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UV-driven photoredox processing of cyanocuprates can generate
simple sugars necessary for prebiotic synthesis. We investigate the
wavelength dependence of this process from 215 to 295 nm and
generally observe faster rates at shorter wavelengths. The most
efficient wavelengths are accessible to a range of potential pre-
biotic atmospheres, supporting the potential role of cyanocuprate
photochemistry in prebiotic synthesis on the early Earth.

Many prebiotic syntheses of simple biomolecules, including
ribonucleotides, amino acids, and lipid precursors," require
simple 2- and 3-carbon sugar feedstock molecules, glycolaldehyde
and glyceraldehyde. Past suggestions for the synthesis of simple
sugars include the formose reaction,” atmospheric photochemical
production and subsequent transport to the surface,® and delivery
from space.*”® However, unspecific products® and large threshold
concentrations”® (formose reaction), and low yields® (atmospheric
production) are all drawbacks. Alternatively, Ritson and Sutherland
(2012)" demonstrated that hydrogen cyanide can be converted to
the glycolaldehyde and glyceraldehyde oxazolidinone derivatives via
a Kiliani-Fischer homologation mechanism using cyanocuprate
photoredox chemistry. This mechanism uses UV light to photo-
oxidize the cyanocuprates, producing aqueous (solvated) electrons,
which are capable of reducing HCN and 2-hydroxynitriles to
imines, which can then hydrolyze to give rise to formaldehyde
and o-hydroxy aldehydes in a stepwise fashion.

Glyceraldehyde is the simplest sugar that contains a chiral center
and can thus influence the stereochemistry in downstream synthesis.
Glycolaldehyde and formaldehyde can form enantiomerically

“ Department of Astronomy, Harvard-Smithsonian Center for Astrophysics,
60 Garden Street, Cambridge, MA 02138, USA. E-mail: zoe.todd@cfa.harvard.edu
b Howard Hughes Medical Institute, Department of Molecular Biology and Center
for Computational and Integrative Biology, Massachusetts General Hospital,
185 Cambridge Street, Boston, MA 02114, USA
¢ Earth-Life Science Institute, Tokyo Institute of Technology, 2-12-1-IE-1 Ookayama,
Meguro-ku, Tokyo, 152-8550, Japan
dDepartment of Biosciences, Abo Akademi University, Abo FI-20520, Finland
+ In memory of Dr Alexei Trifonov.
i Electronic supplementary information (ESI) available. See DOI: 10.1039/c7cc07748¢

This journal is © The Royal Society of Chemistry 2018

' ROYAL SOCIETY
OF CHEMISTRY

Solvated-electron production using
cyanocuprates is compatible with the
UV-environment on a Hadean—Archaean Earthi:

*3 Albert C. Fahrenbach,”® Christopher J. Magnani, (2 @°
@ Anders Bjérkbom,

bd Jack W. Szostak @2 °¢ and

enriched glyceraldehyde under chiral amino acid catalysts."*

Similarly, stereoselective tetrose''® and pentose'® sugars were
demonstrated under chiral amino acid catalysts and plausible
prebiotic conditions. Steer et al. (2017)"” showed the selective
synthesis of 2-deoxy-p-ribose from glycolaldehyde and formaldehyde
under the influence of proteinogenic amino esters and amino
nitriles. Plausible syntheses of glycolaldehyde and glyceraldehyde
may thus be intimately connected with the issue of homochirality.

In the Ritson and Sutherland system, UV light photooxidizes
the cyanocuprates, producing aqueous electrons, which are key
for putting into motion the reaction network capable of producing
glycolaldehyde and glyceraldehyde. (See Fig. 5 of Ritson and
Sutherland 2012'° for a detailed mechanism.) Additional work
by Ritson and Sutherland (2013)'® modified this cycle to include
hydrogen sulfide as the stoichiometric reductant and produced
free sugars upon 254 nm irradiation. The UV-wavelength depen-
dence of the system with the addition of sulfide may not necessarily
be the same as for the cyanocuprate cycle alone. Further work®
expanded upon the cyanosulfidic chemistry in Ritson and
Sutherland (2012)'® and found that sugars, amino acids, ribo-
nucleotides, and lipid precursors can be generated under UV
irradiation at 254 nm. In this system, copper is not strictly
necessary, but can increase the overall efficiency.

Cyanocuprate photochemistry has only been studied at limited
wavelengths (254 nm'*'*?° and 266 nm>"), which are poor approx-
imations of the spectral radiance illuminating the surface of the
prebiotic Earth.”® The young Sun is thought to have been on average
about 20-30% dimmer than today, but with a larger fraction of its
radiation in the UV range.”*** The early atmosphere (typically
considered to be 1 bar of N, and CO,>*) was anoxic,”**’ providing
ample radiation at wavelengths >200 nm, which are not screened
out by the likely prebiotic atmospheric constituents.*®

UV light is a potentially important source of energy to drive
prebiotic reactions.>*! Since photochemical reactions are
generally wavelength-dependent,? it is necessary to study the
suggested prebiotic photochemistry at multiple wavelengths
and fluxes more relevant to the prebiotic Earth. The flux from
our experimental apparatus is consistent with the flux expected

Chem. Commun., 2018, 54, 1121-1124 | 1121


http://orcid.org/0000-0001-6116-4285
http://orcid.org/0000-0001-5757-9832
http://orcid.org/0000-0002-5147-9053
http://orcid.org/0000-0003-0611-4175
http://orcid.org/0000-0003-4131-1203
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cc07748c&domain=pdf&date_stamp=2017-11-25
http://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7cc07748c
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC054009

Open Access Article. Published on 15 enero 2018. Downloaded on 19/07/2025 18:50:40.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

) (n-1)- HO
ol 2 ICu—(CEN)nl @
” 1 - == o)
L HUH — HN\I(
1% hv T o
P HC=N
, -
2Hcz=N 7! 2e(aq)

\

Y (n-2)-

(1 (n-2)- (1
2 lCu-(CEN)MI 2 lCu CEN)n]
n=2-3
N=—=N
Cu(l), hv _
Net: 2 HCEN —3 N=C-C=N +2H" + 2e(q)

Scheme 1 The cyanocuprate photoredox process results in the produc-
tion of solvated electrons, cyanogen, and protons and depletion of HCN.
The reduction of HCN by solvated electrons yields formaldehyde after a
few steps. This process is driven by UV-light, studied in the past at 254 nm,
and in this study, at a range of wavelengths from 215 to 295 nm. The
dashed lines indicate that some forms of the cyanocuprate complexes
may not be replenished efficiently by HCN when HCN is limiting.

on the surface of the early Earth in the wavelength range of
235-255 nm to within an order of magnitude; our lamp
provides roughly 6-9 times as much flux in this wavelength
interval. Here, we investigate the wavelength dependence of the
cyanocuprate photochemical process (Scheme 1) and assess if
this reaction is plausible on the early Earth; other systems, such
as the cyanosulfidic chemistry, will be addressed in future
work. Studying the cyanocuprate photoprocess can act as a
valuable test case for more complex chemical systems, such as
those described in Ritson and Sutherland (2013)"® and Patel
et al. (2015)."

We began by testing how the relative rates and quantum
yields of the photoprocess depend on irradiation wavelengths
from 215 to 295 nm (10 nm intervals, 10 nm bandwidths).
These wavelengths of light (roughly 200-300 nm, or mid-range
UV) were selected according to conditions expected on the
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surface of the early Earth. Aqueous solutions of dilute cyano-
cuprate complexes (63 UM copper(1) with three equivalents of
cyanide) were prepared at neutral pH anaerobically. The
absorption spectra of these solutions (Fig. 1A) display peaks
at 210 and 234 nm, indicating that the solution is primarily
composed of dicyanocuprate complexes. The tricyanocuprate
species has absorption maxima at 205 nm and 239 nm. As the
number of equivalents of cyanide per copper center is increased,
the absorption spectrum changes from that characteristic of the
dicyanocuprate to that of the tricyanocuprate (Fig. S5, ESI).
Irradiation of the solutions resulted over time in a decrease in
the absorption intensity across the spectrum, the rate of which
depended on the irradiation wavelength.

We attribute the decreases in absorbance to the following
mechanism: photoexcitation by UV light of cyanocuprates
releases solvated electrons, a fraction of which are scavenged
by HCN to eventually yield sugar products. The cyanide ligands
of the oxidized copper(u) cyanide complexes undergo reductive
elimination, forming cyanogen and regenerating the copper(i)
state. Each turn of the cyanocuprate photoprocess removes
multiple HCN molecules per copper complex, causing the cyano-
cuprate distribution to favor complexes with lower coordination
numbers and the observed decrease in absorbance. The relative
rates of the reaction at different wavelengths were also monitored
with a cyanide-selective electrode (Fig. S7, ESI) to confirm
the overall trend from the rates determined via absorbance
measurements. LC-MS studies also confirmed the production
of an oxazolidinone end product at all wavelengths tested (ESL*
Scheme S1). This detection indicates that the production
of simple sugars can occur even at more prebiotically relevant
sub-millimolar concentrations of copper and cyanide, while
previous experiments used higher initial concentrations (200 mM
KCN and 10 mM CuCN)."

The decrease in absorbance of the cyanocuprate solution
with irradiation time allows us to determine an apparent rate
(Fig. 1B) for the overall photochemical process, which serves as
a proxy for the relative rate of solvated electron production at each
irradiation wavelength studied. In order to compare reaction rates
at different irradiation wavelengths, we normalize the apparent
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Fig. 1 (A) Absorption spectra of an aqueous solution of cyanocuprates (63 pM CuCN, 125 pM KCN) during UV-irradiation. Arrows indicate the two
absorption maxima at 210 and 234 nm decreasing as a function of irradiation time. (B) Absorbance at 234 nm as a function of irradiation time. The slope of
the trendline measures the rate. (C) Action spectrum with the maximum value set to 1. Each wavelength was tested in triplicate, with the values representing
the averages and errors of the standard deviation. The rates are faster at wavelengths below roughly 250 nm. The numerical values (and errors) for that data
presented here are given in the ESIE (Section VII).
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Fig. 2 Relative quantum yield (normalized such that the maximum is 1) as
a function of irradiation wavelength. The quantum yield is the highest at a
wavelength of 245 nm. The numerical values (and errors) for the data
presented here are given in the ESIE (Section VII). Wavelength-dependent
experiments employed solutions of 63 uM CuCN and 125 uM KCN
prepared from concentrated stocks. The pH value was adjusted to 7.4
using HCL. All preparations were done anaerobically, inside a glove box
filled with an inert gas mixture (98% N, and 2% H,). The final samples were
placed inside gas-tight screw-top Spectrosil cuvettes (Starna cells part number
9-Q-10-GL14-C) to ensure anaerobic conditions. For each experiment, 0.7 mL
of cyanocuprate solution was irradiated. Every 15 minutes for the first two
hours, and every 30 minutes thereafter (210 minutes total), UV-Vis absorption
spectra were recorded in order to monitor the reaction and determine the rate.

rates by incident photon fluxes, to give the action spectrum®*
(Fig. 1G; see the ESIt for details). The normalized rate is larger at
irradiation wavelengths <250 nm.

We calculated the relative quantum yields (number of reactions
per absorbed photon) at the various irradiation wavelengths tested
and normalized all quantum yields such that the maximum yield
(at 245 nm irradiation, near the absorption maxima of the cyano-
cuprates) was set to 1 (Fig. 2). Two different mechanisms have been
proposed for this process: (1) the Ritson-Sutherland mechanism™®
postulates a photoionization as the underlying photoprocess,
suggesting that any photon with energy greater than the activation
energy of the process should be sufficient, and (2) Banerjee et al.
2014* use theoretical calculations of electronic structures and a
mechanism involving dipole-bound forms of HCN to predict a
Gaussian efficiency centered at 265 nm. Our results do not support
this mechanism, given that the relative quantum yield at 265 nm is
roughly a tenth of the maximum value at 245 nm.

We next studied how the wavelength-dependent reaction
rates compare to the spectral irradiation on the modern and
prebiotic Earth. The relative rates determined herein suggest
that the process proceeds more efficiently at wavelengths below
250 nm, but shorter wavelengths are less accessible on the
surface of a planet due to shielding by atmospheric gases and
decreased solar output. We compute the intensity of light
reaching the surface of the Earth as a function of wavelength
by convolving the solar flux with the spectral screening by
atmospheric gases (ESL% Section VI). We compute the relative
rate of solvated-electron production as a function of wavelength
by multiplying the action spectrum and integrated surface

This journal is © The Royal Society of Chemistry 2018

View Article Online

Communication

]
A Sample Top of Modern
Prebiotic  Atmosphere Earth |( )\)

N Earth Sa
% % P
N, 88.9 78 o

€op 16 3155x102  g=°
H,0: 0.476 0.312 g
CH,: 1.65x10+ oo e
S0,:3.37x10° 0 L
0, 2.71x10* 21.0 \:,

05 9.16x10° 2.39x10° \‘:‘
M © 0 s

w

1015
c
5 1.0 ° —
O 14 =
§ ° 0% &
S 08 - T
DZ " 108 =
cf numa " 2
“— 0.6 3
S [ e <
[} 12 =
- Sgmm 10 —
4 ¢ 8
© 0.4 T ° f=
= " ® o 8
B . 10 g
° [ Y [hq
x 02 °

1010

200 220 240 260 280 300

Wavelength (nm)

Fig. 3 (A) Schematic of the UV light reaching the surface of the Earth for a
proposed prebiotic (left) and modern atmosphere (right), both with 1 bar
and atmospheric compositions as noted. (B) The relative rate of solvated-
electron production occurring from the cyanocuprate photoprocess
as a function of wavelength for a hypothetical prebiotic atmosphere
(red circles; normalized so that the maximum is 1); for the modern Earth
the rate is essentially zero and not shown. The highest relative rate occurs
at 245 nm. The Earth surface radiance (green squares) is shown for the
early atmosphere. The UV wavelengths necessary for driving the cyano-
cuprate photochemical production of solvated electrons should be acces-
sible on the early Earth and under a variety of atmospheres.

radiance at each wavelength.?* The resulting curve is shown
in Fig. 3B (red dots); the area under it is commonly referred to
as the relative dose rate.”>

The modern surface of the Earth receives low levels of UV light
(due to UV-shielding O, and O3) leading to a UV flux inadequate to
drive this photochemistry. Even when including the effects of the
atmospheric attenuation and stellar spectral slope, we find that
the most productive wavelength of irradiation remains 245 nm for
the early Earth. Energy at the relevant wavelengths should be
accessible on the early Earth for a range of plausible atmospheres,
suggesting that this mechanism for simple sugar generation is
viable. The peak wavelength does not precisely correspond with
the 254 nm light that is typically used in prebiotic experiments,
exemplifying the importance of wavelength dependence considera-
tions. Our study, though carried out at specific individual wave-
lengths that do not mimic the spectrum of the Sun, when combined
with information about the spectral flux on the early Earth, can
provide insight into the plausibility of the process in the overall
context of the UV environment on the early Earth.
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In summary, we performed a wavelength-dependent analysis
to assess the plausibility of the synthesis of 2- and 3-carbon sugar
building blocks (necessary for simple biomolecule synthesis)
from photoredox processing of cyanocuprates. Past studies of
the cyanocuprate photoprocess used monochromatic emission
at 254 nm, which is a poor proxy of the surface irradiation on the
early Earth. In order to assess the prebiotic plausibility of this
pathway, we measured the wavelength dependence and found
that the process is more efficient at wavelengths <250 nm. The
wavelength with the highest quantum yield (245 nm) should be
accessible not only in the atmosphere we tested here, but also in
other plausible early Earth atmospheres. Thus, we argue that
the photochemical cycling of cyanocuprates is a prebiotically
plausible source of 2- and 3-carbon sugar building blocks on the
early Earth, across a diversity of possible atmospheric states.
This process should also work on early Mars (unless high levels
of dust are present*>*®) or exoplanets analogous to the young
Earth orbiting stars with UV emission similar to the Sun.
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