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Chapter 3: 

C3-selective C-C bond formation: 

optimization and mechanistic study 
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Introduction 

In chapter 2, the α-alkylation of alcohols via photoredox catalysis was applied to 

monosaccharides, which led to unexpected site-selectivity for C3 with glucosides and 

xylosides. While the origin of the regioselectivity in this particular class of substrates is 

not yet understood, the mechanism of the reaction as such has already been well-studied. 

MacMillan proposed the following mechanism for the photoalkylation of alcohols which 

is supported by experimental and computational evidence (Figure 1).[1] First, excitation 

of the photocatalyst by light leads to an electron hole in the iridium catalyst which is long-

lived.[2] An electron from the lone pair of a quinuclidine molecule in the mixture is 

transferred onto the iridium catalyst (single electron transfer, SET), forming a 

quinuclidine radical cation and the reduced iridium catalyst. The quinuclidine radical 

cation is then able to abstract a hydrogen atom from the C-H bond of the α-carbon of the 

alcohol (hydrogen atom transfer, HAT), provided that the C-H bond is weakened due to 

hydrogen bond formation with the OH-group. This is effectuated by the present phosphate. 

The electron-rich radical created on the α-position of the hydroxy group reacts with an 

electron-poor somophile, forming a C-C bond. After single electron transfer from the 

reduced iridium catalyst to the carbon-centered radical and protonation of the resulting 

anion by the quinuclidinium cation, the cycle is complete. Both the iridium complex and 

the quinuclidine are regenerated in the cycle and the α-alkylated alcohol is the product. 

Labeling of the α-hydrogen of the hydroxy group with a deuterium revealed that the HAT 

step is irreversible and rate-determining. The phosphate anion was determined 

experimentally to be necessary for the reaction, and its role in lowering the strength of 

the C-H bond was demonstrated computationally. The reason is that an increase in 

electron density on the alcohol oxygen leads to an increased nO→σ*CH donation, thereby 

weakening the α C-H bond, which makes it more susceptible to homolytic cleavage.  

Armed with our report on the use of the quinuclidine radical cation to achieve selective 

HAT in monosaccharides, Taylor and coworkers demonstrated that the selectivity can be 

steered from C3 to C2 or C4 by using a diarylborinic acid as an additive instead of a 

phosphate salt. Their DFT calculations show that the hydrogen atom abstraction at C2 of 

a diarylborinic acid-chelated mannoside (by the quinuclidine radical cation) has the 

lowest energy barrier with respect to C3 and C4.[3] 
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Figure 1. The mechanism of the photoalkylation proposed by MacMillan and coworkers. 

In the original report by MacMillan and coworkers on which the photoalkylation 

described in chapter 2 is based,[1] the isolated yields were decent to good (ca. 80%). 

However, when this approach was applied to unprotected glucosides, as I did, isolated 

yields dropped to ca. 50%. As mentioned in chapter 2, this drop in yield is not due to 

formation of regioisomers. Rather, it is the result of two factors which are impeding the 

isolated yield: conversion and product isolation. To study how these somewhat 

disappointing yields could be improved and the reaction optimized, we took a closer look 

at our benchmark reaction, the alkylation of methyl α-D-glucoside 1 with phenyl vinyl 

sulfone 2, forming the C3-alkylated product 3 (Figure 2).  
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Figure 2. The benchmark reaction with standard reaction conditions investigated in this chapter. 

Assuming that the described mechanism applies to our benchmark reaction, we conducted 

the following study to maximize the yield by 1) optimization of the reaction conditions 

to increase conversion, and 2) optimization of the isolation and purification of the product. 

Since the aim of our work is to eventually apply this methodology to more complex and 

biologically relevant carbohydrates, we focused our optimization efforts on unprotected 

glucoside 1. Our initial photoalkylation experiments were performed using a commercial 

blue LED (Kessil LED H150 Grow Light, Blue) as the light source (known now as 

“Kessil lamp”). During the course of the study, we copied the photoreactor designed by 

the group of MacMillan and the company Merck (USA).[4] In order to be able to do this, 

we gratefully received the 3D Printing files from Dr. Wismer (Merck) and the 

photoreactor was constructed by HuloTech in Stadskanaal. In studies by MacMillan et al., 

various reported photoredox reactions with different photocatalysts all showed an 

increase in reaction rate using this reactor compared to their respective “traditional” setup. 

We therefore also investigated the effect of a different reaction setup (i.e. Kessil lamp vs. 

photoreactor) on the benchmark reaction. 

Results and discussion 

The problem with incomplete conversion and the unexpected consumption of 

phenyl vinyl sulfone 

As stated in chapter 2, full conversion of the monosaccharide could never be achieved in 

any of the photoalkylation reactions. Even though sulfone 2 was always added in excess 

(1.5 eq) to the benchmark reaction, no signals indicative the characteristic vinyl group 

were observed in the NMR spectra of the crude reaction mixture, indicating full 

consumption of the vinyl sulfone 2. Instead, multiple additional signals in the aromatic 

region of the 13C-NMR deriving from sulfone 2 were visible (Figure 3). Loss of sulfone 

2 via unknown side reactions apparently decreased the amount of 2 available for the 

productive reaction. At first, we attempted to solve this problem by increasing the amount 

of 2 to three equivalents, hoping that the excess of sulfone would compensate for its loss 
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in side-reactions. However, despite this large excess of 2, we still obtained approximately 

the same conversion of monosaccharide 1, or even lower! On a positive note, and contrary 

to our initial fear (chapter 2), we concluded that overalkylation did not seem to occur as 

the 50 – 80 ppm region in the 13C-NMR spectra remained rather unchanged. Furthermore, 

we observed that the three equivalents of 2 were not entirely consumed, as vinyl signals 

remained in the NMR spectra. In parallel, the intensity of the additional signals in the 

aromatic region of the 13C-NMR spectra of the crude mixture increased drastically. Upon 

close inspection, it turned out that with both 1.5 equivalents or three equivalents of 2, 

eight new signals in the 13C-NMR spectra appeared, which corresponded to two “sets” of 

phenyl signals (Figure 3). Comparison of the relative intensity of these signals in the 

spectra obtained with 1.5 equivalent and with three equivalents of 2 revealed a large 

difference.  

Based on these results, we concluded that  

(1) the extent of oxa-Michael addition of the hydroxy groups to sulfone 2 is negligible, 

since only two sets of signals, one corresponding to unmodified monosaccharide 1, and 

one corresponding to alkylated monosaccharide 3, are visible in the diagnostic region of 

the 13C-NMR spectrum (δ = 65 – 80 ppm),  

(2) a higher loading of 2 increases the amount of side products, but does not increase the 

conversion of 1 significantly, 

(3) overalkylation is not occurring to a significant extent and, 

(4) at least two side products are formed in the reaction.  

We reasoned therefore that suppressing the loss of sulfone 2 via side reactions could 

improve the yield and therefore started the identification of the side products, and the 

ways in which these are generated. 
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Figure 3. Aromatic region of the 13C-NMR spectrum of the crude of the benchmark reaction, with 

the unknown signals identified as A and B, which correspond to the aromatic signals of the side 

products sulfone A and sulfone B. The numbers 2 and 3 correspond to the aromatic signals of 

sulfone 2 and product 3, respectively. Top: benchmark reaction with standard reaction conditions 

but with 3 eq. of sulfone 2 instead of 1.5 eq. Bottom: benchmark reaction with standard reaction 

conditions.  

Firstly, we attempted to identify the minimal required reagent combination leading to the 

formation of the side products. The study was started by eliminating 1 from the reaction, 

with the result that the same two sets of phenyl signals appeared (Table 1, entry 1). We 

then performed the reaction without TBAP or without the iridium catalyst, respectively 

(Table 1, entries 2 and 3). Interestingly, different conditions gave different ratios of the 

unknown signals, confirming that two different sulfone-based side products are formed 

in the reaction and not just one. For convenience, we labeled them sulfone A and sulfone 

B (Figure 3). 
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Table 1. Conditions studied to produce sulfone A and sulfone B. All of the reactions were run under 

standard conditions with concentrations stated in Figure 2 without glucoside 1 unless stated 

otherwise, and only reagents marked with an “X” were present in the solution.  

Entry 
Sulfone 

2 

Ir 

cat. 
Quinuclidine TBAP Light Mol ratio (2 : A : B) 

1 X X X X X 1 : 0.91 : 0.30 

2a X X X  X 1 : 0.82 : 0.01 

3 X  X X X 1 : 0.12 : 0.79 

4 X    X 1 : 0.1 : 0 

5b X  X  X 1 : 0.1 : 0.99 

6 X   X X 1 : 0.1 : 0.3 

7 X  X   1: 0.03 : 0 

8 X   X  1 : 0.04 : 0 

9 X X   X 1 : 0 : 0 

10 X  X  

Ambient 

light, 

>2 weeks 

1 : 1.5 : 0 

a Compared to the Kessil lamp, when the photoreactor was used as the light source, the mol ratio 

(2 : A : B) became 1 : 0.79 : 0.12. b When solvent was used without degassing, the mol ratio (2 : A : 

B) became 1 : 0.02 : 0. 

For entries 2 and 3, the major products (sulfone A and sulfone B) were isolated. In the 
1H-NMR spectrum of A, next to the aromatic signals, only a singlet at 3.44 ppm was 

found, which integrates to 2H with respect to the protons found in the aromatic region. 

Via HMQC, this signal correlates to a signal in the APT 13C-NMR at 49.7 ppm with an 

even number of protons attached. This can only be the case if the carbon is a methylene 

carbon with no neighboring protons and a neighboring electron withdrawing group. Since 

only one set of phenyl signals is observed, each phenyl must correspond to one methylene 

in a symmetric fashion, so that both the methylene groups and the phenyl groups are 

magnetically equivalent. We therefore propose the structure for A as in Figure 4. A has 

been reported in literature,[5] and both the NMR and HRMS spectra of A are in agreement 

with that literature report. 

In the 1H-NMR spectrum of sulfone B, next to the aromatic signals, 3 multiplets at 4.20 

ppm, 2.53 ppm and 2.35 ppm, each integrating to 1H, are present. Via me-HSQC, the 

signals at 2.53 ppm and 2.35 ppm correspond to the same carbon at 19.3 ppm in the 13C-

NMR, and therefore the two protons are diastereotopic. Combining all the 

aforementioned evidence, a cyclic structure shown in Figure 4 was proposed for B. The 

compound has been reported in literature, albeit with no reference to its stereochemistry.[6] 

Both NMR and HRMS spectra of B are in agreement with the literature. Furthermore, as 

sulfone B is a crystalline solid, an X-Ray structure was obtained. The X-Ray structure 

showed the structure of sulfone B unambiguously to have the phenylsulfone groups trans 

and vicinal with respect to each other on a cyclobutane ring (Figure 4). 
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Figure 4. Top: The structures of sulfone A and sulfone B. All important chemical shifts (δ) of both 
1H and 13C are shown in ppm. All equivalent protons are labelled accordingly (as HA, HB and HC in 

each molecule). Bottom: Crystal structure of sulfone B. H atoms are hidden for clarity (CCDC 

deposition no: 1987469). 

Investigations into the formation of sulfone B 

Starting with sulfone B, this seemed to be the product of a straightforward [2+2] 

photocycloaddition. However, subjecting a solution of 2 in DMSO to irradiation by blue 

light did not lead to the formation of B  (Table 1, entry 4). On the contrary, substantial 

amounts of B were formed when sulfone 2 was irradiated in the presence of either 

quinuclidine or TBAP (Table 1, entries 5 and 6). Formation of B was completely blocked 

in the absence of light (Table 1, entries 7 and 8) or in the presence of oxygen (Table 1, 

entry 5). Thus, sulfone B is formed in the presence of light, i.e. via a [2+2] cycloaddition 

mechanism, but only in the presence of either quinuclidine or TBAP. Thus far, B has been 

prepared by electrochemical reduction, leading to the dimerization of two molecules of 

2,[6],[7] and we do not see an obvious link between these two processes. A posteriori it 

should not surprise us that the straightforward irradiation of vinyl phenyl sulfone refuses 
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to produce sulfone B. Excitation of the vinyl group would require considerably shorter 

wavelengths than the 450 nm produced by the Kessil lamp. In this context it is also 

worthwhile to note that we did not observe the formation of “[2+2] cycloaddition-like” 

products in reactions with other somophiles like cyclopentenone and vinyl phosphonate. 

The light source used in the experiments so far is the aforementioned Kessil lamp, which 

is optimized for horticulture, but not for scientific purposes. The precise characterization 

of this light source has been reported neither by MacMillan nor by other researchers, and 

therefore we characterized the light source ourselves (Figures 5 and 6).  The emission 

spectrum of the Kessil lamp shows that the light source is far from monochromatic, with 

two Gaussian shaped peaks centered around 419 nm and 454 nm. As we hypothesized 

that sulfone 2 undergoes a [2+2] photocycloaddition we performed the same experiment 

(Table 1, entry 5) with a 420 nm longpass filter (abbreviated as “light filter” below). No 

B was formed in the presence of this filter. We therefore conclude that the formation of 

sulfone B is due to the photons with wavelength < 420 nm, and can therefore be prevented 

(Figure 5). A redshift is observed upon addition of quinuclidine to a solution of sulfone 2 

(Figure 7), suggesting that the presence of quinuclidine shifts the absorption of sulfone 2 

to such an extent that a small number of photons with a wavelength < 420 nm emitted by 

the Kessil lamp can be absorbed, leading to a [2+2] photocycloaddition. What remains 

unclear is what causes the redshift in the absorption spectrum upon the addition of 

quinuclidine (and to a lesser extent TBAP). We did not study this photocycloaddition 

reaction as a potential synthetic procedure for the formation of B, but are of the opinion 

that this would be well possible.  

We were also interested in whether sulfone B would form under similar reaction 

conditions with the light source of the photoreactor, since its emission spectrum contains 

only one Gaussian peak around 445 nm. The reaction according to entry 2 was repeated 

with the photoreactor, and sulfone B was formed after irradiation, indicating that the LED 

in the photoreactor also emits photons with shorter wavelengths. Scrutinizing Figure 6, 

one might conclude that only a small number of photons with a wavelength < 420 nm is 

emitted by the photoreactor light source. This seemingly small number of photons 

generates a substantial amount of B nevertheless. Either this number of photons is very 

efficient in converting sulfone 2 to sulfone B (i.e. the reaction has a high quantum yield), 

or this seemingly small number of photons is not small in an absolute sense. If we would 

like to establish any quantitative relationship between the input of photons and the 

conversion of sulfone 2 to sulfone B, we need better quantitative techniques than just 

measuring the intensity of an emission spectrum. A more accurate way to quantify the 

number of photons of a certain wavelength is to perform chemical actinometry after the 

incident light has passed through optical filters, to select only the photons with the desired 

wavelength, which are to be quantified.  
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Figure 5. Emission spectrum of the light source (Kessil lamp). Note that the detector was at an 

arbitrary distance from the light source during the measurements, so the intensity of the 

measurements should not be compared. 

 

 

 

Figure 6. Emission spectrum of the light source in the photoreactor. Note that the detector was at 

an arbitrary distance from the light source during the measurements, so the intensity of the 

measurements should not be compared. Furthermore, the peak at 586 nm is due to ambient light. 
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Figure 7 Absorption spectrum of sulfone 2 (63.6 mg) in DMSO (0.5 ml) with / without quinuclidine 

(2.8 mg). Path length = 0.1 cm. Red: absorption spectrum of sulfone 2 only. Blue: absorption 

spectrum of sulfone 2 with quinuclidine.  

According to the [2+2] cycloaddition mechanism, the regiochemistry and stereochemistry 

can also be explained. Whether the [2+2] cycloaddition undergoes a concerted or stepwise 

mechanism has been the subject of debate.[8] However, in the dimerization of 2 forming 

B, both mechanisms lead to the same regio- and stereochemistry in sulfone B. 

In a concerted mechanism, the Woodward-Hoffmann rules must be considered. 

Photochemically, only a suprafacial [π2s+ π2s] approach is allowed. To predict the 

regiochemical outcome, we must consider the symmetry matches between frontier 

orbitals with similar energies (Figure 8). The two pairs of orbitals which are very close in 

energy are the HOMO and the SOMO(1), and the LUMO and the SOMO(2), with each 

pair having the same symmetry. Both pairs form new MO combinations such that the 

resulting new bond order is 0.5, indicating a favorable orbital interaction and the partial 

formation of a bond. To maximize the overlap between the pair of orbitals, the 

cycloaddition product is formed such that the atoms with the largest coefficient in each 

of the π system are overlapping. In both cases; HOMO + SOMO(1) or LUMO + 

SOMO(2), the predicted product is the same—a cyclobutane adduct with vicinal sulfones, 

which is in line with the experimentally observed product. The stereochemistry of sulfone 

B can be explained by the unfavorable steric interaction between the large phenylsulfone 

groups in the transition state when the phenylsulfone groups are syn to each other (Figure 

9). 
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Figure 8. The interaction between the LUMO/SOMO(2) pair (left) and the HOMO/SOMO(1) pair 

(right), leading to the observed [2+2] product sulfone B. In both cases, the resulting bond order for 

the MO combinations is 0.5. By connecting the atoms with the largest coefficients, the sulfone 

substituents are vicinal to each other in the product in both cases.  

 

Figure 9. Stereochemical explanation of the formation of B in a concerted mechanism. Left: 

Transition state leading to the cis-disulfone product, in which a serious steric clash occurs. Right: 

Transition state of the sulfones leading to the trans-disulfone product. 
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In the stepwise mechanism, the biradical of sulfone 2, I, is generated via irradiation 

(Figure 10). Stepwise addition takes place to another molecule of 2 to form stable 

biradical II, which closes intramolecularly to form B. Since the mechanism is not 

concerted, the Woodward-Hoffmann rules do not apply here. A study on [2+2] 

cycloaddition reactions with α,β-unsaturated ketones by Houk and coworkers suggested 

that a twisted triplet biradical is generated by irradiation, analogous to biradical I.[9] 

Following their reasoning, the β-position of I resembles a nucleophilic alkyl radical, 

while the α-position resembles an electrophilic radical through conjugation with the 

electron withdrawing group. The less stabilized, nucleophilic radical then adds to the most 

electrophilic position of 2, which is the β-carbon, forming the biradical II. This explains 

the regioselectivity in the case of a biradical mechanism. Stereochemistry in this 

mechanism is determined in the following step, where the single bonds can rotate freely 

to avoid the clashing of the two large phenylsulfone groups in the transition state when 

the radicals recombine (Figure 10). 

Figure 10. Biradical mechanism of the formation of sulfone B 

Investigations into the formation of sulfone A 

The results of the screening showed that sulfone A has the property of being omnipresent 

as long as either quinuclidine or TBAP is present, and that the amounts of A vary 

depending on the conditions (Table 1, all entries except entry 9). We observed that A is 

generated slowly over time even in the absence of photocatalyst (Table 1, entry 10). 

However, conversion of 2 into A is most pronounced (with mol ratio 2 : A > 1: 0.2) when 

the photocatalyst and quinuclidine are present (Table 1, entry 2 and entry 9). The synthetic 

chemist would quickly conclude that phenylsulfinate is generated during the reaction, 

adding to sulfone 2 in a Michael addition, thereby upon protonation forming sulfone A. 

Indeed, formation of A has been reported in literature by the addition of phenylsulfinyl 

anion to 2.[10] However, the generation of phenylsulfinate (either the anion or phenyl 

sulfonyl radical) from sulfone 2 is not obvious and has not been reported. The formation 

of phenyl sulfonyl radical has been postulated via radical addition to (E)-1,2-

bis(phenylsulfonyl)ethylene followed by elimination of this stabilized radical.[11] It is not 

clear though, how that would work with 2. Due to the formation of A in the presence of 

a base/Lewis base, regardless of the presence of the photocatalyst, we are left with 

hypotheses on the mechanism of formation in the presence of a base/Lewis base (Figure 

11). Firstly, the quinuclidine, the phosphate ion or even DMSO (R) may carry out a 

Michael addition onto sulfone 2, leading to an anion at the α-carbon. The resulting anion 

may be protonated by the TBAP (or trace amounts of water in its absence) in DMSO. An 

elimination reaction by a general base R may generate the phenylsulfinate anion, and the 

alkene. This despite the fact that the anion resulting from deprotonation is just reasonably 
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stabilized (in the case of DMSO as nucleophile), just slightly stabilized (in the case of 

quinuclidine) or not stabilized at all (in the case of phosphate as the nucleophile). Further 

elimination of the phosphate / quinuclidine / DMSO by a general base R leads to the 

formation of acetylene and RH+, which can be deprotonated by any anion generated 

during the Michael addition in the first step. The sulfinate anion generated can carry out 

a Michael addition on sulfone 2 to form sulfone A. While the elimination steps are 

certainly kinetically slow and usually require heat,[12] the process can happen slowly over 

time (As shown in Table 2, entries 3-8). On the other hand, the rapid generation of sulfone 

A in the presence of both photocatalyst and quinuclidine suggests that the generation of 

sulfone A must at least in that case run via another mechanism in which both components 

are involved (Table 2, entries 2, 7 and 9). The presence of the irradiated photocatalyst 

suggests that the mechanism involves the generation of quinuclidine radical cation and 

the reduced photocatalyst Ir(II) species as in Figure 2 (Figure 11). However, the following 

steps remain a puzzle, as neither the quinuclidine radical cation nor the reduced Ir(II) 

species are expected to react with sulfone 2 (Figure 12). Since the quinuclidine radical 

cation is electrophilic, it is unlikely to add to the electrophilic LUMO of sulfone 2. On 

the other hand, the Ir(II) species, while being a powerful reducing agent, is unlikely to be 

powerful enough to reduce sulfone 2. The oxidation potential of Ir(II) is the reduction 

potential of the Ir(III) species and has been determined to be -1.35 (v. SCE in ACN).[13] 

The reduction potential of sulfone 2, although as such unavailable, is approximately equal 

to the reduction potential of the analogous sulfone 2’ (where the phenyl is substituted by 

tolyl), and has been reported to be -2.1 V (v. SCE in ACN). For spontaneity (ΔG < 0), ΔE 

= Ered - Eox > 0, and the reduction potential of sulfone 2 is likely to be exceedingly negative 

for the single reduction of sulfone 2 to happen. Another possibility is that the electrophilic 

quinuclidine radical cation adds to the α-carbon of sulfone 2, forming a primary radical 

as an intermediate and subsequently expel a sulfonyl radical. However, electrophilic 

attack on an electrophilic species forming an unstable intermediate is difficult to imagine. 

The following mechanistic steps thus warrant further study. 

Nonetheless, caution must be exercised on all the presumptions that are made in the 

hypothesized mechanisms. These include 1) phenylsulfinate is generated in the process 

and 2) Ir(II) species cannot react with sulfone 2 based on the reduction potentials 

reported in ACN and not in DMSO. These are the assertions which should be verified 

before further investigations are carried out. In order to confirm that phenylsulfinate is 

indeed generated in the reaction, a large excess of another good Michael acceptor (e.g. 

methyl acrylate) could be added to check if the adduct forms. It is also important to keep 

in mind that phenyl sulfonyl radical can react with 2 in the same fashion as 

phenylsulfinate anion, forming sulfone A via a radical mechanism. Moreover, cyclic 

voltammetry can be carried out in DMSO instead of ACN, directly on our photocatalyst 

and sulfone 2.  
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Figure 11. The hypothesized mechanism of the formation of phenylsulfinate, ionic pathway 

 

Figure 12. Mechanistic questions that a radical pathway, involving photocatalyst and quinuclidine, 

towards sulfone A, encounters. 
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Catalyst loading and conversion 

An essential component for the photoalkylation reaction to work is the iridium catalyst, 

since it converts light energy into redox potential and kick-starts the whole catalytic cycle 

(Figure 1). While the catalyst loading in the benchmark reaction was based on the 

reported literature procedures,[1] the effect of catalyst loading had not been assessed. The 

interaction of light and catalyst is also important. A catalyst loading is too low if not all 

photons are absorbed by the catalyst. On the other hand, a catalyst loading is too high if 

most of the catalyst cannot receive sufficient light to excite and initiate the photoredox 

cycle. Furthermore, such a setting is a breeding ground for a high concentration of radicals, 

potentially leading to side reactions and degradation of the catalyst if these radicals 

combine. In attempt to gain insight into the relationship between catalyst loading, catalyst 

degradation and conversion to the desired product, we varied the catalyst loading and 

monitored the conversion by NMR. 

Since no signals of product 3 which are baseline-resolved are present in the crude 1H-

NMR, we opted to use 13C-NMR integration to follow conversion. 13C-NMR integration 

has a similar accuracy to 1H-NMR integration given that the same type of carbon (in our 

case, the anomeric carbon) is compared.[14] Integration of the anomeric carbon in the 13C-

NMR of the crude mixture is commonly used as quantitative measure in carbohydrate 

chemistry as well.[15-20] We thus embarked on the journey of quantifying conversion by 

varying irradiation time, catalyst loading and light input.  

Conversion dependence on catalyst loading 

First, we carried out the benchmark reaction under standard reaction conditions with 4.8 

mM and 5.2 mM of Ir catalyst (graph 1), which gave 85% and 89% conversion 

respectively. Due to difficulty in weighing accurate amounts of solid catalyst, in all 

following entries the catalyst was added from a stock solution and diluted to the 

appropriate concentration. The use of 2.5 mM of Ir catalyst (half of the standard loading) 

gave 61% yield within the same period of irradiation time, while using 1.25 mM (a quarter 

of the standard loading) gave 59% conversion. A significant drop in conversion (21%) 

was observed when only 0.63 mM of catalyst was used. (Graph 1) The correlation 

between conversion and catalyst concentration is non-linear. Significant increases in 

conversion is only observed when the catalyst loading increases from 0.63 mM to 1.25 

mM, and from 2.5 mM to 4.8 mM, while decreasing catalyst loading from 2.5 mM to 1.25 

mM resulting only in a ~2% loss in conversion. The effect of additional catalyst seems 

not to be accelerating the reaction, but to replenish the activity of the deactivated catalyst. 

This effect is also not linear, as going from 2.5 mM to 4.8 mM only results in a 24% 

increase in conversion, suggesting that the catalyst is also deactivating at an increased 

rate at higher catalyst concentration. For maximum turnover number (TON), a 

concentration at 1.25 mM of photocatalyst should be used despite incomplete conversion 

of the starting material. 
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Graph 1. Conversion dependence on catalyst loading. All reactions are performed with standard 

reaction conditions in the photoreactor.  

 

Conversion dependence on light source: the use of filters 

We have mentioned that the formation of B can be prevented by using a longpass filter in 

combination with the light source (vide supra). However, minimizing the formation of 

sulfone B does not mean that we also put sulfone 2 into the productive reaction pathway. 

In fact, using the light filter diminishes the conversion to the desired product. (Graph 2) 

A consistently diminished conversion is observed when a longpass filter is used. The 

diminished conversion can be attributed to the decrease in the number of photons which 

are productive for the reaction (See the absorption behavior of the photocatalyst in Figure 

13). 

Graph 2. Conversion dependence on the light source. All reactions were run under standard 

conditions for 6 h. The two light sources are a Kessil lamp with and without light filter. 
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Figure 13. UV-Vis absorption spectrum of the Ir-catalyst at 4.8 mM (standard) concentration, with 

l = 0.1 cm. A > 2 (> 99% absorption) for λ < 440 nm. 

Conversion dependence on the light source: the photoreactor vs the Kessil lamp 

The group of MacMillan has published a design of a photochemical reactor that is claimed 

to result in accelerated reactions and improved yields.[4] Our group therefore acquired 

such a reactor for the study of our reactions. The conversion of the benchmark reaction 

was determined after irradiation for 16 h. However, the conversion did not significantly 

differ compared to the reaction irradiated by the Kessil lamp. This result suggests that the 

limiting factor in the conversion is catalyst deactivation rather than photon influx. Also, 

via chemical actinometry using ferrioxalate as the actinometer, (vide infra for details) the 

two light sources were found to have a similar power output (62.4 mW in the photoreactor 

setup vs 64.5 mW in the Kessil lamp setup). It is therefore not a surprise that consistent 

conversions are observed with both setups. 

Light source Ratio starting material 1 : product 3 

Kessil lamp, without light filter 1 : 0.18 

Photoreactor 1 : 0.13 

 

Stepwise addition of photocatalyst 

Since a high concentration of catalyst might lead to a high rate in catalyst decomposition, 

we attempted the benchmark reaction by adding catalyst over time (Graph 3). After 

irradiation for 6 h at 2.5 mM catalyst concentration, another batch of catalyst stock 

solution was added so that the total catalyst loading was the same as in standard reaction 

condition. This however did not increase the overall conversion. Even though the 

concentration of active catalyst was kept low, the final conversion remained the same, i.e. 

the total turnover number remained the same. The relationship between catalyst 

concentration and the rate of deactivation of the catalyst is apparently more complicated 

than anticipated. 
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Graph 3. Conversion dependence on single addition of photocatalyst vs. stepwise addition of 

catalyst. Both reactions were run for 12 h in total, with the Kessil lamp combined with a longpass 

filter. *For stepwise addition, the reaction was run at 2.5 mM concentration for 6 h, then additional 

catalyst was added via stock solution to a total concentration of 4.0 mM. 

 

Attempts to quantify the catalyst degradation 

A remarkable observation made during the studies was that the rate of catalyst 

deactivation, as monitored by NMR, did not fully correspond to the (decreasing) turnover 

frequency. The amount of remaining “original” catalyst was monitored using 19F-NMR 

with a sufficient relaxation time and using PF6
- as the internal standard. The 

disappearance of the signal corresponding to the –CF3 on the ligand indicates 

photocatalyst degradation. The amount of remaining catalyst did not correlate to 

conversion-in-time and in addition was dependent on the light source. (Graph 4) 

Moreover this process of catalyst decomposition was not very reproducible whereas the 

conversion was. This casts doubt on the original proposed mechanism, since the 

photoexcited species is hypothesized to be not necessarily (Ir[dF(CF3)ppy]2(dtbpy))2+, 

but could well be a derivative. The product(s) of catalyst degradation was untraceable by 
19F-NMR, since no new signals were observed within the range of +20 ppm to -200 ppm. 

At this point, the relationship between the catalyst (decomposition), the light and the 

conversion is not clear. 
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Graph 4. Relationship between conversion and catalyst degradation. All reactions were run under 

standard reaction condition for 6 h. The two entries on the left are reactions run without longpass 

filter, and the three entries on the right are run with a 420 nm light filter. a reactions run in duplicate. 
b reaction runs for 12 h. c reaction runs for 5 h. 

 

The role of the solvent 

Most unprotected monosaccharides like 1 have limited solubility in organic solvents due 

to their high polarity. This property limits our choice of solvents to highly polar solvents 

in order to create a homogeneous solution during irradiation. Pure water, while being a 

perfect solvent for such chemistry, is not suitable due to the poor solubility of the iridium 

catalyst in water.  While the reaction can be carried out in DMSO, this creates multiple 

problems during purification. Firstly, DMSO must be removed before column 

chromatography, otherwise the highly polar matrix will drastically increase the local 

polarity of the mobile phase, causing fast elution and poor separation. Secondly, DMSO 

has an extremely high boiling point, rendering concentration in a rotary evaporator 

impossible unless at a high temperature for a very long time. Thirdly, the conventional 

way to remove DMSO is to carry out a liquid-liquid extraction using its water solubility. 

In most organic reactions, the desired products are sufficiently hydrophobic to stay in the 

organic phase during extraction with water, while DMSO, which is water soluble will be 

extracted into the aqueous phase. In our benchmark reaction, however, the product 

partitions in both phases and cannot be extracted back from the aqueous phase into the 

organic phase efficiently, even when polar water-immiscible solvents such as ethyl 

acetate or chloroform are used. To solve this problem, we attempted to improve the 

extraction procedure and tried to substitute DMSO with another solvent. The attempts to 
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improve the extraction procedure will be elaborated and discussed in detail in the next 

section (vide infra). Here, we focus on the selection of solvent candidates which can 

potentially replace DMSO. 

The solubility of monosaccharide 1 in various solvents was determined. The criterion for 

passing was that a ~0.25 M solution of 1, i.e. 2x dilution of the standard condition, must 

be homogeneous at equilibrium. We ruled out unlikely candidates such as pentane and 

toluene. 48 ± 1 mg batches of 1 were weighed in vials and dissolved in 1 ml of a candidate 

solvent overnight (Table 2). No aprotic solvents qualified other than DMSO. We 

proceeded to run the reaction under standard conditions with the homogeneous mixtures. 

We anticipated that water could not dissolve quinuclidine and sulfone 2, so a 1:1 mixture 

of DMF and water was used. The reaction was not entirely homogeneous, but we 

proceeded to run the reaction anyway. No conversion was observed in any of the protic 

solvents.  

While the attempt to escape from DMSO failed therefore, these results were nevertheless 

valuable. In order to understand why protic solvents are not suitable, we considered the 

pKa (or pKaH) of quinuclidine and TBAP (which is diprotic/monobasic) in both aprotic 

and protic media (Table 3). It is well known that the pKa of water increases drastically 

from ~16 in water to ~31 in DMSO. Since polar aprotic solvents can only stabilize cations, 

the counter-anion becomes more deshielded, increasing its basicity. It is important to note 

that the change in solvent has little to no effect on neutral bases due to the absence of 

anionic species. This effect has been quantified in a study by Knapp and coworkers, in 

which the pKaH of the conjugate acids of neutral and charged bases in DMSO are 

approximated from the pKaH in aqueous medium using the empirical conversion method 

(ECM) (Table 4).[21] While subject to factors such as delocalization of charges, neutral 

conjugate acids show an increase of at least 5 units in pKa going from aqueous medium 

to DMSO, while localized, cationic conjugate acids have <1 unit change in pKa. While 

the pKa of dihydrogenphosphate in DMSO has not been reported, we can approximate its 

pKa conservatively with the method by Knapp by adding ~5 pKa units to the pKa in 

aqueous medium. When we compare the pKa shift from aqueous medium to DMSO, we 

can see that in aqueous medium, >99% of the quinuclidine in the reaction is protonated 

by the dihydrogenphosphate. It supports the mechanism proposed by MacMillan in which 

the lone pair of quinuclidine is necessary for the creation of the organic radical for C-H 

abstraction, without which a quinuclidine radical cation cannot be generated via reductive 

quenching of the photocatalyst (Figure 2). On the other hand, in DMSO, >99% of the 

quinuclidine is not protonated since dihydrogenphosphate becomes much less acidic, so 

quinuclidine stays available for single electron transfer. 

Table 2. Solubility of 1 in various solvents.  

Candidate 

solvent 

CHCl3 DMF Acetone DMSO MeOH Water HFIP 

 

Homogeneity    X X X X 
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Table 3. Reference pKa values tabulated for our discussion. a a conservative approximation using 

the empirical conversion method (ECM) developed by Knapp and coworkers. 

Species pKa (water) pKa (DMSO) 

Quinuclidinium 

(protonated quinuclidine) 

11.0 9.8 

H2PO4
- 7.2 (>12)a 

Water 15.7 31.4 

 

Table 4. Computed pKa shifts in pKa by Knapp and co according to the ECM.[21] For alcohols, the 

shift is exceedingly large to be computed according to the author. 

Molecular family ΔpKa relative to water 

Anionic bases (neutral conjugate acids) 

Alcohols >> 8 

Phenols 7.9 

Carboxylic acids 7.2 

Imides 5.7 

Neutral bases (cationic conjugate acids), localized 

Amines (1°,2° or 3°) -0.5 to 0.2 

Aniline -0.7 

 

 

Product isolation and purification 

Product isolation, as described in chapter 2, consistently gives a ca. 30% loss of yield 

compared to conversion. To understand this problem, we took a careful look at the 

composition of the reaction mixture and the components that had to be removed. To 

simplify the problem, we assume that the reaction has 80% conversion and all organic 

side products and starting materials 1 and 2 can be separated at a later stage by column 

chromatography. After irradiation, the reaction mixture then consists of 80% of the 

desired product, 20% of the starting material and organic side products, an excess of the 

somophile, a minute amount of iridium catalyst, 10% quinuclidine, 25% 

tetrabutylammonium dihydrogenphosphate, and the reaction solvent. This list of 

materials looks overwhelming, yet each of these is either part of the reaction itself, or 

plays a vital role in the reaction. In the case of MacMillan et al., the reagents were 

designed in such a way that an extraction with organic solvent would remove the TBAP 

as well as the quinuclidine. With volatile somophiles (e.g. methyl acrylate) and solvents 

(e.g. acetonitrile) removed after concentration in vacuo, the side products can be readily 

separated from the desired product via column chromatography. 

However, this advantage is lost when the product is water soluble to a significant degree, 

as in the case of glucoside 3. The product is an amphiphile and has significant solubility 

in both organic and aqueous media. Subjecting the entire crude mixture to column 

chromatography is also not an option, as DMSO coelutes with the desired product and 

increases the local polarity of the eluting solvent in the column so drastically that 
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separation becomes nearly non-existent. The second problem is TBAP, which coelutes 

partially with the desired product because of a similar polarity. 

In our hands, the best method to purify the product is to dilute the crude reaction mixture 

with a large amount of water (> 10 times), then stir the mixture with Dowex 50WX8 

(200–400 mesh) resin in Na+ form to remove the tetrabutylammonium from the reaction 

mixture. After filtration and multiple washings of the resin with methanol, the solution is 

then concentrated in vacuo to remove methanol. The remaining water-DMSO mixture is 

freeze-dried to remove the water and most of the DMSO. This yields a pure compound 

after column chromatography containing at most 10 mol% of DMSO. 

While this removal of the tetrabutylammonium ion with an ion-exchange resin and 

subsequent lyophilization solved the separation problems, the isolated yield adjusted for 

DMSO was only moderate (ca. 50%). The reason for the low isolated yields could not be 

pin-pointed to a single factor, but the lengthy filtration to flush all desired product from 

the ion exchange resin is surely a contributing factor. Furthermore, not only is the ion-

exchange and filtration decreasing the yield, the whole process is lengthy, with ion-

exchange and freeze-drying being a slow processes, on top of the fact that freeze-drying 

of DMSO can only be carried out efficiently with a large-scale dilution with water, which 

makes scaling up difficult. The goal of the next section is to find ways to remove DMSO 

and TBAP efficiently without impeding the isolated yield of the reaction. 

Hofmeister series and extraction attempts 

Even though extractions are routine for organic chemists, extractions with combinations 

of organic solvents and salt solutions to control the partition of desired product and 

undesired compounds is a long forgotten “art” in organic chemistry[22] and has largely 

been replaced by other methods such as distillation and column chromatography. This art 

has been revived by Peng and coworkers, who have shown that extractions of even very 

polar compounds can be efficient if the organic solvents and salt solutions are chosen 

carefully.[23] In our case, a simple extraction to remove DMSO and TBAP sounded 

extremely tempting, and therefore we delved into this possibility. 

Peng and coworkers have detailed the theoretical basis of such extractions. This approach 

is based on the observation by Hofmeister[24] when he was precipitating out proteins with 

a salt solution. He observed that some salts are “more efficient” (i.e. only a low 

concentration is necessary) than other salts in precipitating out protein from an aqueous 

solution. The important point is that anions which have a high  charge density (e.g. F- and 

Cl-) cause a salting-out effect, i.e. organic molecules are forced away from the aqueous 

layer into the organic layer, while anions with delocalized charges (e.g. nitrate) tend to 

cause the organic molecules to partition between the organic and the aqueous layer. The 

compound at hand for Peng and co. was chlorouridine, which is a highly water soluble 

intermediate in the synthesis of Uprifosbuvir, a drug which treats HCV.[25] Multiple salts 

were screened throughout the study, and a few salts identified as having a high mass 

distribution ratio (Dm) for the target molecule, where 

  



52 

 

Dm = D ×
Vorg

Vaq
, D =

[A]org

[A]aq
 

Vorg = volume of organic layer, Vaq = volume of aqueous layer, 

[A]org = concentration of species A in organic layer, [A]aq = concentration of species A 

in aqueous layer 

A high Dm thus corresponds to a high partitioning coefficient in the organic layer. We 

have chosen three salts which are common in standard organic chemistry labs: 

dipotassium hydrogenphosphate (K2HPO4, Dm = 390), NaK-tartrate (Rochelle’s salt, Dm 

= 91) and sodium sulfate (Na2SO4, Dm = 82). (Ref: NaCl Dm = 5.7) Saturated solutions of 

these salts were used for salting out the unwanted components.  

Results of the salting-out experiments 

A crude mixture of the benchmark reaction was subjected to salting-out extraction with 

one of the three aforementioned salt solutions (vide infra for the salting-out extraction 

procedure). With both K2HPO4 and Rochelle’s salt solutions, a significant amount of 

product 3 was still in the aqueous phase after 6x extraction, i.e. a permanent spot of the 

product was observed on the TLC plate after staining. Even worse, a significant amount 

of DMSO was back-extracted into the organic layer. The saturated solution of Na2SO4 

was made and kept at ~40 oC as the hydrate would precipitate at room temperature. Also 

the extraction procedure was carried out with a crude mixture of the benchmark reaction, 

by heating to 40 oC and stirring until homogeneous before transferring into a warm 

separatory funnel preheated by a heat gun. The extraction was repeated 6x, and the 

aforementioned TLC analysis showed a significant amount of product being still in the 

aqueous layer, as well as DMSO in the organic layer.  

To determine the effectiveness of the extraction with regard to the removal of DMSO and 

TBAP, a solution which consisted of 21.0 mg TBAP and 0.3 ml (330 mg) DMSO was 

extracted once with K2HPO4 solution using the above procedure. After the extraction, 

95% of the TBAP and 25% of the DMSO remained in the organic layer. This experiment 

shows that while a large amount of DMSO was removed, TBAP was barely removed. 

More DMSO/TBAP was likely to be extracted back to the organic phase during re-

extraction. Together with the results of the previous extraction attempts we concluded 

that this method is ineffective in separating desired product 3 from DMSO/TBAP. (Vide 

infra for a detailed experimental) 

Trityl protection 

The original purpose of the reaction and its optimization aimed at the possibility to 

eventually apply the site-selective alkylation on more complex carbohydrates and 

carbohydrate derivatives. Therefore, so far we avoided the use of protecting groups. 

Isolation of the product 3 is problematic, but this can be solved entirely by the installation 

of a trityl “protecting” group at C6, making the photoalkylation product soluble in organic 

solvents. While this slightly defeats the original purpose of the reaction, i.e. a reaction 

which is site-selective on unprotected carbohydrates, this allows to determine more 
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accurately which part of the product is actually lost upon isolation when 3 is used as the 

substrate.  

The use of a trityl unit as protecting group (we stick to the term protecting group although 

the group is used as a hydrophobic anchor) is straightforward and well-documented.[26] 

Moreover, product 4 produced by protecting glucoside 1, could be recrystallized in ethyl 

acetate or toluene, leading to easy bulk purification. The photoalkylated product 5 (Figure 

14) hardly partitions into the water layer, so TBAP and DMSO can be washed away and 

will not coelute with the product. The isolated yield of 5 was 70% after column 

chromatography, which is approaching the yields in the original report by MacMillan and 

is 20% higher than the isolated yield of 3.[1] The loss in yield is thus partly due to difficulty 

isolation of 3.  

 

Figure 14. Photoalkylation of trityl-protected glucoside 4 with phenyl vinyl sulfone. 

Conclusion 

We have studied our benchmark reaction, the site-selective photoalkylation of α-methyl 

glucoside with phenyl vinyl sulfone. We have identified two side products and the 

conditions of their formation. We have determined that phenyl vinyl sulfone 2 undergoes 

homo-dimerization via a [2+2] cycloaddition mechanism even with a commercial LED 

light source. The mechanism of the formation of the other side product, A, is yet to be 

investigated. We have characterized the light sources (the Kessil lamp and the 

photoreactor) by spectroscopy and actinometry. The relationship between catalyst 

loading and conversion is shown to be non-linear, and no clear correlation has been 

determined between the conversion and the amount of catalyst consumed. While the use 

of a longpass filter suppresses the formation of homo-dimer via a [2+2] cycloaddition 

mechanism, it also decreases the conversion to the product due to a less efficient 

excitation of the photocatalyst. Development of a new extraction method making use of 

the Hofmeister series was attempted in order to remove salts and DMSO, but the method 

turned out to be inapplicable to our photoalkylation product. A change in solvent was also 

not productive, since protic solvents affect the pKa of the different species, causing the 

protonation of quinuclidine and the termination of the reaction. Changing strategy, the 

reaction was carried out on trityl-protected glucoside, allowing an easy work up and 

purification strategy and leading to a 70% yield of the photoalkylated product, 

approaching the yields in the original protocol presented by MacMillan and coworkers. 
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Experimental section 

Photoalkylation of trityl-protected glucoside 4 

 

A 10 ml vial equipped with a septum and magnetic stir bar was charged with compound 

4 (217 mg, 0.50 mmol, 1.0 eq), phenyl vinyl sulfone 2 (133 mg, 0.79 mmol, 1.6 eq), 

[Ir(dF(CF3)ppy)2(dtbpy)]PF6 (5.9 mg, 0.005 mmol, 0.011 eq),  quinuclidine (5.6 mg, 0.05 

mmol, 0.10 eq), tetrabutylammonium dihydrogenphosphate (43 mg, 0.13 mmol, 0.26 eq) 

and degassed DMSO (1.0 mL). The reaction mixture was purged with nitrogen for 5 min. 

The reaction was subsequently irradiated for 18 h in the photoreactor. The reaction 

mixture was then diluted with EtOAc (20 ml) and transferred to a separatory funnel. The 

organic layer was washed with brine (15 ml). TLC of the aqueous phase showed no 

product. The organic layer was dried over MgSO4, and the product was coated onto celite. 

The resulting celite was loaded onto a silica column. The flash column was eluded with 

1:1 (v/v) EtOAc/pentane with 1% triethylamine added to obtain 5 as a wax, then co-

evaporate with DCM to yield a white foam (210 mg, 70% yield). Rf = 0.3 (1:1 v/v 

EtOAc/pent); visualized with p-anisaldehyde. 1H NMR (400 MHz, Methanol-d4) δ 7.91 

– 7.84 (m, 2H), 7.66 – 7.60 (m, 1H), 7.55 (dd, J = 8.3, 6.9 Hz, 2H), 7.49 – 7.43 (m, 6H), 

7.29 – 7.20 (m, 6H), 7.21 – 7.15 (m, 3H), 4.71 (d, J = 3.8 Hz, 1H, H1), 3.88 (ddd, J = 

10.2, 6.8, 1.9 Hz, 1H, H5), 3.59 – 3.38 (m, 7H) [including 3.50 (s, 3H), 3.44 (d, J = 3.9 

Hz, 1H, H2), 3.42 (dd, J = 10.0, 2.0 Hz, 1H, H6a) and 2H corresponding to H8], 3.24 (dd, 

J = 9.8, 6.8 Hz, 1H, H6b), 3.17 (d, J = 10.1 Hz, 1H, H4), 2.12 (ddd, J = 13.6, 12.1, 4.9 

Hz, 1H, H7a), 2.00 (ddd, J = 13.6, 12.0, 5.1 Hz, 1H, H7b). 13C NMR (101 MHz, 

Methanol-d4) δ 145.4, 140.3, 134.8, 130.4, 129.9, 129.0, 128.7, 128.0, 101.4 (C1), 87.6, 

75.8 (C3), 71.7 (C2), 71.3 (C4), 69.4 (C5), 65.3 (C6), 56.0, 53.2 (C8), 29.6 (C7). HRMS 

(ESI+) Calcd. for C34H36O8SNa ([M + Na]+ ): 627.2023, found: 627.2006. 

Extraction based on the Hofmeister series: salting-out extraction procedures 

K2HPO4 and Rochelle’s salt were dissolved in deionized water in excess to produce the 

corresponding saturated solutions. These solutions were used as the aqueous phase during 

the extraction. The solution for the organic phase was prepared by adding 200 ml of 2-

MeTHF and 100 ml of DME to produce the 2:1 2-MeTHF/DME v/v solution. The crude 

mixture of the benchmark reaction was transferred to a separatory funnel and diluted with 

30 ml of the organic solution. The organic solution was then washed with 15 ml of the 

salt solution. The amount of product 3 in the aqueous phase was quantified crudely by 

running a TLC in 5% MeOH in DCM with 1 μL of the organic phase and subsequently 

stained with p-anisaldehyde solution (acetic acid : sulfuric acid : p-anisaldehyde = 300 : 
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6 : 3). The aqueous phase was re-extracted with 30 ml of the organic solution, then the 

quantification was carried out again by TLC for the organic phase.  

To test the effectiveness of the extraction against the loss of DMSO and TBAP, 21.0 mg 

TBAP was dissolved in 0.3 ml (330 mg) DMSO, and the solution was diluted with 30 ml 

organic solution and washed with 15 ml saturated K2HPO4 solution. After discarding the 

aqueous layer, the organic layer was dried over MgSO4 and concentrated in vacuo. The 

residue was 103 mg. 1H-NMR showed that the ratio between TBAP and DMSO is ~1:18 

in the residue, corresponding to 20 mg of TBAP (95% recovered) and 83 mg (25% 

recovered) of DMSO.  

Characterization of light source: emission spectra and actinometry 

Both the light sources, the Kessil lamp and the LEDs in the photoreactor, have originally 

not been designed for scientific purposes. Therefore, we expect variations in both the 

wavelength and intensity with respect to each other. These two factors are directly related 

to the efficiency of the excitation of the photocatalyst. In addition, given that the side 

products are formed during irradiation, the nature of the light sources become an 

important aspect regarding the reaction. To assess the nature of the light sources, the 

spectrum of the emitted light from both light sources was determined and the intensities 

of that were measured via chemical actinometry.   

Commercial information on the light sources 

Kessil lamp: Officially known as Kessil LED H150 Grow Light, Blue (50W power 

output), it was manufactured by Kessil LED lights and was available on and purchased 

from Amazon. However, this model was discontinued in 2019. Instead, more specific 

models for different purposes have been manufactured. Models specific for 

photoreactions (PR160L) are also available with a range of wavelengths. 

(https://www.kessil.com/photoreaction/PR160L.php) According to the official website, 

the light produced is not monochromatic, but unlike H150, PR160L only has one 

Gaussian peak in its emission spectrum. 

Photoreactor: The light source used in the photoreactor is manufactured by Kiwi 

lighting (https://www.kiwilighting.com/) and was purchased from Toplight China. 

(http://www.toplightled.com/) The model is “20W Cree XTE XT-E 4Leds Led Emitter 

Lamp Light On 20MM Copper PCB Board”. 

Emission spectra 

Emission spectra were recorded with a 50 micron round to line fiber bundle (Thorlabs) 

and fed into an Andor Technology Shamrock163 spectrograph equipped with a 500 nm 

blaze (150 l/mm) grating and Andor Technology CCD (iDus-420-OE). The emission 

spectra were shown above (Figure 5 and 6). 

Chemical actinometry 

Although there are different physical measurements for the strength (intensity) of light 

sources, these measurements have limited uses for photochemical reactions. One problem 

https://www.kessil.com/photoreaction/PR160L.php
https://www.kiwilighting.com/
http://www.toplightled.com/
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is that these measurements often do not take into account the irradiation situation during 

the reaction. The amount of photons received can differ largely, depending on the 

diameter of the reaction vial, and thus the cross-section area of irradiation. A more reliable 

way to assess the amount of photons received over a certain amount of time is to irradiate 

directly a solution containing a compound which can reliably react with photons in a 

reproducible manner, in a setup identical to the experimental setup.  

To compare the power of the two different light sources that we were using, we used 

potassium ferrioxalate as the chemical actinometer. The solution of potassium 

ferrioxalate K3[Fe(C2O4)3] decomposes under light to generate Iron(II) ions (Equations 1 

and 2) which can then be complexed by phenanthroline for UV-Vis spectroscopic 

quantification, which will be discussed in detail. (Equation 3) Looking plainly at 

Equations 1 and 2, we might assume that 1 photon produces 2 Iron(II) ions. However, the 

quantum yield is not uniform across the spectrum, i.e. the quantum yield is dependent on 

wavelength, even if absorption has taken place. For the ease of calculation, we assume 

for now that the two light sources were monochromatic, emitting photons at 430 nm only. 

We will revisit the validity of our assumption in the following discussion. 

 

Procedure 

The procedure was published by Hatchard et al.[27] The procedure below is the exact 

procedure carried out. 

Solution preparation 

All solutions were prepared with volumetric flasks. Note that  

1. 2.8 ml of concentrated sulfuric acid (95-97%, assumed to be 18 M) was 

dissolved in water (always double-distilled water) and diluted to 100 ml in a 

volumetric flask. This is the 0.5 M sulfuric acid. 

2. 10 ml of the above solution was taken and diluted to 100 ml in a volumetric flask. 

This is the 0.05 M sulfuric acid. 

3. 50 ml of the solution made in step 1 was taken out, to it 6.783 g NaOAc was 

added. This is the buffer solution. 

4. 50.3 mg phenanthroline was added in the buffer solution made in step 3. pH was 

determined to be 4.0-5.0. 

5. In darkness / red light, 0.736 g potassium ferrioxalate trihydrate was dissolved 

in 10 ml of 0.05 M sulfuric acid made in step 2. 
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Photolysis (all steps should be carried out in darkness / red light) 

6. Take twice 2 ml (V1) of Ferrioxalate solution made in step 5. These samples 

were labelled control sample (sample 0) and irradiation sample (sample 1) 

respectively. 

7. Absorbance was checked at 430 nm. The absorbance was above 2. (The 

wavelength of the blue light emitted was unfortunately not at 430 nm. See 

“Systematic error” for details) 

8. Take the control sample (sample 0) from step 6, keep it in dark. 

9. Take the irradiation sample (sample 1) from step 6, irradiate in the 

corresponding experimental setup for t1, (~30 s, t1 recorded to the nearest 

second) with stirring.** 

10. The following steps were done to both sample 0 and sample 1: Within 10 s, 1 ml 

(V2) solution was taken from the sample. The sample taken out was mixed with 

2 ml buffered solution containing phenanthroline (made in step 4), and 

subsequently diluted to 25 ml (V3) in a volumetric flask. The pH was checked 

again to be ~4. 

11. Both samples were left untouched for 60 min. 

12. Aliquots were taken from both samples without dilution, (volume is not 

important here) and the absorptions were checked by UV-Vis at 510 nm. The 

absorptions from sample 0 and sample 1 were labeled A0 and A1 respectively. 

**The procedure called for 120 s to 720 s of irradiation time. However, precipitation 

occurred after ~45 s of irradiation in our systems. We therefore opted for a shorter 

irradiation time than that suggested in the original procedure.  

Calculation 

The aim is to calculate how many iron(II) ions are generated during photolysis. Since 

iron(II) ions formed during photolysis can be quantitatively complexed to phenanthroline 

to form Fe(phen)3
2+ , which has a λmax at 510 nm, the amount of Fe(phen)3

2+ (and thus 

Fe2+) can be quantified using the Beer-Lambert Law: ∆A =  ε c l , where ∆A = A1 − A0 , 

ε = extinction coefficient, which is 11100 L.mol-1.cm-1 for our actinometer, c = 

concentration of Fe(phen)3
2+ in mol.L-1, and l = path length in cm, which is a constant 1 

cm in all of our cuvettes. After rearranging, Beer-Lambert law becomes the following: 

c =  
∆A

εl
 

We can then calculate the amount of Fe2+ in sample 1 right after irradiation (Step 9): 

moles Fe2+ = c × V3 ×
V1

V2
 

The moles of photons absorbed by the irradiated solution per second (Nhν/t) would be: 

Nhν

t
=  

moles Fe2+

Φλ × t × F
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Where F = fraction of the photons the actinometer absorbed (characterized by absorption 

at the particular wavelength), Φλ = quantum yield of the actinometer, which is 

wavelength-dependent, and t = irradiation time in s.  

Results 

Example calculation: 

Photoreactor measurement 

A0 = 0.079, A1 = 1.42, t = 30 s, ε = 11100 L.mol-1.cm-1, V1 = 2 ml, V2 = 1 ml, V3 = 25 ml, 

F assumed to be 1, Φλ=436 nm = 1.01 (closest reference value with respect to highest peak) 

(cite) 

∆A = A1 − A0 = 1.34 

c =  
∆A

εl
=

1.34

11100 L. mol−1. cm−1 × 1 cm
= 1.21 × 10−4 mol. L−1 

moles Fe2+ = c × V3 ×
V1

V2
= 1.21 × 10−4 mol. L−1 ×

1 L

1000 ml
× 25 ml ×

1 ml

2 ml

= 6.04 × 10−6 mol 

 

moles photons per second =  
Nhν

t
=  

moles Fe2+

Φλ × t × F
=  

6.04 × 10−6 mol

0.85 × 29 × 1

= 2.37 × 10−7 mol per second 

To convert the moles of photons into power unit (mJ/s), assume monochromic light 

around peak 455 nm 

E (J. mol−1 photon) =  
hc

λ
× NA = 236160 J. mol−1 , where h = Planck’s constant, c = 

speek of light, λ = 436 nm = 4.36 × 10-7 m, NA = Avogadro’s number 

Power =  E ×
Nhν

t
= 236160 J. mol−1 × 2.37 × 10−7 mol. s−1 ×

1000 mJ

1J
=

62.4 mJ. s−1 = 62.4 mW  

Apparatus A0 A1 
t 

(s) 

V1 

(ml) 

V2 

(ml) 

V3 

(ml) 
Φλ 

Mol 

photons 

Power 

(mW) 

Photoreactor 

0.079 

1.42 30 

2 1 25 1.01 

2.37
× 10−7 

62.4 

Kessil lamp 1.43 29 
2.47
× 10−7 

64.5 
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Systematic errors: 

Monochromatic light vs. polychromatic light. 

The LEDs used, both in the Kessil lamp and in the photoreactor, are not monochromatic 

(See the emission spectra in Figure 5 and 6). The emission spectrum of the Kessil lamp 

has 2 maxima, one at 419 nm, and one at 454 nm, while the emission spectrum of the 

lamp in the photoreactor has only 1 maximum at 445 nm. Both of the peaks are not 

monochromatic, but rather a Lorentzian spread, covering ±20 nm to an appreciable 

amount. Meanwhile, the quantum yield of the actinometer depends on the wavelength of 

the incoming photons, i.e. Φλ is a function of λ.[28] The exact way to do it would be 

calculating the following integral to replace Φλ: 

∫ Φλ(λ)f(λ)dλ
all λ

 

where f(λ) is a normalized distribution of emitted photons with respect to wavelength of 

the photons, i.e. the curves shown in Figure 5 and 6, normalized. While f(λ) could be 

measured and computed, Φλ(λ) is not available and must be approximated at individual 

wavelengths. With our calculations, the quantum yield at a single wavelength is used, 

thereby introducing an error which cannot be quantified entirely. Fortunately, Φλ(λ) does 

not change abruptly over the range 392 nm to 458 nm, where the Φλ(λ)  fluctuates 

between 1.19 to 1.10, a maximum of 8% change. This fact shows that Φλ(λ) is well-

behaved (i.e. it is a continuous function which does not have stochastic fluctuations). This 

behavior of the function has also been utilized to approximate the Φλ(λ) at an unknown 

intermediate wavelength. For example, the group of Taylor used a linear approximation 

from the two known values, Φλ(436 nm)  and Φλ  (468 nm), to approximate 

Φλ(450 nm) during the characterization of their laser, even though the Φλ(450 nm) is 

not available.[29] By the mean-value theorem for integrals, the errors are likely to be 

cancelling out each other if the Φλ(λ) taken is an intermediate value over the range of 

wavelengths, leading to a smaller error. 

Absorption behavior of the actinometer 

The factor F (F = fraction of the photons the actinometer absorbed) was assumed to be 

unity. This assumption is usually valid, since the actinometer was chosen so that most of 

the incident light (>99%) would be absorbed. It is verified by checking the absorption at 

the wavelength of the light emitted. An absorption above 2 would mean that >99% of the 

incident light were absorbed at the path length (l) when the absorption was measured 

(which was always 1 cm in our cuvettes), therefore F≈1. An absorption below 2 means 

that F can no longer be assumed to be unity. In our measurement, the absorption of the 

actinometer Fe(C2O4)3
3- at the emission λmax of the photoreactor (454 nm) is 1.4 (~96% 

absorption at l = 1 cm). The path length in the photoreactor during irradiation was 1.7 cm, 

which would still correspond to a >99% absorption during irradiation of the actinometer, 

thereby partially negating the unwanted effect of low absorption.  



60 

 

The other problem would be the absorbance (A) of photons with wavelengths beyond 465 

nm. Aλ=465nm = 0.63 with l = 1.0 cm. During actinometry, the thickness of the actinometer 

solution is 1.7 cm. Therefore, ~10% of the photons with wavelength at 465 nm are not 

absorbed by the actinometer. Beyond 465 nm, absorbance decreases further, i.e. more 

photons escape the solution without being absorbed by the actinometer. This leads to an 

underestimation of photons beyond 465 nm, since a significant amount of photons with 

wavelength beyond 465 nm are not absorbed. Overall, the calculated power of the 

radiation sources would be an underestimation. By integrating the area under the curve 

of Figure 5 and Figure 5 (without longpass filter) from 380 nm to 550 nm, we can 

calculate the relative amount of photons with wavelength below 465 nm and above 465 

nm by calculating the ratio of the area under the curve from 380 nm to 465 nm, and the 

area under the curve from 465 nm to 550 nm. With the Kessil lamp, 21% of the photons 

emitted are beyond 465 nm, and only 9% of the photons emitted by the photoreactor 

LEDs are beyond 465 nm. Therefore, the irradiation power of Kessil lamp would be more 

underestimated than that of the photoreactor LEDs. Nevertheless, the absorption of the 

photocatalyst drops rapidly from 84% of the photons at 465 nm to 5% of the photons are 

490 nm (l = 0.4 for a standard reaction setup), while the absorption of the actinometer 

drops relatively slowly from 90% of the photons at 465 nm to 60% of the photons at 490 

nm. This means that photons which are not absorbed (thus not accounted for) by the 

actinometer are also unlikely to initiate photoexcitation. This error is therefore 

insignificant when the efficiency of the photocatalyst is considered. All in all, both light 

sources provide approximately the same amount of power for the photocatalyst. 
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