This article was downloaded by:

On: 27 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Organic Preparations and Procedures International
Publication details, including instructions for authors and subscription information:

0P http://www.informaworld.com/smpp/title~content=t902189982

LBy
o RECENT DEVELOPMENTS IN TETRAZOLE CHEMISTRY. A REVIEW
RTINS | Sien ). itenberr

INTERNATIONAL * Process Chemistry, Department 45L/AP 10 Pharmaceutical Products Division, Abbott Laboratories,
e Abbott Park, IL

To cite this Article Wittenberger, Steven ].(1994) RECENT DEVELOPMENTS IN TETRAZOLE CHEMISTRY. A REVIEW',
Organic Preparations and Procedures International, 26: 5, 499 — 531

To link to this Article: DOI: 10.1080/00304949409458050
URL: http://dx.doi.org/10.1080/00304949409458050

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t902189982
http://dx.doi.org/10.1080/00304949409458050
http://www.informaworld.com/terms-and-conditions-of-access.pdf

08:59 27 January 2011

Downl oaded At:

ORGANIC PREPARATIONS AND PROCEDURES INT., 26 (5), 499-531 (1994)

RECENT DEVELOPMENTS IN TETRAZOLE CHEMISTRY. A REVIEW
Steven J. Wittenberger
Process Chemistry, Department 45L/ AP10

Pharmaceutical Products Division, Abbott Laboratories
One Abbott Park Road, Abbott Park, IL 60064-3500

INTRODUCGTION ..ot es e reserereseere resesesese e bt ea s s bbb st s sa e e bt 501
1. SYNTHESIS OF TETRAZOLES...... oottt st s 501
1. 5-Substituted LH-TEITAZOIES .........ceevereirreeeri et ebens 501

2. 1,5-Disubstituted TErazoles ..........ccoeriririreieiriinierereniiereest e s s nsnanes 503

3. 2.5-Disubstituted Terazoles ..........cceveeveiiricrnccecemiii et e 509

1.  REACTIONS OF TETRAZOLES ......ccooioiiiieeereccrctnisie st srssssssis st snsss s abansssenas 509
1. Tetrazoles a8 REAZENIS .c.o.ooriiiirieeiicircrcre bbb 510

2. Reactions at the RiNG ALONIS ...t st 513

3. Reactions at the SUDSHIUENLS .........eocccereriiiiririer it sess s enens 513

4. Formation of Non-tetrazole ProduCts ...........ccovviimimminiiiinicinieen s 514

[1l. MEDICINAL CHEMISTRY OF TETRAZOLES ... 515
1. SErUCHUTE / FUNCHOMN. ... itevevceiieietcter ettt s s st ab s bt snss bbb sannas 515

2. TREFAPEULIC AZEILS . .eceuecrrrreeeeccesieesis it es e s bbb b 516

a. Central Nervous SYSIEm ACHVIEY ......ccccvivcvcvciiiimminin i 516

b. Anti-inflammatory ACHVITY ..ottt sessese i 517

€. ARBE-QUEFGIC ACHVIY .o e 518

d. ANE-BCTODIAL ACHVILY .....ooecoevicerircciinn s b bbb 519

€. CardiovasCular ACTVIEY ... sss sttt ssiancs 520

[ Miscellaneous ACHVITY ...t s 522

IV. CONCLUSION ..ottt teee e es st ese e s sass e aa bbb aas s 522
REFERENCES ....coooitemeeeeeetetitsieee e et s taesasesssesssssssessatessassnessanensbsasisssaenessbobsbetesatsaen s s asasssasassbabenanssana 523

© 1994 by Organic Preparations and Procedures Inc.

499



08:59 27 January 2011

Downl oaded At:

RECENT DEVELOPMENTS IN TETRAZOLE CHEMISTRY. A REVIEW

RECENT DEVELOPMENTS IN TETRAZOLE CHEMISTRY. A REVIEW
Steven J. Wittenberger

Process Chemistry, Department 45L/AP10
Pharmaceutical Products Division, Abbott Laboratories
One Abbott Park Road, Abbott Park, IL 60064-3500

INTRODUCTION

This article is intended to survey recent progress in the synthesis and reactions of tetrazoles
whose discovery dates back to over a century ago.! There have been several comprehensive reviews of
tetrazole chemistry,>>* the most recent being that of Butler.? Specific aspects of the chemistry of tetra-
zoles have been covered in shorter reviews: the chemistry of 2-substituted tetrazoles,® the azidoazome-
thine-tetrazole isomerization,” solvent effects on tetrazole synthesis by 1,3-cycloaddition of azides,®

complexes of tetrazoles,” alkylation reactions,'® and tetrazole synthesis from aminoguanidines.!!

RAN,I:H - R/$N/N o R”NH R’U\OH
H

Many tetrazole derivatives possess biological activity. The tetrazole functional group acts as
a metabolically stable isostere for the carboxylic acid!? and this has been a primary driving force for
continual research in the area. Most recently, because of the intense effort to discover and develop
nonpeptidic inhibitors of the vasoactive octapeptide angiotensin II, there has been renewed interest in
the preparation of tetrazoles (a key subunit in many of the most active compounds). The present
survey reviews the literature from the early 1980’s through early 1994. New methods of synthesis,

unusual reactivities, novel applications, and the medicinal chemistry of tetrazoles will be highlighted.
L SYNTHESIS

1. 5-Substituted 1H-Tetrazoles

The nature and substitution pattern of the tetrazole product often determines which synthetic
route is best for its preparation. For the most part, recent literature reports have been extensions or
improvements of existing methodology. The most convenient preparation of 5-substituted-1H-tetra-

zoles is the reaction of nitriles with azide ion (Eq. 1).

N 4 =N
RCN  + M™(Ng), — R = R R o)
M* = H*, Na, R3Sn, R3Si, AI*3 1 2

Generally, a mixture of nitrile, sodium azide, and a proton source (to generate hydrazoic acid in situ)

is heated in a suitable solvent (e. g., dimethylformamide) at relatively high temperature to produce, in
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most cases, good yields of tetrazole products.!> Aluminum triazide,'* formed in situ from aluminum
trichloride and sodium azide, was used to prepare 5-(phosphonomethyl)- 1H-tetrazole 3'3 and the 1H-
tetrazol-5-yl analogues of arachidonic 4 and linoleic acids 5 in moderate yields (Fig. 1).® A drawback
to this reagent is that upon hydrolytic work-up, two moles of hydrazoic acid are generated per mole of
preduct. Huff and Staszak demonstrated that tetrazoles 1 were obtained by treatment of aliphatic or
aromatic nitriles with “equimolar” trimethylaluminum and trimethylsilylazide.!” Typically, 1.5 mole
equivalent of each reagent was used to afford good to excellent yields of tetrazoles (Eq. 2). Highly
hindered nitriles (R = r-Bu, Ph,MeC-) resulted in low conversion and diminished yields It is likely
that the trimethylaluminum acts as a Lewis acid in this reaction, activating the nitrile towards azide
addition. However, caution must be exercised during the quenching of the reaction which can be
exothermic with vigorous gas evolution. As an alternative to trialkyltin azide,!® a reagent typically
prepared in situ from a trialkyltin chloride (volatile and toxic) and sodium azide, Wittenberger and
Donner reported that trimethylsilyl azide in the presence of dialkyltin oxide, reacts efficiently with
nitriles to produce 5-substituted- | H-tetrazoles 1 (Eq. 2).'” The reactive intermediate was suggested to
be a dialkyl (O-trimethylsilyl)-azidostannylhydrin 6.

R R HN-N
N"\\{ — 5, N
A y
(RO)oP(0)CHy” N — CH3
H R R
3 4 R = Zalkene
Fig. 1 5 R=H
i NN Megsi- '2Sn=0
M63A|, MeSS|~N3 /4 W 63SI N3, R'»28Sn=
R-CN > N,N - R-CN )
tolae(;\ ‘S’BE/O;C H toluene , A
° 1 (60-98%)
RI\ 'Rl
lsn\
MegSi0” "Ny
6

A high yielding preparation of the di(alkali metal) salt of |H-tetrazole-5-carboxylic acid 7
by reaction of an alkali metal azide with an alkyl cyanoformate (Eq. 3) was disclosed by Griffiths et
al*® These compounds were shown to be valuable intermediates in the preparation of 1H-tetrazole-5-
carboxanilides 8, which are claimed to be useful in the treatment of allergic conditions. 2-(1H-Tetra-
zol-5-yl)-2-cyanoacetate betaines 10 were prepared from the corresponding dicyanoacetates 9 and
trimethylsilyl azide in chloroform at ambient temperature (Eq. 4).2!
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1) NaN3 , CF3CO5H HO ~ COMe
o pyridine, A ® Q Q\'"‘\‘ N-NH
Et0.C—-CN = aM” 00— N N_ 2—C-N @)
2) KOH, EtOH, A N N oH
(70-100%) 7 8 F
-N
NG Me3Si-Nj3 , CHCI3 N®‘NH
*—CO:R n, 72 hrs HN— 0 4)
NC H
12-52% NC ~ OR
9 ( ) 10

2. 1,5-Disubstituted Tetrazoles

Of the many routes to 1,5-disubstituted tetrazoles 13, most culminate in the 1,5-electrocy-
clization of an imino azide 12 (-C(N;)=N-) species.* A widely used and convenient approach to imino
azide intermediates entails displacement of an imidoy! halide 11 by azide ion (Eq. 5).> Imidoyl chlo-

rides are readily obtained by the reaction of amides with phosphorus pentachloride or thionyl chloride.

R: + N3@ N?’N R1_</N\,,,\J
C=NR? C=NRZ2 —— -N (3)
/ ©) Ve N
X - X R! /
R2
11 12 13

Garanti er al. recently reported a related example where hydrazonyl chlorides 14 were converted to

the corresponding azidohydrazones 15 with sodium azide under phase-transfer conditions (Eq. 6).22

R'0.C

COzR' SOCl, , CHC
2 3
@‘N‘N=< —_— @—N—N&N (6)
R H X A R H N=N
14 X =Cl (10-65%)
b NaNgz ,PTC 16
15 X = N3 Nalg

Compounds 15 were unexpectedly reluctant to undergo cyclization to the 1-arylamino-5-carboalkoxy-
tetrazoles 16. Addition of various Lewis acids, in order to polarize the system, effected the electro-
cyclic closure. The best results were obtained with two molar equivalents of thionyl chloride.

Similar approaches have been published that use heteroatoms other than halides as the
leaving group. Duncia et al. described the reaction of an oxyphosphonium salt 18 (prepared under
Mitsunobu conditions from the corresponding amide 17) with trimethylsilyl azide leading to the 1,5-
disubstituted tetrazole 13 (Eq. 7).23 In the case of an N-(2-cyanoethyl)-substituted amides, the [-(N-(2-
cyanoethyl))-5-substituted tetrazole products (13, R? = CH,CH,CN) could be readily N-dealkylated
by aqueous base treatment to give the 5-monosubstituted tetrazoles 1. This method should prove to be
especially useful for applications when an N-protected tetrazole is required. Preservation of chirality

in the synthesis of a tetrazole analogue of an o-amino acid (phenylalanine) was demonstrated.
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o PhsP ?PPna NN
DEAD N
PR — X Ng—siMeg | —— N @
R NH 17 R N
| MesSiN; | R'™ N \
R2 :2 R2
R
17 (38-97%) 18 13
[Tt
ngO, NaN3 (@) K\GRI
7 @ — ; )§ s | —— 13 (8)
CH20|2 or R 'l\l
(4-72%) 19

Treatment of imidoyl triflates 19, generated in situ from amides and trifluoromethanesulfonic anhy-
dride, with sodium azide provided 1,5-disubstituted tetrazoles (Eq. 8).24

Ph
NPh .
ot . NaNj , AcOH ) _4\,_[\“ o
NR'R (45-65%) NN
o —N
NH NaNg3 o /——‘ ‘N
2 HG(OEY)3, ACOH Noy'
| Rindhaiiihiedly | (10)
0” “Ph (54-59%) 0" "Ph
R! N-N
1 sM NaNg , DMSO, CH3CN A
M RZHN,‘;\I (1)
W N—R (63-79%) Hoy
H R®

Examples of nitrogen,” oxygen,”® and sulfur?’ displacements have also appeared (Egs. 9-
11). In a series of papers, Saalfrank and coworkers have described addition-elimination reactions of
nitrogen nucleophiles to 3,3-diazido-2-cyanoacrylates 20 to give, initially, vinyl azides 21 which
undergo 1,5-electrocyclization under basic conditions to yield dihydrotetrazolylidene cyanoacetates
22 in good to excellent yield (Eq. 12).28

H
MeO,C  Nj HoNR MeO,C.  N-R MeO,C N~
- — = — = (12)
® 0 N’N
NC N3 CHyClp,-25°C NC N3 (50-97%)
20 21 22 R

Imidoyl azides can also be prepared by diazotization of substituted hydrazines (and amidra-

zones) which can be prepared by the hydrazinolysis of imidoyl derivatives bearing leaving groups

N
Ar O ; ; ZCII’?4 At N-NH; o, o N
2 4
II\lH —_— [I\IH —_— N\ (13)
R (46%) R (44%) R
Ar=4-MeCgHs, R=CH;CH,CN 23 24
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(Eq. 13). Duncia et al. utilized dinitrogen tetroxide as the nitrosating agent in the conversion of
amidrazone 23 into tetrazole 24.2> Examples from Sakakibara?” and Lambert® are more classical,
though the latter used tetrazole 25 for the preparation of some novel S-aminotetrazole containing f3-
lactam derivatives 26 (Egs. 14 and 15).

1) Et30BF, o
2) NoHg-Ho0 HNO,
2 NeHaHo _N N, (18)
o) X (98%) ,\L,\jf
X = OEt
X = NHNH,
CoNH S
oGP j/:‘\, _Ph
Ph\ HN02 1 N\ (¢] N
o N—T=NCHPh  ———> CozNH—N—¢" N )\N/CHzPh
ZNH NHNH, (>70%) N-N NT (15)
25 26 =N

1-Substituted-5-aminotetrazoles are readily prepared by addition of azide to carbodiimides.®

This reaction has recently been exploited to prepare several tetrazoles bearing sugar substituents®!-2

as well as a one pot preparation of l-aryl-5-(N-aryl-N-benzamido)tetrazoles 27 under solid-liquid

phase-transfer catalyzed reaction conditions (Eq. 16).%

1 AI’1
NaNg/"BUNCI PRCOCH N AP
Ar'—N=C=N-Ar' 8T T4 N g (16)
toluene / rt \\N’N (0]

gem-Diazides have long been known to be precursors of 1,5-disubstituted tetrazoles; Gotzky
reported in 1931 that diazidodiphenylmethane decomposed to 1,5-diphenyltetrazole in 90% yield 3*
gem-Diazides may be prepared from gem-dihalides and cyclized (with loss of nitrogen) under
thermal,?® photolytic,3 or protic acid®? conditions (Egs. 17-19).

Me 1)NBS CHX, DMF N-N
JC[ 2)NaN; J@[ & LN
R2 R — g2 R : (17)
R2 R!

- N2
X =Br, N3 (ca. 90% overall)
BnO. BnO BnO
Q N h O N, O._N,
OBnY ° v . N, 8O N (18)

BnO Ng -No OBn N=-N OBn| N—p

OBn BnO BnO

BnO (51%) (20%)
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OH ©O OH O OH O H

NaN3 H* N,
X CHCl, —» A CH(N3)2| —m o v N (19)
o, . N—-N
NS0 (63%) N"So N N"So
Me Me Me

Nishiyama, Watanabe et al. reported a novel method for the formation of gem-diazides from
carbonyl compounds and trimethylsilyl azide in the presence of Lewis acid (Eq. 20).3® Though direct,
the method is limited in that unsymmetrical ketones yielded mixtures of isomeric tetrazole products in
most cases. Treatment of aliphatic aldehydes with equimoiar trimethylsily! azide produced an unex-
pected 1,5-disubstituted tetrazoles 28 (34-78% yield, Eq. 21). Excess trimethylsilyl azide led to the
expected monosubstituted tetrazoles 29 (31-48%).

1 1 Rﬂe)
R MesSiNg, SnClz | P\ Ny N=N -
N3 N ’/N
-99° -N a
R2 (40-99%) R2 2 el N
OH 13
R! H
>=o MesSiNg, ZnCly " N=N \,¢N
> N, N Hor N_ N @1
H /S N y N
R 28 R 29

Tetrazenes ( -C-N-N=N-N- or C-N-N-N=N- e. g. 31) prepared by the reaction of acylhy-
drazines 30 with diazonium salts (Eq. 22), can be cyclodehydrated to the 1,5-disubstituted tetrazole
325%

O
NG NH, Ph—N=N Cli NC. OH
= NaOH, H,0, EtOH = QH
EtO,C C—NHNH, > EtO,C C-N
(82%) NH
30 —N=N (22)
NC  OH 31 Ph—N=N
EtOH, A >:=<__<N-N
. EtOQC 7 ,li\l
(80%) 32 o hl

Azide ion addition to nitrilium salts provides access to many 1,5-disubstituted tetrazoles
Amer and Booth described studies concerning the addition of azide ion to aliphatic and aryl N-methyl-
nitrilium triflate salts 33.%° The dichotomous results were explained in terms of the different rates of
electrocyclization for the aliphatic versus arylimidoyl azide intermediate. The reaction of nitrilium
salts 35 with covalent (organic) azides leads to 1,4,5-trisubstituted tetrazolium salts 36.4! Hydride
reduction of, or nucleophilic addition to, the tetrazolium salts gave tri- or tetrasubstituted tetrazolines
(37 or 38 respectively) in good overall yield (Fig.2). A related approach has been accomplished by
Collibee and Anselme for the preparation of 5-halo-1-phenyltetrazoles by reaction of

506



RECENT DEVELOPMENTS IN TETRAZOLE CHEMISTRY. A REVIEW

08:59 27 January 2011

Downl oaded At:

Me\ Me\
_( ) NaN3 / CH3NO, N~N N-N ©)
R-—_%—Me OTf R—<\ /‘,‘\‘ R—<® oTf
N /N R
Me
R = aliphatic only )
R=ary! minor major
1
R. H
RZ\NXN’RS
1 NaBH4 N
X
3_
R‘—;_:%—R2 ex AT Ns Rz\r\‘J@ ,N‘RQS 1R R4
N—N Ay 2 3
or N=N
R*MgX
? N-N
PTC R
NPh=C: + NaN3 + N-X X/(N,N
(60 - 90%) .
e} Ph
(X =Cl,Br, I
Fig. 2

phenylisonitrile with sodium azide and the corresponding N-halosuccinimides under phase-transfer
catalysis (PTC) conditions in good yields.*?

The Schmidt reaction®® is another general and useful method for the preparation of 1,5-
disubstituted tetrazoles.*> Amides are common side-products due to hydrolysis of the nitrilium inter-

mediate 35 (Fig. 3). The Schmidt reaction has been used extensively in the steroid field to prepare

R! HN;  R'OH H* R' N&
I S G NG
R? g2 N3 -HO0 o~
N\
® NS R'—¢ N
—> R—=N-RZ >, N-N
_N2 Rz/
35 \ +H20 (6]
R‘J\NHR2
Fig. 3

tetrazole fused steroid derivatives**43 and recently on (+)-dihydrocarvone.6 Rao ef al. captured an
intermediate nitrilium ion from a Beckmann rearrangement with azide ion to produce tetrazole 40
from steroid oxime 39 (Eq. 23).#” Osman and coworkers have reported an extension of the Schmidt

reaction to the synthesis of a novel tetrazole from an o,B-unsaturated y-keto fatty acid.*® Methyl 4-
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oxo0-(E)-2-octadecenoate 41 was treated with hydrazoic acid and boron trifluoride etherate to yield

methyl 5-azanonadec-(E)-2-enoate (4,5-D)-tetrazole 42 as the major product (Eq. 24).

Me, Me
NaNj; , CISO3H
CICH,CH,Cl
—_— (23)
HN3 , BF3-OEt; N . COsMe )
[
66% N,
(66%) N-N
41 (R = CHz-(CHa)1z-) a2

Suzuki and his group have found that treatment of both aliphatic and aromatic ketones with
an excess of sodium azide in the presence of titanium(IV) chloride in boiling acetonitrile are
converted to 1,5-disubstituted 1H-tetrazoles.** Unsymmetrical ketones afforded either one or both
isomeric tetrazole products. The ratio of the isomers depended on the relative migratory aptitude of
the substituent groups (Eq. 25).

- NaNj , TiClg R2 R!
CH5CN, A N-. N-,
=0 — S N N (25)
R N-N N-N
(70-95%)

L’abbé et al. reported the rearrangement of S-azido-4-methoxycarbonyl-1-aryl-1,2,3-tria-
zoles 44 to 5-(methoxycarbonyldiazomethyl)- 1-aryltetrazoles 45.5° Further reaction yielded the cyclo-
propanes 46 derived from carbene intermediates formed by the thermal decomposition of the
diazoalkyltetrazoles (Fig. 4).

OzMe 1) NaNQ, , HCI COoMe

) \ 2) NaN3 :N CGHG,A
N, A—NHz N, SN, ——
'.“ (13 82%) N
R1
43 4
;N\ 1
N” “N-R
MeO,C, 7! N N=
N,N — CO,Me
Na o, (34-58%)
R
45 46
Fig. 4
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3. 2,5-Disubstituted Tetrazoles

In many circumstances, alkylation of 5-substituted- 1H-tetrazoles is the most efficient route
to 2,5-disubstituted tetrazoles and much of this work is summarized in earlier reviews.2> The 1,5-
isomers which may be formed as side products are usually separable by fractional crystallization or
chromatography. A regiospecific preparation of 2,5-diary! tetrazoles via acyclic formazans (-N=N-
C=N-NH-) was described that expands the scope of this method. Shawli et al. prepared N-arenesul-
fonylbenzohydrazidoyl chiorides 48 from the N-arenesulfonylbenzohydrazides 47 and treated them
with phenylhydrazine to give the hydrazidines 49 (Fig. 5).>' Oxidation and base treatment provided
the 2,5-diaryltetrazoles 51.

XCgH NH cl
CeHaCONHNHSO, SOCI, “SE=NNHSO,Ar  HyNNHPh
— XCeHa —_—
30 31, Ar=2-CyoHy
NHNHPh N=NPh ) N=N
HO y
XCeHa—( (O] xCeHa—{ AN
NNHSORAT > NNHSO,Ar > RTSNph
32 33
Fig. 5

Aoyama and Shiort have published a method for the conversion of methyl esters to 2-substi-
tuted-5-trimethylsilyltetrazoles 52 using lithium trimethylsilyldiazomethane.’ 2-Aryl- and 2-alkyl-5-
trimethylsilyltetrazoles are prepared in good yield (Eq. 26). Maas et al. showed that diazophosphoryl
compounds 53 reacted with bis(formamidinium) ether 54, in the presence of tertiary amine base, to
yield 2-substituted-5-phosphoryltetrazoles 55 in moderate yield (Eq. 27).%3

i RCOCHy-, N
2 LDA MesSi RCO.Me 2N _
2 MegSICHN, —— 2 [N | —> o )—SMes  (26)
(49-90%) =N
52
Y v ¢
- - 3 - —_R2
H._R-R’ R-N__ R°R
2 HZ + @)—0——(@ — R1
R-N N-R (34-42%) = @27)
2 l:ll ) R—lel N-N
©  Me,crs0f Mo Ny N
53 54 55 .R!
0=R
R2

IL. REACTIONS OF TETRAZOLES

Since the earlier reviews provided comprehensive overviews of the reactions of tetrazoles 2>
this section will focus on some novel reactions of tetrazoles as both reagent and substrate which have

been reported during the last decade.
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1. Tetrazoles as Reagents

Arylsulfonyltetrazoles 56 were introduced by Narang et al. as condensation agents for use in
the synthesis of defined sequences of deoxyribooligonucleotides by the modified triester strategy (Eq.
28).>* These reagents allowed for the rapid and efficient preparation of polydeoxyribonucleotides. 335

1H-Tetrazole has been used to mediate the coupling of ribonucleotides and

N PO

base1

N (0]
1 HO 2 ArSO»—N

o) base fo) base 2 \;’I\l

PO

56 O=pP-0 (28)
1

b base?
+ [E—— 1
0=p-0° OR? OR b
OR!

OR?

phosphoramidites in the synthesis of oligoribonucleotides 60.7*Y The mechanism of this reaction has
been studied. It is suggested that the tetrazole initially protonates the phosphoramidite 57 rapidly; this
is followed by the formation of the tetrazolophosphane intermediate 58, which is then attacked by the
ribonucleoside 59 (Fig. 6).61-63

PO base' PO pase’
© N, ° N (-R%aN"Hp)
+ — |
N§/NH N/

N
1
O‘P—NR22 fast O\P h* fast
R'0” R'0” “NR%,
57 @
PO 1
o base
PO 1
wase HO o baseg
n=N
+ —_— O. AR
SP-0 2+ NH
o N:N b slow R1O fo) base N§/
SP-N_ _} OR®
Rlo” =N
58 59 60 OR3
Fig. 6

Fraser-Reid and others have reported that protected inositols can be phosphorylated by the
use of N,N-diisopropyl dibenzyl phosphoramidate, 1H-tetrazole and m-CPBA under very mild
conditions (Eq. 29).649% This has become the method of choice for the introduction of the phos-
phate functionality in the synthesis of myo-inositol phosphates and related structures. 1H-Tetrazole
is reported to catalyze the transesterification of trialkyl phosphites (Eq. 30).° An intermediate five-
coordinate hydrophosphorane was observed by 3'P NMR. 1H-Tetrazole promoted the selective
monoaddition of alcohols to phosphonic dichlorides thus leading to mixed phosphonate diesters in
high yields (Eq. 31).7
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-N,
HN
Q i 'QN (BnO)gPN( Pr)o

(0o} OH 62 00 oP
HO%OH ~ PO%OP @9
OBn i) m-CPBA OBn

(92%)

0
61 63 P = P(OBn)s

i) 1H-tetrazole

i) m-CPBA

il
(RO)sP + ROH (RO)2-Py

OR’
(15-85%) (30)
0 . 0
R'OH 2
R_'Ip'_c| RO _ROH F{—%—OR2
Cl 1H-tetrazole OR' (31)
(78-99%)

A new reagent, S,5-bis(1-phenyl-1H-tetrazol-5-yl) dithiocarbonate 64, was introduced by
Ogura for the esterification of carboxylic acids with alcohols in high yields.$® Although it is unlikely
that this reagent will supplant the more widely used esterification reagents, it may find use in macro-
lactonizations (Eq. 32). The scope of reactivity was expanded to include reaction with allylic and
benzylic alcohols to produce sulfides 65 having the 5-mercapto- 1-phenyltetrazolyl group which could
then be coupled to nucleophiles such as Grignard reagents, malonate anions, silyl enol ethers, and aryl
sulfinate (Eq. 33).9° The reagent was applied to the formation of amides (including dipeptides),
Friedel-Crafts type reactions, isothiocyanate syntheses, and carbonyl insertion reactions’® as well as

glycosidation of carbohydrates and sialic acid derivatives (Egs. 34-37).”!

:

»\ JL
(32)
EtsN, toluene, A
(54%)

Ph Ph,
0 “N-N
/)\ J AN N - A
a o4 R s rll X Nu- %\/Nu
o OH ———= NN — (33)
-COz N-N Nu™ = RMgX, (RO2C)CH',
R
65 Arsoz’, %\OSiR3
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64 0o S Ph R'NH [e)
RCOM  — | )I\N ,U\N S JOL /Z‘N —5 A (34)
- N r - ’N O,
o, - arng SNV (80-99%)
Ph—)N:‘N\N
HO.C 64 s N | aci/cs,
) - o* - {35)
(CH2)y  -CO» (51-84%) CHz)n
(CHa)q
n=2-4
H Ph
64.CSNEt; | L) o (8 N .COS
ANHy = | BN Qy ™ N | ——>  RNCs (36)
S 0 N~N (58-95%)
Ph
Sy e Y New
L A Te =0
R7 X7 NH, R™ X N/\gu NN (eo 92%) N
H H
X = CH, N;
Y=NH, 0,8

bis(1-Methyl-1H-tetrazol-5-yl)disulfide 66 was demonstrated to be an excellent stoichiomet-
ric reagent for the preparation of symmetric, unsymmetric and cyclic disulfides under mild conditions
and in aqueous solution.”? Functional groups which are sensitive to other disuifide forming reagents
such as iodine, are compatible (Fig. 7). Application of this method seems especially well svited for the

preparation of cystine peptide disulfides (e. g., 67 and 68).

< ,N‘E\ 1)HS OO NN c
N, NHCbz N
’l\l S 2 -_ e . \’I\l)\ \x
Me 2) PhoCNo Me
66 3) deprotect
(ca. 35% overall)

0,H

67

H cot D29 rhoc M
67 + HS\/<NH2-HCp (quant.) ( s)e

68
Fig.7

Butler ez al. have reported 3-aryl-1-tetrazol-5-yltriazenes 69 are a stable source of aryldiazo-
nium ions 70, useful in the synthesis of biaryls, aryl halides, and azo dyes (Eq. 38).
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N /</N\|'?‘ CFaCOH © O
AN NN Ittt Ar-Nz~ CF3COs | — products (38)
rl H R
69 70

2. Reactions at the Ring Atoms

The synthesis and properties of the isomeric tetrazolium N-phenacylides have been investi-
gated.” The 1,5-dimethyltetrazolium-3-phenacylide 72 showed a stronger electron-withdrawing influ-
ence than the 3,5-dimethyltetrazolium-1-phenacylide 71 as characterized by their relative reactivity
toward alkali hydroxide and several electrophiles. The 1,5-dimethyltetrazolium-4-phenacylide 73a
could not be isolated, but when treated with acetic or benzoic anhydride in the presence of base
afforded the stable ylides 73b and 73c. Higher 1-alkyl-5-methyltetrazolium-4-phenacylide homo-

logues were also characterized.

Me

! o
%HCOPh e CHCOPh
O/
2 Me -
N ®N-N N~ X—Me
‘N_E/ PhCOCH N—Z/
Me” - © - ‘Me
73a R=H
73b R = COMe
73¢ R =COPh

3. Reactions at the Substituents

Treatment of l-alkyl- and 2-alkyl-5-phenyltetrazoles (i. e., 74) with r-butyllithium at low
temperature gave the “dipole-stabilized” o-lithioalkyl derivatives 75 (Eq. 39) which were reacted with
a variety of electrophiles.” Metallation of 5-phenyl-2-(trimethylsilyl-methyl)tetrazole 77 followed by
reaction with aliphatic aldehydes resulted in Peterson olefination to give 5-phenyl-2-alkenyltetrazoles
78 in good yield (Eq. 40).

'BuLi

N-N  THF A £ A
AN e | AN AN (39)
Ph” N7 78°C Ph”™ °N Ph” N7
J - J_ | @o9s%) e
R R L R E
74 75 76
N=N 1) 'BuLi NN
o /L\N,NVSiMea E— s N_CHR (40)
2) RCHO Ph™ °N
77 (68-88%) 78

1-Phenyi-5-thioethers 79 were selectively oxidized with m-CPBA to the corresponding
sulfoxides 80 or sulfones 81 in good yield (Eq. 41).7 Imines derived from 5-amino-2-benzyltetrazole

82 were condensed with a glycine enolate 83 followed by cyclization to provide both cis- and trans-

513



08:59 27 January 2011

Downl oaded At:

WITTENBERGER

substituted N-(tetrazol-5-y1) B-lactams 85 (Eq. 42).”7

N-N N-N N-N
N. 3o (CH2COR mcCPBA N_ 3 __(CH»sCOR N, I ~(CH2):COR
N© S — N % N" "502 (1)
Ph Ph O Ph
79 80 81
Me
Meo
LN N-CH(Li)COEt N
- : Et0,C HN~— s
N=N, Si (59%, 3:1) 20 N~ "N
N Me N (42)
Bn
82 83 HoN Me 84
several steps l { N
N N
(50-60%) 7 X

4. Formation of Non-tetrazele Products
Senda et al. reported the use of 5-substituted tetrazoles 1 in a novel synthesis of
fervenulins.”® Thermolysis of 6-azido-1,3-dimethyluracil 86 in the presence of S-substituted tetrazole

1 gave 3-substituted fervenulins 89 (Fig. 8). Interestingly, irradiation of 86 with 1 in tetrahydrofuran
o T
(o] (o] H 0
Mex,, | hvord  Me. Me\N)‘INHg
—_— N —_— I
0)\"\} N3 1 OJ\N )\ N

R
Me h|/|e‘k N"NYR (63-71%) oo N N
N-N

Me N=N
88
86 L 87 L.
hV in MEOH le) O
(73-85%) Me NHy Mew, NP
A R G G
or Ain DMF 0" N g—g‘—-’—ﬁ 0" 'N" °N
{80-90%) Me Me
89
Fig. 8

gave uracil 88 which could be further transformed to 89 by irradiation in methanol or by heating in
dimethylformamide, implicating 87 as an intermediate in the thermolysis of 86 to fervenulin 89. Reac-
tion of 1- and 2-hydrazonoyl-5-substituted tetrazoles 92 and 93, readily obtained by the condensation
of S-substituted tetrazoles 90 with benzonitrile N-(p-nitrophenyl)imide 91, gave high yields of substi-
tuted 1,2,4-triazoles 94 and 95 (Fig. 9).7
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Y N-N ! '\ CFaCOH N-N
N~ ArHN //k (35-90%) Ph N v
H EtaN N~ ~Ph
%0 —_— 92 94
EtOH N
o® Y =N A N—-N
AN-N=-pp  (>65%) @—4\ N T ) Y
91 N >_Ph (65-89%) Ph™ >y
/ U
ArHN—N NHAr
93 95

Fig. 9

Irradiation of 2-phenyltetrazole 96 in benzene gave phenylcyanamide 97 (27% yield) and unexpect-
edly the phenylhydrazone of o-aminobenzoyl cyanide 99 (53%). The structure of 99 was established
by x-ray crystallographic analysis and a mechanism accounting for its formation was proposed (Fig.
10).80

N=N v ® 0 ® O .
< N  —— HC=N-NPh <«—» HC=N-NPh -<«— HC—~N=NPh
N~ "Ph
) l
N-Ph N PP
PANHCN  <— [ PIN=C=NH  =-0— & = =— < }
97 98
NH{ o NH NH,
97 + 98 —» :'/>=N — —_—
(&@ CN CN
NNHPh NNHPh g9 NNHPh
Fig. 10

11I. MEDICINAL CHEMISTRY OF TETRAZOLES

1. Structure / Function

The tetrazole ring has become familiar to medicinal chemists as an isosteric replacement for
the carboxylic acid functional group. The groups have comparable acidity and the tetrazole ring has
proved to be superior in resisting metabolic degradation. These features have led to the preparation of
hundreds of compounds as potential therapeutic agents. The medicinal chemistry of tetrazoles has

been reviewed'2 and Butler has compiled an extensive table* and an updated survey® of published
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biologically active tetrazole compounds.

Marshall er al.8! have proposed a new use for the tetrazole ring as a cis amide bond mimic
within a peptide chain. Initial synthetic efforts®? to prepare tetrazole dipeptide analogues resulted in
racemization at one or both of the o-chiral centers (i.e., adjacent to the tetrazole ring); however more

recent procedures®384

seem to have solved that problem. Incorporation of tetrazole dipeptide
analogues into biologically active peptides such as somatostatin®® and bradykinin®6-%7 has been
demonstrated. A different synthetic approach was used to prepare tetrazole analogues of deaminooxy-
tocin®® in which the Leu'P[CN,]-Gly-NH, fragment was synthesized via a non-regioselective N-alky-
lation of Cbz-Leu-tetrazole with methyl bromoacetate %

cis amide tetrazole
H N-N Nisostere

|’H neo ll N
*Y?(L N e
R1HR2\.H_§ O Rl H \—4_
H / i
H H

2
R® 4

2. Therapeutic Agents

a. Central Nervous System Activity

(Tetrazolylalkyl)piperazine- and (tetrazolylalkyl)piperidinecarboxylic acid derivatives (100
and 101 respectively) were claimed as excitatory amino acid (EAA) receptor antagonists, useful in the
treatment of neurological (epilepsy, stroke, and anxiety) and neurodegenerative (Alzheimer’s and
Huntington’s diseases) disorders.?® LY3000020 102, a conformationally constrained analogue of L-
glutamic acid, was shown to be a potent a-amino-3-hydroxy-5-methyl-4-isoxazole-propanoic acid
(AMPA) receptor agonist.”! The enantiomer was devoid of activity at ionotropic EEA receptors. DL-
Tetrazol-5-ylglycine 103 has proven to be an exquisitely potent and selective N-methyl-D-aspartate

(NMDA) receptor agonist.”?
HNTY HN- N~ CO,H N-N  COH
X Y ;N I \>lnn ﬁl \>_<
HOC n N NN NH N NH,
100 X=N,n=2,3 H H
101 X=CH,n=0-3 102 103
Ner- @ N"\_
N ON
N CGH4H2
104
HaN(CH2)2 =N N
L 1 N-cHePn NN
N N N. A
H
106 107
Fig. 11
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Gupta ef al. reported the synthesis and in vitro evaloation of 2-[(1-aryl-1H-tetrazol-5-
yhthio]-N-[(arylamino)carbonyl]acetamides 104 as acetylcholinesterase inhibitors.%? 2,5-Disubsti-
tuted tetrazoles have been claimed as type B monoamine oxidase (MAO) inhibitors.** 105 inhibited
type B MAO in vitro with a K. of 0.73 nM and a selectivity coefficient for type B over type A of
1.03x10°.

5-(Tetrazol-5-ylmethyl)-3-(2’ aminoethyl)indole 106 and related compounds were claimed
as seratonin (5-HT1) receptor agonists with ICy’s of <1 pM, useful for the treatment of migraine.%®
Wadsworth and Jenkins detailed their studies regarding the syntheses and muscarinic activities of
quinuclidin-3-yltetrazole derivatives 107.% Structure-activity relationships (SAR) were coupled to
electrostatic potential maps of these compounds to develop a model of the bound receptor-ligand
complex.

b. Anti-inflammatory Activity

The anti-inflammatory activity of nonsteroidal tetrazole derivatives has been demonstrated
in numerous cases. 2-(Tetrazol-5-yl)benzopyran 108,%7 oxazole derivative 111,%® N-(aryl)tetrazol-5-yl
carboxamides 110,%° and tetrazolylphenoxy-propoxyacetophenone 109'® were active in leukotriene
(LT) receptor models. General structures 112,10" 113,92 and 114,'%* were tested for inhibition of

LTD, (Fig. 12).

MeCO MeCO. cl
o m: H
N
N HO: : \o/\ﬁo: C N

NN Pr OH Nepy
109

MQYU& wmf

s

112 113 14 N-NH

Fig. 12

Tetrazoles 115,!% 1 4-dihydro-3-pyridyltetrazoles 116,19 furyltetrazoles 117,'% and 2,5-
disubstituted tetrazole 118'%7 showed anti-inflammatory activity against carrageenin induced rat paw
edema. Other 5-monosubstituted tetrazoles 119'%8 and disubstituted tetrazoles 120-121'® and 122-
123!10 were tested for anti-inflammatory activity (Fig. 13).
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¢. Anti-allergic Activity

08:59 27 January 2011

Disodium cromoglycate (DSCG, 1,3-bis(2-carboxychromon-5-yloxy)propan-2-ol disodium
salt) 12411 and Zaprinast (M&B 22,948, 2-(o-propoxyphenyl)-8-azapurin-6-one) 125!12 are potent
inhibitors of reagin-mediated anaphylaxis (Fig. 14). Quantitative SAR studies suggest that for these
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compounds three important requirements are (i) an extended planar aromatic system with (ii) an acidic
function capable of hydrogen bonding to (iii) a carbonyl group. Recently disclosed structures that fall
into this class and show activity in the rat passive cutaneous anaphylaxis (PCA) test include: tetrazoy-
lamides 126,'"? tetrazolyl(carbamoylthiazoles) 127,''* tetrazolyl(thienopyrimidinones) 128,!'> and
the isomeric tetrazolylbenzamides 129 and (o-hydroxyphenyhjtetrazolylcarboxamides 130.!'® Struc-
turally similar compounds that were active in histamine release inhibition assays were reported; tetra-
zolyl(heteroaryl) carboxamides 131,''7 tetrazolyl(naphthyl)carboxamides, 132''8
m-(tetrazolyl)oxanilic acid 133,'!” and tetrazolyl(pyrazine)carboxamides 13012 Tetrazolylcarboxam-
ides exemplified by 135'2! inhibited superoxide generation from neutrophils.

d. Anti-microbial Activity

A number of tetrazole-containing cephalosporin derivatives exhibit antibacterial activity
(Fig. 15). Dax er al. reported the synthesis and activity of a novel “tetrazole-tethered” cephalosporin-
quinolone hybrid 136 that showed cephalosporin-like in vitro activity but lacked quinolone activity.'?2
Tetrazole-containing cephalosporin 137 showed activity against Pseudomonas aeruginosa.'”> The
SAR of a series of compounds exemplified by the general structure 138 was investigated.'?* Excellent
bactericidal activity was reported for 139 by Koh e al.!? and the activity of a series of cephalospo-

ranic acids 140 was tested.126

,OMe

136 ©
OCMe2002H
N H
ozc/jij[ N\,,N\N/\n,N s
S c ) N= o N~ OAc
R ¢
2 COZH N\N CO,H
: Ar-CONH
O/\ff J w)V J@h( ) WJ\/ \r“
COH N‘N COgH N\N
139
Fig. 15

Monocyclic B-lactams possessing a S-tetrazolyl moiety at N-1, e. g. 141, have been studied
by Yoshida et al. as potential bactericidal agents (Fig. 16).127 The effect of the oxyimino substituent

and C-4 substitution on activity against Gram-negative bacteria was examined in detail. Other tetra-
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ole derivatives reported to display anti-bacterial activity include S-aryltetrazoles 142 and 14428129
and 5-naphthyltetrazoles 143 and 145.'%

NORH
N R?

N
HoN-— ﬁ
S o N :
o] N
N~

141
H
1/£=NN NH Ar1/<\ N S Ar ‘/k\ N\/Q )\NHCOAr
AN :‘l COAr
142 Ar' = aryl 144 Ar' = aryl 145 Ar' = naphthyl
143 Ar' = naphthyl
Fig. 16

Novel tetrazole oxathiolane nucleoside analogues 146 were prepared and found to be inac-
tive against HIV-1 retrovirus (Fig. 17).13! Virueidal activity was found in 6-(aminomethyl-5-tetra-
zolyhbenzothiazole 147.132 Tetrazolium salts 148 were found to be active against Ranikhet disease

and tobacco mosaic virus.!*

146 R = NHp, CONH 147

Fig. 17

e. Cardiovascular Activity

A tremendous amount of work has been done in the area of nonpeptide angiotensin Il antag-
onist, and the tetrazole functional group is ubiquitous in the most potent of these compounds.'3* Table
1 displays representative examples disclosed recently by some of the major investigators in the field.

Tetrazole derivatives have been prepared to target other components of the cardiovascular
system (Fig. 18). A large number of tetrazolyldiarylalkenoates were investigated as hypocholes-
teremics; 160 exhibited nanomolar inhibition of microsomal HMG-CoA reductase in vitro.'>S Tetra-
zole containing peptide inhibitors of renin were claimed by Raddatz et al.'3¢ Chucholowski et al.
demonstrated that the tetrazolylureas 161 and -thioureas 162 decreased total cholesterol in rats

through inhibition of acyl coenzyme A cholesterol acyltransferase.!37
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Table 1. Angiotensin II Antagonists

Structure Company  Ref Structure Company Ref
149 v o Glaxo 138 155 Searle (44
BA(I
gN CO2H
150 Takeda 139 156 Me American Cvanamid 145
OH
151 - SKB 140 157 ICl 146
N A
/( ) = N
"Bu N Y
joow
NP
ol
152 o Ciba-Geigy 141 Abbott 147
3
By N COMe 3
L Z ' N\ lllH
) \8:
®
153 Et duPont 142 159 N Merck 148
M
"Pr/AN cHo N=N
N NH
7
- Wé
154 Me Fujisawa 143
N Nen
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Fig. 18

[ Miscellaneous Activity

Both simple and complex derivatives of tetrazoles have been prepared as potential therapeu-
tic agents for many other conditions (Fig. 19). Anti-ulcer activity has been explored by Uchida et al.
in a series of 1,5-disubstituted tetrazole 163'4? as well as by Ueda et al. with the more complex
164.139 Tetrazole containing compounds such as 165 have demonstrated blood glucose reduction in
rats following oral administration.'>! Wolff et al. prepared tetrazolylamides 166 as anti-diabetic
agents."? 6-Aryl-3-(5-tetrazolyl)pyridin-2(H)-one derivatives 167 have been claimed as cyclic AMP-
dependent protein kinase agonists.'33 2,4- and 2,5-Bis(tetrazolyl)pyridines 168 were prepared as fibro-
suppressants and immunosuppressants. !>

.0 [o] o

; sUPURACAS

)\ “ N\N)\s/' HN\/’ Pl L
|

P 163 \) e 164

N_
H /AR
FisC7 N /N
\ﬂ/ 4 N
° H

165 166
H
adad:
—~N —N v
SN N
167 " 168
Fig. 19
IV, CONCLUSION

As evidenced by the volume of recent activity in the field, tetrazole chemistry remains to be
an area of interest to many sectors of the chemical community. This survey has concentrated on
aspects of tetrazole chemistry related to the contributions of and implications to the synthetic organic

and medicinal chemist. This is not meant to minimize the importance of tetrazole derivatives to agri-
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cultural use and nonbiological applications.

New methods of synthesis and improvements to existing procedures have been introduced
that make the preparation many derivatives of tetrazoles facile and efficient. Tetrazole compounds
have found new uses as reagents in synthesis. Strategies that utilize tetrazoles as starting materials for
the preparation of both more complex tetrazole derivatives and non-tetrazole products have been
recently published.

The application of the tetrazole moiety to problems of structure and function in peptides, as
cis-amide bond isosteres, and medicinal chemistry, as an isosteric replacement for the carboxylate
group, has exploded in recent years. Literally tens of thousands of structurally diverse compounds
have been prepared and tested for biological activity against dozens of diseases. It is interesting to
note that in cases where the carboxylate and 5-tetrazolyl groups were compared in otherwise identical
molecules the observed activity might be similar or favor either one or the other functionality evidenc-

ing the subtle differences between the two “isosteric™ groups.
Acknowledgment.- The author would like to thank B. Gregory Donner for his contributions to our
initial foray into the synthesis of | H-tetrazoles, the editors of this journal for their guidance in the
preparation of this manuscript and H. Rumpelmeier.
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