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Reversible Formation of Organyl(oxo)boranes (RBO) (R= CgHs or
CHs3) from Boroxins ((RBO)3): A Matrix Isolation Study
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Flash vacuum pyrolysis of triphenyl- and trimethylboroxin and subsequent trapping of the gas phase
products in a large excess of argonTat< 20 K allows matrix isolation and characterization by IR
spectroscopy of phenyl(oxo)borane and methyl(oxo)borane. The nature of the matrix isolated species,
monomeric CHBO, 1:1 dimer complex of CEkBO, (CH;BO),, and (CHBO);, depends strongly on the
trapping temperature and matrix host gas (Ar vs Xe) with the boroxin dominating at 30 K (Ar) or 55 K
(Xe). An ab initio investigation (second-order MghePlesset perturbation theory) of the potential energy
surface for trimerization of CHBO is in agreement with the experimental observations.

Introduction due to the kinetic and thermodynamic instability otoward
trimerization (Scheme .17

Oxoboranes XBO are fundamental yet highly elusive boron  QOrganoboroxins have been structurally charactetfzédiand
compounds. Inorganic derivatives of XBO, %= H, N, O, F, are rather stable compounds under anhydrous conditions (e.g.,
Cl, Br, or I, have been obtained previously by reaction of either they form 1:1 complexes with nitrogen bases without degrada-
the boron halides with £; at temperatures exceeding 1000 K tion of the six-membered heterocyclic rirg)22 and their
or by co-condensation of boron atoms with small molecules thermal decomposition is reported to go along with the
(H20, O, or NO)2~° Such techniques are clearly not suitable degradation of the organic liganésConsequently, other routes
for the generation of organyl(oxo)boranes (RBQ) R = to 1 were sought, and the methyl-1,3,2-diborolane-4,5-didje (
organyl), the monomeric anhydrides of the boronic ad@ds  proved useful. After the mass spectrometric detectiobbofR
These are invaluable reagents in modern organic synthesis (e.9.= Me) in 197716 the first direct spectroscopic characterization
in the Suzuki® cross-coupling reactions) and are currently of an oxoborandb in the pyrolysis mixture oft was achieved
receiving increased interest as molecular building blocks in by Bock et aP4 using photoelectron spectroscopy (Scheme 2).
crystal engineering as they combine both hydrogen bonding and -~ As organic groups larger than a methyl group resulted in
Lewis acidic motifs!*~13 As compared to boronic acids, the insoluble derivatives oft which lack the necessary volatility
dicoordinated boron center this expected to show increased for gas phase experiments, no organyl(oxo)boranes other than
Lewis acidity, while the oxygen atom should still be able to 1 have been studied by direct spectroscopic techniques to date.
act as a hydrogen bond acceptor. Such aspects of the chemistry anzisera and Andrews characterizél by IR spectroscopy
of 1 have never been investigated due to the lack of generally as one of the products of the reaction of boron atoms with
applicable access to these systems. A straightforward route,methanol under the conditions of matrix isolatm number
dehydration o®, yields the trimeric boroxin8 instead ofl,'"***  of trapping experiments have furnished additional evidence for
the existence of RBO (R= 2,4,6-trit-butylphenyl?6-27 2 4 6-
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g g Table 1. Vibrational Frequencies (in cntt) and Infrared
A 28 28 % 24 19 ne 7 Intensities of Phenyl(oxo)borane 1a from Experiment (Ar
| R : ‘ ‘ Matrix, 10 K) and Theory 2
; symmetry rel Wiheor (CM™1)
i Number  species Vexp (CM™1) intensity (I (km mol~1))
33 A 3240.1 (5.6)
32 B 3053 0.02  3232.6(10.7)
> 31 A 3221.9 (2.7)
30 B 3214.9 (0.1)
29 A 3208.8 (0.1)
w 28 A 2040, 2038, 2035 0.21  2054.5 (248.6)
- N 28 A 1977,1975,1972,1971  1.00  1989.2 (232.1)
T W o J 27 A 1645.9 (0.6)
‘ i * 26 B 1617.1 (0.7)
A HBO JJM L - J v 25 A 1518.7
« N / 1 7(4.9)
~_ k«‘/m‘”\ﬂ SNl J S V 24 B, 1438 006 14752 (8.2)
‘ ; . : : : ‘ ; 23 B 1439.4 (2.3)
2200 2000 1800 1600 1400 1200 1000 800 600 22 B, 1339.0 (L.0)
Figure 1. IR spectra of the triphenylboroxin pyrolysis products 21 A 1210.3(0.7)
trapped in Ar at 10 K (bottom trace) and spectrum computed for ig 2’2 1168 0.02 111fgé11((()60%)
CeHsBO (1a) at the MP2/cc-pVTZ level of theory (top trace). Bands 18 le ' 11008 (Lé)
due to CO, HBO, and water (w) are labeled. Stars identify signals 17 A 1051.6 (2.5)
due to triphenylboroxir8a. 16 A 1010.7 (0.9)
15 B, 984.7 (0.0)
Scheme 1. Dehydration of Boronic Acids 2 Generally Yields 13 @12 ot ?1)23
Trimeric Anhydrides, Boroxins 3 12 A 869.9 (0.0)
R 11 B 749, 747 0.13  754.9 (46.7)
OH ) 1. AT o 10 A 733.6 (0.0)
3 Rg - 3H,0 o/B\o 2. Ar 5 9 B, 692 0.18  697.3(20.8)
\ T | - B 8 B, 624.6 (1.0)
OH + 3H0 _B. __B_ R 7 B: 551, 550 0.03  554.6 (39/D)
R™ 0" R 7 B: 540, 539 0.17  543.9(36.3)
6 B> 535 0.05  535.0(14.0)
2 3 a R=-C,H, 1 ¢51 ﬁl gsgg ggg;
N = - 2 . .
b: R =-CH, 3 B, 379.3(5.5)
. 2 B, 127.5 (5.4)
Scheme 2. Synthesis of Methyl(oxo)borane (1b) by 1 B: 125.2 (1.9)

Thermolysis of Methyl-1,3,2-diborolane-4,5-dione (4) as

Reported by Bock et al4 aMP2/cc-pVTZ, unscaled; intensities in km mélgiven in parentheses.

b 108 jsotopomer, natural abundance 19.2%.

0 1100 K
H,C—B, 1 — H,C—B=0 + CO, + CO bands can be assigneditabased on comparison with ab initio
0" o data (MP2/cc-pVTZ, see Table 1).

The signal pairs at 2037/1975 and 550/540 ¢fmave a 1:4
intensity typical for boron compounds with a natural isotope
2) by chemical ionization in a mass spectrometer has beenCOMposition {’B/1'B = 1:4.1) and are due to the-fO stretching

reported more recentf.A stabilized oxoborane has also been (82) and bending (f) vibrations, respectively. These bands, along
obtained recentl§? with the CH wagging mode at around 750 chishow a

pronounced fine structure, probably due to matrix site effects.
In an attempt to investigate the interaction d with CO,

4 1b

We report here that the organyl(oxo)borategR = CgHs)

and 1b (R = CHg) can be generated thermally form the . . .
corresponding boroxindby pyrolysis in the gas phase, isolated pyrolysis products were trapped with Ar/CO (1000:1) mixtures.

in cryogenic noble gas matrices, and studied by FTIR spec-Additional signals at 2145.9 and 1967.5 cmesult, which upon
troscopy (Scheme 1). This allows, for the first time, for the annealingto 38 K increase, while signals due to CO (2139Fm
synthesis of phenyl(oxo)borari@ and the observation of the ~a@ndladecrease. We assign these two signals to/ () and

thermally initiated aggregation ofb in argon and xenon  V(BO) vibrations of a @Hs—BO-+-CO complex, which is bound
matrices. by only 1 kcal mol? (CCSD(T)/cc-pVTZ/IMP2/cc-pVTZ). The

shifts of the CO (7 cm? blue) and BO (7 cm! red) stretching
Resul d Di . vibrations are in reasonable agreement with ab initio (MP2/cc-
esults and Discussion pVDZ) data (6 and 4 crt, respectively).

Fragmentation of Boroxins and Recyclization Subjecting The thermal fragmentation of boroxins is not limited to the
the boroxin3ato flash vacuum pyrolysis (FVPT ~ 650 °C, phenyl systenBa Carrier gas pyrolysis o8b (0.01% in Ar)
quartz tube) and freezing the gaseous products in a large exces¥ields 1b, whose IR spectral data in solid argon are in excellent
of Ar at T < 20 K, IR signals (Figure 1) due to the usual agreement with those reported previously by Lanzisera and
contaminants in FVP experiments (@O, and HO), 3a, and Andrews (see Table 2f.The trapping temperature proved to
traces of HB® are observed. The yield of the latter species be extremely important for the detection Hf. Increasing the
increases at higher thermolysis temperatures. The remaining IRtemperature of the spectroscopic window from 18 to 30 K and

above does not yield anyb under otherwise identical experi-

(30) () McAnoy, A. M.; Dua, S.; Scfitter, D.; Bowie, J. H.; Schwarz, mental conditions. RatheBb is observed as the only product

H. J. Phys. Chem. 2003 107, 1181. (b) McAnoy, A. M.; Dua, S.; demonstrating the high kinetic instability ab.
Schraler, D.; Bowie, J. H.; Schwarz, H. Phys. Chem. 8004 108 2426. . . .
(31) Vidovic, D.; Moore, J. A.; Jones, J. N.; Cowley, A. H.Am. Chem. The composition of the trapped thermolysis mixture does not

Soc.2005 127, 4566. only depend on the temperature of the cold window but also
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Table 2. Vibrational Frequencies (in cnt?) and Infrared is observed. Under various decomposition conditions, a set of
Intensities of Methyl(oxo)borane 1b from Experiment (Ar three very weak signals (1210, 1271, and a shoulder at 1343
Matrix, 10 K) and Theory cm™l) is reproducibly observed, and these are tentatively
Vexp (CM™Y) assigned tdrb. The highest yield ofrb is obtained (750C;
Wtheor (CM™L) 0.2% mixture of3b in Xe) at a trapping temperature of 30 K,
(I (km mol~1)), which gives6b as the most prevalent species. Trapping at lower
present literatufe  symmetry species assignment (18 K) or higher temperatures (50 K) givekb or 3b,
3186 (0.1), E FB]-1b, v(CH) respectively, as the dominating compounds. The tentative
3092 (0.2), A [*'B]-1b, v(CH) assignment of the weak bands b is supported by further
2038.8 2038.5 2040 (148.1);A  [¥B]-1b, »(BO) experiments and by theory. Two-photon absorption during
2030.2 2029.9 combination in [19B]-1b' . . - .
Fermi resonance irradiation with light of a KrF excimer laser (248 nm) allows
with »(*°BO)P thermal energy transfer from the solid xenon matrix to the
2021.2 2027 (180.1),’A  ['%B,!'B]-6b, »(BO) entrapped molecul€d.This technique, successfully employed
1322.2 1972.4 12%765((310323865;)EA Eig]zj_léabvv(?BC(J))) by Maier and co-workers for the generation of radicais? .
1957.7 1962 (136:3):,A [108,118]-'6b, »(BO) provides a means for thermal excitation of mp!ecules_, which
1479 (10.7), E 1'8]-1b, 6(CH) themselves do not absorb at 248 nm, a condition fulfilled by
1305.2 1305.0 1344 (11.0),A  [YB]-1b the molecules investigated here. Such treatment (10 Hz pulse
1299.7 1336 (37.9), B [EBz]-% repetition) of the xenon matrix described previously results in
gg‘;:;’ ggg:g ggg:g' ggg:g ggg Eigigg ng:ig an increase of the 1210 cry 1271 cm?, and 1343 cm?!
' ’ 821(0.0), A [1B]-1b absorptions (see Supporting Information). However, not only
356 (23.3), E FB]-1b the signals oB6b but also those ofb and3b reduce in intensity
a MP2/aug-cc-pVTZ, unscaled; intensities in km mokre given in under these conditions, althougp decreases slightly more than
parenthese. Ref 25. 1b. The loss of almost all species, except for that responsible

for the three new signals, is most likely due to laser ablation of
the xenon matrix, whose low optical quality (it is opaque rather
than transparent) is a consequence of the necessary deposition
conditions (FVP; Csl window at 30 K). The tentative assignment
of the signals to/b is also supported by computational data
0.05% (Table 3).

Finally, as expected, the IR spectraXdj and 3b are only
slightly shifted in Xe as compared to the data obtained in Ar.
The most pronounced difference is that the splitting ofithe
(19BO) signal inlb, previously ascribed to a Fermi resonance
with a combination banéf, is not observed in solid Xe. The
observed vibrational frequencies, 2038(8°BO), 1974.8v(*1-
BO), 1300.1, 901.9/899.5, and 894.2/891.9 ¢nshow boron
isotopic ratios of 1.03231 (exptl) in good agreement with theory

i—— T —
e} CD: >

(1.03307).
‘ Computational Analysis. A computational investigation of
A 0.01% the cyclotrimerization oflb at the MP2/aug-cc-pVTZ level of
2100 2000 1900 theory is in agreement with the experimental observations (see
; Figure 3). The formation db from 1bis a strongly exothermic

) = Vlem™ ) o process AHg (0 K) = —99 kcal mot™?) involving the complexes
Figure 2. IR spectra of the pyrolysate of trimethylboroxiBhj in 6b and 8b as well as the 1,3-dioxa-2,4-diboretaifé as

the BO stretching region. (A) 0.05% in Ar, (B) difference ;010 qiates which are all lower in energy than three separated
spectrum: bands pointing downward decrease in intensity upon molecules ofib

annealing the matrix in trace A to 38 K; and (C) 0.01% in Ar. o )
The methyl derivativelb has been the subject of a number

on the flow rate through the pyrolysis tube and on the boroxin Of computational investigations aimed at understanding its
concentration in the gas mixture. In addition to the signals due electronic structure as well as at deriving experimentally
to 1b, we observe weak signals at 2021.2, 1962.2, 1957.7, andinaccessible dat&% The similarity of the photoelectron
1299.7 et when using a 0.05% mixture 8b in Ar for carrier spectrum ofLb with that of the isoelectronic CG}CN molecule
gas pyrolysis. The intensities of these signals increase uponl€d Bock et al. to conclude that the BO bond in this oxoborane
subsequent annealing of the matrix to-3 K, while they are is a triple bonc* This interpretation of the bonding ith is in

not observed if the concentration 8b in the pyrolysis gas
mixture is lowered to 0.01% (Figure 2). We hence assign these (32) Maier, G.; Senger, S.iebigs Ann.1996 45.

; ; ; (33) Maier, G.; Jwen, D.; Tross, R.; Reisenauer, H. P.; Hess, B. A;;
absorptions to the dimeric complék of 1b (Scheme 3). More Schaad, L. JChem. Phys1994 189, 383.

extended annealing in argon does not give any convincing —(34) maier, G.; Lautz, C.; Senger, Shem—Eur. J. 200Q 6, 1467.

evidence for the cyclization @b to the 1,3-dioxa-2,4-diboretane (35) Raabe, G.; Schleker, W.; Strassburger, W.; Heyne, E.; Fleischhauer,
7h. J.; Bachler, V.Z. Naturforsch., A: Phys. Scl987, 42, 1027.
. o . (36) (a) Nguyen, M. T.; Groarke, P. J.; Ha, T.-Mol. Phys.1992 75,
There is, however, some indication for the formation7of 1105. (b) Nguyen, M. T.; Vanquickenborne, L. G.; Sana, M.; Leroy)G.

during freezing of the pyrolysate mixture onto the cold Ph{s.)Chem1993 975 5224H

ic wi i ; i i 37) So, S. PJ. Phys. Chem. 2002 106, 3181.
spectroscppm window, in particular if xenon is used as th.e. host (38) Sana, M.: Leroy, G.: Wilante. @rganometallics1992 11, 781.
gas. As with argon, a strong dependence of the composition of (39} jprahim, M. R.; Bial, M.; Knab, R.; Schleyer, P. v. R. Compui.

the matrix on the trapping temperature and boroxin concentration Chem.1992 13, 423.
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1.220

1.538

1b, C,, 6b, C,, TS1, C,, 7b, C,,
6.1 +2.0 -36.4

Figure 3. Geometries of species involved in the cyclotrimerization of methyl(oxo)botares computed at the MP2/aug-cc-pVTZ level
of theory. Energies (in kcal mol) given for the dimeric§b, TS1, and7b) and trimeric 8b, TS2, and3b) species are relative to two and
three monomer&b, respectively.

Scheme 3. Dimerization of Methyl(oxo)borane 1b, 1:1 Scheme 4. Stepwise Trimerization of Methyl(oxo)borane 1b
Dimer Complex 6b, and 1,3-Dioxa-2,4-diboretane 7b To Give Trimethylboroxin 3b
CH CH
_ o b o-g Hopeo HiCB=O (I;._llg’CH3 +H;C-B=0 ,E';\;
S ¢ Thoweo |, B0  TRceo | &
CH, HsC 3 HsC™ 0"~ “CHj
1b 6b 7b 1b 7b 3b
Table 3. Vibrational Frequencies (in cnt?) of formation of3b from 8b is significantly more exothermic than
1,3-Dioxa-2,4-dimethylboretane (7b) fron; Experiment (Xe the formation of7b from 6b, and consequently, the barrigig2)
Matrix, 30 K) and Theory for reaction is significantly smaller (4 kcal md). In the
symmetry Wtheor (CM™1) transition stateTS2, there is a pronounced asymmetry in the
Number species vexp(Cm ™) (I (km moi~1)) newly forming B-O bonds (1.91 and 2.34 A), while the BO
19 B, 1343 1382.9 (550.4) bond of the attacking monomer is much less stretched than in
17 Ay 1270 1302.9 (309.6) TS1 The fact that the barrier of formation @b is higher than
ig E 1211 ;227‘12'?6(53‘;"5) that for its disappearance by reaction with another molecule of
9 B, 737.6 (35.1) 1b explains why7b could only be detected in low concentra-

& MP2/aug-ce-pyVTZ, unscaled; intensities in km mgiven in paren tions. The rather low barriers and their relative heights are
theses. Only bands Wit,h an absoiute intensity larger than 10 km'racé responsible for the facile de novo generatiorBbfat slightly

given. Experimental intensities could not be obtained due to overlap with €levated tr_apping temperatures andlbrco_ncer_]tra?ion-
bands oflb. Comparison with Iminoboranes. The trimerization of ox-

oboranes RBO (Scheme 4) appears to be analogous to that of
iminoboranes RBNR, which is known to involve cyclic dimers
(RBNR),.4041

These (RBNR) dimers can be isolated in the presence of
bulky substituents R, in analogy to the known 1,3-dioxa-2,4-
diboretaned bearing large group®:#243The presence of trimers
resembling Dewar benzene, established in the RBNR s#ifeés,
is not observed here. Indeed, the attempted geometry optimiza-
tion of a Dewar boroxole resulted Bb instead.

agreement with a computational analysis of HBO, which was
concluded to have “essentially a dative triple character”.

Our MP2 computations using the large aug-cc-pVTZ basis
set give a dipole moment of 3.60 D fdib. This number is
somewhat larger than the 3.4 D reported earlier at the MP2/
DZP level of theon?® The strong associatior-6 kcal mol™)
of the two molecules ofb to yield the 1:1 complegb is driven
by the annihilation of this large dipole moment. The long
intermolecular B:+O distances of 3.05 A i6b and a minor

change in the BO bond lengths in the individual monomers are Conclusion

clearly incompatible with dative borenioxygen interactions. In summary, we have shown that the hitherto unknown

Thus, 6b is best considered a dipotelipole complex. phenyl(oxo)boranda, the monomeric anhydride of the syn-
The barrier througi S1 for the exothermic formation\Hg-

(0 K) = —30 kcal mof?) of the 1,3-dioxa-2,4-diboretan&lf) (40) Paetzold, PAdv. Inorg. Chem1987, 31, 123.

from this complex is 8.1 kcal mot (Figure 3). In the transition (41) Paetzold, PPhosphorus, Sulfur Silicon Relat. Elei894 93-94,

stateTS1, the intermolecular BO distances are much shorter, '(42) Mznnig, D.; Narula, C. K.: Nth, H.: Wietelmann, UChem. Ber.
2.08 A, while the BO bonds have stretched significantly to 1.25 1985 118 3748.

A. The relatively high barrier explains why annealing experi-  (43) Hanecker, E.; N, H.; Wietelmann, UChem. Ber1986 119, 1904.
ments in argon yieldb, while 7b could not be observed. The (é‘:])e%aegc?_!fgsz’%/gnlzgho’ C.; Schmid, G.; Boes&.Rlaturforsch.,
association o¥b with another molecule dtb to give the adduct ' (45) Steuer, H. A.; Meller, A.; Elter, Gl. Organomet. Chen1985 295

8b is also exothermic AHr(0 K) = —5 kcal mol?l). The
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thetically important benzeneboronic a@d can be synthesized temperature by resistive heating using an Oxford ITC 503 temper-
by FVP of its boroxin trimeBaand trapped in an argon matrix  ature controller. IR spectra were measured between-4800 cnt!

at cryogenic temperatures. This approach to monomeric anhy-on Bruker IFS 66 and IFS 66/S spectrometers using a resolution
drides of organoboronic acids allows for the study of methyl- of 0.5 cnT™.

(oxo)boranelb and its facile reaction back to trimethylboroxin The computational investigations used second-order Mgller
3b under the conditions of matrix isolation. We find that 1,3- Plesset perturbation theory (MP2) in conjunction with the cc-pVTZ
dioxa-2,4-diboretan@b is formed only in low concentrations ~ and aug-cc-pVTZ correlation consistent basis Seseometries

at elevated trapping temperatures using xenon as a matrix hosP! stationary points were optimized, and harmonic vibrational
gas, indicating that the trimerization db is stepwise and frequencies were computed at the MP2/cc-pVTZ level of theory

involves7b as an intermediate. As the chemistry of boron oxides for all compouqu. In addition, harmonic vibrational frequencies
RBO has received very limited attention until now, we are were also obtained at the MP2/aug-cc-pVTZ level of theory for

currently studving comolex formation and possible reactions 1b. The geometries of species involved in the cyclotrimerization
with Lev>\//is bagesg P P of 1b (i.e.,3b, 6b, 7b, TS1, andTS2) were further optimized using

the aug-cc-pVTZ basis set, but the corrections for zero-point
vibrational energies obtained at MP2/cc-pVTZ were used for
Experimental and Computational Procedures deriving the relative energies given in Figure 4. The interaction
energy of the binary complex dfa with CO was corrected for
basis set superposition errors by the counterpoise method a
posteriori®* All computations employed the frozen-core approxima-
tion and were performed with Gaussian%3.

Triphenylboroxin 8a) was obtained by dehydration of ben-
zeneboronic acid (Aldrich, 97%), which was recrystallized twice
from water and washed with petrol etféy heating” in vacuo
or by reaction with SOGIin diethylether as described by Frohn et

al#8 for pentafluorophenylboronic acid. Trimethylboroxin was Acknowledgment. Financial support was received from the
purchased from Aldrich (99%) and was used without further Fonds der Chemischen Industrie, Deutsche Forschungsgemein-
purification. Matrix experiments were carried out according to  schaft, and Ruhr-Universit8ochum. | am very grateful to Prof.

standard techniquéwith APD CSW-20 displex closed-cycle \v. Sander for access to the matrix isolation equipment and
helium cryostats. Pyrolyses were performed with a quartz tube (10 he|pful discussions.

mm i.d., 200 mm length), which was resistively heated by Ta wire

coiled around it. Temperatures were measured with-Gi/Ni Supporting Information Available: Cartesian coordinates of
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