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Abstract-Aqueous titanium trichloride reductively removes cyano and halo groups from the correspondingly 
substituted pyridmes by a hvo electron-transfer process and promotes reduction of pyridyl-ketones and aldehydes 
to glycols by one electron-transfer process under very simple experimental conditions. 

We have recently reported’ that 4-cyano- and 2-cyano- 
pyridine are quantitatively and partially reduced to pyri- 
dine respectively on treatment with aqueous titanium 
trichloride. In connection with the increasing interest 
aroused in these last years on the reducing power of 
low-valent titanium species? such as Ti(0) or Ti(II), we 
have extended our research to the reducing properties of 
Ti(III) with regard to heteroaromatic compounds. 

The use of titanium trichloride is attractive since it is 
commercially available and can be used under simple 
experimental conditions. Recently, inter- and in- 
tramolecular coupling of aldehydes and ketones has been 
accomplished by using low-valent titanium reagents 
generated from titanium trichloride with either lithium- 
aluminumhydride or reactive metals4 such as K, Na, 
Li, or Z&u couple. However all these species lead not 
to pinacols but rather to the corresponding olefins 
(Scheme 1). 

Only the use of well defined Ti(II)-complexes allowed 
Corey et al’ to succeed in coupling aliphatic and aroma- 
tic carbonyl compounds to glycols. It has also been 
reported6 that low-valent titanium species reductively 
remove halogen atoms from both sp* and sp3 hybridized 
organic halides. Titanium trichloride, certainly a milder 
reducing agent, promotes the same reductive reaction of 
electron-poor substrates such as heteroaromatic bases, 
namely it can be used to advantage for both the reduc- 
tive decyanation or dehalogenation of cyano- and halo- 
pyridines, and the pinacolic reduction of pyridinealde- 
hydes and ketones. 

RMJLlS AND DISCUSSION 

Decyanation and dehalogenation 
The facile and quantitative reduction of heterocyclic 
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N-oxides by aqueous titanium trichloride has been adap- 
ted as a titrimetric method for the determination of these 
substances,’ but several compounds require the presence 
of complex forming agents during the reaction to bring 
ahout complete reduction of the N-oxide groups. The 
reducing power of TifJII) is reported* to be greater in 
acetate (PH 5.5) than in citrate (PH 5.9) medium. Ac- 
cordingly we have found’ that Ccyano-pyridine is quan- 
titatively reduced to pyridine only when acetic acid is 
present in hydrochloric acid medium while in the 
presence of citrate, yields range between 78 and 93% and 
never exceed 52% in the absence of complex-forming 
agents. 

The best experimental conditions found’ for Ccyano- 
pyridine have been used to accomplish the reduction of 
all the other substrates investigated. Pyridine is the only 
reaction product according to Scheme 2. 

Yields are highly dependent on both X-group position 
in the ring and its nature. The results obtained are 
summarized in Table 1. 

Both the reactivity orders observed (X-group position: 
4 > 2 S= 3, and X-group nature: 4-CN > 4-Br 3 4-Cl) are 
consistent with a mechanism (Scheme 3) involving for- 
mation of the intermediate radical 1 by a lirst electron- 
transfer to the substrate by Ti(II1). In fact, the ease of 
formation and the stability of 1, depending on whether 
the X-group position in the ring or its electron-withdraw- 
ing natureP is in accordance with the observed reactivity 
trends. 
The further reduction of radical 1 to the anion 2 by a 
second electron-transfer is in relation with (a) the elec- 
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Table 1. Reductive decyanation and dehalogenation of substituted cyano- and halo-pyridines by titanium trichloride 
in acetic acid 

Substituent Uolar ratio Yields8 Yieldab X 
X X-Py / Ti(III) X Pyridine based on TiClj 

4-CN 

4-CN 

2-CN 

3-CN 

2,4-diCN 

1:l 

1:2 

1:2 

1:2 

1:2 

50 

quantitative 

70 

0 

100 (2-CN-Py) 

quantitative 

quantitative 

70 

0 

quantitative 

2,4-diCN 
56 (P-CN-Py) 

44 (PY) 
77 

4-Br 1:2 70 70 

2-Br 1:2 12 12 

3-Br 1:2 0 0 

4-Cl 1:2 43 43 

a . 
Yields based on starting X-Pyridine determined by GLC analysis with the inter- 

nal standard method for comparison with authentic sample. 

b 
Considering two-electron transfer per mole of X-Pyridine. 

tron affinity of 1, and (b) the redox potential of Ti3+/Ti4+ 
system, which are both closely pH dependent. (a) The 
second half-wave potentials (E,,J of the corresponding 
N-ethylpyridinium iodides can be taken as a measure of 
the electron affinity of 1. The electrochemical reduction 
of the N-ethyM-cyanopyridinium salt, investigated by 
Kosower et aI.” shows two polarographic waves in basic 
solution; a reversible one electron reduction at - 0.87 V 
(SCE) and a pH dependent second wave at - 1.16 V 
(pH = 8.5). The rate of the base catalyzed elimination of 
the cyano group is markedly increased*’ at a pH more 
basic than 8.5. (b) The reducing power of Ti(II1) is also 
strongly pH dependent according to the equation:‘* 

dropwise addition of diluted NaOH solution into the 
starting mixture, and it has been verified that, monitoring 
the reaction by means of a pH-meter, no or very little 
decyanation occurs at pH G 7. 

This evidence allows us to consider that either the 
electron-transfer to 1 takes place at pH>7 and the 
dihydrointermediate 3 gives pyridine afterwards via base 
catalyzed i,4-elimination of HCN, or that 3 once formed 
at pH G 7 undergoes 1Pelimination only at higher pH. 

The conversion of 1 directly to 3 by hydrogen ab- 
straction from the solvent is rather unlikely because of 
the lack of hydrogen-atom donor ability of the reaction 
medium. 

E. = 0.029 - 0.236 pH - 0.0591 Ig T?’ Reductive pinacolic coupling 

for the reaction: 

T?’ + 2H20+Ti0, + 4H’ + e- 

in which Ti(IV) is present as insoluble hydrated bioxide. 
The increase in the reducing power of Ti3’/Ti4’ sys- 

tem by increasing the pH may be required to make the 
reduction of the substrate, and especially of the radical 1, 
thermodynamically possible. In fact, experimental evi- 
dence that oxidation of Ti(II1) to Ti(IV) does not occur in 
the starting solution (0.01 mole of 4-cyanopyridine and 
0.02 mole of aqueous titanium trichloride in acetic acid at 
pH = 0.2-0.3) is given by spectrophotometric titration of 
Ti3+ in the mixture. Such oxidation takes place only by 

The reductive dimerization of pyridineketones to the 
corresponding pinacols have been widely investigated 
with respect to their pinacol-pinacolone type rearrange- 
ments13 which give, as major product, the pyridyl analogs 
of Amphenone B (Scheme 4). 
Since several compounds in this series possess valuable 
and specific adrenal cortical inhibitory activity, photo- 
chemical, electrochemical, and metal reduction have 
been alternatively employed to prepare these dio1s.‘3.‘4 
We now show that aqueous titanium trichloride is an 
excellent synthetic alternative to the above methods for 
the reductive pinacolization of carbonyl heteroaromatic 
compounds such as 2- and 4-pyridinealdehydes, and 2- 
and 4-pyridineketones. 

The reaction takes place under very simple experi- 
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mental conditions by dropwise addition of aqueous 15% 
titanium trichloride solution to the solution of the 
heteroaromatic substrate in acetic acid at room tem- 
perature under nitrogen. The dials are either directly 
recovered from the reaction mixture as insoluble hydro- 
chlorides, or separated with adequate procedure owing to 
their limited solubility in most solvents (see experimental 
section). The pinacols are formed as a mixture of meso 
and d! forms. Yields and dl/meso ratios are reported in 
Table 2. It should be underlined that among the methyl- 
pyridyUtetones and pyridylaldehydes investigated, the 
3-isomers do not undergo bimolecular reduction under 
the experimental conditions for which the 2- and 4- 
isomers give the corresponding dials in very good yields. 
A comparable effect has been observedI in the con- 
siderably lower rate of photochemical bimolecular 
reduction of 3acetylpyridine with regard to that of 2- 
and 4acetylpyridine. 

A mechanism consistent with the observed reactivity 
order (&R-CO- > 2-R-W- B 3-R-W-; R = H, CH,) is 
shown in Scheme 5. The radical anion 4, formed by the 
uptake of one electron from Ti3+, is converted into the 
radical 5 by proton abstraction from the solvent. This 
intermediate 5 is a long-lived captodative radica!15 which 
enjoys particular stabilization being simultaneously sub- 
situated by a donor (-OH) and acceptor (Py-H’) group 
and dimerizes to the corresponding pinaco! owing to its 
high concentration even in a protic solvent such as the 
reaction medium. Diierization of 4 to the corresponding 
dianion would be unimportant in acidic media.16 The 
ease of formation and the life time of 4, and sub- 
sequently of 5, are responsible for the observed reac- 
tivity trends. The 4-, 2-, and 3-pyridy! residues differently 
in!Iuence the redox potential of the carbony! group, and 
hence the formation and stability of 5. In fact the half- 
wave potentials (EI12 V vs SCE) of the corresponding 4-, 

2-, and 3-acetyl-N-methylpyridine iodides (-0.70, -0.76 
and -0.89V respectively?, which can be taken as a 
measure of the redox potential of the keto group, clearly 
indicate that 3-acetylpyridine is the least reducible 
isomer. The lower captodative character of 5 in the case 
of the 3-pyridy! derivatives may also justify the reac- 
tivity trends. 

Rengenfs. All chemicals employed (except for 2,4dicyanopy- 
ridine) were either reagent grade or the best research grade 
obtainable, and were further purified by conventional techniques 
when necessary. f+Dicyanopyridine was prepared according to 
the procedure of Feely ef al., ” but in contrast with this report, 
2cyano4amidopyridine was predominantly obtained. Only sub- 
sequent dehydration over phosphorus pentachloride afforded the 
desired product (co 30% yield). 

Analysis. All melting points are uncorrected and were deter- 
mined by Kofler melting block. IR spectra were recorded on a 
Perkin-Elmer 177 spectrometer. Mass spectra were taken on a 
Hitachi-Perkin-Elmer RMUdD spectrometer at 70 eV. ‘HNMR 
spectra were recorded on a Varian A-90 instrument with Me& 
as internal standard (6 is 0 ppm). GLC analyses were performed 
on a Hewlett-Packard 5750-G instrument with a Bow rate of 
30 ml min-’ Nz. For preparative chromatography (TLC) 2 mm 
Merck Kieselgel GF-254 plates were used, eluting with hexame- 
ethyl acetate, 7 : 3. 

Decyanation and dehalogenalion. General procedure 
To a well-stirred solution of the substituted pyridine (10 mmol), 

acetic acid (IOml), water (IOml) and 15% aqueous titanium 
trichloride solution (ca 18.5 ml, 20 mmol) a sodium hydroxide 
solution was added dropwise at 0°C under nitrogen until a sharp 
colour change form dark blue to white occurred indicating that 
basic pH (l&11) was reached. The resulting suspension was 
extensively washed with chloroform. The combined extracts 
were washed with water, dried over anhydrous sodium sulphate, 
concentrated in uacuo and analyzed by GLC (5 ft X l/g-in column 
packed with 10% Carbowax 20M). Pyridine was the only reaction 

OH 
I OH 

R = H. CH, (meso. dl) 

Scheme 5 

Table 2. Reductive pinacolization of carbonyl heteroaromatic substrates by titanium trichloride in acetic acid 

Substrate 4-CHO-Py Z-CHO-Py 4-CH3CO-Py 2-cti3co-Py 

Yielda X 82 78 86 72 

dllmeso ratio 0.5b 0.F l.ld 1.7c 

aX of isolated product.based on starting heteroaromatic substrate, 

b 
The ratio is approximate because of the different solubility of the two stereo- 

isomers into the same solvent, and besides the IWSO isomer is converted to the 
dl form during recryrtellization16. 

c 
Determined by NM( spectroscopy 19 . 

d 
Neso and 31 identities assigned on the basis of m.p. and crystalline forms 16 . 
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product. Yields were determined with the internal standard 
method by comparison with authentic sample. When yields based 
on titanium trichioride were not quantitative (see Table 1) the 
dark blue colour remained persistent even at basic pH and 
disappeared only on standing of basic solution to air. 

Pinacolic reduction. General procedure 
To a well-stirred solution of the substrate (20 mmol) in glacial 

acetic acid (10ml) at room temperature under nitrogen a 15% 
solution of aqueous titanium trichloride (ca 18.5 ml, 20mmol) 
was added dropwise during 10 min. The first 8-10 ml of titanium 
trichloride solution were immediately discharged while the 
remaining were much slower decoloured. The reaction mixture 
was allowed to react for 7 h at room temperature under nitrogen, 
during which the titanium trichioride colour was still barely 
maintained in the reaction flask. Because of the different solu- 
bility of the pinacolic products in the reaction medium and in 
most common organic solvents, the respective procedures for 
their isolation are given. 

2,3-Di(4-pyridyl)-2,3-butanediol. By adding 200 ml of acetone 
to the reaction mixture, a thick oil separated at the bottom of the 
flask which, on standing, slowly turned to a yellow crystalline 
solid. The solution was decanted and the solid was triturated with 
cold ethanol. Upon filtration, 1.3 g of 2,3-di(4-pyridyi)-2,3-butane- 
diol dihydrochloride was obtained as light yellow crystalline 
product, m.p.200-SoC decomp (fraction A). The combined solu- 
tions of acetone and ethanol were reduced to a small volume (ca 
30 ml) under vacuum and added with 20 ml 30% di-ammonium 
citrate solution. The pH of the resulting mixture was adjusted to 7--8 
by adding a 10% sodium hydroxide solution. A very fine white 
powder precipitated which, upon filtration and washing with 
water/acetone, weighed 1.1 g (fraction B). The ammonium citrate 
solution was added to prevent the hydrolytic precipitation of 
Ti(IV)-bioxide hydrate. Fraction A: when the dihydrochioride was 
dissolved in water and the solution basified with saturated aqueous 
sodium carbonate, the free base precipitated from the solution in 
quantitative yield (I g, 41%) as chunky colourless crystals. This 
compound had m.p. 210-2°C, Lit TM 209-11°C, IH NMR (DMSO) 8 
1.25 (s, 6H, 2CH3), 5.32 (s, 2H, 2OH, exchanged with D20), 7.50 (dd, 
4H, Py-H¢~, 8.50 (dd, 4H, Py-H~). Fraction B: upon recrystal- 
lization from aqueous ethanol, a lower melting form of 2,3-di(4- 
pyridyl)-2,3-butanediol was obtained in 45% yield. This compound 
had m.p. 190-5°C, Lit 13 182-9°C, 1H NMR(DMSO) 8 1.62 (s, 6H, 
2CH3), 5.50 (s, 2H, 2OH, exchanged with DzO), 7.10 (in, 4H, 
Py-H¢~)), 8.27 (m, 4H, Py-H¢~)). Overall yield of the higher and 
lower melting forms of the pinacols was 86% based on the starting 
4-acetylpyridine which is recovered after chloroform extraction of 
the basic solution along with methyl(4-pyridyl)carbinol 0ess than 
2%). The diastereoisomer having the higher melting point is 
costumarily designated the meso form: for eight different dias- 
tereomeric pairs of pinacols, the dl-form has consisted of fine, silky 
needles while the meso form was composed of either fat needles or 
chunky crystals? 6 

2,3-Di(2-pyridyl)-2,3-butanediol. The reaction mixture was 
poured onto ice and made slightly alkaline with a 20% aqueous 
sodium hydroxide solution, then extracted three times with 
chloroform. The combined extracts were washed with water, 
dried over anhydrous sodium sulphate and evaporated to dryness 
under reduced pressure. The residual solid (2.1 g) was chroma- 
tographated (TLC, eluting with hexane/ethyl acetate, 7 : 3) to 
give the unreacted starting material and two fractions. Fraction A 
afforded the meso-isomer of 2,3-di(2-pyridyl)-2,3-butanediol as 
chunky white crystals after recrystallization from hot heptane. 
This compound had m.p .  142-3°C, Lit ~6 140-2°C, 
tHNMR(CDCI3) 8 1.27 (s, 6H, 2CH3), 7.25 (s, 2H, 2OH, 
exchanged with D20), 7.05-8.60 (m, 8H, Py-H). Fraction B 
afforded the dl-isomer of 2,3-di(2-pyridyl)-2,3-butanediol as fine 
needles after recrystallization from pentane. This compound had 
m.p. 140--2°C, Lit 16 140-2°C, 'HNMR(CDCI3) 6 1.68 (s, 6H, 
2CH3), 6.98 (s, 2H, 2OH, exchanged with D20), 6.75-8.25 (m, 8H, 
Py-H). The dl/meso ratio Is (i.7) and yields (82%) were directly 
determined on the crude material by a comparison of a peak 
heights of the methyl groups of the two diasternoisomers and the 

methyl group of the unreacted 2-acetylpyridine respectively. 
Yield based on the starting 2-acetylpyridine was 72%. 

1,2-Di(4-pyridyl)-l,2.ethanediol. A first crop of 1,2-di(4-pyri- 
dyl)-l,2-ethanediol dihydrochloride precipitated directly from the 
reaction mixture as an insoluble white powder. The crude 
material was collected, washed with acetone and dried (fraction 
A, 1.5 g). Addition of 100 ml of acetone to the filtrate of fraction 
A afforded a second crop of the dihydrochloride as a thick oil, 
which solidified on standing at the bottom of the flask. The solid 
was filtered off, washed with cold ethanol and acetone (fraction 
B, 0.8 g). Fraction A was dissolved in water, neutralized with 
aqueous sodium carbonate and the free base precipitated in 
quantitative yield (1.1 g) as white powder. Upon recrystallization 
from aqueous ethanol, culourless octahedrons were obtained. 
The m.p. 211-3°C is in agreement with that of the meso-form of 
1,2-di(4-pyridyl)-l,2-ethanediol (Lit20 214°C). This compound 
had ~H NMR(D20) 8 5.32 (s, 2H, 2CH), 8.00 (dd, 4H, Py-Hte~), 
8.80 (dd, 4H, PY-Hca); IR(nujol) A~,,x 3230 cm ~- (OH). Fraction B 
was dissolved in water and neutralized with saturated sodmm 
carbonate solution. On standing, very fine silky needles crystal- 
lized from the solution (0.6g). The m.p. 178-80°C was in 
agreement with the dl-form of 1,2-di(4-pyridyl)-l,2-ethanediol 
(Lit 20 178-80oC). This compound had IH HMR(DMSO) 8 4.70 (d, 
2H, 2CH), 5.60 (d, 2H, 2OH, exchanged with D20), 7.14 (dd, 4H, 
Py-I-~j), 8.35 (dd, 4H, Py-Ho,~). Overall yield based on starting 
4-pyridiuealdheyde was 82%. 

1,2-Di(2.pyridyl)-l,2.ethanediol. The reaction mixture was 
made alkaline with 20~ sodium hydroxide solution and extracted 
three times with 250ml portions of ethyl acetate. The ethyl 
acetate solution was dried over anhydrous sodium sulphate and 
concentrated in vacuo. The ~H NMR spectrum of the crude 
extract afforded the meso diol in 45%, and the dl isomer in 33% 
yield, along with 22% of 2-hydroxymethylpyridine. No starting 
material was detected by ~H NMR. The meso isomer was directly 
recovered from the ethyl acetate solution upon concentration as 
yellow powder (0.8g), which, after recrystallization from 
acetone, melted at 156-7°C (Lit. 2~ 156°C). This compound had 
~HNMR(CDCI3) 8 4.96 (s, 2H), 5.4 (s, 2H, 20H, exchanged with 
I~O), 7.1-8.7 (m, 8H, Py-H). The dl isomer was separated by 
TLC (eluting with bexane/ethyl acetate, I : l). After recrystal- 
lization from 50% aqueous ethanol, this compound melted at 
92-3°C (Lit. 22 92-3°C) and had JH NMR(CDCI3) & 5.2 (s, 2H), 5.4 
(s, 2H, 2OH, exchanged with I)20), 7.1-8.7 (m, 8H, Py-H). 
Overall yield based on starting 2-pyridinealdehyde was 78%. 
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