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	Article Text


Luminescent metal complexes with nitrogen heterocycles, such as 2,2[image: image8.png]


-bipyridine, have received considerable attention during past decades.[1] The emission could originate from the ligand-centered [image: image9.png]
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*, the intra- or interligand charge transfer, or even from the metal-to-ligand charge transfer (MLCT) states, depending on the design of the heterocyclic ligands as well as on the nature of the metal cations.[2] These characteristics have now been successfully applied to the construction of molecular devices, such as chemical and biochemical sensors, organic light-emitting devices, and photovoltaic cells.[3]

Parallel to these studies, [image: image11.png]


-diketonate ligands have widely been used for stabilizing lanthanide complexes, so that relevant studies on their inner f-f transitions could be conducted,[4] and a handful of main-group [image: image12.png]


-diketonate complexes have also been synthesized[5] (one of the main interests being their application in two-photon fluorescent probes).[6] Recently, some studies have been shifted towards the phosphorescent diketonate complexes due to their possible utilization in the fabrication of light-emitting devices.[7] One prototypical example is shown by a series of heteroleptic Ir(III) complexes (C N)2Ir(LX), where C N=cyclometalated ligand and LX=diketonate.[8] Upon lowering the diketonate ligand triplet levels, a switch from the C N and the MLCT emissions to the diketonate-based emission can be achieved. However, the consequence is fast quenching, and it is hence rather difficult to probe their fundamental behaviors. Herein, a series of new emissive Os(II) based [image: image13.png]


-diketonate complexes 1-7 (Scheme 1) is designed and synthesized, the major emission of which can be systematically tuned from a mixed 3MLCT/3[image: image14.png]
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* to an unperturbed 3[image: image16.png]
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* phosphorescence, and then to solely 1[image: image18.png]
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* fluorescence, a result of states-mixing dependence and extended [image: image20.png]


-conjugation governed by the aromatic pendent of the diketonate ligands. Consequently, understanding the associated excited-state behaviors would be very beneficial to the future development of inorganic photochemistry. 

	



	Scheme 1. The schematic structures of complexes 1-7.
[Normal View 7K | Magnified View 13K]


Except for the first complex [Os(CO)3(tfa)(hfac)] (1), which was obtained by heating a mixture of Os3(CO)12 and an excess of hexafluoroacetylacetone (hfac)H in an autoclave,[9] other [image: image22.png]


-diketonate complexes with formula [Os(CO)3(tfa)(LX)] (2-7) were synthesized from the Os dimer [Os2(CO)6(tfa)2] (tfa=CF3CO2-) and the respective diketone reagent in a Carius tube. These reactions were conducted using solid-state pyrolysis so that a higher reaction temperature could be attained and the possible solvent interference could be minimized.[10] These Os metal complexes were characterized via spectroscopic methods. Of particular interest are their solution IR [image: image23.png]


(CO) spectra, which revealed bonding characteristics of the fac-[Os(CO)3] fragment. It is notable that the [image: image24.png]


(CO) stretching bands of complexes 2-7 observed at 2131, 2056, and 2040 cm-1, though differing greatly from those of the parent complex 1 (2142, 2066, and 2057 cm-1), are essentially identical to each other. The results suggest that all aromatic pendants on the diketonate ligands render negligible influence on the electronic structure of the central Os(II) cation.

The photophysical data of Os complexes 1-7 are summarized in Table 1, while the steady-state absorption and luminescence spectra of representative complexes 1, 3, and 5-7 are shown in Figure 1. For complex 1, the lowest energy absorption at 336 nm, with [image: image25.png]


as low as 3000 M-1 cm-1, is assigned to the 1MLCT transition, while the emission appeared at [image: image26.png]


max=545 nm. The phosphorescent character is ascertained by its large Stokes shift and long radiative lifetime, [image: image27.png]


r, of [image: image28.png]


7 [image: image29.png]


s calculated by [image: image30.png]


r=[image: image31.png]


p/[image: image32.png]


 ([image: image33.png]


p: observed decay time, [image: image34.png]


: emission yield, see Table 1). Upon replacing one CF3 substituent with the t-butyl or the phenyl group, forming 2 and 3, the emission is still dominated by phosphorescence, as indicated by its large Stokes-shifted peak wavelength and the drastic O2 quenching process. Replacing the aromatic pendant with either [image: image35.png]


or [image: image36.png]


-naphthalene, forming 4 and 5, respectively, also gives rise to unique phosphorescence with peaks at 560 and 540 nm, respectively, in degassed CH2Cl2. However, in contrast to the sole phosphorescence for complexes 1-3 in both degassed and aerated CH2Cl2, dual emission consisting of fluorescence (462 nm (4) and 455 nm (5)) and phosphorescence was resolved for 4 and 5 under aerated conditions, indicating their relatively slow S1-T1 intersystem crossing rate, kisc. Further substitution of the pendant group with pyrene (6) and anthracene (7) reveals drastically different excitation behaviors. In degassed CH2Cl2, both fluorescence (550 nm) and phosphorescence (690 nm) with an intensity ratio of [image: image37.png]


1:1.2 were observed for 6. In contrast, as supported by the overlap of the 0-0 vibronic onset between absorption and emission, as well as by the radiative lifetime of 19 ns, complex 7 exhibits solely fluorescence (both in degassed and aerated CH2Cl2). Nevertheless, using a laser excitation (Nd:YAG third harmonic: 355 nm) coupled to an intensified charge-coupled detector, a rather weak phosphorescence with a peak wavelength at [image: image38.png]


740 nm was resolved for complex 7 in a 77 K methylcyclohexane glass. 

	 

	Table 1. Photophysical properties of complexes 1-7 in CH2Cl2 at room temperature.

	


	Abs. [nm] [M-1 cm-1?04]

PL [nm]

[image: image39.png]


[a] [%]

[image: image40.png]


f[image: image41.png]


1/kisc [ps]

[image: image42.png]


p[a] [[image: image43.png]


s]

Emitting states



1
336 [0.3]

545

5.0

-[b]
0.35

3MLCT/3[image: image44.png]
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* (11.0 %)[c]
2
321 [0.7]

507

4.9

-[b]
5.0

3MLCT/3[image: image46.png]
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* (7.0 %)

3
347 [1.47]

520

16.2

0.48

14

3MLCT/3[image: image48.png]
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* (4.0 %)

4
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462[d], 560

7.9

3.64

11

3[image: image50.png]
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* (1.3 %)

5
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455[d], 540

13.5

6.71
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3[image: image52.png]
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* (1.0 %)
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1[image: image54.png]
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*/3[image: image56.png]
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* ([image: image58.png]
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11.0

2100

-[f]
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* ([image: image61.png]


0 %)



	



	   [a] The solution was degassed with at least three freeze-pump-thaw cycles. For 6, the reported [image: image62.png]


value is the sum of florescence and phosphorescence. [b] [image: image63.png]


f is shorter than the system response of 150 fs. [c] Values in parentheses are the percentage of 3MLCT: 3[image: image64.png]
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. [d] The emission band was only detectable in aerated solution. [e] The phosphorescence was acquired by laser excitation (355 nm) in a 77 K methylcyclohexane glass. [f] The phosphorescence intensity was too weak to resolve the lifetime.


	



	Figure 1. The absorption and emission spectra of 1 (green), 3 (blue), 5 (orange), 6 (red), 7 (black) in degassed CH2Cl2 at room temperature.
[Normal View 19K | Magnified View 37K]


Detailed relaxation dynamics correlate well with the steady-state observation. Due to the lack (or minor component in 6) of fluorescence in the degassed solution, it is reasonable to assume that the fluorescence decay for 1-6 is dominated by the rate of S1-T1 intersystem crossing, kisc. Using pico- and femtosecond time-resolved techniques (see Experimental Section), kisc, which is equivalent to the inverse of the fluorescence decay time for 1-6, was measured and is listed in Table 1. Obviously, kisc is greater than the system response of 150 fs-1 for 1 and 2, while it gradually decreases from 480 fs-1 in 3 to 120 ps-1 in 6. In the case of 7, the fluorescence lifetime was measured to be as long as 2.1 ns. The much slower kisc leads to a negligible population in the triplet manifold, rationalizing the lack of phosphorescence for 7 in the conventional steady-state measurement (see above).

Theoretical approaches based on frontier orbital analyses render a firm rationalization on the resulting spectroscopy and dynamics. Figure 2 depicts the features of the highest occupied (HOMO) and the lowest unoccupied (LUMO) frontier orbitals mainly involved in the lower-lying transition, while the descriptions and the energy gaps of each transition are listed in the Supporting Information. Apparently, in the cases of 1-3, the electron densities of the HOMO are located on the metal d[image: image67.png]


, diketonate and tfa (for 1 only) fragments, whereas those of the LUMO are distributed mainly on the diketonate moiety. The results clearly indicate that for 1-3, the lowest electronic transition in both singlet and triplet manifolds is dominated by a mixed state involving both ILCT ([image: image68.png]
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*) and MLCT in character. Intriguingly, as supported by Figure 2 and Table 1, the contribution from d[image: image70.png]


, and hence MLCT, gradually reduces from 1 to 3 and is eventually rather small ([image: image71.png]


1 %) upon placing naphthalene (4 and 5) as a pendent group. Apparently, for 6 and 7, both lowest singlet and triplet manifolds are solely manifested by ILCT incorporating an aromatic pendent ([image: image72.png]


)[image: image73.png]


diketonate ([image: image74.png]


*) transition. 

	



	Figure 2. The selected frontier orbitals of complexes 1, 3, 5 and 7.
[Normal View 53K | Magnified View 101K]


The results can be rationalized by excessive conjugation introduced by the polyaromatic pendent at the diketonate chromophore, which, in a qualitative manner, increases (decreases) the [image: image76.png]


([image: image77.png]


*) energy so that [image: image78.png]
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* gradually becomes the dominant transition in both S1 and T1 states. Accordingly, the fast kisc observed in 1-3 can be rationalized by mixing MLCT and [image: image80.png]
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* in character in both S1 and T1 manifolds. If intersystem crossing takes place mainly from the S1[image: image82.png]


T1 pathway, theoretically, the corresponding rate constant is [Eq. (1)]: 

	
	(1)


where HSO is the Hamiltonian for the spin-orbit coupling and [image: image83.png]


ES1-T1 is the energy difference between singlet (S1) and triplet (T1) states. Mixing of [image: image84.png]
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* and MLCT in both S1 and T1 states leads to the S1[image: image86.png]


T1 intersystem crossing incorporating [image: image87.png]


1d[image: image88.png]


[image: image89.png]


*|HSO|3[image: image90.png]
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*[image: image92.png]


 or [image: image93.png]


3d[image: image94.png]


[image: image95.png]


*|HSO|1[image: image96.png]
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*[image: image98.png]


. The net result induces the change of orbital angular momenta, that is, d[image: image99.png]


[image: image100.png]
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 coupled with the flip of the electron spin, so that the transition has a significantly large first-order spin-orbit coupling term, resulting in a drastic enhancement of the intersystem crossing. As shown in Table 1, among 1-7, the greatest MLCT/[image: image102.png]
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* mixing in 1 and 2 gives rise to ultrafast, system-response-limited kisc. Furthermore, the rate of intersystem crossing ([image: image104.png]


1/[image: image105.png]


f) decreases from 3 (480 fs-1) to 5 (6.71 ps-1), the results of which correlate well with the percentage of MLCT [from [image: image106.png]


4.0 % (3) to [image: image107.png]


1.0 % (5)] contributed to the states mixing. As for the lack of MLCT/[image: image108.png]




 INCLUDEPICTURE "http://www3.interscience.wiley.com/giflibrary/12/pi.gif" \* MERGEFORMATINET [image: image109.png]


* state mixing in 6, kisc decreases drastically to 120 ps-1. Apparently, due to the lack of MLCT, complexes 6 and 7 mainly undergo a 1[image: image110.png]
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*[image: image112.png]


3[image: image113.png]
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* intersystem crossing, in which the coupling between orbital and spin angular momentum, and hence [image: image115.png]


1[image: image116.png]
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*|HSO|3[image: image118.png]
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*[image: image120.png]


, should be rather small due to negligible changes of orbital angular momentum that can couple with flip of electron spin. In other words, there is negligible first-order spin-orbit coupling to enhance the intersystem crossing. 

The factor that governs the difference in kisc between 6 and 7 is also intriguing. Since both S1 and T1 in 6 and 7 possess pure [image: image121.png]




 INCLUDEPICTURE "http://www3.interscience.wiley.com/giflibrary/12/pi.gif" \* MERGEFORMATINET [image: image122.png]


* character, the possibility of strong S1([image: image123.png]
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*)-T1([image: image125.png]
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*) vibronic mixing has been eliminated. Alternatively, [image: image127.png]


ES1-T1 and distance r of the spin-orbit coupling, which is implicitly expressed in HSO, become critical in manifesting kisc. As for an oversimplified approach, assuming Os(II) to be hydrogen-like, kisc is inversely proportional to r6,[11] in which r is the distance between Os and the ancillary chromophore. Since precisely defining r is not possible, an average is then taken by measuring the distance from Os (the metal atom) to the gravitation center of the aromatic pendants. With the assistance of ab initio approaches, r was then calculated to be 6.17 (6) and 7.89 Å (7). Using the peak-to-peak frequency for fluorescence versus phosphorescence (see Table 1) [image: image128.png]


ES1-T1 was estimated to be 10.5 and 11.1 kcal mol-1 for 6 and 7, respectively. Consequently, the ratio of kisc, in which kisc is taken to be proportional to r6/([image: image129.png]


ES1-T1)2, is calculated to be 1 (6) : 0.27 (7), which is qualitatively, at least in view of tendency, in agreement with 1 (6): 0.06 (7) obtained experimentally (calculated from Table 1), taking into account that r is ill-defined and the r6 relationship is oversimplified.

The smaller S1-T1 mixing in the [image: image130.png]
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* manifold also indicates less borrowing of T1[image: image132.png]


S0 transition moment from the allowed S1[image: image133.png]


S0 transition, and hence the phosphorescence radiative decay, kr, is expected to be rather small. This, in combination with the lower phosphorescence energy gap, should lead to a dominant radiationless deactivation according to the energy-gap law. For complex 7, the smallest kisc and kr (phosphorescence) due to the longest spin-orbit coupling distance (i.e. smallest HSO) gives rise to negligibly weak phosphorescence, rationalizing the experimental results.

In conclusion, through the design and synthesis of a series of new osmium-based [image: image134.png]


-diketonate carbonyl complexes, remarkable aromatic, tunable excited-state properties are explored. The relative luminescent efficiencies, associated dynamics, and the origin of transition were evaluated using theories incorporating both types of spin-orbit coupling, energy gap and coupling distance. Consequently, a semiempirical attempt has been made to generalize the dynamics and efficiency of intersystem crossing. We believe that the results are of fundamental significance and should spark a broad spectrum of interest in the strategic design of third-row luminescent complexes.

Experimental Section

	



	[image: image136.png]



	



	





Elemental analyses and mass spectra (operating in the EI and FAB modes) were carried out at the NSC Regional Instrument Centre at the National Chiao Tung University, Taiwan. IR spectra were recorded on a Perkin Elmer 2000 FT-IR spectrometer. 1H and 13C NMR spectra were recorded on a Varian Mercury 400 or an Inova-500 MHz instrument; chemical shifts are quoted with respect to internal standard Me4Si.

Steady-state absorption and emission spectra were recorded by a Hitachi (U-3310) spectrophotometer and an Edinburgh (FS920) fluorimeter, respectively. Emission quantum yields were measured at excitation wavelength [image: image139.png]


exc=380 nm in CH2Cl2 at room temperature. Coumarin 480 ([image: image140.png]


r=0.93 in EtOH) was used as the reference, and Equation (2): 

	
	(2)


was used to calculate the emission quantum yields, where [image: image141.png]


s and [image: image142.png]


r are the quantum yield of the unknown and the reference sample, respectively, [image: image143.png]


is the refractive index of the solvent, Ar and As are the absorbance of the reference and the unknown samples at the excitation wavelength, and Is and Ir are the integrated areas under the emission spectra of interest. To acquire phosphorescence for complex 7 in the 77 K methylcyclohexane matrix, an Nd:YAG laser 355 nm (3rd harmonic) was used as an excitation source. The signal was collected and detected by an intensified charge-coupled detector gated at >100 ns to eliminate the fluorescence interference. 

For the long (>1 [image: image144.png]


s) lifetime measurements, the third harmonic of an Nd:YAG laser 355 nm, with a duration of 10 ns, was used. For the short lifetime component, a 50 ps diode laser at wavelength 375 nm combining the time-correlated-signal photon-counting setup was used. The instrument response function is [image: image145.png]


130 ps.

For the phosphorescence-lifetime measurements in the [image: image146.png]


s region, a third harmonic of an Nd:YAG laser 355 nm was used as an excitation source. Emission decay was detected by a photomultiplier tube and averaged over 500 shots using an oscilloscope. Laser energy was reduced to <1 mJ pulse-1 to prevent possible photochemical decomposition. For the nanosecond lifetime measurements, the fundamental train of pulses from a Ti-Sapphire oscillator (82 MHz, Spectra Physics) was used to produce second harmonics (375-425 nm) as an excitation light source. The signal was detected by a time-correlated single-photon-counting system (Edinburgh OB 900 L). In the decay region of pico- to femtoseconds, the emission upconversion measurements were performed using a femtosecond optically gated system, details of which have been described in a previous report.[12], [13]

Synthesis of Os(CO)3(tfa)(hfac) (1): A 30 mL Carius tube was charged with Os2(CO)6(tfa)2 (200 mg, 0.26 mmol) and 1,1,1,5,5,5-hexafluoroacetylacetone (hfac)H (0.22 mL, 1.55 mmol). The tube was sealed under vacuum and placed into an oven maintained at 180 蚓 for 6 h. The tube was then cooled and opened, and the content was subjected to sublimation at 45 蚓 and 200 mtorr. Further purification was carried out by recrystallization from CH2Cl2 and hexane, giving 230 mg of primrose yellow compound [Os(CO)3(tfa)(hfac)] (0.39 mmol, 75 %). All other Os(II) complexes were prepared under similar experimental conditions.

Spectral Data of 1: MS (EI, 192Os): m/z: 483 [M+-C2O2F3]; IR (C6H12): [image: image147.png]


=2142, 2066, 2057 cm-1 (CO); 1H NMR (400 MHz, [D6]acetone, 25 蚓, TMS): [image: image148.png]


=6.76 (s, 1 H; CH); 13C NMR (75 MHz, [D6]acetone, 25 蚓, TMS): [image: image149.png]


=176.0 (q, 2J(C,F)=38 Hz, 1 C; C(CF3)), 166.8 (1 C; CO), 164.6 (2 C; CO), 161.7 (q, 2J(C,F)=38 Hz, 1 C; C(CF3)), 117.0 (q, 1J(C,F)=283 Hz, 2 C; CF3), 115.1 (q, 1J(C,F)=283 Hz, 1 C; CF3), 94.4 (1 C; CH); 19F NMR (470 MHz, [D6]acetone, 25 蚓, CFCl3): [image: image150.png]


=-74.07 (s, 3F), -74.61 (s, 6F); Anal. Calcd. for C10HF9O7Os: C, 20.21; H, 0.17. Found: C, 20.25; H, 0.25.

Spectral Data of 2: MS (EI, 192Os): m/z: 584 [M+]; IR (C6H12): [image: image151.png]


=2132, 2057, 2040 cm-1 (CO); 1H NMR (400 MHz, [D1]chloroform, 25 蚓, TMS): [image: image152.png]


=6.23 (s, 1 H; CH), 1.19 (s, 9 H; tBu); 13C NMR (100 MHz, [D1]chloroform, 25 蚓, TMS): [image: image153.png]


=207.4 (1 C; C(CH3)), 169.0 (q, 2 J(C,F)=35 Hz, 1 C; C(CF3)), 168.2 (1 C; CO), 165.6 (1 C; CO), 165.1 (1 C; CO), 162.3 (q, 2J(C,F)=38 Hz, 1 C; C(CF3)), 117.6 (q, 1J(C,F)=281 Hz, 1 C; CF3), 114.7 (q, 1J(C,F)=286 Hz, 1 C; CF3), 94.3 (1 C; CH), 43.4 (1 C; CMe3), 27.4 (3 C; Me); 19F NMR (470.3 MHz, [D1]chloroform, 25 蚓, CFCl3): [image: image154.png]


=-74.46 (s, 3F), -74.51 (s, 3F); Anal. Calcd. for C13H10F6O7Os: C, 26.81; H, 1.73. Found: C, 26.96; H, 2.19.

Spectral Data of 3: MS (EI, 192Os): m/z: 604 [M+]; IR (C6H12): [image: image155.png]


=2131, 2056, 2040 cm-1 (CO); 1H NMR (500 MHz, [D6]acetone, 25 蚓, TMS): [image: image156.png]


=8.19 (d, 3J(H,H)=7.5 Hz, 2 H; C6H5), 7.76 (t, 3J(H,H)=7.0 Hz, 1 H; C6H5), 7.60 (t, 3J(H,H)=7.8 Hz, 2 H; C6H5), 7.02 (s, 1 H; CH); 13C NMR (125 MHz, [D6]acetone, 25 蚓, TMS): [image: image157.png]


=188.8 (1 C; C(C6H5)), 169.3 (q, 2J(C,F)=38 Hz, 1 C; C(CF3)), 168.6 (1 C; CO), 167.3 (2 C, CO), 162.4 (q, 2J(C,F)=34 Hz, 1 C; C(CF3)), 136.5 (1 C; C6H5), 135.6 (1 C; C6H5), 130.0 (1 C; C6H5), 129.6 (1 C; C6H5), 118.9 (q, 1J(C,F)=280 Hz, 1 C; CF3), 115.8 (q, 1J(C,F)=287 Hz, 1 C; CF3), 95.8 (1 C; CH); 19F NMR (470.3 MHz, [D6]acetone, 25 蚓, CFCl3): [image: image158.png]


=-74.03 (s, 3F), -74.13 (s, 3F); Anal. Calcd. for C15H6F6O7Os: C, 29.91; H, 1.00. Found: C, 30.18; H, 1.30.

Spectral Data of 4: MS (EI, 192Os): m/z: 654 [M+]; IR (C6H12): [image: image159.png]


=2132, 2057, 2041 cm-1 (CO); 1H NMR (400 MHz, [D6]acetone, 25 蚓, TMS): [image: image160.png]


=8.31 (d, 3J(H,H)=8.8 Hz, 1 H; CH), 8.18 (d, 3J(H,H)=8.4 Hz, 1 H; CH), 8.03 (dd, 3J(H,H)=8.0 Hz, 4J(H,H)=1.8 Hz, 1 H; CH), 7.99 (d, 3J(H,H)=7.2 Hz, 1 H; CH), 7.60-7.67 (m, 3 H; CH), 6.83 (s, 1 H; CH); 13C NMR (100 MHz, [D6]acetone, 25 蚓, TMS): [image: image161.png]


=193.7 (1C; C(C10H7)), 169.5 (q, 2J(C,F)=34 Hz, 1 C; C(CF3)), 168.6 (1 C; CO), 167.1 (1 C; CO), 167.0 (1 C; CO), 162.6 (q, 2J(C,F)=37 Hz, 1 C; C(CF3)), 136.1 (1 C; C), 134.9 (1 C; C), 134.3 (1 C; CH), 130.8 (1 C; C), 129.7 (1 C; CH), 129.0 (1 C; CH), 128.8 (1 C; CH), 127.7 (1 C; CH), 125.8 (1 C; CH), 125.7 (1 C; CH), 118.9 (q, 1J(C,F)=281 Hz, 1 C; CF3), 116.0 (q, 1J(C,F)=286 Hz, 1 C; CF3), 100.6 (1 C; CH); 19F NMR (470.3 MHz, [D6]acetone, 25 蚓, CFCl3): [image: image162.png]


=-73.86 (s, 3F), -73.88 (s, 3F); Anal. Calcd. for C19H8F6O7Os: C, 34.97; H, 1.24. Found: C, 34.66; H, 1.44.

Spectral Data of 5: MS (EI, 192Os): m/z: 654 [M+]; IR (C6H12): [image: image163.png]


=2131, 2055, 2039 cm-1 (CO); 1H NMR (500 MHz, [D6]acetone, 25 蚓, TMS): [image: image164.png]


=8.96 (s, 1 H; CH), 8.19 (dd, 3J(H,H)=9.0 Hz, 4J(H,H)=2.0 Hz, 1 H; CH), 8.16 (d, 3J(H,H)=8.0 Hz, 1 H; CH), 8.08 (d, 3J(H,H)=8.5 Hz, 1 H; CH), 8.03 (d, 3J(H,H)=8.5 Hz, 1 H; CH), 7.73 (t, 3J(H,H)=7.0 Hz, 1 H; CH), 7.66 (t, 3J(H,H)=8.0 Hz, 1 H; CH), 7.22 (s, 1 H; CH); 13C NMR (125 MHz, [D6]acetone, 25 蚓, TMS): [image: image165.png]


=188.5 (1 C; C(C10H7)), 169.0 (q, 2J(C,F)=34 Hz, 1 C; C(CF3)), 168.7 (1 C; CO), 167.4 (1 C; CO), 167.3 (1 C; CO), 162.4 (q, 2J(C,F)=37 Hz, 1 C; C(CF3)), 137.1 (1 C; C), 133.7 (1 C; C), 133.5 (1 C; C), 131.9 (1 C; CH), 130.8 (1 C; CH), 130.5 (1 C; CH), 129.8 (1 C; CH), 128.7 (1 C; CH), 128.2 (1 C; CH), 124.7 (1 C; CH), 119.0 (q, 1J(C,F)=280 Hz, 1 C; CF3), 115.8 (q, 1J(C,F)=287 Hz, 1 C; CF3), 96.0 (1 C; CH); 19F NMR (470.3 MHz, [D6]acetone, 25 蚓, CFCl3): [image: image166.png]


=-73.90 (s, 3F), -74.10 (s, 3F); Anal. Calcd. for C19H8F6O7Os: C, 34.97; H, 1.24. Found: C, 34.96; H, 1.42.

Spectral Data of 6: MS (EI, 192Os): m/z: 730 [M+]; IR (C6H12): [image: image167.png]


=2131, 2057, 2040 cm-1 (CO); 1H NMR (500 MHz, [D6]acetone, 25 蚓, TMS): [image: image168.png]


=8.58 (d, 3J(H,H)=9.5 Hz, 1 H; CH), 8.39 (d, 3J(H,H)=8.0 Hz, 1 H; CH), 8.37 (d, 3J(H,H)=8.0 Hz, 1 H; CH), 8.34 (d, 3J(H,H)=8.0 Hz, 1 H; CH), 8.29 (d, 3J(H,H)=9.0 Hz, 1 H; CH), 8.28 (d, 3J(H,H)=8.5 Hz, 1 H; CH), 8.26 (d, 3J(H,H)=8.5 Hz, 1 H; CH), 8.16 (d, 3J(H,H)=9.5 Hz, 1 H; CH), 8.11 (t, 3J(H,H)=8.0 Hz, 1 H; CH), 7.00 (s, 1 H; CH); 13C NMR (125 MHz, [D6]acetone, 25 蚓, TMS): [image: image169.png]


=193.5 (1 C; C(C16H11)), 168.9 (q, 2J(C,F)=34 Hz, 1 C; C(CF3)), 168.6 (1 C; CO), 167.3 (1 C; CO), 167.2 (1 C; CO), 162.6 (q, 2J(C,F)=38 Hz, 1 C; C(CF3)), 135.3 (1 C; C), 132.4 (1C; C), 131.9 (1 C; C), 131.2 (1 C; C), 131.0 (1 C; CH), 130.6 (1 C; CH), 130.3 (1 C; C), 127.9 (1 C; CH), 127.8 (2 C; CH), 127.5 (2 C; CH), 125.4 (1 C; CH), 125.3 (1 C; C), 124.8 (1 C; CH), 124.6 (1C; C), 119.0 (q, 1J(C,F)=281 Hz, 1 C; CF3), 116.0 (q, 1J(C,F)=287 Hz, 1 C; CF3), 101.1 (1 C; CH); 19F NMR (470.3 MHz, [D6]acetone, 25 蚓, CFCl3): [image: image170.png]


=-73.86 (s, 3F), -73.88 (s, 3F); Anal. Calcd. for C25H12F6O7Os: C, 41.21; H, 1.66. Found: C, 41.16; H, 1.80.

Spectral Data of 7: MS (EI, 192Os): m/z: 704 [M+]; IR (C6H12): [image: image171.png]


=2130, 2055, 2039 cm-1 (CO); 1H NMR (500 MHz, [D6]acetone, 25 蚓, TMS): [image: image172.png]


=9.18 (s, 1 H; CH), 8.84 (s, 1 H; CH), 8.62 (s, 1 H; CH), 8.20 (d, 3J(H,H)=8.5 Hz, 1 H; CH), 8.15 (d, 3J(H,H)=8.0 Hz, 1 H; CH), 8.13 (d, 3J(H,H)=9.0 Hz, 1 H; CH), 8.11 (dd, 3J(H,H)=8.5 Hz, 4J(H,H)=2.0 Hz, 1 H; CH), 7.63 (ddd, 3J(H,H)=7.2 Hz, 2J(H,H)=1.5 & 1.0 Hz, 1 H; CH), 7.59 (ddd, 3J(H,H)=7.2 Hz, 2J(H,H)=2.0 & 1.5 Hz, 1 H; CH), 7.27 (s, 1 H; CH); 13C NMR (125 MHz, [D6]acetone, 25 蚓, TMS): [image: image173.png]


=188.2 (1 C; C(C14H9)), 168.8 (q, 2J(C,F)=33 Hz, 1 C; C(CF3)), 168.7 (1 C; CO), 167.5 (1 C; CO), 167.4 (1 C; CO), 162.5 (q, 2J(C,F)=38 Hz, 1 C; C(CF3)), 134.8 (1 C; C), 133.7 (1 C; CH), 133.6 (1 C; C), 133.3 (1 C; C), 133.2 (1 C; C), 131.1 (1 C; C), 130.9 (1 C; CH), 130.2 (1 C; CH), 129.5 (1 C; CH), 129.1 (1 C; CH), 128.3 (1 C; CH), 127.3 (1 C; CH), 127.2 (1 C; CH), 123.2 (1 C; CH), 119.1 (q, 1J(C,F)=281 Hz, 1 C; CF3), 115.8 (q, 1J(C,F)=287 Hz, 1 C; CF3), 96.0 (1 C; CH); 19F NMR (470.3 MHz, [D6]acetone, 25 蚓, CFCl3): [image: image174.png]


=-73.81 (s, 3F), -74.04 (s, 3F); Anal. Calcd. for C23H10F6O7Os: C, 39.32; H, 1.43. Found: C, 39.02; H, 1.66.

Computational Methodology: All calculations were performed with the Gaussian 03 package.[14] Geometrical optimization on the electronic ground state was carried out using the hybrid Hartree-Fock density functional theory (HF-DFT) method, B3 LYP.[15] A [image: image175.png]


double-[image: image176.png]


[image: image177.png]


 quality basis set consisting of Hay and Wadt effective core potentials (LANL2DZ)[16] was employed for the iodine and osmium atoms, while a 6-31G* basis[17] was used for the H, C, N, F, and O atoms. A relativistic effective core potential (ECP) replaced the inner core electrons of Os(II), leaving the outer core (5s25p6) electrons and the 5d6 valence electrons. Time-dependent DFT (TDDFT) calculations were then performed with the same functional and basis set at the optimized geometry to obtain electronic transition energies. Oscillator strengths were deduced from the dipole transition matrix elements (for singlet states only).
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