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Chapter 1

General Introduction

In the history of organometallic chemistry, precious metal complexes have been mainly applied to
homogeneous catalysis due to their inherent 2e redox process, which is often favored for organic
synthesis.! However, precious metal catalysts fail to fulfil the requirement for development of
sustainable and green chemistry due to their high cost and potential toxicity.? Thus, to substitute
precious metal catalysts with those using more abundant and cheaper first row transition metals have
become a widespread research subject in the field of homogeneous catalysis.> Among 3d transition
metal catalysts, iron is a preferable metal because it is most abundant (43200 ppm in the continental
crust)*, low cost, and non-toxic. Apart from homogeneous catalysis in industry, iron-based enzymes
function as catalysts in nature. Another aspect of iron catalyst is that they adopt various oxidation
states ranging from —2 to +5 (rarely to +8) and various spin states such as low spin, intermediate spin,
and high spin.> Moreover, spin states easily change via spin crossover due to its small ligand field
splitting. Although numerous reports on iron catalyzed reactions are known so far, numbers of studies
on well-defined iron catalysts are still limited compared to those of precious metal catalysts due to
their complicated paramagnetic nature,® i.e. difficulty in identification, controlling the reactivity, etc.
Thus, detailed reactivity investigation of iron complexes is still a big challenge in organometallic

chemistry.

For the design of well-defined iron complexes, employing a strong-field ligand is effective. A
strong-field ligand enlarges d-orbital splitting and stabilizes diamagnetic complexes in low-spin states.
In this context, a pincer ligand is one of the most useful ligand candidates. Shaw and co-workers have
reported the first pincer ligand in 1976 7@ (Scheme 1) and the term ‘pincer’ was coined by van Koten
in 1989.™ It was mainly applied on precious metals with exception of Ni (3d transition metal) metal

in the early stage of its chemistry.®
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Scheme 1. Synthesis of pincer transition metal complex reported by Shaw.

The remarkable feature of these pincer ligands is that their structure can be optimized by tuning
side-arm-linker such as CH,, NH, and O (Scheme 2). Due to this character, the pincer ligands were
successfully applied in recent years in the precise design of iron complex.® The first iron pincer
complex PNP complexes were synthesized by Dahlhoff and Nelson in 1971 by the reaction of 2,6-
bis(diphenylphosphinomethyl)pyridine with FeX, (X = Cl, Br, I, NCS) (Scheme 3).% Since then, iron

pincer chemistry become a prime interest in the development of iron catalysts.
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Scheme 2. Generalized structure of pincer metal complex.®
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Scheme 3. Typical structure of pincer ligands with benzene or pyridine backbone.
Metal ligand cooperation (MLC)

Recently, one significant breakthrough has been made in the chemistry of pincer ligands, a metal
ligand cooperation (MLC), wherein a redox active ligand cooperatively facilitates multi-electron
reaction.’® As a result, MLC now becomes a powerful tool for bond activation process and facilitates
various chemical and biological catalytic reactions.? Therefore, iron pincer complexes have gained

attention in seek of rational design of catalyst, which can utilize MLC behavior.

MLC has different kinds of modes, hemilability, >4 redox activity’® and bifunctional behavior®®,
where the ligand and the metal work in a synergetic way by interacting with a substrate during a bond
activation step. Hemilability involves reversible dissociation of ligand to create vacant coordination
sites for activation of substrate during the reaction (Scheme 4a). Redox active ligand serves as an
electron reservoir in the bond activation of substrate without changing the oxidation state of the metal
center (Scheme 4b). Bifunctional behavior, where both a metal and a ligand work in a cooperative

fashion, resulting in the simultaneous bond-formation and bond-breaking (Scheme 4c).
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Scheme 4. Different modes of metal ligand cooperation (a) Hemilability, (b) Redox activity, (c)

Bifunctional activity.



One of the prominent works with the use of bifunctional activity of MLC were demonstrated by
Noyori, Ikariya and co-workers.! Ru complexes bounded with an amido ligand (R2N-M) undergo
heterolytic cleavage of H-H bond and achieve hydrogenation of carbonyl compounds. Recently,
Milstein explained the bifunctional activity in the pyridine-based PNP or PNN pincer ligand systems,
i.e.a dearomatization-rearomatization sequence in MLC enables bond activation (Scheme 5).%% In
pyridine-based pincer ligand systems, a linker such as CH,, NH has an acidic proton, which undergo
deprotonation in the presence of a base, resulting in the dearomatization of pyridine-based pincer
backbone, leaving exocyclic double bond. Rearomatization mediated by cooperation of metal plays
adriving force. As a result, dearomatized ligands activate various bonds such as O—H, N-H, H-H etc.

without change in formal oxidation state of metal center.*3

H—E
1

E=H, O N
Scheme 5. Metal ligand cooperation based on dearomatization/rearomatization.

MLC in 3d transition metal complexes has been extended in catalysis with application of
bifunctional property, aromatization/dearomatization, and redox activity of ligands. For example,
inspired by Noyori’s amine/amido ligand system, Morris’s group synthesized iron complex with
unsymmetrical chiral [PN"P] ligand (Scheme 6a) for asymmetric hydrogenation of ketones and
imines.* Furthermore, application of aromatization/dearomatization was extended to the iron pincer
PNP complex (Scheme 6b), and hydrogenation of ketones was reported by Milstein et al.**® In these
systems, heterolytic cleavage of E-H (E=H, O, N etc) bond proceeds, where bifunctional activity of
a metal and a ligand involved during the reaction. Different from this, it is also known that redox
active ligands have assisted MLC in the application of 3d transition metal catalyst, wherein redox
active ligand serves as an electron reservoir during the reactions. Chirik and co-workers featured the
redox active ligand based on the bis(imino)pyridine (PDI) (Scheme 6¢) framework in iron chemistry
and achieved hydrogenation of simple olefins.'% As shown above, there is no doubt that ligand design

has led to give various modes of MLC.
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Scheme 6. Different iron pincer system demonstrated by: (a) Morris group#, (b) Milstein group*®,
and (c) Chirik group.**

Tetradentate PNNP ligand

Tetradentate PNNP-Ph (2,9 bis((diphenylphosphino)methyl)-1,10-phenanthroline)) ligand was first
developed by Ziessel in 1980. PNNP-R ligand (R = Ph, Cy, tBu etc) (Scheme 7) exhibits unique
features, which could be useful in the application of 3d transition metals. It has 4 o-donor atoms and
n-acidic phenanthroline backbone, which behaves as a redox active ligand.*® By acquiring all these
features, PNNP-R binds to a metal center via tetradentate coordination in a rigid meridional
coordination mode and thus promotes ligand-field splitting to afford a diamagnetic complex. The
properties of PNNP-R can be further tuned by introducing different substituents (R = Ph, Cy, tBu etc)
on phosphine which compliments to it for application in catalysis. It is well known that steric
properties of monodentate phosphine is studied by using Tolman’s cone angle. Along with steric
properties of R substituent, electron-donating ability of phosphines is also governed by R substituents.
Thus, R substituents influences the electron donating property and steric property around the metal

center.

(R = Ph, Cy, tBu)
Scheme 7. Structure of PNNP-R ligand.

As explained above, tridentate pincer ligands with a pyridine backbone have set up a definition of
MLC based on dearomatization/rearomatization sequence. Such the MLC concept has been extended

by using PNNP-tBu-Ru as it shows an unprecedented long-range MLC. Thus, they revealed a unique
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long-range metal ligand cooperation, in which hydride migrates to the endocyclic phenanthroline
backbone (Scheme 8).%°

Scheme 8. Long-range metal ligand cooperation in PNNP-tBu-Ru complex.®®

Considering that the PNNP ligand exhibits strong o-donating ability via tetradentate coordination
and acts as strong field ligand, we focus on the PNNP ligand as a next generation rigid meridional
ligand and set out for the development of PNNP-Fe complexes.'%® Recently, we reported a synthesis
of a series of Fe complex bearing PNNP-R (R=Ph, Cy) ligand, it efficiently activates hydrosilanes
and behaves as a good catalyst for dehydrogenative coupling of silanols with hydrosilanes (Scheme
9a).1%2 With the use of well-defined PNNP-Fe complexes, MLC was also demonstrated (Scheme
9b).162¢ |t was also revealed that Co complexes bearing a PNNP-Ph ligand exhibits a unique long-
range metal ligand cooperation, wherein reversible H-H bond was cleaved and phenanthroline
backbone acts as a hydrogen reservoir (Scheme 9c).16“ These results suggested a capability of PNNP-
3d metal system towards bond cleavages via metal ligand cooperation based on

dearomatization/rearomatization.
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Scheme 9. (a) Selective preparation of hydrosiloxane catalyzed by PNNP-Fe catalyst,'%? (b) MLC in
PNNP-Fe complex,*®® (c) Unique long range metal ligand cooperation in PNNP-Co complex.16¢

Thesis outline

In this context, | focus on the fundamental reactivity and metal ligand cooperation of Fe complexes
bearing a PNNP ligand. Dr. Takeshita reported pre-liminary results of Si—X oxidative addition with
use of PNNP-Fe complexes in his doctorate thesis. The result inspired me to investigate reactivity of
[{Fe(PNNP-R)}2(u-N2)] (R = Ph, Cy) towards C—X. Thus, | started my research in keen interest to
cleave C—X bond via oxidative addition with PNNP-Fe (0) complex. Thus, Chapter 2 includes the
oxidative addition of C—X bond and its mechanism was closely investigated. Furthermore, heterolytic

cleavage of H-H bond was demonstrated via MLC.

In Chapter 3, | describe the reactivity PNNP-Cy Fe(ll) hydride towards various type of substrates.
Resulting complexes were characterized by elemental analysis and NMR. A single-crystal X ray
diffraction study revealed structures of some of the complexes. The unique long-range MLC was

observed through the reactions.



In chapter 4, | present the isolable rare square planar 14e Fe(ll) complex bearing PNNP-Cy or
PNNP-tBu ligand and their reactivity.
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Chapter 2

Oxidative Addition of C—X Bond and H—H Cleavage via MLC

Abstract

Iron(0) complex bearing a phenanthroline-based meridional PNNP ligand [{Fe(PNNP)}2(u-N2)] (1)
(PNNP = 2,9-bis((diphenylphosphino)methyl)-1,10-phenanthroline) smoothly reacted with CHsl at
ambient temperature to cleave C—I bond, resulting in the formation of the corresponding oxidative
addition product, [Fe(CH3)(1)(PNNP)] (2). Complex 2 was fully identified by NMR and its structure
was determined by a single crystal X-ray diffraction study. Mechanistic study using
cyclopropylmethyl bromide as a radical clock supported a radical pathway for the C—I bond cleavage
of CHal. Complex 2 underwent deprotonation on treatment with NaOtBu to form 4, which possessed
a dearomatized phenanthroline backbone. Complex 4 further reacted with H, to cleave H-H bond.
The reaction was mediated by metal-ligand cooperation process that involves re-aromatization of the
phenanthroline backbone of the PNNP ligand.
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Introduction

Oxidative addition plays a key role in catalysis.! Among them, oxidative addition of C—X bonds plays
pivotal roles in various organic synthetic processes such as cross coupling reactions?<, and industrial
synthesis of acetic acid from methanol.?¢ The following three mechanisms are known for oxidative
addition reactions, 1) concerted mechanism 2) Sn2-type mechanism, and 3) radical mechanism
(Scheme 1).

~R

a) LM + | —~ [LM-R] X~ — LaMJy SN,
R RIH

b) LM + [LnM<\:] - LnMiR Concerted
X X X
R . . R

c) L,M + )l( —— [ LM—XR[f —— LaMTy Radical

Scheme 1. Mechanism of Oxidative Addition.

Generally, net two-electron oxidative addition of C—X bonds dominated in precious 4d and 5d
metal catalysts.® The reaction mechanism of these steps was thus far closely studied using various
well-defined 4d and 5d metal catalyst systems.!® Different from these systems, oxidative
addition reaction of C—X bond by radical mechanism often proceeds in iron catalyst systems.* As
explained in Chapter 1, iron complexes suffer from complicated electronic states and difficulty in
their characterization. As a result, examples of detailed mechanistic study on oxidative addition step
using well-defined iron complexes are still relatively limited.® In spite of the incredible progress of
iron-catalyzed cross-coupling reactions in organic synthesis, their reaction mechanisms remain not
well-defined. In this context, to study fundamental mechanistic study of oxidative addition reaction
using iron complexes is of great importance.® The pioneering work by Kochi and co-worker in the
1970s displayed efficient iron catalysts for C—C cross-coupling reactions (Scheme 2).° They
demonstrated that simple ferric salts catalyze the stereoselective generation of C—C bonds starting
from alkenyl halides and Grignard reagents and it involves Fe(l) species, which is converted to Fe(l11)
species via oxidative addition of C—X bond. In this study, it was also revealed that C—X bond cleavage

can either follow the radical pathway.

12



SR’ FeCl3z (5 mol%)
R-MgBr  + B~ - RN

Scheme 2. Iron catalyzed cross coupling reaction reported by Kochi.®

One of the remarkable contributions were given by Nakamura and co-workers in iron catalyzed
cross coupling reactions and its mechanistic investigation.” They have developed novel iron(ll)
complex bearing a bidentate diphosphine ligand, which was proven to be an efficient catalyst to form
C(sp®) —C(sp®) bond through cross-coupling of alkyl halide and aryl boronates (Scheme 3).”° The
mechanistic investigation of oxidative addition of C—X bond using a radical clock revealed that the
reaction to proceeds via radical pathway. Finally, they demonstrated one mechanism, which includes
a Fe(ID/Fe(11) cycle (Scheme 4).

_ R R
Bu, O
ore 5 L' /Q ; 2 @R
0 R R P
Ox OPh Feu\];ErR
R / "'/
cat Ci Cl
R
R cat

X = Cl, Br MgBr,, THF

(R = t-Bu, SiMe3)

Scheme 3. Cross-coupling reaction catalyzed by iron (I1) chloride diphosphine catalyst.”™

N R
X (5

P\'l:(;ﬁAr

P~ ®~Ar

Ar—R
(X
borate

P _Cl —=° P\(V”/Ar P X
>Fell — (_p-Fe Fe
P —Cl P TAr P~ " ~Ar

+

Li

% 7

o gbr BLI,,," 0
Bu—B] | +LiX PN

o Ar ¢

Scheme 4. Mechanism of the iron-catalyzed cross-coupling reaction reported by Nakamura and co-

workers.

13



In 2009, Nakamura’s group also performed iron-catalyzed Kumada cross-coupling reaction of
alkyl halide with RMgX (Grignard reagent) by using FeCls (5 mol%) in the presence of TMEDA as
an additive.” They successfully isolated the organoiron intermediate species, and reactivity study of
the isolated intermediate towards alkyl halide endorsed the mechanism involved in the reaction. For
instance, intermediary species [FeAro(TMEDA)] (Ar = Mesityl) with 1-bromooctane to give
[FeBr(Mes)(TMEDA)] along with octyl-mesitylene (Scheme 5),”* where iron was found to be +lI
oxidation state. Moreover, radical clock experiment showed strong evidence in favor of a radical
mechanism. Thus, overall mechanistic study clearly supported a mechanism that conveys C—X bond

via radical mechanism.

7\ N

TN N— N_ N—

7/ “Fe'"\  + nCgHygBr —— » 7 “Fe'\ + n-CgHig—Mes
SN THF

Mes Mes 30°C Mes Br

Scheme 5. Reaction of [FeAr(TMEDA)] (Ar = Mes) with bromooctane.™

Conversely, Furstner and co-workers demonstrated Cp-supported iron-catalyzed Grignard cross
coupling reactions (Cp = Cyclopentadienyl).® In this system, strong C—Cl bond cleavage is achieved
via ionic mechanism by a negatively-charged iron ate intermediate (Scheme 6). They further
continued detailed mechanistic study and identified some intermediates, such as
[Fe(CzHa4)4][Li(tmeda)]2, [Fe(cod)2][Li(dme)]., [CpFe(C2H4) ][Li(tmeda)], [CpFe(cod)][Li(dme)], or
[Cp*Fe(CzHa4);][Li(tmeda)]. Finally, they concluded that the reaction proceeds via a complicated
mechanism involving three different catalytic cycles, which are interconnected with different redox
cycles of Fe(+1)/Fe(+3), Fe(0)/Fe(+2), and Fe(-2)/Fe(0) (Scheme 7).8

V- . Cl
FeO—Li’—N\) _— Fe'
S — LiCl
2y
=7 — tmeda y
— ethylene

Scheme 6. Reaction of Lithium ferrate complex with chlorobenzene.
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FeX,
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|
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L L MgX
L M L r L '
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Ar—FIe”lX L-Fe-Ar ;/R' L—FIéI-Ar L F)I(e Ar Ar—Fe-L Ar—Fe*MgX
|
A \{ ) \{ ngy/ )
ArX RMgX

RMgX

Scheme 7. Plausible reaction mechanism of cross-coupling reaction with interconnected catalytic

redox cycles reported by Firstner.

As shown above, iron complexes offer diverse oxidative addition mechanism of C—X bond by
involving either radical mechanism or Sn2 or concerted mechanism. Furthermore, it is apparent that
the reactivity of iron complexes is dependent on the ligand properties as well as substrates involved

in the reaction.

In this chapter, | focus on the reactivity of the well-defined PNNP-Fe complex towards alkyl halide.
Detailed mechanistic study was performed. Furthermore, MLC was applied in this system, and H-H

bond cleavage was successfully achieved.

Results & Discussions

Firstly, the reactivity of 1 towards various organic halides, such as Phl, benzyl bromide, and allyl
chloride, were investigated. The reaction smoothly proceeded at room temperature, resulting in the

formation of complicated mixtures that exhibit several signals in the 3P{*H} NMR spectrum.

Different from above reactions, the reaction of 1 with CHsl afforded the corresponding oxidative
addition product as a sole product; i.e. 1 smoothly reacted with CHsl (4 equiv/Fe) at ambient
temperature to cleave a C—I bond, resulting in the formation of [Fe(CHz)(1)(PNNP)] (2) in 85% yield
(Scheme 8). In the *H NMR spectrum of 2, the CHs signal was observed at § —2.21 ppm as a triplet
(3Jpr = 6.9 Hz). Two PCH. moieties were identically observed at § 4.92 ppm with the integral intensity

of 4H as a broad signal. Therefore, a symmetrical structure of 2 with a mirror plane vertical to the
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PNNP plane was supported. Consistent with these observations, 2 exhibits one sharp singlet at 5 78.2
ppm in the 3P{*H} NMR spectrum.

—~ CH
N N thp\ \\\Pth CH3_| — 7 |'_i
1/2 \F%NEN /F,é\\o (2 equiv/Fe) N N///,F€||-PPh2
pth/ PPh, N N RT, THF N ! PPh,
1 |
2 (85%)

Scheme 8. Reaction of 1 with CHjl.

Single crystal X-ray diffraction study revealed the octahedral structure of 2, in which the CHz group
and the | group occupy apical positions (Figure 1). The Fe—N and Fe—C bonds exhibit typical values
as low spin Fe(ll) complexes, Fe-N for 1.85-2.08 A and Fe—C for 2.08-2.18 A, respectively.®1°
Complex 2 exhibits bond distances Fe—-CHs and Fe—l 2.102(7) and 2.7505(12) A, respectively.
Sabatino and co-workers reported [Fe(CO)2(PMes)2(CH3)1], where | occupies trans position to methyl,
and the bond distance of Fe—CHs and Fe—I were found to be 2.083(7) and 2.681(1) respectively.1%

Figure 1. ORTEP diagram of complex 2 with 50% probability thermal ellipsoids. All hydrogen atoms
are omitted for clarity. Selected bond lengths[A] and angles []: Fe-P1 2.227(2), Fe-P2 2.212(2), Fe—
N1 1.941(5), Fe-N2 1.944(5), Fe—C1 2.102(7), Fe—l 2.7505(12); P1-Fe-N1 83.84(17), P1-Fe—N2
165.90(18), N1-Fe-N2 82.1(2), P1-Fe—P2 110.85(8), 11-Fe—C1 171.5(2).

To shed light on the reaction mechanism of the C—I bond cleavage, the reaction of 1 with

cyclopropylmethyl bromide as a radical clock was examined.!* Complex 1 immediately reacted with
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2.5 equivalent of cyclopropylmethyl bromide at room temperature to give a complex mixture of
unidentified products. Next, the reaction was performed in toluende-ds and followed carefully by
NMR spectroscopy (Scheme 9). The reaction gradually proceeded at —10 °C, and 1 was completely
consumed after 15 min. Formation of an unidentified product, which exhibits a broad signal at & 77.2
ppm in the 3P{*H} NMR spectrum, was detected. While the *H NMR spectrum was somewhat
complicated, concomitant formation of 1-butene, which exhibit signals at 6 5.70(m), 4.91(d), and
4.87(d) ppm as a characteristic ABX pattern, was confirmed (11% yield). The results strongly support
the radical pathway for the C-Br bond cleavage, in which ring opening of the in-situ-formed
cyclopropylmethyl radical proceeded during the reaction. The reaction mixture was further kept at
ambient temperature overnight, then brown block crystals of PNNP-Fe dibromide [Fe(Br)(PNNP-
Ph)] (3) formed in 44%/Fe isolated yield.

I>_/Br
thP
PPh2 5 5 eqiFe)
FeON=N Fe T . AF .,
toluene-dg,
th ‘PPh, -10°C,15min 1% (NMR)

1

Br

|>_/

Scheme 9. Reaction of 1 with cyclopropylmethyl bromide.

It is likely that 3 was formed via disproportionation of the resulting Fe(l) monobromide
[FeBr(PNNP-Ph)] as is also observed in the previously reported iron alkyl halide complexes.!?
Concomitant formation of the complicated mixture was detected in the reaction, which could be

originated from the decomposition of the resulting Fe(0) species as a byproduct.
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Figure 2. ORTEP diagram of complex 3 with 50% probability ellipsoids. All hydrogen atoms are
omitted for clarity. Selected bond lengths[A] and angles [°]: Fe-N1 2.131(6), Fe—-N2 2.235(6), Fe—
Brl 2.445(15), Fe-Br2 2.404(14), Fe-P1 2.673(2); N1-Fe—N2 75.8(2).

For instance, Ozawa and co-workers illustrated disproportionation reaction of
bis(phosphaethenyl)pyridine Fe(l) bromide induced by tBuNC.}* They have proposed one
mechanism as follows: initial coordination of tBuNC to A form 19e complex C, and then A transfer
one-electron to C, forming B and D. At the final step, complex B reacts with tBuNC to form

[Fe(Br)2(L)4] and free BPEP-Ph (Scheme 10).
[FeBryLs] + BPEP-Ph

L = tBUNGC "T
X |\
en. ML pn Ph A __Ph
N G
*Mes/P\,Fe/P\Mes* *Mes™ \/Fe/ “Mes*
Br’ | A Br ||_
L B
.
» A
Ph pz Ph Ph P Ph
e ey
*‘Mes” LF€T  “Mes* *Mes™ \Fle/ “Mes*
Br
L L
c D

Scheme 10. Disproportionation mechanism in bis(phosphaethenyl)pyridine Fe(l) bromide.
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Complex 3 is a paramagnetic and exhibits broad signals in the *H NMR spectrum. Therefore, complex
3 was identified by a single crystal X-ray diffraction study (Figure 2). The Fe—P bond distances are
longer than those in previously reported [Fe(Br)2(PNNP-Cy)] (PNNP-Cy = 209-
bis((dicyclohexylphosphino)methyl)-1,10-phenanthroline)® and the sum of the covalent radii of Fe
(1.23 A) and P (1.10 A).*® As a result, two phosphorus atoms are apart from the iron center, and thus
3 exhibits a distorted tetrahedral structure. Reflective of the paramagnetism of 3, the Fe—N bonds are
longer than those in 2 by ca. 0.2 A,

Interestingly, 2 reacted with NaO'Bu (2 equiv) at room temperature and underwent deprotonation
of one benzylic-H atom, resulting in the formation of [Fe(CH3)(PNNP’-Ph)] (4) in 84% yield (NMR)
(Scheme 11). Complex 4 gradually decomposed at room temperature. Thus, identification of 4 was
performed based on a series of NMR spectroscopy. Complex 4 exhibits an asymmetrical structure,
which contains a dearomatized phenanthroline moiety. Thus, 4 exhibits non-equivalent two doublets
at & 78.1 (2Jpp = 28.4 Hz) ppm and & 65.5 ppm in the *P NMR spectrum. In the *H NMR spectrum,
the benzylic protons are observed at 6 4.38 and 4.52 ppm as a diastereotopic doublets. The methine
proton appears at 6 4.32 as a singlet signal. The PNNP-backbone exhibits six doublets, supporting
the asymmetric anionic PNNP’ ligand system in 4.

NaOBu

(2 equiv)
CgDg, RT, 15 min
— Nal, 'BuOH

2 4 (84%)
Scheme 11. Reaction of 2 with NaOtBu.

Motivated by the formation of 4 with the dearomatized PNNP’ ligand, we next set out to examine the
bond cleavage ability of 4 since aromatization and dearomatization sequence of the pyridine ring in
the ligand scaffold are known as a powerful tool to cleave various bonds via metal-ligand cooperation
(MLC).** It was revealed that 4 smoothly reacted with H, at room temperature. Thus, treatment of
CsDs solution of 4 with H, (1 atm) immediately resulted in the color change of the reaction mixture
to dark green, and formation of methyl hydrido complex [Fe(CHs)(H)(PNNP)] (5) was confirmed
after 20 min in 39% NMR vyield (Scheme 12), which is accompanied by the formation of several

unidentified products.
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Isolation of 5 from the reaction mixture was not successful at this moment, and 5 was identified
by H, ¥ C{*H} and *'P{*H} NMR as well as two-dimensional NMR studies. Complex 5 exhibits one
sharp singlet at § 91.0 ppm in 3P{*H} NMR. Thus, occurrence of the re-aromatization of the PNNP’
ligand to form a symmetric PNNP structure was supported. The hydrido ligand was observed in a
typical high field region at & —8.43 ppm as a triplet due to the coupling with two phosphorus atoms.
The benzylic protons were observed at & 4.49 and 6 4.14 ppm as diastereotopic doublets with the
integral intensity of 2H, respectively. The result supports the occurrence of H-H bond cleavage,
which is associated with the re-aromatization of the phenanthroline backbone in 5.

H, (1 atm)

CeDg, RT, 20 min

Scheme 12. Reaction of 4 with H,.

Conclusion

In summary, a well-defined bond cleavage reaction was demonstrated using the PNNP-Fe system.
PNNP-Fe(0) complex 1 achieved facile C—I bond cleavage of CHal. The resulting oxidative addition
product 2 was isolated, and the structure was fully determined. Radical clock reaction supported the
occurrence of the oxidative addition reaction via radical pathway for the C—I bond cleavage. Complex
2 underwent deprotonation to form 4 bearing a dearomatized PNNP ligand. Complex 4 reacted with
H> to cleave H-H bond, which is facilitated by re-aromatization of the phenanthroline backbone. This
is, to the best of our knowledge, the first example of a well-defined example of bond cleavage via

metal-ligand cooperation of the PNNP-Fe system.
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Experimental section

General Consideration

All experiments were carried out under nitrogen atmosphere using Schlenk techniques or a glovebox.
n-Hexane, tetrahydrofuran, CeHs, toluene, and dichloromethane were purified by a solvent
purification system (MBraun SPS -800 or a Glass Contour Ultimate Solvent System). Toluene-ds,
benzene-ds, and THF-dg were dried over sodium benzophenone ketyl and distilled before use. CD,Cl.
was dried over CaH, and dilled. [FeCIlo(PNNP)] and [{Fe(PNNP)}.(u-N2)] (1) were synthesized by
following the reported procedure.® CHsl and cyclopropylmethyl bromide were dried over CaH, and
distilled before use, All other reagents were purchased from commercial suppliers and used without
purification. *H, *C{*H}, and 3P{*H} NMR spectra (*H, 600 MHz; 3C, 150 MHz; ?°Si, 119 MHz;
81p, 243 MHz) were recorded on a Bruker AVANCE I11 HD 600 spectrometer. Chemical shifts are
reported in 8 (ppm) and referenced to the residual solvent signals for *H and **C and 85% H3PO; as
an external standard for 3P. The high-resolution ESI mass spectra were obtained on a Bruker
microTOF Il. Gas Chromatographic (GC) analyses were performed on a Shimadzu GC-2014 using

an InertCap-1 column (0.25 mm x 30 m, GL Sciences Inc.).

Synthesis of 2

Complex 1 was prepared by the reaction of [FeCI,(PNNP)] (50.0 mg, 0.072 mmol) with LiBEtsH (1.7
M/THF, 0.084 mL, 0.14 mmol) in CgHs (5 mL). After the filtration of the reaction mixture, CHsl
(40.3 mg, 0.28 mmol) was added to the solution at room temperature. The solution was stirred for 2
h, and all the volatiles were removed in vacuo. The resulting solid was washed with hexane (3 mL)
and dried under vacuum to give 2 (46.5 mg, 0.060 mmol, 85%). A green crystal of 3 was obtained

from saturated CsHs solution of 2 at ambient temperature.

Spectrum of 2: *H NMR (600 MHz, THF-ds, 25 °C) § 8.12 (d, 2H, 3Jun = 8.1 Hz, phen), 7.96 (d, 2H,
3Juw = 8.1 Hz, phen) 7.89 (s, 2H, phen), 7.71 (br, 4H, Ph), 7.30-7.26 (m, 6H, Ph), 7.18-7.14 (m, 10H,
Ph), 4.93 (br, 4H, PCH,), —2.22 (t, 3H, 3Jue = 6.9 Hz) ppm. 3:P{*H} NMR (243 MHz, THF-ds, 25 °C)
8 78.2 (s) ppm. BC{*H} NMR (150 MHz, THF-ds, 25°C): & (ppm) 164.0 (s, phen), 149.9 (s, phen),
139.4 (t, cp = 12.6 Hz, Ph), 138.4 (t, JJcp = 15.7 Hz, Ph), 135.7 (t, 2Jcp = 4.6 Hz, Ph), 133.3 (t, 2Jcp
=3.91 Hz , Ph), 129.4 (s, phen), 129.2 (s, Ph), 129.1 (s, Ph), 128.8 (s, phen), 127.9 (s, Phx2), 127.5
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(s, Ph), 126.1 (s, phen) 119.7 (s, phen), 48.4 (dd, 2Jcp=12.6 Hz, CH,P), 6.9 (t, 2Jcp=19.2 Hz, FeCHs).
'H-H COSY (THF-ds, 25°C): 8n-61 8.12 to 7.96, 7.71 to 7.30-7.26, 7.71 to 7.18-7.14, 7.30-7.26 to
7.18-7.14. 'H-C HSQC (THF-ds, 25°C): 8u-8¢c 8.12-128.8, 7.96-119.7, 7.89-126.1, 7.71-135.7,
7.26-133.3, 7.28-129.2, 7.15-127.9, 7.14-127 5.

Elemental analysis data of 2: Calc. for CsgHssFelN2P.: C, 60.49; H, 4.30; N, 3.62; Found: C, 60.10;
H, 4.32; N, 3.70.

Reaction of 1 with cyclopropylmethyl bromide

Complex 1 was in-situ prepared by the reaction of [FeCl,(PNNP)] (5.0 mg, 0.0071 mmol) with
LiBEtsH (1.7 M/ THF, 0.0082 mL, 0.014 mmol) in toluene-ds (0.6 mL) and filtered. To the solution,
were added cyclopropylmethyl bromide (4.0 mg, 0.029 mmol) and mesitylene (2.0 mg, 0.016 mmol)
as an internal standard. The reaction was followed by *H NMR. Complex 1 was completely consumed
at 263 K for 15 min. In the 3'P NMR spectrum, a new singlet signal appeared at § 77.3 ppm. Formation
of 1-butene (0.0032 mmol, 11%) was confirmed by *H NMR. 1-butene was also identified by GC by
comparing the retention time with the authentic sample. The reaction mixture was kept at room
temperature overnight, and 3 was formed as red crystals (2.5 mg, 0.0030 mmol, 44%).

Spectrum of 1-butene: *H NMR (600 MHz, toluene-ds, —10 °C) 5.74-5.70 (m, 1H), 4.91 (d, 1H, 3Jun
= 17.6 Hz), 4.88 (d, 1H, 3Jus = 10.1 Hz), 1.8* (m, 2H), 0.88 (t, 3H, 3Jun = 7.5 Hz). H-'H COSY
(toluene-dg, —10 °C): dn-6n 5.74-4.91, 5.74-4.88, 5.74-1.8, 1.8-0.88. *the signal position was
determined by *H-'H COSY NMR

Spectrum of 3: *H NMR (600 MHz, CDCl,): & 49.54 (br), 37.02 (br), 24.38 (br), 19.60 (br), 17.03
(s), 12.26 (br), 11.12 (br), 10.14 (s), 7.32(s), 6.97 (br), 4.03 (br), 2.52 (br), —6.83 (br).

Elemental analysis data of 3: Calc. for CssHsoBroFeN2P2: C, 57.61; H, 3.82; N, 3.54; Found: C, 58.25;
H, 3.56; N, 3.49.

Synthesis of 4

2 (5.0 mg, 0.0064 mmol) was dissolved in CsDg (0.6 mL). To the solution, NaO'Bu (1.2 mg, 0.013
mmol) were added at room temperature, and the solution was filtered. To a reaction mixture,
mesitylene (0.001ml, 0.0072 mmol) as an internal standard was added. Formation of 4 (84%) was
confirmed by *H NMR spectra. The reaction of 2 (4.0 mg, 0.0052 mmol) with NaO'Bu (1.0 mg, 0.010
mmol) was also performed in THF-ds (0.6 mL), and 4 was identified H, 3'P{*H}, 3C{*H} NMR, H-
'H COSY and 'H-C HSQC spectra. Complex 4 started to be decomposed within a few hours at
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ambient temperature. Complex 4 also decomposed immediately decomposed under vacuum to form
complicated mixture.

Spectrum of 4: 'H NMR (600 MHz, THF-ds 25 °C) & 7.85 (d, 1H, phen, *Jun= 7.9 Hz), 7.55 (d, 1H,
phen, 3Juu=8.5 Hz), 7.48 (br, 4H, Ph), 7.39 (br, 4H, Ph), 7.33-7.31 (m, 6H, Ph), 7.20-7.18 (m, 6H,
Ph), 7.2* (1H, phen), 7.04 (d, 1H, phen, 3Jun = 9.0 Hz), 6.83 (d, 1H, phen, 3Jun = 7.9 Hz), 6.75 (d, 1H,
phen, 3Jun= 8.7 Hz), 4.52 (d, 1H, PCH,, 2pup = 17.2 Hz), ), 4.38 (d, 1H, e = 17.2 Hz), 4.32 (s, 1H,
PCH), -0.52 (br, 3H, FeCHs) ppm. 3P {*H} NMR (243 MHz, THF-ds 25 °C) & 78.1 (br), 65.6 (br)
ppm. BC{*H} NMR (150 MHz, THF-ds , 10 °C) : § 167.3 (d, 2Jcp = 22.1 Hz), 159.1 (d, Jcp = 7.9
Hz), 152.0 (d, Jcp = 5.8 Hz), 147.1 (d, Jcp = 5.6 HZz), 139.9 (d, Jcp = 39.4 Hz), 138.6 (d, Jcp = 40.3
Hz), 138.2 (d, Jcp = 30.3 Hz), 135.4 (d, Jcp = 39.5 Hz), 134.3 (d, Jcp = 10.9 Hz), 133.8 (m, x2), 133.1
(m, x3), 132.6, 130.0, 129.9, 129.6, 129.4, 128.9 (m, x2), 128.5 (m, x2), 127.9 (d, Jcr = 8.4 Hz),
127.7 (d, Jer = 8.4 Hz), 127.2, 126.8, 126.3, 120.5, 119.2, 118.6 (d, Jep = 16.7 Hz), 112.1 (s, Phen),
73.8 (PCH), 48.6 (PCHy>), 5.6 (br, FeCHs) *the signal was determined by *H-*H COSY. !H-H COSY
(THF-ds, 25 °C): dn-0+ 7.85 to 7.55, 7.2 t0 6.83, 7.04 to 6.75, 7.48 to 7.20-7.18, 7.39 to 7.33-7.31.

Synthesis of 5

Complex 5 was in-situ prepared by the reaction of 2 (12.0 mg, 0.015 mmol) with NaO'Bu (3.0 mg,
0.031 mmol) in CeDg (0.5 mL). To this solution, mesitylene (2 1L, 0.014 mmol) as an internal standard.
The solution was frozen at —196° C, and H, (1 atm) was introduced into the solution at room
temperature. The solution was kept for 20 min at the temperature. Formation of 5 as well as
unidentified complexes was confirmed by *H NMR spectroscopy. After the filtration, some of the
impurities were removed, and the solution exhibited rather clear sharp signals in the 'H NMR
spectrum. Formation of 5 in 39 % NMR yield was confirmed.

Spectra of 5:*H NMR (600 MHz, Cs¢Ds , 25°C) & 7.74 (br, 4H, Ph), 7.44 (br, 2H, Ph), 7.39 (s, 2H,
Phen), 7.36-7.32 (br, 4H, Phen+Ph) 7.16 (2H, Phen)*, 7.05-7.00 (m, 12H, Ph), 4.49 (d, 2H, PCH,
2)yp =18.6 Hz), 4.14 (d, 2H, PCH, 2Jp =18.6 Hz), —0.97 (t, 3H, Fe-CHs, 2Jup= 6.3 Hz), -8.43 (t, Fe-
H, 2np = 68.6 Hz). *C{*H} NMR (150 MHz, CsDs, 25 °C) & 160.0 (phen), 145.4 (phen), 138.7 (Ph),
133.7 (Ph x2), 133.0 (Ph), 125.7 (phen), 120.8 (phen), 114.9 (phen), 48.7 (dd, *Jcr =10.9 Hz), 3.8 (t,
2)cp=19.5, Fe-CHs). *the signal position was determined by COSY. Two phen signals and three Ph
signals are obscured in the residual benzene signal. **P{*H} NMR (243 MHz, CsDs, 25°C) 5 91.0 (s).
COSY (CeDs, 25 °C): 7.74 t07.00-7.05, 7.44 to 7.00-7.05, 7.36 to 7.16. HSQC (CeDs, 25°C): 7.74-
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133.3, 7.44-133.3, 7.39-114.5, 7.36-132.7,125.2.
ESI: m/z calcd for [CagHssFeN2P2]* (M—-H): 647.1468 ; found 647.1464

Single crystal X-ray diffraction studies.

The single crystal X-ray diffraction measurement of 3 and 4 was performed under a cold nitrogen
stream on a Rigaku XtaLAB P200 diffractometer with a Pilatus 200 K detector using multilayer
mirror monochromated Mo Ko radiation. The determination of crystal system and unit cell parameters
and data processing were performed with the CrystalClear program package *°. All structures were
solved by direct method using the SHELXS97 program?® and refined by full-matrix least squares
calculations on F? for reflections (SHELXL-2014/7)Y" using the CrystalStructure 4.2 program.®®
CCDC-1961638 (2), 1961639 (3) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

Table S1. Crystallographic parameters for 2 and 3

2 3
Empirical formula CusHzgFelN2P, CsgH3oBraFeN2P,
Formula weight 852.52 792.27
Temperature 93(2) K 93(2) K
Crystal system monoclinic monoclinic
Space group P2./n (#14) P2./c (#14)
alA 14.376(3) A 11.952(3) A
b/A 15.381(4) A 20.775(6) A
c/A 16.904(4) A 14.131(4) A
a/deg 90° 90°
[/deg 93.737(5) ° 106.443(6) °
y/deg 90° 90°
Volume 3729.8(15) A3 3365.1(17) A3
Z 4 4
Density (calculated) 1.518 g/m? 1.564 g/m3
F(000) 1728.00 1592.00
Goodness-of-fit on F? 1.025 1.053

Final R indices [I>2(1)]
R indices (all data)

R1=0.0744, w\R2 =0.1712
R1=0.1111, w\R2 =0.1405

R1=0.0805, wR2 = 0.1339
R1=0.1855, wR2 =0.1688
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Chapter 3

Reactivity Investigation of PNNP-Fe Hydrides

Abstract

An iron hydride complex bearing a phenanthroline-based PNNP-Cy ligand [Fe(H)2(PNNP-Cy)] (1)
reacted with benzophenone and azobenzene, resulting in the formation of [Fe(OCHPh,)(PNNP’-Cy)]
(2) and [Fe(NPhNHPh)(PNNP’-Cy)] (3), respectively. Through these reactions, the hydride and the
benzylic H atom were transferred to the ligand backbone, leading to partial dearomatization of the
phenanthroline moiety. In a similar manner, treatment of t-butyl dimethyl silanol leads to protonation
with concomitant of long-range metal ligand cooperation to form [Fe(OSi(Me)2(CsHo))(PNNP’-Cy]
(4). All these complexes were fully identified by a single crystal X-ray diffraction and elemental

analysis.
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Introduction

In 1931, first transition metal hydride [Fe(CO)4(H).] was discovered by Hieber and Leutert.* Since
then, synthesis and reactivity studies of irons metal hydrides have remained an active area of chemical
research. Iron metal hydride serves as a key intermediate in various catalytic reactions and biological
reacions. For instance, Holland group synthesized iron hydride complexes bearing a S-diketiminates
ligand for study of their reactivity patterns, which mimic to FeMo-cofactor of nitrogenase.* However,
the detailed reactivity investigation, which is essential for the development of high-performance
catalysts of iron complex catalysts, is often hampered due to their thermal instability as well as the
complicated paramagnetic nature. Thus, study of well-defined iron complex system is essential to get
more insights of their catalytic application in the homogeneous catalysis. Recently, iron pincer
systems have gained interest in the development of well-defined iron systems for industrial
application and biocatalytic activities since pincer ligands can offer a stable reaction sphere through
rigid meridional ligand with an iron metal.2 By modulating the pincer-iron platform, recently the
concept of MLC was also introduced in the pincer-iron chemistry.® Through these study, a variety of
pincer ligands have been thus far synthesized and implemented in iron hydride systems, however,
examples of well-defined iron hydride complexes are still limited.* Conventional MLC behavior was
studied based on amine/amido (Scheme 1a) and aromatization/dearomatization based on pincer PNP
ligand (Scheme 1b). For instance, Morris group reported an amine/amido iron pincer system and
involvement of an “NH-effect”, which accelerates the bond activation of substrates (Scheme 1a).%"5
The “NH-effect” can be explained as it possesses cooperative effect of an N—H functionality and the
metal center, which is responsible for the bond activation of substrate as mentioned in Chap 1.
Milstein’s group revealed a reversible aromatization/dearomatization sequence in pyridine-based
PNP/PNN ligand systems, and it was applied to PNP-Fe systems for hydrogenation of ketones
(Scheme 1b).5%®
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Scheme 1. lron pincer hydride involved in MLC (a) amine/amido based pincer complex®, (b)

PNP/PNN pincer-based complex®®, (c) acridine based pincer complex.5¢

In recent years, novel long-range MLC could also be observed in different kinds of pincer ligand
systems such as acridine-based PNP®and tetradentate PNNP? (2,9 bis((diphenylphosphino)methyl)-
1,10-phenanthroline). In iron acridine complex, dearomatization occurs at the C9 position of acridine
in the presence of NaBHa. The acridine-based iron catalysts were revealed to take part in the catalytic
reaction for selective hydrogenation of alkynes to alkenes (Scheme 1c). To get insights into the
acridine-based long-range MLC, Milstein and co-workers synthesized a series of transition metal
complexes of Fe, Co, Ni, Mn bearing an acridine pincer ligand and found that the complexes undergo

dimerization via C—C coupling bond formation at the C9 position of the acridine backbone. The
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different reaction conditions were employed based on metal centers to form dimer complex via
generation of radical species on acridine. For example, Ni dimer complex can be prepared by using
Na/Hg as a reductant while Mn dimer can be prepared in the presence of strong base KOtBu. (Scheme
2).°

-)
A |2 (BFs
a) |O O
~
N Na/Hg

PhoP—N"—PPh,  THF, RT, 48h
NCMe

12

I KOtBu
P /I\I/IQl—PiPrZ CHCN 1/
IFry
oc” | co
Cco

Scheme 2. Synthesis of (a) nickel dimers of acridine-based complexes (b) manganese dimers of

acridine-based complexes.®

In the case of a Co complex, treatment of complex A with NaBEt;H (1 equiv) lead to the formation
of B, where two intermediates | and Il were formed (insitu condition and confirmed by EPR
spectroscopy) (Scheme 3a). They proposed one possible reaction path; formation of hydride
intermediate | and successive homolysis of C9—H bond of the acridine backbone to form radical

species 11 and H,.1° Intermediate 11 undergoes dimerization to give complex B.

They also reported that iron complex with an acridine-based PNP ligand forms the dimerized
product (Scheme 3b). Different from the Co system, the dimer formation proceeded starting from
Fe(CO)s and the acridine ligand under UV irradiation. They proposed one possible mechanism that a
Fe(0) species 111 is once formed, then undergoes metal to ligand electron transfer to form 1V, which

finally undergoes dimerization to give C (Scheme 3b).
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Scheme 3. Synthesis and mechanism of (a) cobalt dimers of acridine-based complexes (b) iron dimers

of acridine-based complexes.®

PNNP-tBu-Ru also exhibits unique long-range metal-ligand cooperation (MLC), where the
hydride migrates to the endocyclic phenanthroline backbone (Scheme 4). In this system, the H atom

was supplied by the hydride reagents, such as NaBEtsH, or alcohol.

N gl PtBuy

\
PtBUz

Scheme 4. Long-range MLC in Ru-PNNP complex.™
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Recently, our group revealed the similar long-range MLC in PNNP-Co system, where the
phenanthroline backbone also behaves as a H atom acceptor. It should be mentioned that the
reversible uptake of a molecular hydrogen via facile H-H cleavage was achieved in our PNNP-Co
MLC system (Scheme 5). The mechanistic study supported that the observed MLC behavior of the
PNNP-Co systems is based on the radical properties of Co complexes. Especially, inclusion of the
occurrence of Co—H homolysis and/or benzylic C—H homolysis was demonstrated based on the
mechanistic study using PNNP-Co alkyl analogues.!'®

H, (1 atm)

CgDg, RT, overnight

Scheme 5. H-H cleavage in Co-PNNP complex by long MLC.

In this study, | studied the reactivity of low spin (trans) Fe—H bearing a PNNP-R (R = Cy, tBu)
ligand [Fe(H)2(PNNP-Cy)]**. It was found that [Fe(H)2(PNNP-Cy)]) exhibits unique long-range
MLC through insertion reactions with benzophenone and azobenzene, wherein insertion of
unsaturated bonds into Fe—H bond proceeded associated with dearomatization of the phenanthroline

backbone.

Results & Discussion

This study started with the preparation of [Fe(H)(PNNP-Cy)] (1) as described in the previously
reported procedure by following the reaction of [Fe(Br)2(PNNP-Cy)] and with NaBEt;H (2 equiv).™
The reaction of [Fe(H)2(PNNP-Cy)] (1) with benzophenone and azobenzene were carried out for
reduction of these substrates. Complex 1 smoothly reacted with benzophenone at ambient temperature
to afford insertion product [Fe(OCHPh,)(PNNP’-Cy)] (2) in 81% isolated yield (Scheme 6).

Interestingly, partial dearomatizarion of the phenanthroline backbone proceeded in this reaction. As
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a result, 2 was supported by an unsymmetrical PNNP’-Cy, in which two phosphino-groups were
connected to the ligand backbone via one methylene carbon and one exomethylene carbon,
respectively. Complex 1 was also active towards N=N bond insertion. Reaction of 1 with 1.5 equiv
of azobenzene (PhN=NPh) smoothly proceeded at room temperature to form the corresponding
inserted product [Fe(NPhNHPh)(PNNP’-Cy)] (3) (Scheme 6). The reaction is again accompanied by
the dearomatization of the ligand backbone, and thus 3 bears asymmetric PNNP’-Cy ligand. The
reactivity nature of 1 resembles with fundamental steps proposed in the nitrogenase catalytic
mechanism. For instance, reduction of N=N is recognized as a key step for NH3z formation from N,*’
although mechanistic study of N, reduction on the Fe catalyzed systems has been challenged so far
by the high reactivity of Fe(NxHy) intermediates and their varied spin states. We believe that the
isolated 3 provide important insight into the mechanism for N reduction in a nitrogenase system.

Complexes 2 and 3 are a paramagnetic species and identified by elemental analysis. The structures
of 2 and 3 were finally determined by a single crystal X-ray diffraction study. Complex 2 exhibits a
distorted square pyramidal structure with an alkoxy ligand at the apical position (Figure 1a). The Fe—
P bonds (2.5260(7) A and 2.5013(7) A) and Fe—N bonds (2.094(2) A and 2.159(2) A) are within the
range of structurally analogous Fe(Il) complexes with a high spin state.’> The 01-C1 bond exhibits
atypical single bond length, 1.393(3) A. The bond angles around the C1 atom are ca. 109.9(2) °. Thus,
the formation of alkoxide complex via hydride insertion was evidenced. The dihedral angle of N1-
C15-C16-C17 is 30.1(4), supporting the dearomatization of the phenanthroline backbone. The C14—
C15 bond (1.374 (4) A) exhibits a double bond character and is significantly shorter than C20-C21
bond (1.484 (4) A).

Similar to 2, complex 3 also adopts a distorted square pyramidal structure (Figure 1b). Complex 3
exhibits similar Fe—P and Fe—N bond lengths as observed in 3, supporting the oxidation state of iron
(1) with a high spin state. The N-N bond lengths is 1.451(4)A, which correspond to a single bond
character. It is to be noted that the observed dearomatization of the phenanthroline ligand backbone
during the above-mentioned reactions strongly supports the long-range metal-ligand cooperation
behavior, where the hydride and the benzylic H atom are transferred to the ligand backbone. Such the
structural transformation of the PNNP-R ligand was also reported in previously reported PNNP-Ph-
Co system*® and PNNP-tBu-Ru™ system. Although the mechanism of this behavior is not completely
elucidated, the preliminary mechanistic study of the PNNP-Ph-Co system suggested the occurrence

of homolysis of both Co—H and benzylic C-H bonds (Scheme 5). Thus, the observed long-range MLC
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by 1 is also likely to proceed via a similar mechanism. The detailed mechanistic study is still

underway to elucidate the process.

0
Ph)J\Ph

(1.5 equiv)

toluene, RT, 8 h

PhN=NPh
(1.5 equiv)

—

toluene, RT, 8 h

3 (69 %)

Scheme 6. Reaction of complex 1 with benzophenone and azobenzene.

Figure 1. (a) ORTEP diagram of complex 2 with 50% probability thermal ellipsoids. All hydrogen
atoms are omitted for clarity. Selected bond lengths[A] and angles [°]: Fe—P1 2.526(8), Fe—P2
2.501(8), Fe—N1 2.159(2), Fe—N2 2.104(2), Fe—0O1 1.885(17), O1-C1 1.394(3), C14-C15 1.375(4),
C15-C16 1.477(3), C16-C17 1.455(3), C20-C21 1.483(4); P1-Fe-N1 76.35(16), P1-Fe-N2
143.23(6), N1-Fe—N2 77.69(16), P1-Fe—P2 119.05(3), 01-C1-C2 109.9(2). (b) ORTEP diagram of
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complex 3 with 50% probability thermal ellipsoids. All hydrogen atoms are omitted for clarity.
Selected bond lengths[A] and angles [°]: Fe-P1 2.539(16), Fe—P2 2.519(14), Fe-N3 2.088(3), Fe—N4
2.211(3), Fe-N1 1.981(3), N1-N2 1.451(4), C13-C14 1.354(5), C14-C15 1.521(5), C15-C16
1.524(5), C19-C20 1.511(6); P1-Fe—-N3 78.23(9), P1-Fe—N4 149.90(9), N3-Fe-N4 73.69(8), P1-
Fe—P2117.81(4), Fe1-N1-N2 110.9(2), N2-N1-C1 114.4(3), Fe1l-N1-C1 129.0(3), N3— C14-C15-
C16 -37.3(5).

Next, reaction of complexes 2 and 3 with H, gas (1 atm) were performed to achieve further
hydrogenation of the substrates. However, hydrogenation reactions of complexes 2 and 3 weren’t
successful. In case of complex 2, no reaction was observed whereas reaction of 3 with H; resulted in
the formation of unidentified complexes and free ligand. The products were analyzed by using NMR
spectroscopy. The 3'P NMR spectra of the obtained resultant exhibits one singlet signal at 2.6 ppm
which confirmed the presence of PNNP-Cy. The isolated yield of PNNP-Cy was observed 75% from

reaction mixture. (Scheme 7).

H, (1 atm)

- @@ No reaction

CeDg, RT

+ Unidentified complexes

Scheme 7. Hydrogenation reaction of complex 2 and 3.

Furthermore, reactivity of [Fe(H).(PNNP-Cy)] towards Bronsted acids were examined. It was
found that treatment of 1 with silanol (pK, = 13.6)* gave [Fe(OSi(Me)2(CsHo))(PNNP -Cy)] (4) in
83% vyield (Scheme 8). In this reaction, protonation proceeded with concomitant partial
dearomatization of the phenanthroline backbone. The structure of 4 was characterized by X-ray
diffraction and *H NMR spectroscopy. The geometry of complex around the iron center is best
described as distorted square pyramidal (Figure 2a). The bond length of Fe—N1 (2.084(3)A and

2.191(3)A) and Fe—P (2.511(12) and 2.492(12)A exhibits same pattern as in case of complex 2 and
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complex 3 indicating high spin state Fe(l1). The O1-Si1 exhibits single bond length is 1.612(3)A and
bond angles around Sil is 108.7°. Complex 4 shows the dihedral angle N1-C3-C4-C5 44.5° (5)
which is comparable to those of 2 and 3, supporting the hydrogenated phenanthroline backbone.
Hence, long-range MLC was also observed during the reaction of 1 with silanol. Conversely, reaction
of 1 with more acidic substrate than silanol such as phenol (pKa = 9.9)'* lead to the formation of
[Fe(OPh)2(PNNP-Cy)] (5). In this reaction, any structural changes in the ligand backbone did not
proceed. complex 5 is also paramagnetic in nature and characterized by a single crystal X-ray
diffraction study. Complex 5 adopts distorted tetrahedral geometry (Figure 2b) and it is similar to
[Fe(Cl)2(PNNP-Mes)] complex reported by Dr. Takeshita in his doctorate thesis.®® The bond lengths
around iron center of 5 is analogous to high spin iron(Il) complex.

‘BuMe,SiOH
(2 equiv)

——

Tol, RT, 1h

PhOH

(2 quiv)

-_
Tol, RT, 30 min

Scheme 8. Reaction of complex 1 with t-butyl dimethyl silanol and phenol.
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Figure 2. (a) ORTEP diagram of complex 4 with 50% probability thermal ellipsoids. All hydrogen
atoms are omitted for clarity. Selected bond lengths[A] and angles [°]: Fe—P1 2.491(13), Fe—P2
2.511(12), Fe-N1 2.083(4), Fe-N2 2.192(3), Fe-0O1 1.886(3), O1-Sil 1.612(3), C2-C3 1.361(6),
C3-C4 1.509(6), C4-C5 1.531(6), C12-C13 1.501(6); P1-Fe—N1 75.90(10), P1-Fe—-N2 140.57(10),
N1-Fe—N2 75.14(14), P1-Fe—P2 114.88(4), N1-C3-C4-C5 44.5(5). (b) ORTEP diagram of complex
5 with 50% probability thermal ellipsoids. All hydrogen atoms are omitted for clarity. Selected bond
lengths[A] and angles [°]: Fe-N1 2.086(3), Fe-N1 2.177(4), Fe-N2 2.215(4), Fe-01 1.933(3), Fe—
02 1.947(3), C9-C10 1.493(7), C21-C22 1.495(6), C18-C19 1.410(5); N1-Fe-N2 75.12(10).

Thus, it is likely that the occurrence of the long-range MLC is dependent on pKa value ofsubstrates.
More acidic substrate such as PhOH with pK, = 9.9 favours only deprotonation, whereas substrates
with pK, 13.6 undergoes protonation along with H-migration via long-range metal ligand cooperation.
In this reaction, entails loss of H™to an acidic proton of the substrate with the release of H.. In recent
studies, it may be noted that protonation of hydride ligand involves in the nitrogen fixation by

nitrogenase.'®
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Conclusion

In this chapter, reactivity of 1 was surveyed. Complex 1 achieved insertion of C=0 and N=N bonds
into the Fe—H bond. The reaction proceeded with concomitant transfer of hydride and benzylic H to
ligand backbone, leading to the partial aromatization of the ligand backbone. Thus, the occurrence of
unique long-range MLC was demonstrated. In a similar manner, complex 1 underwent protonation
by reacting with acidic substrates such as silanol and phenol to release H», the long-range MLC also
proceeded in the reaction with a silanol. This is, to the best of our knowledge, the first example of a
well-defined example of iron hydride to show unique reactivity via long-range MLC of the PNNP-

iron system.

Experimental Section
General Consideration

All experiments were carried out under nitrogen or argon atmosphere using Schlenk techniques or a
glovebox. n-Hexane, tetrahydrofuran, C¢Hg, toluene, and dichloromethane were purified by a solvent
purification system (MBraun SPS -800 or a Glass Contour Ultimate Solvent System). Toluene-ds and
benzene-dg, were dried over sodium benzophenone ketyl and distilled before use. CD,Cl, was dried
over CaH, and distilled. [Fe(Br)(PNNP-Cy)]"@ was synthesized by following the reported procedure.
All other reagents were purchased from commercial suppliers and used without purification. H,
13C{H}, and 3P{*H} NMR spectra (*H, 600 MHz; $3C, 150 MHz; ?°Si, 119 MHz; 3P, 243 MHz)
were recorded on a Bruker AVANCE III HD 600 spectrometer. Chemical shifts are reported in &
(ppm) and referenced to the residual solvent signals for *H and *C and 85% H3PO. as an external
standard for 3!P. The high-resolution ESI mass spectra were obtained on a Bruker micro TOF II.
Elemental analysis was determined by CHN Coder MT-6 from company Yanaco Technical Science

Corporation.

Reaction of 1 with benzophenone

A 14 ml scintillation vial was charged with 1 (39 mg, 0.059 mmol), benzophenone (16 mg, 0.088
mmol), and toluene (5 mL). The solution was stirred at room temperature for 8 h. The volatile

materials were removed under vacuum. The residues were extracted with toluene (5 mL) and filtered
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through a celite pad. This solution was concentrated to dryness under vacuum. Crystals were grown
from saturated of tol/hexane (0.1mL/1 mL) solution at room temperature to give complex 2. (40 mg,
0.047 mmol, 81%).

H NMR (600 MHz, CgDs, 25°C) & 40.07 (br), 16.61 (br), 14.58 (br), 12.30 (br), 10.67 (br), 10.19
(br), 9.01 (br), 7.82 (br), 5.82 (br), 4.74 (br), 3.42 (br), 2.64 (br), —16.84 (br), -31.51 (br). EA
Calculated for (CsiHesFeN2OP,) C, 72.85; H, 7.91; N, 3.33. Found C, 72.59; H, 8.22; N, 3.77.

Reaction of 1 with azobenzene

A 14 ml scintillation vial was charged with 1 (19.5 mg, 0.029 mmol), azobenzene (8.0 mg, 0.043
mmol), and toluene (3 mL). The solution was stirred at room temperature for 8 h. The volatiles were
removed under vacuum. The residue was extracted with toluene (5 mL) and filtered through a Celite
pad. After evaporation, the residue was dissolved in hexane (0.6 mL) and left at room temperature,

giving 3 as reddish-brown crystals (17.3 mg, 0.020 mmol, 69%).

'H NMR (600 MHz, C¢Ds) & 71.87 (br), 40.04 (br), 34.01 (br), 12.59 (br), 11.81 (br), 5.97 (br), 5.36
(br), 4.64 (br), 0.50 (br), —2.85 (br), -5.97 (br), —25.58 (br), —62.58 (br). EA Calculated for
(CsoHesFeN4P2) C, 71.42; H, 7.91; N, 6.64. Found C, 70.98; H, 7.36; N, 6.67.

Reaction of [Fe(OCHPh2)(PNNP)’-Cy)] (2) with H-

Complex 2 (10 mg, 0.012 mmol) was dissolved in C¢Ds (0.5 mL). The solution was frozen at —196°
C, and H; (1 atm) was introduced into the solution at room temperature. The solution was kept for 20
min at the temperature. The reaction was monitored by *H NMR spectroscopy and no new signal

appeared in the *H NMR spectrocopy.

Reaction of [Fe(NPhNHPh)(PNNP-Cy)’] (3) with H;

Complex 3 (18 mg, 0.021 mmol) was dissolved in CsDs (0.5 mL). The solution was frozen at —196°
C, and H (1 atm) was introduced into the solution at room temperature. The solution was kept for 20
min at the temperature. Formation of free ligand PNNP-Cy as well as unidentified complexes was
confirmed by *H NMR spectroscopy. After the filtration, some of the impurities were removed, and
the solution was dried in vacuum followed by washing with ether/hexane to give PNNP-Cy (9.5 mg,
0.016 mmol).
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Reaction of 1 with t-butyldimethyl silanol
A 14 ml scintillation vial was charged with 1 (25.0 mg, 0.037 mmol), t-butyldimethyl silanol (11.0

ul, 0.074 mmol), and toluene (3 mL). The solution was stirred at room temperature for 1 h. The
volatiles were removed under vacuum. The residue was extracted with toluene (5 mL) and filtered
through a Celite pad. After evaporation, the residue was dissolved in hexane (0.6 mL) and left at room
temperature, giving 4 as red purple crystals (26.0 mg, 0.030 mmol, 83%).

'H NMR (600 MHz, CsDe) 5 75.00 (br), 56.91 (br), 40.95 (br), 33.41 (br), 20.98 (br), 14.69 (br), 13.19
(br), 11.18 (br), 9.80 (br), 6.45 (br), 4.58 (br), 0.61 (br), —0.03 (br), —18.21(br), —33.29 (br). EA
Calculated for (CasHoFeN,P,0Si) C, 66.99; H, 8.94; N, 3.55. Found C, 66.53; H, 8.26; N, 3.45.

Reaction of 1 with phenol

A 14 ml scintillation vial was charged with 1 (16.5 mg, 0.025 mmol), phenol (10.0 mg, 0.050 mmol),
and benzene (1 mL). The solution was stirred at room temperature for 15 min and color was changed
from green to red purple immediately. The volatiles were removed under vacuum. The residue was
extracted with toluene (5 mL) and filtered through a Celite pad. After evaporation, the residue was
dissolved in hexane (0.6 mL) and left at room temperature, giving 5 as red purple crystals (15 mg,
0.018 mmol, 74%).

'H NMR (600 MHz, C¢Ds) & 45.45 (br), 23.03 (br), 19.73 (br), 13.80 (br), 4.94 (br), 3.95 (br), —12.06
(br), ~15.27 (br), —25.38 (br), —41.36 (br).

Single crystal X-ray diffraction studies.

The single crystal X-ray diffraction measurement of 2, 3, 4 and 5 was performed under a cold nitrogen
stream on a Rigaku XtaLAB P200 diffractometer with a Pilatus 200 K detector using multilayer
mirror monochromated Mo Ka radiation. The determination of crystal system and unit cell parameters
and data processing were performed with the CrystalClear program package . All structures were
solved by direct method using the SHELXS97 program'’ and refined by full-matrix least squares
calculations on F? for reflections (SHELXL-2014/7)'" using the CrystalStructure 4.2 program.'®
CCDC-1961638 (2), 1961639 (3) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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Table S1. Crystallographic parameters

2 3 4 5
Empirical
formula CsiHesFeN2OP,  CsoHgsFeNsP>  CasH70FeN,OP,Si  C50H64FeN,OP,
Formula 840.84 840.85 788.93 853.82
weight
Temperature 93(2) K 93(2) K 93(2)K 93(2) K
Crystal monoclinic monoclinic monoclinic monoclinic
system
Space group P2i/n P2/c P2i/c R/a
alA 14.1301(5) 19.814(10) 10.4478(4) 21.1834(12)
b/A 19.1928(6) 10.212(5) 22.7664(12) 13.6482(6)
c/A 16.7798(6) 21.706(12) 36.778(2) 30.4312(13)
a/deg 90 ° 90 ° 90 ° 90 °
pldeg 102.901(4)°  95.548(10) ° 96.722(4) ° 100.572(5) °
y/deg 90 ° 90 ° 90 ° 90 °
Volume 44357(3) A3 4371(4) A3 8687.8(7) A3 8648.8(7) A3
z 4 4 4 4
Density 1.259 1.278 1.560 1.311
Goodness-of- 1.073 1.008 1.023 1.612
fit on F2
FelR  Ri—00ss7,  RI-00ss2,  RI=0.071,  RI=0.1043,
indices
[1>2sigma(l)] wR2=0.1468 wR2=0.1351 wR2=0.15030 wR2 =0.2677
Rindices (all R1=0.0901,  RI1=0.1469, R1=0.1785, R1=10.1480,
data) WwR2=0.1652 wR2=0.1919 wR2 =0.1946 wR2 =0.2810
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Chapter 4

Synthesis and Reactivity of Four Coordinate Unsaturated PNNP”-Fe

Complexes

Abstract

14 electron iron(I1) complexes 3a and 3b bearing a PNNP*’-R (R = Cy, tBu) ligand with a square
planar geometry were synthesized via long-range metal ligand cooperation and fully characterized.
According to a single-crystal X-ray diffraction analysis, complexes 3a and 3b were revealed to
possess a doubly hydrogenated phenanthroline backbone. These complexes efficiently reacted with
n-acceptor ligands such as ADNC and CO to produce the corresponding six-coordinate 18 electron

complex at room temperature.
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Introduction

Coordinatively unsaturated transition metal complexes play as a key intermediate in various
stoichiometric and catalytic reactions.! Formally, 14e complex has advantage than 16e complex as it
is more coordinatively unsaturated, and thus it has more coordination sites for binding of substrates.
Specifically, isolation of 14e complexes of a transition metal is challenging due to their highly
reactive nature.? The one of the most prominent works in this field is the isolation of 14e
[RUR(CO)(PtBu,Me),]* (R = H, Ph) reported by Caulton and co-workers in 1997.%¢ Based on the
detailed spectroscopic analysis and a single crystal X-ray diffraction study, these complexes adopt
see-saw geometry, which has two C-H agostic interactions to stabilize the vacant site. In 2003,
Caulton and co-workers isolated naked 14e square planar complex [RuCI((tBuPCH:SiMe;).N)]*,

which does not have any agostic interactions to support the unsaturated metal center.

Coordinatively unsaturated complexes are more frequently found in the case of Fe complexes
compared with Ru complexes.®*" Four coordinate 14e Fe(ll) complexes obtained two types of
geometry, namely tetrahedral and square planar. Usually, tetrahedral geometry is favored by bulky
ligands and thus tetrahedral geometry is governed by steric factors. Due to the small crystal field,
tetrahedral complexes normally exhibit high spin state. Conversely, square planar geometry is favored
based on electronic stabilization, leaving high energy, unoccupied and antibonding dx2-y2 orbital
(Scheme 1).
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d><2-y2 - \‘\ \~‘~
L . 4,2 L\ /X
M
)s . X/ \L
X .
L d
X _dx
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Scheme 1. d-orbital splitting in tetrahedral and square planar.
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Chirik and co-workers discussed the flexible structural change between tetrahedral and square
planar of 14e Fe(ll) complexes, which is dependent on the ligand-field strength of the supporting
ligands. For example, iron-(I1) bis(mesityl) compounds supported by monodentate or chelating amine
ligands exhibits high-spin state (S = 2) tetrahedral. On the other hand, for monodentate phosphines
and phosphites, the opposite situation is observed, where planar geometry and intermediate-spin (S

=1) complexes are favored (Scheme 2a, 2b).*

Mes
a) l b) Mes,, PR3
el
I Fe
\\“‘YFe\Mes R3P/ \Mes
[N
A
Me,N N\ R = Me, Et, OEt, Me,Ph, Ph,Me Et,Ph
MezN
S=1
S$=2
CO0O~
©) C00-
=
S=1

Scheme 2. Four coordinate Fe(ll) complexes with: (a) Tetrahedral high-spin* (S=2), (b) Square
planar* (S = 1), (c) Structure of iron-porphyrin subunit of heme B (S =1) in iron porphynito.

Fe(Il) porphyrins without any coordinated ligands at axial positions represent a typical example as
14e square planar Fe complex with intermediate spin state (S =1) (Scheme 2c). It is well known that
porphyrins are found as heme cofactors, which plays an important role in biological functions such
as O, transportation and storage, electron transportation, O, activation, and so on.” Thus, to study

properties and reactivity of Fe(ll) porphyrins is important.®

It should be mentioned that the spin states of the square planar Fe(ll) complexes, which are closely
related to their structural arrangement around the Fe atom, often bring a significant influence on the
properties of Fe complexes. Therefore, to shed light on the chemistry of coordinatively 14e square
planar Fe complexes, discussion on both structures and spin states are of importance. Coordinatively
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unsaturated 14e Fe(ll) porphyrin complexes have two vacant axial sites available for binding ligands
(Scheme 2c¢). It is to be noted that Fe(Il) porphyrin presents as co-factor of heme which is responsible
for O.-transport and storage in the form of hemoglobin and myoglobin. In the case of deoxy
hemoglobin and myoglobin, one of vacant sites is occupied by histidine to give five-coordinate high-
spin complex (S =2). However, oxy hemoglobin and myoglobin, where oxygen is coordinated to
Fe(Il), encountered as low spin (S = 0) octahedral complexes.’ Iron diphenyl porphyrin [Fe(TPP)]
and iron octaethyl porphyrin [Fe(OEP)] systems (Scheme 3) have been well-studied as the model of
Fe(ll) porphyrin systems to study their properties, such as stereochemistry and spin states.’aP
Experiments and theoretical study supported their intermediate spin state in ground state of Fe(ll)
porphyrin. As seen above, it is widely known that electronic structure of Fe(Il) porphyrin changes in
accordance with the coordination of axial ligands, which are closely related to their catalytic functions.
However, examples of well-defined models of Fe(ll) porphyrin system are still limited. Thus,
exploring the structural, electronic, and bonding properties of 14e Fe(ll) complexes related to iron
porphyrin is still a big challenge in this field.®

L~ 2

o O

Iron meso-tetraphenylporphyrine
(FeTPP)

Iron octaethylporphyrine
(FeOEP)

Scheme 3. Structure of (a) iron meso-tetraphenyl porphyrin (FeTPP), (b) iron octaethylporphyrin
(FeOEP).

Floriani and  co-workers reported the reaction of [Fe(tmtaa)] (tmtaa =
dibenzotetramethyltetraazaannulene) with CO in the presence of the coordinating solvents THF and
pyridine (Scheme 4).8 SQUID measurement revealed that [Fe(tmtaa)] exhibits magnetic moment of

S=1 with pet = 3.45 pg at room.
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Scheme 4. Reactivity of [Fe(tmtaa)] towards CO.

Similarly, Fitzgerald and co-workers reported Fe systems with tetraaza macrocyclic ligand TATAP
(tetraanthracenotetraazaporphyrin), where four anthracene units are connected through B-pyrrolic
carbon of porphyrazine macrocycle.®’ The [Fe(TATAP)] (TATAP =) exhibits an intermediate spin
state (S =1). It was observed that interaction of Fe(ll) with CO is relatively weaker than Fe(ll)
porphyrin systems and reversible in nature (Scheme 5). In this system, electron density at the metal

center is less than Fe(Il) porphyrin due to the presence of TATAP as a strong m-accepting ligand,

leading to weak back-bonding to CO.

Scheme 5. Reactivity of [Fe(TATAP)] towards CO.

Nazzareno and co-workers reported the reactivity of iron porphodimethene complex [Fe(EtsN4)]
(Scheme 6) towards various ligands.® It was found that m-accepting ligands such as tBuNC and CO
rapidly coordinate with [Fe(EtsNs)] to form diamagnetic complexes [Fe(EtsN4)(CO).] and
[Fe(EtsN4)(tBuNC)2].
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X =C=N—tBu
S=0

Scheme 6. Axial coordination of CO and tBuNC in hexaethylporphodimetheneiron(l1).

Recently, Thomas and co-worker reported formally 14e iron complex with an intermediate spin state
(S=1) based on P-N-N-P ligand (P-N-N-P = N, N- bis(2-(diphenylphosphaneyl(phenyl)ethane-1,2
diamine) other than porphyrin or macrocyclic system.® They have examined reactivity of the complex
towards several ligands such as PMes, boranes. It was observed that PMe; bound in axial position to
give 16e complex, while ¢ B-H bond activation proceeded on the treatment with HBPin

(pinacolborane) and H3B-SMe; to give coordinatively saturated 18e complexes (Scheme 7).

Ph2 Ph2

PMe3
FeII \Q (1.5 eq)
p” " CoMe
th
A,

4.2

Scheme 7. Reactivity of 14e [Fe(PNNP)] towards PMes, HBPin, and H3B-SMe..

In this chapter, 14e [Fe(PNNP’’-R)] (R = Cy, tBu) complexes with square planer geometry have
been synthesized from [Fe(H).PNNP-R] (R = Cy, tBu). Reaction of 14e [Fe(PNNP’’-R)](R = Cy,
tBu) complexes with 7 acceptor ligands leads to immediate spin change from S =1 to S = 0 to give

18e [Fe(PNNP’-R)(L2)] (L = CO, RNC) in which CO or RNC occupy axial position.

52



Results & Discussion

Motivated by the unique long-rang MLC behavior of the PNNP-Cy-Fe system, we next synthesized
an iron hydride bearing a bulkier PNNP-tBu ligand (2,9-bis((di-t-butylphosphino)methyl)-1,10-
phenanthroline), [Fe(H)(PNNP-tBu)] (2b), with the aim of expanding the reaction options.
Furthermore, it is expected that 2b will exhibit a simpler spectrum than [Fe(H).(PNNP-Cy)] (2a) in
its NMR spectrum. Synthesis of 2b was performed by the reaction of [FeBro(PNNP-tBu)] (1b) with
NaBEt;H, following the previously reported procedure for the synthesis [Fe(H)2(PNNP-Cy)] (2a)
(Scheme 8).1% Firstly, preparation of [Fe(Br)2(PNNP-tBu)] (1b) was achieved from treatment of
PNNP-tBu ligand and FeBr; (1:1) in THF at room temperature and stirred for 12 h. The resulting
complex 1b was isolated in 96% yield and characterized by elemental analysis. In *H NMR spectrum,
broad signals appeared within the range of 55 ppm to —77 ppm. Upon treatment of 1b with 2 equiv
NaBEt;H at room temperature the color of the solution immediately changed to dark green, affording
2b, quantitatively. In the 'H NMR spectrum, a signal derived from the two hydrido ligands was
observed at —7.81 ppm as a triplet, due to the coupling with two phosphorus atoms (3Jpn = 72.1 Hz).
Four tBu groups appeared as a singlet with an integral intensity of 36 H, supporting a C,, Symmetric

structure of 2b. Consistent with this, one singlet appeared at 130.9 ppm in the 3P{*H} NMR spectrum.

Br

,iFeII-\PtBUZ -~
N |\ CsDg, RT, 15 min
i PtBUz
Br

1b (96%) 2b (74%)

Scheme 8. Preparation of 2b.

Complex 2b was somewhat unstable and gradually underwent a structural transformation at
ambient temperature. For example, when 2b was dissolved in C¢Ds and left at room temperature, 2b
was completely consumed, and new broad paramagnetic signals were observed at 29.74, 17.42,-3.87,
and —9.81 ppm in the '"H NMR spectrum after a few days. After crystallization of the resulting mixture,

four-coordinate unsaturated complex 3b was isolated in 83% yield (Scheme 9).
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Scheme 9. Preparation of 3b.

14e complex 3a was prepared from complex 2a on heating at ambient temperature in the presence
of Ar atmosphere (Scheme 10a). The broad signals were exhibited within range of 29.94 to —19.25
ppm in the *H NMR spectrum. After keeping the reaction mixture at room temperature for 3 days, red
brown color crystals complex 3a was obtained. This is in sharp contrast to the case of 2a, which is
gradually transformed to [{Fe(PNNP-Cy)}2(u-N2)] (1a) under a N2 atmosphere via H. elimination.
Previous studies demonstrated that [Fe(PNNP-R)]2(1-N2)] (R= Ph, Cy) undergo cleavage of C—X%
and Si—X*! bond via oxidative addition. As expected, cleavage of H-H by [{Fe(PNNP)}2(1-N2)] (1a)
was achieved to give a mixture containing 2a (89 % NMR yield) and 3a immediately at room
temperature (Scheme 10b). Interestingly, red-brown color of crystals was obtained after keeping the
reaction mixture at room temperature for 3 days. Thus, a rare 14e complex 3a and 3b was prepared
from complex 2a and 2b at ambient temperature via multiple migration of hydride and benzylic H

atom to phenanthroline backbone.

a)

N N \ \\PCY2
B N H, (1 atm /
1/2 \Fe% N=N Feo # N 'Fe||-\PCy2 B ————
/ /7 CeDe, RT, 15 min N7 CeDg, RT,

- PCy, 3 days -
: g
1a H 3a(92%)

2a

(89 % NMR)

Scheme 10. Preparation of 3a.
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The structure of paramagnetic 3a and 3b was determined by a single-crystal X-ray analysis,
showing a pseudo-four-coordinate square planar geometry around the Fe atom, supported by a
dearomatized PNNP”-/Bu ligand and PNNP”-Cy with a doubly hydrogenated phenanthroline
backbone respectively (Figure 1). In the structure of 3b, Fe—N bond lengths are 1.926(18) and
1.932(2) A, and the Fe—P bond lengths are 2.362(7) and 2.374(7) A. These values are slightly shorter
than those of [Fe(OCHPh;)(PNNP’-Cy)] and [Fe(NNHPh;)(PNNP’-Cy)] as typical iron(Il)
complexes with a high-spin state, but within the values of iron(Il) complexes with an intermediate-
spin state. The C1-C2 bond (1.350(3) A) and C7-C8 bond (1.353(3) A) exhibit a typical C—C double-
bond length.'? The distorted dihedral angles of N1-C1-C2-C3—C4 (34.1(3) °) and N2—-C8-C9-C10
(39.1(3) °) supported the hydrogenated phenanthroline backbone. The same pattern of bond lengths

in Fe-N, Fe—P and backbone of phenanthroline moiety are observed in complex 3a.

The magnetic moment of 3b was determined to be ser = 2.2 ug based on the Evans method,

supporting the paramagnetic intermediate state (S = 1).

Figure 1. (a) ORTEP diagram of complex 3b with 50% probability thermal ellipsoids. All hydrogen
atoms are omitted for clarity. Selected bond lengths[A] and angles [°]: Fe-P1 2.2787(6), Fe-P2
2.2838(6), Fe-N11.9150(15), Fe-N2 1.9118(15), C1-C2 1.374(3), C2—C3 1.489(3), C3—C4 1.483(3),
C7-C81.367(3), C8—C9 1.496(3), C9—C10 1.488(3); P1-Fe-N1 82.21(5), P1-Fe-N2 164.42(5), N1-
Fe-N2 82.26(6), N2-Fel-P2 82.05(5) N1-Fel-P2 164.24(5), P1-Fe-P2 113.53(2). (b) ORTEP
diagram of 3a with 50% probability thermal ellipsoids. All hydrogen atoms are omitted for clarity.
Selected bond lengths[A] and angles []: Fe—P1 2.362(7), Fe-P2 2.374(7), Fe-N1 1.932(2), Fe-N2
1.927(18), C1-C2 1.350(3), C2—C3 1.505(3), C3—C4 1.497(4), C7-C8 1.353(3), C8-C9 1.510(3),
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C9-C10 1.513(4); P1-Fe-N1 80.81(6), P1 Fe-N2 160.62(6), N1-Fe-N2 81.31(8), N2-Fel-P2
80.86(6), N1-Fel-P2 161.26(6) P1-Fe—P2 117.59(2), N1-C2-C3-C4 34.1(3), N2-C8-C9-C10
39.13).

Thus, long range metal ligand cooperation phenomenon of 2a and 2b [Fe(H)(PNNP-R)] (R = Cy,
fBu) was utilized to prepare highly unsaturated complexes 3a and 3b. Complexes 3a and 3b are
coordinatively unsaturated 14e species with a square planar geometry and S = 1 ground state. It is
interesting to compare the magnetic behavior of 14e complexes 3a and 3b with iron(Il) porphyrins in
absence of axial ligands." It is widely known that the electronic structure of iron(II) porphyrins
changes in accordance with the coordination of axial ligands, and is subsequently closely related to
the catalytic functions of porphyrins. Our work reported here demonstrates well-defined iron(II)
complexes of a square planar structure with an intermediate spin state , which are analogous to iron(II)
porphyrin systems.

With highly coordinatively unsaturated 14e complexes 3a and 3b in hands, we next examine the
reactivity towards various ligands. Unexpectedly, 3a and 3b did not react with donating ligands such

as PEt; and DMAP (4-dimethylaminopyridine) (Scheme 11).

\N/

X
| (2 equiv)
N

———— > Noreaction

CgDg, RT, 30 min

PEt; (2 equiv)

= No reaction
CgDg, RT, 30 min

PhC=CPh

> Noreaction
3a (R=Cy) CgDg, 60°C, 2 h
3b (R= tBu)

PhN=NPh

— > Noreaction

C6D6, 60° C, 30 min

Scheme 11. Reactivity of 3a and 3b towards various ligands.

In contrast, complex 3b smoothly reacted with adamantyl isocyanide (AdNC) as a m-accepting

ligand. It was also revealed that the intermediate spin state (S = 1) of 3b changed to S = 0 upon the
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formation of AANC-coordinated complexes 4 and 5. On the treatment with AANC (2.5 eq), 3b was
immediately consumed at room temperature (Scheme 12). Formation of two different complexes are
confirmed, Fe(IT) complex with hydrogenated PNNP”’-/Bu ligand, [Fe''(AANC),(PNNP”-/Bu)] (4),
and PNNP-/Bu-Fe(0) complex, [Fe’(AdNC)(PNNP-Bu)](5) in 45% and 40% NMR yields,
respectively (Scheme 12).

Complex 5 could be alternatively synthesized by the reaction of 2b with AANC. Thus, 2b was in-
situ prepared by mixing [Fe(Br),(PNNP-/Bu)] with NaBEt;H, then added AANC (1.5 equiv), resulting

in the formation of § as a sole product (Scheme 13).

HHH
g (Zg\dNC_ )
.6 equiv
-‘PtBUz R ———— +
H CgDg, RT,
N PiBu, e
HY:- immediate

5 (40%)

4 (45%)
Scheme 12. Reaction of 3b with AANC.
Complex 5 exhibits one singlet at 116 ppm in *'P{'H} NMR, supporting the symmetrical structure
of 5. In '"H NMR spectrum, adamantly group appears at 1.29, 1.21 and 1.53 ppm with the integral

intensity of 6H, 6H and 3H, respectively. The isocyanide carbon was observed in lower field region

at 220.1 ppm.

AdNC (1.5 equiv)
_—

CeDe, RT, 30 min

PtBUz

5 (75%)

Scheme 13. Reaction of 2b with AANC.
After the full assignment of 5, complex 4 was identified by 'H, BC{'H}, and *'P{'H} NMR

spectroscopy, as well as two-dimensional NMR analysis using the reaction mixture containing both
4 and 5. Complex 4, which possesses PCH side arms, exhibits its phosphorus signal at a higher field
(76.9 ppm) than the signals of 2a, 2b, and 5. A similar trend was also shown previously for
[FeCH3(PNNP’-Ph)].! The isocyanide carbon was observed at 174.3 ppm. The signal is slightly
shifted to lower field than that of 5, possibly due to the reduced back-donating ability of 4 with the
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Fe(IT) center. Reflective of this point, complex 5 exhibited weakened CN stretching at 1913 cm™,
compared with that of 4, ven 2077 and 2035 ¢cm™!. On the other hand, the ven values of 4 were
observed at lower wavenumber region than in the case of the structurally similar AANC coordinated
Fe(Il) complex supported by a NP> macrocyclic ligand [Fe(AdNC)2(N2P2)], which exhibited vey at
2124 cm™.13 Thus, the more efficient electron-donating ability of PNNP-/Bu ligand than N»P, ligand
was supported.

The octahedral structure of 4, which possesses two AANC at the apical position, was confirmed by
a single-crystal X-ray diffraction study (Figure 2a). The shorter Fe-P (2.381(9) and 2.384(9) A) and
Fe-N (1.990(3) and 1.992(3) A) bond lengths than in [Fe(OCHPh,)(PNNP’-Cy)] and
[Fe(NPhNHPh)(PNNP’-Cy)] are consistent with the Fe(I) center with a low-spin state.'* 1° The C—
N bond lengths are 1.153(4) and 1.149(4) A, which are typical values for a C-N triple bond."> The
C25-C26 and C31-C32 bonds exhibit typical single-bond lengths, 1.501(6) and 1.509(6) A,
respectively. Thus, a doubly hydrogenated PNNP backbone in 4 was confirmed.

(a)

Figure 2. (a) ORTEP diagram of 4 with 50% probability thermal ellipsoids. All hydrogen atoms
are omitted for clarity. Selected bond lengths[A] and angles [*]: Fe—P1 2.385(9), Fe—P2 2.381(9), Fe—
N3 1.990(3), Fe—-N4 1.992(3), Fel-C1 1.863(3), Fel-C12 1.862(3), C1-N1 1.153(4), C12-N12
1.149(4), C23-C24 1.367(5), C24-C26 1.507(5), C25-C26 1.501(5), C29—C30 1.356(5), C30-31
1.509(6); P1-Fe-N3 80.72(8), P1-Fe-N4 161.59(8), N3-Fe—N4 80.92(11), N4-Fel-P2 81.11(8),
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N3-Fel-P2 162.03(8) P1-Fe—P2 117.24(3), N3-C24-C25-C26 -31.3(5), N4-C30-C31-C32 -
22.9(9). (b) ORTEP diagram of 5 with 50% probability thermal ellipsoids. All hydrogen atoms are
omitted for clarity. Selected bond lengths[A] and angles [*]: Fe-P1 2.303(17), Fe-P2 2.289(17), Fe—
N2 1.934(4), Fe-N3 1.928(5), Fel-C1 1.774(7), C1-N1 1.192(9), C12—C13 1.468(10), C18-C19
1.470(8); P1-Fe—N2 81.11(15), P1-Fe—N3 152.14(14), N2-Fe—N3 80.10(2), N3—-Fel1-P2 81.11(15),
N2—Fel-P2 157.52(18) P1-Fe—P2 113.36(6).

Complex 5 exhibits a square pyramidal structure, where the Fe atom is coordinated with PNNP-
fBu and AANC (Figure 2b). All the metrical parameters around the Fe atom were within the typical

range of a coordinatively saturated iron(0) complex.

Reactivity of complex 3b towards CO as a w-accepting ligand was further examined. Addition of
CO (1 atm) to complex 3b at room temperature leads to formation of [Fe(CO).(PNNP”’-tBu)] (6) and
[Fe(CO)(PNNP-tBu)] (7) in 63% and 28% yields, respectively (Scheme 14). The resulting complexes
were fully characterized by 'H, *'P{'H}, *C{'H} and 2D NMR. The '"H NMR spectrum confirmed
the presence of PCH which exhibited at 4.83 ppm with integral intensity of 2H and phenanthroline
backbone appeared as a multiplet at 2.89 and 2.76 ppm. In the *C{'H} NMR spectrum, carbonyl
carbon appeared in the lower field at 2299 ppm as a ftriplet (Jop = 18.6 Hz).

H H H H H
Hr - H ~ cO
— CO (1 atm) ==\
'Fell-\PtBUQ e N-Fell-lPtBUZ +
Ha - \PtB CeDe, RT, immediate H N~ I
S u S PtBu
e ’ M7 o
H 3b H 6 7
(63%) (28%)

Scheme 14. Reaction of 3b with CO.

Interestingly, complex 7 could be prepared from reaction of 3b and CO, (1 atm) (Scheme 15). It
could be possible that 3b reacts with CO; via MLC, resulting complex 7. However, unidentified
complex with signal 33.32 was appeared along with 123.1 (7) in *'P{'H} NMR spectrum. In the '"H
NMR spectrum, benzylic protons appeared as doublet with integral intensity of 2H at 3.49 and 3.73
respectively. The carbonyl carbon was observed in the lower field region at 220.3 ppm in *C{'H}
NMR. A single crystal of complex 7 was obtained and determined by single crystal X-ray diffraction.
Complex 7 adopts distorted square pyramidal geometry around iron center coordinated with PNNP
and CO ligands. The bond length of Fe—N 1.941(4) and Fe—P 2.3055 (12) and 2.3266(12) which

endorsed low spin state.
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_._ Co
pm— CO; (1 atm) !
N.pgPBu, — =~ N Fg0-1PBU; + ynidentified complex
H A\ CgDg, RT, immediate N7\
s N
H\\H - PtBu, PtBu,
= 7
3b (72%)

Figure 3. ORTEP diagram of 7 with 50% probability thermal ellipsoids. All hydrogen atoms are
omitted for clarity. Selected bond lengths[A] and angles [*]: Fe-P1 2.3055(12), Fe-P2 2.3266(12),
Fe-N1 1.941(4), Fe-N2 1.941(4), Fel-C1 1.741(5), C1-0O1 1.182(5), C11-C12 1.81(7), C20-C21
1.475(7); P1-Fe-N2 79.02(12), PI1-Fe-N3 153.47(12), N2-Fe-N3 80.30(16), NI1-Fel-P2
152.14(12), N2-Fel1-P2 79.02(12) P1-Fe-P2 112.56(5).

Conclusion

Iron(Il) hydride complexes bearing PNNP-R (Cy, 7Bu) ligand underwent a similar structural
transformation to form a four-coordinate 14-electron complexes, 3a and 3b [Fe(PNNP”’-R)] (R = Cy,
tBu), which possesses a doubly hydrogenated phenanthroline backbone. This behavior suggested
presence of long-range metal ligand cooperation. Furthermore, reactivity of 14e complexes 3a and
3b towards m-accepting ligands were examined, and complexes 3a and 3b exhibit a similar reactivity

pattern as iron(Il) porphyrins towards CO and RCN.
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Experimental section

General Consideration

All experiments were carried out under nitrogen or argon atmosphere using Schlenk techniques or a
glovebox. n-Hexane, tetrahydrofuran, C¢Hg, toluene, and dichloromethane were purified by a solvent
purification system (MBraun SPS -800 or a Glass Contour Ultimate Solvent System). Toluene-ds and
benzene-dg, were dried over sodium benzophenone ketyl and distilled before use. CD,Cl, was dried
over CaH, and distilled. [FeCl,(PNNP)]'% and PNNP-Bu®" were synthesized by following the
reported procedure. All other reagents were purchased from commercial suppliers and used without
purification. *H, *C{*H}, and 3P{*H} NMR spectra (*H, 600 MHz; *3C, 150 MHz; %°Si, 119 MHz;
81p, 243 MHz) were recorded on a Bruker AVANCE |11 HD 600 spectrometer. Chemical shifts are
reported in & (ppm) and referenced to the residual solvent signals for *H and **C and 85% H3POs as
an external standard for 3'P. The high-resolution ESI mass spectra were obtained on a Bruker micro
TOF Il. Elemental analysis was determined by CHN Coder MT-6 from company Yanaco Technical

Science Corporation.

Preparation of [Fe(Br)(PNNP-tBu)] (1b)

A 50 mL Teflon Schlenk was charged with PNNP-tBu (623 mg, 1.25 mmol), FeBr; (270 mg, 1.25
mmol), and THF (10 ml). The solution was stirred at room temperature for 16 h to give a purple
solution. The resulting mixture was filtered at room temperature. The obtained crude solid was
washed with toluene (5 ml x3) and dried under vacuum to give 1b as a purple solid (860 mg, 1.20

mmol, 96%).

IH NMR (600 MHz, CeDs, 25 °C) & 55.12 (br), 27.48 (br), 9.16 (br), —0.49 (br), —77.30 (br)

EA Calculated for (CsoHagFeN2P2) C, 50.59; H, 6.51; N, 3.93. Found C, 50.62; H, 6.58; N, 4.32.
Preparation of [Fe(H)2(PNNP-tBu)] (2b)

A Schlenk flask was charged with 1b (200 mg, 0.28 mmol) and toluene (5 mL). To this purple solution
was added NaBEt;H (1M THF soln, 0.5 ml, 0.5 mmol) at room temperature. The color of the solution
turned to dark-green color immediately. The solution was concentrated to dryness under vacuum. The
residues were extracted with hexane, filtered through a Celite pad, and dried in vacuo to give 2b as a
dark-green solid (115 mg, 0.21 mmol, 74%).
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Spectrum of 2b: *H NMR (600 MHz, CsDg, 25 °C) & 7.40 (s, 2H, Phen-H), 7.38 (d, 2H, 3Jur = 6.9 Hz,
Phen-H), 7.13 (d, 2H, 3Jup = 6.9 Hz), 3.78 (d, 4H, 24 = 7.7 Hz, CH,), 1.27 (d, 36H, tBu), 7.81 (,
1H, 3Ju.p = 72.1 Hz, Fe—H) ppm. 3:P{*H} NMR (243 MHz, CeDe, 25 °C) & 130.9 ppm. *C{*H} NMR
(150 MHz, C4Ds, 25 °C): & (ppm) 160.8 (Phen), 140.91 (Phen), 125.6 (Phen), 117. 3 (s, Phen), 112.
1 (s, Phen). 110.3 (Phen), 40.3 (m, CH), 36.3(tBu), 29.79 (tBu) *H-13C HSQC 7.40-125.6, 7.38-117.4,
7.13-112.1, 3.78- 40.3, 1.29-29.8

Preparation of 14e [Fe(PNNP”-tBu)] (3b)

Complex 2b (30 mg, 0.054 mmol) was dissolved in C¢Hgs and left at room temperature for 1 week.
The volatile materials were removed under vacuum. The resulting residue was extracted with hexane
(9 mL) and filtered through a Celite pad. The filtered solid was slowly evaporated to give 3b as a red
brown crystalline solid (29 mg, 0.045 mmol, 83%). The crystals were grown in concentrated

tol/hexane solution via vapor diffusion after 3-4 days at room temperature.

'H NMR (600 MHz, CsDg, 25°C) & 29.73 (br), 17.42 (br), -3.87 (br), —9.81 (br). pesr (Evans, CsDg) =
2.2 us. EA Calculated for (CsoHasFeN2P2) C, 64.98; H, 8.73; N, 5.05. Found C, 64.85; H, 8.82; N,
4.85.

Synthesis of 14e complex [Fe(PNNP”-Cy)] (3a)

Complex 2a (17 mg, 0.026 mmol) was dissolved in CsDs (0.5 mL) and charged in a J-young NMR
tube under argon atmosphere. The solution was heated at 60° C for 1 h. The reaction was monitored
after 1 h and broad peaks were observed in the region —30 ppm to + 30 ppm. Then reaction mixture
was left overnight at room temperature. Gradually, intensity of broad peaks become increase on
standing the solution for one week. The solution was concentrated to dryness under vacuum. The
residue was extracted with hexane (3 ml) and filtered through a Celite pad. The dark red hexane
washings solution reduced to 1 mL, and it could slowly evaporate at room temperature to give a red

brown crystalline solid that was characterized by X-ray spectroscopy as complex 3a. (16.3 mg, 95%)

'H NMR (600 MHz, CsDs, 25°C) & 29.94 (br), 19.94 (br), 8.73 (br), 7.07 (br), 1.76 (br), 0.34 (br), —
3.25 (br), —10.59 (br), —14.00 (br), —19.24 (br).

EA Calculated for (CssHssFeN2P;) C, 69.29; H, 8.57; N, 4.25. Found C, 68.94; H, 8.07; N, 4.71.
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Reaction of 3b with AANC

To a solution of complex 3b (6 mg, 0.014 mmol) in CsDs (0.5 mL), AANC (3.0 mg, 0.016 mmol) and
HMDSO (6 uL, 0.0006 mmol) were added in J-Young NMR tube. The reaction was monitored by 'H
and P NMR spectroscopy. Formation of two different complexes are confirmed, Fe(ll) complex
with hydrogenated PNNP”’-tBu ligand, [Fe"(AdNC)2(PNNP’-tBu)] (4), and PNNP-tBu-Fe(0)
complex, [Fe°(AdNC)(PNNP-tBu)](5) in 55% and 40% NMR vyields, respectively. Complex 5 was
crystallized from toluene/hexane via vapor diffusor method at room temperature. After 3 days later,

needle kind of crystals were observed and analyzed by X ray diffraction.

4: *H NMR (600 MHz, C¢Ds, 25 °C) & 6.47 (s, 2H, Phen-H), 3.94 (s, 2H, CHPC(CHz)s)2, 2.88 (m,
4H, CH-Phen), 2.83 (m, 4H, CH,-Phen), 1.83 (br, 12H, AdNC), 1.65 (br, 6H, AdNC), 1.56 (d, 36 H,
PtBu,), 1.22 (m, 12H, AdNC). 3P{*H} NMR (243 MHz, CeDs, 25°C) § 76.9 ppm. 2C {*H} NMR
(150 MHz, CeDs, 25°C): 5 (ppm) 174.3 (t, AANC), 167.4 (m, Phen), 141.8 (s, Phen), 122.1 (s, Phen),
114.6 (s, Phen), 77.5 (m, CHP(C(CHs)s)2, 55.9 (s, ANC), 43.7 (s, AdNC), 36.2 (s, AdNC), 31.9 (s,
PtBu,), 30.1 (s, CHzPhen), 29.1 (s, AdNC ), 26.6 (s, CHzPhen). COSY (600 MHz, CeDs, 25°C) &y
&1 1.83-1.64, 1.64-1.22.*H-3C HSQC (CsDs, 25°C): dn-dc 6.47-114.8, 3.94-77.5, 2.88-31.7, 2.83-
26.6, 1.83-43.7, 1.65-36.2, 1.56-31.9, 1.22-29.1. IR (ATR, cm1): 2077 (ven), 2035 (ven).

5:1H NMR (600 MHz, CeDs, 25 °C) § 7.09 (s, 2H, Phen-H), 7.07 (d, 2H, Phen-H), 7.05 (d, 2H, Phen-
H), 4.04-4.01 (m, 2H, CH,-Phen), 3.67-3.63 (M, 2H, CH,-Phen), 1.53 (d, 18 H, PtBuy), 1.29 (br, 6H,
AdNC), 1.21-1.13 (m, 6H, AdNC), 1.01 (d, 18H, PtBu,), 1.53* (3H, AdNC) . *P{*H} NMR (243
MHz, CeDg, 25°C) & 116.9 ppm.B3C{*H} NMR (150 MHz, CsDe, 25°C): & (ppm) = 220.1 (t, Jep = 6.1
Hz, AANC), 159.6 (t, Jcp = 2.8 Hz, Phen), 138.6 (s, Phen), 130.9 (s, Phen), 126.0 (s, Phen), 114.7 (s,
Phen), 110.3 (s, Phen), 55.9 (s, AANC), 38.6 (d, CH2P(C(CHa)s)z, 38.5 (d, CH2P(C(CHs)s)2, 45.3 (s,
AdNC), 37.6 (d, PtBuy), 36.5 (d, PtBuy), 36.1 (s, AANC), 31.0 (s, PtBuz), 30.7 (s, AdNC), 29.8
(PtBuy). *the signal was determined by *H-'H COSY. *H-'H COSY (CsDs, 25 °C): 81-d1 7.07-7.05,
4.04-3.67,1.53-1.01, 1.53-1.29, 1.59-1.21. H-C HSQC (CsDs, 25°C): 61-6¢ 7.09-126.0, 7.07-114.7,
7.05-110.3, 4.04-4.01- 38.6, 3.67-3.63-38.5, 1.53-31.0, 1.01-29.8, 1.29-45.3, 1.53*-31.0, 1.21-36.1.

EA Calculated for (Ca1He1FeNsP;) C, 68.99; H, 8.61; N, 5.89. Found C, 69.02; H, 8.79; N, 6.12. IR
(ATR, cm1): 1913 (ven).
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Alternative synthesis of 5: Reaction of 2b with AANC

Complex 5 was prepared by the reaction of 2b (166 mg, 0.23 mmol) with NaBEt;H (1 M THF soln.
0.46 mL, 0.46 mmol) in CsHs at room temperature. After stirring the reaction mixture for 10 min at
room temperature, all the volatile materials were removed under vacuum. The resulting compound
was again dissolved in CgHs (20 mL) and added adamantyl isocyanide (56.0 mg, 0.34 mmol). The
solution was stirred for 30 min at the temperature. The volatile materials were removed under vacuum.
The residues were extracted with toluene and filtered through a Celite pad. After evaporation, the
residue was dissolved in hexane and kept at room temperature, giving reddish brown crystals of 5
(128 mg, 0.18 mmol, 75%).

Reaction of 3b with CO

To a solution of complex 3b (10 mg, 0.018 mmol) in CsDs (0.5 mL) and HMDSO (6 uL, 0.0006
mmol) were added in J-Young NMR tube. After freeze—thaw—pump cycles (x3), CO (1 atm) was
introduced into the reaction vessel. The reaction was monitored by *H and 3!P NMR spectroscopy.
Formation of two different complexes are confirmed, Fe(Il) complex with hydrogenated PNNP’’-tBu
ligand, [Fe'"(CO)(PNNP”’-tBu)] (6), and PNNP-tBu-Fe(0) complex, [Fe®(CO)(PNNP-tBu)](7) in
63% and 28% NMR yields, respectively.

6: 'H NMR (600 MHz, C¢Ds, 25 °C) 6 6.70 (s, 2H, Phen-H), 4.83 (s, 2H, CHPC(CH3)3)2, 2.89 (m,
4H, CHz-Phen), 2.76 (m, 4H, CHz-Phen), 1.16 (d, 36 H, PtBuy). 3P{'*H} NMR (243 MHz, CeDs,
25°C) 6 84.6 ppm. C {*H} NMR (150 MHz, C¢Ds, 25°C): & (ppm) 229.9 (t, CO), 168.4 (m, Phen),
145.9 (s, Phen), 123.5 (s, Phen), 115.9 (s, Phen), 96.5 (m, CHP(C(CHs)3)2, 31.9 (s, PtBu2), 29.7 (s,
PtBu.), 27.9 (s, CHzPhen), 25.7 (s, CHzPhen). *H-3C HSQC (CsDs, 25°C): d14-5¢ 6.70-115.9, 4.83-
96.5, 2.89-27.9, 2.76- 25.7, 1.16-29.7.

7:'H NMR (600 MHz, C¢Dg, 25 °C) & 7.12 (d, 2H, Phen-H), 7.08 (s, 2H, Phen-H), 6.88 (d, 2H, Phen-
H), 3.73 (d, 2H, CH>-Phen), 3.49 (d, 2H, CH»-Phen), 1.42 (d, 18 H, PtBuy), 0.93 (d, 18H, PtBu2).
$1P{*H} NMR (243 MHz, C¢Ds, 25°C) 6 123.1 ppm.2C{*H} NMR (150 MHz, C¢Ds, 25°C): & (ppm)
=229.5 (br, CO), 158.7 (br, Phen), 146.2 (s, Phen), 138.8 (s, Phen), 125.9 (s, Phen), 116.9 (s, Phen),
111.6 (s, Phen), 38.9 (d, CH.P(C(CHz)3)2, 36.6 (d, CH.P(C(CHz)s)2, 33.6 (d, PtBu,), 32.2 (d, PtBu,),
30.9 (s, PtBu), 30.0 (s, S, PtBU). tH-'H COSY (CéDs, 25 °C): d1-617.12-6.88, 3.73-3.49, 1.42-0.93.
'H-BC HSQC (C¢Ds, 25°C): dn-8¢ 7.12-125.9, 7.08-116.9, 6.88-111.6, 3.73- 38.9, 3.49-36.6, 1.42-
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30.9,0.93-30.0. IR (ATR, cm 1): 1841 (vco).
Reaction of 3b with CO;

To a solution of complex 3b (24 mg, 0.043 mmol) in CsDs (0.5 mL) and were added in J-Young NMR
tube. After freeze—thaw—pump cycles (x3), CO- (1 atm) was introduced into the reaction vessel. The
reaction was sonicated for 15 min. Formation of [Fe°(CO)(PNNP-tBu)](7) and unidentified complex
were observed in H and *!P NMR. The volatile materials were removed under vacuum followed by
celite filtration. After evaporation, the residue was dissolved in tol/hexane and kept at room
temperature for 3 days, giving reddish brown crystals of green. (18 mg,0.031 mmol, 72 %).

Single crystal X-ray diffraction studies

All single-crystal X-ray diffraction measurements of 3a, 3b, 4, 5 and 7 were performed under a cold
nitrogen stream on a Rigaku XtaLAB P200 diffractometer with a Pilatus 200K detector using multi-
layer mirror monochromated Mo-Ka radiation (4 = 0.71073 A, 50 kV/24 mA). The determination of
crystal systems and unit cell parameters were performed with the CrystalClear program package. Data
processing was performed with the CrystalClear program package or CrysAlisPro program package.
All structures were solved by direct methods using SIR2014 program? and refined by full-matrix least
squares calculations on F? for all reflections (SHELXL-2014/7)*, using Yadokari-XG 2009 program®.
The X-ray crystallographic data for 3a, 3b, 4, 5 and 7 have been deposited at the Cambridge
Crystallographic Data Centre (CCDC) under deposition 2107796 for 3a, 2107795 for 3b, 2107800
for 4, and 2107798 for 5. These data can be obtained free of charge from the CCDC

(www.ccdc.cam.ac.uk/data_request/cif).
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Table S1. Crystallographic parameters

3a 3b 4 5 7
Empirical Cs:H76FeNs  CaiHe1FeNs
CssHseFeN2P2 CsoHasFeN2P2 C31Ha6FeN20P2
formula P2 P2
Formula 658.63 554.49 874.95 713.71 580.49
weight
Temperature 932) K 932) K 932) K 932) K 93(2) K
Crystal monoclinic monoclinic monoclinic triclinic triclinic
system
Space group P2i/c P2i/c P2i/c P-1 P-1
A 10.3898(18) 13.4818(7) 10.9291(3)  11.0720(11) 11.3449(8)
b/A 21.575(4) 12.5182(6)  35.4158(10)  12.9769(13) 11.5319(9)
c/A 15.702(3) 18.6660(9) 12.8860(4) 13.4214(12) 13.1874(8)
a/deg 90 ° 90 ° 90 ° 101.865(8) ° 80.744(6) °
Bldeg 103.167(4) ° 111.002(6)°  108.074(3)°  91.023(8) ° 64.886(7) °
y/deg 90 ° 90 ° 90 ° 92.713(8) ° 70.492(7) ©
Volume 34272(10) A3 2940.9(3) A3 4741.6(2) A3 1884.3(3) A3 1472.1(2) A3
VA 4 4 4 2 2
Density 1.276 1.252 1.226 1.258 1.310
Goodness-of- 1.030 0.869 1.621 1.032 1.037
fit on F2
Final R R1=0.0749
R1 =0.0365, R1 =10.0435, Rl _£é0830’ Rl _F(:;LOGG'
indices = = Whe = Whe = WR2 =0.1588
wR2 =0.0813 wR2 =0.1169 0.2232 02139
[1>2sigma(l)]
R indices (all R1 = 0.0558, R1 = 0.0646, R1=0.1037, R1=0.2242, R1=0.1288
WR2=00884  WR2=0.1290 WR2 = WR2 = WR2 =0.1882
data) e e 0.2339 0.2555
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Chapter 5

Summary

This thesis has demonstrated a comprehensive study of elemental reactions (oxidative addition,
insertion, ligand exchange and reductive elimination) using iron complexes bearing a tetradentate
PNNP ligand. It includes synthesis and characterization of new iron complexes. The strong electron-
donating ability of the PNNP ligand permitted to establish the well-defined reaction platform of iron
complexes. Through the study, metal ligand cooperation (MLC) of both the conventional fashion and

the new long-range mode were elucidated.
Chapter 1 describes the importance of iron pincer complexes in homogenous catalysis.

Homogeneous catalysis of 3d metal complexes has recently drawn increasing attention, based on their
potential to act as cheap and non-toxic surrogates for precious metal catalysts. However, due to the
complex paramagnetic nature, the utilization of iron complexes as catalysts are still challenging. To
this end, pincer ligands are of great importance. The reasons are explained in this chapter: i.e. pincer
ligands allow well-defined coordination sphere around a metal center due to chelating, rigid binding
mode. In addition, properties of pincer ligands can be easily optimized by tuning side arm linkers
such as CHz, NH, and O. Related to this topic, the chapter also explains the importance of metal-
ligand cooperation (MLC), where both a metal and a ligand participate in substrate bond activation
in a synergetic manner. Three different modes of MLC including hemilability, redox activity, and

bifunctionality are also explained in this chapter.

Finally, the importance of the PNNP-R (Ph, Cy, tBu) ligand was introduced. As PNNP-R has four
strong donor atoms along with z-acidic phenanthroline backbone which behaves as a redox active

ligand. Thus, PNNP ligand serves as a strong field ligand and stabilizes iron complexes.
The chapter ends with the short outline of this thesis.

In Chapter 2, ability of binuclear iron (0) complex [{Fe(PNNP)}2(u-N.)] towards bond cleavage
of C—X (X = Br, 1) was examined. Treatment of dinuclear iron (0) complex [{Fe(PNNP)}(p-N2)]
smoothly reacted with CHasl at room temperature to give [Fe(CHs)(I)(PNNP-Ph)] via oxidative
addition. The resulting oxidative addition product [Fe(CHz)(1)(PNNP-Ph)] was isolated and
structurally fully characterized by a single crystal X-ray diffraction study, NMR spectroscopy, and
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Elemental analysis. A Single crystal X-ray diffraction study revealed the octahedral structure of
[Fe(CH3)(D(PNNP-Ph)], in which the CHs group and the | group occupy apical positions. To shed
light on the reaction mechanism of the C—I bond cleavage, the reaction of iron (0) [{Fe(PNNP)}2(u-
N2)] with cyclopropylmethyl bromide as a radical clock was examined, where butene as well as
[Fe(Br)2(PNNP)] were formed (Scheme 1). The results strongly support the radical pathway for the
C-Br bond cleavage, in which ring opening of the in situ formed cyclopropylmethyl radical proceeded
during the reaction.

—~ ¢ CH
NN Pth\ PP, NzaOB.u =] Ha
12 < F%N;NWLFE()) — (2equy) N1 el PPh;
/ /> CeDe, RT, 15 min NN
ph,p”  PPh, N N N PPh
2 1 ~— — Nal, ‘BuOH i 2

2
Br
[>—/ toluene-dg,
—10 °C, 15 min
(2.5 eq/Fe)
PPh,
P /l\] B
,,,,, E
NS + N~ \e\Br
11% (NMR) X PPh,

3 (44%/Fe)

Scheme 1. Oxidative addition of CHsl and radical clock reaction using cyclopropylmethyl bromide
by iron (0) [{Fe(PNNP)}2(u-No)].

In this system, the concept of MLC was applied using [Fe(CH3)(I)(PNNP-Ph)]. Thus, deprotonation
of [Fe(CH3)(1)(PNNP-Ph)] with NaOtBu resulted in the formation of [Fe(CH3)(PNNP’-Ph)] bearing
a dearomatized PNNP ligand. Complex [Fe(CH3)(PNNP’-Ph)] reacted with H; to cleave H-H bond
at ambient temperature. The reaction was facilitated by MLC, where re-aromatization of the
phenanthroline backbone concomitantly proceeded (Scheme 2). Hence, the first example of a well-
defined example of bond cleavage via involving aromatization-dearomatization metal ligand

cooperation of the PNNP-iron system.
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Scheme 2. H-H heterolytic cleavage via conventional metal ligand cooperation (MLC).

Chapter 3 describes the reactivity of iron hydride complex bearing a phenanthroline-based PNNP-
Cy ligand [Fe(H)2(PNNP-Cy)] towards various substrates including azobenzene, benzophenone and
tert-butyldimethylsilanol. [Fe(H).(PNNP-Cy)] complex reacted with benzophenone and azobenzene,
resulting in the formation of [Fe(OCHPhy)(PNNP’-Cy)] and [Fe(NPhNHPh)(PNNP’-Cy)],
respectively. Through these reactions, hydride and the benzylic H atom were transferred to the ligand
backbone, leading to partial dearomatization of the phenanthroline moiety (Scheme 3). Treatment of
[Fe(H)2(PNNP-Cy)] with silanol (pK, = 13) gave [Fe(OSi(Me)2(CsHg))(PNNP’-Cy)]. In this reaction,
deprotonation of silanol proceeded, and partial dearomatization of the ligand backbone concomitantly
proceeded via H atom transfer. Thus, a long-range MLC was demonstrated. During this MLC process,
phenanthroline lost aromaticity, forming dearomatized PNNP’-Cy. Overall, the phenanthroline
backbone acts as a hydrogen acceptor. This phenomenon is categorized as a new mode of MLC,

which could set up a new mode long range metal ligand cooperation in the iron pincer chemistry.
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Scheme 3. Reactivity of [Fe(H)2(PNNP-Cy)] triggered by new mode of long-range MLC.

In Chapter 4, long-range MLC behavior of [Fe(H).(PNNP-Cy)] was investigated. Motivated by the
unique long-range MLC, an iron hydride complex bearing a bulkier PNNP-tBu ligand (2,9-bis((di-t-
butylphosphino)methyl)-1,10-phenanthroline), [Fe(H)(PNNP-tBu)], was synthesized with the aim
of expanding the reaction options. It was revealed that complexes. [Fe(H)(PNNP-Cy)] and
[Fe(H)2(PNNP-tBu)] underwent double dearomatization of the ligand backbone via long-range metal
ligand cooperation. As a results, rare 14e complexes [Fe(PNNP”-Cy)] and [Fe(PNNP”-tBu)] were
synthesized from [Fe(H)2(PNNP-Cy)] and [Fe(H)2(PNNP-tBu)] respectively via long-range MLC
(Scheme 4a). Complexes [Fe(PNNP”-Cy)] and [Fe(PNNP”-tBu)] were isolated and fully
characterized by a single crystal X-ray diffraction and elemental analysis. Reaction of [Fe(PNNP”-
tBu)] with m-acceptor ligands such as ADNC was performed to give 18e [Fe(AdNC)(PNNP”-tBu)]
and [Fe(AdNC)(PNNP-tBu)] respectively (Scheme 4b). Such the reactivity of unsaturated 14e Fe(ll)
species towards m-accepting ligands are often found in iron(ll) porphyrins as cofactors of heme-
containing proteins. Thus, our work reported here demonstrates one of the rare examples of a well-

defined model of iron(ll) porphyrin systems.
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Scheme 4. (a) Formation of rare 14e complex [Fe(PNNP”-Cy)] and [Fe(PNNP”-tBu)] via new mode
of long-range metal ligand cooperation (MLC), (b) Reactivity of complex [Fe(PNNP”-tBu)] towards
AdNC.

In conclusion, PNNP-Fe chemical reactivity and different mode of MLC was revealed to give scope
of development of iron PNNP pincer as catalyst in future. Further studies of PNNP-Fe complex may

lead to develop new stoichiometric reaction which has potential to participate in catalytic reaction.
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