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Derivatives
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Derivatives of a series of 1,3-indandione (1) self-condensa-
tion products (2-4) and their anions (2a-4a) were investi-
gated by NMR and UV/Vis spectroscopy and quantum me-
chanical calculations. These compounds exhibit a number of
unusual features in their NMR spectra. Parent compound 1
is nearly not ionized in DMSO, whereas 3 is ionized com-
pletely. In contrast, derivatives 2 and 4 undergo partial ion-
ization in DMSO and interaction between the neutral and
anionic species affords the anionic intermolecular complexes,
which exhibit both temperature- and concentration-depend-
ent NMR spectra. The NMR spectra of pure salts 2a and 3a

are concentration independent, but temperature dependent.
Charge delocalization in anions 2a and 3a gives rise to re-
stricted rotation over the partial double bonds connecting the
indane fragments. Energies of barriers to rotation were esti-
mated from the temperature dependence of the *C NMR
spectra. The intramolecular aromatic C-H--O hydrogen
bonding found previously in 2-4 is also observed in corre-
sponding anions 2a—4a.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The diverse chemistry of 1,3-indandione [lH-indene-
1,3(2H)-dione, 1] attracts permanent interest, and this com-
pound was first synthesized more than a century ago.l'l As
a valuable synthetic precursor, 1 or its derivatives have been
employed in the synthesis of drugs (anticoagulants, analge-
sic, antiinflammatory medicines),/! in forensic chemistry for
the detection of finger prints,*! as dyes, including NIR and
pigments,™ and they have also been used as semi- and pho-
tosemiconductors.’! The 1,3-indandione-2-ylidene moiety
exhibits strong electron accepting properties and its ability
to accommodate a considerable negative charge was dem-
onstrated by the synthesis of numerous “push—pull”-type
chromophores with nonlinear optical properties.®! Deriva-
tives of this type are usually prepared by the Knoevenagel
condensation,”l which proceeds via the conjugate anions.

1,3-Indandione (1) is a moderately strong C-H acid with
pK, = 7.2.81 Orange enolate salts 1a can be obtained by the
addition of strong bases to its ethanol solutions.’] These
salts are unstable, especially in solution, and in the presence
of a neutral species, they rapidly form bindone [1,2’-biind-
ene-1',3,3"(2H)-trione, 2]. The high reactivity of anion la
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is also manifested by the fact that very pure samples of 1
can be stored in quartz vessels indefinitely long, but form 2
on prolonged contact with regular glass. Easiness of self-
condensation of 1 has already been mentioned in the paper
describing its first preparation.I'l A variety of the products
were isolated depending on the reaction conditions, and the
structure of a number of them had been misinterpreted.
This quite complex reaction was recently reinvestigated and
the correct structures of several products were unequivo-
cally established by X-ray analysis (see ref.l'% and the refer-
ences cited therein).

Owing to the high reactivity of 1la, its spectroscopic
properties remain virtually unexplored. However, its sur-
prisingly deep color attracted attention in connection with
the antiaromaticity concept. The MINDO/3 optimized ge-
ometry of the anion showed an anomalous bond alter-
nation in the five-membered ring,!''? which was interpreted
as a feature of antiaromaticity.

Of the self-condensation products of 1 that possess active
methylene groups, derivative 2 was employed as an analyti-
cal reagent for amines and medicines involving the amino
group.['?l Although several reports cover such reactions of
2 like oxidation,!'* alkylation,['¥ and condensation with al-
dehydes,['3] this derivative and especially trindone (2'H-
2,1":3",2""-terindene-1,1"",3,3""-tetrone, 3) and their anions
2a and 3a, in spite of the astonishing ease of their forma-
tion, have never been subject of detailed studies. Owing to
the strong electron-accepting properties and enhanced abil-
ity to delocalize a negative charge, they deserve more atten-
tion, in particular, as potential precursors of NLO chromo-
phores. Indeed, the anions of 2 and 3 are deeply colored
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and the product of condensation of 2 with p-diethylami-
nocinnamic aldehyde exhibited unusual photochromic
properties and high hyperpolarizability in its “open”
form.[1l

As typical 1,3-diketones, derivatives 1-3 could poten-
tially form enols. However, except in the case of 1 bearing
sterically demanding 2-diarylmethyl substituents,'”! the
enol forms were never observed.

Recently, we demonstrated'® that the molecular geome-
try of derivatives 24 allows formation of intramolecular
hydrogen bonds between the aromatic C-H atoms and oxy-
gen atom of one of the carbonyl groups. At the same time,
when the 'H and '3C NMR spectra of these derivatives
were studied in polar solvents, we observed a number of
irregularities (e.g., signal broadening), which can stem from
partial ionization of the neutral species. The spectra of an-
ionic species 1a—4a have never been studied. Here we report
the spectroscopic (NMR and UV/Vis) and quantum me-
chanical investigation of the anions derived from 1 and the
products of its self-condensation (2—4).1'1 We show that the
broadening of the NMR signals of neutral 2 and 4 in
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DMSO is a result of intermolecular hydrogen-bonded an-
ionic complex formation. The broadening of the NMR sig-
nals of pure anions 2a and 3a at low temperatures results
from restricted rotation over partial double bonds linking
the indane moieties, and intramolecular hydrogen bonding
in the anions is even stronger than that observed for the
neutral species.

Results and Discussion

Preparation of the Anions

Bindone and trindone anions 2a and 3a are stable and
can be isolated as tetrabutylammonium salts by the ad-
dition of tetrabutylammonium hydroxide to THF solutions
of 2 and 3. The salt of 1 is unstable and anion 1a was gener-
ated in solution by adding 1,8-diazabicyclo[5.4.0]lundec-7-
ene (DBU). Addition of a slight excess of DBU to solutions
of the neutral compounds resulted in complete ionization
of all studied derivatives. The NMR and UV/Vis spectra of
anions 2a and 3a obtained preparatively and generated in
solution by the addition of DBU were identical. Each anion
exhibits an intense long wavelength absorption band in the
visible range (two bands in the case of 4a, Figure 1) involv-
ing more or less pronounced vibronic splitting. The increase
in the number of the indanone moieties leads to consider-
able bathochromic shifts of the longest wavelength band.
Solutions of 2a are red-violet, whereas those of 3a are green
and those of 4a are blue. The TD DFT method reproduces
these experimental results reasonably well. Thus, the TD
B3LYP method coupled with the 6-31+G(d,p) basis set pre-
dicted the first electronic transitions as HOMO—LUMO
transitions: 426, 495, 639 and 636 nm for la-4a, respec-
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Figure 1. UV/Vis spectra of (a) 1a, (b) 2a, (c) 3a, (d) 4a in DMSO. 1 — solutions of the neutral species, 2 — after addition of DBU, 3 —

addition of CF;COOH.
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Table 1. Selected experimental (CD,Cl,) and calculated [B3LYP/6-31G(2d,2p)] 'H and '3C NMR chemical shifts for derivatives 1-3 and

la-3a.ll
4 0O p
5 9
SEI
6
8
7
(6]
1,1a
3,3a
6exp, [ppm] 6calcd, [ppm]
1 1a Adb! 1 1a Aot
2-H 3.25 4.50 1.25 2.60 3.95 1.35
C-1,3 198.1 193.1 -5.0 191.7 182.4 -9.3
C-2 43.5 94.3 (164.1) 50.8 454 93.5 48.1
6exp, [ppm] 5calch [Ppm][d]
2 2a Ao 2 2a Ao
11-H 4.18 6.67 2.49 3.73 6.82 3.09
17-H 9.69 8.73 —-0.96 9.48 8.74 -0.74
C-1 189.3 191.5 22 185.1 184.2 0.9
C-2 125.8 105.3 -20.5 126.4 107.5 -18.9
C-3 190.6 191.5 0.9 186.3 184.2 -2.1
C-10 156.3 159.2 29 158.9 157.3 -1.6
C-11 434 110.4 (172.7) 67.0 46.7 111.6 64.9
C-17 131.6 126.9 4.7 132.1 126.3 4.8
(sexp' [ppm] (Scalcd. [ppm]
3 3a Ao 3 3a Ao
11-H 5.15 8.68 3.53 4.97 9.87 4.90
13-H 9.83 8.98 —0.85 10.65 10.22 -0.43
C-2 124.9 112.0 -12.9 126.8 118.2 -8.6
C-10 161.2 158.5 -2.7 163.3 161.7 -1.6
C-11 42.4 115.7 (177.5)f! 73.3 47.6 120.6 73.0

[a] Full data are given in the Supporting Information (Table S1). [b] The difference in the chemical shifts of the corresponding nuclei in the
anion and neutral compound. [c] The one-bond constants 'J('*C,'H) for selected carbon atoms are given in parentheses. [d] Calculation for

partially optimized geometry of 2 and 2a (see the text).

tively,. A second low-energy transition at 585nm
[HOMO—LUMO (+1)] was calculated for 4a, which is in
agreement with the experiment. Geometry optimizations
were done at the same level. It is noteworthy that the use
of diffuse orbitals is not crucial for these delocalized anions,
as the geometries optimized by using the 6-31G(d,p) basis
set were almost identical. Moreover, the excited-state ener-
gies calculated with and without the use of diffuse orbitals
differed only by a few nanometers. For example, for 1a, the
calculations yielded 426 nm [B3LYP/6-31+G(d,p)//B3LYP/
6-31+G(d,p)], 423nm  [B3LYP/6-31G(d,p)//B3LYP/6-
31+G(d,p)], and 418 nm [B3LYP/6-31G(d,p)//B3LYP/6-
31G(d,p)].

The "H NMR spectra show, besides significant changes
in the chemical shifts of the aromatic protons, the disap-
pearance of the signals corresponding to the active methyl-
ene group protons and, in the case of 1-3, the appearance
of new signals corresponding to the protons at the sp>-hy-
bridized carbon atoms is observed (see Table 1).

Ionization in DMSO and Intermolecular C-H:-*O~ Bonding

The relative acidities of 1-4 can roughly be estimated by
the degree of their ionization in DMSO. Thus, the dissol-
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ution of derivative 1 in DMSO is accompanied by a very
weak pink coloration, whereas 2 gives a more intense red-
violet color, 3 an intense green color, and 4 a deep blue
color, which indicates a considerable degree of ionization
for derivatives 2-4. Indeed, whereas the UV/Vis spectrum
of 1 does not show the presence of a noticeable amount of
1a, the spectra of derivatives 2 and 3 almost do not change
upon the addition of DBU (Figure 1). Addition of an excess
amount of CF;COOH brings about almost complete pro-
tonation of 4a, but anion 2a only underwent full proton-
ation after the addition of a very large excess of the acid.
Anion 3a cannot be protonated even by a large excess of
CF;COOH.

In agreement with this, only the signals of 1 are present
in the "TH NMR spectrum in [Dg]DMSO solution. The solu-
tion of 3 does not show signals of the neutral compound
but only those of the anion. These signals are slightly
broadened, but the addition of a small quantity of DBU
leads to their narrowing. At the usual NMR concentrations
(ca. 5X 1072 M), compound 2 is only partially ionized — sig-
nals for the two species are present (Figure 2). One of them
(major) is the neutral nonionized bindone, but the second
one (minor) shows signals whose chemical shifts and line-
675
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Figure 2. The aromatic parts of the spectra of bindone 2 (a) and its salt 2a (b) in [Dg]DMSO. The signals of the minor component

(dimeric anionic complex) are marked by the asterisks.
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Figure 3. The aromatic parts of the spectra of tetramer 4 (a) and 4a in the presence of DBU (b) in [Dg]DMSO.

shapes significantly differ from the corresponding signals of
pure bindone anion 2a in [Dg]DMSO. Consecutive dilutions
of a solution of 2 in [Dg]DMSO (Supporting Information,
Figure S1) increased the relative intensity of the signals of
the initially minor component of the mixture; the signals
move towards the positions corresponding to the anion.
Partial ionization is also observed upon dissolution of 4 in
[D]DMSO. However, unlike the case of 2, the spectrum of
the minor component is more similar to the spectrum of
the anion with regard to the chemical shifts and the signal
widths (Figure 3).

The enol tautomeric forms of compounds 1-4 cannot be
detected. The 'H and '3C NMR spectra of anions 2a, 3a,
and 4a in [Dg]DMSO are almost identical to the spectra of
these compounds in CD,Cl, in the presence of DBU (except
676
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for the obvious minor solvent effect on the chemical shifts).
Quantum mechanical calculations [B3LYP/6-31G+(d,p),
ZP corrected] show that both possible enol forms 2b and 2¢
are less stable than the triketo form 2 by 10.7 and
20.3 kcalmol !, respectively. Thus, the existence of the free
enol forms can safely be excluded from consideration.

O.QO

OH
2b 2¢
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Anionic Complex Formation

The 'H NMR spectra of both 2 and 4 in [Dg]DMSO are
temperature dependent but in different manner. The signals
of both neutral and anionic species of 2 are broadened at
298 K. The increase in temperature brings about further
signal broadening and at 340 K, the signals of the second
component disappear (Supporting Information, Figure S2).
In the spectrum of tetramer 4, all signals are well resolved
in the temperature range between 298 and 330 K. The sig-
nals are broadened at temperatures higher than 330 K, but
the complete coalescence of the signals does not occur even
at 390 K (Supporting Information, Figure S3).

These temperature changes are reversible regarding the
width of the signals. The relative intensities of the both spe-
cies after cooling to room temperature remain the same for
2. Derivative 4 slowly decomposes in DMSO at high tem-
peratures. The narrow temperature range of signal broaden-
ing for 2 and a wider one for 4 indicate the relatively fast
proton exchange in the first case and relatively slow in the
second.

Reversible broadening and a tendency toward coalesc-
ence of those signals that stem from the anionic and neutral
species are features of their interconversion. The observed
phenomenon can be explained by proton migration from
the acidic methylene group of the neutral form to the sp?
carbon of the anion. Such exchange is possible within com-
plexes 2a-+-2, 3a---3, and 4a---4 bound by the ionic hydrogen
bonds, as observed for 2-phenyl-1,3-indandione and dime-
done.' From the above-mentioned '"H NMR spectral be-
havior of the DMSO solutions (the significant difference
between the spectra of anion 2a and the minor component
of 2 on the one hand, and close similarity of the spectra in
the case of 4, together with the different temperature depen-
dence for 2 and 4) it follows that this complex should be
stronger and its concentration much higher for 2 than for
4. Close similarity observed for the spectra of both 3 and
3a in [Dg]DMSO may be explained not by the weakness of
the complex but by the absence of the neutral component
(necessary for complex formation) due to almost complete
ionization.

Quantum mechanical calculations show that formation
of a complex between 2 and 2a stabilized by two C-H---O
hydrogen bonds is indeed possible. Geometry optimizations
starting from different initial configurations gave several lo-
cal minima with the energy gain of 1-2 kcalmol™!. How-
ever, most of the initial structures yielded a complex shown
in Figure 4. The energy gain for this complex formation was
16.6 kcalmol .

Proton exchange within such complex proceeds through
the intermediate unstable enol form 2b.

The direct experimental evidence of the proton exchange
was obtained from the 2D NOESY experiment (Figure 5).
Here, the 1D projections correspond to the 'H NMR spec-
trum shown in Figure 2. All cross peaks observed in the
spectrum (particularly, between the signals at 6 = 9.4 and
8.9 ppm, between the signals at 4.1 and 6.5 ppm, and be-
tween the signals at 7.1 and 8.0 ppm) indicate the exchange

Eur. J. Org. Chem. 2008, 673-683
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Figure 4. The geometry of the [2--:2a] complex [B3LYP/6-31G(d,p)
optimization)].

|

o (6] \
[2-+2a] [2b+2a] O

process between similar protons in different moieties. This
result unambiguously confirms the existence of proton ex-
change between the 2 and 2a species.

In order to exclude the possibility that proton exchange
occurs through the solvent molecules, the rate constants of
this transfer at different concentrations were calculated by
the NMR line-shape analysis. The experimental and calcu-
lated spectra of a concentrated bindone solution in [Dg]-
DMSO before and after a 10-fold dilution are shown in
Figure 6. The average number of solvent molecules separat-
ing the solute species should increase by 10'/3, that is, more
than twice upon 10-fold dilution, and the rate constants
should decrease correspondingly in the case of the solvent
mediated exchange. As shown in Figure 6, the rates of the
proton exchange remain roughly the same at both concen-
trations, which unambiguously proves the intramolecular
proton transfer that may take place only within a complex
such as 2--2a. Analogous treatment of the experimental
spectra was also carried out for the [Dg]DMSO solution of
4 (Supporting Information, Figure S4).

Substitution of the rate constant values into the Eyring
equation afforded the following free activation energies
AG™ 35, for the observed dynamic processes: 16.9 kcalmol™!
for 2--2a and 18.7 kcalmol™!' for 4--4a. This is in good
agreement with the above assumption of the lower stability
of the latter complex.

The same complexes should also form in less-polar sol-
vents like chloroform when the anionic form, which in this
case cannot appear as a result of ionization, is added. In-
deed, it is observed in the 'H NMR spectra of mixtures of
2 and 2a in CDCl; solution. Each component of the mix-
ture gives sharp signals at 260-315 K, but at 320 K and
677
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Figure 5. 2D NOESY spectrum of bindone 2 in [Dg]DMSO at room temperature. The highlighted cross-peaks indicate the exchange

relationship between similar protons of the different moieties.

a) TIK k[s™
316 26
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Figure 6. Observed (left) and calculated (right) variable-tempera-
ture '"H NMR spectra of bindone 2 in [Dg]DMSO: (a) saturated
solution (neutral bindone/complex, 2:1), (b) 10-fold dilution (neu-
tral bindone/complex, 1.3: 1).
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above, the signals are broadened. However, proton ex-
change between both species is observed at 305 K and is
proved by 2D NOESY spectroscopy; the spectrum is quite
similar to the above-mentioned 2D NOESY spectrum in
[Dg]DMSO (Supporting Information, Figure S95).

In light of these considerations, it is possible to explain
the behavior of 2 in DMSO solution as follows. There is
equilibrium between the three species in solution: neutral 2,
its anion 2a, and dimeric complex 2--2a. The proton ex-
change between the dimeric complex and the excess amount
of the free anion is fast on the NMR timescale and gives
rise to the appearance of the averaged broad signals
(marked by the asterisks in Figure 2). The proton exchange
between neutral molecules 2 and anionic complex 2-+-2a is
sufficiently slow on the NMR timescale to afford the sepa-
rate signals, but participation of both neutral species and
the anionic complex in exchange is proved by the NOESY
experiment. Both exchange processes are accelerated at
higher temperatures, and further broadening and eventual
coalescence of all signals is observed (Supporting Infor-
mation, Figure S2). Dilution of the solution brings about
further ionization of the neutral molecules. Anions 2a,
which form upon dilution, bind further quantities of the
neutral molecules to form dimeric complex 2--2a. As a re-
sult, the concentration of 2 diminishes, and the average sig-
nals of 2a and 2---2a increase and move towards their posi-
tions observed in the spectrum of the pure anion (Support-
ing Information, Figure S1).

Eur. J. Org. Chem. 2008, 673-683
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Thus, the temperature and concentration dependence of
the NMR spectra of derivatives 2-4 in polar solvents stem
from their partial ionization and strong interaction of the
resulting anions with the neutral species.

Delocalization of the Negative Charge and Geometry of the
Anionic and Neutral Species

The representative bond lengths corresponding to the
optimized equilibrium geometries [HF/6-31G(d,p)] of com-
pounds 1-4 and their anions 1a-4a, together with the sum
of the Mulliken charges on each indane moiety, are given in
Scheme 1. Expectedly, ionization brings about considerable
changes in the structures of the studied compounds.

As expected, ionization results in shorter C—C bonds be-
tween the carbonyl groups in the five-membered rings of
the indane moieties and longer bonds connecting these moi-
eties. The changes are smaller with increasing delocalization
of the negative charge (one per one indane unit in la, one
per two indane units in 2a, and one per three indane units
in 3a and 4a). Noteworthy, the charge is evenly distributed
over the indane moieties of 2a and 3a, whereas it conse-
quently diminishes in the A-, B- and C-indane moieties of
4a. Somewhat surprising is the significant negative charge
on the nonconjugated D moiety of 4a. In fact, this charge

European Journal
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mostly stems from the increase in the negative charge (by
—0.08) on the spirocyclic atom, and the bond connecting the
A and D moieties is shortened by 0.04 A.

Thus, the degree of charge delocalization increases in the
order 1a < 2a < 4a < 3a, and in the same order the ba-
thochromic shift of the longest wavelength absorption
bands in the UV/Vis spectra increases. The corresponding
calculated [B3LYP/6-31G+(d,p)] energy gaps between the
HOMO and LUMO (eV) decreases in this order as well:
0.130 for 1a, 0.111 for 2a, 0.095 for 4a, and 0.085 for 3a.

The NMR Spectra of Anions 1a—4a

Comparison of the 'H and '3C NMR chemical shifts in
the anions and the neutral precursors provides a reasonable
experimental estimation of the degree of charge delocaliza-
tion. The experimental 'H NMR chemical shifts of the aro-
matic hydrogen atoms of 4 and 4a are shown in Scheme 2.
In general, the calculated shifts are in good agreement with
the experimental ones and enable assignment of all the sig-
nals. Comparison of the chemical shift changes stemming
from ionization (the difference in chemical shifts of the cor-
responding nuclei in the anion and the neutral compound,
denoted as Ad in Table 1) reveals the following features. The

Scheme 1. Optimized [HF/6-31G(d,p)] bond lengths (A) in 1-4 and 1a—4a and the total charges [B3LYP/6-31G(d,p)] on the indane
moieties of 1a—4a (in bold underlined). Capital letters A, B, C, D denote the molecular fragments.
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Scheme 2. The experimental 'H NMR chemical shifts in 4 and 4a.

most dramatic changes in the chemical shifts (Table 1) are
observed for those carbon atoms for which their C-H
bonds underwent ionization (C-2 for 1, C-11 for 2, and 3),
and the changes are mainly due to the change in hybridiza-
tion from sp> to sp. Both the & values (6 = 94.3, 110.4, and
115.7 ppm, respectively) and A values (6 = 50.8, 67.0, and
73.3 ppm, respectively) indicate increase in charge delocal-
ization on going from la to 3a, that is, the larger the
number of the indane units, the smaller the negative charge
on the ionized carbon atom.

The carbon atoms of the double bond connecting the
indane fragments in 2 and 3 (especially C-2) are also very
sensitive to ionization. The Ad of C-2 are —20.5 ppm for 2a
and —12.9 ppm for 3a, which indicates the presence of a
significant negative charge on this atom. The difference in
the chemical shifts of C-2 and C-10, both for the neutral
molecules and for the anions, provides some information
about the relative polarity of the connecting double bonds
and the partial double bonds. These differences are: 30.5
and 53.9 ppm for 2 and 2a, respectively, and 36.3 and
46.5 ppm for 3 and 3a, respectively. That is, the polarities
(and the bond orders) of the connecting bonds are much
more different for 2 and 2a than for 3 and 3a. It is in good
agreement with the results of dynamic NMR (see below)
and with the optimized geometry of these species (in par-
ticular, the lengths of the connecting bonds that are the
same — 1.35 A both for 2 and 3, but different for 2a — 1.44 A
and for 3a — 1.40 A).

Of the carbonyl carbon atoms, the most sensitive to the
anion formation are only those situated in direct proximity
to the ionized carbon atom. These are C-1,3 in la (Ao
-5.0 ppm) and C-12 in 2a (Ad —4.0 ppm). The remote car-
bonyl carbon atoms are much less sensitive.

Intramolecular Aromatic C-H---O Bonding in 2a—4a

Recently, we demonstrated!'®! that the geometry of the
C-H-+-O=C fragments of derivatives 2-4 meet the criteria,
which set the limits for possible C-H-++O hydrogen bonding
occurrence.?% A detailed NMR spectroscopic and quantum
mechanical study revealed the following manifestations of
hydrogen bonding: (1) large low-field chemical shifts of the
protons and carbon atoms involved, (2) increase in the one-
bond (!3C,'H) spin—spin coupling constants, and (3) non-

680 WWW.eurjoc.org
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zero positive values of the overlap coefficients between the
orbitals involving the interacting oxygen and hydrogen
atoms. The methodology developed in ref.l'8! was applied
to anions 2a-4a.

All features of hydrogen bonding found recently in neu-
tral molecules 2-4 are also present in the NMR spectra of
the anions (Table 1 and Scheme 2). Thus, for 2a, the 'H
NMR chemical shift difference between the bonded hydro-
gen (17-H) and its counterpart in the para position (14-H)
is 1.50 ppm. The '3C NMR chemical shift difference be-
tween the corresponding carbon atoms (C-17 and C-14) is
8.2 ppm. The one-bond coupling constant '*C-'H for C-17
is 166 Hz, whereas that for C-14 is 163 Hz.

Hydrogen atoms in the CH, groups of neutral 2 and 3
cannot be involved in hydrogen bonds for the geometric
reasons we showed earlier.l'® However, the hydrogens at the
sp? carbon atoms in anions 2a and 3a meet the above-men-
tioned criteria” and are hydrogen bonded. This is sup-
ported by an increase in the respective one-bond coupling
constants 'J('*C,'H) from 164.1 Hz for C-2 in la to
172.7 Hz for C-11 in 2a, and to 177.5 Hz for C-11 in 3a
(Table 1).

The optimized geometries of 2 and 2a exhibit an interest-
ing feature: the through-space O-+H distance in 2a becomes
slightly shorter (2.06 and 2.03 A, respectively) in spite of
the noticeable (0.09 A) increase in the central C—-C bond
length (Scheme 1). The same trend is observed for 3 and 3a:
the O-H distance in both molecules is 2.03 A, whereas the
central bond is longer for 3a by 0.05 A. Similarly, the C—
H---O distances in both hydrogen-bonded fragments of 4a
are shorter than their analogs in 4 (2.06 and 2.15 A, respec-
tively, for fragment A and 2.02 and 2.14 A, respectively, for
fragment B) in spite of sufficient increase in connecting
bonds lengths upon ionization (Scheme 1).

Therefore, the hydrogen bond in the anions should be
stronger. The reason of this may be a substantial increase
in the negative charge on the oxygen atom. Both ab initio
and DFT geometry optimizations provide generally good
agreement with the experimental values, although the hy-
drogen bonding strength is overestimated. Thus, for
bindone 2 the optimized O-+H distances (2.02-2.07 A de-
pending on the calculation method!®)) were shorter than
the experimental value of 2.18 A;2!! consequently, the cal-
culated [B3LYP/6-31G(2d,2p)] chemical shifts of the
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bonded hydrogen atom were by 0.8-1.2 ppm larger than the
experimental value of 9.69 ppm as a result of the more pro-
nounced influence of the carbonyl carbon atom. The other
calculated chemical shifts were in excellent agreement with
the experimental values (deviations within 0.1-0.2 ppm for
'H and 2-3 ppm for '3C). Optimization of the geometry
of 2 with a fixed O--H distance of 2.20 A reproduced the
experimental nonplanarity of the molecule!!'82!1 and subse-
quent calculation of the NMR chemical shifts gave much
better agreement with the experimental values (0
9.48 ppm instead 10.38 ppm in comparison to the experi-
mental value of 9.69 ppm, Table 1). It was concluded that
the partially optimized geometry of bindone is very close
to the real geometry in solution.['®!

A similar partial optimization with a fixed O-+H distance
of 2.20 A was carried out for 2a. The calculated chemical
shifts for the partially optimized anion 2a, especially those
for the atoms in the vicinity of the hydrogen-bonded frag-
ment, agree with the experimental values fairly well (8.74
vs. 8.73 ppm for 17-H, and 126.9 vs. 126.3 ppm for C-17,
Table 1).

C-H:---O Hydrogen Bond in Model Complexes

Demonstration of stronger hydrogen bonding involving
anions relative to that involving neutral species raises the
problem of evaluation, even approximate, of its energies in
both cases. The influence of the negatively charged oxygen
atom on the hydrogen bonding strength can be estimated
by comparing two analogous hydrogen-bonded complexes
of 1 and la with benzene. The energy minima [at the
B3LYP/6-31G+(d,p) level] correspond to the O---H distance
of 2.62 A in the [1-+CgHg] complex and of 2.17 A in the
[1a--C¢Hg] complex. Both complexes are stabilized by 1.0
and 4.0 kcalmol™!, respectively, relative to the noninter-
acting components. It should be emphasized that these val-

European Journal
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ues present lower limits of the hydrogen-bond energies, as
the benzene molecule is a relatively weak hydrogen donor.

Dynamic NMR and Restricted Rotation in Anions 2a and
3a

As we have demonstrated above, the calculation results
and the NMR chemical shifts indicate that charge delocal-
ization in the anions increases in the order 1la < 2a < 4a
< 3a. Such delocalization increases the bond order of the
bonds connecting the indane moieties and may result in the
appearance of rotational barriers in anions 2a and 3a. The
'"H NMR spectra of 2 and 2a in CD,Cl, are shown in Fig-
ure 7. The two aromatic rings of bindone give two four-
proton spin systems, one of them is a first-order spectrum
and consists of two doublets and two triplets and the other
one (corresponding to the 2-substituted 1,3-indandione
moiety) is a system that can be assigned to the ABCD-type
(Figure 7a). Formation of the anion, along with the high-
field shift of all aromatic protons owing to the negative
charge, also brings about transformation of the asymmetri-
cal ABCD system into the symmetrical AA’BB’ one (Fig-
ure 7b). This part of the spectrum is temperature dependent
and broadening and decoalescence of the signals occurs be-
low 200 K (Figure 7c).

The '3C NMR spectrum of 2a at room temperature
shows similar features. The 1,3-indandione moiety shows
only five carbon signals instead of nine (Table 1). Some of
these signals decoalesce with decreasing temperature and at
180 K the spectrum involves separate signals corresponding
to each carbon atom of the 1,3-indandione fragment. These
spectral changes indicate the presence of restricted rotation
over the partial double bond connecting the indane frag-
ments. The spectra of 3a exhibit the similar behavior. In
both cases, however, the slow exchange limit in the 'H
NMR spectra was not reached and the rotation process

a)
(L AL — T — T T T T T T T T T T T
ppm (1) 8.00 7.90 7.80 7.70 7.60
b)
c)

T T T | T T T T | T T T T ‘ T T T T | T T T T | T T T
ppm (t1) 7.50 7.40 7.30 7.20 7.10

Figure 7. The temperature dependent part of the '"H NMR spectra of 2 (a) and 2a at room temperature (b), and at 180 K (c).
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monitoring was carried out by using *C NMR (Supporting
Information, Figure S5).

The barriers to rotation were estimated from the tem-
perature dependences of the '3C NMR spectra of 2a and
3a. Two pairs of peaks undergoing coalescence in the spec-
tra of both substances were found to be the most suitable
for the dynamic NMR analysis and the rotational barriers
were calculated as the average values of free energy of acti-
vation at the coalescence temperatures (Table 2).

Table 2. Kinetic parameters of rotation over the C,—C,y bonds in
2a and 3a.

Entry Probe Av [Hz] T,[K] k[sec'] AG” [kcalmol ]
2a C-5, C-8 63 200 140 9.6

C-4,CH9 27 195 60 9.7
3a C-5, C-8 55 235 122 11.3
C-4,C9H9 14 220 31 11.4

The barrier to rotation in 2a is about 1.7 kcalmol ! lower
than the barrier measured for 3a, which is in agreement
with the results of quantum mechanical calculations that
show considerably shorter and stronger connecting bonds
in 3a relative to those in 2a. The '3C NMR chemical shifts
give the additional experimental evidence of relative
strength of these bonds. It is known?3] that rotational barri-
ers over partial double bonds in push—pull ethylenes de-
crease with increasing bond polarization.

D\_—_—/A . '
D/ \A

Increasing polarization, in turn, is reflected by enhancing
the difference between the '3C NMR chemical shifts of the
involved carbon atoms. In our case, the anionic center
serves as the electron-donor moiety and the 1,3-indandione
fragment is the acceptor. The chemical shift difference be-
tween C-2 and C-10 is 53.9 ppm in the bindone anion and
42.8 ppm in the trindone analog. That is, the bindone anion
contains a more polarized connecting bond with a relatively
smaller bond order resulting in a lower barrier to rotation.

Conclusions

The NMR spectra of derivatives 2 and 4 in [Dg]DMSO
are temperature and concentration dependent as a result of
their partial ionization. The neutral and anionic species
form intermolecular hydrogen bonded anionic complexes,
which thus enables exchange of the acidic hydrogen atom.
In turn, the NMR spectra of pure anions 2a and 3a are
concentration independent, but temperature dependent ow-
ing to restricted rotation about the partial double bonds
connecting the indane moieties. These bonds in 3a are
closer to double bonds owing to the higher degree of nega-
tive charge delocalization, and the barrier to rotation in this
derivative is therefore, by 1.7 kcalmol™!, higher than that of
682
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2a. The intramolecular anionic hydrogen bonds observed in
anions 2a—4a are stronger than those observed in neutral
derivatives 2—4.

Experimental Section

General: 'H and '3C NMR spectra were recorded at 500 and
125 MHz, respectively, in CDCl; (CD,Cl, for low-temperature
measurements) and [Dg]DMSO solutions. The temperature unit
was calibrated by using the samples of methanol and ethylene
glycol with the accuracy of +1°. The assignment of the !3C signals
of the C-H-+O fragments was performed by the 2D HXCORR
technique. 2D NOESY spectra were run by using standard Bruker
software (noesyph pulse program).

Quantum-mechanical calculations were performed by using
Gaussian 03W software.”*! The geometry optimization for com-
pounds 1-4 and their anions 1la-4a was carried out with the HF/
6-31G(d.p) model chemistry®>” as a reasonable compromise be-
tween cost and accuracy, especially for large molecules 3 (3a) and
4 (4a). The geometry of anionic complex 2-+-2a and its components
was optimized by using the DFT method*® (B3LYP) with the use
of the 6-31G(d,p) basis set. Single-point calculations were also
done by using the B3LYP method: the energies of anions 1a—4a as
well as energies of hypothetical enol forms of bindone (2b and 2c¢)
were calculated with the 6-31G+(d,p) basis set, and the 'H and '3C
NMR chemical shifts were calculated by the GIAO method”! with
the use of the 6-31G(2d,2p) basis set, as it gives the best agreement
with the experimental chemical shifts.['8! The spectra simulation
was carried out by using the gNMR 5.06 program.?®! The synthesis
and NMR spectra of derivatives 2-4 were described earlier.['” The
procedures for the synthesis of 2a and 3a are given in the Support-
ing Information.

Supporting Information (see footnote on the first page of this arti-
cle): Various '"H NMR spectra of 2 and 4, NOESY exchange spec-
tra of a mixture of 2 and 2a in CDCls, table of experimental and
calculated 'H and '3C NMR chemical shifts for derivatives 1-3 and
1a-3a, fragments of '3C NMR spectra of the trindone anion, and
the procedure for the preparation of the bindone and trindone salts.
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