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Abstract: Boron ate complexes derived from thienyl and furyl
boronic esters and aryllithium compounds have been isolated
and characterized by X-ray crystallography. Products and
mechanisms of their reactions with carbenium and iminium
ions have been analyzed. Kinetics of these reactions were
monitored by UV/Vis spectroscopy, and the influence of the
aryl substituents, the diol ligands (pinacol, ethylene glycol,
neopentyl glycol, catechol), and the counterions on the
nucleophilic reactivity of the boron ate complexes were
examined. A Hammett correlation confirmed the polar
nature of their reactions with benzhydrylium ions, and the
correlation Igk(20°C) = sy(E + N) was employed to determine
the nucleophilicities of the boron ate complexes and to
compare them with those of other borates and boronates. The
neopentyl and ethylene glycol derivatives were found to be 10*
times more reactive than the pinacol and catechol derivatives.

Boron ate complexes (BACs), which are readily available by
treatment of boronic esters R-B(OR), with organolithium
compounds, are air-stable, functional-group-tolerant nucleo-
philes, which undergo various noncatalyzed reactions with
electrophiles.’™ Their treatment with trifluoroacetic anhy-
dride yields intermediate borinic esters which undergo
stereoselective allylation reactions with aldehydes, ketones,
and imines, when allylboronates are used as precursors.””
Following the principle of the Zweifel olefination®
(Scheme 1, reaction 1), Aggarwal et al. recently reported
that treatment of BACs with suitable electrophiles led to
the stereospecific coupling of arenes with secondary alkyl
groups (Scheme 1, reaction 2).1!

In contrast, BACs with less-electron-rich arenes
(Scheme 1, reaction 3) were attacked by electrophiles at the
boron-substituted sp’-hybridized carbon, and the coupling
products R-E were formed with a high degree of inversion.”
Chiral BACs, derived from secondary boronic esters, reacted
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Scheme 1. Reactions of boron ate complexes (BACs) with electro-
philes.

in this way with a broad range of carbon-, oxygen- and
nitrogen-centered electrophiles, including carbenium and
iminium ions.®!

Borate salts M* arylBX;~ with electron-rich arene rings,
on the other hand, are known to react with electrophiles at the
ipso position of the aryl ring.”! We have recently demon-
strated that the nucleophilicities of thiophenes, furans, and
indoles bearing boron substituents, such as -B(OR);~, -BF;~,
-B(pin), and -B(MIDA) (MIDA = N-methyliminodiacetate),
span a reactivity range of ten orders of magnitude.”! We now
report that BACs with two aryl rings behave similarly and
describe their isolation and X-ray structures as well as the
determination of their nucleophilicities by the benzhydrylium
methodology.®

Following a procedure by Brown,!'** we added the thienyl
boronic esters 1a—d to ethereal solutions of the trifluorome-
thylated aryllithium compounds 2 and 2" and then removed
the solvent by evaporation to produce the lithium BACs (3
4)-Li* as colorless crystalline solids (Scheme2). The
"B NMR spectra of all BACs show a sharp resonance at &
+2 to 4+ 10 ppm that is characteristic of an anionic tetracoor-
dinated boron atom derived from boronic esters."! No
decomposition of these BACs in CD;CN solutions was
observed by 'HNMR spectroscopy over several days at
20°C.”

As shown in Scheme 3, addition of thienyl- and furyl-
lithium derivatives 5 and §' to the pinacol boronates 6 and 7
produced the respective BACs (8-14)-Li* in good yields. The
tetracthylammonium salt 8-Et,N* was obtained by cation
metathesis from 8-Li* with Et,N*CI~.
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Scheme 2. Synthesis and yields of the isolated lithium BACs (3—4)-Li*.
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Scheme 3. Synthesis of the BACs 8-14 and yields after crystallization
from THF/Et,O or CH;CN/Et,O mixtures (see the Supporting Informa-
tion for details). a) Reaction conditions: Et,N*Cl~ (1 equiv), THF,
20°C.

Figure 1. a) ORTEP view of the BACs 3a-Li"-(MeCN); and b) of 4d-
Li*-(THF); (thermal ellipsoids at the 30% probability level).' For
bond lengths and angles see the Supporting Information.

Crystals of 3a-Li*(MeCN); suitable for X-ray analysis
were grown by storing a concentrated MeCN solution of 3 a-
Li" at 0°C for one week. Its solid-state structure (Figure 1a)
shows that the lithium cation is coordinated to one oxygen of
the pinacol moiety (Li-O1=1.924 A) as well as to three
MeCN molecules (Li-N =2.070 A average).!"” Single crystals
of the catechol borate 4d-Li*-(THF); were obtained by vapor
diffusion of m-pentane into its solution in THF. Figure 1b
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shows that Li* is coordinated to a catechol oxygen and to
three THF molecules.'”! The quaternary boron atoms in both
BACs have perfect tetrahedral environments (tetrahedral
character >99.9%)."-'?

The kinetics of the reactions of the BACs 3-4 and 8-14
with the benzhydrylium ions 15a-d were monitored by time-
resolved UV/Vis spectroscopy in CH;CN at the 4,,, of 15
(Table 1). In the presence of more than ten equivalents of the
BACs, monoexponential decays of the benzhydrylium ions’
absorbances were observed, indicating pseudo-first-order
kinetics. The second-order rate constants k, reported in
Table 2 were derived from the slopes of the plots of k., (s™)
versus the concentration of the BACs (see the Supporting
Information).

Table 1: Absorption maxima 4,,,, (in MeCN) and electrophilicities £¥! of
the benzhydrylium tetrafluoroborates Ar,CH*BF,” 15a—d used as
reference electrophiles in this work.

H BF,”

A [NM] E
X X
15a, X=0OMe 500 0
15b, X=N(Me)CH,CF; 586 ~3.85
15¢, X=N(CH,CH,),0 611 —5.53
15d, X=NMe, 605 ~7.02

Table 2: Second-order rate constants k, for the reactions of lithium BACs
with the benzhydrylium tetrafluoroborates 15b-d in MeCN at 20°C and
the resulting nucleophilicity parameters N and sy of 3—4 and 8-14.

Lithium  Nucleophilicities ky[M~'s™]

BACs N, s 15b 15¢ 15d

3a (5.53, 1.00)™ 4.84x10' <1 -

3b 11.23,0.77 5.22x10° 2.24%10* 1.88x10°
3c 10.13, 0.91 5.36x10° 1.57%10*

4a 6.24, 1.00 2.40x10? 5.06 -

4c 11.85, 0.72 >10° 3.73x10* 3.12x10°
4d 6.50, 0.77 1.10x10? 5.57 -

8 6.77, 0.88 3.68x10? 1.23%x10' -

9 7.24,0.83 6.82x10? 2.70x10' -

10 6.98, 0.93 8.12x10? 2.22x10 -

n 7.51, 0.87 1.49x10°@  5.20%x10"

12 8.02, 0.89 5.14%10° 1.65x10? -

13 7.67, 0.87 2.08x10° 7.19%10'

14 8.13,0.85 4.38x10° 1.63%x10°

[a] Obtained with Equation (1), see text. [b] Derived from a single k,
value, assuming sy =1 in analogy to 4a. [c] Not accessible because of the
high reversibility of the reaction and the nonlinearity of the plot of k, vs.
[3a]. [d] Partial attack (<5%) of 15b—c at the anisole ring of 11.

Kinetic experiments revealed that 8-Li" was three times
less reactive than its sodium analogue 8-Na* (Scheme 4),1*) in
line with the coordination of the Li* cation to an oxygen atom
of the pinacol ligand, which decreases the electron density of
the thiophene-boron bond. The reactivity of 8-Et,N" is in
between that of 8-Na® and 8-Li’, indicating that Et,N*
slightly reduces the nucleophilicity of 8, probably by the
formation of a C—H--O hydrogen bond with the oxygen
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Scheme 4. Influence of the counterions on the reactivity of 8 toward
the benzhydrylium ion 15b in MeCN at 20°C.

atoms of the pinacol ligand." Nevertheless, the kinetic data
show that counterions have only a small effect on the
nucleophilicities of BACs in CH;CN.

The small values of the Hammett reaction constants (o ~
—1), derived from the correlations in Figure 2, indicate
a transition state resembling a o-adduct (Scheme5), in
which the cleavage of the C—B bond is not far advanced.

As shown in Scheme 6, the reaction of the NMe,
derivative 12-Li" with electrophiles is not regioselective,
and the attack at the thiophene ring of 12-Li" is only slightly

ar
with 15b
sb 12 Ig k, =—0.985+ 2.85
p-NMe,
gk, 2t
3a
1t with 15¢ ;
Ig ky = ~1.090 + 1.32 m,m’(CFs),
0 L L . L ,
-1.0 -05 0.0 0.5 1.0 15

Figure 2. Correlation of the second-order rate constants Igk, for the
reactions of the lithium thienyl pinacol BACs 3a, 4a, and 8-12 with
the benzhydrylium ions 15b (@) and 15¢ (m) with Hammett's

O parameters.

E o B(OR'),
= :’ !
+ /" ~SOR'
“MeCN X
1h,20°C
R
(3-4)Li* and (8- 14) R 16-20 6
X=0orS 41-92% > 66%

Scheme 5. Reactions of the BACs (3-14)-Li* with various electrophiles
at 20°C in MeCN. Yields and structures of 16-20 are given in the
Supporting Information.
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Scheme 6. Unselective reactions of 12-Li* with Ar,CH*BF,” 15a—.
Product ratios determined by 'H NMR spectroscopy and GC-MS of the
crude reaction mixtures.
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faster than the attack at the dimethylaniline ring. As electro-
philic attack at the aryl group is least likely when these are
carrying electron-withdrawing groups, the aryl lithium com-
pounds 2 and 2’ are often used for the activation of boronic
esters in synthetic applications.**!

Scheme 7 shows that the ethylene glycol and neopentyl
glycol derived BACs 3b, 3¢, and 4¢ are roughly 10* times
more reactive than the pinacol and catechol BACs 3a, 4a, and

Lt OO/EL ST oﬁ/ Li+© @

AN .
| g 2 Thle’B Th|e/B ar  Thie” x Thle/B
= Thie Ar Ar Ar
Ar=35-(CF3),-CgHs  3a-Li* 3b-Li* 3c-Li* -
kre1/ 15b 1 1.1 x 104 1.1 x10% -
Ar = 4-CF3-CgH, da-Lit - dc-Li* 4d-Li*
ket / 15¢ 1 - 7.4 x10° 1.1

Scheme 7. Relative reactivities of the thienyl BACs 3—4 derived from
B(pin), B(gly), B(neo), and B(cat) toward carbenium ions 15b,c in
MeCN at 20°C.

4d, in line with previous qualitative observations.”! The
origin of these differences is revealed by quantum chemical
calculations. It has already been reported that catechol
boronates are significantly stronger Lewis acids than ethylene
glycol and neopentyl glycol derived boronates because
a phenolate oxgen exerts a weaker +M effect than an
alkoxide oxygen.['*!

In line with these findings we calculated that the proto-
deborylation of a catechol-derived BAC is significantly less
exothermic than than the analogous reaction of the other
BACs (Scheme 8). The fact that the nucleophilicity of the
catechol-derived BAC 4d is 10* times lower than that of 4¢

_OR AE
/@‘B*OR + H [

H + Me—B(OR),

S S
Me gas phase
0 o o o
L ) O T
0 o} o [e]
AE [kJ mol™] -1532 -1531 -1533 —1464

Scheme 8. Proto-deborylation energies in the gas phase (B3LYP/6-
31G(d)).

(Scheme 7) shows that a fraction of this difference in reaction
energies is already observed in the transition states of the
reactions with benzydrylium ions.

On the other hand, similar exothermicities are calculated
for the proto-deborylations of the B(pin), B(gly), and B(neo)
derivatives (Scheme 8). For that reason, we can conclude that
the difference in nucleophilicities of the BACs 3a and 3b is
exclusively due to steric effects. The identical nucleophilicities
of 3b and 3¢, in line with the comparable reaction energies of
the corresponding proto-deborylations shown in Scheme 8,
furthermore show that conceivable stereoelectronic effects
(ideal overlap of the empty p orbital at boron with the oxygen
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lone pair) do not increase the reactivity of the neopentyl
derivatives 3¢ and 4c.

Substitution of the second-order rate constants k, deter-
mined in this work into Equation (1),"® which characterizes
electrophiles by the electrophilicity parameter £ and nucle-

Igk, (20°C) = sx\(N + E) (1)

ophiles by the nucleophilicity parameter N and the sensitivity
parameter sy, allows us to determine N and sy for the BACs 3
4 and 8-14 (Table2) and to compare them with related
nucleophiles (Figure 3).

N
—Ar = —C5H4-p-CF3 T13 l A\ LI— Q\J\
11.85 B
— S \
Ar
11 4C-Li+
L' Li*O’B;
T9
141t AT BB 8.02 S
7.66 12-Li*

/@\H 361

(@)

290 T3 F3C
o™ 3
o” = 135 A

P 0 1, LY,

Figure 3. Comparison of the nucleophilicities of BACs with those of
other borylated and electron-rich heteroarenes. N parameters from
Table 2 and Refs. [7,8c].

In conclusion, we have found that the nucleophilic
reactivity of the furylboronate 1’ (N=2.90) is increased by
a factor > 10° by the addition of 4-CF;-phenyllithium (2') to
give 14 (Figure 3). A somewhat stronger activation can be
achieved with aryllithium compounds carrying electron-
donating substituents, but one has to take care that in these
cases electrophiles are not directed to the aryl ring
(Scheme 6).

While the nucleophilic reactivies of the BACs depend only
slightly on their counterions, the nature of the diol ligand has
a profound effect on its nucleophilicity. Thus, the -B(gly) and
-B(neo) derivatives are 10* times more reactive than the
-B(pin) and -B(cat) derivatives. With these data in hand, we
now have a quantitative basis for fine-tuning the nucleophilic
reactivities of boron ate complexes for synthetic applications.
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