S,.5)-95
14 14

%CHMEZ %CHM(&Z %CHMeZ . nBu s Bu
: Me,HC Me2HC MezHC

(Sp,R)-95-1 (sp,R)-gs-z (sp,R)-95-3 (Sp,S)-95-1 (Sp.S)-95-2 (sp,S)-95-3

view along P-CP$° bond

Figure 2-17. Illustration of the two resulting isomers (S,,R)-95 and (S,,5)-95. Newman

projections along P-C”* bond of conformers are shown.

Among three conformers of the (S,,R)-95 isomer, (S,,,R)-95-3 is thermodynamically more
stable than the others, due to the absence of steric repulsion between substituents on phosphorus
with the iPr group of Cp ring. Using the same rationale, (S,,5)-95-1 is thermodynamically more
stable than other conformers of the (S,,5)-95 isomer. In (S,,R)-95-3 and (S,.5)-95-1, the
substituents perpendicular to Cp ring have no steric repulsion with iron, whereas the ones in
close proximity of Fe can have a steric repulsion with Fe. Considering that, as the nBu group has
different conformers which can twist to interact with Fe, it can be assumed that the steric
repulsion between nBu and Fe in (S,,R)-95-3 is larger than that between Ph and Fe in (S,,,5)-95-
1. Therefore, the conformer (S,,5)-95-1 of the S-isomer is thermodynamically more stable than

that of the R-isomer. After sulfurization, the priority of the two sulfurized diastereomers change,
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because the sulfur atom takes place the position of the lone pair on phosphorus atom (Scheme

2-13).
CHMe, CHMeZ/nBu CHMe, CHMez/”BU
- — P - — P
|© = |© = s
I Ph Sg S I Ph
Fe Fe —— Fe b Fe
P11Ph P 1Ph
@ \ c&X @ \
nBu nBu
CHMe, CHMe, CHMe, CHMe,
(8p,S)-95 (Sp.R)-95 (SpR)-95° (S,,5)-95°
(3:1) (3:1)

Scheme 2-13. Sulfurization of the diastereomeric mixture 95.

Figure 2-18. Molecular structure of (SP,R)—95S with thermal ellipsoids at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and bond angles [°]:
C1-P1 = 1.801(3); P1-S1 = 1.9569(9); P1-C18 = 1.820(2); P1-C23 = 1.819(2); C6-Cl14 =
1.512(4); C1-P1-C18 = 103.75(11); C18-P1-C23 = 106.28(12); C1-P1-C23 = 103.16(11); S1-
P1-C23 = 113.18(9). For further bond lengths [A] and angles [°] see Table 4-3.
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Table 2-4. Crystal and structural refinement data for (S,,,R)-95".

Compound (SP,R)—95S

empirical formula CysHssFePS

fw 466.42

cryst. size / mm’ 0.60 x 0.11 x 0.07
cryst. system orthohombic
space group P212124
Z 4

al A 8.4030(3)

b/A 12.9561(4)

cl A 22.4518(7)

a/° 90

B/° 90

yl° 90

volume / A® 2444.33(14)

Pealc / & cm’ 1.267
temperature / K 183(2)

Heale / mm’! 0.778

0 range / ° 3.143t0 27.378
collected reflections 33646
independent reflections 5445 [R(int) = 0.0319]
absorption correction multi-scan

data / restraints / params 5445/0/267
goodness-of-fit 1.046

R [1>2o(D]? 0.0273

wR, (all data)® 0.0619

largest diff. peak and hole, 0.264 and -0.199
APeiect | € A7

“Ry = [Z||Fo|-|Fe|[l/[Z|Fo[] for [Fo> > 20 (Fo)], wRy = {[Ew(F-F&) 1[Ew(F,5)*1} " [all data]
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Based on the successful ring-opening reaction of compound (SP,SI,)—ZOPh with 1.0 equiv
of nBuLi, anionic ROP with monomer/initiator ratios of 2/1 and 4/1 were attempted (Scheme
2-14). After 4 h of stirring, the crude mixture was quenched with water to neutralize all the

active species.

CHMe, CHMe, 5 CHMe,
L-Nbu

& / X _mbu

/ nBuLi | P H20 T bn d
n Fe PPh ——> Fe Ph — " Fe + unreacted monomer
@/ th Me,HC Me,HC (S,,S,)-20°h

e )@ <

2 Lt _ In

(Sp.Sp)-207" (Sp,Sp)-95- 95

Scheme 2-14. Attempted anionic ROP of (S,,S,)-20"™ with 1/n equiv of nBuLi.

NMR spectroscopic data showed that the reactions did not go to completion. For
example, when using monomer/initiator ratio of 2/1, >'P NMR spectra of the crude mixture show
signals at & = 8.3, —35.8, and —36.01 ppm, representing the unreacted monomer (SI,,,SP)-ZOPh and
the diastereomeric mixture 95, respectively. Besides these major signals, another weak signal at
8 =—33.3 ppm was also observed in the *'P NMR spectrum. It is assumed that this signal is from
the dimer species generating in propagation step. According to 'H NMR spectrum, only about
40% of the monomer was reacted and converted to the ring-opened mixture 95 (Figure 2-19).
For the reaction using monomer/initiator ratio of 4/1, beside the unreacted monomer (S, S,)-20™"
and 20% of the ring-opened mixture 95, there was no detection of other species. Obviously, in
these anionic ROP reactions, the formed ring-opened species 95 could not continue to react in
propagation step. This raised the question if the lithium-containing species (S,,,SI,,)—95Li is stable
under the applied condition so that it could react with further monomer to start a chain-growth
process. Additional work was done to get more information about the stability of lithium species
(S,.5,)-95" in the reaction mixture.
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2/1. Cp signals from the monomer (Sj,,,LS],,)—Z()Ph and the ring-opened product 95 are marked with

* and +, respectively.

2.2.3.2 Investigations on the stability of lithium species in thf and Et,O

CHMe, CHMe, CHMe,
/ 1 equiv nBuLi, @Li @\D
Fe PPh solvent, r.t. Fle D,O Fle
1h,2h,3h,4h Me,HC

Me,HC &>
CHMe, P:/ Ph :

solvent = Et,0 | FI’/Ph
or thf nBu nBu
(Sp,Sp)-20P" (Sp,Sp)-95- (SpSp)-95°

Scheme 2-15. Determination of the stability of lithium species (S,,S p)—95Li in thf or Et;O.

It was reported in the literature that ethereal solvents (like Et,O or thf) can react with
organolithium compounds in storage as well as under reaction conditions.''*'** Therefore, side
reactions could occur in which an organolithium reagent is mainly or partially consumed by the

ethereal solvents instead of being available for the desired lithiation of the substrate. Based on
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these investigations, it is important to see if the lithium ferrocene derivatives (Sp,Sp)—95Li is long
lived so that it can further react with monomers to propagate the molecule chain. Stanetty and
co-workers measured half-lives of organolithium reagents in different solvents.'? It was found
that at 20 °C the half-life of nBuLi in Et,O (153 h) is significantly longer than that in thf (1.73
h).'?® Therefore, the anionic ring-opening reactions of (S,,,S,,)—ZOP " was performed with thf and
Et,0, respectively, and the mixtures were quenched with D,0O before analysis (Scheme 2-15).

The stability of lithium species (S,.5,)-95" in the time frame of 1 to 4 h was monitored
by 'H NMR spectroscopy. If the lithium species (SP,SP)-95Li was still present in the reaction
mixture, its reaction with D,O would form compound (Sp,Sp)-95D, with one deuterium atom at
one of the two Cp rings. Considering the deuterium content in D,O (99.9%), the 'H NMR
spectrum would show 6 signals for the two Cp rings, instead of 7 signals as being observed for
the ring-opened species 95.

Using thf as the solvent, the '"H NMR spectrum of reaction mixture shows 7 signals in the
Cp regions after quenching with D,0O (8 = 4.08, 4.06, 4.00, 3.97, 3.87, 3.66 ppm, and 3.52 ppm;
Figure 2-20). The intensity of the signal at 6 = 3.52 ppm increases gradually from 1-4 h, while
the intensities of other signals of Cp rings are maintained over 4 h (& = 4.08-3.66 ppm). After 4
h, all 7 signals in the "H NMR spectrum of Cp range appear at the same intensity. The fact that
the intensity of the proton signal at 6 = 3.52 ppm increased over time indicates that lithium
species (Sp,Sp)-95Li likely reacted with a proton source (thf) in the reaction mixture. This led to
the formation of the hydrolyzed ring-opened compound 95, instead of the deuterium species

(S,5,)-95.
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Figure 2-20. "H NMR spectrum (600 MHz) of Cp range of the reaction mixture in thf. The

signals of the ring-opened species 95 are marked with *. NMR measurements were taken after

different time points (1 h, 2 h, 3 h, and 4 h).

Based on the known reaction mechanisms between thf and organolithium
compounds,'**'?! Scheme 2-16 shows a proposed quenching reaction for species (Sp,Sp)-95Li.
First, the deprotonation at a-hydrogen of thf gives species (Sp,Sp)-95Li'thf. After that, a reverse
cycloaddition of species (SP,SI,,)-95“'thf generates species 95, plus one molecule of ethylene and
one molecule of the lithium enolate of acetaldehyde 96. Once species 95 was formed, no further

reactions with another strained monomer can occur to propagate the molecule chain.

CHMe, CHMe,
S <
Me,HC .CE;H\\»@ Z oLt Me,HC &Z
F—Ph Pj/Ph
ABU kBu
(Sp,Spy-95-Hhf 96 95

Scheme 2-16. Mechanism of reaction between lithium species (S,.5,)-95™ and thf.
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Based on the "H NMR spectrum (Figure 2-20), the half-life of lithium species (SP,S’I,)—95Li
in thf was quite short (within 2 h). Therefore, the same anionic ring-opening reaction was
performed using Et,O (Scheme 2-15) to see if it can improve the half-life of species (Sp,Sp)—95Li.
At different time points (14 h), the reaction mixture was reacted with D,0O, and analyzed by
NMR spectroscopy (Figure 2-21). In the '"H NMR spectrum of the mixture after 1 h, the Cp
region shows almost 6 signals at & = 4.08, 4.06, 4.00, 3.97, 3.87 and 3.66 ppm, and a very weak
signal at & = 3.52 ppm. Extending the reaction time up to 4 h made a slight increase on the
intensity of the signal at 3.52 ppm. This is similar to the reaction in thf, as the lithium atom on

species 95 was likely hydrolysed during the extending reaction time.
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Figure 2-21. '"H NMR spectrum (600 MHz) of Cp range of the reaction mixture in Et,O. The
signals of the ring-opened species 95 are marked with *. NMR measurements were taken after

different time points (1 h, 2 h, 3 h, and 4 h).

The only proton source that can react with lithium species (S,.S,)-95" is the solvent Et,O.

The mechanism is similar to that of thf, and is shown in Scheme 2-17. Compared to the ring-
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opening reaction which was done in thf, the lithium species (SP,SP)—95Li in Et;O was quite stable
within 3—4 h, and converted to the hydrolyzed species 95 at a slower rate. Therefore, further

anionic ring-opening reactions were performed in Et,0.

CHMez
=
@—\ L \/4/
| \
Fe ' (o7 > ~oLi s

CHMe,

Me,HC &D:: HJ Me,HC é
rr/Ph FI,/Ph
nBu nBu

(Sp'Sp)-95Li'Et20 95

Scheme 2-17. Mechanism of the reaction between lithium species (S,,S,)-95" and solvent Et,O.

2.2.3.3 Anionic ring-opening reactions in Et,O

CHMe, CHMe, 5 CHMe; Bu
= S e <
/ nBuLi | P H,0 ' R
nfe PR MBubl _ Fe R 2 Fe R
CHMGZ LiT _‘n HT _1n

(Sp.Sp)-20R (R = Ph, tBu, iPr)

Scheme 2-18. Anionic ring-opening reactions of chiral phospha[1]FCPs in Et,O.

Anionic ring-opening reactions of the chiral phospha[l]FCPs (S,,,Sp)—ZOPh, (Sp,Sp)—ZOiPr, and
(S,.5,)-20"" were done in Et;0. At a monomer/initiator ratio of 1/1, the monomer (S,S,)-20""
was fully consumed after 1 h of stirring. 'H and *'P NMR spectra of the resulting product also
show a 3 to 1 mixture of two diastereomers. The same reaction with nBuLi was applied for
species (SP,LS’;,)—ZO'.Pr and (Sp,S,,)—Z()’B“. However, the NMR spectroscopic data of the reaction
mixture did not detect any new signals, indicating that no conversion had occurred.

Attempted anionic ROP of the compound (S,,,Sp)—ZOPh with smaller amounts of nBuLi

were performed in Et,O. Using a monomer/initiator ratio of 2/1 and after quenching the mixture
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with H,O, NMR spectroscopic data detected only signals from the unreacted monomer (S,.S,)-
20™ and the ring-opened species (S,.5,)-95 (approximately 45%). Other attempts to extend the
reaction time did not lead to further conversion. These results are similar to those done in thf
(section 2.2.3.1), meaning that the attempted anionic ROP of the phospha[1]FCP (Sp’Sp)—ZOPh in
Et,O also did not occur. These results lead to the following conclusions. First, nBuLi reacted
with the starting materials (S,S,)-20"" and transformed it into the anionic species (S,.S,)-95".
This species is equipped with the steric bulk of two iPr groups, which failed to further react with
other monomers. That means that the initiation step for the attempted polymerization worked,
but the ring-propagation did not occur.

However, it is obvious that the anionic ring-opening reaction of compound (SI,,,SI,,)-ZOPh in
Et,O generates a more stable lithium species (Sp,Sp)-95Li. Making use of this lithium species, a

new chiral phosphine ligand was synthesized, as will be discussed in the next section.
2.2.4 Synthesis of a new chiral phosphine ligand

2.2.4.1 Attempted synthesis of a new C,-phosphine ferrocene-based ligand by substitution

reaction.

P=ClI P=R
iPI'zN IPer
(Sp:Sp,S,S)-88NPr2 97

R = Me, nBu, or tBu

Scheme 2-19. Attempted synthesis of the C,-phosphine ferrocene-based ligand type 97 by

substitution with alkyllithium reagent.
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As mentioned in section 1.3, a variety of ferrocene-based P-chiral phosphine ligands have been
prepared, and the metal complexes of these phosphine ligands have been used as efficient
catalysts for asymmetric reactions.****** We also attempted to prepare a C,-phosphine ligand
by using substitution chemistry with the chiral 1,1'-bis(phosphanyl)ferrocene (Sp,Sp,S,S)—SSN’Pr2
species (Scheme 2-19). Compound (Sp,Sp,S,S)—SSNiP 2 was successfully synthesized and isolated
as a single diastereomer (section 2.1.4), hence, it is an advantage to start a substitution reaction
with an enantiopure isomer. In addition, the two substituents on phosphorus atoms (Cl and
NiPr;) can be substituted by alkyl groups, and these types of substitution reactions were reported

. . 33,98,99,122,123
in the literature.

In the first attempts, compound (S,.5,.S, S)_88NiPr2

was reacted with different alkyllithium
reagents (MeLi, nBuLi, and /BuLi) to replace Cl atoms by alkyl groups. *'P NMR spectroscopic
data show that the reaction mixture contained the unreacted starting material (S,.5,,S,5)-88N" "
(6 = 123.3 ppm) and other unidentified species which resonate in the range of 6 = 30.8-12.0
ppm. Varying the reaction conditions, such as changing temperature, extending reaction time, or
using different solvent systems, did not lead to a clean substitution. It is assumed that the
synthesis was not selective, resulting in a mixture of diastereomers that could not be isolated.
Thus, the desired compound 97 could not be selectively synthesized by substitutions with
alkyllithium reagents.

After that, another method was applied by reacting the species (SI,,,SP,S,S)-SSI\J"Prz with
HCI in order to substitute the bulky NiPr, groups by Cl (Scheme 2-20). The reaction was
performed with 4 equiv of HCI in Et,O solution. *'P NMR spectroscopic data of the reaction

mixture show signals at 6 = 165.5, 163.2, 123.3, 121.0 and 28.7 ppm, with a signal at 123.3

which is from the unreacted (Sl,,,S,,,S,S)—SSI\J"Pr2 species. The signals at 6 = 165.5 and 121.0 ppm
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are assigned to the mono-substituted compound 9§™mene-substituted

. Mass spectrometry data of this
mixture is also in agreement with the NMR data. The presence of the unreacted compound
(Sp,SP,S,S)—SSI\J’.Pr2 indicated that the conversion was not complete. Attempts to extend the
reaction time or change the reaction temperature did not lead to the formation of the desired
compound 98. Considering the presence of many unidentified products, no further attempts were
made.

Overall, the substitution method using 1,1'-bis(phosphanyl)ferrocene (Sp,Sp,S,S)—SSN"Pr2
could not generate the desired compound. Therefore, in the next part, another method was
applied to synthesize a chiral phosphine ligand.

CHMe, CHMe
drsiprz d\zlprz

Fe CI’ m Fe CI/ + unreacted (S,,S,,S,S)-88NP2

Me,HC QL> - HNiPry.HCI Me,HC- &P

F\Cl Cl,P
NiPr,
(Sp,Sp,S,S)-SSNiPrZ 98mono-substitued

CHMe,
@PCIZ
Fe
MeQHC
Cl,P

¢

Scheme 2-20. Attempted synthesis of the C,-phosphine ferrocene-based ligand 98 by reaction
with HCL
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2.2.4.2 Synthesis of a new chiral phosphine ferrocene-based ligand (S$,,5)-99 by anionic

ring-opening reaction

CHMez CHMBQ CHM62
. . @\Li C;PPhZ
/ 1 equiv nBuLi | PPh,ClI !
Fe PPh ———— Fe - Fe
Et;0, Me,HC Me,HC é
rt, 1h p
CHMe2 P/Ph P/Ph
| |
nBu nBu
(Sp.Sp)-20P" (Sp.Sp)-95- 99

Scheme 2-21. Synthesis of the diastereomeric mixture 99.

The preparation of 1,1'-disubstituted ferrocenes by ring-opening reaction of a non-alkylated
phospha[1]FCP following by an addition of an electrophile was reported in the literature.' >+
In section 2.2.3.2, the anionic ring-opening reaction of compound (Sj,,,SI,,)—ZOPh in E,O was found
to generate a stable lithium species (Sp,Sp)—95Li. Therefore, the active species (SI,,SI,,)—95Li could
further react with another electrophile, generating a new phosphine ligand (Scheme 2-21). The
phosphine reagent Ph,PCl was chosen for this type of reaction due to its common use in ligand
preparation.?34124125

After reacting with excess amount of Ph,PCl, the crude mixture was purified by FCC.
The resulting product 99 was obtained as an orange oil in 69 % isolated yield and was analyzed
by NMR spectroscopy and mass spectrometry. As expected, compound 99 is a 3 to 1 mixture of
two diastereomers, and both of them are non-symmetrical species. For example, the *'P NMR
spectrum shows 2 sets of signals at 8 =—24.7 and —34.2 ppm for the major isomer, and at 6 = —
25.2 and —36.2 ppm for the minor isomer (Figure 2-22). The '"H NMR spectrum also exhibits
two sets of signals in the Cp range, each caused by six overlapping Cp protons. According to
NMR spectroscopic data, the diastereomeric mixture 99 was quite stable, and could be stored

under normal atmosphere for at least six months without being oxidized.
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CHMe, CHMe,
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Me,HC — &>:: Me,HC &>
p—nBu p-Ph
| |
Ph nBu
(Sp.R)-99 (Sp,S)-99
(minor) (major)
* +

Figure 2-22. *'P{'"H} NMR spectrum (202.5 MHz) of the mixture 99. The signals of major and

minor isomers are marked with + and *, respectively.

Attempts to separate diastereomers from the mixture 99 by FCC, PTLC, or
crystallization were unsuccessful. However, following the successful separation of compound

(SP,R)—95S (section 2.2.3.1), the diastereomeric mixture 99 was sulfurized (Scheme 2-22).

CHMe;, CHMe
@\Pth S @\ ’

] Ph,
Fe 2 Ss 5 &
Me,HC Me,HC £
Ss
ﬁ,/ Ph N ﬁ,/Ph
nBu nBu
99 99%

Scheme 2-22. Sulfurization of the diastereomeric mixture 99.

After the sulfurization, the major isomer was successfully isolated from the mixture 99"
by PTLC. '"H NMR spectrum of the isolated compound shows six signals for six Cp protons at &
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=5.59, 5.35, 4.57, 4.46, 3.59, and 3.35 ppm, indicating a non-symmetrical species. Its 31p NMR
spectrum shows two signals at 6 = 41.6 and 39.6 ppm, which are shifted to the downfield region,
compared to that of the non-sulfurized mixture 99 (6 = —24.7 and —37.2 ppm). Due to the
structural similarity between the ring-opened compound (SP,R)—95S (section 2.2.3.1) and the
isolated species 995 it is safe to assume that the isomer 99° also possess the (S,,R)-configuration.

Desulfurization was done to make compound (Sp,R)—99S potentially useful as a chiral
ligand (Scheme 2-23). It was reported in the literature that the treatment with
CFsSOsMe/P(NMe,); was an efficient method for desulfurization, because it can retain the
symmetry of the resulting product.'*®’® Therefore, the species (SP,R)-99S was allowed to react
with CF;SO3;Me, following by the addition of P(NMe;);. After the desulfurization, the resulting
product was obtained as an yellow solid, which was characterized by NMR spectroscopy and

mass spectrometry.

CHMe, CHMe,
‘?e .\@th (1) CF3SO3Me, DCM, r.t., 1.5 h ?\Pph2
Me,HC (2) P(NMez)s, DCM, 1t 150 pe,Ho— |
S\\P/Ph p—Ph
rllBu [
(Sp,R)-99° (5,599

Scheme 2-23. Desulfurization of the chiral phosphine ligand (Sp,R)-99S.

The most distinguishable signals in the "H NMR spectrum are the two Cp signals at § =
2.94 and 3.33 ppm, which are shielded to the upfield region, comparing to other Cp signals. By
knowing the crystal structure of the related compound (S,,,R)-9SS, it can be speculated that these
two upfield signals are caused by the effect of phenyl groups which are in the close proximity of
Cp rings (Figure 2-23). The *'P NMR spectrum of the resulting product (55,5)-99 shows 2 sharp
signals at 8 = —24.8 and —37.2 ppm with a relative ratio of 1:1 (Figure 2-24). This value is
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comparable with the *'P chemical shift of other ferrocene-based phosphine ligands (Josiphos,*
Ferriphos,”” Ferrophos,” section 1.3.2) which also showed *'P chemical shift in the upfield
region. Beside the isolated isomer (S,,5)-99, ca. 3% of the other isomer (S,,R)-99 was also
observed in the *'P NMR spectrum (6 = —25.2 and —36.2). The presence of species (S,,R)-99 was
quite surprising, as the starting material (SP,R)—99S was a single diastereomer. This suggests that
isomerization must have occurred during the desulfurization.

Overall, the new phosphine ligand (S,,5)-99 was successfully synthesized via an anionic
ring-opening reaction of the phosphall]FCP (Sp,Sp)-ZOP R followed by the addition of an
appropriate electrophile. This method can be used to synthesize other compounds of the same

type, which are expected to be potential ligands for catalysis reaction.

WN """ %ﬁ%/ &\\*| ‘TC\CVC’

F@‘Pph; CH(CHy),
Me,HC — <5::
'T/Ph / \ nBu
n(i‘:,S)-%
Ph Cp protons
/\ \\CH(CH;)Z
] UU r\ A JUJULUJ

T T T T T
7‘5 7.(} 6.5 6.0 5.5 5‘0 4.5 4.0 -‘5 LO ppm
=
(] o«

2.0 1.5
)i e T ] o [elgiaiz
Figure 2-23. "H NMR spectrum (500 MHz) of the new chiral ferrocene-based phosphine ligand
(S,,5)-99.
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Figure 2-24. Jp{'H} NMR spectrum (202.5 MHz) of the new chiral ferrocene-based phosphine
ligand (S,,,5)-99. The minor isomer (S,,R)-99 is marked with +.

2.3 Thermal ring-opening polymerization of phospha[1]ferrocenophanes

In this section, the thermal ROP of the chiral phospha[l]FCP (Sp,Sp)—20Ph and the known
compound 11™ is discussed. The structures of cyclic oligomers obtained from the thermal ROP
revealed that Fe—Cp bond rupture occurs during the ROP process. This is an important piece of

information that provides some insight into the reaction mechanism of thermal ROP of

phospha[1]FCPs.
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2.3.1 Investigations of thermal properties by differential scanning calorimetry

@3%

Me Me Me Me e

PtBu PCH28|Me3 P/Pr Fe CFe}/F’F’h
(Spisp)_zotBu (Sp,Sp)-SGCHZS'M°3 (SPYSP)_zolPr (SPYSP)_zoPh 11 Ph

Figure 2-25. Phospha[l1]FCPs which were investigated by differential scanning calorimetry

(DSO).

In order to investigate the capability of chiral phospha[l]FCPs to undergo thermal ROP, DSC

measurements were performed on the phospha[1]FCPs containing different substituents (Figure

2-25). The amount of strain in phospha[1]FCPs can also be obtained from these measurements.
Figure 2-26 shows the DSC diagrams of compounds (Sp,Sp)—ZOiPr, (SI,,SI,)—20Ph and 11",

In general, the DSC curves of alkyl-substituted phospha[l1]FCPs show a separation between a

ROP

melting endotherm and a ROP exotherm. The average AH™ values for each chiral compound in

Figure 2-25 were —61(£2) ((S,,.5,)-20""), —66(£2) ((S,,.5,)-20"5™M3) ' _77(+2) ((S,,.5,)-20"") and
—86(+2) ((SP,S,,)—ZOPh) kJ mol™, respectively. It was noticed that compounds having more bulky

ROP

substituents on phosphorus atom released less heat. For example, the difference in AH™ " value

of (S,.5,)-20"™ and (S,.5,)-20"" is AAH®®" = 9 kJ mol”, suggesting that species (S,,.5,)-20"" is

more strained than the (S,,.5,)-20"".
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Figure 2-26. DSC diagrams of phospha[1]JFCPs (S,.5,)-20™ (A), (S,.5,)-20"" (B) and 11" (C).

However, the sets of calculated distortion angles in (S,.S,)-20"™ and (S,.5,)-20"" are not
significantly different (Table 2-5). While the «a, J, and 6 angles indicate that (SI,,,SP)-ZOPh is more
strained than (Sp,S,,)-ZOiPr, the S angle indicates that it is less strained. These small geometrical

differences could not lead to a difference in strain energy of 9 kJ mol™".

84



Table 2-5. Experimental Distortion Angles [°] in (S,.S,)-20"™ and (S,.S,)-20"". This table is

reprinted from the PhD thesis of Saeid Sadeh, 2014, University of Saskatchewan.®*

(S,5,)-20""  (S,5,)-20™"

al°]  26.21 25.82
BI°] 34.61(16) 36.99(31)
0[°] 92.09(10) 92.09(10)

d[°] 160.83(2) 160.77(47)

Probably the enthalpy difference is due to a residual of strain that is left in the resulting

127

product. ©° To measure the amount of strain in the [1]FCPs system, Miiller and co-workers

applied reaction 1, which is a transformation from a strained species 100*®* into species 101°**
with parallel Cp rings (Scheme 2-24)."*" As reaction 1 is homodesmotic, it can be used to
calculate the reaction enthalpies in the ROP of [1]FCPs. Two possible conformers of
bis(ferrocenyl)species 101*®* could be obtained, namely conf-1 and conf-2, which are simply

illustrated in Figure 2-27. 127

/ |
Fe ER, + Fe —> FcER, (1)
100ERx 101ERx

Scheme 2-24. Reaction to evaluate strain in [1]FCPs.
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X F:E;/QV X R'E'a,

conf-1 conf-2
anti,anti anti,gauch

Figure 2-27. Illustration of two different conformers of bis(ferrocenyl)species (101%®* in

Scheme 2-24): anti,anti-conformer (conf-1) and anti,gauche-conformer (conf-2).

1®%is less than that in the strained

The available space for ER; moieties in compound 10
compound 100*®* due to the following reasons. First, when species 100%®~ ring opens, the
number of ferrocene moieties increases from one to two. Second, in the strained compound
100%™, the R groups are located away from the two Cp rings, whereas in the product 101°%*,
there can be steric hindrance between the R groups and Cp rings. With increasing size of R, less
heat gets released because some residual strain remains in the resulting bis(ferrocenyl)species
101*®*'?" Therefore, the bulkier the group, the smaller the heat that is released in reaction 1.

This speculation matched with the experimentally determined DSC value of phospha[1]FCPs in

this section (Figure 2-25).

Me Me Me Me

/
Fe P—=Ph FEe P:Ph

e’ 2

trans-22 cis-22

Figure 2-28. Cis and trans-conformation of phospha[1]FCPs having mono-alkyl substituted on

ferrocene moiety.

For the known PhP[1]FCP 11, an enthalpy for ROP of —68(£5) kJ mol™ was reported
in 1999.° We investigated the thermal properties of 11" with DSC and confirmed the published
value of —68 kJ mol™".'*” However, on the DSC thermogram of 11", only an exothermic peak
was observed, because melting and ROP of the monomer occurs simultaneously (Figure 2-26C).
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Therefore, the value of —68 kJ mol™ does not represent the intrinsic strain of 11*™. The calculated

1Ph

reaction enthalpies AH*"® of 11™ were reported by Miiller ez al., which yielded —91.9 kJ mol™

2.'?" The measured value for the

for the formation of an equilibrium mixture of conf-1 and conf-
related phospha[1]FCPs trans-22 and cis-22 were —89(£2) and —88(£2) kJ mol™, respectively
(Figure 2-28).°! The values of AH®® decreased from the non-alkylated phospha[1JFCP 11™"
(AHRopcalculated = -919 kJ mol'l) to mono-alkylated phospha[l1]FCPs trans-22 and cis-22
(AHR casurea = —89 kJ mol™") and dialkylated phospha[1]FCP (S,,.5,)-20"" (AH®" casured = —85.8
kJ mol™). This tendency agrees well with previous investigation of the Miiller group which
involves the influence of steric hindrance on the thermal properties of strained [1JFCPs.'*” With

an increased number of alkyl groups in a positions on Cp rings, less heat can get released in a

ROP process as some residual strain remains in the formed polymer.

2.3.2 Thermal ring-opening polymerization of the chiral phospha[l]ferrocenophane

(S,,S,)-20™"

2.3.2.1 Polymer synthesis and characterization

CHMe, CHMe, CHMe,
ﬁ 1 @ Ph_1|
&/ 2h % DCM | CHMe, ¢ S
e, | /pé
Ph B n B on
-20
(Sp:Sp) 102, 102,-S

Scheme 2-25. Preparation of poly(ferrocenylphosphine)s 102,°,

Using the DSC thermogram with an end ROP temperature of 300 °C as a guide (Figure 2-26A),
compound (SP’S,,)—ZOPh was heated for 2 h at that temperature in a sealed NMR tube (Scheme

2-25). This procedure resulted in a highly viscous melt, which solidified to a glassy solid at
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ambient temperature. The crude was dissolved in thf and precipitated into hexanes which gave
polymer 102, as a yellow powder (44% yield). Together with polymeric products, other gray
particles were present in the reaction mixture, which were attracted toward a magnet. It is
assumed that these particles are elemental iron, which were generated from the extrusion of iron
at high temperature. The "H NMR spectrum of the compound 102, shows the expected broad
signals for the Ph, Cp, and iPr protons. For example, the Cp range appears as broad signals from
4.06 to 4.47 ppm, and the iPr groups appear as broad peaks from 0.8 to 1.5 ppm.

Sulfurization was applied to make polymer 102, insensitive to oxygen and suitable for
gel permeation chromatography (GPC) (Scheme 2-25).*® The sulfurized polymer 102,-S was
characterized by NMR spectroscopy and the molecular weight was determined by GPC. Similar
to 102, polymer 102,-S shows the expected broad signals in the '"H NMR spectrum for the Ph,
Cp, and iPr protons. The *'P NMR spectrum of 102,-S shows broad signals from & = 38.2 to
42.0 ppm, which are quite close to the °'P NMR chemical shifts of the published 11,-S™ that
lacks the iPr group (section 1.2.4.1, § = 37.5 ppm).>” The presence of more than one broad
signals in the *'P NMR spectrum (8 = 38.2 to 42.0 ppm) might indicate that the polymer 102,-S
was not pure. Elemental analysis of polymer 102,-S also supports this assumption, as the value
of carbon atoms in this analysis is significantly lower than expected for polymer 102,-S. As
mentioned above, presumably, the impure polymer 102,-S was caused by the extrusion of iron,
which gave non-iron oligomeric by-products that could not be removed. Analysis by GPC with a
triple detection system revealed an absolute molecular weight of M, = 19 kDa with a

polydispersity of 1.3 for the sulfurized polymer 102,-S (Table 2-6).
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Figure 2-29. GPC trace of polymer 102,-S (¢ = 10.5 mg / 5.0 mL thf). System peaks are

indicated with *.

Table 2-6. GPC analysis for polymer 102,-S.

102,-S
M, (Da) 14 x 10°
My (Da) 19x 10°
M, (Da) 27 x 10°
M, (Da) 16 x 10°
My/M, 1.3
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2.3.2.2 Identification of cyclic phosphines and proposed mechanism for thermal ring-

opening polymerization

1035 (x=1-7)

Figure 2-30. Cyclic oligomers present in the reaction mixture of thermal ROP of (S,,,Sp)—20Ph.

Approximately 60% of the reaction mixture from the thermal ROP of (SI,,,SI,,)—ZOPh did not
precipitate and stayed in the solution. This soluble part was also sulfurized, then characterized by
NMR spectroscopy and mass spectrometry. The 3P NMR spectrum of this mixture exhibits a
series of sharp signals from & = 34 to 42.5 ppm. Its mass spectrum shows peaks from cyclic
dimers to hexamers (Figure 2-30), with signals of dimers dominating the mass diagram. Mizuta
et al. also found the presence of cyclic oligomers, from dimers up to hexamers, while
investigating the photolytic ring-opening reaction of the known phospha[l]FCP 117" 120 Very
recently, in a similar thermal ROP study of a PhP[1]FCP having one iPr on the ferrocene moiety
(trans-22), Miiller and co-workers observed the formation of cyclic oligomers, from dimers up
to heptamers, in the reaction mixture.’!

In this thesis work, using preparative thin layer chromatography (PTLC), six fractions
from the mixture 103° were collected. Based on 'H and *'P NMR spectroscopic data, five of the
six fractions contained a single species with different signal patterns (fractions 103%-1, 103%-2,
1035-3, 1038-4, and 1035-5, section 4.4.2). MS data showed that all of the five fractions were

dimers, meaning [1.1]ferrocenophanes ([1.1]JFCPs), with the same empirical formula

[{PhP(=S)C,oHg(iPr), }Fe],. The differences in NMR spectroscopic data of all five fractions
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having the same empirical formula shows that isomeric isomers had been obtained. For example,
NMR spectroscopic data of the fraction 1035-1 suggests that it is a non-symmetrical species,
which shows 12 signals for 12 Cp protons in the 'H NMR spectrum, and two signals in its lp
NMR spectrum (8 = 36.2 and 41.9 ppm). On the other hand, 'H NMR spectra of the other
fractions 103°%-2, 103%-3, 103%-4, and 103°-5 indicate the presence of species having a two-fold
symmetry element (section 4.4.2). The 3'p NMR spectra these fractions show one singlet for
each of them at & =41.4 (103%-2), 34.0 (1035-3), 38.3 (103°-4), and 42.6 (103°-5) ppm. These
signals are quite similar to that of the known [1.1]JFCP 51 with no iPr groups (6 = 40.5 and 37.7
ppm).®

Theoretically, many different isomers can be proposed from two ferrocene units, two
PhP=S bridging units, and four iPr groups. The anti and syn conformations of [1.1]FCPs are
illustrated in Figure 2-31. In each structure, the a positions for the iPr groups are indicated by R’

(exo) and R? (endo).

Ph
R1 PcS R1 2 R2
)=, S = 7
] RzF{2 | l 'ID\\ | R
s :
S\ =
1 Ng R T s
R' LS R R R
anti-1038 syn-103°

Figure 2-31. Illustration of exo (R') and endo (R?) a positions in diphospha[1.1]JFCPs.

For both syn and anti isomers, both phenyl groups on the two phosphorus atoms orient
away from the ferrocene moieties. This is based on the structures of both syn and anti

conformations of the parent [1.1]JFCPs (syn-51 and anti-51; section 1.2.4.3), which were isolated
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by Mizuta et al. in the photolytic ROP of the phospha[1]FCP 11™.'2® For the syn conformation

of 103%, there are seven possible isomers that can be formed:

@

(ii)

(iii)

(iv)

)

(Vi)

(vii)

four iPr groups in exo positions (R') results in an C,,-symmetric isomer with
group order h =4.

four iPr groups on endo positions (R?) results in an Cy-symmetric isomer with
group order h =4.

two iPr groups in exo positions (R') of one ferrocene unit, and the other two iPr
groups in endo positions (R?) results in an C,-symmetric isomer with group order
h=2.

two iPr groups in two exo positions (R') of neighboring Cp rings of two ferrocene
units, and the other two iPr groups in endo positions (R*) of neighboring Cp rings
results in an Cs-symmetric isomer with group order h = 2.

two iPr groups in two exo positions (R') of opposite Cp rings of two ferrocene
units, and the other two iPr groups in endo positions (R?) of opposite Cps results
in an Cp-symmetric isomer with group order h = 2.

one iPr group in endo (R') and the other three iPr groups in exo positions (R?)
results in an Cj-symmetric isomer with group order h = 1.

three iPr groups in endo (R') and one iPr group in exo positions (R?) results in an

Ci-symmetric isomer with group order h = 1.

For the syn—l()3S isomer, case (ii) with all four iPr groups on endo positions (RZ) is less

likely occurred due to the steric congestion in the ferrocene system. Applying the same

systematic approach to the anti isomer (anti-103%, Figure 2-31), again, seven isomers are

theoretically possible.
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1) four iPr groups in exo positions (Rl) results in an Cp,-symmetric isomer with

group order h =4.

(i1) four iPr groups in endo positions (R2) results in an Cyy-symmetric isomer with

group order h =4.
(iii))  two iPr groups in exo positions (Rl) of one ferrocene unit, and the other two iPr
groups in endo positions (R?) results in an C-symmetric isomer, with group order
h =2.

(iv)  two iPr groups in exo positions (R') of neighboring Cps of two ferrocene units,
and the other two iPr groups in endo positions (R?) of neighboring Cps results in
an Cs-symmetric isomer with group order h = 2.

(v) two iPr groups in exo positions (R') of opposite Cps of two ferrocene units, and
the other two iPr groups in endo positions (R?) of opposite Cps results in an Ci-
symmetric isomer with group order h = 2.

(vi) one iPr group in exo position (R"), and three iPr groups in endo positions (R?)

results in a non-symmetrical isomer (Cj-symmetry).

(vii)  one iPr group on endo position (R?), and three iPr groups in exo positions (R')

results in a non-symmetrical isomer (Cj-symmetry).

It is expected that isomers with low steric interactions between iPr groups are
thermodynamically more stable and will preferably form. Crystals from one of the five fractions
were obtained and its molecular structure was solved by single-crystal X-ray analysis. The
structurally characterized dimer is syn-C»-103%-3 with all four iPr groups in exo positions

(Figure 2-32), which is one of the possible seven syn-103s isomers.
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Figure 2-32. Molecular structure of syn-C,-103°-3 with thermal ellipsoids at 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and bond angles [°]:
S1-P1 = 1.9486(11); P1-C6 = 1.823(3); P1-C1’' = 1.802(3); P1-C17 = 1.833(3); S1-P1-C6 =
117.09(11); S1-P1-C1’ = 113.32(11); C6-P1-C1’ = 109.15(14). For further bond lengths [A]
and bond angles [°] see Table 4—4.

As expected, the syn isomer characterized in this work is very similar to the non-
alkylated compound syn-51, which was reported in 2005 .?® The P—P and Fe—Fe distances of the

syn-C,-103°-3 isomer are 4.701 and 4.696 A, respectively, which are quite close to the published

values of 4.632 (P—P) and 4.706 A (Fe—Fe) in syn-51."%
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Table 2-7. Crystal and structural refinement data for compound syn-C,-103°%-3.

syn-C-103°-3

empirical formula CusHssFe PoSo
fw 816.64

cryst. size / mm’ 0.35 x 0.30 x 0.22
cryst. system monoclinic
space group P2,/c

Z 4

al A 10.6440(4)

bl A 19.8858(7)

cl A 21.3131(7)

a/° 90

B/° 99.3040(10)

yl° 90

volume / A’ 4451.9(3)

Pealc / & cm’ 1.472
temperature / K 173(2)

Heale / MM’ 1.091

0 range / ° 2.266 to 27.515
collected reflections 38400
independent reflections 10210 [R(int) = 0.0338]
absorption correction none

data / restraints / params 10210/0/513
goodness-of-fit 1.038

R [1>2c(D]? 0.0508

wR, (all data)® 0.1300

largest diff. peak and hole, 1.107 and -1.163
APeiect | € A7

“Ry = [Z||Fo|-|Fe|[l/[Z|Fo[] for [Fo> > 20 (Fo)], wRy = {[Ew(F-F&) 1[Ew(F,5)*1} " [all data]
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According to the crystal structure, the compound syn-C2-1035-3 in a boat conformation
exhibits C,-symmetry, and one can expect that both conformers equilibrate fast on the NMR
time scale, resulting in a time-averaged C,y symmetrical syn isomer.'*"* Such a species would
give three peaks for the 12 Cp protons and two peaks for 8 methyl groups of iPr moieties.
However, '"H NMR spectrum of this compound shows 6 signals for the 12 Cp protons (8 = 6.03,
4.84,4.72,4.49, 4.35, and 4.29 ppm), and 4 doublets for 8 methyl groups of iPr substituents (6 =
1.45, 1.26, 1.12, and 0.04 ppm). It was speculated that at ambient temperature (24-25 °C), the
molecular dynamics is slowed down with respect to NMR time scale (Scheme 2-26). Therefore,
6 signals are observed for the Cp protons. This speculation matched with what was obtained

from the NMR spectroscopic data of the compound syn-C2-103S-3.

Hy Hs'

H : H :
H, Hs Ph 5 Hi@ih 4 Hs
¢ / . a
Hy > P He  Hi 3 He'

Pree &7 pe ™" PlEe s Fo '
S Sy
. Nl
Prppn S ipr iPr S pp P
c2 c2

Scheme 2-26. Illustration of an equilibrium between both conformers of syn-C2-1038-3.

Variable temperature NMR measurements had been applied on the compound syn-C,-
103%-3 and 'H NMR were recorded at high temperatures (22 to 80 °C) (Figure 2-33). The Cp
proton signals get broader at higher temperature and coalescence at 80 °C. This proves that the
molecule is highly dynamic in solution at higher temperature than the ambient temperature.
Further NMR measurements at temperatures above 80 °C could not be done due to the
instrument restriction as well as the boiling temperature of NMR solvent (toluene-d8). On the
other hand, when decreasing temperature from 80 °C to 25 °C, the '"H NMR of compound syn-

C>-103%-3 showed the expected number of signals for Cp protons (6 signals), which is the same
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NMR pattern as before heating. This is strongly proved that the compound syn-C»-103%-3 are
thermally stable, and did not get decomposed when being heated at elevated temperature (80

°0).

e JL M
At 801 BC //_/M
At69.3°C ‘/_//K

M
At453°C

At316°C

o MM
— = e e
6.0 5.5 50 45 4.0 [ppm]

Figure 2-33. "H NMR spectra of Cp range of the compound syn-C2-103S-3 recorded at variable
temperatures (22—-80 °C).

It is worth noticing that half of the Cp rings in syn-C,-103°-3 isomer has S while the
other half has R planar chirality. Compared to the starting phosphal1]FCP (5},,3‘,,)—20Ph that
means that chirality has been lost (Scheme 2-27). This inversion of configuration must come

from breakage of Fe—Cp bond and reformation from the other face of the Cp ring.
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Scheme 2-27. Formation of cyclic dimer syn—C2—1035-3 from the thermal ROP of
phospha[1]FCP (S,,,S,,)-20"".

In a similar work on the thermal ROP of phospha[1]FCP having one iPr group on the
ferrocene unit (rac-22), Miiller and co-workers found evidence for the Fe—Cp bond rupture
based on the formation of one of the cyclic dimers.”' Based on a report about photolytic ROP
from 2003, and the recent report on the mechanistic investigation of thermal ROP of trans-
22! a similar mechanism for the thermal ROP of phospha[1]FCP (SI,,SI,,)—20Ph can be proposed
(Scheme 2-28). First, monomer (Sj,,,LS},)—ZOPh gets transformed to the intermediate L,-20™
through an n to ' haptotropic shift. In this case, the loss of four electrons at iron is
compensated by addition of two neutral two-electron donor molecules L. It can be assumed that

OPh

the compound (S,,,5,)-20"", which is a monodentate phosphine, takes up the role of the donor

molecule L. The Fe—Cp bond in L,-20"™ breaks to form L3-20"™, which then ring-opens

OPh

monomer (S,,5,)-20"" by a nucleophilic attack at iron with its Cp anion. The resulting species

L3-104 is the first product of the chain growth and has two possible routes to further react.

0" to the key intermediate L3-104 leads to polymers Ls-

Repeated addition of monomer (S,,S,)-2
104, or, through backbiting, a [1.1]JFCP is produced. For the case shown in Scheme 2-28, the
formation of the syn-C,-103-3 is illustrated. This compound was isolated in the form of its

sulfurized species syn-C»-103%-3 (Figure 2-32). Obviously, at various stages of the chain-growth,

cyclic species could be generated via the backbiting of species L3-104,. This explains the
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formation of cyclic oligomers with general formula of [1*]FCP with x = 2—6 that were detected

by mass spectrometry.

é . Fh
iPr iPr iPr Pr

] ; P. i
iPr iPr
@\ @ (S,,S,)-20P" t®j @
/ + 2L | PPh +L | PPh _TPTP T L, FI iPr
Fe PPh Fe =, _Fe" iP e iPr
oL L LR e
L iPr L
iPr
(Sp.Sp)-20°" L,-20P" L;-20P"

syn-C,-103-3 L;-104

Scheme 2-28. Proposed mechanism for the thermal ROP of the chiral phospha[1]FCP (S,,S,)-

20™. Only one isomer was shown for the proposed intermediate Ly-20™".

2.3.3 Thermal ring-opening polymerization of the known phospha[1]ferrocenophane 1™

Thermal ROP of the known phospha[1]FCP was reported in literature,3 7 however, its mechanism
is still unknown. The species 11" was thermally polymerized at 120 °C, and this ROP
temperature is significantly low compared to that of the alkylated phospha[1]FCP (S,,,S,,)—ZOPh (T
=300 °C). Therefore, it was assumed that the thermal ROP of the non-alkylated compound 11""
might occur via a Cp—P bond rupture, which is different from that of the alkylated compound
(S,,,S,])—Z()Ph (Fe—Cp bond rupture). In order to prove this, thermal ROP of the known compound

Ph . . .
11" was repeated, with a focus on components of reaction mixture.
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2.3.3.1 Polymer synthesis and characterization

@\ S, Ph
/ 120 °C | Ph Ss | I
Fe PPh ———> — F S
o Fe DCM °
n n

11Ph 11,Ph 11,Ph.s

Scheme 2-29. Preparation of the known poly(ferrocenylphosphine)s.

Thermal ROP of the known phospha[1]JFCP 11" was performed based on the published
procedure,’’ followed by a sulfurization to obtain polymer 11,"-S (Scheme 2-29). Polymer
11,™-S was isolated from the reaction mixture by precipitation into hexanes solution, which
yielded yellow powder (65% isolated yield). *'P NMR spectrum of the resulting polymer shows
a broad signal at & = 37.7 ppm, which is close to the reported *'P chemical shift of polymer
11,”-S (8 = 37.5 ppm).”” Beside the broad signal of the macromolecule, other sharp signals are
present at 6 = 40.0 and 37.2 ppm with a low intensity (Figure 2-34). These two peaks were
assumed to be the signals of cyclic dimers anti-51 and syn-51, respectively, which were reported

by Mizuta and co-workers.”®
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Figure 2-34. *'P{'H} NMR spectrum (202.5 MHz) of the sulfurized polymer 11,""-S. The

signals of impurities anti-51 and syn-51 are marked as * and +, respectively.

The sulfurized polymer 11,™-S was analyzed by GPC with a triple detection system,
which revealed an absolute molecular weight of M, = 87 kDa and a dispersity D = 1.6. This M,,
is significantly higher compared to the published data (M,, = 18 kDa, D = 1.52).>" The large
difference in molecular weight is due to the fact that thermal ROP is a non-living process, and it
is difficult to control the molecular weight. The molecular weight distribution of polymer 11,™-
S is quite broad (D = 1.6) and the GPC curve shows tailing into the lower-molecular-weight
region (high retention volume, Figure 2-34). This special GPC shape was likely caused by the
contamination of two species syn-51 and anti-51, which could not be separated from the

resulting polymer 11,""-S.
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Figure 2-35. GPC trace of polymer 11,'"-S (c =14.3 mg / 8.5 mL thf). System peaks are

indicated with *.

Table 2-8. GPC analysis for polymer 11,"-S.

11,™-S
M, (Da) 54 x 10°
My (Da) 87 x 10°
M,(Da) 147 x 10°
M, (Da) 75 x 10°
My/M, 1.6
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2.3.3.2 Identification of by-products and investigation of possible mechanism for the

thermal ring-opening polymerization of 11"

Ph
p2 Ph
@ @ @\}D/OCQHS @ ©\}D/OCZH5
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Figure 2-36. Structures of by-products in the reaction aliquots of the thermal ROP of
phospha[1]JECP 11™",
Approximately 25% of the reaction mixture from the thermal ROP of phospha[1]FCP 11" did
not precipitate and stayed in the solution. After this soluble part was also sulfurized, the *'P
NMR spectrum of the mixture 105° exhibits a series of sharp signals from 6 = 83.6 to 37.2 ppm.
A mass spectrum showed peaks that referred to cyclic oligomers and linear ethoxy-containing
oligomers. Using PTLC, three fractions were collected (anti-51, 105S-1, and 105S-2, Figure
2-36), and analyzed by NMR spectroscopy and mass spectrometry. The other cyclic and ethoxy-
containing oligomers could not be isolated and identified (51, 1055-1X, and 1055-2x),
presumably due to their trace amounts in the mixture.

NMR spectroscopic data of the first isolated fraction matched with that of the known

[1.1]FCP [PhP(=S)fc], (anti-51), which was reported by Mizuta in 2005 (section 1.2.4.3).'%*
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Beside this, other cyclic oligomers of type 51y were also detected in the mass spectrum. As
mentioned above, Mizuta and co-workers also detected the presence of these cyclic oligomers
(up to hexamers), while investigating the photolytic ROP of the [1]FCP 11" However, only a
cyclic trimer was isolated and characterized by NMR spectroscopy and single crystal X-ray
analysis.'”® According to the authors, other cyclic oligomers existed in trace amounts and could

not be isolated from the reaction mixture.'!

In another investigation, Manners and co-workers
successfully isolated cyclic oligo(ferrocenylsilane)s with up to seven repeating units through a
photolytic living ROP of silicon-bridged [1JFCPs.” It was found that in the ROP process, an
intramolecular head-to-tail ring-closure likely occurred, resulting in the formation of cyclic
dimers (or oligomers).%’m’132

NMR spectroscopic data and mass spectrometry of the other fractions show the presence
of ferrocene-based phosphine compounds having ethoxy-containing group (105°-1 and 105°-2).
Species 1055-1 is a mixture of two diastereomers. For example, its 'H NMR spectrum shows two
sets of signals in the Cp range (0 = 4.81-4.12 ppm), with ratio of 1 to 1, indicating two
diastereomers. Both sets show four signals each and are partially overlapping. The 3P NMR
spectrum of mixture 105%-1 shows two signals at & = 83.4 and 83.5 ppm, which is similar as the
reported data of the sulfurized phosphine compound Ph,(P=S)OEt (6 = 81 ppm).133 The
compound of type 105°-1 has not been reported before, however, related compounds can be
found in the literature.'**'*

Species 1055-2 could not be cleanly isolated due to the presence of other impurities.
However, both 'H and *'P NMR spectra detect the presence of species 10552 as the major

component. For example, its 'H NMR spectrum shows a sharp single signal at 6 = 4.16 ppm,

indicating a non-substituted Cp ring. The 3'P NMR spectrum shows mainly two signals at & = 84
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and 39 ppm, indicating the presence of two different phosphorus atoms. Its mass spectrum
shows a major signal matched with the molecular weight of species 1055-2.

The presence of these ethoxy-containing species of type 1055-1 and 10552 is a surprise,
indicating that the Cp—P bond must have been broken. Therefore, it is intriguing to figure out the
source of these species. There are three possible sources that can generate ethoxy derivatives,
which are contaminants of the monomer 11Ph, the solvent used to dissolve reaction mixture (in
this case thf), and NMR tubes. NMR spectroscopic data of the monomer 11" show no trace of
ethoxy-containing impurities, hence, the possibility of contaminated monomer was eliminated.
Second, as thf can generate -CH,O derivative during its decomposition, this could be considered
as one possible reason for the formation of ethoxy-containing compounds. In order to prove that,
the reaction crude after the thermal ROP was directly dissolved in different types of solvents,
including ethereal and non-ethereal solvents (thf, ters-butyl methyl ether, and CH,Cl,) (Scheme

2-30). This mixture was then analyzed by NMR spectroscopy and mass spectrometry.

F/e PPh _300°C crude mixture dissolved in solvents analyzed by NMR/MS

@/ 2h

11Ph

solvents = CH,Cl,, THF, tert-butyl methyl ether

Scheme 2-30. Thermal ROP of phospha[1JFCP 11™. The reaction mixture was dissolved in

different solvents.

The mass spectrum of the reaction mixture shows the presence of three species anti-51,
105-1 and 105-2, even when the non-ethereal solvent was used. The *'P NMR spectrum shows
three sets of signals, which appear at 6 =155, 106 and from —23 to —32 ppm (Figure 2-37). The
signal at & = 155 ppm is assigned to the known diethyl phenylphosphonite,135 and multiple
136

signals at 106 ppm are assigned to the ethoxy-containing oligomers (105-1, and 105-2,).

Other signals from —23 to —32 ppm are from the cyclic oligomers (anti-51,) and linear polymers
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(llnl)h).”’13 " From these data, it was concluded that the choice of solvent did not affect the
outcome of the thermal ROP. The ethoxy-containing species were present in the reaction mixture

with or without the use of an ethereal solvent.
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Figure 2-37. S'p{'H} NMR spectrum (202.5 MHz) of non-sulfurized reaction mixture from the
thermal ROP of compound 1™ using a used NMR tube. Signals of ethoxy-containing species
105-14 and 105-2, were present at 106 ppm.

Thus, the last possible source that can generate the ethoxy-containing compounds is the
NMR tubes used for the thermal ROP experiments. With that idea, another thermal ROP was
performed, using a new NMR tube, which comes directly from the factory and has not been used
before. The reaction mixture was dissolved in CH,Cl,, and the resulting product was

characterized by NMR spectroscopy and mass spectrometry. As expected, both ’'P NMR
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spectroscopy and mass spectrometry did not show the presence of any ethoxy-containing
ferrocene derivatives (Figure 2-38). This result confirmed that the ethoxy-containing species
were generated from the side reaction between the NMR tube glass surface and reactive
ferrocene compounds during the thermal ROP process. At high temperature, scratches on used
NMR tubes likely allowed reactions between glass materials (SiO, and B,03) and ferrocene

species, leading to the formation of ethoxy-containing compounds of type 105-1 and 105-2.

—-23.92
—-24.89
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—-31.92
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Figure 2-38. Jp{'H} NMR spectrum (202.5 MHz) of the non-sulfurized reaction mixture from
thermal ROP of compound 1™ using a new NMR tube. Signals of ethoxy-containing species

105-1, and 105-2, were not detected.

To conclude, the mechanism of thermal ROP of the known phospha[1]FCP 11™ s still
unknown. However, it is very important to emphasize that the quality of NMR tubes can

significantly affect the outcome of this work. Therefore, one must be careful when choosing
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NMR tubes for conducting experiments, especially, the experiments that are required to be

conducted at high temperatures.

2.3.4 Attempted thermal ring-opening polymerization of chiral

phospha[2]ferrocenophanes

90 CH2SMe3 revealed a tilt angle o = 12.2° (section

The crystal structure of compound (S,,S,,R,R)-
2.1.5, Table 2-2), indicating the presence of low to moderate intrinsic strain. To date, no
reactivity pathways that relates to the release of ring-strain of these compounds have been
reported, perhaps due to the insufficient strain in diphospha[2]FCPs. Therefore, it would be very
intriguing to see if the species (SP,SP,R,R)-9OCHZSiMe3 could be thermally ring-opened.

DSC measurements were performed to investigate the thermal properties of the two
compounds (S,,,S,,R,R)-90°"*5™¢ and 90N**2 However, the DSC thermograms exhibit only an
endothermic peak, suggesting that no ring-opening process had been occurred (Figure 2-39). In
order to further support the DSC results, thermal ROP of the phospha[2]FCP (S,,S,.R,R)-

90 “H2IME3 (a5 attempted.
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-1 1 =N NPT
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Figure 2-39. DSC measurements of the chiral phospha[2]FCPs 90 CH2SIMe3 5 nd 90N P2,
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The monomer (S,,,S,,,R,R)—9()CHZSiMe3 was heated at 300 °C for 6 h in a sealed NMR tube.
During the time of heating, the color of the tube’s content did not change, and the material in the
NMR tube was melted. After 6 h of heating, the NMR tube was cooled down to r.t., and the melt
turned into an orange solid. The tube’s content was dissolved in C¢Dg and analyzed by NMR
spectroscopy. Both 'H and 3'p NMR spectra did not detect any new signals, which are in
agreement with what was observed in the DSC measurements. Although thermal ROP was not
performed on the other compound, based on its DSC thermogram (Figure 2-39) and the results
obtained from thermal ROP of (SP,SP,R,R)-90CHZSiMe3, compound 90N would likely not to be
thermally ring-opened. Overall, the diphospha[2]FCPs are thermally robust and could not

undergo thermal ROP. This is not surprising due to the insufficient strain in these compounds.

2.4 Attempted  photolytic  living  anionic  ring-opening  polymerization of

phospha[1]ferrocenophanes

/@\ (1) NaCp, thf /Q
nRe PCH,SiMe; 2h.5°C.hv _ Fe
@/ (2) MeOH

11 CH2SiMe3 57 (R = CH28|M93
CHMe2
(1) NaCp, thf
/ 0
n Re PCH,SiMe; 2h87C. v hreacted monomer
(2) MeOH
CHMe2

(Sp,sp)-86CH25iM93

Scheme 2-31. Attempted photolytic living anionic ROP of phospha[l]FCPs 11CH25Me and

(Sp,Sp)—86CHZSiMe3. One of many feasible isomers of compound 57, is shown.

As mentioned in section 1.2.4.3, photolytic living anionic ROP is the most recent method

developed to obtain well-defined metallopolymers.*® Compared to the conventional anionic ROP

109



using organolithium reagents, the use of a milder initiator like NaCsHs in the photolytic anionic
ROP can make this polymerization method easier to perform. Preliminary results from the

6CH2SIMe3 (1 hwed that side reactions between

attempted anionic ROP of compound (S,,5,)-8
CH,SiMes group and nBulLi led to unsuccessfully polymerization (section 2.2.2). Therefore, it
was hoped that using NaCsHjs as initiator could lead to a successful polymerization. In order to
apply the right techniques on this new polymerization system, it was important to reproduce the
published data. Thus, the photolytic living anionic ROP of the known phospha[1]FCP 11 CH25IMe3
was repeated following literature ,>° and the obtained results were compared with the reported
data. The same technique used for the known compound 11"*M ya5 then applied to the
chiral phospha[1]JFCPs (S,,,S,)-86125™M¢3,

: H2SiM
For the known species 11H25iMe3

, using monomer/initiator ratio of 50/1 and after being
irradiated with UV light for 2 h at 5 °C, the color of reaction mixture changed from dark-red to
yellow. A few drops of degassed methanol were added to neutralize all the active species
(Scheme 2-31). The reaction mixture was added to a vigorously stirred hexanes solution,
resulting in yellow precipitates, which were characterized by NMR spectroscopy. The 'H NMR
spectrum shows broad signals from & = 4.09—4.40 ppm for the Cp range, suggesting that the
expected polymer was formed. In the *'P NMR spectrum, a broad signal appears at & = —47.5
ppm, which is very close to the reported *'P chemical shift of polymer 57, (5 = —47.1 ppm).*’ In
summary, these NMR spectroscopic data are in agreement with the published data, therefore,
assuring that the equipment for and the executing of the polymerization worked for the known

1CH2SlMe3

compound 1 as described in the literature.

However, using the same ROP technique for the chiral phospha[l]FCP (S,.S,)-

86°15Me3 the color of reaction mixture did not change after 2 hours of irradiation, indicating
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that the strained monomer was still the dominant species in solution. 'H and *'P NMR

spectroscopy finally revealed that only the strained compound (SP,SP)—86CH2$Me3

was present.
Additional attempts, such as increasing reaction temperature or extending reaction time did not
lead to any detectable products. Thus, the photolytic living anionic ROP of species (S,,S,)-

86°"™Me3 4id not occur. At this point, we do not have enough evidence to conclude if the

initiation step could not occur, or the chain propagation failed.
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CHAPTER 3. SUMMARY AND CONCLUSION

3.1 Synthesis of chiral phosphorus-bridged [n]ferrocenophanes

Following a reported procedure, the enantiomerically pure dibromoferrocene (S,,5,)-19 was
successfully prepared.m5 Through the salt-metathesis reaction of the dilithio derivative of
(S5,5,)-19 with dichlorophosphines, the new chiral phosphorus-bridged [1]FCPs (S,,S,)-
86°H12Me and (SP,SI,,)-86I\I"Pr2 were prepared (Figure 3-1). Both compounds are volatile under

vacuum at elevated temperature (80 °C), and were isolated by sublimation [(Sp,Sp)-86CstiMe3]

or
flask-to-flask condensation [(SP,SP)-86NiPr2]. Both species possess similar NMR patterns as the
previously reported chiral phospha[l]FCPs (Sp,Sp)-ZOR and (S,,5,)-21 (section 1.2.1). This

supports the expectation that the two compounds (S),,S,)-86"*™ and (S,,,S,)-86"""* are non-

symmetrical species, with planar-chirality on the ferrocene moiety.

Me/{_Me Me,, Me
PCH28|Me3 PN/Pr2
(Sp,Sp)-SGCHZS'M93 (Sp,Sp)-BGN’P'Z

Figure 3-1. Chiral phospha[1]ECPs (S,,,S,)-86"*™% and (5,.S,,)-86"""2,

The enantiomerically pure diphospha[2]FCPs (S,.S,,R.R)-90"25™M and 90N (Figure
3-2) were synthesized via a two-step procedure, starting from the chiral dibromoferrocene
(S,S,)-19. Both compounds were isolated via vacuum sublimation at high temperature (120 °C),
and crystals of (Sl,,,Sp,R,R)—90CHZSiMe3 were subjected to single-crystal X-ray analysis. The tilt

angle o of (S,,,S,,,R,R)-90CHZSiMe3 was determined as 12.2° (Table 2-2), which is in the range of
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the known diphospha[2]FCPs (7.7-13.6°).2***!™ NMR spectroscopic data show that these
diphospha[2]FCPs [(Sp,SP,R,R)-90CHZSiMe3 and 90" are C,-symmetric species. It is worth
mentioning that (SI,,,SP,R,R)-90CHZSiMe3 and 90™""? are the first chiral diphospha[2]FCPs having

both planar and central chirality.

CHMe, CHMe,

@ ,CHZS|Me3 @ 4NiPry

/ TP
Fe | Fe |

P
CHQSIMe3 /[ \>’ NiPr2

CHMe, CHM
(Sp,Sp,R,R)-QOCHZSIMeS ( ) 90NIPr2

Figure 3-2. Chiral diphospha[2]FCPs (S),,S,,R,R)-90 "M and 99N*r2,

The new 1,1'-bis(phosphanyl)ferrocene (SP,SP,S,S)-SSI\”Pr2 was synthesized via the
addition of the phosphorus reagent iPr,NPCl, to the lithium derivative of dibromoferrocene
(S5,5,)-19. Due to phosphorus being the stereogenic atom, 3 diastereomers could possibly form
in this reaction. To our surprise, the reaction was very selective. The reaction mixture mainly
contained one isomer, which was isolated through vacuum sublimation at ca. 120 °C. Single-
crystal X-ray analysis of the so-obtained crystals revealed that both phosphorus atoms were

generated in S configuration.

CHMe2

e
| Ii IFTy
Fe
Me,HC Cl

l?*CI
NiPry
(Sp.Sp, S, S)-88NPr2

Figure 3-3. 1,1'-Bis(phosphanyl)ferrocene (S,.S,.5,5)-88™""2.
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3.2 Attempted anionic ring-opening polymerization

3.2.1 Attempted anionic ring-opening polymerization of phospha[n]FCPs

A series of anionic ROPs experiments were performed with the chiral phospha[1]FCPs having
different groups on phosphorus; however, no polymeric materials could be isolated. It was found
that the lithium species (S, S,,)-95Li failed to further react with other monomers, even though this
species was present long enough in the reaction mixture (within 4 h in Et,O). That means that

the initiation step of the attempted anionic ROP worked, but the ring-propagation did not occur.

3.2.2 Synthesis of a new chiral ferrocene-based phosphine ligand (S,,S)-99 via the anionic

ring-opening reaction

One of the phosphall]FCP (SP,SIL,)-ZOPh showed the ability to be cleanly ring-opened with 1
equiv of nBuli, generating a stable lithium derivative (Sp,Sp)-95Li in Et;O (Figure 3-4). This
lithium species reacted with PPh,Cl to give the new chiral ferrocene-based phosphine ligand
(S,9)-99 (Figure 3-4). This new ligand possesses both planar and central chirality, and might be

a useful ligand for asymmetric catalysis.

CHMe, CHMe,
@L, @Pphz
Fe Fe
Me,HC Me,HC
Fl,/Ph IID/Ph
nBu nBu
(Sp,Sp)-954 (Sp,5)-99

Figure 3-4. The new chiral ferrocene-based phosphine ligand (S,,.,S)-99.
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3.3 Metallopolymers through thermal ring-opening polymerization

Differential Scanning Calorimetry was performed on phospha[l]FCPs having different
substituents on the phosphorus atom. Based on the DSC data, the bulkier the substituent groups
on phosphorus, the smaller the heat that gets released. The alkyl groups on the ferrocene moiety
of the strained monomer can increase the steric hindrance in a ferrocene system, leading to a
substantial destabilization of resulting polymer. Thus, with increasing numbers of alkyl groups
on Cp rings, less heat is released in the ROP process.

The thermal ROP of (LS},,SJ,,)-Z()Ph at 300 °C revealed that approximately 45% of the
reaction mixture contained polymeric materials, while the rest of the mixture was cyclic
oligomers. Both polymeric and cyclic species were reacted with elemental sulfur, in order to get
stable compounds for further characterization. Separation on the mixture of cyclic oligomers
resulted in isomeric dimers, which possessed different symmetries. One of the cyclic dimers
formed crystal, which was then subjected to single-crystal X-ray analysis (syn-C2-103S-3). The
crystal structure revealed that this dimer can only be formed via a cleavage of Fe—Cp bond in the
strained monomer (Sp,Sp)-ZOPh. Based on the recent study on thermal ROP of the phospha[1]FCP
trans-22"" and the known knowledge of photolytic ROP,”® a mechanism for the thermal ROP of

phospha[1]FCP (S,,,S,)-20"" was proposed.
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CHAPTER 4. EXPERIMENTAL SECTION

4.1 General Procedures

General Methods. If not mentioned otherwise, all syntheses were carried out using standard
Schlenk and glovebox techniques. Solvents were dried using an MBraun Solvent Purification
System and stored under nitrogen over 3 A molecular sieves. All solvents for NMR spectroscopy
were degassed (freeze-pump-thaw method) prior to use and stored under nitrogen over 3 A
molecular sieves. Unless otherwise noted, temperatures refer to that of the bath (e.g., dry
ice/acetone bath for —78 °C). Flash chromatography was performed with neutral aluminum oxide
and silica gel 60, respectively; mixed solvents eluents are reported as vol / vol solutions. For
controlled addition of solution of some phosphorus reagents, a syringe pump was used (Sage
Instrument, model 355).

Characterization Methods. IH, BC and *'P NMR spectra were recorded on a 500 MHz Bruker
Advance, 500 MHz Bruker Advance III HD, 500 MHz and 600 MHz Bruker Advance III HD
NMR spectrometers at 25 °C in C¢Dg or CDCls, respectively. 'H chemical shifts were referenced
to the residual protons of the deuterated solvent [0 = 7.15 ppm (C¢Dg), 7.26 (CDCl3) ppm]. Bc
chemical shifts were referenced to the C¢Dg signal (6 = 128.00 ppm) and the CDCl; signal (6 =
77.00 ppm). 3'P NMR chemical shifts were reported relative to the external reference of 85%
H3PO4 in D>O. The following abbreviations are used to described NMR signals: s (singlet), d
(doublet), t (triplet), pst (pseudo triplet), sept (septet), m (multiplet), br (broad), unres
(unresolved). Many Cp protons appear as slightly broadened singlets, while others either appear
as triplets or as an unresolved triplet. Due to limited digital resolutions in NMR spectra, reported
coupling constants obtained from BC NMR spectra are rounded to integer values in Hz; those

obtained from "H NMR spectra are associated with an error (the digital resolution in '"H NMR
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spectra is either 0.2 ((S,,S,,R,R)-90 "™ 1 1'.(5,5,.5,5)-88™""2) or 0.3 Hz). Assignments for
all new compounds were supported by additional NMR experiments (DEPT, HMQC, COSY).
High resolution mass data were obtained with a JEOL AccuTOF GCv 4G instrument using field
desorption ionization (FDI). Elemental analyses were performed on a Perkin Elmer 2400 CHN
Elemental Analyzer.

Reagents. The compounds 77,2797 83 and 85'%* were prepared as described in the literature.
The compounds 1177742 11EMME 3 (g ¢ ) 20" (5,,5,)-20"".%* (5,.5,)-19,'" Cl,PSiMe;
87, CLL,PNiPr, 89'"° and the oxazaborolidine catalyst 109,"*” were prepared according to the
literature with some alterations; therefore, the synthesis of these known compounds are reported
and the changes are also mentioned in the section below. The compound (S),S,)-20"™" was
synthesized by the former member Saeid Sadeh, and used in this thesis work without any further
purification.64 nBuLi (2.5 M in hexanes), phenyldichlorophosphine (97%), ferrocene (98%),
trimethylaluminum (2.0 M solution in hexanes), dichloroisopropylphosphine (97%), 1,2-
dibromotetrachloroethane (Acros, 97%), methyl trifluoromethanesulfonate (98%), and
tris(dimethylamino)phosphine (97%) were purchased from Sigma-Aldrich. N,N,N,N’-
Tetramethylenediamine (Alfa Aesar, 99%), acetic anhydride (EMD, ACS grade, 99%), and
magnesium turnings (99.8%) were purchased from VWR. Elemental sulfur (99%) and
preparative thin layer chromatography (PTLC) plates [glass plates (20 x 20 cm) pre-coated (0.25
mm) with silica gel 60 F,s4] were purchased from EMD. Silica gel 60 (EMD, Geduran, particle
size 0.040-0.063 mm) and aluminum oxide (Sigma-Aldrich, activated, neutral, Brockmann I, 58

A pore size) were used for flash column chromatography.
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4.2 Thermal Studies

Differential Scanning Calorimetry (DSC) analyses were performed on a TA Instruments Q20 at
a heating rate of 10 °C/min. Samples, sealed in hermetic aluminum pans, were tared using a
balance with a repeatability of 0.1 mg (AB204-S Mettle Toledo). For each run, around 2-3 mg of
a sample was measured. The known melting enthalpy of a sample of indium was used to check
on the calibration of the DSC instrument. DSC data were analyzed with the TA Instruments

Universal Analysis 2000 software.

4.3 Gel Permeation Chromatography (GPC) Analyses

Chromatograms were recorded on a Viscotek 350 HT-GPC system (Malvern) (column
temperature of 45.1 °C; thf; flow rate = 1.0 mL.min'l; calibrated for polystyrene standards). The
instrument was equipped with the following Viscotek components: auto-sampler (Model 430
Vortex), degasser (model 7510), two pumps (model 1122), 7° and 90° light scattering detectors,
refractometer, and viscometer. GPC columns cover the range of My, of 500 to 10,000,000 g.mol‘1
(three main columns: Plgel 10 uM MIXED-B LS 300 x 7.5 mm; one guard column: 10uM
GUARD 50 x 7.5 mm; Agilent Technologies). Samples were dissolved in thf and filtered

through 0.45 um syringe PTFE filters before GPC.
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4.4 Syntheses

4.4.1 Syntheses of known reagents

4.4.1.1 Synthesis of oxazaborolidine (Corey-Bakshi-Shibata catalyst)

Synthesis of (S)-N-ethoxycarbonylproline methyl ester (106)

The known compound 106 was prepared following the described plrocedulre138 with the change in
solvent used for work-up: ethyl acetate was used instead of chloroform. To a solution of L-
proline (6.96 g, 60.4 mmol) in methanol (120 mL) was added potassium carbonate (8.35 g, 60.4
mmol). The reaction mixture was cooled down to 0 °C and ethyl chloroformate (d = 1.143
g/cm3, 12.5 mL, 133 mmol) was added dropwise via syringe. The mixture was warmed up to r.t.
and stirred overnight under atmosphere. After stirring overnight, methanol was evaporated under
reduced pressure, and the residual oil was poured into a prepared beaker with distilled water (90
mL). This solution was extracted with ethyl acetate (3 x 300 mL) and the combined organic
phases was washed with brine (300 mL) and then dried over Na,SO,4. All volatiles were removed
under reduced pressure, which yielded the final product as a colorless oil (12.1 g, 98%). 'H
NMR (CDCls, 500.1 MHz): 6 1.13 (t, 3H), 1.20 (t, 3H), 1.85-2.30 (m, 8H), 3.35-3.60 (m, 4H),
3.65 (s, 3H), 3.67 (s, 3H), 3.99-4.15 (m, 4H), 4.24 (dd, 1H), 4.30 (dd, 1H). The '"H NMR data

was in accordance with literature.
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Synthesis of (S)-N-ethoxycarbonyl-a,a-diphenylprolinol (107)

Ph
Ph
=0

o}

\

C,Hs
107
The known compound 107 was prepared following the described procedure'”® with detailed
information about the solvent mixture used for flash column chromatography, which was not
previously mentioned in the literature. Magnesium turnings (11.7 g, 480 mmol) were introduced
into a 1L three-necked flask fitted with a dropping funnel and a reflux condenser, and dried
under high vacuum for 3 h. Dry thf (150 mL) was added to that three-necked flask and stirred for
15 min. Bromobenzene (25.2 mL, 240 mmol) was added to another 250 mL Schlenk flask
(previously prepared under vacuum and N;) together with 50.0 mL dry thf, mixed well, and
transferred to the dropping funnel. This solution of bromobenzene in thf was then added
dropwise via dropping funnel to three-necked flask. First a small amount was added (ca. 15-20
drops), followed by heating the bottom of the three-necked flask in order to initiate the reaction.
The addition was continued without changing the speed of dropping until bromobenzene
solution was added completely, and stirred for another 30 min at r.t. to produce
phenylmagnesium bromide (Note: The color turned to yellowish brown. Also, one should
prepare an ice bath to cool down reaction flask if needed). During that time, (S)-N-
ethoxycarbonylproline methyl ester (106) (12.1 g, 60.0 mmol) was added to another prepared 1L
Schlenk flask (equipped with a stirred bar) and left on high vacuum for 30—45 min. After that,
the solution of 106 with 100 mL dried thf was cooled down to O °C, and the solution of

phenylmagnesium bromide was transferred dropwise via cannula during 30 min. After the
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addition was completed, the reaction mixture was stirred at 0 °C for another 5-10 min, then
warmed up to r.t. and stirred overnight under N,. After stirring overnight, reaction mixture had
turned to clear orange solution. A saturated aqueous ammonium chloride solution (130 mL) was
added dropwise (vigorous gas evolution occurred) and a white precipitate formed. The mixture
was extracted with CH,Cl, (2 x 120 mL) and the combined organic phases were washed with
brine, dried over Na,SOy, and concentrated under reduced pressure, which resulted in colourless
oil. Flash column chromatography (hexanes / Et,0O, 1/ 1) yielded the title compound as a white
solid (9.52 g, 47%, Ry = 0.31). '"H NMR (CDCl3, 500.1 MHz): § 0.81 (br, 1H), 1.26 (t, 3H),
1.46-1.56 (m, 1H), 1.93-2.00 (m, 1H), 2.08-2.17 (m, 1H), 2.97 (br, 1H), 3.43 (q, 1H), 4.02-4.23
(m, 2H), 4.95 (dd, 1H), 6.11 (br, 1H), 7.28-7.44 (m, 10H). The 'H NMR data was in accordance

with literature.

Synthesis of (S)-a,a-diphenylprolinol (108)

Ph
WPh
NH OH

108
The known compound 107 was prepared following the described procedure'*’. The reaction
temperature was 85 °C, which was not mentioned in the literature report. A mixture of 107 (9.29
g, 27.5 mmol), methanol (160 mL) and potassium hydroxide (18.5 g, 330 mmol) was added to a
500 mL r.b. flask, heated to 85 °C and stirred for 36 h under reflux. After that, volatiles were
evaporated under reduced pressure which yielded white solid. Water and CH,Cl, were added and
the phases were separated. The mixture was extracted with CH,Cl, (4 x 90 mL) and the
combined organic phases were washed with brine, and dried over Na,SO4. After all volatiles
were removed under reduced pressure to yield final product as white crystals (6.83 g, 98%)
(literature report: brown crystals). '"H NMR (CDCl;. 500.1 MHz): & 1.55-1.81 (m, 4H), 2.91-
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3.10 (m, 2H), 4.28 (t, 1H), 7.16-7.35 (m, 6H), 7.50-7.61 (m, 4H). The 'H NMR data was in

accordance with literature.

Synthesis of oxazaborolidine (CBS catalyst) (109)

Ph

St
N

«..0
B
CHj

109
The known compound 108 was prepared following the described procedure141 and used directly
for the next step without any further purification. Compound 108 (7.95 g, 31.4 mmol),
methylboronic acid (1.88 g, 31.4 mmol), and toluene (130 mL) were heated to 125 °C under
reflux for 12 h (literature report: 3 h). Water was removed with the help of a Dean-Stark trap.
The solvent was evaporated under vacuum to leave a pale-yellowish solid behind, which was
directly used in the next step (8.03 g, 92%). 'H NMR (CDCls, 500.1 MHz): ¢ 0.36 (s, 3H, B—
CHs3), 0.90-0.71 (m, 1H, N—-CH,—CH,—CH>), 1.68-1.45 (m, 1H, N-CH,—CH,—CH,), 1.90-1.70
(m, 2H, N-CH,—CH,—CH>), 3.15-2.95 (m, 1H, N-CH,—CH,), 3.45-3.25 (m, 1H, N—-CH,—CH,),
4.35 (dd, 1H, N—~CH-CH,-CH,), 7.10-7.70 (m, 10H, Ph). The '"H NMR data was in accordance

with literature.
4.4.1.2 Synthesis of (S,,S,)-1,1'-dibromo-2,2’-di(isopropyl)ferrocene

Synthesis of (R,R)-1,1'-bis(a-hydroxyethyl)ferrocene (77)

OH
]
Fe

77 OH
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The known compound 77 was prepared following the described procedure92 with changes in
solvents used for work-up and flash column chromatography. Specifically, diethyl ether was
used for the work-up instead of fert-butyl methyl ether. For flash column chromatography, a
solvent mixture of hexanes / ethyl acetate (1 /1) was used instead of hexanes / fert-butyl methyl
ether. Oxazaborolidien 109 (1.72 g, 6.20 mmol) was dissolved in dry thf (7.00 mL) and cooled
down to 0 ‘C under nitrogen. From a syringed charged with BH3;.SMe, (2.50 mL, 1 ™ in thf),
20% of the final amount (0.50 mL) was added to the catalyst solution. After 5 min stirring, the
remaining BH3.SMe, and a solution of 1,1'-diacetylferrocene (11.5 mmol) in thf (24.0 mL) were
added simultaneously within 20 min. The red color of the ketone turned to yellow on reduction.
After 15 min at 0 'C, the excess of BH3.SMe, was quenched by dropwise addition of methanol
(10.0 mL). After the hydrolysis had ceased, the mixture was poured into saturated aqueous
solution NH4C1 (150 mL) and extracted with ether (200 mL). The organic layer was washed with
water (200 mL) and brine (200 mL), dried over Na,SOy, and then concentrated to give an dark
orange oil, which was purified by flash column chromatography (hexanes / EtOAc, 1 / 1),
resulting in an orange-yellow solid (2.31 g, 74%). '"H NMR (CDCl3, 500.1 MHz): 6 1.39-1.40
[d, 6H, CH(CH3)], 3.18 (br, 2H, OH), 4.18-4.22 (m, 8H, Cp), 4.60—4.61 [q, 2H, CH(CH3)]. The

"H NMR data was in accordance with literature.
Synthesis of (R,R,S,,S,)-1,1"-bis(a-N,N-dimethylaminoethyl)-1,1"-dibromoferrocene (84)

NMe,
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The known compound 84 was prepared following the described literature'®, and the crude was
purified by flash column chromatography (literature report: no purification). To a stirred solution
of (R,R,S,Sp)-1,1"-bis(a-N,N-dimethylaminoethyl)ferrocene (0.751 g, 2.29 mmol) in dry diethyl
ether (8.00 mL) was added dropwise nBuLi (2.50 M in hexanes, 3.80 mL, 9.51 mmol) over 15
min under nitrogen at r.t. After 20 min the color of the mixture changed from orange to red.
After stirring overnight, the reaction mixture was cooled down to —78 "C. A solution of 1,2-
dibromotetrachloroethane (3.26 g, 10.0 mmol) in dry thf (5.00 mL) was added dropwise via
syringe over 15 min. The resulting dark brown suspension was warmed up to r.t. over 90 min,
stirred at r.t. for another 1 h and then quenched with saturated Na,;S,03 solution at 0 ‘C. The
mixture was diluted with diethyl ether (80.0 mL). The organic layer was separated and the
aqueous layer was extracted with diethyl ether (2 x 30 mL). The combined organic phases were
poured into a saturated aqueous NH4Cl solution (80.0 mL), and the organic layer was extracted
with NH4ClI (5 x 50 mL). The aqueous phase was separated, neutralized with dropwise addition
of 1M KOH, and extracted with diethyl ether (60.0 mL). After washing with water (30.0 mL),
and saturated aqueous brine solution (30.0 mL), the combined organic layers were dried over
Na,SO,, and concentrated to give a brown yellow solid as crude product. The crude was purified
by flash column chromatography (CH,Cl, / Et3N, 95 / 5) to afford the final product as an orange
solid (0.612 g, 55%). '"H NMR (CDCls, 500.1 MHz): & 1.48 [d, 6H, CH(CH3)], 2.13 [s, 12H,
N(CHs),], 3.74 [q, 2H, CH(CH3)], 4.13 (m, 4H, Cp), 4.27 (m, 2H, Cp). The "H NMR data was in

accordance with literature.
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Synthesis of (S,,S,)-1,1"-dibromo-2,2'"-di(isopropyl)ferrocene [(S,,S,)-19]

The known compound (S,.,S,)-19 was prepared following the described procedure'”, with a
change in solvent used for flash column chromatography: hexanes was used instead of hexanes /
EtOAc (100 / 1). To a stirred solution of (RR,S,.S,)-2,2"-bis(a-acetoxymethyl)-1,1'-
dibromoferrocene (0.464 g, 0.899 mmol) in dry CH,Cl, (9.50 mL) was added dropwise
trimethylaluminum (2.0 m in hexanes, 2.30 mL, 4.50 mmol) at —78 °C. The reaction mixture was
stirred for 60 min at —78 OC, then warmed up to r.t. and stirred for additional 30 min at that
temperature. After that, the mixture was transferred into the aqueous saturated NaHCO3; solution
(5.00 mL) at O °C via syringe and saturated sodium potassium tartrate solution (5.00 mL) was
then added. The solvent was concentrated and the residue was dissolved in diethyl ether (10.0
mL). The resulting suspension was stirred vigorously for 20 min and then acidified with HCI 1N
(5.00 mL). The organic layer was separated and the aqueous layer was extracted with diethyl
ether (2 x 10 mL). The combined organic phase was washed with saturated aqueous NaHCO3
solution, distilled water, brine and then dried over Na,SO,4. All volatiles were concentrated to
give orange solid, which was purified by flash column chromatography (hexanes) and followed
by crystallization in hexanes at —20°C to afford orange crystal as final product (0.260 g, 62%).

'H NMR (CDCl3, 500.1 MHz): § 1.05-1.06 [d, 6H, CH(CHs),], 1.31-1.32 [d, 6H, CH(CH3),],
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2.80 [sept, 2H, CH(CHs),], 4.02 (m, 2H, Cp), 4.07 (m, 2H, Cp), 4.23 (m, 2H, Cp). The 'H NMR

data was in accordance with literature.

4.4.1.3 Synthesis of phosphorus reagents

Synthesis of Me;SiCH,PCl, (87)

Clzp/\sl(

87

The known compound 87 was prepared following the described plrocedure,3 ? and the crude
mixture was purified by multi-condensation which was not mentioned in the literature. A
solution of Me3SiCH,Cl (3.00 mL, 21.2 mmol) in dry diethyl ether (5.00 mL) was added to
magnesium turnings (0.515 g, 21.2 mmol) under nitrogen flow. After the addition of half of the
solution, 1,2-dibromoethane (0.05 mL) was added to the reaction mixture and was heated to
reflux. When the reaction mixture started to become turbid, the remaining of
(trimethylsilyl)methyl chloride solution was added. Stirring was continued at reflux temperature
for 12 h. The reaction mixture was transferred to another Schlenk flask and cooled down to 0 'C
and stirred vigorously while powdered anhydrous CdCl, (1.94 g, 10.6 mmol) was added rapidly.
After stirring for 2 h at 0 'C, the salt was removed by filtration under a positive pressure of N».
The filtrate was added dropwise to a vigorously stirred solution of PCl3 (4.62 mL, 52.9 mmol) in
dry diethyl ether (17.0 mL). After the addition was complete, the mixture was stirred at room
temperature for 3 h. The white precipitate was filtered off, the filter cake was washed with dry
diethyl ether (3 x 10 mL), and the combined diethyl ether solution was evaporated. Multi-

condensation gave final product as a colorless oil (2.05 g, 51%). '"H NMR (CeDs, 500.1 MHz): o
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—0.0127 [s, 9H, Si(CHs)3], 1.58-1.61 (d, 2H, CH,). *'P{'"H} NMR (CDs, 202.5 MHz): § 205.5

(s). The "H NMR and *'P NMR data were in accordance with literature.

Synthesis of iPr,NPCI, (89)

JiPr
Cl,P—N
“iPr
89
The known compound 87 was prepared following the described procedure,110 with a reaction
temperature at 0 °C, which was not clearly indicated in the literature. iPr,NH (3.96 mL, 28.3
mmol) was added dropwise to a solution of PCl; (1.31 mL, 15.0 mmol) in hexane (35.0 mL)
under N, at 0 °C. The resulting white slurry was stirred at r.t. for 1 h, then it was filtered and the
precipitate [(iPr),NH*HCI] was washed with hexane (4 x 10 mL). Solvent was removed and the
residue was distilled under reduced pressure to yield final product as a colorless liquid (1.58 g,
52%). '"H NMR (CDCls, 500.1 MHz): § 1.28 [d, 12H, CH(CHs),], 3.92 [br, m, 2H, CH(CH3),].
S'p{'"H} NMR (CDCls, 202.5 MHz): & 170.2 (s). The 'H NMR and *'P NMR data were in

accordance with literature.
4.4.1.4 Synthesis of phosphorus-bridged [1]FCPs

Synthesis of the known phosphorus-bridged [1JFCP (11*")

The known compound 11" was prepared following the described procedure,’® and the reaction

mixture was stirred for 30 min at r.t. before solvent was removed. This reaction time was not
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mentioned in the literature. In addition, crystallization of the crude mixture was done at —80 °C
instead of —55 °C as described in literature. To a stirred suspension of Fe[(n-CsHy)Li],*%tmeda
(1.46 g, 5.31 mmol) in 12 mL of dry hexanes at —26 °C was added dropwise PhPCl, (0.77 mL,
5.68 mml) over a period of 10 min. The reaction mixture was stirred at —26 °C for a further 10
min, until the color of solution turned to dark reddish, then it was warmed up to r.t. and stirred at
that temperature for another 30 min. Solvent was removed under vacuum, and the crude mixture
was then filtered and extracted with dry hexanes (5 x 5 mL). The solution was concentrated to a
minimum amount of hexanes and crystalized at —80 °C. The monomer was purified by three
further recrystallizations in hexanes (—80 °C), resulting in dark red crystals as final product (650
mg, 41%). '"H NMR (CDCls, 500.1 MHz): 6 4.43 (m, br, 2H, Cp), 4.51 (m, br, 2H, Cp), 4.69 (m,
br, 4H, Cp), 7.34-7.31 (m, 1H, p-Ph), 7.45-7.42 (m, 2H, m-Ph), 7.67-7.64 (m, 2H, o-Ph).
J'p{'"H} NMR (CDCls, 202.5 MHz): & 11.0 (s). The '"H NMR and *'P NMR data were in

accordance with literature.

Synthesis of the known phosphorus-bridged [1JECP (11H251Me3)

/
Fe  PCH,SiMe,

11 CH2SiMe3

The known compound 11" was prepared following the described procedure,”® with changes in
the reaction temperature and reaction time. More specifically, the reaction was done at —10 °C
(literature report: —30 °C), and the reaction was stirred at r.t. in 1 h (literature report: 6 h) before
a filtration. A solution of (Mes;SiCH;)PCI, (0.579 g, 3.06 mmol) in dry hexanes (30 mL) was
added slowly over a period of 10 min via a syringe pump to a stirred suspension of Fe[(n-

CsHy)Li],*%tmeda (0.840 g, 3.06 mmol) in dry hexanes (30 mL) at —10 °C. The reaction was
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then allowed to warm up to r.t. and stirred at that temperature for another 1 h. The reaction
mixture was filtered off and solvent was removed under vacuum. The crude mixture was
crystallized from hexanes twice at —80 °C and further purified by vacuum sublimation at 70 °C
to obtain a dark-red crystalline compound (0.55 g, 60 %). 'H NMR (C¢De, 500.1 MHz): & 0.17
[s, 9H, Si(CHs3)3], 1.13 (br, 2H, PCH,), 4.20 (m, 2H, Cp), 4.26 (m, 2H, Cp), 4.33 (m, 2H, Cp),
4.4 (m, 2H, Cp). *'P{'"H} NMR (C¢Ds, 202.5 MHz): & —7.8 (s). The '"H NMR and *>'P NMR data

were in accordance with literature.

Synthesis of chiral phosphorus-bridged [1]FCP [(SP,SP)-ZOP"]

(Sp.S,)-20P"
The known compound (Sp,Sp)-ZOPh was prepared following the described procedure,®® with
changes in the purification of the crude mixture. More specifically, activated Al,O3; was used in
the flash column chromatography instead of SiO,. The final product was obtained after a
sublimation at 80 °C and crystallization in hexanes at —20 °C (literature report: only sublimation
needed). nBuLi (2.5 M in hexanes, 1.65 mL, 4.11 mmol) was added dropwise to a cold (0 °C)
solution of (§,,S,)-19 (0.838 g, 1.96 mmol) in a solvent mixture (20 mL of hexanes / thf , 9/ 1).
The reaction mixture was stirred at O °C for 30 min, resulting in an orange solution. The reaction
mixture was warmed up to r.t. and PhPCI, (0.351 g, 1.96 mmol) was added dropwise within 2
min via a syringe. After the reaction mixture was stirred at r.t. for 20 min, it was transferred to a

column packed with activated Al,O3; (hexanes / EtOAc, 9 / 1, plus 10 vol% Et;N) under N,
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atmosphere. The dark-red fraction was collected from the column and the mixture was purified
by sublimation 80 °C, and further crystallization at —20 °C resulted in dark-red crystals (0.22 g,
30%). "H NMR (Cg¢Ds, 500.1 MHz): § 0.90 [d, Juu = 6.6 Hz, 3H, CH(CH3),], 1.02 [d, Juu = 6.8
Hz, 3H, CH(CH3),], 1.19 [d, Jun = 6.8 Hz, 3H, CH(CHs):], 1.31 [d, Juu = 6.8 Hz, 3H,
CH(CHas)a], 2.14 [sept, Jua = 6.7 Hz, 1H, CH(CH3)], 3.49 [sept/d, Jug = 6.8 Hz / Jup = 3.5 Hz,
1H, CH(CH3),], 4.11 (s, br, 2H, Cp), 4.17 (s, br, 1H, Cp), 4.25 (s, br, 1H, Cp), 4.26 (pst, 1H,
Cp), 4.38 (pst, unres, 1H, Cp), 7.01 (m, 1H, p-Ph), 7.12 (m, 2H, m-Ph), 7.75 (m, 2H, o-Ph).
JIP{'"H} NMR (C¢Ds, 202.5 MHz): & 8.8 (s). The 'H NMR and *'P NMR data were in

accordance with literature.

Synthesis of chiral phosphorus-bridged [1]FCP [(Sp,Sp)-ZOiPr]

(Sp.Sp)-207P"

The known compound (Sp,Sp)-ZOiPr was prepared following the described procedure,®* with a
change in the flash column chromatography: activated Al,O; was used instead of SiO, as
described in the literature. nBuLi (2.5 m in hexanes, 0.90 mL, 2.3 mmol) was added dropwise to
a cold (0 °C) solution of (S,,5,)-19 (0.460 g, 1.07 mmol) in a solvent mixture (10.3 mL of
hexanes / thf , 9/ 1). The reaction mixture was stirred at 0 °C for 30 min, resulting in an orange
solution. The reaction mixture was warmed up to r.t. and iPrPCl, (0.156 g, 1.07 mmol) was
added dropwise within 2 min via a syringe. After the reaction mixture was stirred at r.t. for 20

min, it was transferred to a column packed with activated Al,O3 (hexanes / Et;N, 90 / 10) under
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N, atmosphere. The dark-red fraction was collected from the column, and the crude mixture was
further purified by vacuum sublimation at 60 °C to yield in final product in form of dark-red
crystals (0.182 g, 50%). '"H NMR (C4Ds, 500.1 MHz): & 1.08 [d, Jun = 6.8 Hz, 3H, CH(CHa),],
1.16 [d, Jun = 6.8 Hz, 3H, CH(CHs)], 1.18 [d/d, Jup = 18.7 Hz / Juyu = 6.8 Hz, 3H, PCH(CH3),],
1.24-1.34 [m, 9H, PCH(CH3), and 2 x CH(CHj3)2], 2.69 [sept, Juu = 6.8 Hz, 1H, CH(CH3),],
2.78 [m, 1H, PCH(CHj3),], 3.43 [sept/d, Juu = 6.8 Hz / Jyp = 2.8 Hz, 1H, CH(CH3),], 3.93 (s, br,
1H, Cp), 3.95 (s, br, 1H, Cp), 4.16 (s, br, 1H, Cp), 4.22 (s, br, 1H, Cp), 4.25 (pst, 1H, Cp), 4.37
(unres. pst, 1H, Cp). *'P{"H} NMR (C¢Dg, 202.5 MHz): & 18.7 (s). The '"H NMR and *'P NMR

data were in accordance with literature.

4.4.2 Synthesis of new compounds

Synthesis of chiral phosphorus-bridged [1]JFCP [(S},.S,)-8612M<]

Me,, Me

H
/
Fe PCH,SiMe;

H
Me% \

Me

(Sp,S,)-86CH2SMe3
Species (S,,,5,)-19 (1.19 g, 2.79 mmol) was dissolved in a solvent mixture (27.8 mL of hexanes /
thf, 9 / 1) and cooled to 0 °C. A solution of nBuLi (2.5 M in hexanes, 2.4 mL, 6.0 mmol) was
added dropwise and the reaction was stirred at this temperature for 30 min. The reaction mixture
was warmed to 50 °C, and a solution of (Me;SiCH,)PCl, (0.527 g, 2.79 mmol) in hexanes (15.0
mL) was added dropwise via syringe pump within 10 min. After 5 min, the 50 °C warm oil bath

was removed and the colour of the reaction mixture changed from orange to red along with the

formation of a white precipitate. After the reaction mixture was stirred at r.t. for additional 10
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min, all solids were removed by flash column chromatography under N, flow (hexanes / Et;N,
95 / 5; neutral Al,O3), and the dark-red fraction was collected. The product was further purified
by vacuum sublimation at 80 °C. Crystallization in hexanes at —80 °C gave the product (S,,S,)-
861253 iy form of dark red crystals (0.531 g, 50%). 'H NMR (C¢De, 500.1 MHz): & 0.23 [s,
OH, Si(CH3)3], 1.11 [d, Juu = 6.8 Hz, 3H, CH(CHs),], 1.16 [d, Jun = 6.9 Hz, 3H, CH(CHs)a],
1.28 [d, Juu = 6.8 Hz, 6H, CH(CH3),], 1.36 (d/d, Jun = 13.4 Hz / Jup = 1.3 Hz, 1H, PCH,), 1.92
(d, Jun = 13.5 Hz, 1H, PCH>), 3.10 [sept, Jun = 6.8 Hz, 1H, CH(CH3).], 3.43 [sept/d, Jun = 6.8
Hz / Jyp = 3.2 Hz, 1H, CH(CH3),], 3.96 (pst, unres, 1H, Cp), 4.04 (s, br, 1H, Cp), 4.18 (s, br, 1H,
Cp), 4.22 (s, br, 1H, Cp), 4.25 (pst, 1H, Cp), 4.41 (pst, br, 1H, Cp). *C{'H} NMR (C¢Ds, 125.8
MHz): & —0.1 [d, Jpc = 6 Hz, Si(CH3)s], 10.7 [d, Jpc = 33 Hz, PCH,Si(CHj3)3], 19.6 (d, Jpc = 49
Hz, ipso-Cp"), 20.4 (d, Jpc = 67 Hz, ipso-Cp"), 21.3 [s, CH(CHs),], 21.5 [s, CH(CH3),], 27.2 [d,
Jec = 11 Hz, CH(CHj3),], 27.4 [s, CH(CHas),], 27.8 [s, CH(CHj3),], 28.6 [s, CH(CHs),], 73.7 (d,
Jec =3 Hz, Cp), 74.1 (d, Jpc =2 Hz, Cp), 74.7 (d, Jpc = 11 Hz, Cp), 76.0 (s, Cp), 81.4 (d, Jpc = 8
Hz, Cp), 83.4 (d, Jec = 40 Hz, Cp), 104.7 (d, Jpc = 25 Hz, ipso-Cp™"), 106.7 (d, Jpc = 10 Hz,
ipso-Cp™). *'P{'"H} NMR (C¢Ds, 202.5 MHz): & -4.2. HRMS (FDI; m/z): caled for
12Cy'H3 °Fe’'P**Si, 386.1282 [M']; found 386.1281. Anal. Calcd for CaoHs FePSi (386.128):

C, 62.17; H, 8.09%. Found: C, 62.04; H, 8.03%.
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Synthesis of chiral phosphorus-bridged [1]JFCP [(S,,,S,)-86™""]

(Spysp)_seNiPrZ

Species (S,,5,)-19 (0.428 g, 1.00 mmol) was dissolved in a solvent mixture (10.0 mL of hexanes
/ thf, 9/ 1) and cooled to 0 °C. A solution of nBuLi (2.5 m in hexanes, 0.90 mL, 2.25 mmol) was
added dropwise and the reaction was stirred at this temperature for 30 min. A solution of
(iPr,N)PCI, (0.219 g, 1.08 mmol) in hexanes (10.0 mL) was added dropwise via syringe pump
within 10 min. The reaction mixture changed from orange to red along with the formation of a
white precipitate, then it was warmed up to r.t. and stirred at that temperature for another 30 min.
After that, all solids were removed by filtration under N, flow, and product was further purified

by condensation at 80 °C, to yield the product (S, Sp)_86NiPr2

in form of dark red oil (80.0 mg,
20%). "H NMR (C¢Ds, 600 MHz): § 1.18 [d (unres), 6H, 2 x CH(CH3),], 1.25 [d, Jun = 15.4 Hz,
3H, CH(CH3),], 1.28 [d, Juu = 7.0 Hz, 6H, CH(CHs),], 1.33 [d, Jun = 7.0 Hz, 9H, CH(CHa),],
3.02 [sept, Juu = 6.7 Hz, 1H, CH(CH3),], 3.57 [m, 3H, CH(CHj3).], 3.91 (pst, unres, 1H, Cp),
4.15 (s, br, 1H, Cp), 4.22 (s, br, 3H, Cp), 4.45 (s, br, 1H, Cp). *C{'H} NMR (C¢D¢, 150 MHz):
& 21.3 [s, CH(CH3),], 21.7 [s, CH(CH3],, 22.3 [s, CH(CH3),], 22.4 [s, CH(CH3),], 23.8 [s,
CH(CHs),], 23.9 [s, CH(CH3),], 27.2 [s, CH(CH3),], 27.3 [s, CH(CH3),], 27.5 [s, CH(CHa),],
28.2 [s, CH(CH3)1], 28.3 [s, CH(CH3),], 35.3 [d, Jpc = 76.0 Hz, ipso-Cp"], 48.9 [s, NCH(CH3),],
49.0 [s, NCH(CHj3),], 72.5 (br, Cp), 73.1 (s, Cp), 74.1 (d, Jpc = 14.0 Hz, Cp), 75.8 (s, Cp), 80.8

(S, Cp)a 81.1 (s, CP), 83.6 (d, Jpc = 6.0 Hz, Cp)’ 104.3 (d’ Jpc = 33.0 Hz, ipSO—CpiPr), 105.9 (d,
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Jrc = 10.0 Hz, ipso-Cp™). *'P{'"H} NMR (C¢Ds, 243 MHz): & 49.7. HRMS (FDI; m/z): calcd for
12C,, 'Has*®Fe’NP, 399.1778; found 399.1790. Elemental Anal. Caled for CpHsFeNP

(399.34): C, 66.17; H, 8.58; N, 3.51%. Found: C, 66.33; H, 8.05; N, 3.32%.

Synthesis of chiral 1,1'-bis(phosphonyl)ferrocene [(S),S,,S, $)-88NP12|

LCHMe,

N

P

|
Fe 4
Me,HC ., :QLEC'

P~ci
NiPry
(Sp.Sp. S, S)-88NPr2

Species (S,,5,)-19 (0.268 g, 0.626 mmol) was dissolved in a solvent mixture (6.00 mL of
hexanes / thf, 9 / 1) and cooled to 0 °C. A solution of nBuLi (2.5 m in hexanes, 0.53 mL, 1.32
mmol) was added dropwise and the reaction was stirred at this temperature for 30 min.
(iPr,N)PCI, (0.378 g, 1.88 mmol) was dissolved in hexanes (6.00 mL) and cooled to 0 °C.
Solution of dilithio species (SP,SP)-19Li was then added dropwise within 10 min via syringe
pump to phosphorus reagent solution. After 5 min, the cold bath was removed, and the colour of
the reaction mixture had changed to reddish orange along with formation of a white precipitate.
After the reaction mixture was stirred at r.t. for another 15 min, solids were removed by
filtration. After the solvent was removed under vacuum, the product was obtained by vacuum
sublimation at 136 °C as a yellow solid (0.115 g, 31%). The resulting solid was dissolved in
hexanes and recrystallized at —80 °C, then —20 °C, yielded yellow crystals which were suitable
for single crystal analysis. 'H NMR (500 MHz, Cg¢Dg): 6 0.59 [d, Jug = 6.6 Hz, 6H,
NCH(CHj3).], 1.05 [d, Jua = 6.6 Hz, 6H, NCH(CHs),] 1.08 [d, Jun = 6.8 Hz, 6H, CH(CHj3),],

1.22 [d, Jun = 6.5 Hz, 6H, NCH(CH3),], 1.35 [d, Jun = 6.8 Hz, 6H, CH(CHz3).], 1.47 [d, Juu =
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6.7 Hz, 6H, NCH(CHs),], 2.88 [sept/d, Jun = 6.8 Hz / Jup = 2.8 Hz, 2H, CH(CH3),], 3.06 [m,
2H, NCH(CH3),1, 4.03 [m, 2H, NCH(CHj3)], 4.27 (m, 2H, Cp), 4.69 (pst, 2H, Cp), 5.19 (m, 2H,
Cp). “C{'H} NMR (125.8 MHz, C¢Dg): & 21.2 [s, CH(CH3),], 21.6 [s, CH(CH3),], 23.7 [s,
CH(CHs),], 25.0 [d, Jec = 3 Hz, CH(CH3),], 25.8 [s, CH(CH3),], 26.6 [s, CH(CH3),], 26.7 [d,
Jec = 11 Hz, CH(CH3),], 46.1 [d, Jpc = 23 Hz, NCH(CH3),], 49.9 [d, Jpc = 10 Hz, NCH(CH3)s],
71.8 (d, Jpc = 3 Hz, Cp), 72.0 (d, Jpc = 6 Hz, Cp), 74.7 (s, Cp), 77.1 (d, Jec = 23 Hz, ipso-Cp"),
102.8 (d, Jpc = 28 Hz, ipso-Cp™). *'P{'H} NMR (202.5 MHz, C¢D): & 123.3. HRMS (EDI;
m/z): caled for "“Cag'Hys'’'ClL*Fe'*N,*'P,, 600.2019 [M*]; found 600.2034. Anal. Calcd for

CasHysCLFeN,P; (601.399): C, 55.92; H, 8.05; N, 4.66%. Found: C, 55.54; H, 8.30; N, 4.46%.
Synthesis of chiral phosphorus-bridged [2]FCP [(SP,SP,R,R)-9()CHZSiMe3]

CHMe,

I “PCH,SiM
Fe | C ZSI e3
PCH,SiMes

=2

CHMe,

(Sp,Sp,R,R)-QOCHZSiMes

Species (S,,,5,)-19 (0.868 g, 2.03 mmol) was dissolved in a solvent mixture (20.0 mL of hexanes
/ thf, 9/ 1) and cooled to 0 °C. A solution of nBuLi (2.5 m in hexanes, 1.70 mL, 4.3 mmol) was
added dropwise and the reaction was stirred at this temperature for 30 min. (Mes;SiCH,)PCl,
(1.17 g, 6.19 mmol) was dissolved in hexanes (20.0 mL) and cooled to 0 °C. Solution of dilithio
species (S,,,Sp)-19Li was then added dropwise within 10 min via syringe pump to phosphorus
reagent solution. After 5 min, the cold bath was removed and the colour of the reaction mixture
started to change to reddish orange, along with formation of a white precipitate. After the
reaction mixture was stirred at r.t. for another 15 min, all solids were removed by filtration, and

solvents were removed under vacuum. The reaction mixture was dissolved in thf (15.0 mL) and
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the resulting solution was added dropwise via a cannula to a three-necked flask, which was
charged with magnesium turnings (2.20 g, 90.5 mmol) and thf (30.0 mL). After the addition of
half of the solution, 1,2-dibromoethane (0.05 mL) was added to the reaction mixture, followed
by addition of the remaining solution. After the reaction mixture was stirred overnight at r.t., thf
was removed under vacuum, hexanes (10 mL) was added, and the undissolved white solid was
removed by filtration. After the solvents were removed under vacuum, the resulting reddish oil
was purified by flash column chromatography (hexanes / Et;N, 95 / 5; neutral Al,O3). The first
orange fraction was collected from the column, and solvent was removed under vacuum.
Vacuum sublimation at 100 °C resulted in reddish crystals (0.306 g, 30%). '"H NMR (CsDs,
500.1 MHz): 6 0.08 [s, 18H, Si(CH3)s], 1.16 (d/t, Juy = 13.7 Hz / Jup = 3.8 Hz, 2H, PCH,), 1.19
[d, Jun = 6.8 Hz, 6H, CH(CHs)], 1.44 [d, Jun = 6.9 Hz, 6H, CH(CHs),], 1.88 [d/t, Jyy = 13.7 Hz
/ Jup = 6.1 Hz, 2H, PCH,], 3.67 (s, br, 2H, Cp), 3.79 [sept/tr (unres), Jug = 6.8 Hz, 2H,
CH(CHa),], 4.31 (pst, 2H, Cp), 4.94 (m, 2H, Cp). *C{'H} NMR (C¢Ds, 125.8 MHz): & 0.07 [m,
Si(CH3)3], 18.2 [d, Jpc = 2 Hz, PCH,Si(CH3)3], 22.5 [s, CH(CH3),], 27.1 [t, Jpc = 5 Hz,
CH(CHj3),], 27.2 [s, CH(CH3)1], 66.1 (t, Jpc = 2 Hz, Cp), 72.1 (t, Jec = 14 Hz, ipso-Cp"), 72.9 (s,
Cp), 77.6 (s, Cp), 105.4 (t, Jpc = 14 Hz, ipso-Cp™™). *'P{'H} NMR (C¢Ds, 202.5 MHz): & 2.0.
HRMS (FDI; m/z): caled for “Cas'Har °Fe®P,'*Sis, 504.1650 [M']; found 504.1643. Anal.

Calcd for Co4H4FeP,Si, (504.563): C, 57.13; H, 8.39%. Found: C, 57.36; H, 8.58%.
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Synthesis of chiral phosphorus-bridged [2]FCP (90N""%)

Species (S,,5,)-19 (0.248 g, 0.579 mmol) was dissolved in a solvent mixture (5.00 mL of
hexanes / thf, 9 / 1) and cooled to 0 °C. A solution of nBuLi (2.5 m in hexanes, 0.49 mL, 1.22
mmol) was added dropwise and the reaction was stirred at this temperature for 30 min.
(iPr,N)PCl, (0.357 g, 1.74 mmol) was dissolved in hexanes (5.00 ml) and cooled to 0 °C.
Solution of dilithio species (Sj,,,Sp)-19Li was then added dropwise within 10 min via a syringe
pump to phosphorus reagent solution. After 5 min, the cold bath was removed and the colour of
the reaction mixture had changed to reddish orange along with formation of a white precipitate.
After all solids were removed by filtration, solvents were removed under vacuum. The reaction
mixture was dissolved in thf (8.00 mL) and the resulting solution was added dropwise via
cannula to a three-necked flask, which was charged with magnesium turnings (1.13 g, 46.4
mmol) and thf (10.0 mL). After the reaction mixture was stirred overnight at r.t., thf was
removed under vacuum, hexanes (8.0 x 3 mL) was added, and the undissolved white solid was
removed by filtration. After the solvent was removed under vacuum, the resulting reddish oil
was purified by flash column chromatography (hexanes / Et3N, 95 / 5; neutral Al,O3). The first
orange fraction was collected from the column, and solvents were removed under vacuum.
Vacuum sublimation at 135 °C resulted in orange solid (0.065 g, 25%). '"H NMR (Ce¢Ds, 500
MHz): 6 1.17 [d, Juu = 6.8 Hz, 6H, CH(CH3),], 1.23 [d, Jug = 6.6 Hz, 12H, NCH(CH3),], 1.28

[d, Jug = 6.9 Hz, 6H, CH(CHs),], 1.30 [d, Jyg = 6.6 Hz, 12H, NCH(CHs),], 3.51 [m, 2H,
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CH(CHs),], 3.78 [s, br, 4H, NCH(CHa),], 3.99 (m, 2H, Cp), 4.27 (pst, 2H, Cp), 4.71 (m, 2H,
Cp). “C{'H} NMR (C¢Ds, 150.9 MHz): & 22.9 [s, CH(CH3),], 24.4 [s, NCH(CH3),], 24.8 s,
NCH(CH3),], 26.0 [t, Jec = 7 Hz, CH(CH3),], 27.3 [s, CH(CH3),], 49.3 [s, NCH(CHj3),], 67.5 (m,
unres, ipso—CpP), 67.9 (pst, unres, Cp), 73.8 (s, Cp), 77.2 (s, Cp), 105.0 (t, Jpc = 18 Hz, ipso-
Ccp™), *'P{'H} NMR (C¢Ds, 202.5 MHz): & 11.7. HRMS (FDI, m/z): caled for
2Cas'Hus™®Fe'N, °P,, 530.2642 [M]; found 530.2657. Anal. Calcd for CogHygFeNoP; (530.499):

C, 63.39; H, 9.12; N, 5.28%. Found: C, 63.11; H, 9.45; N, 5.20%.

Anionic ring-opening polymerization of the known phosphorus-bridged [1]FCP 1™

0™ in 0.5 mL of thf. The reaction was

nBuLi (1.6 M in hexanes) was added to a solution of 1
stirred at r.t. for 30 min before termination by the addition of a few drops of degassed H,O. The
mixture was precipitated into a stirred hexanes solution, yielded a yellow precipitate. The
precipitate was extracted with hexanes, and solvent was removed. The polymer was dried under
vacuum overnight, resulted in yellow powder. The resulting polymer was dissolved in CH,Cl,
(2-3 mL), then an excess amount of elemental sulfur was added and the mixture was stirred
overnight under N, flow. After stirring, the reaction mixture was precipitated into hexanes
solution, resulting in yellow precipitate. The precipitate was then extracted with hexanes and the
polymer was dried under vacuum.

NMR was given for monomer/nBuLi ratio of 10/1. 'H NMR (CeDg, 500.1 MHz): 6 2.14-0.72
(br, nBu), 3.98-4.85 (br, Cp), 7.07 (br, Ph), 7.98 (br, Ph). *'P{'H} NMR (C¢Ds, 202.5 MHz): &

37.0 [-fcPhP(S)fc-], 37.7 [-fcP(S)PhFc], 41.3 [PhP(S)(nBu)fc-].
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Ring-opening reaction with 1 equiv nBuLi of (S,,S,,)-86725™M¢3

Species (S,,S5,)-86"2™M (23 8 mg, 0.0616 mmol) was dissolved in 0.5 mL thf and stirred well.
After that, nBuLi (1.58 M in hexanes, 40.0 puL, 0.0616 mmol) was added to the solution and
stirred for 45 min. The color of solution slowly turned from dark red to orange. The reaction
mixture was quenched with a few drops of degassed methanol, and the color of mixture turned to
yellow. The mixture was then dissolved in a stirred hexanes solution, and solvent was removed
completely to yield in a yellow oil (24.2 mg). In the following, the NMR chemical shifts with an
asterisk indicate two different signals due to the presence of two diastereomers. > P{'H} NMR
(C¢Ds, 202.5 MHz): & —54.9°(s) and —53.2°(s). HRMS (EDI; m/z): caled for '2Cy;'Hss*°Fe'°P,

372.1669 [M]; found 372.1657; caled for >Cas'Ha Fe'°P1*Si, 444.2065, found 444.2072.

Ring-opening reaction with 1 equiv nBuLi of (S,,S p,1’?,1’?)-9()CmSiMe3

Species (S.S,.R.R)-90M5M (50 mg, 0.0446 mmol) was dissolved in 0.5 mL thf and stirred
well. After that, nBuLi (1.40 M in hexanes, 32.0 uL, 0.0446 mmol) was added to the solution and
stirred for 45 min. The reaction mixture was quenched with a few drops of degassed methanol,
and then dissolved in a stirred hexanes solution. Solvent was removed to yield in an orange-red
oil (21.5 mg). Signals from the reaction mixture could not be assigned by NMR spectrometry
due to presence of many impurities and unidentified species. HRMS (FDI; m/z): calcd for
20,6 Hs, Fe'P,'*Siy, 562.2432 [M*'); found 562.2442; caled for '2C,s'Hus’°Fe'’P,'Si,

490.2037; found 490.2049.
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Ring-opening reaction with 1 equiv nBuLi of (SP,SP)-Z()Ph

Species (S),,5,)-20™ (23.7 mg, 62.9 x 10~ mmol) was dissolved in 0.5 mL thf and stirred until
getting completely dissolved. After that, nBuLi (1.52 m in hexanes, 41.5 pL, 62.9 x 10~ mmol)
was added to the solution and stirred for 45 min. The color of solution turned from dark red to
orange. The reaction mixture was quenched with a few drops of degassed H,O, then it was
dissolved into a stirred hexanes solutions (8 mL). Solvent was removed under vacuum, resulting
in an orange oil (24.0 mg, 88%). The product 95 was found to be a 3 to 1 mixture of two
diastereomers. In the following, the NMR chemical shifts with an asterisk indicate two different
signals due to the presence of two diastereomers.”P{ lH} NMR (CgDg, 243 MHz): —35.8*(s) and

—36.0°(s). HRMS (FDI; m/z): caled for '2Cas'Hss °Fe'°P, 434.1826 [M*]; found 434.1825.

Sulfurization of mixture 95 and characterization of species (Sp,R)-95S

The 3 to 1 mixture of 95 was dissolved in dry CH,Cl, (2.0 mL), then an excess amount of Sg was
added and stirred under N, flow for 12 h. After that, solvent was removed under vacuum,
resulted in orange solid (26 mg, 88%). The product was found to be a 3 to 1 mixture of two
diastereomers. In the following, the NMR chemical shifts with an asterisk indicate two different
signals due to the presence of two diastereomers. 3P NMR (C¢Dg, 202.5 MHz): 6 04" (s) and
39.9*(5). The mixture was dissolved in a minimum amount of hexanes, and was left for

crystallization at —10 °C. Orange crystals was isolated and subjected to both NMR spectroscopy
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and single crystal X-ray analysis. '"H NMR (CeDg, 500.1 MHz): 6 0.67 [t, Jyyz = 7.0 Hz, 3H,
PCH,CH,CH,CH3], 0.88 [d, Jyy = 7.0 Hz, 3H, CH(CHs),], 0.90 [d, Jyz = 7.0 Hz, 3H,
CH(CH3),], 1.12-1.17 (m, 1H, PCH,CH,CH,-), 1.25 [d, Ju; = 7.0 Hz, 3H, CH(CH3),], 1.30—
1.24 (m, 1H, PCH,CH>-), 1.36 [d, Juyx = 7.0 Hz, 3H, CH(CH3),], 2.03—1.94 (m, 1H, PCH,CH,),
2.10 [sept, Jyu = 6.8 Hz, 1H, CH(CH3),], 2.28-2.23 (m, 2H, PCH,), 3.82 (m, br, 1H, Cp), 3.91
(br, 1H, Cp), 3.94 (m, br, 1H, Cp), 3.99 (m, br, 1H, Cp), 4.08 [sept, Jyy = 6.8 Hz, 1H,
CH(CHs),], 4.13 (br, 1H, Cp), 4.41 (m, br, 1H, Cp), 4.43 (m, br, 1H, Cp), 7.11 (m, 2H, Ph), 7.13
(d, 1H, Ph), 8.10-8.06 (m, 2H, Ph). "C{'H} NMR (C¢Ds, 150.9 MHz): & 13.7 (s, CH3-nBu),
23.4 [s, CH(CH3),], 23.5 [s, CH(CH3),], 23.8 [s, CH(CH3),], 24.1 [s, CH,-nBu], 25.6 [br,
CH(CHa),], 25.7 br, CH,-nBu), 27.3 (s, CHy-nBu), 27.5 [s, CH(CH3),], 36.3 (d, Jpc = 58.0 Hz,
PCH),), 67.8 (s, Cp), 69.8 (s, Cp), 69.5 (d, Jpc = 10.0 Hz, Cp), 69.7 (d, Jpc = 10.0 Hz, Cp), 71.0
(s, Cp), 71.2 (s, Cp), 73.1 (d, Jpc = 13.0 Hz, Cp), 74.2 (d, Jpc = 88.0 Hz, ipso-CpP), 97.6 (s, ipso-
Cp™), 101.67 (d, Jpc = 13.0 Hz, ipso-Cp™"), 128.3-128.0 (br, Ph), 131.0 (br, Ph), 132.5 (d, Jpc =

9.0 Hz, Ph), 133.0 (s, ipso-Ph). *'P{'H} NMR (C¢D, 202.5 MHz): § 42.4 (s).
Testing stability of lithium species in thf and Et,O

Species (Sp,SI,,)-20Ph (18.4 mg, 49.0 x 10° mmol) was dissolved in 0.3 mL of solvent (thf or
Et,0) and stirred well. After that, nBuLi (1.52 m in hexanes, 32.5 puL, 49.0 x 107 mmol) was
added and the solution was stirred. After 1 h, about 100 pL of reaction mixture was syringed out
to a NMR tube, then 1-2 drops of D,O was added and solvent was removed under vacuum. The
procedure was repeated after 2, 3, and 4 h of reaction time. After that, all the sample was

analyzed by 'H NMR spectroscopy.
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Synthesis of diastereomeric mixture of the chiral phosphine ligand 99"

HMe, HMe,

c c
Fe Fe
|\/|e2H<:F&>7 Me,HC é
S S\\P:,Ph
99%

Species (S,,5,)-20"™ (45.0 mg, 120 x 10” mmol) was dissolved in 0.5 mL Et,O and stirred well.
After that, nBuLi (1.52 M in hexanes, 79.0 uL, 120 x 10 mmol) was added to the solution and
stirred for 1 h. The color of solution turned from dark red to orange. The reaction mixture was
reacted with an excess amount of PPh,Cl (25.0 puL, 132 x 107 mmol), and stirred for another 30
min under N, flow. After that, the mixture was quenched with 0.1 mL of NaHCO3, and extracted
with Et;O (3 x 1 mL). Solvent was removed, and 2 mL of hexanes was added, which resulted in
cloudy orange solution. The solution was filtered out via a syringe filter to afford a clear orange
solution. Solvent was removed and the mixture was passed through a column packed with
neutral Al;O3 (hexanes / EtOAc, 20 / 1, plus 5% Et;3N). The first orange fraction was collected
(51 mg, 69 %) and solvent was removed under vacuum. In the following, the NMR chemical
shifts with an asterisk indicate two different signals due to the presence of two diastereomers 99.
'P{'TH} NMR (C¢Ds, 202 MHz): —24.7 (s), —37.2°(s) and -25.2 (s), —36.2°(s). The
diastereomeric mixture 99 (50 mg, 81 x 10 mmol) was dissolved in CH,Cl, (2 mL), then an
excess amount of elemental sulfur (15 mg) was added and stirred for 12 h under nitrogen flow.
After stirring, the reaction mixture was passed through a syringe filter, and solvent was removed
under vacuum, which resulted in an orange solid (58 mg, 70%). The following NMR chemical
shifts with an asterisk indicate two different signals due to the presence of two diastereomers. ' P
NMR (C¢Dg, 202 MHz): 41.6 (s), 39.6*(5) and 39.9 (s), 39.2*(3). Preparative thin layer
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chromatography (PTLC) was carried out on glass plated (20 x 20 cm) pre-coated (0.25 mm)
with silica gel 60 Fs4, solvent mixture of hexanes / ethyl acetate (5 / 1) as an eluent. Materials
were detected by visualization under an ultraviolet lamp (A = 254 nm). The corresponding strips
were scraped off and washed with CH,Cl, (3 x 10 mL) and filtered through a fine fritted funnel,
which resulted in a orange solid (Sp,R)-99S. 'H NMR (CeDg, 500.1): 6 0.63 (t, Jyy = 7.0 Hz, 3H,
nBu), 0.73 [d, Jyn = 7.0 Hz, 3H, CH(CHj3),], 1.13-1.05 (m, 3H, nBu), 1.19 [d, Jyz = 7.0 Hz, 3H,
CH(CHs),], 1.34 [d, Juu = 7.0 Hz, 3H, CH(CHs),], 1.44 [d, Jyuz = 7.0 Hz, 3H, CH(CH3),], 1.90-
1.81 (m, 1H, PCH»), 2.15-2.03 (m, 2H, nBu), 3.35 (s, br, 1H, Cp), 3.59 (s, br, 1H, Cp), 3.95
[sept, Jup = 6.8 Hz, 1H, CH(CHa),], 4.03 [sept, Jup = 6.8 Hz, 1H, CH(CH3),], 4.46 (s, br, 1H,
Cp), 4.46 (s, br, 1H, Cp), 4.57 (s, br, 1H, Cp), 5.35 (s, br, 1H, Cp), 5.59 (s, br, 1H, Cp), 6.85—
6.81 (m, 2H, Ph), 6.88-6.93 (m, 7H, Ph), 7.80-7.73 (m, 6H, Ph). "C{'H} NMR (C¢Ds, 125.8
MHz): 6 13.6 (s, CH3-nBu), 23.5 [s, CH(CHj3),], 23.8 (s, CHy-nBu), 24.0 [s, CH(CH3),], 25.3
[br, 2x CH(CHj3),], 25.4 (s, CH,-nBu), 25.9 [s, CH(CH3),], 27.2 [s, CH(CHj3),], 35.8 (d, Jpc =
59.0 Hz, CH,-nBu), 72.8 (s, Cp), 72.9 (s, br, Cp), 73.0 (s, Cp), 73.1 (s, Cp), 73.2 (s, Cp), 73.6 (d,
Jpc = 9.6 Hz, Cp), 74.4 (s, Cp), 74.5 (s, Cp), 73.9 (d, Jpc = 93.0 Hz, ipso-Cp"), 75.3 (d, Jpc =
85.0 Hz, ipso-Cp"), 103.3 (d, Jpc = 12.6 Hz, ipso-Cp™™), 103.5 (d, Jpc = 12.6 Hz, ipso-Cp™"),
131.1-131.0 (m, Ph), 131.8 (d, Jpc = 9.7 Hz, Ph), 131.7 (d, Jpc = 10.0 Hz, Ph), 132.3-132.1 (m,
Ph), 134.1 (d, Jpc = 85.0 Hz, ipso-Ph), 136.2 (d, Jpc = 86.0 Hz, ipso-Ph). *'P{'H} NMR (CgDs,

202.5 MHz): 4 39.6, 41.6 (s).
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Desulfurization of the new chiral phosphine ligand (S,,5)-99.

CHMe,

Species (S,,R)-99° (24 mg, 35.2 x 10 mmol) was dissolved in dried CH,Cl, (3 mL), then
CF3;SOsMe (11.5 pL, 99.2 x 10° mmol) was added and stirred at r.t. for 1.5 h. All the volatiles
were removed under vacuum. The reaction mixture was dissolved in CH,Cl, (2.5 mL), then
P(NMe,); was added and stirred at r.t. for another 1.5 h. The color of solution turned from
orange to yellow while stirring. Solvent was removed under vacuum, yielded a yellow solid (20
mg). Preparative thin layer chromatography (PTLC) was carried out on glass plated (20 x 20
cm) pre-coated (0.25 mm) with silica gel 60 Fjs4, solvent mixture of hexanes /ethyl acetate (10 /
1) as an eluent. Materials were detected by visualization under an ultraviolet lamp (A = 254 nm).
The corresponding strips were scraped off and washed with CH,Cl, (3 x 10 mL) and filtered
through a fine fritted funnel, which resulted in a yellow solid (S,,5)-99 (15 mg, 69%). '"H NMR
(C6Ds, 500.1 MHz): & 0.70 (t, Jyn = 7.0 Hz, 3H, PCH,CH,CH,CH3), 0.92 (d, Jyuz = 7.0 Hz, 3H,
CH(CHas)»), 1.22 (d, Jyu = 7.0 Hz, 3H, CH(CHj3),), 1.27-1.19 (m, 2H, PCH,CH,CH>), 1.35-1.29
(m, 2H, PCH,CH»), 1.35 [d, Juy = 7.0 Hz, 3H, CH(CHjs),], 1.45 [d, Juw = 7.0 Hz, 3H,
CH(CHs),], 1.63-1.70 (m, 1H, PCH,), 1.91-1.96 (m, 1H, PCH»), 2.95 (s, br, 1H, Cp), 3.13
[sept/d, Jyy = 6.8 Hz / Jpy = 3.0 Hz, 1H, CH(CH3),], 3.20 [sept/d, Jyy = 6.8 Hz / Jpy = 2.9 Hz,
1H, CH(CHa3),], 3.33 (s, br, 1H, Cp), 4.18 (s, br, 1H, Cp), 4.23 (m, br, 1H, Cp), 4.47 (pst, unres,
1H, Cp), 6.97-6.90 (m, 3H, Ph), 7.15-7.04 (m, 6H, Ph), 7.26-7.23 (m, 2H, Ph), 7.57-7.49 (m,
4H, Ph). “C{'H} NMR (C¢Ds, 125.8 MHz): & 13.8 (s, CH3-nBu), 23.1 [s, CH(CH3),], 23.3 [s,
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CH(CHa),], 24.4 (d, Jpc = 12.7 Hz, CH,-nBu), 26.5 [s, CH(CH3),], 26.6 [s, CH(CH3),], 26.9—
27.2 [m, 2 x CH(CH3),], 29.2 (d, Jpc = 16.5 Hz, CH,-nBu), 31.0 (d, Jpc = 8.4 Hz, CH,-nBu),
70.2 (d, Jpc = 4.5 Hz, Cp), 70.6 (d, Jpc = 4.8 Hz, Cp), 71.0 (d, Jpc = 3.6 Hz, Cp), 71.2 (d, Jpc =
4.6 Hz, Cp), 71.3 (m, Cp), 74.1 (d, Jpc = 9.0 Hz, ipso-Cp"), 77.4 (d, Jpc = 18.0 Hz, ipso-Cp"),
103.4 (d, Jpc = 26.5 Hz, ipso-Cp™™), 103.4 (d, Jpc = 26.5 Hz, ipso-Cp™™), 128.4-128.3 (m, Ph),
129.1 (d, Jpc = 19.0 Hz, Ph), 132.8 (d, Jpc = 18.0 Hz, Ph), 134.3 (d, Jpc = 22.5 Hz, Ph), 135.8 (d,
Jpc =22.0 Hz, Ph), 137.6 (d, Jpc = 12.0 Hz, ipso-Ph), 138.6 (d, Jpc = 10.0 Hz, ipso-Ph), 141.4 (d,
Jpc = 10.0 Hz, ipso-Ph). >'P{'H} NMR (C¢Ds, 202.5 MHz): § —24.8 (s), —37.2 (s). HRMS (FDI;

m/z): caled for 2Csg'Hay °Fe'°P,, 618.2268 [M*]; found 618.2245.

Thermal ROP of the chiral phosphorus-bridged [1]ECP (S,,S,)-20""

A NMR tube was charged with (Sp,Sp)-Z()P h (90.3 mg, 0.240 mmol) and sealed under vacuum.
The tube was then heated to 300 "C for 2 h, after that the tube contents were dissolved in dry thf
(2.00 mL) and stirred for another 15 mins to get completely dissolved. The thf solution was then
filtered through 0.2 um syringe PTFE filter into 10.0 mL stirred MeOH, yielded light yellow
precipitate 102, and an orange supernatant 103. The yellow solid was washed with MeOH (3 x 5
mL) and solvent was removed. The resultant product 102,, was re-dissolved in 1.00 mL of dry
thf and then precipitated again in MeOH (10.0 mL). The light yellow solid was washed with

MeOH several times until the MeOH solution turned colorless. The product 102, was isolated as
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a light yellow powdery material (40.1 mg, 44%). '"H NMR (C¢Ds, 600 MHz): & 1.30-0.80 [br,
CH(CHas),], 1.74 [br, CH(CHj3),], 3.01 [br, CH(CH3),], 4.47—4.06 (br, Cp), 7.06 (br, Ph), 7.67—
7.54 (br, Ph). “C{'H} NMR (C¢Ds, 150.9 MHz): § 25.9-23.1 [br, CH(CH3),], 76.2-70.0 (CH of
Cp and ipso-C"), 101.4 (br, ipso-C™), 128.6 (br, Ph), 133.6 (br, Ph), 135.9 (br, Ph), 140.8—
138.33 (br, Ph). *'P{'H} NMR (C¢Ds, 243 MHz): § -25.2 to —27.4 (br), —40.1 (br), —43.2 to —
47.5 (br). Polymer 102, (40.1 mg) was dissolved in CH,Cl, (3 mL) and allowed to react with an
excess amount of Sg (30 mg) for 12 h. From this point on the manipulation was done under air.
The CH,Cl, solution was then precipitated into hexanes (10 mL) to afford a light yellow solid
and a pale orange supernatant. The yellow solid was washed with hexanes (3 x 5 mL) and all the
volatiles were removed. The resultant product was dissolved in a minimum amount of CH,Cl,,
then precipitated again into hexanes (4 mL), and washed with hexanes (3 x 4 mL) until the
supernatant turned clear. Solvent was removed and the product was dried under high vacuum for
12 h, which resulted in 102,-S as a yellow powder [32.5 mg, 36 % relative to monomer (S,,S,)-
20Ph]. A monomodal molecular weight distribution was observed by GPC. My, = 19463, M, =
14258, B = 1.34. '"H NMR (CgDs, 500 MHz): & 1.62-0.83 [br, CH(CH3),], 2.81[br, CH(CH3)],
3.66 [br, CH(CH3),], 4.70-3.96 (br, Cp), 7.40 (br, Ph). *C{'H} NMR (C¢Ds, 150.9 MHz): &
26.5-24.7 [br, CH(CH3), and CH(CHj3),], 75.1-72.8 (CH of Cp and ipso-C"), 103.5-100.8 (br,
ipso-C™), 127.6 (br, Ph), 132.7-131.4 (br, Ph), 135.6 (br, Ph). *'P{'H} NMR (C¢Ds, 500.1

MHz): 6 38.8 to 38.2 (br), 40.6 (br), 42.0 to 41.6 (br).
Isolation and characterization of cyclic phosphines 103

Removal of all the volatiles from the orange supernatant of 103 resulted in an orange powdery
material 103 (46.1 mg, 51%). The mass spectrum of this mixture revealed that it contained

various cyclic phosphines. The mixture 103 was dissolved in CH,Cl, (2 mL) and allowed to
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react with an excess amount of sulfur (34.5 mg) for 12 h. From this point on the manipulation
was done under air. The CH,Cl, solution was then precipitated in hexanes (5 mL) to afford a
light orange solid (trace amount) and an orange supernatant. All the volatiles were

then removed from the orange supernatant and the resultant orange solid was dried under high
vacuum. The product 103% was isolated as an orange material (62.6 mg). Based on 3P NMR
spectrum and mass spectra, resulting mixture contains several cyclic phosphine sulfides.
Preparative thin layer chromatography (PTLC) was carried out on glass plated (20 x 20 cm) pre-
coated (0.25 mm) with silica gel 60 F,sq4, first solvent mixture of hexanes / CH,Cl, (1 / 1) as an
eluent and then with the same mixture in ratio 2: 1 as an eluent. Materials were detected by
visualization under an ultraviolet lamp (A = 254 nm). The corresponding strips were scraped off
and washed with CH,Cl, (3 x 10 mL) and filtered through a fine fritted funnel. Overall 5
fractions (strips) were obtained and named as fractions 1035-1, 1035-2, 1035-3, 1035-4, and 1035-
5. From each fraction approximately 3—4 mg were obtained. Suitable crystal of one of the six
bands was obtained from crystallization in CH,Cl, at 0 °C, which was subjected for single X-ray

analysis. NMR data for the clean fractions are given below.
Characterization of 103%-1

'H NMR (CDCls, 600 MHz): & —0.16 [d, Iz = 6.5 Hz, 3H, CH(CHs),], —0.03 [d, Jz = 7.0 Hz,
3H, CH(CHs),], 0.70 [d, Ty = 7.0 Hz, 3H, CH(CH;),], 0.73 [d, Jzx = 7.0 Hz, 3H, CH(CH;),],
1.25 [d, Ty = 7.0 Hz, 3H, CH(CH3),], 1.30 [d, Jz = 7.0 Hz, 3H, CH(CHx),], 1.34 [d, Jyi = 7.0
Hz, 3H, CH(CH;),], 1.71 [d, Juu = 7.0 Hz, 3H, CH(CHs),], 2.47 [sept, Juy = 6.6 Hz, 1H,
CH(CHs),], 3.46 [sept, Iy = 6.8 Hz, 1H, CH(CHx),], 3.73 [sept, Jyy = 6.8 Hz, 1H, CH(CH;)],
4.20 [sept, Iy = 6.7 Hz, 1H, CH(CH;),], 4.29 (br, 1H, Cp), 4.39 (br, 1H, Cp), 4.43 (br, 1H, Cp),
4.48 (br, 1H, Cp), 4.62 (br, 2H, Cp), 4.73 (br, 1H, Cp), 5.03 (br, 1H, Cp), 5.09 (br, 1H, Cp), 5.74
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(br, 1H, Cp), 6.22 (br, 1H, Cp), 6.47 (br, 1H, Cp), 7.18-7.15 (m, 2H, Ph), 7.23-7.21 (m, 4H, Ph),
7.38-7.34 (m, 2H, Ph), 7.84-7.80 (m, 2H, Ph). *'P{'H} NMR (CDCl;, 202.5 MHz): & 36.2 (s),

41.9 (s).
Characterization of 1035-2

'H NMR (CDCl3, 600 MHz): & —0.21 [d, Juy = 7.0 Hz, 6H, CH(CHa),], 0.79[d, Jux = 7.0 Hz,
6H, CH(CHs),], 1.39 [d, Juyy = 7.0 Hz, 6H, CH(CH3),], 1.59 [d, Juyx = 7.0 Hz, 6H, CH(CH3),],
2.27 [sept, Juy = 6.6 Hz, 2H, CH(CH3),], 3.61 [sept, Juy = 6.7 Hz, 2H, CH(CH3),], 4.29 (br, 2H,
Cp), 4.47 (br, 2H, Cp), 4.69 (br, 2H, Cp), 5.03 (br, 2H, Cp), 5.80 ( br, 2H, Cp), 5.94 (br, 2H,
Cp), 7.19-7.16 (m, 4H, Ph), 7.24-7.23 (m, 2H, Ph), 7.38-7.35 (m, 4H, Ph). *'P{'H} NMR

(CDCl3, 202.5 MHz): 6 41.4 (s).

Characterization of syn-C2-103S-3

syn-C,-1035-3

'H NMR (CDCls, 600 MHz): & 0.04 [d, Iz = 6.0 Hz, 6H, CH(CHs),], 1.12 [d, Ty = 6.0 Hz, 6H,
CH(CHs),], 1.26 [d, Jur = 6.0 Hz, 6H, CH(CHa),], 1.45 [d, Ju = 6.0 Hz, 6H, CH(CH3),], 3.86
[sept, Ty = 6.5 Hz, 2H, CH(CH;),], 4.29 (br, 2H, Cp), 4.35 (br, 2H, Cp), 4.49 (br, 2H, Cp), 4.72
(br, 2H, Cp), 4.84 [sept, Iy = 6.8 Hz, 2H, CH(CH),], 6.05 (br, 2H, Cp), 7.20-7.18 (m, 6H, Ph),

7.71-7.67 (m, 4H, Ph). *'P{'H} NMR (CDCls, 202.5 MHz): § 34.0 (s).
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Characterization of 103°-4

'H NMR (CDCl3, 600 MHz): & 0.29 [d, Jyx = 7.0 Hz, 12H, CH(CHa),], 1.28 [d, Ju5 = 7.0 Hz,
12H, CH(CH3),], 3.93 [sept, Juu = 6.7 Hz, 4H, CH(CH3),], 4.32 (br, 4H, Cp), 4.70 (br, 4H, Cp),
6.16 (br, 4H, Cp), 7.23-7.21 (m, 6H, Ph), 7.80-7.76 (m, 4H, Ph). *'P{'H} NMR (CDCl;, 202.5

MHz): 6 38.3 (s).
Characterization of 103°-5

'H NMR (CDCl3, 600 MHz): & 0.17 [d, Juy = 7.0 Hz, 6H, CH(CH3),], 0.63 [d, Jy; = 7.0 Hz, 6H,
CH(CH3),], 1.25-1.28 [m, 12H, CH(CH3),], 2.77 [sept, Juy = 6.8 Hz, 2H, CH(CH3),], 3.43 [sept,
Jun = 6.7 Hz, 2H, CH(CH3)1], 4.24 (br, 2H, Cp), 4.27-4.26 (m, 4H, Cp), 4.51 (br, 2H, Cp), 5.35
(br, 2H, Cp), 6.95 (br, 2H, Cp), 7.04 (br, 4H, Ph), 7.16 (br, 4H, Ph), 7.28 (br, 2H, Ph). *'P{'H}

NMR (CDCls, 202.5 MHz): § 42.6 (s).

Thermal ROP of phosphorus-bridged [1]FCP 1™

11,Ph-s

A NMR tube was charged with 11" (80.0 mg, 0.274 mmol) and sealed under vacuum. The tube
was then heated to 120 'C for 1 h and then to 130 'C for 15 min. The tube contents were then
dissolved in dry CH,Cl, (2.00 mL) and stirred under N, flow for 1h. The reaction mixture was
then added dropwise to 15.0 mL stirred hexanes that afforded a yellow solid 11,"" and a yellow
supernatant 105. The yellow solid 11,"™ was washed with hexanes (3 x 5 mL) and solvent was
removed. The resultant product 11,” was re-dissolved in 1.00 mL of dry CH,Cl, and then
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precipitated again in hexanes (10.0 mL) to yield yellow solid and pale yellow supernatant. The
yellow solid was washed with hexanes several times until the hexanes solution turned colorless.
The product 11,™ was isolated as a light yellow powdery material (68.9 mg, 86%). 'H NMR
(CDCls, 600 MHz): & 4.17-3.74 (br, Cp), 7.43-7.28 (br, 5SH, Ph). *'P{'"H} NMR (CDCl;, 243
MHz): & —26.8 (br), —31.3 to —31.5 (br). "C{'H} NMR (CDCls, 150.9 MHz): & 71.5 (br, Cp),
71.6 (br, Cp), 72.3 (br, Cp), 72.5 (br, Cp), 73.6-73.2 (m, Cp), 78.3 (br, Cp), 127.6 (br, Ph), 127.9
(br, Ph), 128.8 (br, Ph), 133.7 (s, Ph), 133.9 (s, Ph), 138.8 (br, Ph). Polymer 11, (68.9 mg) was
dissolved in CH,Cl, (3.00 mL) and allowed to react with an excess amount of Sg (50.0 mg) for
12 h. From this point on the manipulation was done under air. The reaction mixture was
precipitated into stirred hexanes (10.0 mL) to afford a yellow solid and a colorless supernatant.
The yellow solid was washed with hexanes (3 x 5 mL) and then dried under high vacuum. The
product 11,™-S was isolated as a yellow powdery material (52.3 mg, 65% relative to monomer
11Ph). A monomodal molecular weight distribution of llnPh-S was observed by GPC. M,, =
87107, M, = 54101, P = 1.61. "H NMR (CdCls, 500 MHz): & 4.67-3.88 (br, Cp, 8H), 7.76-7.43
(br, Ph, 5H). >C{'H} NMR (CDCl;, 500 MHz): & 71.6 [d, Jpc = 12.3 Hz, Cp], 72.0 [d, Jpc = 9.8
Hz, Cp], 72.6 (br, Cp), 73.8 (br, Cp), 74.9 (br, Cp), 77.8 (s, Cp), 78.6 (s, Cp), 128.1 (br, Ph),
129.8 [d, Jpc = 11.7 Hz, Ph], 130.2 (s, Ph), 131.2 (br, Ph), 133.2 (s, Ph), 133.9 (s, Ph). *'P{'H}

NMR (CDCl3, 500.1 MHz): & =37.7 (br).
Isolation and characterization of phosphines by-products

Removal of all the volatiles from the yellow supernatant of 105 resulted in a yellow powdery
material 105 (21.0 mg, 26%). The mass spectrum of this mixture revealed that it contained
various phosphines compounds. The mixture 105 was dissolved in CH,Cl, (2 mL) and allowed

to react with excess amount of Sg (15.0 mg) for 12 h. From this point on the manipulation was
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done under air. The CH,Cl, solution was then precipitated in hexanes (5 mL) to afford a yellow
supernatant. All the volatiles were removed from the yellow supernatant and the resultant yellow
solid 105° was dried under high vacuum. The product 105% was isolated as a yellow material
(29.5 mg). Based on 3P NMR spectrum and mass spectra, resulting mixture contains several
phosphine sulfides species. Preparative thin layer chromatography (PTLC) was carried out on
glass plated (20 x 20 cm) pre-coated (0.25 mm) with silica gel 60 F,sq4, first solvent mixture of
hexanes / CH,Cl, (1 / 1) as an eluent and then with the same mixture in ratio 2: 1 as an eluent.
Materials were detected by visualization under an ultraviolet lamp (A = 254 nm). The
corresponding strips were scraped off and washed with CH,Cl, (3 x 10 mL) and filtered through
a fine fritted funnel. Overall 3 fractions (strips) were obtained and named as fractions anti-51,
105°-1, and 105°-2. From each fraction approximately 2—-3 mg were obtained.

In the investigation of thermal ROP of the known compound llPh, the term “used” and “new”
NMR tube was mentioned. A used NMR tube is defined as an NMR tube which was used for
NMR measurements, then cleaned with basic and acidic solution and dried in an oven with
elevated temperatures (100 °C). Therefore, these used NMR tubes contained scratches on their
glass surface, which likely allow side reactions with the active ferrocene compounds. A new
NMR tube comes directly from the factory and has not been used before. Hence, there are no

scratches on its glass surface.
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Characterization of anti-51

¢ 2

anti-51

'H NMR (CDCl;, 500.1 MHz): 5 4.54 (br, 4H, Cp), 4.79 (br, 4H, Cp), 4.92 (br, 4H, Cp), 5.55
(br, 4H, Cp), 7.23-7.16 (m, 6H, Ph), 7.48-7.43 (m, 4H, Ph). *'P{'H} NMR (CDCls, 202.5
MHz): & 40.0 (s). HRMS (FDI; m/z): caled for '*Cs'Has °Fe, ' P,™S,, 647.9650 [M*]; found

647.9651.

Characterization of 1055-1

'H NMR (CDCls, 500.1 MHz): & 3.89-3.79 (m, 2H, CH, of OC,Hs), 4.13-4.07 (m, 2H, CH, of
OC,Hs), 4.35 (br, 1H, Cp), 4.45 (br, 1H, Cp), 4.46 (br, 1H, Cp), 4.56 (br, 2H, Cp), 4.58 (br, 1H,
Cp), 4.81 (br, 1H, Cp), 7.53-7.44 (m, 6H, Ph), 7.94-7.89 (m, 4H, Ph). “C{'H} NMR (CDCl;,
600 MHz): & 16.3 [d, Jpc = 8.0 Hz, CH3 of OC,Hs], 60.8-60.7 (m, CH, of OC,Hs), 75.2-72.8
(m, Cp), 131.8-128.2 (m, Ph). *'P{'H} NMR (CDCls, 202.5 MHz): § 83.4 (s), 83.5 (s). HRMS

(FDI; m/z): caled for 2Cag'Hag °Fe'®0,'°P,*S,, 554.0355 [M*]; found 554.0362.
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Characterization of 1055-2

NMR spectroscopy could not solve the structure of species 1055-2 due to the presence of
impurities in the sample. HRMS (FDI; m/z): caled for '*Css'Hs °Fe,'°0"°P,™S,, 694.0069;

found 694.0064.
Attempted thermal ROP of the chiral phosphorus-bridged [2]FCP (SI,,,SI,,R,R)—90CHZSiMe3

A NMR tube was charged with (S),,S,,R,R)-90°"*™% (19 5 mg, 38.6 x 10~ mmol) and sealed
under vacuum. The tube was then heated to 300 'C for 6 h. The color of the tube content stayed
as orange, and did not change during the heating time. The mixture was analyzed by NMR
spectroscopy. 'H and *'P NMR spectra of the tube content showed the same chemical shift as the

starting material. Therefore, no thermal polymerization occurred with monomer (S,,S,.R,R)-

H2SiM
90C Si 03.

Photolytic living anionic ROP of known phosphorus-bridged [1]FCP 11H25iMe3

In the absence of light, the monomer 11 CH2SIMe3 (43.0 mg, 0.142 mmol) was dissolved in dried
thf (1.0 mL) in a NMR tube. Na[CsHs] (29 uL, 2.85 x 107 mmol, 0.1 M solution in thf) was
added and the mixture was photolyzed to initiate the polymerization. The reaction was
maintained at 5 °C by using a thermostatically controlled acetone bath. The color of solution
changed from dark-red to yellow. The polymerization was quenched with a few drops of

degassed methanol. Precipitation of the solution into rapidly stirred degassed methanol (15 mL)
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followed by drying overnight under vacuum afforded polymer 57, as a yellow powder (35 mg,
81%). Polymer 57, (35 mg) was dissolved in CH,Cl, (2.5 mL) and allowed to with an excess
amount of Sg (12.0 mg) for 12 h. Color of solution changed from yellow to orange during
stirring overnight. The solution was then precipitated into stirred hexanes (15 mL) and solvent
was removed under vacuum to yield in yellow powder 57,° as resulting product (30.0 mg, 70%).
'H NMR (C¢Ds, 500 MHz): & 0.20 [s, Si(CHs),], 1.46—1.41 (br, PCH,), 4.40-4.09 (br, Cp).

SIp{'H} NMR (CgDs, 202.5 MHz): & —47.5 (br).

Attempted photolytic living anionic ROP of chiral phosphorus-bridged [1]FCP (SP,SP)-S(SCHzSiMe3

In the absence of light, the monomer (S,,,S,,)-86"5Me?

(31.2 mg, 0.081 mmol) was dissolved in
dry thf (1.0 mL) in a NMR tube. Na[CsHs5] (16 pL, 1.6 x 107 mmol, 0.1 M solution in thf) was
added and the mixture was photolyzed to initiate the polymerization. The reaction was
maintained at 5 °C by using a thermostatically controlled acetone bath. The color of solution did
not change during 2 h, hence, temperature was increased to 10 °C and the NMR tube was kept at
this temperature for another 2 h. The tube content was analyzed by 'H and °'P NMR
spectroscopy, and it showed the same signals as starting material. Therefore, no photolytic living

.. . . . H2SiM
anionic polymerization occurred with monomer (S),,S,,)-86"5M¢3,
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Table 4-1. Bond lengths [A] and angles [deg] for 1,1’—(SP,SP,S,S)—SSN’Pr2 (symmetry

APPENDIX

transformations used to generate equivalent atoms ": -x+1, y, -z+1).

Fe(1)-C(5)
Fe(1)-C(5)'
Fe(1)-C(1)'
Fe(1)-C(1)
Fe(1)-C(4)'
Fe(1)-C(4)
Fe(1)-C(2)
Fe(1)-C(2)
Fe(1)-C(3)
Fe(1)-C(3)'
CI(1)-P(1)
P(1)-N(1)
P(1)-C(1)
N(1)-C(9)
N(1)-C(12)
C(1)-C(5)
C(1)-C(2)
C(2)-C(3)
C(2)-C(6)
C(3)-C(4)
C4)-C(5)
C(6)-C(7)
C(6)-C(8)
C(9)-C(11)
C(9)-C(10)
C(12)-C(13)
C(12)-C(14)
C(5)-Fe(1)-C(5)
C(5)-Fe(1)-C(1)

C(5)'-Fe(1)-C(1)'

C(5)-Fe(1)-C(1)
C(5)-Fe(1)-C(1)
C(1)-Fe(1)-C(1)
C(5)-Fe(1)-C(4)

C(5)'-Fe(1)-C4)'

2.034(2)
2.034(2)
2.0453(19)
2.0453(19)
2.0538(19)
2.0538(19)
2.0613(19)
2.0613(19)
2.072(2)
2.072(2)
2.1536(7)
1.6677(17)
1.809(2)
1.490(3)
1.497(3)
1.436(3)
1.447(3)
1.428(3)
1.514(3)
1.420(3)
1.414(3)
1.525(3)
1.533(3)
1.518(3)
1.525(4)
1.519(4)
1.520(4)
106.04(12)
113.74(8)
41.21(8)
41.21(8)
113.73(8)
146.20(11)
129.61(9)
40.46(9)
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C(1)-Fe(1)-C(4)'
C(1)-Fe(1)-C(4)
C(5)-Fe(1)-C(4)

C(5)-Fe(1)-C(4)
C(1)-Fe(1)-C(4)
C(1)-Fe(1)-C(4)

C(4)-Fe(1)-C(4)
C(5)-Fe(1)-C(2)
C(5)-Fe(1)-C(2)'
C(1)-Fe(1)-C(2)'
C(1)-Fe(1)-C(2)
C(4)-Fe(1)-C(2)'
C(4)-Fe(1)-C(2)
C(5)-Fe(1)-C(2)

C(5)-Fe(1)-C(2)
C(1)-Fe(1)-C(2)
C(1)-Fe(1)-C(2)

C(4)-Fe(1)-C(2)
C(4)-Fe(1)-C(2)

C(2)-Fe(1)-C(2)
C(5)-Fe(1)-C(3)

C(5)-Fe(1)-C(3)
C(1)-Fe(1)-C(3)
C(1)-Fe(1)-C(3)

C(4)-Fe(1)-C(3)
C(4)-Fe(1)-C(3)

C(2)-Fe(1)-C(3)
C(2)-Fe(1)-C(3)

C(5)-Fe(1)-C(3)
C(5)-Fe(1)-C(3)'
C(1)-Fe(1)-C(3)'
C(1)-Fe(1)-C(3)
C(4)-Fe(1)-C(3)'
C(4)-Fe(1)-C(3)
C(2)-Fe(1)-C(3)'

68.53(8)
107.85(8)
40.46(9)
129.60(9)
107.84(8)
68.53(8)
168.23(14)
147.50(8)
69.19(8)
41.27(8)
170.93(8)
68.39(8)
116.84(8)
69.19(8)
147.50(8)
170.93(8)
41.27(8)
116.84(8)
68.39(8)
132.13(12)
68.14(9)
169.24(9)
131.57(8)
68.37(8)
150.12(9)
40.26(9)
110.48(9)
40.42(8)
169.24(9)
68.14(9)
68.37(9)
131.56(8)
40.26(9)
150.13(9)
40.42(8)



C(2)-Fe(1)-C(3)
C(3)-Fe(1)-C(3)
N(1)-P(1)-C(1)
N(1)-P(1)-CI(1)
C(1)-P(1)-CI(1)
C(9)-N(1)-C(12)
C(9)-N(1)-P(1)
C(12)-N(1)-P(1)
C(5)-C(1)-C(2)
C(5)-C(1)-P(1)
C(2)-C(1)-P(1)
C(5)-C(1)-Fe(1)
C(2)-C(1)-Fe(1)
P(1)-C(1)-Fe(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(6)
C(1)-C(2)-C(6)
C(3)-C(2)-Fe(1)
C(1)-C(2)-Fe(1)

110.48(9)
119.05(13)
102.77(9)
105.00(7)
97.81(7)
116.36(16)
124.14(13)
116.51(13)
107.52(18)
130.12(15)
122.16(15)
68.97(11)
69.96(12)
122.35(10)
107.15(18)
127.06(18)
125.58(19)
70.19(12)
68.77(11)
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C(6)-C(2)-Fe(1)
C4)-C(3)-C(2)
C(4)-C(3)-Fe(1)
C(2)-C(3)-Fe(1)
C(5)-C4)-C(3)
C(5)-C(4)-Fe(1)
C(3)-C(4)-Fe(1)
C4)-C(5)-C(1)
C(4)-C(5)-Fe(1)
C(1)-C(5)-Fe(1)
C(2)-C(6)-C(7)
C(2)-C(6)-C(8)
C(7)-C(6)-C(8)
N(1)-C(9)-C(11)
N(1)-C(9)-C(10)
C(11)-C(9)-C(10)
N(1)-C(12)-C(13)
N(1)-C(12)-C(14)

C(13)-C(12)-C(14)

130.20(14)
108.60(18)
69.18(12)
69.39(11)
108.55(17)
69.02(11)
70.56(11)
108.18(18)
70.52(12)
69.82(11)
113.48(18)
109.79(19)
110.4(2)
110.67(19)
112.9(2)
111.8(2)
113.4(2)
110.4(2)
111.5(3)



Table 4-2. Bond lengths [A] and angles [deg] for (SP,SP,R.R)—9()CHZSiMe3

Fe(1)-C(1) 2.009(2)
Fe(1)-C(6) 2.013(2)
Fe(1)-C(5) 2.024(2)
Fe(1)-C(10) 2.028(2)
Fe(1)-C(2) 2.048(2)
Fe(1)-C(7) 2.049(2)
Fe(1)-C(9) 2.061(2)
Fe(1)-C(4) 2.064(2)
Fe(1)-C(8) 2.072(2)
Fe(1)-C(3) 2.078(2)
P(1)-C(1) 1.832(2)
P(1)-C(17) 1.847(2)
P(1)-P(2) 2.2403(7)
P(2)-C(6) 1.828(2)
P(2)-C(21) 1.853(2)
Si(1)-C(19) 1.865(3)
Si(1)-C(18) 1.867(3)
Si(1)-C(17) 1.872(2)
Si(1)-C(20) 1.876(3)
Si(2)-C(23) 1.849(4)
Si(2)-C(22) 1.851(4)
Si(2)-C(21) 1.869(2)
Si(2)-C(24) 1.881(4)
C(1)-C(5) 1.433(3)
C(1)-C(2) 1.451(3)
C(2)-C(3) 1.425(3)
C(2)-C(11) 1.510(3)
C(3)-C(4) 1.417(3)
C(3)-H(3) 1.0000
C(4)-C(5) 1.418(3)
C(4)-H(4) 1.0000
C(5)-H(5) 1.0000
C(6)-C(10) 1.439(3)
C(6)-C(7) 1.451(3)
C(7)-C(8) 1.421(3)
C(7)-C(14) 1.504(3)
C(8)-C(9) 1.420(3)
C(8)-H(8) 1.0000
C(9)-C(10) 1.417(3)
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C(11)-C(12) 1.526(3)
C(11)-C(13) 1.529(3)
C(14)-C(15) 1.517(4)
C(14)-C(16) 1.519(4)
C(1)-Fe(1)-C(6) 99.18(8)
C(1)-Fe(1)-C(5) 41.63(8)
C(6)-Fe(1)-C(5) 107.36(9)
C(1)-Fe(1)-C(10) 106.99(9)
C(6)-Fe(1)-C(10) 41.73(8)
C(5)-Fe(1)-C(10) 139.23(9)
C(1)-Fe(1)-C(2) 41.90(8)
C(6)-Fe(1)-C(2) 126.70(8)
C(5)-Fe(1)-C(2) 69.44(8)
C(10)-Fe(1)-C(2) 105.47(9)
C(1)-Fe(1)-C(7) 126.74(8)
C(6)-Fe(1)-C(7) 41.85(8)
C(5)-Fe(1)-C(7) 105.91(9)
C(10)-Fe(1)-C(7) 69.67(9)
C(2)-Fe(1)-C(7) 167.01(8)
C(1)-Fe(1)-C(9) 142.17(9)
C(6)-Fe(1)-C(9) 69.18(9)
C(5)-Fe(1)-C(9) 174.41(9)
C(10)-Fe(1)-C(9) 40.54(10)
C(2)-Fe(1)-C(9) 116.12(9)
C(7)-Fe(1)-C(9) 68.55(9)
C(1)-Fe(1)-C(4) 69.16(9)
C(6)-Fe(1)-C(4) 142.68(9)
C(5)-Fe(1)-C(4) 40.56(9)
C(10)-Fe(1)-C(4) 173.65(9)
C(2)-Fe(1)-C(4) 68.24(9)
C(7)-Fe(1)-C(4) 116.66(9)
C(9)-Fe(1)-C(4) 140.61(10)
C(1)-Fe(1)-C(8) 166.79(9)
C(6)-Fe(1)-C(8) 68.85(9)
C(5)-Fe(1)-C(8) 134.86(9)
C(10)-Fe(1)-C(8) 68.19(9)
C(2)-Fe(1)-C(8) 150.32(9)
C(7)-Fe(1)-C(8) 40.33(9)
C(9)-Fe(1)-C(8) 40.19(10)



C(4)-Fe(1)-C(8) 116.71(10)
C(1)-Fe(1)-C(3) 69.11(8)
C(6)-Fe(1)-C(3) 166.89(8)
C(5)-Fe(1)-C(3) 68.19(9)
C(10)-Fe(1)-C(3) 134.33(9)
C(2)-Fe(1)-C(3) 40.39(8)
C(7)-Fe(1)-C(3) 150.45(9)
C(9)-Fe(1)-C(3) 116.18(9)
C(4)-Fe(1)-C(3) 40.00(9)
C(8)-Fe(1)-C(3) 123.35(9)
C(1)-P(1)-C(17) 104.62(10)
C(1)-P(1)-P(2) 97.87(7)
C(17)-P(1)-P(2) 98.14(7)
C(6)-P(2)-C(21) 104.25(11)
C(6)-P(2)-P(1) 97.60(7)
C(21)-P(2)-P(1) 98.71(8)
C(19)-Si(1)-C(18) 110.71(14)
C(19)-Si(1)-C(17) 109.57(12)
C(18)-Si(1)-C(17) 109.59(12)
C(19)-Si(1)-C(20) 110.36(14)
C(18)-Si(1)-C(20) 110.14(15)
C(17)-Si(1)-C(20) 106.37(13)
C(23)-Si(2)-C(22) 110.5(3)
C(23)-Si(2)-C(21) 108.62(17)
C(22)-Si(2)-C(21)110.64(18)
C(23)-Si(2)-C(24) 110.7(3)
C(22)-Si(2)-C(24) 108.5(2)
C(21)-Si(2)-C(24) 107.75(17)
C(5)-C(1)-C(2) 107.08(18)
C(5)-C(1)-P(1) 127.37(16)
C(2)-C(1)-P(1) 123.34(15)
C(5)-C(1)-Fe(1) 69.75(12)
C(2)-C(1)-Fe(1) 70.52(11)
P(1)-C(1)-Fe(1) 111.74(10)
C(3)-C(2)-C(1) 107.47(18)
C(3)-C(2)-C(11) 126.08(19)
C(1)-C(2)-C(11) 126.38(18)
C(3)-C(2)-Fe(1) 70.93(12)
C(1)-C(2)-Fe(1) 67.58(11)
C(11)-C(2)-Fe(1) 129.12(15)
C(4)-C(3)-C(2) 108.56(19)

C(4)-C(3)-Fe(1) 69.46(12)
C(2)-C(3)-Fe(1) 68.68(12)
C(3)-C(4)-C(5) 108.48(19)
C(3)-C(4)-Fe(1) 70.54(12)
C(5)-C(4)-Fe(1) 68.19(12)
C(4)-C(5)-C(1) 108.40(18)
C(4)-C(5)-Fe(1) 71.24(13)
C(1)-C(5)-Fe(1) 68.62(11)
C(10)-C(6)-C(7) 107.37(18)
C(10)-C(6)-P(2) 126.62(16)
C(7)-C(6)-P(2) 123.81(15)
C(10)-C(6)-Fe(1) 69.69(11)
C(7)-C(6)-Fe(1) 70.41(11)
P(2)-C(6)-Fe(1) 112.05(10)
C(8)-C(7)-C(6) 107.10(19)
C(8)-C(7)-C(14) 126.7(2)
C(6)-C(7)-C(14) 126.1(2)
C(8)-C(7)-Fe(1) 70.73(12)
C(6)-C(7)-Fe(1) 67.74(11)
C(14)-C(7)-Fe(1) 129.76(15)
C(9)-C(8)-C(7) 109.1(2)
C(9)-C(8)-Fe(1) 69.47(13)
C(7)-C(8)-Fe(1) 68.95(12)
C(10)-C(9)-C(8) 108.2(2)
C(10)-C(9)-Fe(1) 68.48(12)
C(8)-C(9)-Fe(1) 70.35(13)
C(9)-C(10)-C(6) 108.2(2)
C(9)-C(10)-Fe(1) 70.99(13)
C(6)-C(10)-Fe(1) 68.58(11)
C(2)-C(11)-C(12) 112.61(19)
C(2)-C(11)-C(13) 109.3(2)
C(12)-C(11)-C(13) 110.44(19)
C(7)-C(14)-C(15) 113.6(2)
C(7)-C(14)-C(16) 109.4(2)
C(15)-C(14)-C(16) 109.7(3)
P(1)-C(17)-Si(1) 118.24(12)
P(2)-C(21)-Si(2) 116.75(13)



Table 4-3. Bond lengths [A] and angles [deg] for (SP,R)—95S

Fe(1)-C(8)
Fe(1)-C(1)
Fe(1)-C(5)
Fe(1)-C(9)
Fe(1)-C(7)
Fe(1)-C(2)
Fe(1)-C(10)
Fe(1)-C(3)
Fe(1)-C(4)
Fe(1)-C(6)
P(1)-C(1)
P(1)-C(23)
P(1)-C(17)
P(1)-S(1)
C(1)-C(5)
C(1)-C(2)
C(2)-C(3)
C(2)-C(11)
C(3)-C(4)
C(4)-C(5)
C(6)-C(10)
C(6)-C(7)
C(6)-C(14)
C(7)-C(8)
C(8)-C(9)
C(9)-C(10)
C(11)-C(13)
C(11)-C(12)
C(14)-C(15)
C(14)-C(16)
C(17)-C(22)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(23)-C(24)
C(24)-C(25)

2.031(3)
2.032(2)
2.034(2)
2.038(3)
2.047(2)
2.049(2)
2.050(2)
2.053(2)
2.054(2)
2.067(2)
1.801(3)
1.819(2)
1.820(2)
1.9569(9)
1.445(3)
1.447(3)
1.426(3)
1.515(3)
1.422(4)
1.417(4)
1.418(4)
1.438(4)
1.505(4)
1.414(4)
1.420(5)
1.410(4)
1.521(3)
1.539(4)
1.512(5)
1.512(4)
1.387(3)
1.397(3)
1.386(4)
1.372(4)
1.383(4)
1.393(3)
1.527(3)
1.529(3)

C(25)-C(26)
C(8)-Fe(1)-C(1)
C(8)-Fe(1)-C(5)
C(1)-Fe(1)-C(5)
C(8)-Fe(1)-C(9)
C(1)-Fe(1)-C(9)
C(5)-Fe(1)-C(9)
C(8)-Fe(1)-C(7)
C(1)-Fe(1)-C(7)
C(5)-Fe(1)-C(7)
C(9)-Fe(1)-C(7)
C(8)-Fe(1)-C(2)
C(1)-Fe(1)-C(2)
C(5)-Fe(1)-C(2)
C(9)-Fe(1)-C(2)
C(7)-Fe(1)-C(2)
C(8)-Fe(1)-C(10)
C(1)-Fe(1)-C(10)
C(5)-Fe(1)-C(10)
C(9)-Fe(1)-C(10)
C(7)-Fe(1)-C(10)
C(2)-Fe(1)-C(10)
C(8)-Fe(1)-C(3)
C(1)-Fe(1)-C(3)
C(5)-Fe(1)-C(3)
C(9)-Fe(1)-C(3)
C(7)-Fe(1)-C(3)
C(2)-Fe(1)-C(3)
C(10)-Fe(1)-C(3)
C(8)-Fe(1)-C(4)
C(1)-Fe(1)-C(4)
C(5)-Fe(1)-C(4)
C(9)-Fe(1)-C(4)
C(7)-Fe(1)-C(4)
C(2)-Fe(1)-C(4)
C(10)-Fe(1)-C(4)
C(3)-Fe(1)-C(4)
C(8)-Fe(1)-C(6)

159

1.508(4)
153.27(11)
162.53(12)
41.63(9)
40.86(13)
119.93(11)
155.80(13)
40.59(12)
165.42(11)
126.36(11)
68.22(12)
117.16(11)
41.53(9)
69.64(8)
106.94(10)
151.47(10)
68.24(12)
109.64(11)
121.85(11)
40.35(12)
67.90(11)
127.60(11)
105.49(11)
68.87(9)
68.43(10)
125.42(11)
117.68(10)
40.70(9)
163.90(11)
124.43(12)
69.13(9)
40.55(10)
162.35(12)
106.72(11)
68.95(9)
155.19(11)
40.53(10)
68.79(11)



C(1)-Fe(1)-C(6)
C(5)-Fe(1)-C(6)
C(9)-Fe(1)-C(6)
C(7)-Fe(1)-C(6)
C(2)-Fe(1)-C(6)
C(10)-Fe(1)-C(6)
C(3)-Fe(1)-C(6)
C(4)-Fe(1)-C(6)
C(1)-P(1)-C(23)
C(1)-P(1)-C(17)
C(23)-P(1)-C(17)
C(1)-P(1)-S(1)
C(23)-P(1)-S(1)
C(17)-P(1)-S(1)
C(5)-C(1)-C(2)
C(5)-C(1)-P(1)
C(2)-C(1)-P(1)
C(5)-C(1)-Fe(1)
C(2)-C(1)-Fe(1)
P(1)-C(1)-Fe(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(11)
C(1)-C(2)-C(11)
C(3)-C(2)-Fe(1)
C(1)-C(2)-Fe(1)
C(11)-C(2)-Fe(1)
C(4)-C(3)-C(2)
C(4)-C(3)-Fe(1)
C(2)-C(3)-Fe(1)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
Fe(1)-C(3)-H(Q3)
C(5)-C(4)-C(3)
C(5)-C(4)-Fe(1)
C(3)-C(4)-Fe(1)
C(4)-C(5)-C(1)
C(4)-C(5)-Fe(1)
C(1)-C(5)-Fe(1)
C(10)-C(6)-C(7)
C(10)-C(6)-C(14)

127.96(11)
108.76(9)
68.34(10)
40.91(11)
165.67(11)
40.30(10)
153.05(11)
119.70(10)
103.16(11)
103.75(11)
106.28(12)
116.49(8)
113.18(9)
112.86(8)
107.5(2)
123.62(18)
128.85(17)
69.29(12)
69.89(12)
127.71(12)
106.99(19)
124.9(2)
127.9(2)
69.77(12)
68.58(11)
130.95(16)
109.2(2)
69.79(13)
69.53(12)
125.4
125.4
125.4
108.1(2)
68.99(13)
69.69(13)
108.2(2)
70.46(14)
69.08(12)
106.5(2)
125.6(3)

C(7)-C(6)-C(14)
C(10)-C(6)-Fe(1)
C(7)-C(6)-Fe(1)
C(14)-C(6)-Fe(1)
C(8)-C(7)-C(6)
C(8)-C(7)-Fe(1)
C(6)-C(7)-Fe(1)
C(7)-C(8)-C(9)
C(7)-C(8)-Fe(1)
C(9)-C(8)-Fe(1)
C(10)-C(9)-C(8)
C(10)-C(9)-Fe(1)
C(8)-C(9)-Fe(1)
C(9)-C(10)-C(6)
C(9)-C(10)-Fe(1)
C(6)-C(10)-Fe(1)
C(2)-C(11)-C(13)
C(2)-C(11)-C(12)
C(13)-C(11)-C(12)
C(22)-C(17)-C(18)
C(22)-C(17)-P(1)
C(18)-C(17)-P(1)
C(19)-C(18)-C(17)
C(20)-C(19)-C(18)
C(19)-C(20)-C(21)
C(20)-C(21)-C(22)
C(17)-C(22)-C(21)
C(24)-C(23)-P(1)
C(23)-C(24)-C(25)
C(26)-C(25)-C(24)
C(6)-C(14)-C(15)
C(6)-C(14)-C(16)
C(15)-C(14)-C(16)

127.83)
69.19(14)
68.79(14)
129.92(17)
108.5(3)
69.08(15)
70.30(14)
107.8(3)
70.34(14)
69.86(16)
107.9(3)
70.27(14)
69.28(16)
109.2(3)
69.38(15)
70.51(15)
110.3(2)
112.1(2)
108.5(2)
118.6(2)
119.81(18)
121.52(19)
120.4(2)
120.4(3)
120.2(2)
119.6(2)
120.8(2)
116.06(17)
112.5(2)
114.6(2)
112.6(3)
109.9(3)
109.8(3)



Table 4-4. Bond lengths [A] and angles [deg] for syn—Cz—l()SS-S

Fe(1)-C(10)
Fe(1)-C(4)
Fe(1)-C(9)
Fe(1)-C(5)
Fe(1)-C(3)
Fe(1)-C(8)
Fe(1)-C(1)
Fe(1)-C(6)
Fe(1)-C(2)
Fe(1)-C(7)

Fe(1')-C(10")

Fe(1)-C(9")
Fe(1)-C(5")
Fe(1)-C(4)
Fe(1)-C(3)
Fe(1)-C(1")
Fe(1)-C(8)
Fe(1)-C(6)
Fe(1)-C(2)
Fe(1)-C(7")
S(1)-P(1)
S(1)-P(1')
P(1)-C(1")
P(1)-C(6)
P(1)-C(17)
P(1)-C(1)
P(1")-C(6)
P(1)-C(17")
C(1)-C)
C(1-C2)
C(2)-C3)
C(2)-C(11)
C(3)-C4)
CA-CO)
C(6)-C(10)
C(6)-C(7)
C(7)-C®)
C(7)-C(14)

2.048(3)
2.051(3)
2.054(3)
2.057(3)
2.061(3)
2.069(3)
2.069(3)
2.079(3)
2.104(3)
2.113(3)
2.044(3)
2.048(3)
2.059(3)
2.060(3)
2.065(3)
2.065(3)
2.068(3)
2.085(3)
2.092(3)
2.118(3)
1.9486(11)
1.9515(11)
1.802(3)
1.823(3)
1.833(3)
1.793(3)
1.815(3)
1.835(3)
1.439(4)
1.451(4)
1.421(5)
1.508(5)
1.406(5)
1.411(5)
1.447(4)
1.452(4)
1.421(4)
1.509(4)

161

C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(11)-C(12)
C(11)-C(13)
C(14)-C(16)
C(14)-C(15)
C(17)-C(22)
C(17)-C(18)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(1)-C(5)
C(10)-Fe(1)-C(4)
C(10)-Fe(1)-C(9)
C(4)-Fe(1)-C(9)
C(10)-Fe(1)-C(5)
C(4)-Fe(1)-C(5)
C(9)-Fe(1)-C(5)
C(10)-Fe(1)-C(3)
C(4)-Fe(1)-C(3)
C(9)-Fe(1)-C(3)
C(5)-Fe(1)-C(3)
C(10)-Fe(1)-C(8)
C(4)-Fe(1)-C(8)
C(9)-Fe(1)-C(8)
C(5)-Fe(1)-C(8)
C(3)-Fe(1)-C(8)
C(10)-Fe(1)-C(1)
C(4)-Fe(1)-C(1)
C(9)-Fe(1)-C(1)
C(5)-Fe(1)-C(1)
C(3)-Fe(1)-C(1)
C(8)-Fe(1)-C(1)
C(10)-Fe(1)-C(6)
C(4)-Fe(1)-C(6)

1.411(5)
1.0000
1.411(5)
1.526(4)
1.529(5)
1.516(4)
1.540(4)
1.387(4)
1.388(4)
1.393(5)
0.9500
1.373(6)
1.382(5)
1.382(5)
1.435(4)
106.95(13)
40.25(13)
104.04(13)
110.96(13)
40.18(13)
133.95(13)
133.01(13)
39.98(13)
104.89(13)
67.43(13)
67.47(13)
132.24(13)
40.03(13)
172.20(13)
107.68(13)
142.67(13)
68.07(13)
171.79(12)
40.82(12)
67.74(12)
144.21(13)
41.05(12)
139.47(13)



C(9)-Fe(1)-C(6)
C(5)-Fe(1)-C(6)
C(3)-Fe(1)-C(6)
C(8)-Fe(1)-C(6)
C(1)-Fe(1)-C(6)
C(10)-Fe(1)-C(2)
C(4)-Fe(1)-C(2)
C(9)-Fe(1)-C(2)
C(5)-Fe(1)-C(2)
C(3)-Fe(1)-C(2)
C(8)-Fe(1)-C(2)
C(1)-Fe(1)-C(2)
C(6)-Fe(1)-C(2)
C(10)-Fe(1)-C(7)
C(4)-Fe(1)-C(7)
C(9)-Fe(1)-C(7)
C(5)-Fe(1)-C(7)
C(3)-Fe(1)-C(7)
C(8)-Fe(1)-C(7)
C(1)-Fe(1)-C(7)
C(6)-Fe(1)-C(7)
C(2)-Fe(1)-C(7)
C(10)-Fe(1')-C(9")
C(10)-Fe(1')-C(5")
C(9")-Fe(1)-C(5')
C(10)-Fe(1')-C(4")
C(9)-Fe(1')-C(4")
C(5")-Fe(1)-C(4')
C(10)-Fe(1')-C(3")
C(9")-Fe(1)-C(3')
C(5")-Fe(1)-C(3')
C(4)-Fe(1')-C(3")
C(10")-Fe(1)-C(1")
C(9)-Fe(1')-C(1")
C(5)-Fe(1')-C(1")
C(4)-Fe(1')-C(1")
C(3)-Fe(1')-C(1")
C(10)-Fe(1')-C(8"
C(9")-Fe(1)-C(8')
C(5")-Fe(1)-C(8')
C(4")-Fe(1)-C(8')

68.23(12)
116.63(12)
173.10(12)
67.64(12)
119.08(11)
172.89(12)
67.51(13)
135.24(13)
68.04(13)
39.88(13)
112.49(13)
40.67(12)
145.99(12)
68.05(12)
171.28(13)
67.45(12)
147.65(12)
138.41(13)
39.70(12)
120.34(12)
40.53(12)
116.81(12)
40.12(14)
111.03(14)
133.03(14)
107.34(14)
103.43(15)
40.01(13)
133.34(13)
104.61(14)
67.38(13)
39.94(14)
142.33(13)
171.21(14)
40.72(12)
67.92(13)
67.90(13)
67.32(14)
40.00(14)
170.84(13)
131.07(14)

162

C(3')-Fe(1')-C(8")
C(1")-Fe(1')-C(8")
C(10")-Fe(1')-C(6")
C(9)-Fe(1")-C(6")
C(5")-Fe(1")-C(6")
C(4')-Fe(1')-C(6")
C(3')-Fe(1')-C(6")
C(1")-Fe(1")-C(6")
C(8')-Fe(1')-C(6")
C(10)-Fe(1)-C(2")
C(9")-Fe(1')-C(2")
C(5")-Fe(1)-C(2")
C(4")-Fe(1')-C(2")
C(3")-Fe(1')-C(2")
C(1")-Fe(1")-C(2")
C(8")-Fe(1')-C(2")
C(6')-Fe(1')-C(2")
C(10")-Fe(1)-C(7")
C(9")-Fe(1")-C(7")
C(5")-Fe(1")-C(7")
C4")-Fe(1")-C(7")
C(3")-Fe(1")-C(7")
C(1")-Fe(1)-C(7")
C(8")-Fe(1")-C(7")
C(6')-Fe(1")-C(7")
C(2)-Fe(1")-C(7")
C(1")-P(1)-C(6)
C(1)-P(1)-C(17)
C(6)-P(1)-C(17)
C(1")-P(1)-S(1)
C(6)-P(1)-S(1)
C(17)-P(1)-S(1)
C(1)-P(1")-C(6")
C(1)-P(1)-C(17")
C(6)-P(1)-C(17")
C(1)-P(1")-S(1)
C(6)-P(1)-S(1)
C(17")-P(1")-S(1")
C(5)-C(1)-C2)
C(5)-C(1)-P(1")
C(2)-C(1)-P(T")

106.77(14)
145.07(13)
40.88(12)
67.97(13)
117.73(12)
140.42(13)
172.57(12)
119.53(12)
67.42(12)
173.63(13)
135.63(14)
68.19(13)
67.79(13)
40.31(13)
40.77(12)
112.36(13)
145.38(12)
67.86(13)
67.38(13)
148.97(12)
170.36(13)
137.42(13)
121.15(12)
39.73(12)
40.35(11)
116.28(12)
109.15(14)
103.33(14)
100.99(14)
113.32(11)
117.09(11)
111.42(11)
108.72(14)
103.26(14)
98.91(13)
114.36(11)
118.18(10)
111.36(11)
107.4(3)
124.9(2)
127.3(2)



C(5)-C(1)-Fe(1)
C(2)-C(1)-Fe(1)
P(1')-C(1)-Fe(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(11)
C(1)-C(2)-C(11)
C(3)-C(2)-Fe(1)
C(1)-C(2)-Fe(1)
C(11)-C(2)-Fe(1)
C(4)-C(3)-C(2)
C(4)-C(3)-Fe(1)
C(2)-C(3)-Fe(1)
C(3)-C(4)-C(5)
C(3)-C(4)-Fe(1)
C(5)-C(4)-Fe(1)
C(4)-C(5)-C(1)
C(4)-C(5)-Fe(1)
C(1)-C(5)-Fe(1)
C(10)-C(6)-C(7)
C(10)-C(6)-P(1)
C(7)-C(6)-P(1)
C(10)-C(6)-Fe(1)
C(7)-C(6)-Fe(1)
P(1)-C(6)-Fe(1)
C(8)-C(7)-C(6)
C(8)-C(7)-C(14)
C(6)-C(7)-C(14)
C(8)-C(7)-Fe(1)
C(6)-C(7)-Fe(1)
C(14)-C(7)-Fe(1)
C(9)-C(8)-C(7)
C(9)-C(8)-Fe(1)
C(7)-C(8)-Fe(1)
C(10)-C(9)-C(8)
C(10)-C(9)-Fe(1)
C(8)-C(9)-Fe(1)
C(9)-C(10)-C(6)
C(9)-C(10)-Fe(1)
C(6)-C(10)-Fe(1)
C(2)-C(11)-C(12)
C(2)-C(11)-C(13)

69.11(17)
70.96(17)
131.09(16)
106.6(3)
124.7(3)
128.3(3)
68.43(18)
68.37(17)
133.9(2)
109.5(3)
69.61(18)
71.69(17)
108.5(3)
70.40(18)
70.12(17)
108.0(3)
69.70(18)
70.06(17)
106.8(3)
123.2(2)
127.2(2)
68.29(17)
70.97(16)
140.26(16)
107.0(3)
123.9(3)
128.6(3)
68.49(17)
68.50(16)
134.8(2)
109.6(3)
69.42(18)
71.81(17)
108.2(3)
69.62(18)
70.55(18)
108.4(3)
70.13(19)
70.66(17)
112.4(3)
109.3(3)
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C(12)-C(11)-C(13)
C(7)-C(14)-C(16)
C(7)-C(14)-C(15)
C(16)-C(14)-C(15)
C(22)-C(17)-C(18)
C(22)-C(17)-P(1)
C(18)-C(17)-P(1)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(21)
C(22)-C(21)-C(20)
C(21)-C(22)-C(17)
C(5)-C(1")-C(2)
C(5)-C(1)-P(1)
C(2)-C(1")-P(1)
C(5)-C(1')-Fe(1")
C(2)-C(1')-Fe(1")
P(1)-C(1')-Fe(1")
C(3)-C(2)-C(1)
C(3)-C(2)-C11")
C(1)-C(2)-C(11")
C(3)-C(2))-Fe(1")
C(1)-C(2))-Fe(1")
C(11')-C(2')-Fe(1")
C(4)-C(3)-C(2)
C(4)-C(3")-Fe(1")
C(2)-C(3")-Fe(1")
Fe(1)-C(3)-H(3")
C(3)-C(4)-C(5)
C(3)-C(4")-Fe(1")
C(5)-C(4")-Fe(1")
C(4)-C(5")-C(1")
C(4)-C(5")-Fe(1")
C(1)-C(5")-Fe(1")
C(10)-C(6)-C(7")
C(10)-C(6)-P(1")
C(7)-C(6)-P(1')
C(10))-C(6')-Fe(1")
C(7)-C(6")-Fe(1")
P(1)-C(6")-Fe(1')
C(8)-C(7)-C(6)

108.9(3)
112.8(3)
109.6(3)
108.8(3)
118.9(3)
121.2(2)
119.8(2)
120.2(3)
120.2(3)
119.7(3)
120.3(3)
120.5(3)
107.6(3)
125.6(2)
126.6(2)
69.41(18)
70.62(17)
128.89(16)
106.4(3)
124.1(3)
128.9(3)
63.81(18)
68.61(17)
134.3(2)
109.2(3)
69.85(19)
70.88(18)
125.4
108.5(3)
70.2(2)
69.96(19)
108.3(3)
70.03(19)
69.83(18)
106.9(3)
121.6(2)
128.3(2)
68.04(18)
71.06(17)
141.37(16)
106.7(3)



C(8)-C(7)-C(14"
C(6)-C(7)-C(14")
C(8)-C(7")-Fe(1")
C(6')-C(7')-Fe(1')
C(14)-C(7')-Fe(1")
C(9)-C(8)-C(7")
C(9)-C(8')-Fe(1')
C(7)-C(8")-Fe(1")
C(10')-C(9)-C(8")
C(10')-C(9')-Fe(1")
C(8)-C(9")-Fe(1")
C(9)-C(10)-C(6"
C(9)-C(10')-Fe(1")
C(6)-C(10")-Fe(1")
C(2)-C(11)-C(12))
C(2)-C(11)-C(13")
C(12)-C(11')-C(13")
C(7)-C(14)-C(16")
C(7)-C(14')-C(15")
C(16)-C(14)-C(15")
C(18)-C(17")-C(22")
C(18)-C(17")-P(1")
C(22)-C(17)-P(1")
C(17)-C(18)-C(19")
C(20)-C(19)-C(18")
C(19)-C(20)-C(21")
C(20)-C(21')-C(22")
C(21)-C(22))-C(17")
CI(2S)-C(1S)-CI(1S)
CI(4S)-C(2S)-CI(3S)

124.4(3)
128.1(3)
68.24(19)
68.59(17)
135.9(2)
109.5(3)
69.25(19)
72.03(18)
108.3(3)
69.77(18)
70.75(19)
108.5(3)
70.10(19)
71.08(17)
112.3(3)
109.2(3)
109.2(3)
113.5(3)
108.7(3)
108.7(3)
118.8(3)
120.2(2)
120.9(2)
120.5(3)
120.3(4)
120.2(3)
120.1(3)
120.1(3)
111.4(3)
110.5(3)
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