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Abstract
Organotrifluoroborates are robust reagents capable of withstanding ozonolysis of remote alkenes,
thus providing a new route to oxo-substituted organotrifluoroborates. The primary ozonides initially
generated upon ozonolysis can be reduced with Zn/AcOH to afford the carbonyl compounds.
Alternatively, capture of the carbonyl oxides with either an appropriate N-oxide or H2O easily gives
the desired oxo-substituted organotrifluoroborates. Both unsaturated alkyltrifluoroborates and -
aryltrifluoroborates effectively participate in the reaction. The process provides oxo-functionalized
organotrifluoroborates that cannot be prepared directly via either transmetalation or hydroboration
protocols.

Introduction
Organoborons are normally regarded as relatively sensitive compounds that are used
immediately upon preparation for synthetic transformations in which the carbon-boron bond
is exploited as the key reactive functional group in the desired conversion. Synthetic sequences
can be envisioned, however, in which it would be desirable to carry the boron moiety through
several routine transformations on remotely embedded functional groups before taking
advantage of its unique properties in new bond-forming events. Organotrifluoroborates provide
an ideal platform to explore these possibilities.

The versatility and unique reactivity of organotrifluoroborates in a number of synthetically
useful processes (e.g., Suzuki-Miyaura coupling reactions,1,2 rhodium-catalyzed 1,4-
additions,3,4 and allylation of aldehydes5), makes them among the more useful organoboron
reagents. Organotrifluoroborates are easily prepared in high yields from the corresponding
boronic acids or boronic acid derivatives.6–8 The tetracoordinate nature of these species,
fortified with exceptionally strong boron-fluorine bonds, provides extraordinary opportunities
for manipulation of remote functional groups with retention of the trifluoroborate because the
boron moiety is effectively immunized against a number of routine chemical operations. As
one example, we have previously demonstrated that alkene epoxidation reactions can be
performed in the presence of the organotrifluoroborate unit, creating a novel entry to potentially
valuable and unique organic synthons.9 In this Note we describe the ozonolysis of unsaturated
potassium- and tetrabutylammonium organotrifluoroborates, which not only demonstrates the
resistance of the carbon-boron bond to oxidation by ozone, but also provides a unique access
to oxo-substituted organoborons; reagents that are inaccessible by direct hydroboration or
transmetalation protocols.

Ozonolysis of carbon-carbon double bonds provides an efficient method for the introduction
of carbonyl functional groups into a host of organic substrates.10 In addition to having a well-
understood mechanism,10,11 the variety of available reaction conditions makes ozonolysis a
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powerful and versatile method in organic synthesis.12 Even so, a single example exists in which
this method has been used with an organometallic intermediate.13 Herein we describe our
efforts toward ozonolysis of both potassium- and tetrabutylammonium organotrifluoroborates,
providing carbonyl-containing organoborons.

During early investigations of the ozonolysis of potassium 3-methylbut-3-enyltrifluoroborate
1 we discovered that treatment of the alkenyltrifluoroborate with ozone gave a secondary
ozonide and a small fraction of carbonyl product without the cleavage of the carbon-boron
bond. In fact, once formed, the ozonide demonstrated remarkable stability, resisting
transformation to the carbonyl product 2 even under refluxing methyl sulfide.

To avoid this stable intermediate we employed a solvent participating protocol11 whereby a
protic solvent was used in the reaction mixture to capture the carbonyl oxide intermediate
before it could recyclize to form a secondary ozonide (Figure 1). Following a survey of several
protic solvents, alkene 1 was ozonized successfully using water as a cosolvent (Table 1, entry
1). This presumably involved the conversion of the carbonyl oxide intermediate into the
carbonyl product 2 (Procedure A), thereby avoiding formation of the stable secondary ozonide
(Figure 1).11

To determine the generality of this method, potassium 4-ethenylphenyltrifluoroborate 5 was
subjected to the same conditions. Unfortunately, application of this method to the styrenyl
substrate gave a 50:50 mixture of potassium 4-formylphenyltrifluoroborate and 4-
carboxyphenyltrifluoroborate as products. The generation of the acid side product was
suppressed by the addition of N-oxides, amines (which are transformed to N-oxides by exposure
to ozone), or amides to the reaction mixture.14 Furthermore, the product was isolated by
extraction with tetrabutylammonium hydroxide to give tetrabutylammonium 4-
formylphenyltrifluoroborate 4 in good yields (Procedure B, Table 1, entries 3 and 4).

During the investigation of terminal alkenyltrifluoroborates, the method was extended to
tetrabutylammonium decenyltrifluoroborate 6 and tetrabutylammonium 4-
butenyltrifluoroborate 10. The installation of an aldehyde functional group was initially
pursued utilizing 6. The tetrabutylammonium 8-trifluoroboratooctanal 7 was obtained in good
yield by ozonolysis of the alkenyl substrate 6 with the addition of pyridine N-oxide and pyridine
to the reaction mixture (Table 1, entry 5). The more densely functionalized γ-substituted
aldehyde tetrabutylammonium 3-trifluoroboratopropanal 11 was accessed from 10 by the
addition of either triethylamine or a combination of pyridine N-oxide and pyridine to the
reaction mixture (Table 1, entries 8 and 9). Furthermore, aldehyde 11 was obtained by treatment
of the secondary ozonide of 10 with pyridine (Procedure C), giving the product in good yield
(71%). This latter protocol marks an interesting expansion of the overall ozonolysis
transformation, as the use of pyridine in this acid/base reaction (see Figure 1) is one of only
two methods found that effectively collapsed the very stable secondary ozonide formed from
unsaturated organotrifluoroborates.

The second method found for the decomposition of the organotrifluoroborate secondary
ozonides utilized a zinc/acetic acid slurry to reduce the tetrabutylammonium ozonide to the
desired carbonyl product. Addition of this slurry following the introduction of sufficient ozone
for complete conversion of the alkenyl substrate yielded the desired product for both
organotrifluoroborates 6 (95%) and 12 (95%) (entries 6 and 12, respectively).

During the study of the tetrabutylammonium (cyclohex-3-enyl)methyltrifluoroborate substrate
8, good yields of the aliphatic dialdehyde tetrabutylammonium 4-formyl-2-(formylmethyl)
butyltrifluoroborate 9 were achieved when pyridine was utilized in the reaction mixture
(Procedure B), presumably bypassing the secondary ozonide intermediate with a mechanism
closely paralleling that of the solvent participating protocol (Figure 1). Notably, the reaction
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of alkene 8 used substoichiometric pyridine (0.5 equiv) to give the highly sensitive dialdehyde
product 9, suggesting that not only is the N-oxide effectively generated and used in situ, but
also that, following the collapse of the intermediate, pyridine is regenerated. Interestingly,
when the solvent participating conditions with water (Procedure A) were used on the aliphatic
aldehyde precursors 8 and 6, the reaction became problematic and produced polymerized
product.

Finally, the tetrabutylammonium salt of substrate 1 was revisited (Table 1, entry 11). Using
Procedure B it was demonstrated that in addition to their effectiveness in the installation of the
aldehyde functional group, the use of N-oxides is effective in generating ketones as well, giving
13 in good yield (89%).

In summary, unsaturated organotrifluoroborates can be ozonized to the corresponding carbonyl
moieties under standard conditions. This method presents a significant expansion of the
chemistry of organoboron compounds, including the ability to introduce both aldehyde and
ketone functional groups into organoboron reagents in a direct manner. These particular
functional groups are not compatible with the traditional transmetalation or hydroboration
routes to organoborons. Access to boronic acid or boronate ester substrates containing these
carbonyl groups would thus require cumbersome protection/deprotection schemes or a
complete alteration of synthetic strategy. Although to date we have been unable to cross-couple
enolizable aldehyde-containing organotrifluoroborates, the aldehydes and ketones within the
organotrifluoroborates can be further elaborated by carbonyl addition reactions9b as well as
Wittig and Horner-Wadsworth-Emmons reactions (eq 1).9d,h

The organotrifluoroborates thus serve as robust surrogates for boronic acids in which remote
functional groups can be elaborated to increase the molecular complexity of the organoboron
reagent while maintaining the integrity of the carbon-boron bond for ultimate transformation
by cross-coupling or other processes.15

Experimental Section
General Experimental Procedures A through D for the Ozonolysis of Potassium and
Tetrabutylammonium Organotrifluoroborates. Preparation of Potassium 3-Oxobutyl
Trifluoroborate (2) via Procedure A

To a solution of potassium trifluoroborate 1 (0.101 g, 0.643 mmol) in an acetone/H2O mixture
(30% H2O in acetone, 7 mL) at −70 °C was applied a flow of ozone for 14 min. The solution
was then degassed with N2 for 15 min followed by the addition of H2O (1 mL). This was
allowed to warm to rt while stirring. Following solvent removal the resulting white solid was
purified by dissolving in hot acetone and precipitating with Et2O, affording the trifluoroborate
2 as a white solid (0.072 g, 0.453 mmol, 70%).

Tetrabutylammonium 4-Formylphenyl Trifluoroborate (4) via Procedure Ba

To a solution of tetrabutylammonium 4-vinylphenyl trifluoroborate 3 (85 mg, 0.2 mmol) and
4-methylmorpholine N-oxide (100 mg, 1.0 mmol) in CH2Cl2 (3 mL) was applied a flow of
ozone at −78 °C until the solution appeared light blue in color. The solution was degassed and
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then washed with H2O (3 ×5 mL) and brine to give the product 4 (63 mg, 0.15 mmol, 76%)
following solvent removal.

Tetrabutylammonium 2-Formethyltrifluoroborate (11) via Procedure C
To a solution of tetrabutylammonium 4-butenyltrifluoroborate 10 (75 mg, 0.2 mmol) in
CH2Cl2 (2 mL) was applied a flow of ozone at −78 °C until the solution turned blue in color.
The solution was degassed followed by the addition of pyridine (158 mg, 0.4 mmol) with
stirring which was continued 24 h. To this was added 1.0 M CuSO4 (3 mL) at 0 °C. The organic
layer was extracted and washed with a pH 7 buffer, after which the solvent was removed to
give aldehyde 11 as product (38 mg, 0.14 mmol, 71%).

Tetrabutylammonium 3-Oxobutyl Trifluoroborate (13) via Procedure D
To a solution of tetrabutylammonium trifluoroborate 12 (0.089 g, 0.235 mmol) in CH2Cl2 (10
mL) at −78 °C was applied a flow of ozone until the solution became blue in color. The reaction
mixture was immediately degassed with N2 for 15 min after which Zn (0.060 g, 0.923 mmol)
in AcOH (0.100 g, 1.67 mmol) was added dropwise with stirring. The solution was allowed to
warm to rt, and stirring was continued for 2 h (the reaction progress was followed by 1H NMR).
The reaction mixture was filtered to remove the Zn after which 1.0 M NaHCO3 was added
over 15 min. The reaction mixture was extracted with CH2Cl2 (3 × 5 mL) and then the combined
organic extracts were washed with H2O (3 × 5 mL), dried (MgSO4), and filtered. Solvent was
removed to give trifluoroborate 13 as a colorless oil (0.085 g, 0.223 mmol, 95%).

(E)-Tetrabutylammonium 4-(3-Methoxy-3-oxoprop-1-enyl)phenyltrifluoroborate (14)
To a round bottomed flask containing tetrabutylammonium 4-formylphenyl trifluoroborate 4
(412 mg, 1.0 mmol) and methyl (triphenylphosphoranylidene) acetate (434 mg, 1.3 mmol) was
added H2O (5 mL) with stirring. The temperature of the solution was raised to 90 °C for 2 h.
Heating was ceased and the solution was allowed to reach room temperature. The reaction
mixture was extracted with CH2Cl2 (3 × 10 mL) and the combined organic phases were then
washed with NaOH (2M, 2 × 5 mL), H2O (2 × 10 mL) and dried (MgSO4). The resulting
suspension was filtered and concentrated to give a white solid that was dissolved in CH2Cl2
(2 mL) and reprecipitated using Et2O. The white crystals were washed with Et2O to give
product 14 (282 mg, 0.6 mmol, 61%), identical in every respect to material previously reported.
9h
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Figure 1.
Transformation to Product from Carbonyl Oxides (I) vs. Secondary Ozonides (II).
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Table 1
Organotrifluoroborate Substrates Subjected to Ozonolysis

entry organotrifluoroborate procedure product % isolated yield

1 1 A 2 70

2 3 Ba 4 76

3 5 Bb 4 79
4 5 Bc 4 72

5 6 Bd 7 75
6 6 D 7 95

7 8 Be 9 79

8 10 Bb 11 80
9 10 Bd 11 82
10 10 C 11 71

11 12 Ba 13 89
12 12 D 13 95

A, Acetone/H2O, O3 −70 °C;

a
B, CH2Cl2, NMO (5 equiv), O3 −78 °C;

b
B, 50% DMF/Et3N, O3 0 °C, then (n-Bu4N)OH;

c
B, 40% DMF/CH2Cl2, O3 −78 °C, then (n-Bu4N)OH;

d
B, CH2Cl2, pyridine (3 equiv), pyridine N-oxide (2 equiv), O3 −78 °C;

e
B, CH2Cl2, pyridine (0.5 equiv), O3 −78 °C; C, CH2Cl2, O3 −78 °C, then pyridine (2 equiv); D, CH2Cl2, O3 −78 °C, Zn (5 equiv), AcOH (7 equiv).
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