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Abstract: The anionotropic 1,2-migration of an organic substituent from a tetrasubstituted bo-
rate ion, often referred to as an “ate” complex, to an acceptor atom is at the basis of the most
useful application of organoboranes in organic synthesis. We recently showed that chiral sul-
fur ylides react with boranes to give homologated products with high enantiomeric excess. In
considering reactions with mixed boranes, the issue of which group would migrate arises.
Although we are primarily interested in sulfur ylide reactions with boranes, in this review we
have summarized the most important factors that are responsible for which group migrates
from a broad spectrum of reactions involving borate complexes. We also discuss the use of
blocking/nonmigrating groups and highlight when they are effective and not effective.
Consideration of the most important factors that affect the outcome of which group migrates
and understanding how and why blocking groups work, provides a strategy for designing bo-
ranes with nonmigrating groups for use in new reactions of these useful synthetic intermedi-
ates.

Keywords: anionotropic; 1,2-migration; borate complexes; organoboranes; chiral sulfur
ylides; migratory aptitude; ylides.

INTRODUCTION

Organoboranes are versatile synthetic intermediates as they can be converted into a broad range of func-
tional groups [1]. Such transformations, which usually occur with retention of configuration, proceed
via a tetrasubstituted borate ion, and subsequent 1,2-shift of one of the substituents on boron with con-
comitant expulsion of the leaving group. We recently showed that sulfur ylides react with organo-
boranes to give homologated boranes, which can be subsequently converted into alcohols or amines
with very high enantioselectivity [2] (Fig. 1).

Considering the possibility of broadening the scope of this process and in particular to applying
it in synthesis, we became interested in the use of nonsymmetrical boranes. However, in such situations
one has to attend which of the three groups on boron will migrate. There are, of course, thousands of
papers describing related rearrangements of borate complexes, but there are no general rules governing
migratory aptitude of a boron substituent [3]. To highlight the complexity of the issues, methyl and
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thexyl groups, which clearly are at the opposite extremes of steric demand, are both often nonmigrat-
ing groups.

In this review, we summarize the most important factors that control which group migrates in the
1,2-rearrangement of organoborate complexes and highlight examples from the literature which are
controlled by essentially a single factor. We also discuss the use of blocking groups, again highlighting
reactions in which they work effectively and reactions where they do not.

In the rearrangement of borate complexes there is a primary stereoelectronic requirement for the
migrating group to align antiperiplanar to the leaving group (Fig. 2). The factors that affect which group
migrates include the nature of the migrating group, the nature of the groups left behind, the nature of
the leaving group Y, the nature of the migrating terminus X, the degree of charge development on X,
and the ability of the migrating group to carry charge.

The most important steric factors consist of:

1. Steric hindrance around boron (back strain) [4]. This factor should favor the migration of the
bulkiest group, thus producing a relief of the steric strain in a highly hindered borate complex.
The migratory order for alkyl groups should be 3° > 2° > 1°.

2. Steric hindrance around the migrating terminus [4]. This factor will favor the migration of the
least hindered group. The migratory order should be 1° > 2° > 3°.

3. Compression of the bond angles in the migrating group at the transition state for migration [4].
This effect should be especially important for a highly substituted migrating carbon and will dis-
favor the migration of hindered groups. The migratory order should be 1° > 2° > 3°.

4. Nonbonded interactions of the substituents at the migrating terminus with the substituents at-
tached to boron [5,6]. A careful examination of the different conformers at the ate complex should
indicate which group prefers to migrate when factor 4 prevails. For example, if the leaving group
is sterically hindered, the preferred conformation of the ate complex will place the bulkiest boron
substituent anti to it, and so in this case the migratory order will be 3° > 2° > 1°.
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Fig. 1 Homologation of organoboranes with chiral sulfur ylides.

Fig. 2 1,2-Rearrangement of borate complexes.



Electronic factor:

5. Because the migrating group carries partial negative charge, some publications [3,4] suggests that
the migratory aptitude should follow the stability of these species and decrease in the order 1° >
2° > 3°. 

It is clear that the migratory aptitude of alkyl groups is affected by an array of different factors,
and the final result will depend on which factor(s) prevail. In the following discussion, we present re-
actions which are predominantly controlled by one of the above factors.

1,2-MIGRATIONS DOMINATED BY STERIC FACTORS: FACTOR 4

The reaction of organoboranes with 1 equiv of trimethylamine N-oxide (TMANO) [6–8] results in ox-
idation of one of the three groups on boron. In the case of the nonsymmetrical borane 1, it was found
that the bulkier groups were preferentially oxidized [6] (Fig. 3). The selectivity observed in the oxida-
tion with TMANO (the migratory aptitude decreases in the order 3° > 2° > 1°) can be accounted for the
preferred conformation of the ate complex in which the bulkiest group on boron occupies the position
anti to the bulky Me3N group.

In reactions of 9-borabicyclo[3.3.1]nonane (9-BBN) derivatives (Fig. 4) with TMANO, the
bicyclooctyl group rather than the R group migrates [6], again because of the preferred conformation
of the ate complex.

1,2-MIGRATIONS DOMINATED BY ELECTRONIC FACTOR: FACTOR 5

Carbonylation of organoboranes

Carbonylation of organoboranes can be effected in two ways: (i) direct treatment with carbon monox-
ide [9] or (ii) treatment with CN– followed by trifluoracetic anhydride (TFAA) [10,11]. The mecha-
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Fig. 3 Oxidation of trialkylborane with TMANO.

Fig. 4 Oxidation of 9-BBN-B-alkylboranes with TMANO.



nisms of these reactions are shown in Fig. 5, and both processes occur via similar intermediates 2 and
3 for the first migration step.

In reactions with boranes 4 [12] and 5 [13] (carbonylation process) and boranes 6 [10] and 7 [11]
(cyanidation process) no ketones bearing the most hindered group were isolated (Fig. 6). These results
show that the order in the migration step for these reactions is 1° >2° > 3°, suggesting that the 1,2-mi-
gration is dominated by electronic factors relating to the ability of the migrating group to carry nega-
tive charge (factor 5). 

Since the migrating terminus is completely unhindered, steric factors 2 and 4 are completely ir-
relevant. Steric hindrance around the boron atom could potentially have played a role, but this would
have favored migration of the bulkiest group. Since the opposite order is found, electronic factors
clearly dominate this process.

Electrophilically activated triple bonds

The iodine-induced rearrangement of ethynyltrialkylborates [14] followed by spontaneous deiodobora-
tion produces the corresponding alkyl-substituted alkyne (Fig. 7).
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Fig. 5 Carbonylation of organoboranes.

Fig. 6 Carbonylation of different boranes.



Slayden investigated a number of reactions where competition for migration could be quantified
and then critically examined [4]. In this study, one group (thexyl) was completely inert to migration,
and there was a preference for the migration of 1° alkyl over 2° alkyl groups. 

The iodine-induced rearrangement of B-alkynyl-B-alkyl-9-borabicyclo[3.3.1]nonanes preferen-
tially produced the cyclooctyl-substituted alkynes as the major migratory products (Fig. 8).

The order of migratory aptitude is bicyclooctyl > n-butyl > cyclohexyl, iso-butyl, sec-butyl >
thexyl. Except for the 9-BBN group, the order is generally 1° > 2° > 3°, results that implicate electronic
factors as dominating (factor 5). The migrating terminus is unhindered, and as was the case for car-
bonylation, it seems that steric factors are less important here as well. However, the differences of mi-
gratory aptitude between various secondary groups and the preferential migration of 9-BBN (see later)
suggests that there are other competing effects in operation.

Blocking groups: Scope and limitations

Because of the subtle interplay of the different factors, it is very difficult to predict which group will
migrate in nonsymmetrical borate complexes. To reduce this complexity and improve predictability,
nonmigrating groups on boron have been introduced. However, as is illustrated in the following exam-
ples, nonmigrating groups do not always remain attached to boron and in fact sometimes dominate the
migration. Factors that contribute to such changes in behavior are discussed below.

9-Borabicyclo[3.3.1]nonane

9-BBN was introduced by H. C. Brown as a nonmigrating group [15]. Although we have not been able
to find the exact reasoning behind this, we believe it is due to the increased torsional strain in convert-
ing the [3.3.1] into a [3.3.2] bicyclic structure [16]. However, as can be seen in Table 1, there are only
a few instances where it acts as a nonmigrating group, usually the bicyclooctyl group preferentially mi-
grates [17]!
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Fig. 7 Iodine-induced rearrangement of ethynyltrialkylborates.

Fig. 8 Iodine-induced rearrangement of B-alkynyl-B-alkyl-9-borabicyclo[3.3.1]nonanes.



Table 1 Selected examples of the rearrangement of 9-BBN derivatives.

Entry Reaction (ate complex) 9-BBN migration Factor Ref.

1 Migrates exclusively Conformation of the [6]
ate complex
dominates outcome
(factor 4)

2 Migrates exclusively Conformation of the [18]
ate complex
dominates outcome
(factor 4)

3 Migrates Conformation of the [19]
n-hexyl (0 %) ate complex
9-BBN (80 %) dominates outcome

(factor 4)

4 Migrates Nonbonded [4]
94–100 % of interactions between
migration the incoming

electrophile and the
groups attached to
the boron

5 Migrates Conformation of the [5]
A ate complex
n-Bu (31 %) dominates outcome
9-BBN (69 %) (factor 4)

B
sec-Bu (61 %)
9-BBN (39 %)
(relative yield)

6 Migrates Conformation of the [20]
1o group (2 %) ate complex
9-BBN (85 %) dominates outcome

(factor 4) 

7 Nonmigrating Torsional strain in [21]
group expansion from

[3.3.1] to [3.3.2]

8 Nonmigrating Torsional strain in [22]
group expansion from

[3.3.1] to [3.3.2]

V. K. AGGARWAL et al.

© 2006 IUPAC, Pure and Applied Chemistry 78, 215–229

220



Examples where the bicyclooctyl group migrates preferentially seem to be controlled by the pre-
ferred conformation of the ate complex. If one particular conformation dominates as in entry 1 [6],
where the leaving group cannot easily align antiperiplanar to the B–R bond, then the bicyclooctyl group
migrates. This may also apply to entries 2 [18] and 3 [19] in Table 1. Entry 4 [4] is also affected by sim-
ilar considerations, but this time it is the accessible space available to the electrophile (opposite the bi-
cyclooctyl group) that controls the outcome of the reaction. Entry 5 [5] is also controlled by conforma-
tion, but is now more finely balanced. The preferred conformation of the iodonium ion is influenced by
the size of the substituent on boron, which in turn affects which group migrates.

There is a major difference in outcome of reactions in entries 2, 3, and 7 [21], where the only dif-
ference in structure is the nature of the leaving group. In entries 2 and 3, very good leaving groups are
present and the bicyclooctyl group migrates preferentially, whereas in entry 7 the leaving group is
smaller and less good and the boron substituent R migrates instead. It is possible that in the case of the
smaller and less good leaving group (entry 7), the increased conformational flexibility of the ate com-
plex coupled with a later transition state, allows the inherently stable bicycle structure to remain intact
and the R group to migrate. It is difficult to rationalize why the borabicycle migrates in entry 6 [20]
when it bears greater similarity to entry 7 than entries 2 and 3. 

Carbonylation (entry 8) [22] is not affected by conformation of the ate complex and so, because
of the inherent stability of the bicycle structure, the R group migrates preferentially.

What is clear from this analysis is that the conformation of the ate complex (factor 4) plays a
major role in controlling the outcome of the reactions and that the rigid and hindered 9-BBN structure
usually forces the leaving group to be anti to the ring B–C bond rather than the boron substituent re-
sulting in ring migration.

Thexyl group

The thexyl group [23] has been used as a nonmigrating group. It is highly hindered and, because of
compression of bond angles during migration will suffer increased strain if it migrates (factor 3). Steric
hindrance at the migrating terminus (factor 2) and electronic effects (factor 5) will also disfavor mi-
gration of the thexyl group. 

In rearrangement reactions involving highly hindered leaving groups, the thexyl group migrates
because of the strongly preferred conformation of the ate complex in which the two largest groups are
anti [6] (Table 2, entry 1). 

At the other extreme involving rearrangement reactions of completely unhindered migrating ter-
minus {carbonylation [12,13,24] (entry 2)/cyanidation [10,25] (entry 3)} the thexyl group does not mi-
grate presumably because the least sterically hindered groups are best able to carry negative charge dur-
ing the migration (factor 5). 

The large thexyl group influences the conformation of the ate complex in other examples. For the
reaction shown in entry 5 [26], the thexyl group cannot occupy a position antiperiplanar to the leaving
group as this would result in severe A1,3 strain, so it does not migrate. 
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Table 2 Selected examples of the thexyl group behavior in the rearrangement of organoborates.

Entry Reaction (ate complex) Thexyl group Factor Ref.
migration

1 Migrates Conformation [6]
n-Hx (2 %) of the ate
c-Hx (20 %) complex
t-Hx (78 %) dominates
(relative yield) outcome

(factor 4)

2 Nonmigrating Controlled by [12]
group the ability of R [13]

group to carry [24]
negative charge
(factor 5)

3 Nonmigrating Controlled by [10]
group the ability of R [25]

group to carry
negative charge
(factor 5)

4 Nonmigrating Controlled by [4]
group ability of R

group to carry
negative charge
(factor 5)

5 Nonmigrating A1,3 strain [26]
group disfavors the

migration of
thexyl group
(factor 4)

6 Nonmigrating Conformation [5]
group of the ate
i-Bu (69 %) complex
n-Bu (31 %) dominates
(relative yield) outcome 

(factor 4)
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7 Migrates A1,2 and A1,3 [27]
A strain favors
1° group (0 %) the migration of
t-Hx (72 %) thexyl group

B (factor 4)
2° group (30 %)
t-Hx (48 %)

In the iodination of ethenyltrialkylborates [5] (Fig. 9), the thexyl group is nonmigrating (Table 2,
entry 6). Again, this can be rationalized by the preferred conformation of the iodonium ion, which
places the larger CH2 group away from the bulky thexyl group. Of the two preferred conformations, VI
should be favored over V, and this correlates with the outcome of the reaction: the ratio of n-Bu:i-Bu
migration was 31:69. 

Conformation of the ate complex also seems to play a dominant role in the rearrangement of the
vinyl chloride [27] (Table 2, entry 7). In this case, the preferred conformation has the bulkiest group
perpendicular to the alkene to minimize A1,2 and A1,3 strain. This position is, therefore, occupied by
the thexyl group which migrates because it is properly aligned with the orbitals of the leaving group.

The bulk of the thexyl group has a major impact on the conformation of the ate complex, and from
analysis of the preferred conformation one can predict whether it will migrate or not.

Methyl group

The methyl group is at the opposite end of the spectrum in terms of steric hindrance relative to the
thexyl group. Just as the thexyl group had a big impact on the conformation of the ate complex because
of its large size, so too will the methyl group because of its small size relative to other groups. This, to-
gether with other factors, has rendered methyl an effective nonmigrating group in many instances.

The reaction of MeLi with borane 8 furnishes an ate complex which undergoes 1,2-rearrangement
to ultimately give diene 9 (Fig. 10). In this example, the methyl group never migrates (Table 3, entry 1),
and there is some preference for 3° over 2° [27] (Table 4). These results show that the order of migra-
tion is 3º > 2° > 1°. As indicated previously, the preferred conformation of the ate complex that mini-
mizes A1,2 and A1,3 strain positions the bulkiest group perpendicular to the π system, and it is the group
occupying this position which migrates. Methyl, being the smallest group, would not occupy this posi-
tion and so does not migrate.
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Table 2 (Continued).

Entry Reaction (ate complex) Thexyl group Factor Ref.
migration

Fig. 9 Iodination of ethenyltrialkylborates. 



Table 3 Selected examples of the methyl behavior in the rearrangement of organoborates.

Entry Reaction (ate complex) Methyl group Factor Ref.
migration

1 Nonmigrating Conformation of [27,28]
group the ate complex or

relief of steric
strain dominates
outcome
(factors 1 and 4) 

2 Migrates Conformation of [29]
Me (74 %) the ate complex
c-Hx (23 %) dominates

outcome
(factor 4)

3 Nonmigrating Conformation of [30]
group the ate complex or

Less than 5 % of relief of steric
Me migration strain dominates

outcome
(factors 1 and 4)

4 Nonmigrating Conformation of [31]
group the ate complex or

relief of steric
strain dominates
outcome 
(factors 1 and 4)

Table 4 Methyllithium-induced rearrangement in
(Ζ)-(1,4-dichlorobut-2-en-2-yl)dialkylboranes.

Entry R1 R2 A (yield %) B (yield %)

1 Me2CHCMe2 (thexyl) cyclohexyl 48 30
2 Me2CHCMe2 (thexyl) Pr(Me)CHCH2 72 0
3 cyclohexyl cyclohexyl 85
4 Me2CHCHMe Me2CHCHMe 73
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Fig. 10 Methyllithium-induced rearrangement in (Ζ)-(1,4-dichlorobut-2-en-2-yl)dialkylboranes.



A related ate complex is generated in the reaction of trans-1-hexenyldicyclohexylmethylborate
[30] with hydrogen chloride, but in this case, small amounts of methyl migration are observed (Table 3,
entry 3). As before, the preferred conformation of the ate complex is the one with the largest group par-
allel with the empty π orbital of the carbocation, and this is the group that migrates (Fig. 11).

The reaction of trialkylboranes with hydroxylamine-O-sulfonic acid (HSA) [32] is limited to
transfer of only two of the three alkyl groups. Methyl has also been used to increase the yield of the re-
action, and this suggests that steric factors may play an important role in this kind of reaction.

Using 2 equiv of HSA, two different boron species can be formed after the first migration, and
the factors that control the second migration can change, so it is difficult to predict the migration apti-
tude depending on the final distribution of the final products. However, a 94 % yield of norbornylamine
[32c] indicates that 2 × methyl migration did not occur (Fig 12).

In the reaction of borinic esters with HSA [31] in THF, only one of the two alkyl groups is trans-
ferred, and so from product distribution it is clear which group migrated (Table 3, entry 4). The forma-
tion of cyclohexyl amine 10 shows that 2° > 1° (Fig. 13).

It is possible that the reaction is controlled by the conformation of the ate complex, and in this
case, the preferred conformation places the largest boron substituent anti to the large leaving group (fac-
tor 4). Migration of bulky groups also relieves steric hindrance around boron, which may be another
contributing factor (factor 1). 

Entry 2 in Table 3 [29] provides one example where methyl group migrates preferentially. In this
case, the reaction is very similar to the process previously discussed (Table 2, entry 5) and highlights
the importance of considering factors (importance of conformation) rather than following rules (e.g.,
group X is a nonmigrating group). As before, the preferred conformation of the ate complex places
methyl antiperiplanar to the Br atom to minimize A1,3 strain.
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Fig. 11 Proton-induced migration in vinylboranes.

Fig. 12 Amination of trialkylboranes with HSA.

Fig. 13 Amination of borinic esters with HSA.



9-Oxa-10-borabicyclo[3.3.2]decane 

Treatment of B-substituted-9-oxa-10-borabicyclo[3.3.2]decane (9-OBBD) 11 (Soderquist borinate) [6]
with nucleophiles bearing a leaving group at the α position results in exclusive migration of the B-alkyl
substituents on the boron atom (Fig. 14).

Reaction of lithiated α,α-dichloromethyl methyl ether (DCME) [33] with borinate 11 (Table 5,
entry 1) resulted in exclusive migration of the boron substituent R whether it was 1°, 2°, or 3° [34]. This
inertness to migrating of the framework in the Soderquist borinate was also observed in the reaction
with lithiated 1-methoxyethene [35] (Table 5, entry 2) and glycosylidene carbenes [36] (Table 5,
entry 3).

Table 5 Examples of the behavior of 9-OBBD in the rearrangement of organoborates.

Entry Reaction (ate complex) 9-OBBD migration Factor Ref.

1 Nonmigrating group Torsional strain in [34]
expansion from
[3.3.2] to [3.3.3]

2 Nonmigrating group Torsional strain in [35]
expansion from
[3.3.2] to [3.3.3]

3 Nonmigrating group Torsional strain in [36]
expansion from
[3.3.2] to [3.3.3]

The reluctance of the side chain to migrate can be accounted for by the increased strain generated
in converting a [3.3.2] bicycle into a [3.3.3] bicycle, which would contain two bridged 8-membered
rings.

REARRANGEMENTS OF SULFONIUM SALTS AS LEAVING GROUPS

Returning to sulfur ylides, there is one example where the intermediate ate complex was generated by
a different route. The reaction of trialkylboranes with thiomethoxymethyllithium, followed by the treat-
ment of the resultant α-thioorganoborate complexes with methyl iodide, produces the one carbon ho-
mologated organoboranes in high yield [37] (Fig. 15). Table 6 shows some examples employing mixed
trialkylboranes.
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Fig. 14 9-OBBD as a nonmigrating group.



Table 6 Homologation of organoboranes via α-thioorganoborate anions.

Entry R1 R2 R1CH2OH R2CH2OH
(yield %) (yield %) 

1 9-BBN Ph 11 73
2 siamyl Trans-1-hexenyl 28 72
3 siamyl n-pentyl 67 21
4 n-pentyl thexyl 88 trace

Ph and hexenyl groups are inherently better migrating groups because they can use their π system
to aid migration (entries 1 and 2). The preferred migration of pentyl over thexyl (1° > 3°) and then
siamyl over pentyl (2° > 1°) is more difficult to rationalize and shows that the outcome of the re-
arrangement reaction is a result of a delicate balance between opposing factors. In entry 3, conforma-
tion of the ate complex may dictate which group migrates (Fig. 16), and in entry 4, this factor must be
outweighed by electronic factors which inhibit the migration of groups that cannot stabilize negative
charge, thus leading to the outcome observed.

CONCLUSIONS

This review highlights the factors that are responsible for influencing the outcome of 1,2-rearrange-
ments of borate complexes. In only a few types of reactions is there a clear-cut single factor responsi-
ble that results in a particular order of migrating aptitude, and these involve highly hindered leaving
groups (reaction with TMANO) in which the reaction is dominated by conformation, and an unhindered
migrating terminus (carbonylation), which are dominated by electronic factors. In analyzing traditional
nonmigrating groups, only the Soderquist borinate bicycle works in all cases. In the cases of 9-BBN,
thexyl, and methyl, they all occasionally migrate, but in the case of 9-BBN, this is the norm rather than
the exception! In any of the cases involving these groups, it seems that the conformation of the ate com-
plex plays a dominant role in determining which group migrates. The problem we face in trying to pre-
dict the outcome of rearrangement reactions is the extent to which the conformation of the ate complex
contributes to the final outcome and whether, for that particular reaction, other factors have equal or
even greater importance. Nevertheless, for many reactions, a consideration of the conformation required
for migration (migrating group antiperiplanar to LG) of the ate complex goes a long way in helping to
think about which group will migrate preferentially.
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Fig. 15 Homologation of organoboranes via α-thioorganoborate anions.

Fig. 16 Favored migration of siamyl group.
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