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Abstract

Flavins are employed as redox cofactors and chromophores in a plethora of flavoen-

zymes. Their versatility is an outcome of intrinsic molecular properties of the isoallox-

azine ring modulated by the protein scaffold and surrounding solvent. Thus, an

investigation of isolated flavins with high-level electronic-structure methods and with

error assessment of the calculated properties will contribute to building better

models of flavin reactivity. Here, we benchmarked ground-state properties such as

electron affinity, gas-phase basicity, dipole moment, torsion energy, and tautomer

stability for lumiflavins in all biologically relevant oxidation and charge states. Overall,

multiconfigurational effects are small and chemical accuracy is achieved by coupled-

cluster treatments of energetic properties. Augmented basis sets and extrapolations

to the complete basis-set limit are necessary for consistent agreement with experi-

mental energetics. Among DFT functionals tested, M06-2X shows the best perfor-

mance for most properties, except gas-phase basicity, in which M06 and CAM-

B3LYP perform better. Moreover, dipole moments of radical flavins show large devia-

tions for all functionals studied. Tautomers with noncanonical protonation states are

significantly populated at normal temperatures, adding to the complexity of modeling

flavins. These results will guide future computational studies of flavoproteins and fla-

vin chemistry by indicating the limitations of electronic-structure methodologies and

the contributions of multiple tautomeric states.
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1 | INTRODUCTION

Flavins are prosthetic groups composed by the fused tricyclic ring iso-

alloxazine (benzo[g]pteridine, Figure 1). All natural flavins are methyl-

ated at carbons C7 and C8, but the group bound to nitrogen N10

varies.[1] Riboflavin, or vitamin B2, has a ribityl group bound to N10,

while its photoproduct, lumiflavin, has a methyl bound to N10.[2] The

ubiquitous coenzymes flavin mononucleotide (FMN) and flavin ade-

nine dinucleotide (FAD) have ribityl phosphate and ribityl-adenosine

diphosphate moieties respectively attached to N10.

Proteins equipped with flavins, known as flavoproteins, are

involved in a wide range of catalytic and signaling processes.[2,3]

F IGURE 1 Structure and heavy-atom numbering for the
isoalloxazine ring, the core group of flavins responsible for their redox
and photophysical properties
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Redox flavoproteins participate in single-electron transfer reactions,[4]

in oxygen-dependent oxidation,[5] and in proton-coupled electron

transfers (PCET) with varying number of electrons.[2,6,7] Flavin chro-

mophores are found in blue-light protein receptors[3] and in photo-

dependent enzymes.[8] Recently, the biological role of flavins as gen-

eral acid–base catalysts has also been demonstrated.[9,10]

This versatility of flavoprotein function results from their ability

to assume different redox, protonation and electronic states. Flavins

are found in fully oxidized flavoquinone, 1-electron reduced flavose-

miquinone radical, and two-electron reduced flavoquinol forms

(Figure 2).[1] Charge states with anionic, neutral, zwitterionic or cat-

ionic character are also possible, with their relative stability depending

on the microenvironment and protein scaffold.[2,11]

An additional layer of variability concerns flavin

tautomerism.[12–18] N3, N5, and N1 are canonical protonation sites

and are often found protonated in flavoproteins under neutral pH.[1]

However, alternative tautomers with protonations in O2 and O4 were

already observed.[9,18,19] In flavosemiquinones, spin delocalization

allows even carbons C4a and C10a as possible protonation sites.[16]

Computational methods have been used to study flavins for more

than four decades.[20–23] While early works were based on semiempir-

ical models, the first ab initio and density functional theory (DFT)

studies of flavins were performed in the late 1990s[12–15] followed by

a number of computational investigations (Table S1).[16–18,24–56] The

vast majority were based on DFT for ground-state properties[14,16–

18,24–36] or time-dependent DFT (TD-DFT) for excited-state

calculations,[36–50] mostly focused on the neutral flavoquinone form

using lumiflavin as a model system. High-level ab initio coupled-

cluster EOM-CCSD[56] and approximate CC2[55] were used recently

to calculate vertical ionization potentials and flavin excited states,

respectively. Multireference CASPT2 calculations were also

reported[51] and even relativistic contributions were obtained with

4-component TD-DFT.[54]

However, none of these studies addressed systematically the

approximations employed in calculations for flavins of various forms.

Here, we provide a benchmark evaluation for ground-state properties

of isolated lumiflavin in all possible oxidation and protonation states

(a total of 59 species, Figures S1, S2, and S3). After description of the

computational methods, we first investigate the effects of static and

dynamic electron correlation. The coupled-cluster level is found as an

appropriate reference after validation in comparison to experimental

structures, electron affinities, and gas-phase basicities. Then, we ana-

lyze in detail the performance of various electronic-structure

methods, including a ladder DFT functionals, for the calculation of

F IGURE 2 Structural formula of the main lumiflavin tautomers discussed here with their respective numbering, redox and charge state
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molecular-structural, energetic, electrical, and chemical properties.

We note that alternative protonation sites may be intrinsically stabi-

lized and challenge the canonical assignment of tautomeric equilibria

in flavins.

2 | COMPUTATIONAL METHODS

2.1 | Geometry optimization

All flavins studied here had their geometry optimized with the B3LYP

functional[57,58] and def2-TZVP[59] basis set. Optimizations of closed-

shell flavins were performed with restricted Kohn-Sham formalism

and flavosemiquinones with an open shell were optimized with

unrestricted calculations. Spin contamination in the latter was small

and the average deviation from the expected value ⟨S2⟩ was 0.013,

with the largest being 0.023 for 36. All calculations were conducted

with ORCA 4.1.1,[60,61] using tight SCF convergence criteria and

increased integration grids. All optimized structures (lumiflavins 1–59)

are available online.[62]

The DFT accuracy in geometry optimizations (Section 3.2) was

evaluated for functionals BLYP,[63,64] PBE,[65] M06-L,[66] PBE0,[67] and

M06-2X.[68] Among ab initio wave-function methods, coupled cluster

CCSD(T) with the domain-based local-pair natural orbital (DLPNO)

approximation[69] and the augmented basis set aug-cc-pVTZ[70] was

used to optimize the geometry of the isoalloxazine ring in comparison

to DFT and experimental geometries. The aug-cc-pVTZ/C[71] auxiliary

basis set was employed, with tight DLPNO thresholds. Also, the

DLPNO-CCSD(T) geometry optimization was considered converged

when root-mean-square gradient was less than 0.0015 Eh.a�1
0 and the

maximum component of the gradient was less than 0.0050 Eh.a. This

looser convergence criteria had to be employed here due to the com-

putational demands of the method.

Flavins can bend when N5 and N10 move above the isoalloxazine

ring plane (Figure 3). This “butterfly” motion is observed mainly in fla-

voquinols and is relevant for flavin reactivity and dynamics. The asso-

ciated torsion energy Etor varies with the flavin redox and protonation

state. Here, Etor is defined as the difference in electronic potential

energy between flavin in its planar and bent optimized conformations.

Geometries with isoalloxazine ring torsion were generated by

constrained optimizations with B3LYP/def2-TZVP. The dihedral

angles between atoms C4–N5–N10–C9 and N1–N10–N5–C6

(Figure 1) were restrained. Stable geometries for flavoquinols show

both dihedrals close to 150
�
(Figure 3). In flavoquinones and flavose-

miquinones, these dihedrals were constrained to 150.0
�
to generate

bent conformations, and in flavoquinols they were constrained to

180.0
�
to obtain planar geometries.

2.2 | Model chemistry

Wave-function single-reference calculations with the MP2, CCSD,

and CCSD(T) methods[72] employed Dunning's correlation-consistent

basis-set families, cc-pVnZ[73] and aug-cc-pVnZ,[70] with n = D,T,Q.

The frozen-core approximation was employed in all post-Hartree-

Fock calculations. To avoid spin contamination in flavosemiquinones,

restricted open-shell Hartree-Fock was used as the zeroth-order ref-

erence wave function. DLPNO-CCSD and DLPNO-CCSD

(T) approximations[69] were also tested. For flavosemiquinones,

unrestricted Hartree-Fock was performed first, and quasi-restricted

orbitals were generated prior to the coupled-cluster excitations. This

is the default approach employed by ORCA. The DLPNO approxima-

tion required the use of auxiliary cc-pVnZ/C or aug-cc-pVnZ/C[71]

basis sets. Tight DLPNO thresholds (“TightPNO” keyword in ORCA)

were employed.[74]

Multiconfigurational wave functions (CASSCF)[72] were built with

all isoalloxazine π orbitals in the active space, that is, a CAS(14,14) for

flavoquinones or a CAS(15,14) for flavosemiquinones. The initial set

of molecular orbitals were MP2 natural orbitals and the composition

of the active space was checked before and after convergence. The

contribution of dynamical correlation was calculated with the partially

contracted version of NEVPT2.[75] The frozen-core approximation

was employed with all electrons occupying internal orbitals 1 s

removed from the perturbation treatment.

For DFT calculations, the minimally augmented version of Karls-

ruhe def2 basis-set family,[59] ma-TZVP,[76] was employed. This basis

set is efficient and accurate in DFT calculations. The usage of an aug-

mented version is due to the presence of anionic flavins.

Seventeen functionals were tested: BLYP,[63,64] OLYP,[64,77]

PBE,[65] BPBE,[63,65] OPBE,[65,77] TPSS,[78] M06-L,[66] B3LYP,[57,58]

B3LYP + D3,[79,80] PBE0,[67] O3LYP,[81] M06,[68] M06-2X,[68] CAM-

B3LYP,[82] LC-BLYP,[83] ωB97X,[84] and B2PLYP.[85]

The resolution of identity (RI) was employed with auxiliary basis

def2/J[86] to approximate the Coulomb integrals. For hybrid func-

tionals, chain-of-spheres approximations (COSX)[87,88] was also used

in the calculation of the Hartree-Fock exchange. For

F IGURE 3 Planarity of the isoalloxazine ring. (A) Bent
conformation found in stable reduced flavoquinol and (B) planar
conformation found in stable oxidized flavoquinone
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flavosemiquinones, unrestricted Kohn-Sham was used. All calculations

were performed with tight SCF convergence criteria and increased

integration grids.

Zero-point vibrational energies (ZPV E) were calculated for sta-

tionary geometries at the B3LYP/def2-TZVP level without empirical

scaling factors. Entropic and enthalpic contributions were calculated

at 298.15 K using the quasi rigid-rotor-harmonic-oscillator approxima-

tion (QRRHO).[89,90] No imaginary frequencies were observed for all

optimized flavins, indicating they were true minima.

The conductor-like polarizable continuum model (CPCM)[91] was

used as an implicit-solvent model. Water solvation was mimicked with

a dielectric constant and a refractive index set to 80.4 and 1.33,

respectively. Nevertheless, we refrain from extensively including envi-

ronmental effects and calculating condensed-phase properties here.

These effects represent additional modeling difficulties, which may be

tackled in future studies.

2.3 | Basis-set extrapolation

Wave-function calculations are particularly sensitive to basis-set

incompleteness. Thus, the complete basis-set limit (CBS) was approxi-

mated by two-point extrapolations. For single-point energies, the

mean-field SCF energy ESCF
CBS and the correlation energy Ecorr

CBS are

extrapolated separately, following Equations (1)[92] and (2),[93,94]

respectively. Electric dipole moments μCBS are extrapolated using

Equation (3)[95]:

E Xð Þ
SCF ¼ ECBSSCF þAe�α

ffiffiffi
X

p
, ð1Þ

ECBScorr ¼
XβE Xð Þ

corr�YβE Yð Þ
corr

Xβ�Yβ , ð2Þ

μj jCBS ¼X3 μj j Xð Þ �Y3 μj j Yð Þ

X3�Y3
, ð3Þ

where X and Y are the basis-set cardinal numbers: 2 for double-zeta

(D), 3 for triple-zeta (T) and 4 for quadruple-zeta (Q) extrapolations.

For cc-pV[D/T]Z, α = 4.42 and β = 2.46; for aug-cc-pV[D/T]Z,

α = 4.30 and β = 2.51 and for aug-cc-pV[T/Q]Z, α = 5.79 and

β = 3.05.[96] In Equation (1), A is a constant determined by the two-

point extrapolation.

2.4 | Molecular properties

The electric dipole moment (μ), a first-order electrical property, was

obtained from DFT calculations directly from the SCF solution. For

MP2 and B2PLYP methods, the relaxed electron density was calcu-

lated to account for orbital relaxation effects. For the calculation of

dipole moments with DLPNO-CCSD, the parameter TCutPNO was tight-

ened to 10�8 because the use of DLPNO default truncation parame-

ters would lead to inaccurate values.[97] All dipoles were calculated at

equilibrium geometries, and the dipole origin was set to the center

of mass.

The electron affinity (EA) of a molecule is defined as the negative

of the energy difference of ground vibrational/rotational states before

(M) and after (M•�) electron attachment. This process may induce a

geometry change in the molecule. Electron affinities obtained from

the energy difference of equilibrium geometries and associated ZPV E

contributions are called adiabatic (EAadiab):

EAadiab ¼ EMþZPVEMð Þ� EM • � þZPVEM • �ð Þ, ð4Þ

where EM and EM • � are single-point energies for optimized geome-

tries of the oxidized and reduced species. However, experimental

measurements probe a different, thermalized condition and often con-

sider EA (here called EAtherm) as the negative of the enthalpy of the

reaction M+ e� ⇌ M•�[34,98]:

EAtherm ¼HMþHe� �HM • � ð5Þ

where H is the enthalpy of formation and He� �0.[98] Here, EAtherm

was calculated by including enthalpic contributions obtained with the

QRRHO approximation at the B3LYP/def2-TZVP level.

The gas-phase basicity (GB) of a molecule M at temperature T is

the negative of the Gibbs free energy for the protonation reaction

M + H+ ⇌ MH+. Flavins have multiple protonation sites and the cal-

culated GB was determined by using a population-weighted average

(Equation (6)) with each tautomer MHþ
i having a weight wi given by

its canonical probability (Equation (7)).[99] For example, if M is 2, then

MH+ = {7, 9, 12, 13}, and the GB of M is an average over contribu-

tions from this set of flavins:

GB Tð Þ¼�
X

i

wi G MHþ
i

� ��G Mð Þ�G Hþ� �� �
, ð6Þ

wi ¼ e�ΔGi=kBT

P
i
e�ΔGi=kBT

, ð7Þ

where kB is the Boltzmann constant and ΔGi the relative free energy

between tautomer MHþ
i and the tautomer with the lowest free energy.

To calculate GB with different model chemistries, entropic and enthal-

pic contributions were obtained with B3LYP/def2-TZVP except for the

electronic contribution, which was replaced by the energy calculated with

the method of choice. The Gibbs free energy of the proton was considered

to be�0.010 Eh, the free energy of a monoatomic ideal gas at 298.15 K.

3 | RESULTS AND DISCUSSION

3.1 | Electron correlation and reference model
chemistry

Static electron correlation is important for the description of flavins in

excited states,[51] but it is unclear whether it also plays a role in
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ground-state properties. We first applied the τ1 diagnostics[100] to all

flavins studied here (Tables S2, S3, and S4) and checked that they

show τ1 values smaller than 0.020, indicating negligible static correla-

tion. The only borderline case was 17 in bent conformation with τ1 of

0.020 (Table S3) and discussed in more detail below.

Multiconfigurational calculations in selected flavosemiquinones

and zwitterionic flavoquinones were conducted. The unpaired elec-

tron in the former may delocalize over the π-conjugated system, while

the latter have competing resonance structures (Figure 4), possibly

amounting for sizable multiconfigurational effects.

In Table 1, it is shown for semiquinones 17, 27, and 37 that the

total energy difference between single-reference MP2 and multirefer-

ence NEVPT2 is less than 1 mEh, even for the bent 17 which dis-

played the borderline τ1 value mentioned above, indicating that static

correlation is not important. The correlation energy recovered in

CASSCF is mainly dynamic correlation obtained by the full-CI treat-

ment within the active space. The main electronic configuration in the

CASSCF wave function for the three planar flavosemiquinones has a

weight of 0.81 while all other configurations have weights less than

0.02. This configuration has only one single-occupied molecular

orbital (MO), spatially delocalized over the isoalloxazine ring. The

same configuration is observed in the Hartree-Fock wave function,

and thus the effect of spin delocalization is properly accounted with

the mean-field treatment.

For zwitterionic 4, a state-average (SA) CASSCF calculation with

two roots (50:50 weights) was performed to account for both reso-

nance structures (Figure 4). Analysis of the obtained localized orbitals

shows that the first (R1) and second (R2) roots correspond respec-

tively to zwitterionic and diradical states. For natural orbitals, the prin-

cipal configuration of root R1 contributes with 78% of the total CI

expansion, while all remaining configurations have weights lower than

2%. For the root R2, the two principal configurations contribute with

48% and 20% of the total CI expansion. This is an indication of multi-

configurational character for the excited diradical state. It suggests

that appropriate multiconfigurational methods should be used to cal-

culate properties and reactivity which may involve flavin diradical

states.

In Table 2, it is shown that the NEVPT2 energy for R1 is 3 mEh

smaller than the single-reference MP2 solution with a zwitterionic

resonance structure. Thus, the multiconfigurational contribution for

the ground-state R1 is small and the energetics is described well by a

single-reference method.

Additionally, the energy difference found between the two roots

for 4 (R1 and R2, 0.11 Eh with NEVPT2 in Table 2) exemplify that

excited electronic states in flavins have considerably high energies

and their nonadiabatic crossings may be safely neglected for calcula-

tion of ground-state properties.

In the condensed phase, however, dielectric and specific contacts

may stabilize zwitterionic flavins and increase the importance of their

resonance states and the associated multiconfigurational character.

For instance, although the MP2/cc-pVDZ energy for the isolated neu-

tral tautomer 2 is 54 mEh lower than 4, solvation in a polar dielectric

(estimated by the CPCM model for water)[91,101] stabilizes preferen-

tially the zwitterion and the energy difference drops to 29 mEh, still in

favor of the neutral 2. Yet, specific interactions in enzymes may stabi-

lize N1 protonation (Figure 2), shifting even further this energy differ-

ence and the associated tautomeric equilibria (2 ⇌ 4).

Results shown above indicate that a single-reference electronic-

structure method should be sufficient for the description of ground-

state properties and reactions of flavins studied here. Dynamic elec-

tron correlation should also be recovered. Applying the gold-standard

single-reference CCSD(T) method to flavins is only computationally

feasible using a double-zeta basis set, which compromises the amount

of correlation recovered. Thus, we first compared the full CCSD(T)

within this limited basis set and the DLPNO local-pair

approximation,[69] which provides linear scaling with system size and

allows coupled-cluster calculations of flavins with a larger basis.

In Table 3, both CCSD(T) and DLPNO-CCSD(T) calculations

employed quasi-restricted orbitals. The error due to the DLPNO

approximation is significant in the triples correction for two represen-

tative flavins and reaches 11 mEh for 17 even using tight calculation

thresholds (TightPNO keyword). This error is much higher than often

observed in smaller molecules[74] and similar to deviations found for

transition metal complexes.[102] For the flavins, the error may be

attributed to the delocalized and resonant nature of the electron dis-

tribution in the tricyclic isoalloxazine ring. Nevertheless, the error in

relative energies due to the DLPNO approximation decreases to 1.3

mEh, as in the reaction 2 ⇌ 17+ e�. This is the expected upper limit

in the accuracy of relative energies for flavin reactions obtained here

from DLPNO-CCSD(T) calculations with larger (triple-zeta and extrap-

olated) basis sets. Nevertheless, the DLPNO-CCSD(T) method was

chosen here as the reference model chemistry.

3.2 | Accuracy of calculated molecular structure,
dipole, and torsion energy

The calculated equilibrium geometry of isoalloxazine ring may be

assessed by comparison with solid-state crystallography of related fla-

vins. The structure for 3-methyl-lumiflavin has been determined by X-

ray diffraction[103] and Table 4 shows a comparison of bond lengths

with the gas-phase optimized geometry of isoalloxazine. The uncer-

tainty in bond lengths of the crystal structure is 0.003 Å, so there is

no significant difference between calculated and experimental bond

lengths for C=C, C=N, and C=O. The difference of 0.014 and

F IGURE 4 Resonance structures of 4. When N1 (see Figure 1 for
atom-numbering) is protonated, zwitterion or diradical (note unpaired
electrons in C10a and N3) resonance structures are possible
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0.008 Å observed for the more flexible C–C and C–N bonds may be

attributed to packing effects in the crystal environment, which may

shorten the bond lengths. In conclusion, the similarity between calcu-

lated and experimental bond lengths corroborates that DLPNO-CCSD

(T)/aug-cc-pVTZ provides accurate geometries.

Table 5 shows mean unsigned errors (MUE) and maximum abso-

lute errors (MAX) in bond lengths and angles for selected DFT func-

tionals tested in comparison to reference geometries optimized at the

DLPNO-CCSD(T)/aug-cc-pVTZ level for the isoalloxazine molecule

(Figure 1). B3LYP gives the smallest errors regarding bond lengths

(both MUE and MAX), while PBE gives the smallest errors in bond

angles.

Table 6 shows total energies obtained with DLPNO-CCSD(T)/

aug-cc-pVTZ after optimization of 2 and 17 with functionals PBE,

M06-L, and B3LYP. The smallest energies for both flavins are found

for the B3LYP geometry, indicating a better performance. But, differ-

ences between relative energies ΔE are negligible (<0.15 mEh) sug-

gesting that optimizations with any of these three functionals would

result in geometries with equivalent quality.

It is unlikely that B3LYP performance is an artifact of error cancel-

lation because of the favorable comparison to DLPNO-CCSD(T)/aug-

cc-pVTZ geometries (Table 5). Thus, the B3LYP/def2-TZVP model

was chosen for geometry optimizations of all equilibrium and bent

structures studied here.

For flavoquinols 40, 41, and 56, that show protonations in both

N1 and O2/N3, pirimidalization of N10 is more pronounced than in

the other flavoquinols, and their methyl group remains completely

below the isoalloxazine ring. This change in methyl position make N10

more negative, which stabilizes electrostatically the adjacent positive

TABLE 1 Electronic energy (in Eh)
obtained for 17, 27, and 37 with the cc-
pVDZ basis set

Method 17 17(bent) 27 37

HF �866.938886 �866.929755 �867.484272 �867.881032

CASSCFa �867.082975 �867.073693 �867.635744 �868.026266

MP2 �869.654678 �869.644219 �870.196964 �870.595394

NEVPT2a �869.653852 �869.645101 �870.197265 �870.595219

aThe active space (15 e� in 14 MO) contains the complete resonant π-system.

TABLE 2 Electronic energy (in Eh) obtained for zwitterionic 4 with
the cc-pVDZ basis set

Method Total energy

SA-CASSCF R1a �866.993155

SA-CASSCF R2b �866.908477

NEVPT2 R1 �869.562887

NEVPT2 R2 �869.449373

MP2 �869.559812

aFirst root with zwitterionic character.
bSecond root with diradical character.

TABLE 3 Electron correlation energies (EMethod–EHF, in Eh) for 2
and the reduced flavosemiquinone 17

Method 2 17

CCSD/cc-pVDZ �2.772852 �2.796138

DLPNO-CCSD/cc-pVDZ �2.772857 �2.793963

CCSD(T)/cc-pVDZ �2.893783 �2.916723

DLPNO-CCSD(T)/cc-pVDZ �2.883622 �2.905234

TABLE 4 Average lengths (in Å) for different bond types in
isoalloxazine ring

Bond Experimenta Calculatedb Δ

C=C 1.396 1.398 0.002

C=N 1.302 1.298 0.004

C=O 1.213 1.212 0.001

C–N 1.375 1.383 0.008

C–C 1.465 1.479 0.014

a3-methyl-lumiflavin crystal structure.[103].
bDLPNO-CCSD(T)/aug-cc-pVTZ geometry for isoalloxazine.

TABLE 5 Mean unsigned errors (MUE) and maximum absolute
errors (MAX) of isoalloxazine bond lengths and angles obtained from
DFT optimizations

Length (Å) Angle (
�
)

Functional MUE MAX MUE MAX

BLYP 0.009 0.020 0.32 1.12

PBE 0.007 0.016 0.27 0.78

M06-L 0.005 0.012 0.32 0.93

B3LYP 0.003 0.0103 0.35 1.38

PBE0 0.006 0.014 0.29 1.08

M06-2X 0.006 0.016 0.45 1.64

Note: Reference values comes from DLPNO-CCSD(T)/aug-cc-pVTZ

geometry.

TABLE 6 DLPNO-CCSD(T)/aug-cc-pVTZ energy (in Eh) for 2 and
17 with geometries optimized by different DFT functionals

Functional E2 E17 ΔE

PBE �870.70018 �870.76169 0.06151

M06-L �870.69987 �870.76142 0.06155

B3LYP �870.70076 �870.76216 0.06140

6 CURTOLO AND ARANTES



sites {N1, O2, N3} that are bound to two or three protons in 40, 41,

and 56.

Flavins may undergo a butterfly motion bending the isoalloxazine

ring (Figure 3). When fully reduced, electronic repulsions favor the pir-

imidalization of N5 and N10, and lead to ring bending.[24] Thus, it is

relevant to check the associated torsion energy (Etor) for which

DLPNO-CCSD(T)/aug-cc-pV[D/T]Z was used as reference.

It was suggested experimentally for several flavoquinol

derivatives in solution that Etor is lower than 20 kJ.mol�1.[104] For

isolated flavoquinols calculated here, Etor has a similar magnitude

(Table S19). For flavoquinones and flavosemiquinones, experimental

data show that these flavins assume planar or quasi-planar

conformations,[18,24,103] again in agreement with results here.

The electric dipole moment μ was evaluated here because this

property is relevant to flavin interactions in condensed phase. Its cal-

culation by coupled-cluster methods is very demanding, so the accu-

racy of μ obtained with MP2 was assessed first (Table 7). Regardless

of the basis set used, MP2 and DLPNO-CCSD dipoles differ on their

magnitudes by only 0.01 D for 2 and MP2/aug-cc-pV[D/T]Z dipoles

were chosen as a reference here.

3.3 | Comparison with experimental gas-phase
reactions

Experimental electron affinity and gas-phase basicity are available for

2[34] and are used here for comparison with various levels of theory

and basis set. Tables 8 and S5 show an opposed trend for EAtherm

increasing with the basis-set size while GB decreases, particularly in

the DLPNO-CCSD(T) level.

Employing augmented basis sets is essential for a correct descrip-

tion of the diffuse anionic product (17). For instance, the cc-pVTZ set

gives less accurate EA than aug-cc-pVDZ for all methods tested. Aug-

mented sets also give a better description for the GB calculation. MP2

calculations employing any CBS extrapolation provides results in

agreement with both experimental properties within their uncer-

tainties, probably due to fortuitous error cancellation. For more reli-

able coupled-cluster methods, the DLPNO-CCSD(T) level with the

aug-cc-pVQZ set or with the extrapolated CBS limit (either [T/Q]Z or

[D/T]Z) provide excellent results.

It should also be noted that EAadiab is systematically smaller than

EAtherm for all calculation levels (Table S6). The latter was used for

comparisons here because it is a better approximation to EA measured

experimentally in thermalized conditions. However, it is unclear which

temperature the GB experiments were conducted at.[34] Here

T = 298.15 K is assumed, but this may be an additional source of

uncertainty for our calculated values in relation to the experiment.

By neglecting thermal and entropic contributions, EA and GB cal-

culated with DLPNO-CCSD(T)/aug-cc-pV[T/Q]Z would yield 1.77 eV

and 954 kJ.mol�1, respectively. While EA would still agree with exper-

iment within uncertainty, GB would disagree in 26 kJ.mol�1. By also

neglecting ZPV E corrections, EA and GB would become 1.69 eV and

988 kJ.mol�1, largely degrading the calculated accuracy. Therefore,

including zero-point vibrational (ZPV E) and thermal contributions is

essential for quantitative agreement with experiment.

Due to the favorable comparisons shown in this section, reason-

able computational cost and the more systematic behavior of

coupled-cluster methods in recovering electron correlation, the

DLPNO-CCSD(T)/aug-cc-pV[D/T]Z level was chosen here to produce

reference energetic values for other flavin tautomers. Although other

approximations are evoked here (harmonic vibrational modes, frozen-

core energies, etc.), it may be concluded that electron and proton

affinities for isolated flavins are well described with this level of

theory and B3LYP/def2-TZVP geometry optimizations.

3.4 | Tautomer thermochemistry

As shown in Figure 2, flavins with given redox state and total charge

may assume different tautomeric forms. For example, three tautomers

(6, 7, and 9) are found for a cationic flavoquinone, by protonating two

atoms in the set {N1, N3, O2}. Table 9 shows the calculated free

TABLE 7 Magnitude of μ (in D) calculated for 2 with different
methods

MP2 DLPNO-CCSD

aug-cc-pVDZ 8.97 8.96

aug-cc-pVTZ 9.01 9.02

aug-cc-pV[D/T]Z 9.03 9.04

TABLE 8 Electron affinity (EA, in eV) and gas-phase basicity (GB,
in kJ.mol�1) for 2

Method EAtherm GB

MP2

cc-pV[D/T]Z 1.88 926

aug-cc-pV[D/T]Z 1.93 923

aug-cc-pV[T/Q]Z 1.94 924

DLPNO-CCSD

cc-pV[D/T]Z 1.77 938

aug-cc-pV[D/T]Z 1.81 935

aug-cc-pV[T/Q]Z 1.80 932

DLPNO-CCSD(T)

cc-pVDZ 1.21 950

cc-pVTZ 1.59 940

cc-pV[D/T]Z 1.78 934

aug-cc-pVDZ 1.75 925

aug-cc-pVTZ 1.79 929

aug-cc-pVQZ 1.80 928

aug-cc-pV[D/T]Z 1.82 930

aug-cc-pV[T/Q]Z 1.81 928

Experimental[34] 1.86 ± 0.12 919 ± 9
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energy and equilibrium composition at 298.15 K for possible

tautomers.

For flavoquinones, the most stable tautomers are 2 for neutral

and 9 for cationic forms, in accordance with previous qualitative pre-

dictions.[12,14,18] However, the current results highlight that tautomers

such as 10 are more stable than previously proposed. For instance,

Dopfer et al.[18] obtained ΔG = 24.2 kJ.mol�1 for 10 using B3LYP/cc-

pVDZ calculations. Furthermore, Ridge et al.[34] performed

B3LYP/6-31G* and M06-L/6-31G* calculations and suggested that

7 was more stable among the cationic forms. This disagreement with

results reported here (Tables 9 and S7) may be caused by the geome-

try found by Ridge et al. after optimization which shows the dihedral

N1–C2–O2–H rotated by 180
�
in comparison to the structures found

here and previously.[18]

For flavosemiquinone, the most stable tautomer are 27 for neu-

tral and 37 for cationic forms, again in qualitative agreement with pre-

vious calculations.[12,14,16] The relative energy of 34 was predicted to

be 5.4 and 4.1 kJ.mol�1 higher than 37 by earlier calculations with

HF/6-31G** and B3LYP/6-31G* methods, respectively.[12,14] These

are potential energy values, but are similar to the free energy of

9.1 kJ.mol�1 reported here.

The work of Zheng and Ornstein[13] with HF/6-31G* calculations

suggested that 27 was not the most stable neutral flavosemiquinone.

Their conclusion disagrees qualitatively with the results shown here

and in earlier publications.[14,16] We suspect that the approximate

nature of the unrestricted HF calculation performed[13] lead to the

wrong conclusion.

Hadad and Platz et al.[16] tested stabilities of alternative tauto-

mers of neutral flavosemiquinones. They considered not only oxygens

and nitrogens as possible protonation sites (See Figure S2), but also

the carbons C4a and C10a. Their B3LYP/6–31+G** calculations added

by ZPV E agrees with ours and predict 27 as the most stable tautomer.

Protonation at C4a and C10a resulted in tautomers 105.9 and

213.8 kJ.mol�1 more energetic than 27, respectively.[16] This large

energy difference indicates that flavin radicals with protonation at car-

bon will be unstable and irrelevant to tautomeric thermochemistry.

Nevertheless, these species may still play a role as alternative reaction

mechanisms and transient intermediates in flavoenzymes.

For flavoquinols, 51 is the most stable in the neutral form. Meyer

et al. in an early study reported heats of formation calculated with the

semiempirical method PM3 for different flavoquinol tautomers.[12]

They found 51 as the most stable, 54 was 45.2 kJ.mol�1 more ener-

getic and 53 was 25.9 kJ.mol�1 more energetic. These results disagree

with the energies of 15.6 and 16.0 kJ.mol�1 reported here respec-

tively, showing that the PM3 method (and possibly other semiempiri-

cal methods based in the NDDO approximation)[105] is inadequate to

predict tautomeric equilibria of flavins.

Termochemical analysis at normal temperature may indicate if

more than one tautomer can exist at equilibrium. For anionic flavins

and neutral flavoquinone, there is a significantly lower energetic tau-

tomer, comprising 100% of the ensemble: 17 is the tautomeric form

adopted by anionic flavosemiquinone, 48 for anionic flavoquinol and

2 for neutral flavoquinone (See Tables S7, S8, and S9). In gas phase,

only one tautomer needs to be accounted for when calculating ther-

modynamic properties for these molecules. Alternatively, cationic fla-

vins, neutral flavosemiquinone, and neutral flavoquinol have more

than one tautomer significantly populated (Table 9).

Only nitrogen sites (N1, N3, or N5) are protonated in the most

stable tautomer of each redox and charge, except for the cationic fla-

vins, 9 and 37, which have O2 protonated. This unusual oxygen pro-

tonation is also found in 10, 24, 38, 53, and 54, which are within

20 kJ.mol�1 of the most stable tautomer in their respective redox and

charge state. For instance, flavoquinol 51 has all three nitrogens pro-

tonated and the 54 tautomer, with O2 and O4 protonated, is 15.6 kJ.

mol�1 more energetic. Other naturally occurring quinols such as ubi-

quinol and plastoquinol always have their oxygens protonated.[106,107]

But the resonance structure in flavins results in stabilization of nitro-

gen protonation and (flavo)quinols without a phenol group.

The isolated GB of stable anionic flavosemiquinone 17 and stable

anionic flavoquinol 48 are almost identical, 1336 and 1335 kJ.mol�1,

respectively (Tables S15 and S17). However, in aqueous solution, the

flavosemiquinone is significantly more basic than the flavoquinol, with

pKa ≈ 8 and 6, respectively for their conjugated acids.[1] For the stable

neutral flavoquinone 2 and stable neutral flavosemiquinone 27,

although their GB = 963 and 930 kJ.mol�1, respectively (Tables S14

and S16), their cationic conjugated acids in aqueous solution exist

only under very low pH.[1]

TABLE 9 Calculateda relative free energies (ΔG[298.15 K], in kJ.
mol�1) and equilibrium composition (in %) of isolated flavins with
multiple tautomeric states

ΔG Composition

Flavoquinone neutral

2 0.0 100.00

4 120.8 0.00

Flavoquinone cation

7 11.2 1.07

9 0.0 98.82

10 17.0 0.11

Flavosemiquinone neutral

24 13.2 0.48

27 0.0 99.52

Flavosemiquinone cation

34 9.1 2.47

37 0.0 97.51

38 20.7 0.02

Flavoquinol neutral

51 0.0 99.66

53 16.0 0.15

54 15.6 0.19

aDLPNO-CCSD(T)/aug-cc-pV[D/T]Z//B3LYP/def2-TZVP.
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This comparison reassert that the gas-phase basicity and electron

affinity cannot be used directly as probes of condensed-phase basicity

and redox potentials, as solvation modulates the ability to bind pro-

tons and electrons slightly differently for each flavin form. Neverthe-

less, the intrinsic tautomeric equilibria of isolated flavins described

here builds the foundation for modeling their condensed-phase

behavior by including the influence of microenvironments and light

absorption as a perturbation of intrinsic equilibria.[12,14,17] For

instance, the 9 ⇌ 7 equilibrium was suggested previously[12,14] and

above (Section 3.1) to shift toward 7 formation in implicit solvent

models. Explicit hydrogen bonds provided by flavoprotein scaffolds

are expected to further affect flavin tautomerism.[11,33,108]

3.5 | Performance of DFT for molecular properties

As DFT is often employed for ground-state calculations of flavins, an

appraisal of the performance of selected functionals in the computa-

tion of their molecular properties is useful and shown in Table 10.

Properties for each flavin species and functional are shown in

Tables S10–S19. MUE and MAX were calculated over different sets

for each property. For EAadiab, N = 34, comprising all flavoquinones

and the neutral and cationic flavosemiquinones (1–14 and 20–39).

Flavoquinols and anionic flavosemiquinone were removed as they

would require calculation of unstable three-electron reduced species

or generate unstable dianions, respectively. For GB, N = 30, compris-

ing all anionic flavins, neutral flavoquinones, and flavosemiquinones

(1–5, 15–19, and 40–49). Calculations of GB for neutral flavoquinols

would result in high-energy four-time protonated flavins. For μ and

Etor, N = 14, comprising the most stable tautomers in Figure 2 and

excluding 4.

The functional showing the lowest deviation varies with the cal-

culated property. Overall, M06-2X shows the best performance,

with the lowest MAX errors among GGA and hybrid functionals for

all properties, and the lowest MUE for EA and Etor properties among

all functionals. Thus, M06-2X may be indicated for calculation of

redox potentials of flavins. Surprisingly, this functional shows the

highest MUE for GB among hybrid functionals. Alternatively, M06

and CAM-B3LYP perform particularly well for GB and dipole

moments, so they may be indicated for the computation of tauto-

mer thermochemistry in condensed phase, for instance using hybrid

QC/MM potentials.[109,110] Among computationally cheaper GGA

functionals, TPSS, BPBE, and pure PBE show the best overall per-

formance. However, all GGA functionals except OPBE make qualita-

tively wrong predictions on the relative stability of

flavosemiquinone tautomers.

TABLE 10 Mean unsigned errors
(MUE) and maximum absolute errors
(MAX) of properties calculated by DFT
functionals for lumiflavin forms
studied here

EAadiab (eV) GB (kJ.mol�1) jjμjj(D) Etor (kJ.mol�1)

Functional MUE MAX MUE MAX MUE MAX MUE MAX

GGA and meta-GGA

BLYP 0.30 0.74 13 34 0.47 1.45 3.3 6.2

OLYP 0.35 0.78 9 25 0.50 1.53 3.7 6.6

PBE 0.20 0.61 13 35 0.49 1.48 3.5 7.0

BPBE 0.22 0.65 9 25 0.50 1.48 3.5 7.0

OPBE 0.26 0.68 13 30 0.53 1.57 3.8 6.8

TPSS 0.25 0.65 8 19 0.50 1.49 3.0 6.7

M06-L 0.35 0.73 12 22 0.59 1.52 3.0 8.5

Hybrid

B3LYP 0.22 0.53 5 14 0.48 1.32 2.3 7.2

B3LYP + D3 0.22 0.52 6 17 0.48 1.32 2.2 6.7

PBE0 0.22 0.44 5 13 0.49 1.33 2.3 7.9

O3LYP 0.21 0.56 6 21 0.46 1.36 3.1 8.1

M06 0.17 0.38 4 13 0.49 1.32 2.6 7.2

M06-2X 0.14 0.23 7 12 0.48 1.31 1.4 5.6

Range-separated

CAM-B3LYP 0.22 0.31 4 12 0.53 1.25 2.1 7.0

LC-BLYP 0.20 0.33 22 32 0.54 1.27 2.0 6.6

ωB97X 0.23 0.37 7 15 0.55 1.34 1.5 6.1

Double-hybrid

B2PLYP 0.17 0.38 8 18 0.44 1.43 1.6 5.0

Note: Reference values were obtained with DLPNO-CCSD(T) for energies and MP2 for dipoles, both with

the aug-cc-pV[D/T]Z basis extrapolation.
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The popular B3LYP functional performs well for all properties

(maybe except for EA), while inclusion of D3 dispersion correction

does not improve its accuracy. The higher computational demand of

B2PLYP calculations does not increase its performance significantly,

which is similar to the cheaper functional M06.

Etor is much easier to predict and all functionals tested have MUE

below chemical accuracy. MAX errors always correspond to 17, which

bent geometry shows increased multiconfigurational character

(Table S3 and Section 3.1). Calculated components for μ are similar

among functionals, with the MUE of their magnitude � 0.5

D. However, the errors in open-shell flavins are significantly higher for

all functionals. For instance, M06-2X shows MUE of 0.25 D for closed-

shell and 0.84 D for open-shell flavins. Hence, calculations of flavosemi-

quinones using DFT for dipole moments and other response properties

that depend on electronic polarization by the environment (such as

QM/MM simulations in condensed phase) must be seen with caution.

4 | CONCLUSION

A systematic evaluation of approximations in the computation of the

molecular electronic structure of isolated flavins was presented here.

Multiconfigurational effects are negligible for ground-state properties,

except for diradical species in resonance to zwitterionic forms. Includ-

ing complete basis-set extrapolation and augmented functions in the

calculations is necessary for agreement with experimental electron

affinities and gas-phase basicities without resorting to error cancella-

tion. The uncertainty expected here for DLPNO-CCSD(T) relative

energies is 1.3 mEh and for MP2 dipole moments it is 0.01 D, suggest-

ing these methods can be used as references for flavin energetic and

electrical properties, respectively. Nevertheless, it should be noted

that the DLPNO approximation presented high errors for the triples

correction to absolute energies, probably due to the delocalized elec-

tron distribution in the isoalloxazine ring.

For structural properties, DFT calculations with B3LYP or PBE

functionals had similar quality. The popular B3LYP, most often used in

previous computational studies of flavins, performs reasonably well

for energetic properties but other functionals with similar computa-

tional cost are better recommended. For electron affinity calculations,

Minnesota hybrid functional M06-2X should be used and for gas-

phase basicity, M06 and CAM-B3LYP give the most accurate results.

DFT should be carefully used when studying flavosemiquinones and

higher level calculations like DLPNO-CCSD(T) are recommended.

Pure- and meta-GGA functionals give qualitatively wrong gas-phase

basicities and all functionals tested result in large errors for dipole

moments of radical flavin forms.

The present analysis of tautomeric equilibria is qualitatively simi-

lar to previous studies,[12,14,16] but quantitatively more accurate and

embraces a larger and complete set of flavin oxidation and charge

states. Tautomeric compositions described here corroborate that

nitrogens sites are preferentially protonated, but alternative tauto-

mers are possible and might be explored during catalysis in flavoen-

zymes.[9] In particular, cationic flavins have unusual protonation at

oxygen. Finally, this benchmark study should guide future work in the

calculation of redox potentials, pKa, and other condensed-phase prop-

erties for flavins.
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