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Structures of enolatecounterion complexes and structures and vibrational spectra of phenolate-anion

counterion complexes have been calculated by means of MP2 and density functional methods. Compared to

corresponding monomeric complexes, higher complexes reveal longér libnd lengths which causes a
downshift of the C-O stretching mode. In the case of phenolate we firelGCstretching frequencies and
isotope shifts upoffO andd, labeling which are in good agreement with recent IR data of phenolate generated
in solution. The G-O stretching frequency, for example, is predicted to be around 1270 compared to

an experimental value of 1273 cfhand the'®O shift of this mode is calculated to be 18 chtompared to

an experimental shift of 17 cm. For a free phenolate anion, our calculations predict-eOCstretching
frequency of~1350 cnt. The vibrational spectrum of phenolate anions in solution can thus be explained in

terms of higher phenolate anion-counterion complexes in agreement with recent NMR experiments of Jackman

and Smith (Jackman, L. M.; Smith, B. D. Am. Chem. S0d.988 110, 3829).

Introduction Experimental investigations on enolates and phenolates made
The C-O bond length and stretching vibration of the clear that a formation of higher anion (phenolate or enotate)
phenolate anion was the topic of recent experimental and counterion (Li" or Na“) complexes is favored in solution.
computational investigations. A resonance Raman investigation Dimers of Li—enolates were proposed to account for the
revealed a band at 1264 chi This mode was assigned as a diastereoselectivity of enolate dimerizatignX-ray structures
predominant C-O stretching mode after carrying out a normal  Of Li—enolates have been first reported by Amstutz é¢ahd
coordinate analysis. For this analysis, the-@ bond was revealed dimeric, tetrameric, and hexameric complexes-of Li
assumed to correspond to a pure single bond, and bond lengttnolate monomers. For tphenolates, Jackman and Srifth
and force constant had been chosen accordingly. An FTIR reported NMR data which agreed with the existence of
investigation of UV irradiated phenol revealed a strong band at monomers, dimers, tetramers, and hexamers of phenolate

1273 cn1 2 which, due to its 17 cmt downshift upon8O anion—counterion complexes.
labeling, had been assigned to the @ stretching mode of the Guided by these findings we have modeled simple phenolate
phenolate anion. anion—counterion complexes. Upon such complexations we

Density functional (DFT) calculations of the structures and have found an elongation of the<© bond length which causes
vibrational spectra of the phenoxyl radical and the phenolate a downshift of the €O stretching frequency. The weaketr-O
anion have been recently presentdthe most surprising results  bond causes a decoupling of CO and CC stretching modes and
revealed by this study are a short-O bond length in the reveals a better agreement of the calculdf@lisotope shifts
phenolate anion which is similar to that determined for the with infrared spectroscopic data. Since the CO stretching mode
phenoxyl radical and, as a consequence, -a0Cstretching of such monomeric complexes is still about 50¢noo high
frequency which is overestimated by about 100 ¢eompared in energy and since some of thlg and 13C isotope shifts still
to the experimental data. The authors had concluded that thedeviated considerably from the shifts determined with resonance
large deviation between calculated and observe®Gtretching Raman spectroscopy, we concluded that our assumption, a
frequency corroborates earlier statements that DFT might beformation of phenolate aniencounterion complexes could be
inappropriate for calculations of negative molecular ibns. responsible for the recently reported IR and resonance Raman
Although this statement can be justified theoretically, it is data of the phenolate anidi;*®is basically correct but has to
incompatible with many successful calculations of anior8. be extended to the formation of higher complexes.

We have shown in a recent contributiérihat high-level ab In this contribution we present results of density functional
initio methods such as MP2, CISD, ACPF, AQCC, QCISD, and ¢5jcyjations on dimers and tetramers of enolate antmuin-
MRCI predict a C-O bond length for the free phenolate anion arjon and phenolate aniertounterion complexes. In the case
which agrees with the bond length obtained from various DFT ¢ iha enolate complexes we have compared structural param-

calculations. eters with X-ray crystal structures of similar compounds. In the
* Corresponding author. Present address: Institubfedizinische Optik, case of the phenolate complexes we demonstrate that a di-
Ludwig-Maximilians Universit Oettingenstr. 67, D-80538 Mhchen. meric structure reveals a very good agreement with infrared
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Figure 1. Structures of dimers and tetramers of complexes of enolate and phenolate with a counterion.

data for the frequency ariO isotope shift of the CO stretching ~ Planar structure:

mode. Furthermoreds isotope shifts of the dimer agree

considerably better with experimental infrared data than those

of the monomer. The agreement of the calculated deuterium

and 13C shifts with resonance Raman data, however, is still 1284 om”

modest. On the basis of the symmetry of the optimized

complexes, we postulate a possible explanation for these findings Na"

and for the generally found deviation between infrared and

resonance Raman data. Raman active
1301 cm™!

IR active

Methods of Calculation Na*

Density functional and MP2 calculations have been performed
with the GAUSSIAN94 program® The BLYPL7.18 functional non-planar structure:
was applied in all DFT calculations. As standard AO basis set
the 6-3H-G* basis of Pople and co-workéfg2 was chosen. IR active
Planar and nonplanar dimers of phenolate anicounterion 1270 cm”?
complexes have been optimized under application ¢f D
symmetry restriction. In the case of enolate dimers, symmetry Na"
restrictions resulted in small imaginary frequencies. Tetrameric
complexes were optimized i& symmetry. The A C—C and
C—0 stretching modes of the free phenolate anion correspond Na*
to By, and B, modes in the planar and nonplanar dimeric
complex, respectively. In the tetrameric complex, theGCand Figure 2. Displacement vectors of the anti-symmetric and symmetric
C—C modes in question belong to the irreducible representationsC—O stretching modes of the two phenolate anidfa™ dimeric
A B, and E. complexes.

The quantum chemically derived Cartesian force constant
matrix was then read into the program GAMBES&hich was
employed to compute normal modes, force constants of internal
coordinates, total energy distributions in order to assign the
normal vibrationg425 and frequencies of isotopically labeled
compounds.

The definitions of the CC and CO bonds of the dimeric and
tetrameric phenolate and enolate complexes are shown in Figur
1. Molecular structures contained in this figure have been
visualized using VMD?® The graphical representation of the
molecular structures and normal modes shown in Figure 2 have
been prepared with the program MacMolFl6t.

Raman active

1288 cm™”

complexes are given in Tables 1 and 2, respectively. For the
dimers of the enolate aniercounterion complexes, stable
structures are nearly planar, showing only very little deviation
from planarity. Placing the counterions perpendicular to the
molecular plane results in two imaginary frequencies. Upon
complete minimization, such a structure relaxes toward the
nearly planar structure. The BLYP/6-8G* calculations reveal
%ond distances of the HO, O—C, and C-C bonds of 1.813,
1.348, and 1.359 A, respectively, with lithium as counterion,
and 2.178, 1.335, and 1.366 A, respectively, with sodium as
counterion. For the tetrameric complex with lithium as coun-
terion, the corresponding bond lengths are 1.913, 1.343, and
1.368 A, respectively. Experimentally,-@.i, O—C, and CG-C
distances of 1.851, 1.342, and 1.330 A had been found in a
Structures. Structural parameters of optimized complexes hexameric complex with lithium as counteriotisThe corre-
of enolate anior-counterion and phenolate anienounterion sponding bond lengths for a tetrameric complex with sodium

Results and Discussion
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TABLE 1: Selected Bond Lengths (in angstroms) of the Enolate Anion and Enolate AnionCounterion Complexe$

Li-dimer Na-dimer Li-tetramer Li-monomer Na-monomer free anion
BLYP MP2 BLYP MP2 BLYP exp ref 13 BLYP MP2 BLYP MP2 BLYP MP2
O—Li(Na) 1.813 1.821 2.178 2.200 1.913 1.94 1.633 1.639 2.097 2.013
Rc-o 1.348 1.343 1.335 1.331 1.343 1.35 1.335 1.331 1.318 1.323 1.287 1.285
Rc-—c 1.359 1.350 1.366 1.357 1.368 1.34 1.362 1.352 1.381 1.358 1.399 1.387

an all calculations the 6-3&tG* basis set has been applied. Only the shortest of theDLdistances of the tetramer is given.

TABLE 2: Optimized Geometrical Parameters (in angstroms) of the Phenolate AniorCounterion Complexes Determined with
the BLYP Functional and the 6-314+G* Basis Set$

Li-dimer Na-dimer monomers
planar out of plane planar out of plane Li-tetramer Li Na free ghion
O—Li(Na) 1.811 1.801 2177 2.164 1.916 1.632 1.996
R1 1.352 1.357 1.340 1.347 1.363 1.337 1.330 1.290
R2 1.423 1.421 1.429 1.428 1.421 1.426 1.431 1.461
R3 1.406 1.407 1.405 1.406 1.407 1.406 1.406 1.403
R4 1.409 1.409 1.409 1.410 1.409 1.410 1.412 1.419

2 Also included are the structural parameters of the corresponding mondrReterence 11.

as counterions are 2.241, 1.308, and 1.358 A, respecfivaty. ~ |ABLE 3: Estimated Binding Energies per Phenolate
s o . . . Anion—Counterion Unit (in kJ/mol)
a butyllithium—lithium—Dbutoxide tetrameric complex, €Li

distances of 1.85 A had been foutfA larger O-Li distance Li-dimer Li-tetramer
of ~1.94 A had been found by Amstutz et'8Here, the G-O HF 101 168
and G-C bond lengths are given as 1.35 and 1.34 A, BLYP 109 152
respectively. MP2 109 169

Compared to experimental data we find the largest deviation 2The 6-31-G* basis set has been used in all calculations.
for the Li—O bond length. According to our calculations, this
bond length gradually increases with increasing size of the additional elongation of the €0 bond length to 1.364 A. All
complex. In contrast, the available X-ray data reportl® other bond lengths are not significantly affected. Probably due
distances of 1.94 Ain a tetramefiand 1.85 A in a hexameric  to sterical repulsion, the planarity found in the phenolate anion
complex?® Experimental data and calculation agree in that they Li* dimers cannot be retained in the tetramer and the phenol
find three different O-Li distances whereof we have only rings are pushed out of the -Qi*—O—Li* plane. This
discussed the shortest one. distortion might destabilize higher complexes.

For the dimers of phenolate anienounterion complexes the An accurate computational prediction of binding energies for
counterions can either be placed in the molecular plane or such a molecular system is not straightforward due to several
perpendicular to this plane. Both structures correspond to properreasons. The size of the dimeric and tetrameric complexes
energy minima, i.e., no imaginary frequencies have been found. prohibits the use of high quality basis sets and quantum chemical
The planar structures are slightly more stable than the structuresmethods. Furthermore, solvation effects can be expected to affect
having the counterions out of the molecular plane. The energy stabilization energies considerably. As a crude estimation of
differences are however very small: for the lithium complexes, the stabilization energy per phenolate ani@ounterion unit,
the energy difference among the two conformers is only 0.04 we have additionally to our BLYP/6-31G* calculations also
kJ/mol and for the sodium complexes the planar structure is carried out MP2/6-3+G* single point calculations at the BLYP/
1.28 kJ/mol lower in energy than the nonplanar one. 6-31+G* optimized geometries. Calculated estimates for such

Upon dimerization, the €0 bond R1 and the adjacentC binding energies are listed in Table 3 and predict a preferred
bond R2 are most prominently affected. Compared to the free formation of tetrameric complexes. The Coulomb contribution
phenolate anion, R1 is elongated by up to 0.07 A and R2 is to the binding energy is thus large enough to over compensate
shortened by up to 0.04 A. The-@ounterion distance is also  the sterical repulsion and to favor the formation of a tetrameric
strongly affected through the dimerization. In the monomer these complex. While higher complexes had been detected by NMR
bond lengths are 1.632 (lithium) and 1.996 A (sodium). In the spectroscopy*in a crystal structure of 2,6-dert-butylphenolate
planar dimeric complex, these distances are 1.811 (lithium) and only dimeric substructures have been fodhdhese findings
2.177 A (sodium). The €0 bond length has values of 1.347 can most likely be attributed to the larger sterical interactions
(Na*, out-of-plane), 1.340 (N planar), 1.357 (Lf, out-of- in the latter case.
plane), and 1.352 A (Ui, planar). Dimerization thus leads to Vibrational Frequencies of Phenolate-Counterion Com-
an additional weakening of the-@ bond which will show up plexes.In the free anion as well as in the monomeric complex,
in a further downshift of the €0 stretching frequency. Bonds  the modesys, vs, andvg belong to the symmetry groupgAln
R3 and R4 are not altered by more than 0.01 A. All other bond the planar and nonplanar dimeric complexes, the corresponding
lengths are not significantly affected and agree with those found modes belong to symmetry groups,Band B, respectively.
in the nonplanar dimeric lithium complex. The structural For simplicity, we will continue to refer to these three modes
parameters of the dimeric complexes can be compared within question as modes,, vs, andve.

structural data of crystals of lithium and sodium 2,6t Vibrational frequencies of the three modes are listed in Table
butylphenoxides? Li—O bonds of 1.849 and 1.867 A had been 4. We find that these modes only weakly depend on the nature
found in this investigation. of the counterion. The largest differences are found for mode

Compared to the nonplanar dimer with lithium as counterion, vs. This mode is found about 10 crhhigher in energy when
we find in the tetrameric phenolate aniehi* complex a small sodium instead of lithium is chosen as counterion. Algpis
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TABLE 4: Experimental and Calculated Infrared Active modes of Phenolate Anion—Counterion Complexes (in cnr1)?2

Li-complex dimer Na-complex dimer Li-complex monomer comgslex
mode exptl planar out of plane planar out of plane tetramer Lir Na* free aniod
V4 1585 1592 or 1564 1579 1577 1576 1574 1579 1579 1574 1564
Vs 15341483 1480 1478 1475 1474 1479 1485 1481 1485
Ve 126401273 1273 1261 1284 1270 1247 1323 1318 1357

a|n all calculations the BLYP functional and the 6-8G* basis set had been appliedReference 1¢ Reference 29 Reference 11.

TABLE 5: Selected Isotope Shifts (in cntt) of Phenolate Anion—Counterion Complexes Determined with the BLYP Functional
and the 6-3H-G* Basis Set

Li-complex dimer Na-complex dimer
exptl planar out of plane planar out of plane Li-complex tetramer
mode 10 3C ds ¥ ¥C ds ®O ¥C ds ®O B¥C ds O B¥C ds %0 8C ds
Va 512 35239 0or 33 0 54 33 0 54 35 0 55 34 1 55 36 0 55 35
Vs 2° 47 1312100 1 33 102 1 32 105 1 33 96 2 33 102 1 33 111
Ve 17" 360 58271 18 30 67 17 30 62 18 30 72 17 30 66 16 31 60

aReference 1° Reference 2¢ Reference 15.

predicted to be found about 10 cfnlower in energy in the modesv,, vs, andvs, the calculation predict$O isotope shifts
nonplanar than in the planar complex. The calculated frequenciesof 0, 1, and 16 cml, respectively, ané®C shifts of 55, 33, and

of the dimeric complexes are in good agreement with the set of 31 cnm?, respectively. The corresponding deuterium shifts are
experimental frequencies of ref 2. Compared to modesnd 35, 111, and 60 crt, respectively. Deuterium andO shifts

vs the C-0O mode is clearly more sensitive with respect to are in acceptable agreement with the FTIR data. Large deviations
intermolecular interaction. Formation of a monomeric phenolate are again found between our calculat€ and deuterium

anion—Na" caused a downshift of this mode 6#40 cnr1.1! isotope shifts and those determined with resonance Raman
We find in the present investigation that dimerization of such spectroscopy.
a monomeric complex results in a further downshift of-3@ The discussion above makes clear that we find generally a

cm~1 of ve, while the frequencies of modesandvs stay nearly good agreement between our calculated infrared active frequen-
unaffected. In the free phenolate anioncontains about 60%  cies and their isotope shifts with the available FTIR data of
CC stretching character and 9% CO stretching character. Modesrefs 2 and 15. Since the agreement between the two experimental
vs andveg are mixed modes and contain about 40% CO stretching sets of frequencies and isotope shifts is not very satisfactory,
mode character and about 40% CH bending character. Formatiorwe find therefore unexpected large deviations from some of
of a monomeric phenolate anieiNa® complex changes the the frequencies and isotope shifts obtained from the resonance
mode decomposition of the modesandve. In such a complex, Raman experiment of ref 1. We propose that this discrepancy
vs has 53% CH bending character and only 16% CO stretching could be a consequence of the formation of higher phenolate
character ands has 64% CO stretching character and corre- anion—counterion complexes. In contrast to the free phenolate
sponds thus to a predominant CO stretching mode. In the dimericanion or to a monomeric phenolate aniartounterion complex,
complex, we find a symmetric and anti-symmetric combination the dimeric complex has 4 symmetry and, thus, a center of

of C—0 stretching vibrations. The infrared active anti-symmetric symmetry. The exclusion rule is therefore valid and vibrational
mode of the planar phenolate anieNa" complex at 1284 cm modes are either IR or Raman active. The different spectroscopic
contains 31% of each €0 bond stretching, i.e., the mode methods that had been applied in the two experimental
decomposition corresponds closely to that found in the mono- investigations should thus detect different vibrational modes.
mer. The symmetric infrared inactive<® combination mode For the planar Nadimer, we find Raman active modes at 1581
of this complex is found at 1301 crh and contains 30% of  (Ag), 1543 (Byg), and 1269 cm! (Bsg) which could correspond
each G-O bond stretching. Displacement vectors of the CO to the experimental frequencies at 1585, 1534, and 1264 cm
stretching modes of both Nadimers are shown in Figure 2.  found in ref 1. The corresponding calculafé@ shifts are 55,

Calculated isotope shifts of modeg vs, andve upon1® O, 52, and 37 cm® which agree well with the experimental shifts
13C, andds labeling are listed in Table 5. A good agreement of 51, 47, and 36 cmt. For the deuterium shifts we only find
with the FTIR data was found in the case of t§® (ref 15) a good agreement in the case of the mode at 1581' ¢B82
andds (ref 2) shifts. While the dimerization seems not to affect cm~! compared to the experimental value of 35<¢inFor the
the 80 shifts of modes’s and vg, the ds shifts of these two modes at 1543 and 1269 cfwe calculate on the basis of the
modes are significantly changed and agree considerably bettercorresponding potential energy distribution deuterium shifts of
with the experimental data of ref 2 than with those of the 39 and 299 cm!, respectively, which are far away from the
monomeric complex. experimental shifts of 131 and 58 cfq The Raman active,

In the tetrameric complex the additional lengthening of the symmetric C-O stretching mode however is predicted at 1301
C—0 bond compared to the dimeric complexes results in a cm™! and does most likely not correspond to the Raman
further downshift of the intensive-©0 stretching mode to 1247  frequency at 1264 cni. Isotope shifts of 19 cmit (180), 29
cm™1. The agreement between experiment and calculation is cm™ (13C), and 81 cm! (deuterium) are predicted for this mode.
thus better for a dimeric complex. The frequencies of the modes For the Li" dimer, Raman active frequencies of the three modes
corresponding to the modesandws of the free phenolate anion  in question have been calculated at 1585)(A553 (Bg), and
agree well with those calculated for the dimeric complexes and 1282 c¢cm! (Bsg). The frequency of the symmetric <O
are found at 1579 and 1479 cfn As previously stated only  stretching mode has been calculated at 1297'crall these
the C-0O stretching mode seems to be affected significantly modes seem to depend only weakly on the nature of the
through intermolecular interactions. For the infrared active counterion.
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The tetrameric complex has been calculate&jisymmetry. anion and for making available experimental data prior to
Because of the size of this system, we have only used lithium publication. We also thank Dieter Seebach for a helpful
as a counterion. The vibrational analysis revealed no imaginary discussion and for important hints to the recent literature.
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