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comparable, but shorter than Li-H distances previously observed 
for organolithium compounds (e.g., 1.96 (1) A for the shortest 
a-carbon hydrogen atom in cyclohexyllithium5'19). The puckering 
of the four-atom lithium rings shown in Figure 2 optimizes the 
close approach OfC(I)-Li(I) (2.17 (2) A) and Li(I)-D(I) (1.72 
(2) A). The observed D(l)-C(l)-D(2) angle is 100 ( I ) 0 with 
C-D distances of 1.09 (1) A (C(I)-D(I)) and 1.18 (2) A (C-
(1)-D(2)). 

The local geometry about the carbon atom (Figure 2) suggests 
two types of C-D coordination if one considers closest-neighbor 
interactions. The coordination to D(I) can be viewed as I, while 
that for D(2) is best represented by the semibridging model II 

H. H H. 
- ^ C - H - M — C - - -M ^ c £ — j M -C^HHV-M 

with coordination to the C-D bond (C-Li, 2.17 (2) A; Li-D, 1.99 
(3) A). This configuration is also found in cyclohexyllithium5,19 

(C-Li, 2.184 (3) A; Li-H, 2.00 (1) A). Ill and IV have been 
previously described for the CH3 groups in LiB[CH3J4

4 (C-Li, 
2.207 (9) A, Li-H, 2.115 (8) A (III); C-Li, 2.359 (11) A, Li-H, 
2.231 (10) A (IV)). 

In the field of polylithium organic compounds, there have been 
extraordinary predictions of unusual geometries and, in particular, 
"hypervalent" polylithium compounds20'21 which have forecast 
stabilities of such species as CLi5,

22 CLi6, and even CLi8 neutral 
species. The environment of the carbon atom in the dilithio-
methane structure could easily lead to such fragments, and indeed 
CLi3H+ has been observed by flash vaporization mass spectrom­
etry.23 Comparisons with previous theoretical models of molecular 
oligomeric groups made up of Li2CD2 units9 are limited by the 
difficulty of appropriately including Li-H-C bonding interactions 
which are primarily responsible for the observed extended 
structure. The results obtained in this study clearly confirm the 
importance of metal—H-C bonding in the chemistry and structural 
properties4'5,24 of early main group organometallics. 
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(18) Another interesting comparison is with BeH2, which has Be-H dis­
tances ranging from 1.38 (2) to 1.44 (2) A (Smith, G. S.; Johnson, Q. C; 
Smith, D. K.; Cox, D. E.; Snyder, R. L.; Zhou, R.-S.; Zalkin, A. Brookhaven 
National Synchrotron Light Source Annual Report; 1988, p 227. 

(19) At 70 0C, cyclohexyllithium eliminates cyclohexene to give LiH. We 
find that, over a period of a year, dilithiomethane converts extensively to LiH 
at ambient temperatures. The average a-hydrogen-lithium atom distance in 
cyclohexyllithium (2.003 (7) A) is also less than the Li-H distance in lithium 
hydride (2.043 A) (Zintl, E.; Harder, A. Z. Phys. Chem., Abt. B 1935, 28, 
478). 

(20) Schleyer, P. v. R.; Wurthwein, E. U.; Kaufmann, E.; Clark, T.; Pople, 
J. A. J. Am. Chem. Soc. 1983, 105, 5930. (b) Schleyer, P. v. R. New Horizons 
of Quantum Chemistry; Lowdin, P. O., Pullman, B., Eds.; D. Reidel: New 
York, 1983; pp 95-109. (c) Wurthwein, E. U.; Schleyer, P. v. R.; Pople, J. 
A. J. Am. Chem. Soc. 1984, 106, 6973. (d) Schleyer, P. v. R.; Tidor, B.; 
Jemmis, E. D.; Chandrasekhar, J.; Wurthwein, E. U.; Kos, A. J.; Luke, B. 
T.; Pople, J. A. J. Am. Chem. Soc. 1983, 105, 484. (e) Schleyer, P. v. R.; 
Wurthwein, E. U.; Pople, J. A. J. Am. Chem. Soc. 1982, 104, 5839. 

(21) Reed, A. E.; Weinhold, F. J. Am. Chem. Soc. 1985, 107, 1919. 
(22) CLi5

+ has been accurately predicted and observed. See: Chin, J. W., 
Jr.; Landro, F. J.; Schleyer, P. v. R.; Pople, J. A.; Lagow, R. J. / . Am. Chem. 
Soc. 1982, 104, 4275. 

(23) Chinn, J. W., Jr.; Lagow, R. J. J. Am. Chem. Soc. 1984, 106, 3694. 
(24) (a) Bauer, W.; Clark, T.; Schleyer, P. v. R. J. Am. Chem. Soc. 1987, 

109, 970. (b) Bauer, W.; Schleyer, P. v. R. J. Am. Chem. Soc. 1989, / / / , 
7191. 
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For many excited-state intramolecular proton transfer (ESIPT) 
molecules such as most of the derivatives of salicylic acid,1"5 both 
experimental and theoretical results have concluded either the 
existence of a single minimum potential energy surface or a double 
minimum potential in which rapid tunneling is responsible for 
ultrafast proton transfer in the singlet excited state. However, 
the shape of the ground-state potential energy surface for several 
ESIPT molecules has raised many controversies. One prominent 
case is the study of 3-hydroxyflavone (3HF). 

The first dynamic study of the ground-state reverse proton 
transfer of 3HF was reported by Itoh et al. By using transient 
absorption and two-step laser-induced fluorescence (TSLIF) 
measurements, they demonstrated that an unexpectedly long-lived 
ground-state tautomer (~ microseconds) is involved in the reverse 
proton transfer at room temperature.6'7 Consequently, Aartsma 
and co-workers reexamined the ground-state reverse proton 
transfer by means of picosecond time-resolved absorption spec­
troscopy coupled with a stimulated emission pumping technique.8 

Contradictory to the results of Itoh et al., they put a lower limit 
of 3 X 1010 s"1 on the rate of the ground-state reverse proton 
transfer. Shortly after Aartsma's report, Itoh et al. published 
detailed transient absorption and TSLIF studies to reconfirm the 
existence of the long-lived ground-state tautomer.9,10 However, 
in the meantime, from the observation of the gain spectrum profile 
of the amplified spontaneous emission of 3HF, Chou et al. sug­
gested that the energy barrier for the ground-state reverse proton 
transfer was negligibly small.11 In addition, Brucker and Kelley, 
by analysis of the homogeneous bandwidth for matrix-isolated 
3HF at 30 K, proposed a lower limit of 60 fs for the ground-state 
reverse proton transfer reaction.12 

Most recently we have conducted transient absorption and 
TSLIF measurements for 3HF in combination with a photo-
oxygenation study in order to resolve these controversies.13"15 

Although our kinetic results are qualitatively in agreement with 
those obtained by Itoh et al., several detailed quantitative analyses 
discount the assignment of the long-lived species to the ground-
state tautomer singlet state. We summarize the key results as 
follows: 

(1) The yield of tautomer emission from the TSLIF mea­
surement (probed at 437 nm) is only ~0.013 of the non-time-
resolved tautomer emission at room temperature. 

(1) Barbara, P. F.; Rentzepis, P. M.; Brus, L. E. J. Am. Chem. Soc. 1980, 
102, 2786. 

(2) Mordzinski, A.; Grabowska, A. Chem. Phys. Lett. 1982, 90, 122. 
(3) Ding, K.; Courtney, J.; Strandjord, A. J.; FoIm, S.; Friedrich, D.; 

Barbara, P. F. J. Phys. Chem. 1983, 87, 1184. 
(4) Nagaoka, S.; Nagashima, U. Chem. Phys. 1989, 136, 153. 
(5) Barbara, P. F.; Walsh, P. K.; Brus, L. E. J. Phys. Chem. 1989, 93, 29. 
(6) Itoh, M.; Tanimoto, Y.; Tokumura, K. J. Am. Chem. Soc. 1983, 105, 

3339. 
(7) Itoh, M.; Fujiwara, Y. J. Phys. Chem. 1983, 87, 4558. 
(8) Dzugan, T.; Schmidt, J.; Aartsma, T. J. Chem. Phys. Lett. 1986, 127, 

336. 
(9) Itoh, M.; Fujiwara, Y.; Sumitani, M.; Yoshihara, K. J. Phys. Chem. 

1986, 90, 5672. 
(10) Itoh, M.; Fujiwara, Y. Chem. Phys. Lett. 1986, 130, 365. 
(11) Chou, P. T.; McMorrow, D.; Aartsma, T. J.; Kasha, M. J. Phys. 

Chem. 1984, 88, 4596. 
(12) Brucker, G. A.; Kelley, D. F. / . Phys. Chem. 1987, 91, 2856. 
(13) Brewer, W. E.; Studer, S. L.; Orton, E.; Chou, P. T. Chem. Phys. Lett. 

1989, 158, 345. 
(14) Studer, S. L.; Brewer, W. E.; Martinez, M. L.; Chou, P. T. J. Am. 

Chem. Soc. 1989, / / / , 7643. 
(15) Brewer, W. E.; Studer, S. L.; Standiford, M.; Chou, P. T. J. Phys. 
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Figure 1. Steady state and TSLIF of 3HF in n-heptane at room tem­
perature. The concentration of 3HF is 5.0 X 10"5 M. The pump pulse 
energy is 4 mJ cm"2 at 355 nm, and the probe pulse energy is 3 mJ cm"2 

at 610 nm. (a0) Steady-state tautomer emission; (a) 1.5-MS delay time; 
(b) 7.5 Ms; (c) 11.5 MS; (d) 15.5 MS; (e) 19.5 us; (f) 23.5 Ms; (g) 27.5 MS; 
(h) 37.5 MS; (D 52.5 /is. The emission profile is distorted at >600 nm due 
to the cut-off filter (Corning 4-96) which is used to block the probe laser. 
Inset: decay of TSLIF, with first-order fit yielding a 7.58 X 104 s"1 (13.2 
^s) decay constant. 

(2) By the TSLIF measurement, the bimolecular quenching 
rate constant of the long-lived species by ground-state oxygen is 
measured to be ~3.2 X 109 M"1 s"1, while the yield of the oxy­
genation products is only ~0.001, indicating that physical 
quenching by oxygen is the major deactivation process for the 
long-lived tautomer species. 

(3) Both the energy barrier (0.85 kcal/mol) and the preex-
ponential factor (~2.3 X 105 s"') determined by the tempera­
ture-dependent study are remarkably small. In addition, the 
tautomer species cannot be trapped either in 77 K hydrocarbon 
glass or in a 12 K argon matrix. 

Result (3) is very intriguing. On the basis of the previous 
assignment of the long-lived ground-state tautomer, the exceed­
ingly small preexponential factor indicates that among numerous 
vibrational states accessible by thermal excitation only a few 
specific ones compatible with the required geometrical change 
result in the proton-transfer reaction. This concept is difficult 
to accept for a coplanar, intramolecularly hydrogen bonded system. 
However, since the above results conflict with the assignment of 
the long-lived ground-state tautomer indirectly, definitive spec­
troscopic evidence is necessary in order to unambiguously assign 
the long-lived tautomer species. 

In this communication, we report the first direct spectroscopic 
evidence that the long-lived species of 3HF observed from TSLIF 
and transient absorption measurements is ascribed to a triplet state 
rather than a singlet ground state. Furthermore, on the basis of 
the expected dynamics of a triplet state, previous controversies 
and several unexplained results can be resolved. 

In this study we extend our TSLIF study to a longer probe 
wavelength. When the probe laser is tuned to 610 nm, a transient 
emission maximum at 526 nm (Figure 1) is observed at various 
delay times. This emission is concluded to be the tautomer 
florescence due to complete identity with the non-time-resolved 
tautomer emission. The decay of the TSLIF is also plotted (inset 
in Figure 1), and the fit by first-order decay yields a decay constant 
calculated at 7.58 X 104 s"1 (13.2 ,us). The TSLIF was also 
observed when the probe laser was tuned to 690 and 710 nm, 
yielding 15.1-and 14.1-^s decay constants, respectively. Within 
experimental error, these results are consistent with those obtained 
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Figure 2. The plot of TSLIF intensity monitored at 525 nm versus the 
probe pulse energy (610 nm) for 3HF in n-heptane at room temperature. 

in a probe wavelength of 435 nm.9,15 Since tuning the probe 
wavelength in a broad range is accompanied by a change in the 
overlapping area between pump and probe pulses, the excitation 
spectrum was not obtained at this stage. A detailed study will 
be published elsewhere. 

The definitive conclusion that a triplet state is responsible for 
the observed slow reverse proton transfer process of 3HF results 
from the following evidence: 

(1) Since the 0-0 onset of the tautomer emission is ~485 nm 
in the condensed phase, the probe wavelength at >610 nm def­
initely cannot be ascribed to the tautomer absorption in the sin­
glet-state manifold. 

(2) The quenching rate by ground-state oxygen for the TSLIF 
is determined to be ~(2.7 ± 0.3) X 109 NT's"1 for the three probe 
wavelengths, indicating a triplet-02 energy-transfer process. 

(3) Biexponential decay of the TSLIF was observed at higher 
concentrations of the excited 3HF, indicating that triplet-triplet 
annihilation takes place. 

(4) A power-dependent study shows that the TSLIF is caused 
by a single photon event (Figure 2), thus eliminating the possibility 
of a multiphoton process. 

Accordingly, the observed TSLIF9'15 results from triplet-singlet 
intersystem crossing in the highly excited triplet state. Several 
controversial results, as well as some of our own perplexing data, 
can be rationalized by the above mechanisms: 

(1) The low yield of the TSLIF emission for 3HF is due to T-S 
intersystem crossing, which competes with T-T internal conversion 
in the condensed phase. 

(2) The small preexponential factor for the reverse proton 
transfer in the case of 3HF can be rationalized by the spin-orbit 
coupling factor and the density of the state mixing between T1 

and S0 or T'i and S'0 (the unprimed and primed states denote the 
normal and tautomer species, respectively). 

(3) The lower limit of 60 fs for the ground-state reverse proton 
transfer rate'2 proposed by Brucker and Kelley may be valid. 
Hence, there is a negligible energy barrier for the ground-state 
reverse proton transfer. 

Recent studies by Scaiano et al.16 claim the observation of 
fluorescence through T1 -* Tn excitation of 9,10-dibromo-
anthracene. On the basis of the dynamics of the T1 —• Tn transient 
absorption, they conclude that the T-S intersystem crossing or­
iginates from the T2 state which has lifetimes as long as 200 ps. 
However, the T , - » S M ( / i > 2 , m i 1) efficiency in the condensed 
phase is normally ~10~5 in aromatic compounds.17'18 

In the case of 3HF, since the TSLIF is still observed when 
probed at >700 nm, it is very likely that the intersystem crossing 
originates from the T2 or T2 state. For 3HF due to the 7.7 X 
1011 s"1 rate at ESIPT19 and the risetime of « 5 0 ns for the 

(16) McGimpsey, W. G.; Scaiano, J. C. J. Am. Chem. Soc. 1989, / / / , 335. 
(17) Keller, R. A. Chem. Phys. Lett. 1969, 3, 27. 
(18) Kobayashi, S.; Kikuchi, K.; Kokubun, H. Chem. Phys. 1978, 27, 399. 
(19) Ernsting, N. P.; Dick, B. Chem. Phys. 1989, 136, 181. 



J. Am. Chem. Soc. 1990, 112, 2429-2430 2429 

TSLlF,20 we tentatively ascribe the precursor of the TSLIF to 
the tautomer triplet state. For this case, at this stage, whether 
the rate of T2 — T1 internal conversion is exceptionally slow (e.g., 
several hundred picoseconds) due to the large T2-T' , energy gap 
or the rate of T2 —- S', intersystem crossing is remarkably fast 
cannot be determined. Research focused on the study of the 
dynamics of the triplet state is currently in progress. 

(20) The TSLIF reaches a maximum intensity at a delay time of 50 ns, 
which is the response time of our TSLIF measurement. 
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Characterization of the coordination chemistry of divalent 
vanadium, particularly for nonorganometallic complexes, has 
lagged well behind that of most of the other first-row transition 
elements.1 For example, the first V" porphyrin complex was 
reported quite recently.2 Presumably, this situation is a conse­
quence of the tendency for many such complexes to be oxidized 
to Vlv and Vv oxo species in the presence of even traces of oxygen 
and/or water. While a considerable number of V" complexes are 
known,1 they are invariably six-coordinate and their reaction 
chemistry is often dominated by outer-sphere electron-transfer 
processes.1,3 As a part of our ongoing effort to obtain very 
reactive, low-valent, coordinatively unsaturated vanadium com­
plexes, it was discovered that reduction of the four-coordinate V " 
phenolate species [V(DIPP)4(Li(THF))]4 was not a fruitful 
pathway to the desired V" analogue.5 However, by using V" 
starting materials we were successful in isolating a V"-phenolate 
complex, [V(DIPP)4(Li(THF)J2] (1), the subject of this report. 
This species represents the first example of a four-coordinate V" 
complex and displays remarkable reactivity properties. 

In our initial synthetic procedure, 1 was prepared from [V2-
CI3(THF)6](PF6) (2), which can be obtained in turn from the 
corresponding (Zn2Cl6)

2"" salt by metathesis with [(«-Bu)4N](PF6) 
in THF solution.6 To 1.51 g (1.92 mmol) of 2 and 3.89 g (21.14 
mmol) of Li(DIPP) was added 45 mL of dry hexanes, and the 
reaction mixture was stirred for 2 days and then filtered. Cooling 

(1) Boas, L. V.; Pessoa, J. C. In Comprehensive Coordination Chemistry; 
Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: Oxford, 
England, 1987; Vol. 3, pp 462-473 and references therein. 

(2) (a) Poncet, J.-L.; Barbe, J-M.; Guilard, R.; Oumous, H.; Lecomte, C; 
Protas, J. J. Chem. Soc, Chem. Commun. 1982, 1421-1422. (b) Oumous, 
H.; Lecomte, C; Protas, J.; Poncet, J.-L.; Barbe, J.-M.; Guilard, R. J. Chem. 
Soc, Daiton Trans. 1984, 2677-2682. 

(3) Examples of inner sphere reactivity behavior of low-valent vanadium 
species; (a) (Pinacol cross-coupling reactions) Freudenberger, J. H.; Konradi, 
A. W.; Pedersen, S. F. J. Am. Chem. Soc 1989, / / / , 8014-8016. (b) (Di-
nitrogen coordination) Edema, J. J. H.; Meetsma, A.; Gambarotta, S. J. Am. 
Chem. Soc. 1989, / / / , 6878-6880. (c) (Dinitrogen fixation) Shilov, A. E. 
In Energy Resources Through Photochemistry and Catalysis; Gratzel, M., 
Ed., Academic: New York, 1983; pp 535-558. 

(4) Abbreviations used: DIPP, 2,6-diisopropylphenolate; 12-crown-4, 
1,4,7,10-tetraoxacyclododecane; DMP, 2,6-dimethylphenolate; TMEDA, 
A,,A,,A",/V'-tetramethylethylenediamine; EPR, electron paramagnetic reso­
nance. 

(5) Wilisch, W. C. A.; Scott, M. J.; Armstrong, W. H. lnorg. Chem. 1988, 
27, 4333-4335. 

(6) (a) PF6" salt: Randall, C. R.; Armstrong, W. H., unpublished results. 
(b) Cotton, F. A.; Duraj, S. A.; Roth, W. J. Inorg. Chem. 1985, 24, 913-917. 
(c) Canich, J. M.; Cotton, F. A.; Duraj, S. A.; Roth, W. J. Polyhedron 1987, 
6, 1433-1437. (d) Bouma, R. J.; Teuben, J. H.; Beukema, W. R.; Bansemer, 
R. L.; Huffman, J. C; Caulton, K. G. Inorg. Chem. 1984, 23, 2715-2718. 

Figure 1. Structure of [V(DIPP)4JLi(THF)I2] (1) showing the aniso­
tropic thermal ellipsoids and atom-labeling scheme. Hydrogen atoms are 
omitted for clarity. Selected interatomic distances (A) and angles (de­
grees), are as follows: V-O(I), 2.007 (2); V-0(2), 2.034 (3); V-0(3), 
2.010 (2); V-0(4), 2.034 (2); Li(I)-O(I), 1.835 (6); Li(l)-0(2), 1.811 
(7); Li(l)-0(5), 1.888 (7); Li(2)-0(3), 1.830 (7); Li(2)-0(4), 1.835 (7); 
Li(2)-0(6), 1.875 (7); 0( l ) -V-0(2) , 79.4 (1); 0 ( l ) -V-0(3) , 162.9 (1); 
0 ( l ) -V-0(4) , 103.2 (1); 0(2)-V-0(3), 104.3 (1); 0(2)-V-0(4), 161.9 
(1); 0(3)-V-0(4) , 78.6 (1); V-O(I)-C(11), 145.8 (2); V-0(2)-C(21), 
145.7 (2); V-0(3)-C(31), 147.3 (2); V-0(4)-C(41), 140.0 (2). 
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Figure 2. X-band (v = 9.33 GHz) EPR spectrum of 1 in cyclohexane 
at 77 K obtained by using the following instrument settings: microwave 
power, 12.6 mW; field modulation amplitude, 10 G; modulation fre­
quency, 100 kHz. 

of the filtrate at -30 0C for 2 days afforded a crop of PF2(DIPP)3.
7 

The yellow-green solution was decanted away and cooled for an 
additional 2 days, after which time a crop of 1 was collected (0.540 
g, 30% yield). Crystals suitable for elemental analysis,8 X-ray 
crystallography,9 and magnetic and spectroscopic measurements 
were obtained by recrystallization from hexanes. Because it was 
found that the PF6" anion was not innocent in the aforementioned 
reaction, another V" starting material was sought. Recently we 
have prepared compound 1 from [V(THF)4(CF3S03)2]10 in 77% 
yield by a procedure similar to that described above. Judging from 
UV-vis-near IR spectra, it is difficult to obtain 1 with less than 
approximately 3% of [V(DIPP)4(Li(THF)I] (3) present as an 
impurity. 

(7) The identity of this product was confirmed by X-ray crystallography. 
(8) Elemental analysis for 1. Calcd for C56H84O6Li2V: C, 73.26; H, 9.22. 

Found: C, 72.73; H, 9.34. 
(9) Compound 1 crystallizes in the monoclinic space group Pn, with a ~ 

13.103(3) A. b= 12.150(5) A, c = 17.109 (4) A, 0 = 97.63 (2)°, V= 2701 
(3) A3, Z = 2, and paka = 1.129 g cm-3. X-ray diffraction data were collected 
at 183 K by using Mo Ka radiation out to 26 = 45°, yielding 3163 reflections 
with / > 3(7(7). The structure was solved by direct methods (SHELXS 86) 
and refined by using 584 parameters to final R (Rw) values of 3.87% (4.69%). 

(10) The novel V" starting material, [V(THF)4(CF3SOj)2], was prepared 
by reduction of V(CF3SOj)3''using metallic zinc. Full details of the synthesis 
and structure will be reported elsewhere. 

(11) A modified literature procedure was employed for V(CF3SO3J3: 
Singh, S.; Amita; Gill, M. S.; Verma, R. D. J. Fluorine Chem. 1985, 27, 
133-142. 
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