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Copper(ll) Catalysis in Cyanide Conversion into Ethyl Carbamate in

Spirits and Relevant Reactions
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The role of copper(ll) species in the oxidation of inorganic cyanide to cyanate and in the conversion
of cyanate or urea into ethyl carbamate was investigated. The oxidation process has been shown to
be independent from the dissolved oxygen. Elemental analysis and infrared spectroscopy have shown
the formation of a mixed copper carbonate/hydroxide in the process of oxidation of cyanide to cyanate
in water/ethanol. The complexation to Cu'! of cyanate formed upon cyanide oxidation makes the
former more susceptible to nucleophilic attack from ethanol, with conversion into ethyl carbamate.
Comparatively, urea has a minor role with respect to cyanide in the formation of ethyl carbamate.
Therefore, the urea present in some samples of Brazilian sugar cane spirit (cachaga) has been shown
to have almost no influence on the ethyl carbamate content of cachacas, which comes essentially
from cyanide. Fe''"'! affords results similar to those found with Cu''. Some suggestions are presented
to avoid ethyl carbamate formation in spirits during distillation.

Keywords: Cyanate; cyanide; urea; ethyl carbamate; spirits; alcoholic beverages

INTRODUCTION

Ethyl carbamate or urethane (molecular formula
H2NCOOC;Hs; CAS Registry No. 51-79-6) is the ethyl
ester of carbamic acid and is industrially obtained by
the direct reaction of urea with ethanol (eq 1) (1). Ethyl

NH,CONH, + EtOH — EtOCONH, + NH, (1)

carbamate naturally occurs in fermented food products
(2) such as bread, cheese, yogurt, and alcoholic bever-
ages at micrograms per liter levels. Alcoholic beverages,
mainly spirits such as whiskey, brandy, grappa, and
cachaca (Brazilian sugar cane spirit), show the highest
ethyl carbamate content, which in some cases reach
levels as high as several hundreds of micrograms per
liter.

Because ethyl carbamate has been shown to be a
potential carcinogen when administered to animals (3),
in 1985 regulations to limit its amount in beverages
were established in Canada (4). The ethyl carbamate
level is restricted to 30 ug/kg in table wines, 100 x«g/kg
in fortified wines, 150 ug/kg in distilled spirits, and 400
ug/kg in fruit brandies and liqueurs. These guidelines
have been used as a reference in other countries, which
do not have a specific legislation on this issue. However,
the food industry is paying more and more attention to
keeping the ethyl carbamate level in their products to
as low as possible.

Research about the genesis of ethyl carbamate in food
began in the early 1970s (5). Its formation from diethyl
carbonate, a food additive used for controlling microbial
activity, by reaction with ammonia present in wine was
proposed (eq 2).
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(Et0),CO + NH, — EtOCONH, + EtOH  (2)

This is not the only way to form ethyl carbamate. As a
matter of fact, ethyl carbamate may be formed following
different pathways, according to the nature of the food/
beverage considered and the precursors available in the
raw material.

In fact, in later studies the formation of ethyl car-
bamate in wine was correlated to the concentration of
urea and the concentration increased substantially with
increasing temperature (6). The majority of the urea
produced in wine comes from the arginase-catalyzed
degradation of arginine (7). High urea levels can occur
in wines produced from grapes with high arginine
contents. Such grapes tend to come from vineyards
heavily fertilized or displaying high vigor (8).

Carbamyl phosphate (CP) produced by yeast (Sac-
charomyces cerevisiae) can react with ethanol to gener-
ate ethyl carbamate in wine (eq 3). CP comes from the

0,P(O)OC(O)NH,” + EtOH —
EtOCONH, + HPO,*™ (3)

arginine synthesis catalyzed by carbamyl synthase
involving ATP, CO,, and ammonia (9). Intermediates
such as O,P(O)OC(O)NH,~ are easily formed also in
vitro (10).

Azodicarbonamide, used as a blowing agent in beer
bottle cap liners and as a bread improver, has been also
suggested as an ethyl carbamate precursor (11). Inter-
estingly, the ethyl carbamate level in these food prod-
ucts does not reach quantities >10 ppb. Therefore, such
routes are unlikely to generate the whole amount of
ethyl carbamate found in spirits.

The formation of ethyl carbamate in spirits can occur
before, during, and after the distillation process (12).
The formation before the distillation probably follows
the same pathway discussed above and proposed for
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wines, but its contribution to the final amount is not
significant, because ethyl carbamate has a boiling point
of 185 °C and the distillation process removes almost
all ethyl carbamate formed (13).

Cyanide ion has been indicated as the most important
ethyl carbamate precursor in spirits (12). It is formed
by enzymatic action and thermal cleavage of cyanogenic
glycosides such as epiheterodendrin in barley (13) and
amygdalin in stone fruits (1). Sugar cane (Saccharum
officinarum L.), the raw material for Brazilian cachaca,
is classified as cyanogenic crop, but its cyanide source
is yet unknown (14).

Two chemical pathways have been proposed to be
most likely to occur for the formation of ethyl carbamate
from cyanide. The first is based on the complexation of
cyanide to Cu'' followed by its oxidation to cyanogen,
with subsequent disproportionation to cyanate and
cyanide (15). Cyanate may react with ethanol to form
ethyl carbamate (Scheme 1). Copper most likely is
released from the distillation apparatus, upon corrosion.

Scheme 1
2Cu'" + 4CN™ — 2Cu(CN), (4)
2Cu(CN), — 2CuCN + C,N, (5)
C,N,+20H —NCO™ +CN +H,0 (6)
NCO~ + EtOH + H" — EtOCONH, (7)

Different copper(l) cyanide species [CUCN, Cu(CN),™,
Cu2(CN);~, and Cus(CN),~] were detected in the pot still
apparatus (13), supporting the idea that the formation
of ethyl carbamate could start during the distillation
process. The second pathway is based on self-oxidation
under UV light of unsaturated compounds present in
alcoholic beverages (16), which produce free radicals
(organic or hydroperoxides), which catalyze the oxida-
tion of cyanide to cyanate (Scheme 2).

Scheme 2
initiation period
—CH,CH=CH- + 0, — —'CHCH=CH- + HOO"
propagation period ®)
‘CHCH=CH- + O, — —("OO)CHCH=CH—- (9)
self-oxidation period
—('0O0)CHCH=CH—- + —CH,CH=CH— —
—(HOO)CHCH=CH- + "CHCH=CH- (10)
—(HOO)CHCH=CH~- — —("O)CHCH=CH- + "OH
hypothesized formation of ethyl carbamate (1)
HC=N + ‘'OH — —'C=N + H,0 (12)
HC=N + HOO® — —°'C=N + HOOH (13)
HOOH — 2HO" (14)
—'C=N + "OH — HOC=N < O=C=NH (15)
O=C=NH + EtOH — EtOCONH, (16)

The factors influencing ethyl carbamate formation
from cyanide are pH, light, ethanol content, tempera-
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ture, vicinity of carbonyl groups in organic molecules,
and concentration of Cu' ions in the beverage (1, 17).
Some authors have proposed pathways other than CN~
for the formation of ethyl carbamate in spirits. The
reaction of proteins with ethanol catalyzed by Cu'! ions
is an example (18), but attempts to reproduce such
experiments were unsuccessful. Another proposal con-
siders cyanic acid released directly from thermal de-
composition of urea present in the must (19).

In fact, cyanate and its tautomeric form isocyanate
have been indicated as intermediates of ethyl carbamate
formation from the reaction of ethanol with urea (eq 16),
cyanide, and CP (20). However, a first-order Kinetics
was reported for the decomposition of isocyanate and
zero-order kinetics for the formation of ethyl carbamate,
indicating an intermediate reaction for converting cy-
anate into ethyl carbamate (19). However, all ethyl
carbamate in the distillate is formed at ~24—48 h after
the distillation (17, 21).

Several factors still require research to elucidate the
reaction that generates ethyl carbamate from nitrogen
precursors in spirits and the role of metal ions (Cu,
others). The aim of the present study is twofold. First
was to ascertain if O, (which may start the radical
mechanism, Scheme 2) dissolved in the beverage has
any effect on ethyl carbamate formation, and second was
to elucidate the role of Cu' ions as catalyst for the
conversion of cyanate into ethyl carbamate, independent
of the source of cyanate (inorganic or organic cyanide).

MATERIALS AND METHODS

The conversion of cyanide into ethyl carbamate solution
under an atmosphere of nitrogen, carbon dioxide, or oxygen
was carried out in 20 mL hermetic vials containing 5 mL of
an aqueous ethanol (30% EtOH) solution of CuSO, (20 mM).
Three solutions were saturated with N, CO,, and O, respec-
tively, and then 260 uL of KCN (1.94 M) was added. The vials
were incubated for 8 h at 80 °C, and then the solutions were
spiked with cyclohexanol (internal standard) and analyzed for
ethyl carbamate by GC-FID, as described below.

After the solutions had been heated, a precipitate was
formed in all vials. To verify the presence of cyanate groups,
these precipitates were separated, washed with diethyl ether,
and dried under vacuum at ambient temperature. An FT-IR
Perkin-Elmer 1710 spectrophotometer was used to record the
infrared spectra.

The Cu" catalysis in the oxidation of cyanide into cyanate
and subsequent conversion of the latter into ethyl carbamate
was demonstrated by carrying a check assay in the absence
of Cu''. In this case no reaction was observed.

The influence of Cu' on the reaction of ethanol with cyanate
was studied using 20 mL vials charged with 5 mL of agqueous
ethanol (30%) solution, KOCN (6.7 mM), with CuSQO, (0.7, 1.4,
2.7, 6.7, and 13.4 mM). The solutions were incubated for 4 h
at 80 °C and then spiked with cyclohexanol (internal standard)
and analyzed for ethyl carbamate by GC-FID. The same
procedure was performed with FeSO,4-7H,0 and FeCls, respec-
tively, in concentrations of 3.0, 6.0, and 12.0 mM.

The effect of Cu'' ions in the reaction of ethanol with urea
was investigated using 20 mL vials charged with 5 mL of
aqueous ethanol (30%) solution of urea (30 mM) and 0.0, 10,
and 20 mM CuSOy, respectively. The vials were incubated for
4 h at 80 °C, and then the solutions were spiked with
cyclohexanol (internal standard) and analyzed for ethyl car-
bamate by GC-FID.

Because of the difference between the two matrices analyzed
by GC-FID (synthetic solutions and commercial cachagas), two
distinct procedures for the analysis have been implemented
using an HP-5890 gas chromatograph. The synthetic solutions
were analyzed using a capillary column Altech Heliflex
AT-1000 (30 m x 0.2 mm x 0.33 um) with the following oven



Cu" Catalysis in Cyanide Conversion into Ethyl Carbamate

Table 1. Ethyl Carbamate Content Determined in the
Reaction between Aqueous Ethanol (30%) and the
Product of KCN (0.10 M) Oxidation in the Presence of
CuSO4 (20 mM) under an Atmosphere of O, N2, or COz?

atmosphere ethyl carbamate content (ppm)
02 15.8 + 0.8
N2 13.1+14
CO, 16.4 £ 0.6

agach value is the average of five measurements.

temperature program: 70 °C for 1 min and then a temperature
increase of 25 °C/min to 185 °C. The commercial cachagas were
analyzed using two capillary columns with different polarities
connected in a serial arrangement: HP-ULTRA-1 (25 m x 0.2
mm x 0.33 um) and HP-FFAP (50 m x 0.2 mm x 0.33 um);
the temperature program was from 70 to 185 °C at an increase
of 1 °C/min and then at 30 °C/min to 230 °C. In both
methodologies the temperature of the injection and detection
blocks was kept at 250 °C, He was used as carrier gas, and
head column pressure was 200 kPa with splitless mode
injection (2.0 uL samples were injected).

The cachaca samples were concentrated by the addition of
50 mL of the beverage in a separator flask with 25 mL of
aqueous solution of KCI (300 g/L) followed by two successive
extractions with methylene chloride/ether (4:1). The organic
phases were combined and evaporated under vacuum at 40
°C to 5 mL and injected in the gas chromatograph. The
recovery was better than 95%, and the reproducibility was 96%
(n=5).

Cyanide was analyzed with the modified Konig reaction (22)
using pyridine and barbituric acid. Urea has been analyzed
using the phenolic colorimetric method (23). Standard solu-
tions of ethyl carbamate were prepared at 10, 50, 100, 300,
500, 800, and 2000 ppb and used for calibration and quantify-
ing the species in real samples by GC-FID. The limit of
detection is 20 ppb. GC-MS was also used as control (fragment
m/z 62) of the nature of the target compound. The GC and
GC-MS were equipped with the same column (see above). The
quantification of commercial samples has been performed
without internal standard to avoid coelutions with other
compounds.

RESULTS AND DISCUSSION

Table 1 reports the amount of carbamate formed from
cyanide under O, Ny, or CO, atmosphere in the pres-
ence of Cu'". There is not a significant difference in the
amount of ethyl carbamate formed in the reaction of
ethanol with oxidized cyanide in the presence of Cu''.
This result confirms that the oxygen dissolved in
solution does not contribute significantly to the direct
oxidation process of cyanide. From this result it is
proposed that cyanate is formed according to reaction
17 more than reaction 18. This rules out a substantial
contribution of the radical mechanism (eqs 8-—16),
supports a coordination chemistry for the oxidation of
cyanide, and confirms the key role of the metal ions.

CN™ 4+ 20H™ +2Cu'" — CNO™ + 2Cu' + H,0 (17)
CN™ +',0,— CNO~ (18)

The precipitate resulting from each of the three
reactions was isolated and characterized as copper
cyanate mixed with carbonate/hydroxide derivatives.
The infrared spectra (Figure 1) show that there is a split
band nearby 2200 cm~1, which is attributed to the vas
of the NCO~ in the cyanate—Cu'"' complexes (24).

The weaker intensity of the band nearby 2200 cm~?
in the product isolated from the solution saturated with
CO;, (Figure 1B) can be explained on the basis of the
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Figure 1. IR spectra of the precipitate from the reaction

between KCN and CuSO, in aqueous ethanol (30%) solution
under an atmosphere of O; (A), CO; (B), or N, (C).
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Figure 2. Influence of Cu'' on ethyl carbamate formation in
aqueous ethanol solution (30%) of KOCN (6.7 mM) (4 h at 80
°C). Each value is the average of three measurements.

influence of pH of this solution (pH 4.25) on the
conversion of cyanide into cyanate. The other two
solutions have a higher pH (pH 6.45) and consequently
a higher concentration of the hydroxyl ions necessary
for cyanide oxidation.

This finding clearly shows that the oxidation of
cyanide to cyanate does not need oxygen and, most
probably, does not imply the formation of cyanogen,
which is not formed, not even in traces, in the solution.

Although it has been suggested that the inorganic
cyanate, independent of its source, plays a central role
in the ethyl carbamate formation in alcoholic beverages,
the Cu" influence on the cyanate conversion in ethyl
carbamate has not yet been established. Figure 2 clearly
shows that ethyl carbamate formation from ethanol and
cyanate is dependent on the Cu'' concentration.



2822 J. Agric. Food Chem., Vol. 49, No. 6, 2001

Figure 3. Structure of a cyanate—copper(ll) complex.

Table 2. Influence of Copper Species on the Reaction of
KOCN (12.1 mM) with Aqueous Ethanol (30%) (4 h at
80 °C)a

ethyl carbamate

copper species [mM] formed (ppm)

no catalyst 83.0+ 2.9
CuCO03 [0.0202] 94.4 + 3.7
Cu(OH)2[0.0195] 821+7.1
CuCl/0,[0.0360] 313+ 14
CuClI/N,[0.0181] 321 +16
Cu(OOCCHj3), [0.0228] 342 +£ 23

a Each value is the average of three measurements.

Such an effect can be explained by considering that
the coordination of cyanate to Cu'' occurs through the
nitrogen atom, forming a binuclear structure (Figure 3).
In such a way, the carbon atom tends to be more
positive, favoring the nucleophilic attack from the
oxygen of ethanol. Equations 19 and 20 show the
formation of the carbamate from cyanate mediated by
Cu',

nN=CO™ + Cu®*" — Cu(N=C=0),#"* (19)

Cu(N=C=0),*™™" + EtOH + H" —
EtOCONH, + Cu(N=C=0)_,® """ (20)

If the solution is heated for a long time, a dark
precipitate is formed in the vial. It has been isolated
and analyzed by infrared spectroscopy and elemental
analysis (C, H, N, Cu, and K). Analytical and spectral
IR data show it to be CuCO3-Cu(OH),. The band at 2200
cm~1 is absent in the infrared spectrum of the solid.
According to our results, neither copper species (carbon-
ate or hydroxide) is a good catalyst for the ethyl
carbamate formation (Table 2), explaining why the
catalytic potential of copper decreases with time in vitro.
However, such deactivation is not a limiting step in the
ethyl carbamate formation in spirits because their
average Cu'' content is ~5 ppm, whereas that of the
cyanate, when detected, is ~15 ppb (21).

As discussed above, oxygen is not directly implicated
in the oxidation of cyanide into cyanate. Most likely it
is implicated in the subsequent oxidation of Cu' into
Cu'l, a reaction well-known to occur in several industrial
processes catalyzed by Cu'' (25). However, Cu'' is
implicated in both the oxidation of cyanide into cyanate
and in the conversion of the latter species into urethane.
The catalytic effect of Cu'' is demonstrated by the fact
that a solution of KCN in aqueous ethanol is converted
into KOCN first and then into urethane in the presence
of Cu'', whereas no reaction is observed in the absence
of Cu'l.

We have observed that when copper sulfate or copper
acetate is added to a solution of cyanate in aqueous
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ethanol, a gas is evolved during the heating procedure.
The gas was analyzed as CO;, by using a gas chromato-
graph equipped with a packed column of Cromosorb S-11
and a thermal conductivity detector. This finding can
be explained by considering the formation of carbamic
acid (eq 21), which is very unstable and decomposes into
CO; and NH3; (26). The same result has been observed
using Fe''!, indicating that coordination to a metal
center has an important role in the activation of the
cyanate to undergo a nucleophilic attack.

H,NCOOH — NH, + CO, (21)

Two reaction pathways by which cyanate could be
converted into ethyl carbamate can be proposed accord-
ing to our results. Ethanol may attack the isocyanate
(path A) to form the carbamic unit (eq 22), which
undergoes an attack by water to form ethyl carbamate
(eq 23). The other pathway (B) deals with the attack by
water to isocyanate to form a carbamate moiety, which
by ethanolysis may afford the urethane (egs 24 and 25)
or by reaction with water may produce NH3; and CO,
(eq 26).

Path A
Cu(NCO), + EtOH — (OCN)CuNHC(O)OEt (22)

(OCN)CuNHC(O)OEt + H,0 —
(OCN)Cu(OH) + EtOCONH, (23)

Path B
Cu(CNO), + 2H,0 — Cu(OOCNH,), (24)

CU(OOCNH,), + 2EtOH —
2 EtOCONH, + Cu(OH), (25)

CU(OOCNH,), + 2H,0 — Cu(OH), + 2CO, + 2NH,
(26)

The route represented by path B seems to be most
likely to occur as it can explain both the formation of
urethane and the observed evolution of CO,.

We have also investigated the reaction between urea
and ethanol in the presence of Cu'. Urea reacts with
ethanol to afford urethane (eq 1). To gain an insight into
the copper involvement, the reaction was carried out
using different quantities of Cu'. Figure 4 shows that
the amount of ethyl carbamate formed depends on the
concentration of Cu''.

It is worth recalling that urea has been detected at
millimolar levels in several commercial cachacas samples
(23) as an effect of an incorrect distillation.

According to our results a correlation between urea
concentration and ethyl carbamate content (Figure 5)
is difficult to find.

Conversely, a better relationship can be demonstrated
between the cyanide and ethyl carbamate contents in
the same samples (Figure 6). These findings disclose
that among all factors which cause ethyl carbamate
formation in cachaca, urea is not the predominant one.
Cyanide is most likely to be the source of ethyl carbam-
ate. However, the chemical profile of cachaca is not too
different from that of other spirits such as whiskeys and
grappas (27). Therefore, that cyanide is the main
precursor of ethyl carbamate in cachacas is in agree-
ment with what has been shown for other distillates.
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Figure 4. Influence of the Cu' on the reaction of urea (30
mM) with aqueous ethanol (30%) to form ethyl carbamate (4
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Figure 5. Relationship between ethyl carbamate and urea
concentration in commercial Brazilian sugar cane spirit.

Also iron ions are frequently found in cachaca at levels
of ~1 mg/L (28). We have investigated their effect on
the reaction between ethanol and cyanate. Both Fe'' and
Fe'"! increase in the same order the formation of ethyl
carbamate with respect to Cu'' alone as can be shown
in Figure 7. The sources of iron ions in distilled
beverages are the stainless steel still apparatus and
mainly the water used to dilute the distillate.

For technical and economic matters, the largest
Brazilian distillers, responsible of the production of ~1
billion liters/year of cachaga, use a continuous distilla-
tion process in stainless steel columns with copper
condensers. This condition is ideal for the formation of
ethyl carbamate in the beverage because the volatile
cyanide generated accumulates in the condensed prod-
uct together with the copper released from the con-
denser. Noteworthy, the ethyl carbamate average level
in the cachacas we have analyzed (Figures 5 and 6) is
~500 ppb, a relatively high value if compared to the
internationally accepted limit of 150 ppb in whiskeys.
This can be the effect of uncontrolled distillation.

Many preventive actions to avoid the ethyl carbamate
formation in alcoholic beverages have been proposed,
among which are (i) the use of enzymes such as urease
(29) and rhodanese (20) to destroy urea and cyanide,
respectively, (ii) the addition of patented copper and
silver salts (30) to precipitate the cyanide in the must,
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(iii) elimination of Cu'' by treatment of the beverage
with cationic exchange resins (17), or even (iv) such
nonpractical procedures as the storage of bottles at low
temperature and in darkness (31). These actions are not
economically viable. It is possible to attain the same
result with other operational methods at a much lower
cost.

For example, two modifications could be made to the
pot still apparatus avoiding the co-presence of cyanide
and Cu'' in cachaca or in other spirits. First, the copper
condenser could be changed for one made of stainless
steel and, second, the columns could be packed with
copper pieces to fix volatile cyanides present in the
vapor. Organoleptic properties of the beverages must
be considered because they could be changed, given that
an excessive packing can increase the grade of rectifica-
tion of the distillation process, decreasing the volatile
compounds content in the beverage.

To increase the internal copper surface in columns,
with a minimum increase in the grade of rectification,
it may be recommended to use flat copper pieces
disposed vertically, which avoids the retention of the
condensed liquid. The still columns with high inner
copper surface have another positive effect, that is,
removing the sulfur taste from beverages. In fact, the
use of metallic salts, mainly copper, to precipitate CN~
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in the must can generate environmental problems
because the waste of the distillation is used as sewage
sludge in sugar cane cultures. A similar problem has
already been reported to exist in the vicinity of Scottish
whiskey distilleries, where a high level of copper in soil
(32, 33) was detected. The use of water rich in iron salts
in the production process must be avoided in order to
avoid the enhancement of the catalytic activity of copper
by iron ions.

ACKNOWLEDGMENT

We thank Dr. C. Dileo for technical assistance.

LITERATURE CITED

(1) Battaglia, R.; Conacher, B. S.; Page, B. D. Ethyl car-
bamate in alcoholic beverages and foods: a review. Food
Addit. Contam. 1990, 7 (4), 477—496.

(2) Ough, C. S. Ethyl carbamate in fermented beverages
and foods. I. Naturally occurring ethyl carbamate. J.
Agric. Food Chem. 1976, 24, 323—328.

(3) Mirvish, S. S. The carcinogenic action and metabolism
of urethane and N hydroxyurethane. Adv. Cancer Res.
1968, 11, 1—-42.

(4) Conacher, H. B. S.; Page, B. D. Ethyl carbamate in
alcoholic beverages: A Canadian case history. In Euro
Food Tox II; Institute of Toxicology, Swiss Federal
Institute of Technology and University of Zurich: Zur-
ich, Switzerland, 1986; pp 237—242.

(5) Lofroth, G.; Gejvall, T. Diethyl pyrocarbonate: Forma-
tion of urethane in treated beverages. Science 1971, 174,
1248—-1250.

(6) Stevens, D. F.; Ough, C. S. Ethyl carbamate formation:
Reaction of urea and citrulline with ethanol in wine
under low to normal temperature conditions. Am. J.
Enol. Vitic. 1993, 44 (3), 309—312.

(7) Ough, C. S.; Crowell, E. A.; Mooney, L. A. Formation of
ethyl carbamate precursors during grape juice fermen-
tation. I. Addition of amino acids, urea and ammonia:
Effects of fortification on intracellular and extra cellular
precursors. Am. J. Enol. Vitic. 1988, 39 (3), 243—249.

(8) Ough, C. S.; Stevens, D.; Almy, J. Preliminary comments
on effects of grape vineyard nitrogen fertilization on the
subsequent ethyl carbamate formation in wines. Am. J.
Enol. Vitic. 1989, 40 (3), 219—220.

(9) Ingledew, W. M.; Magnus, C. A.; Patterson, J. R. Yeast
foods and ethyl carbamate in wine. Am. J. Enol. Vitic.
1987, 38 (4), 332—335.

(10) Aresta, M.; Quaranta, E. Carbon dioxide: a substitute
for phosgene. CHEMTECH 1997, 27 (3), 32.

(11) Dennis, M. J.; Massey, R. C.; Ginn, R.; Willetts, P.;
Crews, C.; Parker, 1. The contribution of azodicarbon-
amide to ethyl carbamate formation in bread and beer.
Food Addit. Contam. 1997, 14 (1), 101—108.

(12) Mackenzie, W. M.; Clyne, A. H.; Mcdonald, L. S. Ethyl
carbamate formation in grain based spirits. Part 1. The
identification and determination of cyanide related
species involved in ethyl carbamate formation in Scotch
whisky. J. Inst. Brew. 1990, 96, 223—-232.

(13) Cook, R.; Maccaig, N.; Macmillian, J. M. B.; Lumsden,
W. B. Ethyl carbamate formation in grain-based spirits.
Part I11. The primary source. J. Inst. Brew. 1990, 96,
233—244.

(14) Jones, D. A. Why are so many food plants cyanogenic?
Phytochemistry 1998, 47 (2), 155—162.

(15) Beattie, J. K.; Polyblank, G. A. Copper-catalysed oxida-
tion of cyanide by peroxide in alkaline aqueous solution.
Aust. J. Chem. 1995, 48, 861—868.

(16) Guerain, J.; Leblond, N. Formation du carbamate
d'ethyle et elimination de I'acide cyanhydrique des eaux-
de-vie de fruits a noyaux. In Elaboration et Connais-
sance des Spiriteux; Cantagrel, R., Ed.; Tec&Doc: Paris,
France, 1992; pp 330—338.

Aresta et al.

(17) Riffikin, H. L.; Wilson, R.; Howie, D.; Muller, S. Ethyl
carbamate formation in the production of pot still
whisky. J. Inst. Brew. 1989, 95, 115—119.

(18) Riffikin, H. L.; Wilson, R.; Bringhurst, T. A. The possible
involvement of Cu" peptide/protein complexes in the
formation of ethyl carbamate. J. Inst. Brew. 1989, 95,
121-122.

(19) Bourton, R. The formation of ethyl carbamate from
isocyanate and ethanol at elevated temperatures. In
Elaboration et Connaissance des Spiriteux; Cantagrel,
R., Ed.; Tec&Doc: Paris, France, 1992; pp 339—343.

(20) Taky, N.; Imamura, L.; Takebe, S.; Kobashi, K. Cyanate
as a precursor of ethyl carbamate in alcoholic beverages.
Jpn. J. Toxicol. Environ. Health 1992, 38 (6), 498—505.

(21) Aylott, R. I.; Cochane, G. C.; Leonard, M. J.; McDonald,
L. S.; McKenzie, W. M.; McNeish, A. S.; Walker, D. A.
Ethyl carbamate in grain spirits. Part I: Post-distilla-
tion ethyl carbamate formation in maturing grain
whisky. J. Inst. Brew. 1990, 96, 213—221.

(22) Lambert, J. L.; Ramasamy, J.; Paukstelis, J. Stable
reagents for the colorimetric determination of cyanide
by modified Konig reactions. Anal. Chem. 1975, 6, 916—
918.

(23) Polastro, L. R. Master’s dissertation, Universidade de
Sao Paulo, 1QSC, 1999.

(24) Kohout, J.; Liska, M.; Hvastijova, M. Physical properties
and structure of potassium tricyanatocuprate(ll). Inorg.
Chim. Acta 1977, 25, L71—-L73.

(25) Romano, U. EP Patent 365083 (ENIChem), 1989.

(26) Aresta, M.; Tkatchenko, B.; Dell’Amico, D. B.; Bonnet,
M. C.; Boschi, D.; Calderazzo, F.; Faure, R.; Labella, L.;
Marchetti, F. Isolation and structural determination of
two derivatives of the elusive carbamic acid. Chem.
Commun. 2000, 1099—1100.

(27) Boscolo, M.; Bezerra, C. W. B.; Cardoso, D. R.; Lima-
Neto, B. S.; Franco, D. W. ldentification and dosage by
HRGC of minor alcohols and esters in Brazilian sugar-
cane spirit. J. Braz. Chem. Soc. 2000, 11, 86—90.

(28) Lima-Neto, B. S.; Bezerra, C. W. B.; Polastro, L. R.;
Campos, P.; Nascimento, R, F.; Furuya, S. M. B.; Franco,
D. W. O cobre em aguardentes brasileiras: sua quan-
tificacao e controle. Quim. Nova 1994, 17 (3), 220—223.

(29) Ough, C. S.; Trioli, G. Urea removal from wine by an
acid urease. Am. J. Enol. Vitic. 1988, 39 (4), 303—307.

(30) Laugel, P.; Bindler, F. Le carbamate d'ethyle dans les
eaux-the-vie the fruits a noyaux. In Elaboration et
Connaissance des Spiriteux; Cantagrel, R., Ed.;
Tec&Doc: Paris, France, 1992; pp 290—295.

(31) Tegmo-Larsson, I. M.; Spittler, T. D. Temperature and
light effect on the ethyl carbamate formation in wine
during storage. J. Food Sci. 1990, 55 (4), 1166—1169.

(32) Paton, G. I.; Palmer, G.; Kindness, A.; Campbell, C;
Glover, L. A.; Killhan, K. Use of luminescence-marked
bacteria to assess copper bioavailability in malt whisky
distillery effluent. Chemosphere 1995, 31 (5), 3217—
3224,

(33) Smith, S. R. Rhizobium in soils contaminated with
copper and zinc following the long-term application of
sewage sludge and other organic wastes. Soil Biol.
Biochem. 1997, 29 (9/10), 1475—1489.

Received for review November 14, 2000. Revised manuscript
received March 13, 2001. Accepted March 20, 2001. Financial
support from CAPES, FAPESP, Universita degli Studi di Bari,
and MURST-Rome (grant to M.B. within the Bari—S&o Paulo
convention) is acknowledged.

JF001346W



