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This lecture describes some of our recent work with
benzotriazole. A comprehensive review of work carried
out through 1996 has appeared [1], but since then we have
published another hundred papers on benzotriazole (for
later reviews on individual topics see [2-5]). It is clearly
impossible to cover more than a fraction of this work in
the present lecture. What I have chosen to do is to try to
give the reasons why benzotriazole is such a useful syn-
thetic auxiliary and then to summarize some of its most
important applications with emphasis on the more recent work.

Scheme 1 lists some of the advantages of benzotriazole
methodology. As shown in Scheme 2, benzotriazole
groups can be easily inserted into a molecule by a variety
of substitution, addition and three component condensa-
tion reactions.

Scheme 1

Advantages of Benzotriazole Methodology

Benzotriazole is inexpensive and easily introduced into organic
molecules.

Benzotriazolyl groups convey multiple activating influences on
molecule to which it is attached.

Benzotriazole is intrinsically unreactive and stable.

Benzotriazole exhibits desirable physical and innocuous biological
properties.

Benzotriazole is readily removed from a molecule and can be easily
recovered and recycled.

Scheme 2
Preparation of Benzotriazole Derivatives
By Substitution
RX + BtNa — BtR RCOX + BtNa — - BtCOR
ROH + BtH —_— BtR (Mitsunobu)
R OR’ R Bt also ortho esters
X + BH X and ortho carbonates
R OR' R OR'
By Addition
to C-Heteroatom multiple bonds C=0, C=N, C=N*, C=§
XH

>=X + BtH

to electron deficient C-C multiple bonds by Michael addition

|
eg. \C=CH—C=O +
/

S — Xm

BtH —_—

| |
Bt—(f—CHz——C=O

to electron rich C-C multiple bonds (enol ethers, enamines, enamides, vinyl sulfides)

N\ v\, &
/c—c——x S /C\Bt

By Three Component Condensation (X = O, N, or S)

\
C=0 + BtH +
/

\ /Bt
/ \XR
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A benzotriazole residue conveys multiple activating
influences on molecules to which it is attached. As listed
in Scheme 3, a benzotriazole residue can act as a leaving
group, a proton activator, an ambident anion directing
group, a cation stabilizer, and as both a radical and an
anion precursor. Moreover, the benzotriazole ring system
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is itself intrinsically unreactive, stable and exhibits desir-
able physical and innocuous biological properties as
described in Scheme 4. Moreover, benzotriazole is readily
removed from molecules and as Scheme 5 documents it
can be recycled when used on the large scale and adapted
to solid phase synthesis.

Scheme 3

Multiple Activating Influences of a Benzotriazole Residue

Bt as a leaving group

R Bt - e.g. RMgBr R AR
\$H/ S RCH=X* Bt _ ey “CH
X ion pair (R'ZnBr is better) X
Bt as a proton activator
. R Bt v R Bt
R—CH,-Bt n-BuLi \(|:H/ e.g, RBr \?H/
Li R
Bt as an ambident anion directing group
OEt -H* OEt E* 5 OFt
/Y v N B /\\/
Bt Bt Bt
Li*
Bt as a cation stabilizer
R Bt
“cH
R _Bt " _ e.g., PhNMe,
(ITH —_— R—CH—Bt Y JE———
Y
NMe,
Bt as a radical precursor
+e .
R—CH,-Bt —_— RCH, —_— trapped
-Bt
Bt as an anion precursor R}
=
+2e S eg., R
R—CH;—Bt _— RCH;, R—CH,~CR';—OH
-Bt
Scheme 4

Benzotriazole is Intrinsically Unreactive, Stable and Exhibits
Desirable Physical and Innocuous Biological Properties
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Chemical Stability of Benzotriazole Ring System

Stable: thermally to 400°,
to hot strong H,SO4,
to fused KOH,
to oxidation (KMnOy oxidizes benzene ring)
to reduction (e.g., LiAlH4; Hp-Pd)

Parent Benzotriazole

acid pKa 8.2 for proton loss

very weak Bronsted base (pKa < O for proton addition)
Lewis base of appreciable strength

non-volatile, crystalline, odorless, nontoxic

almost insoluble in water, soluble in Na;CO4 solution
hence easily recovered

w27
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Scheme 5

Benzotriazole is Readily Removed from the Molecules and Can
be Easily Recycled - Can be Adapted to Solid Phase Synthesis

1. Many examples of activation involve replacement of Bt-residue.

2. Hydrolysis of Bt-acetals, - thioacetals, ezc. does not require either
heavy metals or oxidizing agents.

eg.,
R }
| -
cHo Bt—C—OPh H* ?—0
B(CH,OPh —> —
e H—C—OH H0 H—C—OH
iy 20° R

3. Benzotriazole is readily soluble in aqueous Na,CO3 but sparingly soluble in H,0.
4. Resin-linked benzotriazole is available from Novobiochem.

e

Scheme 6
A Brief History of the Development of Benzotriazole Methodology

1951 M.Sc. thesis work at Oxford on the preparation of indolocarbazoles by
the Graebe-Ullmann reaction.

o - Y5

N —

/

Y \
H

1954 Study of N-oxide chemistry commenced.

1956 Started work on rationalization of reactivity of heterocyclic rings and
substituents for textbook entitled "Heterocyclic Chemistry" published
by Methuen - first edition 1961 (later translated into French, German,
Italian, Japanese, Polish, Russian and Spanish). Found that reactivity
of N-substituents was little studied.

1964 Research started on N-imide and N-ylid chemistry.

1974 Investigations of N-N'-linked heterocycles.

1978 Research on the reactions of N-substituents in pyridinium salts.

1981 Development of the N-CO;  group for protection.

1984 Systematic studies of reactions of N-substitued azoles.

Systems investigated:

N \ N
SR ies
H H H

¥ Y
& R
Imidazole  Pyrazole Benzimidazole v-Triazole  s-Triazole

1987 Major efforts commenced in benzotriazole chemistry.
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Scheme 6 offers a brief history of the development of
benzotriazole methodology in our group over the last
50 years. I first started research on benzotriazole during
my M.Sc. thesis research, though I little realized at the
time what an important part this ring system would play
in my research in later years. The role of benzotriazole as
a synthetic auxiliary was discovered because we carried
out in my group a systematic study of the properties and
reactions of N-substituents in heterocyclic compounds as
described in Scheme 6.

Many specific classes of benzotriazoles have been
found to be of considerable use and some of the more
important ones are listed in Scheme 7. The chief methods
of preparation of compounds of the Bt-C-X class are
described in Scheme 8. The utility of the class of com-
pounds Bt-C-X where X is a heteroatom is summarized in
Scheme 9, which describes their participation in conden-
sations of various types, elimination reactions, double
additions and their potential as acyl anion synthons.

Scheme 7
Utility of Specific Classes of Benzotriazoles

1. Bt-C-X for heteroalkylations, eliminations, double additions,
acyl anion synthons

2. Bt-C-C=C for regioselectivity of Bt stabilized conjugated
anions, unsaturated acyl anions, in palladium chemistry

3. Bt-C-(hetero)aryl: for introduction of complex substituents and
for benzo ring annulation

4. Bt-C-C-X: for carbonyl insertion reactions and preparation of
acetylenes and olefins

5. Bt-C-C=0
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Scheme 8
Methods for the Preparation of Bt-C-X Compounds
(X =N, O, S or Halogen)

From aldehydes by 3-component condensations

R _Bt
RCHO + BtH + HX — C|2H

X

easily for amines, readily for amides, less so for alcohols and thiols

From an acetal or mixed acetal

a ?
H
R'—(l)—R E—-—— R‘—?-—R
OEt OEt

By addition to vinyl amine, viny! ether, ofc.

B
BtH |
ZS0R — c

By deprotonation and reaction with electrophile

o o 3 :
RE—C—H" R—C—H'  R—G-H' i
OMe OPh SMe S ol

R¥ = H, aryl, vinyl or ethynyl

Scheme 9
Utility of Bt-C-X Compounds

Aminoalkylation, amidoalkylation, alkoxyalkylation (ether synthesis),
acyloxyalkylation (ester synthesis), and alkyithioalkylation (thioether synthesis)

N / N / Bt Nu /
cH—clBt —= ‘cH—c. B —— ScH—ciN
/ \X / \\ + /s \x

Elimination reactions: preparation of enamines, enamides, vinyl ethers,
vinyl thicethers

AN / ~pm_ "
CH—C—Bt — C=C_
X

Double addition reactions to enamides and vinyl ethers

| \C/
Bt—(IZ—X +\(\y —_— v

Acyl anion synthons

R A [0}
| -H | i
Bt—CH—X —— Bt—C—X — R—C—E
+E* !li
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The classical prototype for aminoalkylation is the
Mannich reaction which is essentially limited to aminometh-
ylation: as shown in Scheme 10, benzotriazole-mediated
aminoalkylation allows extention from the use of
formaldehyde in the classical Mannich to all types of
aldehydes. Scheme 11 gives an overview of the applica-
tion of benzotriazole methodology in amidoalkylation
reactions, illustrating its wide range of applicability.

Scheme 10
Aminoalkylations Using Bt-C-N-R Derivatives

Classical prototype is the Mannich Reactions

\ /o HO N /
e CHO + H—N —=  C—CHz—N

Benzotriazole-mediated aminoalkylation allows extention from formaldehyde
to all types of aldehydes

it
Rv—=cH, o NRR
/——> R"—C—CH;—CH
N
R
RR'NH Bt ~ -
~95% R".C-NO, ru
BtH =2 by 2 Rm—o—No,
N
R NRR " CH—NRR'
e R"—CH—NRR
Mixed at 20° R*ZnBr R"0”
Rlll /OR”.
CH—NRR' R—Ci
R NRR'
Scheme 11

Overview of Benzotriazole Mediated Amidoalkylation [6]

R?

(e}
R’ J
_CHR? _CH
R A N Nl | R A N” " CCOEN,
A" noOR
acidic CH compounds

o
R°cz=CcR*
AICl, RICH(CO,EY)
NaBH, 2=1)2
\ CH.El, AICl,/ CH,Cl,
o) R?

(o]
2
ReCHO o J
R' /U\ NH, \ /U\ ArHlAICI:, )J\ _CH

cr( cuzmz AR iy TAr
RIRNH H
o P RISNa arenes
! EIOH ,
, _CH o R
S b
R30ONa 1 R |
.H . R3MgBr R30OH g 'f SR
ammonia, primary H
and sec. amines thiols
] o) R o] R
g b
R N/CH . N eN R' N~ oR®
A U [
H H H

carbanions cyanides alcohols, phenols
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The utility of benzotriazole methodology in alkoxyalkyla-
tion is summarized in Scheme 12 where it is applied to
the preparation of ethers and is particularly suitable for
making hindered ethers. The preparation of enamines,
dienamines, enamides, vinyl ethers and vinyl sulfides by
the elimination of benzotriazole from easily accessible
intermediates is summarized in Scheme 13.

Scheme 12
Alkoxyalkylation. Preparation of Ethers Using
Benzotriazole Methodology {7]

N R'
BtH N
RICHO — N /k\
SOCl, N R? OR
)\ OR
R Cl
BtH
RO Na* (A, CgHg)
(for R2 = H)
H‘
BtH BN RIM
R'CHO _ﬁh ,N RZ . OR
N R
(for R2 = H) 2
R OR
R1
R'X
ROH (for R2=H)
(8, CgHg)
R1 N\ N\\N
/% S @ N N/
2 S /
R LaMe (4, CHy) N
P H OR
OMe .
1 Li
R
n-BuLiT
BICH,OMe

Examples of ethers prepared:

SRS @

Yield 95% Yield 85% Yield 93%

1505

Benzotriazole derivatives of type Bt-C-X undergo dou-
ble additions to enamines and vinyl ethers. The products
formed still possess activated Bt groups and can undergo
e.g. subsequent cyclization. Such reaction sequences are
illustrated in Scheme 14 which documents the prepara-
tions of tetrahydroquinolines.

Scheme 13

Preparation of Heterosubstituted Olefins by
Elimination of Benzotriazole

1. Preparation of Enamines

, Bt - Bt Rl g2
R P I R1 HZ NaH Za e
N — +. ————
s O THE  H R
H R
R'=H, alkyl; R2, R®=alkyl, aryl {8}

2. Preparation of Dienamines

3 Bt Bt
1 3
R' R NaH R o R
2 e THF \/\RC\I':!‘
R° R
R', R2=H, Me, Et; R3, R*=alkyl, aryl [9]

3. Preparation of Enamides

0o Bt 0
R™ "N toluene ) !
8 H H Ph
R = alkyl, aryl, heteroaryl [10]
4. Preparation of Vinyl Ethers
R R
\/E@ORB R\ Agps | Nad i Z OR®
R = R | —= R! +
e = THE N2 0R* T R
R'=H, alkyl; R2=alkyl, aryl; R?=alkyl {11}

5. Preparation of Vinyl Sulfides

Bt
. e BFELO H

SAr R SAr R
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Scheme 14
An Example of the Double Addition of Bt-C-N to
Enamines with Subsequent Cyclization [13]

Start here

N

/

(I”
O 9- vmylcarbazole N

R.;=CH,

&

N
1+ vmyl -2-pyrrolidone

oA
e
7

R

O

e

It

2+

Z

Bt~

=

Synthesis of
Tetrahydroquinolines

oL

5

BtvS\ ——
60%

|

i) Bull
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Benzotriazole derivatives provide many versatile acyl
anion equivalents. One such application is given in
Scheme 15 for the synthesis of simple and functionalized
ketones: conditions for the final hydrolysis are mild and
require no heavy metal or oxidizing agent.

The rather simple preparation of N-allylbenzotriazoles
is overviewed in Scheme 16, their utility rests on the
a-directive power of the Bt-group in reactions of the cor-
responding deprotonated anions. The applications of such
benzotriazole derived propenoyl anion synthons in the
preparation of a variety of polyfunctional vinyl ketones is
illustrated in Scheme 17. Further applications of these
propenal acetals are given in Scheme 18: advantage is
taken of reversible allylic rearrangements and the steric
situation to move the Bt-group from one end of a mole-
cule to the other and back. The regiospecificity of the
reactions of the derived anions with electrophiles and the
susceptibility of the derivatives to Sy2' substitution with
Grignards now allows the development of five synthons
(boxed in Scheme 18).

Analogous applications of benzotriazole stabilized
propargylic anions are considered in Scheme 19 which
illustrates the wide variety of functionalized acetylenic
ketones that can be prepared using them: the regiospeci-
ficity and the mild hydrolysis conditions combine to ren-
der these the methods of choice for such compounds.

Scheme 15
Benzotriazole-Derived Acyl Anion Equivalents. Syntheses of Dialkyl and Functionalized Ketones [14]

N

) +
|

Ac,0

+ BtH

(o}

) e MeOH / H,0
ii) R1X >< ~ e ‘/U\ ,
H,so. R R
Bt\(s\ 65-94% 72-83%
H!
5 o)
55-82% PhCHO Bt S MeOH/H,0
A OH
R' OH "4so, R
BuLi PH e Ph
U R! = Bu (80%) 76-86%
Bt\|/S\ ? o
Bt.__S
R' é \OH MeOH / H,0 , OH
1 —— R
j hNCO i H,S0,
R' = n-Bu (80%), R! = n-Bu (74%),
Btis\ PhCH, (85%) PhCH, (85%)
0% “NHPh n
Bt Bu
R = i-Pr (75%) PhCOOEY I
n-Bu (75%
(75%) R =nBY)  pp g
MeOH / H,0 40%
H,SO, or HCI
RL O HC=CH, Bu"
n
I clzo,Bu BN MeOH/HO  BU\_0
07 “NHPh
3 CO,Bu H.S0, i/co Bu
= n-Bu (48%) (Ri=nBu) W ’ o g )

PhCH, (55%)

40%

69%
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Scheme 16
Preparation and Utility of Bt-C-C=C Type Compounds

Preparation - by Substitution from Halide or Acetal

Bt~
H,G=CH—CHzCl H,C=CH-CH;-Bt
OF BtH /B
H,C=CH —CQ HZC=CH—C<1
OEt OEt

Utility
1. Regioselective Reactions of Bt-stabilized Allyl Anions

H “H E -He Rt
Bt Bt Va
/Y —_—— e
P +E* H +E" 3

2. Inverted Regiosslectivity Using Triazole Analogues
of Bt Compounds
Li
N N
N g F
= - 2H¢ /4 g V.
P R WA %
/\\/ ~N .
Li*
X X X

3. Unsaturated Acyl Anion Equivalent

R

Bt H R
= i /\Ir
/\i:/le (o]
4. S,2' Replacement Reactions

(i) with Grighard or Organozinc Reagent

(ii) Palladium Chemistry for the Preparation of Amines
2 R®

R
ROR*NH
A/ Bt PR N /\‘/\ 1
& Pd) i il
H‘
Scheme 17

Regioselective Propenoyl Anion Synthon Routes to Vinyl Ketones, Vinyl Diketones, Vinyl Keto Esters and Cyclopropanes [15]

(48 - 71%

R OEt RBr
/\n/ (COH), /><
o Sio,/H,o) a’ R

/\(ost B, /\(oa [ /X?Et]
e FrA Bt B | @ U
l

R~ R‘I

\/\n/ R\%COZR' 78°C
[o]
OEt

, OFt OBt Li
mn H,0
B 1 -— 1
el 7 & COR' T COR
A R

l (COH), 1 (COH), lﬁaoc —» 200

SIOMH;0 SiO/H,0

0 o R
1
M i Wcozn‘ /\é
R O i E1COR'

(45-62%) (63-70%) (54-58%)
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(i) RICHO, 73-75%;
(ii) RC(O)R, 66-77%;

(i) Me,SiCl, 78%;

(iv) p-Tol-CH=N(p-Tol), 85%;
(v) EtOAc, 65%;

(vi) EtOCOOE, 35%;

(vii) +-BuNCO, 54%

Scheme 18
More Synthetic Applications of Propenal Acetals [16]

ZnBr,

/><OE1 Bkl 3% Bl\/\/OEt i‘IL—l’ BtWOEt
B

t H THF, 20°C

Li
95% Reagent A .}/

R\y\(OEt R'MgBr Bt x OEt 1.2ZnBr, R~ H

—

—_—
R' 60-71% R 2.H0 o
overall 90 - 95% 40-82%
—_~_OR| fromA overall [_ H
Z + 1. n-Buli from A /Y
2. Rt o

1. ZnBr,
R\/\rOEI R2MgBr Bt>(\/ OEt —s RWH
(¢}

R' R 76.78% R’ R 21,0 !
overall 87 - 90% 72-78%
from A overall overall [N
fromA =7
- /\/OR from A /\ﬂ/
& + ZnBr, [0}
20°C
. 1. n-BuLi R 2
R OEt 2. R¥Br Z =N -
R Bt 3. H0* R o) 0
50-66%

overall from A

Scheme 19
Regiospecific Reactions of Bt-Stabilized Propargylic Anions [17]
OEt
R—=— - T . oH
OEt R—==—f-pt —— R—
] 84-98%
BtH J : oo R’
Lailet R =Ph, R! = p-tolyl
OEt R=CgHy3 Ri=Ph
OEt
R——= _ He o
el A B Gaoon
. OH g e OH
B“L'l -78°C R=ph R g
THF, R=Me
OEt OEt o
R—=—g| /i, CHy—=—"siMe, D+ CiH,,—=—A
i , Bt 88% SiMe,
OEt - o
Ph—=—(_p, Ph—H
)\\ 90% >» NH(p-tolyl)
p-tolyl NH(p-tolyl) Py
OEt . 0
Ph——=—=— g —» Ph—==
o 92% 0
Me Me
OEt . o]
Ph—= —+ Ph———=
Bt “s0% Ie)
(o]
EtO EtO
OE‘ Ho O
] —» Ph——
Ph a— Bt 990/° O
; j ;O
t-BuH

Vol. 36
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By using 1,2,4-triazole analogs of the benzotriazole
derivatives just discussed, inverted regioselectivity can be
achieved as illustrated in Scheme 20 for the acetylenic
derivatives: this initially suprising result is connected with
the fact that the first deprotonation now occurs at the tria-
zole ring and two moles of BuLi are required for the syn-
thesis of the unsaturated lactones, etc.

1509

Compounds in which a Bt group is attached to an aro-
matic or heteroaromatic ring by a single carbon atom are
of considerable synthetic importance. The various meth-
ods for the preparation of such Ar-C-Bt compounds are
summarized in Scheme 21. The utility of such compounds
in (i) the construction of elaborated substituents and (ii) in
benzannulation is covered in Scheme 22.

Scheme 20
Inverted Regiospecificity of 1,2,4-Triazole Stabilized Allenic Anions [18]
R OEt . R o
2 n-Buli —_ H . Z
RBr Ph N-N 20°C ph. Om
& R=Et  (76%)
R = CH,, (79%)
OH
Ph
I P ot |, ™
Ph T( n-8u e Ph >Z=—)§
OFt PhCOPh | Ph N=N | refux  pp” o7 =0
triazole L\N > (78%)
PhCH,
reflux _ Ph
OEt =
i OH
Ph— { 2 nBuli OEt H*
L\ \> O= o Ph N-N reflux
(76%) N I} (51%)
L. N
l n-Buli ~ OH Ph
OFt zogui R~ O He /Zi
Ph +(N N RCHO / \N-N lowtemp R4~ 0
- D
S k\,) R = Ph (72%)
LN L R=C,H,4 (75%)
I Li\N Ph o
BuLi = -78 °C
[2oButi | or | 2% A3
PhCH=NPh —— 10h N
Ph J’i‘ ’{> Ph
L U~ SN (82%)
Scheme 21

Preparation of Bt-C-(Hetero)aryl Compounds
. By Electrophilic Substitution (BtCH,OH + AcOH)

QD sadle=d

(R = H, alky!) [19] [20] [21)

-Z_

I

2. By Ring Synthesis
R
N
%\/B« /A 8t m\/m 7\
v e g O‘

[22) (23] [24] [25]

3. By Vicarious Nucleophilic Substitution [26]

Bt

BtH +-BuOK Bt
MLEUVER e
Ar‘/]\Ar2 -HO0 Ar')\/\r2 |:Ar')\Ar2
)
NO, NOS NO,
Fx
x| 1.tBuOK,-BiH X
" 2, He
A

Ar' AP
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Scheme
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22

Utility of Bt-C(hetero)aryl Compounds

1.

Construction of elaborated substituents

H E E
“H*, +E* | N~
Bt —> Bt — Nu
H+, +E+ |
H E‘ E»
para-Substituted anilines [19] ortho-Substituted phenols [20]
2-Substituted indoles [22] 2-Substituted thiazoles [23]
3-Substituted indoles [21]
2. Benzannulation chemistry
8 E Bt E Bt .. £
R =y
+ H - H*
+E ~ | _H_... l —
-H | i [0} R R'
e} o "R &

Benzenes - naphthalenes [27]

Benzofurans —» dibenzofurans [28]

Furans —» benzofurans [28]

Pyrroles — indoles [25]

Thiophenes — benzothiophenes [29]

Compounds in which a Bt-group is separated by two
carbons from the heteroatom are quite easily prepared
(Scheme 23). They possess diverse synthetic importance
in enabling insertion reactions and for the preparation of
olefins as shown in Scheme 24.

Scheme

The scope of the Bt mediated insertion reactions is
given in Scheme 25, which includes examples of aliphatic
and aromatic aldehydes and ketones and indicates that C-1
unit inserted can carry with it a large variety of C-, O-, S-,
and N-linked substituents. The trans-stereo selective syn-

23

Preparation of Bt-C-C-X Compounds

1. X=0OxygenbyBt-C + C=0
eg.,

Bt
1. n-BuLi

R

0

R'

Y = Me, R%-Z-CH=CH-(Z = CH,,

OH

R!

NR3, 0), R%-C=C {30]

2. X =Siliconby B-C_ + Me;SiCH,Cl

eg.

Bt
1. n-BuLi

2. Me3SiCH,Cl

P
o

Bt
w/\SiMe:; -

Ar
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Scheme 24
Utility of Bt-C-C-X Compounds

1. For benzotriazole-mediated insertion reactions

Bt

2. Preparation of trans-olefins

R

3. Preparation of 1,1-disubstituted ethylenes

Bt
SiMe,

o) . 0
1/u\ 2 Bt') Ca ZnBr, R'
RR g Lw ; R
Ao A
X R X
OH R R
—C/ Ti(0) N/
\\H e /C—C\
R R R
1. n-BuLi B, - - Y,
2.v+ X7 ) /,Si—Me y
e
Mg\NU

Yields 74-96% for X = various Aryl, OPh, SPh, SiMe,

Scheme 25

Benzotriazole-Mediated Insertion of a C-1 Unit Alpha to a Carbonyl Group in Aldehydes and Ketones {32]

Entry Carbonyl Compound
1 PhCH,CH,CHO

o]

T Q

o]

QY

6 PhCH,CH,CHO

41

CHO

3
o]

1 PhCOMe

Temperature, °C/Time, Product
Hours/Solvent (*Indicates C-Inserted)

Me—@—cHZBt 210/0.5/neat Me—OéHZCOCHZCHzPh
/ﬂ\ 110/10/
Me ™ g7~ CHBt CICH,CHCI,

e

e
M
CH,Bt
@ 65/3/THF
N
\
Me

M
o
cl O CHBt  170/12/neat

0
S
w
" .

(o]

(o]

Bt-Reagent

X CH B 110/12/
Ph toluene
BICH,OMe 140/1/ PhGH,CH,COCH,0Me
CHCI,CHCI, o
BtCH,0OPh 140/1/ 7‘\21\
Bt CHCI,CHCI, Lo
OEt o di
65/6/THF Cl .
: D
Eto
) 0
cn—@—( 66/24/THF O .
OEt
@)
BHCH,SPh R0y .
CHCL,CHCI, cl COCH,SPh
BICH,SPh ey PhCH(SPh)COMe

CHCI,CHC,

Yield (%)

65

67

87

85

60

50

47

91

51

86

65
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thesis of 27 aryl-conjugated olefins, and dienes and
trienes is covered in Scheme 26: it was shown that each of
the diastereoisomers formed in the first step gives the
same E:Z ratio, (presumely via a common intermediate on
the surface of the titanium metal), thus obviating any need
for the separation of the intermediates. Our reaction thus
has some potential in just those cases where the E:Z selec-
tivity can be a problem in the Wittig and Julia reactions.

Vol. 36

deprotonation alpha to the Bt-group and the anions react
readily with a range of electrophiles. Subsequent treat-
ment with fluoride anion causes the elimination of both
MesSi and Bt-groups and leads to the preparation of a
wide variety of olefins, some of which are shown in
Scheme 27.

Compounds in which a Bt ring is separated from a car-
bonyl group by a single carbon atom can be prepared by

Scheme 26
Benzotriazole-Mediated Preparation of Aryl-conjugated Olefins and of Dienes and Trienes [33]

i 1. n-BuLi/THF 1Bl Ot’-:i‘3 — R\ R
—_—

: 5 "

R R 2. RCOR* R2 - E R

Olefins Yield E:Z Olefins Yield E:Z Olefins Yield E:Z

41:1

..r\/©/ 65 2411
PR

N
S
N
/O“Wss 40:1
cl N

100:0

72
mk\ Me_ _Ph
cl |

J\D 84 19:1
PhY
J\Q/ 82 10:1
PRI

83

phf’\/\/Y 38 6.1

{a] LVT: Low-Valent Titanium.

Scheme 27 overviews the benzotriazole-mediated
preparation of monosubstituted and gem-disubstituted
ethylenes. The starting materials (boxed in Scheme 27)
are prepared as per Scheme 23. They undergo ready

x
\ 61 91
N

l 66 9:1

63
NS

Ph e~ py, 81 131

Ph\/\v/Q 71 41

58 100:0
Ph
75
Y\%Ph
27 100:0
Me 51 131
70 1741 Mph
Ph

22 91

NJ\/\/ .
phi S Ph

OW 65 1511
Et,N

30 3.1

53 61

54 3.21

various routes as shown in Scheme 28. The utility of com-
pounds of type Bt-C-C=0 for the preparation of
acetylenes, phenols, ketones, and heterocycles is summa-
rized in Scheme 29.
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Scheme 27
Benzotriazole-Mediated Preparation of Functionalized 1-Mono- and 1,1-Disubstituted Ethylenes [31]

(0]
CH, OH Bt 1. n-Bui
o SiMe, OH (o]
X 2. TBAF
Ph CH,
67% (2 examples) 81%
: homoallyl alcohols
62% Mo 1. n-BUOLI 1. n-Buli a
v,8-unsaturated ketones 2. ’ (0] /g
@ . R 1.n-Buli X CH,
3. TBAF [a] 2. RX
Fo

3: 84% (2 examples)
LZRIS Bt / terminal olefins

Y/K(CHZ 1. n-BuLi X/K/SlMe3 —
2.Y—CHO X = Ar, SPh Me

X 2.RCOCI o o
70% (4 examples)
allyl alcohols 1. n-Buli
2. O=C=N-R M
© Me,Si
}ii Bt
_N SiMe, CsF / DMF
Ph 18-crown-6
o7 N\
92%
Me
TBAF
Ho cH, 93%
Ph/N a-substituted vinyl ketones
O
Me
73%
a-arylacrylamides
[a] TBAF: Tetrabutylammonium Fluoride.
Scheme 28
Preparation of Compounds of the Bt-C-C=0 Class
OSiMe,
BICH,R? 1
(34] i) n-BuLi / THF RS \
R
-78 °C o
)J\ BtCl (35]
or® 100 °C
3-10 hours
THF
(0]
R2
R!'COCI
BtH (R'=Me, (R'=PhN\20 °C
Bt SiMe, toluene/ R2=H) R2 = H)
\C N
R PhCOCH,Br
[34a] MeCOCH,CI (361

(36]
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Scheme 29
Preparative Utility of Bt-C-C=0

1. Preparation of Acetylenes

RL—==—H
(R2 = SAn) o
o N/NHTS 58-65%
NH,NHTs
Rw)'\rsf RiChIEEN - [34b]
2 R
R Re
(ReSADN i g
63-83%
2. Preparation of 3,5-Diarylphenols
. Ar} Al?
2
Mew/‘f EtOH
Bt OH
prepared in situ 72-94%
3. Preparation of Alkyl Aryl Ketones
o 0
: Bt Zn 1)k/R2 [34a]
A AcOH
"2 60-70%
4. Preparation of Heterocyclic Compounds
) ZCOOEt.CHCL, g 0
5N NaOH, TEBA [a] n H,PO, \
—_ - 36
) RNH, Ph N 300°C = R 1%6]
i)y Pd/C, 220 °C | N
R 42% 35% |, Ph
NH
LS U
f2 N.__Ph
J\/Bt —_ Bt NH, = [38)
Ph cHey, PP —_— |
67% Br N/
15%
PhNHNH, ~NHPh NaH | on
I e T N Ph [38]
o 8t THF N N=N

[a] TEBA: Tetrabutylammonium Hydrogensulfate.

A benzotriazole group can mediate umpolung. Such
umpolung enables, for example, the use of electrophiles to
introduce substitution into the highly electron-deficient
4-position of pyrylium cation as shown in Scheme 30.

86%

Recently we have applied benzotriazole methodology to
asymmetric synthesis. The case of piperidines is covered
in Scheme 31, yields and ee values are high and the
methodology is convenient. Examples of further applica-
tions to asymmetric synthesis are given in Scheme 32.
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Scheme 30
Electrophilic Introduction of Substituents into the 4-Position of Pyrylium Cations by Benzotriazole-Mediated Umpolung [39]
Cl
H Bt
~ BtNa
| — 1 \
+.- I
Ph Ph Ph” 0" “Ph ®_
Ph 0] o Ph
mBuli 1) CI(CH,),Br Clo,
2) HCIO, 60%
Me Bt
) CHyl ®
| N 2) HCIO oy U
@ | 71
Ph™ "O” “Ph Ph”” 07 “Ph | 1) CgHsCH.Br |
CIo, 2) HCIO, o
. Ph (0] Ph
ciol
81%
Scheme 31
Benzotriazole-Mediated Asymmetric Synthesis of Piperidines [40]
CHO CHO C[N“N
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HN  OH H
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4
Ph,, N o PhMeX Ny N 10 (Et0),POLi ’/
85% 80% Q@ dlastereomers 93:7)
MeMgX Pd/C o
H, n-PrMgBr 81% PU/C
H2
OH '
g0, o H
Pu N
Ph"r.(NJ“nMe EtO
92% -Pr., N o
e 68%
92% (25, 86% ee)
(2 diastereomers 14:9) Pd/C
PA/C AELET (2 dxastereomers 9:4) 8% \Hi ';'
H -Pr N
A MeMgX U
'I‘ Pd/C
Ph, _N._.Me 85%
U n-Pr., N
n-Pr,, n-Pr,, N ..Me Pd/C

98%

85%
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Scheme 32
Further Examples of Benzotriazole-Mediated Asymmetric Syntheses [41,42]

Ph
Ph H

T

o)
P(OER),, o )M co /|
N
N> \O z8r, _eo-l_ N_ o _PUC /PU
Bt / \(_7 2 Et

77% 89%
BtH Ph
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>_ Sl iy N e NN O
NN O
H,N OH toluene Y Y
A COOEt COOEt
77% 57%
COOE COOEt
Me
NH, MeO™ ™o~ ~OMe NH )\/siMe3
N\ - .
BtH, AcOH N BF, - Et,0
. 20'C s
H -
/]
N
COOEt
60%
NH
N
Me

81%

In recent years, we have demonstrated that benzotria-
zole derivatives can be precursors of both carbanions and
of radicals by electron-induced loss of the Bt-group.
Scheme 33 illustrates how non-stabilized a-aminocarban-
ions can be generated and trapped using benzotriazole
methodology. The use of Bt precursors for radical-
induced cyclization is dealt with in Scheme 34.

Vol. 36
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Scheme 33
Trapping of Non-Stabilized o- Aminocarbanions Generated from Benzotriazoles [4]

o

1 1 Li/LiBr OH
i 2 SET [a) 3 F" SEE i
a ————— -
B'(\(N\Rz R\_/N\Rz (R'=H, R2 = Ph, N\
R? R3 = Me) Me Ph
40%
-PINCO
R! = Me,
fqz —Ph, Smi,
i M 0 M
e
ye PP
N Me” "N N~pn
Ph” H
20% Me 68%
[a] SET: Single-Electron Transfer.
Scheme 34
Benzotriazole-Mediated Radical Induced Cyclization [43]
BiH 6 Bt Sml,
.
NH ~-CHO N)\/\ THF NN
HMPA [a] k
Ph Ph Ph
HO Q
HJ\’ Sml,
e -—
N N N
\\Ph \\Ph LF'h

[a] HMPA: Hexamethylphosphoramide.

Another recent development has been the combination
of Bt and palladium chemistry as shown in Scheme 35:
whereas the preparation of 2-allyl-1,2,3,4-tetrohydroiso-
quinoline is not of synthetic significance, the fact that

diverse substituents can be regiospecifically introduced
into the Bt-reagent allows easy access to a variety of sub-
stituted allyl anions. Some further results of the combina-
tion of Bt- and Pd-methodology are shown in Scheme 36.



Scheme 35
Pd-Catalyzed Preparation of Allylamines from Allylbenzotriazoles [44]

PA(QAC); (1 mole %), Ph;P
Bt
~ ¢+ No MeOH, K,CO3, 80 °C, 4 hours N
H
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1 ~
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C2H5 H n-Can CH3 80
n-CqHg H CgHsCH;, CeHsCH, 70
CgHsCH, H C,Hs CyH;s 70
n~C4Hg Il-C4H9 -(CH2)4- 75
Scheme 36

Further Synthetic Preparations by a Combination of Bt-Methodology with Pd-Chemistry [45]
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Benzotriazole chemistry is still in the phase of active
expansion and Scheme 37 lists some of the areas now
under active development in our group.

This lecture has been made possible only by the partici-
pation of a large number of dedicated co-workers, whose
names are given in Scheme 38. I have only been able to
describe a fraction of their work but I would like to thank
all of them for the excellent efforts.

Scheme 37
Some Future Prospects of Benzotriazole Chemistry [46]
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Furthermore, a project of this magnitude requires sig-
nificant financial support. Most of our financial support
has been obtained from industry and donors over the last
10 years are recorded in Scheme 39. We are most grateful
to all of the organizations mentioned.

Scheme 40 summarizes once again some aspects of
benzotriazole as a synthetic auxiliary. I very much hope
that many of you will consider the use of benzotriazole

1521

methods in your own work, and emphasize that we at the
University of Florida are delighted when other groups
enter into this area of chemistry. Many benzotriazoles are
also now available commercially.

Finally, I would like to suggest that benzotriazole can
perhaps teach us something as humans and not just as
chemists. The "Benzotriazole Code of Ethics" (Scheme 41)
can perhaps help us in our daily lives.

Scheme 39
Acknowledgment of Financial Support
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Scheme 40
Characteristics of Benzotriazole as a Synthetic Auxillary

. Readily available

AU AW —

. Interesting reactivity patterns

N

N\

. N-Substituted derivatives easy to prepare

. Bt-Residue can be cleaved by a variety of procedures

. Acid of pK, ca. 8 enables easy separation and recovery
. Ring can donate or accept electrons
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Scheme 41
The Benzotriazole Code of Ethics

1. Readily available and inexpensive

Be there when your friends need you

2. Bt ring both an electron donor and acceptor

Remember it is blessed to give as well as receive

3. Bt group endows desirable reactivity patterns

Motivate the community to do better

4. Btresidue easily cleaved

Do not outstay your welcome

5. Easily separated and recovered for repeated use

Forgive, and come back when you are needed again
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