CO Release from N,C,S-Pincer Iron(III) Carbonyl
Complexes Induced by Visible-to-NIR Light
Irradiation: Mechanistic Insight into Effects of
Axial Phosphorus Ligands

Si&5: English

H hR#: American Chemical Society

~FHE: 2019-07-01

F—7— K (Ja): N,C,S-E v+ —gksE1x,

SR AL R ZIUEEIR, SEARA A

*—7— K (En): Corbonmonoxide, Iron(lll) carbonyl
complex, CORM, Photo-inducible CO-releasing
molecules, N,C,S-pincer Iron(lll) complexes, Iron
carbonyl complexes, Near infrared light

EEE: BI, 8F, B2 8, B8, F

X—=ILT7 KL R:

Fii/@: Osaka City University, Osaka City University,
Osaka City University

https://ocu-omu.repo.nii.ac.jp/records/2019894




In April 2022, Osaka City University and Osaka Prefecture University marge to Osaka Metropolitan University

CO Release from N,C,S-Pincer Iron(III)
Carbonyl Complexes Induced by
Visible-to-NIR Light Irradiation:

Mechanistic Insight into Effects of Axial
Phosphorus Ligands

Toyotaka Nakae, Masakazu Hirotsu, Hiroshi Nakajima

Citation Inorganic Chemistry, 57(14); 8615-8626

Issue Date 2018-06-29

Type Journal Article

Textversion | Author

This document is the Accepted Manuscript version of a Published Work that appeared

in final form in Inorganic Chemistry, copyright © American Chemical Society after peer

Rights
g review and technical editing by the publisher. To access the final edited and published
work see https://doi.org/10.1021/acs.inorgchem.8b01407
DOI 10.1021/acs.inorgchem.8b01407

Self-Archiving by Author(s)
Placed on: Osaka City University

Toyotaka Nakae, Masakazu Hirotsu, Hiroshi Nakajima. (2018). CO Release from N,C,S-Pincer
Iron(III) Carbonyl Complexes Induced by Visible-to-NIR Light Irradiation: Mechanistic Insight into
Effects of Axial Phosphorus Ligands. Inorganic Chemistry. 57, 8615-8626.
https://doi.org/10.1021/acs.inorgchem.8b01407.



https://doi.org/10.1021/acs.inorgchem.8b01407

Page 1 of 43

Submitted to Inorganic Chemistry

CO Release from N, C,S-Pincer Iron(III) Carbonyl
Complexes Induced by Visible-to-NIR-Light
Irradiation: Mechanistic Insight into Effects of Axial

Phosphorus Ligands

Toyotaka Nakae, Masakazu Hirotsu,* and Hiroshi Nakajima*

Division of Molecular Materials Science, Graduate School of Science, Osaka City University, 3-

3-138 Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan

KEYWORDS: Photo-inducible CO-releasing molecules; N, C,S-pincer complexes; Iron carbonyl

complexes; Near infrared light

ABSTRACT: Light-induced CO release from newly synthesized N,C,S-pincer iron(III) carbonyl
complexes with two phosphorus ligands—trans-[Fe(L-K:’N, C,S)(CO)(PR,R),]PFs ([1]PF¢, R =
Me, R” =Ph; [2]PF¢, R = R” = Me; [3]PFs, R = R” = OEt)—were investigated. All the iron(III)
carbonyl complexes were stable in solution and showed light-inducible CO release under
ambient conditions. Studies on the wavelength dependence of photoreaction revealed that the
phosphite complex [3]PF¢ exhibited the most extended photosensitivity including all visible and
a part of near-IR light (390 - 800 nm wavelengths). The phosphine complexes [1]PF¢ and [2]PFg

showed sensitivity to only the higher energy region of visible light (390 - 450 nm). Quantum
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chemical calculations and spectroscopic data suggested that all complexes [1]PF¢ - [3]PF¢ have
dn-dn excitation modes to depopulate Fe—C(carbonyl) bonding and potentially induce the CO
release by irradiation of light in the near-IR region, although moderately weakened Fe-
C(carbonyl) bonding due to stronger m-backbonding by the phosphite ligand rendered the

excitation effective on the CO release exclusively in [3]PFs.

INTRODUCTION

Carbon monoxide (CO) is a well-known toxic gas that has strong binding ability to the iron
center of heme, which inhibits the delivery of O, by hemoglobin and ATP synthesis by
cytochrome oxidases."? CO is produced in mammalian cells via heme catabolism by inducible
and constitutive heme oxygenases. In the past few decades, endogenously produced CO has been
revealed to be an important signaling molecule accompanied by other heme degradation
products”” to exert physiological and pathological functions such as anti-inflammation, vascular
expansion, and anti-apoptotic and anti-proliferative activity, which motivate researchers to apply
CO as a therapeutic agent (CO therapy).*'® In addition, a recent report on the role of CO in sleep
apnea supposes that there are still unveiled functions of CO, which may extend the potential use
of CO to other therapeutic areas.'' Inhalation is a simple and direct method of introducing CO to
a living body, while difficulties in secure delivery and controlled release of CO to a target site
are major problems of this method and hinder rapid development of CO therapy in basic
medicine and in clinical research sectors. To address these problems, CORMs, which are
typically metal carbonyl complexes, have been developed."” Among the various types of
CORMs, photoresponsive metal carbonyl complexes help achieve target-specific release of CO
at a desired site and timing in a quantitative manner depending on the irradiation time. Although

photo-induced CO-elimination is the fundamental reaction of metal carbonyl complexes, a
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limited number of carbonyl complexes are applicable to photoinducible CORMs (photo-
CORMs), as the efficient wavelength for CO elimination is generally restricted to either the

1822 Trradiation of UV light to living

ultraviolet (UV) or short wavelength regions of visible light.
cells is a possible cause for genetic mutation and consequent cytotoxicity. Visible light of shorter
wavelengths is also not suitable for activating photoresponsive molecules in vivo because of the
intense absorption of this light by biological components such as heme species.”” The ideal
wavelength for light to release CO is limited to the range 650 - 1000 nm, which is the most
transparent region of biological tissue and is referred to as the phototherapeutic window.” The
shift in wavelength to the longer side suitable for phototherapy is one of the major challenges in
developing photo-CORMs for physiological application.**>¢

Recent studies on monovalent-manganese-based photo-CORMSs have established a molecular
design to impart responsiveness to long-wavelength light (500 nm to NIR), which utilizes MLCT

27 2% Photo-CORMs free of transition metals have also been reported.”’ Well-

excited states.
designed boron-dipyrromethene (BODIPY)-based photo-CORMs show photosensitivity to
visible-to-NIR light.”” However, these photo-CORMs have problems that make them unfit for
therapeutic use. High Mn concentration could be a cause of neurological disorders, termed
“manganism”,’*® and the CO-releasing efficiency of BODIPY-based photo-CORMs is air-
sensitive due to its CO-releasing mechanism via the triplet excited state, which could be
quenched by molecular oxygen under ambient conditions.”’

An iron-carbonyl complex is a promising choice to settle these problems. Mammals possess

34-36

iron regulatory systems that respond to the abundance of iron ions in the body. This reduces

37-43

the risk of free iron ions being produced after CO release from CORM. The iron(II) carbonyl

complex with cysteamine ligands cis-[Fe(CO),(NH,CH,CH,S);] (CORM-S1) was the first
p y g
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reported iron-based photo-CORM activated by visible light. The effective wavelength for CO

3740 The construction of an

release from this complex was reported to be 470 nm at the longest.
iron-based photo-CORM responsive to long-wavelength light has been achieved by the
combination of conservative iron(0) and iron(II) carbonyl complexes with NIR-responsive

materials such as a photon upconversion system, NIR-inducible heater, or Prussian blue.*** T

n
terms of the combination with materials responsive to other bio-permeable external stimuli,
carbonyl complexes combined with magnetically heatable nano-particles have been recently
reported.*®*’

However, the molecular design of iron-based photo-CORMs immediately responsive to light
in the phototherapeutic window is still challenging. This is possibly due to the large ligand-field
splitting of dn and do* orbitals in low-oxidation-states associated with photoinduced CO
dissociation from iron carbonyl complexes.'*

We recently reported the synthesis and properties of a novel iron complex with an N,C,S-
tridentate ligand, trans-[Fe(PyBPT)(CO)(PMe,Ph),|PFs ([1]PFs), where PyBPT is a doubly
deprotonated form of 3’-(2°’-pyridyl)-1,1’-biphenyl-2-thiol formed via the C—S bond cleavage of
the dibenzothiophene derivative.”*>' The N,C S-pincer iron(IIl) carbonyl complex exhibited
unusual stability in solution under ambient conditions in the dark, while the CO ligand readily
underwent substitution reaction with the coordinative solvent in response to the short wavelength
region of visible light.> A theoretical study indicated that SOMO of the iron(IIl) carbonyl
complex mainly consisted of the dn orbital of the central iron and pr orbital of the sulfur atom.
The participation of Fe—CO n-backbonding in the SOMO was negligible. A possible mechanism

could be inferred from these results for the release of CO in response to light, different from that

for iron(0) and iron(Il) carbonyl complexes; excitations from low-lying bonding dn(Fe—CO)
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orbitals to singly occupied drn orbital, corresponding to d,x-dyy and dy,-d,y excitations (Figure 1).
However, [1]PF exhibited similar photosensitivity to conventional iron(0) and iron(II) carbonyl
complexes in terms of light wavelength for the release of CO (400 nm at longest). The SOMO of
[1]PF¢ has a m-backbonding interaction from iron to phosphorus o*(P—C) orbitals. Therefore,
replacement of axial phosphine ligands affected the SOMO energy level of the complex,
resulting in modulation of the energy gap corresponding to excitation from dn(Fe—CO) to

SOMO.

Figure 1. Schematic views of energy diagram and orbitals in the vicinity of SOMO calculated

for the iron(III) carbonyl complex, [1]PF.>

Here, we report the effect of axial phosphite ligands on the photosensitivity of the iron(III)
carbonyl complex. Simple replacement of axial phosphine (PMe,Ph) ligands with triethyl
phosphite (P(OEt)s) in [1]PF¢ drastically extended the photosensitivity of the complex, covering
all visible light and the shorter wavelength region of NIR light (400 - 800 nm). Comparative
studies of the photosensitivity with another iron(Ill) carbonyl complex containing two axial
trimethyl phosphine (PMes) ligands, which was chosen as a sterically similar phosphine with
stronger c-electron donability than PMe,Ph, suggested that strong n-backbonding from Fe d= to
P—O c-antibonding orbitals promoted by the smaller steric bulk of the phosphite ligand induced

preferable effects for acquiring extended photosensitivity.

ACS Paragon Plus Environment



Submitted to Inorganic Chemistry

EXPERIMETAL SECTION

General procedure. All manipulations were performed under ambient conditions with
exception for synthesis of iron(II) complexes 2 - 5, which were conducted in a glovebox under
an atmosphere of oxygen-free dry nitrogen or standard Schlenk techniques under a nitrogen
atmosphere. Complexes 2 and 3 were synthesized according to a literature procedure. The
dinuclear iron complex 6 ([{Fe(,u-PyBPT-K3N, C,5)(CO), 1 Fe(CO)3]) was used as a precursor for
2 and 3.%°" A 1.0 M toluene solution of trimethylphosphine and triethylphosphite were
purchased from Aldrich and Tokyo Chemical Industry Co., Ltd., respectively and were used
without further purification. Solvents were purchased from Kanto Chemical Co., Inc. Tris(p-
tolyl)aminium hexafluorophosphate was prepared according to a literature procedure.53 NMR
spectra were recorded on a Bruker AVANCE 300 FT-NMR spectrometer at room temperature.
IR spectra were recorded on a Shimadzu FTIR-8600PC by a KBr pellet method. Electronic
absorption spectra were recorded on a SHIMADZU U-1800, U-3500 or UH4150
spectrophotometer. EPR spectra were measured on a Bruker Biospin Elexsys E500 spectrometer
at room temperature. Gas chromatography was performed using a Shimadzu GC-2014 gas
chromatograph [GC: Ar carrier, a packed column with ShinCarbon ST (6.0 m % 3.0 mm, 50 - 80
mesh) at 363 K] equipped with a thermal conductivity detector. Elemental analyses were
performed by the Analytical Research Service Center at Osaka City University on J-SCIENCE
LAB JM10 or FISONS Instrument EA1108 elemental analyzers.

Synthetic Procedures and Characterization.

trans-[Fe(PyBPT)(CO)(PMej3);] (2). The dinuclear iron complex 6 (102 mg, 0.20 mmol) was
dissolved in toluene (5 mL) in a Schlenk tube, followed by the addition of trimethylphosphine in

toluene (1.0 M, 0.80 mL, 0.80 mmol). The Schlenk tube was heated at 90 °C for 2 h. The
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resultant red solution was evaporated to dryness. Recrystallization of the residue from THF/n-
hexane gave needle-like red crystals of 2 (96.2 mg, 97%). 'H NMR (300 MHz, C¢Dy) &: 0.62
(18H, t, *Jop= *“Jpu = 3.8 Hz, PMe3), 6.05 (1H, ddd, *Juy = 5.8, 7.2 Hz, “Juu = 1.5 Hz, 5-py),
6.75 (1H, t, *Jun = 7.2 Hz, 4-py), 6.94 (1H, ddd, *Jyy = 7.0, 7.7 Hz, *Jun = 1.7 Hz, 4-BPT), 7.01
(1H, ddd, *Juy = 7.0, 7.8 Hz, *Juyy = 1.6 Hz, 5-BPT), 7.16 (1H, d, *Juu = 7.2. Hz, 3-py), 7.25 (1H,
tt, *Jun = 7.6 Hz, Jup = 1.5 Hz, 5’-BPT), 7.49 (1H, dd, *Juy = 7.5 Hz, *Juu = 1.0 Hz, 4'-BPT),
7.78 (1H, dd, *Jun = 7.9 Hz, *Juu = 1.6 Hz, 6-BPT), 8.04 (d, *Juy = 7.8 Hz, 1H, 6'-BPT), 8.10
(1H, dd, *Juu = 7.7 Hz, *Jun = 1.6 Hz, 3-BPT), 8.64 (1H, d, *Juy = 5.8 Hz 6-py). *C{'H} NMR
(75.5 MHz, C¢Dg) &: 14.0 (t, 'Jep = *Jep = 13 Hz, PMes), 117.5 (s), 120.1 (s), 121.1 (t, Jep = 2.3
Hz), 121.9 (s), 123.6 (t, Jcp = 1.9 Hz), 125.5 (s), 128.2 (t, Jcp = 2.6 Hz), 129.6 (s), 133.8 (s),
134.6 (s), 141.7 (s), 144.1 (s), 144.8 (t, Jcp = 4.0 Hz), 147.5 (t, Jcp = 2.3 Hz), 153.4 (s), 168.2 (s),
193.4 (t, “Jcp = 28.4 Hz, 2"-BPT), 215.2 (t, “Jcp = 20.5 Hz, CO). *'P{'H} NMR (121 MHz, C¢Dy)
d: 15.1 (Figure S11 - 13). IR (KBr) vco = 1891 cm™’. Calcd for 2 (C24H29FeNOP;S): C, 57.96; H,
5.88; N, 2.82. Found: C, 57.89; H, 5.91; N, 2.75.

trans-[Fe(PyBPT)(CO)(P(OEt)3);] (3). The dinuclear iron complex 6 (1.00 g, 1.9 mmol) was
dissolved in THF (8 mL) in a Schlenk tube, and triethylphosphite (1.40 mL, 8.1 mmol) was
added to the solution. The Schlenk tube was heated at 65 °C for 4 h. The resultant red solution
was evaporated to dryness. The residue was recrystallized from THF/n-hexane at -30 °C, washed
with n-hexane, and dried under reduced pressure. Complex 3 was obtained as red needle-like
crystals (1.07 g, 81%). A single crystal suitable for X-ray diffraction analysis was obtained by
recrystallization from THF/n-hexane at -30 °C. "H NMR (300 MHz, C¢Dg): & 0.81 (t, *Jun = 7.0
Hz, 18H, P(OCH,CHx)3) 3.76 (m, 12H, P(OCH,CHs)3) 6.29 (ddd, *Jun = 5.8, 7.2 Hz, *Jun = 1.3

Hz, 1H, 5-py), 6.88 (dd, *Jun = 7.2, 7.7 Hz 1H, 4-py), 6.93 (ddd, *Juy =7.0, 7.2 Hz, Jyu = 1.4 Hz,
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1H, 5-BPT), 7.04 (ddd, *Jun = 7.0, 7.6 Hz, “Jun = 1.5 Hz, 1H, 4-BPT), 7.28 (d, *Juu = 8.1 Hz,
1H, 3-py) 7.31 (t, *Juu = 7.5 Hz, 1H, 5’-BPT), 7.62 (dd, *Juu = 7.5 Hz, *Jyy = 0.8 Hz, 1H, 4'-
BPT), 7.74 (dd, *Juu = 7.9 Hz, “Jun = 1.2, 1H, 6-BPT), 8.01 (d, *Juu = 7.5 Hz, 1H, 6'-BPT),
8.01 (dd, *Jun =7.7 Hz, *Juy = 1.5 Hz, 1H, 3-BPT), 8.86 (d, *Jun = 5.8 Hz, 1H, 6-py). “C{'H}
NMR (75 MHz, C¢Dg): 8 16.2 (t, *Jep = *Jep = 2.5 Hz, POCH,CH3), 61.3 (t, 2Jcp = *Jop = 3.5 Hz,
POCH,CHj3), 117.2 (s), 119.8 (s), 121.0 (t, 2.3 Hz),122.1 (s), 123.7 (s) 125.2 (s), 127.2 (t, 2.6
Hz), 129.4 (s), 134.3 (s), 134.5 (s), 144.1Hz (s), 144.8 (t, 2.6 Hz), 147.5 (t, 4.2 Hz), 148.9 (t, 2.8
Hz), 155.3 (s), 168.7 (s), 188.2 (t, “Jep = 35.0 Hz, 2'-BPT), 214.8 (t, “Jcp = 30.5 Hz, CO).
J'p{'H} NMR (121 Hz, C¢Dg): & 144.9 (s) (Figure S14 - 16). IR (KBr) vco = 1922 cm™. Caled
for 3 (C30H41FeNO,P,S): C, 53.18; H, 6.10; N, 2.07. Found: C, 53.20; H, 6.16; N, 2.10.

trans-[Fe(PyBPT)(CO)(PMejs),] PFs ([2] PFs). Complex 2 (90.0 mg, 0.18 mmol) was dissolved
in CH,Cl; (2 mL) in a brown vial. The solution was cooled to 0 °C, and then N(p-tolyl);PFs
(97.3 mg, 0.23 mmol) in CH,Cl, (1 mL) was added. After stirring for 20 min, 0.5 mL of diethyl
ether was added to the reaction mixture, followed by additional stirring for 5 min. The resultant
solution was evaporated to dryness. The residue was suspended in toluene (2 mL) to collect
precipitates by filtration, which was washed with toluene, and was dried under reduced pressure.
[2]PF¢ was obtained as reddish-purple powder. Yield: 99.3 mg, 85%. A single crystal suitable for
X-ray diffraction analysis was obtained by recrystallization from CH,Cl,/toluene at 4 °C. vco =
1998 cm™ Caled for [2]PFs0.33CH,Cl, (CasHaoFsFeNOP3S-0.33CH,CLy): C, 43.59; H, 4.46; N,
2.09. Found: C, 43.37; H, 4.60; N, 1.97.

trans-[Fe(PyBPT)(CO)(P(OEt);3),] PFs ([3]PFs). Complex 3 (135 mg, 0.20 pmol) was
dissolved in CH,Cl, (2 mL) in a brown vial. To the cooled solution at 0 °C was added N(p-

tolyl)sPFs (94.0 mg, 0.22 pumol) dissolved in CH,Cl, (3 mL). After 10 min stirring, the solution
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was added 0.5 mL diethyl ether, followed by stirring for 10 min. The resultant solution was
evaporated to dryness. The residue dissolved in CH,Cl, (1 mL) was reprecipitated in toluene (20
mL), which was collected by filtration, washed with toluene, and dried under reduced pressure.
Complex [3]PFs was obtained as dark blue powder. Yield: 137 mg, 84%. A single crystal
suitable for X-ray diffraction analysis was obtained by recrystallization from CH,Cl,/toluene at 4
°C. veo = 2011 cm™! Caled for [3]PFs-H,O (C;30H4 1 FsFeNO;P3S-H,0): C, 42.87; H, 5.16; N,
1.67. Found: C, 43.81; H, 5.02; N, 1.70.

[Fe(PyBPT-x’N,C,S)(CO)P(OE1)s], (4). The dinuclear iron complex 6 (26 mg, 0.05 mmol)
was dissolved in toluene (5 mL) in a Schlenk tube, and triethylphosphite (55 uL, 0.3 mmol) was
added to the solution. The Schlenk tube was heated at 100 °C overnight. The red suspension
evaporated to dryness, and the residue was suspended in n-hexane. The residue was washed with
n-hexane and dried under reduced pressure. Complex 4 was obtained as a reddish orange solid
(5.9 mg, 22%). Single crystals suitable for X-ray diffraction analysis were obtained by standing a
CsDg solution of 3 at room temperature for a month. '"H NMR (300 MHz, C¢Dg): 6 0.49 (t, 3JHH =
7.0 Hz, 9H, P(OCH,CHs)3), 3.17 (dm, 6H, P(OCH,CHs);), 5.91 (dd, *Jun= 7.7 Hz, “Jyu = 1.4
Hz, 1H), 6.06 (ddd, *Juu= 5.8, 7.2 Hz, “Jun = 1.4 Hz, 1H), 6.66 (dt, *Juu= 7.4 Hz, *Jun = 1.3 Hz,
1H), 6.89 (t, *Jun= 7.4 Hz, 1H), 7.24 (t, *Juy= 7.4 Hz, 1H), 7.53 (d, *Jun= 8.0 Hz, 1H), 7.72 (t,
3Jun= 7.6 Hz, 2H), 8.07 (d, *Juy= 7.7 Hz, 1H), 8.20 (d, *Jun = 5.7 Hz, 1H), 8.54 (d, *Juu = 7.5
Hz, 1H, 6-py). *'P{'H} NMR (121 Hz, C¢Ds): & 165.7 (s). IR(KBr): vco/em™ 1930. Caled for
4-H,0O(CasHsoFeaN2OgP2S,-Hy0): C, 55.40; H, 5.23; N, 2.69. Found: C, 55.45; H, 5.15; N, 2.64.

trans-[Fe(PyBPT)(CN'Bu)(PMe;Ph),] (5). Complex [S5]PFs (8.0 mg, 9.7 umol) and
cobaltocene (2.4 mg, 13 umol) were dissolved in 3 mL THF. The solution was stirred at room

temperature for 5 min. The reaction mixture was evaporated to dryness. The residue was added
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toluene, and the suspension was passed through Celite pad. The filtrate was evaporated to
dryness. To the oily residue, n-pentane was added and evaporated to dryness. Complex 5 was
obtained as red brown powder (5.0 mg, 76%). Single crystals suitable for X-ray diffraction
analysis were obtained by recrystallization from n-pentane at -30 °C. '"H and *'P{'"H} NMR data
are consistent with the previous repor‘[.52 13C{IH} NMR (75 MHz, C¢Dg): 6 11.9 (t, 1Jcp = 3Jcp =
13 Hz, PMe,Ph), 13.6 (t, 'Jep = *Jep = 13 Hz, PMe,Ph), 31.6 (s, CNCMes), 56.1 (s, CNCMes),
116.6 (s), 119.0 (s), 120.4 (t, Jcp = 1.9 Hz), 121.3 (s), 122.3 (t, Jop = 1.8 Hz), 124.9 (s), 127.1
(s),127.3 (t, Jcp = 3.5 Hz), 127.9 (s), 128.2 (s),129.4 (t, JCP = 3.8 Hz), 129.8 Hz (5),130.9 (s),
134.8 (s), 140.4 (t, Jcp = 11.5 Hz), 142.6 (s), 146.2 (s), 146.7 (t, Jcp = 3.5 Hz), 148.8 (t, Jep = 1.5
Hz), 152.9 (s), 168.3 (s), 197.7 (t, *Jop = 26.6 Hz). IR (KBr): ven/em™ 2032. Caled for
CisHyFeN,P,S: C, 67.45; H, 6.26; N, 4.14. Found: C, 67.18; H, 6.28; N, 4.08.

Quantification of the released CO from complexes. 15 mg of complex [3]PF¢ was dissolved
in 1 mL CH,Cl, in a 12 mL vial, which was tightly capped with a rubber septum. After
irradiating the solution by white LED for 3 h, 500 uL of the gas in the headspace was taken up
by a gas tight syringe for subsequent analysis by gas chromatography. Standard samples to
obtain a CO calibration curve was prepared by injecting specific amount of pure CO gas in place
of the complex to the same experimental setting mentioned above. The CO release efficiency
was determined by dividing the detected amount of CO by the stoichiometric amount of CO
released from the added complex. The mean of the CO efficiency of three independent
experiments was 1.02, and the standard deviation was 0.04.

Photochemistry. Quantitative photoreactions were performed under dim red light to minimize
the effect of photoreactions induced by ambient light. The quantum yields for CO-release

reaction of [1]PF¢ - [3]PFs were determined by irradiation of monochromic light using a built-in
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xenon lamp of a fluorescence spectrophotometer (F-7000, Hitachi) with 20 nm bandwidths
through a UV or yellow filter to cut off the light diffracted at higher order of the incident light.
Dichloromethane solutions of [1]PFs - [3]PFs in the presence of excess amount of 1,10-
phenanthroline were used for the quantum-yield determination. Electronic absorption
spectroscopy was used to quantitate the increase of Fe*" ion concentration, which is formed from
CO-dissociated complexes. The molar absorption coefficient of tris(1,10-phenanthroline)iron(II)
bishexafluorophosphate ([Fe(phen)3](PF6)2)54 in CH,Cl, at 509 nm was determined to 1.1 x 10*
mol? dm’ cm™, which was used to determine the Fe’" concentration produced in the
photoreaction. Two samples were prepared to subtract the influence of thermal decomposition
and photoreaction by ambient light. One sample was irradiated on the spectrophotometer, and the
other was standing in the same sample chamber under light shield. At six different irradiation
periods, the absorption spectra of both the irradiated and control samples were measured to plot
the produced [Fe(phen)s]*" as a function of photon numbers. The quantum yield was calculated
from the average of three independent experiments. Potassium

55, 56
2% was used

tetrathiocyanatodiamminechromate(IIl) monohydrate (potassium Reinecke’s salt)
as a chemical actinometer to determine the intensity of the incident light at each wavelength
prior to sample measurements.

X-ray Crystal Structure Determination. Diffraction data of 2 - 5, [2]PF¢ and [3]PFs were
collected on a Rigaku AFC11/Saturn 724+ CCD diffractometer. The data were processed and
corrected for Lorentz and polarization effects using the CrystalClear software package.”’ The
minimum & value was set to 3.0° to avoid problems related to strong saturated peaks. The

analyses were carried out using the WinGX software.”® Absorption corrections were applied

using the Multi Scan method. The structures were solved using direct methods (SIR97°°) and
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refined by full-matrix least-squares on F, using SHELXL-2013.%

Crystallographic data are
summarized in Tables S4 and 5. Non-hydrogen atoms were refined anisotropically. Hydrogen
atoms of the P(OEt); ligands in 3 and [3]PFs, the disordered ethyl group of P(OEt); in 4, and the
PMe; ligands in [2]PFs were placed in calculated positions with C—H(methyl) = 0.98 A and C-
H(methylene) = 0.99 A and refined using a riding model with Uso(H) = 1.5 Ueg(C) and 1.2U,¢(C),
respectively. Hydrogen atoms of a hexane molecule found for 3 were also treated using the
riding model. Other H atoms were found in a difference Fourier map and refined isotropically.

Computational Details. Structures of complexes 2, 3, [2]", and [3]" were optimized by DFT
calculations using the Gaussian 03 program package.61 The rB3LYP (for 2 and 3) or uB3LYP
(for [2]" and [3]") density functional method and the 6-311+G(d,p) basis set were used for the
calculations. The initial models were obtained from the crystal structures. Optimized structures
and selected molecular orbitals of 2, 3, [2]", and [3]" are shown in Figure S6 and their molecular
coordinates and selected bond distances and angles are listed in Tables S6, 8, 10, 11, 13 and 15,
respectively. Harmonic vibrational frequencies were calculated for the optimized geometries
using the 6-311G(d,p) level. Time-dependent DFT calculations were performed using the
optimized structures at the rB3LYP/6-311+G(d,p) or uB3LYP/6-311+G(d,p) level. Calculated
electronic transitions for 2, 3, [2]", and [3]" are given in Tables S7, S9, SI2 and SlI4,
respectively.

RESULTS AND DISCUSSION

Synthesis and properties of N,C,S-pincer iron(II) carbonyl complexes. Mononuclear
iron(Il) complexes of an N,C,S-pincer ligand, with either PMe; or P(OEt); ligand trans-
[Fe(PyBPT)(CO)(PR3),] (2 for R = Me, 3 for R = OEt), were synthesized by a procedure similar

to that of 1, which was obtained via heterolytic Fe—Fe bond cleavage of the dinuclear iron
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complex 6% according to a previous report (Scheme 1).”' Complex 6 reacted with four
equivalents of PMe; or P(OEt); in THF at 65 °C to provide 2 or 3, respectively, as reddish
solution. Dark red crystals of 2 or red crystals of 3 were obtained by recrystallization of the

resultant solution from

R, R
p/ -
(4 equ|v)

T
| Fel_
\Fe/\cgo heat O s l co
\ L L0
oc” o 2/ .

2, R=Me (97%)
3, R = OEt (81%)

Scheme 1. Synthesis of iron(II) carbonyl complexes 2 and 3.
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Sh \f‘ y 06 \ 05

Figure 2. ORTEP drawings of (a) 2 and (b) 3 with thermal ellipsoids at 50% probability level.

Hydrogen atoms, crystal solvents, and ethyl groups of P(OEt); in 3 are omitted for clarity.

1.*°! The crystal structures of 2 and 3 are depicted in Figure 2.

THF/n-hexane, as reported for
Selected bond distances and angles of 2 and 3 are listed in Table 1. Corresponding data for 1 are
reproduced in the table for comparison. Virtually identical coordination bond distances were
found in the equatorial plane ligands of 1 - 3. Fe—P distances in each complex were consistent
with the non-planar configuration of the equatorial plane particularly composed of C1 - 8 and S1.

The 'H and *'P{1H} NMR spectra of 1 - 3, however, indicated that the two phosphorus ligands

were equally bound to Fe in the trans position. The variance in the crystal and NMR data
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supposes the quick flip-flop motion of the equatorial ligand in solution. The mean Fe—P distance
of 3 was ca. 2.206 A, which was comparable with those of other reported iron(II) phosphite
complexes and was shorter than those of 1 and 2 by 0.05 and 0.04 A, respectively. The shorter
bond distance observed for P(OEt); coordination was ascribed to the lower steric bulk relative to

the phosphine ligands.

Table 1. Selected bond lengths and angles of 1 - 3.

Complex 1% 2 3
Fel-S1/A 2.2884(5) 2.2777(7)  2.2915(10)
Fel-C7/A 1.9872(17) 1.997(2) 2.005(3)
Fel-N1/A 1.9876(15) 1.9799(19) 1.989(3)
Fel-C18/A 1.7591(19) 1.761(2) 1.773(4)
Fel-P1/A 2.2665(6) 2.2511(8)  2.2193(10)
Fel-P2/A 2.2341(6)  2.2340(8)  2.1924(10)
C18-0O1/A 1.164(2) 1.161(3) 1.156(4)
Fel-C18-0O1/°  178.3(2) 176.2(2) 178.2(3)
NI1-Fel-S1/° 173.82(5) 175.97(6) 171.16(8)
C7-Fel-C18/°  177.96(8) 178.46(10) 178.05(15)
P1-Fel-P2/° 174.58(2) 174.68(3) 179.27(4)
Interplanar 35.72(9) 22.46(5) 27.08(10)
anglel”

Interplanar 16.22(13) 7.83(4) 6.26(15)
angle!!

[a] Referred from ref. 46. [b] Interplanar angles were
calculated as the dihedral angle between the least-
squares planes of C(1)-C(6) and C(7)—C(12). [c]
Interplanar angles were calculated as the dihedral angle
between the least-squares planes of C(7)—-C(12) and
C(13)—C(17), N(1).
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The Tolman corn angle—a common measure for the bulkiness of phosphorous ligands—
determined for the P(OEt); ligand (109°), was significantly smaller than those for the phosphine
ligands (122° for PMe,Ph and 118° for PMes).*® Complex 3 had the propensity of thermally
dissociating one of the phosphite ligands and getting converted to the dinuclear complex 4

(Scheme 2).** This reaction lowered the yield of the monomer complex 3 in the present synthetic

£, P/OEt P(OE);
g — I\ =
—Na I
O @ —P(OEt), /Fe\ N
SR T2 oc] Leo
D L SN—Fe T
EtO'; ==
£o” OBt | §
P(OEt)3

3
4

Scheme 2. Formation of diiron(IL,IT) complex 4 from iron(Il) complex 3.

process. Single-crystal X-ray diffraction analysis revealed that 4 was a thiolate-bridged dinuclear
iron(ILII) complex consisting of two Fe(PyBPT)(CO)(P(OEt);) units related by a
crystallographic inversion center (Figure S1, Table S1). The Fe-P1 distance of 4 (2.1629(7) A)
was 0.03 A shorterthan the Fe—P2 distance of 3 because of the replacement of one of the n-
accepting phosphite ligands by a n-donating thiolate at the trans position. In contrast, the Fe—CO
bond was not affected by dimerization. Similar Fe—CO distances and CO stretching frequencies
of carbonyl ligands were observed in 3 and 4. Complex 4 is another potential candidate for iron-
based CORM with phosphite ligands. Poor solubility of the complex in both organic and aqueous
solvents, however, prevented further study to examine CO release from this complex upon
photo-irradiation. The electronic effect of the phosphite ligand on 3 was estimated from the C-O
stretching frequency of the carbonyl ligand. The IR spectrum of 3 showed a C—O stretching band
at 1922 cm™', which was much higher than those of 1 (1890 cm'l) and 2 (1891 cm'l).51 This trend

in CO frequency (3 > 2 = 1) indicated weaker electron donability and/or stronger electron
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acceptability of the phosphite ligand than the phosphine ligands. This was coincident with the
general order of Tolman’s electronic parameter for phosphorus ligands.®” ® The absorption
spectra of 1 - 3 in CH,Cl, are shown in Figure 3. In all spectra, d-d transition bands were
observed around 500 nm (550 nm for 1,51 550 nm for 2, and 510 nm for 3) as shoulders, while
charge-transfer bands, including the metal-to-ligand and intra-ligand charge-transfer showed
intense absorption bands at around 400 nm (383 and 408 nm for 1, 417 nm for 2, and 382 nm for
3).>! The overall blue shift of the bands in 3 supported the stronger m-acceptability of the

phosphite ligand stabilizing the filled dn(Fe) orbitals.

5 3 2500
o4  [— | 2000
.—LE) '.l " .................. | ','E
5 3JL “ 1500 _O
g | : S
ME ' 3 E
£ Ll L1000
‘b \ \ 'g
S 4] ! 500
- N >
—_— \ N I
— ' Pt 0
400 600 800

Wavelength/nm

Figure 3. Electronic absorption spectra of 1 (solid black line), 2 (blue dashed line), and 3 (red

dotted line) in CH,Cl,,

Preparation and properties of V,C,S-pincer iron(III) carbonyl complexes. One-electron-
oxidation products of 2 and 3 ([2]PFs and [3]PF¢) were obtained as reddish purple and dark blue
solids, respectively by reaction with N(p-tolyl);PF in the dark (Scheme 3). The crystal structures

RR;.P/R__—\ PFe
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R

S8 wpomers S22
—~re - o )
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R
2,R=Me
3,R=0E

R

t
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dark AN
R "R

[2]PFs, R = Me (85%)
[3]PF¢, R = OEt (84%)
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Scheme 3. Preparation of iron(III) carbonyl complexes [2]PF¢ and [3]PFe.

of [2]PFs and [3]PF¢ are shown in Figure 4, and selected bond lengths and angles are listed in

Table 2 together with sets of [1]PF¢ for comparison. Although the geometries of the iron(Il)

complexes were conserved after the oxidation reaction, some variation was found in certain bond

lengths and angles. Significant reductions in Fe—S bond lengths were observed in both [2]PF¢ and

(a) / (b) 04 \f\ o3
clo. c11 \1 L) £13 clo  cu Pl 202
3 \012\/ B4 C15 e [ s
S$%) cord NG 7/ — /oy C16
\\A_ c7 7 & 1/0'16 Ne C7 A | )j
s o6 sep NI e / —G
) Fe1 / /\ c17
/TN st \C\ W s cis
R4 Z c18 ca / o1
S / ..

C2

06+

~
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Figure 4. ORTEP drawings of the cations of (a) [2]PFs and (b) [3]PF¢ with thermal ellipsoids at

50% probability level. Hydrogen atoms of the cations and ethyl groups of P(OEt); in [3]PFg are

omitted for clarity.

Table 2. Selected bond lengths and angles of [1]PFs - [3]PFs.

Complex [1]PF [2]PF" [3]PF
Fel-S1/A 2.1532(8) 2.1364(13), 2.1439(13)  2.1436(11)
Fel-C7/A 1.988(3) 1.989(4), 1.991(4) 1.976(3)
Fel-N1/A 2.003(2) 1.993(3), 1.997(3) 1.997(3)
Fel-C18/A 1.817(3) 1.812(4), 1.818(4) 1.814(4)
Fel-P1/A 2.3123(8) 2.2894(14),2.3018(13)  2.2513(12)
Fel-P2/A 2.2937(8) 2.2927(13),2.2963(12)  2.2375(12)
C18-O1/A 1.141(4) 1.148(5), 1.142(5) 1.140(4)
Fel-C18-01/°  175.5(3) 175.3(4), 177.1(4) 178.0(3)
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NI1-Fel-S1°  175.66(7) 177.84(10), 177.15(10)  175.59(8)
C7-Fel-C18/° 175.68(12)  179.35(18), 178.52(17)  177.56(14)

P1-Fel-P2/° 174.54(3) 175.80(5), 176.08(5) 172.73(4)
interplanar 27.65(10) 14.5(3), 19.3(2) 26.23(11)
angle!®)/°

interplanar 12.05(10) 8.3(3), 13.5(3) 9.72(7)
anglel¥/°

[a] Referred from ref. 50. [b] There are two independent molecules in the
asymmetric unit, and one of the molecules is shown in Figure 4a. [c]
Interplanar angles were calculated as the dihedral angle between the least-
squares planes of C(1)—C(6) and C(7)—C(12). [d] Interplanar angles were
calculated as the dihedral angle between the least-squares planes of
C(7)—C(12) and C(13)—C(17), N(1).

[3]PFs, which were due to removal of an electron from Fe—S m-antibonding orbitals participating
in the HOMO of 2 and 3. In addition, the Fe—CO and Fe-P bond lengths were elongated
because of reduced m-backbonding from the central iron to the carbonyl and phosphite ligands.
IR spectra
of [2]PF¢ and [3]PF¢ consistently showed C—O stretching bands of the carbonyl ligand at higher
frequency (1998 cm™ for [2]PFe, 2011 cm™ for [3]PFs) than those of 2 and 3 (1891 cm™ for 2,
1922 ecm™ for 3), respectively. EPR spectroscopy with [2]PFs and [3]PFs at room temperature
(Figure S2) allowed comparison of the electron acceptability of the phosphorus ligands in [1]PFg
- [3]PFs. The complexes showed isotropic triplet signals at g = 2.042, 2.044 and 2.038 with
hyperfine coupling constants, 1.5, 1.4 and 2.4 mT for [1]PFs, [2]PFe, and [3]PFs, respectively.
The signals were ascribable to unpaired electrons of the central iron delocalized on two
equivalent axial phosphorus ligands. Comparable coupling constants were previously reported
for the other low-spin 17-electron iron(I) complexes with two phosphorus ligands, in which the

major population of electrons was found on the central iron.®”” This was also true of the present
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complexes while the significantly larger hyperfine coupling constants of [3]PFs than those of
[1]PFs and [2]PF¢ indicated the relatively higher electron acceptance of the phosphite ligand
from the central iron, consistent with the weaker n-backbonding ability to the CO ligand in 3 and
[3]PFs, inferred from IR spectroscopy. Theoretical data suggested that the P—O anti-bonding
component in the P(OEt); ligand was favorable to accept electrons from the central iron through
Fe-P backbonding (vide infra). The electronic absorption spectra of [1]PF¢ - [3]PF¢ in CH,Cl,
are shown in Figure 5. In a previous study, characteristic absorption bands of [1]PFs at 588 and
862 nm were assigned to the LMCT excitation.”” These bands were also observed for [2]PF, and
[3]PFs. The absorption maxima were slightly blue-shifted in comparison to [1]PFs (573, 853 nm
for [2]PF¢ and 581, 813 nm for [3]PF¢), as were observed for the original complexes 1 - 3.
Although the complexes [1]PFs - [3]PFs were stable under dark conditions even in the
coordinative solvent (acetonitrile) at 20 °C for 30 min, prolonged incubation of [3]PFs resulted in
solvolysis cleavage of the Fe—CO bond, confirming the less stable Fe—CO bond inferred from the

longer Fe—CO distance and higher C-O stretching frequency.
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Figure 5. UV-Vis-NIR absorption spectra for [1]PF (black solid line), [2]PFg (blue dashed line),

[3]PF¢ (red dotted line) in CH,Cl,.
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Photoreaction of iron(III) carbonyl complexes. In a previous study, we found that light
induced CO ligand-substitution of [1]PF¢ in the coordinative solvent acetonitrile, although the
substitution product was not amenable to detailed characterization of the reaction by either
spectroscopic techniques or single crystal analysis. This problem was settled using tert-butyl
isocyanide (‘BuNC), a stronger o-donor ligand than acetonitrile as substituent for the CO ligand
to produce the stable photo-product, trans-[Fe(PyBPT)(CN'Bu)(PMe,Ph),]PFs ([S]PFs) (Scheme
4).>* The 'H and *'P{'H} NMR spectra and single crystal analysis with the one-electron-reduced
form of [5]PFs obtained by chemical reduction revealed that 5 conserved the overall
conformation of 1 except for the coordination of isocyanide in the place of CO (Figure S3 and

Table S2).>!' This

\,,,.p/Ph T PFg \,,,.p/Ph | PFg
SIS ane . SRS
~re _— s— e
/5| o cHe, ) | ~oNu
. 0°C
4 \Ph visible light 7 “en
[1]PFg [5]PFg
MeCN ‘ Vis'g'?é'ghl cobaltocene l TSTF
\""F/Ph PFg \""'p/Ph
—Fe o
O S ‘L\NCMe O S lL\CN’Bu
7 e 7 pn
5

thermally instable

Scheme 4. Visible-light-induced ligand-substitution reactions of [1]PFg.”

indicated that the photoreaction of [1]PF¢ was accompanied by simple substitution of the CO
ligand without removal or scrambling of other ligands. Photoreactions of [2]PF¢ and [3]PF¢ in
acetonitrile, initiated by visible light irradiation, were traced by UV-Vis spectroscopy. Upon
irradiation, [2]PF¢ showed immediate spectral changes with isosbestic points at 415, 533, 641,

and 777 nm (Figure 6a). Analogous changes were observed in the photoreaction of [1]PFg,
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indicating that complex [2]PFs was capable of CO ligand substitution with a solvent molecule
accompanied by no other structural changes or decomposition of the complex.”®> By contrast,
light irradiation to [3]PFg (Figure 6b) resulted in a monotonous decrease in the specific bands of
the complex, suggesting immediate decomposition of the resultant by photoreaction. Gas
chromatography analysis (Figure S4) revealed quantitative release of CO from [3]PFs (1.02 +
0.04 molecules of CO per [3]PFs) in the reaction. This indicated that no iron-carbonyl species
were in the decomposition products. The monotonous spectral changes observed for [3]PF¢ in
acetonitrile were reproducible by photoreaction of either [1]PF¢ or [2]PF¢ in a non-coordinative

solvent such

(a) 1.5, (b) 1.5,
|

5 v
8 N
©
o
5 [
3 v
< / \

0 v T T T 04— . r r

400 S00 600 700 800 400 500 600 700 800
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Figure 6. Spectral changes on visible-light irradiation of (a) [2]PF¢ and (b) [3]PF¢ in CH3CN.
The red and blue lines represent spectra before and after 5 min irradiation of the visible light,

respectively.

as CH,Cl,. This suggested that coordination of the solvent molecule was crucial for stabilizing
the initial products of the CO dissociation reaction from [1]PF¢ - [3]PF¢s. A plausible reason for
the immediate decomposition of [3]PFs upon photoreaction was the unstable coordination of
acetonitrile in the place of CO due to weaker electron donation from the central iron(IIl) to

acetonitrile, the m-acceptor ligand. Accordingly, the photoreaction of [3]PF¢ in the presence of
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‘BuNC provided a more stable complex with the ‘BuNC ligand in place of CO. Previous study
with [1]PFs demonstrated that the unstable 5-coordinated photoproduct in CH,Cl, underwent
disassembly to yield the phosphine, an equatorial ligand precursor, and iron(Il) ion, through
reductive elimination of the equatorial ligand under ambient conditions, where the iron(II) ion
was possibly formed by air oxidation of initial iron product, iron(I) ion. Taking into
consideration the quantitative release of CO and similar spectral changes to those of [1]PF¢ in
CH,Cl,, it would be rational to assume that the decomposition of [3]PF¢ also involved reductive
elimination of ligands from the unstable 5-coordinated species formed after CO dissociation by
photo irradiation. "H-NMR and *'P-NMR for the photoreaction products of [3]PFs support the
assumption (Figure S5).

Wavelength dependence of CO release from iron(IIl) carbonyl complexes. The quantum
yields of photoinduced CO release were determined by the production of [Fe(phen)s]*" (&500 nm =
1.1 x 10* dm’® mol!' cm™ in CH,Cl,) in CH,Cl, in the presence of phen. As the photoreaction of
[1]PFs - [3]PFs quantitatively released iron ion and CO molecule, colorimetric quantification of

the iron ion is a reliable method for quantifying the CO released (Scheme 5). Representative

/, 2+
R' PFs N
e N CQ} - m%
+ ~Fe
=N~ |\N‘|
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Scheme 5. Visible-light-responsive CO release from iron(IIl) carbonyl complexes in the

presence of 1,10-phenanthroline.
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spectral changes of iron(IIl) carbonyl complexes with phen upon light irradiation are shown in
Figure 7a. Apparent increases in absorbance at 509 nm with isosbestic points at 400 and 555 nm
were observed. This corresponded to the disassembly of the complex by irradiation and
consequent formation of [Fe(phen)3]2+. Linear correlation was obtained for the amount of
[Fe(phen)s]*" produced and irradiation dose measured by a chemical actinometer over the
complete wavelength range of the spectroscopic light (Figure 7b), and was used to evaluate the
quantum yield of CO releases from the complexes. The quantum yields of photoinduced CO
release from [1]PF¢ - [3]PF¢ at different wavelengths are shown in Figures 7c - e, respectively.
For all complexes, higher quantum yields were obtained at shorter wavelengths of the irradiated
light and were more than 2% at 392 nm. A prominent difference was found at longer wavelength.
The phosphine complexes [1]PFs and [2]PF¢ showed no CO release at wavelengths longer than

500 nm, while the phosphite
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Figure 7. (a) Time course of the spectral changes of [1]PF¢ in CH,Cl; in the presence of 1,10-
phenanthroline upon the irradiation of 392 nm wavelength light at rt. (b) Plots of the number of
[Fe(phen);]*" calculated from spectral changes shown in (a) as a function of the number of
absorbed photons by [1]PFs. A least-square line and fitting equation are also inserted in the
figure. (c-e) The wavelength dependence of the quantum yields for CO-release reaction by (c)
[1]PF¢, (d) [2]PF¢, and (e) [3]PFs. The quantum yields at each wavelength are plotted with red
circles. Solid lines represent the electronic absorption spectra of [1]PF¢ - [3]PFs in CH,Cl,. The

quantum yields were determined as the average of at least three independent experiments. Error

bars on the circles indicate standard errors. (f) Wavelength dependence of the rate of the
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photodecomposition of [3]PFs in CH,Cl,. The values indicate the average of three independent

experiments.

complex [3]PF¢ retained its reactivity to light of 500 - 600 nm wavelength with a quantum yield
of 0.7 - 1%. Due to absence of an appropriate chemical actinometer, the quantum yield of CO
release from [3]PFs was not determined at wavelengths longer than 600 nm. However, the
quantitative production of [Fe(phen);]*" and CO from [3]PFs was still detected when irradiated
with light of wavelength 800 nm. The absence of the production of [Fe(phen)s]*” and CO without
irradiation confirmed that the light of wavelength 800 nm was the source for photoreaction of
[3]PFs. The production rate of [Fe(phen)]’” at 800 nm was comparable to those at other
wavelengths examined in this study, except for 392 nm (Figure 7f). As the optical intensity of the
light used in the study (xenon light equipped in an ordinary fluorescent spectrometer) varied
according to wavelength, it was premature to deduce the quantum yield at 800 nm by comparing
the [Fe(phen);]*" production rates. Nevertheless, the results demonstrated that [3]PFs was
sufficiently sensitive to 800 nm wavelength light emitted from an ordinary spectrometer to
release

CO with similar efficiency to those at shorter wavelengths. BODIPY-based photo-CORMs,
which were reported to be responsive to light of the NIR optical range, showed quantum yields
of 0.001% at 505 nm for CO release.”” This CORM was stable under irradiation of NIR light
from a fluorescence spectrometer. Significant discrepancy between the quantum yield for CO
release from [3]PF¢ and the absorption spectrum in the longer wavelength region implied that the
apparent absorption bands were not associated with the photochemistry of CO release. This will

be discussed in the next section.

ACS Paragon Plus Environment

25



Submitted to Inorganic Chemistry

DFT calculations. Quantum chemical calculations were performed using density functional
theory (DFT) at the uB3LYP/6-311+G(d,p) level to obtain insight into the effect of the phosphite
ligand on the extended photosensitivity of [3]PFs to the long wavelength region. As was reported
for [1]PF¢ in the previous study, the crystal structures of [2]PF¢ and [3]PFs were reproduced in
the optimized structures of [2]" and [3], respectively (Figures S6). The spin densities in [2]" and
[3]" (Figure 8) were mainly located on the iron and thiophenolate moieties with small

contributions

(a) 6
g .
Sl o2

) -9

9
Figure 8. Spin density diagrams (isovalue = 0.0015) of (a) [2]" and (b) [3]" calculated by DFT at

the uB3LYP/6-311+G(d,p) level.

from phosphorus ligands. These locations corresponded to the HOMO of a-spin orbitals and
LUMO of B-spin orbitals. The same results were obtained for [1]".°* The Mulliken atomic spin
density (Table S3) calculated at the central iron in [3]" (0.734) was smaller than those in the
phosphine complexes (0.964 for [1]" and 0.888 for [2]"), coincident with the trend of the ability
to donate electrons to the CO ligand, inferred from the results of IR spectroscopy. Time-
dependent DFT (TD-DFT) calculations reproduced the features of the absorption spectra of
[2]PF¢ and [3]PF¢ (Figure 9, S17 - 18). Energy diagrams and shapes of selected MOs involved in

low-energy
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Figure 9. Predicted electronic absorption spectra of (a) [2]" and (b) [3]" calculated by TD-DFT
at uB3LYP/6-311g+(d,p) level.
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Figure 10. Selected frontier and near-frontier orbital energy diagram of [3]". The prominent

MOs involved in low energy transitions are also shown.

transitions in [3]" are shown in Figure 10. The intense transitions of [2]" and [3]" in the NIR
region (1030 nm for [2]", 1087 nm for [3]") were assigned to LMCT transitions from orbitals
spread over the biphenyl thiolate moiety (B-HOMO-1 in Figure 10) to the iron dr orbitals (-
LUMO = SOMO). The same transition was found at 951 nm for [1]".>* The energy discrepancies
in transitions between the experimental and calculated data, particularly in the NIR region, could
be a reflection of the strong charge-transfer characters of these transitions, as TD-DFT
calculations tend to underestimate the excitation energies of charge transfer transitions.®® Two
moderate transitions around 600 nm (568 and 555 nm for [2]", 617 and 543 nm for [3]") were
also assigned to LMCT transitions from the biphenyl pyridine n-system (B-HOMO-2) to iron-
centered B-LUMO and from the thiolate-centered B-HOMO to iron do* orbitals. These LMCT
transitions were unlikely excitations for CO release from the complexes, as the major molecular
orbitals concerned with these transitions did not participate in Fe—CO bonding (occupied) or
antibonding (unoccupied) interactions. The TD-DFT calculation predicted the presence of weak
d-d transition bands behind the LMCT bands. In [3]", the transition from B-HOMO-3 to B-
LUMO (SOMO) was predicted at 1222 nm. B-HOMO-3 showed obvious Fe—CO n-bonding
character, and the SOMO was perpendicular to the Fe—-CO bond. Therefore, depopulation of the
Fe—CO m-bonding orbital was induced by the dn-dn transition process, which destabilized the
weak Fe—CO n-backbonding in [3]PFg, resulting in CO release triggered by dn-dn excitation. A
similar mechanism was expected for d-d transitions from 3-HOMO-3 to B-LUMO+3 (do*(Fe))
(596 nm) and from B-HOMO-4 (bonding dn(Fe—-CO)) to B-LUMO (583 nm). Although

analogous transition modes in the NIR and visible regions were also supposed for phosphine

ACS Paragon Plus Environment

28

Page 28 of 43



Page 29 of 43

Submitted to Inorganic Chemistry

complexes [1]" and [2]", experimental results revealed the incompetence of [1]PFs and [2]PFs
toward CO release responding to wavelengths longer than 500 nm. This difference emphasized
the importance of weaker Fe—CO bonds in [3]PF caused by stronger m-acceptability of P(OEt);
ligand to release CO in response to the less effective dn-dn transition. The overlap of dn-dn
transition bands for CO release with strong LMCT bands caused discrepancy between the
quantum yield of CO release and apparent light absorbance in the longer wavelength region. The
red shift of transitions related to Fe—CO bond cleavage was also predicted in the DFT calculation
of [3]PF¢. The n-backbonding interaction of phosphorus ligands with an iron d-orbital stabilized
the SOMO level of the complexes while the n-backbonding interaction was orthogonal to the
Fe—CO m-bonding orbitals. As a result, the transition energies from dn(Fe—CO) to dn(SOMO)
(B-HOMO-3 or B-HOMO-1 to B-LUMO) were reduced by the coordination of the phosphorus
ligands. This effect was more favorable to [3]PFs than [1]PF¢ and [2]PF¢ because of the stronger
n-backbonding character of the phosphite ligand than the phosphine ligands. In addition to the
above dn-dr transitions, more efficient CO dissociation by transition from dn(Fe—CO) orbitals to
do*(Fe—CO) or dn*(Fe—CO) orbital was deduced from the calculation. This was consistent with
the higher quantum yields observed at 392 - 452 nm for [1]PFg - [3]PF¢ (Figures 7(c) - (e)).

CONCLUSION

We describe the photoresponsive CO-releasing ability of newly synthesized iron(III) carbonyl
complexes trans-[Fe(PyBPT)(CO)(PR,R"),]PFs (R = Me, R” = Ph for [1]PFs; R = R” = Me for
[2]PFs; R = R” = OEt for [3]PFs). Despite the resemblance of the absorption spectra of all
complexes, only [3]PF¢ with P(OEt); ligands exhibited extended light sensitivity covering the
entire visible region and the edge of the NIR region (~390 - 800 nm) to release CO with

reasonable quantum yields. The observed trends in the C—O stretching frequencies and hyperfine
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coupling constants of EPR spectra ([3]PFs > [2]PF¢ = [1]PF¢) indicated that phosphite was more
effective than phosphines in accepting electrons from the central iron and weakening the Fe—-CO
bond through n-backbonding. The moderately weakened Fe—CO bond acquired sensitivity to dn-
dn excitation, which included depopulation of the Fe—CO bonding orbital, but was usually less
usable for cleaving the Fe—CO bond. Quantum chemical calculations for the complexes predicted
stabilization of the SOMO level by n-backbonding from the central iron to phosphorous ligands.
The P(OEt); ligand with stronger m-acceptability was a possible effector in reducing energy of
the dn-dm excitation to render CO release from [3]PF¢ responsive to lower energy light. Overlap
of the dn-dn transition band with strong LMCT bands obscured these photochemical properties
from the apparent spectrum and led to the underestimation of the quantum yield for CO release
in the combined wavelength region. At the moment, there is no appropriate molecular design for
shedding the influences of LMCT bands on the CO release reaction. Nevertheless, the results
obtained in this study demonstrated that dn-dm photo-excitation to depopulate the Fe—CO
bonding orbital could be a promising mode for CO dissociation from iron-based photo-CORMs
in long wavelength regions extending to NIR light. As the present complexes showed only slight
solubility in aqueous media, biological assays using cell lines were not performed. DFT
calculation, however, supposed that introducing some substituents on the equatorial pyridyl
group had little influence on the electronic structure of [3]PF¢. This is a promising clue for

molecular design to afford the water solubility of the complex.
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SYNOPSIS

Reasonable sensitivity to the light of biologically transparent wavelength region (650-1000 nm)

is a primary prerequisite of light responsive CO-releasing material applicable to therapeutic use.

The newly synthesized iron(IIl) carbonyl complex, trans-[Fe(L-&’N, C,S)(CO)(P(OEt)3),]PF

releases CO with extensive sensitivity to light including all visible and the above region. A

theoretical study with the complex indicates involvement of a peculiar photo-chemistry to

depopulate Fe—CO bonding orbital.
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