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1. Introduction

Photochemical transformations are widely employed in both
organic and organometallic chemistry and have been exten-
sively used as synthetic strategies for the formation of a
variety of new compounds.1 Light often furnishes facile
pathways to species which are not accessible in other
ways. In addition, photochemical pathways may proceed
with high selectivity. In contrast with thermally induced
reactions, photochemical processes typically possess high
activation selectivities and provide firm bases for diverse
synthetic applications.

Organic and organometallic reactions have been intensively
investigated and a great deal is now known about the
reaction profiles and mechanisms for many of these
systems.2–4 However, there has been relatively little
emphasis on the photochemistry of boron compounds
though the overall interest in the chemistry of boron has
expanded greatly in the past 30 years.5–8 The reason could
be that in most of the photoreactions of organoboron
compounds it is the organic moiety that absorbs light rather
than the borane, i.e. the borane is not the primary photo-
chemical reagent. Since the initial work of Alfred Stock9 in
1913 on the effects of light on diborane(6) and tetra-
borane(10), there have been only two review articles, one

mainly dealing with the inorganic photochemistry of boron
compounds,10 and the other with the thermal and photo-
chemical redox processes of organoborates.11 In this article,
efforts have therefore been made to include all major
developments in the field of boron photochemistry.

2. The Photochemistry of Boranes and Carboranes

In comparison with the extensive studies on the thermolysis
of boranes, little attention has been paid to their photolysis,
and there have been relatively few developments since the
topic was reviewed in 1980.10 Information on the UV
spectra of binary boranes in the gas phase, which is a pre-
liminary requirement to a quantitative study, is also very
scarce.10,12,13Greenwood and co-workers,14 however, have
systematically recorded the UV spectra of a range of volatile
boranes (Table 1).

2.1. Diborane(6)

Early work on the photolysis of diborane(6) is summarised
in Scheme 1.15–17The only report thereafter is on UV-laser
photochemistry at 193.3 nm.12 On the basis of results
obtained from the exchange reaction of B2H6 and D2 and
measurement of the quantum yield of BH3

Table 1. UV parameters for binary boranes

Borane B2H6 B4H10 B5H9 B5H11 B6H10 B6H12 n-B9H15 B10H14

lmax/nm ,195 ,195 ,195 209 247 263 260 272
e /m2mol21 2.0a 0.71a 88a 82.9 165.1 278.9 ,200b 248.6c

a Data refer toe at 195 nm;lmax is at shorter wavelengths
b Approximate value: sample decomposed during measurement
c In hexane solution

Scheme 1.
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[f (BH3)�2.0̂ 0.25], it was concluded that the primary
photochemical step is the same as that proposed in thermo-
lysis (Eq. (1)):

B2H6!hn 2�BH3� �1�

2.2. Octahydrotriborate(12) anion

Photochemical irradiation of the octahydrotriborate(12)
anion, [B3H8]

2 with ethanol18 yields total ethanolysis of
the boron hydride to form HB(OEt)2, which ultimately
forms B(OEt)3. Analysis of the products of the reaction
using EtOD in place of EtOH led to the proposed pathway
shown in Scheme 2. The photochemical irradiation of
[B3H8]

2 in a wide variety of chlorohydrocarbons has been
found, however, to lead to sequential chlorination of the
cluster without cage degradation.18

2.3. Pentaborane(9)

Apart from an early article on the irradiation of penta-
borane(9) vapour19 and some mercury sensitization
work,20,21 very little information was available in the
literature until 1980. Generally, the main products of B5H9

photolysis are hydrogen, diborane, decaborane(14) and
decaborane(16). There seemed to be agreement that the
radical B5H8

z is the main reactive intermediate, originating
from the primary step shown in Eq. (2):

B5H9!hn B5H
z
8 1 Hz �2�

Decaborane formation was then thought to proceed partly
through recombination (Eq. (3)), or hydrogen elimination
(Eq. (4)):

2B5H
z
8 ! B10H16 �3�

2B5H
z
8 ! B10H14 1 H2 �4�

However, Kline and Porter22 disagreed with this fragmenta-
tion pattern and proposed the existence of the previously
unknown neutral intermediate [B5H7

p] generated in the

primary reaction (Eq. (5)).

B5H9 1 Hgp ! �B5H
p
7�1 H2 1 Hg �5�

Collision of the intermediate [B5H7
p] with a thermally acti-

vated B5H9 molecule then forms stable products (Eqs. (6)
and (7)):

�B5H
p
7�1 B5H9 ! �B10H

p
16� !1 M

B10H16 �6�

�B10H
p
16� ! B10H141H2 �7�

The existence of the free radical B5H8
z appeared doubtful.22

Additional evidence for the reactive intermediate B5H7

and decaborane production has been provided23 by direct
photolysis of pentaborane in the gas phase at 193 nm
using an ArF-laser. On the basis of the quantum yield of
BH3 production [fBH3] and B5H9 disappearance [f2B5H9], it
was concluded that the primary process (Eq. (8)) is:

�8�

The addition of the neutral fragment B5H7 to a B5H9 mole-
cule then leads to decaborane formation. Hexaborane(10)
together with a polymer are also probably produced by
decomposition of B8H12 arising from the dimerisation of
the B4H6 reactive intermediate.

The gas-phase photolytic reaction of pentaborane with
hexafluoroacetone has been examined.24 It producesbasal
and apical perfluoropropanol substituted compounds, 2-
[HO(CF3)2C]B5H8 and 1-[HO(CF3)2C]B5H8 and the
oxygen-boron bonded perfluoropinacol derivative 1-
[HO{C(CF3)2}O]B 5H8.

In an attempt to synthesise the 1-XB5H8 system, photolytic
bromination of 1-ethylpentaborane(9)1 with BrCCl3 to give
2-bromo-1-ethylpentaborane2 has been described very

Scheme 2.
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briefly (Eq. (9)).25

�9�

2.4. Hexaborane(10)

Preliminary results14 for the photolysis of B6H10 indicate
that the initial step might be elimination of {BH3} to give
B2H6 and B5H9 as the main products.

2.5. Decaborane(14)

UV irradiation26,27of decaborane(14) in cyclohexane for 8h
produced a number of isomers of icosaborane(26), B20H26,
(Eq. (10)) three of which could be separated by column
chromatography in an 8:8:1 ratio (10% yield). These were
characterized as 2,20-bi(nido-decaboranyl), 1,20-(B10H13)2

and 2,50-(B10H13)2 respectively.

2B10H14!hn H2 1 B20H26 �10�

This reaction was further explored28 by irradiation of
crystalline B10H14 with high-energy electron radiolysis
from a beam of 3-MeV van der Graaf and several isomers
of the conjugato-borane (B10H13)2 were separated by HPLC.
Some of the products were characterized by comparison
with the UV-photolysed products and identified as 1,20-
(B10H13)2, 2,50-(B10H13)2 and 5,50-(B10H13)2. The following
mechanism was proposed28 (Scheme 3).

2.6. Dodecaborane dianion

The photoinduced nucleophilic substitution of the perhalo-

genatedcloso-borane dianion B12X12
22 by cyanide, cyanate

and azide ions has been examined under aqueous condi-
tions29 (Eq. (11)):

B12X
22
12 1 nY2 !hn

H2O
B12X122nY

22
n 1 nX2 �11�

X�Cl, Br; Y�CN, OCN, N3

2.7. Carboranes

Gas-phase mercury-photosensitised reactions of a variety of
carboranes at 2537 A˚ have been investigated20,21and these
resulted in the formation of corresponding boron–boron
coupled carboranes. Thus, photolysis of 2,4-C2B5H7 gave
an 84% yield of a mixture of six isomers of the coupled
cage system (Eq. (12)):

2;4-C2B5H7 !hn
84%

3; 30-�C2B5H6�2 1 5;50-�C2B5H6�21

1;10-�C2B5H6�2 1 1;30-�C2B5H6�21

1;50-�C2B5H6�2 1 3;50-�C2B5H6�2 (12)

Cophotolysis of 1,5-C2B5H5 and 1,6-C2B4H6 resulted in the
formation of two mixed cage coupled carboranes-20,2-
(10,50-C2B3H4–1,6-C2B4H5) and 10,2-(10,50-C2B3H4–1,6-
C2B4H5). The mercury-sensitised photolyses of 2,3-
C2B4H8 and 2,3-Me2C2B4H6 have also been investigated.20

The photoreaction of 2,4- C2B5H7 with hexafluoroacetone
gave 5-[HO(CF3)2C]–2,4-C2B5H6 and 5-[HO{C(CF3)2}O]–
2,4-C2B5H6 as the major products.24

For carboranes, UV irradiation has been reported to effect
clean reaction between carborane clusters and inert
solvents.30 For example, alkylation of carboranes (1,7-
C2H2B10H9)2Hg and 1,7-C2B10H9Tl(O2CCF3)2 has been
achieved by photolysis using the alkane as the solvent
(Scheme 4).

3. The Photochemistry of Triorganylboranes

Organoboranes can conceivably undergo all types of
reactions photochemically that can be carried out thermally.
Under appropriate conditions the organyl groups of tri-
organylboranes can be transferred to other atoms. If the
terminus atom is carbon, new C–C bonds are formed.

Scheme 3.

Scheme 4.



A. Pelter et al. / Tetrahedron 56 (2000) 7339–7369 7343

3.1. The photolysis of trimethylborane, triphenylborane,
tribenzylborane and their adducts

Preliminary results indicated that trimethylborane on
photolysis forms methane as the major product.31 However,
g-irradiation of trimethylborane and its ammonia adduct,
has been reported to form the radicals H2C

z–BMe2 and
H2C

z–BMe2(NH3) by a-hydrogen abstraction and these
were characterised by ESR spectra.32 The results suggest a
p1 structure with an estimated spin density of,85% on
carbon and,15% on boron. It is concluded that these
radicals are effectively planar at both the carbon and
boron centres. On the contrary, irradiation of tribenzyl-
borane and its ammonia complex33 with a 500W high
pressure mercury vapour lamp in a protic solvent leads to
the cleavage of three boron–carbon bonds to form toluene
(Eq. (13)). In an aprotic medium, however, bibenzyl is

formed along with toluene.

�13�

Photolysis of triphenylborane yields primarily phenol and
phenylboronic acid.34

3.2. The photolysis of tri-1-naphthylborane

The photochemistry of tris(1-naphthyl)borane (TNB)3 in
hydrocarbon solvents has been studied.35 Most interestingly
it was claimed that there was the initial formation of
1-naphthylborene4, an assertion based upon the finding of

Scheme 5.

Scheme 6.
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significant yields of 1,1-binaphthyl5 and cis-1,2-cyclo-
hexandiol7 when the reaction was carried out in cyclo-
hexene and then oxidized. This indicated the presence of
boracyclopropane intermediate6 (Scheme 5).

Later workers36 were unable to reproduce these results and
concluded that the production ofcis-1,2-cyclohexanediol7
had to be the result of over-irradiation. Instead a mechanism
involving both the formation of the di-1-naphthyl-boryl
radical 8 by primary B–C cleavage, and a sequence of
biradical reactions was suggested as depicted in Scheme 6.

The photochemistry of TNB3 has been also investigated by
using time-resolved laser flash photolysis and matrix iso-
lation spectroscopy.37 The laser-flash photolysis of3 in
cyclohexane yielded a transient spectrum produced from
two transient species withlmax�460 nm (lifetime�10ms)
and lmax�640 nm (life time�20ms). The latter transient
additionally showed some absorption atlmax.800 nm
arising from triplet excited states. The paradoxical situation
of two long-lived triplet excited states being generated by
excitation of a single compound has been explained in terms
of two isomeric uncharacterised structures of starting TNB.
The phosphorescence spectrum of TNB3, matrix isolated in
Ar at 10 K, consisted of three bands, which have been
attributed to two different emitting isomers. The corre-
sponding triplet energies differ significantly and are 57.8
and,48 kcal/mol, respectively. This laser-flash photolytic
study thus gave no conclusive evidence for the formation of

1-naphthylborene4, or the di-1-naphthylboryl radical8.
Since the first triplet excited states of the so called two
isomers of TNB3 are unreactive towards olefins (cyclo-
hexene) and CCl4, it has been concluded that it is the first
excited singlet state of TNB that is responsible for most of
its photochemistry.

3.3. Photochemically induced reactions of trialkyl-
boranes

3.3.1. Photochemical reactions with cycloalkenes.Irradia-
tion of primary trialkylboranes and cyclohexenes or cyclo-
heptene38 in the presence ofp-xylene as a sensitiser
proceeds by addition of the organoborane across the double
bond. In the case of cyclohexenes substituted cycloalkyl-
boranes11 are produced which upon subsequent oxidation
afford the corresponding alcohols12. Boranes such as11are
difficult to access in other ways (Scheme 7).

Cyclopentene, cyclooctene and cyclododecene did not react
with trialkylboranes upon irradiation. The behaviour of six-
and seven-membered cyclenes39 has been attributed to the
possibility that upon irradiation they form the extremely
reactivetrans-cyclohexene9 and trans-cycloheptene, with
a strained double bond that adds R3B to form ions such as
10. Subsequent migration of the alkyl group from the
boron to the positively charged carbon of the ring
proceeds stereospecifically. Asymmetric photoreaction of
cyclohexene has been brought about by means of

Scheme 7.

Scheme 8.
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dibutylboryl-(1S)-menthyloxyacetate 13.38 Subsequent
oxidation furnished an optically active alcohol14
(Scheme 8).

3.3.2. Photochemical reactions with halogens.Since the
first study of the bromination of organoboron compounds40

the halogenation of organoboranes is a widely explored
topic and is partially discussed in review articles41–45 and
books.46–48 The reaction of organoboranes with halogens
may proceed by a radical or ionic mechanism. In the radical
mechanism, ana-hydrogen is first replaced by a halogen
(Scheme 9).

For example, Brown and co-workers49 have reported the
bromination of triethylborane in pentane with 150 W light
bulbs to givea-bromoethyldiethylborane (Eq. (14)).

�14�

Instead of bromine, bromotrichloromethane has also been
used as the halogenating agent50 to give the same product
(Eq. (15)).

�15�

Esters ofs-alkylboronic acids are also readily photobromi-
nated in thea-position with the formation ofa-bromo-
alkylboranes in quantitative yields51,52 (Eq. (16)).

�16�

This a-hydrogen abstraction upon halogenation is further
supported by an investigation53,54 of the kinetics of the
photochemical iodination of triethylborane in cyclohexane
(Eqs (17) and (18)). The second step (Eq. (17)), which
involves the attack on triethylborane by an Iz radical, is
the rate determining step:

I2 N 2Iz

I z 1 Et3B! Et2BI 1 Etz �17�

Etz 1 I2 ! EtI 1 I z �18�

The a-haloalkylborane (Scheme 9) may either be
cleaved by the HX liberated or undergo rearrangement of
an alkyl group from boron to ana-carbon atom, and a
halogen to a boron via a four membered transition state
(Scheme 10).

Such rearrangements55–56 generally occur under aqueous
conditions. Thus the photolysis of triethylborane and
bromine in aqueous methylene chloride is accompanied by
migration of two alkyl groups to produce (3-methyl-3-
pentyl)boronic acid15, oxidation of which affords the
corresponding alcohol1642,57 (Eq. (19)).

�19�

Similarly treatment of tricyclohexylborane with bromine
followed by oxidation gave 89% of 1-cyclohexylcyclo-
hexanol (Eq. (20)):

�20�

Scheme 9.

Scheme 10.
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Cyclopentanols have also been prepared58 and interestingly
no migration of the bulky thexyl group took place
(Eq. (21)):

�21�

Six-membered boracyclanes such as17and18undergo ring
contraction to the five-membered carbocyclic compounds
upon light induced bromination in the presence of water
followed by oxidation59 (Scheme 11).

The predominant formation of thecis-isomer 20 in the
bromination of18 is due to the preferred formation ofcis-
9-bromo-1-thexyl-boradecalin19 in the a-bromination
stage, followed by migration of the B–C bond. Similarly
light induced bromination of borapolyclanes21 and 22
proceeds selectively at the tertiary position. Hydrolysis–
oxidation then provides the diols23 and24 respectively60

(Scheme 12).

However, photobromination of 9-methoxy-9-borabicy-
clo[3.3.1]nonane25, although sluggish, takes place at the
bridgehead position to give26 which rearranges to27 and
subsequently gives28 on oxidation60 (Eq. (22)).

�22�

Photobromination of B-i-propyl-9-BBN 29 occurs almost
exclusively at thea-position of the i-propyl group61,62

Scheme 11.

Scheme 12.
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(Eq. (23)).

�23�

The photobromination of B-i-propyl-2-boraadamantane
3063 occurs by both radical and electrophilic mechanisms
simultaneously (Scheme 13) depending on reaction con-
ditions and affords diols31 and 32 and oxaadamantane
33. In the presence of water, a solvated Br1 takes part in
bromination and this results in the formation of hydroxy(3-
noradamantyl)I-propylborane34 which is oxidised to
3-noradamantol35 (Scheme 14).

3.3.3. Photochemical reactions with ketones.Ketones
in their triplet state (n,pp or p,pp) react with organoboranes
via bimolecular homolytic substitution at boron64,65

(Eq. (24)):

R3B 1 �R1R2CO�3!hn R2BO C
z

R1R2 1 Rz

36
�24�

R�nBu, iBu, sBu; R1, R2�Me, Me; Me, Ph; Et, Ph; Ph, Ph

Both the alkyl radical and36 have been observed when the
ketone and borane are cophotolysed in the cavity of an ESR
spectrometer. Rate constants for the SH2 process have been
calculated and are of the order of 108u l mol21 s21 for both
n!pp or p!pp triplets. The radicals36 have also been
quenched by a conjugated diene, piperylene. It is suggested
that the ketone triplets form a polar complex with the
triorganylborane, which can then decompose by loss of
the alkyl radical Rz or can revert to trialkylborane and a
ground-state ketone.

3.3.4. Photochemical reactions witha,b-unsaturated
carbonyl compounds.Trialkyl- and tricycloalkylboranes
add to 3-substituteda,b-unsaturated aldehydes and ketones
under UV irradiation66,67 (Eq. (25)).

�25�

Scheme 13.
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The reaction proceeds by a chain mechanism68 as shown in
Scheme 15.

Isomerisation of thecis-ketone37 takes place upon mercury
lamp irradiation38 at 2788C to the trans-isomer38 which
readily reacts with triethyl- or tri-i-propylborane to form
3-alkylated cyclooctanones39 in 70 and 83% yield,
respectively, after hydrolysis (Eq. (26)).

�26�

3.3.5. Photochemical reactions withb-diketones and
b-ketoesters. Irradiation69 of trialkylboranes with
b-dicarbonyl compounds40 leads to the formation of
b-ketoalcohols45and unsaturated ketones46via conjugate

addition of borane to the enol41/42 to give43/44 followed
by intramolecular alcoholysis (Scheme 16).

3.3.6. Photochemical reactions with di-t-butylperoxide. It
has been shown70–73that if di-t-butylperoxide is photolysed
in the presence of alkylboranes, thet-butoxy radicals that
are formed undergo an SH2 reaction at boron.64–65 The
displaced alkyl radicals have been observed by ESR spec-
troscopy. Rate constants for the reactions were determined
by allowing cyclopentane to compete with the trialkyl-
borane for reaction witht-butoxy radicals (Scheme 17).

3.3.7. Photochemical reactions with amines.Reaction of
tributylborane with chlorodimethylamine in the presence of
galvinoxyl proceeds by path a (Scheme 18) to give
dimethylbutylamine and dibutylchloroborane in quanti-
tative yield.74

In the absence of galvinoxyl however, the reaction proceeds
by both pathways a and b, producing equal amounts of butyl
chloride and dimethylbutylamine When the reaction is
initiated by UV light, the reaction follows path b by a
chain radical process. Facile displacement of an alkyl
radical from organoboranes by the Me2N radical, generated
photochemically from tetramethyltetrazene, has also been
reported75 (Scheme 19).

Photolysis76 of a pentane solution of triethylborane and
2,2,4,4-tetramethylpentane-3-imine47 in the cavity of an
ESR spectrometer at below2108C gave the radicals48

Scheme 15.

Scheme 14.
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and49 (Eq. (27)).

Et3B 1 tBu2CvNH !hn
pentane

tBu2
_CNHBEt3 1 Etz

47 48 49
�27�

The formation of48 probably involves an imine–borane
complex, rather than an intramolecular SH2 reaction.64

The formation of the radical48 is sensitised by the addition
of conjugated dienes (butadiene and piperylene) and this is

attributed to their ability to transfer singlet energy to the
imine–borane complex.

p-ands-Trialkylboranes add to acridine and its derivatives
upon irradiation or on heating in benzene solution.38 The
main products are 9,9-dialkylacridans50 (60–90%) with an
impurity of 3–8% of the 9-alkylacridine51and 3–4% of the
9,90-biacridan52 (Scheme 20).The reaction is slow but the
accelerating action of irradiation is explained by the high
basicity of the acridines in the first excited singlet state.

3.3.8. Photochemical reactions with isonitriles.In an
attempt to convert diboron compound53 to 1,3-diaza-2,4-
diboralidines55 (Scheme 21), irradiation of53 (R�R0�Et)
in pentane was explored but only a 75% yield of the 2,5-
diborapiperizines54 was obtained.77,78

3.3.9. Photochemical reactions with mercaptans, thio-
ketones and disulfides.Photolysis of a variety of trialkyl-
boranes with mercaptans79 (Eq. (28)), 4,40-bis(dimethyl-
amino)benzothiophenone80 (Eq. (29)), and disulfides81

(Eq. (30)) serves as a convenient method for the preparation
of esters of dialkylthioborinic acids.

R3B 1 R0SH !hn or

ROOR
R2BSR0 1 RH �28�

Scheme 17.

Scheme 18.

Scheme 19.

Scheme 16.
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Bu3B 1 2Ar2CvS !hn
C6H6=3–5 days

2Bu2BSBu1 2Ar2CvCAr2

�29�
Ar�4-Me2NC6H5

�30�

A wide range of bis(alkylthio)alkylboronate esters and
organic sulfides have similarly been prepared.82 The reac-
tions are initiated by light or O2 and are inhibited by iodine.

3.4. The photochemistry of alkenylboranes

3.4.1. Photocyclisations.Ultraviolet irradiation of trans-
butadienes56 effects their cyclization to the boracyclo-

pent-3-ene58.83,84 The transformation occurs via initial
excited statetrans–cis double bond isomerisation to the
cis-dienylboranes57 which then undergo cyclisation with
transfer of one cycloalkyl group from boron to the adjacent
carbon. Subsequent manipulation of58 leads to a con-
venient stereoselective route to59 and, via 60, to 61
(Scheme 22).

3.4.2. Dehydrohalogenation.Light-induced dehydrohalo-
genation of the substituted vinylborane62 leads to a mixture
of several elimination products85 (Eq. (31)).

�31�

3.5. 1,2-Photorearrangements of pyridine-alkylnyldi-
arylboranes to borirenes

In an earlier attempt to prepare triphenylborirene64, Eisch

Scheme 21.

Scheme 20.
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and coworkers86 examined the photo-rearrangement of
the diphenyl(phenylethynyl)borane–pyridine complex63
(Scheme 23). Photolysis of63 in benzene in the presence
of diphenylacetylene gave pentaphenylborole–pyridine66,
possibly via65, as shown in Scheme 23. Subsequently,87

in an attempt to prepare a solid borirene, photolysis of
sterically hindered dimethyl(methylethynyl)borane67 was
examined in a donor solvent. Indeed the photolysis of67
gave the solid borirene68 (Eq. (32)), but the high symmetry
of the crystals prevented unambiguous differentiation
between boron and carbon atoms in the central ring as
well as the extent of anyp-electron delocalisation between

tricoordinate boron and sp2-hybridised carbon in the ring.

�32�

To disrupt such high symmetry,69 was photolysed and the
borirene 70 was obtained and fully characterised88 (Eq.
(33)).

�33�

4. The Photochemistry of B–B, B–N, B–O and B–X
Compounds

4.1. Photolytic cleavage of the B–B bond

Under photolytic conditions, the diboron(4) compound71
underwent cleavage reactions89 to afford two monoboronScheme 23.

Scheme 22.
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products72 and73 (Eq. (34)).

�34�

A free radical mechanism has been proposed for this
reaction as shown in Scheme 24.

The B–B bond cleavage has been rationalised in terms of
EHT-INDO theoretical calculations, which predict that
s–pp is the lowest singlet excited state.90

4.2. Photochemical reactions of B–N systems

The BvN bond in aminoboranes is isoelectronic with a
CvC bond. In an attempt to compare the photochemical
properties of each class, Hancock and co-workers91–93

have studied the photolysis of a series of compounds with
B–N functionality. The aminoboranes, however, show
different behaviour from CvC compounds. Thus it has
been demonstrated that in contrast with the cleavage of
only the B–B bond in the diboron compound71, both
B–B and B–N cleavage reactions take place for tetrakis
(dimethylamino)diborane(4)74. The reaction course was
found to be solvent dependent91 to yield 75, 76 and 77
(Scheme 25).

It has been postulated that charge–transfer complexation
with CCl4 and CHCl3 in the excited state is responsible
for the observed B–N cleavage by a free radical mechanism.
The free radical cleavage of the boron–carbon bond in the
photolysis of (N-methylanilino)phenylalkylboranes78 has

also been reported92 (Eq. (35)).

�35�

On irradiation of the allyl(amino)borane79, an analogue of
a 1,4-diene, a 1,3-shift of an aminoboryl fragment occurs,
leading to the isomeric borane80. The reaction is photo-
reversible93 (Eq. (36)).

�36�

Photocyclisation of anilinodimesitylboranes81 in the
presence of iodine yields82 and8394–96 (Eq. (37)).

�37�

It has been further shown97 that the ratio of83 (methyl
group rearranged) to82 (methyl group eliminated) during
the photolysis of81 is dependent upon the concentration of
iodine present. At less than 1023 M concentration, the major
product was82whereas at concentrations above 5×1023 M,
the major product was a methyl rearranged azaborine83. It
was postulated that during photolysis, a reduced species84
is formed, which is then oxidised to form the aromatic
system (Scheme 26). The absorption and fluorescence
spectra of a series of aminoboranes have been measured

Scheme 24.

Scheme 25.
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and show very large Stokes’ shifts.98 The dependence of the
fluorescence wavelength on solvent polarity has been inter-
preted as an indication of the dipolar nature (–B–N–) of the
first excited state of the borazene nucleus. Other amino-
boranes, however, exhibit only slight Stokes’ shifts and
the emission has been characterised as that from a polar
ppp excited state.99

The work on borazine has been previously summarised.10

4.3. Photochemistry of boronic acids and esters

Very little information is available on the photochemistry of
compounds with B–O bonds. Nitrophenyl- and pyridyl-
boronic acids undergo photodeboronation by methanol or
alcoholic alkali under UV irradiation. The photoprotonoly-
sis of ferrocenylboronic acid is accelerated in acid
medium.100 UV irradiation of methane boronic anhydride
85 and t-butyl hypochlorite in benzene resulted in the
displacement of methyl radicals from boron byt-butoxy
radicals affording tri-t-butoxyboroxine86101 (Eq. (38)).

�38�

Bromine and HBr add smoothly to ethynylboronates upon
UV irradiation to form 1,2-dibromovinylboronates and

1-bromovinylboronates, respectively102 (Eq. (39)).

�BuO�2B–CuCH 1 HBr !hn
58%
�BuO�2B–CHvCHBr �39�

4.4. Photoreactions of trihaloboranes

Photolysis of a mixture of trihaloboranes and an arene
(benzene, toluene, biphenyl and naphthalene) results in the
formation of dihaloborylarenes which upon hydrolysis
furnish the arylboronic acids. The reaction takes place by
production of an intermediate complex which yieldszBX2

on photoactivation and this then reacts to give an addition
product87. Subsequent elimination of hydrogen halide then
affords the dihaloborylarenes103 (Scheme 27).

The photolysis of cis-1,2-bis(dichloroboryl)ethene,
Cl2BCHvCHBCl2 gave thetrans-isomer (50% yield).104

5. The Photochemistry of Alkyl(aryl)borates

5.1. Direct photolysis

Irradiation of sodium tetraphenylborate34,105–109 88 in
aqueous solution under a nitrogen atmosphere produces
1-phenyl-1,4-cyclohexadiene and biphenyl as the major
products. Under these conditions, the ultimate boron-
containing product is the sodium salt of diphenylborinic
acid105–107(Eq. (40)).

�40�

The mechanism of this unusual rearrangement was investi-
gated by means of labelling experiments. Thus, the
photolysis of deuterium-labelled potassium dimesityl-
diphenylborate89 in water containing dimethoxyethane
was studied. The products were90 and the triarylborane

Scheme 27.

Scheme 26.
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91109 (Eq. (41)).

�41�

These studies showed that the new carbon–carbon bond is
formed intramolecularly between carbon atoms originally
bound to boron. The substitution pattern observed in the
product led to the proposal that the reaction proceeds
through the formation of the bicyclic bridged borate
intermediate(s)92/93 as shown in Scheme 28.

When the photolysis is carried out in air with Rose-
Bengal as sensitizer, biphenyl is formed in up to 75%
yield. These results have been interpreted as an electron
transfer mechanism from thep-system of the tetraphenyl-
borate anion to singlet oxygen108 to initially give 94
(Eq. (42)).

�42�

Photolysis of sodium tetraphenylborate in oxygen-free
DME or THF solution was postulated to give the diphenyl-
borene anion (Ph2B

2) by loss of biphenyl (path a) in
competition with the direct formation of arylborohydrides110

(path b). The borene anion Ph2B
2 exhibits carbenoid-like

activity and reacts with diphenylacetylene to give an
equilibrating mixture of95 and96 (Scheme 29).

In contrast a subsequent study111 of the irradiation of tetra-
phenylborates showed that the primary photochemical
reaction is formation of one of the bridged borate inter-
mediates92/93 as originally proposed and does not result
in the formation of diphenylborene anion. To substantiate
this hypothesis,112,113the first isolation and characterization
of a boratanorcaradiene anion, 2,5,7,7-tetraphenyl-7-borata-
bicyclo[4.1.0] hepta-2,4-diene98, by X-ray crystallo-
graphy was achieved by the photolysis of tetramethyl-
ammonium(4-diphenylyl)triphenylborate97 in oxygen-

Scheme 29.

Scheme 28.
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free acetonitrile (Eq. (43)).

�43�

An alternative mechanism87,88,114,115which is analogous to a
di-p-methane rearrangement,116 and designated as a di-p-
borate rearrangement has been proposed. In this proposal,
reaction proceeds via the bridged biradical intermediates99
and100 (Scheme 30).

Evidence has been provided for the formation of borenes in
the photolysis of the triarylalkynylborate101.115,117,118

Thus, irradiation of potassium triphenyl(phenylethynyl)-
borate101,115,117 tetramethylammonium triphenyl(trans-b-
styryl)borate102117,118 and cesium phenyl(2-phenylcyclo-
propyl)dimethylborate103,118 revealed the generation of
boratirene 104, boratirane 105, and boratetane106,
respectively (Scheme 31).

Scheme 32 shows the proposed mechanism for the di-p-
borate rearrangement of the borate101. Coupling of
phenylethynyl and phenyl groups leads to an intermediate

Scheme 30.
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boratiranyldicarbinyl biradical anion107 followed by a
di-p-methane like path to the biradical anion108 and
ultimately to boratirene104as the major product.

Boratirane105 is formed similarly. Formation of boratetane
106 may take place via a bridged biradical anion109
followed by a cyclopropyl-p-methane like route as depicted
in Scheme 33. It is interesting to note that photolysis of the
borate103 in the presence of butyl bromide and treatment
with acetic acid gives amylbenzene, formation of which

may take place through the boron-stabilised carbanion
110. The chemistry of these carbanions has been extensively
explored.119

5.2. Electron-transfer reactions in charge-transfer
complexes

Organometalate salts (RnM
2) are being extensively used as

nucleophilic sources of carbanionoid (R2) ligands.11 The
metal complex is regarded as a carrier for the nucleophilic
(R2) group. Organoborate salts exemplify these reagents
and the alkyltriphenylborates R(Ph)3B

2 may act as sources
of nucleophilic alkyl groups, just as borohydride is a source
of hydride ion. As such, they represent mild and selective
alternatives to Grignard and organolithium reagents in
organic synthesis. Organoborates have also been identified
as one-electron reducing agents (electron donors) in a
variety of thermal and photochemical redox processes.11

Thus alkyltriphenylborate salts have proven to be effective
visible-light sensitive photoinitiators120 for the photo-
polymerisation of acrylate systems as well as for optical
memory which can be read with either absorption or
emission.121

The photophysics of reactions of a wide variety of dimethyl-
indocarbocyanine [Cy1] alkyltriphenylborate salts has been
studied122 (Eq. (44)).

�44�

Scheme 31.

Scheme 32.
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Electron transfer from the borate takes place to the singlet
state of the cyanine cation (Scheme 34). According to the
mechanism proposed, the radical pair formed by electron
transfer from the borate to the singlet excited cyanine cation
may undergo back electron transfer to regenerate the initial
ion pair or it may undergo boron–carbon bond cleavage to
form triphenylborane and the alkyl radical in a solvent cage
with [Cy]. Since the lifetime of the cyanine singlet is short
(ca picoseconds), the electron transfer is observed only in
non-polar solvents in which the process may occur in the
light ion-pair.123 The products are111 and112 which may
be formed as depicted in Scheme 35.

This type of mechanism has been well supported.124,125For
example, in the photoreduction of ketones, the electron
transfer from the borate anion113 takes place to the triplet
state of benzophenone giving114and boratyl radicals both
of which dissociate rapidly. Radical114dissociates to give
115 and the amino cation radical, followed by a second
electron transfer (kbet) to give tributylamine and Ph–CO–
C6H4–CH2

z 116, which is stable and couples either with a
similar radical to give117or with the butyl radical to give
118 (Scheme 36). The butyl radical can also initiate

polymerisation. The irradiation of 4-benzoylbenzyltrialkyl-
ammonium borates quantitatively gave biphenyl and a small
amount of benzene in the absence of oxygen. In addition,
amines and methylbenzophenone were detected by steady-
state photolysis.126

Scheme 33.

Scheme 34.

Scheme 35.
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The role of the borate anion in the nucleophilic alkyl trans-
fer has recently been examined126 for the case of photo-
chemical methyl transfer from tetramethylborate in
pyridinium salts (Eq. (45)). Thus the borate salts which
did not react spontaneously at room temperature could
only be induced to react by deliberate irradiation at their
charge-transfer absorption bands:

�45�

Contact charge-transfer ion pairs have been identified as the
critical intermediates in the formal nucleophilic addition
and therefore play an important role in the solid-state
reactivity of these salts (Scheme 37). The reaction has
been carried out with substituted pyridinium salts as well
as with quinolinium, azaanthracene and benzphenanthridine
salts.

The actual transfer of the methyl radical to give the products
occurs within a solvent cage, and free pyridinyl radicals are
not involved. Spin-trapping studies have shown that tetra-
alkylborate anions readily yield alkyl radicals and time-
resolved experiments have shown that the scission of the
B-alkyl bond occurs on a picosecond or sub-picosecond
time scale. Hence it is suggested that the fragmentation
step is the crucial step in methyl transfer reactions. The
products are formed by subsequent coupling of the methyl
and pyridinyl radicals, within the solvent cage, as formu-
lated in Scheme 37.

Scheme 37.

Scheme 38.

Scheme 36.
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5.3. Miscellaneous studies

5.3.1. Heating.The reaction of the borate radical anion119
with 4-substituted benzoic acids by flash kinetic spectro-
photometry gives biphenyl and phenols. The product analysis
and kinetic studies are consistent with an electron transfer
mechanism followed by decarboxylation127 (Scheme 38).

5.3.2. UV photolysis and photoreduction of hydro-
borates. UV photolysis of solutions containing BH4

2,
BH3CN2 or (t-BuO)3BH2 in liquid ammonia results in
electron detachment from the anions to give e2

amm and a
borohydride which then yields a borane anion128 (Eq. (46)).

R3BHz2 NBu1
4 !hn

NH3–DME
�R3BHz�1 e2

amm!NH3 R3B
2
amm

1NH4

�46�

The photoreduction of aromatic systems such as naphtha-
lenes, phenols and halogenated aromatic hydrocarbons by
NaBH4 has been studied.129 Based on deuterium labelling
experiments, both ionic and radical mechanisms have been
proposed.

6. The Photochemistry of Metalloboranes and Metallo-
carboranes

6.1. Photosynthesis of metalloboranes and metallo-
carboranes

The photochemistry of metalloboranes and metallo-
carboranes has received limited attention. Irradiation of
the butterfly shaped manganeseborane120, an analogue of
arachno-B4H10, results in the photolytic cleavage of one
carbonyl-metal bond.130 Subsequent loss of the carbonyl
ligand and the formation of an M–H–B bond transform
the triborane unit into a tridentate ligand121 (Eq. (47)).

�47�

The loss of CO was found to be a reversible process with
addition of CO to the solution regenerating the original
bidentate triborane120. A similar reversible photochemical
conversion of the tridentate borane Fe(CO)4B3H8 to
bidentate Fe(CO)3B3H8 has been reported.131

Three examples of the photochemical synthesis of poly-
hedral metalloboranes have been reported by cophotolysis
of organometallic compounds with octahydrotriborate (1)

anion [B3H8]
2 122.131 Thus photolysis of [(CO)5ReBr],

[(h5-C5H5)(CO)2FeI], and [(h5-C5H5)(CO)3WCl] with 122
produces the complexes [(CO)4ReB3H8], [(h5-
C5H5)(CO)FeB3H8] and [(h5-C5H5)(CO)3WB3H8], respec-
tively. Each metal centre loses its halide and one carbonyl
ligand with the formation of two, three-centre, two electron,
M–H–B bonds (Eq. (48)).

�48�

Irradiation of NaB10H13 and metal hexacarbonyls gave124
in ca 50% yield (Eq. (49)).132

B10H
2
13 1 MC�O�6 !hn=THF �B10H10COH�M�CO�24

124
�49�

M�Cr, Mo, W.

Similar complexes125have been prepared by complexation
reactions (Eq. (50)).133

�Me4N�1�B9H10CHE�2 1 M�CO�6 !hn
THF=12 h

× �Me4N�1�B9H10CHE·M�CO�5�2
125

�50�

E�P or As; M�Cr, Mo, W.

Two examples are known of metallaborane isomerisation
reactions initiated by light (Eqs (51) and (52)).134

closo-�2-�h5-C5H5Ni�B9H9�2
red

!hn

closo-�1-�h5-C5H5Ni�B9H9�2
yellow

�51�

closo-�1-�h5-C5H5Ni�B9Cl9�2
yellow

!hn

closo-�2-�h5-C5H5Ni�B9Cl9�2
green

�52�

The photochemical preparation of several ferra-boranes and
-carboranes has been reported. Thus irradiation of the iron-
organoboron complex126, which contains a single
complexed vinyl group, produced ap-divinylborane
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complex127135 (Eq. (53)).

�53�

Irradiation of [Fe(h5-C5H5)(CO)2B10H13] in ether or THF
produces [Fe(h5-C5H5)B10H10C(L)] (where L�OEt2 or
THF) in 1–3% yield.136 This unexpected product resulted

from the insertion of both an [Fe(h5-C5H5)] fragment and a
carbon atom, presumably from a CO ligand, into the cage.

Another example137 involved the irradiation of the complex
[Fe(h5-C5H5)(CO)2(m-4,5-C2B4H7)] 128, and this resulted
in the formation of [Fe(h5-C5H5)HC2B4H6] 129 and
[Fe(h5-C5H5)C2B4H6] 130 (Scheme 39).

Photo-induced cyclo-insertion addition reaction138 of an
alkyne to the ferraborane131 yields two carboranes132
and133 (Eq. (54)).

B4H8Fe�CO�3
131

1 Me–CuC–Me !hn
Et2O=17 h

Me4C4B4H4
132

1 Me6C6B4H4
133

(54)

Scheme 39.

Scheme 40.
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The photosynthesis of BC4H5Fe(CO)3 has been achieved139

by irradiation of C4H4Fe(CO)3 in the presence of penta-
borane. This demonstrates the conversion of an organo-
metallic compound into a metallocarborane (Eq. (55)).

C4H4Fe�CO�3 1 B5H9 !hn
Et2O=15–30 min

BC4H5Fe�CO�3 �55�

A ferraborane has also been synthesised by photolysis of a
carborane with Fe(CO)5 (Eq. (56)).140

The synthesis of molybdaboranes134–136by the photoly-
sis of [Mo(h5-C5H5)H2] in the presence of BH3·THF has
been reported.141–142 Initially, only the borane134 was
isolated, but prolonged photolysis and thermolysis of the
reaction mixture also gave the complexes135 and 136
which are formed via cyclopentadienyl ring activation
(Scheme 40).

A convenient route has been described for the preparation
of a series of phosphine substituted triruthenaborane
clusters143,144of general formula [Ru3(CO)92x (PPh3)xBH5]
(x�1–3) (140–142) by photolysis of a mixture of
[Ru3H(CO)9(B2H5)] 137 with an excess of triphenyl-
phosphine under varying conditions. The reaction proceeds
via borane abstraction (Scheme 41) from138 and139, the
proposed pathway being illustrated in Scheme 42.

Photolysis of [Ru3(CO)9BH5] 143 in acetonitrile in the
presence of M(CO)6 (M�Cr, Mo, W) with Me3NO for
16 h leads to the formation of boron–nitrogen coupled
[Ru4H(CO)12(h-NCHMe)144(10–30%), a butterfly cluster
containing a semi-interstitial boron atom.145

Scheme 41.

Scheme 42.

�56�
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Photoreaction146 of compound 143 with [{M( h5-
C5H5)(CO)3} 2] 145 (M�Mo) produced two products146
and147 (Scheme 43).

Product146 arises by the addition of the heterometallic
fragment to cluster143 with concomitant loss of hydrogen
whereas substitution of the boron vertex in143by a molyb-
denum fragment gives147. Reaction of 142 with 145
(M�W) gives three products148, 149and150(Scheme 44).

Compounds148 and 149 are analogues of their molyb-
denum counterparts146 and 147 whereas conversion to

Scheme 44.

Scheme 43.

Scheme 45.
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150 has been described146 as a combination of a W-for-B
substitution followed by a tungsten–trapping reaction.

In contrast, photoreaction of137 with 145 (M�Mo)
produced only146by replacement of one {BH2} fragment
by a [(h5-C5H5)Mo(CO)2] fragment with subsequent hydro-
gen loss. However, reaction with145 (M�W) produced
148–150141 (Eq. (57)).

�57�

Photoreactions of ruthenaborane clusters with diphenyl-
acetylene have also been investigated.147 For example
upon photolysis, the clusters [HRu4(CO)12BH2] and [H(h5-
C5H5)WRu3(CO)11BH] undergo alkyne addition to produce
[HRu4(CO)12B(H)C(Ph)PhH] and [H(h5-C5H5)WRu3-
(CO)11BC(Ph)CPhH] in 60 and 75% yield, respectively.

The insertion of the alkyne into the cluster is accompanied
by: (i) B–H bond activation, (ii) B–C bond formation, and
(iii) Ru–Ru bond cleavage.

This work was further extended to the reaction of the
tetraruthenaborane cluster [HRu4(CO)12BH2] with 1-phenyl-
1-propyne.148 In addition to the expected product
HRu4(CO)12B(H)C(Ph)CMeH, 1-phenyl-2,3-dimethyl-
azulene was also obtained (Eq. (58)).

�58�

Scheme 46.
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6.2. Photorearrangements of borane cluster compounds

The photochemistry of small borane cluster compoundss
bonded to a metal has been examined.18,149–152Photolysis of
the phosphinopentaborane cluster [Fe(h5-C5H5)(CO)2-
B5H8(m-PPh2)] 151 yields tetraborane [Fe(h5-C5H5)-
(CO)B4H6(PPh2)] 152 which on passage down a silica
column, gives the triborane [Fe(h5-C5H5)(CO)B3H7(PPh2)]
complex153 (Scheme 45).

It was proposed that the conversion of151 to 152 was
accompanied by loss of a carbonyl ligand from the iron
fragment to give154, which can lose a boron vertex from
the cage to give155,from which a structural rearrangement
yields 152 (Scheme 46).

The photochemical decarbonylation and rearrangement
chemistry of the s-metalated pentaborane cluster [2-
Fe(h5-C5H5)(CO)2B5H8] 156and the disubstituted complex
[2,4-{Fe(h5-C5H5)(CO)2B5H7] 157 has been investigated.

The photoirradiation of157 yielded the cage-inserted
[2-(h5-C5H5)(CO)-2-FeB5H8] complex 158 in 63%
yield,150–152 while 157 gave 159 (Scheme 47) in 64%
yield. The high yield preparation of158 and 159 is in
sharp contrast to the observed very low yield (1–3%) of
the only product isolated from irradiation of the decarbor-
ane(14) cluster [Fe(h5-C5H5)(CO)2B10H13].

152

6.3. Photochemical generation of borylene

Borylenes have been generated by photolytic cleavage of
boron-metal bonds. Thus photolysis of silyl- and more
recently methylseleno-substituted boranes have been
found to yield borylenes. The formation of triphenylsilyl-
borylene161by photolysis of tris(triphenylsilyl)borane160
in a 3-methylpentane matrix at21968C has been
reported.153 Cophotolysis of160 with bis(trimethylsilyl)-
acetylene gave 1-triphenylsilyl-2,3-bis(trimethylsilyl)-
borirene162 whereas cophotolysis with THF produced the
1,2-oxaborinane163 (Scheme 48).

Scheme 47.

Scheme 48.



A. Pelter et al. / Tetrahedron 56 (2000) 7339–7369 7365

The formation of a borylene165 bearing a bulky aryl
group, 2,4,6-tri[{bis(trimethylsilyl)methyl}]phenyl (Tbt),
by photolysis of bis(methylseleno)borane164 yields the
borylene165. This has been trapped with benzil, phenan-
threnequinone and dimethyl sulfide to give166, 167and168
and169, respectively (Scheme 49).154

The photolysis of164without a trapping agent did not yield
the diborane170 but instead produced the 1,2,4,3,5-tri-
selenodiborolane171. Possible pathways for the formation
of 171are shown in Scheme 50.
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