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a b s t r a c t

The mechanism for rhodium(I) mediated arylation of aromatic aldehydes by arylboronic acids under
base and water free conditions was investigated with DFT methods. The detailed picture resulting
from the calculations is that the reaction proceeds via an internal base mechanism, whereby the ini-
tially formed alcoholate (obtained by aryl migration to the aldehyde) attacks the electrophilic boron
atom of the coordinated arylboronic acid substrate to facilitate the aryl transfer to the metal. Alterna-
tive pathways involving B–C oxidative addition or internal proton transfer followed by �-aryl transfer
rylation
FT

from thus resulting Rh–O–BPh(OH) moieties are kinetically disfavored. The rhodium atom does not
change its oxidation state throughout this whole process, and all steps proceed smoothly within the
coordination sphere of rhodium(I). Aldehyde migratory insertion into the RhI-aryl bond appears to be
the rate limiting step (�G† = +19.4 kcal mol−1) of the catalytic cycle. The subsequent elementary steps
involved in the transmetallation process proceed with lower barriers (<+16.3 kcal mol−1). The cis-[Rh(OH-

H)2)
he DF
CHPh2)(OBOHPh)(PNH2(O
conditions according to t

. Introduction

Aryl transfer from arylboronic acids to palladium is a key step
n among others Susuki–Miyaura cross-coupling reactions [1,2].
hese reactions generally require the presence of an external base
nd water. Formation of anionic borates [B(Ar)(RO)(OH)2]− under
hese conditions is thought to facilitate the transfer of the aryl group
o the metal. Theoretical calculations on palladium model systems
learly confirmed this hypothesis [3–5].

The addition of arylboronic acids to aromatic aldehydes was
rst reported by Miyaura employing rhodium(I) catalysts [6,7], and
everal other interesting rhodium(I) catalysts have been studied
ince [8–10]. Most of these reactions deal with simple aromatic
ldehydes (which are generally easier to arylate than other car-
onyl compounds) and non-functionalized phenylboronic acid, but

nteresting other methods were also developed to achieve aryla-
ions of (1,2-di)ketones and (1,2-keto)esters [11–13], imines [14],

yanoformates [15] and �-ketoesters [16], or to use functional-
zed aldehydes and/or functionalized arylboronic acids [17,18].
symmetric versions of these interesting reactions have also been
eveloped based on chiral phosphoramidites [19], phosphites [16]

� This paper is part of a special issue on Computational Catalysis.
∗ Corresponding author.

E-mail address: B.deBruin@uva.nl (B. de Bruin).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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2] species R.S. should be the resting state species under the catalytic
T calculations.

© 2010 Elsevier B.V. All rights reserved.

and chiral diene ligands [20,21]. Chiral RhI(diene) complexes have
also been applied in Rh-mediated enantioselective aryl transfer
from arylboronic acids to �,�-unsaturated carbonyl compounds
and imines [22]. The field is clearly dominated by rhodium(I) catal-
ysis, although some recent reports focused on replacing rhodium by
other (cheaper) transition metals such as ruthenium(II) [23], nickel
[24], copper [25] and iron [26].

For most of the above reactions (aqueous) basic conditions
are generally required/applied, presumably to promote aryl trans-
fer from [B(Ar)(OH)2] via [(RO)(OH)2B]− to the metal, as is the
case in the palladium mediated Susuki–Miyaura cross-couplings.
Experimental studies have shown that rhodium-hydroxo interme-
diates are important in the transmetallation steps of 1,4-addition
of organoboronic acids to �,�-unsaturated carbonyl compounds
[27], but the exact role of the base in the transmetallation steps
of the rhodium(I) mediated systems remains somewhat elusive. To
the best of our knowledge, there are no systematic computational
studies available to explain the exact role or function of the base
(and water) in the transmetallation steps of the rhodium(I) medi-
ated systems. In this perspective, one of the experimental studies
by Feringa, de Vries and Minnaard dealing with phosphoramidite

rhodium(I) mediated (enantioselective) arylation of aldehydes is
therefore particularly interesting, because this system does not
strictly require the presence of an external base (nor water) for
catalytic activity [19]. The main product obtained by aldehyde ary-
lation is actually [ArRCO–(B(OH)2)]−, which transforms into the

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:B.deBruin@uva.nl
dx.doi.org/10.1016/j.molcata.2010.03.002
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nal alcohol products ArRCOH only after aqueous workup [19]. The
eneral mechanism for these reactions, as proposed by Feringa, de
ries and Minnaard, is shown in Scheme 1.

As shown in Scheme 1, the rhodium-alcoholate intermediate
obtained by aldehyde insertion into the Rh-aryl bond) is proposed
o be responsible for the direct aryl transfer from arylboronic acid
o rhodium with liberation of [ArRCO–(B(OH)2)]−. The basic mech-
nism in Scheme 1 does not give any insight into the proposed
ransmetallation process, and considering the importance of the
eaction a detailed understanding of all elementary steps contribut-
ng to the mechanism is required to facilitate future developments
y rational strategies. This triggered us to investigate the reac-
ion mechanism of the rhodium mediated arylation of aldehydes in

etail using DFT methods. Apart from an interest in the overall reac-
ion mechanism, we were primarily interested in the question why
o external base or water is required in the phosphoramidite based
hodium(I) mediated reactions. Since oxidative addition reactions
re generally easier for rhodium(I) than for palladium(II), could B–C

cheme 2. Summary of the DFT calculated reaction pathways for Rh-mediated arylation o
Scheme 1. Proposed mechanism for phosphoramidite rhodium(I) mediated aryla-
tion of aldehydes.

f aldehydes with aryl boronic acids (free energies �G◦
298 K, in kcal mol−1, included).
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ig. 1. Free energy (�G◦
298 K; top) and enthalpy (�H◦; bottom) profiles for the form

+2.0 kcal mol−1) of B are not included in the figure for clarity.

xidative addition play a role in these reactions? . . .or is an inter-
al acid–base reaction within the coordination sphere of rhodium
ithout a change in the oxidation state of the metal a more likely
athway?

. Results and discussion

The main goal of the DFT investigations in this paper is to provide
detailed picture of the elementary reaction steps contribut-

ng to the overall mechanism behind phosphoramidite rhodium(I)
ediated arylation of aldehydes under base and water free condi-

ions. We chose not to focus on the enantioselectivities associated
ith these reactions, and thus we simplified the experimentally

pplied large chiral phosphoramidite ligands by the much smaller
(OH)2NH2 ligands to reduce the computation times. We used the
urbomole program package with the Turbomole b3-lyp functional
nd TZVP basis set supplied with the program for all geometry

ptimizations (see Section 3.1 for more details).

The proposed starting point in the arylation mechanism accord-
ng to Feringa, de Vries and Minnaard is a three coordinate species

ith an anticipated trigonal geometry (Scheme 1). The actual DFT
ptimized geometry of 3-coordinate species [Rh(Ph)(PNH2(OH)2)2]

Fig. 2. Geometries of TS1 (left) and al
f alcoholate intermediate C from A. The free energy (+1.4 kcal mol−1) and enthalpy

(A-thf) is T-shaped (mono-vacant square planar). However, this
T-shaped species is quite unlikely to exist in solution. The
vacant site will immediately be occupied by solvent coordina-
tion in the applied coordinating solvents (thf, dioxane, alcohols,
toluene/water) [19]. The phenyl starting species is thus much more
likely to exist as a square planar solvent adduct. We therefore used
the thf adduct cis-[Rh(Ph)(PNH2(OH)2)2(thf)] (A) as a starting and
energetic reference point for all subsequent steps.

2.1. Aryl transfer to the aldehyde (aldehyde insertion into the
Rh–C bond)

Substitution of the thf solvent molecule in A by the aromatic
aldehyde substrate leads to the square planar aldehyde adduct
cis-[Rh(Ph)(PNH2(OH)2)2(�1-O-{O CHPh})] (B), which has the aro-
matic aldehyde substrate �-O-coordinated to the Rh atom through
one of its carbonyl lone pairs (see Scheme 2 and Fig. 1).
This species has to rearrange to the carbonyl �-C,O-coordinated
isomer cis-[Rh(Ph)(PNH2(OH)2)2(�2-O,C-{O CHPh})] (B′), before
the phenyl group can migrate to the carbonyl carbon (vide infra).
The �-carbonyl species B′ (+2.8 kcal mol−1) is slightly higher in
energy than species B (+1.4 kcal mol−1). Neither species B nor B′

coholate intermediate C (right).
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Fig. 3. Free energy (�G◦
298 K; top) and enthalpy (�H◦; bottom) p

ave affinity for thf at the b3-lyp level of theory, and attempts to
ptimize the 5-coordinate analogs with DFT led to spontaneous thf
issociation (in both cases).

Phenyl migration to the carbonyl group of B′ in TS1 (Fig. 1)
as an accessible, though relatively high kinetic free energy bar-
ier (relative free energy of TS1: +19.4 kcal mol−1), and this step
eems to be rate limiting in the overall catalytic cycle (Scheme 2).
his leads to the formation of the alcoholate product cis-[Rh(�1-
-{(OCHPh2)(PNH2(OH)2)2})] (C), which is internally stabilized by
2-aryl coordination of one the two phenyl groups to rhodium

−7.1 kcal mol−1). Remarkably, this pathway resembles the key
tep of Heck coupling reactions, where an olefinic C C bond inserts
nto a Pd–C bond [28] (see Figs. 1 and 2).

The direct migration of the phenyl moiety of B to the
-O-coordinated aldehyde moiety was also computationally inves-

igated with a series of constrained geometry optimizations, but
his pathway proved to be non-existing. In all attempts, shorten-
ng the CPh–Ccarbonyl bond along this attempted pathway led to
pontaneous formation of (a vibrational exited state of) the �-C,O-
oordinated isomer B′ before reaching the same transition state
S1.

The formation of C from A is not particularly exergonic, and the
FT calculations thus suggest that these reaction steps should be

eversible (see Fig. 1). C should be an observable intermediate. The
everse reaction should be kinetically hindered, but in the pres-
nce of coordinating agents it should become thermodynamically
ccessible. These data are in excellent agreement with experimen-
al data from some recently reported model reactions: Hartwig
nd coworkers reported the spectroscopic and X-ray structural
haracterization of the alcoholate compound (PEt3)2RhI–OCPh3,
hich structurally closely resembles species C, including its �2-

ryl coordination mode (Fig. 2) [29]. Heating (PEt3)2RhI–OCPh3 in
he presence of a few additional equivalents of PEt3 leads to �-aryl
limination with formation of the square planar aryl compound

PEt3)3RhI–Ph and benzophenone (Ph2C O). Related de-insertion
eactions (�-aryl elimination) were synthetically applied in the
hodium(I) catalyzed aryl transfer reactions (1,4-conjugated addi-
ion reactions) from trisubstituted aryl alcohols to �,�-unsaturated
arbonyl compounds, as reported by the Hayashi group [30–32].
s for the formation of borate intermediate E from alcoholate C.

In absence of the electrophilic boronic acid and in the presence
of a strongly coordinating medium (e.g. excess of P-ligand) the
reverse reaction from C leading to �-aryl elimination will indeed
become a quite favorable process. Coordination of the boronic acid
to form species D followed by the subsequent transmetallation
steps discussed in the next section should however be the dom-
inant pathway under conditions with an excess of the boronic acid.
The presence of other electrophilic species (e.g. protons from water)
should also favor the formation of alcohol.

The smooth forward insertion reactions have been unequivo-
cally and directly demonstrated in the case of aldehyde insertions
into the Rh–C bonds of square planar RhI-aryl model compounds
[33], and some related insertion and de-insertion reactions of
ketones, imines, and nitriles were also elegantly demonstrated by
the Hartwig group [32,34,31].

2.2. Transmetallation steps

Under base-free conditions, substitution of the �2-aryl moi-
ety by a hydroxo moiety of the phenylboronic acid substrate
to form cis-[RhI(O-CHPh2)(OHBOHPh)(PNH2(OH)2)2] species D is
perhaps the most logical next step to allow subsequent mech-
anistic steps for phenyl transfer to the metal (vide infra). On
the other hand, oxidative addition of the B–C bond of phenyl-
boronic acid to RhI, thereby forming a Ph–RhIII–B(OH)2 species,
could (in principle) be an alternative pathway for formation
of [ArRCO–(B(OH)2)]−. The oxidative addition product cis-
[RhIII(Ph)(B(OH)2)(O-CHPh2)(OHBOHPh)(PNH2(OH)2)2] species D′

is however substantially destabilized (��G◦ = +15.3 kcal mol−1)
compared to D (see Figures S1 and S2, Supplementary Material).
The kinetic barrier for this process (which we did not consider fur-
ther) must be even higher in energy, which makes this pathway
highly unlikely compared to the transmetallation steps described
below.
Indeed, formation of cis-[Rh(O-CHPh2)(OHBOHPh)(PNH2(OH)2)2]
species D by substitution of the �2-aryl moiety in C by a
hydroxo moiety of the phenylboronic acid substrate is exergonic
(�G◦ = −1.9 kcal mol−1, see Fig. 3). From D, two transmetallation
pathways are conceivable:
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Fig. 4. Geometry of TS2.

(I) Alcoholate migration transmetallation pathway: Migration of the
alcoholate moiety to the electrophilic boron moiety of D, fol-
lowed by phenyl migration from the resulting coordinated
anionic hypervalent borate moiety.

II) Proton transfer transmetallation pathway: Protonation of the
alcoholate by coordinated boronic acid moiety of D to form
species R.S., followed by �-aryl elimination from the resulting
Rh–O–BPh(OH) moiety (trivalent boron) of species R.S.

Although the first pathway was considered to be
ost logical, the free energy of R.S. species cis-[Rh(OH-

HPh2)(OBOHPh)(PNH2(OH)2)2] is slightly lower than that of
(see Fig. 3) [35], and hence both pathways were considered

omputationally.

.2.1. Alcoholate migration transmetallation pathway (I)

Migration of the alcoholate moiety to the borane

oiety of D via TS2 (+6.7 kcal mol−1) is a lower bar-
ier process (�G‡ = +15.7 kcal mol−1) than the preceding
ldehyde insertion steps, and produces the cis-[Rh(k2-O,O-
(B(OCHPh2)(OH)2(Ph)})(PNH2(OH)2)2)] species E. This whole

Fig. 5. Free energy (�G◦
298 K; top) and enthalpy (�H◦; bottom) profiles
Fig. 6. Geometry of TS3.

process occurs without dissociation of the ‘alcoholate’ O-donor in
D. Formation of E (−0.7 kcal mol−1) from C (−7.1 kcal mol−1) via
TS2 (+6.7 kcal mol−1) should be reversible (see Figs. 3 and 4).

The lower energy of species R.S. as compared to D raises the total
barrier for the transmetallation pathway for phenyl migration via
TS2 to +16.3 kcal mol−1 [35]. Species R.S. could well be the resting
state species in the overall catalytic cycle, but the energy of species
D is only 0.6 kcal mol−1 higher.

Considering the formation of [ArRCO–(B(OH)2)]− in the experi-
mental systems, phenyl transfer from the borate moiety in E to the
metal is the most logical next step in the overall reaction mecha-
nism. This process requires dissociation of the “alcoholate” borate
oxygen donor and rearrangement to allow the phenyl unit to come
close to the metal. The thus formed species F (−0.3 kcal mol−1), hav-
ing a �2-coordiated phenyl moiety of the borate unit, is only slightly
higher in energy than E (��G◦ = +0.4 kcal mol−1) (see Fig. 5).

Phenyl transfer from boron to the metal in F via
TS3 (+6.2 kcal mol−1) is a remarkably low barrier process

◦ −1
(��G = +6.5 kcal mol ), and produces the phenyl species
cis-[Rh(PNH2(OH)2)2(Ph)(k1-O{(OH)2B(OCHPh2)})] (G), having
the final borane product (OH)2B(OCHPh2) still coordinated to
rhodium (−9.6 kcal mol−1), see also Fig. 6. Substitution of this
product by thf completes the catalytic cycle, which is calculated to

for transmetallation pathway (I) from E via TS3 to regenerate A.
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Fig. 7. Free energy (�G◦
298 K; top) and enthalpy (�H◦; bottom) profiles fo

e overall exergonic by −11.4 kcal mol−1. This alcoholate migra-
ion transmetallation pathway (I) clearly proceeds with much
ower energetic barriers than the oxidative addition process, and
onveniently explains the experimentally observed formation of
ArRCO–(B(OH)2)]−.

.2.2. Proton transfer transmetallation pathway (II)
The relatively low free energy of cis-[Rh(OH-CHPh2)(OBOHPh)

PNH2(OH)2)2] species R.S. as compared to D and C potentially
llows for an alternative transmetallation pathway involving alco-
ol dissociation from R.S. to form species F′, followed by �-aryl
limination (TS2′) to produce the RhI-phenyl species G′ bearing a
-coordinated HO–B O moiety. Dissociation of the latter to regen-
rate A is overall endergonic (+30.8 kcal mol−1), but combined with
ubsequent trimerisation of HO–B O to (–B(OH)–O–)3 the over-
ll process is exergonic by −5.4 kcal mol−1 according to the DFT
alculations. The overall barrier for this transmetallation path-
ay, i.e. pathway (II), are substantially higher than those found

n the previous section involving alcoholate migration to the coor-
inated electrophilic boronic acid moiety, i.e. pathway (I). Hence,
he sequence in Fig. 7 provides at best an alternative parallel trans-

etallation pathway, but this reaction channel should play only a
inor role in the overall catalytic cycle under base and water free

onditions.
Nonetheless, Hartwig and coworkers demonstrated experi-

entally that the RhI-amido complex [Rh{N(SiMe3)2}(PEt3)2]
eacts with ArB(OH)2 in the presence of excess PEt3 to form
Rh{O-BAr(OH)}(PEt3)3] species containing an aryl boroninate
igand (deprotonated aryl boronic acid). These RhI-OBAr(OH)
pecies undergo �-aryl elimination to produce [Rh(Ar)(PEt3)3] and
oroxin oligomers {–O–B(OH)}n. Indeed, with the stronger base

N(SiMe3)2} and in the presence of excess PEt3, the formation of
he deprotonated aryl boronic acid ligands should be favored, and
he pathway from F′ to G′ via TS2′ shown in Fig. 7 basically confirms
he proposed �-aryl elimination mechanism by Hartwig for their
ystems. The obtained barriers according to the DFT calculations
rnative transmetallation pathway (II) from R.S. via TS2′ to regenerate A.

appear to be a bit high considering the relatively fast �-aryl elimina-
tion reactions observed in the experimental systems, but this may
well be related to the electronic influence of the different P-ligands
(i.e. strongly �-donating PEt3 ligands in the experimental systems
versus the �-accepting phosphoramidite model PNH2(OH)2 in the
DFT calculations).

In any case, the proton transfer transmetalation pathway (II)
shown in Fig. 7 should play only a minor role in the mechanism
of aldehyde arylation under base and water free conditions, which
according to the DFT calculations should be dominated by the alco-
holate transmetallation pathway (I) shown in Figs. 3 and 5. Hence,
Scheme 2 summarizes the overall computed reaction pathway.

3. Conclusions

We explored the reaction mechanism of rhodium(I) mediated
arylation reactions of aldehydes with arylboronic acids, under
base and water free conditions, using DFT methods. The detailed
picture resulting from the DFT calculations is that the reaction pro-
ceeds most likely via an internal base mechanism for the crucial
transmetallation steps. Alternative oxidative addition pathways are
kinetically disfavored.

The rhodium-alcoholate intermediate (formed by aryl inser-
tion into a Rh-aryl bond) functions as an internal base and attacks
the electrophilic coordinated arylboronic acid substrate at boron.
The resulting coordinated borate anion subsequently transfers its
aryl moiety to rhodium to close the catalytic cycle. The rhodium
atom does not change its oxidation state throughout this whole
process, and all steps proceed smoothly within the coordina-
tion sphere of rhodium. The DFT calculated pathway confirms
the mechanism initially proposed by de Vries, Feringa and Min-

naard. Somewhat unexpectedly the aldehyde migratory insertion
into the Rh-aryl bond is calculated to be the rate limiting step
(�G† = +19.4 kcal mol−1) of the overall catalytic cycle. All subse-
quent elementary steps involved in the transmetallation process
proceed with lower barriers (<+16.3 kcal mol−1).
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The cis-[Rh(OH-CHPh2)(OBOHPh)(PNH2(OH)2)2] species
.S. should be the resting state species under the catalytic
onditions according to the DFT calculations, but cis-[Rh(O-
HPh2)(OHBOHPh)(PNH2(OH)2)2] species D is not much higher in
nergy.

.1. Applied DFT methods

The DFT geometry optimizations were carried out with the Tur-
omole program [36a,b] coupled to the PQS Baker optimizer [37].
eometries were fully optimized as minima or transition states at

he b3-lyp level [38] using the polarized triple-� TZVP basis [36c,f]
small-core pseudopotential [36c,e] on Rh). All stationary points
minima and transition states) were characterized by vibrational
nalysis (numerical frequencies); ZPE and gas phase thermal cor-
ections (entropy and enthalpy, 298 K, 1 bar) from these analyses
ere calculated according to standard formulas of statistical ther-
odynamics. Estimated condensed phase (1 L mol−1) free energies,

ntropies and enthalpies were obtained from these data by neglect-
ng the RT term and subsequent correction for the condensed phase
eference volume (Scondensed phase = Sgas phase + R × ln(1/24.5)).

The identity of the transition states was confirmed by following
he single negative eigenvalue vibration in both directions (IRC)
ollowed by unconstrained geometry optimizations. Energies are
eported in kcal mol−1, both as enthalpies and free energies. The
ptimized geometries are visualized with the PLATON [39] program
rendered with POVRAY).
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