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HETEROCYCLIC o-CHLOROALDEHYDES AS SYNTHONS IN
ORGANIC AND INORGANIC SULFUR CHEMISTRY

JAN BECHER
Department of Chemistry, Odense University, DK-5230 Odense M,
Denmark.

Abstract

Many heterocyclic ochloroaldehydes are easy to prepare, for example via the
Vilsmeier chloroformylation reaction. Due to the electron withdrawing effect
of the formyl group, the halogen atom is normally a nucleofuge. This can be
used to prepare a range of o-substituted heterocyclic aldehydes showing
interesting rearrangement reactions. Such types of compounds are also useful
as starting materials for the preparation of annelated heterocyclic systems.

We have demonstrated that heterocyclic mercapto groups can be pro-
tected as t-butylthioethers. Furthermore, we have found that thiolation of
heterocyclic systems containing reactive halogen substituents can
conveniently be carried out via the easily prepared t-butylsulfides.

This method has been used in the preparation of a number of NySo-
ligands. The resulting transition metal NoSo-complexes have been used in the
study of model systems for one of the active sites in cytochrome c¢ oxidase.
The method also gives access to polymeric heterocyclic multisulfur transition
metal complexes with high electrical conductivity.

CYTOCHROME C OXIDASE MODELS

Over the past several years we have been interested in the syntheses of
N3Ss-ligands to be used in the preparation of transition metal NsSo-complexes
for the study of model systems for one of the active sites in cytochrome ¢
oxidase.

The structure of cytochrome c oxidase has received considerable atten—
tion as a result of its importance in cellular respiration and energy utiliza-
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tion. This metalloenzyme is found in the mitocondria of the cells of all aerobic
organisms, and it is the terminal enzyme in the respiratory electron transfer
system effecting the reduction of oxygen to water. Cytochrome ¢ oxidase
contains two heme a's and two copper-sites, of which the Cu A-site participate
in the electron transfer.

The description of the electronic ground state of the oxidized Cu ) 18
incomplete, and better model systems are therefore required. Chan et al.l
have suggested that the Cu,-site consists of a pseudo-tetrahedral
CuNy(His)Sz(Cys) unit, with considerable Cu(I)-thiyl radical character or,
alternatively, a rather unusually covalent Cu(II)-thiolate character.
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Scheme 1
The active Cu , in cytochrome c oxidase

The Cu,-site in cytochrome c oxidase consists of two imidazole lone
pairs from histidine and two thiolates from cysteine, in this site the Cu A
central atom aquires an unusual pseudo tetrahedral geometry, and until
recently no model system which reproduced the geometry of this structure
was known.
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Scheme 2
The Cu j-center in c oxidase and a synthetic model of this site.
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In general, few Cu(II)-NgSocomplexes of this type were known?, one
reason being that the use of aliphatic thiolates in the preparation of a Cu(II)-
NjSs-complex will often give rise to formation of disulfides:

2RS- + 2Cu?* > 2Cu* + R-S-S-R

However, at the start of this project we already3 had one workable N2S,-
ligand derived from the readily availablet 3-formyl-2(1H)-pyridinethione
which gave stable Cu(II)-complexes with square planar geometry:

AP SR

CeHs CeHs CeHs
®
NmN :
N =
CC\ [ X)) | wos,
r:l —Cut—¢§ \
CeHs CeHs

Scheme 3
Planar Cu(II)N,So-complex prepared from 2(1H) — pyridinethione units

The 3-formyl-2(1H)-pyridinethione system* is readily available and it is an
example of a stable heteroaromatic o-mercapto aldehyde:

o Xy CHO HO
O~ o nes— e W Qe
+ H

Scheme 4
Preparation of the parent 3-formyl-2(1H)-pyridinethione
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Other aldehydes of this type such as the parent o-mercaptobenzaldehyde
and its quinoxaline equivalent5 are unstable and therefore difficult to prepare
and use (Scheme 5):

CLLT GG O

H

Scheme 5
Examples of relative unstable o-mercaptoaldehydes and a stable synthon for
o-mercaptobenzaldehyde.

Dimerization to bicyclic bridged dithiocinesé often takes place under acidic
reaction conditions, similar dimers are formed from 2-mercaptoketones?. We,
therefore, found it more convenient to work with starting materials
containing protected mercapto groups. Meth-Cohn8 had described the 2-(t-
butylthio)-benzaldehyde as a stable synthon for 2-mercaptobenzaldehyde in
which the t-butyl group could be eliminated as isobutene under acidic
reaction conditions. As this protective group also had been used in cystein
derivatives® we decided to look at its use in the heterocyclic series.

The number of heteroaromatic systems containing nitrogen, oxygen or
sulfur is almost limitless, and heterocycles show an enormous variation with
respect to chemical reactivity and electronic proporties. We desided to take
advantage of this versatility and use heteroaromatic compounds as building
blocks in the construction of NgSo-ligands (see figure in Scheme 2).

The Vilsmeier chloroformylation is a mild method which will formylate
a wide variety of heterocycles. When a heterocyclic system with an amide or
oxo function is treated with dimethylformamide/phosphorus oxychloride it is
often possible to obtain fair yields of the corresponding o-chloroaldehydes
according to the general scheme (Scheme 6):
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Q,

POCI, cHo  ®scichl, ICHO
DMF ICI THF S+

Scheme 6
Preparation of protected o-mercaptoaldehydes

The formyl group is an electron withdrawing group and, therefore, the
halogen atom in the o-chloroaldehydes is activated towards attack by nucleo-
philic reagents. Scheme 7 gives examples!0 of the types of protected o-mercap-
toaldehydes which we have obtained using sodium t-butylthiolate in dry THF
or DMF:

cHyC S“nckN OHC  cHy CHO
l~ R <} | Y < |
RSy o a e RS S+

it POCl3/DMF; NaSC(CHg)3
Scheme 7
Examples of protected heterocyclic o-mercaptoaldehydes



Downl oaded At: 18:50 29 January 2011

294 J. BECHER

Reaction of such heterocyclic aldehydes with diamines results in forma-
tion of the bis-imines, often in excellent yields. An added advantage of this
method is the relatively moderate melting points and high solubility of the
resulting bis-imines in nonpolar solvents. Normally compounds of such rela-
tively high molecular weight can be expected to have high melting points and
be insoluble, etc. and therefore difficult to work with, Scheme 8 gives an idea
of the difference:

éH:, H3 éH;, Hy
mp. 191-192° C (ethanol) mp. 299-301° C (2—methoxyethanol)
(Yield 88%) (Yield 75%)

Scheme 8

Strong acids as well as Lewis-acids will cleave t-butyl sulfides with
elimination of isobutene. Metal ions such as copper(II) can also function as
Lewis-acids, and consequently, when the bis-imines derived from
ethylediamine shown in Scheme 9 was heated with copper(II) acetate, two
moles of isobutene have evolved giving the corresponding N2Sy-copper(II)-
complexes in high yield!! directly without any redox sidereactions. We
believe that in some cases this may be due to a stepvise elimination reaction:

e Me
CHO CHO
i
N - K
'l‘ cl \ SPu!
R R

/\ Mo e /\ e
TICH:N N=CHI< i CH-N\ /N-CM
N 1 Sn — N et | SN+ 2CHMey
\"‘ Bt Bu's '," e . |
. * A A

i: NaSCMej. ii; Cu?*
Scheme 9
Planar Cu(II) N.S; complexes based on pyrazoles
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With a series of ligands it was now possible to correlate? the cull «—
LMCT (ligand to metal charge transfer) energies with the electron density at
the thiolate sulfur, assuming they all have identical square planar geometry.
The charge density P(c) was derived from the 13C-NMR shift values of the C-
S ring-carbon in the starting t-butylthioaldehydes, the result is shown in
Scheme 10:

P(C)

61} 4

20 22 24 Y kK

Scheme 10
Correlation scheme for the square planar NyS; Cu-complexes.

Scheme 10 clearly demonstrates the versatility of using heterocyclic
systems as building blocks, as the corresponding use of aliphatic or simple
aryl units never would have given rise to such a large variation in the
electronic proporties of the complexes.

In order to prepare complexes with distorted tetrahedral geometry
around the central metal atom we have chosen to use 2,2'-diaminobiphenyls
as the backbone in the ligands. The rationale behind this choice is the large
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distance between the two donor nitrogens giving rise to an opening of the
NCuN angle and hence favouring a more tetrahedral geometry when compa-
red, for example, to the ethylenediamine backbone which was used in Scheme
9.

In some cases the reaction with copper(II) salts only gave low yields of
NaSpy-complexes. An alternative route canl? be used in such cases, as zinc
chloride gives the stable orange crystalline bis-thiones in high yields (Scheme

11):
R »
HO 1 1
2 Nz\’l(c +
Lo
R, | NHz NH,
Ry R
—N N
1)
ZnCly, ) ¢ %ﬂ
R
) Znel,
e OO
‘2o 7 NHHN
' \ Id QS / | ' _S-' 5 |
N [ - N\N
Ry Ry Ry R,
Scheme 11

Preparation of N2S» Zn-complex and the free ligand.

Reaction of the new bis-iminothiones with the copper reagent
(Cu{MeCNy))(BF,) under nitrogen followed by air oxidation gave a new
N3So-copper(Il) complex as violet crystals which were recrystallized from 2-
methoxyethanol in 55% yield. The X-ray diffraction result for this complex is
shown in Scheme 12:
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Scheme 12
X-ray structure of the Cu(II)-complex

From the structure in Scheme 12 it is obvious that in this case we have
obtained a copper(Il)-complex of the required type with a Cu-S distance of
9.245 A which compares well with the average value 2.27 A determined!3 by
EXAFS measurements in cytochrome c oxidase. It is also seen that the S-S
distance 3.105 A for sulfur is relatively short, suggesting partial disulfide
bond formation.

Continued investigation of related ligands as well as preparation of the
corresponding zinc and nickel N2So-complexes have given interesting results,
for example, with 2,2'-diamino-6,6'-dimethylbiphenyl as the backbone in the
ligand, a complex with an even greater twist around the central metal atom!4
is obtained.

Table 1 compiles some of the relevant data for this and a related copper
complex recently reported!® which are compared with some metalloenzymes:
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Table 1

Metal-S Metal-N S-S (distance)
Complex A A A Reference

from Scheme 12
Cu—pyrazol 2.25 1.98 3.11 13

Cytochrome c

oxidase EXAFS 2.27 1.97 17
Plastocyanin

X-tay 2.13 2.04-2.10 16
EXAFS 2.08—2.10

A stable Cu(II)—aliphatic dithiolate complex prepared by
Schugar et al 2.23 2.00 3.4 15

From the results we have obtained it can be concluded that our
methodology allows a systematic variation of electron density at the thiolate
sulfurs along with a variation of the geometry at the central metal atom,
which have given rise to the preparation of a number of unusual new N3So-
transition metal complexes. Furthermore, the msystem in the heterocyclic
building blocks in the ligands does not seem to interfere with the electron
system of the central metal atom, as one might have expected.

We are convinced that ligands in which heterocyclic systems are used as
building blocks offer many advantages in comparison to the use of more
traditional ligands with aliphatic carbon chains linking the donor groups.

We are currently using this approach both in the preparation of unsym-
metrical ligands and in the construction of macrocyclic ligands via bis-alkyla-
tion of the 3-t-butylpyrazoles as shown in Scheme 13:
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Scheme 13
Preparation of a macrocyclic ligand half unit.
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Figure 1
MS of the bis-pyrazole system

Only one main alkylation productlé was obtained due to the steric
contraint from the 3-t-butyl group we have therefore tentatively assigned the
structure shown in Scheme 13, thiolation of this bis-pyrazole system using
sodium t-butylthiolate yielded the bis-(¢t-butylthioaldehyde). It is expected
that a copper(Il)-complex derived from this and related ligands will show
stabilization of a sulfur radical as molecular models show that the two sulfurs
in the resulting complex will be relatively protected by the alkane chain.

A characteristic feature of heterocyclic ¢-butylthioaldehydes is the
relatively low abundance of their molecular ions in the mass spectra due to
the easy loss of isobutene. The mass spectrum seen in Fig. 1 is typical with
the small molecular ion and peaks at m/z = M*-56 as well as at m/z = M*-(2
x 56).
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o-CHLOROALDEHYDES IN HETEROCYCLIC SYNTHESES

The series of heterocyclic o-chloroaldehydes used in the ligand syntheses
described above have allowed us!” to prepare derivatives of the hitherto un-
known thieno[2,3-d]triazole system. Thus reaction of the 5-chloro4-formyl-
triazoles 1 with methyl mercaptoacetate gave the thieno[2,3-d]triazoles,
whereupon hydrolyses and debenzylation gave the expected thieno[2,3-d]tria-
zoles 3 and 4. However, all attempts to prepare the parent unsubstituted
system have failed so far, apparently because this fused thiophene-system is
unstable under the reaction conditions used. Brian Iddon!8 has confirmed this
observation independently.

m—coou i m—com
:

i: mercaptoacetic acid methylester, sodium carbonate. ii: sodium hydroxide(2M).
iii: trifluoro acetic acid, 65° C.

Scheme 14
Preparation of thieno(2,3-d)triazoles

As we had easy access to the heterocyclic o-chloroaldehydes we have
recently investigated the chemistry of a series of stable heterocyclic o-azido-
aldehydes, all prepared from the corresponding o-chloroaldehydes in excellent
yields; some examples are shown in Scheme 15:
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CHO N CHO
e
Cl  DMSO N3

HO
} CHO HO g  CHO
Q0 I O
Scheme 15 & J; R
Heterocyclic o-azidoaldehydes

The high thermal stability found in these o-azidoformyl-azoles may be
due to the type of delocalization shown in Scheme 16:

o — @

3 N\ b
8N

Scheme 16

Molina et al20 have shown that such o-azidoaldehydes are excellent
starting materials for the preparation of new fused pyrimidines. The imino-
phosphoranes which can be prepared in high yields via the Staudinger reac-
tion easily undergoes electrocyclization as exemplified in Scheme 17:

HoC HO
'N' || i
SNEL ]
L

[t 1)

HL. < " “‘ 7
I N I
SN NP
S

&

] g

_'z.g
R

g

s34
¢
t

Reagents: i) NaN3/DMSQ: ii) Arl-NHa: ii) Ph3P; iv) Are-NCO; v) CSg
Scheme 17
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We have also found that the o-azidoaldehydes undergo a new interesting ring
opening-ring closure reaction?! which seems to be general as we have
confirmed so far that it takes place in the pyrazole, pyrrole and indole series.
Thus, reaction of a 2-chloro-3-formyl-1-methylpyrazole with an excess of
sodium azide in DMSO at 90-100° C leads to elimination of one mole of nitro-
gen, the overall reaction is seen in Scheme 18:

Scheme 18
Ring opening-ring closure of a 5-azido-4-formyl-1-methylpyrazole.

A similar rearrangement takes place in the indole series, but this time
the reaction also leads to a nucleophilic tele-substitution at the 5-position in
the indole ring, (Scheme 19):

HO HO N N R
. ]
Lo — Q)< i
H N2 a ~CHj3
R R
b -~CgHs
c CH2(CH2)3CH=CH3
d CH2CgHs

Scheme 19

Scheme 20 shows the ring-opened intermediates which accounts for the
products in these two examples:
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Proposed intermediates for the rearrangement of azides in the pyrazole and

indole series.

THIOLATION REACTIONS IN OTHER HETEROCYCLIC SYSTEMS

I have already explained how the t-butylthiolate can be used as a conve-
nient thiolation reagent in o-chloroaldehydes, but any heterocycle with a
sufficiently nucleofuge halogen will react. Scheme 21 shows some examples in
which the corresponding thioamides were obtained?? either by simple pyro-
lyses or by heating in a solvent with catalytic amounts of aluminum chloride

or p-toluene sulfonic acid.

Scheme 21
Pyrolyses of S-t-butylthioethers.

-y o]
\ﬂ’LSClCN,l,—’ \nuJ\ > T CICHyN,

mp *°C Meihod
Product found (reporied) and sueld
('u,\ n0-289 21194 "a
a1 (IT-179") s
H
Hy
21-203° (266°) ”e
H
D
NH 169-170° (ney 457

@")ﬁ 1%6-178° (71814 oty
$
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We have recently used23 this method for the regioselective introduction
of mercapto groups into 6-phenylpyridazine derivatives. These
mercaptopyridazines would have been difficult to obtain with standard thiola-
tion reactions. Scheme 22 shows a typical example.

X, I, - K
v SnPheH, SNN-chy P SNNcH,
j.
P SNAeH,
Ie
o N SN &
P SNNehy P SNy P SNPeH,

a: (CH3)3CSNa in 2-propanol, b: AlCl3 in toluene, ¢: conc. HCl, e: P5S5 in toluene.

N

Scheme 22
Preparation of mercaptopyridazines

In these series we found that t—butylthio groups at different positions do
not show identical reactivity, this was therefore used in selective S-dealkyla-
tion reactions, and it can be concluded that thiolation using the t-butylthio-
ethers can be expected to be of general value in related heterocyclic systems
as well.

The t-butylthio method may also be used for the preparation of multi-
sulfur ligands as the following examples show. There is currently much inte-
rest in the preparation of multisulfur-containing compounds since the discove-
ry of superconductivity in mixed valence perchlorates of tetrathiafulvalenes
(TTF) and related compounds?4. Metal complexes such as bis(4,5-dimer-
capto-1,3-dithiole-2-thion)-nickel(1I)25 generate salts with TTF which show
high conductivity while superconductivity has been reported26é in the
compound TTF-(Ni(dmit)s)s. Using the methodology described above we
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have prepared?6 a number of 2,3-bis-(t-butylthio)-pyridazines in high yields
(Scheme 23):

R~ 1 Nas$ N +
R I:I:l "':'_ :INI: —+

! 2
1 R 2 R
a H a H
b Ce¢Hs b CeHs
c —~(CH)4— c —(CH)4—
d Cl d SC(CH3)3
Scheme 23

Again it is important to note that the t-butylthio substituted pyrazines
all are good crystalline compounds which are readily soluble in non polar
solvents. Therefore, such compounds are easy to purify, for example via chro-
matography or crystallization. Formation of transition metal complexes from
the t-buthylthiopyrazines in Scheme 23 is straightforward; for example when
2,3-bis(t-butylthio)-pyrazine was refluxed with nickel(II) chloride in 2-me-
thoxyethanol, containing traces of hydrogen chloride, isobutene was readily
eliminated and a dark blue nickel(II) complex precipitated26 (Scheme 24):

R_-N_.S R _N_S

2 II+.N.Q,M L A

R N S+ [} R "‘ s/\
H

2

—

S, /S N =
Scheme 24['15/ ) I ] :)::‘::' i.E I I:j M.
Formation o; nickel complexes.
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The 2,3,5,6-tetrakis(t-butylthio)-pyrazine (Scheme 24, R~=(CHjs)3C)
gave rise to a black polymeric nickel complex?” with nickel(II)-chloride, for
which we suggest a structure which has strong metal-metal and sulfur-sulfur
contacts as shown in Scheme 25:

:3:;( > \S:Cj:\ M D)
5:: IS\ 4/ J:N S\ / IN)
i SI;I»M

Scheme 25
Proposed structure for Ma(ttp) polymers.

The electrical conductivities at room temperature of the nickel and
copper polymers shown in Scheme 25 are approximately 1 and 0.07 S cm1.
These values are approximately 106 higher than those for the corresponding
monomeric complexes, and are indicative of the facile electron transport that
results from polymeric ligands with extensive delocalized 7-systems. The
conductivity process must occur mainly along the polymer chains since the
monomeric complexes conduct to a much lesser extent.
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NOTE

t-Butylmercaptane is a mobile liquid (bp.7eé0 64°C) which has an ex-
tremely low olfactory threshold value with a heavy skunk odor. It is a cheap
chemical (Aldrich 1000ml, 45.10 DM) and it can be used as a tracer for
natural gas and extremely small traces in the air therefore, resembles a gas
leak. All operations with this compound must be carried out in a well
ventilated hood and glasware must be treated with sodium hypochlorite
solution prior to normal cleaning. Mother liquors and possible by-products
must be treated with hypochlorite as well. It is recommended that reaction
mixtures are being kept at the basic side and the use of any excess of t-
butylmercaptane be avoided. When these precautions are followed it is
possible to work with this compound without too much resentment from
other people in the laboratory.



Downl oaded At: 18:50 29 January 2011

308 J. BECHER

REFERENCES

1. D.F. Blair, C.T. Martin, J. Gelles, H. Wang, G.W. Brudvig, T.H.
Stevens and S.I. Chan, Chem. Scr. 21 43 (1983).

2. H. Toftlund, J. Becher, P.H. Olesen and J.Z. Pedersen, Israel J. Chem.
25 56 (1985).

3. J. Becher, D.J. Brockway, K.S. Murray, P.J. Newman and H. Toftlund,
Inorg. Chem. 21 1791 (1982).

4. J. Becher and E.G. Frandsen, Acta Chem. Scand. 330 904 (1976).

5. E. Lippmann, personal communication.

6. J. Becher, C. Dreier and O. Simonsen, Tetrahedron, 35 869 (1979) and
refs. cited herein.

7.  M.D. Brown, D.W. Gillon, G.D. Meakins and G.H. Whitham, J. Chem.
Soc. Perkin I, 1985, 1623.

8. 0. Meth-Cohn and B. Tarnowski, Synthesis, 1978, 56.

9. a. JJ. Pastuszak and A. Chimiak, J. Org. Chem., 46 1868 (1981); b.
T.W. Grene "Protective Groups in Organic Synthesis", Wiley New
York, 1982, 302. o

10. J. Becher, P.H. Olesen, N.A. Knudsen and H. Toftlund, Sulfur Letters,
4 175 (1986)

11. J. Becher, H. Toftlund and P.H. Olesen, J. Chem. Soc. Chem. Commun.
1983, 740.

12. J. Becher, H. Frydendahl and H. Toftlund, unpublished results.

13. O.P. Anderson, J. Becher, H. Frydendahl, L.F. Taylor and H. Toftlund,
J. Chem. Soc. Chem. Commun., 1986, 699.

14. H. Toftlund and J. Becher, unpublished results.

15. P.K. Bharadwaj, J.A. Potenza and H. Schugar, J. Am. Chem. Soc., 108
1351 (1986); have reported an X-ray structure determination for the
complex:

16. J. Becher and N. Krake unpublished results.

17. J. Becher, P.H. Olesen and K. Brgndum, Heterocycles, 24 2299 (1986).

18. B. Iddon, personal communication.

19. J. Becher and K. Brgndum, unpublished results.



Downl oaded At: 18:50 29 January 2011

20.

21.

22.

23.

24.

25.

26.

217.

0-CHLOROALDEHYDES AS SYNTHONS 309

P. Molina, A. Arques, M.V. Vinader, J. Becher and K. Brgndum,
Tetrahetron Letters, 28 4451 (1987).

J. Becher, K. Brendum, N. Krake, K. Pluta, O. Simonsen, P. Molina
and M. Begtrup, J. Chem. Soc. Chem. Commun. 1988, 541.

J. Becher and J. Lundsgaard, Phosphorus and Sulfur, 14 131 (1983).
P.H. Olesen, T. Kappe and J. Becher, J. Heterocyclic Chem. in press.

L. Valade, M. Bousseau, A. Gleizes and P.Cassoux, J. Chem. Soc.,
Chem. Commun. 1983, 110.

M. Bousseau, L. Valate, M.F. Bruniquel, P. Cassoux, M. Garbauskas,
L. Interrante and J. Kasper, Nouv. J. Chem., 8 3 (1984).

J. Becher, C.E. Stidsen, H. Toftlund and F.M. Asaad, Inorg. Chim.
Acta, 121 23 (1986).

R.A. Clark, K.S. Varma, A.E. Underhill, J. Becher and H. Toftlund,
Synthetic Metals, in press.



