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ABSTRACT: A low-molecular-weight, solid CO surrogate that
only requires a low-power LED for activation to release 2 equiv of
CO is reported. The surrogate can be universally implemented in
various palladium-catalyzed carbonylative transformations. It is
also compatible with protocols that employ blue-light to activate
conventionally inaccessible substrates such as nonactivated alkyl
halides. Furthermore, we demonstrate that the photolabile CO-
releasing scaffold can be installed into polymeric materials, thereby
creating new materials with CO-releasing capabilities.

Transition-metal-catalyzed carbonylation, pioneered by
Heck and co-workers,1 is a one-step route to directly

introduce molecular complexity in organic synthesis, enabling
access to a wide range of carbonyl-containing intermediates.2

However, the widespread application of carbonylation in small-
scale laboratory settings is hindered by the inherent toxicity,
storage, and handling issues associated with CO gas tanks.
Thus, the development of bench-stable, solid, or liquid
reagents to replace the direct use of CO gas is an active
research area. CO surrogates developed thus far include a wide
array of compounds, ranging from low-molecular-weight
compounds such as CO2,

3 formic acid and its derivatives,4−7

dimethylformamide,8 chloroform,9,10 oxalyl chloride,11 acyl
chlorides,12 oxalic acid,13 Mo(CO)6,

14,15 paraformaldehyde,
and methanol16,17 to more complex compounds such as metal
carbonyls,18,19 aldehydes,20−22 silacarboxylic acids,23 cyclo-
propenones,24 norbornenones,25 and 9-methyl-fluorene-9-
carbonyl chloride,12,26 among many others. These surrogates
have been shown to provide advantages over the use of CO
gas. To promote the decarbonylation of the CO surrogates,
additional reagents are required. In instances where the
condition for CO release is incompatible with the carbon-
ylation chemistry, the spatial separation of the CO surrogate
from the carbonylation reaction is necessary. For example,
thermal activation or transition-metal-mediated CO release in
one vessel is run in parallel with a secondary vessel where
carbonylation takes place (Figure 1A). On the other hand,
several CO surrogates have been employed in one-pot
systems.27,28 These surrogates have decarbonylation chem-
istries that can occur concurrently with the carbonylation
reaction. For example, phenyl formate is an efficient CO
surrogate in one-pot systems that are conducted in the
presence of the appropriate base suitable for both decarbon-
ylation and carbonylation.29,30 Another possible way to achieve

orthogonal reaction conditions is to use light, instead of other
chemicals or heat, to activate the CO surrogate.
Several publications have discussed the inaccessibility of

alkyl halides as substrates as one of the challenges in
carbonylation.31−33 One reason for this is the inherently slow
oxidative addition step in alkyl halides, coupled with their
increased propensity to undergo isomerization via β-
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Figure 1. (A) For light-assisted carbonylation reactions using CO
surrogates, a two-chamber reaction vessel is needed. (B) A light-
activated CO donor simplifies the setup and the protocol.
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elimination.34 Recent reports successfully employed light to
achieve alternative radical reaction pathways for these
challenging substrates.32,35−37 With the aforementioned
challenges in the field, light seems to be a “reagent” that can
fulfill two roles by acting as an activator for the release of CO
from the surrogate and as a catalyst for nonactivated alkyl
halide substrates (Figure 1B).
We describe the design and synthesis of a high-content CO

surrogate that utilizes a low-power blue LED as the remote
trigger for CO release. This photoactivated CO donor acts as a
versatile CO surrogate for various conventional Pd-catalyzed
carbonylation reactions. Its utility is further exemplified in
carbonylation reactions employing light to access usually
restrictive, less-reactive alkyl halides (Figure 1B).32,35,36 In
these examples, the same blue light that activates the CO
donor also assists in the catalysis. Furthermore, we showcase
an example wherein the photolabile CO releasing unit is built
into polymeric scaffolds, affording new materials endowed with
CO-releasing capabilities. The polymeric version was shown to
be suitable in fully aqueous systems, which could be an entry
point for either green chemistry or biological CO applications.
We based our design on the photolabile chemistry of

bridged 1,2-diketones. Aromatic 1,2-diketone photoprecursors
of polyacenes were previously shown to quantitatively extrude
the diketone moiety as 2 equiv of CO.38,39 We sought to
synthesize an aliphatic version of the bridged 1,2-diketone and
test if it would still result in the extrusion of 2 equiv of CO
under visible-light irradiation. To construct the aliphatic 1,2-
diketone moiety, literature precedents describe an intermo-
lecular Diels−Alder reaction between 1,2-quinones and
strained alkyne partners,40 which requires a tedious synthesis.
A simplified synthesis (three or four steps) via an intra-
molecular approach starting from the cheap and readily
available catechol, 2,3-dihydroxybenzoic acid was carried out
to prepare the photoactivated CO donor, namely, CO-501
(Scheme 1). Amidation to a propargylic amine installs an

alkyne intramolecular to the latent quinone group formed after
the oxidation of the catechol moiety. The diene of the
benzoquinone reacts via a Diels−Alder reaction with the
tethered alkyne. Echoing our earlier findings,41,42 tethering a
regular alkyne intramolecular to its dienone partner obviated
the need for a strained alkyne to drive the Diels−Alder
reaction.
The UV−vis spectrum of CO-501 shows two absorption

bands. The absorption between 420 to 500 nm with λmax = 441
nm corresponds to the ν−π* transition of the carbonyl groups.

Irradiating the sample with a blue LED (3W, λmax = 450 nm,
power density at the reaction distance of 150 mw/cm2; see
Figure S13 for the detailed spectrum) for 5 min led to the
gradual disappearance of the absorption at this wavelength
(Figure 2A). Under ambient light (500 lx from the

overhanging fluorescence light in the lab), CO-501 remained
stable (Figures 2B and S2) for at least 2 h (stable in the dark
for at least 10 months). Furthermore, the GC-TCD headspace
analysis of CO-501 confirmed it unloaded 2 equiv of CO (27
mol wt % CO) upon exposure to the blue LED. These studies
indeed show that CO-501 undergoes bisdecarbonylation
quantitatively under irradiation from a blue LED (Figure
2C). Next, we sought to validate the possible use of CO-501 as
a CO surrogate for carbonylation reactions.
However, 1,2-diketones are known to readily and reversibly

hydrate in aqueous systems.43 Liao and co-workers reported
that hydration prevents 1,2-diketones from releasing CO, while
micellar structures39,44 and hydrophobic moieties such as tert-
butyl groups45 can circumvent this. CO-501 also undergoes
hydration. However, instead of abolishing its CO-releasing
capability, hydration merely slows down the process. Figure S4
shows that the diketone n−π* transition at 441 nm present in
DMSO also disappears in the presence of water while another
peak appears at ∼380 nm. This suggests that one of the
carbonyl groups is hydrated, leaving one ketone group intact.
NMR studies show that the hydration equilibrium favors the
hydrated form in DMSO/water solutions (Figures S8 and 9).
After extended irradiation with a LED (440−445 nm) for
around 65 min, the hydrated products were converted to
compounds with spectra corresponding to that of byproduct 3
(Figure S10). The reversibility of the hydration was further
confirmed when the resuspension in DMSO of a lyophilized
1:1 DMSO-d6/D2O solution gave an NMR spectrum
corresponding to that of intact CO-501 (Figure S11). The
CO yield is also dependent on the water ratio. At 50% DMSO,
only 0.8 equiv of CO was recovered after 5 min of irradiation.
Increasing the irradiation time to 30 min increased the CO
recovery to 1.5 equiv. Further increasing the water content to
98% water in DMSO led to a yield of 1.2 equiv of CO (Figure
S3) after 30 min of irradiation, representing a slight decrease in
CO production. These findings indicate that these 1,2-

Scheme 1. Strategy to Prepare CO-501

Figure 2. (A) UV−vis spectrum of CO-501 (1 mM in DMSO) upon
exposure to light from a blue LED. (B) CO-501 is stable under
ambient light for at least 2 h but releases CO when exposed to a blue
LED. (C) CO-501 undergoes blue-light-induced decarbonylation to
release 2 equiv of CO.
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diketones are compatible with applications in aqueous systems.
Nevertheless, the irradiation time of CO-501 will need to be
adjusted accordingly to achieve maximal CO yields.
Furthermore, due to the vicinal carbonyl moieties, 1,2-

diketones such as CO-501 are more susceptible to attacks by
nucleophiles. In control experiments, no carbonylated products
were observed when all reaction components were added
together with the CO donor (Table S1). This could be
explained by the reaction of CO-501 with the base or amine
nucleophiles that are usually added in excess. In the presence
of triethylamine and hexylamine, the CO yield decreases and is
completely abolished, respectively (Figure S12). Because of
this, physically separating the CO-generating reaction from the
carbonylation reaction in a two-chamber strategy is one of the
possible workarounds to prevent CO-501 inactivation. Just like
in most CO surrogates, the use of commercially available two-
chamber gas reactors has been shown to be effective.46

However, because CO generation is light-activated in CO-501,
instead of spatial separation, we utilize light as an external
trigger to temporally enrich the reaction vessel with CO before
adding reaction components that may cause inactivation.
Indeed, we find that the chronological separation of the CO
generation process and the carbonylation reaction allowed the
use of CO-501 in various carbonylative reactions under a wide
range of reaction conditions (Table 1). There is no
temperature restriction or partitioning that needs to be
factored in with the one-pot setup. With other surrogates
that require thermal activation, the CO-generating pot needs
to be maintained at a different temperature than the
carbonylation pot. Furthermore, in this system, no additional
transition-metal catalysts, additives, or bases are needed to
activate the CO release. However, for reactions that require a
higher CO pressure, a pressure tube with a two-chamber or
transparent insert would be needed. With regard to stability,
CO-501 is stable under ambient light for only ca. 2 h and
needs to be stored in the dark when not in use. CO-501 left on
the benchtop (500 lx ambient light) for one day and seven
days slowly decomposed. Using the same conditions to

synthesize compound 4 (Table 1, entry 2), the reaction yield
decreased by 32% and 44%, respectively. The small difference
in yields between these two time points could be attributed to
the limited penetration of the ambient light into solid form of
CO-501. We observed that only the surface of CO-501
showed color change, indicating partial CO release (Figure
S5). Another note is that under the current reaction settings
the reaction vessel volume needs to be carefully selected to
make sure it will be able to accommodate the accumulated CO.
We carried out the reactions in various vessel volumes ranging
from 6−20 mL vials to 50 mL round-bottom flasks for larger
scale reactions (Figure S15) and found both CO-501 and this
protocol to be widely applicable.
Because CO-501 releases 2 equiv of CO, a substoichio-

metric amount of the donor is needed to provide more than 1
equiv of CO to the reaction mixture. The low-power visible
light needed for the reaction, coupled with the fast kinetics
(Figure 2) associated with the photobisdecarbonylation of
CO-501, provides CO within 30 min of irradiation. Results
also indicate that photoproduct 3 is a stable, benign bystander
that does not interfere with the carbonylation process (Tables
1 and S1).
Up to this point, we have shown that CO-501 is a CO donor

that can be used in conventional Pd-catalyzed carbonylation
reactions. Next, we demonstrate that the photolysis conditions
to release CO from CO-501 are compatible with the
conditions needed for the light-assisted carbonylation of
challenging substrates. In prior works utilizing CO surrogates
for light-mediated carbonylation, a two-chamber setup was
required to accommodate the different reaction conditions
employed for CO generation and light-assisted carbonylation
reactions.32,36 The physical separation of the CO generation
and carbonylation reactions is necessary because of the
incompatibility of the chemistries involved in the two
processes. Here, we show that CO-501 can be used in a
simplified one-pot reaction setup that is convenient for light-
mediated carbonylation reactions. Cyclohexyl iodide and butyl
iodide with either primary or secondary amine nucleophiles

Table 1. Proof-of-Concept Studies on the Applicability of CO-501 as a CO Surrogate for Various Carbonylation Reactions of
4-Methoxyiodobenzenea under Different Reaction Conditions

aPerformed at ca. 0.1 mmol (#ca. 1 mmol) scale.
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were carbonylated under these reaction conditions (Scheme
2).

We explored the immobilization of the photolabile 1,2-
diketone core as a way around some of CO-501’s limitations.
We prepared CO-502, a light-activated polymeric version of
CO-501, as shown in Scheme S3. Using a six-carbon
aminocarboxylic acid linker, we first attached the protected
propargylic catechol on the aminomethyl polystyrene resin via
an amide linkage. Then, subsequent deprotection and
oxidation installed the light-activated 1,2-diketone moiety on
the resin. CO-502 was shown to have a CO loading degree of
1.2 mmol CO/g. We demonstrate its utility in the following
two scenarios: (1) an improved yield for carbonylation in a
fully aqueous system, indicating some protection against
hydration, and (2) the simplified workup and purification of
a specific carbonylation reaction wherein the desired product
coelutes with byproduct 2 (Scheme S4). While these are
improvements of the surrogate under specific conditions, the
immobilization of this light-sensitive CO-releasing moiety on
polymeric structures may potentially open other applications,
including biological applications.
In summary, the light-activated CO donors CO-501 and

CO-502 deliver CO upon activation by a low-power blue LED.
To the best of our knowledge, these are the first photoactivated
one-pot CO donors that have been demonstrated to be
applicable under different carbonylation reaction conditions.
More specifically, the use of this light-activated donor has been
demonstrated to be compatible with blue light-assisted
carbonylation reactions of nonactivated alkyl halide substrates.
Furthermore, with CO-502, we showed that the photolabile
CO-releasing moiety can be installed into polymeric materials
to endow them with CO-releasing capabilities. The conven-
ience and practicality of these CO surrogates in various
applications have been described herein. Future improvements
to this system would be to optimize the synthesis to improve
cost-effectiveness, especially for applications beyond research
laboratories (N-methylprop-2-yn-1-amine is an expensive
starting material) and to design 13C- or 18O-labeled 1,2-
diketone-based CO surrogates.
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