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Peculiarities of Electron Transfer 
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Abstract

Electron transfer (ET) is one of the most universal reactions in chemistry and 
biology. Recent studies conducted on the examples of photoinduced ET (PET) in 
chiral linked systems (dyads) have shown several important features indicative for 
ET in chiral systems. The peculiarity of processes with PET in such systems is pri-
marily the stereoselectivity; there is difference in ET rates and fluorescence quan-
tum yields in dyad diastereomers. The next feature is the spin selectivity of back 
ET in the biradical-zwitterions (BZs) that are formed under the dyad diastereomer 
UV irradiation. This is the difference in the enhancement coefficients of chemically 
induced dynamic nuclear polarization (CIDNP) originated in BZs. The probable 
cause of this effect is the variation in the spin density values, resulting from differ-
ence in the spatial structure of BZ in (R,S)- and (S,S)-configurations. The latter, in 
turn, is due to the fact that these dyads react in the form of associates—dimers. The 
impact of dimerization on the effectiveness of ET in chiral systems is an example 
of the chiral catalysis. The study of ET in chiral linked systems reveals reasons for 
the various reactivities of chiral molecules, including the difference in therapeutic 
activity of drug enantiomers.

Keywords: chiral drugs, NSAID, linked systems, dyads, diastereomers, dimers, 
electron transfer, stereoselectivity, spin selectivity, CIDNP, fluorescence

1.  Introduction: ET in the investigation of the binding of chiral drugs 
with biomolecules

Chiral systems are in the top of interest for a long time to this day. From the 
chemical point of view, the most interesting are the following issues: sources of 
the chiral biomolecules appearance in prebiological period, and physicochemical 
reasons of the difference in biological and medical activity of enantiomers. It is 
a matter of debate up to now [1]. On the both directions, significant progress has 
been made in the last decade of the twentieth century and the beginning of the 
twenty-first century. This review will focus on elementary ET process in chiral 
systems. These systems are donor-acceptor dyads with two chiral centers studied 
by spin chemistry and photochemistry methods. Similar dyads are frequently 
used to simulate the binding of chiral drugs with receptors or enzymes [2, 3]. 
They are diastereomers, where one partner is a drug enantiomer. Such systems 
attract attention since drug enantiomers demonstrate different, often just oppo-
site, medical activity. It is a practical problem of pharmacology and medicine [1]. 
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Despite this, numerous biochemical studies did not give a definite answer about 
the reasons for the difference in enantiomer medical activities.

Because enantiomers have identical physicochemical properties, there are no 
physical reasons of the difference in reactivity. But in active sites of enzymes and 
receptors, chiral enantiomers interact with chiral amino acid residues, and it lets 
us expect that drug-enzyme or drug-receptor complexes will be similar to diaste-
reomers. If binding process includes stages with charge transfer, the ET in dyads 
would be a convenient model to simulate drug-receptor or drug-enzyme interac-
tion. Suggested approach is based on two major assumptions. First, it is suggested 
that the reactivity of active intermediates would not depend on their generation 
pathway. Second, using photoirradiation instead of enzymatic one for the studied 
processes, activation is possible since an activation barrier is decreased as a result of 
increasing of drug’s oxidation potential in its excited state [3].

ET in chiral systems is studied by the example of nonsteroidal anti- 
inflammatory drugs (NSAIDs), medicines that demonstrate remarkable difference 
in enantiomers medical activity [1, 4]. PET was studied by the UV irradiation of 
dyads including NSAIDs linked by bridges with various electron donors [5–10]. The 
exploration by using fluorescence and laser flash photolysis has shown that ET in 
dyads is stereoselective.

The application of photochemistry and CIDNP methods to study dyads with 
known representative NSAID naproxen (NPX) and donors N-methylpyrrolidine 
(Pyr) and tryptophan (Trp) has shown that, under the UV irradiation, partial and 
full charge transfer occur. Both processes demonstrate stereoselectivity [3, 11–14].

This difference in reactivity of (S)- and (R)-NPX isomers, which are part of 
diastereomers, is in qualitative agreement with some results of biochemical research 
[3]. So, (R)-isomer is more active in cytochrome P-450-induced metabolism that 
involves stage of ET. At that, indeed, the rate constant of the local excited state 
transition to a state with partial charge transfer systematically is greater for  
(R,S)-diastereomers. If we imagine that the process of partial charge transfer 
leading to exciplex formation can simulate the binding process, then large quantum 
yields of exciplex fluorescence for (S,S)-diastereomers compared with (R,S)- will 
mean the better binding of (S)-NPX with a donor.

The following peculiarity of ET process in chiral systems is spin selectivity [15]. 
Spin selectivity means the difference in CIDNP effects of dyad diastereomers, 
shown by the example of two dyads: NPX linked by a rigid bridge with the donor 
Pyr, and NPX-Trp dyad. Spin selectivity appearance lets us assume the difference in 
electron density distribution of (R,S)- and (S,S)-dyad diastereomers.

Thus, the above results have shown that full ET and partial charge transfer 
processes play a significant role in understanding of chiral systems reactivity.

Further, this chapter will be devoted to the description of two features of ET 
in chiral systems: stereo- and spin selectivity and the influence of environment on 
these peculiarities.

2. Stereoselectivity of PET in chiral dyad diastereomers

In this part, we will discuss the appearance of stereoselectivity of processes with 
PET in the linked systems with different NSAIDs.

2.1 Linked systems with flurbiprofen

Photoinduced interactions of (S)-/(R)-flurbiprofen (FBP) and thymidine 
(dThd) were studied in covalent-linked systems in work [5] (for structures,  
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see Figure 1). Under the illumination of (R)-FBP-dThd and (S)-FBP-dThd 
solutions in aerated acetonitrile, chromophore 1FBP* was excited and its fluo-
rescence quantum yield (φfl) and lifetime (τfl) values were smaller than those 
of free FBP in solution. Authors suggested this dynamical quenching carries 
out through ET (where FBP is a donor) or exciplex formation. This theory is 
supported by Gibbs energies (ΔG) estimation in solutions of different polarity 
(acetonitrile and dioxane) by using classical Rehm-Weller-Zacharias criterion 
[16]. This criterion application has demonstrated that both partial and full 
charge transfer are possible in acetonitrile but exciplex formation is prevailing in 
dioxane. Fluorescence quantum yields and lifetimes have shown stereoselectivity 
of these processes—for (R)-isomer, φfl and τfl (0.015 and 0.27 ns) were smaller 
than for (S)- (0.018 and 0.31 ns).

For systems with amino acid Trp (structures in Figure 2), stereoselectivity of 
quenching process was also demonstrated. In this case, the excitation wavelength 
266 nm was chosen where about 60% of light is absorbed by FBP and 40% by 
Trp, respectively. Significant fluorescence quenching was detected, and residual 
spectrum was referred to Trp chromophore. Also wide exciplex band was registered 
(380–500 nm), and its lifetimes for (R,S)- and (S,S)-isomers revealed the biggest 
stereoselectivity—5.1 and 7.6 ns (in N2 bubbled acetonitrile solutions), respectively. 
As for fluorescence quantum yields and lifetimes of the main spectrum band attrib-
uted to the dyad excited state, the values were φfl (R,S) = 0.02, φfl (S,S) = 0.04; τfl 
(R,S and S,S) = 0.9 ns. Possibility of electron transfer and exciplex formation was 
checked by ΔG values estimation (using Rehm-Weller-Zacharias equation [16]), in 
both cases processes turned out to be exergonic [6].

For systems with amino acid tyrosine, some stereoselectivity of photoinduced 
charge transfer was also found and, in this case, main attention was focused on the 
influence of spacer between partners [7]. One system FBP-Tyr had flurbiprofen and 
tyrosine connected directly, and another one had them separated by a cyclic spacer 
(see Figure 3).

As in previous flurbiprofen systems, these systems were studied by means 
of time-resolved fluorescence and flash-photolysis spectroscopy in acetonitrile 
solutions. Significant fluorescence quenching was found for both systems with 
short and cyclic bridge. It was attributed to electron transfer. Expectedly, this 
process was more efficient for the system with short bridge. Fluorescence quan-
tum yields were 0.04 and 0.09 (for (R,S)- and (S,S)-FBP-Tyr, respectively), 0.15 

Figure 1. 
Chemical structures of FBP-dThd dyads.
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and 0.11 (for (R,S)- and (S,S)-FBP-CyAA-Tyr). Average fluorescence lifetimes 
were 0.36 and 0.9 ns (for (R,S)- and (S,S)-FBP-Tyr, respectively), 1.2 and 0.93 ns 
(for (R,S)- and (S,S)-FBP-CyAA-Tyr). Interestingly, that for systems with a cyclic 
spacer exciplex formation was registered in fluorescence spectra and its lifetimes 
were 3.05 ± 0.01 and 3.27 ± 0.01 ns for (R,S)- and (S,S)-FBP-CyAA-Tyr, respec-
tively. Possibility of electron transfer and exciplex formation was confirmed by 
authors with ΔG values estimation (by using Rehm-Weller-Zacharias equation 
[16]). Even more stereodifferentiation was observed for these systems triplet 
state: 0.14 and 0.27 (for (R,S) and (S,S)-FBP-Tyr), 0.39 and 0.22 (for (R,S) and 
(S,S)-FBP-CyAA-Tyr). No stereoselectivity was detected at early times, only after 
about 10 ps. The kinetics of (R,S)-FBP-Tyr was found to decay faster than its 
(S,S)-analogue after 10 ps; on the contrary, for the dyads with rigid bridge, the 
opposite behavior was observed [8]. These differences were analyzed in view of 
conformational peculiarities of studied systems. Computations have shown that 
geometrical arrangement of FBP and Tyr was favored for donor-acceptor inter-
action in (R,S) with short bridge due to its folded conformation, which was in 
agreement with fluorescence data. And geometry of this dyad (S,S)-configuration 
was more distorted, and fluorescence quenching was less efficient. Concerning 
dyads with rigid bridge, authors claimed more unfavorable geometry for interac-
tion, especially for the (R,S)-diastereomer, where the two chromophores are 
practically in orthogonal arrangement. That is also in line with (R,S)- lower 
fluorescence quenching compared to (S,S)-FBP-CyAA-Tyr. Exciplex formation 
was not analyzed in these computations.

Figure 2. 
Chemical structures of (R)-/(S)-FBP-Trp dyads.

Figure 3. 
Chemical structures of FBP-Tyr (top) and FBP-CyAA-Tyr (bottom).
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2.2 Linked systems with carprofen

Chiral systems photoinduced interactions with amino acids were also studied 
in work [9]. In this case, an acceptor role is played by another NSAID—carprofen 
(CPF-Trp, see systems structure in Figure 4) and a donor amino acid was trypto-
phan (in dyad and in human serum albumin).

In the presence of albumin in the solution of CPF, similar transient absorp-
tion spectra were observed for both CPF stereoisomers. However, time-resolved 
measurements have shown significant difference—for each isomer, triplet state 
quenching profile had two components with different lifetimes. Authors cor-
responded these times to CPF complexation with two possible albumin bonding 
sites (site I and site II). This mapping was confirmed in experiments with another 
NSAID—ibuprofen as a substitute in site II. Therefore, shorter components, which 
had shown more significant stereodifferentiation (τR/τS~4), were associated with 
CPF triplet state in site I; and lifetime shortening authors linked with excitation 
quenching by charge transfer from only one possible partner in protein—Trp amino 
acid residue. Laser flash photolysis study of model linked system—CPF-Trp dyad 
(Figure 4) confirmed this idea. Trp cation-radical was registered (with absorption 
maximum at ~580 nm); this is the evidence of electron transfer mechanism. And 
triplet lifetimes of model systems demonstrated stereodifferentiation—τRS = 2.4 μs 
and τSS = 3.0 μs. Interestingly, that in this case, in opposite to all flurbiprofen-
contained dyads, no reactivity was observed for singlet excited state—all fluores-
cence quantum yields and lifetimes were equal to carprofen itself φfl = 0.068 and 
τfl = 1.55 ns.

Another study involving drug in complex with α1-acid glycoprotein (BAAG) was 
performed by photophysical methods [10]. Laser flash photolysis in solutions of 
BAAG/(S)-CPFMe (methyl ester of carprofen) and BAAG/(R)-CPFMe in propor-
tion 2:1 was performed and decay traces have shown stereodifferentiation. Thus, the 
triplet lifetime value for the (S)-enantiomer was much shorter (13 μs) than that of 
(R)-analogue (18 μs). Authors proposed that this could be related to the more effi-
cient quenching of triplet excited state 3CPFMe* by electron transfer from Trp in the 
case of (S)-CPFMe, which is in agreement with a closer distance from (S)-CPFMe to 
a Trp residue than in case of (R)-CPFMe, within the binding site pocket [9].

2.3 Linked systems with naproxen

NSAID NPX as a part of linked systems with electron donors was studied in many 
works. Interestingly, system with NPX was dyad NPX-oxetane (OXT) (Figure 5) [17]. 
Illumination of systems in acetonitrile and chloroform solutions at NPX absorption 
wavelength (300 nm) leaded to ring opening.

Figure 4. 
Chemical structures of dyads (R)-/(S)-CPF-Trp.
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Figure 6. 
Scheme of photoinduced ring opening in systems (S)-NPX-(S,R,S)-OXT and (S)-NPX-(R,S,R)-OXT.

Authors explained this reaction mechanism also by involving photoinduced 
electron transfer (reaction scheme is presented in Figure 6).

Interestingly, that high reactivity was observed in acetonitrile but high stereose-
lectivity was in chloroform (τS,R,S/τR,S,R ~ 1.5). Allegedly, this is because of twisted 
conformations that prevail in dyad (S)-diastereomer. In this conformation, naphtha-
lene fragment oriented to oxetane that favors intramolecular electron transfer [17].

More detailed investigation of processes with partial and full charge transfer in 
linked systems was performed by examples of several dyads from Figure 7  
[3, 11–14].

In this case, besides using time-resolved fluorescence measurement, CIDNP 
method has been applied to detect the state with full charge transfer between donor 
and acceptor—biradical-zwitterion (BZ) formed as a result of intramolecular ET.

CIDNP is phenomenon that manifested as unusual NMR signals, with the 
population of nuclear spins different from Boltzmann population. These signals 
are observed in the products of radical reaction, carried out directly in the probe of 
NMR spectrometer. There are singlets and multiplets with enhanced absorption or 
emission existing for a short time comparable with time of nuclear relaxation. These 
effects are the result of weak magnetic interactions in the radical pair (RP), which is 
a precursor of products. In essence, CIDNP, formed in high magnetic field of NMR 
spectrometer, reflects the difference in the recombination probability of RPs with αN 
and βN nuclear spin projections on the magnetic field direction. It depends on hyper-
fine coupling constants, the difference in g-factors of two radicals in RP, multiplicity 
of the RP precursors, the type of reaction, and some other parameters [18]. Today, 
CIDNP is the most direct method for detecting paramagnetic precursors of radical 
reaction products.

Figure 5. 
Linked systems structure: left—(S)-NPX-(S,R,S)-OXT, right—(S)-NPX-(R,S,R)-OXT.
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The formation of BZ under the UV irradiation of dyads pictured in Figure 7 
was detected using CIDNP [3]. In accordance with spin density distribution in BZ, 
maximal CIDNP effect demonstrates methyl protons of N-methylpyrrolidine group 
(Figure 8).

The same CIDNP effects have demonstrated all other dyads with donor 
N-methylpyrrolidine. Unlike the mentioned dyads, diastereomers of dyad NPX-Trp 
have shown CIDNP of both aromatic and aliphatic protons (Figure 9).

Figure 7. 
Linked system structures: NPX-Pyr—“short,” NPX-AA-Pyr—“flexible,” NPX-CyAA-Pyr—“rigid,” and NPX-
Trp—“tryptophan dyads.”.

Figure 8. 
NMR and CIDNP spectra detected after laser irradiation of (S,S)-NPX-Pyr “short” dyad in CD3CN; 1—N-
CH3, 2—CH, 3—CH2 signals of α protons in N-centered radical-cation of N-methylpyrrolidine fragment.
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The reason of the distinction of CIDNP pattern in dyads with 
N-methylpyrrolidine and Trp relates with the difference in the ratios of HFI con-
stants in paramagnetic centers of donor and acceptor. In the case of NPX-Trp dyad, 
HFI constants of both fragments are the same order of magnitude, so CIDNP effects 
are appeared on all groups of protons. As it was mentioned above, in BZs of dyads 
with Pyr HFI constants of α protons in pyrrolidine fragment prevail; therefore, they 
determine the singlet-triplet evolution in RP.

Thus, CIDNP spectra in all studied dyads point at NPX excited state quenching 
via ET, followed by the formation of BZ (Scheme 1). CIDNP signs analysis carried 
out according to the known rules of R. Kaptein modified by G. Closs showed that 
the singlet excited state of dyads is quenched by an electron donor in intramo-
lecular process [18]. An intramolecular ET is favored since a difference in order 
of magnitude between the rates of monomolecular and bimolecular quenching: 
Wintra = 2–8 × 108 s−1 and Winter = 2 × 109 × 5 × 10−3 = 107 M−1 s−1 [11, 12, 14].

Well-known criterion of Rehm-Weller-Zacharias points at the possibility of 
the back ET from both singlet and triplet spin states of the BZ [12, 16]. According 
to this criterion, ET for studied systems is possible if the value of free energy 
(ΔG) is negative ΔG = [Eox(D/D+) – Ered(A−/A)]ε0 – e/εa + ΔGsolv – E(1,3D*). Here 
ΔGsolv = e2/2(1/RD+ + 1/RA−) × (1/ε – 1/ε0), Eox (Pyr) = 1.0 eV, Ered (2-methoxynaph-
thalene) = −2.6 eV, and E0–0(NPX) = 3.69 eV.

Figure 9. 
NMR and pseudo steady state (PSS) CIDNP spectra of dyad’s NPX-Trp solutions (5 mM in 40% C6D6, 0.17% 
H2O, the rest is CD3CN): (R,S)-top, (S,S)-bottom. Reproduced with permission from Ref. [11] © John Wiley 
& Sons, Ltd., 2018.

Scheme 1. 
Mechanism of NPX-Pyr singlet excited state quenching.
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Since for NPX ET = 3.25 eV and ΔH in BZ is equal to Eox(D/D+) – Ered(A−/A)]
ε0 = 3.6 eV, then NPX in excited triplet state can be formed via the back ET in BZ of 
triplet collective spin state.

Thus, analysis of the CIDNP, detected upon the UV irradiation of studied dyads, 
allows one to confirm ET between (S)- and (R)-NPX and donors. Note, in the case 
of dyads with Pyr, CIDNP analysis using Kaptein rule [18] has shown that back ET 
occurs predominantly from the singlet collective spin state of BZ, whereas for the 
NPX-Trp dyad, it occurs mainly from the triplet spin state of the BZ [14].

According to the calculated curves in Figure 10, the experimental CIDNP 
dependences on dielectric constant in both cases of partial and full charge transfer 
should be smooth curves without extremes.

However, the experimental dependences of CIDNP for dyads with 
N-methylpyrrolidine on the dielectric constant are curves with maxima posi-
tion, depending on the bridge length. Such shapes mean that the CIDNP effects 
are formed in at least two processes, and their contributions depend on the 
permittivity and dyad structures. Therefore, the resulting polarization has to be 
formed from the back ET in both singlet and triplet collective spin states of the 
BZ. According to CIDNP signs analysis, the rate constant of back ET in BZ singlet 
spin state (kS) has to be higher than that for triplet state (kT). Meanwhile, there are 
reference data informing that in the pair of amine radical-cation and naphthalene 
radical-anion, kT value is higher than kS [11, 12]. It is reasonable to assume that 
the predominance of kS is related to the formation of a singlet exciplex, being in 
equilibrium with the BZ. The detailed mechanism of NPX singlet excited state 
quenching by the N-methylpyrrolidine, provided on the basis of CIDNP analysis, is 
shown in Scheme 1.

So, CIDNP analysis points that NPX excited state quenching in above dyads goes 
through stages of full and partial charge transfer. Details of the processes of partial 
charge transfer: rate constants of local excited state (LES) and exciplex accumula-
tion and decay and exciplex fluorescence quantum yields were obtained from 
fluorescence measurements, including time-resolved experiments.

Figure 10. 
Dependence of free energies of the radical-ion pair of N-methylpyrrolidine radical-cation and 
methoxynaphthalene radical-anion on solvent permittivity, calculated using Rehm-Weller-Zacharias equation 
and dependences of CIDNP on solvent permittivity for short, flexible, and rigid dyads (bottom). Reproduced 
from Ref. [3] with permission from the PCCP Owner Societies.
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The fluorescence spectra of dyad diastereomers with short, flexible, and rigid 
bridges compared with NPX methyl ether in acetonitrile are presented in Figure 11.

There are two emission bands; they refer to local excited state of NPX moiety 
(350 nm) and exciplex (520 nm). The decreasing of dyad fluorescence intensity 
was accounted for new quenching channel—transition from LES to exciplex [13]. 
Note that LES fluorescence quantum yield is higher for dyad with flexible bridge, 
whereas exciplex fluorescence quantum yield is higher for dyad with rigid bridge. 
At that, fluorescence decay traces of both LES and exciplex were approximated by 
two exponential models with short and long lifetimes for LES and rise and decay 
times for exciplex. Fluorescence spectra and kinetics of its quenching were investi-
gated in solvents with different dielectric constants (Figure 12).

Careful analysis of fluorescence data allows authors [3] to suggest the existence 
of two fast equilibria: “exciplex—LES” and “exciplex—BZ”. In this work, the sum-
mary scheme of NPX chromophore quenching by electron donor was proposed 
(Scheme 2).

In this figure, two different dyad conformations in ground state, namely, 
expanded and folded, transfer to LES and exciplex through pathways W1 and W2, 
respectively. The development of this mechanism is based on the kinetic curves fit-
ting, considering that LES and the exciplex are formed simultaneously. According 
to Scheme 2, the exciplex exists in dynamic equilibrium with LES (k4, k5) and BZ 
(k7, k8). BZ, in turn, can be in singlet or triplet spin states that have equal energy. 
Spin conversion (kS-T) occurs under the magnetic interactions in BZ. Back ET from 
both BZ spin states leads to the formation of parent dyad in singlet ground state and 
in triplet excited state (with corresponding rate constants kS and kT). Emission of 
LES and exciplex is determined by k3 and k6 rate constants. Exciplex also undergoes 
internal conversion with rate constant kisc(exc).

The kinetics of LES and exciplex fluorescence were calculated by solution 
of differential equation system using Runge-Kutta method [3], to obtain rate 
constants of separate stages. Thus, the values of quenching rate constants (k3–k7) 
were obtained in [3]. It is remarkable that there is a difference between the values 
of diastereomers rate constants, in particular k4, k7, related with charge transfer 
processes (see Figure 13).

The greatest difference between the values of diastereomers k7 (exciplex trans-
formation into BZ) is observed only in polar media. At that, the constant k4 (transi-
tion from LES to exciplex) is higher for (R,S)-diastereomers of all three dyads.

Figure 11. 
Fluorescence spectra of (S)-NPX-OMe (1), (R,S)-NPX-Pyr (2a), and (S,S)-NPX-Pyr (2b), (R,S)-NPX-AA-
Pyr (3a), (S,S)-NPX-AA-Pyr (3b), (R,S)-NPX-CyAA-Pyr (4a), and (S,S)-NPX-AA-Pyr (4b) in acetonitrile, 
excitation wavelength 320 nm. Magnified long-wavelength bands of exciplex are shown in insert.
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Note that NPX-Pyr diastereomers were previously investigated by using 
fluorescence technique in work [19], where stereoselectivity was also revealed 
(τfl (RS) = 2.35 ns, τfl (SS) = 3.02 ns, rate constants of ET kRS = 2.8 × 108 s−1, and 
kSS = 1.8 × 108 s−1).

Thus, the appearance of stereoselectivity in ET was shown for a number of 
dyads. In particular, the stereoselectivity of the rate constants of separate stages 
of NPX excited state quenching was demonstrated by the example of dyads with 
donor N-methylpyrrolidine. The biggest difference is shown by rate constants of 
LES transfer to exciplex for (R,S)- and (S,S)-diastereomers of dyads with short 
bridge. The similar results were obtained for exciplex fluorescence quantum yields 
measured in solvents with different dielectric constants. So, the stereoselectivity in 
the systems under study significantly depends on the distance between the chiral 
centers and the structure of the bridge.

Figure 12. 
Dependences of fluorescence lifetimes for NPX-AA-Pyr dyad (left) and NPX-CyAA-Pyr (right). LES—squares 
(τshort, τlong), exciplex—circles (τrise, τfall), solid—(R,S)-diastereomers, open—(S,S)-diastereomers. Reproduced 
from Ref. [3] with permission from the PCCP Owner Societies.

Scheme 2. 
Mechanism of NPX chromophore quenching in dyads with flexible and rigid bridges. Dashed lines denote the 
dependence of LES and exciplex energy levels on solvent polarity. Reproduced from Ref. [3] with permission 
from the PCCP Owner Societies.
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3. Spin selectivity: experiments and calculations

The following peculiarity of ET in chiral systems is spin selectivity. Spin 
selectivity implies the difference between CIDNP effects of dyad diastereomers, 
shown by the example of two NPX-based dyads: linked by rigid bridge with donor 
N-methylpyrrolidine, and linked with amino acid Trp (Figure 7).

This part of the chapter focuses on the application of CIDNP to study the dif-
ference of spin density distribution in diastereomeric BZs of abovementioned two 
dyads. For this purpose, in works [14, 15], the CIDNP effects in diastereomers of 
these dyads were compared.

Figure 14 represents the difference in the intensity of polarized signals of 
N-methyl protons in diastereomers of NPX-Pyr dyad.

Diastereomers of NPX-Trp dyad have demonstrated even greater distinction in 
CIDNP effects (see Figure 8, Section 2.3).

To study in detail the nature of differences in the CIDNP effects formed in BZs 
of these dyads, in work [15], so-called CIDNP enhancement coefficients per one 
paramagnetic particle were used.

For determination of the CIDNP enhancement coefficients per one paramag-
netic particle, ratios of the intensities of polarized and equilibrium signals in the 
NMR spectra were divided by BZ concentrations, estimated from fluorescence data 
[3]. It should be noted that the extinction coefficients for two diastereomers are 
the same. Further, we will operate only with the ratio of enhancement coefficients 
determined as follows:

  K =   
 I  pol  

RS   ×  I  eq  SS  ×   [BZ]   SS  
  ______________  

 I  eq  RS  ×  I  pol  
SS   ×   [BZ]   RS  

    (1)

in which Ipol is the intensity of the polarized signals of the NPX-Trp aromatic protons 
at the 8′-position or the N-methyl protons of NPX-CyAA-Pyr (see Figure 14), Ieq is the 
equilibrium signal intensity of the same protons, detected before photoirradiation.

Figure 13. 
Dependences of k4, k7 rate constants on solvent polarity for three dyads linked with N-methylpyrrolidine. 
Reproduced from Ref. [3] with permission from the PCCP Owner Societies.
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As can be seen from figures, the CIDNP enhancement coefficients are appre-
ciably higher for the (R,S)-diastereomers and the maximum ratio of enhancement 
coefficients, K, varies from 2.1 to 2.3 for both dyads. Since this is a polarization 
per one paramagnetic particle, the difference in the coefficients is certain to be the 
result of the distinctions in the magnetoresonance parameters of the (R,S)- and 
(S,S)-BZs. CIDNP effects for the diastereomers of NPX-CyAA-Pyr dyad were 
compared in acetonitrile, because in this case the contribution from exciplex to 
CIDNP effects is negligible and K values would be mainly determined by the mag-
netoresonance parameters of BZ (see Scheme 1). Further, to understand the origin 
of the differences in CIDNP enhancement coefficients in dyad diastereomers, these 
coefficients were calculated by varying the magnetoresonance parameters and 
lifetimes of BZ for NPX-CyAA-Pyr diastereomers. The calculation was carried out 
in the frame of radical pair theory by using two-position model and Green function 
method [15, 18]. According to this model, two states of the system are available. 
One is the state of a direct contact; the radicals are located in the reaction zone with 
characteristic time τr. The other is the state where the radicals are out of the reac-
tion zone. The overall system lifetime is τc. Time that the system spends in the reac-
tion zone (τr) is much less than the total lifetime of the system (τc). Calculations of 
CIDNP dependence on the HFI constant under various values of Δg and character-
istic times (τc) were carried out. Next, authors tried to trace what variations of the 
abovementioned parameters could give the required adjustment—a twofold change 
in the CIDNP effects of diastereomers. The dependence of CIDNP on the hyperfine 
coupling constant is known to be bell-shaped for long-lived radical ion pairs [18]. 
The location of the dependence extremum is defined by the ratio of Δg and the 
hyperfine interaction constant. In the studied systems, we used the following BZ 
magnetoresonance parameters: τc = 10 ns, whereas the experimental values are 7 
and 9 ns for (R,S)- and (S,S)-diastereomers of NPX-CyAA-Pyr dyad, τr = 1 ns, and 
∆g = 10−3 [3, 20]. The latter is also the experimental value. From a comparison of 

Figure 14. 
NMR and pseudo-steady-state (PSS) CIDNP spectra of NPX-CyAA-Pyr dyad diastereomers (5 mM) solution 
in CD3CN (H2O 0.05%): (S,S)—top, (R,S)—bottom. Negative polarized line situated at 2.3 ppm (red arrows) 
refers to N-methyl protons of dyad diastereomers. Reproduced with permission from Ref. [15] © John Wiley & 
Sons, Ltd., 2018.
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the listed parameters, and by taking into account the bell-shaped CIDNP depen-
dence, one can draw the following conclusion: because 2ΔgH0 values are larger 
than hyperfine coupling constant values, greater polarization will correspond to 
a larger HFI constant. However, quantitative calculation can be carried out only 
for NPX-CyAA-Pyr dyad. In this case, the HFI constants of the N-methyl protons 
predominate in BZ, and therefore, one nuclear approximation can be applied for 
the calculations.

If we set the lifetime of τc = 10 ns, which is close to the experimental values of 7 
and 9 ns accordingly, τr = 1 ns, and experimental value Δg = 10−3, then it allows one 
to describe the difference observed in the values of CIDNP enhancement coef-
ficients of NPX-Trp diastereomers. In this case, the values of hyperfine interaction 
constants for the (S,S)- and (R,S)-diastereomers differ by a factor of 2 (Figure 15).  
The same result will be achieved by proportional varying of Δg values. The changes 
required in the values of Δg factors are unlikely to be accepted as plausible. In 
addition to the variation of HFI constants and Δg factors, it is worthwhile to 
consider the influence of changes in characteristic lifetimes of the studied system. 
However, the experimental data points at much less than the required difference in 
BZ lifetimes.

Therefore, it seems reasonable to associate changes in the CIDNP enhancement 
coefficients of NPX-CyAA-Pyr diastereomers with the variation in HFI constants. 
Moreover, this conclusion is in accordance with the reference data [21–23]. EPR 
investigations of chiral stable radicals and biradicals revealed changes in the HFI 
constants of 1.5 and 2.

4. Spin selectivity and chiral catalysis

Another peculiarity of CIDNP in chiral systems is the dependence of enhance-
ment coefficient ratios for (R,S)- and (S,S)-configurations on the ratios of diaste-
reomer concentrations [15]. It was detected upon UV irradiation of diastereomers 
mixture of NPX-CyAA-Pyr dyad (Figure 16).

Figure 15. 
Starting points and full curves (in insert) of the CIDNP intensity dependences on HFI constant values under 
B = 4.7 T, τr = 1 ns, Δg = 0.001 and various τc. Reproduced with permission from Ref. [15] © John Wiley & Sons, 
Ltd., 2018.
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The K values obtained for different ratios of diastereomers concentrations are 
presented in Table 1. The noticeable changes in the coefficient ratios, K, are visible.

These changes in the K values obtained for different ratios of diastereomers con-
centrations point to the contribution of some intermolecular processes to CIDNP 
formation. The reference data on the tendency of substituted naphthalenes, includ-
ing naproxen, to association [24–26] forces authors to suggest that the abovemen-
tioned intermolecular process might be the association of dyad diastereomers in 
solution—most likely, dimer formation. Since the studied dyads contain “naproxen” 
part and “tails”—the donor groups and bridges, including amide fragment -C(O)
NH-, they can form associates due to the hydrogen bonds between amide groups 
of two molecules, specifically H-bond between amide group of one molecule and 
carbonyl or carboxyl oxygen of another one (Figure 17). XRD analysis in the solid 
state of NPX-Trp dyad diastereomers confirmed such H-bond formation [15].

Figure 16. 
NMR and time-resolved (TR) CIDNP spectra of N-methyl protons area (full are presented in insert) detected 
in the mixture of NPX-CyAA-Pyr dyad diastereomers in acetonitrile (the ratio of (R,S)-/(S,S)- = 0.8). 
Reproduced with permission from Ref. [15] © John Wiley & Sons, Ltd., 2018.

Ratio of (R,S)/(S,S) concentrations K

0.4 1.70 ± 0.09

0.7 1.80 ± 0.09

0.8 1.80 ± 0.09

1.0 1.9 ± 0.1

1.3 2.0 ± 0.1

1.8 2.3 ± 0.1

2.1 2.3 ± 0.1

2.3 2.3 ± 0.1

Reproduced with permission from Ref. [15] © John Wiley & Sons, Ltd., 2018.

Table 1. 
K values of NPX-CyAA-Pyr dyad diastereomers (column 2) determined for the different ratios of diastereomer 
concentrations (column 1)
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As for the manifestation of the dyads association in solutions, dependences of 
both chemical shifts and the lines widths of diastereomers on the solvent composi-
tion, demonstrated in work [15], also indicate at the possibility of association. 
According to the reference data, it might be not only dimers (I), but the collision 
complexes of amide group and indole ring with aromatic solvents (II,III) (Figure 17).

Besides, the line widths of amide groups NH protons for both dyads showed the 
selective broadening (Figure 18).

These broadenings, along with chemical shifts solvent dependence, were referred 
to the slow exchange between monomers and dimers of dyads (Scheme 3, the first 
equilibrium) and to the solvation of dyads via H-bond formation (Scheme 3, the 
second equilibrium) [15].

On the other side, the fraction of the dyad associates and weak collisional 
complexes in acetonitrile and benzene mixture may vary depending on the ratios of 
components in the mixture. Then, we can assume that processes in solution would 
be different for (R,S)- and (S,S)-optical configurations of the dyads and might 
result in the K value variation in different solvents, accordingly.

Figure 17. 
Self-associated (I) and collision complexes (II and III) of dyads with aromatic solvents. Reproduced with 
permission from Ref. [15] © John Wiley & Sons, Ltd., 2018.

Figure 18. 
NMR spectra (the region of aromatic protons) of (R,S)-/(S,S)-NPX-Trp and (R,S)-/(S,S)-NPX-CyAA-Pyr 
dyads in the solvent mixture: CD3CN + 0.17% H2O. Reproduced with permission from Ref. [15] © John Wiley 
& Sons, Ltd., 2018.
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The impact of solvent on CIDNP coefficients of diastereomers was studied 
in work [15] on the example of NPX-Trp dyad, known not to form exciplex upon 
the UV irradiation. For this dyad, the minimal ratio of CIDNP enhancement 
coefficients of diastereomers is observed in acetonitrile 1.4 ± 0.1. The presence 
of benzene in the mixture provides a large difference between the CIDNP of 
diastereomers, and this difference grows with the increasing of water concentra-
tion in solvent mixture (volume fraction % CD3CN/% C6D6/% H2O): 1.5 ± 0.1 
(19.9/80/0.1) < 1.7 ± 0.1 (59.8/40/0.2) < 2.0 ± 0.1(79.7/20/0.3). To explain the 
distinctions in K values in the different solvents mixtures, in work [11], several 
circumstances were taken into account: first, the capacity of the amide frag-
ments for self-associating in polar solvents (Figure 17, I), such as acetonitrile, 
and second, the formation of collision complexes with aromatic compounds 
(Figure 17, II and III), including benzene [27].

So, the difference in the solvent effects, that is, the association of optical isomers 
or formation of collisional complexes, can lead to distinctions in the BZ confor-
mations. The latter also assumes the difference in the efficiency of singlet-triplet 
conversion that is responsible for CIDNP formation and magnitudes of diastereo-
mers enhancement coefficients.

Further study of the effect of association on charge transfer processes in chiral 
dyads was undertaken in work [15]. Authors, in order to confirm the relation of K 
values dependence on (R,S)- and (S,S)-concentration ratios with dimers formation, 
calculated the dependence of K values on diastereomer concentration ratios in the 
frame of Frank theory of chiral catalysis [28].

Frank theory is one of the most accepted theories among chemists, in which 
it was mathematically shown that a small amount of one chiral compound could 
increase its own reproduction and suppress the formation of another optical 
isomer [28]. The main requirement of Frank conception is the following: to obtain 
one isomer’s prevalence, the presence of a chiral associate, for example, (S,S), 
(R,R), and (R,S) dimers, in the reaction mixture, is needed. In this case, the 
driving force of chiral enrichment is the competition between the catalyzing action 
of one enantiomer on the formation of the same isomer, and the inhibition of the 
formation of another optical isomer. So, the formation of homodimers (S,S), (R,R) 
will lead to chiral enrichment with one isomer and heterodimer (R,S) does not.

So, in work [15], to prove that polarized dyad diastereomers are products of 
back ET in homo- and heterodimers (R,S)-(R,S), (S,S)-(S,S), and (R,S)-(S,S), it 
was shown how a different ratio of diastereomers changes the value of K. Below 
is the scheme, where CIDNP values, alpha and beta, are proportional to back ET 
efficiency (Scheme 4).

By Frank concept, αRS and αSS are appreciably higher than β, and, according 
to the experimental data, αRS is twice as high as αSS. Concentration of dimers was 
believed to be considerably higher than concentration of monomers. The calcula-
tion of K values was carried out by using a quasi-steady-state approximation. On 

Scheme 3. 
Possible ways of the participation of amide fragment of studied dyads in H-bond formation.
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account of the above assumption, the dimer’s stability constants have to be about 
105 M−1 at the initial monomers concentration 10−3 M. For detailed description of 
calculations, readers are referred to work [15].

Figure 19 displays the calculated (curve) and experimental (red circles) depen-
dences of CIDNP coefficient ratios on diastereomer concentration ratios.

The agreement of experimental and calculated K values confirms the impact of 
association on ET process in dyad’s diastereomers. So, back ET occurs in BZs, being 
part of dimers. It might be the additional reason of HFI constants variation in BZ 
of (R,S)- and (S,S)-configurations, resulting from different conformations of BZs. 
Since the dimerization also changes ET efficiency, the impact of dyad’s dimeriza-
tion on back ET efficiency might be considered as an example of ET chiral catalysis.

5. Conclusion

So, this chapter shows that the set of dyads, including (R)/(S)-NPX and 
chiral partner, have demonstrated stereoselectivity—difference in ET rates 

Figure 19. 
Experimental dependence of CIDNP enhancement coefficients K (data from Table 1, red balls) and 
calculated Kc (black line) dependence on (R,S)-diastereomer concentration. [SS]0 = 10−3 M, αSS = 10, αRS = 20, 
βRS = 1, βSS = 1; KRS = 2 × 105 M−1, KSS = 2 × 105 M−1, KRS,SS = 1 × 105 M−1. Reproduced with permission from 
Ref. [15] © John Wiley & Sons, Ltd., 2018.

Scheme 4. 
Photoinduced processes, occurring in homo-(DRS,RS, DSS,SS) and hetero-DRS,SS chiral dyad dimers. Reproduced 
with permission from Ref. [15] © John Wiley & Sons, Ltd., 2018.
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of diastereomers. The joint studies by spin chemistry and photochemistry 
techniques, including the time-resolved measurements of dyads with donor 
N-methylpyrrolidine, have shown the stereoselectivity of separate stages of NPX 
excited state quenching, LES, and exciplex quantum yields.

The scale of these differences was found to be influenced by the donor-acceptor 
properties of the partners and the length and structure of the bridge. Another 
peculiarity of ET—spin selectivity was observed on the example of two NPX-based 
dyads. It is the different CIDNP effects formed via back ET in BZ of diastereomers. 
Spin selectivity is explained by the difference between HFI constants, which, in 
turn, determine back ET in BZs of (R,S)- and (S,S)-configuration. The impact of 
dyad’s dimerization on ET efficiency might be considered as the first example of 
chiral catalysis in elementary process—ET.
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