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a b s t r a c t

The Lewis acidity of BiX3 (X¼Cl, Br, I) is explored using density-functional theory (DFT) studies of simple
complexes with various alcohol and carbonyl substrates. The calculated relative energies of the com-
plexes follow the trend of hardness for BiX3 (Cl>Br>I). The observed halogen exchange reaction of BiCl3

with alcohols and alkyl halides is discussed in terms of the computational results as well as theories of
hardness and carbocation stability. The DFT results predict similar activation of substrates by molecular
BiI3 relative to BiBr3, which is inconsistent with experimental results, which show no reactivity for the
iodide in nonpolar solvents. However, the molecular form is unlikely in these solvents as BiI3 is an ionic
salt in contrast to the chloride and bromide, which are covalent solids.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Trivalent bismuth halides BiX3 (X¼Cl, Br, I) are useful in organic
synthesis as mild Lewis acid catalysts which can be easily recovered
from the reaction mixture.1 These compounds are effective for the
removal of a variety of protecting groups including O,O-acetals,2

aminals,3 silyl ethers,4 hydrazones, and semicarbazones.5 BiX3 and
other bismuth salts also catalyze ring-opening reactions of epox-
ides6 and a number of bond-forming reactions such as Diels–Alder
cyclizations,7 aldol and Michael reactions,8 allyl and aryl
acylations,9 sulfonation of arenes,10 aza-Prins cyclization,11 tandem
cyclization–additions,12 and the hydroarylation of styrenes and
arenes.13,14 The attraction of these compounds is their low cost and
toxicity in comparison to other common Lewis acids.1 For example,
BiCl3 and BiBr3 have replaced TiCl4

8 and InCl3,12b respectively, in the
Mukaiyama-aldol reaction. The BiCl3-catalyzed Diels–Alder re-
action also has higher yields and increased stereoselectivity when
compared to Sm-, Ti-, Sc-, and Yb-based Lewis acids7 as well as
prevention of polymerization that can occur with other Lewis
acids.15

Reaction of various alcohols with BiX3 (X¼Cl, Br, I) in CCl4 was
shown by Keramane et al. to be dependent upon the specific bis-
muth salt.16 No reaction was observed in trials including either BiI3

or primary alcohols. BiBr3 was an effective Lewis acid catalyst,
converting secondary and tertiary alcohols to alkenes and benzylic
and allylic alcohols to ethers without the formation of alkyl
: þ1 757 683 4628.

All rights reserved.
bromides. BiCl3 reacted stoichiometrically to convert secondary al-
cohols to alkyl chloride and alkene products (70% and 30%,
respectively), tertiary alcohols to alkyl chlorides, and benzylic al-
cohols to ethers and alkyl chlorides. Substantial differences between
the BiX3 salts have also been observed for ring opening of cholesterol
epoxides under Ritter conditions:6a BiBr3 catalyzes the formation of
the trans-b-hydroxy acetamide where BiCl3 also produces the
chlorohydrin in a 1:1 ratio. Halohydrins of both BiX3 compounds are
formed when the reaction is performed in 1,4-dioxane.

Keramane et al.’s proposed mechanism for reaction from the
assumed Lewis acid complex between BiX3 and the alcohol in-
cludes three pathways (Scheme 1). The steps of this mechanism are
proposed to occur without carbocation formation. The first path-
way involves etherification by SN2 attack of a second alcohol on the
a-carbon of the complexed alcohol. In the second pathway, the
oxygen attacks the hydrogen of the adjacent carbon to give an
elimination product, driving off water and regenerating BiX3. The
third pathway, available for only BiCl3, is a non-catalytic intra-
molecular halogen exchange. The bismuth byproduct BiCl2OH can
react further to produce two additional equivalents of RCl. A related
halogen exchange reaction occurs between BiX3 and RX0 under
similar conditions when X0 is heavier than X.17

To better understand the differences in reactivity of BiX3 toward
alcohols and other substrates, we have performed a series of
density-functional theory (DFT) calculations on model complexes
of BiX3 with simple substrates (ethanol, isopropanol, tert-butanol,
benzyl alcohol, tetrahydrofuran (THF), propenal, and acetone). The
actual bismuth species involved in Lewis acid catalysis is unknown.
In this study, the simple BiX3 molecule, known to be trigonal py-
ramidal in gas phase electron diffraction experiments,18 is assumed
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to be the active catalyst. These calculations will use one substrate
molecule complexed with BiX3, although crystal structures of
BiCl3–THF19 and BiCl3–crown ether complexes20 show that BiX3 can
coordinate up to five ligands.

2. Theoretical methods

Geometry optimizations were performed with Gaussian 0321 at
the DFT/mPW1PW9122 level. The mPW1PW91 functional has been
shown to provide better geometries for BiI3 than B3LYP, HF, or
MP2.23 The Wadt–Hay relativistic effective core potential (RECP)24

basis sets were used for Bi, Cl, Br, and I. Oxygen, carbon, and hy-
drogen were represented by the Dunning triple-z basis set.25 Basis
sets for Bi, C, and the halogens were augmented with diffuse and
polarization functions. For the calculations on the benzyl alcohol
complexes, these extended basis sets were used only for the
Table 1
Bond distances, Bond angles, APT charges (qBi and qX), and chemical hardness (h) of BiX

BiX3 d(Bi–X) (Å) X–Bi–X (�)

Cl DFT/mPW1PW91 2.432 98
HFa 2.417 97.9
MP2b 2.453 98.5
DFTc 2.48 97.3
EDd 2.424 97.3, 97.5
X-raye 2.468, 2.518 94.9, 93.2

Br DFT/mPW1PW91 2.598 99.5
HFa 2.589 99.1
MP2b 2.610 99.4
DFTc 2.63 98.0
EDf 2.577 98.6
X-rayg 2.620, 2.690 88.2, 96.3

I DFT/mPW1PW91 2.817, 2.802h 100.5, 100.5h

HFa 2.804 100.0
MP2 2.842b, 2.807h 100.6b, 100.4h

DFTc 2.87 99.4
DFT/B3LYP 2.828h 101.5h

EDi 2.807 99.5
X-rayj 3.1 90.0

a Ref. 29.
b Ref.30.
c Ref. 31.
d Ref. 18a.
e Ref. 32.
f Ref. 18b.
g Ref. 33.
h Ref. 23.
i Ref. 18c.
j Ref. 34.
k Defined as BiX3(g)/Bi(g)þ3X(g), see Ref. 38.
–CH2OH fragment; all other atoms were described by the Dunning
double-z basis set.26 Relative energies of complex formations in-
clude the zero-point energy correction (DEþZPE). Analysis of
atomic charge and hybridization was performed with Atomic Polar
Tensor (APT)27 and Natural Bond Order (NBO) methods.28

3. Results

The DFT-optimized geometries of the trigonal pyramidal (C3v)
BiX3 molecules are comparable to experimental electron diffraction
data as well as previous computational studies at the HF,29 MP2,30

and DFT31 levels of theory (Table 1). For all methods, the X–Bi–X
bond angles increase as a function of the halide in the order of
Cl<Br<I due to repulsive interactions between the halides. The
Bi–X bond length increases down the halide group corresponding
to the sum of the van der Waals radii. The bond lengths for BiCl3 and
3

qBi qX hBiX3 (eV) DHdiss
k (kcal/mol)

1.424 �0.475 6.36 200.0

1.130 �0.377 5.43 168.1

0.797 d0.266 4.41 129.9
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BiBr3 from X-ray crystallography32,33 are larger than the DFT and ED
values due to interactions between Bi and the halogens of adjacent
molecules within the crystalline lattice. In contrast, the X-ray
structure34 of BiI3 shows a lattice of hexagonal close packed Bi3þ

and I� ions rather than the molecular units observed in the gas-
phase ED studies. (An ionic polymorph of BiBr3 also exists.33) Bi–I
distances within the octahedral BiI6 groups are w0.3 Å longer than
the ED distance for BiI3. The ionic nature of BiI3 likely contributes to
the differences in reactivity observed by Keramane et al.16

The Lewis acidity of BiX3 results from the relativistic contraction
of the valence 6s Bi AO.35,36 The low energy of this AO reduces
mixing with the s-type AOs of the halides, which form bonds
through the higher energy bismuth 6p AOs (Fig. 1). The decrease in
s character for the bonding MOs also leads to bond angles that are
significantly less than 109.5 predicted by VSEPR due to the effective
change in hybridization from sp3 to p3. NBO analysis gives the
contribution of the Bi 6s AO to the Bi–Cl bond as 3.2%. In contrast,
the N 2s AO of NCl3 is 13.1%, consistent with sp3 hybridization and
its 110� bond angle. The LUMO of BiX3 is antibonding through the Bi
6pz AO and the a1 irreducible representation of the halide s-type
AOs. Unlike the electron-deficient boron trihalides, BiX3$L com-
plexes do not form a Bi–L bond along the C3v axis. Complexation of
Lewis bases expands octet of bismuth leading to the commonly
observed see-saw structures predicted by VSEPR for molecules
with four bonds and one lone pair (AX4E).

Although the chloride is the strongest Lewis acid based upon the
APT charges for BiX3 (Table 1), analysis of the hardness is important
to interpret the reactivity of the bismuth halides. The chemical
hardness parameter h is a qualitative measurement of the Lewis
acidity defined as the average of the ionization potential and the
electron affinity of a species.37 Using Koopmans’ theorem defini-
tions of these properties, the chemical hardness can be written in
terms of the HOMO and LUMO energies (Eq. 1):

h ¼ 1
2
ð3HOMO � 3LUMOÞ (1)

For BiX3, the HOMO energies increase and the LUMO energies
decrease down the halogen group resulting in lower hardness
parameters for the heavier halide molecules. The trend in the
Bi 6s

Bi 6p

a1

a1

a1*

e

Cl σ

Figure 1. Molecular orbital diagram for BiCl3. The chloride p-type lone pair orbitals,
including the HOMO, have been omitted for clarity.
HOMO–LUMO gap is consistent with the weaker covalent bonds
between bismuth and the larger halogens as shown by the homo-
lytic dissociation enthalpy (DHdiss, Table 1).38 Comparison of the h

values in Table 1 to reported DFT values shows that molecular BiX3

species are significantly softer than BF3 (11.677) or BCl3 (7.294)39

(Bi3þ is commonly listed as a borderline-soft acid). Keramane et al.
use the relative hardness of the hydroxide and halide ions to ex-
plain the reactivity of BiX3 with both alcohols and alkyl halides: the
soft Bi center will preferentially form bonds with the larger halides
over the hard OH� and Cl� ions. In these terms, the reactivity fits
well into the classic formulation of an exchange reaction within
hard and soft acid and base (HSAB) theory.37 BiBr3 and BiI3 do not
exchange with alcohols because the hard (Rþ and OH�) and soft
(Bi3þ and X�) components are paired. For reactions with the alkyl
halides,17 the soft bismuth will exchange a halide with the hard
carbocation only if bismuth’s halide is harder than that of the alkyl
halide (e.g., BiCl3 reacts with RBr, but BiBr3 does not react with RCl).

The geometries of several BiX3$L complexes (L¼THF, EtOH, i-
PrOH, t-BuOH, BnOH, acetone, and propenal) were calculated to
examine the effect of the Lewis acidity of BiX3 on the electronic
structure of the substrate molecules (Tables 2 and 3). The overall
geometry of the optimized BiX3$L species was the distorted see-
saw consistent with AX4E from VSEPR (Fig. 2). Experimental data
for simple complexes of BiX3 are not available, but the Bi–O and
Bi–Cltrans bond distances for BiCl3$THF (Fig. 2) are comparable to
the X-ray structure of BiCl3$3THF (2.63–2.67 and 2.484–2.491 Å,
respectively).19 The similarity between the bond lengths suggests
that changes in electronic structure upon formation of the Lewis
complex are localized in the hypervalent interaction and can be
reproduced in simple BiX3$L complexes. However, these model
complexes omit steric interactions between the substrate mole-
cules and may exaggerate changes in electronic structure in the
model complexes due to a greater effective qBi felt by the substrate.

The trend in DEþZPE (Cl>Br>I, Tables 2 and 3) is consistent with
the chemical hardness values, which predict that the strongest
Lewis complexes with the hard oxygen donors should be formed
with the chloride. The complex formation energies for the bromide
and iodide are slightly lower than the chloride (w2 kcal/mol for
BiI3). The small range for complex formation suggests that the
differences in reactivity are due to changes in the electronic
structure of the complexed substrate. However, the lack of re-
activity in the iodide may be connected to the ionic nature of the
solid. Formation of the BiX3$t-BuOH complexes is less favorable
than that of the EtOH and i-PrOH complexes due to the steric in-
teractions between the cis halides and methyl groups.

The stronger interaction between the substrates and BiCl3 is
reflected in d(Bi–O) and the change in trans d(Bi–X) bond distance.
The weaker BiI3 complexes have Bi–O distances w0.2 Å longer than
the BiCl3$L series. These results are consistent with the valence-
bond picture of the three-center-four-electron (3c-4e) bonding
described for hypervalent molecules. The resonance structures
for the 3c-4e interaction of the trans alcohol and halide of the
Table 2
Selected geometric data, APT charges (q), and NBO data for BiX3$(ketone) complexes
(X¼Cl, Br, I)

DEþZPE d(C–O)
(Å)

Dd(C–O)
(Å)

d(Bi–O)
(Å)

Trans
d(Bi–X)

qC

Acetone 1.2072 0.826
BiCl3$acetone �10.90 1.2206 0.0134 2.6663 2.4698 þ0.086
BiBr3$acetone �9.33 1.2189 0.0117 2.7195 2.6328 þ0.079
BiI3$acetone �8.19 1.2189 0.0117 2.7377 2.8507 þ0.067
Propenal 1.2053 0.855
BiCl3$propenal �10.32 1.2185 0.0132 2.6764 2.4701 þ0.068
BiBr3$propenal �8.84 1.2173 0.0120 2.7273 2.6333 þ0.060
BiI3$propenal �7.72 1.2165 0.0112 2.7551 2.8509 þ0.048



Table 3
Selected geometric data, APT charges (q) and NBO data for BiX3$ROH (X¼Cl, Br, I)

DEþZPE d(Bi–O) (Å) d(C–O) (Å) Trans d(Bi–X) (Å) Dd(C–O) (Å) qC %s, NBO %p, NBO

EtOH 1.4157 0.572 23.29 76.60
BiCl3$EtOH -11.36 2.6399 1.4337 2.4691 0.0180 �0.045 21.70 78.15
BiBr3$EtOH �9.95 2.6839 1.4320 2.6331 0.0163 �0.043 21.86 77.99
BiI3$EtOH �7.79 2.7127 1.4312 2.8512 0.0155 �0.049 21.96 77.89
i-PrOH 1.4231 0.566 21.92 77.93
BiCl3$i-PrOH �11.49 2.6429 1.4431 2.4705 0.0200 þ0.029 20.42 79.42
BiBr3$i-PrOH �10.04 2.6874 1.4415 2.6341 0.0184 þ0.031 20.56 79.29
BiI3$i-PrOH �9.05 2.7203 1.4409 2.8519 0.0178 þ0.012 20.64 79.21
t-BuOH 1.4305 0.533 20.65 79.20
BiCl3$t-BuOH �11.39 2.6482 1.4514 2.4706 0.0209 þ0.069 19.28 80.56
BiBr3$t-BuOH �9.87 2.6935 1.4497 2.6342 0.0192 þ0.074 19.42 80.42
BiI3$t-BuOH �8.82 2.7192 1.4484 2.8522 0.0179 þ0.077 19.54 80.30
BnOH 1.4106 0.536 22.73 77.14
BiCl3$BnOH �12.44 2.6424 1.4378 2.4702 0.0272 þ0.056 20.62 79.25
BiBr3$BnOH �10.99 2.6913 1.4348 2.6337 0.0242 þ0.049 20.80 79.07
BiI3$BnOH �10.05 2.7258 1.4333 2.8515 0.0227 þ0.043 20.93 78.94
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see-saw-shaped BiX3$ROH complex are shown in Eq. 2. As the
strength of the Bi–O interaction increases, the right-hand reso-
nance structure becomes more important resulting in a reduction
in the overall Bi–X bond order and a longer Bi–X bond. This is
consistent with the trend in d(Bi–X) in the order of Cl>Br>I ob-
served for each of the complexes (compare d(Bi–X) in Table 1 to
trans d(Bi–X) in Tables 2 and 3).

Bi
X X

XO
H

Bi
X X

X-O
H

+
ð2Þ

The results for the BiX3 complexes with carbonyl compounds
(acetone and propenal) are listed in Table 2. Activation of aldehydes
and ketones by Lewis acid catalysis is important to aldol conden-
sations and other reactions involving nucleophilic attack on the
carbonyl group. BiX3 interacts with the OCO lone pair to increase the
positive charge on the carbonyl carbon (Table 2). The effect is pri-
marily inductive as the complexes show only a slight increase in the
C–O bond suggesting minor double bond weakening. Lewis acid
catalysts accelerate Diels–Alder reactions by lowering the energy of
the LUMO to favor interaction with the HOMO of the diene. Pro-
penal was included in the study to show the effect of BiX3 on
a simple dienophile. BiX3 lowers the LUMO energy of propenal by
0.92–1.04 eV, a limited range reflected in the small changes in the
C–O bond distance along the halogen series (Table 2). BiCl3 pro-
duces the largest reduction in accordance with the greater elec-
tronegativity and inductive effect of chlorine.

The results for the BiX3$alcohol complexes (Table 3) show in-
creases in the C–O bond distance and the charge on the a-carbon
consistent with Lewis acid activation. The Dd(C–O) values in Table 3
Cl: 2.645
Br: 2.683
I:    2.831

Cl: 2.475
Br: 2.639
I:   2.856

Cl: 2.451
Br: 2.618
I:   2.836

Cl: 2.475
Br: 2.639
I:    2.856

d(Bi-O)d(Bi-Xtrans)

ave d(Bi-Xcis)

ΔE+ZPE

Figure 2. Structure of representative BiX3$L complexes (L¼THF) with see-saw
geometry. Bond distances are in angstroms; DEþZPE is in kcal/mol.
are comparable to that for the complex of CF3CH2OH with boron
trifluoride.40 BiCl3 produced the largest increase in d(C–O) with
smaller differences for the BiBr3 and BiI3 complexes consistent with
their lower Lewis acidity. The increase in the d(C–O) was smallest
for the primary alcohol (EtOH, þ0.0180 Å, BiCl3) and greatest for
benzyl alcohol (þ0.0272 Å, BiCl3) with secondary and tertiary
alcohols’ intermediate following the expected trend for reaction by
an SN1 mechanism. An analysis of the charges for the a-carbon does
not reveal clear trends either for the alcohols or for the bismuth
halide. However, the decrease in qC for EtOH and the overall in-
crease from i-PrOH to t-BuOH are consistent with the lack of
substitution for primary alcohols and the more rapid rates of
substitution for tertiary over secondary alcohols.16 The contribution
of the a-carbon p AO to the C–O bond is an alternate measure of
activation of the C–O bond. NBO calculations of the free and com-
plexed alcohols (Table 3) show that the percentage of p-character
(%p) of the a-carbon in the C–O bond increases as the Lewis acidity
of BiX3 increases and follows the trend in alcohol reactivity for
SN1 reactions (benzyl alcohol>3�>2�>1�). This trend mirrors the
decrease in C–O bond order for complexes of alcohols with boron
trifluoride calculated at the CNDO level.41

Keramane et al. invoke the SNi mechanism42 to explain the re-
tention of stereochemistry for chlorination of alcohols by BiCl3, but
propose that the exchange occurs via a four-centered transition state
without formation of an intimate ion pair. Although some of the
experimental results suggest that no carbocation forms (disappear-
ance of p-MeBnOH was slower than BnOH), several observed
products appear to result from hydride/methyl shifts from an in-
termediate carbocation. For example, reaction of 2-octanol with BiCl3
leads to 2-, 3-, and 4-chlorooctane as well as 1-, 2-, 3-, and 4-octene.
Additionally, the trends in reactivity for the alcohols roughly follow
the trend in stability of the carbocation (benzylic/allylic>3�>2�>1�).
The concerted transition states for the proposed process have not
been determined as part of this computational study, but are
necessarily high-energy given strained nature of the four-centered
TS and steric interactions with the R groups of the 2� and 3� alcohols.
The proposed transition state is also inconsistent with the experi-
mentally observed rates given that no reaction was observed for
1� alcohols where steric interactions would be minimal.

The retention of stereochemistry is consistent with carbocation
formation if substitution occurs through an intimate ion pair
(Scheme 2). Ion pairing is greatest in nonpolar solvents such as
those used in Keramane et al.’s experimental studies and it is
possible that intimate ion pairs in Scheme 2 have long enough
lifetimes for the observed hydride/methyl shifts within the carbo-
cation. Rearrangement of the [Bi(OH)X3]� fragment within the ion
pair allows the carbocation to abstract a halide depending upon the
relative hardness of the acid and base. This explanation is
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analogous to that of the retention of stereochemistry in the de-
composition of alkyl chlorosulfites via the SNi mechanism and re-
quires further experimental studies for confirmation. The similar
hardness of chloride and hydroxide allows internal return to RX
rather than ROH, but the affinity of Bi for the bromide leads to
a stable ion pair that may separate and diffuse into solution. For-
mation of alkene products may occur by deprotonation of the free
or ion-paired carbocation. Etherification may occur via attack of
a second alcohol at any stage of the process in Scheme 2 (complex,
intimate ion pair, or separated ions).
4. Conclusions

The trend in the Lewis activity of BiX3 has been examined in
terms of chemical hardness and energy of formation. All three BiX3

molecules are predicted to form Lewis complexes with the model
substrates with the strongest interaction for the chloride. Compu-
tational measurements of hardness place BiCl3 as the hardest and
BiI3 as the softest in the series. The differences for the reactivity of
the chloride and bromide with alcohols can be explained in terms of
relative hardness as discussed previously by Keramane et al.16 The
similarity of the hardness of the chloride and hydroxide ions allows
these to be exchanged. The higher affinity of Bi for the softer Br
prevents side reactions and permits BiBr3 to be an effective Lewis
acid catalyst. Indicators of activation (%p, Dd(C–O), etc.) for the BiI3$L
complexes are only slightly smaller than those of BiCl3 and BiBr3. The
lack of activity under Keramane et al.’s reaction conditions is almost
certainly due to the ionic nature of the solid given that BiI3 acts as
a Lewis acid catalyst in polar solvents under the same conditions as
Bi(NO3)3

43 where the active species may be the solvated Bi3þ ion.
Molecular BiI3 might be expected to be a mild Lewis acid based upon
our DFT results, but it is unlikely that BiI3 molecules are present in
solution under Keramane et al.’s reaction conditions.
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J.; Prasad, K.; Repič, O.; Blacklock, T. J. Tetrahedron Lett. 2002, 43, 6709–6713.

15. Laurent-Robert, H.; Gaspard-Iloughmare, H.; Dubac, J. Synlett 2000, 1160–1162.
16. (a) Keramane, E. M.; Boyer, B.; Roque, J.-P. Tetrahedron 2001, 57, 1909–1916; (b)

Keramane, E. M.; Boyer, B.; Roque, J.-P. Tetrahedron 2001, 57, 1917–1921.
17. Boyer, B.; Keramane, E. M.; Arpin, S.; Montéro, J.-L.; Roque, J.-P. Tetrahedron
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