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Abstract. The question of whether the production of ammonia, from the reduction of nitrite by
iron(ll), is compatible with its use in the Strecker synthesis of amino acids, or whether the iron and
the cyanide needed for the Strecker synthesis interfere with each other, is addressed. Results show
that the presence of iron(ll) appears to have little, or no, effect on the Strecker synthesis. The presence
of cyanide does interfere with reduction of nitrite, but the reduction proceeds at cyanide/iron ratios of
less than 4:1. At ratios of about 2:1 and less there is only a small effect. The reduction of nitrite and
the Strecker can be combined to proceed in each other’s presence, to yield glycine from a mixture of
nitrite, Fe'2, formaldehyde, and cyanide.

1. Introduction

Life is likely to have arisen from a number of separate processes, each of which is
interlinked with the next (similar to natural systems today). Species from the envi-
ronment, such as carbon dioxide and nitrogen, needed to be fixed into forms that
were suitably reactive and reduced in order to take part in proto-biochemical reac-
tions. Compounds also needed to be combined to form more complex species neces-
sary for such things as proto-cellular structure and information storage/transference.
Finally, all this needed to be combined to form a ‘proto-metabolism’ for the first
organism.

To make the study of the origin of life tractable, these problems are often
broken down into a series of steps, each leading to the next, which are then studied
independently. However, either reactions had to occur in the same place and with
one set of reactants (ie. the origin of life is a ‘one-pot synthesis’) or one would
need to be able invoke additional processes to separate and transfer species. This
brings up questions: How will these reactions interact with each other? Do they
interfere with each other? Can they occur under the same (prebiotically plausible)
conditions?

The problem addressed in this investigation concerns the fixation, under a neutral
atmosphere (C@Q H,0, Ny), of nitrogen and carbon to compounds such as amino
acids. In a strongly reducing atmosphere ¢CNHz), compounds essential to the
chemical evolution of life can be formed by reactions between HCNz, NiHd
carbonyl compounds produced in spark discharges, as well as by other Miller-Urey
processes (Chargf al.,, 1983; Stribling and Miller, 1987). However, geochemical

Origins of Life and Evolution of the Biosphe8: 1-11, 1998.
(© 1998Kluwer Academic Publishers. Printed in the Netherlands.



2 D. SUMMERS

evidence now seems to point to a non-reducing early atmosphere (Walker, 1985;
Mattioli and Wood, 1986; Kasting, 1987; Greggdral., 1988).

One important source of ammonia under such conditions is the reduction of
nitrite and nitrate to ammonia by & Equation (1) (Summers and Chang, 1993).

6Fe + 7H,0 + NO; — 3FeOs; + 11H' + NH3 1)

Animportant use for thisammoniais as a starting material for the Strecker synthesis,
Equation (2) (March, 1985; Chang, 1993).

H,CO + HCN + NH3 — CHy(NH;)(COzH) 2)

Cyanide and formaldehyde can be produced by ultraviolet photolysis of gas mix-
tures having compositions within the limits proposed for a nonreducing primi-
tive terrestrial atmosphere (Bar-Nun and Chang, 1983; Zahnle, 1986eW\dn
1989). Nitrite can be formed from NO produced by shock heating of a carbon
dioxide/nitrogen atmosphere (Mancinelli and McKay, 1988). Additionally, even
under a reducing, or mildly reducing atmosphere, the likely presence of significant
amounts of ferrous iron (Holland, 1973; Walladral., 1983; Walker and Brimble-
combe, 1985; Holland, 1989; Perry and Jacobsen, 1990) means that it's effect on
the Strecker synthesis could be important.

However, as discussed above, the reduction of nitrite needs to feed into the
Strecker synthesis. What effect will the presence of Fe(ll) have on the Strecker
synthesis? What effect will CNhave on the reduction of NOto NHz by Fe(l1)?

Will complexation of the cyanide to the iron deactivate one or the other (or both)?
Will both of the reactions proceed under the same conditions? Conversely, could a

Fe(CN)f(Z*”) type species provide some beneficial effect, either for the reduction
of nitrite/nitrate or for the formation of amino acids? It has been argued, based on
stability constants, that binding to iron would not have tied up all the cyanide in
the early ocean (Keefe and Miller, 1996).

2. Results and Discussion

When solutions of F& and CN~ are mixed, F&(CN), precipitates are formed
(Sharpe, 1976). The formation of a precipitate can hinder reactions 1&2 by remov-
ing iron and cyanide from solution as can coordination of cyanide to iron. We will
first examine the effect of cyanide on the reduction of nitrite by Fe(ll), then the effect
of Fe(ll) on the Strecker synthesis, and finally we will consider the combination of
the reactions to form glycine from nitrite, formaldehyde, and cyanide.

2.1. THE EFFECT OF CYANIDE ON THE REDUCTION OF NITRITE BYE(Il)

First we look at the full complexation of iron by cyanide, Fe(@f\l)When the
reduction of nitrite is tried with a solution of ferrocyanide, instead of¥@o
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Table |

Effect of pH on the reduction of nitrite by
Fe(CNgp*?

pH pH Nitrite Ammonia
(Start) (Final) (mM§  (mM)°

2.1 3.6 0.0018 0
2.3 7.7 0.0065 O
4.7 9.7 0.16 0
54 10.4 0.26 0
5.7 10.2 0.23 0
6.6 10.6 0.27 0
6.8 10.5 0.28 0
8.0 10.5 0.28 0
8.5 10.6 0.29 0
9.3 10.5 0.28 0

& Also; room temperature, 17 mM
K4Fe(CN}.

® Final concentration at the end of experi-
ment, 24-48 hr. Initial N@ concentration
was 0.30 mM. Analysis was by lon Chro-
matography (see the Experimental section).

Table Il
Effect of cyanide on the reduction of nitrite to ammonia by
Fet2a
[CN~)/[Fet?] Ammonia (mM)
Fet? 0 0.009
Fet2+ KCN (14 mM) 1.1 0.044
Fet2+ KCN (26 mM) 2.1 0.011
Fet?2+ KCN (53 mM) 4.4 )

& Also room temperature, initial pH 8.0, 0.32 mM NahQ@ll
reactions ran 24 hr. All entries contained 12 mM FeCl

® Also no ammonia detected after 72 hr. Analysis was by colori-
metric methods (see the Experimental section).

ammonia is observed (conditions were the same as in Table II). Full coordination
of the iron center by cyanide clearly deactivates it toward nitrite reduction.

Does complete coordination of the iron center deactivate it at all pH values or
does protonation of CNfree up enough coordination sites? In Table | the reduction
of nitrite by Fe(CNg4 was studied as a function of the initial pH of the solution.
(The pH rises during the course of the experiment, due to dissociation of small
amounts of cyanide.) No ammonia is detected at any pH. Only when the final pH
is low enough that all free cyanide would be protonated (near thegplyanide,

9.3), do we begin to see the consumption of nitrite, but no ammonia is detected.
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Table 11l

Effezct of cyanide on the reduction of nitrite to ammonia by
Fet

KCN?®  [CNT)[Fet? Ammonia (mM) Yield (%)

OmM O 0.104 32
12mM 1.0 0.091 28
26mM 2.0 0.072 22
39mM 3.2 0.049 15
53 mM 44 0 0

& Also room temperature, pH 8.0, 0.32 mM NajQ@2 mM
FeCb. All reactions ran 2 hr. Analysis after 24—48 hr gave
similar results. Analysis was by colorimetric methods (see the
Experimental section).

It would seem that the presence of free cyanide is sufficient to prevent reactivity.
When the pH is low enough to to consume all the free cyanide generated, it is
too low to form ammonia. In the low pH range the production eONand N are
favored (Summers and Chang, 1993).

Now we turn to conditions under which the amount of cyanide present is not
sufficient to completely fill the six-fold coordination sphere of the iron and much of
the iron and cyanide are present as a@W, precipitate (see above). Results with
FeS as the reductant have shown (both in Table VIl and additional unpublished
results) that the presence of Fe(ll) in an insoluble form doesn't appear to have a
major effect on nitrite reduction. Looking at the effect on ammonia formation of
adding different amounts of CNto a solution of F&2 and nitrite (without active
pH control), Table Il, we find that, at lower cyanide to iron ratios, ammonia is
formed. Ammonia is formed when the cyanide/iron ratio is 2:1 or less, but doesn't
form at ratios of 4:1 or higher.

The rate of reduction of nitrite to ammonia by iron is very sensitive to pH
(Summers and Chang, 1993), dropping dramatically below pH 7.5, and the reaction
will lower the pH (see Equation (1)). The effect of pH can be eliminated by holding
the pH constant (see experimental). In Table 1ll we see the data from a series of
experiments which were conducted at pH 8.0. Again, we can see that ammonia is
formed when the cyanide to iron ratio is less than 4:1. Between 0:1 and 4:1 there
is a decrease in the amount of ammonia formed. The amount of ammonia detected
after 16 hr was that same as after 2 hr, indicating that all the nitrite was consumed
after 2 hr. Thus the decrease in ammonia is due to a shift in the product distribution
of the reaction away from ammonia and not due to only a portion of the nitrite
reacting.

Why does the reaction stop when the cyanide/iron ratio is above 4:1? At that
ratio we reach a stoichiometry where you have two Fegc‘,‘l‘ibns for each F&?

ion. Fe(CNg4 species can coordinate to free'ethrough the nitrogen bases
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NC"trI//,y//l FCW/I - C/

CN

Figure 1 Fe(CN)* coordination to free F&.

on the cyanides. If the Fe(CN} octahedron binds face on, it can occupy three
coordination sites (see Figure 1). Thus, when the stoichiometry of Fg(”CtN)
Fet2reaches 2 (acyanide/iron ratio of 4) and above, itis possible to see coordination
of all the iron free sites. Fe(Cl§1? is already coordinated and the sites ori¥are

filled up by the nitrogens on the Fe(q\f) This is consistent with a view that one
only sees ammonia production when the system has free iron centers for the nitrite,
or other important intermediate species, to bind to the iron center and react.

Thus we can see that, if the pH is too low (as when free sites are created by
cyanide protonation), no ammonia is formed, as is expected from the pH depen-
dance of Equation (1). If the pH is high enough, and the cyanide/iron ratio is below
4, the partial coordination and precipitation of'fédy CN~ doesn't perturb free
sites enough, or remove enough iron from solution, to prevent the reduction of
nitrite to ammonia. However, it does shift the product distribution increasingly
toward species such as® and N. At higher cyanide/iron ratios, either Fe(QN)
binding blocks all the free sites on the Feor the electronic configuration at the
iron center is changed enough to make it unreactive.

2.2. BEFeECT OFFE(Il) ON THE STRECKER SYNTHESIS

The situation with respect to the Strecker synthesis is very different. In Table IV
we see that, if we run the Strecker synthesis, replacing free cyanide with an equal
amount of cyanide bound up in ferrocyanide, similar amounts of glycine are pro-
duced. The formation of iminodiacetic acid, a side product to the reaction involving
the double alkylation of the ammonia (see Equation (3)), is, if anything, reduced.

H,CO + HCN + CHz(NH2)(COH) — HN(CH2CO2H), 3)

In Table V we see what happens to the products of the Strecker synthesis when the
reaction is run in presence of increasing amounts ofP&/hile there is inherently
more scatter in such experiments (the Strecker has more potential for side reactions
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Table IV
Strecker synthesis of amino acids with different sources of
cyanide
Conditiong Product (mM, % Yield)
0.1 MKCN glycine 0.57
IDA® 0.30
0.017 M KsFe(CN} glycine 0.43
IDA 0.12

& Also room temperature, 0.1 MJ4&€0, NHs, initial pH 8.0.
Reactions were allowed to proceed at least 6 days.

® Yields are based on formaldehyde. With a starting concen-
tration of 0.1 M, the percent yield is equal to the concentra-
tion in millimolar.

¢ IDA = Iminodiacetic acid, HN(CHCO;H),.

Table V
Effect of Fe on the strecker synthesis of amino aids

Glycolic
Fet? [Fet?))CN”] Glycine IDA®  Glycolicacid Glycine IDA acid
(M) (uM) (uM) - (uM) (%)° (%) (%)
After 24 hr
0 0 880 10.7 100 0.88 0.01 0.1
0.1 1 400 0.59 - 0.4 59107% -
0.2 2 160 0.095 - 0.16 956107° -
0.5 5 1400 0.66 140 1.4 6:610~* 0.14
1 10 560 462 710 0.56 0.0046 0.71
After 48 hr
0 0 270 6.0 320 0.27 0.006 0.32
0.1 1 370 0.88 420 0.37 8:8107* 0.42
0.2 2 700 0.59 520 0.70 59107% 0.52
0.5 5 950 0.11 360 0.95 1:410™* 0.36
1 10 790 0.88 240 0.79 8:810™* 0.24

& Also room temperature, 0.1 MA€0O, NHs;, KCN. Initial pH 8.0.
® IDA = Iminodiacetic acid, HN(CHCOzH)..
¢ Percent yield is based on formaldehyde.

than Equation (1)), there is no systematic change in the amount of glycine formed.
This is not only true when the cyanide/iron ratio is 1:1, (where each Gak it's

own iron center to which to bind) but even up to values as low as 1:10. There
also doesn’t appear to be any change in the formation of the glycolic acid (another
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Table VI
Effect of Fe™2 on the strecker synthesis of amino agids

Fet? [Fet?))CN”] Glycine IDAP Glycolic acid
(mM) (M) (%) (M) (%)’ (M) (%)

0 0 4.6 0.46 0.15 0.015 5.9 0.59
1 1 7.4 0.74 0.76 0.076 12 1.2
2 2 40 040 0.051 0.0051 3.8 0.38
4 4 3.8 0.38 0.14 0.014 3.8 0.38
6.7 6.7 23 2.3 N.O. N.D° 3.6 0.36

& Also room temperature, 0.001 M;BO, NHs, KCN. Initial pH 8.0. Reactions ran4
weeks.

® IDA = Iminodiacetic acid, HN(CHCOzH),.

° N.D. = Not detected.

4 Percent yield is based on formaldehyde.

side product of the reaction involving attack by water on the reactive cyanohydrin
intermediate instead of ammonia, see Equation (4)). The formation ofiminodiacetic

H,CO + HCN + Hp0 — CH,(OH)(COH) + NH3 (4)

acid, however, is decreased in the presence of added iron in all such runs, usually
by about an order of magnitude. This is true for products obtained at reaction
times of both 24 and 48 hr. However, no decrease was seen under more dilute
conditions (see below). It may be that, at higher iron concentrations, there is some
coordination of the glycine formed, preventing it from reacting further to form
iminodiacetic acid. However, a firm conclusion on this matter will have to await
experiments where more systematic tests can be done (Such as using acetaldehyde
as the starting aldehyde. Acetaldehyde has a more straightforward reaction in the
Strecker synthesis than formaldehyde (Leretesl., 1993)).

In Table VI we see similar data for reactions run under more dilute conditions.
Again we see no change in the formation of glycine. However we also don'’t see
any change in the amounts of side products formed. This is true for both glycolic
acid and iminodiacetic acid.

2.3. SYNTHESIS OF GLYCINE FROM NITRITE WITHFET2

Lastly, we look at what happens if one puts all this together (Equation (5).
H,CO + HCN + 6Fe"? + 7H,0 + NO; —
3Fe03; + 11H" + CHy(NH)(COH) (5)

For example, in addition to the issues addressed above, does formaldehyde cause
some unexpected complication in the nitrite reduction? Does nitrite interfere in
some way in the Strecker synthesis?
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Table VI
Strecker synthesis of amino acids from nitrite with Fe(ll)
Condition$ Product 24hr 144 hr
(mM, % Yield)°
- glycine 0.006 0.015
IDA® 0.011 0.056
0.1 M NHs glycine 0.20 0.57
IDA® 0.044 0.30
0.1 M NaNQ, 0.1 MFeC} glycine 0.092 0.62
IDAC 0.047 0.17
0.1 M NaNQ, 1.3g FeS glycine 0.022 0.40
IDA® 0.054 0.081

& Also room temperature, 0.1 MA€0, KCN, initial pH 8.0.

b Yields are based on formaldehyde. With a starting concentration of
0.1 M, the percent yield is equal to the concentration in millimolar.

¢ IDA = Iminodiacetic acid, HN(CHCO;H),.

We compared the formation of glycine using nitrite and¥as the source
of ammonia with its formation using ammonia and with a control (containing
neither nitrite/F&2 nor ammonia), Table VII. The production of glycine when
iron and nitrite are used as an ammonia source, is not significantly different from
the production of glycine from ammonia. In both cases the formation of glycine
compares favorably (increased more than an order of magnitude) to cyanide as the
only source. Using a FeS suspension as the reductant, instead of dissot¥ed Fe
similar results are obtained, though initially the amounts of glycine formed are
lower. In both of these cases the production of iminodiacetic acid is similar or
reduced, compared to the reaction using ammonia.

3. Conclusions

The formation of ammonia by Fé reduction of nitrite, can occur in the presence
of cyanide, provided the cyanide/iron ratio is less than 4:1. Over ratios of 0:1 to
4:1 one sees a steady decrease in the product distribution away from ammonia. At
a cyanide/iron ratio of 4:1 or greater, no ammonia is formed throughout the pH
range studied.

Inhibition by cyanide would seem to provide little or no limitation on nitrite as
a source of ammonia on the early earth. Since the most likely source of cyanide
is in the atmosphere (Bar-Nun and Chang, 1983; Zahnle, 1986; Chang, 1993),
the situation was one where cyanide was essentially being ‘titrated’ into an iron
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rich ocean. The presence of the banded iron formations (Holland, 1973; \alker
al., 1983; Walker and Brimblecombe, 1985; Holland, 1989; Perry and Jacobsen,
1990) show that dissolved iron was present in excess quantities in the early ocean.
This means that an excess of iron (which means a cyanide/iron ratid df)
existed. Under such conditions, the change in the reduction of nitrite to ammonia
is relatively small.

Conversely, the presence of iron in almost any quantity does not appear to
interfere with the Strecker synthesis in any way. In fact, a decrease in side products,
through complexation of glycine to F&, remains a possibility. It appears that the
Strecker synthesis has little sensitivity toward whether the cyanide it uses is free or
bound to a metal center.

Finally, it has been demonstrated that The Strecker synthesis and the iron (l1)
reduction of nitrite to ammonia can be combined to form glycine from nitrite,
iron(ll), cyanide, and formaldehyde.

4. Experimental

All water was purified (to at least 18 mega-ohm cm conductivity) using a Tech
One reverse osmosis purified water system (the company has since been bought
out by Zyatech). All solutions were purged with nitrogen prior to use andJeCl
solutions were made up with FeQlinder nitrogen and nitrogen purged water.
All solutions were mixed under nitrogen. In a typical nitrite reduction experiment,
a FeC} stock solution (typically 0.5—-2 M) was added to a KCN solution (of a
sufficient concentration to result in the appropriate concentration when the nitrite
was also added). Sometimes KCN solid was added to apFss@ition with no
change in results. The pH was then adjusted to the values given in the tables with
sodium hydroxide or hydrogen chloride under nitrogen purge, and an appropriate
amount of a nitrogen purged sodium nitrite solution was added to start the reaction.
In experiments with pH control, a pH electrode was used with a pH monitor (Type
45E by Chemtrix) and a syringe pump (Model 341B by Sage Instruments) to deliver
nitrogen purged NaOH when the pH dropped below 7.8. Upon mixing, an orange
precipitate is typically observed. The color of the precipitate changes somewhat
when the pH of the suspension is adjusted by the addition of sodium hydroxide or
hydrochloric acid. During the course of experiments, the color of the precipitate
changes in color to a dark green, similar as seen in the oxidationdftienitrite
(Summers, 1993). The color change occurs either with the addition of nitrite (in
experiments where nitrite was used, see below) or more slowly over time when
no nitrite is added. The color change is due to the oxidation of iron either by the
nitrite or presumably by leakage of small amounts of air. After experiments are
done, prussian blue can be seen on the bottom of the flask.

Ammonia analysis was either by colorimetric methods (Verdetiad., 1978)
or by ion chromatography. Nitrite analysis was by ion chromatography. lon chro-
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matography was done on Dionex ion chromatographs: DX-100 for ammonium and
4500i for nitrite. Both instruments were run in suppressed conductivity mode for
increased sensitivity. Iron and cyanide can form layered mineral precipitates into
which ammonia can diffuse. Such minerals are broken up by strongly basic solu-
tions, such as are used in the colorimetric ammonia analysis. lon chromatography
was only used for experiments with the solublé=&(CN).

In a typical Strecker experiment, a solution of Fe®hs prepared as described
above. A solution of KCN and NiCI (if any was used) was made up to suffi-
cient concentration to result in the appropriate concentration when the iron and
formaldehyde was also added added. The pH was adjusted just after the iron was
added. Then a measure amount of a 1 M formaldehyde stock solution, sufficient to
bring the final concentration to those given in the data, was added to start the reac-
tion. In reactions where nitrite was used, it was added last. Aliquots of 20% of the
volume of the intial solution were taken from these solutions, filtered to remove any
particulate matter, and then applied to a cation exchange column (Dowex b0(H
cation exchange column initially regenerated with HCI). After desalting the amino
and imino acids were analyzed as their trifluoroacetylisopropyl esters (Lerner
al., 1993) and glycolic acid was analyzed as its tert-butyldimethylsilyl derivative
using GC-MS.
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