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Abstract: A combined experimental/computational study has been carried out on the effect of hydrogen bond complex
formation between the radical anion of naphthalimide and the acylated diaminopyridine reze®rperimental
hyperfine coupling constants (hfc’s) were obtained via simultaneous electrochemistry and EPR (SEEPR). An overall
increase in the absolute values of the hfc’s is observed. To better correlate experimental results with changes in
electronic structure, hfc’'s were calculated using UHF and UKS wave functions, specifically the B3LYP hybrid
functional. While the UHF derived hfc’s reproduce qualitative trends, the hfc’s obtained by density functional
calculations are in good quantitative agreement with the experimental data. B3LYP calculations show an increase
in spin polarization, with the largest effect observed in the naphthyl moiety, consistent with experimental results.

Introduction

Alteration of the chemical and physical properties of radicals
via hydrogen bonding has received widespread attention in H

H

recent years in the context of biochemistry, chemistry, and H 21 S = CHj =
material science. The scope of this research extends from the N . 2/ 0. N. O
generation of organic ferromagnets via propagation of spin 8 IS s |1 3
coupling through hydrogen bonds to the stabilization of OO

biological radicals through interaction with the protein scaf- 7 L ¢ OO

folding (e.g., Qa in the bacterial photosynthetic reaction center,
tyrosyl radicals in photosystenPland ribonucleotide reducta&e,

and flavin semiquinone radicals in flavoenzyms
Model systems allow the parametric study of the change in in which the binding site is blocked via alkylation.

electronic structure of biologically significant radicals upon

Figure 1. Hydrogen-bonded complex between naphthalimide radical
anionl and receptoR, negative controN(1)-methylnaphthalimid®,

hydrogen bonding, providing insight into more complex enzy- differences, the lack of specificity, and low association constants
matic systems. Previously reported model systems have focusedimit their ability to effectively mimic biological systems.

on nonspecific hydrogen bond interactions, e.g., between Comparison between spectra acquired in a protic vs aprotic
nitrobenzene radical anions and substituted acetyerésyr

the addition of protic solvent to the solution of ninhydrin radical
anion in an aprotic mediud?. In these systems, structural
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medium is also complicated by the change in the solvent
dielectric. Additionally, quantitative evaluation of these model
systems has for the most part relied on semiempirical relation-
ships derived from Hekle and McLachlan theord?4introduc-

ing errors in the calculation of “experimental” spin densities
from observed hyperfine coupling constants (hfc’s).

We here report the first model study in which the spin density
distribution of a radical anion is modified througpecific
hydrogen bond interactions. The system studied is the complex
formed between the naphthalimide anion raditahnd the
acylated 2,6-diaminopyridine recept®r(Figure 1)1 Similar
imide—diaminopyridine recognition has been previously utilized
to mimic modification of flavin-cofactor redox chemistry
through hydrogen bondirfg. The naphthalimidd—receptor2
complex is sophisticated enough to represent important features
of more complex systems, yet simple enough to yield readily
interpretable EPR spectra and allow the application of high-
level computational methods.
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Experimental Section

Materials and General Methods. Solutions were prepared using
reagent grade Ci&I, dried via distillation over Cakl Tetrabutylam-
monium perchlorate (TBAP, obtained from SACHEM, electrometric
grade) was recrystalized twice from water and dried for several days
under high vacuum. Naphthalimide (obtained from Aldrich Chemical
Co.) was recrystallized from GEIl, and dried under high vacuum.
Other chemicals were reagent grade, were obtained from Aldrich, and
were used without further purificatioriN(1)-Methylnaphthalimide was
obtained via methylation of naphthalimide (Mel, J¢&;, DMF),
according to literature procedur&s.

Simultaneous Electrochemistry and EPR.Due to the lossy nature
of the samples and to minimize perturbation of the microwave field
by the working electrode, SEEPR experiments were carried out in a
quartz flat cell® A second glass part containing three ACE no. 7
threaded joints sealed via Teflon ferrules to hold the electrodes and a
septum-capped ground glass joint for degassing and sample injection
was connected to the top of the cell. The working electrode, a platinum
gauze electrode, was inserted into the flat part of the cell. The Ag-
wire pseudoreference electrode was positioned directly above the
working electrode in order to minimize the iR-drop, and the auxiliary
electrode, a platium wire spiral of large surface area, occupied the
solvent reservoir above the flat section. The electrode leads were
insulated via Teflon heat shrink tubing. After each experiment the
working electrode was cleaned in concentrated HNO

EPR spectra were recorded on an IBM ESP 300 X-band spectrometer
equipped with a T4 dual cavity. Naphthalimide solutions (10M
in CH.Cl,, 0.1 M TBAP) were degassed by bubbling argon through
them for 5 min and then injected into the cell, which was previously ] o
flushed with argon. The cell was mounted within the spectrometer Figure 2. Low-field half of the SEEPR spectra of naphthalimitle
using custom-manufactured cell holders, which allow for precise radical anion: (a) experimental (10M naphthalimide, 0.1 M TBAP,
alignment of the cell within the cavity in order to maximize the Q-factor. 0y, degassed Ci€l); (b) simulated; (c) experimental (10 M
Bulk electrolysis was carried out simultaneous to signal acquisition Na@phthalimide, 16° M receptor2, 0.1 M TBAP, dry, degassed GEll);

(25 kHz field modulation, modulation amplitude 0.0475 G). Hyperfine (d) simulated.

coupling constants (hfc’s) were determined through spectrum simulation

and iterative curve-fitting using the software package WinSim from Addition of up to 1 equiv of receptd@° to naphthalimide radical
NIEHSY? Excellent correlation (correlation coefficient greater than anionl caused marked, progressive changes. Spectra taken at
0.99) was achieved in most cases. 1, 10, and 30 equiv of recept@rare almost identical, indicating

Calculations. UHF and DFT-B3LYP calculations were performed complete complexation, a proof for the high association constant
using the Gaussian 94 suite of programs on Silicon Graphics worksta- of the hydrogen bound complex. Spectra acquired at less than
tions!® UHF geometry optimization at the 3-21G level was followed 1 equiv of recepto are a superposition of the spectra for the
by UHF and B3LYP 6-31G* single point calculations. Isotropic hfc's  bound and unbound naphthalimide radical anlpindicating
were calculated according to that the lifetime of the complex is longer than the EPR time
scale 1076 s). Previously studied model systein'® for
hydrogen bound radical anions exhibited averaged hyperfine
coupling constants rather than superimposed spectra at less than
100% complexation, indicating a lifetime for the complex shorter
than the EPR time scale, consistent with weaker and less specific
interactions. To rule out naphthalimide dimer formation, the
NMR spectra of naphthalimide and EPR spectra of the naph-
thalimide radical anio were acquired over a 2@oncentration
range; the spectra remained unaltered, indicating little imide
imide interaction.

Addition of receptor2 to N(1)-methylnaphthalimide radical
anion3, in which the binding site is blocked through alkylation,
causes little change in the EPR spectrum. Upon addition of 3

el
2G

a(N) = (87/3)geB.anBrne(rn)

The hfc of nucleus Na(N), is proportional to the corresponding Fermi
contact integral (spin density at the nucleg&); ge (gn) Stands for
the electronic (nucleary-factor andg. (Bn) for the Bohr (nuclear)
magnetort?

Results and Discussion

The EPR spectrum of the naphthalimide radical adiavas
altered significantly by the addition of recept®r(Figure 2).
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equiv of recepto® to radical3, the spectrum of a second species
becomes observable, amounting to 2% of the total spectrum
(Figure 3). This species is most likely the result of weak,
nonspecific interactions, since addition of up to 30 equiv of
receptor2 to radical3 does not cause full conversion of the
spectrum. Complex formation between naphthalimide radical
anion1 and receptoR on the other hand is complete after the

(20) Equivalents of receptor with respect to amount of naphthalimide
present. Since bulk electrolysis is not exhaustive, the concentration of
naphthalimide radical aniohis lower than the concentration of naphthal-
imide.
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Table 1. Experimental and Calculated hfc's (G) of the Naphthalimide Radical Ation

experimental hfc'$ UHF 6—31G* hfc's B3LYP 6-31G* hfc's
atom 12 1+2° A° 1@ 1420 A° 1@ 1420 A°
N(1) 1.424 1.492 0.068 —4.085 —6.015 1.930 —1.152 —1.281 0.129
H(1) 0.480 0.533 0.053 3.699 0.107 —3.592 0.547 0.005 —0.542
H(3)/H(8) 5.112 5.282 0.170 —24.003 —26.235 2.232 —5.046 —5.747 0.701
H(4)/H(7) 0.908 1.028 0.120 18.644 20.849 2.205 0.992 1.520 0.528
H(5)/H(6) 5.744 5.763 0.019 —27.182 —27.860 0.678 —6.892 —7.055 0.163

aNaphthalimide radical aniohalone. ® 1:1 complex between naphthalimide radical ariand recepto®. © Difference in the absolute magnitude:
A = |hfc(1 + 2)| — |hfc(1)|]. ¢ Absolute values, average dispersion approximatedy005 G.

Table 2. Calculated Spin Densities (sd)
? B3LYP 6—31G* spin densities
atom 12 1+2° A°

N(1) —0.032 —0.040 0.008
C(2)/IC(9) 0.052 0.084 0.031
0(2)/0(9) 0.083 0.079 —0.004

b) C(2a)/C(8a) 0.048 0.004 —0.044
C(3)/C(8) 0.203 0.236 0.033
C(4)IC(7) —0.076 —0.099 0.023
C(5)/C(6) 0.290 0.296 0.006
C(5a) —0.112 —0.119 0.007
C(2b) —0.011 0.005 —0.006

[ S|
2G 2 The naphthalimide radical anidn ° The 1:1 complex betweeh

d toR. ¢ Diff in the absolut itudesd(@ + 2)| —
Figure 3. Low-field half of the SEEPR spectra df(1)-methylnaph- algd(gfep ° ffference in the absolute magnitudesd( + 2)|

thalimide radical anior8: (a) 10° M N(1)-methylnaphthalimide, 0.1 i ] ) ) )

M TBAP, dry, degassed GiEl,; (b) 10-3 M N(1)-methylnaphthalimide, too high, the hybrid B3LYP functional-derived hfc’s are in much

3 x 1073 M receptor2, 0.1 M TBAP, dry, degassed GAl. better quantitative agreement with experimental values. The
only discrepancy is the predicted decrease in the hfc of imide

addition of 1 equiv of receptd, confirming that the interaction ~ proton H(1). Since this hydrogen derives its spin density

is specific and based on hydrogen bonding. through secondary spin polarization from the carbonyl carbons
To further correlate experimental results with changes in spin Via the imide nitrogen, and is furthermore directly involved in
densities, we carried out a seriesalf initio UHF and DFT- hydrogen bonding, calculating its spin density is especially

B3LYP calculations. It is now widely recognized that calcula- complex. The overall increase in spin polarization upon
tions based on UHF wave functions overestimate spin densitieshydrogen bonding is overestimated by the B3LYP calculations,
and isotropic hfc’s inr-radicals?’ 23 While post-Hartree Fock but relative amounts of change between different sites are
methods have been applied successfully to study small radicalspredicted correctly. Therefore, it can be concluded that the
computational effort makes application to larger systems B3LYP hybrid density functional employing the 6-31G* basis
prohibitive. The B3LYP self-consistent hybrid functional has Set provides a reasonable computational method to study the
been proven especially useful for the prediction of spin density €ffect of hydrogen bonding on the spin density distribution of

distribution and isotropic hfc’s in organig-radical3*2> and naphthalimide radical. _
has been shown in several cases to accurately model hydrogen Since experimental and calculated hfc’s are in reasonable
bond interactiond®27and biologically relevant radicaf8:27-2° agreement, the computational results can be used to predict

The computational economy of density functional theory makes properties not directly accessible via simple EPR experiments,
it the method of choice for larger systems such as the one €.9., changes in spin density distribution within tamework
presented here. upon hydrogen bonding. According to B3LYP calculations, the
From the experimental values (Table 1) it is apparent that largest increase in the absolute value of the spin density within
every observed hfc increases in absolute magnitude uponthe z-framework (Table 2) is observed at the C(3)/C(8) and
hydrogen bond formation. Hydrogen bonding hence leads to C(4)/C(7) positions of the naphthyl portion of radichl and
an increase in overall spin polarization, also manifested in an the carbonyl carbons C(2)/C(9). The spin density at the carbony!
increase of spectral width. Interestingly, the largest changes0xygens, which are directly involved in hydrogen bonding, is
are not observed at the binding site, but in the naphtha|eneactually decreased. This can be understood if one considers
moiety of radicall. These trends are well represented by both that hydrogen bonding is a two-electron process: lower, filled
UHF and DFT computational methods. While hfc’s derived Mmolecular orbitals are distorted toward the binding site, leading

from UHF calculations are on average an order of magnitude t0 an increase in charge density at the carbonyl oxygens. The
semioccupied molecular orbital (SOMO) on the other hand is

) prn, D W Tvr O 13098 3 27 115 astored away fom the bndng ste.
(23) Qin, Y.; Wheeler, R. AJ. Phys. Cheml996 100, 10554-10563. In summary, we have shown that specific hydrogen bond
(24) Adamo, C.; Barone, V.; Fortunelli, Al. Chem. Phys1995 102, interactions between receptdrand the naphthalimide radical
384-393. , anion1 cause marked changes in the spin density distribution
ggg gg;gﬂg: \\//:;Tg?gh(ﬁr?i""ﬂ_'_;féji%?é};#%ﬁig: Let994 231 involving the entirez-system, increasing the total amount of
295-300. unpaired spin by enhancing spin polarization. This provides a
(27) O'Malley, P. J.; Collins, S. XChem. Phys. Lettl996 259, 296~ model for the stabilization of radical anions in biological
30(()é8) in. Y.: Wheeler. R. AJ. Cher. Phys995 102 16891698 systems, and the fine-tuning of their reactivity. Future studies
(29) JQen'se,'{, G. M.: Goodin, D. B.: gumg’ S. W.Phys. Cheml996 will extend the combined experimental/computational approach

100, 954-959. presented here to biologically relevant systems such as flavin
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and quinone cofactors, and will be reported in due course. Supporting Information Available: Experimental and
simulated SEEPR spectra of the radical anidnand 3 at
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