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1. Introduction

Since the historical report of Frankland in 1860,
organoboron chemistry has received a great deal of
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interest from chemists. This research culminated
with H. C. Brown’s Nobel Prize in 1979 for the
development of boron-containing compounds into
important reagents in organic synthesis.® Many ef-
forts have been made in developing convenient,
efficient, and useful transformations taking advan-
tage of the electron deficiency caused by the vacant
p-orbital on the boron atom of organoboranes and the
metallic properties of boron derivatives. A rich chem-
istry was developed around these properties. For
instance, hydroboration of alkenes and alkynes; al-
lylation and propargylation of aldehydes with allylic
and allenic boronic esters, respectively; alkylation of
boron enolates; 1,2-migration of a-haloalkylborates
as well as asymmetric reduction; Diels—Alder reac-
tions; and Suzuki coupling were thoroughly investi-
gated.* 8 Since 1967, organoboranes were recognized
to participate in free-radical processes. This reactivity
was initially demonstrated by Davies and Roberts
and was applied to synthesis by Brown and Su-
zuki.® Following the spectacular development of
radical chemistry in organic synthesis,'*~1* the use
of organoboranes has recently led to many novel and
useful synthetic applications.® In this review, we will
describe the basic radical reactivity of organoboranes
leading to the generation of carbon-centered radicals
by cleavage of carbon—boron bonds. The utility of
organoboranes as radical initiators and radical pre-
cursors will be presented. Reactions involving gen-
eration of alkyl radicals from amine—boryl radicals
via hydrogen atom abstraction will not be covered by
this review since this work has recently been
compiled®~18 and does not involve the homolytic
cleavage of carbon—boron bonds.

2. Radical Reactivity of Organoboranes:
Homolytic Substitution at the Boron Atom

Trialkylboranes easily undergo bimolecular homo-
lytic substitutions at the boron atom. An alkyl
residue is readily displaced by a peroxyl, an alkoxyl,
a ketone triplet, an aminyl, and a thiyl radical. Such
reactions are thermodynamically favored by the high
strengths of the B—X bond formed { BDE (B—C) for
Et;:B = 344 kJ/mol; BDE (B—O0) for (EtO);sB = 519
kJ/mol; BDE (B—N) for [(CH3):N]sB = 422 kJ/mol;
BDE (B—S) for (EtS)3:B = 377 kJ/mol} .12 Numerous
reviews and book chapters written by Davies and
Roberts summarize the information in this field.??-26
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Herein, we simply highlight the different homolytic
substitutions that occur at the boron atom. Interest-
ingly, a common feature of all these homolytic reac-
tions is the Lewis basic character of the radicals. This
basicity leads to the formation of complexes with
trialkylboranes that fragment to give carbon-centered
radicals.?’
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2.1. Peroxyl Radicals: The Autoxidation of
Organoboranes

The vigorous reactivity of organoboranes with
oxygen was demonstrated in 1860 by Frankland with
the beautiful green flame of burning triethylborane.2
Several mechanistic investigations of the autoxida-
tion of organoboranes were performed leading to the
opinion that a radical mechanism was not operat-
ing.?-33 However, the complete racemization of opti-
cally active 1-phenylethylboronic acid during the
autoxidation process and the inhibition of this reac-
tion in the presence of radical scavengers such as
galvinoxyl suggest a radical process.3~38 The widely
accepted mechanism of the autoxidation, confirmed
by ESR3*742 and NMR,*34 is depicted in Scheme 1.

Scheme 1. Mechanism of Autoxidation of
Organoboranes

Initiation

Sp2

RsB + Op ————» RyBOOe + Re

Propagation

Re + 02 _— ROO »

SH2

ROO e« + R3B ———» (ROO)BR, + Re

Further reactions
(ROO)BR, + 0, — (ROO),BR (1)
(ROO)BR; + RsB —= 2 (RO)BR, @

(RO)BR, + O, — [(RO)(ROO)BR] —= (RO)3B (3)

A homolytic substitution (Sn2) reaction between
triplet oxygen and trialkylborane initiates the reac-
tion and liberates an alkyl radical. The reaction of
this radical with oxygen furnishes a peroxyl radical
that propagates the chain by further Sy2 reaction.
The rate constant for the homolytic substitution at
the boron center of tributylborane by a butylperoxyl
radical has been measured to be 2.0 x 106 M1s™ ! at
30 °C.384546 The monoperoxyborane will react further
either with oxygen to give a diperoxyborane that is
inert toward oxygen (eq 1) or with the starting
trialkylborane (eq 2). In the latter case, a dialkyl
borinate [(RO)BR;] is produced that can further react
with oxygen to give finally a trialkyl borate [B(OR)s]
(eq 3).4”752 Hydrolysis as well as oxidative and
reductive treatments of the autoxidation products
lead either to hydroperoxides or alcohols.

2.2. Alkoxyl Radicals

The reaction of trimethylboroxine with tert-butyl
hypochlorite under irradiation affords chloromethane
(eq 4).%8 This indicates that tert-butoxyl radicals can
displace a methyl group at boron. A radical mecha-
nism involving an addition—elimination process
through a tetracoordinate “ate” complex was sug-
gested (Scheme 2).535

Following this work, various speculations on the
mechanism were reported. A concerted bimolecular
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Scheme 2. Reaction of Trimethylboroxine with
tert-Butyl Hypochlorite under Irradiation

(MeBO)3 M MeCi 4
hv
t-Bu
| x
'\éle Me, Io-r fBug
Cl ¥ B\ Gy
t-BuOQ+ + ? (I) — 0" -0 . (? (? + Me
’B‘O'B\M ! é _B. .B.
Me’ e Me” 2 0" B Me Me” 0" "Me

Me. + tBuOCI —= MeCl + tBuO-

homolytic substitution was preferred since no tetra-
coordinate intermediate was detected by ESR experi-
ments.3240.4255 Further Kinetic studies on trialkyl- and
triphenylboranes with di-tert-butyl peroxide or tert-
butylhypochlorite?>4155-57 as well as with ketone
triplets %85 corroborate the previous results. How-
ever, the combination of kinetic measurements and
ESR experiments for the reaction of triphenylborane
with di-tert-butyl peroxide support the formation of
a tetracoordinate boranyl radical followed by rapid
fragmentation.5” Interestingly, alkoxyl radicals have
been shown to be more reactive than alkylperoxyl
radicals. The following reactivity order has been
established: R3:B > R,BOR > RB(OR); (R = alkyl).?>60
The rate constants for homolytic substitutions at
boron centers have been measured for several differ-
ent systems. 3845465557 Typical values for the reaction
of tert-butoxyl radicals with different trialkylboranes
are as follow: BusB, 1.5 x 108 M~1s7%; i-BusB, 5.1 x
10 M~1s71: Ph3B, 1.0 x 108 M~1 s71.57 Electronic and
steric effects considerably influence the reactivity of
organoboranes toward peroxyl radicals.?® Due to
m-bonding between boron and oxygen, boronic esters
are less reactive than trialkylboranes toward alkoxyl
radicals. On the basis of this simple consideration,
B-alkylcatecholboranes should be more reactive than
the corresponding dialkyl boronates since the lone
pair at oxygen is partially delocalized into the
aromatic ring. More importantly, it was clearly
demonstrated by ESR that a delocalized perboryl
radical intermediate (a radical “ate” complex) is
involved in the substitution reaction at boron (Scheme
3).6% The stabilization of this intermediate certainly
accounts for the high reactivity of B-alkylcatechol-
boranes in radical reactions (see sections 4.1.1.2 and
4.1.2 for synthetic applications).

Scheme 3. Reaction of B-Methylcatecholborane
with Alkoxyl Radicals

0, O\ ,Me —Me Q
©: B—Me —> B-OR
o O OF{ o

R = Et, t-Bu

2.3. Ketone Triplets

Davies has reported the reaction of ketone triplets
with organoboranes.®® The measured rate constants
for homolytic substitutions with trialkylboranes were
found to be very similar to the reaction of the tert-
butoxyl radical.®! This reaction has however not yet
been applied to synthetic purposes, presumably due
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to recombinations and dismutations that remove
radicals from the reaction mixture as shown in
Scheme 4.

Scheme 4. Reaction of Tripropylborane with
Triplet Acetophenone

o e Mo

Ph
n-PrsB
— nPre 4 ->—OBn-Pr2

Ph Me
nPre + ->—OBn—Pr2

Me \ Ph
n-Prﬁ—OBn—Pr2
Me

2.4. Dialkylaminyl Radicals

Brown et al. have reported an interesting amina-
tion procedure of trialkylboranes with chloramine
under basic conditions that takes place via a polar
mechanism.®? Surprisingly, similar experiments car-
ried out with dimethylchloramine lead to the forma-
tion of the aminoborane and alkyl chloride (Scheme
5, eq 5).¢ A chain radical pathway involving di-

Scheme 5. Reaction of Trialkylboranes with
Dimethylchloramine

hv
RsB + CINMe, —— RCl + R;BNMe, (5)
RsB  + MeyN- e R+ + RyBNMe,
R + CINMe, — RC! + MeyN*

methylaminyl and alkyl radicals was proposed and
confirmed by their complete inhibition in the pres-
ence of a free-radical scavenger such as galvinoxyl.®*
In addition, ESR investigations have clearly demon-
strated the formation of alkyl radicals, resulting from
the displacement of alkyl groups at boron by di-
methylaminyl radicals (Scheme 5).5°

Because of the Lewis acidity of organoboranes, a
precomplexation between trialkylboranes and chlor-
amine is possible. After chlorine abstraction, the
resulting aminyl—borane complex may evolve readily
via fragmentation and release of an alkyl radical.
ESR experiments by Roberts strongly support that
the reactions between dimethylaminyl radicals
and trialkylboranes proceed in a stepwise manner
via a short-lived aminyl—trialkylborane radical
Me,N(*)—BR3.66:67

2.5. Alkylthiyl Radicals

The reaction between organoboranes and thiols
leading to alkane compounds®® was initially assumed
to involve a four-center polar mechanism.®® Later, the
involvement of free radicals was proven.”®’t On the
basis of kinetic and ESR experiments, Davies and
Roberts have established that alkylthiyl radicals,
generated from disulfides or thiols, react with tri-
alkylboranes to form either a thioether or an alkane,
respectively (Scheme 6, eqs 6 and 7). The following
reactivity sequence toward thiyl radicals was estab-
lished: BuzB > i-BusB > s-BuzB > Bu,B(SBu).”? Rate
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Scheme 6. Reaction of Trialkylboranes with Thiyl
Radicals

h
RSSR + RsB ———~ > R-SR *+ RSBR, (6)

initiator

RSH + RB R-H + RSBR'; (7)

RS+ + R$B —— R'* + RSBR),

R« + RSSR ——— R-SR + RS- (for(6)

R* + RSH ————» R-H + RS- (for(7)

constants of 0.8—1.3 x 108 M~! s~! were measured
for the reaction of tert-butylthiyl radicals with tri-
alkylboranes.”™ The reaction between thiocyanyl radi-
cals (NCS*) and triphenylborane leading to PhSCN
has also been reported.’

2.6. Arenesulfonyl Radicals

The reaction of tributylborane with benzene-
sulfonyl bromide at 70 °C affords bromobutane via
the chain process (Scheme 7, eq 8).2* The key step is
a homolytic substitution at boron by a phenylsulfonyl
radical.

Scheme 7. Reaction of Tributylborane with a
Phenylsulfonyl Radical
PhSO,Br

BusB ——— > 3 BuBr (8)
70°C

PhSO,+ + BusB — Buy,BSO,Ph + nBu-

Bu+ + PhSO,Br — BuBr + PhSO,*

2.7. Carbon-Centered Radicals

Homolytic displacements by carbon-centered radi-
cals at boron center are not common. A low substitu-
tion rate constant (k = 5.9 x 10® M™! s71) was
measured in the gas phase for the reaction of methyl
radicals with triethylborane.”®’® The reaction of
organoboranes with trifluoromethyl radicals has also
been reported.””78

More recently, Batey observed a novel rearrange-
ment during boron tethered free-radical cyclizations
(Scheme 8). Treatment of a 2-bromocyclohexyl al-
kenylboronate with BusSnH gives a 1,4-diol rather
than the expected 1,3-diol (eq 9). The 1,4-diol results
from a ring expansion of the five-membered ring

Scheme 8. Intramolecular Reaction of a
Carbon-Centered Radical with an Alkenylboronate

1) BugSnH cat.
NaBH;CN

Br
~__Bu
U DAB cat.THF, 55°C O N
Bu - )]
0),B" X 2) TMANO, 80°C ""O}-PH

3) H;0, 80°C

dr 1.3:1
80%

Bu

H ) H . Bu
(o
.
O AN

M HO OR
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occurring via intramolecular homolytic substitution
at boron before tin hydride reduction (eq 9).7°

3.Triethylborane as a Radical Initiator

As previously shown (section 2.1), trialkylboranes
give free alkyl radicals upon treatment with oxygen.
Utimoto and Oshima were the first to apply the
reaction of triethylborane with oxygen to initiate
radical reactions.®® Over classical initiators, the
system Et;B/O, offers the great advantage of being
efficient even at low temperature (—78 °C). This
aspect proved to be particularly important for the
development of stereoselective radical reactions and
for radical reactions involving thermally unstable
adducts or products. The use of triethylborane as
radical initiator recently became very popular; how-
ever, the experimental procedure may cause repro-
ducibility problems. Our experience in this field has
shown that reproducible results are obtained with
freshly prepared triethylborane solutions, the use of
commercial solutions gives less satisfactory results.
After preparation of the reaction mixture under the
strict absence of oxygen, air (up to 1 equiv of oxygen
relative to Et3B) is added via a syringe (slow addition
technique). Best results are obtained when the needle
is below the surface of the reaction mixture.

Diethylzinc has also been used as a radical initia-
tor®! and chain transfer reagent.8278 This reagent
behaves like triethylborane and may represent an
interesting alternative. However, the stronger Lewis
acidity and nucleophilicity of zinc reagents are a
potential drawback when mild reaction conditions are
required.

3.1. Tin-Mediated and Related Processes
3.1.1. Halogen Atom Abstraction

Triethylborane proved to be an efficient initiator
for the generation of tin radicals from tin hydrides.
A wide range of alkyl iodides and bromides were
readily reduced (~30 min) by treatment with BuzSnH
in the presence of a catalytic amount of triethyl-
borane (10 mol %) at —78 °C (eq 10). Also the
reduction of alkenyl iodides and bromides as well as
aryl iodides proceeds in high yield.® Radical cycliza-
tion initiated by Et;B/O, has become a standard
procedure. Lacote and Malacria used this procedure
to cyclize an alkenyl sulfoxide at low temperature in
order to avoid the formation of a conjugated diene
by thermal elimination of sulfinic acid (eq 11).%
Czernecki et al. have shown that the synthesis of
2-amino-2-deoxy-a-b-C-glucopyranoside by radical
cyclization of an anomeric selenide occurs only under
the mild conditions offered by the Et;B/O, procedure
(eq 12).%" Finally, a better yield for the double radical
cyclization of a bis(phenylseleno)ketal is obtained
with Et;B/O, rather than under thermal conditions
(eq 13).88

Radical initiation with Et;B/O, at room tempera-
ture has been applied to the deoxygenation of second-
ary® and tertiary alcohols®! via the corresponding
dithio- or thiocarbonates. This alternative to the
classical thermal initiation of the Barton—McCombie
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i
0.
0, BuaSnH, EtsB/0 0
Toluene, ~78 °C
PH Ph

87%

_ P
Br O BugShH, init. S
x-St — (> Tol (11)
Tol AIBN,80°C:  30%
Oo EtsB/0,, =78 °C: 86% 2

4 : _fo
dr 50 : 50

oﬁg =
Bn O
BusSnH, EtsB/0, BnO
BnO: 3 35/0U2 BnO (12)

SePh Benzene, rt HN )
76% ’
Ph
| l Ph H Ph
CH(SePh), BuzSnH, Etz8/0, \ (13)
O/\/\ Ph Benzene, rt g
47% H

deoxygenation®?~% is particularly useful with tertiary
dithiocarbonates in order to prevent a possible
Chugaev fragmentation reaction (eq 14).

BugSnH, Et3B/O,
_——
benzene, rt

91%

(14)
TBSO

Switching from traditional AIBN initiation to Et3B/
O, occasionally changes the course of the reaction.
For example, under AIBN initiation, a homopropar-
gylic xanthate gives a saturated y-thionolactone (eq
15)% while initiation with Et3B/O, affords the o,(-
unsaturated lactone (eq 16).97:%8

1) BugSnH, AIBN

benzene, refiux ~ Ph
2) Hy0
49 % ® 19)
° O

1) BugSnH, Et3B/O,
benzene, -78 °C Ph
2) H*, Hy0 g\fo (16)
78 %, EIZ 94:6 o
Triethylborane can also initiate the formation of
silyl or germanyl radicals from the related hydrides.
For example, Evans and Roseman reported the
cyclization of acyl radicals to vinylogous carbonates
in the presence of (TMS)sSiH. By using Et3B/O;
initiation rather than AIBN, the cis-oxepanones are
obtained in higher stereoselectivity and yield since
the decarbonylation of the intermediate acyl radical
is suppressed (eq 17).%° In another striking example,

a thermally unstable propargyl bromide cobalt com-
plex cyclizes in the presence of Ph,SiH, under Et;B/

/\/O\H/SMG

Ph S
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O, initiation at 20 °C. A mixture of reduced and

bromine atom-transfer products are isolated (eq
18).100

0O
P . Q

Ph .
_ =
x Initiator Y
CO,Me COMe
AIBN, 80 °C 65% (cis/trans 8.5:1)
Et3B/O,, —78°C  80% (cis/trans >19:1)
Ph” "0 (7
CO,Me
24%
Ph COZMG
N PhSiHy, EtsB/0,
Coy(CO)s -
benzene, rt
70%
Ph S X COMe
D H (18)
Co,(CO)e
X=H,Br 1:1.8

Interestingly, Et3B/O; initiation can be performed
in aqueous solution. For instance, a wide range of
aryl and alkyl halides are reduced in water by water-
soluble organosilanes using Et;B/O, initiation (eq

19).201
. O_.OCH, (HOCHZCHZO@SiHZ
;:Eljo,,OH EtsB/0,, Hp0
OH 84%

Me._O._.OCHg
. 3 (19)
HO" “OH
OH

Germanes are also used for the reduction of various
organic halides at ambient temperature under Et3B/
O, initiation. For example, tri-2-furanylgermane
mediated radical cyclizations of aryl iodides proceed
in good yields (eq 20) and are also possible with
NaBH, in the presence of a catalytic amount of
triphenylgermane (eq 21).1%2

|
(:E fk __(e-furanygGeH 0)
T EBO, THE o

88%

PhsGeH (cat.), NaBH

21
EB/0, MeO @n

MeO™ ~O 9]
75%, mixt. of diastereomers

Tin free-radical reduction by an organophosphite®*
and phosphinic acid can also be initiated by Et;B/
O.. Radical cyclizations using phosphinic acid, a base,
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and Et3;B/O; as a radical initiator in aqueous ethanol
were recently reported (eq 22).193

P Pr.
r aqg. H3P02
(\/{l J/ NaHCOs, EtsB/O, (22)
—_—
oo EtOH, rt Yo i ®)

82%, 81:19

3.1.2. Addition to Alkynes and Alkenes

The hydrostannylation of acetylenic compounds is
usually run under thermal initiation with AIBN, but
high dilutions are required to achieve radical cycliza-
tions.1941% This problem was partially overcome by
use of the Et3B/O, initiator system. Under these
conditions, the triphenylstannyl radical adds selec-
tively at the terminal alkynes to give a mixture of
(E)- and (2)-vinylstannanes. The reaction was suc-
cessfully applied to enyne radical cyclizations as
shown for the synthesis of dehydroiridodiol/isodehy-
droiridodiol (eq 23) and a-methylene-y-butyrolactones
(eq 24). The tandem radical addition—cyclization
provides (Z)-vinylstannanes selectively.1967108 A tri-
phenyltin-mediated radical cascade cyclization of a

1,4-dioxadienyne is shown in eq 25.1%°
SnPhg OH
. (23)
OTHP OH

Dehydroiridodiol and
Isodehydroiridodiol

o/\ Ph33nH Et3B/0, __ SnPhg
Me | toluene rt @4)
96%

HO Me
X BugSnH, EtBI0;

I toluene rt
QTHP 84%

—\_/—0 PhsSnH, Et38/0, o
—_— 0 (25)
\\ I toluene, rt
39%, dr 3:1 H

PhsSn

Similarly, tris(trimethylsilyl)silane,'1%1!1 thiols,*2
and germanes'®® add easily to terminal alkynes in
the presence of EtzB/O,. This process was extended
to internal alkenes (eq 26) as well as silyl enol ethers
(eq 27) by using tri-2-furanylgermane. In this last
case, basic or acidic treatment of the main syn
pB-siloxygermane furnishes the corresponding E- or
Z-alkene, respectively.’'4 An interesting reversal of
the regioselectivity is observed during the intra-
molecular hydrogermylation of homoallylic and homo-
propargylic alcohols when switching from Pt to Et;B/
O, catalysis (eq 28).11°

3.1.3. Stereoselectivity Control

The control of the stereochemical outcome of radi-
cal processes has been intensively studied during the
last 20 years.'® Many efforts have been made to find
suitable conditions for optimal control. As expected,
temperature is a critical factor: high stereoselectivi-
ties are often reached by running the reactions at low
temperature with Et3B/O, as a radical initiator.
Selected examples illustrating the crucial role of

Ollivier and Renaud
Ge(2-furanyl)s
2-furanyl)zGeH
M ( Y3 M 26)
0o Et3B/O,, 25°C o]

88%

OSiMe .
8 (2-furanyl)sGeH 0SiMe,
A n'C5H11 _— n.CsH11 (27)
mCetig EtsB/0,, 25°C  MCeHig
E/Z 35:65 69% Ge(2-furanyl);

syn/anti 83:17

Cire ™

cat. O-GePry
PraGe(H)O_~—e~ —

H,PtCls: 28%  88:12
Et;B:  83% 14:66

temperature on the stereocontrol of radical processes
will be presented here.

Control of Diastereoselectivity. Stereoselective
radical-mediated reduction and allylation of acyclic
o-halo-3-alkoxy esters are well-documented reactions.
A transition state model based on the minimization
of Al3-strain and dipole—dipole repulsion was pro-
posed.116:117 The temperature has a strong influence
on the stereochemical outcome. For example, the
allylation depicted in eq 29 furnishes the syn allyl-
ated product with moderate stereocontrol (syn/anti
5:1) under thermal AIBN initiation. A higher stereo-
selectivity (syn/anti 22:1) is obtained at —78 °C with
Et;B/O, as initiator.'® Stereocontrolled trans-hydrin-
dane ring formation was carried out by radical
cyclization according to eq 30. The total stereochem-
ical control observed at low temperature is rational-
ized by steric repulsions between the (tert-butyldi-
methylsilyl)oxy group and BusSnH.1%°

OBn
SnBu
Coet 270
I Initiator

OBn OBn

CO,Et ©)\/002Et
+ :

AIBN, hexane, reflux 73%  syn/anti 5:1
Et3B, toluene, -78 °C  87%  syn/anti 22:1

OSit-BuMe,
/ BuzSnH, initiator
MeO,C OH Y
Br Toluene
H OSit-BuMe,
m-OH (30)
MeOzC H

AIBN, 110 °C 72%  trans/cis 63:37
EtyB/O,, ~78 °C  97%  trans/cis 100:0

Ueno—Stork radical cyclization can be efficiently
controlled by the stereogenic acetal center.1?%121 The
control of the temperature is critical to attain high
diastereoselectivity. In eq 31, a very high diastereo-
selectivity (>98% ds) is obtained at —78 °C under
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Et;B/O; initiation. Under thermal AIBN initiation,
the diastereoselectivity is significantly lower (89%
ds).'??2 Synthesis of a benzo[a]quinolizide skeleton by
an efficient diastereoselective cascade radical cycliza-
tion has been recently reported. The best diastereo-
selectivity (dr 37:1) is obtained with Etz;B/O; as an
initiator at —78 °C in toluene (eq 32).1%3

+-BuO | +-BuQ
O> BuzSnH H
", (31)
Me: Initiator Me
(o]
o AIBN, 80 °C 71% 89%ds

EtsB/0p, —78°C  74% >98%ds

MeO. 0] MeO.
m BusSnH
MeQO > MeO
| | Initiator
|

CO,Et CO,E

AIBN, 80 °C 36% cis/trans 3.4:1
EtsB/Oy, —78 °C  46% cis/trans 37:1

(32)

A diastereoselective intramolecular alkenylation of
an alkyl radical was reported by Malacria and
collaborators. The configuration of the alkene moiety,
fixed during the -elimination process, is temperature
dependent. A significant improvement of the dia-
stereocontrol in favor of the E isomer is observed at
low temperature (eq 33).1%4

PhSe E E EE
MeO BuzSnH
. i Initiator SOPh
O‘S* X FPr MeO Pr

T
Ph

E E E E
- PhSO e
—_— +
E z (33)
MeO i-Pr MeO
-Pr
AIBN, 80 °C 75% E/Z70:30

Et3B/Op, —78°C  60% E/Z97:3

Control of Enantioselectivity. Hoshino has re-
ported an efficient asymmetric construction of chiral
quaternary carbon centers at low temperature by
enantioselective allylation of a-iodolactones with
allyltributyltin in the presence of a substoichiometric
amount of a chiral Lewis acid (20 mol %) initiated
by Et;B/O, (eq 34).125

I Me _~_-SnBus, EB/O,
[ Ioio MegAl, ligand (0.2 eq.)
Et,0 (1 eq.)

SiPhg
‘ ‘ OH
oou
SiPhg

o” "0

81%, 80%ee

ligand =
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Sibi and Porter have reported the first example of
B-enantioselectivity in an acyclic system.*?¢ Highly
enantioselective radical additions using catalytic
amounts of a chiral Lewis acid at —78 °C are
described. A typical example is depicted in eq 35.1%7.128

o © iPrl, BugSnH U JCL
EtB/O,, 78 °C
Ph/\)LNJ\O ———————» Py N O (35)
_/ Mgl (5 mol%) /
ligand
92%, 90% ee
O%Q
ligand = N N,

3.2. Atom-Transfer Reactions

3.2.1. lodine Atom Transfer

Autoxidation of trialkylboranes is inhibited in the
presence of molecular iodine. It was suggested that
alkyl radicals, generated by reaction with molecular
oxygen, may react with iodine prior to their oxygen-
ation. The reaction produces iodine atoms that cannot
propagate the chain.’?® A similar inhibition of the
autoxidation is observed with alkyl iodides. However,
in the presence of a stoichiometric amount of oxygen,
trialkylboranes react with allyl iodide to afford the
corresponding alkyl iodides (eq 36). Moreover, allylic
and benzylic iodides couple in high yields upon
treatment with an excess of organoborane (eq 37).1%°

Oy, THF

|
(O o
3
75%

©/\| EtsB (excess) O
T (37)
0y, THF O

90%

Triethylborane in combination with oxygen pro-
vides an efficient and useful system for iodine atom
abstraction from alkyl iodide and thus is a good
initiator for radical iodine atom-transfer reactions.'3.1
Indeed, the ethyl radical, issued from the reaction of
triethylborane with molecular oxygen, can abstract
an iodine atom from the radical precursor to produce
a radical R* that enters into the chain process
(Scheme 9). The iodine exchange is fast and efficient
when R* is more stable than the ethyl radical.

/\/'

_

Scheme 9. Mechanism of the Et;B-Mediated lodine
Atom-Transfer Reaction

Initiation : EtzB + Op ——»  Et,BOO* + Et-
Propagation : R-l + FEts ———» R +  Et
R+ ———>» R'-
R + R4l — R-l + R

EtsB-induced addition of perfluoro alkyliodides,*33
a-iodoesters (eq 38),'3* a-iodonitriles,*** and simple
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alkyl iodides'®® to alkenes and alkynes has been
reported. Interestingly, these reactions were also
performed with success in agqueous media demon-
strating the ability of Et3B to act as initiator in water
(eq 39).16

C3H19CH=CH2 (3 eq) CaH
I”"COOEt Y (38)
EtsB (1 eq.)/O, Et00C i
DMSO, rt

90%

o)
o PhC=CH (3 eq.) o
! T % (39)
Q cat. EtzB/0,, Ho0 :

94%, E/Z67:33

Silyl enol ethers have also been used as a trap for
electrophilic radicals derived from o-haloesters!34 or
perfluoroalkyl iodides.*®” They afford the a-alkylated
ketones after acidic treatment of the intermediate
silyl enol ethers (eq 40). Similarly, silyl ketene acetals
are converted into a-perfluoroalkyl esters upon treat-
ment with perfluoroalkyl iodides (eq 41).137:138 With
germyl enol ethers, the radical adduct decomposes
readily via p-elimination and provides the a-per-
fluoroalkyl ketone and a trialkylgermanyl radical as
a chain carrier (eq 42).1%7 The Et;B/O,-mediated dia-
stereoselective trifluoromethylation?®14° (eq 43) and
(ethoxycarbonyl)difluoromethylation'41:142 of lithium
enolates derived from N-acyloxazolidinones have also
been achieved.

OSiiPrs 1) n.C4F 41, EtB o}

2,6-lutidine, hexane

E-lutidine, n-CgF13
2) HCI (40)

74%

OSit-BuMe, CFyl, EtsB o \)?\
_—
On-CgHq7 2,6-lutidine, hexane s On-CgHiz  (41)
OGePry OGePr,
n-CoF1al, EtsB n-CeF13 (42)
2,6-lutidine, hexane
82%
(0]
- PraGe - "'CGF13\é
_—
— I S cF
o. N 1) LDA, -78 °C /\ 3 .
YO Me O N
s 2)CFyl EtB T e
0 0., .0
“Li
—  CF
N 43
O\ﬂ/ \IH\Me (43)
o O

70%, 64%de

Triethylborane is also an excellent initiator for
intramolecular iodine atom-transfer reactions. For

Ollivier and Renaud

example, cyclization of the propargyl o-iodoacetal
depicted in eq 44 gives the corresponding bicylic
vinyliodide in high yield.*35 Allyl iodoacetamides (eq
45) and allyl iodoacetates (eq 46) cyclize cleanly under
Et;B/O, initiation. In the case of the ester, the
reaction has to be run in refluxing benzene in order
to allow Z/E-ester isomerization prior to cycliza-
tion.1#3144 No trace of cyclized product was detected
when the reaction was carried out at room temper-
ature. Interestingly, by running the same reaction
in water, Oshima and collaborators obtained the
desired lactone in 78% yield. It was suggested that
water facilitates the Z/E isomerization. Efficient
preparation of medium and large ring lactones in
water have also been reported (eq 47).145146

SiMeg e38|
il _E%B/0; (44
o 0 94%
|
= Et3B/O
NS hee [( s)
07N benzene reflux
Me 71%
! Z B0,
(46)
0”0

benzene, reﬂux 46%
benzene, 25°C 0%
water, 25 °C 78%

it ;
O cat. Et3B/02 0 47
_
s o . water, 25 °C o > “7)
n

n =2-4, 84-98% I

Examples of tandem intermolecular addition—
cyclization under iodine atom-transfer conditions are
depicted in eqs 48 and 49.135136

) e Bul, EtzB, t-Bu $
|h f FBul, EB/0, \ | (48)
60 °C
o~ Bu

0" "Bu 42%
0
S OH  E8/0,
o) I+ ———
= OH 25°C

78%
Q

OH
o (49)
OH

Finally, Ets;B-induced radical cascade reactions
with 1,5-enynes and 1,5-diynes have been applied to
the synthesis of dioxatriquinanes and tricyclic gluco-
conjugates (egs 50 and 51).147148 Some of these
elegant cascade cyclizations were also performed
under mild conditions at —50 °C.
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Lo S IO
Toluene
0" o, 100°C

50%

HH
I (50
H " H
OAc SiMeg
Aco\(:j\\\.l II EtsB/O,, E
_—
S Benzene
ACO\ \\\\\ 0 ’I,,O ! 4 80 °C
57%
ACO :_CJ"I\_'C SiMes
A —
cO\Nu | (51)
o]
H O H

3.2.2. Bromine Atom Transfer

Bromides are less reactive than the corresponding
iodides in atom-transfer processes. However, acti-
vated bromides such as diethyl bromomalonate3* and
bromomalonitrile*® (eq 52) react with olefins under
Et;B/O; initiation. Kharasch-type reactions of bromo-
trichloromethane with alkenes are also initiated by
EtsB/O,; a typical example is shown in eq 53.1%¢ On
the other hand, a remarkable Lewis acid effect was
reported by Mero and Porter. Atom-transfer reactions
of an a-bromooxazolidinone amide with alkenes are
strongly favored in the presence of Lewis acids such
as Sc(OTf); or Yb(OTf)s. This reaction was succes-
sively applied to the diastereoselective alkylation of
chiral oxazolidinone derivatives (eq 54).1%°

CN
Br—< +
CN

\L f BrCCI3 Et3B/0,
T MeoH

80%

EtsB/0,, Sc(OT);
—_—
Et,0, 25 °C

\\ >90%, /S 96:4

EtsB (5 mol%)
CHZCIZ 25°C
44%

Br
Q)\)\ 2)
CC|3 Br
o -
9]

o O

/\/\(\(’j’)\NJ\O (54)

-

3.3. Aromatic Substitutions

Regioselective inter- and intramolecular aromatic
substitution of 2-benzoylpyrrole derivatives by ma-
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lonyl radicals is efficiently achieved under Et;B/O,
initiation. Since the reaction is not a chain process,
a stoichiometric amount of Et3;B is necessary. This
reaction has been applied as a key step in the
synthesis of ketorolac, a non-narcotic analgesic (eq
55).151 Further applications to intermolecular ho-
molytic aromatic substitutions of pyrrole, furan and
thiophene by electrophilic carbon-centered radicals
(PCH(*)CO2R or FoCy%) were reported by Baciocchi and
Muraglia.’® With furan and thiophene, the re-
aromatization step is achieved by iron(lll) (eq 56).
1,4-Aryl migration from tin to carbon under Et;B/O,
initiation was recently reported by Oshima and co-
workers (eq 57).153

/\
Ph
N~ Br EtB/O,  pn. A N COEt 5
o K/I\CO Et Benzene, rt o N CO,Et 59)
EtO,C 2 75%

1) Et,B/0,
DMSO, rt

o}
_bmsor _ /N
2) Feo(S04)3.H,0 <;A\)l\oa (56)

60%

@ + 17T COLE
o)

1) Et3B/O,
benzene,reflux

2) MeMgl
70%

Me,PhSn |
n-C4Hg

MesSn  Ph
nCsHg 67

3.4. 9-BBN as a Radical Initiator

Recently, 9-BBN was applied as an initiator for tin
hydride free-radical reduction at low temperature
and in the absence of oxygen. Several classes of
radical precursors were tested with success, and this
procedure proved to be superior to triethylborane
under anaerobic conditions (eq 58).1% No mechanism
for this intriguing initiation procedure has been

proposed.
- G o

4. Organoboranes as Reagents

BusSnH, 9-BBN
Toluene, 0°C (-78°C)
84% (65%)

4.1. Conjugate Addition

4.1.1. Unsaturated Ketones and Aldehydes

4.1.1.1. From Trialkylboranes. Organoboranes
exhibit a high tendency to undergo fast conjugate
addition to various types of a,8-unsaturated ketones
and aldehydes. For instance, the addition of tri-
phenylborane to a,f-unsaturated carbonyl com-
pounds in the presence of copper salts was reported
in 1963.1% An extension of this approach was re-
ported by Suzuki and co-workers, who adds trialkyl-
boranes to a,8-unsaturated ketones in the presence
of Fenton’s reagent (HO./FeCl;) as a source of
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hydroxyl radicals to initiate the reaction. Addition
of cyclohexylborane to crotonaldehyde furnished the
corresponding conjugate addition product in 91%
yield (eq 59).156

FeCly, Hy,0, CHO
(c-CgHqq)3B + \/\CHO —— (59)
THF, 40 °C
91%

The reaction of trialkylboranes with 1,4-benzo-
quinones to give in quantitative yield 2-alkylhydro-
guinones was the first reaction of this type occurring
without the assistance of a metal mediator.'57:158 An
ionic mechanism was originally proposed but rapidly
refuted since the reaction is inhibited by radical
scavengers such as galvinoxyl and iodine.*®® Then, it
was demonstrated that trialkylboranes, readily avail-
able via hydroboration, are excellent reagents for
conjugate addition to vinyl ketones (eq 60),*%° ac-
rolein,'®! a-methylacrolein,®? a-bromoacrolein'®?
(eq 61), 2-methylenecyclohexanone,'®® and qui-
nones'®7.159.164 (e 62). Traces of oxygen present in the
reaction mixture are sufficient to initiate these reac-
tions. Their free-radical nature was demonstrated by
their complete inhibition in the presence of free-
radical scavangers such as galvinoxyl (5 mol %) or

iodine.1?®
o HZO 25°C O\/Y (69)

(c-CeH11)sB + /\n/
80%

Br
@CoHB + N

_-_—>

H,0, 25 °C
65%

(o]
(c-CgHyq)sB + O‘
H,0, 25 °C
(0]

90%

(61)

¢-CgH11
(62)

Various attempts to extend this reaction to S-sub-
stituted o,f-unsaturated carbonyl compounds such
as trans-3-penten-2-one, mesityl oxide, 2-cyclohexen-
1-one, and trans-crotonaldehyde’®® were unsuccess-
ful®5167 unless radical initiators were used.'®® For
instance, in the presence of oxygen,'¢” diacetyl per-
oxide'®® or, under irradiation,¢® trialkylboranes pro-

|

Scheme 10. Brown Mechanism for the Conjugate
Addition of Organoboranes to Methyl Vinyl
Ketone

R3B
R/\/U\ R/\/\ :

Ollivier and Renaud

duce alkyl radicals that add to g-substituted o,f-
unsaturated carbonyl compounds (eqs 63—65).

o}

(c-CsHg)sB  + é

6]

O/k/CHO
(64)
O -

Brown proposed a mechanism where the enolate
radical resulting from the radical addition reacts with
the trialkylborane to give a boron enolate and a new
alkyl radical that can propagate the chain (Scheme
10).1%5 The formation of the intermediate boron
enolate was confirmed by 'H NMR spectroscopy.169.170
The role of water present in the system is to hydro-
lyze the boron enolate and to prevent its degradation
by undesired free-radical processes. This hydrolysis
step is essential when alkynones!” and acrylonitrile®
are used as radical traps since the resulting allenes
or keteneimines, respectively, react readily with
radical species. Recently, Maillard and Walton have
shown by B NMR, 'H NMR, and IR spectroscopy
that triethylborane does complex methyl vinyl ke-
tone, acrolein, and 3-methylbut-3-en-2-one. They
proposed that the reaction of triethylborane with
these traps involves complexation of the trap by the
Lewis acidic borane prior to conjugate addition
(Scheme 11).172

Scheme 11. Maillard—Walton Mechanism for the
Conjugate Addition of Et3B to Methyl Vinyl
Ketone

THF, H,0, 25 °C
_ =
O; (cat.)

85%

(c-CeHi)gB + .~ ,CHO THF. H:0,25°C
(CHsCOO),
86%

THF, H.0, 25 °C
EtB  + (o] —

95%

.BEts

(e} (o]
NG

A
k\ oBFts
§_/

(o] H2 EtzBO

Et/\)J\ D Et/\/K

The reaction between trialkylboranes and enones
has not found many synthetic applications. An excep-
tion is the preparation of prostaglandin precursors
from exo-methylene cyclopentanone, generated in situ
from a Mannich base. After dehydrogenation, a
second conjugate addition of trioctylborane was used
to introduce the w-chain (eq 66).173

Synthetically, a serious drawback of the trialkyl-
borane approach is that it requires a 1:1 trialkyl-
borane/radical trap ratio to obtain good yields. There-
fore, the method is restricted to trialkylboranes
obtained by hydroboration of easily available and
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0 1) CHgl, KCO3 0
2) [EtOOC(CH,)s)sB
é/\NMeonCl ) [ ( 2)5]3 COOEt

65%

Q
COOEt

PTT = phenyl trimethylammonium perbromide

1) PTT, collidine (52%)

2) B(n-CgHy7)3 (46%)

cheap alkenes. To overcome this limitation B-alkyl-
boracyclanes have been used.'’7®> According to
Brown and Negishi and co-workers, 3,3-dimethyl-
borinane, prepared from BH3; and 2,4-dimethyl-1,4-
pentadiene, is the most efficient reagent. With this
system, a selective cleavage of the boron—alkyl bond
is possible for secondary and tertiary alkyl groups
(egs 67 and 68). This method, referred to later as the
Brown—Negishi reaction, is not suitable for primary
alkyl radicals (yield <35%) and for radical traps
substituted at the S-position. With these traps, the
addition of extra oxygen is necessary to run the chain
reaction, and under these conditions the cleavage of
the carbon—boron bond is no longer selective.

B—H

gl 2
——
THF, 25 °C
U /\n/
S
hy —_— 3 67
@/ THF, H,0, 25 °C N ©n

73%, trans/cis 91:9

t-BuLi
B-OCHy —
/Y t-Bu
B—Bu — 2~ “\g/ (68)

THF, H,0, 25 °C 76%

Recently, we have shown that similar results are
obtained with cyclohexyldiethylborane, (easily pre-
pared from Et,BH and cyclohexene). The efficient
addition to methyl vinyl ketone is possible (eq 69).
However, when cyclohexenone is used as radical trap,
addition of oxygen is necessary and a 3:1 mixture of
products resulting from the addition of cyclohexyl and
ethyl radicals is obtained (eq 70).176

1) EtBH, THF
() L

2)/\([3]/""20

7% ©

@ 1) Et,BH, THF o) ‘o]
* (70)
2)
3:1

50 %
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Toru and co-workers have investigated the stereo-
selectivity of the conjugate addition of trialkylboranes
to 2-arylsulfinylcyclopentenones. Excellent stereo-
control is achieved with different alkyl radicals (eq
71). Related reactions in six-membered rings are also
reported. Interestingly, the use of Et;B together with
an excess of secondary and tertiary alkyl iodides
allows the transfer of different alkyl groups due to
an initial iodine atom-transfer process (eq 72).177-180
In the acyclic series, the lack of diastereoselectivity
in the addition step and a competitive Pummerer
rearrangement has limited the synthetic potential of
this reaction.8!

2 ¢
+
RsB + d/S\Ar

R = Et, i-Pr, c-CgH44, t-Bu
Ar = 2,4,6-triisopropylphenyl

0 ©
CH,Cl,, 0°C &
B SAr o (71)
66-95%, dr >98:2 H

R

O

? % 14
N EtsB/Op, i-Prl N
“Ar —_— = Ar 72)
CH,Cly, 0°C

O
Al/Hg
—_—

THF/H,O
93%, S/R >98:<2

4.1.1.2. From B-Alkylcatecholboranes. To cir-
cumvent the lack of selectivity in the cleavage of
trialkylboranes, B-alkylcatecholboranes can be used
as precursors of alkyl radicals. As previously dis-
cussed (Scheme 3), B-alkylcatecholboranes are very
reactive toward alkoxyl radicals and also triplet
oxygen. A modified version of the Brown—Negishi
reaction using B-alkylcatecholboranes was recently
reported by us. This novel method is based on a
simple one-pot procedure involving the hydroboration
of various substituted alkenes with catecholborane,
followed by treatment with catalytic amount of
oxygen/DMPU/water and a radical trap. Efficient
radical additions to a,f-unsaturated ketones and
aldehydes have been reported. Primary alkyl radicals
are efficiently generated by this procedure, and the
reaction has been applied to a 300 mmol scale
synthesis of the y-side chain of (—)-perturasinic acid
(eq 73).18 The reaction was also applied to the radical
addition to cyclohexenone (eq 74) and to other 3-sub-
situted enones and enals as well as to cyclization (eq
75) and annulation reactions.7®

4.1.2. Other Activated Alkenes

The above-described modification of the Brown—
Negishi reaction is efficient with any type of mono-
pB-substituted enol or enal. However, other classical
radical traps such as unsaturated esters, amides, and
sulfones failed to react.®® This failure is a conse-
guence of an inefficient propagation step between the
radical adducts and the B-alkylcatecholboranes, pre-
sumably due to the low-spin density at the oxygen
atom. By using a chain-transfer reagent, which is
able to convert a carbon-centered radical into an
oxygen-centered radical, it is possible to extend the
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O\
o O
0 0
Me,NCOMe (cat.)
- HO N~ (73
2 A Gea) 6%

H,O , DMPU (1 eq.)

0
1) BH
(0}

Me,NCOMe (cat.) 0
J -
2) <;>:o (5eq.)
79%

H,O , DMPU (1 eq.)

CO
1) BH
0 o

Me,NCOMe (cat.)

HO W X

)
2) H,0, O,, DMPU

\ 45%

reaction to any type of radical trap. The Barton
carbonate PTOC—OMe (PTOC = pyridine-2-thione-
N-oxycarbonyl) proved to be a very efficient chain
carrier (eq 76) as well as a good initiator for this type
of radical reaction by irradiation with a standard
150-W tungsten lamp.18

x
L > i
N""s o+ R- O\ A Y weoto.
OCOOMe NS
(PTOC-OMe)  C-radical O-radical

With this system, intermolecular radical additions
can be performed in good yields in a one-pot proce-
dure (egs 77 and 78). In contrast to tin hydride-
mediated reactions, no slow addition of the chain
carrier (PTOC—OMe) is necessary. Moreover, the
nonreductive nature of this method is the advantage
of allowing further elaboration of the addition prod-
ucts. Cyclization reactions involving the regioselec-
tive hydroboration of dienes are also possible (eq
79).184

The mechanism of this reaction is depicted in
Scheme 12 and nicely parallels the classical tin

Scheme 12. Modified Brown—Negishi Reaction8*

2 ) ZEWG
N
hv 0. j

SPy

(PTOC-OMe —>) RO

EWG
PTOC-OMe

{R'O = MeOCO* or MeO+)

Ollivier and Renaud

N/
1) Catecholborane s X ,
Me,NCOMe (cat.) MeOOG H
————
© COOMe )

2) MeOOC A o0me

PTOC-OMe (3 eq.)
150 W lamp, 10 °C

94%, dr 77:23

1) Catecholborane
Me,NCOMe (cat.) @
P el SPy (78
2 A>coome —
PTOC-OMe (3 eq.) COOMe
150 W lamp, 10 °C

69%

-

1) Catecholborane
Me,NCOMe (cat.)
-_—
x> 2) PTOC-OMe (3 eq.)
150 W lamp, 10 ° SOzPh
SO,Ph amp, 10 °C ps
(SPy = 2-pyridylthio)
66%, dr 53:47

(79)

hydride-mediated conjugate addition (Giese reac-
tion'1185): the abstraction of a halide by the stannyl
radical is replaced by the homolytic substitution of
an alkylborane by an alkoxyl radical. The three
radicals involved in this chain reaction possess very
different reactivities that allow an efficient fulfill-
ment of the selectivity criteria formulated by Giese.

A related reaction using the Barton ester (PTOC—
Ph) as a chain carrier has been developed independ-
ently by Dalko and co-workers (eq 80).1

a

1 ) BH3.M€2$
2) Et3N, catechol

ar
—_—
3) CH=CHSO,Ph ", )\Sozph (80)
PTOC-Ph, hv
70%, dr 92:8

A different strategy to add radicals generated from
organoboranes to unsaturated esters is based on the
electrolysis of trialkylboranes. Indeed, it is known
that electrooxidation of tricylohexylmethoxyborate
gives radicals that can react with alkenes such as
butadiene.®” Dimerization of alkyl radicals generated
from trialkylboranes/sodium methanolate is also
described but is of limited synthetic utility.1®8° The
electrochemical alkylation of compounds containing
an acidic hydrogen such as acetonitrile,’® nitro-
methane,*®! and 1-alkynes!®? by trialkylboranes has
also been reported and may involve radical interme-
diates. Interestingly, the electrochemical reduction
of trialkylboranes in the presence of a,3-unsaturated
esters produces the corresponding alkylated esters
in good yields (eq 81).1%

)\cozet
BuyNI, +e

n-CsH1 1/\rCOzEt (81 )
CH3CN

94%

(n-CsH14)3B

Alkyl radicals are also generated from trialkyl-
arylborates upon irradiation in the presence of ben-
zophenone and add to activated alkenes such as butyl
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methacrylate. In this particular process, the three
alkyl groups can be transferred to the radical trap

(eq 82).1%4
)\COOBU

hv, Ph,CO
CH3CN/benzene

C-"Hgd\ooosu (82)

Ph(CsHg)sB (Me,N*)

80%

4.2. Addition to Ethenyl- and Ethynyloxiranes

Brown and Suzuki and co-workers have shown that
treatment of trialkylboranes with ethenyl- (eq 83)
and ethynyloxiranes (eq 84) in the presence of a
catalytic amount of oxygen affords the corresponding
allylic or allenic alcohols. The mechanism may in-
volve the addition of alkyl radicals to the unsaturated
system leading to 1-(oxiranyl)alkyl and 1-(oxiranyl)-
alkenyl radicals followed by rapid fragmentation to
give alkoxyl radicals that finally complete the chain
process by reacting with the trialkylborane (Scheme
13).195-197

Scheme 13. Reaction of Trialkylboranes with
Ethenyl- and Ethynyloxiranes

O Hzo, 02 (cat.)

Et,8  + W v Et/\/\/OH (83)
2
65%
fo) H,0, O, cat. c-CgHg
-CsHg)sB + —_— ——_OH (84)
(-CeHols ///<‘ benzene

62%

R o}
R-+§/<(|)———>R/\:/<|-——“

R/\/\/O- E» RMOBRQ + R

Addition of activated bromides such as CBr, and
BrCCl; and iodides to alkenyl- and alkynyloxiranes
in the presence of stoichiometric amounts of Et;B and
tin hydride are reported.'®® Since ethyl radicals are
sufficiently reactive to abstract iodine atoms, per-
fluoroalkyl iodides react with ethenyloxiranes under
tin-free conditions (eq 85). An example of cyclization
fragmentation of a (hept-1-en-6-ynyl)oxirane is shown
in eq 86.198

4.3. Addition to Azidoalkenes

In 1975, Suzuki et al. reported the reaction of
trialkylboranes with o-azidostyrene to prepare alkyl
aryl ketones (eq 87).1%° The reaction outcome was
rationalized by formation of a Lewis acid—base
complex followed by a concerted 1,4-alkyl group
migration and elimination of a nitrogen molecule
leading to an iminoborane. A few years later, this
mechanism was corrected by Roberts and co-workers,
who showed, based on experimental data and ESR
spectroscopy, that radicals were involved.?®® The
formation of the iminoborane results from radical
addition to the alkenyl azide followed by nitrogen
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Et;B
MH'C10H21 + C6F13| —_—
O Benzene

99%

OH

CeF13\/\)\ (85)
n-CoHzy

= EtsB, PhySnH
_—

0 Benzene
62%

= OH = OH
X

SnPhy 18:82 SnPhs

7

elimination and reaction of the iminyl radical with
the trialkylborane (Scheme 14).

Scheme 14. Radical Addition to o-Azidostyrene

O - 0

1) 2 h room temp
2) 10% HSO,

o}
87)
Initiation:  R4B

=iy - *@

4.4. Alkenylation and Arylation Reactions

4.4.1. Addition—Elimination to Nitroalkenes and
Nitroarenes

The free-radical substitution of g-nitrostyrene (2-
nitroethenylbenzene) by trialkylboranes has been
reported to involve a radical addition to the 3-position
(a- to the nitro group) followed by fragmentation of
NO;* that can react with Etz;B in a chain process
(Scheme 15). The reaction is E selective and works
with a broad range of trialkylboranes allowing the
introduction of tertiary, secondary, and allylic carbon
moieties (eq 88).201

initiator (air)
—_——

Scheme 15. Radical Substitution of
(2-Nitrovinyl)arenes with Et:B
xoNO, THF Bt
_—
reflux \ O (88)
or (+-BuO),, hv

Et;B +

90-99%

@/\rNOZ . B+ NO,.
‘o & @o/\/

NOp* + EtB —>  Ete
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Recently, the aromatic ipso-substitution of one
nitro group of p-dinitrobenzene (PDNB) with Et;B
in the presence of potassium tert-butyl alcoholate was
reported (eq 89). The reaction proceeds by the Sgnl
mechanism shown in Scheme 16. A tert-butoxyl
radical is generated via an electron transfer between
PDNB and t-BuOK; this radical reacts with Et;B to
deliver an ethyl radical suitable for the substitution
reaction.?%?

Scheme 16. Aromatic ipso-Substitution of a Nitro
Group

N02 N02
-BuOK (1 eq.)
EtsB  + —_—— (89)
t-BuOH
NO, 70% R
PDNB

+BuOK + PDNB —»  tBuO- + PDNB®

t-BuO+ + EtB — Et,BOt-Bu + Et-

OZN@-NOZ Et@-NOz + NO;~

4.4.2. Addition—Elimination to Styryl Sulfones, Sulfoxides,
and Sulfinimides

Nozaki and co-workers reported the reaction of
trialkylboranes with styryl sulfoxides and sulfones.
Alkyl radicals generated from trialkylboranes add at
the S-position of S-styryl sulfoxides and sulfones (o-
to the sulfur atom). The resulting radicals fragment
and deliver the -styryl adducts.?® Interestingly, the
sulfoxides eliminate very rapidly leading to partially
stereospecific substitution (eq 90). The radical nature
of the process is demonstrated by the presence of a
side product derived from the solvent (THF) by
hydrogen atom abstraction. Unsaturated sulfinimides
react similarly, and the THF adduct is the major
product of the reaction (eq 91).2%4

BugB, THF p— /\/O
—  Bu Ph + P X (90)

e reflux o
69% (Z/E 5:1) 6%

TsN®
I, EtsB, THF

48%

+ Ete —»

Ph O
8,

4.5. Et;B-Mediated Addition to Aldehydes and
Ketones

45.1. Direct Addition

Addition of alkyl radicals to carbonyl functions are
reversible and usually endothermic or nearly thermo-
neutral; therefore, they are difficult to achieve under
classical conditions.* However, trapping the inter-
mediate alkoxyl radical in an irreversible manner
with Et;B allows the equilibrium to be displaced
toward the addition product (Scheme 17).

The concept was first reported by Clive, who
prepared a trans ring-fused bicyclic system from a
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Scheme 17. Equilibrium Displacement during the
Radical Addition to Ketones and Aldehydes in the

Presence of Et;B
g_\zo _ Do. BB D-OBE!Z

= -
— OH

6-phenylselenoaldehyde upon treatment with PhsSnH
in the presence of an excess of EtzB (eq 92). Under
PhsSnH/AIBN conditions, the alcohol is isolated in
low yield together with monocyclic side-products
resulting from g-scission of the cyclohexyloxyl radical
intermediate.?%

002Me
PhsSnH, Et;B
—_—
H \O hexane, 25 °C
SePh
CO,Me CO,Me
PCC
2 73%
B OH i 0

Recently, Malacria and co-workers have reported
an efficient method for the preparation of versatile
o-methylenecycloakanols units based on the intra-
molecular addition of vinyl radicals to carbonyl
compounds. Treatment of vinyl bromides?°® or ter-
minal alkynes?®” with tin hydride and excess Et;B
provide vinyl radical intermediates that undergo
addition to the aldehyde moiety and furnish the
o-methylenecycloalkanols (eqs 93—95). When iodides
are used as radical precursors, the liberated ethyl
radical is able to carry on the chain, and the use of
tin hydride is not necessary (eq 95).208

MeOOC COOMe MeOOC_ COOMe

BuzSnH, Et3B/O,
H _— (93)
Br Toluene
(o} 79% OH
MeQOC COOMe MeOOC COOMe
BusSnH, Et3B/0,
—_—

(94)
I H Toluene BugSn
66% OH
MeOQOC COOMe MeOOC COOMe
EtzB/O
3B/O2 (©5)
I 0 Toluene OH

92%

The intermolecular reaction of trialkylboranes with
formaldehyde initiated by molecular oxygen has been
known for a long time.2% More recently, it was shown
that the reaction of Et3B with aromatic aldehydes in
THF leads to (aryl)(tetrahydrofuran-2-yl)methanol in
good diastereomeric excess (eq 96). Such units are
present in biologically active acetogenins polyketides.
The key tetrahydrofuran-2-yl radical is generated
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from the initial ethyl radical by a hydrogen atom
EtsB/0;

abstraction.210
CHO OMe
/©/ — = ) (96)
MeO THF, 1t 0"

42% OH

The electrochemical addition of trialkylboranes to
carbonyl compounds under similar conditions with
platinum cathode and copper anode was recently
reported (eq 97).2** The corresponding alcohols are
produced in good yields, but the involvement of
radicals in the mechanism has not been proven.

BugNl, +e Et
Et,B + Q:o S, [:>< ©7)
DMF OH

77%

4.5.2. Via Boron Enolates (Aldol Reactions)

Boron enolates prepared from a-carbonyl radicals
and triethylborane can be used for aldol-type chem-
istry.?12213 For instance, the Et;B/Ph3SnH-mediated
Reformatsky-type reaction of a-bromoketones with
aldehydes and ketones affords S-hydroxyketones in
good yields (eq 98). a-lodoketones react similarly, but
the use of tin hydride is not necessary (eq 99). In both
reactions, Et;B works as a radical initiator as well
as a chain-transfer reagent by reacting with the
enolate radical (Scheme 18). The bromine atom
abstraction requires a stannyl radical (pathway a)
while iodine abstraction is efficiently achieved by the
ethyl radical (pathway b).?12-215

Scheme 18. Radical Generation of Enolates from
2-Bromoketones (a) and 2-lodoketones (b)
o}
9 1) PhySnH/EtsB H QH
Br < : Ph (98)
¢ 7 2) PhCHO

92%, syn/anti 85:15

o) O OH
| 1ELB
P Errrer-aa i S B
Me 2) n-CeHy3 Me
85%, syn/anti 73/27
OBEt, o0 OH
H\é R'CHO
N —_— R!
EtgB
R R R R
o}
. 02
Et- (4— EtsB)
R R
PhsSnBr PhsSnH
Ph3$n
o (@)
HkrBr EtH
R R
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As previously shown (section 4.1.1.1, Schemes 10
and 11), boron enolates are generated during the
conjugate addition to enones. The boron enolate
prepared by addition of tri-n-butylborane to methyl
vinyl ketone reacts with benzaldehyde to give the
B-hydroxyketone (eq 100).17° The addition of alkyl
radicals, generated from Et;B and secondary or
tertiary alkyl iodides as well as diiodides or per-
fluoroalkyl iodides, to enones provides another route
to boron enolates suitable for subsequent aldol reac-
tions. Even primary alkyl iodides can give such
reactions when triphenyltin hydride is added to the
reaction mixture (eq 101).212213

Ph OH
/\g/, PhCHO

Bu,B — = BU (100)

THF, 25 °C
91%, dr 3:1
1) PhaSnH, EtzB
e (101)
\ 2) PhCHO o
70%, dr 63:37 Ph” ™OH

O

4.6. Addition to Imines and Related Compounds

Intramolecular radical addition to imines, hydra-
zones, and oxime ethers can be run under classical
tin hydride/AIBN conditions.?*® More recently, it has
been demonstrated that intermolecular reactions are
efficiently carried out with triethylborane under tin-
free conditions according to the mechanism depicted
in Scheme 19. Complexation of the nitrogen atom to

Scheme 19. Mechanism of the Et;B-Mediated
Radical Addition to Imines and Related
Compounds (R = sec- or tert-alkyl; A = Aryl,
COOR, CONR;y; X = Alkyl, NR;, OR)

¥ or intermediate

EtBy l.\l/ X
-X A)\
J“ R
A
wﬂas EtoB< N/X
EtsBy. X A)\R
RvEt .
Et-1 R-I

Et;B favors the radical addition and facilitates the
chain-transfer process.?’

Bertrand has applied this reaction to the alkylation
of chiral glyoxylate imines. Excellent stereoselectivi-
ties are obtained in cyclic systems under Et;B/O,
initiation (eq 102).217.218

L

_RLEG/O,
CHZCI2 -40 °C

0s_0._Ph
T I (102)
R™ N7 “Me

H

R = c-CgHyq: 27% (dr 90:10)
R=tBu:  25% (dr 100:0)
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The crucial role of Et3B has been demonstrated by
the reaction with imines derived from aniline and
p-chlorobenzaldehyde. Under standard tin hydride/
AIBN conditions, no reaction takes place. When Et3B
is used, satisfactory yields are obtained at room
temperature (eq 103).83

//—©—C' RI, Et;B/0,
< >—N >

CH,Cly, 25 °C

R
Cl

R=E: 64%
R=iPr. 68%
R = t-Bu: 74%

Naito and co-workers have shown that unactivated
hydrazones do not react with alkyl iodides in the
presence of Et;B. However, addition of ethyl iodide
to hydrazones derived from glyoxylic acid furnish the
expected hydrazines in moderate yield accompanied
with the N-ethylation product (eq 104).2° As ex-
pected, no N-alkylation is observed when Et3B is used
as unique source of ethyl radicals and when second-
ary or tertiary alkyl iodides are added.®3

Ph,N. Rl, Et;B/O PhaN. PhoN.. .R
: rl\l CH C|3 25ic )N\H y )N\ (104
J\COZEt ez R COEt  R” “CO,Et
Etl, Et,B/0, 41% 43% [219]
Et3B/0, 89% - [83]
i-Prl, Et4B/0, 68% - [83]
+Bul, Et;B/0, 82% - [83]

Intra- or intermolecular radical additions to oxime
ethers have been reported by Naito and co-workers
under tin and tin-free conditions.?%~224 Interestingly,
Et;B-mediated radical additions to polymer-sup-
ported oxime ethers are described and offer novel
perspectives in parallel synthesis.84225226 Reactions
with the camphor sultam derived from glyoxylic acid
are highly stereoselective.??” Unactivated oxime ethers
are also good substrates for stereoselective reactions.
An elegant application for the preparation of enan-
tiomerically pure o,3-dialkyl-g-amino acids is de-
picted in eq 105. The stereochemical outcome is best
explained by a model based on minimization of allylic
1,3-strain.??® Tandem radical addition—cyclization
reactions were recently performed for the asymmetric
synthesis of y-butyrolactones and S-amino acids.??°

EtyB, BFy*OEt,
SNOBn
802 Bn CHCly, 20 °C

99%, >95% de

gg/ )H/\NHOB (105)
SO, Bn

4.7. Hydroxylation and Related Reactions

The mechanistic aspects of the oxidation of tri-
alkylboranes with oxygen have been discussed under
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section 2.1. Trialkylboranes, easily prepared via
hydroboration of alkenes, are efficiently converted
into alcohols in nearly quantitative yields (eq 106).4%%0
More recently, Klement and Knochel have reported
that the direct oxidation of organoboranes with
oxygen in perfluoroalkanes affords the correspond-
ing alcohols with retention of configuration.2®® This
stereochemical outcome is rationalized by an oxygen
insertion mechanism rather than by a radical chain
mechanism (eq 107). Dalko and Cossy and co-workers
have reported the hydroxylation of alkylboronic
esters in the presence of EtzN and molecular oxygen.
The parallel polar and radical mechanisms were
probed by a radical clock experiment.?3! Reactions of
trialkylboranes with oxygen have also been used for
the preparation of alkylhydroperoxides. Their forma-
tion is favored at low temperature in the presence of
a controlled quantity of oxygen (2 mol of O/
R3B).51232233 However, only two of the three alkyl
groups are converted into hydroperoxides. This limi-
tation can be overcome by using alkyldichloroborane
etherates, which undergo clean autoxidation at —18
°C to give primary and secondary hydroperoxides in
high yields (eq 108).5?

1) BHg
20 Py
Lb 3) NaOH OH + Lb (106)

>98% 86:14 OH

1) Et,BH
@Ph 2) O, (CeF7B1) Ofph (107)
_—
71% “"OH

1) CloBH

2)0, —18°C
@ 20,18C Q—OOH (108)
T e%

Recently, we have shown that B-alkylcatechol-
boranes react efficiently with TEMPO (2,2,6,6-tetra-
methylpiperidine-N-oxyl) to afford the corresponding
alkoxyamines that can easily be reduced to alco-
hols.?3* For instance, hydroboration of o-pinene with
catecholborane followed by reaction with TEMPO
gives the alkoxyamine in excellent yield and stereo-
selectivity (eq 109). Two equivalents of TEMPO are
necessary to carry out the reaction: the first equiva-
lent is consumed for the generation of alkyl radicals
by homolytic substitution with the catecholborane,
and the second equivalent traps the intermediate
alkyl radical. The process is not a chain reaction. In
another example, the hydroboration of (+)-2-carene
followed by treatment with TEMPO afforded the
ring-opening product (eq 110).

Indirect radical generation from alkyl iodides is
also possible. For instance, treatment of a-iodo-
carboxylic acid derivatives with 2 equiv of triethyl-
borane under an atmosphere of oxygen gives the
corresponding a-hydroxyacid derivatives.?®> This
method is based on an iodine atom transfer from the
ethyl radical, generated by the reaction of triethyl-
borane and oxygen, with the o-iodocarbonyl com-
pound. This oxygenation procedure offers several
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)@\ catecholborane
—_—
Me,NCOMe (cat.)
TEMPO (2.2 eq) )@/OT"”P (109)
—_—

82%, dr >98:2
1) catecholborane
Me,NCOMe (cat.) OR (110)
2) TEMPO (2.2 eq.) C /(
63% Zn ,R=0OTMP
82% CR =H

OTMP = 2,2,6,6-tetramethylpiperidin-1-yl

advantages over classical ionic substitution reac-
tions: no elimination product is observed, tertiary
iodides are efficiently converted to alcohols (see eq
111), and finally, this one step procedure works with
substrates sensitive to nucleophiles.

| HO

@IMe = eq)/02 @iMe ( )
111
0o 82% 00

4.8. Azidation

A unique azidation process of organoboranes spe-
cies with iron(l11) azide in the presence of hydrogen
peroxide was reported by Suzuki et al. In a one-pot
procedure, alkenes are converted into anti-Markovni-
kov azides via hydroboration and treatment with
NaNs, iron(l11) sulfate, and hydrogen peroxide (eq
112).2%¢ The main drawback of this approach is that
only one out of the three alkyl groups at boron is
converted into the corresponding azide.?®” The mech-
anism proposed by the authors involves the very
hypothetical reaction of azido radicals at sp® carbon
in the trialkylborane. Other mechanisms are more
plausible. For instance, the reaction of trialkyl-
boranes with hydroxyl radicals can generate alkyl
radicals. Subsequent oxidation of these transient
species to carbocations that react with azide anions
could close the reaction sequence. This could explain
why primary azides are formed in much lower yields
than secondary azides.

Feg(SO4)3‘ NaN3
(0CgHg)sB ———— 0-CsHyN; (112)
H,0, (30%), MeOH

100%

4.9. Sulfurization

Homolytic substitution at boron by thiyl radicals
was discovered by Davies and Roberts’? and used by
Brown and Midland to convert trialkylboranes into
thioethers.?® Phenyl and methyl disulfides react
slowly with trialkylboranes at room temperature. The
reaction is much faster under sun lamp irradiation
or in the presence of oxygen and is a convenient
method for converting alkenes into thioethers (eq
113). The nonsymmetrical B-alkyl-3,5-dimethylbori-
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nanes react with dimethyl disulfide under irradiation
with excellent chemoselectivity since only cleavage
of the boron—sec-carbon bond is observed (eq 114).

CH3SSCHs
g ———— SMe  (113)
A Oy, THF

75%

CHgSSCH,

B
hv, hexane © (14)
94%

On the other hand, B-alkylcatecholboranes can be
easily converted into the corresponding thiopyridyl
adducts in high yield by treatment with the Barton
carbonate PTOC—OMe!® (eq 115) or PTOC—Ph?&

under irradiation. A mechanism similar to the one
discussed under section 4.1.2 is operating.

1) Catecholborane
MeoNCOMe (cat.)
2) PTOC-OMe (3 eq.)
150 W lamp, 10 °C
75%, dr 90:10

4.10. Halogenation

Nonstabilized alkyl radicals generated from organo-
boranes, such as the ethyl radical, are efficiently
iodinated by reactive iodides. This is the key step of
the iodine atom-transfer reaction described in section
3.2.1 (see the mechanism in Scheme 9) but is only
rarely used for the preparative iodination of organo-
boranes (see eq 36 for an exception).

The reaction of copper(l1) salts with organoboranes
is well-documented. Treatment of benzeneboronic
acid in refluxing water with cupric chloride or
bromide gives chlorobenzene and bromobenzene,
respectively. 23° Similar results are obtained with
2-furanboronic acid,?*° ferroceneboronic acid,?** and
triphenylboroxine.?*? This reaction is also suitable for
the preparation of alkyl halides from trialkylboranes
and copper(Il) salts (2 equiv per alkyl group).?* The
formation of alkyl radicals by electron-transfer oxida-
tion of trialkylboranes is the key step of this process.
The radicals then react with a second equivalent of
copper(ll) halide to give the corresponding alkyl
halides. Two possible mechanisms involving an
“inner-sphere” or an “outer-sphere” activated complex
with participation of water are suggested.?**

Related examples of reactions between trialkyl-
boranes and iron(l11) chloride have been reported.
Good yields of alkyl chlorides are obtained. In con-
trast to the above-mentioned copper(l1) method, the
three alkyl groups of trialkylboranes are converted
to the chloride.'®

5. Conclusions

The tremendous development of the use of radicals
in organic synthesis has led to a revival of radical
organoborane chemistry. The basic principles of this
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chemistry, mainly discovered during the 1960s and
the 1970s, have allowed the development of novel and
innovative processes. Some of these applications,
such as the use of triethylborane as initiator for
radical chain reactions, are now part of the classical
arsenal of organic chemists. Very attractive tin-free
processes for the formation of carbon—carbon and
carbon—heteroatom bonds take advantage of the
particular reactivity of organoboranes. Further de-
velopments in asymmetric radical reactions based on
the well-documented diastereo- and enantioselective
hydroboration are expected as well as applications
of these novel radical reactions to more complex
processes such as cascade reactions.
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