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ON THE FORMATION OF ORGANIC 

COMPOUNDS FROM INORGANIC 


BY THE INFLUENCE OF LIGHT 

TITE incentive for  my fimt photoche:nical 

research, which was begun in 1911, was re-
ceived through reading Schimper's work on the 
relation between nitrate reduction in green 
Iear7es and exposure to light. According to 
Schimper, leaves in  the shade are alwavs m~lch  
richer in nitrates than leaves which have been 
exposed to direct s~mlight.  Little or nothing 
"as lc~lown a t  that time in rezard to the chem- -
ical aspect of nitrate reduction under the in- 
fluence of light. I t  mas not until later that  I 
became acquainted with the important work ol' 
E. Laurent in  which the formation of oxygeii 
gas and potassium nitrite by the action of 
sunliglit on sterilized potassium nitrate was 
described. 

N y  pliotoehemical experiments, carrier1 out 
in  ZGrioh, between 1911 and 1914, were con-
cerned with the reduction of nitrates by light 
energy, either alone or in  the presence of or-
ganio substances. B t  that time I did not em-
ploy iron in my 3 1 ~attention mas 
first to the importance o~ ironin nitrate 
l*eduction by some baoteriolopical exueriments -
which I carried out during the war. I n  my 
work with cholera bacilli I found that theii. 
iron absorption and assimilation must be i r ~  
direct relation with their power of reducing 
nitrates to nitrites and ammonia. On search. 
ing 	the literature fo r  similar observations, I 
founcl that Sohimper describes a n  experiment 
in which iron free (ohlorotic) leaves were un.  
able to reduce any nitrate a t  all, even on ex.  
posure to intense light. 

It is very striking to observe the great rapid- 
ity 	with ~511ich cholera bacilli, taken from the 
intcstlne of a cholera ~ i c t i m  immediately aftel* 
death, reduce nitrates to  nitrites in  a peptone 
cultiur. I n  the case of cholera bacteria the 
recluctlon proceeds just as  rapidly in  the dark 
a s  i t  doe$ in the light. Tile reduction of ni. 



trates, however, as I have shown, stands here 
in direct relation to the _oxygen respiration of 
the bacteria and also to their iron content. 
These observations led me to use iron in my 
pwely chemical investigations on nitrate re-
duction. 

-4s regards the chemistry of the process, the 
only relation known a t  that time was that fer- 
rous hydroxide reduced potassium nitrate and 
in the process became oxidized to thc ferric 
compound a t  the expense of the nitrate oxygen. 
From the physiological standpoint this stoichio- 
metric process could have no importance, since 
only traces of iron are present in cells and tihese 
traces must become inactive a t  once because of 
theiy oxidation to the ferric compound. 

I therefore had to search for a process in 
vitro which would show that the smallest traces 
of iron were capable of reducing large quan- 
tities of nitrate or nitrite and that this re-
duetion failed entirely in the absence of iron. 

In  other woi.ds, I tried to find a chemical re- 
duction process in which the iron acted as  a 
catalyst. I succeeded in doing this when in- 
vestigations with nitrites and sugar in car-
bonate solution were oar?ied out. Grape sugar 
solutions do not reduce nitrates or nitrites, even 
when they are heated under pressure, but the 
smallest trace of an iron salt is sufficient to 
reduce a large amount of nitrite on warming 
with glucose in weakly alkaline solution. Un-
der these conditions nitrates remain entirely 
unattacked. 

The r61e which t~aces  of iron play in this 
reduction process was entirely inaomprehen- 
sible. Further experiments have thrown light 
on this chemical process, but a detailed de-
scription would be out of place here. The 
main points, however, should be discussed, i. e., 
why nitrates remain unattacked and why ni- 
trites are reduced extremely easily to am-
monia, with the successive formatioil of the 
intermediate products KhiO, and KKO. 

The character of the alkali nitrites is deter- 
mined by the auxiliary valencies of the nitro- 
gen central atom: 

while that of the alkali nitrates is determined 
by one oxygen atom, which I call the nitrate 
oxygen atom. 

This atom possesses residual affinity, but the 
nitrogen atom is completely masked. Nitrogen 
has a great affinity for iron and the reduction 
of alkali nitrites is induced by a primary link- 
age of the nitrite nitrogen to the iron nucleus. 
On the other hand, the aEnity of iron for ni- 
trate oxygen is not sufficiently great to bring 
about a primary addition and subsequent split- 
ting off of an oxygen atom. 

The question as to the manner in nrhich ni- 
trates were reduced to nitrites in biological 
processes was still unsolved. From my experi- 
ments with cholera bacteria and from Schim- 
per's observation, it could be seen that oxygen 
appeared to be directly involved in the reduc- 
tion of nitrates. In follo~ving up this idea 
experimentally I observed the surprising 
fact that oxygen in the presence of ferrous 
salts reduces nitrates instantaneously, even in 
the cold, with the formation of nitrites, This 
observation was fundamentally new. It was 
known that ferrous hyclroxide or ferTous bi- 
carbonate reduces alkali nitrates, but it was 
believed up to this time that the iron was oxi- 
dized a t  Ihe expense of the nitrate oxygen. 
I have found that ferrous bicarbonate or 
hydroxide in the absence of oxygen even a t  the 
temperature of boiling water does not attack 
alkali nitrates to the slightest extent; the pres- 
ence of oxygen, holvever, brings about im-
mediate reduction to nitrite ancl there is a di-
rect relation between the amount of oxygen 
dissolved in the mater and the amount of ni- 
trite formed. 

This chemical process I should like to desig- 
nate as the origin of fertilization. Two in- 
organic compounds of great energy content, 
such as ferrous bicarbonate and potassium ni- 
trate, remain unchanged in an oxygen free 
aqueous solution. I n  contact with air, moist 
ferrous bicarbonate rapidly absorbs oxygen, 
either from the air or from watel; and links 
a molecule in the inner sphere of the iron 
nucleus. This oxygen absorption I should like 
to compare with the fertilization of an  ovum, 
since from the almost non-magnetic ferrous 
hydroxide or ferrous bicarbonate there is 
formed a peroxide compound which closely ap- 
proaches metallic iron in its magnetic prop-



erties. This extremely energetic peroxide com- 
pound draws a molecule of potassium nitrate 
into the inner sphere of the iron nucleus and 
splits an oxygen atom from it with the forma- 
tion of nitrite. There follo~vs further rednc- 
tion of the nitrite to the extremely reactive 
compound potassium nitrosyl, I<(NO), vhich, 
a t  the same time, reacts with organic com-
pounds present, especially aldehydes, with the 
formation of carbon and nitrogen containing 
componnds. Ferrous bica1.bonat.e and oxygen 
in this case assume the r81e of light and re-
duce alkali nitrates to nitrosyl, which is a very 
reactive amphoteric intermediate product either 
of nitrate reduction or of ammonia oxidation. 
Ferrous bicarbonate peroxide, however, can 
give up the temporarily loosely linked oxygen 
molecule, which is thus somewhat activated, to 
oxidizable componnds which are present in the 
same solution, just as hemoglobin absorbs 
oxygen and gives it back again for oxidation 
or dehydrogenation purposes. 

In this reaction, however, it  is found that 
there is a selective action u-hich depends upon 
the affinity of the compound to be oxidized to 
the central iron atom of the peroxide. 

Compounds which are not primarily linked in 
the inner sphere by the iron atom are not 
oxidized. There is an analogy here to en-
zymatic reactions, which are characterized by 
their selective action brought about by residual 
affinity. In  the reactions which we have de-
scribed, residual affinity 0' auxiliary va-
lence powers in the sense of Werner's theory 
play a decisire r61e. The selective character 
of this chemical reaction is probably based on 
them alone. -4'lso, I believe that the reduction 
of nitrate to nitrite by light is introduced by 
the taking up of energy and the consequent 
activation of the auxiliary valence powers of 
the nitrate oxygen atom and of the oxygen of 
the water; the subsequent processes are re-
actions which can bake place in the dark. In  
the case of the reduction of alkali nitrates 
with ferrous hydroxide peroxide, the energy 
is transmitted to the nitrate molecule by the 

strongly magnetic peroxide compound, vith the 
splitting oE of an oxygen molecule. The fur- 
ther reduction of alkali nitrite or nitrosjd to 
ammonia is doubtless brought about by nascent 
hydrogen formed by the decomposition of 
water moleoules in the inner sphere through 
the action of the central iron atom in the 
peroxide compound. 

From the preceding discussion it is apparent 
that many reactions are brought about by the 
fertilization of the iron molecule by molecular 
oxygen ; there is, I believe, considerable evi- 
dence that the magnetic properties of the per- 
oxide are in direct relation to its great chem- 
ical reactivity. It is worthy of note that com- 
plex ferric compounds are easily transformed 
into ferrous compounds by the influence of 
light or by hydrogen peroxide and thus are 
continually brought back into a reactive form 
which has the power of taking up oxygen. The 
well-known example is the reduction of potas- 
sium ferricyanide to ferrous compounds. 

From neutral pobassium ferrocyanide an al-
kaline compound is formed on exposure to sun- 
light for a period of a few seconds; on fur-
ther illumination in the presence of air there 
results, besides free ferrous ions, an extremely 
reactive aomplex ferrous compound (potassium 
pentacyano-aquo-f erroak) 

which links oxygen, nitric oxide or carbon mon- 
oxide to the central iron atom, just as hsmo- 
globin does. I n  air potassium pentacyano-
aquo-ferroate absorbs and carries oxygen. 
Also in this case the oxidation of the 0x1-
dizable substances present takes place only 
when these substances are first linked co-
ordinately in the inner sphere of the iron salt 
and, therefore, we are again dealing with a 
case of selective oxidation. Potassium penta-
cyano-peroxo-ferroate 

behaves like an iron catalyst and its action as 
an oxygen carrier and activator and as an ac- 
tivator of inosganic and organic compounds 
xi-hich show affinity to iron I should like to 



SCIENCE [S'OL.LVII, Wo. 14i7  

'designate as  the origin of respiration. The 
entrance of certain groups, in  this case five 
cyanide groups, into the inner sphere of the 
iron nucleus, raises the power of the ferrous 
ion to absorb oxygen from the air. Especially 
interesting is the fact, observed by Niss Pfaltz 
and myself, that one reactive ansiliary ~ a l e n c y  
of the iron nucleus can be made inactive by 
eqni~a len t  amounts of potassium cyanide, ar-
senic tlaioxide, carbon monoxide, or other blood 
poisons. 

These purely chemical experiments har-
monize with experiments of Jacques Loeb and 
of 0. Warburg. 

I n  1906 Jacques Loeb expressed the view 
that the essential feature (or possibly one of 
the essential features) of the process of fer-
t,ilization was the inerease of the rate of oxida- 
tions in  the egg and that this increase mas 
caused by the membrane formation alone. 
These conclnsions have been confirmed by the 
~neasurements of 0. TYarburg as  rvell as those 
of Loeb ancl TITasteneys, both showing that the 
alteration or cytolgsis of the cortical layer of 
the eggs is i n  some wag connected with the 
increased rate of oxidations. 0. Warburg has 
further shown tha,t the oxidations in  the sea 
urchin egg are due to a catalytic process in  
trrhich iron acts as a catalyzer. The active iron 
ions of egg cells o r  of a lga can be made i11-

active by equivalent amounts of hydroeyaiiic 
acicl, thereby causing respiration and nitrate 
assimilation to cease. 

B ilerrtral, unreactive aqueous solution of 
potassinm ferrocyanide, which is  quite stable 
in  tlie dark, is extremely sensitive to light. 
Tile most important rays are those of lollg 
ware lengths, such as the bluish-yellow and red 
of daylight. These bring about the formation 
of an allraline aquo base, as  has been shown 
by E. TV. Bass and myself. The reductioil of 
alkali nilrates, 011 the other hand, is brougl.lt 
about only by light of short wave lengths, the 
ultra-violet and violet rays. I n  sunlight, dur- 
ing the summer, these rags are present in con- 
siderahle quantities and the reduction of alka- 
linitrate to nitrite can be brought about in  a 
s11ort time if the oxggen which is split off is 
taken care of chemically, a process which may 
be brought about by addition of complex fer- 
rous salts such as potassium ferrocyanide. The 

photochemical reaction ICNOa -%- KNOz + 0 
is thus accelerated by very small quantities of 
complex ferroas salts, a fact which mas not 
k n o i ~ n  u p  to this time. 

Lr t  11s norr turn onr attention to a com-
pound which has not yet been isolated, but 
which i c  formed as a labile intermediate pro- 
duct in  the reriuctiorl of nitrates with light 
energy 01%\\,it11 ferrous hydroxide and oxygen. 
This componnci i s  potassinm tiitrosyl K (NO). 
mhich Iras first riescribed by -1.Angeli in the 
so-ralleti a\rigeli Salt 

NOK 

Potassium nitrosyl reacts extremely readily 
mith aldehydes rvith the formation of hydrox- 
amic acids 

\OH 
I n  this reaction it forms a n  intermediate prorl- 
uct, as I fonnd with Coert, which is an addi- 
tion product of potassium nitrosyl to the alde- 
hyde group, entirely analogous in  composition 
to the pivdnct formed when hydrocyanic acid 
adds to an alilehydc with the formation of a 
cyanh~dr jn .  This labile addition product is 
nitroso-methyl aleohol, if formaldehycle and ni- 
trospl react together 

The atable product of the reaction, however, 
is formllydroxainic acid, which by  itself is quite 
stable in  the dark, but in  light partially re-
arranges into aci-nitro methane. 

IZy lorlger exposare to light various produets 
result, among them methylamine. By color re- 
actions it  can he shovn that the first prodz~et 
of the rednction of formhydroxamic actd by 
llgllt eneigy 1s formaldoxime, which on fnr-
ther illuminatioil suffers a partiaI Beckman re- 
a~rangemenl mith the formation of formamide. 
Another par t  decomposes into hydrocyanic acid 
and water. Formaldoxime, which I found as  
one of the volatile constituents of cholera pep- 
tone culture, is doubtless a substance of physio- 
logical importance. With trivalent iron it  
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forms very characteristic deep-red complex 
salts, which in light are transfoimed rapidly 
into colorless salts with biralent iron. 

Anhydrous formaldoxime polymerizes reacl-
ily to a trimolecular foim. I n  the dark in  
aqueous sol~ition i t  is comparatively stable. 
I n  weakly alkaline solution or on exposure to 
light, however, there residts a rearrangement 
of the atoms with the formation of a n  extreme- 
l y  labile intermediate product ~vhich links 
chemically to other formaldehyde molecules; 
compounds are  thus formed which contain 
several carbon and nitrogen atoms linked, to- 
gebher. I n  sunlight from fornlaldoxime and 
formaldehyde are  formed cyclic nitrogen com-
pounds which contain pyridine and pyrrol 
rings and which give the typical alkaloid re-
actions. Acetaldoxime behaves in  an entire-
ly analogous manner. I n  the spring of 1914 
I exposed to sunlight on the roof of the Schatz- 
alpsanatorinm in Davos, in  sealed glass flasks, 
a lalsge quantity of acetaldoxime solution con- 
taining aqueous formaldehyde; the mixture 
formed a clear mobile liquid. One year later 
the flask contained, in  place of the mobile 
liquid, a thick dark brown syrup ~ h i c h  I did 
not have the opportunity to investigate further. 

Nitromethane also behaves in a manner en-
tirely similar to formaldoxime, since in  weakly 
alkaline solution or  under the influence of light 
it  possesses the property of linking formal-
dehyde molecules chemically. I n  the case of 
nitromethane qp intermediate product is 
known, namely, isonitrobutylglycerine, which 
Henry obtained from nitromethane and fosmal- 
dehyde on  the addition of traces of an alkali 
salt. I observed that the same compound re-
sults when nitromethane and formaldehyde in 
aqueous solution are exposed to the light from 
a mercury lamp. The formation of iso-nitro- 
butylglycerine proves again that compounds of 
the type of aci-nitromethane, formhydroxamic 
acid or aliphatic aldoximes react 116th formal- 
dehyde readily to form compounds with a 
larger number of carbon atoms, a fact which 
is of particular importance in the formation 
of organic compounds from inorganic. The 
connection between the formation of iso-nitro- 
butyl glycerine and dihydroxyacetone oxime 
~vi th  compounds such as  alanine, serine, etc., 
will only be indicated. The formation of com- 
pounds of this t y l ~ e  from inoganic substances 

and light has not yet been realized experimen- 
tally. The fact should be mentioned that a 
short exposure of formhydroxamic acid in the 
presence of traces of iron to mercury light, 
or a long exposure to mercury light of a mix- 
ture of potassium nitrite, cai*bon monoxicie 
gas and traces of ferric chloride g i ~ e s  a v a t s r  
solution containing amino nitrogen which forms 
dyestuffs with triketo-hydrindin hydrate, jil.st 
as a-amino acids do. The completion of this 
work was interrupted by the mar, and because 
of other circumstances can not be taken np  a t  
the present time. Recently E. C. C. Baly has 
repeated and extended my investigations and 
has confirmed all the results with regard lo 
the formation of foimhydroxamic acid, methyl- 
amine, alkaloids and a-amino acids. 

By illumination of alkali nitrates with day- 
light i n  the presence of formaldehyde gases 
are formed which in their qualitative coni-
position agree with the gases formed by soil 
bacteria. They are chiefly nitrous oxide, hy- 
drogen, nitrogen, oxygen, carbon dioxide, car-
bon monoxide, traces of nitric oxide and hy-
drocyanic acid. The foimation of fomhydsox- 
amic acid and of fo~maldoxime by the redua- 
tion of nitrates with oxygen in the presence 
of iron salts [3?e(HC03)2] has been carried 
out by the writer experimentally. There is 
direct connection between the formation of 
these compounds and the formation of the 
aforementioned gases. The fact that soil bac- 
teria (cholera bacilli also belong to this class) 
form the same gases which result from the 
reduction of nitrates in  the presence of formal- 
dehyde i n  sunlight, and the indication that 
formaldoxime is a product of bacterial activity 
and the photochemical reduction of nitrates 
with formaldeh~de or with oxygen and iron 
lead to the conclusion that the chemical reduc- 
tion processes in  both cases are  the same or  
are very similar. The bacteria, which do not 
need light, most probably use the energy of 
the iron peroxide in  order to make nitrates 
available for  building up  proteins. I t  would 
be of the greatest interest to investigate 
whether nitrous oxide or  nitrogen, with the 
help of complex iron salts and oxygen, can 
be linked in the inner sphere and thereby ac-
tivated. Such experiments would lead to the 
still unsolved problems of the assimilation of 
free nitrogen by bacteria. I consider i t  to be 
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possible that many soil bacteria and also green 
leaves utilize nitrous oxide for nitrogen nutri- 
tion and, just as they absorb carbon dioxide, 
they absorb this gas and assimilate i t  from 
the air, where, as I found, it is formed con-
tinuously by  the action of sunlight ori nitro- 
gen and oxygen. Nitrous oslde resembles car- 
bon didxide in its physical properties; accord- 
ing to Langmuir they are isoeteric and iso-
electric molecules. Experiments in  the dark 
and in light with green plants and with mil 
bacteria exposed to an atmoqphere of nitrous 
oxide or nitrogen, i n  combination with purely 
chemical experiments on the reaction of nitrous 
oxide with iron salts, shonld make it  possible 
to obtain a better knowledge of the problem 
of nitrogen assimilation. 

I shall now say just a few words on the 
reduction of calvbon dioxide by light. 

I believe that we are still f a r  from the re-
duction, in vitro,  of carbon dioxide to formal- 
dehyde i n  large quantities by sunlight. The 
recluction of bicarbonates with mercury light 
gives only very small quantities of formalde-
hyde or  sugar and it  is questionable whether 
this process can be placed in parallel with t<he 
photochemical reduction of carbon riioxide i n  
green plants. 

I t  is quite different if the origin of the for- 
mation of organic compounds from inorganic 
is considered. Through exposure to intense 
ultra violet rays of very short wave length 
(a= 200yp), such as one finds, fo r  example, 
even at  the altitude of the Monte Rosa peak, 
o r  by the influence of silent electric discharges, 
it has been shown that carbon dioxide is re-
duced to formaldehyde, and i t  is possible that 
this substance reacts with nitrous oxide formed 
from atmospheric nitrogen and oxygen to yield 
formhydrosamic acicl. The synthesis of form- 
hydroxamic acid from nitrous oxide and for- 
maldehyde by exposure to sunlight has been 
carried out by the writer a t  the Mosso I n -
stitute on ;he Capanna Margheritta (4,600 m). 
There is as  yet 110 basis fol* assuming that the 
formation of formaldehyde from carbon di-
oxide of the ai' and sunlight can be carried 
out a t  sea level without the aid of chlorophyll. 

The formation of organic nitrogen contain-
ing anbstances froin inorganic rvith the aid of 

light eae'gy is, as  you see, solved experimen- 
tally, and the methods which have been used 
lead to the assnmption that organic substances 
found i n  nature may possibly be formed from 
air  and light in  the same o r  a similar manner. 
Horvevei*, I am f a r  from expressing the opinion 
that, in  bacteria or in green plants, the syn- 
thesis of simple carbon and nitrogen oontain- 
ing compounds which I have outlined above 
is the correct one. E. C. C. Baly, who has re- 
peated and extended my experiments, goes 
very f a r  in  his conclusions. F o r  example, he 
writes the follorving sentence: "There is  no 
doubt that formhydroxamic acid marks the first 
step in the phyto synthesis of the nitrogen 
compounds found in the plant." H e  proposes 
a table in which he begins with carbon dioxide 
and potassium nitrate and ends with proteins. 

T believe that the further investigation of 
the synthesis of organic from inorganic com-
pounds by light mill lead to many interesting 
results, but the exact experimentation, with the 
isolation and analysis of the intermediate prod- 
ucts, will require very great care on the par t  
of the investigator. I n  sunlight a t  sea level 
most light reactions proceed extremely slowly 
and the secret of how green plants build up 
their plsotein from inorganic substances with 
the help of daylight will probably be unsolved 
for  a long time. 

I2 + 02 + 2 820 2(!mlE + By02 
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