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The results are reported of a theoretical study of the addition of small nucleophitlegH@r, F) to
phenylboronic acid PhB(OH), and of the stability of the resulting complexes {FB(OH),Nu]~ with regard

to Ph—B heterolysis [PhB(OH),Nu]~ — Ph™ + B(OH),Nu as well as Nw/Ph" substitution [Ph-B(OH),Nu]~

+ Nu~ — Ph + [B(OH):Nuy] . These reactions are of fundamental importance for the SuMiiaura
cross-coupling reaction and many other processes in chemistry and biology that involve phenylboronic acids.
The species were characterized by potential energy surface analysis (B3LYR&Jj3&xamined by electronic
structure analysis (B3LYP/6-3%1G**), and reaction energies (CCSD/6-3t1G**) and solvation energies

(PCM and IPCM, B3LYP/6-311+G**) were determined. It is shown that PIB bonding in [PR-B(OH),Nu]~

is coordinate covalent and rather weaiksQ kcatmol™). The coordinate covalent bonding is large enough

to inhibit unimolecular dissociation and bimolecular nucleophile-assisted phenyl anion liberation is slowed
greatly by the negative charge on the borate’s periphery. The latter is the major reason for the extraordinary
differences in the kinetic stabilities of diazonium ions and borates in nucleophilic substitution reactions despite
their rather similar coordinate covalent bond strengths.

Introduction SCHEME 1. Mechanism of the Suzuki-Miyaura Cross-

o . o ] Coupling Reaction of Phenylboronic Acid and Aryl
The Suzuki-Miyaura cross-coupling reaction is an important  Halides

C(sp)-C(sp) carbon-carbon bond forming reactién® with o o

growing significance in laboratory and industrial practice MeO m@—(

because of its versatility, efficiency, as well as its environmental Me Me

friendliness®” The Suzuki-Miyaura reaction consists of the L,Pd(0)

Pd(0)-catalyzed reaction of vinyl or aryl halides with arylboronic

acids in the presence of hydroxide or fluorfdend it is

illustrated in Scheme 1 for the synthesis of an asymmetrical

biaryl® The Pd(0) catalyst is stabilized by phosphine ligands O

(e.g., PPh P(t-Bu)s).1° The aryl halide undergoes oxidative OH and@m o

addition to the Pd(0) catalyst to form compléxthe boronic ClgB—Nu + L"Pd@_ﬁwe

acid adds a nucleophile to form the reactive tetracoordinated

borate adduct, and their reaction results in compleroduct OMe  Complexl Complex |

formation via reductive elimination occurs rapidly once both

aryls are Pd-coordinated ih. The intermediates have been

observed in a few instancdésand the few reports on its

formation show a variety of mechanisms to opefat&.The

formation of Il from I, that is the replacement of the PH HO

bond inl by a Pd-Ph bond, is not well understood in that B—QOMe kl:z(gﬁﬁf);_

neither the nature of the reactive borate species has been

characterized nor has its reaction wittbeen studied in any  and its bonding, ion pairing®°and aggregation behavf8r23

detail. The transfer of a phenyl anion from the borate to the have been well studied.

Pd(0) complex is the essential event, and one important question In this paper, we report the results of a study of the addition

in this context is just how easily available phenyl anions are of small nucleophiles (HO, F-) to phenylboronic acid and of

under these conditions. In other words, one should develop athe stability of the resulting complexes [PB(OH),Nu]~ with

conceptual understanding as to how phenyl borates compareregard to decomposition by way of phenyl anion formation; eqs

and contrast with organometallic phenyl anion sources, that is, 1 and 2 in Scheme 2. We will show that the equilibrium of the

Grignard reagents,Grignard-type reagent8and organolithium Nu~/Ph™ exchange reaction eq 4 lies on the right. Under typical

reagent® in particular. Phenyllithium has a 50-year histdry  conditions for the SuzukiMiyaura reaction (i.6.2 M aqueous
NaCOs;, NaF in dry THF solution), the nucleophile concentra-
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SCHEME 2. Formation and Decomposition of Borate Anions
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reaction of phenylboronic acid with two nucleophiles to form chromene derivative¥, and the lipase inhibitor activi&§ of
phenyl anion and borate anion. Finally, and most importantly, phenylboronic acid might be caused by diester formation close
equilibrium 6 measures the propensity forMah~ substitution to serine.
in the borate ions. We begin with the discussion of reaction 3
for borqnic acid'and fluoroboronic acid to provide a foundation Computational Methods
on which to discuss, evaluate, and assess the results for
phenylboronic acid. Restricted HartreeFock (RHF) theory, hybrid density func-
The results of this study will be relevant to the Suzuki  tional method B3LYF?4%and coupled cluster theory with single
Miyaura cross-coupling chemistry to synthesize biaryls, as well and double excitations (CCSB)vere employed in conjunction
as heteroaromatic analogu®sand they will also inform a  with the diffuse-function augmented, polarized basis sets
variety of related areas of chemistry and biology. The Suzuki 6-31+G* (abbreviated A) and 6-3H+G** (abbreviated
carbonylation for the synthesis of diaryl ketones shares commonB).#>43The flexibility provided by the triply split valence basis
elemental step®, and the recently described homocoupling of set and the full polarization of the larger basis set was thought
phenylboronic aci#f is thought to involve the replacement of to be important because the reactions involve hybridization
phenyl anion in [PRk-B(OH)s]~ by gold surface-bound oxygen changes at boron as well as changes in molecular regions that
molecules. Evans’ synthesis of diaryl eth&r&elly’s synthesis are crowded with lone pairs and serve both as acceptors and
of aryloxiamine<® and Larock’s synthesis of polyphenylated donors of intramolecular hydrogen bonding. Structures were
alkene?’ involve adduct formation of phenylboronic acid optimized and vibrational frequencies were calculated at the
substrates. The essential role of boron in na&flisdlargely due levels RHF/6-31G-G* and B3LYP/6-31#-G*. Unless otherwise
to the reversible formation of diesters by reaction of boronic noted, B3LYP/6-3%+G* structures are discussed. Single-point
acids with 1,2- and 1,3-diols (Scheme &g-Diols are bestand  energies were calculated with the 6-31tG** basis set at the
they occur in nature in ribose (ribonucleosides, RNA) and apiose levels B3LYP and CCSD and with the B3LYP/6-8G*
(rhamnogalacturonan-Il, plant cell walls). Cross-links result from structures; these levels are abbreviated B3LYP/B//B3LYP/A and
diester formation on both sides of a bor&teand many CCSD/BI//B3LYP/A.
biopolymers (RNA, sugars, vitamins, etc.) form such cross-links.  The conformational analysis is based on B3LYP/6-81G**/
Phenylboronic acid disrupts this cross-link formation and has B3LYP/6-314+G* energies (Table 1). Conformational preference
been used to investigate borate cross-links in plant physidfogy. energies tend to be well determined at modest levels of treatment
Phenylboronic acids can condense with other binucleophilic so that only small refinements result from going to higher and
substrates and salicylhydroxamic acid, for example, has beenhigher levels of treatment and this is true in the present case.
used for protein immobilization and it can form adducts as a On the other hand, the reliable computation of reaction energies
1,2- or a 1,4-aminot® The diester formation with sugars has is considerably more demanding and this is particularly true
been used to characterize cell surface recepfots, effect for heterolysed* Complete sets of reaction energiesE
covalent coupling of FAD cofactor on electrode surfatesnd computed at all theoretical levels employed are provided in
to develop sugar sensét$Scheme 3). Mixed diester formation Table 2. We also determined energies at several levels of
is likely to be the reason for the successful synthesisttf 2 Mgller—Plesset perturbation theory (up to fourth-order) and



Coordinate Covalent €> B Bonding J. Phys. Chem. A, Vol. 110, No. 4, 2006297

SCHEME 3. Cross-Links Formed by Borate Diesters with 1,2- and 1,3-Diols and Diesters of Phenylboronic Acid with

Diols and Aminols, and Monolayers of FAD that Are Connected on Gold Surfaces by Way of Diesterification
Phenylboronic Acid with Glucose
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TABLE 1: Conformational Preferences of Boronic Acidst Electronic structures were examined with the natural bond

order (NBO) analysi based on the electron densities computed

B3LYP/B//
molecule RHE/A B3LYP/A B3LYP/A at the B3LYP/B//B3LYP/A level. Atomic and group charges
B(OH); 1a Can vsib, C.  5.89 545 506 are summar_lzed in Table 4. _ . _
F—B(OH), 2a, Cs vs2b, Cs 4.66 4.42 4.02 Computations employed Gaussian03 and earlier verdfons.
23, C,, vs2¢, Cs 1.00 0.82 0.73
Ph—B(OH), 5a, Cy, vs5bhb, C,,  6.87 6.09 5.79 ; ;
5c G vs5d, Cr 0,90 061 0.69 Results and Discussion
5¢ G5 vs56 Gy, 1.64 1.58 1.52 Boronic Acid, B(OH)s;, 1, and Fluoroboronic Acid,
5f,C, vs5g, Cs  4.05 3.78 3.55 F—B(OH)2, 2. Car-1a featuresd(BO) = 1.372 A and allows
5a, Cy,, vs5f, Cs 2.01 2.28 2.18 . . .
5b, C,,, vs5f. C.  8.87 8.37 7.97 for some internal hydrogen bonding witfO---H) = 2.438 A
5¢, C, Vs 5f, Cs 3.91 3.46 3.12 (Figure 1) in agreement with Gillespie et“dl.The crystal
5d, Cy, vs5f, Cs 4.80 4.07 3.81 structure of B(OH) containsl with nearCs, symmetry® and
5 Cz, vs5f, G 5.55 5.03 4.64 featuresd(BO) ~ 1.361 A and internal hydrogen bonding with
5¢g, C, vs5f, Cs 4.05 3.78 3.55

aValues in kcal mott. A: = 6-31+G*. B: = 6-3114++G**,

these are reported as well. The CCSD/6-8+1G**//B3LYP/
6-31+G* calculations (i.e., CCSD/B//B3LYP/A) were per-

formed for the most stable rotamer and/or isomer. Inspection

d(O---H) = 2.386 A, as well as intermolecular hydrogen bonding
with d(O-++H) = 2.720 A. We also determined the structure of
conformerCs-1b, which can only realize one internal hydrogen
bond withd(O-++H) = 2.396 A and is 5.9 kcal mot less stable
thanla (Table 1).

Dewar's AM1 structure® of Cs2a features a short bond

of Table 2 shows significant theoretical level dependencies andlengthd(BF) = 1.276 A and shortened(BO) bond lengths of
corroborate the problems of hybrid density functional theory 1.348 and 1.360 A. The semiempirial structure and the RHF
with heterolysed? In the following the results obtained at the and B3LYP structures agree with regard to the BO bond lengths
highest level are discussed. In Table 3 are listed the reactionswhile there is a significant level dependency of the Bbond
energies, enthalpies, and Gibbs free enthalpies which werelength withd(BF, RHF)= 1.326 A andi(BF, B3LYP)= 1.450
computed with the B3LYP/6-3tG* thermochemical data.
Solvent effects were determined with the surface polarized minima, and both are less stable thda (Table 1). Two
continuum (PCM) and the isodensity surface polarized con- intramolecular hydrogen bonding interactions are possible in
tinuum (IPCM) model® for water € = 78.39) and THF { =
7.58) for both the hydroxide- and the fluoride-catalyzed reactions would reasonably expe&@c to be more stable thaBa. It is
at the level (I)PCM(B3LYP/B//B3LYP/A).

A. We also optimized the planar structusand2c, both are

2a(0O—H---0O and O-H---F) and2c (O—H---F twice), and one

clear that these attractions are only part of the story, and lone
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TABLE 2: Theoretical Level Dependency of Reaction Energies

Glaser and Knotts

B3LYP/B// MP2/B// MP3/B// MP4SDQ/B// CCSD/BI//
reaction RHF/A B3LYP/A  B3LYP/A B3LYP/A B3LYP/A B3LYP/A B3LYP/A
Hydroxide Addition
1: PhB(OH)} + HO™ — PhB(OH)}~ —55.04 —54.03 —52.75 —62.54 —64.63 —62.22 —-62.71
2: PhB(OH)™ — Ph + B(OH)s 34.66 40.57 39.82 48.14 45.66 45.96 45.55
3: B(OH)™ + HO™ — B(OH)4~ —49.13 —48.82 —47.49 —53.50 —56.07 —53.80 —54.35
4: PhB(OH)} + HO™ — Ph™ + B(OH); —20.38 —13.46 —12.93 —-14.4 —18.97 —16.26 —17.16
5. PhB(OH) + 2 HO™ — Ph + B(OH)4~ —71.27 —63.68 —61.82 —67.90 —75.04 —70.06 —71.51
6: PhB(OH) +HO™ — Ph™ + B(OH),~  —14.46 —-8.25 —-7.67 —5.36 —10.41 —7.84 —8.63
Fluoride Addition
1: PhB(OH} + F~ — PhB(OH}F —41.08 —45.78 —45.48 —52.28 —54.41 —52.41 —-52.90
2: PhB(OH)}F — Ph™ + B(OH).F 47.96 52.63 52.20 58.80 57.38 57.38 57.03
3: B(OH)LF + F~ — B(OH)F2" —46.84  —51.29 —50.94 —54.95 —57.88 —55.55 —56.29
4: PhB(OH) + F~ — Ph™ + B(OH),F 6.88 6.85 6.72 6.52 2.97 4.97 4.13
5: PhB(OH) + 2F — Ph™ + B(OH).F,~  —39.96  —44.43 —44.22 —48.43 —54.91 —50.58 —52.16
6. PhB(OH)YF + F- — Ph™ + B(OH).F;~ 0.65 0.90 0.90 3.85 —0.50 1.83 0.74
aValues in kcal moit. A: = 6-314+G*. B: = 6-311++G**,
TABLE 3: Computed Reaction Energies ¢
reaction Eelec AE, AEogg AGogg
Hydroxide Addition
1: PhB(OH} + HO~ — PhB(OH)~ -62.71 —61.29 —61.30 —52.56
2: PhB(OH)} — Ph™ + B(OH)s 45.55 44.43 43.57 34.03
3: B(OH)%+ HO~ — B(OH)s~ —54.35 —52.42 —52.57 —44.09
4: PhB(OH) + HO™ — Ph™ + B(OH); —-17.16 —16.86 -17.73 —18.53
5. PhB(OH) + 2 HO™ — Ph™ + B(OH),~ —71.51 —69.28 —-70.31 —62.62
6: PhB(OH)}™ + HO™ — Ph™ + B(OH),~ —8.63 —-7.82 —8.84 —9.92
Fluoride Addition
1: PhB(OH) + F~ — PhB(OHYF~ —52.90 —47.35 —53.03 —44.42
2: PhB(OH)}F — Ph™ + B(OH).F 57.03 49.46 54.66 4291
3: B(OH)F + F~ — B(OH)F>~ —56.29 —56.14 —56.05 —48.03
4: PhB(OH) + F~ — Ph™ + B(OH),F 4.13 2.11 1.63 -1.51
5. PhB(OH)} + 2 F — Ph™ + B(OH),F>~ —52.16 —54.04 —54.42 —49.53
6. PhB(OH)F~ + F~ — Ph™ + B(OH).F,~ 0.74 —6.68 -1.39 -5.11

aComputed at CCSD/B//B3LYP/A. A= 6-31+G*. B: = 6-3114+-+G**. ®Values in kcal motl. ¢ AG calculated withAE ~ AH.

TABLE 4: Atom and Group Charges

la 2a 3 4 Ph- 5f 6 7 Ph—Li
Li 0.897
B 1.216 1.279 1.147 1.256 1.093 1.025 1.067
OH —0.405 —0.385 —0.537 —0.542 —0.381 —0.531 —0.528
OH —0.405 —0.405 —0.537 —0.519 —0.393 —0.541 —0.524
OH —0.405 —0.537 —0.519
OH —0.537
F —0.492 —0.586 —0.582
F —0.609
Cipso —0.400 —0.374 —0.249 —0.265 —0.638
CHortho —0.100 0.017 0.005 0.008 —0.080
CHortno —0.100 0.017 —0.001 0.004 —0.080
CHmeta —0.142 0.001 —0.056 —0.056 —0.034
CHmeta —0.142 0.001 —0.058 —0.055 —0.034
CHpara —0.116 0.003 —0.075 —0.071 —0.031

pair repulsions (©-0 in 1b and2c, O---F in 2a and2b) and
u(HO)—u(HO) repulsion (notably inlb and 2b) also play
important roles.

Structure and Stabililties of [B(OH) 4]~ and [B(OH)2F2]~
Anions. Hydroxide ion addition to orthoboric acid forms anion
C>-3 with d(BO) = 1.487 A and bond angleS(O—B—0) of
115.1 and 106%7(Figure 2). The BO bond lengthening 0.1
A in going from B(OH} to [B(OH)4]~ is expected because of
the hybridization change at B and the loss of the partiat®
st-conjugation. The anion in the crystal strucfdref NaB(OH),
features comparable values{BO)ayerage= 1.476 A,1(O—B—
O)average= 109.£, and internal hydrogen bonding distances of

Na' ions as well and much shorter ®+O bond distance of
2.055 A results.

Addition of fluoride anion ta2 givesCsy-4 (Figure 2) which
features G-H---O and O-H---F internal hydrogen bonds. The
B—F bond lengths of 1.430 and 1.461 A are modestly elongated
as compared t@ and the B-O bond lengths of 1.473 and 1.452
A are comparable to those B

The binding energieAEzgs for the addition of hydroxide to
1 and of fluoride ta2 are 52.6 and 56.1 keahol ™1, respectively.
The HO-B bond formation is less exothermic than the B
bond formation becauseis the better electrophile (art®spite
formation of an additional internal hydrogen bond in the

about 2.462 A. In the salt, some of the O atoms are coordinating formation of 3). The entropy loss associated with complex
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Figure 1. Structures of B(OH)and B(OH)F (B3LYP/A, A and deg).
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Figure 2. Structures of [B(OH)~ and [B(OHYF;]~ (B3LYP/A, A
and deg).

formation gives corresponding energi&&,gs values of 44.1
and 48.0 kcamol.

Electronic Structure Analysis of [B(OH)4~ and
[B(OH)2F2]~ Anion Formation. Gillespie’'s AIM analysis
of la showed polar BO bonds withq(B) = 2.28 and
g(OH) = —0.76 and NBO analysis indicates less bond polariza-
tion with q(B) = 1.21 andq(OH) = —0.41 (Table 4). Both
methods show thawb-polarization is extreme and greatly
dominates any G~ B s-donation. In2, fluorine has the highest
charge withq(F) = —0.49. The boron charge gfB) = 1.28 is
about the same as Ira and theq(OH) values are slightly smaller
(—0.41 and—0.39). The Lewis acid& and?2 are rather similar

J. Phys. Chem. A, Vol. 110, No. 4, 2006299
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SCHEME 4. Coordinate Covalent Bonding in
Diazonium lons and in Borate Anions
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and the impediment of the small-© B z-donation in boronic
acid. The addition of fluoride t@ results in the similar changes

of the substituents iM. As with the neutral Lewis acids,
the anions feature a highly positive center surrounded by a
highly negative periphery. Since adduct formation increases
the repulsion in the periphery, the complex formation energy
is much lowerthan one might expect for a typical bond
formation between an anion and what is in essence a cationic
B-center.

Coordinate Covalent Bonding in Borate Anions.lUPAC
defines “coordination” as the formation of a covalent bond in
which the two shared electrons come from one of the two parts
of the adduct and coordinate covalent bonding is exemplified
by Lewis adduct formation between a Lewis acid and a Lewis
base>* Coordinate covalent bonds are also referred to as dative
bonds (particularly in organic chemistry) and they usually are
dipolar bonds. We have been interested in the bonding and the
unimolecular dissociation of diazonium iotfs>” The C-N
bonding in a diazonium ion (Scheme 4) qualifies as coordinate

in that they feature a highly positive center surrounded by a covalent bonding on account of its dissociation behavior
highly negative periphery and electronic structures with extreme (unimolecular heterolysis) as well as the characteristics of the

quadrupole moments res@ft>3
The addition of hydroxide ion tda increases the oxygen
charge by 0.14 i3 because of the change in the B-hybridization

C—N bond (dipolar, semipolar). The definition makes no
explicite statement about bond strength but the combination of
characteristics imply low bond energies. In Scheme 4, we
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Figure 3. Conformations of phenylboronic acid.

compare and contrast the coordinate covalent bonding in

diazonium ions and in borate anions with a view to rationalizing
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Conformations of Phenylboronic Acid. With regard to the
C—0 bonds, we considered the conformations—cis (5aand

their rather similar bond strengths in these rather different 5b), trans-trans 6c, 5d, 5€), and cis-trans &6f and5g, Table
systems (cation vs anion; weak vs strong nucleophile). The largel). Structures in which the B(Ok)and benzene planes are
peripheral repulsion in the borate adduct is the major difference coplanar (or nearly so) are minima and the others are transition
and it is the reason for the low binding energy despite the high state structures for €B bond rotation and their transition

electrophilicity of the boronic acid and the negatively charged
nucleophile.

This conception of the borate formation and dissociation
allows for formulations of strategies to moderate-IBu
bonding. B-Nu bonding can be weakened by increasing the
peripheral repulsion in the adduct, by stabilization of the
nucleophile Nu, and by reduction of the B-center electro-
philicity. We will examine these factors for adducts of phenyl-
boronic acid.

frequencies are provided in Figure 3. Chen €takported a
preference for trans-cisf at the Hartree Fock level (RHF/6-
31G*) and with molecular mechanics (MM3). We find a
preference foisf of 2.2 kcal mot? relative to5a and of 3.1
kcal mol? relative to5c. The G-B rotational barriers all are
rather small and suggest only minute-€B z-bonding.
Structures and Stabililties of [PhB(OH);]~ and
[PhB(OH).F]~ Anions. The addition of hydroxide or fluoride,
respectively, tf yields ions6 or 7 (Figure 4). In6, the B-O



Coordinate Covalent €> B Bonding

J. Phys. Chem. A, Vol. 110, No. 4, 2006301

Figure 4. Structures of [PARB(OH)]~ and [Ph-B(OH).F] .

bond lengths are 1.470 A and match #@O0) vlaues in3.
The OH--O bonds in6 (2.255, 2.401, 2.533 A) are as in boronic
acid 1a and its adducB. The B-C bond, already longer than
B—O or B—F bonds, increases to 1.665 A n

The B—0O and B-F bond lengths in iof¥ are similar to those
in 4, and the B-C bond increased notably from 1.577 A5
to 1.643 A in7. There are two conformational differences
betweert and7. One change concerns the-B conformation;
it is staggered ir6 while one C-OH bond and the benzene
ring are eclipsed ir7. The other difference concerns the-B
conformation of the “in-plane” OH group; it is now fully
straggered indicating that any @+ hydrogen bonding is less
important than Chlino avoidance by that hydroxyl group’s
O-lone pairs.

For the hydroxide addition t6f, we find AGyegleq 1, OH)
= 52.6 kcaimol™! and there is a notable advantageabbut 8
kcalmol™ for hydroxide addition to5 as compared tdl,
AGyeg(eq 3) = 44.1 kcalmol=t. On the other hand, for the
fluoride addition to5f we find AGyegleq 1, F) = 44.4
kcakmol~1 and a small disadvantage for fluoride additiorbto
as compared t@a, AGyog(eq 3, F) = 48.5 kcaimol™%. As to
the relative affinity for adduct formation o5f, hydroxide
addition to form6 is preferred over fluoride addition to forih
by AAGyegeq 1, OH vs F) = 8.2 kcatmol™L. In contrast,
hydroxide addition td. is disadvantaged as compared to fluoride
addition t02 by AAG,eg(eq 3, OH vs F7) = 4.4 kcatmol ™,

With 6 and7 we can evaluate reaction 2 and our best values
for the B—C dissociation energies ar€Gygs (eq 2,6) = 34.0
andAGggg (€q 2,7) = 42.9 kcailmol~1. Hence, the phenyl anion
dissociation fronb is preferred over the respective reaction of
7 by AAGygeq 2, OH vs F) = 8.9 kcatmol~L. The rather

isoexergonic and, thus, reaction 4 is almost thermoneutral with
a small exergonicity oAGzeg(eq 4, F) = —1.5 kcal mot™.

The differenceAAGyog(eq 4, OH vs F) = 17.0 kcaimol™?!
combines AAGygleq 1) = 8.2 and AAGygeq 2) = 8.9
kcalmol™1.

Under high nucleophile conditions, phenyl anion generation
involves PR-B dissociation of6 (reaction 2) and hydroxide
addition to boronic acid (reaction 3), and we find the combined
reaction 6 to be exergonic ¥Gaeg(eq 6, OH) = —9.9 kcal
mol~1. Similarly, Ph-B dissociation of7 (reaction 2) and
fluoride addition to fluoroboronic acid (reaction 3) combine to
give reaction 6, and this reaction is exergonic/&$,95eq 6,

F~) = —5.1 kcal mot™. The differenceAAG,og(eq 6, OH vs
F7) = 4.8 kcatmol™* combinesAAGygeq 2) = 8.9 and
AAGaygeq 3)= 3.9 kcatmol 2.

Solvent Effects.We examined solvent effects on reaction 6
with the PCM and IPCM models, the results are similar and
documented in the Supporting Information, and we discuss the
ICPM data. For the hydroxide reactions in water and THF, we
compute solvation corrections of 14.1 and 12.4 koal~! and,
in combination with our best value oAGy = —9.92
kcalmol™1, we obtainAGygg"a" = 4.2 andAGyeg''F = 2.4
kcalmol~1. For the fluoride reactions in water and THF, the
solvation corrections are 23.5 and 19.9 koml™! and in
combination with our best valu#\Gygg = —5.11 kcaimol,
for reaction 6 the energies @fG,qg"2®" = 18.4 andAGyog'F
= 14.8 kcalmol™! result. See Figure 5 for the surface diagram.

Solvation slows reaction 6 as expected because solvation is
better for a small ion (OH, F) than for a large one (Ph.
Reaction 6 no longer is exergonic, but it is not very endergonic
either and that is all that really matters! It is noteworthy that

low binding energies indicate that these borate ions indeed arethe solvation energies depend much more on the identity of the
sources of latent phenyl anions and that the nature of the small nucleophile than on the identity of the solvent; hydroxide
nucleophile used greatly matters to fully exploit this opportunity. is a much better catalyst than fluoride in both solvents! This

Nucleophile Effect on Propensity for Phenyl Anion For-
mation. The addition of hydroxide to PhB(OH), to form 6
(reaction 1) is significantly more exergonic than the addition
of phenyl anion to orthoboronic acid to for® (reverse of

result suggests that Suzuliliyaura reactions that have been
carried out with fluoride-assistance in THF might actually be
faster if they were performed with a water-free hydroxide salt
in an ether solvent.

reaction 2) and, consequently, reaction 4 becomes exergonic Electronic Structure Analysis of [PhB(OH)s]~ and

by AGyeg(eq 2, OH) = —18.5 kcal mot™. This reaction energy

is one measure for the propensity ®fo serve as a source of
phenyl anion and it is useful under low nucleophile conditions.
The situation is rather different for the fluoride-catalyzed
reaction. The addition of Fto Ph—B(OH), (reaction 1) and
the addition of Ph to l1a (reverse of reaction 2) are almost

[PhB(OH),F]~ Adduct Formation and Dissociation.

The electronic structure of phenylboronic a&él resembles
those of boronic acid and fluoroboronic acid(B) = 1.09
remains above unity and the OH groups carry an average charge
of —0.40 as inla (Table 4). The Ph group overall is highly
anionic withg(Ph)= —0.31 and its internal charge distribution



1302 J. Phys. Chem. A, Vol. 110, No. 4, 2006 Glaser and Knotts

reaction 4

| \

PhB(OH), + 2F~

PhB(OH), + 2HO" \ IR """""

\ T, 185

AAG(eq. 4)=17.0

Ph™+HO +
B(OH);

AAG(eq. 1)=8.2

Ph” + B(OH),Fy

L R Q
PhB(OH); + HO" 2 J

AAG(eq. 6) = 4.4

Ph" + B(OH),”

A A K,
N 'S N
reaction | reaction 2 reaction 3
s e o
reaction 6

Figure 5. AGygs surface diagram (kcal mol, CCSD/6-313#+G**//B3LYP/6-31+G*).

features negative charge localization on the carbon attached tdborate adduct, and (3) nucleophile addition to-NB(OH),. The

the boron,g(Cipso) = —0.39. Hence, the immediate periphery possibilities further increase with the substitution pattern of the
around B is qualitatively the same for the boronic acids phenylboronic acid. TheKy of phenylboronic acid is 8.8, and
X—B(OH), with X = F, OH, and GHs. There is however a  the K, values of substituted phenylboronic acids vary in the
difference in the degree of the quadrupolarity in that all bonds range 4-9.5° The situation thus is genuinely complex because
to B are less polar ib than in1 and2. Nucleophile additionto  the various effects cannot be expected to be additive, not even
5 shows an important feature of the phenyl ligand in addicts  approximately. At the same time, this complexity is responsible
and7 as compared t@ and4: While OH and F merely can  for the broad scope of the SuztKVliyaura reaction and renders

accumulate charge, the Ph group accu_mulates and transportghe optimization of each specific system a unique problem.
charge away from s and thereby achieves a reduction of

peripheral repulsion. This bonding situation sharply contrasts The study of hydroxide and fluoride was stimulated

with the dominantly ionic bonding in phenyllithium. by experllrr!gntal practice. The model systems showl smgll
endergonicities for the replacement of the phenyl anion in
Conclusion phenylboronic acid by the small nucleophile (reactions 4 and

lon pairing and aggregation reduce the reactivity and the 6). T_he theoretical s_tudy provi(_jes a _rationale_ for the long
availability for reactions of phenyl anions from sources in which €action times of typical Suzuki reactions. While weak, the
phenyl anion binding is mostly ionic. Phenylborates overcome Coordinate covalent bonding remains large enough to slow
these disadvantages because phenyl bonding in phenylborateinimolecular dissociation (reaction 2) and the bimolecular
is coordinate covalent and weak. lon pair formation is not Phenyl anion liberation reaction also is slowed to the extreme
important because of the effective distribution of the negative by the negative charge on the periphery. The latter is the major
charge over the large periphery of the borate; and aggregationfeason for the great differences in the kinetic stabilities of
is no issue. diazonium ions and borates in reactions with nucleophiles

The small nucleophile-assisted generation of phenyl anion (Scheme 5) despite similar coordinate covalent bond strengths.
from phenylboronic acid is almost thermoneutral and nucleo- This result leads to the important deduction that@coupling
phile-dependent. The nucleophile dependence is complicatedin the Suzuki-Miyaura reaction involves the Pd(Il) compléx
as it reflects the nucleophile’s effects on three reactions: (1) and the phenylborate rather than substitution of the Pd(ll)
its addition to phenylboronic acid, (2)-BC dissociation in the complex by a relatively free phenyl anion.
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SCHEME 5. Similarity of Coordinate Covalent Bonding
Strengths in the Two Cases, While the Kinetic Stabilities
toward Nucleophilic Substitution Differ Greatly for the
Anion—Cation and the Anion—“Cationic-Center-in-an-
Anion” Reactions
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& a
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