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Computational NMR Spectroscopy of Organoarsenicals and the Natural
Polyarsenic Compound Arsenicin A
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Abstract: The 'H and *C NMR chemi-
cal shifts and coupling constants of a
series of organoarsenic compounds
were calculated with DFT methods and

beneficial. Application of the same
methods of calculation to the intriguing
natural polyarsenic compound arsen-
icin A allowed several viable alterna-

tive structures to be ruled out and
thereby confirmed the previously sug-
gested adamantane-like structure of

compared with available experimental
spectra. We show that non-relativistic
methods successfully model the NMR
spectra of these molecules; relativistic
spin—orbit effects are small but appreci-

13 . .. X i elucidation
able for C shifts, and their inclusion is

Introduction

Arsenic is the epitome of toxicity and, indeed, all arsenic
compounds are toxic to some degree. Nevertheless, some ar-
senicals have been used since more than a century for the
treatment of certain infections such as syphilis, in the form
of the drug Salvarsan, which is well known although poorly
understood at the structural level.l! In the antibiotics era,
arsenicals have only played a specialized role, for instance,
as antiparasitic agents in the treatment of sleeping sick-
ness.”! We are now witnessing a revival of arsenicals in the
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arsenicin A. These results not only re-
inforce the known predictive power of
DFT NMR calculations, but also open
the way for the investigation of other
naturally occurring molecules with un-
usual structures outside the scope of
empirical methods.

natural prod-

chemotherapy of cancer,”! for example, the recent approval
of As,O; (arsenic trioxide, ATO) for the treatment of pro-
myelocytic leukaemia™ and demonstration of its inhibitory
activity towards thioredoxin reductase.”

Less well known by the public are the naturally occurring
organoarsenic compounds. They are also found in various
foodstuffs, particularly seafood.l*”) Research in the last 30
years has identified over 100 naturally occuring organoar-
senicals, and has therefore raised human health concerns
about the safety of such foods. Increasingly, research on
such issues involves metabolic investigations, because the
original, perhaps non-toxic, organoarsenical(s) present in
the food may be metabolized to other arsenicals with cur-
rently unknown toxic effects.’! Inorganic arsenic compounds
are alkylated by marine organisms to give mono-arsenic
compounds, which are present in brown algae, molluscs, ar-
thropods, and vertebrates.”! Besides volatile compounds like
alkyl arsines”! more commonly found are non-volatile
methyl arsine oxides, methylarsonic acid, and dimethylarsin-
ic acid (cacodylic acid), alongside water-soluble betaines,
cholines, and derivatives of carbohydrates, lipids, and amino
acids." !l Sulfur derivatives such as thio-organoarsenates are
rarely encountered,”? while thioarsenic acid is known to be
derived from the metabolism of cod-liver arsenolipids in
humans.'”! The presence of arsenic in drinking water is a
major problem in certain countries, and efforts are directed
at removing it, especially As™, with chelating agents.']
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Recently, some of us isolated the first natural polyarseni-
cal, that is, arsenicin A from the New Caledonian sponge
Echinochalina bargibanti.™ Elucidating the structure of this
substance with empirical formula C;H4As,O;, isolated in
very small quantities, met with substantial difficulties owing
to a combination of factors: 1) a deceptive fragmentation
pattern indicating loss of H,CO and formation of a [As,]*
ion-fragment at m/z 300 in the electron impact (EI) mass
spectrum; 2) extremely simple and uninformative 'H and
3C NMR spectra; 3) a lack of reference data for the assign-
ment of such spectra; 4) NMR measurements on the most
obvious probe, the ”As nucleus (I=3/2, 100 % natural abun-
dance), are not feasible because three-coordinate As™ com-
pounds have a large electric field gradient at the arsenic
center, which couples with the high quadrupole moment of
"As and leads to extremely broad lines."

Nevertheless, arsenicin A was proposed to have the intri-
guing adamantane-like structure 1 by comparison of its ex-
perimental and calculated vibrational spectra with those of
the known tetraarsenic compound 2, whose synthesis and
crystal structure were available!'”) (Scheme 1). However, al-
though all the 'H and *C NMR resonances were reported,”!
a thorough understanding of its NMR spectra could not be
achieved.

As H As _.~H
o7 \F‘H o// —=CHj
! H
H 7 ‘ 0
As~ \O/AS AS\]\O/AS
H\'LAS\ / HsC%AS\ /
(0] (6]
H H
1 2

Scheme 1. Reported structures of arsenicin A (1) and synthetic tetraar-
senic compound 2.

Many empirical approaches have been developed for the
prediction of NMR spectra.l'¥ Such methods are based on
database lookup, or on other knowledge-based methods
such as neural networks, and usually perform well in the
case of naturally occurring molecules with common func-
tional groups. However, none of these can be expected to
yield reliable results for molecules which fall outside the
scope of the database used for prediction or training. Instan-
ces in which this may happen include, for example, strained
or sterically hindered molecules, and molecules with unusual
functionalities.

One such prominent case is indeed provided by organoar-
senicals, for which a relatively small knowledge base is avail-
able. Thus, one can hardly turn to empirical estimates for
molecules like 1 and 2, which do not bear any significant
functional groups analogous with typical organic molecules.

On the other hand, the prediction of NMR parameters by
quantum chemical, and especially DFT, methods has been
established as a reliable tool to obtain accurate estimates of
all relevant molecular properties (nuclear shieldings and
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coupling constants).!'”) Thus, DFT methods have proved ef-
fective at predicting the NMR spectral patterns of a wide
variety of organic, organometallic, and inorganic species,
ranging from natural substances with intricate connectivities
based on a carbon framework,?” to inorganic complexes, in
which connectivities are based on a central metal atom,?!
and the complicated networks of polyoxotungstates,®!
whose NMR properties are strongly affected by relativistic
effects. Current capabilities for predicting NMR spectra
therefore virtually encompass the whole Periodic Table.
Computations on arsenic clusters and rings have revealed a
variety of fascinating motifs.[**"

Hence, we believe the computational elucidation of the
structure of arsenicin A (1) to be a valuable contribution to
understanding the chemistry and NMR spectroscopy of an
emerging class of intriguing natural substances such as orga-
noarsenicals. Arsenicin A is also interesting from a computa-
tional viewpoint, since it is a relatively small and nonpolar
molecule but contains a set of fairly heavy As atoms. Thus,
the NMR spectra of all nuclei may be affected by relativistic
spin—orbit effects.

To this end, we have computed the structure and NMR
parameters (chemical shifts and coupling constants) of a
series of arsenicals, ranging from simple models to the
target arsenicin A, by a variety of DFT methods.

Results and Discussion

Apart from the arsenicals used for calibration below, we in-
vestigated synthetic tetraarsenic compound 21" and various
candidate structures for arsenicin A (Scheme 2).

Calibration: We have first computed the structure and
NMR parameters of a series of organoarsenicals for which
'"H and “"C NMR data are available or were thought to be
relevant: 2-(dimethylarsino)trimethylarsine, (CHj;),AsCH,-
As(CH;), (3);®! trimethylarsine vylide, (CH;);As=CH,
(4);2%% trimethylarsine, (CHs);As (5);® triphenylarsine,
Ph;As (6);? arsabenzene, CsHsAs (7);?! dimethylarsino di-
methyldithioarsinate, (CH;),As(S)~S—As(CH,), (8)."

Basis-set convergence was tested on 8, to establish the ef-
fects of increased valence splitting and additional polariza-
tion and diffuse functions. Increasing the valence splitting
from double-zeta to triple-zeta and the addition of extra d
and p functions on heavy atoms and hydrogen atoms, re-
spectively, influenced bond lengths significantly, whereas the
influence of additional diffuse functions was minimal. Thus,
the 6-311G(2d,2p) basis set was found to be adequate for
geometry optimization and used thereafter.

Energetically favorable conformers of 3 and 8 were
searched by systematically changing their skeletal torsions.
It was found that 3 occupies two degenerate global minima
in the potential-energy surface which are enantiomeric ro-
tamers of each other and are 3.7 kcalmol ' more stable than
the next lowest minimum-energy conformation. For 8, four
minima were found, of which the two lowest are degenerate
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Scheme 2. Candidate structures for arsenicin A (see also Scheme 1). Structures A4, A8, A9, A10, and A1l cor-

A11(Cs,)

respond respectively to 2, 1, 3, 5, and 6 in ref. [15].

enantiomeric rotamers (92.2%) that are 1.3 kcalmol™
(4.7%) and 1.6 kcalmol ' (3.1%) below the two next lowest
minima. For each conformer of 8 the chemical shifts were
calculated and their averages were weighted according to
the mole fractions estimated from Boltzmann populations.
For the optimized geometries of the selected compounds,
the chemical shifts were calculated at the non-relativistic
B3LYP/cc-pVTZ (Method A) and relativistic BP86-ZSO/
TZ2P (Method C) levels. The results are presented in
Table 1 and plotted in Figure 1. The 'H and “C shifts are
well predicted by DFT methods. For the carbon atoms di-
rectly bound to arsenic, spin—orbit shieldings oy, are small
but appreciable (up to 8 ppm); nevertheless, the non-relativ-

istic and relativistic methods perform equally well.

Chem. Eur. J. 2008, 14, 1044510452
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Synthetic  tetraarsenic com-
pound 2 (CHzAs,0,): For fur-
ther calibration we considered
2 (Scheme 1), which can be ob-
tained by reaction of As,O;
with  propionic  acid/anhy-
dride.'"! Its C, symmetry results
in very simple NMR spectra:
two C and two 'H signals are
observed, with a single 'H,'H
coupling constant *J(H,CH;) of
7.9 Hz (Table 2). Both non-rela-
tivistic and relativistic calcula-
tions provide the correct order-
ing of “C and 'H signals
(Figure 2), with rather similar
mean absolute errors (MAE).
Similar performance is expect-
ed in view of the very small
spin—orbit shieldings, which are
less than 1ppm also for "*C.
Moreover, the calculated cou-
pling constant *J(H,CH,) is in
good agreement with the exper-
imental value for all methods.

Finally, the electric field gra-
dient at As (computed at the
ZORA SO level) results in a
nuclear quadrupolar coupling
constant (NQCC) of y("As)=
—240 MHz with asymmetry pa-
rameter 7 =0.57. If these values
are inserted into the equation
for quadrupolar relaxation,!
even assuming a relatively fast
correlation time of 1-10ps, a
line width of about 80-800 kHz
is obtained, which renders any
direct "As NMR measurement
impossible.

It can be concluded that both

non-relativistic and relativistic DFT methods provide an ac-
curate framework for predicting the NMR spectra of this

unusual arsenic compound.

Arsenicin A (C;HgAs,0;): The relatively simple NMR spec-
tra of arsenicin A (first entry in Table 3) suggest the pres-
ence of three methylene groups, two of which are magneti-
cally equivalent, and symmetry elements, so that strong con-
straints are imposed on the structures that can be proposed.
However, we relaxed these requirements somewhat in our
investigation, to take into account the possibility that signals
which are distinct by symmetry may be accidentally isochro-

nous.

Thus, we investigated a series of candidate structures
(Scheme 2), many of which contain an As,, As; or As,
groups, as seemingly indicated by MS results.
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Table 1. Experimental and calculated '*C and 'H chemical shifts for model organoarsenicals.

Some of these had previously

e 'H been investigated with regard
Exptl Method A Method C o050 Exptl Method A MethodC o050 to their vibrational Spectra_[l‘s]
Me,AsCH,AsMe, (3) Structures A1-A9 contain CH,
CH; - 17.8 16.3 40 11 0.86 1.02 -008 oroups bound to As, O or
CH, - 429 411 7.6 1.6 1.14 1.69 —-0.21 AS(O) in various patterns; AT
Me;As=CH, (4) : :
CH, 156 194 20.7 26 082 108 123 _005 Aalso features an arsine ylide
CH, 7.6 8.4 14.4 21 -019  0.06 0.58 —-0.06 group. The C; symmetry of A2-
Me;As (5) A9 would result in the required
CH, 112 173 156 41 095 078 0.93 ~008  yumber of *C and 'H NMR sig-
PhsAs (6) nals; at least one arsine oxide
ipso 139.6 1522 151.1 26 - - - ’ LG alsie
ortho 1337 1399 139.3 04 732 747 7.60 —004 (As=O) functionality is re-
meta 128.6  133.7 1333 06 732 755 7.50 —-0.03 quired to accommodate all
para 128.4 133.5 132.8 0.7 7.32 7.55 7.55 —0.04 oxygen atoms. Compound Alis
CsH,As (7) : )
> 5 chiral (C,); however, no atten-
ortho 167.7 182.8 178.1 1.5 9.68  10.16 10.31 —0.17 . ( 1)’. ’ hemi
meta 1332 1376 136.8 04 78 828 825 003 tion was paid to stereochemis-
para 1282 1320 133.1 11 752 7171 7.70 —0.10 try in this exploratory part.
Me,As(S)-S—AsMe, (8) The last three structures
(CH,),ASS, 217 318 34.8 25 216 170 1.93 ~011  (A10-A12) do not contain any
CH;),AsS 15.7 21.1 20.0 3.7 1.40 1.25 1.48 —0.15
(CHy)As As—As bond. Structures A10
[a] All shifts in ppm; see text for definition of computational methods. The value of oy is given only for meth- and A1l were previously con-
od C. . . [15] .
sidered and rejected,'” owing
200 Table 2. Experimental and calculated *C and "H NMR parameters for
2.0
150 Exptl Method A Method B Method C 5o
CH 32.32 41.64 42.90 43.76 0.58
g_ CH;4 10.29 11.48 12.07 12.88 0.31
E‘ 100 4 CH 0.54 0.80 0.81 1.05 —0.18
% CH; (av) 1.08 1.50 1.52 1.61 0.04
) MAE ("*C) 5.25 6.18 7.01
= 50 MAE ('H) 0.34 0.35 0.52
MAE (all) 2.79 3.27 3.76
3J(H,CH;) 7.9 8.6 10.2 7.9
0 . . . . . . . [a] Chemical shifts in ppm, coupling constants in Hz. Experimental
0 50 100 150 200 values from ref. [17]. MAE=Y;|87""—67"¢| /n. See text for definition of
13 thods; th 1 f 050 1s gi ly f thod C.
6( (:)exmI / ppm methods € value of ggp 1S given only 1or metho
12-
50
104
s 404
g
S 6 £ 301
B
£ 4 = %
= e
2 )
¥ 101
[m]
0
T T T T T T 1 0*
0 2 4 6 8 10 12

3("H)gypy / PPM

Figure 1. Correlation between experimental and calculated *C and 'H
chemical shifts for model compounds 3-8. Circles: non-relativistic (meth-
od A); squares: relativistic (method C); The linear fits of Ocyeq=a0cxpu+b
have the following parameters: C, Method A: a=1.04, b=3.02 ppm
(R=0.9988); "*C, Method C: a=1.01, b=5.04 ppm (R=0.9993); 'H,
Method A: a=1.06, b=—0.18 ppm (R=0.9979); 'H, Method C: a=1.02,
b=0.14 (R=0.9973).
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Figure 2. Correlation between experimental and calculated 'H and “*C
chemical shifts for 2. Circles: non-relativistic (method A); triangles: non-
relativistic (method B); squares: relativistic (method C). The linear fits of
Ocaled = @0cxpy+b have the following parameters: Method A: a=1.29, b=
—0.38 ppm, R=0.9988; Method B: a=1.33, b=-0.35, R=0.9991; Meth-
od C: a=1.35, b=-0.09, R=0.9995.
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Table 3. Experimental and calculated 'H and "*C chemical shifts for trial structures A1-A12 of arsenicin A,

and relative energies.!
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out owing to their wrong sym-
metry. We are then left with C,-

SEM H, H, H. Hy H. H; Ca G Cc  symmetric structure A12 as the
Exptl 1.37 223 2.42 17.03 23.05 sole viable candidate. Its ther-
Al 521 521 513 5.05 466 224 1.73 87.4 75.8 178 modynamic stability is some-
A5 w4 se 4m 41 am o7 s what lower than that of A10 or
Ad 103.8 326 310 289 46.1 449 A11. To further probe this issue
A5 22.8 2.99 1.65 1.49 49.7 44.1 we carried out vibrational anal-
A6 652 4.00 2.86 2.08 57.6 289 yses and ab initio (MP2/cc-
A7 1262 292 283 268 43.6 253 pVTZ) calculations for Al10-
A8 538 611 396 088 802 06 A12. Inclusion of thermochemi-
A9 25.0 3.55 2.02 1.14 43.9 29.3
A10 (0.0) 2.99 133 27.4 cal corrections reduces the gap
All 0.7 1.67 234 to AG=2.2 kcalmol™! for A12,

[a] In ppm by method C. No signal assignment is implied. See text for definition of methods. [b] In kcalmol™

at the B3LYP/6-311G(2d,2p) level, relative to the most stable isomer A10.

to their higher C;, symmetry, which would result in too few
NMR signals. We included them in our survey, because
1) we can thus better characterize the C;HzAs,O; potential-
energy surface and therefore the relative stability of all iso-
mers, and 2) NMR predictions can be made for the organic
moiety in these chemical environments, which are closely
reminiscent of 1, 2 (and As,Oy).

Finally, structure A12 is that proposed for arsenicin Aj; its
C, symmetry can result in the correct number of NMR sig-
nals, and its vibrational spectrum was found to be fairly con-
sistent with experiment. However, it also does not contain
any As—As bond.

The structures and energies of A1-A12 were optimized at
the B3LYP/6-311G(2d,2p) level, and chemical shifts calcu-
lated with method C; the results are reported in Table 3.

A first screening of the candidate structures is provided
by relative energies: the most stable isomer is A10; A1-A9
lie more than 23 kcalmol™' higher in energy. The arsine
ylide A7 is the least stable, by 126 kcalmol . Similarly, A3
and A4, which contain strained three- and four-membered
rings, are also quite unstable. Adamantane-like structures
A10-A12 are the most stable, and lie within 3 kcalmol™' of
each other.

Calculated NMR data are presented in Table 3; since no
consistent assignment can be made, MAEs are not meaning-
ful and are not given. The results for A1-A9 reinforce the
previous conclusion, since a consistently poor match of 'H
and C data is found; in most cases the predicted >C chemi-
cal shifts (6=50-70 ppm) do not even lie in the correct
range (0~20 ppm). In conclusion, none of the structures
A1-A9 (containing O-CH,-As, As-CH,-As(O) or (O)As-
CH,-As(O) moieties) is a good candidate for arsenicin A.

Conversely, for A10-A12 all chemical shifts at least lie in
the expected range, which strongly suggests that their chemi-
cal environment is similar to that of arsenicin A. All three
structures have an AsCH,As group like in 2 and 3; however,
for the latter, no experimental *C NMR data are available.

These arguments allow the possibilities to be narrowed
down to A10-A12. However, A10 and A11 must be ruled

Chem. Eur. J. 2008, 14, 1044510452
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more stable than A10 (AG=
—0.1 kcalmol™"). The MP2 rela-
tive energies are rather similar
to the DFT values (AE vs. A10
of 0.5 and 4.2 kcalmol ™' for A11 and A12, respectively).

This small energy gap is definitely compatible with a ki-
netically controlled, irreversible biochemical path leading to
a somewhat less stable isomer; for example, unsaturated
fatty acids, which occur in Nature only as the less stable cis
isomers with stability difference of about 1kcalmol™ per
double bond;*¥ many other examples of highly strained nat-
ural molecules are known.

We then focussed on a more detailed computational char-
acterization of structure A12. The calculated chemical shifts
for A12 are in the correct range and ordering with non-rela-
tivistic and relativistic methods, and overall MAEs do not
exceed 4 ppm (Table 4, Figure 3). The o0yo term is small

Table 4. Experimental and calculated *C and 'H chemical shifts [ppm]
for structure A12.

Exptl Method A Method B Method C oy
Ca 17.03 27.32 28.19 27.00 3.18
Cy 23.05 30.25 31.07 31.05 0.91
H, 1.37 0.76 0.81 1.04 -0.21
H, 2.23 1.73 1.75 2.08 -0.27
H, 2.42 1.99 2.02 2.19 -0.21
MAE ("*C) 8.75 9.59 8.98
MAE (‘H) 0.51 0.48 0.24
MAE (all) 3.81 413 3.74

(3 ppm at most) but sizable for >C, and including its contri-
bution leads to improved agreement. The quality of the cor-
relation is somewhat lower than for 2, partly owing to the
narrower range spanned. Interestingly, the signal that devi-
ates most is that of C,, which also has the largest spin—orbit
shielding (3 ppm). It thus seems that the electronic structure
of arsenicin A is rather different from that of 2, in which oy
does not exceed 0.6 ppm. Similar effects were noticed for
the halogen-bound carbon atoms in halobenzenes.*"

The "As NQCCs are again very large (between —230 and
+200 MHz, 7=0.54-0.97; method C), which definitely rules
out ®As as a viable NMR probe.

— 10449
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Figure 3. Correlation between experimental and calculated '"H and “C
chemical shifts for structure A12 of arsenicin A. The linear fits of d.yq=
@0expu+b have the following parameters: Method A: a=1.47, b=
—1.12 ppm, R=0.98976; Method B: a=1.51, b=-1.16, R=0.98929;
Method C: a=1.47, b=—-0.91, R=0.99317.

For the sake of completeness we also examined '"O spec-
tra: two non-equivalent 7O signals are expected by meth-
odC at 74 and 123ppm for O, and O, respectively
(Scheme 2). Their NQCCs are moderate (ca. —8 MHz, n=
0.5). Setting the correlation time to 1-10 ps®! their line
widths can be expected to be around 20-200 Hz, which is a
viable range. However, the very small quantities isolated
place a severe limitation on this technique.

Couplings in arsenicin A: Coupling constants for structure
A12 were also calculated. The computations yielded large
2J(H,H) values for the geminal protons, as expected
(Table 5). Calculations with methods A and C yield 2/ values
that are significantly smaller than experiment; conversely,
the %/ values from method B (based on the accurate pcl-2
basis set) are larger and in better agreement with the experi-
mental results, which further illustrates the better perfor-
mance of basis sets constructed according to established cri-

Table 5. Experimental and calculated J('H,'H) values [Hz] for arsen-
icin Al

Exptl Method A Method B Method C
2J(H,H,) 13.8 -9.7 —12.6 —7.4
2J(H,,Hy) n.d. —10.1 —13.1 -7.7
“J(H,H,) n.d. 1.5 1.5 0.9
“J(H,.Hy) n.d. —0.6 -0.5 —0.6
“J(H.H,) 0.9 —0.7 —0.6 —0.7
“J(H.H,) 0.9 0.1 0.6 0.5
°J(H,.H,) n.d. —0.8 —0.7 -0.5
°J(H,.H,) n.d. —0.8 -0.7 —0.5
°J(H.H,) n.d. —0.8 —0.7 —0.5
1J(CH,) 132 122.7 141.3 143.9
1J(C,H,) 132 126.5 145.3 148.1
LJ(CHy) 132 124.1 142.9 145.5
MAE (Jy )™ 1.7 0.6 2.4
MAE (Jcy) 7.6 11.2 13.8

[a] Experimental data are absolute values; n.d.=not determined. [b] In-
cluding only %/(H,,H.), “/(H.H,) and “J(H,,Hy).
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teria (decontraction of core functions etc.). Additionally,
several smaller long-range couplings were predicted. Nota-
bly, the calculations also yield a fairly large *J/(H,,H,) value
of 1.5 Hz, which was not observed. On the other hand, siza-
ble values of “J(H,H,) and ‘J(H.H,) are predicted by the
computations and are in agreement with the experimental
results. All calculations predict observable long-range cou-
plings between almost all protons, but in general their mag-
nitude is below the computational accuracy (and below ex-
perimental detection limits).

The overall performance of computed NMR parameters
is best appreciated by comparison of 'H spectra simulated at
400 MHz with experimental and calculated chemical shifts
and couplings (Figure 4). In the simulation we employed the
most accurate parameters available, that is, chemical shifts
from method C and coupling constants from method B.
Apart from a systematic deshielding (ca. 0.4 ppm), the spec-
trum predicted by DFT matches the experimental one with
regard to the relative spacing and spin—spin splitting of the
signals.

&/ ppm

Figure 4. Experimental (bottom) and calculated (top) 'H spectra of ar-
senicin A (1) and structure A12. Chemical shifts and couplings computed
with methods C and B, respectively (see text). Simulations at 400 MHz.

Conclusion

Computational NMR has confirmed the structure of the un-
usual marine natural product arsenicin A, structure elucida-
tion of which was hampered by several factors: 1) the
simple spin system and spatial arrangement severely limit
the connectivity information that can be extracted from its
experimental NMR spectra; 2) chemical shifts can hardly be
compared to known databases, owing to the lack of such ref-
erence data; 3) NMR measurements on the As nucleus
cannot be carried out since its line widths are beyond detec-
tion. On the other hand, such systems are ideally suited for
the application of DFT calculations, since they are nonpolar
and rigid. Thus, among twelve isomers, A12 (1) proved be
the only structure with computed NMR parameters fully
consistent with experiment. Heavy-atom spin—orbit effects
on “C shieldings are relatively small but appreciable (a few
ppm) and argue for the use of relativistic DFT methods.
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We are convinced that this approach will be very useful
for elucidating the structure of other naturally occurring or-
ganoarsenicals, which are coming to the forefront as biologi-
cally active compounds or environmental hazards.

Computational Details

The structure of each species was optimized at the non-relativistic
B3LYP/6-311G(2d,2p) level, which was found to be appropriate for the
studied compounds (see above). For the optimized structures, the nuclear
shieldings o and coupling constants J were calculated with three methods.
Methods A and B are non-relativistic and employed the hybrid B3LYP
functional. They differ in adopting either the cc-pVTZ basis set (A) or a
mixed basis set comprising the pcJ-2 basis set?® for S, O, C and H, and
cc-pVTZ for As. This choice was dictated by the good performance of
the pcl-n basis sets in the calculation of coupling constants;*>*¢ however,
this basis set is not available for As. Method C includes relativistic cor-
rections by means of the zero-order regular approximation (ZORA) up
to spin-orbit coupling (ZSO) with the Becke88-Perdew86 GGA func-
tional (BP) and a double-zeta, twice-polarized Slater basis set (TZ2P).
Geometry optimizations and non-relativistic calculations were performed
with Gaussian 03, and relativistic NMR parameter calculations with
ADF 2007 and associated nmr®! and cpl*” modules, which allow for
calculation of NMR properties within ZORA. Chemical shifts were cal-
culated from d =0,,—0. TMS was used as the reference compound, with
the following o, values: C: 184.5978 (A), 181.1052 (B), 186.88 (C); 'H:
31.7660 (A), 31.6927 (B), 31.64 (C). The reference shielding for O
(H,0) was 331.8 (C).

Acknowledgement

The Academy of Finland is acknowledged for financial support, grant no.
119979 (P.T.). Computational resources were provided by the Laboratorio
Interdipartimentale di Chimica Computazionale (LICC) at the Depart-
ment of Chemistry of the University of Padova and the Finnish IT
Center for Science (CSC).

[1] N. C. Lloyd, H. W. Morgan, B. K. Nicholson, R. S. Ronimus, Angew.
Chem. 2005, 117, 963-966; Angew. Chem. Int. Ed. 2005, 44, 941—
944.

[2] S. V. Barrett, M. P. Barrett, Parasitol. Today 2000, 16, 7-9.

[3] S. Waxman, K. C. Anderson, Oncologist 2001, 6, 3—10.

[4] a) W. H. Miller, H. M. Schipper, J.S. Lee, J. Singer, S. Waxman,
Cancer Res. 2002, 62, 3893-3903; b) H. Chen, R. C. MacDonald, S.
Li, N. L. Krett, S. T. Rosen, T. V. O’Halloran, J. Am. Chem. Soc.
2006, 128, 13348-13349.

[5] J. Lu, E.-C. Chew, A. Holmgren, Proc. Natl. Acad. Sci. USA 2007,
104, 12288 -12293.

[6] K. A. Francesconi, D. Kuehnelt in Environmental Chemistry of Ar-
senic (Ed.: W. T. Frankenberger), Marcel Dekker, New York, 2002,
pp. 51-94.

[7] Y. Nakamura, T. Narukawa, J. Yoshinaga, J. Agric. Food Chem.
2008, 56, 2536-2540.

[8] a) R. M. Brown, D. Newton, C.J. Pickford, J. C. Sherlock, Hum.
Exp. Toxicol. 1990, 9, 41-46; b) R. Raml, W. Goessler, P. Traar, T.
Ochi, K. A. Francesconi, Chem. Res. Toxicol. 2005, 18, 1444—-1450.

[9] a) R. Bentley, T. G. Chasteen, Microbiol. Mol. Biol. Rev. 2002, 66,
250-271; b)J.S. Edmonds, K. A. Francesconi, R.V. Stick, Nat.
Prod. Rep. 1993, 10, 421-428; c) K. A. Francesconi, J. S. Edmonds,
Croat. Chem. Acta 1998, 71, 343-359; d) V.M. Dembitsky, T. Re-
zanka, Plant Sci. 2003, 165, 1177-1192; e¢) T. Kaise, T.S. Fukui,
Appl. Organomet. Chem. 1992, 6, 155-160; f) V.M. Dembitsky,

Chem. Eur. J. 2008, 14, 1044510452

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

D. O. Levitsky, Prog. Lipid Res. 2004, 43, 403-448; g) P. A. O’Day,
Elements 2006, 2, 77-83.

[10] a) W. R. Cullen, K. J. Reimer, Chem. Rev. 1989, 89, 713-764; b) J. S.
Edmonds, K. A. Francesconi, Nature 1981, 289, 602—604; c) J. S. Ed-
monds, K. A. Francesconi, J. Chem. Soc. Perkin Trans. 1 1983, 2375—
2382; d) K. A. Francesconi, S.S. Khokiattiwong, W. Goessler, S.N.
Pedersen, M. Pavkov, Chem. Commun. 2000, 1083-1084; e)I.
Haiduc, J. J. Zuckerman in Basic Organometallic Chemistry, W. de
Gruyter, Berlin, 1985, pp. 183-205; f) M. Baudler, J. Hellman, P.
Bachmann, K. F. Tebbe, R. Frohlich, M. Feher, Angew. Chem. 1981,
93, 415-417; Angew. Chem. Int. Ed. Engl. 1981, 20, 406-408; g) Y.
Yamaoka, M. L. Carmona, J. M. Oclarit, K. Z. Jin, Y. Shibata, Appl.
Organomet. Chem. 2001, 15, 261-265; h) K. Shiomi, Comp. Bio-
chem. Physiol. Part C 1988, 90, 361-365; i) A. Rumpler, J. S. Ed-
monds, M. Katsu, K. B. Jensen, W. Goessler, G. Raber, H. Gunn-
laugsdottir, K. A. Francesconi, Angew. Chem. 2008, 120, 2705-2707;
Angew. Chem. Int. Ed. 2008, 47, 2665-2667.

[11] A. Raab, S.H. Wright, M. Jaspars, A. A. Meharg, J. Feldmann,
Angew. Chem. 2007, 119, 2648-2651; Angew. Chem. Int. Ed. 2007,
46, 2594-2597.

[12] H. R. Hansen, R. Pickford, J. Thomas-Oates, M. Jaspars, J. Feld-
mann, Angew. Chem. 2004, 116, 341-344; Angew. Chem. Int. Ed.
2004, 43, 337-340.

[13] E. Schmeisser, A. Rumpler, M. Kollroser, G. Rechberger, W. Goess-
ler, K. A. Francesconi, Angew. Chem. 2006, 118, 157-160; Angew.
Chem. Int. Ed. 2006, 45, 150—154.

[14] A. Kolozsi, A. Lakatos, G. Galbdcs, A. O. Madsen, E. Larsen, B.
Gyurcsik, Inorg. Chem. 2008, 47, 3832-3840, and references therein.

[15] I. Mancini, G. Guella, M. Frostin, E. Hnawia, D. Laurent, C. Deb-
itus, F. Pietra, Chem. Eur. J. 2006, 12, 8989-8994.

[16] K. R. Dixon in Multinuclear NMR (Ed.: J. Mason), Plenum, New
York, 1987.

[17] M. B. L. Marx, H. Pritzkow, B. K. Keppler, Z. Anorg. Allg. Chem.
1996, 622, 1097-1100.

[18] M. E. Elyashberg, A.J. Williams, G. E. Martin, Prog. Nucl. Magn.
Reson. Spectrosc. 2008, 53, 1-104.

[19] Calculation of NMR and EPR Parameters (Eds.: M. Kaupp, M.
Biihl, V. G. Malkin), Wiley-VCH, Weinheim, 2004.

[20] A. Bagno, F. Rastrelli, G. Saielli, Chem. Eur. J. 2006, 12, 5514-5525.

[21] A. Bagno, G. Saielli, Theor. Chem. Acc. 2007, 117, 603-619.

[22] A. Bagno, M. Bonchio, J. Autschbach, Chem. Eur. J. 2006, 12, 8460
8471.

[23] A.J. Karttunen, M. Linnolahti, T. A. Pakkanen, ChemPhysChem
2007, 8, 2373-2378.

[24] P. Nava, R. Ahlrichs, Chem. Eur. J. 2008, 14, 4039-4045.

[25] A.F. Chiffey, J. Evans, W. Levason, M. Webster, Polyhedron 1996,
15, 591-596.

[26] H. Schmidbaur, W. Tronich, Inorg. Chem. 1968, 7, 168—169.

[27] H. Schmidbaur, W. Richter, W. Wolf, F. H. Kéhler, Chem. Ber. 1975,
108, 2649-2655.

[28] C.L. Watkins, L.K. Krannich, R. K. Kanjolia, D.K. Srivastava,
Magn. Reson. Chem. 1989, 27, 616-623.

[29] A.J. Ashe III, R. R. Sharp, J. W. Tolan, J. Am. Chem. Soc. 1976, 98,
5451-5456.

[30] M. W. Fricke, M. Zeller, H. Sun, V. W.-M. Lai, W. R. Cullen, J. A.
Shoemaker, M. R. Witkowski, J. T. Creed, Chem. Res. Toxicol. 2005,
18,1821-1829.

[31] The transverse and longitudinal relaxation rates for quadrupolar re-
laxation of a spin-3/2 nucleus are given by 1/T,=1/T,=(2/5)m%*-
(144*3)t,, where y is the nuclear quadrupolar coupling constant
(NQCCQ), 5 its asymmetry parameter, and 7. the rotational correla-
tion time.’? A useful rule of thumb for estimating . is to assign it a
value (in picoseconds) numerically equal to the molecular weight.
Spherically symmetric molecules such as these may tumble at a sub-
stantially faster rate; hence (lacking further data) we can only esti-
mate a range of 1-10 ps.

[32] J. H. Noggle, R. E. Schirmer, The Nuclear Overhauser Effect: Chem-
ical Applications, Academic Press, New York, 1971.

www.chemeurj.org

— 10451


http://dx.doi.org/10.1002/ange.200461471
http://dx.doi.org/10.1002/ange.200461471
http://dx.doi.org/10.1002/ange.200461471
http://dx.doi.org/10.1002/ange.200461471
http://dx.doi.org/10.1002/anie.200461471
http://dx.doi.org/10.1002/anie.200461471
http://dx.doi.org/10.1002/anie.200461471
http://dx.doi.org/10.1016/S0169-4758(99)01560-4
http://dx.doi.org/10.1016/S0169-4758(99)01560-4
http://dx.doi.org/10.1016/S0169-4758(99)01560-4
http://dx.doi.org/10.1634/theoncologist.6-suppl_2-3
http://dx.doi.org/10.1634/theoncologist.6-suppl_2-3
http://dx.doi.org/10.1634/theoncologist.6-suppl_2-3
http://dx.doi.org/10.1021/ja064864h
http://dx.doi.org/10.1021/ja064864h
http://dx.doi.org/10.1021/ja064864h
http://dx.doi.org/10.1021/ja064864h
http://dx.doi.org/10.1073/pnas.0701549104
http://dx.doi.org/10.1073/pnas.0701549104
http://dx.doi.org/10.1073/pnas.0701549104
http://dx.doi.org/10.1073/pnas.0701549104
http://dx.doi.org/10.1021/jf0731797
http://dx.doi.org/10.1021/jf0731797
http://dx.doi.org/10.1021/jf0731797
http://dx.doi.org/10.1021/jf0731797
http://dx.doi.org/10.1021/tx050111h
http://dx.doi.org/10.1021/tx050111h
http://dx.doi.org/10.1021/tx050111h
http://dx.doi.org/10.1128/MMBR.66.2.250-271.2002
http://dx.doi.org/10.1128/MMBR.66.2.250-271.2002
http://dx.doi.org/10.1128/MMBR.66.2.250-271.2002
http://dx.doi.org/10.1128/MMBR.66.2.250-271.2002
http://dx.doi.org/10.1039/np9931000421
http://dx.doi.org/10.1039/np9931000421
http://dx.doi.org/10.1039/np9931000421
http://dx.doi.org/10.1039/np9931000421
http://dx.doi.org/10.1016/j.plantsci.2003.08.007
http://dx.doi.org/10.1016/j.plantsci.2003.08.007
http://dx.doi.org/10.1016/j.plantsci.2003.08.007
http://dx.doi.org/10.1002/aoc.590060208
http://dx.doi.org/10.1002/aoc.590060208
http://dx.doi.org/10.1002/aoc.590060208
http://dx.doi.org/10.1016/j.plipres.2004.07.001
http://dx.doi.org/10.1016/j.plipres.2004.07.001
http://dx.doi.org/10.1016/j.plipres.2004.07.001
http://dx.doi.org/10.2113/gselements.2.2.77
http://dx.doi.org/10.2113/gselements.2.2.77
http://dx.doi.org/10.2113/gselements.2.2.77
http://dx.doi.org/10.1021/cr00094a002
http://dx.doi.org/10.1021/cr00094a002
http://dx.doi.org/10.1021/cr00094a002
http://dx.doi.org/10.1038/289602a0
http://dx.doi.org/10.1038/289602a0
http://dx.doi.org/10.1038/289602a0
http://dx.doi.org/10.1039/p19830002375
http://dx.doi.org/10.1039/p19830002375
http://dx.doi.org/10.1039/p19830002375
http://dx.doi.org/10.1039/b002392m
http://dx.doi.org/10.1039/b002392m
http://dx.doi.org/10.1039/b002392m
http://dx.doi.org/10.1002/ange.19810930428
http://dx.doi.org/10.1002/ange.19810930428
http://dx.doi.org/10.1002/ange.19810930428
http://dx.doi.org/10.1002/ange.19810930428
http://dx.doi.org/10.1002/anie.198104061
http://dx.doi.org/10.1002/anie.198104061
http://dx.doi.org/10.1002/anie.198104061
http://dx.doi.org/10.1002/aoc.135
http://dx.doi.org/10.1002/aoc.135
http://dx.doi.org/10.1002/aoc.135
http://dx.doi.org/10.1002/aoc.135
http://dx.doi.org/10.1002/ange.200705405
http://dx.doi.org/10.1002/ange.200705405
http://dx.doi.org/10.1002/ange.200705405
http://dx.doi.org/10.1002/anie.200705405
http://dx.doi.org/10.1002/anie.200705405
http://dx.doi.org/10.1002/anie.200705405
http://dx.doi.org/10.1002/ange.200604805
http://dx.doi.org/10.1002/ange.200604805
http://dx.doi.org/10.1002/ange.200604805
http://dx.doi.org/10.1002/anie.200604805
http://dx.doi.org/10.1002/anie.200604805
http://dx.doi.org/10.1002/anie.200604805
http://dx.doi.org/10.1002/anie.200604805
http://dx.doi.org/10.1002/ange.200352740
http://dx.doi.org/10.1002/ange.200352740
http://dx.doi.org/10.1002/ange.200352740
http://dx.doi.org/10.1002/anie.200352740
http://dx.doi.org/10.1002/anie.200352740
http://dx.doi.org/10.1002/anie.200352740
http://dx.doi.org/10.1002/anie.200352740
http://dx.doi.org/10.1002/ange.200502706
http://dx.doi.org/10.1002/ange.200502706
http://dx.doi.org/10.1002/ange.200502706
http://dx.doi.org/10.1002/anie.200502706
http://dx.doi.org/10.1002/anie.200502706
http://dx.doi.org/10.1002/anie.200502706
http://dx.doi.org/10.1002/anie.200502706
http://dx.doi.org/10.1021/ic7024439
http://dx.doi.org/10.1021/ic7024439
http://dx.doi.org/10.1021/ic7024439
http://dx.doi.org/10.1002/chem.200600783
http://dx.doi.org/10.1002/chem.200600783
http://dx.doi.org/10.1002/chem.200600783
http://dx.doi.org/10.1016/j.pnmrs.2007.04.003
http://dx.doi.org/10.1016/j.pnmrs.2007.04.003
http://dx.doi.org/10.1016/j.pnmrs.2007.04.003
http://dx.doi.org/10.1016/j.pnmrs.2007.04.003
http://dx.doi.org/10.1002/chem.200501583
http://dx.doi.org/10.1002/chem.200501583
http://dx.doi.org/10.1002/chem.200501583
http://dx.doi.org/10.1007/s00214-006-0196-z
http://dx.doi.org/10.1007/s00214-006-0196-z
http://dx.doi.org/10.1007/s00214-006-0196-z
http://dx.doi.org/10.1002/chem.200600488
http://dx.doi.org/10.1002/chem.200600488
http://dx.doi.org/10.1002/chem.200600488
http://dx.doi.org/10.1002/cphc.200700376
http://dx.doi.org/10.1002/cphc.200700376
http://dx.doi.org/10.1002/cphc.200700376
http://dx.doi.org/10.1002/cphc.200700376
http://dx.doi.org/10.1002/chem.200701927
http://dx.doi.org/10.1002/chem.200701927
http://dx.doi.org/10.1002/chem.200701927
http://dx.doi.org/10.1016/0277-5387(95)00294-3
http://dx.doi.org/10.1016/0277-5387(95)00294-3
http://dx.doi.org/10.1016/0277-5387(95)00294-3
http://dx.doi.org/10.1016/0277-5387(95)00294-3
http://dx.doi.org/10.1021/ic50059a037
http://dx.doi.org/10.1021/ic50059a037
http://dx.doi.org/10.1021/ic50059a037
http://dx.doi.org/10.1002/cber.19751080820
http://dx.doi.org/10.1002/cber.19751080820
http://dx.doi.org/10.1002/cber.19751080820
http://dx.doi.org/10.1002/cber.19751080820
http://dx.doi.org/10.1002/mrc.1260270703
http://dx.doi.org/10.1002/mrc.1260270703
http://dx.doi.org/10.1002/mrc.1260270703
http://dx.doi.org/10.1021/ja00434a007
http://dx.doi.org/10.1021/ja00434a007
http://dx.doi.org/10.1021/ja00434a007
http://dx.doi.org/10.1021/ja00434a007
http://dx.doi.org/10.1021/tx050227d
http://dx.doi.org/10.1021/tx050227d
http://dx.doi.org/10.1021/tx050227d
http://dx.doi.org/10.1021/tx050227d
www.chemeurj.org

CHEMISTRY—

A. Bagno et al.

A EUROPEAN JOURNAL

[33] D. W. Rogers, O.P. A. Hoyte, R. K. C. Ho, J. Chem. Soc. Faraday
Trans. 1 1978, 46-52.

[34] A. Bagno, F. Rastrelli, G. Saielli, J. Phys. Chem. A 2003, 107, 9964 —
9973.

[35] F. Jensen, J. Chem. Theory Comput. 2006, 2, 1360—-1369.

[36] M. U. Roslund, P. Tédhtinen, M. Niemitz, R. Sjoholm, Carbohydr.
Res. 2008, 343, 101-112.

[37] Gaussian 03 (Revision A.1), M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J.J. Dannenberg,
V.G. Zakrzewski, S. Dapprich, A.D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A.D. Rabuck, K. Raghavachari, J. B. Fores-

(38]

(39]

(401

man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng, A. Na-
nayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wallingford,
CT, 2004.

G. te Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra,
S.J. A. van Gisbergen, J. G. Snijders, T. Ziegler, J. Comput. Chem.
2001, 22, 931-967.

a) G. Schreckenbach, T. Ziegler, J. Phys. Chem. 1995, 99, 606-611;
b) G. Schreckenbach, T. Ziegler, Int. J. Quantum Chem. 1997, 61,
899-918; ¢) S. K. Wolff, T. Ziegler, J. Chem. Phys. 1998, 109, 895-
905; d) S. K. Wolff, T. Ziegler, E. van Lenthe, E.J. Baerends, J.
Chem. Phys. 1999, 110, 7689-7698.

a) J. Autschbach, T. Ziegler, J. Chem. Phys. 2000, 113, 936—947.b) J.
Autschbach, T. Ziegler, J. Chem. Phys. 2000, 113, 9410—9418.

Received: June 26, 2008
Published online: October 8, 2008

10452 — www.chemeurj.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1044510452


http://dx.doi.org/10.1021/jp0353284
http://dx.doi.org/10.1021/jp0353284
http://dx.doi.org/10.1021/jp0353284
http://dx.doi.org/10.1021/ct600166u
http://dx.doi.org/10.1021/ct600166u
http://dx.doi.org/10.1021/ct600166u
http://dx.doi.org/10.1016/j.carres.2007.10.008
http://dx.doi.org/10.1016/j.carres.2007.10.008
http://dx.doi.org/10.1016/j.carres.2007.10.008
http://dx.doi.org/10.1016/j.carres.2007.10.008
http://dx.doi.org/10.1002/jcc.1056
http://dx.doi.org/10.1002/jcc.1056
http://dx.doi.org/10.1002/jcc.1056
http://dx.doi.org/10.1002/jcc.1056
http://dx.doi.org/10.1021/j100002a024
http://dx.doi.org/10.1021/j100002a024
http://dx.doi.org/10.1021/j100002a024
http://dx.doi.org/10.1002/(SICI)1097-461X(1997)61:6%3C899::AID-QUA3%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1097-461X(1997)61:6%3C899::AID-QUA3%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1097-461X(1997)61:6%3C899::AID-QUA3%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1097-461X(1997)61:6%3C899::AID-QUA3%3E3.0.CO;2-R
http://dx.doi.org/10.1063/1.476630
http://dx.doi.org/10.1063/1.476630
http://dx.doi.org/10.1063/1.476630
http://dx.doi.org/10.1063/1.478680
http://dx.doi.org/10.1063/1.478680
http://dx.doi.org/10.1063/1.478680
http://dx.doi.org/10.1063/1.478680
http://dx.doi.org/10.1063/1.481874
http://dx.doi.org/10.1063/1.481874
http://dx.doi.org/10.1063/1.481874
http://dx.doi.org/10.1063/1.1321310
http://dx.doi.org/10.1063/1.1321310
http://dx.doi.org/10.1063/1.1321310
www.chemeurj.org

