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We present the results of density functional calculation®ofiyperfine coupling constants (hfcc’s) in four

types of model steroid radicals (R1 through R4). The calculations are performed using the B3LYP functional
in combination with Pople basis sets (6-31G(d) and 6-311G(d)) and the EPR-III basis set. In radicals R1, R2,
and R3 the agreement between experimental and calculated isotropic hfcc’s is excellent (differ@dees

except for two protons in radical R3 where the calculations provide evidence for reconsidering the experimental
assignment. The agreement is rather poor in the case of radical R4 and is indicative either of specific geometry
effects that cannot be modeled in the propoisethted moleculapproach or of a different radical identity.

Introduction 1821\2{)/ 22\2{ 24\25:27 R,
Over the past years, the formation of free radicals in a variety 2T ® Re

of steroid hormone crystals following high energy irradiation /1\"?0/!,\0/1'431/5‘6

has been given considerable attention. This research is inspired falsf

both by the progress of radiation sterilization technology of oH T INZ N o

pharmaceutical products and the investigation of radical inter-

mediates in the metabolism of steroids. @ ®

Steroid hormones are natural metabolites of cholesterol ang~i9ure 1. (a)_ Carbon atom labeling and ring notation for cholesterol;
differ from the latter by the presence of a coupled system of S)ch]e steroid skeleton [e.g., androgens (testosteroney= RH, R,
double bonds between the carbonyl group attached to the C3
atom and the carbon atoms C4 and C5. The androstane skeleton
with the labeling of the rings and the carbon atoms is shown in
Figure 1. )

Radical products of steroid compounds created by high energyo'
irradiation have also been thoroughly examined using electron
paramagnetic resonance (EPR) and electron nuclear double R1 R2 R3 R4
resonance (ENDOR) spectroscdigyAs an overall result, itwas  Figure 2. Schematic overview of the four types of radicals (labeled
found that the majority of radicals iry-irradiated steroid  R1 through R4) formed in irradiated crystals of steroids.
hormones is created in the A and B rings. More specifically,
four types of radicals have been identified or sugge%tEaey
are displayed in Figure 2 and their structures will be discussed
further on.

Complementary to these experimental techniques, theoretical
quantum chemical calculations of hyperfine coupling constants . . . .
(hfcc’s) could be very valuable in the investigation of the identity Comparisons are made with the .avallable expenmentql data,
and the electronic structure of the radicals involved. While a and_ hypotheses are PUt forward with regard to the experimental
number of theoretical studies concerning geometries and assignment of coupling constants.
electronic structureand NMR chemical shiffsof steroids are In recent years DFT has been of ever-increasing importance
already available, no thorough quantum chemical study of EPR in the calculation of molecular ground state properti&FT

has also emerged as the method of choice for the calculation of

*To whom correspondence should be addressed: fax, 32 (0)9 264 66 hyperfine coupling constants in small radicals mainly because
99; e-mail, Philippe.Lahorte@rug.ac.be of its cost-effective incorporation of electron interactigirBut

. E{‘(‘e‘gaﬁjg&gz%i['ﬁ g:ﬁ:&lfem University. DFT calculations have also been successfully applied for larger

s Laboratory for Crystallography and Study of the Solid State, Gent radical systems such as amino agidsd DNA radicals® The
University. o aim of the present study is to further validate the usefulness
(Belgi‘:fr;‘;f’(‘go@' OF)e"OW of the Fund for Scientific Researftanders  and feasibility of DFT methods in the calculation of EPR

“Research Director of the Fund for Scientific ResearElanders ;pectroscopic properties of molecules that are of biological
(Belgium) (F. W.0O). Interest.

spectroscopic properties has been performed yet. In the current
study we present results on density functional theory (DFT)
calculations of isotropic and anisotropic hyperfine coupling
constants of!H atoms in various model steroid radicals.
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Computational Details

For each of the radical species, a model system was
constructed by neglecting the C and D rings from the steroid
skeleton, as their influence on the hfcc’s is expected to be small.
Consequently, in each of the model radicals, the B ring was
terminated with hydrogen atoms at the appropriate positions.
The geometry optimization of these radicals was performed
using the B3LYP function&h12in combination with Pople’s
6-31G(d) basis sé starting from the available experimental
crystal structure coordinates. No attempts were made to perform
a full investigation of the geometric space for the respective

R1

radicals as this was beyond the scope of the present study thakigyre 3. The model radical R1.
aims to represent suitable model systems for the compounds of

interest. Subsequent si.ngle-.point calculations were performedUB3LYP/6-31lG(d)//BSLYP/6-31(3(d) spin densities are 0.21
at the UB3LYP level using either Pople’s standard 6-311 G(d) 5t 03 (0.20 with EPR-IIl) and 0.55 both at C4 and C6 (0.52

basis set or Barone’s EPR-III seffhe latter is specifically

with EPR-III), effectively leading to an. coupling at the atoms

tailored for the accurate calculation of EPR Spectroscopic 4 and H6 and twe couplings at H7A and H7B. Previously

properties at the expense of a substantial extra computationalspin densities for C4 and C6 of 0.44 and 0.45, respectively,
burden. For the radical species under study, the 6-311G(d) setyere estimated from experimental déta.

represents the optimal tradeoff between hfcc quality and
computational burden for a series of Pople sets (6-31G(d),
6-31G(d,p), 6-311G(d), 6-311G(d,p), and 6-311G(2dftfH)).
Frequency units (MHz) are used throughout this work when
reporting values for hfcc’s. All calculations were accomplished
using theGaussian 98oftware!®

The formulas for calculating experimental hyperfine param-
eters, assuming an isotrogigtensor,S = 1/,, andl = 1/,, are
obtained from the spin Hamiltonian

H = 0SB — Gubyl,B + SAI

The first two contributions are the electronic and the nuclear

The calculated hfcc’s for the hydrogen atoms H4 and H6
compare excellently with the experimental values, as can be
seen from Table 1. Experimentally, the H6 isotropic hfcc is
slightly more negative (0-:60.8 MHz) than the corresponding
value of H4. This is reproduced by the calculations that point
toward a difference of about 1 MHz.

The angles of H7A and H7B with the radical plane formed
by C7—C6—C5 are—110.T and 136.0, respectively. When
analyzing the multitude of experimental data available for the
H7A and H7B couplings, it becomes clear that geometry effects,
due to different crystal lattice parameters of the various steroid
molecules, result in subtle changes in the measured hfcc’s.

Zeeman terms, respectively, caused by the interaction of theHowever the calculated isotropic hfcc’s (averaged over the

magnetic fieldB that defines the-direction and the magnetic
moments of the electrons or nuclei in the systgrandgy are

the electron and nuclear magnetogyric ratios, gadén the
Bohr and nuclear magnetons. The remaining term is the
hyperfine interaction term and results from the interaction
between the unpaired electrons and the nucles Q).

The 3 x 3 hyperfine interaction matrix A can be separated
into an isotropic, spherically symmetric part (Fermi interaction)
and dipolar, anisotropic components. The isotropic hyperfine
splittings Aiso are related to the spin densities at the positions
of the corresponding nuclei by

Aso= :_23:L‘ogﬁegNﬁN|1/J(0)|2

In this expressiornyg is the magnetic permeability in a vacuum
and|y(0)|? the probability of finding the electron at the nucleus.

6-311G(d) and the EPR-III calculation) deviate less than 5%
of the average corresponding experimental values.

Additionally, Henriksen and Sagstuen reported a small
coupling with an isotropic value of 7.2 MHz and tentatively
assigned it to ther proton H2Al” Whereas, experimentally,
the angle formed by the unpaired electron orbital and the H2
C2—-C3 plane is 3.3 for H2A and 54.8 for H2B,!° the
corresponding values at the B3LYP/6-31G(d) level in our model
radical are 6.5 and 49.0. For the correct modeling of the
geometry effects responsible for small discrepancies as in the
case of the atom H2A, the influence of nearest neighboring
atoms in the crystal lattice will have to be incorporated in the
geometry optimization procedure. However, this issue is beyond
the scope of the present study and adds little new information
to the identification of the radical R1.

Radical R2.The radical R2, as shown in Figure 4, is formed

From the classical expression of interacting dipoles at a distanceby abstraction of a hydrogen atom from C2. The unpaired spin

r, the anisotropic components, s (o.,f = X, y, 2) are derived

as
HUo o — rZD
AOL’OL = E’E gﬁegNﬁN BT

Acy = e B [T

with the angular brackets indicating spatial integration over the
electron wave function.
Results and Discussion

Radical R1. Abstraction of a proton from the carbon atom
C6 results in the model radical R1 depicted in Figure 3. The

density is distributed over the atoms C2 and O3 as reflected by
the respective atomic spin densities of 0.83 and 0.28 (0.80 and
0.30 with EPR-III). A value of 0.7 for C2 was previously
calculated from experimental dafaThis results both in an
coupling at the hydrogen H2 and tysacouplings for H1A and
H1B. The dihedral angles of H1A and H1B, with respect to the
fragment C+C2—-C3, are 89.9and—55.9, respectively. All
calculated values, presented in Table 2, differ less than 5.5%
from the reported experimental couplings.

Radical R3. Addition of a hydrogen atom at the oxygen atom
03 produces the radical R3 (see Figure 5). The methyl group
at the C10 position was included in the model as two of its
hydrogen atoms provide steric hindrance for the axial hydrogens
H2A at the C2 position and H6A at the C6 position. This results
in dihedral angles H2AC2—-C3—C4 and H6A-C6—C5—-C4
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TABLE 1: Experimental and Calculated hfcc’s (MHz) for the Model Steroid Radical R1

Lahorte et al.

H4 H6 H7A H7B H2A
AXX AXX AXX AXX AXX
molecule, Ay Ay Ay Ay Ay
method, [reference] A A Aiso Az Aiso Az Aiso A Aiso A
Experimental
cholest-4-en-3-one, —49.3
EPR, [21}P —32.8 —-31.7 50.2 73.8
—-17.4
cholesta-4,6-diene-3-one, —47.1
EPR, [22} —-31.4 —29.1 54.9 73.1
—-17.9
progesterone, —46.0 55.5 74.5
EPR, [23} -33.1 —28.6 - - 51.1 49.3 71.4 70.9
—24.9 48.5 68.7
17-alfa-hydroxy-progesterone, —50.2 57.4 79.0
EPR, [24]2 —-30.8 —28.0 55.2 55.2 72.3 72.3
—-14.3 53.0 65.6
androst-4-en-3,17-dione, —48.8 54.4 76.6
EPR, [25} —33.1 —33.3 49.6 49.6 72.6 72.0
—-17.1 451 69.8
cholest-4-en-3-one, —46.3 —48.0 55.3 78.3
ENDOR, [16] —-31.7 —33.5 —-32.3 —-33.3 50.5 48.6 73.4 71.6
—15.4 —15.4 47.6 70.4
progesterone, —45.4 —47.5 54.9 76.8 10.5
ENDOR, [17] —31.1 —33.0 —31.9 —33.0 50.2 48.2 71.9 70.0 7.2 6.9
—15.0 —-15.3 47.5 68.8 4.3
Calculated [This Work]
UB3LYP/6-311G(d) —47.2 —49.7 49.3 76.4 0.9
-31.8 —35.9 —-32.8 —36.4 44.3 42.2 71.2 69.3 -—1.7 2.7
—-12.3 —-12.2 41.3 67.9 —-3.4
UB3LYP/EPR-III —48.4 —-51.2 53.4 83.0 1.7
—32.6 —35.0 —-33.7 —-35.3 48.2 46.1 77.5 75.4 —0.9 -1.9
—14.4 —14.6 45.1 74.1 —2.6

2 Experimentally, the sign of the. coupling (H4 and H6) was not determinédAlthough the ENDOR data in this table for these molecular
systems are more accurate, the EPR data are retained for the sake of comprehensiveness.

TABLE 2: Experimental 18 and Calculated hfcc’s (MHz) for
the Model Steroid Radical R2

H2 H1A H1B
Axx Axx Axx
molecule, Ay Ay Ay
method, [reference] Y Az Ao Az Ase Az
Experimental
testosterone (monocline), —79.3
EPR, [18]2 —51.8 —51.3 37.3 135.6
—25.5
Calculated [This Work]
. ) UB3LYP/6-311G(d) -77.8 43.6 136.3
Figure 4. The model radical R2. _496 -538 362 327 1285 126.0
, . . -17.1 32.2 120.3
of —99.5 and—99.9, respectively. The corresponding experi- UB3LYP/EPR-III —-79.7 48.0 150.7
mental, undamaged crystal values in cholest-4-en-3-one are —51.0 —52.2 40.5 37.1 142.6 139.6
—94.5 and—105.2.20 When comparing these angles, however, —21.0 36.4 1375

one has to take into account that some molecular rearrangement a Experimentally, the sign of the coupling (H2) was not determined.
takes place upon formation of the radical.

The unpaired electron is distributed over the atoms C3 and respect comes from the analysis of the eigenvectors associated
C5 with atomic spin densities of 0.49 and 0.64, respectively. A with the anisotropic hfcc’s. Fg8 protons with small dihedral
negative spin density 0f0.22 is localized at C4, resulting in  angles with respect to the unpaired electron orbital, the direction
an allyl-type coupling at proton H4, which is very well of the maximum coupling is expected to occur close to the
reproduced. From the experimental coupling constants, thedirection of the correspondings€Hg bond. Consequently,
respective C3, C5, and C4 spin densities were estimated to becomparison of these directions is helpful in the experimental
0.43, 0.41, and-0.111¢ assignment of couplings. This was basically also the approach

The agreement between experiment and calculations is alsofollowed by Andersen et al., completed with calculations at the
very good for the two equatori#l type couplings at protons  INDO RHF + CI level1® However, of crucial importance in
H2B and H6B. There is, however, a poor correspondence for this particular case is the fact that, experimentally, the-C2
the two axial § type couplings (protons H2A and H6A). H2A and C6-H6A bond directions are nearly coincident in the
Therefore, the experimental assignment of the two involved crystal lattice, prohibiting any conclusive assignment of the
couplings was reinvestigated. An important argument in this observed couplings.
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TABLE 3: Experimental 16 and Calculated hfcc’s (MHz) for the Model Steroid Radical R3

H4 H2A HB6A H2B H6B
AXX AXX AXX AXX AXX
molecule, Ay Ay Ay Ay Ay
method, [reference] A Az Aiso Az Aiso Az, Aiso Az Aiso Az
Experimental
cholest-4-en-3-one, 12.3 77.9 65.4 29.2 12.8
ENDOR, [16] 8.0 8.5 725 70.1 69.5 58.6 24.3 22.3 7.4 5.2
3.3 69.5 57.7 21.4 4.4
Calculated [This Work]
UB3LYP/6-311G(d) 13.6 60.7 77.0 25.4 12.6
8.1 7.2 55.7 53.7 71.2 68.6 20.4 18.4 7.0 4.6
35 52.7 68.0 17.4 3.8
UB3LYP/EPR-III 15.8 67.0 83.0 28.3 13.3
10.0 9.4 61.7 59.6 77.0 74.2 23.2 21.2 7.7 5.3
4.8 58.5 73.8 20.0 45
TABLE 4: Experimental 1® and Calculated hfcc’'s (MHZ) for the Model Steroid Radical R4
H4 H9 H1A H1B Al A2
AXX AXX AXX AXX AXX AXX
molecule, Ay Ay Ay Ay Ay Ay
meth0d| [reference] éﬁ Azz Aiso Azz Aiso Azz Aiso Azz Aiso Azz Aiso Azz
Experimental
cholest-4-en-3-one, —-35.5 55.9 41.6 16.0 11.0 8.1
ENDOR, [16] —24.9 —25.7 521 50.6 37.9 36.4 12.7 11.4 51 7.6 5.2 4.2
—-13.4 49.8 35.7 10.8 -3.4 3.4
Calculated [This Work]
UB3LYP/6-311G(dh) —53.6 70.1 62.8 16.5
—34.6 —-37.1 65.1 63.0 58.2 56.8 11.9 10.0
—13.0 62.1 55.1 9.2
UB3LYP/6-311G(d) —40.0 77.1 66.3 19.9
—24.5 —26.7 725 71.2 61.2 59.8 135 104
—6.8 70.2 57.5 10.2

2B3LYP/6-31G(d) level of optimization of all internal coordinates in the model radical of Figubd e distance of C10 to the GLC5-C9
plane in the radical of Figure 6 is fixed to 0.35 A; geometry reoptimization of all other internal coordinates at the B3LYP/6-31G(d) level.

Figure 6. The model radical R4.

R3

Figure 5. The model radical R3.

C4 values, calculated from the experimental hfcc’s, are 0.33
and 0.35'6
As can be seen from Table 4, the correspondence between
experimental and calculated hfcc’s is poor for all atoms, with
Therefore, also taking into account the high quality of the the exception of th@-type coupling at atom H1B, which is in
calculations as demonstrated in the cases of radicals R1 andhe equatorial position. A combination of factors might be

R2, we suggest that the value of 72.5 MHz, experimentally responsible for the noted discrepancies. First of all, of the four
aSS|gned to the H2A atom, in fact CorreSpondS to the UB3LYP/ types of model radicals under Study, the Changes in the

6-311G(d) calculated value of 71.2 MHz of atom H6A and vice molecular conformation upon creation of the radical are likely
versa for the experimental and calculated values of HEA and tg pe the largest in the radical R4 as its formation consists of a
H2A, respectively. In our view, this particular case presents an transition from a tetrahedral to a planar structure for the central
example of the potential of this type of calculations toward atom C10 which is connecting the A and B rings. In contrast,
elucidation of experimental spectra. the conformational changes involved in the formation of radicals
Radical R4. The radical R4 is formed by scission of the R1 and R2 are in essence restricted to a change in hybridization
C10-C19 bond (see Figure 6). Calculated spin densities are state of only one ring atom (C6 and C2, respectively) and in
0.54, 0.57, and 0.20 at the C10, C4, and O3 atoms, respectivelyradical R3, the hybridization state of the ring atoms is not altered
(0.52, 0.50, and 0.20 with EPR-III). The respective C10 and at all. Also, the fact of omitting the C ring from the model
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Figure 7. Proton hfcc's upon variation of the distance of the atom - ‘
C10 to the C+C5—-C9 plane (reoptimization of all other internal - R
coordinates). (A) in the limited model radical of Figure 6a)(H4,

(@) H1A, (O) H1B, (O) H9; (B) in the extended model radical of Figure R4

8: (a) H4, (m) H1A, (@) H1B, (®) H9. All values are in MHz; Figure 8. The extended model radical R4.
UB3LYP/6-311G(d)//B3LYP/6-31G(d) level of calculation.

radical structure could have larger consequences for R4 than In concluglon, thesolated molecullapproach is only p.ar.tlally
successful in the case of the radical R4. In our opinion, the

for the other types of radicals as the equilibrium position of the . . .
protons responsible for the couplings will be more affected in excellent quality of the calculations, as demonstrated in the case
of the radicals R1, R2, and R3, presents an indication of the

the former (e.g., H9 in R4). Some of these effects were further | .
investigated. involvement of su_btle geometry _effec_ts. To_ resolve this issue,
At the B3LYP/6-31G(d) optimized geometry, the carbon atom amore complc_ax simulation, expllmtly involving nearest neigh-
C10 has perfect gzharacter and is located in the €EC5—C9 borlr]g. atoms in t.he crystal lattice, ShOU|q be p.erfqrmed. The

radical plane, thus effectively maximizing the delocalization of €asibility of this issue is currently under investigation.
the unpaired spin density over the G104—03 system. The On _the other hand, as no |nd|ca_t|ons are _aval_lable thaF the
calculated C4 spin density results in an H4 hfcc that drastically Modeling of subtle geometry effects is appropriate in the radicals
overshoots the experimental value. This discrepancy could beR1 through R3, the possibility shquld be kept open that the
explained by the fact that in reality the unpaired spin density ProPosed model structure for R4 is incorrect. In this case, a
delocalization is less pronounced due to a partidlckracter different rgdlcal identity hasf to be proposed in concordance with
of the C10 atom. Indeed, the split-G¥€Hs radical, whose exact the experimental observations.
position in the crystal lattice is unknown, might have this effect
on the C10 atom. To investigate this issue, the C10 atom was
lifted up to 0.5 A above the G1C5—C9 plane in steps of 0.1 We have presented density functional theory calculations of
A, thus effectively mimicking an increasing%gharacter. While isotropic and anisotropic hyperfine coupling constants of model
keeping fixed the resulting angles €C10-C5, C5-C10— steroid radicals. Overall, a very good agreement between
C9, and C9-C10-C1, reoptimization of all other internal  calculated and experimental values is obtained (differerces
coordinates of the radical was performed at the B3LYP/6-31G- 5%) and the majority of the reported experimental assignments
(d) level. The resulting hfcc’s of the relevant protons are are confirmed. In the case of the radical R3 the calculations
displayed in Figure 7. A distance of C10 to the-@15-C9 provide evidence for reconsidering the experimental assignment
plane of about 0.35 A leads to the best fit between experimentalfor the protons H2A and H6A. The poor agreement in the case
and calculated values for thecoupling of proton H4 and the  of radical R4 is indicative either of specific geometry effects
B coupling of the proton H1B that is in an equatorial position. that cannot be modeled in the proposisdlated molecule
The corresponding hfcc's are displayed in Table 4. Over the approach or of a different radical identity.
whole range of calculated distances there is no agreement for The use of the higher calculational quality EPR-III basis set
the axially located H1A and H9 proton hfcc’s. To determine for single point hfcc calculations in combination with the
whether this effect could arise from the limited size of the model B3LYP functional outweighs the substantial extra computational
radical, exactly the same type of calculations were performed burden only in those few cases where very subtle geometry
on the extendedmodel radical displayed in Figure 8, for a effects can hamper the conclusive assignment of couplings (e.g.,
distance of 0.35 A. This model radical is closer to the true steroid protons H2A and H6A in radical R3). In all other cases, the
structure by incorporation of the C-ring. As discussed above, Pople 6-311G(d) basis set performs adequately.
this might result in significant changes in the H1A and H9  The results of this study present an example of the feasibility
isotropic hfcc’s through changes of the equilibrium geometry. of high-level, standard DFT calculations of hyperfine couplings
The H9-C9-C10-C5 and H1A-C1-C10-C5 dihedral angles in biologically relevant radicals and demonstrate both the power
change from 85.8and —74.5 in the limited model of Figure  and limitations of these quantum chemical methods toward
6 to 82.2 and—69.7 in the extended model, respectively. Only  elucidation of experimental EPR spectra.
the H9 isotropic hfcc decreases by about 10 MHz while the
other reported couplings change very little (see Figure 7). Thus, Acknowledgment. This work has been performed in the
extending the model steroid structure by including the C ring framework of a Concerted Research Action (GOA-12050695)
does not result in a substantial improvement of the agreementwith financial support from the Research Board of the University
with the experimental hfcc’s. Gent. F. De Proft, F. Callens, and W. Mondelaers greatly
Experimentally, two additional small couplings, Al and A2, acknowledge the F.W.O. Flanders (Belgium).
were reported by Andersen et #lwho suggested they might
be due tq3, y, or eveny protons. No attempt was made in the Supporting Information Available: Optimized geometries
current study to assign these couplings. in Cartesian coordinates for radicals R1 through R4. This
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