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Figure 1. Potential surface map for the system H"/CO, (RMP2-FC/6-
311++G**//RHF/6-31+G*). 1=HOCO™; 2 = HCO,"; A is the sad-
dlepoint for the reaction HOCO™ — HCO,™; B is the saddlepoint for the
reaction HOCO™ — H~ + CO;; C and D are saddlepoints for the reaction
HOCO™ — HO" + CO.

Scheme I¢
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2 All energies relative to H™ + CO, (0 kJ mol™).

respect to reactants H™ and CO,) and geometries were computed
for points on a rectangular 5 X 10 A grid: at 1-A intervals in
flat potential regions and 0.125-A intervals in regions where the
energy varied in a complex manner.

The map shows that HOCO™ (1) will not form directly from
H~ and CO, in a thermal ion molecule reaction, since the sad-
dlepoint (B) for this reaction is endothermic by some 65 kJ mol™.
In contrast, there is no barrier to the formation of HCO,™ (2)
directly from H™ and CO,. In principle, 1 is convertible 2 over
saddlepoint A, but this barrier is endothermic by 122 kJ mol™!
even though the reaction is exothermic by 154 kJ mol™! (see Figure
1 and Scheme I). In addition, there are two channels (through
saddlepoints C and D) whereby HOCO™ may decompose to HO™
and CO. This reaction is endothermic (Scheme I), but since the
barrier to C is only 57 kJ mol™}, it follows that HOCO~ should
dissociate to HO™ and CO rather than transform to the stable
formate anion,!s

HO,CCO; —2 HOCO" + CO, (1
MeO- + Me;SiOC(O)H — HCO,~ + Me;SiOMe  (2)

(13) G,, (singlet state): CH (1.1172 A), CO (1.2346 A), HCO
(114.750°). Energy, —188.80091 au.

(14) Saddlepoint C: O,C (1.45 A), CO, (1.20 A), O;H (0.96 A), HO,C
(135°), 0,€C0, (115°).

(15) A reviewer has asked that we compare our ab initio energies with
experimentally determined standard enthalpies of formation. In order to do
that, we must convert those experimental energies to be directly comparable
to our standard system (i.e., H™ plus CO,, 0 kJ mol™, see Figure | and Scheme
I). AH®,for H", HO", and HCO, are 145, -137.4, and —464 % 13 kJ mol”!,
respectively (Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17(Suppl. 1)); for CO
and CO,, —110.5 and -393.5 kJ mol!, respectively (Benson, S. W. Thermo-
chemical Kinetics, John Wiley and Sons, Inc.: New York, London, Sydney,
1968). From these values we obtain the following formation energies of
products from the reactants H- and CO, (taken as 0 kJ mol!): (a) HO- +
CO; 0 kJ mol! (cf. -21 kJ mol™!, Scheme I); and (b) HCO,™; -216 kJ mol"!
(cf. =246 kJ mol"!, Scheme I).

The hydroxycarbonyl and formate anions were synthesised in
the mass spectrometer as shown in eqs 1 and 2. The hydroxy-
carbonyl ion was formed by collision-induced dissociation of carbon
dioxide from deprotonated oxalic acid,!® the formate ion by an
S«2 (Si) displacement.!” The collisional activation mass spectral®
of the two ions are as follows [m/z (loss) relative abundancel;
-HOCO-, 17 (CO) 100; HCO,, 44 (H*) 100%, 16 (HCO") 1.
Thus HOCO"™ specifically decomposes to HO™, and since the
spectra contain no common fragmentation, this indicates that
conversion of HOCO~ to HCO,™ does not occur under the ex-
perimental conditions used in these experiments. Thus theory and
experiment are in accord.
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have been described previously (Burinsky, D. J.; Cooks, R. G.; Chess, E. K.;
Gross, M. L. Anal. Chem. 1982, 54, 295. Gross, M. L,; Chess, E. K.; Lyon,
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(19) Since the electron affinity of CO, is negative (-0.60 = 0.2 eV;
Compton, R. N., Reinhardt, P. W.; Cooper, C. D. J. Chem. Phys. 1978, 63,
3821), the structure of m/z 44 may be [O*(CO)].
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As small-volume cationic charge centers and as a source of
unoccupied valence orbitals, the early main group metals have
a well-documented but remarkable organometallic chemistry.
Unusual structural configurations are observed for organolithium,!
-beryllium, and -aluminum compounds including semibridging
o—w coordination in organometallic acetylenes such as (C4Hs),-
AIC=CC4H;,? 7 back-donation which leads to planar three co-
ordinate metal atom configurations as in [BeN(CH,),],,? alkyl
C-H coordination as in LiB[CH;],* or [LiC¢H ;1,5 and frontier
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353

('2) McPherson, A. M.; Stucky, G. D. J. Am. Chem. Soc. 1974, 96, 1941.
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Table I. Atomic Coordinates for Deuterated Dilithiomethane (5 K)

L/ (isotropic)

atom X ¥ z X 10
Cil) 0.0 0.25 0.4267 (8) 0.00 (3)
D(l)  -0.034(3) 0.323(2) 0.336 (1) 10.6 (9)
D(2)  -0.019(6) 0.044(2) 0406 (1) 6.1 (6)
Li(1) 0.189 (2) 0461 (3) 0.028 (1) 0.00 (7)

@ @

Figure 1. Lithium and carbon atom positions for CD,Li, within the
tetragonal unit cell.

orbital directed coordination away from charge potential energy
minima in  carbanions.®* The lithium (or beryllium or aluminum)
atom in all cases finds the best available source of electrons in
the vicinity and makes use of them to resolve orbital electron
deficiency’ and minimize the cationic Coulombic charge potential.

Dilithiation of a common carbon atom can be expected to
further amplify these singular properties and, as pointed out early
by Schleyer and Pople,® who noted the stability of the cis-planar

(4) LiB[CH,), is an important example of a methyl-bridged electron-de-
ficient compound which has both a linear Li-CH;-B bridge and a semi-
bridging CH, group. Rhine, W.; Groves, D.; Stucky, G. D. J. Am. Chem. Soc.
1971, 93, 1553, Rhine, W.; Peterson, S. W.; Stucky, G. D. J. Am. Chem. Soc.
1975, 97, 6401.

(5) Zerger, R.; Rhine, W; Stucky, G. D. J. Am. Chem. Soc. 1974, 96,
6048,

(6) Stucky, G. D. Ade. Chem. Ser. 1974, No. 130, 56112 and included
references. In response to a reviewer's comments, we would point out that
the author concluded in the Summary (p 108) of this paper that “the position
of the lithium atom in N-chelated organolithium compounds, (TMEDLIi);R
cannot be predicted from electrostatic considerations alone but...is consonant
with some directed covalent bonding involving the HOMO of the carbanion™
(see ref 7) and not “Stucky has argued that electrostatic factors are
unimportant” (Bushby, R. J.; Tytko, M. P. J. Organomet. Chem. 1984, 270,
266 (in reference to the same paper)). Unlike the 100% electrostatic calcu-
lations of Bushby and Tytko, the model proposed in this reference is consistent
with properties such as the absolute minimum which experimentally defines
the lithium atom position in fluorenyllithium L, the orientation of the N-
Li-N fragment with respect to the = carbanion, and variations in N-Li
distances as a function of aromatic pK,. See, also: Sygula, A.; Lipkowitz,
K.; Rabideau, P. W. J. Am. Chem. Soc. 1987, 109(22), 6602.

(7) The early main group metals (e.g., Li, Be, Al) make use of their vacant
s/p orbitals to a varying degree. In the case of methyllithium, the degree of
ionicity has been suggested to range from 100% (Streitwieser, A. J.; Williams,
J. E.; Alexandratos, S.; McKelvey, J. M. J. Am. Chem. Soc. 1976, 98, 4778.
Collins, J. B; Streitwieser, A, Jr. J. Comp. Chem. 1980, I(1), 81) to 60%
(Graham, G. D.; Marynick, D. S.; Lipscomb, W. N. J. Am. Chem. Soc. 1980,
102, 4572). The most recent theoretical work supports the point of view that
while the lithium—carbon bond is predominantly ionic, a significant amount
of covalent or directed polarization bonding is present in organolithium
chemistry (Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985,
83(2), 735. Schiffer, H.; Ahlrichs, R. Chem. Phys. Lett. 1986, 124(2), 172).
Messmer, R. P; Tatar, R. C. Gov. Rep. Announce. Index (U.S.) 1987, 87(24),
Abstr. 1987, No. 756,470. Ritchie, J. P; Bachrach, S. M. J. Am. Chem. Soc.
1987, 109(20), 5909. Organolithium compounds are therefore electron de-
ficient both in the sense of having more available orbitals than electrons and
as sources of strong Lewis acid sites with high polarizabilities and charge/
volume ratios.

(8) Collins, J.; Dill, J.; Jemmis, E. A.; Schleyer, P.; Seeger, R.. Pople, J.
J. Am. Chem. Soc. 1976, 98, 5419,
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Figure 2. CD, coordination in CD,Li,.

form of monomeric dilithiomethane, can also lead to novel elec-
tronic and structural configurations. As a consequence, theoretical
modeling of monomeric and dimeric Li;CH, molecules has been
the subject of considerable interest.” We present here the results
of recent structural studies of Li,CD, as obtained from neutron
and X-ray scattering experiments'® (Table 1). The nontrivial
synthesis of a pure phase of Li,CD, used in this study was carried
out by the Kawa-Lagow'' modified Ziegler'? technique.

The structure is a very distorted version of the antifluorite
structure of Li,O" and Be,C'* in which one of the cubic cell edges
is doubled (Figure 1). To a first approximation, the carbon atoms
are located at the face-centered sites of the parent cubic antifluorite
cell and the lithium atoms are near the (0.25,0.25,0.25) body
diagonal positions. The shortest lithium-lithium atom distance
in the refined tetragonal structure is 2.26 (2) A, which can be
compared with the Li-Li distance of 2.314 (1) A in Li,0, 2.383
(6) A in [LiC¢H,,],.> and 2.56 (1) A in (CH,Li),(tmeda),.'® Both
the lithium and carbon atoms were found to be in ordered sites.

The arrangement of the lithium atoms about the carbon atom
is shown in Figure 2. A crystallographic C, axis passes through
C(1) in the vertical direction of the figure, and only one of the
two disorder orientations for the deuterium atoms is shown.'® The
closest carbon—lithium atom approach (2.17 (2) A) is comparable
to that in cyclohexyllithium* (2.172 (5) A) or ethyllithium'” (2.19
(1) A). The shortest Li-D distances (1.72 (3)-2.17 (2) A)"® are

(9) (a) Laidig, W. D.; Schaefer, H. F., [11 J. Am. Chem. Soc. 1978, 100,
5972, (b) Jemmis, E. D.; Schleyer, P. v. R.; Pople, . A. J. Organomet. Chem.
1978, 154(3), 327. (c) Bachrach, S. M_; Streitwieser, A. J. Am. Chem. Soc.
1984, 106, 5818. (d) Ritchie, J. P.; Bachrach, S. M. J. Am. Chem. Soc. 1987,
Fggbs‘?ﬂ‘), (e) Alvarado-Swaisgood, A. E. Diss. Abstr. Int., B 1987, 47(12),
4892,

(10) Neutron diffraction data were measured at 5, 101, and 293 K on the
H4 satellite beam line at Brookhaven National Laboratory. All lines were
indexed in the tetragonal system with lattice constants at the above temper-
atures of @ = 5.622&”. 5.631 (1), and 5.833 (1) A and ¢ = 10.865 (2), 10.901
(1), and 10.938 (1) A, respectively. The structure was solved by a combination
of (1) using Patterson techniques and estimated peak intensities, (2) packing
models based on the relative intensities of the Bragg reflections, and (3)
comparisons with known binary structures of the form AB,. The fact that
the ¢ unit cell axis is approximately 2a and the above considerations led to
the refined structure (5 K) shown in Figure 1 in the space group /4, /a with
wR, = 0.098, R, = 0.077, x* = 1.70.

(yl 1) (a) Gurak, J. A.; Chinn, J. W., Jr.; Yannoni, C. 5.; Steinfink, H.;
Lagow, R. J. Inorg. Chem. 1984, 23, 3717. (b) Kawa, H.; Manley, B. C,;
Lagow, R. J. Polyhedron 1988, 19/20, 2023.

(12) Ziegler, K.; Nagel, K.; Patheiger, M. Z. 4norg. Allg. Chem. 1955,
282, 345,

(13) Swanson, T. NBS Monogr. (U.S.) 1962, No. 25, 1.

(14) Stackelberg, R.; Quatram, V. Z. Phys. Chem. (Leipzig) 1934, B27,
50.

(15) (a) Weiss, E.; Lucken, A. C. J. Organomet. Chem. 1964, 2, 197. (b)
Weiss, E.; Hencken, G. J. Organomet. Chem. 1970, 21(2), 265. Koester, H.;
Thoennes, D.; Weiss, E. J. Organomet. Chem. 1978, 160(1), 1.

(16) Refinement of this model was carried out with the soft constraint that
D(1) and D(2) be separated by 1.78 (25) A. This was required because of
the close approach of D(1) to the 2-fold axis passing through the carbon atom.

(17) Weiss, E. Acta Crystallogr. 1963, 16, 681. Dietrich, H. J. Organo-
met. Chem. 1981, 205(3), 291.
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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 cyclohexyHithium>!®), The puckering
of the four-atom lithium rings shown in Figure 2 optimizes the
close approach of C(1)-Li(1) (2.17 {2) A) and Li(1)-D(1) (1.72
(2) A). The observed D(1)-C(1)-D(2) angle is 100 (1)° with
C-D distances of 1.09 (1) A (C(1)-D(1)) 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(1) can be viewed as I, while
that for D(2) is best represented by the semibridging moedel 11

H H H
~ 7z - ./ u [N
7C—H°"M Ll *LEEEE M /C<-"‘:\ —C—‘H“‘: M
I I H
III v

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 cyclohexyllithium>'®
(C-Li, 2.184 (3) i; Li-H, 2.00 (1) A). I and IV have been
previously described for the CH; groups in LiB[CH,],* (C-Li,
2.207 (9) A, Li-H, 2.115(8) A (I1); 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 compounds?»2! which have forecast
stabilities of such species as CLis,?? CLig, and even CLig neutral
species. The environment of the carbon atom in the dilithio-
methane structure could easily lead to such fragments, and indeed
CLi;H* has been observed by flash vaporization mass spectrom-
etry.2 Comparisons with previous theoretical models of molecular
oligomeric groups made up of Li,CD, units® 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
properties*>2* of early main group organometallics.
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(18) Another interesting comparison is with BeH,, 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 °C, 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.; Wiirthwein, 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) Wirthwein, 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.; Wiirthwein, E. U.; Kos, A. J.; Luke, B.
T.; Pople, J. A. J. Am. Chem. Soc. 1983, 105, 484. (e) Schleyer, P. v. R,
Wiirthwein, 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) CLis* has been accurately predicted and observed. See: Chin, J. W.,
Jr.; Landro, F. J.; Schleyer, P. v. R.; Pople, J. A,; Lagow, R. J. 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, 111,
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For many excited-state intramolecular proton transfer (ESIPT)
molecules such as most of the derivatives of salicylic acid,'= 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.%” 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.?
Contradictory to the results of Itoh et al., they put a lower limit
of 3 % 10 57! 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.>!® 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.!! 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.!?

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.!315
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.
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