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General Introduction

C—H Functionalization by Late-transition Metal Complexes

C-H functionalization by transition metal complexes is a promising method for
efficient synthesis of high-valued organic compounds from abundant hydrocarbons (R-
H). The C-H functionalization by transition metal complexes can be divided into two
classes based on the mechanism for C—H bond cleavage: (a) inner sphere mechanism and
(b) outer sphere mechanism (Scheme 1).!? In the inner sphere mechanism, the metal
center directly participates in the C—H bond cleavage of R—H to form the intermediate
with the o-metal-carbon (c-M—-C) bond. By further coordination of the reactant (X) to
the metal center and successive reductive elimination, the functionalized product (R—XH)
is yielded (Scheme 1a). The inner sphere C—H functionalization by late-transition metal
complexes consists of two-electron redox processes, namely, oxidative addition and
reductive elimination.>> The metal complexes which enable two-electron redox
reactions between the metal centers and R—H substrates are suitable for the inner sphere
C-H functionalization and noble metal elements such as Pd, Pt, and Rh have been chosen
as the metal center. As the results, numerous examples of stoichiometric and catalytic
inner sphere C—H functionalization by using such metal complexes have been reported in

the field of organometallic chemistry.! ¢

On the other hand, in the outer sphere
mechanism, the metal centers do not directly participate in the C—H bond cleavage.
However, the metal complexes can be changed to the active species, such as high-valent
metal-oxido (M=0) or -imido (M=NR’) species, for the C—H bond cleavage by reactions
with the corresponding oxidants. The subsequent C—H bond cleavage by the active
species and C—X bond formation proceeds for yielding the products, R—OH and R—-NHR’
(Scheme 1b). This outer sphere mechanism is found in C-H hydroxylation by
cytochrome P450 and models of heme and non-heme metal enzymes.!’->?

The inner sphere mechanism is dominant to C-H functionalization using

rhodium(IIl) complexes.?*2°

In general, rhodium complexes show two-electron redox
reactivity, interchanging between +I and +I1II oxidation states. However, the ligands for
stabilizing the +I oxidation state (e. g. carbon monoxide, alkenes, phosphines, and
thiolates) are readily oxidized by the reactants for the outer sphere C—H functionalization.
In addition, rhodium complexes in +IV, and +V oxidation states are unstable unless the
high-valent rhodium center can be stabilized by strong n-donation from 2-(2-pyridyl)-2-
propanoate ligand.?® Due to these drawbacks, rhodium(III) complexes are not suitable

to the catalysts for the outer sphere C—H functionalization .



Scheme 1. (a) Inner sphere mechanism and (b) outer sphere mechanism of C-H

functionalization by transition metal complexes.
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Redox-active Ligands as Electron Reservoirs

Some m-conjugated molecules have suitable m-orbitals in energy for redox reactions.
When such molecules coordinate to a metal center, they can work as redox-active ligands,

using the filled or empty m-orbitals.?’>  Since the discovery of nickel-dithiolene

36,37

systems, various core structures of redox-active ligands have been prepared, e.g.

dithiolene,*®**°  o-diimine,*'**  B-diketiminate,*'**  catechol  derivatives,¥%

50-52

diiminopyridine,’*->? salen,>*-° porphyrin,®-* and others (Figure 1).63-7

R
SH N OH NHR
( C N X L,
SH N\ R'N HN,R OH
R
Dithiolene a-Diimine p-Diketiminate Catechol Aminophenol
e {@
LoD
o-Phenylenediamine Diiminopyridine Salen Porphyrin

Figure 1. Well known redox-active ligands.



In recent years, stoichiometric and catalytic C—H activation reactions by metal
complexes bearing redox-active ligands have been reported.”’”> 1In these reactions,
redox-active ligands play a role as electron reservoir for the formation of the active
species. However, these examples have been limited to hydrogen atom abstraction and
intramolecular C—H amination.

In this thesis, the reaction behaviors of rhodium(IIl) complexes bearing redox-active
ligands (Figure 2) in C(sp?)-H amination and C(sp?)-H iodination are investigated.

These complexes show two-successive one-electron redox behavior (Scheme 2).
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| P If ~
Bu N N Bu tBu@Nhﬂ"N Bu L, = L, = aniline, p-metoxyaniline, p-chloroaniline
- o~ \Oﬁ or
o O Bu | ‘Bu
Bu Bu L, L, = CH3CN, H,0, THF, Pyridine; L, = CI~, Br—, I-
L3~ Rh(L3)(Ly)(Lo)
(b) ks ﬁ
'Bu Q 'Bu tBu Rll':“ 'Bu
/ N\
DG B
T T

L2 Cp*Rh'"(L2)

Figure 2. Rhodium(IIT) complexes bearing redox-active ligands studied in (a) chapter 1
and 2 (b) chapter 3 in this thesis.

Scheme 2. Redox behavior of the ligand moiety in the rhodium(III) complexes.
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This thesis entitled “Studies on C—H Functionalization by Rhodium(IIT) Complexes
Bearing Redox-active Ligands” consists of three chapters.

In chapter 1, the rhodium(IIl) complexes bearing a redox-active tetradentate ligand
L3~ (Figure 2a) are synthesized and characterized. Intermolecular C(sp*)-H amination
of xanthene with tosyl azide catalyzed by the rhodium(IIT) complex is investigated, where
mechanistic studies suggested that the reaction involves outer-sphere mechanism. The
experimental and computational results show involvement of a ligand-based redox
reaction in the C—H amination. This is the first example of catalytic intermolecular C—
H amination via ligand-based redox.

In chapter 2, inner-sphere C(sp?)-H activation of toluene by the rhodium(III)
complex bearing the same ligand L*~ and the following iodination is investigated.
Characterization of the rhodium(IIT) complex after the iodination show that one-electron
oxidation of the ligand L~ is involved in the iodination.

In chapter 3, the rhodium(Ill) complexes bearing phenylenediamido (L’%),
diiminobenzosemiquinonato (I’*7), and diiminobenzoquinone (I’°) ligands are
synthesized and characterized (Scheme 2b). The catalytic activity of these complexes
in outer sphere intramolecular C(sp’)-H amination of 2,4,6-triisopropyl-
phenylsulfonylazide is examined. Among the three, the one-electron oxidized form
showed the highest reactivity, suggesting the nitrene radical species [Cp*Rh"L’°(RN")]*
(R =2.,4,6-triisopropyl-phenylsulfonyl) is the key reactive intermediate. In this system,
one-electron oxidized ligand enhances the coordination of external substrates to the metal

center to increase the rate of amination reaction.
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Chapter 1

Catalytic Intermolecular C—H Amination Driven by Ligand-
to-Nitrene One-Electron Transfer

Introduction

Nitrene-bound transition-metal complexes are involved as the key reactive
intermediates in C—H bond functionalization such as C=C aziridination, and electron
transfer oxidation.'"!® A better understanding of the relationships between electronic
structure and reactivity of the nitrene-complexes is prerequisite in the development of
efficient and selective catalysts for such reactions. When nitrene binds to early-
transition-metal elements, the resultant complexes feature a metal-nitrogen multiple bond,
namely metal-imido (M=NR) complexes, because the ear/y-transition-metal ions have
suitable empty d-orbitals that can make n-bonding interaction with a filled p-orbital of
the nitrene ligand (Type 1 in Scheme 1).!'"'¢  Thus, there are a large number of examples
of metal-imido complexes of early-transition-metal elements that exhibit electrophilic
reactivity.'!""!®  On the other hand, lafe-transition-metal nitrene complexes with
octahedral structure have filled d. orbitals, so that the n-bonding interaction with filled
p-orbitals of the nitrene ligand is virtually impossible (Scheme 1). Thus, the nitrene-
bound /ate-transition-metal complexes tend to show single-bond character (M—NR) (Type

2), exhibiting nucleophilic reactivity.!”

Scheme 1. Schematic classification of nitrene bound octahedral metal complexes and mq-

p Interaction.

LM(M+2*=N—R
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Tvoe 3 N nge4
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(LM —N—R
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The third class of nitrene-bound metal complexes are nitrene-radical complexes
having a nitrogen atom with formally seven valence electrons, which can be generated
via one-electron transfer from the metal center to the nitrene moiety (Type 3 in Scheme
1).'81%  Such nitrene radical complexes are expected to have radical character. A
typical example is the well characterized nitrene-radical cobalt(IIl)-porphyrin complexes
that can be adopted in the aziridination, C—H bond amination, and C—H bond amidation.?-
22 However, such nitrene-radical complexes are very limited.?’?” Recently, the
combination of a redox-active ligand and a redox-innocent metal ion was employed for
accessing nitrene radical metal complexes (Type 4 in Scheme 1).3-1%-282% [n this case,
one-electron transfer takes place from the supporting ligand to the nitrene nitrogen atom
without changing the metal oxidation state. For instance, a palladium(Il) complex with
a redox active NNO pincer ligand (L?) induces an intramolecular cyclization of 4-
phenylbutaneazide to 2-phenylpyrrolidine via a Pd"(L™)(RN™) intermediate (R = -
(CH2)4Ph).2- 29

Itoh and his co-workers reported a series of /lafe-transition-metal complexes
[M'(L*7)]~ (M =Ni, Cu, and Pd) supported by a planer tetradentate ligand (LL*") consisting

3031 One-electron

of a Adiketiminate framework with two aminophenol moieties.
oxidation of the complexes (both chemically and electrochemically) gave the
corresponding ligand-radical complexes [M(L?)]*.3%3  Therefore, the author
envisioned that the redox-active ligand, L*~, can facilitate formation of a nitrene radical
complex having metal-nitrene single bond character through ligand to nitrene one-
electron transfer when combined with a redox innocent transition metal ion. In this
work, the author employs rhodium(III) ion as the central metal, since most of the Werner
type octahedral rhodium(IIl) complexes are hardly oxidized to the higher oxidation states.
In this work, the author demonstrates the first intermolecular C(sp*)-H amination via
ligand-based redox. = DFT calculations indicate that a triplet nitrene di-radical
rhodium(III) complex works as a reactive intermediate in the C—H amination reaction.
In this chapter, the rhodium(IIl) complexes bearing the redox-active tetradentate
ligand (L*) ([RhM(L*)(p-X-CeHsNH,),] (1%, X =H, OMe, Cl) and
("BusN[Rh"™(L3)(Y)(Sol)]~ ([2Y5°!], Y = CI, Br, or I" and Sol = acetonitrile (AN),
water (H20), tetrahydrofuran (THF), or pyridine (PY)) have been synthesized (Figure 1).
The rhodium(Ill) complexes (1X or [2Y5°!]") showed catalytic activity in the
intermolecular C—H bond amination reaction using tosyl azide (TsN3) as the nitrene
source (Scheme 2). The reaction of 1X (or [2Y/5°!]7) and TsN3 generates a nitrene-radical
rhodium(II1) complex supported by the ligand radical [Rh"™(L">7)(TsN*")(Lax)] (Lax = p-
X-C¢HaNH>, CI7, Br, I') (DR in Scheme 2), which induces catalytic amination reaction



of xanthene (Scheme 2). Density functional theory (DFT) studies have suggested that
the diradical (DR) electronic configuration of [Rh™(L27)(TsN")(Lax)] with a single bond
character between the metal center and the nitrene radical nitrogen atom is a plausible

reactive intermediate in the C—H bond abstraction and nitrogen-rebound mechanism.

"Bu,N* (or Ph,PH)

3— _
H\ ] H2N NO, Sol No2 ]
By N N Bu @ 111 N@, @ s\III NU‘BU
; :o o: :(\ NHZ
Bu Bu Q/
L3— 1X [2Y/Sol]—

X

X = H, OMe, Cl Y =CIrBr, I
Sol = CHzCN(AN), H,0, THF, Pyridine(PY)

Figure 1. Chemical structures of supporting ligand L3~, rhodium(III) complexes 1%, and

[ZY/Sol]—'

Scheme 2. Catalytic C—H amination of xanthene with tosyl azide (TsN3) by 1X or
"BusN[2Y5°1] (above) and the diradical intermediate (DR) for C—H amination (below).

/Ts
HN

1x‘ [2Y/So|]—
0 0

Ts

/N02 —l 0/—
@i ah "@’

Lax: P-X-CgH4NH,, CI-, B, I-

DR

Experimental

General. The reagents used in this study, except the compounds mentioned below,
were commercial products of the highest available purity and were used as received

without further purification, unless otherwise noted. = All solvents used in this study were

10



purified by the standard procedure.’? The ligand LH3, [Rh'(cod)Cl], tosyl azide, 4-
phenylbutaneazide, and xanthene-d» were synthesized according to the reported
procedures.’®*3-3¢  TH and '3C NMR spectra were recorded at 400 MHz and 101 MHz
on a JEOL-ECP400 or a JEOL-ECS400 spectrometer.  Fast atom bombardment mass
spectroscopy (FAB-MS) spectra were recorded with a JEOL-JMS-700 spectrometer.
Electrospray ionization mass spectroscopy (ESI-MS) spectra were recorded with a
BRUKER micrOTOF II spectrometer. Electron paramagnetic resonance (EPR) spectra
were taken on a BRUKER X-band spectrometer (EMX-Micro) under non-saturating
microwave power conditions (1.0 mW) operating at 9.680 GHz. Elemental analysis was
carried out with a Yanaco CHN-Corder MT-5. Electrochemical measurements were
performed with a Hokuto Denko HZ-7000. A set of a carbon working electrode, an
Ag/AgNO3/CH3CN reference electrode, and a platinum counter electrode was employed
in these experiments.

Synthesis. [Rh'(LH27)(cod)]. LH; (200 mg, 0.382 mmol) and [Rh'(cod)Cl],
(94.2 mg, 0.191 mmol) were dissolved in THF (4 mL). 1 equiv of triethylamine (53.2
uL, 0.382 mmol) was added to the mixture and the mixture was stirred for 2 h at room
temperature. Slow diffusion of methanol to the reaction mixture produced yellow
crystal of [Rh(LH2)(cod)]. Yield: 267 mg, (95%). Single crystals suitable for X-ray
crystallographic analysis were obtained by recrystallization from acetone and methanol.
"H NMR (CDCl3, 400 MHz): (isomer A) 6 8.86 (s, 2H), 7.17 (d, 2H, J= 1.6 Hz), 6.77 (d,
2H, J=2.0 Hz), 5.76 (s, 2H), 4.04 (t, 2H, J = 6.80 Hz), 3.58 (s, 2H), 3.18 (q, 2H, /= 6.8
Hz), 2.61-2.48 (m, 2H), 2.10—2.00 (m, 2H), 1.98—1.82 (m, 2H), 1.44 (s, 18H), 1.32 (s,
18H); (isomer B) 6 8.79 (s, 2H), 7.17 (d, 2H, J= 1.6 Hz), 6.87 (d, 2H, J = 2.0 Hz), 5.98
(s, 2H), 3.49 (s, 4H), 2.27 (s, 4H), 1.81—1.71 (m, 4H), 1.44 (s, 18H), 1.32 (s, 18H). '3C
NMR (CDCls, 101 MHz, ppm): 158.35, 158.23, 144.25, 144.17, 142.85, 142.56, 139.56,
139.45, 136.12, 136.08, 122.11, 122.09, 121.95, 118.82, 87.62, 87.50, 84.93, 84.80, 80.87,
80.74, 58.67, 53.58, 35.28, 35.25, 34.61,33.17, 31.70, 30.15, 29.50, 27.45, 18.60.  Anal.
Calcd for [Rh!(LH» )(cod)]' THF-CH3OH (C44HessRhN3Og): C, 63.07; H, 8.18; N, 5.01;
Found: C, 63.21; H, 8.50; N, 5.04. FAB-MS (pos): m/z =734 (IM]") .

[Rh(L3-)(PhNH2)2] (11). [Rh(LH2 )(cod)] (36.7 mg, 50.0 umol) was dissolved
in THF (3 mL) and stirred at room temperature for 10 min. Triethylamine (14pL, 100
umol) and then aniline (9.2 pL, 100 pmol) were added to the solution. The reaction
mixture was stirred at room temperature for 3 h under air. Precipitated material was
removed by filtration and the filtrate was evaporated in vacuo. The residue was
dissolved in dichloromethane (CH2Clz). Slow diffusion of ethanol into the CH2Cl
solution gave orange needle crystals. Yield: 28.3 mg (70 %). Single crystals suitable
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for X—ray crystallographic analysis were obtained by recrystallization from acetone and
n-hexane. 'H NMR (CDCls, 400 MHz): J 8.84 (d, 2H, J=2.0 Hz), 7.33 (d, 2H, J= 1.6
Hz), 7.23 (d, 2H, J=2.0Hz), 6.94, 6.92 (dd, 2H, J= 7.2 Hz, 7.6 Hz), 6.81, 6.79 (dd, 2H,
J=8.0Hz, 7.6 Hz), 6.09 (d, 2H, J = 7.6 Hz), 4.07 (br s, 4H) 1.67 (s, 18H),1.38 (s, 18H).
13C NMR (CDCl3, 101 MHz, ppm): 162.82, 140.11, 137.34, 137.29, 131.78, 128.57,
126.24, 122.43, 120.36, 109.28, 35.81, 34.61, 32.07, 29.96.  Anal. Calcd for 11-:0.5H,0
(C43H57RhN504.5): C, 63.07; H, 7.02; N, 8.55; Found: C, 63.10; H, 7.19; N, 8.53.  FAB-
MS (pos): m/z =809 ([M]").

[Rh'(L3-)(p-methoxyaniline)2] (19Me),  10Me was prepared by the method
described for the synthesis of [Rh'ML3"(PhNH),](1") except the use of p-methoxyaniline
instead of aniline. The crude product was purified by silica gel column chromatography
(eluent; AcOCHs : n-hexane = 1 : 5).  Yield: 20.4 mg (47%). 'H NMR (CDCls, 400
MHz): ¢ 8.89 (d, 2H, J=2.0 Hz), 7.33 (d, 2H, J= 1.6 Hz), 7.20 (d, 2H, J = 2.0 Hz), 6.30
(d, 4H, J = 8.4 Hz), 6.01 (d, 4H, J = 8.8 Hz), 3.99 (br s, 4H), 3.60 (s, 6H), 1.65(s, 18H),
1.30 (s, 18H).3C NMR (CDCls, 101 MHz, ppm): 162.80, 157.67, 140.06, 138. 08, 137.26,
137.09, 130.03, 127.38, 122.41, 121.44, 113.75, 109.23, 55.49, 35.79, 34.60, 32.07, 29.96.
Anal. Caled for 1°Me-1,5H,0 (C4sHe3RhNsO75): C, 60.26; H, 7.08; N, 7.81; Found: C,
60.28; H, 7.18; N, 7.75. FAB-MS (pos): m/z = 869 ([M]").

[Rh'(L3-)(p-chloroaniine)2] (1€'). 1¢' was prepared by the method described for
the synthesis of [Rh™L3(PhNH:):](1") except the use of p-chloroaniline instead of
aniline. The crude product was purified by silica gel column chromatography (eluent;
AcOCHj3: n-hexane = 1 : 6).  Yield: 11.4 mg (26%). 'H NMR (CDCls, 400MHz): §
8.98 (d, 2H, J= 1.6 Hz), 7.32 (d, 2H, J=2.4 Hz), 7.21 (d, 2H, J=2.0Hz), 6.78 (d, 4H, J
=8.4Hz), 6.10 (d, 4H, J = 8.8 Hz), 4.09 (br s, 4H), 1.64 (s, 18H), 1.37 (s, 18H). *C NMR
(CDCls, 101 MHz, ppm): 162.86, 140.30, 138.39, 137.26, 136.76, 136.16, 131.78, 128.72,
127.24,122.81, 121.94, 109.05, 35.79, 34.60, 32.08,29.91.  Anal. Calcd for 1¢"-0.5H,0O
(C43Hs5RhN504.5Clp): C, 58.18; H, 6.25; N, 7.89; Found: C, 58.36; H, 6.62; N, 7.79. FAB-
MS (pos): m/z =877 ([M]").

[Rh(L"2-)(PhNH2)2]SbFe ([1H]SbFe). A CHCl, (2 mL) solution of AgSbFe
(21.5 mg, 62.6 umol) was added to complex 11 (35.0 mg, 43.2 umol) in CH>Cl, (2 mL)
with stirring at room temperature. The reaction mixture was added dropwise to n-
hexane (50 mL) with vigorous stirring.  After reducing volume of the solvent to 5 mL,
generated dark red precipitates were collected by filtration. Dark red crystals were
obtained by slow diffusion of cyclohexane into a CH>Cl: solution containing the complex.
The crystals were suitable for X-ray crystallographic analysis. Yield: 38.0 mg (83%).
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Anal. Calcd for [11][SbFs]-H20 (C43HssRhNsOsSbFe): C, 48.56; H, 5.50; N, 6.58; Found:
C, 48.54; H, 5.53; N, 6.63.

"BusN[Rh"(L3-)(CI)(CH3sCN)] ("BusN[2C€VAN]).  Toluene (2 mL) was added to a
mixture of [Rh(LH2")(cod)] (50.0 mg, 0.68 pmol) and tetra-n-butylammonium chloride
("BusNCl, 16.7 mg, 0.60 pmol), and the resultant solution was stirred at room temperature
under air.  After 5 h, n-hexane (40 mL) was added to the solution with vigorous stirring.
An orange powder was precipitated from the solution, which was collected by filtration
(48.5 mg). Then, the orange powder (48.5 mg) was dissolved in CH3CN. Single-
crystals of "BusN[2¢VAN] were obtained by vapor diffusion of diethyl ether into the
CH3CN solution, which were collected by filtration and dried under air. The crystals
were suitable for X-ray crystallographic analysis. Yield: 21.9 mg (34 %). 'H NMR
(CDsCN, 400 MHz): 6 9.20 (d, 2H, J= 1.6 Hz), 7.58 (d, 2H, J= 2.8 Hz), 7.09 (d, 2H, J
= 2.0 Hz), 3.12-3.02 (m, 8H), 1.97 (s, 3H), 1.65—-1.51 (m, 26H), 1.42—1.28 (m, 26H),
0.936 (t, 12H,J=7.2Hz). '3CNMR (CD3CN, 101 MHz, ppm): 166.45, 139.52, 139.27,
137.69, 135.43, 122.12, 109.42, 59.27, 36.10, 34.87, 32.17, 30.08, 24.27, 20.30, 13.78.
Decomposition temperature: 180—190 °C. Anal. Calcd for "BusN[2CVAN]
(C49Hg1CINsO4Rh): C, 62.44; H, 8.66; N,7.43; Found: C,62.42; H,8.99; N,7.79. ESI-
MS (neg): m/z=658.2 (M — CH3CN]").

PhsP[Rh'"(L3-)(CI)(CH3CN)] (Ph4P[2CVAN]).  This complex was prepared by the
same method described for "BusN[2€VAN] except for using Ph4PCl instead of "BusNClI.
Yield: 33.8 mg (48%). 'H NMR (CD:;CN, 400 MHz): 6 9.20 (d, 2H, J = 1.6 Hz),
7.98-7.86 (m, 4H), 7.81-7.63 (m, 16H), 7.58 (d, 2H, J = 2.4 Hz), 7.09 (d, 2H, J = 2.0
Hz), 1.58 (s, 18H), 1.37 (s, 18H). '*C NMR (CDsCN, 101 MHz, ppm): 166.37, 139.51,
139.29, 137.73, 136.39, 135.74, 135.64, 135.47, 131.37, 131.25, 122.12, 109.45, 36.09,
34.87, 32.16, 30.08. Decomposition temperature: 168—185 °C. Anal. Calcd for
Cs7HssCIN4O4RhP-Et,O: C,65.79; H,6.79; N,5.03; Found: C,65.61; H,6.74; N,5.10.
ESI-MS (neg): m/z = 658.2 ((M — CH3CN]").

"BusN[Rh"(L3-)(Br)(CH3sCN)] ("BusN[2B”AN]), This complex was prepared by
the same method described for "BusN[2CVAN] except for using "BuNBr instead of
"BusNCl.  Yield: 20.6 mg (31 %). 'H NMR (CD3;CN, 400 MHz): 6 9.18 (d, 2H, J =
1.6 Hz), 7.58 (d, 2H, J = 2.4 Hz), 7.09 (d, 2H, J = 2.4 Hz), 3.11-3.02 (m, 8H), 1.97 (s,
3H), 1.66-1.51 (m, 26H), 1,44-1.28 (m, 26H), 0.963 (t, 12H, J = 7.2 Hz). '*C NMR
(CD3CN, 101 MHz, ppm): 166.53, 139.60, 139.50, 137.84, 135.40, 122.08, 109.34, 59.28,
36.10, 34.87, 32.17, 30.07, 24.27, 20.31, 13.78. Decomposition temperature: 165—
171 °C. Anal. Calcd for C4HsiBrNsOsRh-Et,O-CH3CN: C,59.93; H,8.60; N,7.62;
Found: C,59.93; H,8.75; N,7.47. ESI-MS (neg): m/z=702.1 ([M — CH3CN]").
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"BuasN[Rh"(L3-)(I)(CH3CN)] ("BuaN[2VAN]). This complex was prepared by the
same method described for "BusN[2€VAN] except for using "BusNI instead of "BusNClI.
Yield: 35.3 mg (50 %). 'H NMR (CDsCN, 400 MHz): § 9.14 (d, 2H, J = 1.6 Hz), 7.58
(d, 2H,J=2.0 Hz), 7.07 (d, 2H, J = 2.4 Hz), 3.11-3.02 (m, 8H), 1.97 (s, 3H), 1.65-1.51
(m, 26H), 1.41-1.28 (m, 26H), 0.963 (t, 12H, J= 7.2 Hz). 3C NMR (CDsCN, 101 MHz,
ppm): 166.59, 139.92, 139.68, 138.0, 135.27, 121.97, 109.21, 59.27, 36.06, 34.86, 32.17,
30.03, 24.26, 20.30, 13.77. Decomposition temperature: 150—159 °C.  Anal. Calcd for
C49Hsg1INsOsRh-Et,0-0.7CH3CN: C,57.47; H,8.25; N,7.02; Found: C,57.83; H,8.41;
N,7.01. ESI-MS (neg): m/z=750.1 ([M — CH3CN]").

"BusN[Rh"(L3-)(Cl)(H20)] ("Bus4N[2C€VH20]),  This complex was obtained by the
same method described for "BusN[2€VAN] except for using water and acetone for
crystallization instead of CH3CN. The obtained single crystals were suitable for X-ray
crystallographic analysis. Yield: 43.0 mg (69 %). 'H NMR (acetone-ds, 400 MHz): §
9.37(d, 2H, J=1.2 Hz), 7.65 (d, 2H, J= 2.0 Hz), 7.05 (d, 2H, J= 2.8 Hz), 3.42-3.33 (m,
8H), 1.83-1.71 (m, 8H), 1.59 (s, 18H), 1.45-1.33 (m, 26H), 0.953 (t, 12H, J = 7.6 Hz).
I3C NMR (acetone-ds, 101 MHz, ppm): 166.67, 139.63, 139.23, 137.28, 134.35, 121.25,
108.82, 59.28, 35.99, 34.74, 32.39, 24.36, 20.31, 13.86. Decomposition temperature:
192—-197 °C. Anal. Calcd for C47HgoCIN4OsRh: C, 61.39; H, 8.77; N, 6.09; Found: C,
61.00; H, 8.87; N, 6.07. ESI-MS (neg): m/z = 658.2 (M — H20]").

"BuasN[Rh"(L3-)(CI)(THF)] ("Bus4N[2CVTHF])  This complex was obtained by the
same method described for "BusN[2€VAN] except for using diethyl ether and THF for
crystallization instead of CH3CN. Yield: 39.4 mg (60 %). 'H NMR (acetone-ds, 400
MHz): 6 9.37 (d, 2H, J= 1.6 Hz), 7.65 (d, 2H, J= 2.0 Hz), 7.04 (d, 2H, J=2.4 Hz), 3.66—
3.58 (m, 4H), 3.47-3.38 (m, 8H), 1.86—1.75 (m, 12H), 1.59 (s, 18H), 1.48-1.33 (m, 26H),
0.969 (t, 12H, J = 7.2 Hz). '*C NMR (acetone-ds, 101 MHz, ppm): 166.70, 139.63,
139.22, 137.24, 134.31, 121.25, 108.82, 68.05, 59.29, 36.00, 34.75, 32.40, 26.16, 24.34,
20.32, 13.85. Decomposition temperature: 175—183 °C. Anal. Calcd for
Cs1HssCIN4OsRh: C, 62.92; H, 8.90; N,5.75; Found: C,62.78; H, 9.34; N, 5.62. ESI-
MS (neg): m/z=658.2 ((M — THF]").

"BusN[Rh"(L3-)(Cl)(py)] ("BusaN[2CVPY]).  This complex was prepared by the
same method described for "BusN[2€VAN] except for using diethyl ether and pyridine for
crystallization instead of CH3CN. Yield: 30.6 mg (46 %). 'H NMR (acetone-ds, 400
MHz): 6 9.42 (d, 2H, J= 1.6 Hz), 8.16 (d, 2H, J = 6.4 Hz), 7.65 (tt, 1H, J=1.2, 7.6 Hz),
7.56 (d, 2H, J=2.4 Hz), 7.21 (t, 2H, J= 7.2 Hz), 6.96 (d, 2H, J= 2.0 Hz), 3.41-3.31 (m,
8H), 1.76 (qu, 8H, J = 8.0 Hz), 1.57 (s, 18H), 1.38 (se, 8H, J = 8.0 Hz), 1.29 (s, 18H),
0.951 (t, 12H, J = 7.2 Hz). '*C NMR (acetone-ds, 101 MHz, ppm): 166.29, 152.69,
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150.67, 139.03, 138.98, 138.78, 136.15, 134.28, 127.98, 125.02, 121.39, 108.63, 59.25,
36.08, 34.67, 32.31, 24.36, 20.31, 13.87. Decomposition temperature: 250—265 °C.
Anal. Calcd for CsoHgsCINsO4Rh: C, 63.69; H, 8.53; N, 7.14; Found: C, 63.61; H, 8.68;
N, 7.20. ESI-MS (neg): m/z =737.3([M]"), 658.2 ([M — pyridine] ).

Iminosemiquinone Complex (Ph4P[3]). Tosyl azide (190 mg, 0.991 mmol) was
added to a CH,Cl; solution (3 mL) of PhaP[RhM"(L3")(CI1)(CH3CN)] (50.0 mg, 48.1 umol),
and the resultant solution was stirred for 30 min. The reaction solution was added to n-
hexane (40 mL) with vigorous stirring to give a brown solid (40.0 mg, 71%), which was
collected by centrifugation. Single crystals of Ph4P[3] was obtained by slow diffusion
of n-hexane to the acetone solution of Ph4P[3]. The single crystals were suitable for X—
ray crystallographic analysis.  Yield: 29.7mg (53%). Decomposition temperature:
169—174 °C. Anal. Calcd. for CssH76CIN4sO7PRAS: C, 63.64; H, 6.24; N, 4.57; Found:
C, 63.57; H, 6.40; N, 4.57. ESI-MS (neg): m/z=828.2 (IM]).

"BusN[Rh"(L3-)(CI)(NH=CH(CH2)3Ph)] ("BusN[4%"). 4-Phenylbutaneazide
(186 mg, 1.06 mmol) was added to a CH2Cl, solution (3 mL) of "BusN[2€VAN] (50.0 mg,
53.0 umol) and the solution was stirred for 1 h at room temperature. The mixture was
poured into n-hexane (40 mL) with vigorous stirring to yield a red powder, which was
collected by centrifugation.  Yield: 33.5 mg (60%). 'H NMR (CDs;CN, 400 MHz): §
9.23 (d, 2H,J=2.4 Hz), 8.54 (d, 1H, J=21 Hz,), 7.56 (d, 2H, J= 2.0 Hz), 7.47 (dtd, 1H,
J=21.0, 6.0, 2.0 Hz), 7.16-7.03 (m, 5H), 6.76 (d, 2H, J = 6.8 Hz), 3.08-2.99 (m, 8H),
2.07-1.97 (m, 4H), 1.62—1.40 (m, 28 H), 1.40-1.20 (m, 30 H), 0.935 (t, 12H, J= 8.0 Hz),
0.859 (t,2H, J=7.2 Hz). '3C NMR (CD;CN, 101 MHz, ppm): 182.66, 165.95, 141.92,
139.28, 139.17, 137.18, 135.45, 129.28, 129.17, 126.76, 122.16, 109.32, 59.26, 37.01,
36.11, 34.85, 34.51, 32.17, 30.16, 27.34, 24.26, 20.30, 13.78.  Decomposition
temperature: 173—185 °C. Anal. Calcd. for Cs7Ho1CliNsOsRh: C, 65.28; H, 8.75; N,
6.68; Found: C, 65.27; H, 9.18; N, 6.47. ESI-MS (neg): m/z = 805.3 ([M]"), 658.2 ((M
— (NH=CH(CH);Ph)]".

[Rh'(L3-)(NH=CH(CHz2)sPh)(p-methoxyaniline)] (4aniline-OMe) 4-
Phenylbutaneazide (35.4 mg, 0.202 mmol) was added to a toluene solution (8 mL) of
[Rh'(L*")(p-methoxyaniline)z] (160.0 mg, 0.184 mmol) and the resultant solution was
refluxed for 18 h. The solvent was removed under reduced pressure, and the crude
product was purified by silica gel chromatography (ethyl acetate/CHCI3 = 1:25). Yield:
44.8 mg, 27%). Single crystals suitable for X-ray crystallographic analysis were
obtained by slow evaporation of acetone/H>O solution of 42niline-OMe Iy NMR (CDCls,
400 MHz): 69.15(d, 2H,J=1.6 Hz), 7.77 (d, IHJ=21.2 Hz, ), 7.46 (d, 2H, J= 2.0 Hz),
7.38 (dt, 1H, J=21.2, 4.0 Hz), 7.20 (d, 2H, J = 2.0 Hz), 7.18-7.08 (m, 3H), 6.79 (d, 2H,
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J=6.4 Hz), 6.34 (d, 2H, J=9.2 Hz), 6.04 (d, 2H, J = 8.8 Hz), 3.63 (s, 3H), 2.22 (t, 2H,
J =17.2 Hz), 2.05 (q, 2H, J = 6.8 Hz), 1.63-1.49 (m, 20H), 1.24 (s, 18H). '*C NMR
(CDCls, 101 MHz): 183.27, 169.39, 157.51, 139.87, 139.82, 137.41, 137.13, 136.96,
130.27, 128.63, 128.37, 127.48, 126.39, 122.40, 121.25, 113.71, 109.11, 55.48, 37.67,
35.81, 34.57, 33.99, 32.08, 29.89, 2591. mp: 196-198 °C. Anal. Calcd for
CagHs4N50sRh-2H,0-(CH3)2CO: C, 61.99; H, 7.55; N, 7.09; Found: C, 62.38; H, 7.55;
N, 7.48.

Catalytic Amination of Xanthene by TsN3 by 1H. A solution of tosyl azide
(6.91 mg, 35.0 umol) and (Boc)20 (7.64 mg, 35.0 umol) in toluene (1 mL) was added to
1* (2.83 mg, 3.50 umol) and xanthene (6.38 mg, 35.0 umol) in a 50 mL Schlenk tube
covered with aluminum foil. After purge of dioxygen in the solvent by
freeze—pump—thaw cycle (three times), the mixture was stirred at 100 °C for 24 h under
dinitrogen atmosphere. All volatiles were evaporated in vacuo and the crude products was
analyzed by 'H NMR spectroscopy (CDCls, 400 MHz, Internal Standard;
1,1,2,2—tetracroloethane (14.5 mg, 86.4 umol).

Catalytic Amination of Xanthene by TsNs by "BusN[2Y/S0]. The same
method described for 11 was performed except for using 4 mL vial as reaction vessel and
1,4-dimethoxybenzene as an internal standard (4.84 mg, 35.0 umol).

Kinetic Isotope Effect Measurement. The solution of tosyl azide (6.91 mg,
35.0 umol) and (Boc),0 (7.64 mg, 35.0 umol) in toluene (1 mL) was added into mixture
of 11 (2.83 mg, 3.50 umol) and xanthene (3.19 mg, 17.5 pmol) and xanthene—d> (3.22
mg, 17.5 pmol) in a 50 mL Schlenk tube. After purge of dioxygen in the solvent by
freeze—pump—thaw cycle (three times), the mixture was stirred at 100 °C for 24 h under
dinitrogen atmosphere. All volatiles were evaporated in vacuo and the crude products
was analyzed by NMR spectroscopy (DMSO—-ds, 400 MHz, Internal Standard;
1,1,2,2—tetracroloethane (14.5 mg, 86.4 umol)).

Theoretical Calculation for 1H. Energy calculations in the triplet and singlet
states were performed using unrestricted density functional theory implemented with the
Gaussian09 program package.’” The open-shell singlet state was computed using the
broken-symmetry approach. Geometry optimizations were performed with the B3LYP
functional.*®3*°  For the Rh atom, the SDD basis set*’ and for the other atoms, D95**

basis set?!

were used. The computed kinetic isotope effect (ku/kp) was obtained by
transition state theory*? with the Wigner tunneling correction.
KIE calculations. The values of KIE in the C—H amination of xanthene by 1H-

DR-T were obtained by transition state theory with the following expression.
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Here m, I, g, and E indicate the molecular mass, the moment of inertia, the vibrational
partition function, and the activation energy, respectively. The superscript R specifies
the reactant complex 1H-DR-T, and the superscript # indicates the transition state. The
subscript H means the species including xanthene and the subscript D means the species

including dideuterated-xanthene. Table 1 summarizes computed values of kn/kp.

Table 1. Kinetic isotope effects for the C—H amination of xanthene by 1"-DR-T.

Temperature (K) kin/kp kn/kp®
300 5.616 8.345
325 4.980 7.234
350 4.490 6.383
375 4.102 5.713
400 3.788 5.173

# Wigner tunneling correction.

Theoretical Calculations for [3]-. Density functional theory (DFT)
calculations were performed with “ultrafine” grid by using Gaussian 09 (Revision D.01,
Gaussian, Inc.).?” Geometry optimizations were carried out at the UB3LYP/def2-TZVP
level of theory®’. Graphical outputs of the computational results were generated with
the GaussView software program.*

X-ray Crystallography. The single crystal was mounted on a loop with a mineral
oil, and all X-ray date were collected on a Rigaku R-AXIS RAPID diffractometer using
filtered Mo-Kao radiation.  The structures were solved by direct method (SIR-2011)* and
expanded using Fourier techniques. The non-hydrogen atoms were refined
anisotropically by full-matrix least squares on F°. The hydrogen atoms were attached
at idealized positions on carbon atoms and were not refined. All structures in the final
stage of refinement showed no movement in the atom position. The calculations were
performed using Single-Crystal Structure Analysis Software version 4.2.2.4

Crystallographic parameters are summarized in Table 2.
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Table 2. Crystallographic data for [Rh'(LH2)(cod)], [Rh™(L*)(aniline):] (14),
[Rh!(L"2)(aniline)2]SbFs ([1¥]SbFs), "BusN[Rh!(L*)(CI)(CH3CN)] ("BusN[2CVAN]

‘CH3CN), "BwN[Rh(L*)(CD)(H20)] ("BusN[2¢VH20]) " Ph4P[3]-acetone, and
[Rh(L3")(NH=CH(CH:)3Ph)(p-methoxyaniline)] (42mline-OMe. 3cetone- H2O).
[Rh!(LHz")(cod)] 1"-acetone [1H]SbFs
formula C40HsoN30s5Rh C46Hs2N50sRh C43Hs6FsNsO4RhSb
fw 765.84 867.93 1045.59
crystal . . .
monoclinic monoclinic orthorhombic
system
space group P2q/c (#14) P21/c (#14) Pca2q (#29)
a, A 12.6767(6) 12.1457(6) 18.6586(7)
b, A 17.8148(9) 18.9914(10) 11.3078(5)
c, A 18.2085(7) 19.1816(10) 21.2760(7)
a, deg 90 90 90
p, deg 101.8413(13) 94.0290(12) 90
y,deg 90 90 90
v, A3 4024.6(3) 4413.6(4) 4489.0(3)
Z 4 4 4
Deaiced, g cm™ 1.264 1.306 1.547
F(000) 1624.00 1832.00 2124.00
4, cm™! 4.670 4.358 10.387
cryst size,
0.20 x 0.10 x 0.05 0.60 x 0.30 x 0.30 0.40 x 0.40 x 0.10
mm
T,K 123 103 103
2 Onax, deg 54.9 54.9 55.0
reflns. obsd 9170 10069 10095
no. of params 502 576 598
R1¢ 0.0465 0.0307 0.0234
wR2? 0.1206 0.0951 0.0639
GOF 1.216 1.169 0.787
max./min.
1.28/-0.87 1.03/-0.58 1.91/-0.70
Ap, e A7

“R1 = (|Fo| — |Fo)/Z|Fo|. P wR2 = (E(W(Fo2 — FA?)/EW(FH)H)".
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Table 2. Crystallographic data for [Rh'(LH2)(cod)], [Rh™(L*)(aniline):] (14),
[Rh!(L"2)(aniline)2]SbFs ([1¥]SbFs), "BusN[Rh!(L*)(CI)(CH3CN)] ("BusN[2CVAN]

"CHsCN),  "BusN[Rh"(L*)(C1)(H.0)]
[Rh"(L3")(NH=CH(CH,)3Ph)(p-methoxyaniline)]

("BLMN[ZCUHZO]),

PhsP[3]-acetone, and

(4anitine-OMe. g cetone- H,0).

(continued).
"BuyN[2CVAN]- CH;CN "BuyN[2CVH20]
formula Cs1Hs4CINgO4Rh C47H30CIN4OsRh
fw 983.62 919.53
crystal system triclinic triclinic
space group P-1(#2) P-1(#2)
a, A 11.4013(5) 13.909(2)
b, A 15.5803(8) 14.837(2)
c, A 17.5584(8) 14.992(3)
a, deg 107.535(8) 114.508(3)
p, deg 106.156(8) 97.402(4)
v, deg 104.252(7) 109.859(4)
v, A3 2664.7(4) 2512.7(7)
Z 2 2
Deaiced, g cm™ 1.226 1.215
F(000) 1052.00 984.00
4, cm™! 4.161 4.369
cryst size, mm 0.60 x 0.50 x 0.10 0.20 x 0.20 x 0.10
T,K 123 103
2 Onax, deg 55.0 55.0
reflns. obsd 12094 11330
no. of params 667 602
R1° 0.0457 0.0885
wR2? 0.1301 0.2420
GOF 1.593 1.605
max./min. Ap,
2.87/-0.78 4.14/-2.10
e A

“ R1 = Z(|Fo| — |[F)/Z|Fo|. P wR2 = (E(W(Fo2 — FA?)/EW(FH)H)".
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Table 2. Crystallographic data for [Rh'(LH2)(cod)], [Rh™(L*)(aniline):] (14),
[Rh!(L"2)(aniline)2]SbFs ([1¥]SbFs), "BusN[Rh!(L*)(CI)(CH3CN)] ("BusN[2CVAN]

"CHsCN),  "BusN[Rh"(L*)(C1)(H.0)]
[Rh"(L3")(NH=CH(CH,)3Ph)(p-methoxyaniline)]

("BusN[2€VH20]) " Ph4P[3]-acetone, and

(4anitine-OMe. g cetone- H,0).

(continued).
Ph4P[3]-acetone 4aniline-OMe. 4 cetone- H,O
formula CssH76CIN4O7PRAS Cs1H72NsO7Rh
fw 1226.73 950.03
crystal system triclinic monoclinic
space group P-1(#2) P2 (#4)
a, A 11.1686(9) 8.5178(4)
b, A 11.8470(10) 20.9407(7)
c, A 24.898(2) 13.8465(5)
a, deg 77.387(6) 90
p, deg 79.345(6) 97.830(1)
y,deg 78.883(6) 90
v, A3 3119.2(5) 2446.77(16)
Z 2 2
Dealced, g cm™> 1.306 1.289
F(000) 1286.00 1006.00
4, cm™! 4.296 4.020
cryst size, mm 0.60 x 0.50 x 0.20 0.20 x 0.10 x 0.10
T,K 123 103
2 6nax, deg 55.0 55.0
reflns. obsd 14219 11151
no. of params 721 645
Flack parameter - 0.46(2)
R14 0.0630 0.0431
wR2? 0.1746 0.1101
GOF 1.067 1.272
max./min. Ap, e
2 2.22/-1.00 2.54/—0.90

“ R1 = Z(|Fo| — |F)/Z|Fo|. P wR2 = (E(W(Fo2 — FA?)/EW(FH)H)".
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Results and Discussion

Synthesis, Characterization, and Crystal Structures of Rhodium(lil)
Complexes. The synthetic procedures for 1X and [2Y5°']~ are outlined in Scheme 3.
First, [RhY(LH27)(cod)] (cod = 1,5-cyclooctadiene) was prepared by treating
[Rh!(cod)Cl]> with LH3 in the presence of an equimolar amount of EtsN in THE. The
crystal structure analysis of [Rh!(LH2")(cod)] showed that the Rh ion is coordinated with
the two nitrogen atoms of mono-deprotonated ligand LH>™ at the f-diketiminate moiety
and 1,5-cyclooctadiene in a 77-n-coordination mode to adopt a square planer geometry,
where the two phenol groups remain uncoordinated (Scheme 3 and Figure 2).

Scheme 3. Synthetic Scheme of 1X and [2Y/5°!]~,

No2

1/ \1 N\
OH HO / \

Et;N (1 equiv.)
under N,

THF

Bu

Bu
H2N§N°2 X—@—NH2 (2 equiv.) Q Sol NO, —|_
‘K, OH

Ph,P(Y) or "BuN(Y) 7=
111 N Et3N (2 equiv.) / I/ 4! ((1);)('""”‘)14 (Y) ’Bu@” R[I|H N Bu
@o @“ o > \/ : o’|*o©
under Air N oH under Air Crystalization ~ 'Bu v Bu
NH: THF Toluene
X] j 4 By [2V/Sol]—
Bu
Y=CIBr, I
X =H, OMe, CI [Rh!(LH,)(cod)] Sol = CH3CN(AN), H,O, THF, Pyridine(PY)

The overall geometry around the rhodium center is close to those of [Rh!'{x*(N,N)-
(Ar)NC(Me)CHC(Me)N(Ar)}(cod)] (Ar = 2,6-dimethylphenyl) and [Rh'{x*(N,N)-
(CeFs)NC(Me)CHC(Me)N(CeFs)}(cod)].47#®  [Rh'(LH2 )(cod)] was employed as a
starting material for the synthesis of the series of thodium(III) complexes 1X and [2Y/S!]-
(Scheme 3). The treatment of [Rh'(LH, )(cod)] with aniline derivatives and 2
equivalents of EtsN (for 1¥X) or halide anions (for [2Y5°]") in air gave rhodium(IIT)
complexes as orange solids.  As for complex [2Y5°!]~, crystallization using coordinating
solvents (acetonitrile(AN), H>O, THF, and pyridine(PY)) gave the corresponding solvent-
coordinated rhodium(IIl) complexes, [2Y5]~ (Y = CI-, Br, I; Sol = AN, H,O, THF, and
PY) as "BwN salts. '"H NMR spectra of the complexes displayed sharp signals in a

diamagnetic region 6 = 0.0-10.0 (see Experimental section). The numbers of the
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observed 'H signals indicate that the complexes have Cs symmetry, having a mirror plane
passing through the two axial ligands, rhodium(III) center, and the carbon atom connected

to the nitro group.

Figure 2. ORTEP diagram of Rh!(LH )(cod) (cod = 1,5-cyclooctadiene) showing 50%

ellipsoids. The solvent molecule (methanol) and hydrogen atoms are omitted for clarity.

Figure 3. ORTEP diagrams of (a) 14, (b) "BusN[2¢4N], and (c) "BusN[2¢H20] showing
50% ellipsoids. Hydrogen atoms, counter cations, and solvent molecules are omitted for

clarity.
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Figure 3 shows ORTEP drawings of the crystal structures of the anionic parts of 14,
"BusN[2CVAN] "and "BusN[2€VH20] respectively. Table 3 lists the selected bond lengths
The Rhl atom of "BusN[2¢VAN] is coordinated by two
oxygen atoms, Ol and O2, and two nitrogen atoms, N1 and N2, from the tetradentate
ligand L*-, acetonitrile nitrogen atom, N4, and chloride anion Cl1. The N4-Rh1-Cl1
bond angle is 176.77(6)°, indicating that the rhodium center adopt an octahedral geometry.

and angles of the complexes.

The structure of tetradentate ligand moiety L*" is quite close to those of the reported
"BusN[M'(L*)] (M = Ni, Cu, and Pd) complexes.’?-3!

oxidation states that represent the oxidation states of 2-amidophenolato rings calculated

Brown proposed the metrical

from the crystal structures, where dianionic amidophenolato, namely fully reduced state,
exhibits the metrical oxidation state of —1.6 to —2.3.#°  The present complex 1" showed
metrical oxidation states (MOS) of —1.68(20)/—1.74(18) for the two amidophenolato rings.
The overall structures and dimensions of "BusN[2€VAN] and "BusN[2¢VH20] are close to
those of 1M, and the metrical oxidation states of the ligands in "BusN[2CVAN] and
"BusN[2C€VH20] are —1.76(16)/-1.58(17) and — 1.55(26)/—1.91(18), respectively (Table 3).
These results clearly indicate that the tetradentate ligands in the three complexes take a

fully reduced trianionic form, L3~

Table 3. Selected bond lengths (A) and angles (°) and metrical oxidation states of
the amidophenolato moieties of 11, "BusN[2VAN], and "BusN[2¢/H20],

1 "BuyN[2CVAN] "BuyN[2CVH20]
Rh1 —N3/Cl1 2.0867(14) 2.3103(6) 2.279(2)
Rh1 —N4/05 2.0866(14) 2.0218(17) 2.118(4)
Rh1—01 2.0072(12) 2.0294(15) 2.044(5)
Rh1—02 2.0190(11) 2.0468(18) 2.044(3)
Rh1—N1 1.9763(13) 1.985(2) 1.961(4)
Rh1—N2 1.9817(13) 1.9755(18) 1.981(6)
N3/C11 —Rh1 —N4/0O5 176.91(5) 176.77(6) 178.02(15)
O1—Rh1—02 96.57(5) 98.87(7) 98.93(17)
O1—Rhl—NI 83.22(5) 82.32(7) 82.0(2)
02-Rh1-N2 82.79(5) 82.02(8) 81.64(18)
NI1—Rh1—N2 97.44(5) 96.80(8) 97.5(2)
MOS ~1.68(20)/— ~1.76(16)/— ~1.55(26)/~
1.74(18) 1.58(17) 1.91(18)

*Metrical oxidation states.*’
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Substitution of Axial Ligands of "BusN[2€VS°!], The ESI-mass spectra of
acetone solutions dissolving "BusN[2Y/5°!] (Y = Cl, Br, or I; Sol = CH3CN, H,O, or THF),
beside "BusN[2¢VPY], exhibited peak clusters corresponding to the chemical formula of
[Rh™(L*)(Y)], lacking the coordinating solvent molecules (Sol) (see Experimental
section). The results suggest that the coordinating solvents easily dissociated from the
rhodium(III) center under the ESI-MS measurement conditions. In order to examine the
reactivity toward the ligand substitution of "BusN[2€V51] (Sol = CH3CN, H>O, or THF),
the substitution reaction with pyridine (PY) was carried out. Figure 4 shows a 'H NMR
spectral change of "BusN[2€VAN] upon an addition of pyridine (PY) in acetone-ds.
Although six-coordinate Werner type rhodium(III) complexes are known to be inactive
in ligand substitution reactions,*” ligand substitution of the axial solvent with PY readily
occurred. The resulting spectrum was identical with that of "BusN[2CVPY], clearly
demonstrating that the axial acetonitrile (AN) was replaced with pyridine (PY). Similar
'"H NMR spectral changes were observed for reactions of "BusN[2CVTHF] and
"BugN[2¢VH20] with pyridine (PY) in acetone-ds (Figure S1).  The ligand exchange with
pyridine completed within 30 minutes, when one equivalent of pyridine was added to
acetone solutions of "BusN[2¢VY] (Y = AN, H,O, THF). Thus, the binding constant
between rhodium(IIl) and pyridine is significantly larger than those between rhodium(I1I)
with other solvent molecules (Sol). In fact, PY of "BusN[2¢V?Y] was hardly dissociated
from the rhodium center when it was dissolved in CD3;CN. Attempts to monitor the
solvent-exchange reactions between "BusN[2€VY] complexes (Y = AN, H,0, or THF) to
obtain the relative binding constants of Y were unsuccessful, because the 'H NMR and

UV-vis spectra in acetone of these complexes were nearly identical (indistinguishable).

(@)

(b)

N l il
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0
ppm

Figure 4. (a) "H NMR spectrum of "BusN[2¢'AN] in acetone-de, and (b) that obtained upon

addition of a slightly excess amount of pyridine. * indicates H signals of free pyridine.
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Electrochemical Property of the Rhodium(lll) Complexes. In order to
investigate the redox properties of the rhodium(III) complexes, cyclic voltammograms of
1X and "BusN[2Y/5°!] were measured. 1M exhibited two reversible redox couples at £/
= (.22 and 0.62 V vs. Fc/Fc*(ferrocene/ferrocenium ion) and one irreversible oxidation
process at EP*=1.34 Vinarange from —1.5 to +1.5 V in CH,ClL: (Figure 5). Furthermore,
1°Me and 1! had also two redox couples at 0.22 and 0.61 V for 1°M¢ and 0.26 and 0.67
V for 1¢!(Table 4). The redox potentials for the two couples for the three complexes are
very close to each other. "BusN[2¢VAN] also showed two reversible redox waves at £/
=0.03 and 0.45 V vs Fc/Fc* (ferrocene/ferrocenium ion) and an irreversible oxidation
peak at £P* =+ 1.20 V in a range from —1.0 to +1.5 V in CH3CN (Figure 6). The redox
potentials of "BusN[2Y/5°!] are more negative as compared to those of 1X(Table 4). This
is probably due to the difference of the net charge of the complexes. The redox
potentials of the first two reversible waves are quite close to those of the ligand-based
consecutive oxidation of the monoanionic nickel(Il), copper(Il), and palladium(II)
complexes [M(L*")]™ reported previously; [M'(L*9)]~ to [M'(L"*)] to [M'(L")]" (Table
4).3031  Furthermore, other rhodium(Ill) complexes "BusN[2B7/AN] ~ "BuyN[2VAN],
"BusN[2C€VH20] " "ByyN[2C€VTHF] " and "BusN[2¢VPY] showed very close Ei» values
regardless of whether they had different axial ligands, Br, I, H,O, THF, and PY (Table
4). All of these results strongly indicate that the two redox couples of "BusN[2Y/3°!] are
due to the consecutive ligand-based oxidation from L~ to L?~, and to L~ as in the case of
consecutive ligand-based oxidation of [M'(L*)]~ to [M"(L"?7)] to [M'"(L")]" (M =Ni, Cu,
and Pd).3%3!

15 10 -05 0 05 10 15 20
EN vs Fc/Fc*

Figure 5. Cyclic voltammograms of complexes 1" (1.0 mM) at room temperature in
CH>Cl; solution containing "BusNPF¢ (0.10 M). Working electrode: GC, counter
electrode: Pt, scan rate: 100 mV/s.
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-1.0 -05 0 0.5 1.0 15 2.0
EN vs Fc/Fc*

Figure 6. Cyclic voltammograms of complexes "BusN[2¢VAN] (1.0 mM) at room
temperature in CH3CN solution containing "BusNPFs (0.10 M). Working electrode:

GC, counter electrode: Pt, scan rate: 100 mV/s.

Table 4. Redox potentials (E12) of 1%, "BusN[2Y51] and [M"(L*)]".

Complexes EYp(V)® E’1n(V)?
11D 0.22 0.62
10Meb) 0.22 0.61
1€ 0.26 0.67
"BuyN[2CVAN] © 0.03 0.45
"BuyN[2Br/AN] © 0.03 0.45
"BuyN[2VAN] © 0.01 0.44
"BusN[2€VH20] 0 0.02 0.45
"BuyN[2CVTHF] 0 ~0.03 0.42
"BusN[2CVPY ] ~0.03 0.45
[Cull(L3)] Do 0.06 0.46
[Ni'(L3)]-9 0.04 0.54
[PA(L3)] 5D 0.07 0.54

9 ys. Fe/Fc', ¥ in CH2Cly, © in CH3CN, 9 in acetone, © ref. 30, ? ref. 31

Chemical Oxidation of Complexes 1X and "BusN[2Y/5°]-, To get further
insight into the ligand-based oxidation of the rhodium(IIl) complex, the one electron-
oxidized product of 1" was obtained by the treatment with AgSbFs, and isolated as a
SbFs salt ([1"]SbFs). Crystal structure of [1"]SbF¢ is shown in Figure 7, which reveals
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distinct dimensional changes with respect to one of the amidophenolato moieties (ring a).
Namely, dimensions of the two amidophenolato moieties (rings a and b) in 1" are very
close each other, whereas ring a and ring b become inequivalent in [1H]SbFe; C2-C3,
C4-C5, N1-C1 and C6-0O1 bonds become shorter, whereas the C1-C2, C3—C4, C5—C6
and C6—C1 are elongated (Figure 7(a) and Table S1). The results suggest that ring a
gets contribution of a quinonoid canonical form upon the oxidation. The EPR spectrum
of [1H]SbFs in CH,Cl: at 100 K exhibited a typical signal for an organic radical (Figure
8). Furthermore, DFT calculated structure (B3LYP/SDD(for Rh atom), D95**(for the
other atoms)) of [11]SbFs had a dianionic radical structure of the tetradentate ligand
(Figure 9). Collectively, the oxidation product can be best described as Rh"'-phenoxyl
radial complex [Rh'™(L*>")(PhNHb>).], in which one-electron oxidation takes place at the

tetradentate ligand to give >~ rather than at the metal center.

(a)

(b)

Figure 7. ORTEP diagrams of (a) 1" and (b) [1"]SbFs showing 50% ellipsoids (left).
Selected bond lengths in ligand moiety (right). Hydrogen atoms and solvent molecules

are omitted for clarity.
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3250 3300 3350 3400 3450
Magnetic Field, G

Figure 8. EPR spectrum of [1H]SbFe (2.0 mM) in CH2Cl, at 100 K.

Figure 9. (a) DFT optimized structure and (b) spin density plot of [1H]*,

In addition, chemical oxidation of "BusN[2¢VAN] with [(4-bromophenyl)sN"*]SbCls
(Magic Blue, MB) was monitored by UV-vis spectroscopy at —60 °C (Figure 10). A
gradual addition of MB to an acetone solution of "BusN[2€VAN] caused a spectral change,
as shown in Figure 10a, where the intense absorption band at 470 nm due to "BusN[2CVAN]
disappeared with concomitant appearance of new absorption bands at 540 nm (&= 17000
M~ em™) and 660 nm (3500 M~! cm™), together with a broad absorption band above 800
nm. Such a spectral change was completed when an equimolar amount of MB was
added (Figure 10c), suggesting that the generated spectrum was due to the one-electron
oxidized product, [Rh™(L>7)(Cl)]. The appearance of the absorption band at 660 nm

and the broad absorption band in the near IR (NIR) region can be ascribed to the formation
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of the ligand radical species L'>~.3%3!  The addition of MB to the resulting solution of
[Rh™(L*)(CI)] resulted in a further spectral change (Figure 10b), where a new
absorption band at 580 nm (¢= 11000 M~' cm™) appeared with a concomitant decrease
of the absorption band at 540 nm due to [Rh"(L">)(CI)]. In this process, the NIR band
over 800 nm further increased. The spectral change was completed when another one
equivalent of MB was added (in total two equivalents of MB against "BusN[2CVAN])
(Figure 10c). Thus, the generated spectrum may be due to the two-electron-oxidized
complex, [Rh"(L")(CI)]*. The broad absorption band in the NIR region is indicative of
the presence of a quinonoid structure, in which the anion charge is delocalized onto the

whole molecule of ligand L.
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Figure 10. (a) Spectral change observed upon addition of [(4-bromophenyl);N**]SbCle
(MB, 1 equiv) to "BusN[2¢VAN] (0.033 mM) in acetone at — 60 °C. (b) Spectral change
observed upon addition of another equivalent of MB to the resulting solution in (a). (¢)

Absorbance change at 540 nm in the titration experiment.

C-H Bond Amination Reaction Catalyzed by Rhodium(lll) Complexes.
To examine the catalytic activity of 1¥ and "BusN[2Y/5°!] in C—H amination reaction, the
author employed xanthene as a substrate and tosyl azide (TsN3) as a nitrene source.
Thus, TsN3 (35.0 umol) was treated with the substrate (35.0 umol) in toluene (1 mL) and
1X (or "BusN[2Y/5°1]) (3.50 umol, 10 mol%) for 24 h at 100 °C.  Without the addition of
the rhodium(III) complex, no amination reaction took place (Table 5, entry 1). In the
cases of 1%, di-tert-butyl dicarbonate (Boc).O was required to induce ligand-exchange
reaction between the axial aniline ligand and TsN; (entries 3, 4, and 5). With
"BusN[2€VAN] as the catalyst, on the other hand, the C-H bond amination proceeded
efficiently without adding (Boc).O to give the aminated product N-xanthyl-p-
toluenesulfonamide (A) in a 71 % conversion yield together with xanthone as a minor

product (entry 6). The amine product (A) was obtained in nearly identical yields by
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using "BusN[2€VH20] and "BusN[2€VTHF] (67 and 65 % conversion yields, respectively,
entries 7 and 8). These results indicate that one of the axial solvent ligands (Sol) can be
replaced with TsN3 easier as compared to the case of the aniline ligand in 1" to start the
catalytic cycle for the amination reaction. Because the product yields in entries 4—6 are
nearly the same despite that the complex catalysts have the different axial ligands (Sol),
it can be said that the axial solvent ligand (Sol = AN, H»O, or THF) is readily replaced
by TsNi, giving the same reactive intermediate. On the other hand, the catalytic activity
of "BusN[2¢VPY] was much lower than those of the former complexes because of the
stronger binding of PY to the metal center (entry 7).

Table 5. Catalytic C—H bond amination of xanthene with tosyl azide.

/Ts

Cat. (10 mol%)
+ TsN; +
(o} N o 0

Toluene, 100°C, 24 h

Under Ny, Dark A K
Entry Catalyst Additive Conversion ¥ield (%)
A K
1 None None 0 0
2 11 None 0 0
3 11 (Boc)20? 78 7
4 10Me (Boc),0v 86 14
5 1¢ (Boc),0v 76 22
6 "BusN[2CVAN] None 71 6
7 "BuyN[2CVH20] None 67 5
8 "BuyN[2CVTHF] None 65 5
9 "BusN[2CVPY] None 9 14

a) 35.0mM.

DFT Calculation. In the first step of the C—H amination, the tosyl azide complex
[RhM(L37)(TsN3)(PhNH2)](1H-TsN3) forms in situ, and following dissociation of
dinitrogen (N2) from 1Y-TsN3 generates a nitrene bound rhodium complex
[Rh(L)(NTs)(PhNH>)] (1H-TsN) as a key reactive intermediate. Feasibility of the
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mechanism for the formation of 1H-TsN from 1H-TsN3 is supported by DFT calculation
shown in Figure 11, where the N> elimination proceeds with AG” = 24.3 kcal/mol. The
active species 1H-TsN can be a closed-shell singlet (1H-TsN-CSS) like
[Rh'(L*)(NTs)(PhNH,)] or an open-shell singlet di-radical (1"-DR-OSS) or a triplet di-
radical (1M-DR-T) of [Rh™(L*)(N*Ts)(PhNH2)]. The DFT calculation study
(B3LYP/SDD (for Rh atom), D95** (for the other atoms)) indicated that 1"-DR-OSS and
1H-DR-T were close to each other in energy but energetically more stable than 11-TsN-
CSS by 13.6 and 13.7 kcal/mol, respectively. The spin density plots of 1"-DR-OSS and
1H-DR-T are shown in Figures 12(a) and 12(b), respectively, where one radical
delocalizes over the redox-active tetradentate ligand to make it dianion radical structure
as L2~ and another radical localizes at the nitrene nitrogen atom in both structures. The
extent of the radical delocalization on the tetradentate ligand is quite close to that of [1H]*
(one-electron oxidized complex of 11, Figure 9b). Therefore, the formation of the
diradical species (1"-DR-OSS or 1H-DR-T) involves an intramolecular one-electron
transfer from the trianionic tetradentate ligand L3~ to the nitrene nitrogen atom without
change of the oxidation state of rhodium(III) center.8'%282%  The calculated TsN-Rh'!
bond length are 1.90 A for 1"-DR-OSS and 1.99 A for 1"-DR-T, respectively, which are
significantly longer than the Rh'"'=N double bond length in a tetrahedral complex of
[Rh'"(NAd)(PhB(CH,PPh2)3)] (1.780(2) A, Ad = adamantly).’! Thus, the calculation
study suggests that TsN—Rh!"! bond has a single bond character.

&
N 2 N 2
f|’§ AGH = 24.3 keal mol™ ,f|"§,
Bu N [N By Bu N_ i N Bu
LT T TR
0 -N
1 2
Bu NH, Bu Bu NH, Bu
Ph Ph
1H-TsNg 1H-TsN

TS

AG* = 24.3 kcal/mol

kcal/mol

1H. TsN-CCS (0.8 kcal/mol)

1H-TsN; (0 kcal/mol)

1H-DR-0SS (-12.8 kcal/mol)
1H -DR-T (-12.9 kcal/mol)

Figure 11. Free energy profile for the formation of 1H-TsN.
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Figure 12. Spin density plots of (a) open-shell singlet (1H-DR-OSS) and (b) triplet (1*-
DR-T) of active oxidant. The color in blue represents positive regions and the color in

orange represents negative regions.

The calculated free energy profile for the C—H amination of xanthene with 1H-DR-T
is displayed in Figure 13.°> The optimized structures of the intermediates and transition
states involved in the pathways are provided in Figure S3. The first step of the
amination involves intermolecular H-atom abstraction from xanthene by the nitrene
radical complex of 1H-DR-T to yield an intermediate 1H-TsNH and the xanthene radical
(=20.1 kcal/mol). This step requires a transition state TS2 with a barrier of 10.8
kcal/mol. Then, a subsequent radical rebound process takes place via a transition state
TS3 with a low barrier of 1.1 kcal/mol to yield 5%, where TS3 and 1"-TsNH(Xan) are
singlet species. When a 1 : 1 mixture of xanthene (17.5 pumol) and dideuterated-
xanthene (xanthene-d>, 17.5 pmol) were employed under the same conditions as entry 3
of Table 5, a kinetic isotope effect (KIE) of 5.0 was obtained, which was nearly the same
to the calculated KIE value of 5.7 at 375 K (Figure S5, see experimental section). These
results strongly support that the amination reaction involves a hydrogen atom abstraction

process from the sp? carbon of the substrate.
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1H-TsNH(Xan)
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Figure 13. A computed reaction pathway for the C—H amination of xanthene. Relative
SCF energies with respect to 1M-DR-T are reported in units of kcal/mol.

Direct Reaction of Rhodium(lll) Complex with Organic Azides. To get
further insight into the C—H amination mechanism, a fast atom bombardment-mass
spectrum ((FAB-MS, positive mode) of a mixture of 1" and TsN3 and (Boc).0O, but
without the substrate, in toluene was measured after the reaction at 100 °C for 24 h (Figure
14). The measured spectrum gave a peak cluster at m/z = 886.3 with an isotope
distribution pattern consisting of a sum of [Rh + L + NTs + PhNH, + 2H]" and [Rh + L
+ NTs + PhNH> + H]" in a 3:2 ratio. Thus, the catalytic reaction begins from
replacement of one of the two aniline ligands of 1% with TsN3 to give
[Rh™M(L3)(N3Ts)(PhNH2)] (1H-TsN3), where (Boc):0 traps aniline giving CsHsNHBoc
to enhance the replacement. However, characterization of the reaction intermediate was
hampered because of a slow ligand exchange reaction between the axial aniline ligands
and TsNGs.
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Figure 14. (a) FAB-mass spectrum (positive ion detection mode) of a reaction solution
of 1" with TsNj3 in the presence of (Boc),O. (b) Enlarged view of the peaks at m/z = 886.3.
This isotope distribution patterns correspond to a 2:3 mixture of
[Rh+LANTs+PhNH>+H]" and [Rh+L+NTs+PhNH>+2H]".

Because the axial CH3CN ligand of "BusN[2¢VAN] can be more easily replaced with
the azide than 1%, a direct reaction of "BusN[2€VAN] and TsN3; was examined. In a
preparative-scale reaction, brown powder product [3]” was obtained from the reaction in
a 40 % yield as a "BusN™ salt, and the yield was increased to 71%, when PhsP* was used
as the counter cation. Single crystals suitable for X-ray crystallographic analysis was
obtained by recrystallization of the brown power product from acetone/n-hexane. The
crystal structure of the anionic part of the Ph4P[3] is shown in Figure 15 together with the
selected bond lengths and angles listed in Table 6.

[Ph4P][3]

Figure 15. (left) Crystal structure of the anionic part of complex Ph4P[3] showing 50%
ellipsoids. Hydrogen atoms and counter cation are omitted for clarity. (right) A chemical
structure of Ph4P[3].
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Table 6. Selected bond Lengths (A) and angles (°) of Ph4P[3] and 4(@niline-OMe)

PhsP[3] 4(aniline-OMe)
Rh1-CI1/N3 2.3318(8) 2.021(2)
Rh1-O1 2.031(2) 2.032(3)
Rh1-02 2.000(2) 2.049(3)
Rh1-NI1 2.005(3) 1.969(4)
Rh1-N2 1.972(2) 1.989(4)
Rh1-N4 2.073(2) 2.104(2)
Cl1/N3—Rhl—N4 173.10(7) 176.44(10)
O1—Rh1—02 87.32(9) 99.45(13)
O1—Rh1—N1 94.72(10) 81.66(15)
N1—Rh1—N2 93.54(10) 95.89(16)
N1—Rh1—02 177.95(9) 178.89(14)
N2—Rh1—02 84.42(10) 83.00(14)
MOS* ~0.97(12)/ —1.64(23) ~1.61(23)/-2.03(13)

*Metrical oxidation states.*’

As can be clearly seen, one of the phenolate moieties of L~ is detached from the S
diketiminate unit, and the detached phenolate is aminated by TsN group. Thus, the Rhl
center is coordinated with two nitrogen atoms, N1 and N2, and one oxygen atom, O2,
from the original ligand and one nitrogen atom, N4, and one oxygen atom, O1, from the
newly formed aminated phenolate moiety. The Cl anion remained on the rhodium
center to make a slightly distorted octahedral geometry. With respect to the structural
parameters of the aminated phenolate moiety, the C9—O1 bond length of 1.289(3) A is in
a range of bond order of 1.5 and sum of the bond angles comprising S1-N4—C4, C4-N4—
Rh1, and SI-N4-Rhl is 359.8°. The metrical oxidation state (MOS) of the aminated
phenolate moiety is — 0.97(12). These data indicate that the aminated phenolate
moiety can be best described as iminosemiquinone radical, which is origin of the
paramagnetic character of the complex as indicated by the EPR spectrum. The EPR
spectrum of the solution of Ph4P[3] showed a typical signal for an organic radical (g =
1.998, Figure 16). The DFT calculation (UB3LYP/def2-TZVP) also supported the
iminosemiquinone radical structure. As clearly shown in Figure 17, most of the spin is
located on the aminated phenolate moiety, indicating the iminosemiquinone radical
structure.
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Figure 16. EPR spectrum of Ph4P[3] (5.0 mM) in chlorobenzene at 60°C.

Figure 17. DFT (UB3LYP/def2-TZVP) calculated spin density plot for complex [3]".
Blue represents an excess of « spin density and green represents an excess of / spin

density.

Regarding to the original ligand moiety, the C23—0O2 and C18-N2 bond lengths of
1.323(4) A and 1.433(4) A, respectively, are in a range of the C—O and C—N single bonds
that observed in the [M'(L3*")]- (M = Cu, Ni, and Pd) complexes.’*3! The metrical
oxidation state of the ring is —1.64(23), which is consistent with a value for a structure of
an amidophenolato ring. The dianionic state of the tridentate ligand moiety may be
stabilized due to strong electron-withdrawing nature of the nitro group at C2.

When the reaction of "BusN[2€VAN] (0.054 mM) and TsN3 (2.5 mM) was monitored
by UV-vis spectroscopy, the absorption band at 470 nm due to "BusN[2¢VAN] (solid line)
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disappeared with concomitant appearance of a new broad absorption band at 550 nm
(dotted line) as shown in Figure 18. The UV-vis spectrum of the brown powder of [3]"
was identical to that of a product generated in situ by treating "BusN[2€VAN] with an
excess amount of TsN3 (Figure 18, dotted line). The absorption band at 550 nm and the
broad band in the NIR region can be ascribed to the formation of iminosemiquinone
radical of [3]~, since the one-electron oxidized complex of "BusN[2€VAN] has similar
absorption bands at 660 nm and in a NIR region (Figure 10(a)). The ESI-MS of a
solution containing "BusN[2¢VAN] and an excess amount of TsN3 exhibited a peak cluster
at m/z = 828.2, which is consistent with the molecular formula of [3]~, [Rh + CI +
‘BuCsH,O(TsN)] + 'BuaCsHoO(S-diketiminate)] .

1.6

470

Absorbance

350 500 650 800 950 1100
Wavelength/nm

Figure 18. Absorption spectral change of "BusN[2¢VAN] (0.054 mM) upon addition

of TsN3 (2.5 mM) at room temperature in acetone.

Because [3] was formed from [2€VAN]- by the reaction with TsN3 in the absence of
the substrate, [3]” might be a degradation product of the active species in the C—H bond
amination. On the basis of DFT calculations, the author has proposed that the active
species for the C—H amination is the diradical complex, [Rh'"(Cl)(L>")("NTs)] ([2°-DR]"
in Scheme 4). Thus, [3]" might be formed from [2¢-DR]  intermediate via
intramolecular radical coupling between the radical moiety of L™>~ and the nitrene radical
moiety (N'Ts), as shown in Scheme 4.

To generate [3]" from [2¢-DR]", hydrogen atom (H") transfer or proton-coupled
electron transfer (H'/e”) reduction should occur after the intramolecular C—N bond

formation. To find such a reductant, the reaction of "BusN[2VAN] and TsN3 was carried
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out in acetone containing D>O. In this case, a mono-deuterated complex, "BusN[3-D],
was obtained as confirmed by ESI-MS (Figure 19). Thus, water contained in the solvent
might be a reductant for the formation of [3]~ from [2€-DR]~ (Scheme 4).

Scheme 4. A possible mechanism for the formation of [3]~ from [2¢-DR]~ intermediate.
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Figure 19. ESI-mass spectrum (negative ion detection mode) of reaction mixture of
"BusN[2€VAN] and TsN3 in D>O/acetone. Inset: Comparison of experimental spectrum
(black) and simulated spectrum calculated as C3gH49D1Rh1S106N4Cl (red).

Interestingly, the catalytic amination of xanthene also proceeded using Ph4P[3]
instead of PhsP[2Y/5!] as the catalyst, giving A (49 %) and B (5 %). Thus, the amination
reactions by "BusN[2Y5°!] may involve not only the diradical intermediate [2¢'-DR]~ but
also a different active intermediate derived from [3]~, although mechanistic details are not
clear at this stage.

van der Vlugt and co-workers reported an intramolecular amination-cyclization of 4-
phenylbutaneazide by the reaction with palladium(II) of an amidophenolato-based pincer

ligand in the presence of (Boc).0, giving a pyrrolidine derivative.?®2° Thus, the author
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also examined the direct reaction of "BusN[2¢VAN] and 4-phenylbutaneazide. In this
reaction, a red powder of "BusN[4¢"] was isolated in a 60% yield. In the 'H NMR
spectrum in CD3CN, the product showed one doublet at 6 = 8.54 ppm with J = 21.2 Hz
and one doublet of triplet at 6 = 7.52 ppm with J = 21.2 Hz and J = 6.0 Hz (see the
Experimental section). The appearance of such doublets having a large coupling
constant suggests imine bond formation adopting an E-configuration. The author could
not obtain single crystals of"BusN[4¢!]. However, when the methoxy-aniline derivative
of 19M¢ was treated with 4-phenylbutaneazide, the author was able to isolate red single
crystals of the product, 4@niline-OMe) - The ' NMR spectrum of 4@niline-OMe) 4156 showed
one doublet at 6= 7.77 ppm with J=21.2 Hz and one doublet of triplet at 7.38 ppm with
J =21.2 Hz as in the case of "BusN[4¢"]. Crystal structure of 4@niline-OMe) jg shown in

Figure 20.

Ph

H
H-p NO,
fl ==
Bu N_ N Bu
/Rh\
o] | (o]
B
“ H,N Bu
CGH4OMe

4(aniline-OMe)

Figure 20. (Left) Crystal structure of the anionic part of complexes 4@niline-OMe) showing
50% ellipsoids. Hydrogen atoms and counter cation are omitted for clarity. (Right)

Chemical structure of 4(@niline-OMe)

The Rh1 atom is coordinated with two oxygen atoms, O1 and O2, and two nitrogen atoms,
N1 and N2, from the tetradentate ligand, L*", in the basal plane and one aniline nitrogen
atom, N4, and one imine nitrogen atom, N3, from the axial positions, forming a distorted
octahedral structure. As can be clearly seen, an intramolecular amination-cyclization of
the azide did not occur, but an imine product having an E-configuration was formed, as
suggested by the 'H NMR data. The N3—C32 bond length of 1.275(4) A is consistent
with that of an N=C double bond. The dimensions of the tetradentate ligand are very
close to those of 1°M¢, "BuyN[2CVAN], and "BusN[2¢VH20] and the metrical oxidation
states of the two amidophenolato rings are —1.61(23) and —2.03(13), indicating that the
ligand has trianionic form (L*). Thus, it is safely concluded that "BusN[4¢!] generated

from "BusN[2VAN] also has an imine ligand derived from 4-phenylbutaneazide at the
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axial position as in the case of 4@niline-OMe¢) — Becayse Lewis acid catalyzed
decomposition of alkyl azides to imines is well known,>® the rhodium(IIl) complex

"BusN[2€VH20] might work as a Lewis acid in this reaction.

Conclusion

Werner type six-coordinate rthodium(IIl) complexes (1*, "BusN[2Y/5°!]) coordinated
by a redox-active tetradentate ligand L~ were synthesized and characterized. The
remaining axial coordination sites were occupied with aniline derivatives (1*) or halide
anions (Y™) and solvent molecules (Sol) ("BusN[2Y/5°"]) to complete a distorted octahedral
rhodium(IIl) center. The complexes were found to undergo the ligand-based oxidation
with electrochemical and chemical methods to give a ligand radical complexes, formation
of which was supported by CV, EPR, X-ray crystallography, and DFT calculation. The
complexes are capable to catalyze the intermolecular C—H amination reaction of xanthene

with tosyl azide. Possible reaction pathways are presented in Scheme 5.

Scheme 5. Reaction pathways in the catalytic amination reaction and formation of

complex 3.
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First of all, the active oxidant for the amination reaction, nitrene radical bound
rhodium(III) complex DR, is formed via one-electron transfer from the redox-active
tetradentate ligand L~ to the nitrene nitrogen atom as DFT calculation supported (path
a). This intermediate induces the amination reaction of the external substrate (path b).
In the absence of the substrate, on the other hand, intermediate DR decomposes to afford

an NTs bound iminosemiquinone and a modified NNO tridentate ligand (path c). This
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process may involve intramolecular radical coupling between the nitrene radical moiety

and the phenoxyl radical moiety of L'>~. Thus, the present results strongly support the

formation of nitrene radical complex supported by ligand radical (intermediate DR).

The present study provides one of the rare examples of a nitrene radical metal complex

generated by the combination of a redox-active ligand and a redox-innocent metal ion,

that can be adopted for the catalytic C—H bond functionalization.
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Supporting Information for Chapter 1

(Table S1-S10, Figure S1-S5)

Table S1. Bond lengths in amidophenolato moieties (ring a and ring b) of 1" and
[11]SbFes.

11 [1H]SbFs
Ring a
Rh1—01 2.0190(11) 2.0383(16)
Rh1—NI1 1.9817(13) 1.9842(17)
01-Cé6 1.3332(19) 1.295(3)
N1-C1 1.4273(19) 1.383(3)
C1-C2 1.396(2) 1.407(3)
C2-C3 1.385(2) 1.376(3)
C3-C4 1.410(2) 1.437(3)
C4-C5 1.385(2) 1.369(3)
C5-Cé6 1.428(2) 1.448(3)
C6—Cl1 1.421(2) 1.440(3)
MOS* —1.68(20) —1.03(15)
Ring b
Rh1—02 2.0072(12) 2.0074(15)
Rh1—N2 1.9763(13) 1.9731(19)
02-C15 1.3362(18) 1.320(3)
N2-C10 1.428(2) 1.415(3)
C10-Cl11 1.400(2) 1.396(3)
Cl11-C12 1.384(2) 1.379(3)
C12-C13 1.405(2) 1.417(3)
C13-C14 1.389(2) 1.370(3)
C14-C15 1.420(2) 1.433(3)
C15-C10 1.418(2) 1.417(3)
MOS* —1.74(18) —1.49(20)

*Metrical oxidation states. *°
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3.685191 4.171316 0.240462
5.829719 3.661855  -0.927107

Table S2. Cartesian coordinates of 1H in

the singlet state.

Coordinates (A) 0.290701  1.521693  1.968810

Atom X Y 7z 0.262971  0.746083  3.191662
C  -1.928083 -2.306338  -2.914962 1465004  0.286111  3.745515
C  -0.555664 -2.429592  -2.662986 1433179 -0.453239  4.934133
C  -0.006355 -3.575597  -2.071492 0.210806  -0.731201  5.563395
C  -0.864961 -4.617266  -1.716205 -0.985524  -0.267234  4.996711
C  -2.253685 -4.520175  -1.926965 -0.965330  0.471281  3.807367
C  -2.767390 -3.358282  -2.536578 -1.287816  2.122996  -0.225390
S 0.552404  -1.137616  -3.171663 -2.517399  1.636940  0.012024
O 0211294  -0.638050 -4.511218 -2.661826  0.272664  0.383336
C  -3.164907 -5.634705  -1.473487 -3.927667  -0.294247  0.623626
N 0.033449  0.255735  -2.057487 -5.081180  0.479858  0.514989
Rh  0.161248  0.704454  0.060342 -4.919885  1.842609  0.168507

-3.687695  2.454838  -0.082364
-6.492575  -0.085049  0.760368
-7.350954  0.085021 -0.517512
-3.588774  3.952496  -0.439577
-2.962598  4.123175  -1.845204
1.926849  -1.477640  -2.798430
-6.468798  -1.583259  1.121670
-7.163806  0.678707 1.928773
-4.969360  4.641548  -0.455343
-2.713688  4.687489 0.607389
-3.998692  -1.341893  0.893586
-5.812398  2.453459 0.093926
6.327757 1.407882  -0.212587
-2.208906  -2.263858 1.115849
2.022101  -2.631971 1.021142
1.063189  -3.644616  -1.898401
-0.451895  -5.504052  -1.240703
-3.836957  -3.271603  -2.715012
-2.332585  -1.416154  -3.389565
-1.893101  0.826040 3.361418
-1.937259  -0.480631 5.478112

-1.436606  -0.434130  0.496325
-1.321489  -1.684616  0.879861
-0.091439  -2.385963 1.017989
-0.207702  -3.774131 1.377025
0.829560  -4.469907 1.447388
1.237500  -1.907661 0.824425
1.551861  -0.693949  0.435202
2.873366  -0.198863  0.284332
2.944128 1.158080  -0.128636
4.227859 1.759338  -0.316485
5.349442 0.962629  -0.071036
5.295064  -0.389384  0.346481
4.035379  -0.956990  0.520675
1.806329 1.846259  -0.320092
6.602637  -1.168374  0.578414
6.347261  -2.620510 1.027720
4.357523 3.223017  -0.784497
3.680786  3.391126  -2.168009
-1.345825  -4.255645 1.581626
7.420584  -1.210227  -0.736337
7.439931  -0.467302 1.676828
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0.190398
2.364725

2.411881

-7.436082
-6.911457
-8.365925
-6.028949
-5.905888
-7.492477
-8.174652
-6.584365
-7.250701
-1.953099
-3.570908
-2.906517
-4.839419
-5.638983
-5.467639
-3.139395
-1.694591
2.664499
5.787996
7.303642

5.793510

-1.306551
-0.811345
0.499067
1.135812
-0.463415
-0.298706
-2.188679
-1.774130
-1.941775
0.291782
0.565983
1.750160
3.709724
3.620255
5.187723
5.700884
4.207930
4.593298
4.583363
4.293174
5.758235
-3.188625
-3.133378
-2.665416

6.486099
5.366580
3.252029
-0.814159
-1.359282
-0.352550
0.319831
2.043151
1.281112
2.110301
2.852773
1.718609
-1.876844
-2.607060
-2.106020
-0.705749
-1.207735
0.520489
1.613636
0.610466
0.372253
0.274948
1.183225
1.973449
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7.677684
8.357760
6.853715
8.382939
7.687706
6.893248
3.777677
4.155035
2.618352
4.154756
3.794923
2.618412
6.368269
5.863181

6.373010
1.161637
-0.480710
3.944010
-4.204348
-2.853862
-3.117444
-0.049955
-0.143940

-0.205115
-1.761509
-1.706061
-1.004073
0.564261
-0.439055
4.429026
2.741187
3.143870
4.074027
5.214453
3.954003
3.062568
4.705569
3.603406
2.053093
2.194178
-1.991322
-5.451400
-6.595908
-5.730257
1.319890
2.279715

-1.087740
-0.587329
-1.532762
1.841443
1.404222
2.627095
-2.511531
-2.913373
-2.117260
1.227803
-0.082581
0.333153
-1.670748
-1.260689
0.023939
1.879336
1.933591
0.832624
-1.761413
-1.899076
-0.381723
-2.737355
-3.340426




7.100653  -0.729046  2.037109
3.520069  -3.948385  -0.399509

Table S3. Cartesian coordinates of TS1

in the singlet state.

2.615080  -4.680482  0.623667
0.088120  -0.284869  -1.928836

Coordinates (A)
X Y Z

Atom

-0.524512  -1.692827  -2.658451
-0.265715  -2.647583  -3.185468
-0.624867  0.966005  -2.986907
-1.925722  1.478330  -2.523097
0.639854 2.197212  -2.696543
1.967347 1.929277  -3.061510
2.926912 2.929023  -2.874974
2.577315 4.185734  -2.344244
1.231114  4.427235  -2.006648
0.257088 3.440759  -2.173385
3.616585 5.261539  -2.132520
-0.500798  0.410006  -4.347739
0.220516 3.852006 1.285441
1.361442 4.321506 1.487435
0.811991 4.552723 1.351233
-6.337264  2.756290 0.844131
-7.422939  1.232264  -0.815776
-3.778894  -3.513086  -1.945070
-3.657171  -4.051764  0.524694
7.345389  -0.147031  -0.407214
6.460469 1.542011 1.209560
2918103  -4.090847  -1.818942
4.889544  -4.659316  -0.398073
3.992987 1.345175 0.916858
5.756140  -2.487403  0.183327
-6.341070  -1.350597  -0.099728
2.208252 2.309626 1.084969
-2.013359  2.725167 0.934601
-0.781872  3.627497  -1.919139
0.943749 5.391989  -1.593553
3.961066 2.727791 -3.146484
2.241398 0.963970  -3.477662

C 3.636139  -2.455376  -0.029753
C 2474873  -1.620936  0.047548
C 2.639002  -0.254024  0.402607
C 3.909400  0.295379 0.659263
C 5.050364  -0.499316  0.582602
C 4.872293  -1.862117  0.240470
0] 1.244140  -2.096113  -0.188679
h  -0.180001 -0.637311 0.006084
N -0.303700  -1.380129  2.035566
C -0.218650  -0.560546  3.223357
C -1.384963  -0.004525  3.767350
C -1.297416  0.792748 4.915077
C -0.054034  1.036063 5.516750
C 1.106421 0.476746 4.962159
C 1.029789  -0.321371 3.814140
N 1.428795 0.481148 0.478695
C 1.318893 1.737777 0.837529
C 0.093608 2.457459 0.939666
C -1.234795  1.992453 0.745454
N -1.557819  0.776510 0.367239
C
C
C
C
C
C
o
C
C
C
C
C

=

-2.878335  0.289528 0.227762
-2.960772  -1.085425  -0.126947
-4.243752  -1.708911  -0.228485
-5.360443  -0.897145  -0.014361
-5.297077  0.480917 0.306306
-4.035123  1.058702 0.434341
-1.820165 -1.766983  -0.337206
-4.385948  -3.209544  -0.553343
-5.860533  -3.662534  -0.578526
-6.599612  1.277920 0.495798
-7.431132  0.653466 1.643807
6.465891 0.042379 0.853456
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1.931305

2.075117
0.010047
-2.202491
-2.349715
7.418457
6.930935

8.363275

6.048700
5.881433

7.486631

8.114051

6.505045

7.173704
1.924756
3.558526
2.831511

4.747214
5.579647
5.370323

3.024809
1.602550
2.554258
-5.780685

-0.751142
0.660863
1.657062
1.223742

-0.190351

-1.200284
0.405475
0.220374
2.152563
1.745663
1.883044

-0.358553

-0.603646

-1.802514

-3.641231

-3.603234

-5.151329

-5.713651

-4.228632

-4.629718

-4.593803

-4.270133

-5.747866
3.269907

3.380398
5.421520
6.407236
5.337398
3.297937
-0.698399
-1.258872
-0.224199
0.396881
2.118291
1.389929
2.237459
2.949139
1.831855
-1.868722
-2.564080
-2.088050
-0.662546
-1.133364
0.587265
1.638197
0.614945
0.376105
0.051508
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-7.291680
-5.779464
-7.683834
-8.357980
-6.859277
-8.369131
-7.688241
-6.877943
-3.919259
-4.266814
-2.710033
-4.079229
-3.774611
-2.588030
-6.437492
-5.901654
-6.359671
-1.187860
0.448694
-3.940907
4.619997
3.397643
3.622899

3.280784
2.863891
0.206560
1.794400
1.673377
1.206381
-0.391764
0.684157
-4.572695
-2.914250
-3.297225
-3.860794
-5.121201
-3.826115
-3.147109
-4.735297
-3.506386
-1.890834
-2.071919
2.109111
4.909298
6.142685
5.589531

0.968397
1.782289
-1.097807
-0.698440
-1.645857
1.779282
1.441071
2.590166
-2.193830
-2.723389
-1.961218
1.519659
0.309376
0.543643
-1.355443
-0.799347
0.385433
2.003194
2.001523
0.683593
-2.389724
-2.748098
-1.086301




2.815537 0.022911 -1.009515
-6.404388 1.599010 0.877062

Table S4. Cartesian coordinates of 1H-

TsN3 in the singlet state.

Coordinates (A) -7.034650  2.807179 0.139704

Atom X - 7 3949629 0.108905  -3.359925
C 1.503342  3.921971  0.326649 -3.124471  1.103591  -4.215580
C 0344095  3.473044  -0.325256 6.560934  0.729862  1.172776
C  -0.876393  4.140243  -0.139590 7.322755 1.891006  0.486215
C  -0.931547 5262906  0.695422 4.146346  -0.441320  -3.184173
C 0222748  5.722285  1.346471 5.597323  -0.449304  -3.708497
C 1.437599  5.046594  1.158125 1.663285  -0.144337  -1.634615
N 0402605 2305747  -1.165695 -7.367178  0.388014  0.791813
Rh  0.062018  0.236642  -0.383363 -6.240351  1.976860  2.361858

-3.369811 -1.319958  -3.514984
-5.389422 0.099684 -3.913789
6.375846 1.091775 2.659344
7.415760 -0.560046 1.095016
3.547865 -1.850926  -3.412476
3.356775 0.602618 -4.015037
-0.023343 0.758871 4.276032
1.045587 0.642715 4.895525
-1.118990 0.947169 4.828747
-3.834484 1.483988 1.954122
-5.993996 0.861529 -1.692360
0.928565 -3.323237  -1.670135
6.177333 0.089107 -1.426118
-2.089359 0.982400 2.823967
2.120423 0.469785 2.941125
0.518672 -3.630854 2.489547
-0.849619 -5.358913 3.658801
-2.654708 -7.111788 2.560792
-2.641055 -6.474977  -0.100837
-1.270268 -4.748652  -1.265895
-1.774554 3.785971 -0.642747
-1.878821 5.779864 0.833160
0.176510 6.596131 1.992188
2.339169 5.394705 1.657678

0.680609 -2.840501 -0.290297
-0.313060 -4.086976 0.552918
-0.183571 -4.249661 1.936978
-0.951013 -5.226799 2.583007
-1.846161 -6.039583 1.864581
-1.955537 -5.851919 0.471749
-1.196335 -4.882977  -0.190015
-1.505725 0.371217 -1.769776
-2.655035 0.566544 -1.164872
-2.666630 0.864362 0.237875
-3.861538 1.224340 0.902484
-5.065333 1.234200 0.215062
-5.046936 0.867197 -1.164840
-3.906194 0.519014 -1.876235
-1.419607 0.737437 0.861386
-1.241093 0.814672 2.169507
0.009313 0.667617 2.810136
1.289346 0.499965 2.245408
1.518380 0.376008 0.944997
2.803166 0.346159 0.382204
3.994577 0.592039 1.098880
5.220221 0.494609 0.457633
5.217168 0.155930 -0.927362
4.076898 -0.086297  -1.686958
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2.446323
-7.560685
-6.951032
-8.331579
-5.836471
-5.583855
-7.216913
-7.999255
-6.382438
-7.212957
-2.341315
-3.974157
-3.381064
-5.367943
-6.035314
-5.853298
-3.509862
-2.071271
-3.190680
5.873046
7.355510
5.799556
7.623540

3.396632
0.089384
-0.479376
0.636412
1.146783
2.845543
2.236455
3.067005
3.686571
2.594352
-1.377972
-2.044816
-1.612941
-0.220696
-0.600762
1.093584
2.125865
1.091162
0.827201
0.291770
1.249173
2.016249
-0.851601

0.184593
-0.244085
1.317188
1.252018
2.953470
2.492945
2.786234
0.593041
0.199163
-0.919812
-3.152343
-2.956025
-4.572418
-4.961575
-3.370767
-3.885447
-4.109744
-3.926741
-5.275180
3.215467
3.124968
2.787440
0.059922
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8.379033
6.902606
8.286474
7.526471
6.746214
3.578807
4.128037
2.513617
3.754669
3.445782
2.296058
6.216367
5.590284
6.082423
1.838992
1.305428
-0.325478
3.947441
-3.682410
-2.212923
-2.693236
-0.440540

-0.408804
-1.398115
2.059973
1.680679
2.822538
-2.096674
-2.609344
-1.920400
1.614098
0.371209
0.591207
-1.195596
-0.709422
0.530506
-2.530428
2.211075
2.313328
0.855626
-7.144729
-8.102652
-6.945852
-1.596013

1.598126
1.580282
0.982701
-0.569237
0.536415
-4.481977
-2.873636
-3.071642
-3.856981
-5.083637
-3.754232
-3.196390
-4.773052
-3.612857
0.590773
-1.631398
-1.882561
2.148920
2.181830
2.391811

3.642009
-0.325425




Table S5. Cartesian coordinates of 1H-
DR-T in the triplet state.

Ao Coordinates (A)
X Y Z
C 2.981637 -2.794824 0.407333
C 1.530448 -2.797988 0.370405
C 0.812127 -4.009851 0.292349
C 1.489667 -5.218524 0.252374
C 2.924563 -5.199057 0.309306
C 3.694980 -4.054569 0.387139
N 0.966495 -1.534358 0.427067
C -0.340001  -1.294255 0.394424
C -0.912974  -0.011604 0.479449
N -2.373984 0.013451 0.424158
(0] -2.949863 1.113619 0.510414
C 0.770250 -6.570236 0.143658
C 1.231964 -7.288733  -1.150161
C 5.232660 -4.088812 0.428622
C 5.744568 -3.397174 1.718859
(0] 3.601341 -1.657068 0.475820
Rh 2.311388 -0.039302 0.537611
N 2.151169 0.302738 -1.414989
S 3.153897 -0.537835  -2.457908
(0] 2.677020 -1.947418  -2.529048
N 2.571754 -0.217289 2.739658
C 1.462106 -0.318174 3.654028
C 0.969653 -1.580227 4.018103
C -0.124009  -1.673050 4.888108
C -0.728651  -0.513750 5.395231
C -0.230423 0.744015 5.024619
C 0.862060 0.846910 4.154769
(0] 3.649759 1.492492 0.776309
C 3.048867 2.665038 0.811747
C 1.617311 2.722468 0.789545
C 0.928786 3.953935 0.861706
C 1.634829 5.144622 0.946903
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3.060478
3.793650
0.997828
-0.297820
0.950782
-0.586127
5.333396
5.926477
2.768095
1.671615
1.382661
2.174441
3.270272
3.574274
1.861516
4.586055
1.383121
1.371119
5.886021
5.815932
1.126340
-0.762039
5.770422
5.807344
-2.985580
-0.154767
3.608098
3.435187
-0.981701
-1.041399
1.068585
0.531698
3.896693
4.428913
1.245464
-0.691676

5.072519
3.894127
1.470015
1.270539
6.519986
6.410210
3.878904
5.300700
0.237573
-0.216466
0.392916
1.448556
1.879982
1.280858
2.082138
-0.265898
7.248740
7.367486
3.075908
3.231370
-7.444357
-6.419072
-5.534639
-3.364314
-1.062570
3.963307
6.006960
-6.154523
2.111677
-2.116087
-1.040195
0.042649
2.691535
1.604892
1.824637
1.649651

0.949494
0.879677
0.686924
0.613348
1.018452
1.020702
0.847724
0.923484
-4.040597
-4.784938
-6.009786
-6.503635
-5.735815
-4.505954
-7.841747
-2.178078
2.315397
-0.208804
2.052769
-0.476060
1.373148
0.088306
0.430321
-0.815229
0.295598
0.841604
1.001713
0.281770
0.649632
0.299600
-4.412017
-6.592239
-6.102281
-3.917873
3.866868
5.412601
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-1.578260
-0.501257
1.437241
2.455280
1.065345
0.899113
-0.963994
-0.953837
-1.027733
0.914629
1.081219
2.467902
5.450743
5.470050
6.913028
7.019793
5.611473
5.656496
5.546376
5.570524
6.982881
-1.084157
-1.225804
-1.160685
2311282
0.727630
0.990114
0.630716
2.203455
0.795750
6.903649
5.466748
5.508697
5.333574
6.837547
5.481616

-0.589222
-2.653701
-2.482584
7.517644
6.881071
8.357146
5.940618
5.836015
7.411535
8.239318
6.680968
7.392307
2.207803
3.815534
3.210858
5.234039
5.924653
5.814510
3.509352
2.031242
3.100688
-5.835715
-7.408780
-5.941752
-7.473877
-8.258518
-6.691884
-8.419849
-7.625467
-6.966782
-3.412291
-3.847865
-2.315657
-3.878816
-3.473374
-2.336954

6.069769
5.170159
3.626748
-0.250287
-1.142345
-0.167764
0.104840
1.879697
1.081739
2.368700
3.203532
2.363559
-0.584438
-1.338044
-0.501398
0.890190
0.078493
1.854547
3.002416
2.006443
2.045513
-0.782142
0.009413
0.991561
-1.156551
-1.240959
-2.036817
1.296829
1.452958
2.303155
-0.789908
-1.737935
-0.857630
2.615980
1.769192
1.729370
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5.490967
6.864974
5.425117
3.194766
3.129506
-0.270028
2.407946
2.139662
0.790476
-10.152748
-8.888618
-11.390735
-10.256687
-10.071360
-12.663308
-13.815819
-13.703302
-12.448314
-11.303166
-12.745319
-14.789107
-14.589338
-12.331512
-10.113767
-8.935603
-7.769298
-6.529263
-6.455162
-7.630120
-7.857414
-5.617409
-5.487932
-7.578492

-6.079203
-5.507008
-6.107819
-1.021547
0.620960
-3.991517
3.020745
1.412216
2.292883
1.660634
0.827389
0.816164
2.228072
2.410200
1.403877
0.636377
-0.759212
-1.367071
-0.579773
2.487056
1.117061
-1.371215
-2.444756
-1.267873
-0.567569
-1.346304
-0.727682
0.669320
1.426541
-2.424948
-1.318682
1.144843
2.510624

-0.479479
0.468159
1.300135
2.819799
2911141
0.254142

-7.977076

-8.665724

-7.941031

-0.155838

-0.107395

-0.375642
0.780340

-0.956013

-0.467333

-0.667445

-0.780376

-0.693190

-0.492300

-0.379298

-0.735031

-0.936271

-0.777621

-0.419768

-0.237908

-0.189899

-0.008934
0.123371
0.072389

-0.296283
0.029751
0.263351
0.173752




6.701448  -0.202780  -0.438492
7.632660  -1.189734  0.310142

Table S6. Cartesian coordinates of TS2
in the triplet state.

Coordinates (A) -6.304492  -1.822585  -0.568336

Atom X - 7 7027073 -2.992479  0.145234
C  -2.325546  3.724199  0.916694 -3.947516  -0.440715  3.760042
C  -0.943600 3.849461  0.711492 -3.118418  -1.423842  4.625339
C  -0.402426  5.028354  0.195005 -0.116191  2.243509  2.645084
C  -1.258112  6.092586  -0.131521 0.454587  -2.629197  1.841255
C  -2.645993  5.991120  0.054221 0.606501 ~ -3.846146  1.084443
C  -3.164193  4.790916  0.584746 1.885526  -4.270036  0.694493
S 0163302 2500979  1.208956 2.027021  -5.441122  -0.060134
0 1.539468  2.932979  0.825988 0.899490  -6.189738  -0.427824
C  -3.570103  7.136023  -0.299048 -0.375529  -5.758159  -0.033628
N -0.404801  1.221890  0.301391 -0.526948  -4.588194  0.720616
Rh  0.132558  -0.647966  0.929332 0.429016  -2.424481  -3.404364

-0.615442  -2.825386  -3.946738
1.552363  -2.542535  -3.922887

C
C
C
C
C
C
o
N
C
C
C
C
C
C
N
-1.469692  -0.630505  2.219729 0
-2.595894  -0.895421  1.598896 0

2563454  -1.268044  0.212288 C 6.635348  -0.635214  -1.915826

C 7.307855 1.222187  -0.376872

C 3.149565 1.908118  4.008974

C 3.396401  -0.527725  4.659646

C -7.205822  -0.562868  -0.524771

C -6.100423  -2.215571  -2.044295

C -3.398429  0.997488  3.939767

C -5.397161  -0.465743  4.286743

C -0.067988  2.113951  -2.211894

C -1.239287  1.620486  -2.973094

C -1.056758  0.772407  -4.083539

o 0.193414  0.423044  -4.540090

C 1.306037 1.034726  -4.006795

C 1.234396 1.868295  -2.873129

C -2.562035  1.947598  -2.610573

C -3.653670  1.443536  -3.319771

C -3.441785  0.584002  -4.414114

C -2.140946  0.246997  -4.798562

C 2.517059  0.784621  -4.665014

-3.747328  -1.569025  -0.496615
-4.975677  -1.523693  0.145151
-4.992415  -1.163138  1.527176
-3.866500  -0.846620  2.276404
-1.277448  -1.312439  -0.333979
-0.986486  -1.753160 -1.540170
0.329508  -1.798446  -2.082794
1.555132  -1.370579  -1.535972
1.692575  -0.839447  -0.325938
2912846  -0.480168  0.228625
2.830503  -0.093286  1.621680
4.045322  0.233128  2.337404
5.224329  0.169761 1.617182
5.319763  -0.193168  0.232306
4.154422  -0.515480 -0.443776
1.667603  -0.086897  2.202111
4.003808  0.628998  3.824209
5.415457  0.913031 4.377560

O a0 oo oo a0z oaoooaozZ ooaoaaqaaaao
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3.687460
3.643931
2.431461
-3.690152
-5.956667
6.146344
-1.770342
2.425678
0.673167
-0.835129
-4.237582
-2.730725
-1.518039
-1.256829
1.012868
3.020474
2.762660
-7.422981
-6.722491
-8.163319
-5.620317
-5.490697
-7.071774
-7.982010
-6.416716
-7.242201
-2.362298
-4.010331
-3.442913
-5.400089
-6.044125
-5.845370
-3.481403
-2.060944
-3.208244

1.387107
2.224918
2.452898
-1.812972
-1.124199
0.416453
-2.133009
-1.521301
5.109748
7.012126
4.695000
2.805404
-4.253826
-6.331278
-7.097162
-5.766811
-3.690448
-0.250243
0.278712
-0.761226
-1.414123
-3.121495
-2.419450
-3.208460
-3.902935
-2.763899
1.086348
1.714797
1.282388
-0.168900
0.237922
-1.465423
-2.453068
-1.385868
-1.154659

-4.194536
-3.064284
-2.410873
-1.550868
2.021535
2.130868
-2.186547
-2.164713
0.063093
-0.532472
0.743894
1.331705
1.023414
-0.313400
-1.016243
-0.360859
0.978467
0.502313
-1.034918
-1.022370
-2.618072
-2.144630
-2.509636
-0.350025
0.119736
1.194580
3.605770
3.377471
4.998767
5.341685
3.748929
4.225631
4.506997
4.355074
5.685070
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6.011063
7.642937
6.242648
7.420402
8.300475
6.672240
8.628780
7.754782
7.236610
3.157137
3.560009
2.114061
3.975026
3.412337
2.357850
5.897558
5.335066
6.074696
1.264540
-0.370654
4.186987
-4.143550
-3.012115
-4.293343
-0.183587
-1.944483
-4.287064
-4.665135
-2.719889
2.517271
4.628712
4.553814
2.394258
-0.132003

0.039994
-0.622779
-1.653050
1.576801
1.231151
1.939901
-1.190361
-0.923736
-2.211169
2.200978
2.738176
1.760329
-1.452564
-0.263465
-0.713445
1.752549
1.184815
0.038115
-2.456798
-2.657455
-0.777987
7.464461
7.997215
6.836692
3.147057
-0.411118
0.184853
1.713739
2.601324
0.129537
1.207238
2.692479
3.065544
1.563512

-2.511844
-2.347297
-2.026713
0.653123
-0.843920
-0.908340
-0.149275
1.365387
0.265405
5.067039
3.422402
3.698766
4.534413
5.724098
4.376186
3.862247
5.435905
4.311871
2.437974
2.443041
-1.493798
0.576505
-0.679363
-1.067813
-1.873217
-5.640717
-4.971107
-3.024636
-1.755585
-5.532075
-4.710352
-2.694478
-1.512815
-1.059989




Table S7. Cartesian coordinates of 1H- C 3.105574  5.217980  0.094737
TsNH in the triplet state. C 3.793390  4.047024  -0.213415
Coordinates (A) N 1212835  1.567410  0.745712

Atom X % 7 C  -0.018130 1350016  1.136788
C 3.125279  -2.680716  0.064510 C 1.137678  6.631134  0.918794
C 1.772001  -2.694438  0.601995 C  -0.283306  6.492477  1.486723
C 1.146247  -3.910681  0.941837 C 5.214223  4.061682  -0.810084
C 1.812257  -5.112271  0.754755 C 5748350 5.495929  -0.999946
C 3.148056  -5.081863  0.224529 C 0.537789  -0.354310  -4.042630
C 3.829233  -3.933576  -0.126813 C  -0.831694  -0.387561  -3.741880
N 1212213 -1.437951  0.732996 C  -1752614  0.011007  -4.713343
C  -0.040676  -1.221349  1.123354 C  -1.327643  0.443854  -5.986603
C  -0.602979  0.053088  1.300431 C 0.049874  0.468524  -6.259567
N -2.000380  0.059111  1.719285 C 0.988289  0.069127  -5.295610
O  -2.561040  1.157270  1.895109 C  -2.339588  0.850239  -7.035664
C 1.177511  -6.471179  1.079327 O 3.064106  -0.893730  -3.477046
C 1.113597  -7.320873  -0.216021 C 1.994499 ~ 7.402525  1.953275
C 5249616  -3.955174  -0.716128 C 1.054289  7.453122  -0.391609
C 6.209235  -3.117255  0.168270 C 6.193532  3.316884  0.132291
0 3.668375  -1.540281  -0.216552 C 5203188  3.371927  -2.198113
Rh  2.437388  0.072082  0.226725 C 2.042118  -7.204659  2.136145
N 1.563945  0.265609  -1.632066 C  -0.252797  -6.336398  1.636431
S 1.738509  -0.905411  -2.805853 C 5.814675  -5.388732  -0.787283
o) 1.251750  -2.185217  -2.231063 C 5.220277  -3.378173  -2.154398
N 3.499342  0.074482  2.140419 O -2.581358  -1.030184  1.884326
C 2821412 0.102228  3.415162 H  0.132908  4.047214  1.254262
C 2528912 -1.099628  4.075715 H  3.607235  6.162086  -0.086420
C 1.857176  -1.068828  5.304507 H  3.648567  -6.033254  0.089176
C 1.476121  0.154581  5.874289 H  -0.675874  2.184671 1355014
C 1.771660  1.351336  5.204920 H  -0.701171  -2.058421  1.322181
C 2442540 1330618  3.976038 H  -1.164456  -0.722376  -2.762838
O  3.687959  1.633435  -0.205466 H  -2.816598  -0.012889  -4.482136
C 3.116673  2.805383  0.038046 H 0.397739  0.799280  -7.236833
C 1.790043  2.839298  0.565140 H 2.054405  0.076017  -5.505991
C 1.140916  4.059123  0.855683 H 2667702 2.260266  3.456019
C 1.786487  5.266734  0.628454 H 1.480896  2.305631  5.638701
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0.955052
1.634774
2.824662
2.042608
0.439405

0.604639
-0.960129
-0.300449
-0.706999
1.551336
2.056391

3.016657
4.877531

4.532862
6.211499
6.756050
5.126913

5.819609
6.218671

5.906620
7.209186
-0.927439
-0.657565
-0.278188
2.106311

0.665521

0.504297
1.604522

3.066800
2.093600
6.236148

4.584270
4.837406
6.224147
7.229619

0.175364
-2.002684
-2.051250
7.621768
6.936801

8.434931

5.983318
5.943339
7.487073

8.384752
6.850812
7.568005

2.332091

3.899805

3.386884
5.449180
6.079629
6.041133

3.788551

2.268810
3.349560
-5.855569
-7.331896
-5.764995
-7.497365
-8.298385
-6.824529
-8.184112
-7.373028
-6.630049
-3.382867
-3.989885
-2.356897
-3.491917
-3.187497

6.828571
5.816281
3.636359
-0.832778
-1.137909
-0.197751
0.785523
2.436064
1.678689
2.159998
2.898930
1.596025
-2.124895
-2.887675
-2.631206
-1.428358
-1.689565
-0.050720
1.123111
0.245012
-0.281461
0.918687
1.850443
2.572173
-0.643336
-0.000301
-0.979553
2.364179
1.788274
3.068612
-2.569981
-2.804409
-2.185960
1.200427
-0.227379
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5.923305
5.214778
6.824877
5.887598
4.109797
4.084104
0.138409
-1.862704
-2.853151
-3.108290
-9.656484
-8.421181
-10.775970
-9.743415
-12.050177
-13.107969
-12.928949
-11.683254
-10.627635
-12.186271
-14.074933
-13.753455
-11.518613
-9.432074
-8.341828
-7.164260
-6.020298
-6.065805
-7.245264
-7.156152
-5.093675
-5.169464
-7.284132
1.972350

-2.063227
-6.035842
-5.352614
-5.858416
-0.740638
0.902287
-3.903571
1.374061
-0.030025
1.507718
1.479815
0.866766
0.661574
2.562833
1.170263
0.315728
-1.080390
-1.614855
-0.754789
2.249533
0.727276
-1.748431
-2.688352
-1.337544
-0.554289
-1.220319
-0.477757
0.931143
1.589908
-2.307589
-0.980363
1.491219
2.677933
1.115529

0.175057
-1.438077
-1.209877
0.201856
2.068800
2.008476
1.337832
-7.870132
-7.443711
-6.613401
0.332676
0.691281
0.009334
0.306028
-0.361610
-0.666965
-0.612099
-0.249455
0.055090
-0.402890
-0.948419
-0.850055
-0.199709
0.402978
0.716574
1.057262
1.384993
1.369589
1.029319
1.061137
1.649867
1.624122
1.016306
-2.034310




Table S8. Cartesian coordinates of TS3 in C -6.856138  -0.299951  0.353585
the singlet state. C  -6.831221  -1.015532  1.718666
Coordinates (A) C  -3.971201 1383466  -3.522249

Atom X - Z C 3141158  2.686812  -3.426277
O  -0.129010  0.115704  4.334420 O 0428234  -3.171570  3.816031
C  L113739 0437119  3.892062 C  -7.512863 1088720  0.553076
C 1323711 1433620  2.909627 € -7.733063  -1.140201  -0.607939
C  0.182911  2.052994  2.279723 C  -329392 0416813  -4.527398
C  -1.118022  1.715745  2.794616 C  -5.360054  1.744759  -4.089486
C  -1221747  0.749410  3.824688 N -0.628259  -2.125400  -2.016334
C 2453701 0426775  4.410541 C  -0.885648  -3.452920  -1.511345
C  -3.597437  1.083498  3.964028 C  -2202343  -3.850892  -1.239965
C  -3.524598 2054303  2.938288 C 2444910 -5.138443  -0.746077
C  -2303274 2364141  2.359638 C  -1.381496  -6.024811  -0.52078l
C 2185769  -0.227706  4.508767 C  -0.067749  -5.614730  -0.792054
C  3.485203  0.131146  4.164800 C  0.185446  -4.329416  -1.286132
C 3727445  1.154464  3.218025 O 1413542 -0.252995  -2.046908
C 2661776  1.792168  2.600669 C 2504404  -0.824749  -1.535280
N 0366440  1.410124  0.144062 C 2434231 -1.429364  -0.249464
S 0.123035  2.825063  -0.826804 C  3.564662  -2.014449  0.351851
O 0362449 2573487  -2.256728 C 4788874  -2.034322  -0.313856
Rh  -0.218885 -0.424382  -0.801839 C 4837331  -1.461022  -1.608280
N 1.138876  -1.398014  0.329756 C 3747128 -0.865322  -2.248916
C 0816818  -1.995896  1.454337 C 6059936  -2.658039  0.291673
C  -0.489187 -2.028478  2.016555 C 7172022 -1.584728  0.392598
N -0.604194 -2.706365  3.278654 C  3.856493  -0.291015  -3.675786
O  -1.730439  -2.796961  3.819608 C  3.531326 1223052  -3.668936
C  -1.704868 -1.514196  1.475594 O -1153862  3.425163  -0.376652
N -1.803659  -0.808372  0.374819 C 1450994 3.943411  -0.290892
C  -3.029708 -0.369370  -0.189650 C 1141741 5.061814  0.489460
C  -2.887572 0274528  -1.447898 C 2166119  5.947660  0.852881
C  -4.066035 0.714188  -2.136519 C 3493166 5732905  0.441334
C  -5292848  0.501880  -1.503876 C 3772606 4.603795  -0.354965
C  -5.447162 -0.125273  -0.242344 C 2761580  3.714960  -0.733614
C  -4292573  -0.562787  0.401871 C 4589155 6709857  0.804275
O  -1.669337  0.429690  -1.966242 C 5818629  -3.227109  1.7036l11
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6.553754
5.268835
2.860025
3.476000
5.782728
-6.189615
1.572585
-2.596745
0.111355
1.925113
4.790890
2.983062
1.205474
0.763769
-1.574100
-3.466896
-3.026430
7.423284
6.855537
8.087926
5.485579
5.068846
6.750243
7.463832
5.790426
6.785445
2.523130
4.258894
3.597319
5.287515
6.034094
5.555555
3.061220
1.830522
2.958037

-3.816099
-0.468297
-1.020920
-2.450777
-1.491194
0.835615
-2.532551
-1.753373
5.246262
6.820770
4.426683
2.870808
-4.007605
-6.294306
-7.023492
-5.446617
-3.159204
-1.165632
-0.755705
-2.017140
-2.451769
-4.027075
-3.651094
-4.267896
-4.598903
-3.471110
1.411520
1.765743
1.627618
-0.045552
0.053834
-1.524021
-2.099725
-0.854816
-0.640621

-0.610850
-4.271147
-4.612166
1.340466
-2.138642
-2.013778
2.019551
2.046005
0.783519
1.456672
-0.697258
-1.381471
-1.489900
-0.618095
-0.135370
-0.536169
-1.406833
-0.587583
1.037377
0.815618
2.404626
1.699262
2.096862
-0.195372
-0.691930
-1.624215
-3.292817
-3.049672
-4.687269
-5.282381
-3.683793
-4.350670
-4.631944
-4.286385
-5.636928
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-6.248410
-7.852324
-6.408483
-7.593790
-8.524204
-6.923550
-8.744353
-7.826529
-7.301702
-3.098124
-3.599245
-2.121472
-3.856617
-3.259228
-2.268951
-5.890262
-5.235023
-5.998747
-1.413129
0.201415
-4.360479
5.532216
4.774853
4.321276
1.385777
0.310268
1.971482
4.322611
4.748209
2.842189
-2.486445
-4.559043
-4.429731
-2.232540

-0.456430
-1.113377
-2.024623
1.639773
0.982567
1.702661
-1.263070
-0.667678
-2.137141
3.172887
3.388738
2.485705
-0.522802
0.875027
0.195912
2.463516
2.210541
0.862329
-1.766086
-2.099886
-1.053409
6.193316
7.405562
7.305796
1.284389
3.034874
-1.008443
-0.378041
1.432524
2.572599
-0.335749
0.839957
2.544005
3.069790

2.460870
2.106064
1.644444
-0.390035
0.966489
1.245237
-0.199044
-1.591504
-0.757341
-4.410068
-2.718987
-3.095479
-4.608048
-5.524072
-4.220508
-3.452885
-5.073959
-4.221499
-2.565195
-2.614250
1.366343
1.013419
-0.024358
1.682438
0.156786
1.849661
5.232943
4.636917
2.969007
1.865163
5.182963
4411111
2.589191
1.537176




Table S9. Cartesian coordinates of 1H- C -4.789266  -1.250758  1.691007
TsN(Xan) in the singlet state. C -3.695219  -0.539965  2.195100
Coordinates (A) N -1.119719  -1.498372  -0.291657

Atom X Y 7 C  -0.803772 -2.302276  -1.284409
C 2977902 0249331  1.252496 C  -6.023332  -2.779062  0.055194
C  3.076448  -0.492016  0.046732 C  -5787751  -3.604659  -1.224862
C 4314151  -0.714084  -0.584581 C  -3.798005 0304842 3.481430
C 5491262 -0.236856  -0.012547 C  -5.210834 0257770  4.098893
C 5384725  0.446455  1.223000 C  -0737298 4349638  -0.059775
C 4180540  0.699732  1.886106 C  -0.264764  5.191174  -1.075572
N 1.835794  -0.993753  -0.426953 C  -1.031354 6300912 -1.445712
C 1718099 -1.871105 -1.395857 C 2255236 6.586557  -0.810270
C 0497507 -2.465917 -1.821617 C  -2.694011  5.730575  0.217627
N 0.604345 3398155 -2.918437 C  -1.941819  4.615565  0.604116
O  -0.430564 -3.960141  -3.336658 C  -3.057093  7.807672  -1.198940
C 6873971  -0.425030  -0.663086 O -0.047276 2751090  1.913978
C 7505640  0.960986  -0.945602 C  -6.512207  -3.744626  1.162999
C 4146037 1420952  3.249428 C 7134754 -1.742311  -0.242614
C 3478820  0.505596  4.307759 C  -2.802765 -0.228087  4.543370
O 1767650  0.481834  1.775843 C  -3.4648064 1786390  3.172534
Rh 0271379  -0.419771  0.700393 C 7799660  -1.219413  0.291497
N -0359821  1.500312  -0.371315 C 6795110 -1.193148  -1.997065
S 0273894 2961511  0.499670 C 5560782 1.764347  3.761246
O  1.638297  3.179534  -0.003464 C 3347049 2741857  3.141493
N 0596250  -1.942129  2.085801 O 1.729013  -3.609597  -3.420900
C 0815014 -3.333765  1.754208 H  -3.462161  -2.734286  -1.058293
C 2119273  -3.794924  1.531016 H  -5728233  -1.185720  2.229210
C 2325048  -5.143964  1.218966 H 6300385  0.799081  1.683915
C 1237604  -6.025520  1.130309 H  -1.568795  -2.920550  -1.744144
C  -0.063051 -5.550964 1354750 H  2.601884  -2.206484  -1.929272
C  -0.280056 -4.203719  1.667414 H 0694186  4.991214  -1.546392
O  -1.362589  0.028348  1.864473 H  -0.668856  6.957106  -2.234871
C  -2465132  -0.630425  1.472308 H  -3.629719  5.942576  0.731388
C  -2.405084 -1.443802  0.310013 H  -2.269539  3.977721  1.420888
C  -3.536921 -2.137189  -0.156438 H  -1.289341  -3.831220  1.834644
C  -4750491 -2.050144  0.524206 H 0911723 -6.227675  1.284599
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1.402048
3.336204
2.960833
-7.378386
-6.819406
-8.053900
-5.468448
-5.031132
-6.718720
-7.428991
-5.752257
-6.731143
-2.440002
-4.159129
-3.565854
-5.228070
-5.972550
-5.503211
-3.011958
-1.773045
-2.894147
6.176105
7.799423
6.386409
7.624969
8.497607
6.877999
8.794091
7.929365
7.386950
3.367067
3.785459
2.307721
4.022492
3.482290

-7.071991
-5.503725
-3.107155
-1.141801
-1.054551
-2.245540
-2.974456
-4.384214
-4.102255
-4.259082
-4.504634
-3.216151
1.884222
2.186900
2.391773
0.870538
0.657188
-0.760030
-1.279150
-0.139576
0.350887
-0.667845
-1.297632
-2.202233
1.547999
0.847311
1.542485
-1.347376
-0.709048
-2.214504
3.268188
3.401054
2.552535
-0.443272
0.998318

0.883890
1.042397
1.592878
0.640637
-1.036401
-0.569254
-2.063426
-1.075786
-1.521309
0.847704
1.380202
2.097024
2.807197
2.421420
4.082806
5.007790
3.418289
4.383864
4.779921
4.188616
5.471224
-2.734380
-2.424305
-1.865689
-0.028554
-1.401616
-1.631440
-0.155229
1.251940
0.496121
4.105147
2.382881
2.871375
4.405138
5.288413
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2.439790
6.084109
5.479732
6.184452
1.392496
-0.230065
4.342881
-4.103520
-2.648586
-3.027991
-1.300360
-0.538064
-0.481741
0.531021
-1.929609
-2.117921
-3.404257
-4.523721
-4.362268
-3.076613
-3.494452
-5.519877
-5.229676
-2.961016
0.195732
1.156021
2.478288
2.836869
1.869414
-1.083344
0.845602
3.223894
3.865131
2.155914

0.297863
2.455933
2.255985
0.871450
-1.540113
-1.824333
-1.248849
7.714250
8.705263
7.975591
1.402692
1.732758
2.818362
1.114679
1.297466
0.302882
-0.103364
0.502367
1.522261
1.908039
-0.881897
0.189725
2.007498
2.710931
0.161332
-0.371180
0.062147
1.029991
1.546913
-0.309786
-1.120511
-0.353554
1.374637
2.276645

4.039529

3.090105

4.737715

3.892788

2.590278

2.678165

-1.527126
-0.892743
-0.716774
-2.280782
0.031811

-1.889420
-2.017727
-2.767557
-2.308875
-3.280039
-3.670097
-3.101179
-2.147743
-1.766540
-4.423303
-3.407073
-1.707596
-1.041223
-3.741678
-4.613194
-4.527647
-3.573981
-2.710855
-3.928462
-5.336405
-5.201554
-3.497057
-1.959958




Table S10. Cartesian coordinates of [3]".

o Coordinates (A) H -7.1919 0.7552 -0.4249
X Y 7 H -7.4797 2.1239 -1.5003
Rh 0.0659 -1.7633 0.1551 H -6.5539 0.7269 -2.0688
Cl 0.8679 -3.3845 1.6482 C -5.7525 2.9587 0.4751
S -0.5757 0.2941 -2.4985 H -6.1674 2.3961 1.3123
0 -1.8423 -1.9849 0.8607 H -4.8479 3.4592 0.8254
0 0.4672 -0.3055 1.5102 H -6.4801 3.7253 0.1948
0 2.5488 -4.7562 -3.6441 C -4.3425 -1.8854 2.3020
0 4.1503 -3.4510 -2.9964 C -5.7410 -1.5650 2.8544
0 -1.6811 0.2258 -3.4278 H -5.9762 -2.2671 3.6568
0 0.6723 103217 -2.8505 H -5.7954 -0.5575 3.2730
N -0.1802 -3.1997 -1.2326 H -6.5180 -1.6643 2.0927
H -1.0768 -3.6594 -1.3156 C -3.3393 -1.7724 3.4713
N 1.9654 -1.4299 -0.3767 H -3.6391 -2.4450 4.2797
N 29732 -3.8304 -2.9376 H -2.3309 -2.0362 3.1628
N -1.0213 03422 -1.0273 H -3.3238 -0.7547 3.8684
C 0.7520 -3.6588 -2.0060 C -4.3694 -3.3397 1.7808
H 0.5241 -4.4657 -2.6929 H -4.6846 -4.0134 2.5822
C 2.0809 -3.1859 -2.0291 H -5.0798 -3.4420 0.9563
C 2.6170 -2.1366 -1.2509 H -3.3875 -3.6547 1.4370
H 3.6644 -1.9310 -1.4242 C 2.5496 -0.4019 0.4029
C -2.2697 -0.1253 -0.5133 C 3.8480 0.0796 0.2222
C -3.1923 0.8614 09229 H 4.4499 -0.3242 -0.5770
H 29170 1.5261 -1.7207 C 4.3630 1.0677 1.0462
C -4.4241 0.9775 03221 C 3.5314 1.5523 2.0707
C -4.7686 0.0736 0.7214 H 3.9324 2.3090 2.7292
H -5.7367 0.1903 1.1838 C 22314 1.1175 2.2896
C -3.9429 -0.9265 1.1702 C 1.7054 0.1241 1.4107
C -2.6546 -1.0466 0.5403 C 5.7845 1.6299 0.8860
C -5.4419 2.0499 -0.7336 C 57217 3.1501 0.6260
C -4.9297 2.9376 -1.8770 H 6.7286 3.5653 0.5204
H 47125 23553 27740 H 5.1688 3.3612 -0.2919
H -5.6922 3.6760 -2.1354 H 5.2266 3.6777 1.4425
H -4.0251 3.4791 -1.5957 C 6.5406 0.9836 -0.2845
C -6.7446 1.3695 -1.2071 H 7.5414 1.4158 -0.3600
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H 6.6550 -0.0932 -0.1479
H 6.0344 1.1522 -1.2368
C 6.5965 1.3735 2.1733
H 7.6103 1.7738 2.0756
H 6.1335 1.8438 3.0419
H 6.6699 0.3032 2.3755
C 1.3761 1.6607 3.4470
C 0.1059 2.3462 2.8988
H -0.4886 1.6534 2.3085
H -0.5071 2.7164 3.7264
H 0.3696 3.1993 2.2683
C 0.9754 0.4985 4.3823
H 0.4299 -0.2715 3.8419
H 1.8633 0.0406 4.8248
H 0.3457 0.8722 5.1957
C 2.2194 2.6986 4.2951

H 1.4787 3.0393 5.1041

H 3.0296 2.2802 4.7506
H 2.4167 3.5769 3.7120
C -0.2400 20319 -2.2218
C -0.9040 2.9840 -2.9842
H -1.6466 2.6666 -3.7031
C -0.5951 4.3308 -2.8245
H -1.1129 5.0688 -3.4266
C 0.3685 4.7444 -1.9071
C 1.0255 3.7676 -1.1528
H 1.7819 4.0610 -0.4343
C 0.7339 24217 -1.3059
H 1.2624 1.6843 -0.7184
C 0.6986 6.2024 -1.7241
H 0.1466 6.8264 -2.4277
H 0.4528 6.5379 -0.7131
H 1.7652 6.3875 -1.8730

E(UB3LYP):-3118.50288735 hartree, <S*>:
0.7575
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Figure S1. (a) '"H NMR spectrum of "BusN[2¢VH20] in acetone-ds and (b) that obtained
upon addition of 1 equiv. of pyridine. (¢) '"H NMR spectrum of "BusN[2VTHF] in acetone-
ds and (d) that obtained upon addition of 1 equiv. of pyridine.
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1H-TsN, TS1 1H-DR-0SS

Figure S2. DFT optimized structures (B3LYP/ SDD(for Rh atom), D95**(for the other

atoms)) of intermediates and transition states in the formation of 1H-TsN.

TS3 1H-TsNH(Xan)

Figure S3. DFT optimized structures (B3LYP/ SDD(for Rh atom), D95**(for the other

atoms)) of intermediates and transition states in the amination reaction of xanthene.
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Figure S4. '"H NMR (above) and 1*C NMR (below) chart of N-xanthyl-p-

toluenesulfonamide (Solvent: CDCl3).
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Figure S5. '"H NMR chart of kinetic isotope effect experiment (Solvent: DMSO-dp).
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Chapter 2

C—H lodination and Pseudo Oxidative Addition of Iodine at
the Metal Center in the Rhodium(I1T) Complex
with a Redox-active ligand

Introduction

C-H activation is an essential step for efficient functionalization of unreactive
hydrocarbons. Such transformations are attractive from a synthetic point of view due to
the possibility of transforming abundant and simple organic compounds into more useful
and complex products. Rhodium complexes are one of the most prominent catalysts for
the C—H functionalization. Numerous catalytic systems using thodium(I) complexes, '
piano-stool type rhodium(Ill) complexes (CpRhX3),>* and paddle-wheel type
rhodium(IT) complexes ([Rh2(RCO0)4])>¢ have so far been developed for C-H
functionalization. = Rhodium-porphyrin complexes have been reported to exhibit
stoichiometric C(sp? and sp®)-H activation.”?®  On the other hand, however, the
examples of C—H activation and functionalization by non-heme rhodium(IIl) complexes

are very limited.?’?8

BusNt
CH3 [— 3_
S J .
',{l'NOZ
@: z@r (;[ I;’B“
nBu4N[2CI/AN] Lo

Figure 1. Chemical structure of rhodium(Ill) complex ("BusN[2¢VAN]Y) and the
tetradentate ligand (L*).

In chapter 1, the author synthesized the rhodium(IIl) complex with a trianionic
tetradentate ligand (L*°), "BusN[Rh"(L*")(MeCN)(CI1)] ("BusN[2€VAN]) (Figure 1), and
found that the ligand was redox-active to reach the dianionic radical L'~ and monoanionic
L~ states upon oxidation (Scheme 1).2°3% In this chapter, C(sp?)-H metalation of toluene
and iodine atom insertion between the rhodium(Ill)-carbon bond are examined. The

complex products as well as iodinated toluenes are characterized, based on which the
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reaction mechanism is discussed.

Scheme 1. Ligand-based redox behavior of "BusN[2CVAN],

':L;'No2 | '::l:'No2 '(,E'No2 |
) Nr|§' . Bu N'fl:r§ By _ o, B N(|J§' t
.l =N, li, .l
° | ° — B ° | o — o | o P
Bu ¢ Bu +e u c Bu +e Bu cl Bu
Experimental

General. The reagents used in this study, except the compounds mentioned
below, were commercial products of the highest available purity and were used as
received without further purification, unless otherwise noted.?!  LHj3 (N-(2-hydroxy-3,5-
di-tert-butylphenyl)-3-(2-hydroxy-3,5-di-tert-butyl-phenyl)amino-2-nitro-2-
propeneimine),* "BusN[Rh!"(L*)(MeCN)(Cl)] ("BusN[2CVANY), and
"BusN[Rh"(L3*)(MeCN)(I)] ("BusN[2VAN])30  were synthesized according to the
reported procedures. 'H NMR spectra were recorded at 400 MHz on a JEOL-ECP 400
or a JEOL-ECS 400 spectrometer. EPR spectra were taken on a Bruker X-band
spectrometer (EMX-Micro).  UV-visible spectra were taken on a Hewlett-Packard
HP8453 photo diode array spectrophotometer. Electrospray ionization mass spectra
(ESI-MS) were recorded with a Bruker micrOTOF II spectrometer. Elemental analyses
were carried out on a Yanaco CHN-Corder MT-5.

Synthesis. "BusN[Rh"(L3")(x-C-CeH4CHz)(H20)] (5). Toluene (10 mL)
was added to the mixture of "BusN[Rh"(L3")(MeCN)(CI)] ("BusN[2VAN]) (100 mg,
0.106 mmol) and K>COs (147 mg, 1.06 mmol) in the 50 mL Schlenk tube. The mixture
was stirred for 24 h at 100°C under dinitrogen atmosphere. ~ After the reaction, inorganic
solid was removed by filtration. The red filtrate was concentrated to 5 mL and the
solution was added to excess hexane with vigorous stirring. The red precipitation (64.1
mg) was collected by centrifugation. The precipitation was dissolved in chloroform and
n-hexane was diffused into the chloroform solution to give red crystals of 5 as a mixture
of p-isomer and m-isomer. Yield: 323 mg (31%). Anal. Caled for
Cs4Hg7N4OsRh-2H,0: C, 64.14; H, 9.07; N, 5.54. Found: C, 63.96; H, 9.18; N, 5.71. 'H
NMR (400 MHz, CDCl3): 6 9.60 (s, 4H), 7.59 (s, 4H), 7.05 (s, 4H), 6.67 (s, 1H), 6.45—
6.30 (m, 6H), 5.97 (d, 1H, J = 7.2 Hz), 3.01-2.89 (m, 8H), 2.23 (s, 3H), 1.99 (s, 3H),
1.66-1.41 (m, 26 H), 1.40-1.21 (m, 26 H), 0.94 (t, 12H, J= 7.6 Hz). UV-vis (CHCI3,
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30°C) Amax/nm (&/M~ em™): 435 (20000). ESI-MS (negative ion detection mode): m/z =
714.30 ([RhL(C7H7)]").

"BusN[Rh"(L2-)(1)2] (6). Method A: Diiodine (76.1 mg, 0.300 mmol) was
added to a CDCls solution (600 puL) of "BusN[Rh"(L37)(x~C-CsH4CH3)(H20)] (5) (5.99
mg, 6.14 pmol) and the mixture was stirred for 2 h at room temperature.
Tetrachloroethane (7.99 mg, 47.6 pumol) was added to the mixture as internal standard
and the '"H NMR measurement was carried out. After the measurement, the solution
was passed through a silica-gel column (eluent: CHCIl3) and excess diiodine was
quenched by saturated Na,SO3 aqueous solution. The collected chloroform solution was
dried over Na;SO4 and was concentrated to about 600 pL. Black crystals suitable for
X-ray crystallographic analysis were obtained by slow diffusion of n-hexane into the
chloroform solution. Yield: 1.03 mg (15%). Method B: Diiodine (4.34 mg, 17.1
umol) and "BusN[Rh™(L3*-)(MeCN)(I)] ("BusN[2VAN]) (34.2 mg, 33.1 umol) were
dissolved in chloroform (3 mL) and the solution was stirred for 10 min. Black crystals
suitable for X-ray crystallographic analysis were obtained by slow diffusion of n-hexane
into the chloroform solution. Yield: 36.6 mg (99%). Anal. Calcd for
C47H78N4O04Rh1-2CHCI3: C, 43.32; H, 5.94; N, 4.12. Found: C, 43.53; H, 6.08; N, 4.26.
UV-vis (CHCl3, 30°C) Ama/nm (¢/M' cm!): 554 (15000). ESI-MS (negative ion
detection mode): m/z = 877.05 ([RhLIz]"), 750.14([RhLI]").

C-H lodination. Diiodine (76.1 mg, 0.300 mmol) was added to a CDCl;
solution (600 pL) of "BusN[Rh"(L3")(x-C-CsH4CH3)(H20)] (5) (5.99 mg, 6.14 umol)
and the mixture was stirred for 2 h at room temperature. Tetrachloroethane (7.99 mg,
47.6 umol) was added to the mixture as internal standard, and the 'H NMR measurement
was carried out. lodination products (p- and m-iodotoluene) were identified by
comparing its "H NMR chemical shifts with those reported in literature.?

EPR measurement. EPR spectrum of a chloroform solution of 6 in thin EPR
tube (g=ca.2 mm) was recorded with X-band microwave (9.636 GHz) at room
temperature. Microwave power of 1.0 mW and modulation amplitude of 10 G were
employed in the measurement.

X-ray Crystallography. A single crystal of 6 suitable for X-ray
crystallographic analysis was obtained by slow diffusion of n-hexane into the CHCI3
solution. The single crystal was mounted on a loop with a mineral oil, and X-ray data
were collected at 110 K on a Rigaku R-AXIS RAPID diffractometer using filtered Mo-
Ka radiation. The structure was solved by direct method (SHELXT?*) and expanded
using Fourier techniques. The non-hydrogen atoms were refined anisotropically by full-

matrix least squares on F°. The hydrogen atoms were attached at idealized positions on
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carbon atoms and were not refined. The structure in the final stage of refinement
showed no movement in the atom position. All calculations were performed using the
CrystalStructure 4.2 crystallographic software package®> except for refinement, which
was performed using SHELXL.?¢  Crystallographic parameters are summarized in Table
1.

Table 1. Crystallographic data for 6.

6-2CHCI3
formula C49H80C1612N404Rh
fw 1358.63
crystal system triclinic
space group P-1 (#2)
a, A 14.6266(6)
b, A 15.4756(6)
c, A 15.6599(6)
a, deg 60.520(4)
pf, deg 74.155(5)
v, deg 81.564(6)
v, A3 2968.2(2)
Z 2
Dealced, g cm > 1.520
F(000) 1374.00
4, cm™! 16.394
cryst size, mm 0.60x% 0.30 x0.20
T,K 110
2 Onax, deg 55.0
reflns. obsd 13385
no. of params 592
R1° 0.0560
wR2? 0.1521
GOF 1.041
max./min. Ap, e A 2.19/-1.21

“R1 = Z(|Fo| — |[F))/Z|Fo|. ? WR2 = (Z(W(Fo* — F&)))/Ew(F,2)*)'.
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Results and Discussion

First of all, reactivity of "BusN[Rh"™(L3)(MeCN)(CI)] ("BusN[2€VAN]) with toluene
was examined. A mixture of "BusN[2VAN] and 10 equiv of K2COs was heated in
toluene at 100°C for 24 h under dinitrogen atmosphere (Scheme 2). As a result, a
toluene adduct "BusN[Rh"(L3")(x-C-C¢H4sCH3)(H20)] (5) was obtained as a
microcrystalline powder by the slow diffusion of n-hexane to a chloroform solution of
the product. The elemental analysis data suggest that 5 contains one H>O molecule
presumably as an axial ligand. In the "H NMR spectrum of 5, two methyl protons due
to the toluene moiety were observed and sum of the integration of the protons at the p-
and m-positions was 3. This observation indicates that 5§ was a mixture of the p-isomer
and m-isomer with respect to the positions of carbon atoms coordinating to the rhodium
center. The ratio of p-isomer to m-isomer was 1.5 : 1. There was no signal assignable
to the o-isomer. In this case, the product derived from -CH3 (methyl group) activation
was not obtained, which is different from Chan’s rhodium(III) porphyrin system in which
rhodium(II) species was generated in situ to perform the C(sp’)-H activation.?*2°
Therefore, it is suggested that the +III oxidation state of the rhodium center was kept
during the C(sp?)-H (aromatic carbon) metalation and the metalation might involve

electrophilic aromatic substitution mechanism.

Scheme 2. C(sp?)-H activation of toluene by rhodium(III) complex "BusN[2VAN] giving

rhodium(III) complex 5.
ngu,Nt
CH;, _
¢ B
',{l' NO,
m By @ KOy
@0 ﬁ 100°C 24h
Under N,
-CO, ,—KClI
"Bu,N[2CVAN] 2

Since o-alkyl and c-aryl metal complexes have been often reactive toward oxidants
such as dihalogens, 5 was treated with diiodine (I).’” A treatment of 5 (p : m = 1.5 :1)
with 50-fold excess diiodine gave p- and m-iodotoluene in a 84% '"H NMR yield (p : m =
1.3 :1) (Scheme 3). After quenching the remaining excess amount of diiodine by
addition of a Na>SO3 aqueous solution, slow diffusion of n-hexane into the chloroform

solution of the reaction mixture gave black single crystals of 6 in a 15% yield (Scheme
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3). In 1986, Ogoshi and co-workers reported iodination of c-aryl rhodium(III)-
porphyrin complexes.” Although porphyrins are known as a redox-active ligand, a

rhodium complex with a porphyrin radical was not discussed as a product in the system.

Scheme 3. lodination of complex 5 by the addition of diiodine giving complex 6.

nBu,N* nBu,NT
OH, ] l
NO, I NO,
' N( S | A
N. 4
Bu 'RﬁI’N Bu N Bu % RII;I,N Bu
o’ |0 + I (excess) —> || + 0" | ‘0
Bu By rt.,2h 2 = Bu i Bu
= | cpcl; HsC
Hac/ 5 84% 6
m=1.5:1 m=1.3":1 15%
p p

The ORTEP diagram of 6 is depicted in Figure 2. According to the charge balance,
it can be concluded that the tetradentate ligand one-electron oxidation took place at the
ligand moiety to give a rhodium(Ill)-dianion/radical ligand L>~ complex.  The
dimension of the amidophenolato moieties (a and b) showed structural distortion due to
the contribution of a quinonoid canonical structure.®® In other words, C1-N1(C10-N2),
C6-0O1(C15-02), C2—C3(C11-C12), and C4—C5(C13—C14) is shortened whereas C1—
C2(C10-C11), C3-C4(C12-C13), C5-C6(C14-C15), and C1-C6(C10-C15) is
lengthened compared to 1" bearing the fully reduced ligand (L*") (see Table S1).?° The
metrical oxidation state (MOS) values proposed by Brown was —1.17 (13) for the
amidophenolato moiety a and —1.06 (16) for the amidophenolato moiety b, supporting
the dianionic structure of ligand L>~.*® The result of the EPR measurement indicates
that 6 is a paramagnetic species, which is consistent with the above conclusion (Figure
3). The absorption band at 554 nm in the UV-vis spectrum of 6 is similar in energy to
that of "BusN[Rh"(L**")(MeCN)(Cl)] which is the one-electron oxidized product of
"BusN[2€VAN] by [(4-bromophenyl)sN™]SbCls.>°  These results indicate that complex 6
is "BusN[Rh"(L">")(I)2], which suggests that the iodination involves pseudo oxidative
addition of diiodine to the rhodium(III) center, concomitant with ligand-based oxidation
as reported in Zr'V(ap)2(THF): (ap = 2,4-di-tert-butyl-6-tert-butylamidophenolato)??,
Zr'V(pda), (pda = N, N’-bis(neo-pentyl)-o-phenylenediamido),*’ and Cu''(sq)2 (sq = 2,4-

di-tert-butyl-N-phenyl-o-iminobenzosemiquinonato).*!
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1.421(9)

Figure 2. ORTEP diagram of 6 showing 50% ellipsoids. Hydrogen atoms, solvent
molecules, and counter ion are omitted for clarity (above). The chemical structure

including the selected bond lengths of the iminobenzosemiquinonato ligand moiety

(below).

3200 3300 3400 3500 3600 3700
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Figure 3. EPR spectrum of 6 in CHCI3 (1.0 mM) at 298 K.
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Figure 4. UV-vis spectrum of 6 (0.041 mM) in CHCI3 at 30°C.

In order to obtain further mechanistic insights for the iodidation reaction, the reaction
of 5 ("BusN[Rh"(L3")(x~C-CsH4CH3)(H20)]) with diiodine was monitored by UV-vis
spectroscopy. Figure 5 shows the UV-vis spectral change of 5 observed upon addition
of various amounts of diiodine, where the intense absorption band at 435 nm due to 5
disappeared with concomitant appearance of a new absorption band at 547 nm. The
spectral change completed when 0.5 equivalents of diiodine was added as shown in Figure
5 (inset). Given that the complex 6 containing the oxidized ligand L™~
("BwN[Rh™M(L27)(I)]) is formed by the reaction of "BusN[Rh"(L3")(MeCN)(I)]
("BusN[2VAN]) with 0.5 equivalent of diiodine (see Method B in Experimental), the
pseudo oxidative addition of diiodine to 5 might occur to yield "BusN[Rh"(L"?")(x-C-
CsH4CH3)(1)] (intermediate A in Scheme 3). The absorption band at 547nm shown in
Figure 5 may be due to intermediate A. In fact, the ESI-mass spectrum of a chloroform
solution containing S and diiodine (0.5 equiv.) showed peak clusters at m/z = 714.29
([Rh+L+C7H7])~, 750.14 ([Rh+L+I]"), 841.19 ([Rh+L+C7H7+1]"), 877.04 ([Rh+LA+I+I]"),
which shows formation of "BusN[RhL*~(x-C-CsH4CH3)(I)] (Figure 6).
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Figure 5. Spectral change observed upon the addition of diiodine to 5§ (0.050 mM) in
chloroform at 30°C (black — red). (Inset) Absorbance change at 547 nm against the
[Oxidant]/[5] ratio.
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Figure 6. ESI-mass spectrum (negative ion detection mode) of the mixture of 5 and 0.5
equivalent of diiodine.
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Summary and Mechanistic Consideration

The author synthesized the rhodium(III)-toluene adduct 5 by electrophilic metalation
of toluene to "BusN[Rh™(L3*")(MeCN)(Cl)] ("BusN[2CVAND), The 'H NMR
measurement showed that the adduct gave a mixture of regioisomers with respect to the
position of the carbon coordinating to the rhodium (p-isomer : m-isomer = 1.5 : 1). The
reaction of the rhodium(III)-toluene adduct with 50-fold excess diiodine gave p- and m-
1odotoluene and the oxidized rhodium complex 6. Based on the X-ray crystal structure
analysis and EPR data, the complex 6 was assigned as "BusN[Rh"(L">")(I)2] containing
the one-electron oxidized ligand. Titration experiments for a reaction 5 with diiodine
showed that 0.5 equiv of diiodine was required for the oxidation of complex 5. The
possible reaction pathway in the iodination is depicted in Scheme 3. First of all, 0.5
equivalent of diiodine oxidize the complex 5 to yield an intermediate complex A
("BusN[Rh™(L">7)(I)(x-C-C¢H4CH3)]), which was detected by the UV-vis titration shown
in Figure 5 and the ESI-MS shown in Figure 6. In the presence of an excess amount of
diiodine, the intermediate complex A further reacts with diiodine to give the final product
6. Inthe C-I bond formation step from A to 6, there are two possible pathways; the C—
I bond forms via heterolysis (Scheme 3, through B) or homolysis (Scheme 3, through C)
of Rh—C and I-I bonds. This study provides the first example of C—H iodination
involving pseudo oxidative addition of diiodine to the rhodium(III) center concomitant

with ligand-based oxidation.

Scheme 3. Possible reaction pathways for the iodination reaction of § giving 6.
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Supporting Information for Chapter 2
(Table S1, Figure S1)

Table S1. Comparison of bond lengths in amidophenolato moieties (ring a and ring b)
of 1" and 6.

11 6

Ring a

Rh1—01 2.0190(11) 2.047(3)
Rh1—NI1 1.9817(13) 1.973(5)
01-Cé6 1.3332(19) 1.296(7)
N1-C1 1.4273(19) 1.385(5)
C1-C2 1.396(2) 1.404(8)
C2-C3 1.385(2) 1.368(6)
C3-C4 1.410(2) 1.421(9)
C4-C5 1.385(2) 1.380(8)
C5-Cé6 1.428(2) 1.437(6)
C6—Cl1 1.421(2) 1.429(8)
MOS* —1.68(20) —1.17 (13)
Ring b

Rh1—02 2.0072(12) 2.050(4)
Rh1—N2 1.9763(13) 1.979(3)
02-C15 1.3362(18) 1.289(5)
N2-C10 1.428(2) 1.388(7)
C10-Cl11 1.400(2) 1.398(6)
Cl11-C12 1.384(2) 1.365(8)
C12-C13 1.405(2) 1.429(8)
C13-C14 1.389(2) 1.368(6)
C14-C15 1.420(2) 1.442(8)
C15-C10 1.418(2) 1.438(8)
MOS* —1.74(18) —1.06 (16)

*Metrical oxidation states.*®
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Figure S1. '"H NMR chart of 2 at room temperature (400 MHz, CDCl5).
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Chapter 3

Controlling Coordination Number of Rhodium(IIT) Complex
by Ligand-based Redox for Catalytic C—H Amination

Introduction

Redox-active ligands play important roles in catalytic reactions and material

functions involving transition-metal complexes.'-?

Typically, redox-active ligands serve
as electron reservoirs or finely tune the redox potentials of the complexes to facilitate the
reactions. o-Phenylene derivatives constitute one of the large families of such redox-
active ligands that can chelate to a transition metal ions to donate or accept electrons to
or from substrates depending on their redox state,? the substrates of which include organic

13,14 15-23

azides,*!! disulfides,'? trifluoromethyl cation, and dioxygen. o-Phenylene

24,25 26,27

ligand based redox events of the metal complexes are found in magnetism, photo-

and electro-chemical®® behavior in functional materials, and catalytic cycles in
metalloenzymes.?”°

Combination of redox-active ligands and redox-innocent metal ions has attracted
much recent attention, since such a combination will provide a new type of reactive

intermediates including a ligand radical species.?!'~*

Such a strategy has been adopted
for catalytic C—H amination, where a nitrene radical active species is generated via an
electron transfer from the redox-active supporting ligand to the coordinated organic azide
oxidant. For instance, van der Vlugt and co-workers reported an intramolecular C—H
amination of 4-phenylbutaneazide to Boc-protected 2-phenylpyrrolidine by a
palladium(IT) complex supported by a redox-active pincer ligand (2,4-di-tert-butyl-6-((2-
(pyridin-2-yl)propan-2-yl)amido)phenolato) (Scheme 1(a)).* In this system, the
putative active species is a nitrene radical bound palladium(II) complex that is generated
via an intramolecular electron transfer from the pincer ligand to the azide compound
bound to the metal center. In chapter 1, the author demonstrated a catalytic
intermolecular C—H amination with tosyl azide by the six-coordinate rhodium(III)
complexes of a redox-active tetradentate ligand,” where a nitrene radical active
intermediate is generated via a similar way; an intramolecular electron transfer from the
ligand to the coordinated azide compound with keeping the rhodium(III) oxidation state
(Scheme 1(b)).
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Scheme 1. (a) Intramolecular amination using the palladium(Il) complex bearing a redox-

active pincer ligand.* (b) Intermolecular amination using the rhodium(IIl) complexes

bearing a redox-active tetradentate ligand.’
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In this chapter, the author presents another example of a C—H amination catalyzed by
a rthodium(IIl) complex supported by an o-phenylenediamine ligand and Cp* (1,2,3,4,5-
pentamethylcyclopentadienido). In this system, the coordination number of
rhodium(III) center is altered depending on the redox state of o-phenylenediamido ligand;
CsH4N,BUZPh,2- L’zf) CsH4N,BYZPh, (o-
diminobenzosemiquinone radical anion form; L) vs. C¢HaN2®"?Ph,? (oxidized neutral

form; L’°), where ®'“Ph is 3,5-di-tert-butyphenyl.

(reduced dianion form; VS.
In this case, association and
dissociation of the external substrate and product are controlled by the redox state of the
supporting ligand, which is different from the case of former examples shown in Scheme
1, where ligand displacement is necessary to induce the reactions (Cl™ in Scheme la and
p-X-C¢HsNH: in Scheme 1b).

In this study, the author synthesized and characterized [Cp*Rh"™(L’*)] (7),
[Cp*RhM(L>*7)(CN)] (8), and [Cp*Rh™(L’*)(CN)](PFs) (9) shown in Figure 1, and
examined their catalytic activity in the intramolecular amination of trisylazide (2,4,6-
triisopropylphenylsulfonyl azide) to find that complex 8 exhibited the highest reactivity.

Mechanistic details are discussed on the basis of the structure-reactivity relationship.
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Figure 1. Rhodium(IIl) complexes 7, 8, and 9 synthesized in this work.

Experimental

General. The reagents used in this study, except the compounds mentioned below,
were commercial products of the highest available purity and were used as received
without further purification, unless otherwise noted.’*  H,L’ (N,N-di-(3,5-di-tert-
butylphenyl)benzene-1,2-diamine)),**3> [Cp*Rh"Cl>],,¢ and trisylazide’” were
synthesized according to the reported procedures. 'H NMR and '3C NMR spectra were
recorded at 400 MHz and 101 MHz, respectively, on a JEOL-ECP 400 or a JEOL-ECS
400 spectrometer. EPR spectra were taken on a Bruker X-band spectrometer (EMX-
Micro). UV-visible spectra were taken on a Jasco V-650 spectrophotometer or a
Hewlett-Packard HP8453 photodiode array spectrophotometer. Electrospray ionization
mass spectra (ESI-MS) were recorded with a Bruker micrOTOF II spectrometer.
Elemental analyses were carried out on a Yanaco CHN-Corder MT-5.  Electrochemical
measurements were performed with a Hokuto Denko HZ-7000. A set of a carbon
working electrode, an Ag"/AgNOs3/CH3CN reference electrode, and a platinum counter
electrode was employed in these experiments.  All potentials were referenced versus the
ferrocene/ferrocenium redox couple (Fc/Fc*).

Synthesis. [Cp*Rh"(L>)] (7-THF). A 0.25 mL (0.40 mmol) of 1.6 M "BuLi
solution in n-hexane was added to HoL’(97 mg, 0.20 mmol) in 5.0 mL of THF at —78°C.
The resulting mixture was warmed to room temperature and stirred for 1 h before addition
of [Cp*Rh™Cl,]2(62 mg, 0.10 mmol). The reaction mixture was stirred for 20 h at room
temperature and then the solvents were removed in vacuo. The crude complex was
dissolved in THF (2 mL), and methanol (8 mL) was diffused into the solution to give
purple crystals of 7. Yield: 89 mg (62%). Anal. Calcd for CssHe1N2Rh-THEF: C, 72.70;
H, 8.77; N, 3.53. Found: C, 72.89; H, 8.79; N, 3.81. 'H NMR (400 MHz, CDCl3): ¢
7.31 (t,2H, J=2.0 Hz), 7.12 (d, 4H, J = 2.0 Hz), 6.70-6.66 (m, 2H), 6.65-6.61 (m, 2H),
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1.39 (s, 36H), 1.37 (s, 15H). '*CNMR (101 MHz, CDCls, ppm): 154.45, 151.18, 149.09,
120.38, 118.37, 117.31, 111.88, 91.43 (d, Jrn-c = 7.8 Hz, Cs(CH3)s), 35.20, 31.80, 9.14.
UV-vis (CH2Cl2) Amax/nm (¢/M™! cm!): 542 (28000).

[Cp*Rh"(L*-)(CN)] (8-:0.8H20). A dichloromethane solution (10 mL) of 7 (41
mg, 0.058 mmol) was added to a slurry of AgCN (8.1 mg, 0.060 mmol) and CH3CN (10
mL). After stirring for 3 h, the color of the reaction solution was changed from purple
to cherry red. The precipitated silver was removed by filtration with Celite. The
solvents were then removed in vacuo to yield a crude complex, which was recrystallized
from benzene and n-hexane to give brown crystals of 8.  Yield: 7.8 mg (18%). Anal.
Calcd for C4sHg1N3Rh-0.8H2O: C, 70.99; H, 8.29; N, 5.52. Found: C, 71.27; H, 8.65; N,
5.60. UV-vis (CH2Cl2) Amax/nm (&/M~' cm™): 398 (9300), 472 (4700), 809 (2800). FT-
IR (KBr) viem™: 2116 (CN).

[Cp*Rh"(L’0)(CN)][PFe] ([9]PFs-1.3H20). KCN (3.0 mg, 40 umol) and NOPFg
(13 mg, 74 pumol) were added to a dichloromethane solution (4 mL) of 7 (23 mg, 38 pmol),
and the resulting mixture was stirred for 1 h at room temperature. The solution was
added to n-hexane (20 mL) to yield a dark brown precipitate, which was collected by
filtration. The solid was dissolved in dichloromethane (20 mL) and insoluble materials
were removed by filtration using Celite. The solvent was removed in vacuo to give
green solid of 9. Pale green crystals of 9 were obtained after recrystallization from
benzene and n-hexane. The collected crystals were dried in air. Yield: 15 mg (44%).
Anal. Calcd for C4sHs1N3PFsRh-1.3H,0O: C, 59.05; H, 7.00; N, 4.59. Found: C, 58.86; H,
6.93; N, 4.84."H NMR (400 MHz, CDCl3): § 7.49 (t, 2H, J= 2.0 Hz), 7.39 (t, 2H, J= 2.0
Hz), 7.35 (t, 2H, J = 2.0 Hz,), 6.96-6.90 (m, 2H,), 6.70-6.64 (m, 2H), 1.41 (s, 18H), 1.40
(s, 18H), 1.32 (s, 15H). '3C NMR (101 MHz, CDCls, ppm): 165.73, 153.68, 152.50,
146.67, 135.56, 122.89, 120.77, 117.69, 117.20, 103.77 (d, Jrn-c = 5.9 Hz, Cs(CH3)s),
35.51, 31.50, 31.43, 8.81. UV-vis (CH2Cly) Amax/nm (e/M' ecm™): 379 (8500), 470
(7800), 588 (2700). ESI-MS (positive ion detection mode): m/z = 746.36
([Cp*Rh(L’%)(CN)]"). FT-IR (KBr) viem™: 2130 (CN).

Intramolecular C—H Amination of Trisylazide. A toluene solution (1 mL) of
trisylazide (11 mg, 35 umol) was added to complex 7, 8, or 9 (3.5 pumol, 10 mol%) ina 4
mL vial covered with aluminum foil. The solution was stirred at 50°C for 24, 48, and
72 h. After the reaction, all volatiles were evaporated in vacuo and the crude products
were analyzed by '"H NMR spectroscopy (CDCls, 400 MHz). The aminated product 10
(5,7-di-isopropyl-2,3-dihydro-3,3-dimethyl-1,2-benzothiazole-1,1-dioxyde) was
identified by comparing its '"H NMR chemical shifts to those of the known product.?®

Yield of 10 was calculated from the integrated ratio of 10 and remaining trisylazide.
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Theoretical Calculations. DFT calculations were performed using Gaussian 09,
revision D.01 on “ultrafine” grid.>* Geometry optimizations was conducted with the
UB3LYP functional.** The convergence criterions for Maximum Force, RMS Force,
Maximum Displacement, and RMS displacement were set to 1.5 x 107, 1.0 x 107, 6.0 x
10, and 4.0 x 10 in atomic units, respectively. For the Rh atom, the SDD basis set

was employed, and 6-31G+(d,p) basis set were used for the other atoms.*!*3

Graphical
outputs of the computational results were generated with the GaussView software
program.*

EPR Measurement. EPR spectrum of a toluene solution of 8 in a thin EPR tube
(¢ = ca.2 mm) was recorded with X-band microwave (9.640 GHz) at room temperature.
Microwave power of 1.0 mW and modulation amplitude of 0.50 G were employed in the
measurement. The obtained spectrum was simulated with a software SimFonia.*

X-ray Crystallography. A single crystal of 7 suitable for X-ray crystallographic
analysis was obtained by slow diffusion of methanol into a THF solution of 7. Single
crystal of 9 suitable for X-ray crystallographic analysis was obtained by slow diffusion
of n-hexane into a benzene solution of 9. The single crystal was mounted on a loop with
a mineral oil, and X-ray data were collected at 133 K for 7 and 110 K for 9 on a Rigaku
R-AXIS RAPID diffractometer using filtered Mo-Ka radiation. The structures were
solved by direct method (SHELXT)* and expanded using Fourier techniques. The non-
hydrogen atoms were refined anisotropically by full-matrix least squares on F?. The
hydrogen atoms were attached at idealized positions on carbon atoms and were not
refined. All structures in the final stage of refinement showed no movement in the atom
position. All calculations were performed using the CrystalStructure 4.2
crystallographic software package*’ except for refinement, which was performed using

SHELXL.*® Crystallographic parameters are summarized in Table 1.
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Table 1. Crystallographic data for 7 and 9.

7 9-benzene-0.5 n-hexane
formula Cs4He1N2Rh CiosHis0F12NeP2Rh
fw 720.88 2028.15
crystal system orthorhombic monoclinic
space group Pbca (#61) P2 /n (#14)
a, A 12.7157(3) 19.2754(6)
b, A 18.9268(5) 17.1742(5)
c, A 31.9174(7) 32.6144(11)
a, deg 90 90
p, deg 90 105.190(7)
v, deg 90 90
v, A3 7681.5(3) 10419.4(7)
Z 8 4
Deaiced, g cm™ 1.247 1.293
F(000) 3072.00 4272.00
4, cm™! 4.753 4.166
cryst size, mm 0.50 x 0.50 x 0.40 0.30 x 0.30 x 0.10
T,K 133 110
2 6max, deg 55.0 55.0
reflns. obsd 8803 23831
no. of params 424 1165
R1° 0.0474 0.0686
wR2? 0.1136 0.1915
GOF 1.074 1.009
max./min. Ap,
o A 1.04/ -0.65 1.85/-1.11

@ R1 = 3(|Fo| — |Fo)/Z|Fo|. ® wR2 = (Z(W(F.2 — FA)?)/EW(F. 2.
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Results and Discussion

Synthesis and Characterization of Complex 7 Complex 7
([Cp*Rh"™(L’2)]) was obtained as a purple solid from the reaction of [Cp*Rh"'Cl,], and
the neutral ligand H,L (N, N-di-(3,5-di-tert-butylphenyl)benzene-1,2-diamine)) ina 1 : 2
ratio in the presence of 2 equiv of n-BuLi. In the "H NMR spectrum in CDCl3, no peak
assignable to the NH protons was observed, indicating 7 has deprotonated diamido ligand
L’>~. The elemental analysis data indicated that the product was a rhodium(III) complex
involving Cp* and deprotonated diamido ligand 12, [Cp*Rh"(L’>7)]. The single
crystals were obtained by slow diffusion of methanol into a THF solution of 7. An
ORTEP drawing of the X-ray crystal structure is depicted in Figure 2 (left) and the
selected bond lengths are given in Figure 2 (right). The complex consists of one
rhodium ion (Rh1), one pentamethyl cyclopentadienyl ligand (Cp*), and L’*" ligand,
where Cp* coordinates to Rh1 in an 77°-fashion and L’>~ chelates to Rhl to complete a
formally five-coordinate rhodium center. Strong m-donation of o-phenylenediamido
ligand (L’*) to the metal center stabilizes the five-coordinate structure (vide infla).**->°
Similar five-coordinate metal centers can be found in organometallic complexes having
o-phenylenediamido and o-amidophenolato ligands, such as [(7°-
cymene)M"(CsH4ONAr>)] (M = Ru, Os, C¢HsONAr*~ = 4,6-di-tert-butyl-N-aryl-o-
amidophenolato), [(7°-Cp*)Ir'"(CsHsONAr?)] (CeHsONAr>~ = 4,6-di-tert-butyl- N-aryl-
o-amidophenolato)’’>? | [(7°-Cp*)Rh(CsHsN2R27)] (R = Ts or H), > [(-
Cp™)Ir'(CsH2MeaN2Ph2?)].#  The Rh1-N1 and Rh1-N2 bond lengths of 1 are close to
the Rh-amido bond lengths (1.9833(18) and 1.9722(19) A) of [(7°-
Cp*)Rh!"(C¢H4N2H,>)] but shorter than the Rh-amine bond length (2.1456(14) A) of
[(7°-Cp*)Rh™MCI(C¢HsN,H,Ts>)].3* This comparison also indicates that 7 has
deprotonated dianionic I”>~. The C-C bond lengths of L’>~ lie between 1.381(4) and
1.422(4) A and the C1-NI and C2-N2 bond lengths are 1.362(3) and 1.364 (3) A,
respectively. These dimensional values of the 1>~ ligand are very close to those of the
complexes mentioned above, being consistent with the assigned as [(77°-Cp*)Rh"/(L’>7)],
where L’>~ has a fully reduced state, benzene-1,2-diamido structure.
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Figure 2. ORTEP diagram of 7 showing 50% ellipsoids (left). Hydrogen atoms are
omitted for clarity. The chemical structure including the selected bond lengths of o-

phenylenediamido ligand moiety (right).

The cyclic voltammogram (CV) of 7 (1.0 mM) was measured at room temperature
in CH2Cl, containing "BusNPFe (0.10 M) and shown in Figure 3. One quasi-reversible
redox wave was observed at —0.18 V. No additional wave corresponding to further
oxidation was observed up to +1.2 V (Figure S1). Bulk electrolysis of the solution at
0.02 V consumed 0.8 electron, which showed that the redox wave corresponded to one-
electron oxidation process. Then, the author tried to isolate the one-electron oxidized
complex of 7 by the oxidation with (NH4)2[Ce(NO3)s] (CAN). However, it was found
that stability of the one-electron oxidized complex was insufficient for isolation under the

employed conditions.

Eip

I10pA

08 06 -04 02 0 02 04
EN vs Fc/Fc?
Figure 3. Cyclic voltammogram of 7 (1.0 mM) at room temperature in CH»Cl, containing
"BusPFs (0.10 M). Working electrode: glassy carbon. Counter electrode: Pt wire.

Scan rate: 100 mV s\
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Figure 4 shows the UV-vis spectral change of 7 observed upon addition of various
amounts of (NH4)2[Ce(NO3)s] (CAN), where the intense absorption band at 542 nm due
to 7 disappeared with concomitant appearance of absorption bands at 410 nm and 933 nm
keeping two isosbestic points at 465 and 611 nm. The spectral change completed when
2 equiv of CAN was added as shown in the inset of Figure 4. The result indicates that
the one-electron oxidized species of 7 itself is unstable as mentioned above and easily
undergoes disproportionation to give the reduced complex and the two-electron oxidized

species under this condition.
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Figure 4. Spectral change observed upon addition of CAN ((NH4)2[Ce(NO3)s]) to 7
(0.050 mM) in THF at 25°C (black — red). Inset: Absorbance change at 542 nm against
the [Oxidant]/[7] ratio.

Synthesis and Characterization of Cyanide Bound One-electron
Oxidized Complex 8. One-electron oxidized form of the five-coordinate complexes
such as [(7°-cymene)M"(CsHsONAr*)] (M = Ru, Os, CsHsONAr?~ = 4,6-di-tert-butyl-
N-aryl-o-amidophenolato) and [(7°-Cp*)Ir'"(CsHsONAr?)] (CsHsONAr?*~ = 4,6-di-tert-
butyl-N-aryl-o-amidophenolato) can be stabilized by the coordination of external ligands
to the metal centers.’’> To see whether the one-electron oxidized form of 7 can be
stabilized by coupling with an anion coordination, CV of 7 was measured in the presence
of cyanide anion. As shown in Figure S2, one quasi-reversible redox wave was newly
observed at —0.59 V, indicating that one-electron oxidation coupled with coordination of

the added cyanide anion to the rhodium center occurred. Then, oxidation of 7 with
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dioxygen in the presence of cyanide anion was monitored by UV-visible spectroscopy.
Notably, complex 7 was oxidized efficiently by dioxygen, when ("BusN)CN was added
into a toluene solution of 7. Figure 5 shows the spectral change of 7 in the presence of
("BusN)CN under dioxygen atmosphere, where the intense absorption band at 545 nm due
to 7 disappeared and new broad absorption bands around 800-900 nm appeared

concomitantly. Such a spectral change was not observed under dinitrogen atmosphere.

1.2
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Figure S. Spectral change observed upon the addition of ("BusN)CN (0.175 mM) to 7
(0.035 mM) in toluene at 25°C under aerobic conditions (black — red). The spectra were

measured every 20 seconds.

Then, the generated species in the presence of cyanide ion under dioxygen was
characterized. The ESI-MS (positive ion detection mode) of the toluene solution
exhibited a peak cluster at m/z = 746.39, the isotope distribution pattern of which matched
with that of ([Cp*Rh™(L’°)] + CN)* containing one cyanide anion (Figure 6). The
oxidized species in toluene at 298 K showed an EPR signal with g-value at 1.991 with
splitting to six peaks (Figure 7). The g-value is typical for an organic radical species
coordinated to rhodium(IIl) ion.>!%3*  The structure of the spectrum was nicely
simulated assuming hyperfine coupling of an unpaired electron with two-equivalent “N
nuclei, two-sets of equivalent 'H nuclei, and a 'H nucleus using the hyper-fine coupling
constants shown in the caption of Figure 7. The spin densities on each atom estimated
from the EPR spectrum are reasonably consistent with those calculated by DFT
calculations (Figure 8a). The spin density plot (99.6 % total spin density) based on DFT

calculation indicated that most part of spin density localized on the L’* ligand (Figure
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8b). All these results are consistent with the assignment of the oxidized species as
[Cp*Rh(L>)(CN)] (8).

746.39 _
sim.
exp.
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m/z
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Figure 6. ESI-mass spectrum (positive ion detection mode) of 8. Inset: Comparison of

experimental spectrum (black) and simulated spectrum calculated as C4sHes1N3Rh (red).

g=1.991

3430 3440 3450 3460 3470 3480 3490
Magnetic Field (G)

Figure 7. EPR spectrum of 8 in toluene (1.0 mM) at 298 K (black: experimental spectrum,

red: simulation). Simulated hyperfine splitting constant values (4, G) of "“N and 'H
nuclei: AN 6.80; AM! 1.80; 412 2.20; 4™ 4.70.
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(a) Simulated A value, G (b)
(DFT calc.)

470 G
(2.56 G)

Figure 8. (a) Simulated and DFT calculated (in brackets) hyperfine splitting constant
values (4, G) of "N and 'H nuclei. (b) DFT calculated spin density plot of 8
(UB3LYP/SDD (on Rh), 6-31G+(d,p) (on C, H, N)).

In a preparative scale experiment, 8 was obtained by a reaction of 7 with 1 equiv of
AgCN and was purified by recrystallization from benzene/n-hexane (see Experimental
Section). The UV-vis and ESI-mass spectra of the isolated 8 were identical with those
of 8 generated from 7 and CN™ under dioxygen atmosphere (Figure S2). The CV of 8
exhibited one quasi-reversible redox wave (Ei2 = —0.59 V) as shown in Figure 9.
Appearance of the quasi-reversible redox wave indicates that 8 can be oxidized further to
[Cp*Rh"(L2)(CN)]” or [Cp*Rh™(L>)(CN)]").

10 A

-2 10 -08 -06 -04 -02 0
EN vs Fc/Fc*
Figure 9. Cyclic voltammogram of isolated 8 (1.0 mM) at room temperature in CH>Cl>

containing "Bu4PFs (0.10 M). Working electrode: glassy carbon. Counter electrode:

Pt wire. Scan rate: 100 mV s
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Synthesis and Characterization of Cyanide Bound Two-electron
Oxidized Complex 9. To examine importance of the oxidation state of the supporting
ligand in the catalytic amination reaction (see below), the author also synthesized the two-
electron oxidized complex 9. The reaction of 7 with 2 equiv of NOPF¢ as an oxidant
was carried out in the presence of an equimolar amount of KCN.  Single crystals suitable
for X-ray diffraction analysis were obtained by slow diffusion of n-hexane into a benzene
solution of the product. The X-ray crystal structure is shown in Figure 10 (left) together
with the selected bond lengths of the ligand moiety of the oxidized complex shown in
Figure 10 (right).

Figure 10. ORTEP diagrams of 9 showing 50% ellipsoids (left). Hydrogen atoms, a
counter ion, and solvent molecules are omitted for clarity. The chemical structure

including the selected bond lengths of o-diiminobenzoquinone ligand moiety (right).

The rhodium center in 9 exhibits a six-coordinate structure with the oxidized ligand, -
Cp*, and a cyanide anion. The Rh-N, C-N, and C-C bond lengths of the o-
phenylenediamine moiety are significantly altered from those of 7 upon the oxidation.
Namely, the C1-N1, C6-N2, C2—C3 and C4-CS5 bonds in 9 became shortened, whereas
its Rh1-N1, Rh1-N2, C1-C2, C3-C4, C5-C6, and C6—C1 bonds were elongated (Figure
10, Table S1). The elongated rhodium-nitrogen bonds are reflection of the decrease of
n-donation from the imine nitrogen atoms to the Rh1 atom in 9.*° The dimension of the
o-diiminobenzoquinone  moiety of 9 is similar to those of [(7-
Cp®)Ir'"(CsH2MeaN2 A )C1JSbCly  that contained an o-diiminobenzoquinone form
(CeHaMeaN2ArR" = 4,5-dimethyl-N, N-diphenyl-1,2-diiminobenzoquinone).*  These
structural data unambiguously indicate that the supporting ligand is fully oxidized to L°.

By the one-electron oxidation from 8 to 9, ven stretching frequency became larger (2116
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— 2130 cm™), consistent with less electron density of the rhodium(III) center in 9. Figure
11 shows a UV-vis spectral change for the oxidation of 8 to 9 by adding ferrocenium
hexafluorophosphate (FcPFs), where a broad absorption band at 809 nm due to 8
disappears with concomitant increase of the absorption bands at 470 nm and 588 nm due
to 9. The spectral change completed when an equimolar amount of the oxidant was
added as shown in the inset of Figure 11. It has been reported that metal complexes
having o-diiminobenzoquinone type ligands show absorption bands around 500 and 600

nm.*

1.5

°
w
&

E
1.2 A 8 o025 \\
s
@ @
2 £ 015 \\
0.9 1 2
: \
2 ® oo \
[7]
2 ——
<< 06 1 05 1.0 1.5 2.0
[Oxidant}/[Complex]
0.3 -

0 T T T T
350 500 650 800 950 1100

Wavelength/nm
Figure 11. Spectral change observed upon the addition of FcPFs to 8 (0.12 mM) in
CHCl, at 25°C (black — red). Inset: Absorbance change at 809 nm in the titration

experiment.

DFT Calculation of 7. The complex 7 prefers to have five-coordinate structure,
although the rhodium center has enough space to accommodate the third ligand to finalize
its coordination sphere (Figure 2). This result is somewhat interest because trivalent ion
of group 9 elements (Co™, Rh", Ir'"") generally prefer to have octahedral geometries due
to maximize ligand field splitting. Kaim and co-workers studied iridium(IIl) complex
in a five-coordinate structure. They have concluded that the five-coordinate structure is
largely stabilized by donation of m-electrons of its ligand. The DFT calculation of the
iridium complex suggested that 6m-electron system emerged on the Rh—N-C—-C-N 5
membered ring to stabilize its coordinatively unsaturated structure.®® The author also
conducted DFT calculation of 7. The highest occupied Corn—Sham orbital (HOMO) of
7 is delocalized over the o-phenylenediamido ligand to the dxy orbital of rhodium center
(Figure 12). Bond formation energy of this n-bond seems larger than the stabilization

of their d-electron by having an octahedral structure.
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Figure 12. (a) Calculated HOMO of 7 shown in 99.6% probability and (b) schematic

diagram of 6m-electron system emerged on the 5-membered chelate ring of 7.

Catalytic Activity of Complexes 7, 8, and 9 in Intramolecular Amination
of Trisylazide. In Chapter 1, the author describes the C—H amination of xanthene with
tosyl azide by six-coordinate rhodium(IIl) complexes with a trianionic redox-active
tetradentate ligand (L*"), [Rh"(L*")(ArNH:)2] and "BusN[Rh"™(L*")(Sol)(Cl)] (LH3 = N-
(2-hydroxy-3,5-di-tert-butylphenyl)-3-(2-hydroxy-3,5-di-fert-butyl-phenyl)amino-2-
nitro-2-propeneimine, solv =MeCN, H>O, THF, or pyridine), where the amination started
after replacement of one of the axial ligands, ArNH> or solv, with TsN3 to afford
[Rh'™(L*)(ArNH; or CI)(TsN3)] (Scheme 1b).>!°  Since the rhodium center in 7 can be
regarded as a five-coordinate structure, the amination of xanthene with TsN3 in the
presence of 7 was expected to proceed more smoothly than the cases of the six-coordinate
rhodium(IIl) complexes of L3~. However, the expected intermolecular amination did
not proceed at all, which indicates that reactivity of 7 in amination is lower than the
rhodium(IIl) complexes of L*~. Then, the catalytic activities of 7, 8, and 9 in
intramolecular C—H amination of trisylazide (2.,4,6-triisopropylphenylsulfonyl azide)
were examined. Toluene solutions (1 mL) containing trisylazide (35 pumol) and a
catalytic amount of 7, 8 or 9 (3.5 umol, 10 mol%) were stirred under dark and dinitrogen
atmosphere at 50°C. As seen in Table 2, the yield of intramolecular amination reaction
catalyzed by 7 to give the aminated product 10 (5,7-di-isopropyl-2,3-dihydro-3,3-
dimethyl-1,2-benzothiazole-1,1-dioxyde) was very low; the total turnover number was
quite low (TON = 1.2, entry 1). On the other hand, complex 8 was found to act as a
better catalyst as compared to 7 (TON = 3.4, entry 2). The turnover number of 8

increased by extending the reaction time from 24 h to 48 h, whereas that of 7 did not
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significantly increase (entries 3 and 4). Further extension of the reaction time to 72 h
did not increase the turnover number (entries 5 and 6). Though complex 9 had no
catalytic activity (entry 7), the catalytic amination proceeded with complex 9, when 1
equiv of a reductant, cobaltocene (Cp2Co'"), was added to the system (entry 8). These
results clearly indicate that the catalytic C—H amination requires complex 8 supported by
" as the key reactive intermediate. When the amination reaction catalyzed by 8 was
conducted in the presence of 5 equiv of "BusNCN, the product yield of 10 decreased to
24% (entry 9). This result may suggest that the initial stage of the amination reaction

involves replacement of the CN~ ligand with trisylazide.

Table 2. Catalytic activity of 7, 8, and 9 in the C—H amination of trisylazide.

Q.0 Q.0
s’ Cat. (10 mol%) s’
N3 > \
N, NH
Toluene, 50°C
Under Ny, Dark 10
Entry Cat. Time (h) Additive Yields (%)*®  TON
1 7 24 None 12 1.2
2 8 24 None 34 34
3 7 48 None 19 1.9
4 8 48 None 54 54
5 7 72 None 22 2.2
6 8 72 None 57 5.7
7 9 24 None 0 0
8 9 24 szCo" ¢ 27 2.7
9 8 24 Seq. CN~ 24 2.4

a) Based on trisylazide. b)'H NMR yield. c¢) 3.5 mM.

A possible mechanism for the catalytic amination reaction is presented in Scheme 2.
First, the one-electron oxidized complex 8 reacts with trisylazide to give an azide adduct
A, from which single electron transfer takes place from L* to trisylazide, giving a nitrene
radical species B via dinitrogen (Nz) release. From this intermediate, hydrogen atom
abstraction (HAA) by the nitrene radical from one of the isopropyl methine carbon occurs
to give intermediate C, from which the aminated product 10 is produced via
intramolecular N-C bond formation. In this process, the oxidized ligand L’° accepts one
electron from the amido group (—-NH-Rh) to induce the radical coupling reaction with the

carbon center radical in C. In the final step, amine product 10 is released by ligand
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substitution with cyanide ion, completing the catalytic cycle.

Scheme 2. Possible catalytic mechanism for the C—H amination of trisylazide.
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Conclusion

Half sandwich Cp 'Rh'™ complexes 7, 8, and 9 with a redox-active o-phenylenediamine
ligand were synthesized and characterized by the 'H NMR, UV-vis, ESI-mass, and EPR
spectra and cyclic voltammogram as well as the crystal structure analysis. The
structural analysis showed that 7 ([Cp*Rh™(L’27)]) adopted a five-coordinate structure
bearing the fully reduced o-phenylenediamido ligand L’>-, whereas 9 [Cp*Rh!"
(I’%)(CN)]PFs had a six-coordinate structure bearing an additional cyanide ion and the
two-electron oxidized o-diiminobenzoquinone ligand 1’°.  The result of ESI-MS
showed that complex 8 also had a cyanide ion to complete a six-coordinate rhodium(III)
complex. The EPR spectrum and the DFT calculation indicated that 8 had the o-
diiminobenzosemiquinone radical anion ligand I’*".  Among these complexes, complex
8 showed the highest activity in the catalytic amination of trisylazide. This study

demonstrates that an amination can be controlled by oxidation states of redox-active
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ligands, providing a rare example of C—H amination using half-sandwich complex

bearing redox-active ligands.
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Supporting Information for Chapter 3

(Table S1 and Figure S1-S4)

Table S1. Cartesian coordinate of the optimized structure of 8.

Coodinates (A)

Center
Number X Y Z

1 -0.722211  1.510705  -1.429597
2 0.722221  1.510703  -1.429594
3 1.413742 2385096  -2.314799
4 0.708816  3.234509  -3.149093
5 -0.708794  3.23451 -3.149097
6 -1.413726  2.385098  -2.314805
7 2.495843  2.367295  -2.337094
8 1.246324  3.893007 -3.82381

9 -1.246297  3.89301 -3.823816
10 -2.495827 2.3673 -2.337107
11 -1.307812 0.612161  -0.585122
12 1.307817  0.612154  -0.585121
13 2.7258 0.477215  -0.501237
14 3.507338  1.532934 0.000116
15 3.335418  -0.720676  -0.907669
16 4901768  1.407796 0.098088
17 3.004002  2.441056 0.30643

18 4728589  -0.874177  -0.825498
19 5485941  0.197559  -0.316867
20 6.563085  0.088727 -0.24959
21 -2.725797 0.477223  -0.501249
22 -3.335413  -0.720671  -0.907675
23 -3.507337 1.532943 0.000096
24 -4728583 -0.874176  -0.825499
25 -2.701154 -1.504094  -1.300192
26  -4.901767  1.407803 0.098069
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

-5.485937
-6.56308
-0.000002
0.000014
-1.166164
1.166154
-0.730924
0.730859
2.583066
2.737604
2.84538
3.288515
1.598096
2.609036
1.681341
1.189746
-1.59822
-1.189893
-1.68151
-2.60914
-2.583056
-3.288531
-2.845389
-2.737534
0.000045
-0.882145
0.000051
0.882254

0.197561
0.088725
-0.624425
-0.109318
-0.915894
-0.915941
-2.18428
-2.184311
-0.53151
0.547262
-0.834428
-1.012032
-3.368535
-3.061086
-4.031141
-3.95284
-3.36846
-3.952788
-4.031061
-3.060954
-0.5314
-1.011851
-0.834352
0.547384
1.24376
1.825509
1.160359
1.825473

-0.316874
-0.249592
0.434042
2.726833
2.440449
2.440445
1.922833
1.922831
2.736205
2.658812
3.760027
2.054383
1.610589
1.329072
2.483913
0.781683
1.610586
0.781684
2.483909
1.329056
2.736221
2.054376
3.760028
2.658878
3.377276
3.093445
4.473898
3.093433



55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

2.701161
-3.004005
0.000005
0.000009
-5.445022
-5.799108
5.79911
5.445033
4.983092
4.427187
4.270781
5.662181
6.805452
7.45398
7.444283
6.276015
6.584754
5.897319
7.216595
7.232917
6.228211
6.750464
6.975399
5.546991
6.441041
6.958917
5.911915
7.199146
4.456401
3.737476
3.891356
5.012206
-4.456388
-3.891367
-3.73744

-1.504098
2.441069
-1.877855
-2.685263
-2.16154
2.545569
2.545559
-2.161533
3.791477
4.212381
3.561647
4.567244
2.974021
3.777858
2.140447
3.340703
2.046396
1.748767
1.184747
2.843843
-2.78257
-3.69073
-2.089658
-3.054944
-1.810658
-2.715874
-1.376843
-1.091888
-3.222117
-3.535169
-2.854129
-4.111328
-3.222119
-2.854133
-3.535157

-1.300191
0.306405
-1.096662
-1.961085
-1.292815
0.636136
0.636159
-1.29283
1.051061
0.205629
1.852121
1.422538
-0.467526
-0.097771
-0.777353
-1.354369
1.879808
2.680352
1.640543
2.263679
-0.103511
-0.42847
0.29822
0.711573
-2.432973
-2.772987
-3.288927
-2.103693
-1.828803
-1.063678
-2.691705
-2.147543
-1.828794
-2.691713
-1.063686
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90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

-5.012189
-6.228182
-6.97537
-6.750434
-5.546951
-6.441045
-6.958916
-7.199154
-5.911932
-6.584716
-7.232874
-7.216556
-5.897257
-6.805482
-7.454005
-6.276071
-7.444317
-4.98309
-4.270762
-4.427204
-5.662177

-4.11134
-2.782577
-2.089669
-3.690741
-3.054945

-1.81068
-2.715902
-1.091915
-1.376862
2.046423
2.843872

1.184764

1.748813

2.974

3.777841
3.340666
2.140416
3.791501
3.561697
4.212387
4.567274

-2.147515
-0.103484
0.298253
-0.428433
0.711593
-2.43295
-2.772956
-2.103665
-3.28891
1.879817
2.263691
1.640584
2.680347
-0.467531
-0.097776
-1.354396
-0.777323
1.050991
1.852043
0.205537
1.422462

E(UB3LYP) = —2025.98346109 a.u.
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EN vs Fc/Fc*
Figure S1. Cyclic voltammogram of 7 at room temperature in CH2Cl; solution (1.0

mM) containing "BusPF¢ (0.10 M). Working electrode: glassy carbon. Counter

electrode: Pt wire. Scan rate: 100 mVs.

Eip 10 pA
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Figure S2. Cyclic voltammogram of 7 (1.0 mM) in the presence of "BusN(CN) (1.0 mM)
at room temperature in CH>Cl, solution containing "BusPF¢ (0.10 M). Working electrode:

glassy carbon. Counter electrode: Pt wire. Scan rate: 100 mVs™,
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Figure S3. Absorption spectrum of 8 (0.100 mM) in toluene at 25 °C.
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Figure S4. ESI-MS of 8 synthesized from AgCN. Simulated spectrum is calculated as
C4sHs1N3Rh (inset).
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