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Preparation of single crystals of spiroconjugated bis-chelated boron compounds containing ligands such as
propen-1,3-diolates and oxalate, for application as lasing materials in dye laser technology, is burdened by their in-
solubility in organic solvents and the high melting temperatures. In this work, on the example of (diphenylpropen-
1,3-diolato)(oxalato)boron (1) it is demonstrated that the solvothermal method can be successfully applied as facile,
convenient and fairly inexpensive method to overcome the difficulties with preparation of such materials in single
crystalline form directly from boric acid and the ligands. Solid-state IR spectra (recorded at room temperature and
low temperature) and Raman spectra (recorded at room temperature) and equilibrium molecular geometries of 1 and
three other disubstituted -ketoboron molecules [RC(O)CHC(O)R'[(0,CCO,)B (R =R'= t-butyl, 2; R = methyl, R' =
phenyl, 3; R =R'=2-pyridyl, 4) in the ground electronic states were analyzed in detail, based on HF SCF (HF/3-
21G, HF/6-31G), MP2 (MP2/6-31G) and DFT (B3LYP/6-31G) calculations. Minima with spiro-chelated tetrahedral
(sp®) BO, or trigonal-planar (sp?) BO; coordination were located on the potential energy hypersurfaces for all sys-
tems. The tetrahedral structures are more stable relative to the trigonal structures (for example, ~37 kcal mol ™' in the
case of 2), accounting for the observation that they represent the actual conformers in the solid state. Vibrational cri-
teria for spectroscopic distinction between trigonal and tetrahedral boron—oxygen coordination geometry are pre-
sented.

Key words: ab initio calculations; boron; laser dyes; nonlinear materials; organoboron compounds; solvothermal
synthesis; spiroconjugation; spirointeraction; vibrational spectra

CIIMPOKOHJYTAIINJA KAJ ATOM HA BOP: EDUKACHA CUHTE3A, CTPYKTYPH
¥l BUBPALIIOHU CIIEKTPY HA KPVICTAJTHM 1,3-TUCYIICTUTYUPAHM
(ITPOMEH-1,3-THOJATO)(OKCAJTATO)BOPHU COETMHEHUIA

CuHTe3aTa Ha MOHOKPUCTAIU Ha CHUPOKOHjyrUpaHy OUcXeJaTHU OOpHHU COEUHEHUja cO IMponeH-1,3-
AMOJIATU M OKCaNaT KaKo JIUTaH[d, KOU MMaaT NIPUMMEHA BO TEXHOJIOrHMjaTa Ha Jacepcku Oou, € OoTexKHaTa
Nopajii HUBHATa cnaba pacTBOPIMBOCT BO OPraHCKM PACTBOPYBAYU U BUCOKHMTE TEMIEpAaTypH Ha TOIEHE.
Bo oBoj Tpyn, co (muenmnnponen-1,3-nuonato)(okcanaro)oop (1) kako nmpumep, € MOKaXkaHO AeKa COJ-
BOTEPMUYKATa CUHTE3a MOXKE Jla CE IPUMEHU KaKO €(PUKACeH, KOPUCEH M NPUIMYHO EKOHOMUYEH METOJ 3a
mobuBame Ha TAaKBUTE MaTepujanu BO (popMa Ha MOHOKDHUCTAJH, U TOA AUPEKTHO Off 60pHa KUCEIUHA U
JINTAHJUTE KaKo peakTaHTH. Bp3 ocHoBa Ha npecmeTku Ha HF SCF (HF/3-21G, HF/6-31G), MP2 (MP2/6-31G)
u DFT (B3LYP/6-31G) HuBO BO OCHOBHATa €JIEKTPOHCKA COCTOj0a, JETANIHO Ce aHATU3UpaHu UH(ppalpBEeHH-
Te CIEKTPH BO LBpPCTa (ha3a, CHUMEHU Ha cOOHA TeMIlepaTypa U Ha HUCKA TEMIEPAaTypa, PAMAaHCKUTE CHEK-
TpY CHUMEHH Ha COOHA TeMIlepaTypa, Kako U ONTUMU3UPAHUTE MOJIEKYJICKM CTPYKTYpH Ha 1 U TpH Aucyn-
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CTUTyUpaHU O0eTa-KeToOOpHU coefuHennja co popmyna [RC(O)CHC(O)R'](0,CCO,)B (R =R' = terc-6ytumn, 2;
R =wMmetun, R'= ¢enun, 3; R =R'=2-nupupun, 4). Kaj eHeprerckute XUNepnoBplINHA HA CUTE CUCTEMU CE
JIOUMPAH MUHMMYMH CO CIIMPOXeNaTHa TeTpaefapcka (sp’) BO, u Tpuronasnso nianapHa (sp°) BO; kooppu-
Hanuja. Bo copef6a co TpUroHanHUTE CTPYKTYPHU, TETPAEAAPCKUTE CTPYKTYPHU €& PEJIaTUBHO INOCTAOUIHU
(5a mpumep, 3a oxomy 37 kcal mol ' Bo ciyuajoT Ha 2), IITO COOABETCTBYBA CO PE3YJITATOT JleKa TOA ce
BCYIIHOCT KOH(popMepuTe HITO MOCTOjaT BO LBpcTa cocToj6a. OOpa3noxXeHu ce U BUOPAMOHO-CIEKTPO-
CKOTICKM KPHTEPHUYMH 3a IPETCKaKyBambe Ha TUIOT Ha KOOPAWHAINCKA TeOMETpHja (TPUrOHAHA WIH TET-

paefiapcka) Kaj 60p-KUCIOPOAHU COSHHECHN]A.

Kanyunn 36opoBu: ab initio npecMeTKH; 60p, Jacepcku 60W; HeTMHEapHU MaTepHjally;
opraHob60OpHYU COEAMHEHM]a; COIBOTEPMIYKA CHHTE3a; CHUPOKOHjyramnuja;
CIUPOUHTEPAKIIUja; BUOPAIMOHHU CIIEKTPH

1. INTRODUCTION

Organic colorants that are used in dye lasers
[1] emit intense and coherent radiation upon laser
excitation, either when dissolved in solvents or
when incorporated into polymeric host matrices
[2]. Such compounds usually show extensive elec-
tron delocalization in their molecular structures
which permits efficient absorption of light from
the near-ultraviolet to the visible region, followed
by intense emission in the visible region. Four-
coordinated boron compounds having two chelate
ligands with m-systems oriented perpendicular to
each other exhibit electron delocalization over the
spiro boron atom termed spirointeraction (a term
derived by analogy with the spiroconjugation at
carbon atoms) which is responsible for the light
emission of these compounds, in spite of absence
of conventional n-bond resonance due to electron
delocalization [3, 4]. An important example of spi-
roconjugated boron structure is the bis-chelated
molecule (diphenylpropen-1,3-diolato)(oxalato)boron
1 (Chart 1) [5]. This material exhibits strong emis-
sion with amplified spontaneous emission spectra
and high conversion efficiencies that are compara-
ble or higher than the commercial dyes, and thus it
represents a prototype structure for materials that
can be used as lasing components [6]. Due to the
insolubility in organic solvents and high melting
points [7] of 1 and similar bis-chelated boron
compounds containing propen-1,3-diolate and ox-
alate ligands, their structure determination has
proved elusive, as all attempts to grow single crys-
tals yielded only powders. From the (propen-1,3-
diolato)(oxalato)boron compounds, only the struc-
ture of the 2,4-hexanedionato (R = Me, R' = Et in
Chart 1) derivative has been determined [8]. On
the other hand, the crystal structures of methyl-
and phenyl-substituted (propen-1,3-diolato)boron
mole cules having secondary ligands other than the
oxalate are known for a number of mono- and bis-
chelated compounds [9—13].

The absence of experimental data on the elec-
tronic, molecular and crystal structure of 1 and its
notable lasing properties compared to other similar
compounds prompted us to design a facile syn-
thetic approach for preparation of this compound
in single crystalline state, and to study the details
of its equilibrium molecular structure by HF SCF
and DFT calculations. To prepare 1 in single crys-
talline form we employed direct solvothermal syn-
thesis from boric acid and the ligands, our efforts
resulting in single crystals suitable for X-ray dif-
fraction analysis. Furthermore, in order to provide
information about the substitution effects, particu-
larly of the extended electron conjugation with the
phenyl rings in 1, on the molecular and electronic
structure of the (propen-1,3-diolato)(oxalato)boron
skeleton, the structures and the vibrational spectra
of the related molecules 2 — 4 in Chart 1 were cal-
culated. Namely, it is known that the conjugation
extent of bis-chelated boron—oxygen compounds
similar to 1 determines the colour and therefore
the absorption spectrum of the material, and can be
tuned over a wide range of the wavelengths by
proper choice of the substituents: alkyl-substituted
compounds are usually colourless, mono- and di-
phenyl compounds are yellow, while the com-
pounds having polycyclic aromatic substituents
can be occasionally very intensely coloured.

1: R=R'=Ph
2: R=R'=t-butyl
3: R=Me, R'=Ph

4: R =R'= 2-pyridyl

Chart. 1. Molecular structures of the (propen-
1,3-diolato)(oxalato)boron compounds 1 — 4 studied
in this work (Me and Ph stand for methyl and phenyl group,
respectively)
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2. EXPERIMENTAL
2.1. Synthesis and crystal structure analysis

Compounds 1 — 4 were synthesized in powder
form according to Eq. 1, by melting mixtures of
equimolar quantities of the respective diketone,
oxalic acid dihydrate and boric acid. Excess of 1,2-
dichloroethane was added to the melt to ensure
complete dissolution.

RC(O)CH,C(O)R' + B(OH); + (COOH),2H,0
— [RC(O)CHC(O)R'](0,CCO,)B + 5H,0
(1)

The products containing R = R' = #-butyl and
R = R' = Ph (Ph denotes phenyl group) were ob-
tained as powders after evaporation of the azeo-
tropic mixture of the solvent and the water which
appears as a product of the reaction. The deriva-
tives containing R = Me, R' = Ph and R = R' = 2-
pyridyl (Me stands for methyl group) were purified
from toluene.

Single crystals of 1 were obtained by reacting
dibenzoylmethane (0.22 g, 1 mmol), oxalic acid
dihydrate (0.12 g, 1 mmol) and boric acid (0.06 g,
1 mmol) in toluene (10 mL) placed in a Teflon-
lined stainless steel reactor (23 mL). The reactor
was heated at 373 K for 3 days and allowed to cool
slowly to room temperature. The solid product
consisted of a mixture of colourless and yellow
crystals and yellow powder material. A prismatic
specimen (220 x 180 x 40 um) of the yellow crys-
tals was used in the diffraction measurements at
100 K. The details of the crystal structure determi-
nation and the respective references (CIF format)
were deposited as Supporting Information.

2.2. Vibrational spectra

The FT IR spectra in the 10 000 — 370 cm™'
frequency range were recorded from pressed KBr
pellets with a System 2000 FT IR spectrophotome-
ter (Perkin—Elmer), by averaging 16 or 32 back-
ground and 32 or 64 sample spectra at resolution
of 2 — 4 cm . A P/N 21525 (Graseby Specac)
variable-temperature cell equipped with KBr win-
dows was used for both the room (RT) and liquid
nitrogen boiling temperature (LNT) measurements.
RT Raman spectra were recorded on a Renishaw
Ramascope single dispersive instrument equipped
with BH2-UMA microscope (Olympus) and air-
cooled CCD camera. The 633 nm line of a He-Ne
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laser (Spectra Physics) was used for excitation.
The entrance slit width was set to correspond to a
resolution of lem™'. V' dependence, Bose-
Einstein, instrumental response and corrections
due to the finite slitwidth to the Raman intensities
were not performed. The Raman spectra were ana-
lyzed after correcting for the fluorescence-induced
baseline (see below).

2.3. Calculations

Models of isolated
[CsHsC(O)CHC(0)CsHs](0,CCO2)B ey
[(CH;);CC(O)CHC(O)C(CH;)3)(0,CCOB  (2)
[CsH5C(O)CHC(O)CH;3](0,CCO,)B 3)
and
[CH3C(O)CHC(0O)C,H5](0,CCO,)B 4

molecules were built [14] and initially optimized
using the AM1 Hamiltonian [15, 16] The resulting
structures were further optimized with the GAUS-
SIAN program suite [17, 18] and subsequently
fully optimized in redundant internal coordinates
employing the Berny algorithm [19-21] at the re-
stricted Hartree-Fock level with the 3-21G basis
set. Such level of computation was a compromise
between accuracy and computer costs and was
used only for comparative purposes of the isolated
species in this study. There are indications that
inclusion of polarization and diffuse functions to
the basis set for molecules of a size as the ones
treated here does not necessarily lead to improve-
ment [22] and it may also cause some deterioration
in the vibrational frequencies [23, 24]. On the
other hand, only slight improvement in the fre-
quencies might be gained (e.g., in respect to the
matrix-isolated spectra) with the much more time-
consuming DFT calculation [25, 26]. The electron
correlation being of a special importance for the
electronic structure and the lasing action of disub-
stituted (propen-1,3-diolato)(oxalato)boron mole-
cules, further DFT calculations were performed
using the B3LYP functional [27, 28] which ac-
counts for the exchange and correlation effects,
employing the larger 6-31G basis set. Separate
MP2/6-31G [29] calculations were also performed.
These two methods give better description of the
electron delocalization and allow some assessment
of the basis set extension. The equilibrium geome-
try of the derivative 1 containing phenyl groups
obtained at the HF/3-21G level was further opti-
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mised using these two higher theory level methods
with the larger 6-31G basis set and additional sin-
gle point energy calculations were performed on
the other (propen-1,3-diolato)(oxalato)boron mole-
cules.

Harmonic vibrational analysis on the equilib-
rium geometries of the above derivatives was per-
formed by analytical computation of the second
derivatives of the energy with respect to the Carte-
sian nuclear coordinates at the HF/3-21G level,
yielding all real frequencies, respective infrared
intensities and Raman scattering activities. To ac-
count for the basis set truncation, correlation ef-
fects (HF level) and vibrational anharmonicity, the
neat frequencies were uniformly scaled by factor
0.9 [29]. This scaling scheme was applied in the
same manner to all compounds for comparison
with the experimental data. The relative partial
charges were computed from the SCF density
population analysis on the optimised geometries,
employing the Mulliken partition scheme [30]. The
computations were carried out partly on a PC and
on workstations at TITech and the National Insti-
tute for Materials Science in Japan.

3. RESULTS AND DISCUSSION
3.1. Crystal structure of 1

The molecule of 1 in the crystal lies on a two-
fold rotation axis that passes through the boron
atom, and through the midpoints of the oxalate
groups. The boron atom is chelated by the oxalate
group in a five-membered ring and by the diben-
zoylmethane group in a six-membered ring (Fig. 1).

Fig. 1. Thermal ellipsoid plot of the molecular structure
of [CcH5C(O)CHC(O)C¢Hs](0,CCO,)B (1)

The central feature of the molecule is the or-
thogornality of the two chelate rings, with inter-
planar angle of 88.8(1) °. The oxalate ligand exhib-
its single and double bonds, with respective dis-
tances of 1.325(2) and 1.193(2) A. The C—O dis-
tances in the dibenzoylmethane ligand correspond
to single bonds (1.311(2) A). Consequently, the
B—O distance is shorter when the oxygen atom
belongs to the dibenzoylmethane group. The two
B—O distances are significantly different: 1.477
(2) A for the oxalate oxygen atom, and 1.457(2) A
in the case of the dibenzoylmethane oxygen atom.
Inspection of the unit cell contents does not reveal
any significant non-classical hydrogen bonds. On
the other hand, the molecules are packed tightly in
the unit cell, as noted from the relatively high den-
sity, which probably accounts for the insolubility
in the common organic solvents.

3.2. Theoretical structures

The optimised geometries, Mulliken partial
charges, dipole moments, energies, and vibrational
frequencies for 1 — 4 are listed in Tables 1 — 6,
atom labelling is shown in Chart 2. The HF/3-21G
optimized molecular structures of 1 — 4 are shown
in Fig. 2 and the theoretical and experimental vi-
brational spectra are presented in Figs. 4 — 6.

15 16

16
16~ 14 17 5 17~ \15
hd
18 14
13
2 1,3 4

Na 14
18 13
Chart. 2. Atom labelling of the studied (propen-

1,3-diolato)(oxalato)boron molecules 1 — 4

The input structure of the ¢-butyl derivative 2
for the HF/3-21G treatment was constructed by
modifying the AM1 optimised structure of 1 and
yielded a conformer with eclipsed #-butyl groups,
one C—C bond of each butyl residue being in the
plane of the (propen-1,3-diolato)boron ring (2a).
Another AM1 minimum with a trigonal-planar co-
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ordination of the boron was obtained starting from
a model with trans-positioned ¢-butyl substituents
with respect to the C4—C5 bond. This prompted us
to examine this minimum further as well, and the
output structure is denoted 2b (Fig.2). For the
asymmetrically substituted molecule 3, the two
possible starting AM1 resonance forms,

[CsH5C(=0)CH=C(0O)CH;](0,CCO,)B
and

[C¢HsC(O)=CHC(=0)CH;](0,CCO,)B,
were considered; as expected, they ultimately con-
verged to the same minimum. In the case of 4, the
three possible relative orientations of the 2-
pyridine rings coplanar with the six-membered
ring were HF/3-21G optimized. The energy mini-
mization of one of the mirror forms resulted in
rotation of the second pyridyl ring around the
C5-C13 bond, revealing that this isomer repre-
sents a high-energy local minimum, and thus only
two stereoisomers were ultimately obtained (4a
and 4b). The C, symmetric isomer (4b, Fig. 2) is
about 9.44 kcal mol™' (HF/3-21G//HF/3-21G) more
stable form in the gas phase.

3.2.1. Equilibrium geometries of 1 — 4. The
structure of 254 is radically different from the other
compounds, and therefore will be discussed sepa-
rately. Aside of 2b, all symmetrically substituted
(propen-1,3-diolato)(oxalato)boron compounds
have C,, molecular point symmetry (Fig. 2, Tables
1 and 2). The molecular structures of the studied
compounds consist of planar and perpendicular to
one another propen-1,3-diolato and oxalato rings
bridged by a spiro-type boron atom. Therefore, the
boron atom is placed in tetrahedral BO, environ-
ment found in a number of boron—oxygen coordi-
nation compounds [8, 12, 31, 32]. The electron
delocalization stabilizes coplanarity of the sub-
stituent phenyl and pyridine rings with the propen-
1,3-diolato chelate ring in all cases.

Except for somewhat shorter C3—02 bond in
4a, the geometry of the propen-1,3-diolato ring is
similar in all compounds. The C3-02 and C5-06
bonds are elongated from their ketone values upon
coordination and, except for 4a, they are nearly
equally long, revealing extensive electron delocal-
ization within the coordination ring. The theoreti-
cal C3—02 and C5-06 distances compare very
well those in the crystals of bisacetato(acetylaceto-
nato)boron, (5, 1.296(4) A) [12] and (ethylmethyl-
propen-1,3-diolato)(oxalato)boron (6, 1.296(5) and
1.309(6) A) [8]. The C4-C5 and C3-C4 bond
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lengths are clearly dependent on the substituent:
they are equal in case of symmetric substitution (1,
2 and 4b) and are similar to the average value in 5
(1.362(4) A) [12], 6 (1.364(8) and 1.360(6) A) [8]
and in (acetylacetonato)diphenylboron (7, 1.381
(2) A) [13], but different in case of antisymmetric
substitution or orientation (3 and 4a). The bond
length difference, therefore, depends on the elec-
tronic effects expressed by the substituents via the
type (comparison between 1 and 4b, 2 and 4b) and
orientation (comparison between 4a and 4b) of the
substituents. The oxalate geometry is preserved
constant in all compounds and is identical with the
previously reported structures. The coordinated
oxalate C—O bonds (1.349 A) are elongated more
than those of the propen-1,3-diolate fragment (cca.
1.302 A), which accounts, in addition to the chela-
tion strain, for the shortening of the other two ox-
alate C=0 bonds (1.190 A) compared to the usual
values. Although the bond angles are somewhat
more sensitive to substitution, most of the angles
show variation of less than 3° in the studied com-
pounds.

The theoretical B—O bond lengths (cca. 1.49
and 1.46 A) agree well with the solid-state average
value (1.477(5) A) obtained from various esters of
diarylboronic acids [33-35], but are larger than
those (1.438(5) A) reported for the dimeric 2-sali-
cylideneaminoethanol derivatives of the phenyl-
boronic acid with BO,NPh coordination [36]. The
theoretical B—O values from the diphenylpropen-
1,3-diolato ring in 1 are similar to those in the pla-
nar chelate rings of 5 (1.471(4) A [12]) and (ben-
zoylacetonato)difluoroboron, 8 (1.488(3) A [37]),
but different than in the B-envelope distorted ring
in 7 (1.538(7) A [13]), which shows reliability of
the current theoretical HF method in prediction of
the real values. Correspondence with the B—O dis-
tances in the solid 6 is also apparent (1.454(4),
1.483(6) A; 1.466(5), 1.450(7) A [8]). The internal
ring angles at the boron atom are rather constant
(about 106.2 and 104.0 °) and, as in the known
structures, the BO, tetrahedron is only slightly dis-
torted. The deviation from 120 ° on the side of the
larger chelate ring is compensated with somewhat
larger internal angles at O2 and O6.

The internal bond angles reveal some strain
in the oxalate—boron ring; nonetheless, the planar-
ity is preserved and extensive electron delocaliza-
tion occurs. The aromatic substituents are planar
within the calculation errors. No significant devia-
tions were found in the structure of the aromatic
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phenyl and pyridine rings. The #-butyl groups sub-
stituents in 2a are distorted by elongation of one
C—C bond. The calculations, moreover, reveal that
electronic factors rather than packing effects
(which are not included in the calculations) can

account for the unexpectedly short C—CHj; bond in
the methyl analogue 3 (calculated: 1.493 A) that
was noted previously in the crystal structures of 7
(1.489(6) A) [13] and at low temperature in 8
(1.485(3) A) [37].

Fig. 2. Ab initio (HF/3-21G) optimized molecular structures of [C4HsC(O)CHC(O)C4H;5](0,CCO,)B (1),
[(CH;);CC(O)CHC(0O)C(CHj3)3](0,CCO,)B, (2) [CsHsC(O)CHC(O)CH;](0,CCO,)B (3) and
[CH;C(O)CHC(O)C,H;5](0,CCO,)B (4) (a and b refer to different isomers obtained from various starting geometries)

Table 1

Relative Mulliken partial atomic charges, absolute energies and dipole moments for the substituted
(propen-1,3-diolato)(oxalato)boron molecules”

Atom® Compound®

1 24" 2" 3 4a’ 4b°
(Propen—1,3—diolato)(oxalato)boron skeleton
BI 1.330 1.329 1.291 1.330 1.328 1.327
02 —-0.796 -0.775 —0.600 -0.790 -0.762 -0.796
C3 0.639 0.702 0.637 0.656 0.625 0.582
C4 -0.115 -0.172 -0.136 -0.149 —-0.057 0.008
Cs5 0.639 0.702 0.573 0.557 0.582 0.583
06 —-0.796 -0.775 —0.778 —-0.760 -0.796 -0.796
Sun —0.429 —-0.318 —0.304 —0.486 —0.408 -0.419
Oxalate
o7 —-0.769 -0.771 —-0.733 —-0.769 -0.768 -0.769
C38 0.779 0.779 0.778 0.779 0.780 0.778
Cc9 0.779 0.779 0.781 0.779 0.780 0.778
010 —-0.769 -0.771 —-0.759 —-0.769 -0.768 -0.769
Ol11 —-0.557 —-0.556 —-0.502 —-0.555 -0.557 —-0.556
012 —-0.557 —-0.556 —-0.502 —-0.555 —-0.557 -0.556
Sum -1.094 -1.096 -0.937 -1.090 -1.090 -1.094
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Atom” Compound®

1 24° 2° 3 4a’ 4’
Substituents®
C13 —-0.197 —0.380 -0.379 —-0.206 0.257 0.249
Cl4 0.056 0.157 0.135 0.150 0.111 0.110
Cl15 0.018 0.157 0.116 0.021 0.091 0.088
Cl16 0.053 0.107 0.116 0.057 —-0.037 —-0.037
C17 0.020 0.019 0.395 0.395
Cl18 0.147 0.062
N18 -0.724 -0.713
Cc13' —0.380 —0.378 0.144 0.238 0.249
cl4' 0.157 0.107 0.045 0.110
C1s' 0.157 0.107 0.089 0.088
Cle' 0.107 0.126 —0.035 —-0.037
Cc17 0.020 0.398 0.395
C18' 0.147
N18' —0.660 —0.713
Energiesh
E /10’ keal mol ' —7.013785 —6.097380 —6.096927 —5.825330 —7.213380 —7.213474
Dipole moments
u#/D 13.123 12.104 1.701 12.861 14.320 11.173

“ The charges of the hydrogens were summed up into the respective heavy atoms.

®The labels refer to Chart 2. Primed atoms refer to the second substituent in the symmetric compounds.

© Numbers stand for [CsHsC(O)CHC(0)CeHs](02CCO,)B (1), [(CH3)sCC(O)CHC(O)C(CHs)3](0,CCO)B (2)
[C6HsC(O)CHC(0)CH;](0,CCO)B (3) and [CH3C(O)CHC(0)CoHs](0,CCO,)B (4).

9 Forms a and b correspond to the two possible stereoizomers of 4 obtained from the energy minimizations (see text).

¢For this unsymmetrical derivative, the C5 and C3 in Chart 2 are bound to the methyl C13' and phenyl C13 atoms, respectively (the labelling of
the phenyl ring is the same as for 1).
/Excluding the boron atom.

¢ The parameters in the same line do not necessarily correspond to the same parameter. For the meaning of the labels in each case see Chart 2.

" Sum of the electronic and zero-point energies.

Table 2

Ab initio structural parameters of the (propen-1,3-diolato)(oxalato)boron part in the substituted (propen-
1,3-diolato)(oxalato)boron molecules”

Parameter’ Compound®
1 244 254 3¢ 4q° ap?
HF B3LYP? MP2"

B1-02 1.492 1.500 1.527 1.493 1.500 1.496 1.495
02-C3 1.304 1.333 1.343 1.301 1.220 1.300 1.291 1.303
C3-C4 1.383 1.398 1.407 1.382 1.473 1.390 1.384 1.376
C4-C5 1.383 1.398 1.407 1.382 1.329 1.373 1.373 1.376
C5-06 1.304 1.333 1.343 1.301 1.409 1.302 1.301 1.303
06-B1 1.492 1.500 1.527 1.493 1.339 1.491 1.499 1.495
B1-07 1.459 1.478 1.492 1.458 1.407 1.457 1.456 1.458
07-C8 1.349 1.377 1.398 1.349 1.371 1.349 1.349 1.349
C8-C9 1.541 1.542 1.553 1.541 1.539 1.541 1.541 1.541
C9-010 1.349 1.377 1.398 1.349 1.376 1.349 1.349 1.349
010-B1 1.459 1.478 1.492 1.458 1.414 1.457 1.456 1.458
C8-011 1.190 1.220 1.239 1.19 1.183 1.190 1.190 1.190
C9-012 1.190 1.220 1.239 1.19 1.182 1.190 1.190 1.190
C4-H 1.060 1.076 1.083 1.06 1.066 1.062 1.061 1.061
02-B1-06 106.2 109.0 108.8 106.1 106.2 106.0 106.3
02-B1-010 111.7 110.6 110.4 111.7 111.4 111.8 111.7
B1-02-C3 126.8 125.2 124.7 126.7 127.4 127.3 126.0
02-C3-C4 120.5 120.1 120.7 120.7 124.3 119.9 120.7 122.0
C3-C4-C5 119.1 120.4 120.4 118.9 129.4 118.7 118.1 117.7
C4-C5-06 120.5 120.1 120.7 120.7 116.9 122.0 122.3 122.0
C5-06-B1 126.8 125.2 124.7 126.7 136.6 125.9 125.5 126.0
07-B1-010 103.9 105.5 106.3 104.0 107.5 104.1 104.2 103.9
B1-07-C8 111.8 110.1 109.4 111.7 110.8 111.7 111.6 111.8
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Parameter” Compound®
1 24° 2p¢ 3¢ 4q" 4p?
HF B3LYP¢ MP2"

07-C8-C9 106.3 107.1 107.4 106.3 105.7 106.3 106.3 106.3
C8-C9-010 106.3 107.1 107.4 106.3 105.4 106.3 106.3 106.3
C9-010-B1 111.8 110.1 109.4 111.7 110.6 111.7 111.6 111.8
07-C8-011 126.7 125.7 125.6 126.7 126.4 126.7 126.7 126.7
010-C9-012 126.7 125.7 125.6 126.7 125.9 126.7 126.7 126.7

“ Distances in Angstroms, angles in degrees.

b Labels refer to Chart 2. Primed atoms Refer to the second substituent in the symmetric compounds.

¢ Numbers stand for [C¢HsC(O)CHC(0)CsHs](02.CCO,)B (1), [(CH3);CC(O)CHC(O)C(CH3)3](02.CCO,)B (2)
[C¢H5C(O)CHC(O)CH;3](02CCO»)B (3) and [CH3C(O)CHC(O)C2H;5](0,CCO,)B (4).

¢ Forms a and b correspond to the two possible stereoizomers of 4 obtained from the energy minimizations (see text). Calculations were
performed at the HF/3-21G level.

¢For this unsymmetrical derivative, the C5 and C3 in Chart 2 are bound to the methyl C13' and phenyl C13 atoms, respectively. Calculations
were performed at the HF/3-21G level.

THF/3-21G.

¢ B3LYP/6-31G.

"' MP2/6-31G.

Table 3
Ab initio (HF/3-21G) structural parameters of the substituents in the substituted
(propen-1,3-diolato)(oxalato)boron molecules”
Parameter” Compound®
1 24" 2p¢ 3¢ 44" 4p?

C5-Cl13 1.467 1.510 1.531 1.470 1.468
C5-13' 1.493
C3-Cl13 1.464
C3-Cl13' 1.467 1.510 1.532 1.478 1.468
C13-Cl14 1.392 1.548 1.547 1.391 1.380 1.380
C13-C15 1.548 1.547
C13-Cl6 1.535 1.542
C13'-C14' 1.392 1.548 1.545 1.384 1.380
C13'-C15' 1.548 1.545
C13'-C16' 1.535 1.537
C14-C15 1.379 1.380 1.386 1.385
C15-Cl16 1.386 1.384 1.381 1.381
C16—C17 1.383 1.387 1.388 1.389
C17-C18 1.380 1.379
C17-N18 1.323 1.322
C13-C18 1.391 1.393
C13-N18 1.330 1.330
C14'-C15' 1.379 1.384 1.385
C15'-Cl16' 1.386 1.381 1.381
Cl6'-C17' 1.383 1.386 1.389
C17-C18' 1.380
C17'-N18' 1.323 1.322
C13'-C18' 1.391
C13'-N18' 1.329 1.330
C5-C13-Cl16 112.8 110.7
C5-Cl13-C14 107.2 109.4 120.3 120.3
C5-C13-C15 107.2 109.4
Cl16—Cl13-C14 110.0 108.4
C16—C13-C15 110.0 108.4
C14-C13-C15 109.4 110.5
C3-C13'-C16' 112.8 108.9
C3-Cl13'-C14' 107.2 109.6
C3-C13'-C15' 107.2 109.6
Cl16'-C13'-C14' 110.0 109.2
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Parameter” Compound®

1 24" 2? 3 4a’ 4’
Cl16'-C13'-C15' 110.0 109.2
C14'-C13'-C15' 109.4 110.2
C13-C14-C15 120.2 120.2 118.1 118.1
C14-C15-C16 120.0 119.9 119.0 119.0
C15-C16-C17 120.2 120.2 118.9 118.9
C16—C17-C18 119.9 120.0
C16—C17-N18 121.9 121.9
C17-C18-C13 120.2 120.1
C17-N18-C13 119.3 119.3
C14-C13-C18 119.5 119.6
C14-CI13-N18 106.0 122.7
C13'-C14'-C15' 120.2 118.6 118.1
C14'-C15'-C1é' 120.0 119.1 119.0
C15'-Cl16'-C17' 120.2 118.6 118.9
Cl16'-C17-C18' 119.9
C16'-C17'-N18' 122.0 121.9
C17-C18'-C13' 120.2
C17'-N18'-C13' 119.8 119.3
C14'-C13'-C18' 119.5
C14'-C13'-N18' 121.9 122.7

“ Distances in Angstroms, angles in degrees.

® The parameters in the same line do not necessarily correspond to the same parameter. For the meaning of the labels in each case see Chart 2.
Primed atoms refer to the second substituent in the symmetric compounds.
¢ Numbers stand for [C¢HsC(O)CHC(0)CsHs](02.CCO,)B (1), [(CH3);CCOCHCOC(CH3)3](02CCO;)B (2) [CsHsC(O)CHC(O)CH;3](0,CCO2)B

(3) and [CH3C(O)CHC(0)C,Hs](0.CCO,)B (4).

9 Forms a and b correspond to the two possible stereoizomers of 4 obtained from the energy minimizations (see text).
¢ For this unsymmetrical derivative, the C5 and C3 in Chart 2 are bound to the methyl C13' and phenyl C13 atoms, respectively (the labelling of

the phenyl ring is the same as for 1).

Contrary to 2a, the molecular structure of 25
features trigonal-planar coordination of the boron
with —C(#-buty)=0 rotated around the C3—C4 bond
(Fig. 2), which leads to trans-positioned O6 and
02 with respect to C4—C5. The DFT single point
calculations characterized this isomer far less sta-
ble in the gas phase, the RB+HF-LYP//HF energy
difference with the tetragonal isomer 2a being
37.34 kcal mol™'. In 25, the coordinated oxygen
atoms are coplanar, and also coplanar with the ox-
alate and trans-propen-1,3-diolato parts and the
butyl C16 and C16' atoms, forming the molecular
mirror plane, whereas the oxalate ring is asymmet-
ric. The sp® hybridized boron in 2b features all
B-O bonds shorter than the respective counter-
parts of the sp’ boron in 2a (Table 2). This is
transferred to some extent to the oxalate exo-
carbonyl groups, while the uncoordinated C3=02
bond exhibits normal double bond length. As the
resonance over the boron atom is no longer possi-
ble, the C3—C4 and C4-C5 bonds (1.382 A in 2a)
become different (1.473 and 1.329 A, respec-
tively). The structure 2b may further involve a
short C4—H--O2 contact since the proton here is
alkene-type, the oxygen atom is notably negative
(=0.759) and the equilibrium geometry seems suit-
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able for such interaction (H-02 = 223 A,
C4-H--02 =120.4°).

In principle, the presence of the conformer b
of 2 in the solid state, i.e. trigonal boron coordina-
tion and thus absence of spirointeraction could be
considered as one of the possible reasons behind
the absence of colour in this compound. It seems
that existence of such potential minimum is likely
in absence of aromatic rings in either of the C3 and
C5 atoms, which through electronic effects (e.g.
resonance) would otherwise stabilize the tetrahe-
dral isomer 2a. The trigonal coordination does not
seem to be a result of intrinsic molecular geomet-
rical factors: the structure of 2a, namely, features
no exceptional bond parameters from the other
compounds (Table 2) and there are no apparent
steric constraints for the substituents in this case.
Instead, the reasons of such structural preference
are either in the intermolecular forces, or most
probably in the electronic interaction with the aro-
matic substituent (Table 1), as mentioned above.
These presumptions fit well the colour exhibited
by the (propen-1,3-diolato)(oxalato)boron com-
pounds: the aromatic-ring containing compounds
1, 3 and 4 are coloured, while 2, in which such
resonance stabilization is not possible, is colour-
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less. These presumptions, however, are not sup-
ported by the large potential energy of the local
trigonal coordination minimum. Another strong
argument against such straightforward inference
about the coordination type comes from the (me-
thylethylpropen-1,3-diolato)(oxalato)boron, which
is a colourless solid, but again comprises a single
type tetrahedrally coordinated boron atoms [8§].

Additional semiempirical calculations were
performed to examine the possibility of trigonal
boron coordination in 1, 3 and 4. Unlike in 2b, in
the high-energy trigonal minimum of 1, the rigidity
of the substituents severely strains the
B1-06—C5(C13)=C4-C3(0)-C13' part from pla-
narity; the phenyl rings are nearly perpendicular to
each other. The side-chains are distorted from pla-
narity in the trigonal minima of the other com-
pounds as well (Fig. 3). As these high-energy
geometrical isomers are less likely to occur and are
not of interest for the goals of this study, they were

not examined any further.
S - s«.‘ o

1 2 4

Fig. 3. Structures with trigonal-planar coordination
of the boron obtained by geometry optimizations of
[CeHsC(O)CHC(O)CeHs](0,CCO)B (1),
[CsH5C(O)CHC(O)CH;3](0,CCO,)B (3) and
[CH;C(O)CHC(0)C,H;5](0,CCO,)B (4).

3.2.2. Comparison of the theoretical methods.
DFT/B3LYP/6-31G geometry optimisations pro-
duced the tetrahedral isomer of 1. All bonds
lengths predicted at this theory level in the case of
1 are longer than those obtained at HF/3-21G, the
average difference being 0.020 A. The inclusion of
the electron correlation via the DFT method af-
fects all bonds within the spiro-structure, and is
mostly reflected in lengthening of the endo C-O
bonds for cca. 0.03 A in both chelate rings, but
does not have any significant effect on the lengths
of the exo carbonyl groups and oxalate C—C bond.
The influence on the internal angles is small with
the average at 1.3 °. The MP2/6-31G method also
predicts all bonds longer in the basal structure than
the HF calculations and also similar angles (aver-
age: 0.035 A, 1.5 °). Interestingly, the lengthening

is especially pronounced in all carbonyl groups of
the oxalate part (around 0.05 A), and then in the
propen-1,3-diolato C—O lengths. The above analy-
sis shows that accounting for the electron correla-
tion effects (with a larger basis set) generally pro-
duces larger size of the chelate structure, and
therefore represent the real bond lengths.

3.3. Mulliken partial charges

Except for 2b, 3 and 4a that lack a two-fold
symmetry axis, the charge is distributed symmetri-
cally with respect to the oxalate plane (Table 1).
The charge variations within the propen-1,3-
diolato ring caused by different substituents are
neither reflected in the charge of the boron, nor
transferred to the oxalate part of the complex. The
coordinated oxygen atoms carry the largest nega-
tive charges in both rings, but the oxalate oxygens
are slightly less charged. According to the present
partition scheme, the charges of all coordinated
oxygen atoms are closest to one another in case of
2. Less negatively charged than the coordinated
oxygen atoms (about —0.8) are the terminal oxalato
oxygen atoms (about —0.56). A positive charge
always resides on the substitution carbon atoms;
this is on the account of C4, which may be nega-
tive or slightly positive. Except for the large nega-
tive charge on the nitrogen atoms in 4a and 4b, the
values on all substituent atoms are relatively small.
Summation of charges within the two coordination
rings excluding the joint atom reveals that while
the oxalate part carries similar charge in all studied
systems, that of the propen-1,3-diolato part varies
considerably and is closest in value with the for-
mer in 2. The charge analysis implies quantitative
differences between the electronic structure of 2
and the other studied boron compounds, which
may be one of the factors for the absence of colour
in case of the former.

3.4. Infrared spectra

3.4.1. General discussion. As in the case with
the similar compounds 5 — 7 [8, 12, 13], stronger
intermolecular interactions than the usual van der
Waals contacts are not expected in the solids of 1
— 4, which is confirmed by the structure determi-
nation of 1 (see above). Although the absence of
hydrogen bonding in the studied systems improves
the theoretical prediction of the experimental spec-
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tra, the harmonic approximation of isolated mo-
lecular entities in gas phase is a crude description
of the polycrystalline, solid state, anharmonic vi-
brational data. Nevertheless, Figs. 4 and 5 and Ta-
ble 4 exhibit rather good resemblance between the
scaled HF/3-21G theoretical and the experimental
spectra of the solid samples. The mean deviation
between the two is within the range expected from
similar calculations on small organic molecules

Table 4

[38]. Deviations of the computed frequencies at
the uncorrelated HF level when compared to ex-
periment in absence of polarisation and diffuse
functions, is a priori expected for the frequencies
of the out-of-plane ring modes [39, 40], which ap-
pear regularly as very weak bands and can hardly
be assigned with confidence in the solid-state

spectra without additional techniques.

Ab initio (HF/3-21G) theoretical and experimental vibrational data for the substituted
(propen-1,3-diolato)(oxalato)boron molecules”

No ﬁeqﬁjri?élsn;?;tim_l Theoretical frequencies of 1 and 2 / cm’! Apperimate .
P — i Description of the modes of 1

IR Raman 1 2a 2b 1 2a 2h

1 3141 3512 3512 3444 3161 3161 3100 v(C'H)

2 3117 3426 3311 3351 3083 2980 3016 |v(C'*H),v(C'"H)

3 3117 3426 3511 3349 3083 3160 3014 v(C'*H),v(C''H)

4 3403 3306 3288 3063 2975 2959 |v(C'H),v(C"*H),v(C'°H)

5 3401 3306 3288 3061 2975 2959 v(C'“H),v(C"*H),v(C'°H),v(C*H)

6 3087 3389 3274 3279 3050 2947 2951 |v(CH™)

7 3087 3389 3273 3275 3050 2946 2948 y(CH™)

8 3068 3378 3267 3273 3040 2940 2946 |v(CH™)

9 3068 3378 3267 3270 3040 2940 2943 y(CH™)

10 3050 3364 3265 3260 3028 2939 2934 |v(C'°H),v(C'°*H),v(C'H)

11 3050 3364 3265 3259 3028 2939 2933 v(C'°H),v(C'°*H),v(C'H)

12 1826 2053 3263 3256 1848 2937 2930 |v;(C'0''C°0")
1811

13 1779 2026 3263 3253 1823 2937 2928 v, (C°0''C’°0")

14 1771 3211 3219 1594 2890 2897 |v(CC™),5(CH™)

15 1601 1771 3211 3214 1594 2890 2893 ' v(CC™),5(CH™)

16 1589 1756 3206 3205 1580 2885 2885 |v(CC™),5(CH™),v(C°0%),v(C’0?)
1585

17 = 1554sh 1749 3206 3202 1574 2885 2882 v(CC™),5(CH™),5(C*H)

18 1551 1685 3201 3202 1517 2881 2882 |v(C’CH,v(C*C),5(C*H),5(CH™)
1547

19 1523 1682 3201 3200 1514 2881 2880 :v(CC™), 5(CH™),v(C°0%),v(C’0?%)

20 1500 1667 2054 2082 1500 1849 1874 |v(CC™),5(CH™),v(C°0%),v(C’0?)

21 1494 1659 2027 2056 1493 1824 1850 v(CC™),5(CH™),v(C’C*,v(C*C?)
1487

22 | 1462sh 1626 1697 1890 1463 1527 1701 |v(CC™),8(CH™),5(CCC™)

23 1442 1603 1696 1791 1443 1526 1612  v(CC™),5(CCC™),5(CH™),v(C°0%),v(C?0?%)

24 | 1361 | 1512 1678 1705 1361 1510 1535 |§(CH™),8(C"'C°C),3(C*C’CY)
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Experimental

Theoretical frequencies of 1 and 2 / cm '

Approximate

. -1
No ﬁequf;mes of;;;r:n ; - ” Taa - -+ Description of the modes of 1°
25 1335 1509 1678 1691 1358 1510 1522 ' §(CCC™),8(CH™),5(C*C0%),5(C*C°0°)
1330
26 1319 1484 1678 1687 1336 1510 1518 |vw(C’CP),v(C’C?),8(C*'C?0?),
1312 §(C*C0%),v(CC™)
27 1299 1460 1677 1680 1314 1509 1512 |v(C’C*),v(C*C’),5(CH™),v(C°0°),
v(C?0%),5(CH™)*
28 1369 1672 1679 1232 1505 1511 |§(CH™),8(C*H),5(C*'C0%),5(C*C’0°%)
29 1247 1367 1671 1676 1230 1504 1508 §(C*H),5(CH™)
30 1257 1358 1663 1672 1222 1497 1505 |§(C*H),5(CH™),5(C*H),
31 1208 1344 1662 1663 1210 1496 1497 §(CH™)
32 1198 1338 1658 1657 1204 1492 1491 | §(CH™)
33 1171 1333 1657 1655 1200 1491 1490 i v(CC%),5(CH™),5(C*C’0"),5(C°C*0™)
1111
1098
34 11172 1294 1651 1655 1165 1486 1490 |v,(B'0,),5(CH™)*
1111
35 1098 1288 1651 1653 1159 1486 1488 v, (B'0’0'),v(B'O"),v(B'0')*
36 1078 1264 1600 1647 1138 1440 1482 |v(CC™),5(CH™)
37 1051 1258 1598 1611 1132 1438 1450 v(CC™),v,(B'0y)*
38 | 1068sh 1233 1571 1599 1110 1414 1439 | §(C*H),5(C**CC'®),
S(CM’CB,CI8’),V(CSO6),V(C302)
39 1207 1570 1589 1086 1413 1430 |v(CC™),5(CH™)
40 1206 1567 1573 1085 1410 1416 y(CH™)
41 1206 1567 1571 1085 1410 1414 |y(CH™)
42 1068sh? 1199 1468 1571 1079 1321 1414  §(CH™),5(C*H)
43 1191 1467 1565 1072 1320 1409 | v(CC™),8(C*C°0%),5(C*'C’0%),5(CCC™)
44 1173 1401 1407 1056 1261 1266 y(CH™)
45 1172 1373 1385 1055 1236 1247 |y(CH™)
46 998 1137 1354 1364 1023 1219 1228 §CH™)
47 972 1137 1344 1361 1023 1210 1225 |§(CH™)
48 956 1130 1342 1347 1017 1208 1212 v, (B'0’0'%),v(C*0"),v(C’°0"),y(CH™)*
49 1125 1340 1346 1013 1206 1211 |y(CH™)
50 1122 1319 1342 1010 1187 1208 y(CH"™)
51 1111 1295 1301 1000 1166 1171 |§(CCC™)
52 1106 1294 1237 995 1165 1113 §(CCC™),5(C3C*C)
53 1063 1288 1198 957 1159 1078 | §(C’C'CY),8(B'0O’C?),5(B'0°C?),v(CC™)
54 8247 1048 1178 1186 943 1060 1067 'y(C*H),y(CH™)y(CC*CY)
8122
55 990 1176 1177 891 1058 1059 |y(CH™)
56 988 1170 1166 889 1053 1049 y(CH™)
57 984 1168 1140 886 1051 1026 |v,(B'O’0%),v(C’C*),v(C'C)*
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No ﬁeqﬁjri?élsn;?;tim_l Theoretical frequencies of 1 and 2 / cm™' Apperimate .
PR -{ Description of the modes of 1
IR Raman 1 2a 2b 1 a

58 966 1131 1106 869 1018 995 v (B'0,),v(C’C’),8(C*'C’0?),5(C*C°0°),
d(C’CICH*

59 936 1094 1095 842 985 986 y(CH™)y(C'C’0%).y(C'C’0%

60 924 1094 1091 832 985 982 [y (0O'C’C’)y(0'°C’C?)

61 779 898 1082 1086 808 974 977 y(CH™)y(C'H)

62 874 1045 1052 787 941 947  Skeletal def. of the Ph,-propen-1,3-diolato
part

63 760 828 1039 1028 745 935 925 éy(c“H),y(CHPh)

64 | | 820 1032 1021 738 929 919 '5(0213106),v(c8c9),6(cccf’h)

65 803 1016 1020 723 914 918 y(CH™)y(C*'C’0%y(C*C°0°%)

66 720 789 991 1018 710 892 916 |y(CH™)y(C*H)

67 774 977 962 697 879 866 y(CCC™)y(C'C’0%,y(C*C°0%

68 773 965 922 696 869 830 [3(B'0’0')v(CiC’)

69 680 735 936 903 662 842 813 y(O’B'0°),5(C*0"),5(C°0")y(CH)*

70 717 924 861 645 832 775 iSkeletal def. of the Ph,-propen-1,3-diolato
part *

71 635 709 887 839 638 798 755 |3(CCC™)

72 707 880 790 636 792 711 §(CCC™),5(B'0*C),5(B'O°C’)

73 610 677 827 750 609 744 675 Skeletal def. of the Ph,-propen-1,3-diolato
part *

74 652 786 748 587 707 673 §(0'CECH,5(0°C°0y

75 1 569 633 783 715 570 705 644  Skeletal def. of the Phy-propen-1,3-diolato
part *

76 536 759 713 482 683 642 |y(CCC™)y(C’C'C)

77 458 527 738 688 474 664 619 y(C0')y(C°0")y(O'C )y (CPC’0)*

78 503 652 655 453 587 590 [y(CH™)y(CCC)

79 465 633 635 419 570 572 y(CCC™)

80 464 576 541 418 518 487 |y(CCC™)

81 461 545 524 415 491 472 §(C’0’B'),5(C°0°B'), Ph-ring rocking

82 438 530 511 394 477 460 Skeletal*

83 388 497 481 349 447 433 |y(0O’B'0°), skeletal*

84 368 444 428 331 400 385 5 (0''C’C’0"

85 343 436 422 309 392 380 [y(B'O’CY),y(B'0'°CY),y(B'O*C?)y(B'O°CY)

86 296 408 414 266 367 373 Skeletal

87 293 392 389 264 353 350 Skeletal

88 261 390 366 235 351 329 “Breathing”

89 | 235 373 363 212 336 327 y(CCCMy(CCiCY)

90 | | 208 368 357 187 331 321 |y(B'O'CHy(B'O"CyCcCC™)

91 | 185 364 354 167 328 319 Skeletal *

92 134 348 328 121 313 295 y(B'O'CY)y(B'0"CY)y(CCC™)y(C'CO)

93 89 347 307 80 312 276 Skeletal

9% 84 327 304 76 294 274 Phering rocking
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Experimental

Theoretical frequencies of 1 and 2 / cm '

Approximate

No.|frequencies of 1/ cm p p ;- Description of the modes of 1°
IR Ramani 1 2a 2b 1’ 2a° 2

95 61 324 295 55 292 266 :Oxalate ring twisting

96 46 311 284 41 280 256 |Oxalate ring wagging

97 38 294 269 34 265 242 Skeletal

98 25 285 252 23 257 227 ;Ph-ring librations

99 23 282 241 21 254 217 | Ph-ring librations

100 268 239 241 215

101 260 200 234 180

102 243 196 219 176

103 216 180 194 162

104 148 165 133 149

105 134 142 121 128

106 127 100 114 90

107 66 53 59 48

108 52 49 47 44

109 46 37 41 33

110 35 24 32 22

11 25 16 23 14

“The frequencies in the same line do not necessarily correspond to the same mode. The labels 1 — 4 refer to Chart 2.

b Empirically scaled with the scaling factor 0.9. Modes that involve significant displacement of the boron atom are bolded.

¢ Symbols denote: v — stretching, 8 — in-plane bending, y — out-of-plane bending ip — in-phase, op — out-of-phase, as — antisymmetric, s — symmetric,
Ph — phenyl. Modes that involve significant displacement of the boron atom are marked with asterisks. The atom labels refer to Chart 2.

 Oxalate ring librations.

2a

2b

Infrared intensity

4a

4b

o

2000

1900

1800

1700

1600

Wavenumber/cm’'

1500

1400

1300 1200 1100

Fig. 4. The 2000 — 1000 cm ™' region of the theoretical IR spectra (HF/3-21G) of [RC(O)CHC(O)R'(0,CCO,)B. R = R' = phenyl

(1); R

=R' = t-butyl with tetrahedral (2b) and trigonal (2b) coordination of the boron; R = methyl, R' = phenyl (3); R = R' = 2-pyridyl

(4) (4b is the C, symmetric isomer). For convenience, nine strongest bands are shown with limited intensity and are denoted with
asterisks. Frequencies are uniformly scaled with 0.9.
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Absorbance

4000 3600 3200 2800 2400

2000 1600 1200 800 400

Wavenumber/cm -

Fig. 5. The 2000 — 370 cm ' region in the solid-state FT IR spectra of [RC(O)CHC(O)R'[(0,CCO,)B. R = R' = phenyl (1);
R =R'=t-butyl (2); R = methyl, R' = phenyl (3), and R = R' = 2-pyridyl (4).

3.4.2. Spectral assignments. The scaled HF/3-
21G vibrational data for 1 and 2 and the band as-
signments of the spectrum of 1 are listed in Table
4. The discrepancy between the experimental and
theoretical data is especially pronounced for the
CH stretches and the modes below 1000 cm ™. In
what follows, the spectrum of molecule 1 will be
discussed, with occasional reference to those of
the other compounds.

The assignment of the v(CH) stretchings is
straightforward, as these are the only fundamentals
of this system to be found in the 3250 — 2830 cm™'
region. The highest frequency fundamental band of
1 owes to practically pure v(C4H) mode, being
followed by several overlapped aromatic stretches.
The frequency of the v(C4H) Raman band for a
vinyl-type CH should be lowered for nearly
70 cm™' in 2b in respect to the highest-frequency
v(CH) modes of 1, 2a and 4, and about 37 cm'
from 3.

Bands from the stretchings of the uncoordi-
nated oxalate CO groups (vi; and v;3) are found
apart from the other fundamentals in the 1860 —
1755 cm ' region. These modes were reported at
1825 and 1785 cm ' in the spectrum of the methyl-
ethyl analogue 6 [8]. Three prominent mostly Lor-
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entzian-type bands in the IR spectra of 1, 2 and 3,
and at least seven overlapped bands in 4 were re-
solved by spectral reconstruction (Table 5), indi-
cating more than one type of oxalate residues in
the last case. Except for 4, the similar intensity
within the triplet and the small value of the theo-
retical frequency difference may indicate that the
larger number of bands is a consequence of vibra-
tional splitting due to the solid-state effects on the
spectra. The calculations predict vi, (Vi2) > Vop
(vi13) frequency order, inherent for the electronic
structure of the bidentate oxalate anion, with
a Viy—V,, difference of about 25 cm ' and larger
intensities of the in-phase mode (vi,) in both the
IR and Raman spectra. Reversed order of the v;,
and v, carbonyl frequencies vj, < v, and IR inten-
sities are known from the spectra of other small-
sized cyclic dicarbonyl compounds, e.g. the cyclic
imides [41, 42]. Bearing in mind the fundamental
difference in the physical state between the models
and experiment, the fair similarity of the intensity
ratio (VBand1 + VBand1) / VBanam from Table 5 and
that predicted for vi,/ vi3 (typically 75/25), sug-
gests that the higher frequency doublet might
originate from the in-phase —C8(=011)C9(=012)—
stretching (viy).
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Table 5

Curve-fitting results for the oxalate v (OCCO)
region of the infrared spectra®

Band I Band II Band III
Compound 1
1826 1811 1779
356 46.1 18.2
(0.89) (0.37) (1.00)
Compound 2
1823 1809 1779
28.4 53.2 18.4
(1.00) (1.00) (1.00)
Compound 3
1824 1810 1775
37.7 49.5 12.9
(1.00) (1.00) (1.00)
Compound 4

1829 1819 1810 1800 1788 1778 1763
306 190 36 124 33 208 102
(0.30) (1.00) (1.00) (0.08) (0.00) (1.00) (1.00)

“ The (experimental) frequencies are given in cm . Integrated
intensities (normalized to the sum of 100 %) are in italic. The
numbers in brackets represent the Lorentzian function contribution
to the band shapes.

A group of overlapped IR bands with varying
intensities originating from the highly coupled
phenyl (vi4—vi7, Vio—Vva3) and C3C4CS5 backbone
(vig) stretchings appears between 1620 and
1460 cm .

A quadruplet of intense modes vig—Vv,; with
close frequencies appears as a strong complex
strong absorption in the 1580 — 1505 cm ' region,
featuring at least three maxima and several shoul-
ders. The bands of the pyridyl analogue (4) in this
region are split better and, correspondingly, far
less intense.

Modes consisted mostly of CH, CCC and
CCO deformations give rise to bands at frequen-
cies lower than 1400 cm '. The prominent bands
around 1360 and 1300 cm™' (predicted at 1361 and
1314 cm "), correspond to mixed 8(CH) (v,4) and
v(C3C4)/v(C4CS) (vy7) modes, respectively, the
latter including significant displacement of the
boron atom. The in-plane CH deformations
(vas—Vvs3y) appear in the 1265-1160 cm ! region,
while the out-of-plane modes give rise to very
weak IR bands (except for vs4, ve; and v, 1) be-
low 1000 cm .

The most intense band in the IR spectrum of
1 should correspond to the antisymmetric stretch-
ing of the BO, tetrahedron, v34, predicted at about
1165 cm™" for all tetrahedral models. This mode
appears as a prominent band at 1085 and
1088 cm ' in the spectra of 3 and 4, respectively,
whereas doublets (1117, 1111 cm ' and 1099,
1120 cm™") are present in the spectra of 1 and 2
(see below). This mode was previously reported as
a B-O stretching at 1370 cm ' in the spectrum of
tetrahedral 6 [8]. As the most intense, BO,4 breath-
ing Raman mode in 1 appears at 1380 cm ™', the IR
band at 1370 cm™' probably corresponds to the
symmetric stretching mode.

3.4.3. Vibrational discrimination between
BO, and BOj; coordination. The substantially dif-
ferent point symmetry of 2a and 25 should be well
reflected in the respective vibrational spectra, and
especially in the modes localized in the coordina-
tion polyhedron; such vibrations, moreover, should
be detectable within the frequency range in this
study. A general characteristic apparent from
Fig. 5 is the pronounced similarity of the IR spec-
trum of 2 with 1 and 3 (in 4, as mentioned before,
probably several molecular types exist, and thus
the complicated spectral appearance is understand-
able). This is the first indication that these struc-
tures should comprise the same chelating unit.

Assignments of the v(BO) modes are known
in wide frequency range; a brief outline of such
results will be presented in continuation. Distor-
tion of the D; borate ion to C; in the aragonite-type
borates results in infrared activation of the totally
symmetric v(BOs) mode at 939 cm ™' [36] The re-
spective mode in Cs, boric acid at 880 cm | is only
Raman active [43]. The antisymmetric mode in the
acid and the alcoxyborates has been usually found
around 1430 cm™' [44]. Ab initio calculations at
the RHF/6-31+G(d,p) level recently assigned the
BO symmetric stretchings of the metaborate ring
[B306]37 in molten BaB,O, and CsBO, at (1460,
630 cm™") and (1503, 606 cm '), respectively [45].
The types of borate networks in borate glass matri-
ces are semi-quantitatively discriminated by use of
their Raman spectra [46, 47]. The strong band at
806 cm ' is representative for the totally symmet-
ric breathing mode of the boroxol rings; inclusion
of alkali oxides and the change of the boron coor-
dination sp> — sp’ shifts the band to ~795 cm ™,
giving rise to another one at ~770 cm . Similarly,
the two crystal modifications of K,0-5B,0; featur-
ing pentaborate moieties and thus both three- and
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tetracoordinated boron atoms, show absorptions at
885 and 765, and 925 and 785 cm’' [46, 47]. A
band in a very narrow interval 964—968 cm ' in the
spectra of alkali dipinacol hydrates is characteris-
tic for the tetrahedrally coordinated boron [48].
B-O stretching frequencies as high as 1907.5 cm™'
are known from the laser-ablation products of bo-
ron and methanol isolated in cryogenic argon ma-
trices.*” The type of boron coordination can be
independently assessed by the ''Bshifts in the
NMR spectra: o values about +5 ppm are expected
for tetracoordination, while +25 — 28 ppm are ex-
pected for tricoordination. Hence, in addition to
giving complete ab initio vibrational assignment
for 1 and comparison with the other studied boro-
nates, the other goal of the present vibrational
analysis was to screen, on theoretical grounds, for
suitable frequency region(s) indicative for the bo-
ron coordination type in the (propen-1,3-
diolato)(oxalato)boron systems.

The distinct symmetry of the two equilibrium
structures of 2 results in substantially different
theoretical vibrational spectra (Table 4, Fig. 4).
From 111 fundamental modes of the tetrahedral
2a, 16 involve significant displacement of the bo-
ron atom (Table 6, denoted v4°, var®, vso®, Vsi“,
Vs3®, Vsg's Vels Ver'—Veo's Vi —V1o', Va4, Vies” for
2a), while 14 such modes were detected for trigo-
nal planar 2b (vzob, v36b, Vag's v51b, Veos vézb, Ver's
v73b, vis'—vas’, Ve, v103b) (the oxalate ring libra-
tions also involve boron displacement; these, how-
ever, were not accounted for). Excluding weak
modes, band couples Vi*/vas’, Vs/vs)” and
V5ga/V67b are not reliable for distinction as they
should appear with similar intensity at close fre-
quencies in both types of coordination. Despite
these, six prominent infrared bands remain indica-
tive: for the spectrum of the tetrahedral 2a, bands
at 1321 (strong, v4“), 1187 (medium, vs*) and
1159 (strong, vs3“) are characteristic, while for the
trigonal planar 2b, those at 1874 (strong, vzob),
1482 (very strong, v36b) and 642 (medium, voe's all
values scaled with 0.90). Two Raman bands in
addition are specific for the spectrum of 2b: 1874
(medium, vao') and 1482 (weak to medium, vs¢)).

Expected frequency lowering of
Vin(C*0''C°0") (vy9) and v, (C*0"'C°0") (v,)) for
about 20 and 17 cm™' for the form b of 2 from the
other boron compounds is not observed in the IR
spectra; instead, band positions are in the fre-
quency range of the other boronates and support
the existence of isomer a (Fig. 5).
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Table 6

Vibrational modes of the boron coordination
in the two isomers of (di-t-butylpropen-1,3-
diolato)(oxalato)boron

2a 2b
Mode Freq® IR® R’ Mode Freq IR® R’
va? 1874 s m
vid 1482 vs  wm
vt 1321 ] W
vi? 1212 s vw
v 1210 ] w
vso! 1187  m W
vs? 1171 s VW
vsi© 1166 vs VW
vsy® 1159 S vw
vsg® 1018 m VW
Ve, 982 VW VW
ver" 974 wvw w
Vo 947 w VW
ver' 879 w W

vest 869  vw  vw

ver© 866 m VW
Veo! 842 w W
vt 683 vw  vw
vy 675 VW w
vyt 664 vw -
vid 644 vw vw
vid 642 m -
vt 619 VW VW
vid 590 VW VW
visd 587 vw vw
vt 570 vw vw
Vg 460 w VW
vgs' 400 w W
V103a 194 VW
vigsh 162 VW VW

“ Theoretical (HF/3-21G) frequency
b Symbols denote: s — strong, vs — very strong, m — medium,
wm — weak to medium, w — weak, vw — very weak.

The strong v4 band (coupled v(C3C4C5)
stretching) expected around 1321 cm™' (1314 cm™’
for 1) appears at 1300 cm™'. This band may be the
equivalent of the band at 1370 cm™' in the spec-
trum of the tetrahedral (ethylmethylpropen-1,3-
diolato)(oxalato)boron, that was formerly empiri-
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cally assigned as B—O stretching [8]. There is little
doubt that this band originates from any mode of
the isomer b, as no strong bands for the latter are
expected in the region 1439 — 1225 cm™'. The vs,°
mode expected at around 1166 cm ', which repre-
sents the asymmetric stretching of the BO, tetra-
hedron, corresponds to the doublet of the strongest
bands in the spectrum of 2 at 1099 and 1094 cm';
this represents the strongest evidence for the tetra-
hedral coordination in the #-butyl analogue. Simi-
lar bands are also observed for all other studied
systems (1, 1051 em ' 3, 1085 crnfl; 4,
1088 cm ). The frequency order of the modes Vs
and vs; of 2 is inverted in respect to the corre-
sponding modes vj4 and vss of 1, and thus vs; is
preceded by the out-of-phase B'O’0" stretching
mode (vso) at 1127 cm . The latter band, however,
is not very prominent and characteristic, and may
be also a result of some of the modes vs,’—vs3.
The strongest band in the IR spectrum of 25 should
be the v;s’ mode (1482 cm ', Fig. 4), almost 4.5
times more intense than the second strongest one
(vsi’, 1171 cm™"). Although the exact relative HF
intensities are not reliable for quantitative com-
parison with the experimental data, there is no
such prominent band in the IR spectrum of 2; in-
stead, the most prominent bands feature similar
intensity, as expected for 2a. The presence of me-
dium strong IR bands lower than the strongest
doublet 1099/1094 cm ™" does not coincide with the
calculations that for 2a predict only weak bands
below 1159 cm™ (vs3"). Series of such bands with
gradually descending intensities are expected for
the isomer 2b; nevertheless, groups of similar
bands below 1000 cm ' are also found in the spec-
tra of the other boron compounds and are due to
infrared activation of the weak modes in this re-
gion. In fact, except for the butyl librations, the
spectral appearance of 2 in the lower IR region is
very similar with that of 1, and no band could be
assigned to the mode v+ of 26 around 642 cm .
From the above discussion, it can be con-
cluded about presence of the isomer « in the solid
state of the (di-z-butylpropen-1,3-diolato)(oxalato)-
boron, as in the diphenyl, methyl-phenyl and
pyridyl-pyridyl analogues. The spectrum of the
latter, however, can not be assigned with confi-
dence, but it is likely that a mixture of rotational
isomers exist. The experimental polycrystalline
spectra of the studied systems are rather complex
and future matrix isolation or solution studies
should contribute more accurate assignments. The

absolute values of the frequencies in the present
case, especially of the lower-frequency modes,
largely depend on the scaling scheme used, and,
therefore, can not be rigorously relied on for coor-
dination prediction. The HF method, on the other
hand, does not provide representative quantitative
picture of the relative intensities, which addition-
ally complicates the assignment.

3.5. Raman spectra and normal modes of 1 and 2

Due to fluorescence the bands in the Raman
spectra of 1 and 2 are superimposed on an intense
and sloping baseline (Fig. 6). The Raman bands
were obtained after fitting a sixth order function to
the baseline and subsequently subtracting it from
the total observed spectrum (Fig. 7). To a first ap-
proximation 1 can be regarded as possessing C,,
point symmetry and the normal vibrations should
transform in the same way as irreducible represen-
tations of the C,, point group. 1 is a 35 atom mole-
cule and the total number of normal modes is 99.
The vibrational irreducible representation of 1 is
Ty, = 344, + 154, + 20B, +30B,. All modes are
active in Raman and 4, modes are inactive in IR.
The molecule 1 can be “broken up” into several
parts and the normal vibrations of these parts will
be separately discussed (of course bearing in mind
that the modes of the individual parts of the mole-
cule are coupled). In the case of 1, the vibrational
irreducible representation can be broken up as fol-
lows: (1) normal vibrations of the phenyl rings, (2)
vibrations of the propen-1,3-diolato ring, (3)
modes of the BO, pseudo-tetrahedron, (4) modes
of the oxalate ring. Immediately follows that the
phenyl C—C skeletal modes are coupled with the
C—C modes of the propendiolato ring of 1, the
C—-0O modes of the propendiolato ring with the
modes of the BO, tetrahedron, and the modes of
BO, are directly influenced by the modes of the
oxalate ring of 1. The symmetry of 1 also causes
modes of the “left” (above) and of the “right” (be-
low) parts of the molecule to vibrate in-phase and
out-of-phase with each and each mode conse-
quently is split in two components. For example
the in-phase stretching modes belong to the 4, spe-
cies, and the out-of-phase modes to B, (B)) species.

The highest frequency bands in the Raman
spectrum are due to vinyl and aromatic CH stretch-
ing modes. Since there is only one vinyl C—H
group in the molecule, 1 should give rise only to
one band of very small intensity in the Raman
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spectrum and it appears at round 3150 cm . The
IR counterpart of this mode has a bit larger inten-
sity. HF/3-21G level of theory fails very badly in
predicting the relative Raman C—H intensities;
they are predicted to be much more intense than
they actually are in the spectrum of 1. The reasons
behind this are the low level of theory and the us-
age of frequency-independent polarisabilities in
the computation of the Raman intensities.

Intensity

B vrLLY 1Y
Aﬁﬁwdniuw y "*h—h____n__“_h__ﬁ 1_
—tn —
U ———— 2|
200 600 1000 1400 1800 2200 2600 3000 3400

Rarnan shift / em-1

Fig. 6. Uncorrected Raman spectra of
[CeHsC(O)CHC(O)CeHs](0.CCO,)B (1),
[(CH3);CCOCHCOC(CH;)5](0,CCO,)B (2)

600004

400004

200004 ‘
'JW\,W L after correction

|
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Fig. 7. The Raman spectrum of
[CsHsC(O)CHC(0O)C6H;5](0,CCO,)B (1) before (lower
spectrum) and after (upper spectrum) baseline correction

The normal modes of the aromatic C—H
stretchings appear at lower frequencies. There are
only two bands of small intensity in the Raman
and several bands in the IR spectrum. Five pairs of
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bands at almost the same energy are predicted to
appear in the IR and Raman spectrum of 1. They
correspond to the vibrations of the separate phenyl
rings and they are of almost the same energy. One
has to bear in mind that the individual components
of the pairs must be of different symmetry, other-
wise resonance effects (Fermi resonance, for ex-
ample) will cause the bands to split. Under C,,
point group symmetry the modes will belong to
either 4, or B, symmetry species. The local sym-
metry of 1 can also be confirmed by the fact that
there is no splitting of the five bands that appear in
the IR spectrum of 1. It is interesting to note the
positions of the maxima in the IR and in the Ra-
man spectrum of 1. Immediately follows that the
in-phase mode makes up the intensity of the Ra-
man band and the out-of-phase component the in-
tensity of the IR band. The small difference (~ 6
cm ') suggests that the correlation field splitting is
very small in the crystal of 1 or at least has not
much influence to the vibrations of the phenyl
C—H groups.

In the case of 2 the vinyl C—H stretch is split
in two components, one at 3144 and other at 3156
cm ', which is clearly seen in both IR and Raman
spectra of 2. In the region of the CHj stretching
modes of the #-butyl groups 9 pairs of modes are
theoretically predicted. These bands are consisted
of the in- and out-of-phase stretching modes for
the two #-butyl groups, which are degenerate in
energy. In the IR spectrum five broad bands are
observed with no splitting of the individual pairs
(the bands have almost no intensity in the Raman
spectrum of 2). The splitting of the vinyl C—H
stretch might be due to the presence of two differ-
ent C—H lengths in the unit cell of 2.

The C=0 stretching modes of the oxalate part
of the spiroboron compound 1 appear at around
1800 cm™'. Two bands due to in-phase and out-of-
phase stretching modes of 4, and B, symmetry are
predicted to appear in the IR and Raman spectra
with frequency difference of approximately 25
cm '. In the IR spectrum there are at least three
bands in this region. After careful band reconstruc-
tion using a non-linear least squares fitting tech-
nique, it can be seen that there are four and three
bands in the IR and Raman spectra, respectively.
The number of bands under the band profiles in
the experimental spectra is clear after examining
the second derivative of the band envelope. The
fitted results from the Raman spectrum should be
taken with caution because of the low S/N ratio of
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the experimental data and consequently the large
error. The intensities of these bands in the Raman
spectra are very low and the fitting will be less
accurate. The frequency differences between the
pairs of the peaks in the IR spectrum are 17 cm™'
and 23 cm’! respectively, and the difference be-
tween the in-phase and out-of-phase components
are 25 cm ' and 30 cm ' respectively. The relative
IR intensities between the split components are 1.3
and 1.2 and the intensity ratio of the sums of the
split bands is 2, while the predicted IR relative
intensity is 3. The predicted relative Raman activ-
ity ratio is 1.6 which agrees well with the experi-
mental data. It should be bared in mind that these
results may not be the best possible solution to the
experimental data and that more than four bands
can be fitted to the experimental band profile. The
bandwidths of the fitted spectrum are also worth
mentioning. Actually, one of the components has
much greater bandwidth than the other but it has
very small height; nevertheless, the relative inten-
sity ratios are almost the same between the two
pairs of split bands. Trials to fit the band profile
with 6 components, yielded similar result, the in-
ner components of the band complex having
greater bandwidth than the outer components
which are much sharper.

There could be several reasons which could
lead to splitting of the in-phase and the out-of-
phase C=0 stretching bands of the oxalate part of
1. It is possible that the splitting is a result of in-
tramolecular interactions of a Fermi resonance
type, as a result of interaction between second or-
der transitions and the C=0 stretching modes with
the same symmetry. The Fermi resonance might be
also responsible for the smaller intensity ratio (2)
of the two modes than the predicted value (3),
since they might “borrow” some of their intensity
to the second harmonic modes they interact with.
Other reason, which could lead to splitting of these
bands might be the correlation field present in the
unit cell of the crystal of 1. Experiments with iso-
topically labelled oxygen atoms on the carbonyl
group might give some insight into the possible
reasons for the appearance of more than one band
in this frequency region.

In the case of 2 there are also at least 3 bands
in the region of the C=0 stretching modes of the
oxalate part of the complex. It is interesting to note
that the intensities of the two higher frequency
components are switched and have larger Raman
intensities when compared to the corresponding

bands in the Raman spectrum of 1. The possible
reason for this intensity swap may be an interac-
tion with a second harmonic of some of the lower
frequency modes with a different intensity and at
different frequency from the overtone which pos-
sibly interacts with the C=0O stretchings in the case
of 1. The larger Raman intensity in the spectrum of
2 may be due to the different shapes of the po-
larisability tensors of 1 and 2.

4. CONCLUSIONS

The solvothermal method provides a conven-
ient and economically feasible access to single
crystalline phases of (diphenylpropen-1,3-diolato)-
(oxalato)boron (1) and similar strongly lasing spi-
roconjugated bis-chelated boron compounds. Model
ab initio calculations were performed to obtain
the equilibrium molecular geometries and the
vibrational (infrared, Raman) spectra of isolated
B-ketoboronates, [RC(O)CHC(O)R'](0,CCO,)B
R=R'=Ph; R=R'=t-butyl; R =Me, R'= Ph and
R =R'=2-pyridyl) in the ground state. The mo-
lecular structures resemble the solid state data of 1
and similar boron systems. The calculations reveal
at least two local potential energy minima for each
compound: tetrahedral (sp’) BO, or trigonal-planar
(sp’) BO; coordination of the boron atoms. The
former isomeric forms are much more stable, it is
very likely that they coincide with the global min-
ima on the potential multidimensional surface and
also represent the actual molecular structures in
the solids, as demonstrated in the case of 1. By
analysis of the vibrational spectra of the z-butyl
analogue, for which the trigonal coordination is
most probable among the studied systems, it is
shown that although such minimum is indeed pos-
sible, only the more stable tetrahedral form exists
in the solid state. This, on the other hand, confirms
that the differences in the colour exhibited by the
di-#-butyl and the other compounds stems from the
specific electronic structure of this compound,
conditioned by the absence of aromatic ring sub-
stituents. This conclusion is additionally supported
by the existence of similar colourless tetrahedral
(methylethylpropen-1,3-diolato)(oxalato)boron for
which the X-ray data revealed tetrahedral coordi-
nation. It is probable that the spiro-type electronic
transitions of the (dialkylpropen-1,3-diolato)(oxa-
lato)boron system occur but fall out of the visible
range; additional computations of the first excited
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singlet and triplet states of this system should be
performed in the future to gain insight in these
presumptions. The spectral analysis points out
several modes that can serve as a vibrational crite-
rion for distinction of the boron coordination type.
The present results, nevertheless, open several
questions to be considered in the future studies of
the spiro-boron compounds: a. assessment of the
theoretical method through higher-level theoretical
computations of the structures with extension of
the basis set, . comparison with spectra recorded
from diluted solution or species isolated in an inert
matrix, and c. theoretical vibronic analysis of the
relevant excited molecular states and computation
of the fluorescence spectra.
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