JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

Control of Photochemical, Photophysical, Electrochemical,
and Photocatalytic Properties of Rhenium(l) Complexes
Using Intramolecular Weak Interactions between Ligands
Hideaki Tsubaki, Akiko Sekine, Yuji Ohashi, Kazuhide Koike, Hiroyuki Takeda, and Osamu Ishitani

J. Am. Chem. Soc., 2005, 127 (44), 15544-15555+ DOI: 10.1021/ja053814u « Publication Date (Web): 15 October 2005
Downloaded from http://pubs.acs.org on March 25, 2009

A 1or3MLCT w

of |

Energy

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 8 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja053814u

JIAICIS

ARTICLES

Published on Web 10/15/2005

Control of Photochemical, Photophysical, Electrochemical,
and Photocatalytic Properties of Rhenium(l) Complexes Using
Intramolecular Weak Interactions between Ligands
Hideaki Tsubaki,” Akiko Sekine,* Yuji Ohashi,* Kazuhide Koike,§
Hiroyuki Takeda,’ and Osamu Ishitani**

Contribution from the Department of Chemistry and Department of Chemistry and Materials
Science, Graduate School of Science and Engineering, Tokyo Institute of Technology,
Ookayama 2-12-1, Meguro-ku, Tokyo, 152-8551, Japan, and National Institutevahéetl
Industrial Science and Technology, Onogawa 16-1, Tsukuba 305-8569, Japan

Received June 10, 2005; E-mail: ishitani@chem.titech.ac.jp

Abstract: Intramolecular interactions between ligands have been successfully applied as a novel tool for
controlling various properties of a series of cis, trans-[Re(dmb)(CO),(PR3)(PR's)]"-type complexes (dmb =
4,4'-dimethyl-2,2'-bipyridine), in the ground state and in the excited state and in the one-electron reduced
form. For rhenium complexes with two triarylphosphine ligands, P(p-XPh)s, the dmb ligand was sandwiched
by four aryl rings having CH(aryl)—x(pyridine)—sn(aryl) interactions. On the other hand, complexes with
one triarylphosphine ligand and one trialkylphosphite ligand, P(OR)s, had 7—sx and CH—x interactions
between each pyridine ring in the dmb ligand and the aryl group in the P(p-XPh)s. Various properties of
these two series of rhenium complexes were compared with those of complexes having two trialkylphosphite
ligands, which do not interact through space with the dmb ligand. Properties of the complexes associated
mainly with the dmb ligand are strongly affected by the intramolecular interactions: (1) UV/vis absorptions
to the 7—x* and 'MLCT excited states were both red-shifted, but (2) emission from the SMLCT excited
state was blue-shifted; (3) the lifetime of the SMLCT excited state was prolonged up to 3-fold; (4) the reduction
potential in the ground state was positively shifted by 110 mV with #—x and CH—x interactions and by
180—200 mV with the CH—x—x interactions. (5) In the excited states, the oxidation power of the complex
was also enhanced by the intramolecular interactions. (6) In the corresponding one-electron-reduced species
cis,trans-[Re(dmb—)(CO).(PR3)(PR’s)], the intramolecular interactions are maintained and strongly affected
their UV/vis spectra. (7) Photocatalysis for CO, reduction was significantly enhanced only by the CH—z—x
interaction.

Introduction complexes including Ru(ll), Ir(lll), Pt(ll), and Re(l) have been

Control of photochemical, photophysical, and electrochemical studied intensively in applications asa light absorber, which
properties of transition metal complexes is of great interest @S been sought to absorb a wider energy range of solar
because of the advantages of these complexes in fields of 9Nt @nd also as an emitter, which must have high quantum
chemistry as diverse as photo- and electrocatalydtgho- yield of emission, in light-harvestifgand electroluminescent
tonic sensor$,photochemical energy and electron transfer, devices?
chemi- and electroluminescen€anolecular electronics, and
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Table 1. Comparison of the Properties among 0*, 2*, 3*, le, Chart 12
1h*, and 1j* +
[RG(Xpry)(CO)zLL'P Aabs® jvemb Ten® El/ZVEdd .PR3 P Me
X L L nmo nm ns v TNeo® OC\R N
e

off H CO P(OEty 351 542 1033 —1.59 5.9 oc/| )

2t CR CO P(OEt) 363 623 162 -—1.19 0.1 PR' e
3t H P(OEty 397 651 12 {1.64) ~O 3

Py
le" Me PQ-FPhy P(@-FPhy 396 595 1046 —-1.73  17.3 :
1h* Me PPh P(OEty 382 606 511 —1.81 05 Complex PR, PR% ¥4
1j* Me P(OPry P(OIPr); 366 605 381 —1.86 0.2

1a* P(p-MeOPh); P(p-MeOPh); 21.0

alMLCT absorption maximum measured in MeCNEmission maxi-

mum measured in MeCN.Lifetime of emission measured in MeCN. 1o P(p-MeOPh), PPhy 2338
d Redox potential (¥opy/Xzbpy—*) vs Ag/AgNGs. See General Procedures 1cr PPh PPh 2.5
in Experimental Sectiorf Turnover number of CO formation by reduction 8 3 :
of CO; using the rhenium complex as photocatalyst. See Photocatalytic 1d+ PPh P(p-FPh) 29.0
Reaction in Experimental SectiotReference 1% Reference 12 Peak ® P ® )
potential for the irreversible process. 1o+ P(p-FPh), P(-FPh), 314

Two methods are available for changing the properties of 1 P(p-CIPh);  P(p-CIPh);  33.6

these complexes: (i) use of a ligand with a different ligand-

: \ , , 1g*+  P(p-MeOPh),  P(O-Pr); 296
field strength, to adjust the energy levels of the atbitals in

the central metal and (i) introduction of functional groups with 1h PPh, P(OEt), 349
c_iifferent elec_tro-donating or -accepting properties to the diimine 1+ P(p-FPh), P(OMe);  39.8
ligand, to adjust ther* orbital energy level, (these orbitals are

related to useful photochemical, photophysical, and electro- 1 P(O-Pr)s P(O-Pr);  38.1
chemical events). 1k P(OEY), POEY, 432

As typical examples, rhenium diimine complexes, which are
useful as C@reduction photocatalysfs'® electroluminescent " P(OED, P(OMe)s ‘f”
deviced! and so on, are shown in Table 1. Although the complex __ *Sum of Tolman'sy values of each phosphorus ligand (from ref 23).
fac{Re(bpy)(COY P(OEt} ]+ (0*; bpy = 2,2-bipyridine) emits The x represents electron-attracting ability of the phosphorus ligand.

strongly with h'%h quantum weldﬁgyen mhsolutlor: at froom blue-shift the emission fro@MLCT, increase the lifetime of
temper atijorae_, and can act as an efficient photocatalyst for CO a3\ cT excited state, and provide stronger oxidation power
reduction’®its absorption in the visible region is very limitédl, ;) )5, the ground state and excited states, stronger reduction
so that it must be modified to allow effective use of solar energy. power of the one-electron-reduced (OER) complex, and high
Introduction of either trifluoromethyl groups to the bpy ligands photocatalytic activity for C@reduction. A series of rhenium-

(21,1 or a pyridine ligand ha\ﬁngsa weaker Iiganoi field than  \y piscarbonyl complexes with two phosphorus ligands at the
that of the P(OE] ligand @), red-shifts the 'MLCT cis-positions to the 4;4dimethyl-2,2-bipyridine(dmb) ligand
absorption band by 246 nm (see Table 1). However, these f(:shown in Chart 1) were synthesized: both phosphorus ligands

changes alsp I(_assen their photocata_lytic activities,_ because Omay haver—z and/or CH-z interaction(s) with the dmb ligand.
the shorter lifetimes of théMLCT excited state, which must

be quenched by a reductant, and weaker reduction power ofExperimental Section

the corresponding reduced complex as an important intermedi-  General Procedures.IR spectra were recorded with a JEOL JIR-
ate!®* How can the conflicting effects of these perturbations on 6500 FTIR spectrophotometer using 1 ¢mesolution. UV/vis spectra
the properties of metal complexes be canceled and controlledAvere measured with a JASCO V-565 or Photal MCPD-2000 spectro-
We report here a new way to manipulate the properties of photometer. Emission spectra were recorded t@8ising a JASCO

metal diimine complexes using intramolecular interactions FP-6600 spectr_oﬂuoromet(-_zr with correctior_1 for the detector sens_iti\{ity
between ligands, which red-shift t#LCT absorption but determined using correction data supplied by JASCO. Emission
quantum yields were evaluated with quinine bisulfabg{= 0.546}*
as a standard. Emission lifetimes were measured either with a Horiba
. NAES-1100 time-correlated single-photon-counting system (the excita-
(10 éfﬁotlggﬂé;':,PJh%ftlgg%Tl X:- (F:’-h ?@58'53&'?1-'?%??53 %’ik'et-’,”iﬁ"ﬂioﬁ' tion source was a nanoseconglbimp, NFL-111, and the instrumental

H.; Ishizuka, M.; Westwell, J. R.; Takeuchi, K.; Ibusuki, T.; Enjouji, K.; response time was less than 1 ns) or with a Continuum YG680-10

Konno, H.; Sakamoto, K.; Ishitani, @rganometallicsl997 16, 5724-  Nd:YAG pulse laser source (third-harmonic generation at 355 nm, 10

?72@“(&)”'['%"‘]"'6*]360%”55%”5 Fb;'toﬁ';.r'f;']';%g';';13?‘9(??82'3; K. Ibusuki, s fshm, 10 mJ/pulse) and Hamamatsu Photonics R926 photomultiplier
(11) (2) Lundin, N. J.; Walsh, P. J.; Howell, S. L.; McGarvey, J. J.: Blackman, tube on a Jobin-Yvon HR-320 monochromatoProton-NMR spectra

A. G.; Gordon, K. C.Inorg. Chem.2005 44, 3551-3560. (b) Yam, V. were measured in an acetodgsolution using a Bruker AC300P (300

W.-W.; Li, B.; Yang, Y.; Chu, B. W.-K.; Wong, K. M.-C.; Cheung, K.-K. . K

Eur. J. Inorg. Chem2003 4035-4042. (c) Ng, P. K.; Gong, X.: Chan, 5.  MHZ) system. Residual protons of acetaiewere used as an internal

K.; Lam, L. S. M.; Chan, W. KChem—Eur. J.2001, 7, 4358-4367. (d) standard for the measurements. Cyclic voltammograms of the complexes

Li, F.; Zhang, M.; Cheng, G.; Feng, J.; Zhao, Y.; Ma, Y.; Liu, S.; Shen, J. : s . L ~
Appl. Phys. Lett2004 84, 148-150. (e) Li, F.; Zhang, M.; Feng, J.: Cheng, ~ Were measured in an acetonitrile solution containing tetartylam

G.; Wu, Z.; Ma, Y.; Liu, S.; Sheng, J.; Lee, S. Appl. Phys. LetR003

(9) Hawecker, J.; Lehn, J. M.; Ziessel, Relv. Chim. Actal986 69, 1990~
2012

83, 365-367. (14) Melhuish, W. HJ. Phys. Cheml961, 65, 229.
(12) Hori, H.; Koike, K.; Ishizuka, M.; Takeuchi, K.; Ibusuki, T.; Ishitani, O. (15) (a) Koike, K.; Okoshi, N.; Hori, H.; Takeuchi, K.; Ishitani, O.; Tsubaki,
J. Organomet. Cheni.997 530, 169-176. H.; Clark, I. P.; George, M. W.; Johnson, F. P. A.; Turner, JJ.JAm.
(13) Koike, K.; Tanabe, J.; Toyama, S.; Tsubaki, H.; Sakamoto, K.; Westwell, Chem. Soc2002 124, 11448-11455. (b) Gholamkhass, B.; Koike, K.;
J. R.; Johnson, F. P. A; Hori, H.; Saitoh, H.; Ishitani, [Borg. Chem. Negishi, N.; Hori, H.; Sano, T.; Takeuchi, khorg. Chem2003 42, 2919-
200Q 39, 27772783. 2932.
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monium tetrafluoroborate (0.1 M) as supporting electrolyte using an give the CESQO;~ salts of 1d™ as a yellow solid, which was
ALS/CHI620 electrochemical analyzer with a glassy-carbon disk recrystallized using ether-GBl,. The Pk~ salts ofld" were obtained
working electrode (3 mm diameter), a Ag/AghN@.1 M) reference in a manner similar to that fata'.

electrode, and a Pt counter electrode. The supporting electrolyte was Yield: 83%. Anal. Calcd for GH3gN-O,FgPsRe: C, 52.22; H, 3.42;

dried in vacuo at 100C for 1 day prior to use.
Materials. Dimethylformamide (DMF) and triethanolamine (TEOA)

N, 2.44. Found: C, 52.18; H, 3.31; N, 2.381 NMR (6, 300 MHz,
CDsCOCDs): 8.22 (s, 2H,bpy-3,3), 7.94 (d, 2H,J = 5.4 Hz, bpy

were distilled under a reduced pressure from 4A molecular sieves and6,6), 6.91 (d, 2H,J = 5.4 Hz, bpy5,5), 7.20-7.40 (m, 21H,Ph,

KOH, respectively. Acetonitrile was dried three times oveDfand
then distilled from Cakl prior to use. Tetrarbutylammonium tet-

p-FPh), 7.00-7.20 (m, 6H,p-FPh), 2.45 (s, 6H,CHs-bpy). FT-IR
(CH3CN): vcolem™ = 1937, 1867. UV/vis (CBCN): Amad/nm (e/10°

rafluoroborate was triply recrystallized from ethyl acetate/benzene. M=% cm™t) = 400 (2.7), 313 (sh), 293 (17), 275 (17), 223 (2h).

Other reagents and solvents were purchased from Kanto Chemical Co.,

cis,trans[Re(dmb)(CO){ P(p-CIPh)3} 2] "PFs~ (1ftPFs~) was syn-

Junsei Chemical Co., Tokyo Kasei Co., Wako Pure Chemical Industries, thesized in a manner similar to that for the synthesidfPF;~.

and Aldrich Chemical Co. and used without further purification.
Synthesis ProceduresThe CRSO;~ and Pk~ salts offac{Re-
(dmb)(CO}PRy)]* (R = p-MeOPh, Php-FPh, p-CIPh, OiPr, OEt)
and the PF salts ofcistrans{Re(dmb)(CO)(PPh),]* (1ct), cistrans-
[Re(dmb)(COX P(p-FPh)}.]* (1ef), cistrans{Re(dmb)(CO)PPh)-
{P(OEtx}]" (1h"), cistrans{Re(dmb)(COY P(OiPr)}.]* (1j), and
cistrans{Re(dmb)(COX P(OEt}},]* (1k™) were synthesized according
to previously reported method3!315aSimilar methods were used for

Yield: 79%. Anal. Calcd for gH3sN2O.ClsFsPsRe: C, 46.10; H,
2.79; N, 2.15. Found: C, 46.33; H, 2.90; N, 2.2 NMR (0, 300
MHz, CD;sCOCD;): 8.23 (s, 2H,bpy-3,3), 8.07 (d, 2H,J = 5.6 Hz,
bpy-6,6), 7.03 (d, 2H,J = 5.6 Hz, bpy5,5), 7.25-7.45 (m, 24H,
p-CIPh), 2.49 (s, 6H,CHs-bpy). FT-IR (CHCN): vco/cm ™t = 1942,
1872. UV/vis (CHCN): Amadnm (€/10° M~% cm1) = 395 (2.6), 315
(sh), 296 (19), 273 (19), 224 (sh), 232 (22).

cis,trans[Re(dmb)(CO),{ P(p-MeOPh)3}{ P(O-Pr)3s}] *PFs-

the synthesis of the following complexes. The reaction solutions were (1g*PFs~). A THF solution (30 mL) containing 105 mg (0.17 mmol)

cooled with water during irradiation in all cases.
cis,transfRe(dmb)(CO){ P(p-MeOPh)3} ;] tPFs~ (1a"PFs™). A THF

solution (280 mL) containing 106 mg (0.11 mmol) faic{Re(dmb)-

(CO){P(-MeOPh}} 1 "CFSO;~ and 455 mg (1.30 mmol) of tris(4-

of fac{Re(dmb)(CO)(CFSG;)] and 1 mL of triisopropyl phosphite
was refluxed for 24 h under an argon atmosphere, and then 183 mg
(0.52 mmol) of tris(4-methoxyphenyl)phosphine was introduced into
the solution. This solution was irradiated fbh under an argon atmos-

methoxyphenyl)phosphine was irradiated under an argon atmospherephere. The light exposed solution was evaporated and then chromato-

using a high-pressure mercury lamp with an uranyl glass fit€330

graphed on silica gel using GAI; as eluent. The yellow layer was

nm) for 1 h. After irradiation the solvent was evaporated under reduced collected and evaporated under reduced pressure to give §80CF
pressure, and the residual orange solid was washed with ether andsalts of1gt as a yellow solid, which was recrystallized using ether-

recrystallized from ChkCl-ether. 0 a 2 mL methanolic solution of
this solid, a concentrated NFPFs~ methanolic solution was added
dropwise. The precipitated PFsalts ofla" were collected by filtration,
washed with water, and then dried in vacuo.

Yield: 69%. Anal. Calcd for GHsiN,OsFsPsRe: C, 52.71; H, 4.27;
N, 2.20. Found: C, 52.64; H, 4.80; N, 2.0%1 NMR (6, 300 MHz,
CDs;COCD;): 8.16 (s, 2H,bpy-3,3), 7.93 (d, 2H,J = 5.8 Hz, bpy
6,6), 6.89 (d, 2H,J = 5.8 Hz,bpy-5,5), 7.00~7.25 (m, 12HPh-m),
6.66-6.90 (m, 12HPh-0), 3.79 (s, 18HCH;0-Ph), 2.45 (s, 6HCHs-
bpy). FT-IR (CHCN): vcolem™t = 1930, 1859. UV/vis (CKCN):
Amadnm (€/10° M~ cmt) = 415 (2.6), 291 (sh), 273 (sh), 244 (71).

cis,trans[Re(dmb)(CO){ P(p-MeOPh)s} (PPhs)] "PFs~ (1b*PFs™)
was obtained by irradiation of a THF solution (200 mL) containing 85
mg (0.098 mmol) ofac{Re(dmb)(CO)(PPh)]"CRSO;~ and 151 mg

CH,Cl,. The Pk~ salt of 1g* was obtained in a manner similar to that
for 1a’.

Yield: 45%. Anal. Calcd for GHs4N,OsFsPsRe: C, 46.68; H, 4.81;
N, 2.48. Found: C, 46.89; H, 4.79; N, 2.4% NMR (6, 300 MHz,
CDsCOCD;): 8.48 (d, 2H,J = 5.9 Hz, bpy-6,6), 8.37 (s, 2H,bpy
3,3), 7.33 (d, 2HJ = 5.9 Hz,bpy-5,5), 7.13-7.23 (m, 6H p-MeOPh),
6.82-6.89 (m, 6H,p-MeOPh), 4.50-4.67 (m, 3H, P@H(CHs)), 3.81
(s, 9H, CHzO-Ph), 2.55 (s, 6HCHs-bpy), 1.03 (d, 18H,) = 5.9 Hz,
POCHCHz),). FT-IR (CHCN): vco/em™t = 1939, 1865. UV/vis
(CH3CN): Amadnm (/10> M~ cm™t) = 388 (3.3), 312 (sh), 285 (sh),
246 (41).

cis,trans[Re(dmb)(CO)A{ P(p-FPh)s}{ P(OMe)s} | "PFs~ (1itPFe).
The acetonitrile complex cistrans{Re(dmb)(CO)}MeCN) P(p-
FPh}}]"PFR~ was synthesized by irradiation to an acetonitrile solution

(0.43 mmol) of tris(4-methoxyphenyl)phosphine under an argon (250 mL) containing 180 mg (0.203 mmol) fafc{Re(dmb)(COX P(p-
atmosphere for 3 h. After evaporation of the solution, the residue was FPh}}]*PFR~ under an argon atmosphere for 1 h, and then the solvent

purified with column chromatography on silica gel using £LH as

was evaporated under reduced pressure. The resulting yellow solid was

eluent. The yellow layer was collected and evaporated under reduceddissolved into 50 mL of a THF solution containing 1 mL of trimethyl

pressure to give the GEO;~ salts of 1b* as a yellow solid, which
were recrystallized using ether-@El,. The Pk~ salts of 1b* were
obtained using a procedure analogous to that giveddor Elemental
analysis data were obtained using the;88;~ salts of1b™.

Yield: 38%. Anal. Calcd for gH4gN,OsF:P.ReS: C, 55.07; H, 4.27;
N, 2.47. Found: C, 54.81; H, 4.51; N, 2.3H NMR (9, 300 MHz,
CDs;COCD;): 8.18 (s, 2H,bpy-3,3), 7.91 (d, 2H,J = 5.9 Hz, bpy
6,6), 6.86 (d, 2H,J = 5.9 Hz, bpy5,5), 7.25-7.40 (m, 15H, Ph),
7.10-7.25 (m, 6H,p-MeOPh), 6.75-6.90 (m, 6H,p-MeOPh), 3.79
(s, 9H,CH30-Ph), 2.44 (s, 6HCHz-bpy). FT-IR (CHCN): vco/lcm™
= 1933, 1861. UV/vis (CBCN): Ama/nm (€/10° M~ cmt) = 411
(2.4), 292 (sh), 271 (sh), 238 (44).

cistrans-[Re(dmb)(CO)(PPhs){ P(p-FPh)s} 2] "PFs~ (1d"PFs~) was
obtained by irradiation of a THF solution (250 mL) containing 80 mg
(0.087 mmol) offac{Re(dmb)(COY} P(p-FPh}}]"CRSO;~ and 115

phosphite and refluxed for 36 h under an argon atmosphere. After
evaporation of the solution, the residue was purified with column
chromatography on silica gel using @l as eluent. The orange layer
was collected and evaporated under reduced pressure tdigREs~
as yellow solid, which was recrystallized using ether,CH.

Yield: 20%. Anal. Calcd for GH3aN,OsFoPsRe: C, 41.55; H, 3.29;
N, 2.77. Found: C, 41.98; H, 3.26; N, 2.8%1 NMR (6, 300 MHz,
CDsCOCDs): 8.54 (d, 2H,J = 5.9 Hz, bpy-6,6), 8.44 (s, 2H,bpy
3,3), 7.27-7.38 (m, 2H bpy-5,5), 7.27-7.38 (m, 6H p-FPh), 7.11—
7.18 (m, 6H,p-FPh), 3.50 (d, 9H,Jup = 11.0 Hz, P@H;), 2.55 (s,
6H, CHz-bpy). FT-IR (CHCN): vco/cm™ = 1950, 1877. UVlvis
(CHsCN): Ama/nm (/20° ML cm ) = 379 (3.8), 311 (sh), 287 (18),
267 (20), 257 (sh), 232 (26).

cis,trans[Re(dmb)(CO){ P(OEt)3}{ P(OMe)s} | *PFs~ (1ITPFs™) was
obtained by irradiation to a THF solution (90 mL) containing 50 mg

mg (0.44 mmol) of triphenylphosphine under an argon atmosphere for (0.065 mmol) offac{Re(dmb)(CO}P(OMe)}] PR~ and 2 mL of

2 h. After evaporation of the solution, the residue was purified with
column chromatography on silica gel using £H as eluent. The

triethylphosphite under an argon atmosphere for 1 h. After evaporation
of the solution, the residual yellow solid was washed with ether and

orange layer was collected and evaporated under reduced pressure tthen recrystallized from C¥Cl,-ether.
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Table 2. Crystallographic Data for 1etCF3SO3~

empirical formula GiH36F9N20sP.ReS
formula weight 1208.0
crystal system triclinic
space group P1

alA 15.5782(16)
b/A 13.5247(11)
c/A 13.0531(9)
o/deg 116.249(3)
pldeg 79.374(6)
yldeg 95.966(4)
VIA3 2423.5(4)

z 2

TIK 253

Rint 0.0435
number of total reflections 23566
number of parameters 642

R1[l > 20(1)]2 0.0339
WR2[l > 20(1)]P 0.0824
GOF onF? 1.066

2R1 = X(||Fol — |Fcl|)/Z|Fol. " WR2 = [E[W(Fo? — Fc?)?/Z[w(Fo?)7] 2
¢ GOF= [2W(|Fo? — [Fc?)¥ (m — n)]¥2, wherem = number of reflections
andn = number of parameters.

Yield: 87%. Anal. Calcd for GzHzeN.OgFsPsRe: C, 32.06; H, 4.21;
N, 3.25. Found: C, 32.53; H, 4.11; N, 3.18{ NMR (6, 300 MHz,
CDsCOCDy): 8.92 (d, 2H,J = 5.9 Hz, bpy-6,6), 8.59 (s, 2H,bpy-
3,3), 7.62 (d, 2H,J =59 HZ,bpy-5,5'), 3.86 (dq, GHJHYH = \]H,p =
7.0 Hz, PQCH,CHg), 3.48 (dd, 9HJ4p = 10.3, 0.7 Hz, PQH), 2.63
(s, 6H, CHs-bpy), 1.02 (t, 9H,J = 7.0 Hz, POCHCH:). FT-IR
(CHZCN): vcolem™ = 1956, 1882. UV/vis (CBCN): Ama/nm (€/10°
M~ cmt) = 363 (4.2), 309 (sh), 281 (16), 264 (18), 256 (17).
Crystal Structure Determination. The single crystals dfe'CRSO;~
were obtained by slow diffusion of diethyl ether into a dichloromethane
solution containing the complex. Diffraction datala CFSO;~ were
collected on a Rigaku RAPID imaging-plate diffractometer with
graphite-monochromated MooKradiation ¢ = 0.710 73 A) using
yellow needle crystals, 0.4 0.1 x 0.1 mn# at 253 K with a Rigaku
low-temperature apparatus 20 °C). The intensity data were corrected
for Lorentz and polarization effects. The structure was solved by the
direct methods using the TEXSAN progréhand was refined o2
by means of full-matrix least-squares procedures, using the SHELXL-

25000 : , . : : 50

20000 - —40
S 15000 430 ®©
€ -~
2 K " ] 2>
= 2
o 1 = —420 &
S 10000 02

5000} 110

, L 1 \ -
800 400 600 808

Wavelength / nm

Figure 1. UV/vis absorption (solid line) and emission spectra (dotted line)
of 1et measured in acetonitrile solution at 298 K.

at 365 nm using a 500 W high-pressure mercury lamp with both band-
pass and ND filters (Asahi Bunko Co.). A gas sample was taken using
a gastight syringe, and the reaction products, i.e., CO andvere
measured using a Shimazu GC-9A gas chromatograph with a TCD
detector. The light intensity incident into the cell was 8.22107°
einstein st for 1a", 1c', le*, 1ft, 1h*, and1j*, and 5.24x 107°
einstein s for 1b*, 1d*, 1g*, 1i*, 1k*, and1l*, determined using a
KsFe(GOs)s actinometer.

Results

UV/vis Absorption, Emission, and IR Spectra.Figure 1
shows typical UV/vis absorption and emission spectraest

A metal-to-ligand (dmb) charge transfer (MLCT) absorption
band was observed with an absorption maximum at 396 nm;
the intense and relatively sharp band around 292 nm is
attributable to dmb-localized—xa* absorptiont318aAll com-
plexes strongly emit from theiBMLCT excited states in

97 program’ No secondary extinction corrections were applied. In  acetonitrile solution at room temperature, and these emission

the least-squares refinements, all non-hydrogen atoms were refined withhands were unstructured and broad, similar to those in Figure

anisotropic displacement parameters, but all hydrogen atoms werey 4416 3 summarizes the absorption and emission maxima,

refln_ed using the riding model isotropic thermal parameters which are the apparent stokes shifts\Eaps en), the molar extinction

1.2 times those of the attached carbon atoms. Details of the crystal- T . I L
coefficients, the emission lifetimesef), and the emission

lographic data are given in Table 2. . . . L
Quenching Experiments.Reductive-quenching experiments of the quantum yields®er) with radiative and nonradiative decay rate

excited complexes were carried out using TEOA as an electron donor. cOnstantsk: andkyr calculated using the following equations,
At least four samples for each complex were prepared as DMF Since all complexes investigated in this work were stable against
solutions, with various TEOA concentrations between 0 and 0.6 M. irradiation at 400 nm.

Stern-Volmer plots of the observed decrease in emission intensity with

increasing of TEOA concentration showed a good linear relation with k=@, {Tem (6)
an intercept of 1, so that the reductive-quenching rate conkganan
be calculated using eq 1 and the emission lifetime of the complex in Koy = (1 — @ )/Tep, (7)

the absence of TEOAem.
In IR spectra of all the complexes we observed two CO

@ stretching bands, attributable to symmetric and antisymmetric

Photocatalytic ReactionA 4 mL aliquot of DMF~TEOA (5:1 viv) vibrations incis-biscarbonyl rhenium bipyr_idiqe complexes with
solution containing each of the rhenium complexes (0.5 mM) was & Cav Symmetry!® In these cases, the principal force constant
introduced into a quartz cell (7 mL volume), and £®as bubbled kco and the interaction force constaktoco both can be
through for 20 min before the cell was sealed using a rubber septum calculated using energy factored force field (EFFF) thééry.
(Aldrich). The sample solution was kept at 251 °C and was irradiated The results are summarized in Table 4.

o/l = 1+ KyTer[TEOA]

(16) Corporation, M. STEXSAN, Program for the Crystal Structuréhe
Woodlands, TX 77381-5209, USA, 2000.

(17) Sheldrick, G. MSHELXL97, Program for the Crystal Structuténiversity
of Gattingen: Germany, 1997.

(18) (a) Ishitani, O.; George, M. W.; Ibusuki, T.; Johnson, F. P. A.; Koike, K.;
Nozaki, K.; Pac, C.; Turner, J. J.; Westwell, J.IRorg. Chem1994 33,
4712-4717. (b) Braterman, P. SMetal Carbonyl SpectraAcademic
Press: London, 1975.

J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005 15547



ARTICLES

Tsubaki et al.

Table 3. Photophysical Properties of 1T Measured in MeCN
Solution at 298 K2

Aaps(MLCT)  Aaps(—=7%)  ZAem AEs-en’  Tem k4 Kn®
complex nm nm nm cmt ns  ®e¢ x10%s7! x104s7!
la* 415 291 618 7920 1224 0.07 5.5 76
1b™ 411 292 608 7880 1101 0.09 8.2 83
1ch 402 294 600 8210 1074 0.08 7.8 90
1d* 400 293 598 8280 1003 0.07 7.0 93
le" 396 292 595 8440 1046 0.10 10 93
1t 395 296 592 8430 1220 0.13 11 71
1g" 388 285 612 9430 601 0.03 5.0 150
1h* 382 288 606 9680 511 0.05 9.8 190
1t 379 287 602 9780 665 0.06 9.0 140
1j* 366 284 605 10790 381 0.03 7.9 260
1k* 365 283 603 10820 355 0.03 8.5 270
1+ 363 281 602 10940 361 0.05 14 260

aAll complexes are PE salts.P Apparent Stokes shift defined as
AEaps-em = Eaps — Eem € Quantum yield of emission: experimental error
was within 10%.9 Radiative decay rate constaftNonradiative decay rate
constant.

Table 4. vco Frequencies and Force Constants for 1™ and the
Corresponding One-Electron-Reduced Species in MeCN Solution
at 298 K@

OER species?

VYco keo? Keo,co® VYco keo® keoco®  Akco®  Akcoco®
complex cm™* Nm?* Nm?' cem? Nm?! Nm?' Nm! A
la" 1930 1451 543 1902 1404 58.0—-47 3.7

1859 1825
1b* 1933 1454 55.2

1861
1ct 1936 1460 545 1908 1412 589-48 —44

1865 1830
1d* 1937 1462 53.8

1867
let 1939 1465 53.8 1910 1416 575-49 3.7

1869 1834
1ft 1942 1470 539 1912 1420 56.8-50 —29

1872 1837
1g" 1939 1462 56.9

1865
1lh* 1945 1472 56.3 1917 1426 58.4-46 2.1

1872 1840
1t 1950 1480 56.4

1877
1j+ 1946 1472 57.8 1919 1428 60.0-44 22

1871 1840
1kt 1953 1484 57.3

1879
1 1956 1488 57.4

1882

a All complexes are P§E salts. Principal force constant.Interaction
force constantd The one-electron-reduced species were electrochemically
produced in acetonitrile solution containing 0.1 MaMBF, under Ar
atmosphere. See ref 18Differences between the OER species and their
parent complexes.

Electrochemical Behavior.Figure 2 shows cyclic voltam-
mograms ofle’, 1h*, and 1j* as typical examples. For all
complexes, one reversible wave was observed in the cathodi

scan, attributable to a dmb-based one-electron reduction. Re-

versibility of a one-electron oxidation wave attributable to metal-
based, e.g., R&Re!, was different; however, a reversible or

quasireversible wave was observed for complexes with two

trialkylphosphite ligands 1™ —1I%), but oxidation waves of
complexes with two triarylphosphine ligandkaf —1f*) were
irreversible. Table 5 summarizes the electrochemical data.
Crystal Structures. X-ray crystallographic analysis of
1e"CRS0O;~ was performed. Tables 2 and 6 summarize the

crystallographic data and selected bond lengths and angles. The

15548 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005

ORTEP drawing ofLe" is shown in Figure 3 together with that
of 1h*, which we have previously reporté8l Comparison of
the structure oflet, with two Pp-FPh} ligands, and that of
1h*, with one PPh and one P(OE$)ligand, is interesting,
because intramolecular interactions in these complexes are
different. The configurations of the atoms around the rhenium
metal are very similar in these two complexes except for the
Re—P bond lengths. For RePPh these are 2.41 A-2.45 A

in both complexes, whereas RE(OEt} in 1h* was 2.35 A,
similar to Re-P bonds reported for [Re(bpy)(CSPRs)] -type
complexes?

We have previously reported that intramolecutarsr and
CH—x interactions exist between the bpy ligand and the aryl
groups (Ar) of the PAgligand infac-[Re(bpy)(CO)(PArs)] 7.1°
Similar intramolecularr—z and CH-x interactions were
observed inlh*PR~ and are respectively drawn using red or
blue dotted lines in Figure 3b; its pyridine rings were distorted
(see Supporting Information); such distortion was also observed
in fac-[Re(bpy)(CO}(PArs)]*. Two pyridine rings of the dmb
ligand ares-stacked with two phenyl groups on the triphen-
ylphosphine. The distances between the centers-stiacked
rings are 3.85 A and 3.95 A, and the angles between the rings
are 21.53and 35.02, respectively® The distance between C(7)
in the pyridine ring and H(32) in the phenyl group is 2.94 A,
which is less than the sum of the corresponding van der Waals
radii.

Intramolecular interactions also exist among the twp-P(
FPh) ligands and the dmb ligand in crystals bé*CR:SO;™.

In this case, each pyridine ring is sandwiched between two aryl
groups. One of these aryl groups interacts with the pyridine
ring in parallel fashion (red dotted lines in Figure 3a), where
the plane-plane distances are 3.55 A and 4.18 A and the ptane
plane angles are 12.94(22nd 19.07(32) respectively. The
second aryl group is closely placed in the pyridine ring with a
larger angle, 54.20(19)and 46.05(19) where the distances
between H(16) and C(8) and between H(28) and C(3), 2.89 A
and 2.81 A, both are less than the sums of the corresponding
van der Waals radii (blue dotted lines in Figure 3a). Conse-
quently, each of the two pyridine rings interacts with two sets
of two phenyl groups; two CH(phenytyz(pyridine)—z(phenyl)
interactions exist among the dmb ligand and the twmsX®h);
ligands in1etCRSOs.

IH NMR Spectra. All complexes displayed three signals due
to the dmb-aromatic-ring protons and one singlet due to the
methyl groups on the dmb ligand, as summarized in Table 7.
The data show that two pyridine rings of the dmb ligand are
equivalent; at 25C the phosphine ligands can rotate around
the Re-P bonds on the NMR time scale. Strong shielding effects
by the aryl groups of the phosphine ligand(s) are observed in
the dmb-aromatic-ring protons and even in the methyl protons
in 1at—1i*, especially inla®—1f", in contrast withlj*—1I*
which have no aryl group in the phosphorus ligands. Similar
shielding effects have been reported for rutheniurf(lind
rhenium(I}° bpy complexes, withe—z interaction between the
bpy ligand and a phenyl ring bounded to another ligand. The
strong shielding effects observedliat—1i* therefore suggest

(19) Tsubaki, H.; Tohyama, S.; Saitoh, H.; Sakamoto, K.; IshitaniD&ton
Trans.2005 385-395.

(20) Janiak, CJ. Chem. Soc., Dalton Tran200Q 3885-3896.

(21) Bolger, J. A.; Feruguson, G.; James, J. P.; Long, C.; McArdle, P.; Vos, J.

G. J. Chem. Soc., Dalton Tran%993 1577-1583.
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Figure 2. Cyclic voltammograms ofle (red) and1lh® (blue) andlj™ (black) measured in acetonitrile solution containm@usNBF4 (0.1 M) using a
glassy carbon working electrode, a Pt counter electrode, and a Ag/A(NDM) reference electrode. The scan rate was 200 mV/s.

Table 5. Electrochemical Data for 1+a Discussion

E (V vs Ag/AgNO3)

Intramolecular Interactions between Ligands. X-ray crys-

B Eun”" Ea tallographic analysis data ah* with both the PPkligand and
o | () | ()

Complfx (dmblemb”) (felRe) (RelRe) the P(OER ligand (Figure 3b) demonstrate that two sets of
i‘; :i:gi ggg 18:28 intramolecularr—z interactions are present between two of the
1ct —1.79 (65) +0.99 three phenyl groups on the PAlgand and two pyridine rings
1d+ —1.75 (65) +1.04 in the dmb ligand and that CHr interaction also takes place
ig :i;i Eggg 11(1)2 between one of the phenyl groups on PRhd the pyridine
1g* ~1.85 (66) +0.89 ring on dmb. Intramolecular interactions were not observed be-
1ht —1.81 (66) +1.04 tween the triethyl phosphite and the dmb ligands. The crystal
l?i —1.74(63) +1.10 structures of nindac{Re(bpy)(CO}(PRs)] T-type complexe$
i’w :i:gg Eggg +1.04(81) +1.05 clearly indicate that, in complexes with a triarylphosphine lig-
1+ —1.79 (66) +1.08(85) and, similarr—m and CH-7 interactions exist between the

aryl group and the bpy ligand in crystal. Théld NMR and

" aCAl\ll' Colﬁlplexes ?f_e PE Osflt’;é C}@il‘; Votltag](%og@ms were ttakef_‘ in UV—vis spectra and redox potentials strongly suggest that such
e solution containing 0. Ug! 4 at a mV/s scan rate using . . . . . .

a glassy carbon working electrode, a Pt counter electrode, and a 0.1 MWeak Interactions are maintained even in solution, but these

Ag/AgNO; reference electrode under Ar atmosphé&edox potential for weak interactions were not observed in the cases of complexes

a reversible or quasireversible wave and peak potential difference in ith a trialkyl- and triphenyl phosphite. On the other hand, the

arentheses.Peak potential for irreversible oxidation. . . . . .
P P ! Hreversi xicat dmb ligand inle" is sandwiched between four of the six

Table 6. Selected Bond Lengths (A) and Angles (deg) for 4-fluorophenyl groups on the two phosphine ligands, as
1e"CFsSOs shown in Figure 3a. The two phenyl groups are parallel to each
Bond Lengths of the pyridine rings, where—s interactions were observed,
528))::31((?) 3-;‘;3(53()10) g&(ll_?zgg 22';‘8221(13()9) and the other two phenyls are sited above each pyridine ring
Re(1)-C(1) 1.906(4) Re(1)C(2) 1.903(4) with dihedral angles 54.20and 46.08, where CH-x interac-
C(1-0(1) 1.158(5) C(2¥0(2) 1.153(5) tions were observed; specifically, two sets of three-centered
Bond Angles CH(pher_1y_I)—n(pyridine)—n(phenyl) interactions operated on
P(-Re(1)-N(1)  89.99(10) P(IyRe(1-N(2)  92.36(9) both pyridine rings of dmb.
Eg)ﬁggﬁ)):ﬁgg gz-gg((ié)) gfg?iﬁ?ﬁ% gg-é?g)z) Proton-NMR data obtained in an acetamesolution (Table
P(2)-Re(1)-C(1) 90.78(11)  P(2}Re(1)-C(2) 89.07(12) 7) show Fhat the cherilcal shifts foidmti-prgtons of thg com-
N(1)—Re(1)-N(2) 7458(11)  N(1}Re(1)-C(1) 97.65(14) plexes with oneXg—1i*) and two (Lat—1f") triarylphosphine
N(1)-Re(1)}-C(2)  168.86(14)  N(2yRe(1)}-C(1)  172.23(14) ligand(s) were shifted upfield by 0-20.4 ppm and 0.41.0 ppm,

N(2)-Re(1)-C(2)  94.28(14) C(H-Re(1)-C(2)  93.48(16)

P(1)-Re(1)-P@)  178.42(3) respectively, compared to complexes with no triarylphosphine

ligand (j*—1I%). This suggests that the weak interactions
observed in crystal remain even in solutions, and the similarities
that the intramolecular interactions between the dmb and thein each group suggest that configurations among the dmb ligand
triarylphosphine ligands remain even in solution. This hypothesis and the phosphorus ligands are similar in each group, so that
is also supported by comparison of the spectroscopic andsimilar CH(phenyh-z(pyridine)—s(phenyl) interactions exist
electrochemical data dfa—1f*, 1g"—1I, and1j*—1I*; see in la*—1d* and1f*, andz—x and CH-zx interactions exist in

the Discussion section. 1g" andli.
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Figure 3. ORTEP drawings of (ale"CRSQO;~ and (b)1h*PR~. Displacement ellipsoids are shown at the 50% probability level. Counteranions were

omitted for clarity.

Table 7. 'H NMR Chemical Shift Data for the dmb Ligand of 1* in
Acetone-ds Solution?
dlppm (JHz)
complex 33 55 6,6' CHs
la" 8.16 (s) 6.89 (d, 5.8) 7.93(d, 5.8) 2.45 (s)
1b* 8.18 (s) 6.86 (d, 5.9) 7.91(d,5.9) 2.44 (s)
1ct 8.12 (s) 6.81 (d, 5.9) 7.87 (d, 5.9) 2.44 (s)
1d* 8.22 (s) 6.91 (d, 5.8) 7.94 (d, 5.5) 2.45 (s)
let 8.27 (s) 7.01(d, 5.9) 8.01(d, 5.9) 2.47 (s)
1ft 8.23 (s) 7.03(d, 5.1) 8.07 (d, 5.6) 2.49 (s)
1g* 8.37 (s) 7.33(d, 5.6) 8.48 (d, 5.9) 2.55(s)
1lh* 8.36 (s) 7.39 (d, 5.5) 8.48 (d, 5.5) 2.54 (s)
1t 8.44 (s) 7.2%7.38 8.54 (d, 5.9) 2.55(s)
1j* 8.62 (s) 7.68 (d, 5.9) 8.89 (d, 5.5) 2.64 (s)
1k* 8.60 (s) 7.63(d, 5.7) 8.91(d, 5.7) 2.63(s)
1 8.59 (s) 7.62(d, 5.9) 8.92 (d, 5.9) 2.63(s)

aAll complexes are P§ salts.

Effects on the Ground State.The principal force constant
kco of the CO ligands is a reliable measure of the electron
density on the g orbitals of the central rhenium, sinaeback-
donation from d orbitals to the antibonding* orbital of CO

15550 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005

strongly influence&co.1%22Figure 4 shows the relation between
kco and the sum of the Tolmap values of each phosphorus
ligand &y); these are used as a measure of the electron accepting
ability of a phosphorus ligarn#.The good linear relation clearly
shows that the electron densities on theodbitals of the central
rhenium are affected by the phosphorus ligands through the
P—Re bonds. Almost no effect of the intramolecular through-
space interactions between ligands is observed.

The dmb-based reduction potental(dmb/dmb™) is strongly
affected by the intramolecular interactions between the dmb
and triarylphosphine ligands. As shown in Figure 5, three
lines can be drawn for the relation betweEn,(dmb/dmb™)
andZXy, depending on the number of triarylphosphine ligands:
lat—1f" with two triarylphosphine ligandg;,g"—1i* with one
triarylphosphine ligand;1j*—1I" with no triarylphosphine
ligands. If the phosphorus ligands affect the electron accepting

(22) The oxidation potentidf, (R€/R€') cannot be used as a reliable measure
of the electron density onsdorbitals of the central rhenium because of
the considerable difference in reversibility of the oxidation wave on the
cyclic voltammograms, as seen in Figure 2.

(23) Tolman, C. A.Chem. Re. 1977, 77, 313—348.
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Figure 5. Variations ofEy, (dmb/dmb~) with Xy values of the PRligands Zy [ cm
(in acetonitrile solution containing 0.1 M-BusNBF4; potentials are vs a Figure 7. Variations of 7—z*(dmb) absorption maximadapdr—a*) (in
Ag/AgNO; reference electrode). acetonitrile solution at 298 K) witly values of the PRligands.

ability of the dmb ligand mostly through the-fRe—N bonds, 10-43 nm (110-340 meV), in good agreement with the
so that there is no effect of the intramolecular interactions differences inEy(dmb/dmby~) described above. This is reason-
between the dmb and phosphorus ligands, only one straight lineable because the energy of MLCT absorption is proportional to
would exist in Figure 5. In each of the three groups of the the difference in energy levels between tieorbital of the
complexes, a good linear relation was observed bet&gemd dmb ligand and thesd orbital of the central rhenium.
E12(dmb/dmb™). It follows that the effect of the intramolecular Another band attributed to dmb-ligand centerae-7*
through-space interactions between ligands can be distinguishedabsorption was also red-shifted by the intramolecular interac-
from the effect of the N-Re—P through-bond interactions. By tions. The energy of the absorption was only weakly affected
extrapolating the lines, we deduce that the intramolecutar by Xy of the phosphorus ligands, probably because the energy
and CH-x interactions shifE;»(dmb/dmb™) positively by ca. of the r orbital is also shifted by the-PRe—N through-bond
110 mV and the CH(phenyhz(pyridine)—a(phenyl) interac- interaction, with the same direction of the energy shift of the
tions by 186-200 mV. ar* orbital; the average differences frohjir— 11" with no triaryl-

The intramolecular interactions also affect the UV/vis absorp- phosphine ligands were-I7 nm (20-110 meV) forlgr—1it
tion spectra of the complexes. Figure 6 illustrates the relation and 715 nm (106-220 meV) forla—1ft (Figure 7).
between the absorption maximum of the MLCT band ajd In the series of tricarbonyl rhenium complexas-[Re(bpy)-
where there are again three lines depending on the number off CO);(PArs)]* (bpy = 2,2-bipyridine and PAg = triarylphos-
triarylphosphine ligands. Differences betwelgri—1i™ with one phine) withz—sr and CH-z interactions between the bpy ligand
triarylphosphine ligand andlj™—1I" with no triarylphosphine and the aryl group¥ similar shifts of ther—x*(bpy) absorption
ligands were 1319 nm (100-160 meV) and between band ancEy;(bpy/bpy~) were observed in those fag™—1i*.
lat—1ft with two triarylphosphine ligands arij™—11* were It follows that both types of the diimine ligand, i.e., bpy and

J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005 15551
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Figure 8. Variations of MLCT emission maximaem (in acetonitrile
solution at 298 K) withZy values of the PRligands.

dmb, and of the ligand in the trans position to the triarylphos-
phine ligand, i.e., CO and P(OR}hould not strongly influence
the intramolecular interactions. However, the CH(phenyl)
(pyridine)—m(phenyl) interaction has much stronger effects on
properties correlated with the dmb ligand.
Effects on the 3MLCT Excited State. All the rhenium

complexes reported here showed strong and unstructure
emission from the lowesBMLCT excited state at room

[Re(dmb)(CO)(PRs)(PR3)] " where (a) R, R= alkoxy and (b) aryl groups.
In both cases the energies of the GS @t CT are assumed to be identical
with each other.

be explained using Figure 9 as follows. Both #h&L.CT and
SMLCT excited states of a metal complex usually have different
nuclear geometries and solvation from the corresponding ground
state, as shown in Figure 9a, because of the differing polarization
of the molecule between the ground and excited statéhe

dintramolecular interactions probably cause the electron located

mainly on the dmb ligand in theMLCT excited state to be

temperature in solution; an example is shown in Figure 1. Figure Partially dispersed to the aryl groups and the hydrogen on the
8 illustrates the relation between the emission maximum and Phosphorus ligands. This should lower the difference in the
>y, where dependence on the number of the triarylphosphine Polarization between the ground state and the MLCT excited
ligand(s) in the complex was again observed, and each groupstates, reducing the gap between their energy surfaces on the
of the complexes shows a different relation with The pattern abscissa as shown in Figure 9b. In this situation, the absorption,
is significantly different from that foMLCT absorption bands i.e., the transition from the lowest vibrational level in the ground
described above (Figure 6): typicaljct—1f*, with two state to theMLCT excited state, is observed at lower energy,
triarylphosphine ligands, emit with higher energy than the other but the emission, i.e., the jump from the lowest vibrational level
complexes with one or no triarylphosphine ligand, while the of 3MLCT excited to the ground state, is at higher energy. The
MLCT absorption bands oic™—1f were observed at much  smaller gap between the ground state and®MEeCT excited
lower energy. The CH(phenytyz(pyridine)—s(phenyl) interac- state may also give rise to smaller Fran¢kondon factors, as
tions consequently reduce the MLCT absorption energy but raiseillustrated in Figure 9b, slowing nonradiative decay.
the emission energy from ti¥LCT excited state. Inthe cases  aAngther possible explanation for the phenomena involving
of 1g"—1i", although the emissions were observed at similar \ oy interactions is an “internal solvation” effect of the aryl
waveIength agj -1, .eixammgtlon of t,hf Iovier energy MLCT groups on the phosphine ligands, such that when the dmb ligand
absorptions of1g"—1i" relative to 1j*—1I" leads to the oy o yeen two hydrophobic aryl groups, the local environment
conclusion that ther—z and CH-x interactions inlg™—1i* . . . .
also cause higher-energy shifts of the emission from their around the bpy I_|gand has a I_ower r_eg|ona| dielectric constant
than others. This hydrophobic environment could cause the

(?:j(;)nt?eln;lr)]irr%lpi/ii d-ir:ee)r—_njzp?wréij)ﬁ:tte;gt(:i:’gr?t?;:s:gget:ﬁy MLCT excited state to be unstable, so that emission is blue-
shifted. This cannot, however, explain the positive shift of the

decrease the Stokes shiftsb§40 and~310 meV, respectively. . . . i
e 3 . reduction potential and the red-shift of tHdLCT absorption
The lifetime of the3MLCT excited state was also strongly band
affected by the intramolecular interactions (Table 3): Aher an_ ) )
and CH-x interactions and the CH(phenyl(pyridine)— Figure 10 shows FT absorption spectra dfe’, 1h*, and
z(phenyl) interaction increase the emission lifetime) by 1k™ measured 20 ns after a laser flash. The broad absorption
band at 426600 nm is attributable to the (dmf) ligand

about twice and three times, respectively. This variation is
localized excitation in theMLCT excited state. The absorption

dominated by effects of the intramolecular interactions on the
nonradiative decay rate froBMLCT (kqr in Table 3), whereas  of (1e")* with two triarylphosphine ligands was broader, and
its Amax Was red-shifted by 26 nm relative to that dfk()*

the radiative decay ratd] did not systematically change.
As described above, the intramolecular interactions red-shift without triarylphosphine. This also suggests that the CH(phen-

the IMLCT absorption band but blue-shift the emission from yl)—s(pyridine}-s(phenyl) interaction is maintained in the

the 3MLCT excited state. These “discrepant” phenomena can excited state of the complexes with two triarylphosphines. The
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Figure 10. T—T Absorption spectra ole' (red), 1h* (blue), and1k*
(black) measured 20 ns after a laser flash (355 nm). The solvent was
acetonitrile, and the absorbance changesb&orbance) were corrected by
the relative absorption light quanta of the sample solutions.
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Figure 11. IR spectral change in theco region by flow electrolysis of

le™ (0.5 mM) in Ar-saturated acetonitrile solution containing 0.1 M
EuNBF4. The complex was reduced @V to —1.96 V vs Ag/AgNQ at a
constant flow rate of 0.5 mL/min.

T—T absorption of {th*)* with one triarylphosphine ligand was
also red-shifted, but the difference was 6 nm compared with
(1k*H)*.

Effects on One-Electron-Reduced Species of the Com-
plexes.In most systems using a rhenium(l) diimine complex
as photocatalyst or electrocatalyst, the one-electron-reduce
(OER) species of the complex, where the added electron is
mainly located in the diimine ligand, is an important intermedi-
ate produced by reductive quenching of tNt.CT excited state
of the comple&1018a24.2%r electrochemical reductici?® We
investigated the effects of the intramolecular interactions on
properties of the OER species of the rhenium complexes.

Figure 11 shows the IR spectra in theo region of an
acetonitrile solution containinge™ and an electrolyte after flow
electrolysid82at various potentials. A set of observed isosbestic
points and results of coulometric measurements clearly show

(24) Kutal, C.; Corbin, A. J.; Ferraudi, @rganometallicsl987, 6, 553—-557.
(25) Kalyanasundaram, K. Chem. Soc., Faraday Trans.1886 82, 2401
2415

(26) (a) Shllivan B. P.; Bolinger C. M.; Conrad, D.; Vining, W. J.; Meyer, T.
J.J. Chem. Soc., Chem. Comm885 1414-1416. (b) Hayashi, Y.; Kita,
S.; Brunschwig, B. S.; Fujita, E1. Am. Chem. So2003 125 11976~
11987.
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Figure 12. UV/vis absorption spectra of the one-electron-reduced (OER)
species produced using flow electrolysis in Ar-saturated acetonitrile solution

containing 0.1 M EINBF, at room temperaturele (red), 1h (blue), and
1j (black).

gUO 460

that a one-electron-reduced (OER) species,lieewas produced
by the electrolysis and remained stable during spectrum mea-
surement. Theco bands oflewere shifted to lower frequency
relative to those oflet (Table 4). Such shifts are usually ob-
served in one-electron reduction of rhenium(l) diimine com-
plexes, because strongerback-donation from the Re to the
antibondingr* orbital of the CO ligands, which was promoted
by higher electron density on the (dmpligand, weakens the
CO bonds¥1o%.18agimilar IR spectral changes were observed
for the electrochemical reduction d&", 1c*, 1f*, 1h*, and
1j*. Table 4 summarizes the principal and interaction force
constantskco and kcoco and their differences Akco and
Akco,co between the OER species and their parent complexes.
The similarity in Akco and Akco co for all measured rhenium
complexes clearly indicates that the electron density on the d
orbitals of the central rhenium is predominantly affected by the
phosphorus ligands through the-Re bonds in the OER species.
On the other hand, UV/vis absorption spectra of OER species
with one or two triarylphosphine ligands were dramatically
different from those with none. Figure 12 shows three typical
examples, i.e.lj, 1h, andle in which the phosphorus ligands
have similary values. The spectrum oij has common

dcharacteristics with spectra of variodac{Re(LL*")(CO)-

(L")]"*"- andcistrans{Re(LL*")(CO}{ P(ORX} (L')]"*"-type com-
plexes (LL= bpy and its derivatives;'l= monodentate ligand;

n = 0 or 1)10ab.18he vibrational bands were observed at 480
540 nm. This electronic transition is attributed to ligand (¢
centered excitation. The corresponding bandlbf with a
triphenylphosphine ligand was, on the other hand, nonvibrational
and broad. In the spectrum déwith two tri(4-fuluorophenyl)-
phosphine ligands, no absorption maximum was seen around
500 nm, and the absorption extended to 800 nm. The spectra
of 1la and 1c were very similar to those ofe These results
strongly suggest that the intramolecular interactions between
the dmb ligand and the triarylphosphine ligand(s) are maintained,
and probably enhanced, in the OER species. It is reasonable to
suppose that the extra electron residing inAtierbital of the

dmb ligand is partially dispersed to the aryl groups on the
triarylphosphine ligand(s), as in tBMLCT excited state.
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Figure 13. Relation between the quenching rate conskgof the emission

from the excitedl™ by TEOA andSy value of the PRligands. Figure 14. Relation between the quenched fractignof the excitedl®

andXy value of the PRligands in 4 mL of TEOA-DMF (1:5 v/v) solution

Effects on the Photochemical Electron Transfer and at room temperature.

Photocatalysis of the Rhenium ComplexesWe expect that Table 8. Photocatalytic Reduction of CO, Using 1* as
the intramolecular interactions increase the oxidation power of Photocatalyst

the rhenium complex in th#MLCT excited state, as well as in complex TNeo? Do 141%
the ground state, even though tHRdLCT absorption band is la* 2.3 0.01 21
red-shifted. This is because of the positive shift in the reduction 1b++ 4.6 0.07 36
potential of the complex in the ground state and of the blue le 6.8 0.16 56
. T . . 1d* 13.1 0.19 64
shift of the emission from the complex in tAMLCT excited 1et 17.3 0.20 79
state. Figure 13 shows the relation betweEp and the 1f+ 10.6 0.22 91
quenching rate constant of the emission from the exditebly iﬂi 0.5 0.02 11
triethanolamine (TEOA), which has been often used as a 1+ cl)'f’l 8'83 ;’g
sacrificial electron donor in photocatalytic @&@duction using 1j+ 0.2 0.02 22
various rhenium complex€s0As expected, different lines can 1k* 0.2 0.06 45
i+ 1.0 0.12 70

be drawn for each group, including complexes with no tri-
arylphosphine ligand, with one, and with two. From Figure 13,
acceleration of the quenching is estimated-attimes for the
CH—7 an.dJ-T_ﬂ interaction; andv35 times for the CH(phen- intensity was 8.22< 1079 einstein st for 1a*, 1c*, 1ef, 1ft, 1h*, and
yl) —z(pyridine)-sx(phenyl) interactions. In photocatalytic GO 1j+, ané’ 5.24x 1079 einstein st for 1b, 1d*, 1g*, 1i*, 1k*, and1I.
reduction using rhenium complexes, a mixed solution of 1:5 Error+10%.¢ Reductive-quenching efficiency of tRBILCT excited states
(viv) TEOA—dimethylformamide has been often used. In this ©f 1" by TEOA (1.26 M).

solution the quenched fraction of the excitét, 74 obtained ] ) )
using eq 8 wheréandl, are the respective emission intensities Clear, because the reaction mechanism of photocatalytic reduc-

in the presence and absence of TEOA, varied with both tion of CO; using rhenium complexes has not been settled.
electronic properties of the phosphorus ligands and the intramo-However, there are some glgnlflcant experlme.ntal results. It has
lecular interactions, as shown in Figure 14. The intramolecular P€€n reported that reaction of OER species produced by
interactions can cause a red-shift of #wL.CT absorption band ~ reductive quenching with COs a significant process ifac-

of complexes with the samg, value, up to 50 nm. [R€/(X2bpy)(CO}PRs] T-photocatalytic reduction of COwhich
proceeds efficiently wherEyJed for the complex is more

negative than-1.4 V vs Ag/AgNQ.1% All of the complexes

1* satisfy this requirement, as shown in Table 5. Stability of
the OER species is also important for £€&duction photo-
catalysts. For exampldac-[Re(bpy)(CO)L] T (L = pyridine

and PPp) cannot work as photocatalyst for G@eduction
because of instability of their OER species, from which loss of
L initiates a chain reaction of decomposition of the parent
complex19¢:27 During the photocatalytic reaction, much faster
decomposition olgt—1i* with one triarylphosphine ligand was
observed than with the other complexes. Figure 15b shows a

aTurnover number of CO formation based on the complex used (0.5
mM). ® Quantum yield for CO formation. 4 mL of DMFTEOA (1.26 M)
solution containing the complex (2.0 mM) was irradiated at 365 nm. Light

lo— |
0 100

Ng= (8)

lo

Table 8 summarizes photocatalysed6ffor CO, reduction.
Only those complexes with the CH(phenyk(pyridine)—
a(phenyl) interactionda”—1f* can photocatalyze CQeduc-
tion to give CO. Since the photocatalytic reactions are initiated
by the reductive quenching process of #WLCT excited state
of 17 by TEOA, the intramolecular interaction should facilitate
this process, as described above.

The other complexes had low or no photocatalytic ability in
this reaction condition. The reason for this difference is not yet

15554 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005
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Figure 15. Decay curves of the OER species of (&', (b) 1h*, and (c)

1j*, produced by the photochemical reduction by TEOA using 365-nm light
in 4 mL of TEOA—DMF (1:5 v/v) solution at room temperature, under Ar
atmosphere@) or under CQ atmosphere®). The sample concentration
was 0.5 mM.

decay curve ofLh produced by photochemical reductionldft
using TEOA. Decay under Ar atmosphere (open circles) was

leandlj (Figure 15a and c), and the presence of,@®Othe
reaction solution (closed circles) did not increase the decay rate,
implying that 1h has too short a lifetime to react with GO
because it decomposes to give the corresponding solvento
complexes [Re(dmb)(CP(OELtR} (S)]” (S = DMF and
TEOA) probably via eqs 9 and 10, where Gx [Re(dmb)-
(COX{ P(OEty} (PPH)]* or other oxidants.

[Re(dmB")(CO){ P(OEt:} (PPh)] + S—
[Re(dmB)(CO){ P(OEt)} (S)] + PPh (9)

[Re(dmB~)(CO){ P(OEt)} (S)] + Ox—
[Re(dmb)(COX P(OEt)} (S)]" + Ox ™" (10)

This is likely to be a main reason for the low photocatalysis of
1h*, and probably also fatgt andli*. Both of the other OER
speciesle and 1j were relatively stable under Ar atmosphere
but decayed faster under GQvhere the pseudo-first-order rate
constants were, respectively, 0.016 and 0.013 ¥e do not
have any experimental data about the properties of the CO
adducts produced from the OER species, which might strongly
affect the photocatalytic reactions.

Conclusion

Intramolecular interactions, especially CH(pheryt\pyri-
dine)-z(phenyl) interactions, between the dmb ligand and the
triarylphosphine ligand(s), have striking and unique effects on
the various properties associated with the dmb ligand in the
ground state, in the excited state, and in the one-eletron-reduced
state. Typical examples are summarized in Table 1, in which
the complexes with similaEy values (e*, 1h*, and1j™) can
be compared with each other. The interactions cause the
UV/vis absorptions to botr—s* and *MLCT to be red-shifted,
but the emission froMiMLCT is blue-shifted, the lifetime of
the 3MLCT excited state is prolonged, the oxidation power in
both the ground and excited states is enhanced, and photoca-
talysis for CQ reduction is also enhanced. Moreover, properties
associated with the central rhenium, specifically the electron
densities on the s orbitals, are much less affected by the
interactions or are unaffected. These unique characteristics of
the intramolecular interactions give a novel and potentially
useful method to control the photophysical, photochemical, and
electrochemical functions of metal complexes.
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much faster than for the other types of the complexes such asJA053814U
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