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ABSTRACT: We have explored the kinetic effect of increasing electron transfer distance in a biomimetic, proton coupled electron 

transfer system (PCET). Biological electron transfer is often simultaneous with proton transfer in order to avoid the high-energy, 

charged intermediates resulting from the stepwise transfer of protons and electrons. These concerted proton electron transfer (CPET) 

reactions are implicated in numerous biological electron transfer pathways. In many cases, proton transfer is coupled to long-range 

electron transfer. While many studies have shown that the rate of electron transfer is sensitive to the distance between the electron 

donor and acceptor, extensions to biological CPET reactions are sparse. The possibility of a unique electron transfer distance depend-

ence for CPET reactions deserves further exploration, as this could have implications for how we understand biological electron 

transfer. We therefore explored the electron transfer distance dependence for the CPET oxidation of tyrosine in a model system. We 

prepared a series of metallopeptides with a tyrosine separated from a Ru(bpy)3
2+ complex by an oligoproline bridge of increasing 

length. Rate constants for intramolecular tyrosine oxidation were measured using the flash-quench transient absorption technique in 

aqueous solutions. The rate constants for tyrosine oxidation decreased by 125-fold with three added prolines residues between tyrosine 

and the oxidant. By comparison, related intramolecular ET rate constants in very similar constructs were reported to decrease by 4-5 

orders of magnitude over the same number of prolines. The observed shallow distance dependence for tyrosine oxidation is proposed 

to originate, at least in part, from the requirement for stronger oxidants, leading to a smaller hole transfer tunneling barrier height. 

The shallow distance dependence observed here and extensions to distance dependent CPET reactions have far-reaching implications 

for long-range charge transfers.

The long-range transfer of redox equivalents is essential in bio-

logical energy harvesting and transduction. Decades of research 

in electron transfer (ET) have explored the particular variables 

which control long-range ET in proteins.1-2 The kinetic effect of 

ET distance is described in the Marcus equation for non-adia-

batic ET (eq 1).3-4 

 𝑘𝐸𝑇 = √
4𝜋3

ℎ2𝜆𝑘𝐵𝑇
|𝐻𝐷𝐴|2exp (

−(𝜆+𝛥𝐺°)2

4𝜆𝑘𝐵𝑇
) (1) 

HDA is the electronic coupling matrix between the reactant and 

product states at the transition state nuclear configuration for a 

distant ET reaction. Research in modified proteins and synthetic 

systems has shown that rate constants for ET decay exponen-

tially with increasing distance between the donor and acceptor 

(eq 2): 

 ln(kET) = βR+ ln(kR0) (2) 

where R is the distance between the electron donor and acceptor 

and kR
0 is the ET rate constant at donor-acceptor close-contact. 

5-17  The factor β describes the severity of the rate constant decay 

with increased distance, and is typically assumed to be a prop-

erty of the type of bridge separating a donor (D) and acceptor 

(A) (i.e. saturated or unsaturated linkers).3 Theoretical treat-

ments of distance dependent ET kinetics typically follow the 

McConnell superexchange model, where HDA is approximated 

as product of the electronic couplings between the components 

of a donor-bridge-acceptor system (D-b-A) (Figure 1).3,18 The 

superexchange model predicts that ET rate constants decay ex-

ponentially with increasing distance and gives some physical 

basis for the empirical parameter β in eq 2, as β relates to the 

tunneling barrier height ΔEg (Figure 1).19-20 In most ET studies, 

β, and therefore, ΔEg are assumed to be a function of the bridge 

and independent of the donor and acceptor identity. Eq 2 and 

the superexchange model in Figure 1 have been successfully 

 
Figure 1: Superexchange description of electron tunneling.3, 18 HDA 

is a product of donor-bridge (hDb), bridge-bridge (hbb), and bridge-

acceptor (hbA) electronic couplings. HDA decays with the number of 

bridging units (n), leading to an exponential distance decay akin to 

eq 2. ΔEg is the tunneling barrier height, the energetic difference 

between the transition state nuclear configuration for the ET reac-

tion (represented by D and A) and the bridge-localized electron (e‒

) or hole (h+). 

employed for modeling biological and non-biological ET in 

many instances.16,21-22 

It is increasingly recognized, however, that biological ET reac-

tions are often coupled with proton transfer (PT) events.23-25 
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Frequently, these redox reactions occur in a multi-site fashion, 

where long-range ET between distant redox active cofactors 

likely occurs with short-range PT to a nearby base. Such proton-

coupled electron transfer (PCET) reactions have been impli-

cated in numerous enzymatic redox transformations such as in 

photosystem II,26-29 ribonucleotide reductases,30-34 cytochrome 

P450s,35-37 and nitrogen fixing enzymes.38-41 Often in the above 

examples, the proton and electron are proposed to transfer in a 

single, concerted step (concerted proton-electron transfer, 

CPET).42-43 

Despite this importance, the dependence of CPET reactions on 

the ET distance has received little attention. There are no well-

characterized studies in enzymes or reports in biomimetic sys-

tems (though we argue below that some prior reports of pure ET 

distance dependence actually involve CPET). Three examples 

of CPET distance dependence studies in molecular systems 

have been reported.44-46 Particularly, the Wenger lab showed 

that proton-coupled phenol oxidations by Ru(bpy)3
3+ or 

*Ru(bpy)3
2+ with para-xylene spacers have β values similar to 

those seen in ET studies with the same linkers.44-45  

We report here the first biomimetic system designed to explore 

the ET distance dependence for a CPET reaction, using a pep-

tide bridge separating the electron donor and acceptor. We syn-

thesized a series of oligoproline metallopeptides with a 

Ru(bpy)3
2+ at one end and a tyrosine at the other (Figure 2B). A 

flash-quench procedure was used to photogenerate Ru(bpy)3
3+, 

which oxidizes the tyrosine by intramolecular ET concerted 

with intermolecular PT to the phosphate buffer (CPET). The ki-

netics of this reaction for compounds with different lengths of 

oligoproline linker were measured by transient absorption. This 

approach follows that developed for similar systems without 

prolines by the Hammarström laboratory.26,29,47-54 

Oligoprolines were chosen as the bridge in our system because 

of the rich precedent for using this motif as a semi-rigid spacer 

in water, where they are known to adopt polyproline II (PPII) 

helical structures.55-64 Furthermore, there are numerous studies 

of ET distance dependence utilizing oligoproline bridges, (Fig-

ure 2A), which consistently found β ≥ 1.2 Å-1.12,65-67 We were 

therefore confident that oligoprolines would act as reliable bio-

mimetic spacers, and would cause large changes in rate con-

stants with added prolines. This would allow us to compare our 

measured β values for tyrosine oxidation by CPET to the β val-

ues found for bimetallic ET with oligoproline bridges. 

Interestingly, we observed a much shallower electron transfer 

distance dependence for tyrosine oxidation than was previously 

reported for bimetallic ET studies with oligoprolines bridges. 

The β value we obtained for tyrosine oxidation by an MS-CPET 

mechanism is 0.57 ± 0.03 Å-1. This is half the typical β ≥ 1.2 Å-

1 observed bimetallic ET studies.  

Possible origins of the quite different β values are considered. 

However, we propose that differences in the effective tunneling 

barrier heights is a substantial contributor to the different β val-

ues. The high potentials needed to oxidize tyrosine necessitate 

the use of a stronger oxidant relative to those used in previous 

oligoproline ET studies. Therefore, the tunneling barrier heights 

for hole-transfer are lower in this work than in previous ET 

studies, leading to the shallow distance dependence observed 

here. This finding may have implications for biological electron 

transfer pathways involving phenols and indoles, as these 

moieties generally require high potential oxidants to participate 

in ET. 

Figure 2: (A) Previously reported bimetallic intramolecular ET 

studies in oligoproline peptides where n = 1-4.12,65-67 (B) The Ru-

Pron-TyrOH oligoproline peptides synthesized and studied in this 

work, where n = 1-4. The red and blue arrows schematically repre-

sent the ET and PT components of phosphate-assisted CPET tyro-

sine oxidation by the attached Ru(bpy)3
3+ moiety. 

Results 

I. Synthesis and structural studies: The metallopeptides Ru-

Pron-TyrOH (Figure 2B) were assembled by solid-phase pep-

tide synthesis of the bipyridyl-oligoproline peptides, solution 

phase peptide coupling of tyrosine, and final metalation of the 

bipyridyl-peptide with Ru(bpy)2Cl2. Previous methods used to 

prepare Ru(bpy)3
2+ molecules with appended amino acids typi-

cally followed a peptide coupling between the carboxylic acid 

Ru(bpy)2(4-CO2H-4’-Me-bpy)(PF6)2 and the tyrosine or proline 

amine.26,66 We found our method of metalating Ru(bpy)2Cl2 

with the bipyridyl peptide significantly simplified the purifica-

tion of the final metallopeptides. 1H-nuclear magnetic reso-

nance spectroscopy (NMR), high performance liquid chroma-

tography, and high-resolution mass spectrometry are all con-

sistent with the desired metallopeptides. For instance, the mass 

spectra showed the 2+ ions for each of the molecules with the 

expected isotope distribution. As is typical of ET studies with 

Ru(bpy)3
2+ derivatives, these metallopeptides are prepared as ~ 

1:1 mixture of diastereomers because of the racemic preparation 

of Ru(bpy)3
2+, but this has limited effect on the proline reso-

nances analyzed below. Full details of the synthesis and char-

acterization for all four of these materials, with 1-4 proline 

units, are given in the Supporting Information (SI).  

In order to verify the PPII structure of the oligoproline separat-

ing the tyrosine and Ru(bpy)2
2+, we investigated the solution 

structure of the metallopeptides via circular dichroism (CD) and 
1H-1H NMR correlation spectroscopies. CD data showed the 

growth of a negative CD signal at 210 nm with additional pro-

lines in the Ru-Pron-TyrOH series that is characteristic of in-

creasing PPII helical structure with increasing number of pro-

lines. 1H-1H nuclear Overhauser effect spectroscopy (NOESY), 

and 1H-1H total correlation spectroscopy (TOCSY) were 
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obtained in 75:25 (v/v) D2O/CD3CN solutions to obtain suffi-

ciently concentrated samples of the metallopeptides for the 2D-

NMR analysis (Figure 3). We note that our kinetics were not 

performed with added acetonitrile, but it is known that acetoni-

trile disfavors PPII structure relative to pure water.57,59,63,68-69 

The NOESY and TOCSY spectra indicated that Ru-Pro2-

TyrOH, Ru-Pro3-TyrOH, and Ru-Pro4TyrOH predomi-

nantly adopt the all-trans amide conformation typical of PPII 

helical structure, although populations of other conformers 

were observable. Figure 3A shows the overlaid NOESY and 

TOCSY data for Ru-Pro4-TyrOH in the spectral region for cor-

relations between proline-based α-Hs and δ-Hs. As expected, 

each proline α-H shows an intra-proline TOCSY correlation 

(blue) with two unique δ-Hs. Interestingly, the (α-H)-(δ-H) NO-

ESY signals (red) do not overlay with the TOCSY signals. The 

NOESY signals for each (α-H) instead align with the TOCSY 

correlation for the upfield neighbor α-H resonance. This is con-

sistent with an intraproline (α-H)n-(δ-H)n TOCSY assignment 

and an interproline (α-H)n-(δ-H)n+1 NOESY assignment. The 

observed (α-H)n-(δ-H)n+1 interactions are supportive of an all-

trans amide PPII helical structure, as seen in the solid-state 

structure for an oligoproline hexamer and an NMR study of an 

oligoproline analog.62,70 Cis-amide bonds in these peptides 

would instead show the characteristic (α-H)n-(α-H)n+1 NOESY 

interaction and lack the observed (α-H)n-(δ-H)n+1 interactions.71 

Overlaying TOCSY and NOESY data is perhaps uncommon in 

oligoproline NMR studies, but we found it helpful to discrimi-

nate between intra and inter proline couplings. 

 
Figure 3: A) Overlaid NOESY (red) and TOCSY (blue) data for 

Ru-Pro4-TyrOH in 75:25 (v/v) D2O:CD3CN in spectral region for 

α-H and δ-H interactions. Path from the N-terminal proline-based 

resonances to the C-terminal proline-based resonances is traced 

with horizontal arrows depicting inter-proline interactions and ver-

tical lines highlighting the offset of TOCSY and NOESY singles 

for each α-H resonance. B) A generalized depiction of inter-proline 

NOESY interactions (left, red) and intra-proline TOCSY interac-

tions (right, blue) in oligoproline sequences. 

Based on the alternating intra-proline and inter-proline interac-

tions, it is possible to assign absolute positions in the metallo-

peptide. The most downfield α-H signals at 5.06 ppm must be 

due to the N-terminal proline because no inter-proline NOESY 

interactions match the δ-Hs of this residue. Further-more, the δ-

Hs on this residue show NOESY correlations with aryl C-H res-

onances on the asymmetric bipyridine ligand, consistent with 

the N-terminal assignment (see SI). The two internal prolines 

and the C-terminal proline can be assigned based on the alter-

nating NOESY-TOCSY signal pairs outlined in Figure 3A-B, 

moving from N-terminus to C-terminus. 

Our NMR data also revealed a smaller population of metallo-

peptides containing a cis-amide bond in Ru-Pro2-TyrOH and 

Ru-Pro4-TyrOH. These can be assigned from the characteristic 

(α-H)n-(α-H)n+1 NOESY interaction.71 Based on the relative 1H 

integrations for resonances corresponding to the all-trans PPII 

structure and those corresponding to the rotomers containing at 

least one cis-amide, we estimate a 60:40 ratio of all-trans to cis-

amide containing metallopeptides. The kinetic contribution 

from these two populations are accounted for and discussed 

later in this manuscript. A detailed analysis of our 2-D NMR 

data is given in the SI. 

II. Kinetics of tyrosine oxidation  The kinetics of intramolecular 

tyrosine oxidation were monitored using the flash quench tran-

sient absorption (TA) method with [Co(NH3)5Cl]Cl2 as the ex-

cited state quencher, as described in numerous reports.26,29,72 

Photoexcitation of the Ru(bpy)3
2+ metal-to-ligand charge trans-

fer (MLCT) band at 470 nm generates an excited state which is 

rapidly and irreversibly oxidized by [Co(NH3)5Cl]Cl2, yielding 

the Ru(bpy)3
3+ metallopeptide and a very labile Co2+ species 

(preventing any back-reaction). The Ru(bpy)3
2+ excitation and 

oxidation lead to an initial absorbance bleach at 450 nm by TA. 

The following intramolecular ET from tyrosine to the photogen-

erated Ru(bpy)3
3+ is observed as an absorbance return at 450 

nm, due to the regeneration of Ru(bpy)3
2+. The raw TA data was 

subjected to a log-time compression in Matlab, as described 

elsewhere.73 When tyrosine oxidation kinetics occurred on a 

timescale similar to excited state decay, an extra exponential 

was included in the fit and fixed to the excited state decay con-

stant obtained from kinetic emission measurements (Figure 4, 

top). If tyrosine oxidation kinetics were much slower than ex-

cited state decay, an exponential fit to the signal decay after ex-

cited state decay was used extract rate constants (Figure 4, bot-

tom).  

Double-exponential kinetics were observed for the tyrosine ox-

idation step in Ru-Pro2-TyrOH and Ru-Pro4-TyrOH. These 

are the two metallopeptides that showed populations of two 

structures by NMR. We assigned the double-exponential behav-

ior to kinetic contributions from these two populations: the slow 

component to those molecules adopting the more extended all-

trans amide PPII helical structure and the fast component to 

those containing a single cis-amide kink. A cis-amide kink in 

the metallopeptides should lead to shorter through-space donor-

acceptor distances, Ru(bpy)3
2+-to-tyrosine. The kinetic contri-

bution of the two exponentials was reasonably consistent with 

the NMR estimates of the all-trans and single-cis amide con-

taining populations. More details on this topic are given in the  
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Figure 4: Log-time compressed73 TA data (red) and fits (blue) for 

tyrosine oxidation in pH 8.0 100mM phosphate buffered water for 

in Ru-Pro1-TyrOH (Top) and in Ru-Pro4-TyrOH (Bottom). Top: 

The fast component of the double-exponential fit was fixed to the 

excited state decay (kemission). The remaining tyrosine oxidation data 

fit well to a single exponential, consistent with the pseudo first-or-

der conditions. Bottom: The double exponential fit to data after ex-

cited state decay yielded two rate constants for tyrosine oxidation. 

The fast component was assigned to this cis-amide containing (kcis) 

metallopeptide population, the slow component to the all-trans PPII 

structured (kobs) metallopeptide population. The percent contribu-

tion of each exponential to the total amplitude of the data is given 

in parentheses. See SI for more details. 

SI. For the remainder of the text, all discussions of rate con-

stants for these metallopeptides are for those assigned to the all-

trans PPII structure. 

Following prior reports of tyrosine oxidation with Ru(bpy)3
3+, 

we chose phosphate buffered water at pH 8.0 to probe the dis-

tance dependence for a buffer-assisted CPET mechanism.48 In 

100 mM phosphate buffered water at pH 8.0, the exponential 

fitting gave a kobs of 6.0  105 s-1 for Ru-Pro1-TyrOH (Figure 

4, top). This value is similar to the kobs reported by the Ham-

marström lab for the molecule with no prolines separating the 

tyrosine and Ru(bpy)3
3+ oxidant.47 We expected Ru-Pro4-

TyrOH would have a tyrosine oxidation rate constant on the 

order of 102 s-1 based on rate constant changes reported in pre-

vious bimetallic ET studies.12,65-67 However, under the same 

conditions, Ru-Pro4-TyrOH gave kobs = 1.0  104 s-1, 2 orders 

of magnitude larger than expected (Figure 4, bottom). 

Solvent KIEs were obtained for each of the metallopeptides. kobs 

values were determined at pH 8.0 in H2O and at pD 8.0 in D2O, 

both with 100 mM phosphate buffer (see SI). 

kobs(H2O)/kobs(D2O) was close to 3 for all four metallopeptides, 

varying from 2.7 ± 0.2 for n=1 to 3.1 ± 0.4 for n=4. (Table 1). 

Related tyrosine oxidation studies reported KIEs between 2-3 

for both analogous rate constants.47  

We also attempted to measure rate constants for ET-only from 

the tyrosinate form of the metallopeptides, Ru-Pron-TyrO–, at 

pH ≥ 10.8. Unfortunately, the tyrosinate oxidation ET kinetics 

were either too fast to measure or consisted of ≥ 3 exponentials. 

We interpret this behavior as indicative of a heterogenous set of 

solution structures under these conditions, as discussed below. 

III. Mechanism of tyrosine oxidation.  To investigate the mech-

anism of tyrosine oxidation under our conditions, we probed the 

involvement of PT during the observed ET event. We observed 

essentially no decay of the photogenerated Ru(bpy)3
3+ in the 

tert-butyl ether tyrosine metallopeptide Ru-Pro1-TyrOtBu, 

which lacks the phenolic proton (See SI). This result indicates 

that direct ET oxidation of the tyrosine to generate a TyrOH●+ 

species is unlikely. Ru(bpy)3
3+ reduction required the presence 

of the proton on the tyrosine phenol.  

Measuring kobs at varying phosphate buffer concentrations as-

sessed the involvement of PT to dissolved phosphate during the 

observed ET event, following the earlier analysis by Ham-

marström et al. for the n=0 compound.47-48 kobs increased line-

arly with increasing concentration of phosphate buffer (Figure 

5). The slope of the buffer concentration dependence gives the 

second order rate constant for tyrosine oxidation with phosphate 

buffer as the proton acceptor (kbuffer), eq 2:  

 kobs = kwater + kbuffer·[HPO42-] (3) 

 
Figure 5: Dependence of kobs on phosphate buffer concentration for 

Ru-Pron-TyrOH at pH 8.0. Top: Data for n=1 (red), n=2 (blue), 

n=3 (green), and n=4 (purple). Bottom: Plot with an expanded ver-

tical scale to show the data for n=3 and n=4. The slopes of the lines 

are assigned as the second order rate constants for tyrosine oxida-

tion with PT to HPO4
2- (kbuffer), and the y-intercepts are assigned as 
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the rate constant for tyrosine oxidation with PT to water (kwater) For 

the n=4 metallopeptide, an additional kobs was measured at [buffer] 

= 0.8 M to better define the relatively small buffer concentration 

dependence. The spread of rate constants between samples was 

about 10%. kbuffer and kwater values obtained from this data are given 

in Table 1. 

At pH 8.0, HPO4
2- represents the majority of the phosphate 

buffer species and is considerably more basic than the H2PO4
- 

species also present in solution. We therefore attribute kbuffer to 

CPET tyrosine oxidation with HPO4
2- as the proton acceptor.47 

We do not see saturation behavior even at high concentrations 

of phosphate buffer due to the small association constant, pre-

viously estimated as Ka ≈ 0.5 M-1 for free tyrosine.74 kbuffer values 

obtained from linear fits to the data in Figure 5 are given in Ta-

ble 1. 

The kobs vs. [buffer] plots also show significant non-zero y-in-

tercepts, indicating phosphate-independent kinetic contribu-

tions to the tyrosine oxidation kinetics. Such buffer concentra-

tion-independent kinetics have been investigated extensively by 

Hammarström and coworkers in their Ru(bpy)3-TyrOH system. 

They concluded that this term is due to tyrosine oxidation with 

water as the proton acceptor (kwater).
29,47-48 The derived kbuffer and 

kwater values are given in Table 1. 

Table 1: Rate constants obtained from phosphate buffer con-

centration dependence data in Figure 5.  

Metallopeptide 
kbuffer 

(M-1s-1)a 
kwater (s-1)a 

KIE 

(kobs)b 

Ru-Pro1-TyrOH 1.4 ± 0.1  106 4.5 ± 0.3  105 2.7 ± 0.2 

Ru-Pro2-TyrOH 4.9 ± 0.2  105 1.5 ± 0.2  105 2.6 ± 0.2 

Ru-Pro3-TyrOH 5.8 ± 0.3  104 2.4 ± 0.2  104 3.1 ± 0.4 

Ru-Pro4-TyrOH 1.1 ± 0.1  104 8.7 ± 0.8  103 3.1 ± 0.4 

a kbuffer is the slope of fit lines and kwater is the y-intercept in Figure 

5.  b The KIEs are kobs(H2O)/kobs(D2O) at pH/pD = 8.0 in 100 mM 

buffer (see text and SI). 

In sum, the kinetic data provide strong evidence for a concerted 

proton-electron transfer (CPET) mechanism. The primary sol-

vent KIE of about 3 and the a first-order dependence on the con-

centration of buffer both implicate proton transfer as part of the 

rate determining step. In parallel, the dependence of all of the 

rate constants on the length of the oligoproline linker indicates 

that ET across the linker is also involved in the rate determining 

step. 

IV. Analysis of β values.  Determining the value of β from these 

rate constants requires the differences in donor-acceptor dis-

tances for the four metallopeptides. Generally, the oligoproline 

literature has assumed a linear increase of 2.5-3.0 Å per added 

proline residue, based on many NMR studies, FRET measure-

ments, and X-ray crystal structures.12,15,55,57,61-62,65-67,75-77 For the 

Ru-Pron-TyrOH series, we favor the distances measured and 

calculated in a FRET study of short oligoprolines with a cati-

onic N-terminus and a C-terminal aromatic amino acid.61 These 

estimates are the most appropriate for the N-terminal 

Ru(bpy)3
2+ and C-terminal tyrosine employed here.62 The 8.7 Å 

distance increase from n=1 to n=4 prolines (2.9 Å/residue) is 

well within what is typically reported. However, other literature 

has highlighted the underappreciated dynamic nature of oligop-

roline peptides (see Discussion below).71,78  

The plots of ln(k) vs. distance to determine β, Figure 6 and 7 

below, use the change in distance relative to Ru-Pro1-TyrOH 

instead of the absolute donor-acceptor distance. Normalizing 

the distance axis to n=1 proline eliminates the need to estimate 

the edge of the redox cofactors. This also visually simplifies 

comparisons to other distance dependence studies below that 

have different functionalities at the helical ends of the oligop-

roline peptides. For example, the available oligoproline ET lit-

erature includes ET reagents ligated to the oligoproline C-ter-

minal carboxylate, to a C-terminal bipyridine ligand, or to an 

N-terminal 4-carboxy-pyridine ligand.65,67 

The kobs for tyrosine oxidation for Ru-Pron-TyrOH shows a 

clean exponential decay with increasing separation (Figure 6, 

black). Plotting ln(kobs) in 100 mM phosphate buffer vs. the dis-

tance increase relative to n=1 gives β = 0.49 ± 0.04 Å-1. Figure 

6 also shows the distance dependences for kbuffer and for kwater, 

which have β values of 0.57 and 0.46 Å-1. The kbuffer showed the 

largest span of rate constants, with a 125-fold difference be-

tween Ru-Pro1-TyrOH and Ru-Pro4-TyrOH. Still, all of these 

rate constants have similar values of β, and all are unusually 

small. For comparison, Figure 6 also shows data from one the 

studies of pure ET across oligoprolines from Isied (Scheme 

1A), as the much steeper green line.65 That data has a β value of 

1.4 Å-1. The contrast between our CPET tyrosine oxidations and 

the intermetal ET reactions is the focus of the Discussion.  

Figure 6: Plot of ln(rate constant) vs. distance increases relative to 

Ru-Pro1-TyrOH 61 for tyrosine oxidations. Black line: kobs at pH 

8.0 in 100 mM phosphate-buffered water. Red line: Second-order 

kbuffer. Blue line: First order kwater. The shallow distance dependence 

for tyrosine oxidation is compared to a related study of intramolec-

ular ET with oligoprolines from the Isied lab (green).65 The uncer-

tainties in the measured rate constants are smaller than the data 

symbols.  

Discussion 

I. Overview.  The results described above and in the SI support 

the synthesis of the four metallopeptides and that flash-quench 

conditions lead to tyrosine oxidation by a CPET mechanism. 

The involvement of proton transfer in the rate determining step 

for tyrosine oxidation is indicated by the first-order dependence 

on phosphate buffer concentration and by the H2O/D2O KIEs. 

The oxidation of the tyrosine was not directly observed, but is 

implicated by the lack of reduction of the Ru3+ intermediate in 

the blocked tert-butyl ether tyrosine derivative. The long-dis-

tance tyrosine-to-ruthenium ET component of the reaction is 

clearly indicated by the regular decrease in the kbuffer and kwater 
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with an increasing number of prolines. Thus, the rate determin-

ing step of tyrosine oxidation was sensitive to the intramolecu-

lar ET distance and to the nature and concentration of the base. 

Together, these observations indicate that tyrosine oxidation 

proceeds through an CPET mechanism: long-range ET to Ru3+ 

coupled to PT across a hydrogen bond to a HPO4
2– base 

(Scheme 1B).47,79-80 The same mechanistic conclusions were 

reached by Hammarström et al. for the CPET oxidation of a ty-

rosine directly linked to a photogenerated Ru(bpy)3
3+.47-48 

The Ru-Pron-TyrOH system, with n=1-4, is thus what we set 

out to develop. It is a set of biomimetic compounds that undergo 

CPET in which the ET portion occurs over a range of distances. 

We first compare the low β values obtained for this system with 

closely related systems involving oligoproline linkers. The fol-

lowing sections then discuss possible explanations for the low 

β values. We especially consider whether our use of standard 

polyproline distance spacing overestimates the actual distances, 

which would make the true β values larger. Based on these anal-

yses, we suggest that a significant component of the low β’s 

results from the high potentials needed to oxidize tyrosine, in 

the context of the tunneling barrier heights, ΔEg.  

II. Ru-Pron-TyrOH shows surprisingly low apparent β values. 

Rate constants have been determined for CPET oxidation of the 

tyrosine moiety in Ru-Pron-TyrOH by the photogenerated 

Ru(bpy)3
3+. Plotting those rate constants versus vs. their relative 

distances, using a well-documented 2.9 Å per oligoproline res-

idue distance scale (see above), gives unusually low values of β 

(eq 1): 0.46 to 0.57 ± 0.03. This is a dramatic contrast with the 

typical β values for ET through peptides and proteins of ≥ 1 Å-

1. The β values for our metallo-oligoprolines are half of the val-

ues reported for intermetal ET through the same oligoproline 

linkers.  

Figure 6 above clearly illustrates this difference, comparing our 

distance dependence with one of the intramolecular ET studies 

by Isied. Intramolecular ET in [(NH3)5OsII-Pro1-RuIII(NH3)5]
5+ 

gives an ET rate constant similar to the n=1 kobs in Ru-Pro1-

TyrOH (~5 times larger; kET is very similar to kbuffer[HPO4
2-] at 

1 M kbuffer[HPO4
2-]).52 Changing from 1-4 prolines in the linker 

causes a reduction in kbuffer of a factor of 125, while same change 

causes a 20,000-fold reduction in the ET rate constant for 

[(NH3)5OsII-Pro4-RuIII(NH3)5]
5+.  

The dramatic difference between the CPET β and the related ET 

value is a surprising contrast with previous results from Wenger 

et al. In a system with oligo-xylene linkers, they estimated β 

values for CPET similar to those found for ET with the same 

bridges.44,46 

A deeper search of the distance dependence ET literature re-

vealed a previous example of shallow distance dependence in 

oligoproline peptides. Interestingly, this study by Klapper et al. 

also involved tyrosine oxidation across an oligoproline peptide 

in pH 7.0 phosphate buffered water.81-83 They reported β = 0.23 

and β = 0.33 Å-1 in water for long-range tyrosine oxidation by a 

pulse radiolytically generated tryptophan radical (Trp•) and an 

N-methyl-tryptophan radical cation (Trp(N-Me•+)), respec-

tively (Figure 7B). This kinetics were assigned to ET oxidation 

of tyrosine,81,83 as were tyrosine oxidation kinetics of a similar 

system.84 However, later studies from the Klapper lab reported 

a KIE for intermolecular p-cresol oxidation with pulse radiolyt-

ically generated tryptophan radical cations, and proposed the 

involvement of O-H bond homolysis during tyrosine oxida-

tion.82  

In our view, the intramolecular tyrosine oxidations in the Klap-

per reactions very likely follow the same mechanism as the 

CPET path described here, in which ET is concerted to PT to 

base to cleave the O–H bond. The reported KIE is one marker 

for this mechanism. In addition, the reduction potentials make 

simple outer-sphere ET from TyrOH to Trp radicals unfavora-

ble if TyrOH•+ is the product (i.e., without proton loss). There-

fore, we believe the shallow distance dependence observed in 

the current study is actually the second example of a low β for 

tyrosine oxidation by CPET.  

 

Figure 7: A) Plot of ln(rate constant) vs. relative distance for ruthenium-oligoproline-bridged tyrosine oxidation studies reported here (red 

circles), tryptophan radical cation-oligoproline-bridged tyrosine oxidation by Klapper et al. (blue circles), and intermetal- oligoproline-

bridged ET by Isied et al. (green triangles). B) Structures of the donor acceptor systems plotted in part A. The data set from this report is of 

the kinetics with phosphate buffer (kbuffer) as the proton acceptor. The Isied et al. datasets correspond to different combinations of electron 

donors and acceptors indicated in Figure 2.
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Plotting together the distance dependence data for tyrosine ox-

idations with the intermetal ET studies utilizing oligoproline 

bridges highlight the generality of the shallow distance depend-

ence for tyrosine oxidations (Figure 7A). We emphasize that 

comparison in Figure 7 is between systems that all involve the 

same oligoproline linkers. With the simple assumption that 

these linkers enforce the same distances in the different sys-

tems, the contrast in β values seems well established.  

III. Peptide structure as an origin of the apparent shallow dis-

tance dependence. One possible explanation for the small β val-

ues for tyrosine oxidation in Figures 6 and 7 is that the actual 

tyrosine-Ru(bpy)3
3+ distances in solution are much shorter than 

assumed in these plots. Reports have found oligoproline pep-

tides to be more dynamic than previously appreciated.71, 78 For 

this to move our values of β to the more typical 1.2 Å-1, the 

distances would have to be reduced by half. 

Our analysis of these oligoproline peptides by CD and NMR 

showed the presence of a subpopulation of cis-amide containing 

peptides in Ru-Pro2-TyrOH and Ru-Pro4-TyrOH. These have 

reduced end to end distances and therefore should have faster 

rates. In fact, these peptides showed biexponential tyrosine ox-

idation kinetics and we assigned the faster component to the cis-

amide containing metallopeptides. The slower component was 

assigned to the all-trans form with a PPII helical structure, in-

dicated to be the major component by CD and 2D 1H-1H NMR 

data (see Results). The relative contribution of these two spe-

cies from our kinetic fitting very closely matches the relative 

amounts of each observed by NMR. Only the slow component 

was used in the derivation of the β values, so we are confident 

that the presence of cis-amides in our metallo-peptides is not 

the origin of the observed shallow distance dependence. 

Oligoprolines also have sub-microsecond dynamics that could 

form reactive conformers on the timescale of the tyrosine oxi-

dation kinetics (the cis/trans isomerization is too slow). If the 

metallopeptide rapidly samples shorter-than-average donor-ac-

ceptor distances, that could lead to an artificially shallow dis-

tance dependence. To experimentally test the contribution of 

one type of dynamic behavior, free rotation of the bonds to C 

in the tyrosine, we synthetized two oligoproline metallopep-

tides with an N-terminal 4-amino-phenol instead of tyrosine, 

Ru-Pro2-NHPhOH and Ru-Pro4-NHPhOH (Figure 8). The 4-

amino phenol is  

directly coupled to the C-terminal carboxylic acid of the oligop-

roline and thus has fewer rotatable bonds than tyrosine and 

should have be less variation in the donor-acceptor distance. 

Under our standard conditions, the kobs for intramolecular 4-

amino-phenol oxidation was less than a factor of ten slower 

with the Pro4 linker than with the Pro2 analog. This is even 

smaller than the 20-fold difference in kobs observed for the more 

flexible Ru-Pro4-TyrOH vs. Ru-Pro2-TyrOH. While not de-

finitive, these data suggest that distance fluctuations resulting 

from the flexibility of the tyrosine at the end of the oligoproline 

are not the origin of the shallow distance dependence. 

For oligoproline structures to explain the different βs for tyro-

sine oxidation and ET shown in Figures 6 and 7A, there must 

be different structures involved in the tyrosine oxidations vs. 

the intermetal ET reactions. One important difference between 

the two classes of reactions is in the charges at the ends of the 

oligoproline. The intermetal compounds have cationic groups 

at both ends of the oligoproline, while the tyrosine oxidations 

involve a 2+/2– zwitterionic structure for the precursor complex 

Ru-Pron-TyrOH…HPO4
2– with the phosphate base hydrogen 

bonded to the tyrosine. Wennemers et al. have observed by CD  

 

Figure 8: Structure of Ru-Pron-NHPhOH and the difference in kobs 

measured for n=2 and n=4 prolines.  

and computations that the combination of N-terminal cations 

and C-terminal anions can favor the alternative PPI helical oli-

goproline structure over the PPII structure typically seen.85 This 

effect could be larger for Ru-Pron-TyrOH…HPO4
2– because 

of the higher charges. The PPI structure is tighter, with a rise of 

only 1.64Å/residue. So, if a substantial fraction of the Ru-Pron-

TyrOH…HPO4
2– were in the PPI form, that could account for 

a large portion of the discrepancy between the βs between tyro-

sine oxidation and intermetal ET.64 However, we do not observe 

the CD changes indicative of the PPI structure for Ru-Pron-

TyrOH. In addition, the PPII → PPI transition requires that 

each amide bond isomerize to the cis-configuration, which is 

known to take place on the milliseconds to seconds timescale, 

considerably slower than the observed kinetics. To the contrary, 

we quantified and accounted for kinetic contributions from cis-

amide containing metallopeptides. 

IV. Reorganization energy contributions to the observed shal-

low distance dependence. Studies of distance dependent ET 

(and CPET) need to consider a potential contribution from the 

distance dependence of λ.75,86-87 Ideally, distance dependences 

are measured in the driving force-optimized region of the Mar-

cus parabola, where ΔG° ≈ –λ, so as to dampen contributions 

from changes in the distance-dependent nuclear factor of the 

Marcus equation for ET ((∆G° + )2/4kT). Practically, access-

ing this driving force regime is difficult, particularly for CPET. 

λ for the tyrosine oxidation studied here was estimated at ≥ 2.0 

V for n = 0 prolines,54, 88 almost a 1 V higher than typical λ 

values for the intramolecular ET reactions studied in oligopro-

lines.67, 75 The first studies of CPET in the ΔG° ≈ –λ region have 

been reported only recently.89-90 Nevertheless, the similarity of 

β values obtained in ET studies of oligoproline bridge-metal 

complexes in the Marcus normal12,65 and near-barrierless re-

gions66-67 suggests that contributions from the distance depend-

ence of λ are small. In addition, in the normal Marcus region of 

the for Ru-Pron-TyrOH experiments, the typical increase in λ 

with distance should lead to a larger than expected β.87 So this 

is not a viable explanation of the observed small β for tyrosine 

oxidations. 

V. Tunneling barrier height differences predict a shallow dis-

tance dependence for tyrosine oxidation. A further effect that 

could influence the difference in distance dependences for the 

ET and CPET reactions found here is the different tunneling 

barriers heights (ΔEg). In the superexchange model typically 

employed to describe long-range electron transfer, (Figure 1) 

ΔEg is the energy gap between a bridge localized redox state and 

the energy of the transition state nuclear configuration.91 In a 

related rectangular barrier tunneling model, the probability of 

an electron tunneling event (κ) can be given in terms of this ΔEg, 

the tunneling barrier width (d), and the mass of an electron (me) 

(eq 3): 3,20,92-93 

    𝜅 ∝ 𝑒−
2

ℎ
 ∙ √2∙𝑚𝑒∙∆𝐸𝑔∙𝑑  (4) 
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As has been appreciated for decades in the theory for electron 

transfer,91,94-96 the different experimental β values for bridges 

reflect differences in ΔEg. The simple relationship between β 

and ΔEg, recently explored by Wenger,20,92 is given in equation 

5. 

 𝛥𝐸𝑔 = (
ℎ2

8𝑚𝑒
) β2 = (0.952 𝑉 ∙ Å2) ∙ β2  (5) 

Equation 3 indicates that β should vary with ∆Eg, the relative 

energetics of the donor-acceptor transition state and the bridge-

localized redox state. This has been commonly applied when 

comparing different bridges.3,21 Bridges which are more readily 

oxidized/reduced have lower-lying redox states, a smaller ΔEg, 

and smaller β. Because β varies only as the square root of ∆Eg 

and the energy gaps across a series of reactions often do not 

vary so much, the common analysis does not emphasize ΔEg 

but rather treats β as a property of a type of bridge (the medium 

through which ET occurs).91 This description does not imply or 

require that ET proceed through explicit oxidized or reduced 

states on the bridge. Instead, the relative donor-bridge-acceptor 

energetics affect the propagated electronic couplings through 

the medium for the electron tunneling event (Figure 1).18,91 

However, ΔEg varies with substantial changes in the donor/ac-

ceptor energetics as well as with changes in the bridge. A more 

oxidizing donor-acceptor pair will be closer in energy to bridge-

localized hole states, leading to smaller ΔEg and smaller β. This 

has been demonstrated recently by Wenger and co-workers in 

studies of long-range ET with para-xylene-bridges using dif-

ferent oxidants.20,92 Changes in β with ET driving force have 

also been observed in ET through DNA hairpins.20,95 In both 

cases, the difference in ΔEg (∆∆Eg) was approximated as the 

difference in the E°s of the oxidants in two donor-acceptor sys-

tems with the same bridge (ΔE°ox, eq 6).20 

 ΔΔEg ≈ ΔE° (6) 

Applying this model to the different cases in Figure 7A pro-

vides a rationale for the lower β values for the tyrosine oxida-

tions. Tyrosine oxidation requires high potentials, so its oxi-

dants (Ru(bpy)3
3+ and TrpNH•+ in Figure 7A) have high E° val-

ues. In contrast, the ET cases in Figure 7A such as [(NH3)5OsII-

(Pro)4-RuIII(NH3)5]
5+ operate at low potentials (ca. -0.05 to -

0.10 V vs. NHE).12,65-67 Therefore the energy gap to the oligop-

roline bridge states is lower for the tyrosine oxidations than for 

the ET reactions. Following eq 5, this lower ∆E° implies a lower 

. 

This model is illustrated in the qualitive Marcus parabola de-

scription of in Figure 9. The left side describes the CPET tyro-

sine oxidations reported here while the right side describes the 

intramolecular ET in [(NH3)5OsII-(Pro)4-RuIII(NH3)5]
5+. The 

same blue/red parabola pair is drawn on both sides except for 

their vertical offset. The parabolas for tyrosine oxidation by 

Ru(bpy)3
3+ lie at higher potential (higher E°ox.). Quantitatively, 

the drawing makes the rough assumptions of similar ∆G° and  

values in the two cases, which implies Wenger’s approximation 

that ΔΔEg ≈ ΔE° (eq 5).19-20,92 Reported reduction potentials for 

proline-substituted Ru(bpy)3
3+ (1.30 V vs NHE)66 and 

Ru(NH3)5L
3+. (-0.05 V vs NHE)65 yield ΔE° = 1.35 V ≈ ∆∆Eg. 

This ΔE°, using equation 4, predicts a drop from the β = 1.4 Å-

1 for intermetal ET to β = 0.74 Å-1 for tyrosine oxidation. This 

value is close the experimental β = 0.57 Å-1. This very simple 

model can account for most of the reduction in the β between 

the intermetal and tyrosine oxidations.  

In sum, this analysis shows that differences in tunneling barrier 

heights can account for much of the differences in the β values 

observed for tyrosine oxidation versus previous intermetal ET. 

The shallow distance dependence observed for tyrosine oxida-

tion likely results in part from tyrosyl radical formation requir-

ing the use of stronger oxidants than those employed in compa-

rable oligoproline ET studies. The stronger oxidants are closer 

in energy to the bridge-localized hole state, leading to more fac-

ile hole tunneling.  

Importantly, such tunneling barrier height effects will be most 

apparent far away from the ΔG° ~ –λ optimized regime. In this 

regime the transition state energy, and, therefore ΔEg, will not 

vary substantially with changes in E°. This may explain why 

changes in β were not generally observed in studies of ET 

through proteins performed by Gray and Winkler.6-7,22,97 

 

Figure 9: Diagram comparing the hole-transfer tunneling barriers 

heights for tyrosine oxidation reported here(left) and the intramo-

lecular electron transfer kinetics for [(NH3)5OsII-(Pro)n-

RuIII(NH3)5]5+(right).52 The break in the nuclear coordinates axis is 

to indicate that these two reactions do not occur in the same nuclear 

coordinate space. 

VI. Tunneling in CPET reactions. The discussion above has 

used analyses developed for ET to treat the long-range tyrosine 

oxidations that occur by CPET, as is typical in the literature.34 

From a fundamental standpoint, this is not quite appropriate. 

Long range electron tunneling, as occurs in all of the reactions 

discussed here, is described by a superexchange model, as an 

essentially instantaneous process faster than nuclear motions. 

Yet the CPET mechanism for tyrosine oxidation includes pro-

ton movement from the phenol to the base concerted with elec-

tron tunneling. This proton movement is implicit in the ener-

getic descriptions such as the red parabola in Figure 9. We hope 

that the considerations in this section will stimulate theorists to 

examine this issue.  

One approach to treating CPET tunneling is to treat the proton 

and electron quantum mechanically, in vibronic states. This is 

a common starting point in CPET theory.98 This treatment can 

be considered to involve a Born-Oppenheimer-type separation 

between protonic and heavy-nuclei motions, rather than the nor-

mal separation between electronic and nuclear motions. Con-

ceptually, this places the electron and proton on similar footing.  

One implication of this model is that the tunneling free energy 

depends on the energetics of both the ET and PT components 

of the CPET step. Therefore, the long-range electron tunneling 

process should be sensitive to the nature of the base, even 

though the proton transfer initially appears orthogonal to the 
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electron tunneling process. As illustrated in Figure 10, changing 

the pKa of the proton acceptor in the CPET oxidation of tyrosine 

will change the reaction free energy and the intersection point 

of the two Marcus-type vibronic parabolas. This will change the 

ΔEg, now defined with vibronic state energies. Specifically, 

making the base stronger in a CPET reaction should (i) increase 

the driving force (∆G°); (ii) lower the transition state energy 

(∆G‡); increase the gap to the bridge states ∆Eg; and (iv) in-

crease the dependence on distance ().Tunneling barrier effects 

of this kind could be at play here, and qualitatively agree with 

the slightly lower β found for tyrosine oxidation with water vs. 

HPO4
2- as the proton acceptor. More studies are needed to de-

velop this potentially interesting area.  

 
Figure 10: Marcus parabola description with vibronic states, show-

ing how a change in the proton transfer driving force for a CPET 

reaction should affect ΔEg, where pKa1 > pKa2.  

Conclusions  

A biomimetic series of oligoproline metallopeptides have been 

developed to examine concerted proton-electron transfer 

(CPET) reactions as a function of the electron transfer (ET) dis-

tance. Flash-quench/transient adsorption kinetic studies show 

that a photogenerated Ru(bpy)3
3+ at one end of the oligoproline 

oxidizes the tyrosine at the other end. Phosphate buffer concen-

tration dependent kinetics and KIEs support the assignment of 

a CPET mechanism, with the electron transferring intramolec-

ularly to Ru(bpy)3
3+ concerted with proton transfer to HPO4

2- or 

H2O/OH-. Comparing the rate constants for linkers with 1-4 

prolines yields β = 0.57 Å-1 for tyrosine oxidation with HPO4
2- 

as the base. This is a much shallower drop with distance than 

previously reported bimetallic ET studies employing the same 

oligoprolines, which have β = 1.2-1.5 Å-1. Examination of other 

studies involving tyrosine oxidation through oligoprolines 

showed the same small β values for CPET tyrosine oxidation 

observed here.  

A number of contributors to the unusually low β have been con-

sidered. The oligoproline linkers employed here are not rigid, 

and minor populations of the reactive Ru-Pron-

TyrOH…HPO4
2– forms are zwitterionic and may have shorter 

distances. Still, NMR and CD studies indicate the predomi-

nance of the PPII structure that the βs above are based on. We 

propose that the largest contributor to the shallow distance de-

pendence is the smaller tunneling barrier height relative to pre-

vious ET studies. The higher potential required to oxidize tyro-

sine leads to a smaller energy gap between the CPET transition 

state and the virtual oligoproline electronic states responsible 

for mediating the electronic coupling. The implications of this 

model include a prediction that β values for the electron transfer 

distance in CPET processes should be dependent on the base 

strength. The possibility that biological systems could control 

ET kinetics with the strength of base is completely unexplored. 
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 Materials 

A.1 Reagents and equipment 

Acetonitrile for HPLC was passed through a 40µm filter before use. Dry, air-free 

1,4-dioxane was purchased from Acros Organics and dispensed using standard Schlenk-

line technique with syringes and needles. Dimethylformamide (DMF) for peptide synthesis 

was taken from an Ar atmosphere solvent system with drying alumina columns and an 

isocyanate scrubber for amines. DMF was collected under argon, stored over activated 3 

Å molecular sieves for 48 hours, and then filtered into a Strauss flask before use. Important: 

DMF in a Strauss flask was sparged with N2 gas for at least 20 minutes immediately before 

use in peptide synthesis to remove carbon monoxide and amines from the spontaneous 

decomposition of DMF. DCM for peptide synthesis was also obtained from an Ar 

atmosphere solvent system with drying alumina columns, stored over activated 3 Å 

molecular sieves for 48 hours, and then filtered into a Strauss flask. Both DMF and DCM 

for peptide synthesis were dispensed using a Schlenk line with syringes and needles. Solid-

phase peptide synthesis was performed with 2-chloro-trityl chloride (CTC) resin (1.1 

meq/gram, 1% DVB) from ChemImpex. All SPPS reactions were carried out in 20mL 

poly-prep chromatography columns from Bio-Rad Laboratories. Silica-gel 

chromatography was carried out with grade 60 (230-400 mesh) silica gel from Fisher 

Chemical.1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)-dimethylamino-morpholino-

carbenium hexafluorophosphate (COMU, 97%), O-tert-butyl-L-tyrosine-methyl-ester-

hydrochloride (98%), and methyl-ester proline hydrochloride (98%) were purchased from 

ACROS Organics and used without further purification. Methyl viologen dichloride 

(MV2+) was obtained from Sigma-Aldrich and recrystallized repetitively from methanol 

until bright white needles were obtained. Diisoproylethylamine (DIEA, 98%) was obtained 

from ACROS Organics and distilled over calcium hydride and ninhydrin before use. 

Peptide synthesis grade piperidine was obtained from Americanbio. Selenium dioxide 

(99%), sodium metabisulfite (97%), and silver(I) nitrate (99%) were obtained from Aldrich 

Chemical Company and used as received. FMOC-proline (99%), 2,2’-bipyridine (99%), 

and 2,2,6,6-tetramethylpiperidine (TMP, 99%) were purchased from Sigma and used as 

received. 4,4’-dimethyl-2,2’-bipyridine (99%) was obtained from Strem and used as 

received. Potassium nitrate (ACS grade) was obtained from VWR Life Sciences and used 

as received. Ruthenium(III) trichloride hydrate was from PGM chemicals. 

A.1.1 Instrumentation 

Nuclear magnetic resonance spectroscopy (NMR) for general characterization was 

carried out on an Agilent DD2 400, 500, or 600 MHz spectrometer. The particular field 

strength is indicated for each spectrum given below. Reversed-phase high performance 

liquid chromatography (RP-HPLC) was performed on an Agilent 1100 series instrument 
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with a Waters Symmetryprep C8 7um, 7.8x300mm column. Liquid chromatography low-

resolution mass spectrometry (LC-MS) was performed on a Waters Acquity UPLC/MS 

instrument equipped with a reverse phase BEH C18 column (1.7 μm particle size, 2.1 x 50 

mm), a dual atmospheric pressure chemical ionization (API)/electrospray ionization (ESI) 

mass spectrometry detector, and a photodiode array detector. High-resolution mass 

spectrometry (HRMS) data was collected on a Waters XEVO quadrupole time of flight 

(Qtof) MS instrument. Circular dichroism spectroscopy data was collected with an Applied 

Photophysiscs Chirascan Circular Dichroism Spectrometer with a temperature-controlled 

sample holder. 2D-NMR experiments in section G.2 were performed solely on an Agilent 

DD2 600 MHz spectrometer. The specifics of the transient absorption setup and 

instrumentation are detailed below. 

 General methods 

B.1 Solid phase peptide synthesis 

Solid Phase Peptide Synthesis: All synthesis of oligoproline sequences was 

performed in the solid phase with 2-chloro-tritylchloride (CTC) resin. CTC resin was 

warmed to room temperature before exposing to atmosphere. The resin was weighed into 

reaction vessels attached with frits and swelled in DCM (20mL/g resin) for 1 hour with 

mixing on a bench-top rocker. After swelling, DCM was removed from the resin with dry 

N2 pressure, not vacuum, to prevent condensation. The reactive chloride can be hydrolyzed 

from condensation formed when pulling vacuum to pull DCM through the frit. 5 

equivalents (relative to resin loading) of FMOC-Proline-OH and 10 equivalents of 

diisopropylethylamine (DIEA) were added to the resin in DCM (20mL/gram of resin). The 

resulting reaction was shaken for 1 hour and then washed 3x 5mL with DCM and then 3x 

5 mL with DMF. 20% piperidine in DMF (20mL/g resin) was then added to the resin to 

cleave the FMOC protecting group. The deprotection was mixed for 1 hour. The resin was 

then washed 3x with DMF and then 3x DCM. Subsequent peptide coupling reactions with 

FMOC-Proline-OH were carried out with 5 equivalents of FMOC-Proline-OH, 5 

equivalents of the oxime-based reagent COMU, and 10 equivalents of DIEA in 1:1 

DCM:DMF (20mL/g resin). Before each coupling reaction, the carboxylic acid and COMU 

were added to a 20 mL vial and dissolved in DMF. DIEA dissolved in an equal volume of 

DCM was then added to the carboxylic acid/COMU solution and a dark red color slowly 

developed over 1 minute. After 1 minute, the mixture was poured directly into the reaction 

vessel containing the resin. The peptide coupling reactions were monitored hourly by the 

p-chloranil test for secondary amines. After a negative p-chloranil test result (typically 2-

3 hours) indicating complete peptide coupling, the reactions were mixed for 30 more 

minutes. The reaction mixture was then vacuumed out of the vessel and the resin was 

washed 3x with DCM and then 3x with DMF. Iterative FMOC deprotections and proline 
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peptide coupling were carried out as described until the desired length of prolines was 

achieved. Each of the peptides were terminated by coupling the N-terminus of the final 

proline residue to 4-carboxy-4’-methyl-2-2’-bipyridine. This final coupling reaction was 

carried out by the same method described above, but with 2 equivalents of the bipyridyl 

carboxylic acid, 2 equivalents of COMU, and 5 equivalents of DIEA in 2:1 DMF:DCM. 

Because of low solubility of the acid, this reaction was mixed overnight. The resin was 

then washed 3x with DMF and then 6x with DCM after removing the reaction mixture with 

vacuum. Final resin cleavage was carried out with 10% acetic acid/10% trifluoroethanol in 

DCM (20mL/g resin) for 1 hour. The acidic mixture containing the peptide was collected 

by vacuum filtration, and the resin was rinsed repeatedly was DCM. Finally, 10% acetic 

acid/10% trifluoroethanol in DCM (10mL/g resin) was added to the stationary resin and 

allowed to sit for another hour to ensure complete cleavage of peptide from the resin. The 

resin cleavage solutions were combined and volatiles removed under reduced pressure with 

an equal volume of toluene, yielding the crude peptide as light-brown solids were dried 

under high-vacuum for 12 hours before subsequent use and characterization by LC/MS and 
1H-NMR. Notes: It is important to avoid mixing of the DCM and the 20% piperidine 

solution because insoluble methyl piperidinium chloride salts can form in minutes. 

Moisture from condensation can lead to hydrolysis of the trityl-chloride and lead to the 

unwanted alcohol. While we did not freshly prepare CTC-resin from the alcohol, the 

tritylchloride can be regenerated with thionyl chloride if needed. Sufficient volume of DCM 

ensures proper swelling of the resin and faster reaction times. We found the best results 

with 1:1 DCM/DMF mixtures and by washing with DMF immediately before FMOC 

deprotections and with DCM immediately before peptide couplings.  

B.2 Solution Phase Peptide Coupling of Tyrosine to Bipyridine-Pron-OH 

Peptide coupling of tyrosine(O-tert-butyl)-CO2MeHCl to the bipyridyl-proline-

carboxylic acids was performed via a solution phase reaction. 1 equivalent of bipyridyl 

peptide, 1.1 equivalent of the uronium/guanidinium peptide coupling reagent HATU, and 

2 equivalents of tyrosine(O-tert-butyl)-CO2MeHCl were added to a 25mL round-bottom 

flask (rbf) equipped with a stir bar and a septum. The rbf was purged with high-vacuum 

and flushed with dry N2 in three cycles, leaving the reaction under a dry N2 atmosphere. 

Because the pyridyl moieties can activate the peptide-coupling reaction and can further 

react with the reactive ester of HATU carboxylic acid, it was necessary to cool the vessel 

in an ice bath before dissolving in 8 mL DCM, added via a syringe. To the cold solution, 5 

equivalents of DIEA dissolved in 2 mL of DCM were then added via syringe. The reaction 

was stirred cold for 10 minutes, then allowed to warm to room temperature, and the 

consumption of starting material was monitored by LC-MS until complete. Reactions were 

stopped by removing DCM under reduced pressure and rotovapping the resulting oil with 

MTBE until a foamy solid was formed. All crude mixtures were purified via reversed-
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phase chromatography (10-100% ACN in water, KP-C18-HS). Fractions containing the 

bipyridyl-Pron-Tyr(OtBu)-CO2Me peptide were collected, solvents were removed under 

reduced pressure, and foamy solids were obtained after the addition of MTBE to the 

resulting clear oil. The resulting foamy solids were submitted to another manual silica gel 

column of EtOAc:DCM:MeOH to remove excess tyrosine(O-tert-butyl)-CO2MeHCl 

which co-eluted during the reversed-phase column. Fractions containing the bipyridyl-

Pron-Tyr(OtBu)-CO2Me peptide were collected, solvents were removed under reduced 

pressure, and white solids were obtained after the addition of MTBE to the resulting clear 

oil. Solids were dried under high-vacuum for 12 hours before subsequent use and 

characterization. 

B.3 Acid Deprotection of Tyrosyl t-butyl ethers 

10 mg of bipyridyl-Pron-Tyr(OtBu)-CO2Me peptide were added to a 25 mL rbf and 

dissolved in 1 mL of bottled DCM. 1mL of anhydrous trifluoroacetic acid was then added. 

After stirring for 30 minutes, 5 volume equivalents of toluene and 1 volume equivalent of 

MeOH was added to quench the reaction. All solvents were removed via rotary evaporation 

and the resulting oil was titurated with toluene 3 times to remove any residual TFA. The 

resulting mixture was dissolved in 5mL of DCM and extracted 1x with 1 mL of saturated 

NaHCO3. The aqueous layer was back extracted 3x with 2 mL of DCM, and the combined 

organic fractions were rotovapped to dryness. The resulting solid was analyzed by LC/MS 

to confirm the absence of the starting tert-butyl ether and any tert-butyl pyridinium 

biproducts. The crude solid was then used directly in the next metalation step.  

B.4 Metalation of bipyridyl-Pron-Tyr(OtBu)-CO2Me Peptides 

Metalations were performed via a modified literature procedure.1 1.1 equivalent of 

bipyridyl-Pron-Tyr(OH)-CO2Me peptide and 1.0 equivalent of Ru(bpy)2Cl2 were added to 

a 25 mL rbf equipped with a stirbar, a reflux condenser, and a septum. The solids were 

purged with vacuum and flushed with N2 three times using needles attached to a Schlenk 

line. 10mL of N2 sparged MeOH was then added to the solids, resulting in a dark green 

solution corresponding to the starting Ru(bpy)2Cl2. The round-bottom was covered 

completely in aluminum foil. The solution was then refluxed for 10 hours at 73˚C with 

flowing N2 and a needle vent to prevent pressurization. A bright red-solution was obtained 

after the reflux, corresponding to the desired Ru(bpy)3
2+ product. After cooling to room-

temperature, MeOH was removed under reduced pressure and the resulting red solids were 

purified by silica gel chromatography (40:4:1 ACN:H2O:Satured KNO3). Fractions 

containing the desired red Ru(bpy)2(4-Pron-Tyr-OH-CO2Me-4’-Me-2-2’bipyridine) 

product were collected and the acetonitrile was removed under reduced pressure. Solid 

NH4PF6 was then added to the remaining aqueous KNO3 solution containing product until 

a red-orange precipitate formed. This aqueous mixture was then extracted 3-4 times with 
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DCM. The combined organic fractions were dried with MgSO4, filtered (medium frit) into 

a 250 mL rbf, and rotovapped to dryness. The resulting dark-bright red solids were then 

dried under high-vacuum for 12 hours before subsequent use and characterization. 

B.5 Transient Absorption Spectroscopy 

The kinetics of intramolecular tyrosine oxidation were monitored using the flash 

quench transient absorption (TA) method described in numerous reports.2-3 Excitation of 

the Ru(bpy)3
2+ portion of the metallopeptides with 470 nm light produces an MLCT excited 

state which can be oxidized by a mild solution oxidant, yielding Ru(bpy)3
3+. Intramolecular 

tyrosine oxidation kinetics were monitored by observing the return in absorbance at the 

MLCT band for the Ru(bpy)3
2+ over time as the Ru(bpy)3

3+ is reduced by the appended 

tyrosine. Excitation was performed at 470nm with a Spectra-Physics Nd/YAG laser 

(Quanta-Ray) and OPO (basiScan). Absorbance changes were monitored at 450 nm at a 

90˚ angle to the excitation beam using an Edinburgh Instruments Xe900 xenon lamp and 

an LP920-K UV-Vis detector. The probe light was filtered with a 450 nm bandpass filter 

(ThorLabs) and a 20 cm focusing lens (ThorLabs) was setup on the pump light to focus the 

light down on the sample. In general, samples were prepared in either phosphate buffered 

water with 40 μM ruthenium metallopeptide and either 10-15 mM [Co(NH3)5Cl]Cl2 or 60 

mM methyl viologen dichloride. [Co(NH3)5Cl]Cl2 was used for kinetics at pH 8, and 

methyl viologen was used for kinetics at high pH (> pH 10.7). The concentration of 

metallopeptide was set by preparing a stock solution in water, measuring the absorbance at 

450 nm (ϵ450 ≈ 15,000 M-1 cm-1) of a 20x diluted sample, and then diluting the stock solution 

to 40 μM sample concentration. Deuterium isotope effects were measured with samples 

prepared in D2O and using buffer stock solutions prepared with K2DPO4 in D2O. The 

deuterium buffer stock solutions were pH adjusted to the desired (pD-0.45) using 1% v/v 

solution of DCl in D2O. 

Samples were prepared in (2 mm x 1cm) fluorescence quartz cuvettes with the 2mm 

dimension in the pump path and the 1 cm dimension in the probe path. Samples were 

sparged with N2 in the absence of quencher for 10 minutes. The transient absorption and 

emission lifetimes of each sample were measured without quencher, sparging with N2 

throughout the measurement. Solid quencher was then added, mixed with repetitive 

pipetting, and the resulting sample was sparged with N2 for 6 more minutes before 

measurements with quencher. All measurements were done within a 12 minutes window 

after adding quencher with constant N2 sparging in the case of [Co(NH3)5Cl]Cl. Deviations 

in quencher concentrations introduced from the mixing method were accounted for in 

kinetics by fixing an exponential to the excited state decay measured for each sample. We 

fixed the excited state decay constants in the absorption kinetics to the decay constant 

measured in emission measurements on the same sample. The pump power was measured 

and optimized before every measurement. Typical power readings were between 5-7 
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mJ/pulse. Fits to the data were performed in Igor-Pro using an x-offset single, double, or 

triple-exponential, least-squares fit function. 

B.6 Liquid chromatography mass spectrometry and high-performance liquid 

chromatography 

The following water:acetonitrile gradient with 0.1% formic acid buffer was 

employed for the HPLC analysis of bpy-Pron-TyrOtBu starting at 5% ACN. 0.5 min 5% 

ACN, 30 min. 95% ACN, 33 min 95% ACN, 35 min 5% ACN.  The following 

water:acetonitrile gradient with 0.1% formic acid buffer was used for the HPLC analysis 

of Ru-Pron-TyrOH starting at 15% ACN. 0.5 min 15% ACN, 12 min 40% ACN, 14 min 

95% ACN, 18 min 95% ACN, 20 min 15% ACN. 

B.7 NMR analysis of peptides and metallopeptides 

Evidence for conformers is often seen in the NMR spectra of peptides in organic 

solvents. Our 1H and 13C NMR data for the peptide intermediates also indicate the 

occurrence of conformers. Absolute positional assignment of proton resonances was 

therefore difficult without in-depth two-dimensional NMR analysis. Instead, for 

characterization purposes, the relative integrations of resonances occurring in distinct 

regions were analyzed to identify compounds. The distinct regions are as follows: 8.5-6.5 

ppm for bipyridine and tyrosine aromatic C-H resonances, 5.0-4.0 ppm for α-H protons on 

proline and tyrosine, 3.75-2.75 ppm for proline δ-H, tyrosine benzylic -CH2, and tyrosine 

-CO2CH3 resonances, 2.6-2.4 ppm for bipyridine benzylic -CH3 resonances, and 2.4-1.6 

ppm for proline β-H and γ-H resonances. The total integration of the resonances was locked 

to the theoretical number of protons from the chemical formula. In the final 

metallopeptides, the relative integrations in the distinct regions listed above agree well with 

the theoretical number of protons giving rise to those kinds of resonance. For clarity, the 

observed integrations are reported for protons in each of these of these regions with each 
1H-NMR spectrum meant for characterization purposes.  

Further complications are present with the Ru(bpy)3
2+ containing metallopeptides. 

Since Ru(bpy)3
2+ are chiral and are obtained as a racemic mixture, appending an 

enantiopure peptide to the Ru(bpy)3
2+ complex yields a 1:1 mixture of diastereomers. The 

NMR spectra for these species are therefore even more complex than the oligopeptides, as 

we observe a mixture of conformers and diastereomers. The same regions for specific types 

of protons described above apply for the metallopeptides, and the integrations from each 

of these regions match the expectation in the desired compounds when the total integration 

is fixed to that given by the molecular formula. Acetonitrile-d3 was used for NMR analysis 

of the metallopeptides, which obscured the 2.4-1.6 ppm region for proline β-H and γ-H 

resonances. The total integrated was therefore locked to that given by the chemical formula 

excluding proline β-H and γ-H resonances. 
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 Representative synthesis and characterization of metallopeptides: 

Ru-Pro4-TyrOH 

C.1 Synthesis of 4-CO2H-4’-Me-2-2’-bipyridine 

Scheme C.1: Synthesis of 4-CO2H-4’-Me-2-2’-bipyridine  

 

C.1.1 4'-methyl-[2,2'-bipyridine]-4-carbaldehyde (bpy-ald) 

 Following the literature procedure (Scheme C.1),1 2.0 grams (10.8 mmol) of 

dmbpy and 1.326 grams (12.0 mmol) SeO2 (Caution: Highly toxic material. Avoid contact 

exposure and inhalation of fine powders. Weight out and handle in a fume hood) were 

added to a 250 mL rbf equipped with a reflux condenser, a stirbar, and a septum. The solids 

were purged with high vacuum and flushed with N2 3x to introduce an inert atmosphere. 

100 mL of dry, air-free dioxane (Acros, AcroSeal) was added via syringe from an unopened 

bottle. The resulting suspension was brought to reflux and allowed to stir for 24 hours, 

yielding a yellow solution with metallic selenium precipitates. The reaction solution was 

hot-filtered through a medium porosity frit, allowed to cool to room temperature, and then 

filtered again through a medium porosity frit. The residue on the frit was washed multiple 

times with EtOAc, and the combined dioxane and EtOAc portions were rotovapped to 

dryness. The resulting dull-pink solid was dissolved in EtOAc and extracted first with 2x 

5 mL of 1M Na2CO3
 (to remove over-oxidation products) and then 3x with 20 mL of 0.4 

M Na2S2O5 (to form the metabisulfite-aldehyde adduct). The Na2S2O5 fractions were 

combined in a 250 mL Erlenmeyer flask and the pH was adjusted to 10 using 1 M Na2CO3 

to hydrolyze the meta-bisulfite adduct. The basified Na2S2O5 solution was then extracted 

8x with 10 mL DCM, and the combined DCM portions were rotovapped to dryness. The 

pale white bpy-ald product was dried under high-vacuum for twelve hours before further 

use and characterization (1.26 grams, 59 % yield) H1 NMR spectrum matches previous 

reports.1 

C.1.2 4'-methyl-[2,2'-bipyridine]-4-carboxylic acid (bpy-CO2H). 

 Following the literature procedure,1 1.39 grams (6.35 mmol) of bpy-ald and 1.24 

grams (6.35 mmol) of AgNO3 were added to a 250 mL round-bottom flask with 40 mL of 

EtOH (95%). The rbf was then equipped with a stirbar and septum, covered completely in 

aluminum foil, and brought to a vigorous stir. 28 mL of 1.0 M NaOH was then added via 

an automated syringe pump at an addition rate of 1.75 mL/min. The reaction was stirred 
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for 24 hours, yielding a film of metallic silver on the flask. The resulting mixture was 

filtered through a fine frit and the residue on the frit was washed 2x with EtOH and 2x with 

1 M NaOH. The EtOH was removed by rotovap, and the resulting aqueous NaOH was 

extracted 2x with DCM to remove any residual aldehyde starting material. The aqueous 

NaOH solution was then added to a 250 mL Erlenmeyer flask and carefully adjusted to pH 

2 with a solution of 2M HCl:2M acetic acid. A white suspension was formed upon 

acidification and the solution was left covered in a refrigerator (4˚C) overnight. The 

resulting solution was filtered on a medium frit yielding the bright white bpy-CO2H 

product. The solid was dried under high vacuum for 12 hours before further use and 

characterization (1.22 g, 82 % yield). 1H NMR and 13C NMR analysis in CDCl3 is 

consistent with reported spectra.1 This solid turned bright pink when in contact with 

metallic spatulas. We recommend plastic materials for handling. 

C.2 Synthesis of cis-Ru(bpy)2Cl2 

Scheme C.2: Synthesis of Ru(bpy)2Cl2 

 

Following a modified literature procedure (Scheme C.2),4 in a N2 glovebox, 2 

grams of RuCl3 hydrate (~ 7.66 mmol), 2.39 grams of 2,2-bipyridine (1.53 mmol) and 2.2 

grams LiCl (50 mmol) were added to a 50 mL rbf with a stirbar and reflux condenser. The 

condenser was sealed with a septum, removed from the glovebox, and attached to N2 line 

with needs. The solids were evacuated and flushed 3x with N2 to introduce an inert 

atmosphere. 15 mL of DMF was then added via syringe, and the reaction was refluxed 

overnight while stirring. After allowing to cool to room temperature, the dark green 

reaction was poured directly into 40 mL of vigorously stirring acetone in a 250 mL rbf. 

The flask was then sealed and left in a -20˚C freezer overnight. The resulting dark-green 

crystals were filtered off and washed 3x with cold water and ether. The green-solids were 

then dried under high-vacuum for 12 hours before further use and characterization (2.3 

grams, 62 % yield). 1H NMR analysis in DMSO-d6 matches reported spectra.5  
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C.3 Synthesis of  bpy-Pro4-CO2H 

Scheme C.3: Solid-phase peptide synthesis of bpy-Pro4-CO2H

 
Following a modified literature procedure (Scheme C.3),6-7 0.5 grams (0.55 mmol 

Cl) of CTC resin was added to a fritted 20 mL poly-prep reaction vessel (Bio-rad). 15 mL 

of dry DCM was added to the vessel and the resin was swelled for 1 hr on a bench-top 

shaker. The DCM was pushed through with dry N2 pressure from a Schlenk line. 0.927 

grams of FMOC-L-Proline-OH (2.75 mmol) and 0.711 grams of DIEA (5.5 mmol) where 

dissolved in 15 mL of DCM in a 20 mL scintillation vial. The mixture was poured directly 

into the CTC-resin and the reaction was mixed for 1 hr. The solution was vacuum filtered 

away from the resin, which was then was 3x with DCM (5 mL) and then 3x with DMF (5 

mL). 12 mL of 20 % piperidine in DMF was then added to the resin. The de-FMOC reaction 

was mixed for 1 hour, exposing the secondary amine for the first peptide coupling reaction. 

After 1 hour, the de-FMOC solution was removed by vacuum filtration and the resin was 

washed 3x with DMF and then 3x with DCM. A bright blue color development with the p-

chloranil test (about 3 minutes wait) indicated successful deprotection reaction.1.17 grams 

of COMU (2.75 mmol) and 0.927 grams of FMOC-Pro-OH (2.75 mmol) were added to a 

20 mL scintillation vial. 8 mL of DMF were then added to these two to dissolve them. The 
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mixture was allowed to cool to room temperature before proceeding. 0.711 grams of DIEA 

dissolved in 8 mL of DCM was then added to the COMU/Proline DMF solution. An 

instantaneous yellow/red color development was observed and the solution was swirled for 

1 minute before pouring directly into the resin. The peptide coupling reaction was mixed 

for 90 minutes, after which a negative p-chloranil test indicated near complete peptide 

coupling (an aliquot of the resin solution was removed and washed before testing). The 

reaction was allowed to mix for 30 more minutes. The peptide coupling solution was 

removed from the resin via vacuum filtration, and the resulting orange-colored resin was 

washed 3x with DCM and then 3x DMF.  

All couplings with COMU produce this orange colored resin which has been 

attributed to residual Oxyma from the COMU. The color is removed during the de-FMOC 

step. The de-FMOC and peptide coupling steps were repeated 2 times for proline additions, 

yielding a resin bound tetraproline-NH amine. The final peptide-coupling of bpy-CO2H 

was performed with a modified procedure. 0.235 grams of bpy-CO2H and 0.468 grams of 

COMU were dissolved in 13 mL of DMF in a 20 mL scintillation vial. 0.426 grams of 

DIEA dissolved in 5 mL of DCM were then added to the bpy-CO2H/COMU DMF 

solution. The same color development was observed for this mixture, which was swirled 

for 1 minute and then poured directly onto the resin. A negative p-chloranil test was 

observed after 24 hours. The peptide coupling mixture was removed by vacuum filtration, 

and the resin was washed 3x with DCM, 5x with DMF, and then 3x with DCM. The 

resulting bpy-Pro4-CO2H was cleaved from the resin with 15 mL 10% acetic acid 10% 

trifluoroethanol in DCM. The cleavage mixture was mixed for 1 hour. The acidic cleavage 

solution was collected in a 250 mL rbf along with multiple DCM washings of the remaining 

resin. The combined acidic DCM and DCM washes were rotovapped to dryness, 

rotovapped 3x with added toluene to remove residual acetic acid, and finally with MTBE 

to obtain a tan solid.  

Crude bpy-Pro4-CO2H was dried under high vacuum for 12 hours before further 

use and characterization (0.311 grams, crude, 94 % yield based on Cl loading). LC/MS 

(Figure C.2 and Figure C.3) of the crude material showed a majority of the desired peptide 

without any detectable free bpy-COOH. 1H-NMR data on the crude material (Figure C.1) 

shows qualitative agreement with this observation. The 1H-NMR spectrum is complicated 

somewhat by the presence of conformers, with one major and one minor conformer in 

about a 3:1 ratio.  
1H-NMR: (400 MHz, Chloroform-d) (conformers present, observable signals for 

minor conformer are indicated with an asterisk) δ = 9.66 (broad s, 1H), 8.71 (d, J = 5.0 Hz, 

0.7H), 8.67* (d, J = 5.0 Hz, 0.2H), 8.51 (d, J = 4.9 Hz, 0.7H), 8.48 (s, 0.8H), 8.3* (s, 0.2H), 

8.17 (s, 0.9H), 7.44 (dd, J = 5.0, 1.6 Hz, 0.8H), 7.34* (dd, J = 5.0, 1.5 Hz, 0.3H), 7.26 (s, 

CHCl3), 7.21 (d, J = 7.4 Hz, 1H), 7.16 – 7.10 (m, toluene Ar-H) 4.83 (dd, J = 8.4, 5.0 Hz, 

0.7H), 4.77 (dd, J = 8.3, 4.1 Hz, 0.7H), 4.71 (dd, J = 8.0, 3.7 Hz, 0.7H), 4.66* (dd, J = 8.3, 
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4.0 Hz, 0.3H), 4.52 (t, J = 5.9 Hz, 0.8H), 4.50 – 4.42 (m, 0.5H), 4.42-4.28 (m, 0.4H) 3.90 

(dd, J = 9.1, 6.7 Hz, 0.8H), 3.84 – 3.75 (m, 1.36H), 3.74 – 3.57 (m, 3.30H),  3.56 – 3.45 

(m, 2.1H), 3.25* (m, 0.29H), 2.42* (s, 0.9H) 2.41 (s, 2.0H), 2.32 (s, toluene CH3), 2.29 – 

1.50 (m, 16.5H). The total integration was set to 38 protons. 

 

Figure C.1: 1H-NMR spectrum in CDCl3 of crude bpy-Pro4-CO2H after resin cleavage and solvent 

removal. The total integration of integrated peaks was set to 38.  
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LC/MS: 

 

Figure C.2: LC-MS traces for 200-400 nm absorbance (top) and total ion current (bottom) for 

crude bpy-Pro4-CO2H. Ion current peaks between 3-5 minutes are present in the absence of 

analyte. 

 

Figure C.3: Averaged low-resolution mass spectrum for the peak centered at 0.89 minutes retention 

time in Figure C.2. Observed major m/z value for [bpy-Pro4-CO2H + H+] = 603.77. Theoretical 

m/z value for [bpy-Pro4-CO2H + H+] = 603.293. 
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C.4 Synthesis of bpy-Pro4-Tyr(OtBu)- CO2Me 

Scheme C.4: Solution-phase synthesis of Ru-Pro4-Tyr-OH 

 

Following the route in Scheme C.4,8 0.1 grams (0.17 mmol) of bpy-Pro4-CO2H, 

0.069 grams (0.18 mmol) of HATU, and 0.095 grams (0.33 mmol) of O-tert-butyl-L-

tyrosine-methyl-ester-hydrochloride were added to a 25 mL rbf flask equipped with a 

stirbar and a septum. The solids were purged with vacuum and flushed with N2 3x using a 

Schlenk line with needles. After cooling the vessel with an ice bath, 5 mL of dry, air-free 

DCM was added from a Strauss flask using a syringe. In a 20 mL scintillation vial, 0.107 

grams (0.83 mmol) of DIEA was dissolved in 5 mL of dry, air free DCM. The DIEA 

solution was added to the rbf on ice and was allowed to stir for 10 more minutes while 

cold. The reaction was allowed to warm to room temperature and was monitored over 5 

hours. After five hours, LC/MS showed complete conversion of starting material. The 

DCM was removed under reduced pressure, and, to avoid losses, the crude reaction mixture 

was directly applied to reversed-phase chromatography. A 10-100% gradient of 

acetonitrile in water without buffer was used for the purification. The fractions containing 

product were combined and reduced to dryness under reduced pressure. LC/MS and NMR 

analysis showed that a significant amount of O-tert-butyl-L-tyrosine-methyl-ester-

hydrochloride coeluted during this purification. After a screen of normal-phase 

chromatography conditions, it was found that 4:4:2 EtOAc:DCM:MeOH provided good 

separation of the desired product and the excess tyrosine on silica. The crude material from 

reversed-phase purification was further purified by a silica-gel column with 4:4:2 

EtOAc:DCM:MeOH. Fractions containing the pure product were combined and reduced 

to dryness under reduced pressure, resulting in a colorless oil. After rotovapping multiple 

times with added MTBE, bpy-Pro4-Tyr(OtBu)-CO2Me was obtained as a white foamy 



Koronkiewicz et. al. 

16 

solid. The solids were dried under high-vacuum for 12 hours before further use and 

characterization (0.0365 grams, 18% yield).  1H-NMR (Figure C.4), 13C-NMR (Figure 

C.5), RP-HPLC (Figure C.6 and Table C.1), and HR-MS (Figure C.7) characterization data 

are given below. 

 
1H NMR: (600 MHz, Methylene Chloride-d2) (multiple conformers present, 

observable resonances for minor conformers indicated with an asterisk) δ = 8.70 (d, J = 4.9 

Hz, 0.6H), 8.69 – 8.66* (m, 0.3H), 8.59* (d, J = 8.3 Hz, 0.4H), 8.53 – 8.50 (m, 1H), 8.49 

(s, 0.8H), 8.32* (s, 0.3H), 8.28 (s, 0.8H), 7.39 (t, J = 5.8 Hz, 0.6H), 7.29* (d, J = 4.9 Hz, 

0.3H), 7.22 – 7.14 (m, 1.8H), 7.10* (d, J = 8.0 Hz, 0.4H), 7.04 – 6.94 (m, 1H), 6.93 – 6.82 

(m, 2.1H), 5.32 (CHDCl2) 4.89 – 4.78 (m, 1.1H), 4.77 – 4.68 (m, 0.6H), 4.65* (dd, J = 8.3, 

4.1 Hz, 0.3H), 4.61 (dd, J = 8.5, 4.2 Hz, 0.1H), 4.56 – 4.41 (m, 2H), 4.33 (ddd, J = 16.7, 

8.6, 3.2 Hz, 0.3H), 4.22* (d, J = 8.1 Hz, 0.4H), 4.18* (d, J = 8.1 Hz, 0.2H), 3.98 – 3.83 (m, 

1.4H), 3.82 – 3.54 (m, 6.8H), 3.54 – 3.26 (m, 2.2H), 3.26 – 2.89 (m, 3.2H), 2.74* (p, J = 

8.1, 7.2 Hz, 0.3H), 2.46* (s, 0.6H), 2.44 (s, 2.3H), 2.36 – 1.71 (m, 15.6H), 1.31* (s, 2.5H), 

1.30 (s, 1.6H), 1.29 (s, 4.8H). The total integration was set to 57 protons. 

 

Figure C.4: 1H-NMR spectrum of bpy-Pro4-Tyr(OtBu)-CO2Me with the total integration set to 57 

protons.  

13C NMR: (151 MHz, Methylene Chloride-d2) (mixture of conformers) δ = 172.58, 

172.51, 172.47, 172.10, 172.00, 171.60, 171.57, 171.50, 171.43, 171.07, 170.99, 170.90, 
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170.75, 170.58, 170.37, 170.30, 170.17, 169.92, 168.05, 167.48, 157.28, 157.25, 156.94, 

155.71, 155.66, 155.05, 154.68, 154.64, 150.04, 150.01, 149.55, 149.41, 148.99, 148.96, 

148.80, 146.52, 146.46, 145.79, 145.73, 133.38, 133.33, 131.44, 131.40, 130.16, 130.10, 

130.04, 125.75, 125.73, 125.54, 124.63, 124.57, 124.44, 124.41, 122.33, 122.31, 122.22, 

121.61, 121.58, 119.03, 119.01, 118.34, 78.73, 78.68, 78.66, 61.31, 60.59, 60.51, 60.37, 

59.53, 59.50, 58.71, 58.62, 58.52, 58.47, 58.43, 58.33, 58.28, 58.24, 54.99, 54.96, 54.00 

(CD2Cl2) , 52.82, 52.67, 50.50, 50.48, 48.08, 48.04, 47.66, 47.63, 47.45, 47.42, 47.11, 

47.04, 47.01, 37.68, 36.07, 36.02, 35.17, 35.12, 32.14, 31.64, 31.04, 30.95, 29.59, 29.18, 

29.13, 29.11, 29.08, 29.04, 28.91, 28.51, 28.34, 28.10, 27.89, 26.09, 26.07, 25.83, 25.79, 

25.77, 25.60, 25.56, 25.46, 25.44, 25.40, 25.02, 23.40, 23.37, 23.21, 22.31, 22.27, 21.55, 

21.53, 20.97, 14.44. 

 

Figure C.5: 151MHz 13C-NMR spectrum of bpy-Pro4-Tyr(OtBu)-CO2Me.  
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Reversed-phase HPLC: 

 

Figure C.6: HPLC chromatogram for bpy-Pro4-Tyr(OtBu)-CO2Me at five wavelengths: 210, 

220, 230, 254, and 280 nm. The integration region was fixed to the 20 minutes during the gradient. 

 

Table C.1: HPLC integration data for bpy-Pro4-Tyr(OtBu)-CO2Me from chromatograms 

shown in Figure C.6. 

 

Retention 
Time (min) 

Percent Area 
(210 nm) 

Percent Area 
(220 nm) 

Percent Area 
(230 nm) 

Percent Area 
(254 nm) 

Percent Area 
(280 nm) 

14.76 100 100 100 100 100 
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HR-MS: 

 

Figure C.7: The theoretical HR-MS spectrum for ion [C46H57N7O8 + H+] (top). Major ion in HR-

MS spectrum of bpy-Pro4-Tyr(OtBu)-CO2Me (bottom). Theoretical m/z value = 836.4347. 

Observed m/z value = 836.4346. 

C.5 Synthesis of bpy-Pro4-Tyr(OH)-CO2Me 

10.0 mgs (.012 mmol) of bpy-Pro4-Tyr(OtBu)-CO2Me were added to a 10mL rbf 

equipped with a stir bar. The solids were purged with flowing N2 for 20 minutes. 2 mL of 

1:1 (v/v) DCM:TFA were then added and the solution was stirred under N2 for 30 minutes. 

3 volumes of toluene and 1 volume of MeOH were then added to quench the reaction. The 

volatiles were removed on a rotovap, and the residue was rotovapped three more times with 

added toluene to remove residual TFA. Finally, the residue was dissolved in 5 mL of DCM 

yielding a pink solution (presumably a bipyridinium species) which was extracted 1 time 

with 1 mL of saturated NaHCO3 solution. The NaHCO3 was back extracted 3x with DCM 

yielding a clear organic solution. The combined DCM was removed under reduced 

pressure, and the resulting white powder was analyzed by LC-MS. The ion for the desired 

product was observed and no ions corresponding to starting material or any tert-butylated 

products were observed by LC/MS. The crude bpy-Pro4-Tyr(OH)-CO2Me was used in 

the next step without purification or further characterization (8.6 mgs, 92.4% yield, crude). 
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C.6 Synthesis of Ru-Pro4-TyrOH 

8.6 mgs (0.10 mmol) of bpy-Pro4-Tyr(OH)-CO2Me and 5.5 mgs of cis-

Ru(bpy)2Cl2 (0.11 mmol) were added to a 25 mL rbf equipped with a stir bar, a reflux 

condenser, and a septum. The solids were flushed with N2 and purged with vacuum in 3 

cycles to introduce an inert atmosphere. 10 mL of N2 sparged methanol was then added 

using a needle through the septum on top of the condenser. The solution was stirred for 8 

hours at reflux in low-light, covered in aluminum foil. Flowing N2 with a vent needle was 

maintained throughout the reaction. After 8 hours, the bright-red solution was rotovapped 

to a dark-red residue. The residue was dissolved in minimal acetonitrile and submitted to a 

silica gel column with 29:5:1 ACN:H2O:Sat KNO3. We observed two Ru(bpy)3
2+ 

containing species which separated on silica (Figure C.8). The two species were isolated 

separately. The acetonitrile was removed under reduced pressure. The resulting aqueous 

solution was stirred and small portions of solid NH4PF6 were added, immediately 

producing an orange-red precipitate. This solution was extracted 4x with DCM. The 

combined organics were dried with MgSO4, filtered into a round bottom flask, and dried 

under reduced pressure. The resulting bright-red solid was dried under high vacuum for 12 

hours before characterization and spectroscopy.  

Analyzing fractions enriched in the major and minor species gave essentially 

identical HPLC traces with an 88:12 mixture of two Ru(bpy)3
2+ containing species (Figure 

C.8). LC/MS of the HPLC sample from the isolated major species showed that the major 

and minor absorbers gave essentially identical m/z patterns indicating the [Ru-Pro4-Tyr-

OH]2+ion and the [Ru-Pro4-Tyr-OH + H+]3+ ion (Figure C.11 and Figure C.12). Neither 

of these absorbers were consistent with the hydrolyzed C-terminal methyl ester either, 

determined by allowing the sample to hydrolyze in the acidic HPLC solution for days. The 

C-terminal carboxylic acid elutes ~1 minute before either of the species discussed here. 

 Consistent with literature on peptide substituted Ru(bpy)3
2+,9-10  a ~1:1 mixture of 

diastereomers was observed by circular dichroism (Section G.1), and so we do not believe 

this 88:12 speciation represents the diastereomeric ratio for Ru-Pro4-Tyr-OH (Ru(bpy)3
2+ 

complexes are chiral, and ligation of the enantiopure bpy-Pro4-Tyr-OH ligand will give a 

1:1 mixture of metallopeptide diastereomers. Regardless, only material isolated from 

fractions 7-13 was used for the studies in this manuscript (Fig C.8). (12.2 mgs, 75% yield 

single-step, 11.6% overall). 1H-NMR (Figure C.9 and Table C.2), RP-HPLC (Figure C.10 

and Table C.3), LC-MS (Figure C.12) and HR-MS (Figure C.13) characterization data are 

given below. 
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Figure C.8: Silica gel chromatography fractions collected for Ru(bpy)3
2+-containing species from 

the synthesis of Ru-Pro4-Tyr-OH. The minor species was observed in the early fractions (1-4) and 

the major species was observed in the later fractions (7-13). Fractions 1-4 (left to right) gave 

identical HPLC and LC/MS traces to fractions 7-13. 

1H-NMR:  500 MHz, (Acetonitrile-d3) (~1:1 mixture of diastereomers present. 

Multiple conformers are present. Observable resonances for minor conformers are 

indicated with an asterisk) δ = 8.62 – 8.21 (m, 6.3H), 8.13 – 7.98 (m, 4.1H), 7.98 – 7.89 

(m, 0.5H), 7.82 – 7.75 (m, 1.6H), 7.74 – 7.59 (m, 3.4H), 7.59 – 7.48 (m, 1.2H), 7.46 – 7.32 

(m, 4.4H), 7.31 – 7.24 (m, 1.1H), 7.24 – 7.14 (m, 0.5H), 7.14 – 6.95 (m, 2.5H), 6.95 – 6.78 

(m, 0.6H), 6.76 – 6.57 (m, 2.0H), 6.50* (t, J = 7.3 Hz, 0.2H), 4.84 – 4.76 (m, 0.5H), 4.72 

(dd, J = 8.7, 2.8 Hz, 0.3H), 4.63 (dd, J = 8.7, 3.7 Hz, 0.2H), 4.60 – 4.35 (m, 2.0H), 4.34 – 

4.29 (m, 0.36H), 4.29 – 4.21 (m, 0.3H), 4.21 – 4.11 (m, 0.5H), 4.07 (p, J = 5.5, 4.8 Hz, 

0.4H), 4.00* (d, J = 8.0 Hz, 0.1H), 3.95* (d, J = 8.3 Hz, 0.1H), 3.90* (d, J = 8.1 Hz, 0.1H), 

3.87* (d, J = 8.1 Hz, 0.1H), 3.82 – 3.47 (m, 8.6H), 3.47 – 2.73 (m, 4.3H), 2.60* (s, 0.2H), 

2.54* (s, 0.5H), 2.53* (s, 0.7H), 2.52 (s, 1.0H), 2.50* (s, 0.2H), 2.49* (s, 0.1H), 2.48* (s, 

0.2H). The total integration was set to 49 protons, excluding the β and γ methylene proline 

protons (2.4-1.50 ppm) occluded by H2O and HD2CN resonances. 
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Figure C.9: 500 MHz 1H-NMR spectrum of Ru-Pro4-Tyr-OH with the total integration set to 49 

protons, excluding integrations from the β and γ methylene protons on prolines which are under the 

signals for HD2CN and H2O. 

Table C.2: Expected and observed 1H-NMR integrations for Ru-Pro4-Tyr-OH in the spectral 

regions described in Section B.7 with the total integration set to 49. δ-H, β-H, and γ-H refer 

to resonances on proline residues. α-H refer to the α-H bonds of both prolines and tyrosine. 

“bpy-CH3” refers to the benzylic CH3 group on the asymmetric bipyridine ligand. 

 Aromatics/amide α-H 
δ-H+Tyr-CH2+Tyr-

CO2CH3 
bpy-CH3 

β-H+ 

γ-H 

Integration 

Expected 
27 5 13 3 16 

Integration 

Observed 
28.6 4.8 12.9 2.9 N/A 
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Reversed-phase HPLC: 

 

Figure C.10: HPLC chromatogram for Ru-Pro4-Tyr-OH at 3 wavelengths: 460, 290, and 280 nm. 

An identical trace was observed when injecting material obtained from the minor chromatographic 

species in Figure C.8.  

Table C.3: HPLC integration data for Ru-Pro4-Tyr-OH from chromatograms shown in 

Figure C.10. 

Retention 

Time (min) 

Percent Area  

(460 nm) 

Percent Area 

 (290 nm) 

Percent Area  

(280 nm) 

5.909 88.9 88.4 88.5 

6.286 11.1 11.6 11.5 
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LC/MS: 

 

Figure C.11: LC-MS ion count (top) and absorbance (bottom) data for Ru-Pro4-Tyr-OH. 

 

Figure C.12: Averaged low-resolution mass spectrum for the peak centered at 1.26 minutes (top, 

green) and for the peak centered at 1.15 minutes (bottom, red). The major observed ion corresponds 

to the doubly charged [Ru-Pro4-Tyr-OH]2+ species (m/z = 596.89). The [Ru-Pro4-Tyr-OH + 

H+]3+ at m/z = 398 was also observed in each case. 
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HR-MS: 

 

Figure C.13: The theoretical HR-MS spectrum for ion [C62H65N11O8Ru]2+ (top). Major ions in HR-

MS spectrum of Ru-Pro4-Tyr-OH (bottom). Theoretical m/z value for doubly charged cation = 

596.7039. Observed m/z value = 596.7028. 

 Synthesis and characterization of Ru-Pro3-TyrOH 

D.1 Synthesis of bpy-Pro3-CO2H 

bpy-Pro3-CO2H was synthesized according to Section 

B.1 of this SI on the same scale as Section C.3. The product 

was obtained as a light brown solid (0.275 grams, 99% yield 

based on Cl loading). The crude 1H-NMR (Figure D.1) and 

low-resolution LC-MS (Figure D.2 and Figure D.3) data are 

given below. 
1H NMR: (400 MHz, Chloroform-d) (conformers 

present, observable signals for minor conformer are indicated with an asterisk) δ (ppm) = 

9.69 (broad s, 1H) 8.72 (d, J = 4.9 Hz, 0.7H), 8.68* (d, J = 4.9 Hz, 0.2H), 8.51 (d, J = 5.0 

Hz, 0.7H) 8.48 (d, J = 1.7 Hz, 0.8H)  8.31* (s, 0.16H), 8.17 (s, 0.9H), 7.44 (dd, J = 5.0, 1.6 

Hz, 0.7H), 7.34* (dd, J = 5.0, 1.6 Hz, 0.2H), 7.26 (CHCl3), 7.21 (d, J = 7.4 Hz, 0H), 7.17 
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– 7.09 (toluene Ar-H), 5.26 (CH2Cl2), 4.82 (dd, J = 8.4, 4.9 Hz, 0.7H), 4.76 (dd, J = 7.8, 

4.0 Hz, 0.8H), 4.56 (dd, J = 7.3, 4.7 Hz, 0.8H), 4.53 – 4.44* (m, 0.4H), 4.44 – 4.34* (m, 

0.3H), 3.91 (dt, J = 9.8, 6.7 Hz,  0.7H), 3.87 – 3.72 (m, 1.4H), 3.72 – 3.62 (m, 1.75H) 3.62 

– 3.43 (m, 1.9H), 3.28* (td, J = 8.4, 5.0 Hz, 0.2H), 2.42 (s, 0.7H), 2.41 (s, 2H) 2.32 (toluene 

CH3), 2.24 – 1.51 (m, 13H). The total integration was set 31 protons. 

 

Figure D.1: 1H-NMR spectrum of crude bpy-Pro3-CO2H after resin cleavage and solvent removal. 

The total integration of integrated peaks was set to 31 protons. 
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LC/MS: 

 

Figure D.2: LC-MS traces for 200-400 nm absorbance (top) and total ion current (bottom) for 

crude bpy-Pro3-CO2H. Ion current peaks between 3-5 minutes were present in the absence of 

analyte. 

 

Figure D.3: Averaged low-resolution mass spectrum for the peak centered at 0.84 minutes retention 

time in Figure D.2. Observed major m/z value for [bpy-Pro3-CO2H + H+] = 506.64. Theoretical 

m/z value for [bpy-Pro3-CO2H + H+] = 506.24 
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D.2 Synthesis of bpy-Pro3-Tyr(OtBu)-CO2Me 

bpy-Pro3- Tyr(OtBu)-CO2Me was synthesized 

according to Section B.2 on the same scale as in Section C.4. The 

product was obtained as a white foamy solid (0.0856  grams, 59% 

yield). 1H-NMR (Figure D.4), 13C-NMR (Figure D.5), RP-HPLC 

(Figure D.6 and Table D.1), and HR-MS (Figure D.7) 

characterization data are given below. 
1H NMR: (500 MHz, Methylene Chloride-d2) (Multiple 

conformers present. Observable signals for minor conformer are 

indicated with an asterisk.) δ = 8.80 (d, J = 8.3 Hz, 0.5H), 8.75* 

(d, J = 4.9 Hz, 0.1H), 8.70 (d, J = 4.9 Hz, 0.2H), 8.66 (d, J = 5.0 

Hz, 0.6H), 8.55* (d, J = 7.7 Hz, 0.1H), 8.51* (d, J = 4.9 Hz, 0.3H), 8.50 (s, 0.5H), 8.48 (s, 

0.4H), 8.41* (s, 0.1H), 8.38 (d, J = 4.9 Hz, 0.4H), 8.32* (s, 0.1H), 8.28 (s, 0.4H), 8.24 (s, 

0.4H), 7.38 (d, J = 5.0 Hz, 0.3H), 7.35 (d, J = 4.9 Hz, 0.5H), 7.30 (t, J = 4.4 Hz, 0.2H), 

7.23 – 7.16 (m, 0.7H), 7.13 (d, J = 7.5 Hz, 1.5H), 7.08* (d, J = 8.1 Hz, 0.2H), 7.04 – 6.94 

(m, 1H), 6.89 (t, J = 8.0 Hz, 1H), 6.84 (d, J = 8.1 Hz, 1H), 5.32 (CHDCl2) 4.90 (dd, J = 

8.6, 4.1 Hz, 0.5H), 4.83* (dd, J = 8.5, 4.8 Hz, 0.2H), 4.71 (ddd, J = 17.6, 13.6, 7.5 Hz, 

0.6H), 4.57 (t, J = 7.4 Hz, 0.6H), 4.52* (d, J = 7.0 Hz, 0.2H), 4.46 (ddd, J = 12.3, 8.2, 4.4 

Hz, 0.7H), 4.41* (dd, J = 8.2, 4.4 Hz, 0.1H), 4.38 – 4.34 (m, 0.2H), 4.24 (d, J = 8.0 Hz, 

0.6H), 4.01 (td, J = 8.5, 8.0, 3.9 Hz, 0.5H), 3.88 (q, J = 7.5 Hz, 0.3H), 3.80 – 3.43 (m, 

6.6H), 3.43 – 2.90 (m, 4H), 2.78 (m, 0.3H), 2.45* (s, 0.3H), 2.44 (s, 1.1H), 2.42 (s, 1.4H), 

2.39 – 1.65 (m, 11.6H). The total integration was set to 50 protons. 
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Figure D.4: 1H-NMR spectrum of bpy-Pro3-Tyr(OtBu)-CO2Me with the total integration set to 

50 protons. 

13C NMR: (126 MHz, CD2Cl2) (mixture of conformers) δ = 172.72, 172.50, 

171.99, 171.65, 171.50, 170.99, 170.96, 170.31, 167.52, 167.28, 157.26, 155.69, 155.62, 

155.06, 154.47, 150.36, 150.04, 149.99, 149.56, 149.52, 149.48, 149.38, 148.87, 148.81, 

148.69, 145.71, 145.65, 133.68, 131.47, 130.24, 130.17, 130.14, 130.08, 125.72, 125.66, 

125.56, 125.49, 124.64, 124.57, 124.50, 124.44, 124.39, 122.33, 122.23, 122.14, 121.77, 

121.59, 119.02, 118.99, 118.46, 118.37, 78.58, 61.52, 61.40, 60.75, 60.61, 60.54, 60.50, 

59.72, 59.59, 58.73, 58.55, 58.40, 58.20, 55.56, 55.06, 54.00 (CD2Cl2), 52.71, 52.67, 52.64, 

50.51, 48.03, 47.77, 47.72, 47.55, 47.47, 47.12, 47.01, 46.87, 37.73, 37.66, 36.08, 35.84, 

31.78, 31.69, 30.93, 30.55, 30.25, 29.13, 29.10, 29.02, 28.98, 28.75, 28.55, 27.87, 27.28, 

26.20, 25.83, 25.74, 25.63, 25.56, 25.15, 23.33, 23.11, 22.39, 22.23, 21.53, 21.50. 
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Figure D.5: 126MHz 13C-NMR spectrum of bpy-Pro3-Tyr(OtBu)-CO2Me.  

Reversed-phase HPLC: 

 

Figure D.6: HPLC chromatogram for bpy-Pro3-Tyr(OtBu)-CO2Me at five wavelengths: 210, 

220, 230, 254, and 280 nm. The integration region was fixed to the 20 minutes during the gradient. 
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Table D.1: HPLC integration data for bpy-Pro3-Tyr(OtBu)-CO2Me from chromatograms 

shown in Figure D.6. 

 
 

HR-MS: 

 

Figure D.7: The theoretical HR-MS spectrum for the ion [C41H50N6O7 + H+] (top). Major ion in 

HR-MS spectrum of bpy-Pro3-Tyr(OtBu)-CO2Me (bottom). Theoretical m/z value = 739.3819. 

Observed m/z value = 739.3835. 

D.3 Synthesis of bpy-Pro3-Tyr(OH)-CO2Me 

bpy-Pro3-Tyr(OH)-CO2Me was synthesized according to Section B.3 on the same 

scale as in Section C.5. The crude material was obtained as a white solid and used in the 

next step without purification (0.011 grams, > 99% yield, crude). 

Retention Time 
(min) 

Percent Area 
(210 nm) 

Percent Area 
(220 nm) 

Percent Area 
(230 nm) 

Percent Area 
(254 nm) 

Percent Area 
(280 nm) 

9.578 1 1.4 1.4 0 0 

14.945 99 98.6 98.6 98.1 98.5 

20.696 0 0 0 0.4 0.7 

21.968 0 0 0 1.5 0.8 
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D.4 Synthesis of Ru-Pro3-TyrOH 

 Ru-Pro3-Tyr-OH was synthesized according to Section B.4 on the same scale as 

in Section C.6. The product was obtained as a bright red solid (0.0115 grams, 61% yield 

one-step, 36% overall). 1H-NMR (Figure D.8 and Table D.2), RP-HPLC (Figure D.9 and 

Table D.3), and HR-MS (Figure D.1) characterization data are given below. 
1H NMR: (600 MHz, Acetonitrile-d3) (~1:1 mixture of diastereomers present. 

Multiple conformers are present. Observable resonances for minor conformers are 

indicated with an asterisk)  δ = 8.58 – 8.43 (m, 5.5H), 8.43-8.23 (m, 1.2H) 8.12 – 7.97 (m, 

3.9H), 7.83 – 7.65 (m, 4.8H), 7.59 – 7.49 (m, 1.1H), 7.46 – 7.34 (m, 4.6H), 7.33 – 7.06 (m, 

1.8H), 6.99 (d, J = 7.9 Hz, 1.2H), 6.96 – 6.80 (m, 1.8H), 6.74 – 6.69 (m, 0.9H), 6.64* (d, J 

= 8.0 Hz, 0.5H), 6.60* (d, J = 7.9 Hz, 0.5H), 4.89 – 4.82 (m, 0.5H), 4.78* (dd, J = 8.5, 4.9 

Hz, 0.2H), 4.64 – 4.42 (m, 1.3H), 4.41-4.33 (m, 0.7H), 4.32-4.24 (m, 0.9H), 4.23-4.06 (m, 

0.2H), 3.84 (m, 0.5H), 3.78 – 3.44 (m, 6.5H), 3.43* (s, 0.2H), 3.40 – 3.26 (m, 0.9H), 3.22 

(t, J = 10.1 Hz, 0.7H), 3.12 (m, 0.3H), 3.04 – 2.78 (m, 2.1H), 2.55* (s, 0.1H), 2.54* (s, 

0.1H), 2.53 (s, 0.8H), 2.51* (s, 0.3H), 2.49* (s, 0.3H), 2.47 (s, 0.9H), 2.45 (s, 0.7H). The 

total integration was set to 46 protons, excluding the β and γ methylene proline protons 

(2.4-1.50 ppm) occluded by H2O and HD2CN resonances. 

 

Figure D.8: 600 MHz 1H-NMR spectrum of Ru-Pro3-Tyr-OH with the total integration set to 46 

protons, excluding integrations from the β and γ methylene protons on prolines which are under the 

signals for HD2CN and H2O. 
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Table D.2: Expected and observed 1H-NMR integrations for Ru-Pro3-Tyr-OH in the spectral 

regions described in Section B.7 when the total integration is fixed to 46. δ-H, β-H, and γ-H 

refer to resonances on proline residues. α-H refer to the α-H bonds of both prolines and 

tyrosine. “bpy-CH3” refers to the benzylic CH3 group on the asymmetric bipyridine ligand. 

 Aromatics+amide α-H 
δ-H+Tyr-CH2+Tyr-

CO2CH3 

bpy-

CH3 

β-H+γ-

H 

Integration 

Expected 
27 4 11 3 12 

Integration 

Observed 
28.3 3.9 11.2 3.2 N/A 

 

Reversed-phase HPLC: 

 

Figure D.9: HPLC chromatogram for Ru-Pro3-Tyr-OH at four wavelengths: 460, 290, 280, and 

254 nm. The integration region was fixed to the 15 minutes during the gradient. 

Table D.3: HPLC integration data for Ru-Pro3-Tyr-OH from chromatograms shown in 

Figure D.9. 

Retention 

Time (min) 

Percent Area  

(460 nm) 

Percent Area 

 (290 nm) 

Percent Area  

(280 nm) 

Percent Area  

(254 nm) 

7.105 100 100 100 100 
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HR-MS: 

 

Figure D.10: The theoretical HR-MS spectrum for the ion [C57H58N10O7Ru]2+ (top). Major ions in 

HR-MS spectrum of Ru-Pro3-Tyr-OH (bottom). Theoretical m/z value for the di-cation = 

548.1775. Observed m/z value = 548.1746. 

 Synthesis and characterization of Ru-Pro2-TyrOH 

E.1 Synthesis of bpy-Pro2-CO2H 

bpy-Pro2-CO2H was synthesized according to Section B.1 on the 

same scale as Section C.3. The product was obtained as a light brown 

solid (0.207 grams, 92% yield based on Cl loading, crude). The crude 1H-

NMR (Figure E.1) and low-resolution LC-MS (Figure E.2 and Figure 

E.3) data are given below. 
1H-NMR: (400 MHz, Chloroform-d) (conformers present, 

observable signals for minor conformer are indicated with an asterisk) δ 

(ppm) = 10.83 (broad s, 1H), 8.73 (d, 5.0 Hz, 0.7H) and 8.68* (d, 4.8 Hz, 

0.2H), 8.56 – 8.49 (m, 0.8H), 8.49 – 8.40 (m, 0.8H), 8.18 (s, 0.6H), 8.15* 

(s, 0.3H), 7.45 (dd, J = 4.9, 1.6 Hz, 0.7H), 7.35* (dd, J = 4.9, 1.6 Hz, 0.2H) 7.26 CHCl3, 

7.21 (d, J = 7.5Hz, 0.7H) 7.17-7.08 (toluene Ar-H), 5.25 CH2Cl2, (dd, J = 8.3, 4.5 Hz, 

0.7H), 4.62 (dd, J = 8.3, 4.0 Hz, 0.6H) 4.50 – 4.38 (m, 0.4H), 4.31 (dd, J = 8.3, 0.2H), 3.94 
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– 3.20 (m, 3.8H), 2.49* (s, 0.1H), 2.45* (s, 0.20H), 2.41 (s, 2.6H), 2.32 (s, toluene-CH3), 

2.28 – 1.50 (m, 8H). The total integration was set to 24 protons. 

  

Figure E.1: 1H-NMR spectrum of crude bpy-Pro2-CO2H after resin cleavage and solvent removal. 

Total integration of integrated peaks set to 24 protons. 
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LC-MS: 

 
Figure E.2: LC-MS traces for 200-400 nm absorbance (top) and total ion current (bottom) for crude 

bpy-Pro2-CO2H. Ion current peaks between 3-5 minutes were present in the absence of analyte. 

  

Figure E.3: Averaged low-resolution mass spectrum for the peak centered at 0.81 minutes retention 

time in Figure E.2. Observed major m/z value for [bpy-Pro2-CO2H + H+] = 409.49. Theoretical 

m/z value for [bpy-Pro2-CO2H + H+] = 409.19 
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E.2 Synthesis of bpy-Pro2-Tyr(OtBu)-CO2Me 

bpy-Pro2-Tyr(OtBu)-CO2Me was synthesized according to 

Section B.2 on the same scale as in Section C.4. The product was 

obtained as a white, foamy solid (0.0635 grams, 40% yield). 1H-NMR 

(Figure E.4), 13C-NMR (Figure E.5), RP-HPLC (Figure E.6 and Table 

E.1), and HR-MS (Figure E.7) characterization data are given below. 
1H-NMR: (500 MHz, Methylene Chloride-d2) (multiple 

conformers present, observable resonances for the minor conformer are 

marked with an asterisk) δ = 8.74 (d, J = 4.9 Hz, 0.5H), 8.72* (d, J = 4.9 

Hz, 0.3H), 8.66* (d, J = 4.9 Hz, 0.1H), 8.58 (d, J = 8.3 Hz, 0.6H), 8.53 

(s, 0.8H), 8.52 (d, J = 4.1 Hz, 0.8H), 8.49* (d, J = 5.0 Hz, 0.1H), 8.31* 

(s, 0.1H), 8.30* (s, 0.4H), 8.28* (s, 0.3H), 8.25* (s, 0.1H), 7.41 (t, J = 

6.6 Hz, 0.8H), 7.29* (d, J = 4.9 Hz, 0.1H), 7.17 (t, J = 6.9 Hz, 2.1H), 

7.07* (d, J = 7.5 Hz, 0.4H), 7.03 (d, J = 8.1 Hz, 0.7H), 6.98* (d, J = 8.2 Hz, 0.4H), 6.88 

(d, J = 8.2 Hz, 1.8H), 6.85* (s, 0.1H), 5.32 (CHDCl2), 4.82 – 4.70 (m, 0.7H), 4.67* (q, J = 

6.6 Hz, 0.2H), 4.64 – 4.52 (m, 1.4H), 4.38* (dd, J = 8.3, 3.8 Hz, 0.2H), 4.28 (m, 0.7H), 

3.83* (q, J = 8.6 Hz, 0.4H), 3.79 – 3.61 (m, 4.2H), 3.57 (dt, J = 10.7, 5.4 Hz, 0.6H), 3.50 

(td, J = 11.3, 5.7 Hz, 0.8H), 3.43 (dd, J = 11.3, 7.0 Hz, 0.6H), 3.36 (t, J = 10.1 Hz, 0.6H), 

3.25 (dd, J = 13.8, 4.6 Hz, 0.6H), 3.10 (td, J = 13.5, 13.0, 6.3 Hz, 1.2H), 3.00* (d, J = 6.8 

Hz, 0.2H), 2.97* (t, J = 6.2 Hz, 0.2H), 2.93* (d, J = 6.7 Hz, 0.1H), 2.71* (q, J = 8.8 Hz, 

0.1H), 2.45 (s, 3H), 2.34 – 1.66 (m, 7.7H), 1.30* (s, 4.2H), 1.28 (s, 4.8H). The total 

integration was set to 43 protons. 
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Figure E.4: 1H-NMR spectrum of bpy-Pro2-Tyr(OtBu)-CO2Me with the total integration set to 

43 protons. 

13C NMR: (126 MHz, Methylene Chloride-d2) (mixture of conformers) δ = 172.46, 

172.38, 172.22, 171.59, 171.45, 170.64, 167.76, 167.61, 157.41, 157.31, 155.64, 155.03, 

154.65, 150.16, 150.11, 150.06, 149.57, 148.84, 145.42, 145.14, 133.19, 131.56, 130.18, 

130.12, 125.77, 125.62, 125.57, 124.60, 124.47, 124.43, 122.26, 121.90, 121.66, 121.50, 

118.99, 118.92, 78.72, 78.65, 61.60, 60.63, 60.51, 60.41, 60.03, 58.74, 54.97, 54.00 

(CD2Cl2), 52.69, 50.82, 50.44, 47.82, 47.28, 37.71, 36.05, 32.00, 29.46, 29.39, 29.13, 

29.09, 27.90, 27.30, 26.16, 25.86, 25.67, 25.29, 22.44, 21.53.  
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Figure E.5: 13C-NMR spectrum of bpy-Pro2-Tyr(OtBu)-CO2Me. 

Reversed-phase HPLC: 

 

Figure E.6: HPLC chromatogram for bpy-Pro2-Tyr(OtBu)-CO2Me at five wavelengths: 210, 

220, 230, 254, and 280 nm. The integration region was fixed to the 20 minutes during the gradient. 
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Table E.1: HPLC integration data for bpy-Pro2-Tyr(OtBu)-CO2Me from chromatograms 

shown in Figure E.6. 

 
 

HR-MS: 

 

Figure E.7: The theoretical HR-MS spectrum for the ion [C36H43N5O6 + H+] (top). Major ion in 

HR-MS spectrum of bpy-Pro2-Tyr(OtBu)-CO2Me (bottom). Theoretical m/z value = 642.3292. 

Observed m/z value = 642.3271.  

 

 

Retention Time 

(min) 
Percent Area 

(210 nm) 
Percent Area 

(220 nm) 
Percent Area 

(230 nm) 
Percent Area 

(254 nm) 
Percent Area 

(280 nm) 

13.007 0.5 0 0 0 0 

15.371 99.5 100 100 96.8 99.7 

18.191 0 0 0 0.2 0 

20.701 0 0 0 0 0.1 

21.992 0 0 0 1.6 0.2 

22.403 0 0 0 0.3 0 

24.098 0 0 0 1.1 0 
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E.3 Synthesis of bpy-Pro2-Tyr(OH)-CO2Me 

bpy-Pro2-Tyr(OH)-CO2Me was synthesized according to Section B.3 on the same 

scale as in Section C.5. The product was obtained as a white solid. (.0112 grams, > 99% 

yield, crude) 

E.4 Synthesis of Ru-Pro2-TyrOH  

Ru-Pro2-Tyr-OH was synthesized according to Section B.4 on the same scale as 

in Section C.6 (0.0176 grams, 88% yield single-step, 33% overall). 1H-NMR (Figure E.8 

and Table E.2), RP-HPLC (Figure E.9 and Table E.3), and HR-MS (Figure E.10) 

characterization data are given below. 
1H NMR: (600 MHz, Acetonitrile-d3) (~1:1 mixture of diastereomers present. 

Multiple conformers are present. Observable resonances for minor conformers are 

indicated with an asterisk) δ = 8.60* (d, J = 8.2 Hz, 0.1H), 8.55* (d, J = 8.2 Hz, 0.1H), 8.54 

– 8.47 (m, 4.8H), 8.48 – 8.38 (m, 0.5H), 8.35 (m, 0.4H), 8.31* (d, J = 5.6 Hz, 0.1H), 8.26 

(m, 0.4H), 8.17* (t, J = 7.9 Hz, 0.1H), 8.13 – 8.00 (m, 4H), 7.95 (t, J = 7.9 Hz, 1H), 7.90* 

(d, J = 5.6 Hz, 0.1H)  7.84 – 7.75 (m, 1.6H), 7.73 (d, J = 5.3 Hz, 1.1H), 7.71 (t, J = 5.5 Hz, 

1.6H), 7.67 – 7.62 (m, 0.2H), 7.61* (d, J = 5.7 Hz, 0.2H), 7.59 – 7.54 (m, 0.8H), 7.53 (d, J 

= 5.8 Hz, 0.1H), 7.51 – 7.46 (m, 0.4H), 7.46 – 7.33 (m, 4.5H), 7.30 – 7.25 (m, 1H), 7.23* 

(t, J = 5.8 Hz, 0.2H), 7.18* (d, J = 5.8 Hz, 0.1H), 7.12* (t, J = 6.7 Hz, 0.1H), 7.09 – 7.03 

(m, 0.5H), 7.00 (dd, J = 8.1, 4.9 Hz, 0.9H), 6.98 – 6.95 (m, 0.3H), 6.95 (s, 0.2H), 6.90 – 

6.79 (m, 1.5H), 6.77 – 6.67 (m, 1.8H), 6.67– 6.63 (m, 0.3H), 6.18 (d, J = 5.7 Hz, 0.1H), 

6.12 (d, J = 5.8 Hz, 0.1H), 4.86 – 4.68 (m, 0.4H), 4.57 (q, J = 7.0 Hz, 0.4H), 4.54 – 4.49 

(m, 0.2H), 4.49 – 4.42 (m, 0.5H), 4.38 (t, J = 5.6 Hz, 0.4H), 4.36 (d, J = 8.2 Hz, 0.23H), 

4.15 (dd, J = 8.5, 2.8 Hz, 0.1H), 4.05 – 3.93 (m, 0.3H), 3.83 – 3.75 (m, 0.2H) 3.75– 3.49 

(m, 6H), 3.44 – 3.35 (m, 0.2H), 3.32 – 3.25 (m, 0.4H), 3.25 – 3.05 (m, 0.6H), 3.03 (d, J = 

5.6 Hz, 0.2H), 3.01 – 2.93 (m, 0.7H), 2.93 – 2.80 (m, 0.7H), 2.72 – 2.61  (m, 0.3H), 2.56 

(s, 0.8H), 2.54 (s, 1.5H), 2.50* (s, 0.4H), 2.50* (s, 0.3H). The total integration was set to 

43 protons, excluding the β and γ methylene proline protons (2.4-1.50 ppm) occluded by 

H2O and HD2CN resonances.  
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Figure E.8: 600 MHz 1H-NMR spectrum of Ru-Pro2-Tyr-OH with the total integration set to 43 

protons, excluding integrations from the β and γ methylene protons on prolines which are under the 

signals for HD2CN and H2O. 

 

Table E.2: Expected and observed 1H-NMR integrations for Ru-Pro2-Tyr-OH in the spectral 

regions described in Section B.7. δ-H, β-H, and γ-H refer to resonances on proline residues. 

α-H refer to the α-H bonds of both prolines and tyrosine. “bpy-CH3” refers to the benzylic 

CH3 group on the asymmetric bipyridine ligand. 

 Aromatics+amide α-H 
δ-H+Tyr-CH2+Tyr-

CO2CH3 

bpy-

CH3 
β-H+γ-H 

Integration 

Expected 
27 3.0 9.0 3.0 8.0 

Integration 

Observed 
28.5 2.9 9.1 3.04 N/A 
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Reversed-phase HPLC: 

 

Figure E.9: HPLC chromatogram for Ru-Pro2-Tyr-OH at four wavelengths: 460, 290, 280, and 

254 nm. The integration region was fixed to the 15 minutes during the gradient. 

 

Table E.3: HPLC integration data for Ru-Pro2-Tyr-OH from chromatograms shown in 

Figure E.9. 

Retention 

Time (min) 

Percent Area  

(460 nm) 

Percent Area 

 (290 nm) 

Percent Area  

(280 nm) 

Percent Area  

(254 nm) 

7.082 100 100 100 100 
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HR-MS: 

 

Figure E.10: The theoretical HR-MS spectrum for the ion [C57H51N10O7Ru]2+ (top). Major ions in 

HR-MS spectrum of Ru-Pro2-Tyr-OH (bottom). Theoretical m/z value for the di-cation = 

499.6510. Observed m/z value = 499.6494. 

 Synthesis and characterization Ru-Pro1-TyrOH 

F.1 Synthesis of bpy-Pro1-CO2H 

bpy-Pro1-CO2H was synthesized according to Section B.1 on the 

same scale as Section C.3. The product was obtained as a light brown solid 

(0.139 grams, 81% yield based on Cl loading, crude). The crude 1H-NMR 

(Figure F.1) and low-resolution LC-MS (Figure F.2 and Figure F.3) data 

are given below. 

 

 1H-NMR: (400 MHz, Chloroform-d) (multiple conformers 

present, observable signals for minor conformer are indicated with an 

asterisk) δ (ppm) = 10.88 (broad s, 1H), 8.76 (d, J = 4.9 Hz, 0.8H) and 

8.68* (d, J = 5.0 Hz, 0.2H), 8.57 (d, J = 5.1 Hz, 0.8H), 8.52* (d, J =w 5.2 Hz, 0.3H), 8.45 

(s, 0.7H), 8.20 (s, 1H), 8.09* (s, 0.2H), 7.47 (d, J = 5.0 Hz, 0.8H) and 7.37* (d, J = 5.0 Hz, 

0.3H), 7.26 CDCl3, 7.23 (d, J = 7.4 Hz, 0.8H) 7.19-7.10 (m, toluene Ph-H), 4.70 (dd, J = 
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8.5, 5.1 Hz, 0.7H) and 4.47* (dd, J = 8.3, 2.7 Hz, 0.2H), 3.79* (ddt, J = 28.0, 12.1, 7.2 Hz, 

0.5H), 3.59 (ddt, J = 28.0, 12.1, 7.2 Hz, 1.6H), 2.44 (s, 2.2H), 2.41* (s, 0.7H), 2.34 (s, 

toluene-CH3), 2.32-1.81 (m, 4H). The total integration was set to 17 protons 

   

Figure F.1: 1H-NMR spectrum of crude bpy-Pro1-CO2H after resin cleavage and solvent removal. 

Total integration of peaks was set to 17 protons. 

LC-MS: 

 

Figure F.2: LC-MS traces for 200-400 nm absorbance (top) and total ion current (bottom) for crude 

bpy-Pro1-CO2H. Ion current peaks between 3-5 minutes were present in the absence of analyte. 
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Figure F.3: Averaged low-resolution mass spectrum for the peak centered at 0.64 minutes retention 

time in Figure F.2. Observed major m/z value for [bpy-Pro1-CO2H + H+] = 312.35. Theoretical 

m/z value for [bpy-Pro1-CO2H + H+] = 312.134. 

F.2 Synthesis of bpy-Pro1-Tyr(OtBu)-CO2Me 

bpy-Pro1-Tyr(OtBu)-CO2Me was synthesized according to Section B.2 on the 

same scale as in Section C.4. The product was obtained as a white foamy solid (0.082 

grams, 47% yield). 1H-NMR (Figure F.4), 13C-NMR (Figure F.5), RP-HPLC (Figure F.6 

and Table F.1), and HR-MS (Figure F.7) characterization data are given below. 
1H NMR: (500 MHz, Methylene Chloride-d2) (multiple conformers present, 

resonances for minor conformer are marked with an asterisk) δ = 8.74 (d, J = 4.9 Hz, 0.8H), 

8.66* (d, J = 5.0 Hz, 0.2H), 8.53 (d, J = 4.9 Hz, 0.8H), 8.52 (s, 0.7H) 8.48* (d, J = 5.0 Hz, 

0.2H), 8.41* (s, 0.2H), 8.30 (s, 0.7H), 8.27* (s, 0.2H), 7.36* (d, J = 4.9 Hz, 0.2H), 7.31 (d, 

J = 4.8 Hz, 0.8H), 7.19 (d, J = 5.0 Hz, 1.0H), 7.12 (d, J = 7.7 Hz, 0.8H), 7.09 (d, J = 8.0 

Hz, 1.6H), 6.87 (d, J = 8.0 Hz, 1.6H), 6.81 (t, J = 6.0 Hz, 0.7H), 6.19* (d, J = 8.0 Hz, 0.2H), 

5.32 (CHDCl2), 4.79 (q, J = 6.7 Hz, 1.0H), 4.69 (dd, J = 8.4, 4.4 Hz, 0.8H), 4.19* (d, J = 

8.3 Hz, 0.2H), 3.71 (s, 2.6H), 3.69* (s, 0.5H) 3.64 – 3.55* (m, 0.3H), 3.52 – 3.35 (m, 1.7H), 

3.08 (ddd, J = 64.8, 14.0, 6.2 Hz, 1.7H), 2.92* (h, J = 6.8, 5.9 Hz, 0.4H), 2.46 (s, 2.4H), 

2.43* (s, 0.5H), 2.30 (dq, J = 11.8, 6.1 Hz, 1H), 2.11 – 1.78 (m, 3.4H), 1.28* (s, 2H), 1.24 

(s, 7.1H). The total integration was set to 36 protons. 
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Figure F.4: 1H-NMR spectrum of bpy-Pro1-Tyr(OtBu)-CO2Me with the total integration set to 

36 protons. 

13C NMR: (126 MHz, CD2Cl2) (mixture of conformers) δ = 172.38, 170.87, 

169.21, 157.40, 155.63, 155.09, 150.18, 149.61, 149.54, 148.88, 145.18, 131.51, 130.35, 

130.03, 125.67, 124.66, 124.57, 122.35, 122.31, 121.61, 121.57, 118.88, 118.64, 78.67, 

63.39, 60.72, 54.11, 54.00 (CD2Cl2), 52.88, 52.74, 50.55, 47.47, 37.78, 37.63, 32.32, 30.26, 

29.10, 28.23, 25.76, 22.94, 21.55, 14.45. 
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Figure F.5: 13C-NMR spectrum of bpy-Pro1-Tyr(OtBu)-CO2Me.  
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Reversed-Phase HPLC: 

 

 

Figure F.6: HPLC chromatogram for bpy-Pro2-Tyr(OtBu)-CO2Me at five wavelengths: 210, 220, 

230, 254, and 280 nm. The integration region was fixed to the 20 minutes during the gradient. 
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Table F.1: HPLC integration data for bpy-Pro1-Tyr(OtBu)-CO2Me from chromatograms 

shown in Figure F.6. 

Retention 

Time (min) 

Percent 

Area  

(210 nm) 

Percent 

Area 

 (220 nm) 

Percent 

Area  

(230 nm) 

Percent 

Area  

(254 nm) 

Percent 

Area  

(280 nm) 

15.39 100 100 100 96.6 100 

21.99 0 0 0 3.4 0 
  

HR-MS: 

 

Figure F.7: The theoretical HR-MS spectrum for the ion [C31H36N4O5+ H+] (top). Major ion in 

HR-MS spectrum of bpy-Pro1-Tyr(OtBu)-CO2Me (bottom). Theoretical m/z value = 545.2764. 

Observed m/z value = 545.2742.  

F.3 Synthesis of bpy-Pro1-Tyr(OH)-CO2Me 

bpy-Pro1-Tyr(OH)-CO2Me was synthesized according to Section B.3 on the same 

scale as in Section C.5. The product was obtained as a white solid. (0.0066 grams, 91% 

yield, crude) 
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F.4 Ru(bpy)2(4-carbonyl-(Pro1-Tyr-OH-CO2Me)-4’-Me-2-2’bipyridine)(PF6)2 (Ru-

Pro1-Tyr-OH) 

Ru-Pro1-Tyr-OH was synthesized according to Section B.4 on the same scale as 

in Section C.6 (0.0078 grams, 48 % yield single-step, 16% overall) 1H-NMR (Figure F.8 

and Table F.2), RP-HPLC (Figure F.9 and Table F.3), and HR-MS (Figure F.10) 

characterization data are given below. 
1H NMR: (500 MHz, Acetonitrile-d3) (~1:1 mixture of diastereomers present. 

Multiple conformers are present. Observable resonances for minor conformers are 

indicated with an asterisk) δ = 8.55 – 8.44 (m, 4.4H), 8.45 – 8.37 (m, 1.6H), 8.04 (m, 4H), 

7.80 (t, J = 4.2 Hz, 1.4H), 7.76 – 7.62 (m, 3.6H), 7.54 (m, 1H), 7.47 – 7.34 (m, 5H), 7.26 

(d, J = 5.0 Hz, 1H), 7.04 (dd, J = 8.3, 1.8 Hz, 1.4H), 6.98 (d, J = 7.7 Hz, 0.7H), 6.86 (t, J 

= 7.8 Hz, 0.9H), 6.80* (d, J = 8.1 Hz, 0.3H), 6.77* (d, J = 5.9 Hz, 0.6H), 6.65 (td, J = 8.5, 

5.8 Hz, 2H), 5.45 (CH2Cl2), 4.61 (q, J = 6.9 Hz, 0.7H), 4.56 – 4.51 (m, 0.7H), 4.48* (q, J 

= 7.4 Hz, 0.2H), 4.36* (q, J = 7.7 Hz, 0.2H), 4.25 (dd, J = 8.5, 2.8 Hz, 0.1H), 4.20 (dd, J = 

8.5, 2.7 Hz, 0.2H), 3.66 (d, J = 2.6 Hz, 2.4H), 3.62 – 3.49 (m, 1.6H), 3.49 – 3.41 (m, 0.7H), 

3.37 (s, 0.4H), 3.28* (d, J = 5.3 Hz, 0.2H), 3.04 (dd, J = 14.0, 5.5 Hz, 0.7H), 2.93 (dd, J = 

14.0, 7.4 Hz, 0.7H), 2.74* (dd, J = 20.3, 6.7 Hz, 0.5H), 2.54 (s, 2H), 2.53* (s, 0.5H), 2.51* 

(s, 0.5H), 2.16 (H2O), 1.94 (p, HD2CN). The total integration was set to 40 protons, 

excluding the β and γ methylene proline protons (2.3-1.50 ppm) occluded by H2O and 

HD2CN resonances. 
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Figure F.8: 1H-NMR spectrum of Ru-Pro1-Tyr-OH with the total integration set to 40 protons, 

excluding integrations from the β and γ methylene protons on the proline which are under the 

signals for HD2CN and H2O. 

Table F.2: Expected and observed 1H-NMR integrations for Ru-Pro1-Tyr-OH in the spectral 

regions described in Section B.7 with the total integration set to 40 protons. δ-H, β-H, and γ-

H refer to resonances on proline residues. α-H refer to the α-H bonds of both prolines and 

tyrosine. “bpy-CH3” refers to the benzylic CH3 group on the asymmetric bipyridine ligand. 

 Aromatics+amide α-H 
δ-H+Tyr-

CH2+Tyr-CO2CH3 
bpy-CH3 β-H+γ-H 

Integration 

Expected 
27 2.0 7.0 3.0 4.0 

Integration 

Observed 
28.3 2.0 7.2 3.0 N/A 
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Reversed-phase HPLC: 

 

Figure F.9: HPLC chromatogram for Ru-Pro1-Tyr-OH at four wavelengths: 460, 290, 280, and 

254 nm. The integration region was fixed to the 15 minutes during the gradient. 

Table F.3: HPLC integration data for Ru-Pro1-Tyr-OH from chromatograms shown in 

Figure F.8. 

Retention 

Time (min) 

Percent Area  

(460 nm) 

Percent Area 

 (290 nm) 

Percent Area  

(280 nm) 

Percent Area  

(254 nm) 

6.807 100 100 100 100 
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HR-MS: 

 

Figure F.10: The theoretical HR-MS spectrum for the ion [C57H51N10O7Ru]2+ (top). Major ions in 

HR-MS spectrum of Ru-Pro1-Tyr-OH (bottom). Theoretical m/z value for the di-cation = 

451.1246. Observed m/z value = 451.1219. 

 Studying metallopeptide solution structure with CD and NMR 

The structure of the oligoproline bridge separating the tyrosine and Ru(bpy)3
2+ 

portion of the metallopeptides was investigated by CD and NMR. Limitations in sample 

solubility or transparency prevented us from using the conditions of kinetic measurements. 

For CD, phosphate buffer shows a significant absorbance around 200 nm, which prevents 

clear observation of the PPII CD signal at 200-210 nm with high concentrations of 

phosphate. Therefore, samples for CD were prepared in 2mm pathlength cuvette at pH 8.0, 

5 mM phosphate buffered water with 20-80 μM metallopeptide. For NMR, the limited 

solubility of the metallopeptides in phosphate buffered D2O made 2D H1-H1 NOESY and 

TOCSY experiments intractable. We therefore moved to a 75:25 mixture of D2O:d3-ACN 

to obtain sufficient solubility. The molar solvent composition was ~10:1 D2O:d3-ACN. 

There is a well-known preference for the all-cis polyproline type I structure in 

acetonitrile,11 so we expect that the NMR analysis will not over-estimate the amount of all-

trans PPII metallopeptides in solution. The concentration of metallopeptides in these NMR 

samples was typically 10-4 M. 
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G.1 Circular dichroism data for Ru-Pro(1-4)-Tyr-OH 

CD spectra were collected from 180 to 340 nm with 0.5 nm steps, and 80 μM 

metallopeptide. The spectra were an average of three repeated measurements. The typical 

polyproline type II CD signal is a negative peak between 200-210 nm, but the signal has 

been shown to red shift from lower wavelengths with increasing number of prolines.10 A 

similar  signal was observed  205 nm in Ru-Pro3-Tyr-OH and Ru-Pro4-Tyr-OH. As 

expected, the intensity of this signal increased from Ru-Pro3-Tyr-OH to Ru-Pro4-Tyr-

OH, and a negative CD signal is not observed at this wavelength in Ru-Pro1-Tyr-OH and 

Ru-Pro2-Tyr-OH (Figure G.1). Across the series, the signal at 205 nm is increasingly 

negative with added prolines, consistent with other oligoproline studies (Figure G.1 and 

G.2).11-15 

Other signals were observed in the CD spectrum corresponding to Ru(bpy)3
2+-

based absorbances and presumably tyrosine based absorbances. At the π-->π* transition 

for the Ru(bpy)3
2+ portion of the molecules, a CD signal was observed with variable 

intensity and sign for the series of metallopeptides. This indicates some excess of the Δ or 

Λ isomer at the metal complex which varies with the number of prolines.16 This effect has 

been observed in previously reported oligoproline substituted Ru(bpy)3
2+ molecules,17 and, 

based on the absorptivity for the isolated Δ Ru(bpy)3
2+ species,16 indicates a slight excess 

of one isomer.10 This implies that our samples contain slightly different ratios of 

diastereomers, but are nearly to a 1:1 mixture. A similar, but much smaller signal is 

observed at the MLCT band around 450 nm (data not shown), consistent with the smaller 

absorptivity for this CD signal.16 

Another negative CD signal was observed at 190 nm which we tentatively attribute 

to the inclusion of tyrosine in the oligopeptide. Terminal aromatic residues have been 

known to affect the CD spectra of helical peptides, and, in some reports, particularly 

oligoproline peptides.15, 18-20 We believe this signal was therefore a consequence of 

incorporating tyrosine into the oligoproline, as opposed to a signal specifically related to 

tyrosine, as Ru-Pro0-Tyr-OH does not show this CD signal (data not shown). The intensity 

of this signal increased with metallopeptide concentration, but does not trend with the 

number of prolines in the metallopeptide. This contradicts that the signal only a result of 

the proline-based structure. Previously reported oligoproline substituted Ru(bpy)3
2+ 

complexes lacking a C-terminal tyrosine do not have this CD signal at 190 nm.10  

In order to more clearly show that the spectral behavior of the oligopeptides is 

consistent with previous CD data reported for substituted oligoprolines, Figure G.2 shows 

the difference CD spectra for [(Ru-Pro2-4-Tyr-OH)-(Ru-Pro1-Tyr-OH)] at the same 

concentrations. The difference spectra show the characteristic growth and red shift of the 

PPII chromophore between 190-205 that has been seen the Ru(bpy)3
2+ substituted 
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oligoprolines lacking a tyrosine residue.10 Our CD data is therefore qualitatively consistent 

with a PPII structure in the metallopeptides.  

 

Figure G.1: Circular dichroism spectra for 80 μM Ru-Pron-Tyr-OH in 5mM pH 8.0 phosphate 

buffered water. We observe the characteristic negative increase in intensity between 200-210 nm 

for a PPII structure. See the above text for further discussion. 

 

Figure G.2: Circular dichroism difference spectra for 80 μM Ru-Pron2-4)-Tyr-OH in 5mM pH 8.0 

phosphate buffered water. The difference in the spectra is largely increases in the PPII signal at 205 
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and differences in the Ru(bpy)3
2+ Δ and Λ isomer ratios shown from 280-290 nm. See the above 

text for further discussion. 

G.2 Two dimensional H1-H1 NMR analysis for Ru-Pro(1-4)-Tyr-OH in 75:25 

D2O:d3-ACN 

As described in the main text and above, 2-dimensional NMR was employed to 

learn more about the solution structures of Ru-Pron-Tyr-OH. A combination of NOESY 

and TOCSY allowed the identification of features which were consistent with PPII 

structure in Ru-Pro2-4-Tyr-OH and those which were consistent with species containing a 

cis-amide bond. Other conformers were observed that were difficult to definitively assign 

to either species. In our kinetics experiments, only two species (at most) were observed 

with distinct tyrosine oxidation kinetics, which we assign to all-trans amide oligoproline 

and cis-amide containing oligoproline forms, each having different donor-acceptor 

distance. Therefore, the other conformers must have similar donor-acceptor distance to 

either the all-trans PPII or the cis-amide containing species such that they do not resolve 

in our kinetic measurements. For clarity, we stress that these studies were not used to obtain 

actual donor-acceptor distance estimates and are not meant to be an exhaustive solution 

structure characterization. The long timescale of these experiments in mixed-aqeuous 

conditions makes them somewhat destructive due to the hydrolysis of the C-terminal 

methyl ester and the well-known detriment of C-terminal anions on PPII structure.21 The 

NMR studies were therefore restricted to a few sets of NOESY and TOCSY experiments 

to obtain a qualitative look at the solution structure without an unreasonable loss of 

material. The solution structure of these metallopeptides is generally consistent with a PPII 

structure, as observed in decades of studies employing oligoproline spacers.22  

Below is a general analysis for the overlaid NOESY and TOCSY data using Ru-

Pro4-Tyr-OH as an example. Similar analyses were done for the Ru-Pro1-3-Tyr-OH 

spectra and a smaller analysis section is included for each, referring back to the Ru-Pro4-

Tyr-OH analysis. 

G.2.1 Combined NOESY and TOCSY analysis for Ru-Pro4-Tyr-OH 

Intra and interproline (α-H)-(δ-H) interactions: Proline residues are chiral and the 

δ-H protons are diastereotopic, giving rise to two unique resonances for the δ-H methylene 

protons. Unfortunately, the number of resonances in the 1H-NMR spectral region of δ-H 

resonances makes it impractical to identify individual signals from different proline 

residues. Fortunately, the 1H-NMR spectral region for α-H resonances is comparatively 

simple, and unique resonances or only two overlapping resonances are typically seen. It 

makes our discussion of the following correlation spectroscopy a bit simpler then if we 

discuss correlation signals with respect to the discernable α-H resonances which will 

consistently be the top spectrum (x-axis) in the correlation spectrum. This allows us to 

discuss particular resonances corresponding to particular proline residues in the 
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metallopeptides. The full spectrum overlay of the NOESY and TOCSY data for Ru-Pro4-

Tyr-OH are given in Figure G.3. 

As described briefly in the main text, in the spectral region for (α-H)-(δ-H) 

interactions, α-H resonances are involved in TOCSY and NOESY signals which 

correspond to intra and inter-proline interactions, respectively. Starting with the TOCSY 

signals for Ru-Pro4-Tyr-OH, as expected, each proline α-H resonance has a TOCSY 

correlation doublet to the two δ-Hs in the same proline residue. The scalar couplings 

reported in TOCSY typically do not propagate through amide bonds, and so inter-proline 

signals are not observed in TOCSY spectra. Four strong pairs of TOCSY signals are 

observed in the (α-H)-(δ-H) region, corresponding to each intraproline (α-H)-(δ-H) 

interaction in the oligoproline portion of the metallopeptide (Figure G.4 and G.5, blue). 

The NOESY spectrum also showed some (α-H)-(δ-H) doublets in this region, but, 

interestingly, the NOESY doublets did not overlay with the TOCSY doublets discussed 

above. This suggests that the through-space interactions reported by these NOESY signals 

are not between an α-H and δ-Hs in the same proline residue. Looking closer at the overlay 

with the TOCSY data, it is observed that the NOESY doublet for the most downfield α-H 

resonance at 5.06 ppm lines up with TOCSY doublet for the nearest upfield α-H resonance 

at 4.93 ppm. This indicates a through-space interaction between the α-H of one proline 

residue with the δ-H methylene of a neighboring proline. This trend continues upfield, as 

the NOESY doublet for the α-H at 4.93 lines up with the TOCSY doublet for an upfield α-

H resonance at 4.85 ppm. The NOESY doublet for the α-H resonance at 4.85 ppm lines up 

with the TOCSY doublet for an upfield α-H resonance at 4.58 ppm. This trend of consistent 

through-space (α-H)-(δ-H) interactions between neighboring resonances is highly 

indicative of an organized secondary structure. We therefore assign the NOESY doublets 

to an (α-H)n-(δ-H)n+1 interaction. This assignment is consistent with the solid-state 

structure of an oligoproline hexamer and solution NMR studies of a series of oligoproline 

derivatives in a polyproline type II structure.23-24 
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Figure G.3: The full 1H-1H NOESY (red) and TOCSY (blue) spectra overlaid for Ru-Pro4-Tyr-

OH. Specific regions that are discussed or mentioned in the text of this section are labeled and 

outlined with dashed boxes. These same regions are also discussed in the subsequent sections for 

the shorter metallopeptides. 

Based on the (α-H)n-(δ-H)n TOCSY interaction and the (α-H)n-(δ-H)n+1 NOESY 

interaction, we can assign the α-H resonances to their absolute position in the 

metallopeptide (Figure G.5). Starting with the N-terminal proline residue, without an (n-1) 

proline residue there should be no α-H resonance to interact with the N-terminal δ-Hs in a 

through-space manner. Therefore, the TOCSY doublet of the N-terminal proline (which 

identifies the vertical position of its δ-H resonances) should not line up with any NOESY 

doublets from α-H resonances in this region. This is only consistent with the most 

downfield α-H resonance at 5.06 ppm. The alternating NOESY to TOCSY doublets can be 

traced from the N-terminal (nth) α-H signals and used to assign each successive proline. 

The (n+1) proline α-H resonance is at 4.93 ppm, the (n+2) proline α-H resonance is at 4.85 

ppm, and the C-terminal (n+3) proline α-H resonance is at 4.58 ppm. The C-terminal 

assignment for the α-H resonance at 4.58 ppm is also consistent with its lack of a NOESY 

doublet, as there are no (n+4) proline δ-Hs to interact with the C-terminal α-H in a through 

space manner. Based on the agreement with previous crystallography and NMR of 

Proline 

(α-H)-(δ-H) 

Proline 

(α-H)-(γ-H) 
Bipyridine or tyrosine 

interactions 
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oligoprolines in a PPII structure, we believe these data are supportive of this secondary 

structure in solution.23-24  

 

Figure G.4: Graphical representation of intraproline TOCSY interactions (blue) and interproline 

NOESY interactions (red) in Ru-Pro4-Tyr-OH. Following the path from N-terminal proline to C-

terminal proline mirrors the path of the arrows shown in Figure G.5. 

 
Figure G.5: Overlaid 1H-1H-NOESY (red) and 1H-1H-TOCSY (blue) spectra for Ru-Pro4-Tyr-

OH in 75:25 D2O:d3-ACN. A detailed discussion of this region is given in the text. The path from 

N-terminal to C-terminal resonances is traced with a light black line, where horizontal arrows 

correspond to interproline interactions and vertical lines are moving from intraproline to 

interproline interactions on the same resonance. Further discussion of those is given below. Dashed 

boxes are used to label our proposed assignment of proline residues starting from the N-terminus 

in the PPII species discussed here. (i.e. 1st-Pro is the N-terminal proline residue and 4th-Pro is the 

C-terminal residue). 

Increasing the signal intensity in the spectral overlay reveals NOESY and TOCSY 

signals which correspond to metallopeptides which are not in a PPII conformation. 

1st-Pro 

4th-Pro 
2nd-Pro 

3rd-Pro 
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Particularly, we observe a NOESY interaction between two α-H resonances, a 

characteristic signal for a Pro-Pro cis-amide bond. This NOESY interaction can be found 

in a series of interactions followed exactly as discussed above, and is shown in Figure G.6. 

A cis-amide bond kink in an oligoproline significantly reduces the end to end distance of 

the peptide, and so observing this form by NMR will be important for our kinetic analysis. 

It is therefore unsurprising that biexponential tyrosine oxidation kinetics were observed, as 

there appears to be a mixture of two species with different end-to-end distance by this 

analysis. This is discussed further in the section on kinetic modelling. A specific discussion 

for the cis-amide bond containing species is given in the caption of Figure G.6. 

 

Figure G.6: Overlaid 1H-1H-NOESY (red) and 1H-1H-TOCSY (blue) spectra for Ru-Pro4-Tyr-

OH in 75:25 D2O:d3-ACN at increased intensity. A new set of TOCSY and NOESY doublets 

appear at 5.04 ppm, very similar to the N-terminal residue discussed above. The NOESY doublet 

at 5.04 ppm appears as a small shoulder off of the NOESY doublet from the all-trans PPII species.  

aligns with a TOCSY doublet on an α-H resonance at 4.25 ppm. The α-H resonance at 4.25 ppm 

then has a NOESY peak with a nearby α-H resonance at 4.56 ppm. We assign these signals as 

corresponding to metallopeptides which have a single cis-amide bond configuration, indicated by 

the (α-H)n-(α-H)n+1 interaction. The path through the cis-amide containing peptide is traced with a 

thin black line from N-terminus to C-terminus, where horizontal arrows correspond to interproline 

interactions and vertical lines are moving from intraproline to interproline interactions on the same 

resonance. The small resonance at 4.52 ppm with a TOCSY doublet is assigned to the C-terminal 

proline residue of a cis-amide containing metallopeptide based on its similarity to the C-terminal 

proline resonance from the PPII form at 4.58 ppm. Vertical dashed boxes are used to label our 

proposed assignment of proline residues starting from the N-terminus (i.e. 1st-Pro is the N-terminal 

proline residue and 4th-Pro is the C-terminal residue). 

1st-Pro 

4th-Pro? 

3rd-Pro 2nd-Pro 
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Estimating the relative population of the all-trans amide PPII species and the cis-

amide containing species required the identification of resonances corresponding to one or 

the other species. The α-H resonance at 4.93 is isolated from any overlap with other species 

based on a lack of additional NOESY or TOCSY signals in this region. Likewise, we assign 

the α-H resonance at 4.25 to a cis-amide containing species based on the lack of any 

additional correlation signals in this region or in the (α-H)-(γ-H) correlation region. The 

relative integration of these two signals is roughly 2:1 indicating about 30% of the 

metallopeptides are in a cis-amide containing conformation (Figure G.7). As discussed 

later, this ratio matches very well with the relative kinetic contribution from two forms of 

the metallopeptides obtained by a biexponential fit to our transient absorption data. 

 

Figure G.7: The integration of a signal corresponding to only PPII structure (4.93 ppm) and to only 

a cis-amide containing structure (4.25 ppm). The 2:1 integration indicates about a 2:1 ratio of PPII 

structure and cis-amide containing structures in solution. 

An alternative explanation for this (α-H)-(α-H) NOESY signal is that the two α-H 

resonances represent a single proline residue that is conformationally interchanging 

between two forms.  Qualitatively, this is not entirely different from our cis-amide 

interpretation above. Instead of a fixed cis-amide conformer of the peptide, a 

conformational exchange indicates a population of conformers which exhibit more 

conformational interchangeability than the all-trans PPII form. The consequence of either 

possibility on the donor-acceptor distance is the same. In either situation, the cis-amide or 

conformationally interchanging species will likely exhibit shorter donor-acceptor distances 

than expected for the all-trans PPII helical form. This possibility is also the case for Ru-

Pro2-Tyr-OH  

Other observable interactions: While the above analysis focused on the (α-H)-(δ-

H) spectral region because of the information regarding secondary structure, other expected 

interactions are observed in the full spectrum shown in Figure G.3. The TOCSY and 

NOESY data expectedly overlap in the (α-H)-(β-H) and (β-H)-(γ-H) spectral regions. A 

NOESY interaction is also observed between the δ-Hs of the N-terminal proline and the 

most downfield aryl C-H resonance, presumably the 5-H of the asymmetric bipyridine. 

This is consistent with the N-terminal assignment for those proline resonances discussed 

above. Interactions between 4’-benzylic protons on the asymmetric bipyridine and the 

neighboring 5’ and 3’ aryl C-Hs are also observed. Tyrosine based interactions can also be 

seen between the tyrosine benzylic CH2 resonance at 3.24 ppm and an α-H resonance at 
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4.80 ppm (presumably tyrosine based since it lacks any cross-peaks with other proline-

based resonances). That tyrosine benzylic-CH2 resonance also has a NOESY interaction 

with the ortho aryl C-H resonances on the phenol ring at 7.29 ppm.  

G.2.2 Combined NOESY and TOCSY analysis for Ru-Pro3-Tyr-OH 

Intra and interproline (α-H)-(δ-H) interactions: The full spectrum overlay of the 

NOESY and TOCSY data for Ru-Pro3-Tyr-OH are given in Figure G.8. In analogy to the 

analysis described above for Ru-Pro4-Tyr-OH, singal patterns were identified in the (α-

H)-(δ-H) spectral region which were consistent with an all-trans PPII structure for Ru-

Pro3-Tyr-OH (Figure G.9). The α-H resonance at 5.06 ppm showed an intraproline (α-H)-

(δ-H) TOCSY signal which does not line up with an interproline (α-H)-(δ-H) NOESY 

signal from another α-H resonance, consistent with a N-terminal proline assignment. The 

NOESY (α-H)-(δ-H) doublet for the resonance 5.06 ppm lineed up with the TOCSY 

doublet of an upfield neighboring resonance at 4.89 ppm, consistent with an (α-H)n-(δ-

H)n+1 type interaction between neighboring prolines. The resonance at 4.89 ppm then 

showed an (α-H)n-(δ-H)n+1 NOESY signal that lines up with the TOCSY doublet of an 

upfield resonance at 4.57 ppm. This procession of interactions matched the trends shown 

in Section G.2.1 for a PPII structure. 

 

Figure G.8: The full 1H-1H NOESY (red) and TOCSY (blue) spectra overlaid for Ru-Pro3-Tyr-

OH. Specific regions that are discussed or mentioned in the text of this section are labeled and 

outlined with dashed boxes.  
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A second set of similarly alternating NOESY-TOCSY correlations is also observed, 

but we cannot assign them to a particular structure as with the cis-amide containing 

structure mentioned previously. The α-H resonance at 5.13 ppm shows a signal pattern 

consistent with an N-terminal proline. The NOESY doublet for this signal lines up with a 

second pair of TOCSY signals at 4.57 ppm (the 4.57 ppm resonance is clearly two 

overlapping resonances based on the four TOCSY signals in the (α-H)-(δ-H) region). There 

are no further NOESY correlations at the 4.57 ppm resonance which indicate a continued 

trans-amide structure. No (α-H)-(α-H) NOESY correlations which might indicate a cis-

amide bond containing species were observed. 

 

Figure G.9: Overlaid 1H-1H-NOESY (red) and 1H-1H-TOCSY (blue) spectra for Ru-Pro3-Tyr-

OH in 75:25 D2O:d3-ACN. This figure follows the discussion of the observable PPII species in the 

text. The path from the PPII N-terminal to C-terminal proline resonances is traced with a thin black 

line following the discussion in the text. Horizontal arrows show NOESY to TOCSY signal pair 

alignment, indicating through space interaction between neighboring proline residues. Vertical 

lines indicate intraproline (α-H)-(δ-H) and interproline (α-H)-(δ-H) interactions stemming from the 

same α-H resonance. The C-terminal (α-H)-(δ-H) TOCSY doublet signal for the PPII conformer 

overlaps with a signal from another conformer, and so is indicated with a black circle. The other 

conformer is discussed below. Vertical dashed boxes are used to label our proposed assignment of 

proline residues starting from the N-terminus (i.e. 1st-Pro is the N-terminal proline residue and 3rd-

Pro is the C-terminal residue). 

 These signals are tentatively assigned to a population of metallopeptides which 

have a trans-amide arrangement between the first two proline residues, based on the signal 

1st-Pro 
3rd-Pro 

2nd-Pro 
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pattern shown in Figure G.10, but also contain a disordered C-terminal structure such that 

there are no observable through-space interactions with the final proline residue. Based on 

the mono-exponential tyrosine oxidation kinetics in Ru-Pro3-Tyr-OH discussed later in 

this document, the PPII structured species discussed above and the species discussed here 

likely have similar end-to-end distances. 

 

Figure G.10: Overlaid 1H-1H-NOESY (red) and 1H-1H-TOCSY (blue) spectra for Ru-Pro3-Tyr-

OH in 75:25 D2O:d3-ACN, indicating a second observable conformer. The α-H resonance at 5.13 

ppm has a TOCSY doublet which does not align with any NOESY doublet in this region, consistent 

with a N-terminal proline-based resonance. The NOESY doublet for the α-H resonance at 5.13 ppm 

lines up with a TOCSY doublet at 4.57 ppm. Because of the overlapping signals from different 

conformers at 4.57 ppm, we have indicated the portion of the signal contributed by the conformer 

discussed here. The horizontal arrow shows NOESY to TOCSY signal pair alignment, indicating 

a through-space interaction between neighboring proline residues. This conformer is tentatively 

assigned to a disordered C-terminal peptide because of a lack further NOESY interactions from the 

α-H resonance at 4.57 ppm. We very tentatively attribute some of the mixed α-H resonances at 4.65 

ppm to the C-terminal proline in this proposed disordered conformer. This resonance has the 

expected (α-H)-(δ-H) and (α-H)-(β/γ-H) TOCSY signals expected for a proline-based resonance, 

but lacks any identifying inter-proline interactions. 

G.2.3 Combined NOESY and TOCSY analysis for Ru-Pro2-Tyr-OH 

Intra and interproline (α-H)-(δ-H) interactions: The full spectrum of the overlaid 

NOESY and TOCSY data for Ru-Pro2-Tyr-OH is given in Figure G.11. As with the 

analysis described above for Ru-Pro4-Tyr-OH, there is a set of signal patterns in the (α-

1st-Pro 
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H)-(δ-H) spectral region which are consistent with an all-trans PPII structure for Ru-Pro2-

Tyr-OH. The (α-H) resonance at 5.04 ppm shows an intraproline (α-H)-(δ-H) TOCSY 

 

Figure G.11: The full 1H-1H NOESY (red) and TOCSY (blue) spectra overlaid for Ru-Pro2-Tyr-

OH. Specific regions that are discussed or mentioned in the text of this section are labeled and 

outlined with dashed boxes.  

TOCSY signal which does not line up with an interproline (α-H)-(δ-H) NOESY signal 

from another α-H resonance, consistent with an N-terminal proline assignment. The 

NOESY (α-H)-(δ-H)n+1 doublet for the resonance 5.04 ppm lines up with the TOCSY 

doublet of an upfield neighboring resonance at 4.65 ppm, consistent with an (α-H)n-(δ-

H)n+1 type interaction between neighboring prolines (Figure G.12). In this case, this is an 

N-terminal proline to C-terminal proline interaction. The position of the α-H resonances 

for these signals are qualitatively consistent with the N-terminal (5.04 ppm) and C-terminal 

(4.56 ppm) assigned resonances from the PPII type structure in both the Ru-Pro4-Tyr-OH 

and Ru-Pro3-Tyr-OH spectra (Figure G.5 and G.9). 
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Figure G.12: Overlaid 1H-1H-NOESY (red) and 1H-1H-TOCSY (blue) spectra for Ru-Pro2-Tyr-

OH in 75:25 D2O:d3-ACN. This figure follows the discussion of the observable PPII species in the 

text. The path from the PPII N-terminal to C-terminal proline resonances is traced with a thin black 

line following the discussion in the text. Horizontal arrows show NOESY to TOCSY signal pair 

alignment, indicating through space interaction between neighboring proline residues. The C-

terminal (α-H)-(δ-H) TOCSY doublet signal for the PPII conformer overlaps with a signal from a 

cis-amide containing species. The cis-amide containing species is discussed below. Vertical dashed 

boxes are used to label our proposed assignment of proline residues in the PPII species, starting 

from the N-terminus (i.e. 1st-Pro is the N-terminal proline residue and 2nd-Pro is the C-terminal 

residue). 

As with Ru-Pro4-Tyr-OH, (α-H)-(α-H)n+1 NOESY interactions are observed, 

consistent with a population of metallopeptides containing a cis-amide bond. The (α-H) 

resonance at 4.30 ppm has a TOCSY doublet for an intraproline (α-H)-(δ-H) correlation. 

This (α-H) resonance also has a NOESY correlation with an (α-H) resonance at 4.60 ppm. 

This is indicative of through-space (α-H)n-(α-H)n+1 interaction resulting from a cis-amide 

configuration. The α-H resonance at 4.30 ppm is assigned to the N-terminal proline residue 

in this cis-amide containing species of Ru-Pro2-Tyr-OH and a portion of the overlapping 

resonances at 4.65 ppm to the C-terminal proline residue in the cis-amide containing 

species based on a few observables. The δ-H resonances indicated by the TOCSY doublet 

at 4.30 ppm show a NOESY correlation with aryl-H resonances on the asymmetric 

bipyridine, as discussed for Ru-Pro4-Tyr-OH, consistent with an N-terminal proline 

residue assignment. The α-H resonances for the proposed internal cis-amide containing 

1st-Pro 

2nd-Pro 
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species in Ru-Pro4-Tyr-OH are observed at 4.25 ppm and 4.56 ppm, consistent with the 

resonance positions observed here (4.30 and 4.66 ppm).Bboth of these signals was assigned 

to a cis-amide containing species, in analogy to the discussion in section G.2.1. It should 

be noted that the splitting of the δ-H resonances in a TOCSY pair varies throughout the 

metallopeptides, where generally the splitting decreases as you proceed towards the C-

terminus. Tentatively, some of this effect is assigned to an effect of the progression away 

from the Ru(bpy)3
2+ portion of the molecules. Particularly in this case, it seems that the C-

terminal residue shows very little splitting between its δ-H resonances, such that we only 

observe a single TOCSY signal at 4.66 ppm. This is also the case in the proposed C-

terminal residue for the disordered conformer in Ru-Pro3-Tyr-OH, discussed in G.2.2. 

 

Figure G.13: Overlaid 1H-1H-NOESY (red) and 1H-1H-TOCSY (blue) spectra for Ru-Pro2-Tyr-

OH in 75:25 D2O:d3-ACN, highlighting a second observable species. An α-H resonance was 

observed at 4.30 ppm which has an intra-proline (α-H)-(δ-H) TOCSY doublet but lacks any inter-

proline (α-H)-(δ-H) NOESY interactions. Instead, an (α-H)-(α-H) NOESY interaction with another 

(α-H) resonance at 4.66 ppm was observed. As with Ru-Pro4-Tyr-OH, this (α-H)n-(α-H)n+1 

interaction is indicative of a cis-amide between the two prolines in this species. The α-H resonance 

at 4.30 ppm was assigned as the N-terminal proline residue because of the similarity of its TOCSY 

doublet to that of the N-terminal PPII TOCSY doublet aligned at 5.04 ppm. The TOCSY doublet 

at 4.30 ppm also aligns with NOESY interactions on resonances associated with the asymmetric 

bipyridine, consistent with the N-terminal assignment. The remaining α-H resonance at 4.66 ppm 

is assigned as the C-terminal proline residue. 

1st-Pro 

2nd-Pro 
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The α-H resonance at 4.66 ppm overlaps with the α-H resonance corresponding to 

a PPII type structure discussed above, and so we used the isolated resonance at 4.30 ppm 

to estimate the relative population of all-trans and cis-containing metallopeptides (Figure 

G.14). Based on the relative integration of the α-H resonance at 5.03 ppm and the α-H 

resonance at 4.30 ppm, a 60:40 ratio of PPII and cis-amide containing structures was 

estimated.  

 

Figure G.14: 1H-NMR of Ru-Pro2-Tyr-OH in the spectral region for α-H resonances. The 

integrations of the all-trans amide species at 5.04 ppm and the cis-amide containing species at 4.30 

ppm are shown. Based on these relative integrations we estimate a 60:40 ratio of these species in 

solution. This estimate is qualitatively consistent with the double-exponential tyrosine oxidation 

kinetics discussed in the kinetics sections later in this document.  

 Please see the end of section G.2.1 for a discussion of the alternative possibility 

that the (α-H)-(α-H) NOESY signal indicates conformational exchange. This possibility is 

discussed there, and the same arguments hold in this case. 

Other observable interactions: All of the intraproline interactions outlined in 8.2.1 

are also present here. The same interaction between benzylic C-Hs and neighboring aryl 

C-H on the asymmetric bipyridine are observed. Signal to noise was lower for this sample 

because of solubility differences, and tyrosine-based interactions were not resolved above 

the noise. 

G.2.4 NOESY and TOCSY analysis for Ru-Pro1-Tyr-OH 

Having only a single proline, Ru-Pro1-Tyr-OH is unable to adopt any secondary 

structure resulting from additive interactions from proline residues. However, (α-H)Pro-(α-

H)Tyr NOESY interactions are observed which suggest some population of cis-amide 

configuration about the Pro-Tyr amide bond.  There were not any clear markers for the 

presence of a trans-amide bond in Ru-Pro1-Tyr-OH, as there are no diagnostic (α-H)-(δ-

H)n+1 interactions in this molecule. 

TOCSY analysis of Ru-Pro1-Tyr-OH: In the TOCSY spectrum of Ru-Pro1-Tyr-

OH through-bond interactions were observed which allowed the assignment α-H 

resonances on tyrosine and proline (Figure G.15). The α-H resonance observed at 4.85 ppm 
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shows a TOCSY signal with the tyrosine benzylic-CH2 resonance centered at 3.26 ppm 

and lacks any TOCSY signals in the region for proline β, γ, or δ-H resonances.  

 

Figure G.15: 1H-1H-TOCSY spectrum of Ru-Pro1-Tyr-OH. The spectrum is zoomed into regions 

which allow for the discernment of which α-H resonances are proline or tyrosine based, following 

the discussion in the text of this section. Dotted boxes are used to isolate the α-H resonance at the 

top of the figure and its correlations. The assignment of the α-H resonance is given below the 

dashed box, based on the TOCSY and NOESY signal discussed further below.  

This is consistent with a tyrosine-based α-H resonance at 4.85 ppm. This position is also 

consistent with the chemical shift of the tyrosine α-H observed in the other metallopeptides. 

The resonance at 4.47 ppm similarly lacks any (α-H)-(δ-H) TOCSY signal expected for a 

proline-based resonance, but has a TOCSY doublet in a region that we often see (α-H)-

(β/γ-H) interactions. The TOCSY data alone could not be used to assign this resonance, 

though the lack of an (α-H)-(δ-H) TOCSY signal suggests it is tyrosine-based. This 

assignment is confirmed with the NOESY analysis discussed later in this section. The 

remaining α-H resonances between 4.55 ppm and 4.78 ppm do have TOCSY signals in the 

regions for proline β, γ, and δ-H resonances, and therefore must contain proline-based α-H 

resonances. Interestingly, the resonance group centered at 4.65 ppm has twice the number 

of TOCSY signals in the (α-H)-(β/γ-H) region, versus the other proline α-H resonances at 

4.56 and 4.76 ppm. This indicates some overlap between α-H resonances here. We assign 

the resonance group at 4.66 ppm to an overlapping proline-based α-H resonance and 

tyrosine based α-H resonance. The tyrosine-based α-H resonance is confirmed in the 

Tyr α-H 

Pro α-H 

Pro α-H 

& 

Tyr α-H 

Pro α-H 

Tyr α-H 
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NOESY analysis later in this section.  The TOCSY signals are nearly identical for the α-H 

resonances at 4.56 and 4.66 ppm in the (α-H)-(δ-H) and (α-H)-(β/γ-H) regions, indicating 

that these two species must have very similar environment around the proline. The presence 

of three observable proline α-H resonances indicates a highly heterogenous solution 

structure for the shortest of the metallopeptides reported here.  

NOESY analysis of Ru-Pro1-Tyr-OH: In the NOESY spectrum of Ru-Pro1-Tyr-

OH, (α-H)-(α-H) interactions are observed between resonances that must be proline-based, 

as evidenced by the TOCSY data discussed above. In a molecule with a single proline 

residue, these signals cannot come from through-space interactions, and must be due to a 

conformational exchange occurring on the timescale of the experiment. For instance, the 

α-H resonance at 4.56 ppm showed a NOESY interaction with the α-H resonance at 4.76 

ppm. This suggests that the proline-based α-H resonance at 4.76 ppm is involved in a 

conformational exchange process, leading to an additional α-H resonance at 4.56 ppm. 

Another NOESY signal between the resonance group at 4.66 ppm and the proline-based α-

H at 4.76 ppm, though it was difficult to assign if this was indicative of a Pro-Pro 

conformational exchange or a Pro-Tyr through-space interaction because of the 

overlapping  α-H resonances at 4.66 ppm. 

 

Figure G.16: 1H-1H-NOESY spectrum of Ru-Pro1-Tyr-OH. The spectrum is zoomed into regions 

which allow for the discernment of which α-H resonances are proline or tyrosine based, following 

the discussion in the text of this section. The assignment of the α-H resonance is given above, in 

Figure G.15. 
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Moving to NOESY interactions involving tyrosine-based α-H resonances, the 

tyrosine α-H resonance showed a NOESY interaction with the benzylic-CH2 resonance 

multiplet centered at 3.26 ppm. Interestingly, the benzylic-CH2 resonance at 3.26 ppm also 

showed NOESY signals with upfield resonances that match the TOCSY signals from the 

tyrosine-based α-H resonance at 4.46 ppm and the two of the TOCSY signals from the 

overlapping α-H resonance group at 4.66 ppm. This indicates a conformational exchange 

in the metallopeptide that gives rise to three unique resonances for both tyrosine benzylic-

CH2 and tyrosine α-H signals. This assignment is consistent with opposite phase (through-

space) NOESY signals between the proposed benzylic-CH2 resonances and aryl-H 

resonances on tyrosine. The observation of three unique forms of tyrosine resonances is 

consistent with the six-doublets observed for the tyrosine aryl-H resonances observed 

between 6.73 and 7.34 ppm (Figure G.17). 

 

Figure G.17: 1H-1H-NOESY spectrum of Ru-Pro1-Tyr-OH. Here we have indicated the relevant 

tyrosine based conformational exchanges with dashed boxes, following the discussion in the text. 

through-space (Tyr-benzylic-CH2)-(Tyr-aryl-H) interactions with a thin black line. 

 Buffer Concentration Dependence and Kinetic Isotope Effects in the 

Tyrosine Oxidation Kinetics of Ru-Pro(1-4)-Tyr-OH 

Buffer concentration dependence data were collected from 50-600 mM phosphate 

at pH 8.0 with Ru-Pro(1-4)-Tyr-OH in the presence of 10-15 mM [Co(NH3)5Cl]Cl2. We 

also collected data at 800 mM phosphate for Ru-Pro4-Tyr-OH to assess the relatively 
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small buffer concentration dependent kinetics in that molecule. Kinetics were monitored 

by the flash-quench transient absorption method described in Section B.5 of this document. 

The raw data was log-time compressed in Matlab (Mathworks) so that there are 1000 data 

points for every log unit of time, starting from the beginning of the fit. This log-time 

compression method weights early data on a linear scale, so that the data in the flat region 

after most of the tyrosine oxidation is complete do not skew the fit.25 As mentioned in the 

main text and in the 2D NMR section of this SI, we see two-exponentials for tyrosine 

oxidation in the transient absorption data for Ru-Pro2-Tyr-OH and Ru-Pro4-Tyr-OH. 

This observation was attributed to the existence of two stable conformer species in these 

metallopeptides, one corresponding to the all-trans PPII helical structure and the other 

corresponding to a cis-amide containing species. This assignment is consistent with the 

structural data discussed in the 2D-NMR section above. The faster exponential decay was 

assigned to the cis-amide containing species, as this species should have a shorter donor-

acceptor distance than the PPII structure. In the case of Ru-Pro1-Tyr-OH and Ru-Pro2-

Tyr-OH, one exponential was also fixed to the excited state decay constant obtained from 

transient emission measurements on that same sample. For Ru-Pro(3-4)-Tyr-OH observed 

rate constants were extracted from single exponential fits to the data starting 2 μs after the 

laser flash, so as to exclude excited state decay. The kinetics for these metallopeptides were 

slow enough that it was not necessary to account for excited state decay. Least squares fits 

were employed using a time-offset multi or single exponential function in Igor Pro 8 

(WaveMetrics).  

When [Co(NH3)5Cl]Cl2 was used as an excited state quencher, tyrosine oxidation 

is irreversible. Consistent with this, we observe a build-up of non-decaying Ru(bpy)3
3+ 

signal in our tyrosine oxidation kinetics with repeated flashes. This was likely a result of 

Ru(bpy)3
3+ species in metallopeptides which have had tyrosine decompose from previous 

flashes. This results in the TA kinetics not returning to zero, and so a y-offset value was 

included in the fitting procedure to account for the build-up of these species (typically 

about 10% of Ru(bpy)3
3+ signal amplitude after 20 shots). This has been observed in 

multiple studies of tyrosine oxidation in ruthenium linked systems.2, 26 The signal decay of 

these Ru(bpy)3
3+ species is generally too slow ( ≈ 1mOD/ms) at the metallopeptide 

concentrations used to interfere with the intramolecular kinetics observed here. 

Contributions from the bimolecular decay would affect the fits at longer timescales, and 

some of those effects may be at play here. This is qualitatively consistent with slightly 

decreased y-offset value for the longer timescale measurements with the longer 

metallopeptides. Despite this, rate constants obtained from the first 10 shots match rate 

constants obtained from the last 10 shots for each metallopeptide. Overall, the effect was 

small based on the consistency between the first ten and last ten shots in a transient 

absorption measurement. Inconsistencies in the magnitude of the y-offset between some 

samples were attributed to differences in pump-power between days, which typically 
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varied between 5-7 mJ/pulse. These differences would yield different amounts of these 

non-reactive Ru(bpy)3
3+ species with repeated flashes. 

KIEs were measured in 100 mM phosphate buffer solutions prepared from freshly 

opened D2O and a 1M stock solution of deuterium phosphate at pH 7.55. The stock solution 

was prepared from freshly opened D2O and freshly opened KDPO4 solids. The pH was 

adjusted to 7.55 using a pH meter, assuming a correction for deuteron activity of pD = pH 

+ 0.45. pH adjustment was done with 30% v/v DCl in D2O obtained from an ampule. 

Transient absorption measurements were performed in the same manner described in 

section B.5 of this document. Data for the deuterated samples, and the resulting KIEs 

(comparing to kobs from the H2O samples at 100mM phosphate buffer) are given at the end 

of this section. 

H.1 Control Experiments: Ruling out excited state reactivity and buffer reactivity 

with Ru(bpy)3
3+. 

Before the tyrosine oxidation kinetics are discussed it is important to show that 

tyrosine oxidation occurred ground-state Ru(bpy)3
3+ oxidant, and that the Ru(bpy)3

3+ decay 

kinetics did not have significant contributions from side reactions. We show below that the 

Ru(bpy)2+ excited state does not directly oxidize the tyrosine phenol, that the phenol proton 

is required for Ru(bpy)3
3+ decay, and that phosphate buffer species present at pH 8.0 do 

not react with the photogenerated Ru(bpy)3
3+ species, 

As seen in Figure H.1, the molecules Ru-Pro1-Tyr-OH and Ru-Pro1-CO2Me have 

nearly identical emission decay profiles in the absence of an excited state quencher. This 

agreement rules out the possibility of tyrosine oxidation by the excited state.  
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Figure H.1: Overlaid transient emission (470 nm excitation and 630 nm detection) traces for 40 

μM Ru-Pro-Tyr-OH and 40μM Ru-Pro-CO2Me at pH 8.0 in 100 mM phosphate buffered water in 

the absence of quencher. Both gave excited state lifetimes of 450 ± 5 ns. 

In contrast, in the presence of an excited state quencher, the decay of the 

photogenerated Ru(bpy)3
3+ in Ru-Pro1-Tyr-OtBu matched that of Ru-Pro1-CO2Me, 

indicating that the phenolic proton is required to observe the Ru(bpy)3
3+ signal decay 

(attributed to tyrosine oxidation kinetics) described in the subsections below. This 

qualitatively implicated the involvement of proton transfer in the observed kinetics. The 

decay of the generated Ru(bpy)3
3+ in both cases is about 1 mOD/millisecond, which 

suggested that the decay of the Ru(bpy)3
3+ in the absence of oxidizable tyrosine was due to 

reactivity with some other solution species. 
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Figure H.2: Overlaid transient absorption traces (470 nm excitation and 450 nm detection) for Ru-

Pro1-Tyr-OtBu and Ru-Pro1-CO2Me in pH 8.0 100mM phosphate buffer with 10-15 mM 

[Co(NH3)5Cl]Cl2 quencher. The traces essentially overlaid, indicating that protecting the phenol 

completely negates the Ru(bpy)2
3+ decay seen in the tyrosine oxidation kinetics in subsections 

below. This qualitatively implicated the involvement of the proton transfer in our tyrosine oxidation 

kinetics. 

To rule out the possibility of phosphate buffer species reacting with the 

photogenerated Ru(bpy)3
3+, the Ru(bpy)3

3+ signal decay of Ru-Pro1-Tyr-OtBu was 

measured with increasing phosphate buffer concentration. As seen in Figure H.3, the decay 

of photogenerated Ru(bpy)3
3+ was essentially unchanged in the range of 50-800 mM 

phosphate buffer. No trend was observed with increasing buffer concentration, as the decay 

remains at about 1 mOD/millisecond in each case, representing about 6% of the total 

Ru(bpy)3
3+ signal amplitude. Based on a lack of a phosphate buffer concentration 

dependence and nearly identical signal decay in Ru-Pro1-Tyr-OtBu and Ru-Pro1-

CO2Me, this decay was assigned to a reaction between Ru(bpy)3
3+ and some other solution 

species, perhaps hydroxide ions present at pH 8.0. The absolute slowest observed kinetics 

measured in this study were with Ru-Pro4-Tyr-OH in D2O and span about 1 millisecond. 

The effect of this side-reactivity on our kinetics and fitting is therefore small. 
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Figure H.3: Overlaid transient absorption traces (470 nm excitation and 450 nm detection) for Ru-

Pro1-Tyr-OtBu in 10-15 mM [Co(NH3)5Cl]Cl2  phosphate buffered water at pH 8.0. The 

concentration of phosphate buffer was increased and the concentration are indicated in the legend. 

The decay traces essentially overlay, and the total signal decay is ≤ 1 mOD/millisecond. The 

slowest observed kinetics measured in this study span about 1 millisecond, and so this showed that 

buffer species do not react appreciably with Ru(bpy)3
3+ on the timescale of the kinetic 

measurements. 

H.2 Buffer Concentration Dependence of kobs at pH 8.0 for Ru-Pro1-Tyr-OH 

The tyrosine oxidation kinetics for Ru-Pro1-Tyr-OH were fit to a double 

exponential, as described in the main text of this manuscript and above. The tyrosine 

oxidation rate constants are only about a factor of 3 smaller than the excited state decay 

constant. This required that an exponential for excited state decay be included in the fits to 

the transient absorption data. The value of the excited state decay constant obtained from 

transient emission data was fixed in the transient absorption fit, and tyrosine oxidation 

kinetics were extracted from the resulting double exponential fit to the data. 
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Figure H.4: Transient emission data for 40μM Ru-Pro1-Tyr-OH (470 nm excitation and 630 nm 

detection) in 100 mM pH 8.0 phosphate buffer with 10-15 mM [Co(NH3)5Cl]Cl2, obtained after 

transient absorption measurement. Data is the average of 20 laser shots. The emission rate constant 

was obtained from a single exponential fit to the data, shown as a blue line. This value was used 

directly in the double exponential fit to the transient absorption data for Ru-Pro1-Tyr-OH in 100 

mM phosphate buffer. 
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Figure H.5: Transient absorption data for 40μM Ru-Pro1-Tyr-OH (470 nm excitation and 450 nm 

detection) in 100 mM phosphate buffer with 10-15 mM [Co(NH3)5Cl]Cl2. The raw data was 

compressed to 1000 data points for every log unit of time using a log-time compression script in 

Matlab. Data is the average of 20 laser shots. The data was fit to a double exponential, shown as a 

blue line, with the fast portion corresponding to excited state decay and the slower portion 

corresponding to intramolecular tyrosine oxidation. The fast exponential was fixed to the value for 

the kemission determined from a transient emission measurement on the same sample. The y-offset 

corresponds to the amount of undecaying Ru(bpy)3
3+ signal, due to a build-up of oxidized tyrosine 

with repeated flashes.  

Table H.1: Rate constants for tyrosine oxidation with Ru-Pro1-Tyr-OH in pH 8 phosphate 

buffered water. 

[HPO4
2-] (M) kobs (s-1) 

0.04705 4.8 ± 0.5 x 105 

0.0941 6.0 ± 0.6 x 105 

0.2823 8.7 ± 0.9 x 105 

0.564 1.2 ± 0.1 x 106 
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Figure H.6: Dependence of kobs on [HPO4
2-] for Ru-Pro1-Tyr-OH at pH 8.0 with 50-600 mM 

phosphate buffer. Error bars on rate constants shown at 10%, typical of the deviation between 

samples. The slope gives the second-order rate constant for tyrosine oxidation with HPO4
2- as the 

proton acceptor (kbuffer) and the y-intercept gives buffer independent tyrosine oxidation rate 

constant, assigned to reactivity with water/hydroxide as the proton acceptor (kwater). A linear fit to 

the data is given by the blue line. 

H.3 Buffer Concentration Dependence of kobs at pH 8.0 for Ru-Pro2-Tyr-OH 

The tyrosine oxidation kinetics for Ru-Pro2-Tyr-OH were fit to a triple-

exponential, as described above. The tyrosine oxidation kinetics occurred on a comparable 

timescale to excited state decay and so we included an exponential for excited state decay. 

A single-exponential fit to the data showed that the data decay was faster than the fit early 

in the kinetics and slower than the fit later in the kinetics. This was consistent with two 

reacting species requiring two exponentials to fit the signal decay. Two exponentials were 

fit to the data after excited state decay, one exponential for tyrosine oxidation in a cis-

amide containing conformer and one exponential for tyrosine oxidation in an all-trans PPII 

species. The presence of these species was discussed in detail in the structural 

investigations detailed above, and the relative kinetic amplitude from the two exponentials 

agreed reasonably well with the relative populations estimated by NMR. The faster 

exponential was assigned to the kinetics of the cis-amide containing and the slower kinetics 

were assigned to the all-trans PPII species. Both cis-amide species and PPII species show 

buffer concentration dependences, but we focus our discussion on the PPII kinetics, as no 

donor-acceptor distance information is available on the cis-amide containing species. The 
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rate constant for excited state decay was fixed to the value determined from transient 

emission measurements on the same sample after transient absorption measurements. 

 

Figure H.7: Transient emission measurement for 40μM Ru-Pro2-Tyr-OH (470 nm excitation and 

630 nm detection) in 100 mM pH 8.0 phosphate buffer with 10-15 mM [Co(NH3)5Cl]Cl2, obtained 

after transient absorption measurement. Data is the average of 20 laser shots. The emission rate 

constant was obtained from a single exponential fit to the data, shown as a blue line. This value 

was used directly in the double exponential fit to the transient absorption data for Ru-Pro2-Tyr-

OH in 100 mM phosphate buffer. 
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Figure H.8: 450 nm transient absorption measurement for Ru-Pro2-Tyr-OH in 100 mM phosphate 

buffer with 10-15 mM [Co(NH3)5Cl]Cl2. Data is the average of 20 laser shots at 470 nm. The raw 

data was compressed to 1000 data points for every log unit of time using a log-time compression 

script in Matlab.. The data was fit to a triple exponential, shown as a blue line, one exponential was 

fixed to excited state decay and the other two exponentials were fit as two intramolecular tyrosine 

oxidation processes. The fast portion of the tyrosine oxidation kinetics was assigned to the cis-

amide containing species observed for this metallopeptide, and the rate constant for tyrosine 

oxidation in these species is called kcis. The slower tyrosine oxidation kinetics were assigned to the 

all-trans PPII conformer metallopeptides in solution, and the rate constant for tyrosine oxidation 

obtained for these species is called kobs. The y-offset corresponded to the amount of undecaying 

Ru(bpy)3
3+ signal, due to a build-up of oxidized tyrosine with repeated flashes.  

Table H.2: Rate constants for tyrosine oxidation in Ru-Pro2-Tyr-OH at pH 8 with increasing 

[HPO4
2-]. 

[HPO4
2-] (M) kobs (s-1) kcis (s-1) 

0.04705 1.6 ± 0.2 x 105 1.0 ± 0.1 x 106 

0.0941 2.0 ± 0.2 x 105 1.4 ± 0.1 x 106 

0.2823 2.9± 0.3 x 105 1.7 ± 0.2 x 106 

0.564 4.2 ± 0.4 x 105 2.6± 0.2 x 106 
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Figure H.9: Dependence of kobs on [HPO4
2-] for Ru-Pro2-Tyr-OH at pH 8.0 with 50-600 mM 

phosphate buffer. Error bars on rate constants shown at 10%, typical of the deviation between 

samples. The slope gives the second-order rate constant for tyrosine oxidation with HPO4
2- as the 

proton acceptor (kbuffer) and the y-intercept gives buffer independent tyrosine oxidation kinetics, 

assigned to reactivity with water/hydroxide as the proton acceptor (kwater). A linear fit to the data is 

given by the blue line. 

H.4 Buffer Concentration Dependence of kobs at pH 8.0 for Ru-Pro3-Tyr-OH 

The tyrosine oxidation kinetics for Ru-Pro3-Tyr-OH were fit to a single 

exponential, as described in the main text of this manuscript. The excited state decay in 

these kinetics were about an order of magnitude faster than tyrosine oxidation kinetics. 

Therefore, the excited state decay kinetics were not included in the tyrosine oxidation 

kinetic fitting. Based on transient emission measurements, excited state decay was 

complete within 2μs, and so our single exponential fits started 2 μs after the laser flash. 
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Figure H.10: Zoom in of 450 nm transient absorption measurement for Ru-Pro3-Tyr-OH in 100 

mM phosphate buffer with 10-15 mM [Co(NH3)5Cl]Cl2. The full signal amplitude after the flash is 

not shown so that the tyrosine oxidation region can be clearly seen. Data are the average of 20 laser 

shots at 470 nm. Data were fit to a single exponential starting 2 μs after the laser flash, when excited 

state decay is finished. Signal decay at longer timescales was comparable to the side-reactivity 

shown in Figure H.3. 

 

Table H.3: Rate constants for tyrosine oxidation in Ru-Pro3-Tyr-OH at pH 8 with increasing 

[HPO4
2-]. 

[HPO4
2-] (M) kobs (s-1) 

0.04705 2.7 ± 0.3 x 104 

0.0941 3.0 ± 0.3 x 104 

0.2823 4.3 ± 0.4 x 104 

0.564 5.7 ± 0.6 x 104 
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Figure H.11: Dependence of kobs on [HPO4
2-] for Ru-Pro3-Tyr-OH at pH 8.0 with 50-600 mM 

phosphate buffer. Error bars on rate constants shown at 10%, typical of the deviation between 

samples. The slope gave the second-order rate constant for tyrosine oxidation with HPO4
2- as the 

proton acceptor (kbuffer) and the y-intercept gives buffer independent tyrosine oxidation kinetics, 

assigned to reactivity with water/hydroxide as the proton acceptor (kwater). A linear fit to the data is 

given by the blue line. 

H.5 Buffer Concentration Dependence of kobs at pH 8.0 for Ru-Pro4-Tyr-OH 

The tyrosine oxidation kinetics for Ru-Pro4-TyrOH were fit to a double 

exponential after excited state decay, as described in the main text of this manuscript. The 

fits were similar to Ru-Pro2-TyrOH, where a single exponential did not capture the signal 

decay behavior. Unlike with Ru-Pro2-TyrOH, both processes were much slower than 

excited state decay in Ru-Pro4-TyrOH, which made the double-exponential behavior 

more obvious and allowed us to ignore excited state decay in the kinetic fit. The fast and 

slow exponentials in the double exponential fits were assigned in the same way described 

for Ru-Pro2-TyrOH. The slower exponential was assigned to tyrosine oxidation kinetics 

from the all-trans PPII structure observed by NMR and the faster exponential was assigned 

to kinetics from the cis-amide containing structures observed by NMR. The tyrosine 

oxidation rate constants from the faster exponential decay were assigned as kcis and the 

tyrosine oxidation rate constant from the slower (PPII) exponential decay as kobs. Excited 

state decay was not included in our fits for the same reasons described in Section H.4. 

Based on transient emission measurements, excited state decay was complete within 2μs, 

and so our single exponential fits began at 2μs after the laser flash.  
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Figure H.12: 450 nm transient absorption measurement for Ru-Pro4-Tyr-OH in 100 mM 

phosphate buffer with 10-15 mM [Co(NH3)5Cl]Cl2. Data is the average of 20 laser shots at 470 nm. 

Data were fit to a single exponential starting 3 μs after the laser flash.  

Table H.4: Rate constants for tyrosine oxidation in Ru-Pro4-Tyr-OH at pH 8 with increasing 

[HPO4
2-]. 

[HPO4
2-] (M) kobs (s-1) kcis (s-1) 

0.04705 9.0 ± 0.9 x 103 8.9 ± 0.9 x 104 

0.0941 1.0 ± 0.1 x 104 1.2 ± 0.1 x 105 

0.2823 1.2 ± 0.1 x 104 1.6 ± 0.2 x 105 

0.564 1.5 ± 0.2 x 104 2.4 ± 0.2 x 105 

0.753 1.7 ± 0.2 x 104 3.2 ± 0.2 x 105 
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Figure H.13: Dependence of kobs on [HPO4
2-] for Ru-Pro4-Tyr-OH at pH 8.0 with 50-800 mM 

phosphate buffer. Error bars on rate constants shown at 10%, typical of the deviation between 

samples. The slope gives the second-order rate constant for tyrosine oxidation with HPO4
2- as the 

proton acceptor (kbuffer) and the y-intercept gives buffer independent tyrosine oxidation kinetics, 

assigned to reactivity with water/hydroxide as the proton acceptor (kwater). A linear fit to the data is 

given by the blue line. 

H.6 Kinetic Isotope Effects with Ru-(Pro)(1-4)-Tyr-OH at pH 8.0. 

KIEs were measured in freshly prepared deuterated phosphate buffer solutions in 

D2O. Phosphate buffer concentration was kept at 100 mM and the pH was kept at 7.55, 

assuming the standard correction for deuteron activity. Because the kinetics are always a 

mixture of phosphate buffer dependent and independent kinetics, the KIEs were assigned 

to an observed KIE, not a KIE for kbuffer or kwater.  Both of these tyrosine oxidation 

mechanisms were found to have KIEs between 2-3 for a closely related molecule reported 

by the Hammarstrӧm lab.27 
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Figure H.14: 450 nm transient absorption measurement for Ru-Pro1-Tyr-OH in 100 mM 

deuterated phosphate buffer in D2O with 10-15 mM [Co(NH3)5Cl]Cl2. Data is the average of 20 

laser shots. The data was fit to a double exponential, shown as a blue line, exactly as described in 

section H.2. The rate of excited state decay, kemission, was determined from a transient emission 

measurement on the same sample., as described in section H.2.  

 

Figure H.15: Overlaid 450 nm transient absorption measurement for Ru-Pro1-Tyr-OH in proteo 

or deutero conditions 10-15 mM [Co(NH3)5Cl]Cl2. Both data sets are the average of 20 laser shots. 
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Clearly the Ru(bpy)3
3+ reduction by tyrosine is slower when the proton is exchanged for deuterium. 

The KIE is given in table H.5 at the end of this section. 

  

Figure H.16: 450 nm transient absorption measurement for Ru-Pro2-Tyr-OH in 100 mM 

deuterated phosphate buffer in D2O with 10-15 mM [Co(NH3)5Cl]Cl2. Data is the average of 20 

laser shots at 470 nm. The data were fit to a triple exponential, shown as a blue line, exactly as 

described in section H.3. The emission decay rate constant was obtained from a transient emission 

measurement on the same sample. 
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Figure H.17: Overlaid 450 nm transient absorption measurement for Ru-Pro2-Tyr-OH in proteo 

or deutero conditions 10-15 mM [Co(NH3)5Cl]Cl2. Both data sets were the average of 20 laser 

shots. The Ru(bpy)3
3+ reduction by tyrosine was slower when the proton is exchanged for 

deuterium. The KIE is given in table H.5 at the end of this section. 
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Figure H.18: 450 nm transient absorption measurement for Ru-Pro3-Tyr-OH in 100 mM 

deuterated phosphate buffer in D2O with 10-15 mM [Co(NH3)5Cl]Cl2. Data is the average of 20 

laser shots at 470 nm. Data was fit to a single exponential exactly as described in section H.4. 

 

Figure H.19: Overlaid 450 nm transient absorption measurement for Ru-Pro3-Tyr-OH in proteo 

or deutero conditions 10-15 mM [Co(NH3)5Cl]Cl2. Both data sets are the average of 20 laser shots. 

The Ru(bpy)3
3+ reduction by tyrosine is slower when the proton is exchanged for deuterium. The 

KIE is given in table H.5 at the end of this section. 
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Figure H.20: 450 nm transient absorption measurement for Ru-Pro4-Tyr-OH in 100 mM 

deuterated phosphate buffer in D2O with 10-15 mM [Co(NH3)5Cl]Cl2. Data is the average of 20 

laser shots at 470 nm. Data was fit to a double exponential starting 3μs after the laser flash, exactly 

as described in section H.5. 
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Figure H.21: Overlaid 450 nm transient absorption measurement for Ru-Pro4-Tyr-OH in proteo 

or deutero conditions 10-15 mM [Co(NH3)5Cl]Cl2. Both data sets are the average of 20 laser shots. 

The Ru(bpy)3
3+ reduction by tyrosine is slower when the proton is exchanged for deuterium. The 

KIE is given in table H.5 at the end of this section. 

Table H.5: Rate constants for tyrosine oxidation in Ru-Pro(1-4)-Tyr-OH at pH 8.0 100mM 

phosphate buffer in D2O and H2O. The resulting KIEs are the ratio of the kobs in H2O (kH) 

and the kobs in D2O (kD). Error in KIE is from the error in kobs(H2O) and kobs(D2O). 

Metallopeptide kobs(H2O) (s
-1) kobs(D2O) (s

-1) KIEobs 

Ru-Pro1-Tyr-OH 6.0 ± 0.1 x 105 2.2 ± 0.1 x 105 2.7 ± 0.2 

Ru-Pro2-Tyr-OH 2.0 ± 0.1 x 105 7.6 ± 0.2 x 104 2.6 ± 0.2 

Ru-Pro3-Tyr-OH 3.0 ± 0.1 x 104 9.7 ± 0.9 x 103 3.1 ± 0.4 

Ru-Pro4-Tyr-OH 1.0 ± 0.1 x 104 3.2 ± 0.1 x 103 3.1 ± 0.4 
 

 Electron transfer from tyrosinate: multiexponential kinetics and 

non-exponential distance decay 

To obtain a comparison between MS-CPET and ET rate constants, TA 

measurements were made to probe the distance-dependent ET kinetics from the 

deprotonated tyrosine form of the metallopeptides. Based on a pKa of 10.3 for 4-methyl-

phenol,28 at pH values > 10.7, the speciation of the metallopeptides in solution is mostly 

the deprotonated phenol. We encountered some of the difficulties reported by others, 

namely that ET with the Ru(bpy)3
3+ oxidant occurs too rapidly for a diffusion.29 The flash-

quench transient absorption data for the dyads is essentially unchanged with additional 

prolines, using methyl viologen dichloride as the excited state quencher. Using the milder 

Ru(bpy)3
2+* excited state as an oxidant allowed for the measurement of electron transfer 

rate constants using time-correlated single photon counting. Despite these efforts, we 

observed multiexponential kinetics and non-exponential distance dependences which 

suggested a highly heterogenous solution structure. This observation was consistent with 

recent literature on oligoproline structures, which suggested that the combination of N-

terminal cations (Ru(bpy)3
2+) and C-terminal anions (PhO-) strongly disfavor PPII 

structure.21  

Below are select data from in excited state ET tyrosinate oxidation kinetics. At least 

three components were observed in the kinetics, indicating three observable populations of 

metallopeptides. The resulting distance decay from the slowest kinetic component is non-

exponential and suggests a non-linear increase in distances and a deviation from the PPII 

structure. These observations are independent of buffer concentration or pH (when ≥10.7), 

consistent with an ET-only mechanism.2, 30 Excited state quenching was not observed with 

the protected phenol in Ru-Pro1-Tyr-OtBu at pH ≥ 10.7, which implicates the 

involvement of the deprotonated phenol in the observed excited state quenching. Based on 

these observations, we could not make an explicit comparison between the ET and MS-
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CPET kinetics in this system, as the ET kinetics do not seem amenable to a reliable distance 

dependence analysis.  

For Ru-Pro(1-2)-Tyr-OH, excited state quenching was observed at high pH. 

Controls with Ru-Pro1-Tyr-OtBu showed no excited state quenching at high pH, directly 

implicating the tyrosine phenolate as responsible for this quenching. The kinetic behavior 

was complicated. Triple exponential excited state decay was observed by TCSPC (Figure 

I.1). For the longer two metallopeptides, only small amounts of quenching was observed 

(10-20% difference in lifetimes), with Ru-Pro4-Tyr-OH showing slightly faster quenching 

than Ru-Pro3-Tyr-OH (data not shown). 

 

Figure I.1: Representative TCSPC measurements of Ru-Pro1-Tyr-OH in pH 8.0 phosphate 

buffered water (yellow data, red single exponential fit) versus pH 11.8 phosphate buffered 

water(red data, blue double exponential fit). Excitation was at 459 nm and emission was measured 

at 630 nm. Clearly the excited state is quenched at higher pH. Controls with Ru-Pro1-Tyr-OtBu 

support an intramolecular ET mechanism for excited state quenching. 20% of the signal decay was 

faster than the instrument response, and the remaining signal fits well to a double-exponential, 

indicating at least three populations of metallopeptides in solution. This behavior was consistent 

with that seen with Ru-Pro2-Tyr-OH. 

The distance dependence resulting from the slowest decay constants from the 

multiexponential fits were non-exponential, and very shallow (Figure I.2). As discussed 

above, this is attributed to a heterogenous solution structure with structural deviations from 

the expected PPII structure. It was not appropriate to apply the distance estimates from the 

oligoproline literature on the deprotonated forms of these metallopeptides, and so a reliable 

distance dependence could not be deteremined for ET tyrosine oxidation. While it might 

be tempting to propose that the first three data points in this plot make a reasonable line, 

≈ 20% of signal not accounted for 
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this is a very arbitrary treatment, since the last three data points do not give a reasonable 

correlation. 

 

Figure I.2: Distance decay obtained from excited state quenching measurements at pH 11.8 10 mM 

phosphate buffer water with TCSPC. The linear fit to the data gives a β value of 0.16 Å-1. The 

distance decay is non-exponential and indicates some deviation from the desired PPII structure.  
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