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Abstract

Combining a transition metal with a photocatalyst can drive modern synthetic chemistry. For 

transformations performed in water, this concept has been largely unexplored. We report the 

successful merger of a biocompatible flavin photocatalyst with a palladium catalyst to build 

isotopically enriched peptidomimetics, to mediate conjugate addition and C−H functionalization 

reactions, and to assemble unprotected proteinogenic and nonproteinogenic peptides, in water. We 

detail the important role of the ligand and the palladium oxidation state for controlling product 

selectivity when constructing synthetic peptides.
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Marrying a transition metal with a photocatalyst, termed metallaphotoredox catalysis, is 

a powerful tool for accessing new chemical space and revolutionizing modern organic 

synthesis. Examples include driving fundamentally new cross-coupling reactions, biasing 

stereochemical outcomes in open-shell protocols, and guiding atypical regio- and/or chemo-

selective C−X and C−C bond forming events.1–5 However, the utility of metallaphotoredox 

catalysis for biocompatible synthesis (i.e., reactions performed under mild, aqueous 

conditions) remains largely unexplored.6–10 The main reasons are the chemical lability 

(prone to protodematallation, disproportionation, and oxidative insertion of water) of 

organometallic complexes in aqueous media11–14 and the poor water solubility of standard 

photocatalysts, admixed with their propensity to oxidize and to reduce water molecules.15–18 

Identifying synergistic pairs of aqueous-compatible photocatalysts and transition-metal 

complexes could greatly expand the application of metallaphotoredox catalysis to work on 

biomolecules (like peptides and proteins) and to access new medicinal agents without the 

need for organic solvents.

Previous results from our lab showed that a biocompatible lumiflavin (LF) photocatalyst 

can convert boronic acids into C-centered radicals in water.19 Later, we showed that many 

of these radicals (sp3 and sp2) could add to a dehydroalanine (Dha) residue in a peptide, 

forging synthetic amino acid side chains by open-shell conjugate addition.20 However, 

very nucleophilic aryl radicals (like phenyl radical) barely engage Dha residues in a 

peptide.21,22 The addition of a phenyl radical to Dha is highly endergonic (SOMO-LUMO 

gap of 122 kcalmol−1 at B3LYP/6–311+G**). We postulated that if we could capture 

the “free” aryl radical with an appropriate transition metal, the resulting organometallic 

species would minimize the energy required for phenyl group transfer to Dha, delivering 

the desired phenylalanine product. If successful, this one proof-of-principle reaction 
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would provide convincing evidence that (1) radicals generated by a flavin photoredox 

catalyst can form aqueous organometallic intermediates and (2) these intermediates can 

facilitate new synthetic chemistry that cannot be achieved by either catalyst independently, 

thus establishing the first ever flavin metallaphotoredox catalysis platform with general 

applications for biocompatible synthesis (Figure 1).

To test our mechanistic hypothesis, we set out to identify a metal that could work 

synergistically with lumiflavin to accomplish side chain addition, that is, to merge a 

nucleophilic sp2 C-centered radical generated by lumiflavin and an aryl boronic acid with 

a Dha residue in a peptide under 440 nm irradiation after 6 h. We selected phenylboronic 

acid (5 equiv), a notoriously difficult substrate for open-shell conjugate addition to Dha, 

as a prototypical substrate for reaction discovery.21,22 We selected Ac-G-P-Dha-F-NH2 

(1 equiv) as a standard peptide, and pH 7.0 phosphate buffered water as solvent (10 

mM). We first surveyed a variety of base metals and transition metals as cocatalysts 

(10 mol %) for our standard reaction. (Note: Photoexcited flavin catalysts have been 

shown to act on or alongside various metal salts to mediate different processes, including 

prodrug activation (PtIV), detoxification of heavy metals (HgII), and C−O bond formation 

(FeII/III, ScIII, YbII, and MgII). Heretofore, no examples of C−C bond formation have been 

reported.23–26) We found that palladium trifluoroacetate Pd(TFA)2 afforded a mixture of the 

desired phenylalanine-containing conjugate addition product Ac-G-P-F-F-NH2 as a 60:40 

(D/L)-mixture of diastereomers, and a Heck byproduct (dehydrophenylalanine side chain) in 

10% combined conversion (3:2 conjugate addition-to-Heck product). All other metal salts 

(e.g., InIII, ZnII, CuI/II, FeII, NiII, CoII, MnIII, CrII, and PtII) were ineffective. Increasing 

both the amount of Pd(TFA)2 and lumiflavin to 50 mol % enhanced the conversion of the 

conjugate addition product to 12%. The larger amount of Pd presumably helps to sequester 

the phenyl radical generated under our very dilute conditions. Lower loadings of Pd gave 

decreased yields. Importantly, a control reaction with Pd(TFA)2 and no photocatalyst gave 

only the Heck product in 2% conversion. Removing Pd(TFA)2 and using only lumiflavin in 

the reaction gave a 1% conversion to the desired conjugate addition product. The improved 

efficiency of the reaction (12% conversion to the conjugate addition product) obtained 

by combining Pd(TFA)2 and lumiflavin suggests a cooperative effect between these two 

catalysts. We next examined a series of cosolvents for the reaction, which is heterogeneous 

in water. The use of 5% v:v 2,2,2-trifluoroethanol (TFE) greatly diminished the amount 

of the Heck side-product in our standard reaction (8:1 conjugate addition-to-Heck product; 

9% overall conversion). Hence, we examined other palladium catalysts in aqueous TFE 

solvent. We found that tetrakis(acetonitrile)palladium tetrafluoroborate [MeCN]4Pd(BF4)2 

gave a marked improvement in conversion (28%) and retained product selectivity. Adding 

bathocuproine (BC) ligand and extending the reaction time to 16 h gave an optimal 73% 

conversion (38:<1 selectivity) to the desired phenylalanine conjugate addition product. 

(Other ligands were examined, and their results will be discussed later as part of our 

complete mechanistic studies.) Our finding demonstrates the first example of a flavin 

photocatalyst cooperatively working with a metal catalyst to achieve C−C bond formation.

We explored the scope of our aqueous metallaphotoredox platform for building synthetic 

peptides. It is important to point out that we limited our scope to aromatic boronic acids 
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that do not readily engage Dha residues through direct palladium catalysis or lumiflavin-

mediated open-shell conjugate addition (see control reactions for compounds 1–5, Table 1). 

The electrophilicity of the corresponding C-centered radicals from each boronic acid were 

calculated at the B3LYP/6–311+G** level of theory and are listed next to their structures in 

Table 1. While the use of a simple phenylboronic acid (1) enables a phenylalanine residue 

to be incorporated into our Dha-peptide, deprotection of the p-acetoxy side chain of 2 
under basic conditions facilitates rapid access to a tyrosine-containing peptide. Thus, our 

method is a useful strategy for incorporating two endogenous amino acids (Phe and Tyr) 

into Dha-peptides. The use of d5- and 13C6-phenylboronic acid (4 and 5, Table 1) are also 

noteworthy as they form side chains that are valuable mechanistic probes (Phe mimics) 

for exploring the chemical biology of endogenous peptides.27,28 Isotopic-enrichment at 

the α-position of peptide amides can also enhance the plasma and metabolic stability of 

ordinary peptides.29–31 We were delighted to find that performing our standard reaction in 

D2O solvent formed the α-deuterophenylalanine containing peptide (6) exclusively. When 

combined with d5- or 13C6-phenylboronic acid, our method for α-deuteration will enable 

highly isotopically enriched amino acids—up to 7.0 isotopic atoms over seven different 

carbon centers—to be readily assembled. This is significant because molecules with higher 

equivalents of isotopically enriched atoms are preferable for mechanistic studies (mass- and 

NMR-based) and as internal standards (ideally more than 4.0 deuterium atoms per molecule 

for pharmaceutical studies).32,33 Finally, p-fluorophenylalanine (made from 3) is one of the 

most common nonproteinogenic amino acids found in peptide drugs, being a biomimetic 

replacement for a Tyr residue. The lone fluorine atom of p-fluorophenylalanine also makes it 

a valuable tool for deciphering the three-dimensional structure of proteins and for exploring 

protein-to-protein interactions by 19F NMR.34–36 In all, our results highlight the practical 

utility of our aqueous metallaphotoredox system to furnish endogenous peptide side chains, 

isotopically enriched peptidomimetics, and peptides with biomimetic side chains.

To test whether our metallaphotoredox platform could generate small molecule therapeutics, 

we examined a series of electrophiles where open-shell conjugate addition of phenylboronic 

acid is not favored when lumiflavin or BC(Pd)II are omitted from the reaction. We 

assessed tetraisopropylvinyli-denediphosphonate (7), acrylic acid, and methylvinyl ketone 

(MVK), Table 1. From these electrophiles, we successfully prepared an antiresorptive 

bisphosphonate (13, 31%),37,38 the antioxidant phloretic acid (16, 35%)39 and the NSAID 

nabumetone (19, 48%),40,41 respectively. We also assessed an eneimido acid (9). The 

phthalimide (Phth) group of 9 can be cleaved with hydrazine to reveal the free amino acid. 

Reacting 9 with phenylboronic acid (1) under our standard metallaphotoredox conditions 

afforded (±)-phenylalanine after treatment with hydrazine (18%). Despite its low yield, our 

synthesis of phenylalanine is significant as organic radicals (sp2 or sp3) do not readily couple 

to Dha residues having a free carboxylic acid group. A free carboxylic acid group hinders 

radical addition to the Dha residue, and the C-terminus of the Dha is protected in most 

cases.42 We surmise that the free carboxylic acid in our reaction may guide the delivery 

of an organopalladium intermediate to forge the desired phenylalanine product. (Carboxylic 

acids are known to be weak directing groups for organopalladium chemistry,43–45 and we 

could not recapitulate the conjugate addition reaction when standard Lewis acid such as 

Sc(OTf)3, In(OAc)3, or Zn(OAc)2 were used in place of palladium.) We leveraged the 
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unique ability of our metallaphotoredox reaction to mediate the arylation of 9 to prepare 

3,4,5-trioxygenated phenylalanine (14, 24% yield), a privileged structural fragment in many 

natural products that have antitumor and antimicrobial activity.46

We imagined that other coordinating functional groups might also direct arylation. To test 

this idea, we examined simple pyridine (11). Coordination of palladium to the basic pyridine 

nitrogen atom would position an organopalladium intermediate next to the C2 carbon(s) 

of the pyridine ring, and this could result in selective C2−H arylation. As expected, we 

obtained the C2-arylated pyridine (12, 42%) in high regioselectivty (8:1, C2 vs C4) using 

phenylboronic acid. We capitalized on the ability of the pyridine nitrogen to direct C2−H 

arylation to prepare cinchophen methylester (15, 28%) in one step. Surveying additional 

substrate classes, we found that acetylacetone and allyl acetate, two substrates which can 

also function as suitable ligands for palladium,47,48 underwent successful arylation (by 

comparison to known 1H NMR spectra). Taken together, our results show that coordinating 

substrates and functional groups can assist arylation in our metallaphotoredox reaction 

and, in some cases, help drive regioselective outcomes. Aside the examples highlighted 

above, we also found that our system could facilitate C−X bond formation, including the 

deborylative-phosphorylation (18, 65%) of phenylboronic acid. These reactions serve to 

highlight the untapped potential of our new platform for synthetic organic chemistry and for 

the late-stage diversification of small organic molecules in water.

In our optimization studies, we found that the choice of ligand for the palladium catalyst 

dramatically affected the ratio between the conjugate addition and the Heck products (Figure 

2A). We found that palladium complexes with more electropositive metal centers (i.e., 

stronger oxidants) such as (DAF)PdIIL2 (EPd(II)/Pd(0) ~ 98 mV vs Fc+/0)49 favored the Heck 

product. This product was formed in the absence of lumiflavin or light, suggesting its 

formation comes from direct transmetalation of the boronic acid to palladium.50 Palladium 

complexes with more electronegative metal centers (i.e., stronger reductants) such as 

our optimal (BC)PdIIL2 (EPd(II)/Pd(0) ∼ −4 mV vs Fc+/0) favored the conjugate addition 

product and did not form Heck products. Aside from deterring background transmetalation, 

electron-rich palladium complexes like (BC)PdII can stabilize transitory PdIII intermediates. 

Bathocuproine and methyl-substituted phenanthroline ligands destabilize inactive dimeric 

resting states of palladium catalysts, particularly those formed in water and favor palladium 

complexes with a distorted square planar geometry.51,52 A distorted coordination sphere can 

stabilize PdIII.53 The role of the BC ligand in our reaction is, therefore, multifarious as it can 

promote and stabilize the formation of a PdIII−Ph intermediate in water, which is poised to 

engage our Dha peptide through conjugate addition.

To probe for the formation of a PdIII−Ph intermediate, we obtained a crude high resolution 

mass spectrum of our metallaphotoredox reaction performed with phenylboronic acid and 

our Dha peptide (Figure 2B). We identified the formation of desolvated (BC)PdII [A; 

468 m/z] and two arylated palladium complexes, (BC)Pd−Ph [B; 543 m/z] and [MeCN]

(BC)Pd−Ph [C; 584 m/z], and an adduct between our expected phenylalanine conjugate 

addition product and (BC)Pd, [D; 973 m/z] (Figure S2). Together, these masses suggest 

that the phenyl ring that becomes the new phenylalanine residue in our Dha peptide is 

delivered by a (BC)Pd−Ph intermediate. To probe what oxidation state of palladium might 
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be responsible for aryl group transfer, we prepared (BC)PdII−Ph.54,55 No conjugate addition 

was observed when this complex was reacted with our standard peptide. This suggests 

that delivery of the aryl group from (BC)Pd−Ph may require the metal center to be in an 

odd electron state, such as PdIII. A PdIII−Ph is a widely accepted intermediate in palladium-

photoredox reactions that make arylated products.56–58 We propose that (BC)PdIII−Ph could 

mediate aryl group transfer to our Dha peptide, affording a PdIII enolate. Lumiflavin 

semiquinone radical (HLF•; formed by initial oxidation of the boronic acid) reduces the 

PdIII enolate to a PdII enolate. The PdIII/II redox couple is ~0.5 V vs SCE,59 and this is 

within the range of HLF• which is reported to be ~ −0.46 V vs SCE.60 Protonation of the 

PdII enolate by solvent gives the final phenylalanine conjugate addition product. The results 

from our investigations are summarized in a proposed mechanism depicted in Figure 2C.

In conclusion, we report the first example of flavin metallaphotoredox catalysis for C−C 
and C−X bond formation in water. We highlight the utility of our system to (1) construct 

endogenous peptides and isotopically enriched peptidomimetics, (2) generate medicinally 

relevant small molecules, and (3) mediate the late stage arylation of C−H bonds. We 

expect that our mechanistic studies will help to guide the design of other aqueous 

metallaphotoredox reactions in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hypothesis for the flavin metallaphotoredox reaction.
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Figure 2. 
(a) Effect of ligand coordination to palladium on the selective conjugate addition vs Heck 

product. (b) ESI-MS spectra of crude reaction mixture. (c) Proposed mechanism for the 

flavin metallaphotoredox reaction.
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