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A Computational Study on the Interaction of the Nitric Oxide lons NO™ and NO~ with the
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The interaction of the nitric oxide ions NCand NO™ with benzene (gHg) and the aromatic R-groups of the
amino acids phenylalanine (Phe), tyrosine (Tyr), histidine (His), and tryptophan (Trp) have been examined
using the DFT method B3LYP and the conventional electron correlation method MP2. In particular, the
structures and complexation energies of the resulting half-sandwietN&"™~ and sandwich [Ar-NO-+-Ar] ™~
complexes have been considered. For the-ANO" complexes, the presence of an electron rich heteroatom
within or attached to the ring is found to not preclude the cattanbound complex from being the most
stable. Furthermore, unlike the anionic complexes,sthecation--s ([Ar--NO---Ar]*) complexes do not
correspond to a “doubling” of the parent half-sandwich.

1. Introduction studies on such species. Furthermore, those studies that have

. . . . . considered related model systems have in general only examined
Nitric oxide (NO) has long been of interest due in partto its  {he interactions of cations with simple aromatic species such
role as an atmospheric pollutantThis interest increased 55 henzene, pyrrole, and indole as models of the aromatic amino

dramatically with the discovery of its in vivo synthekiand acids!’ It has been found that anions can also form analogous
the ongoing unveiling of its diverse physiological roles as an gnion--x complexes if the aromatic species is electron defi-
important secondary messenger molecéuie addition to*NO cient1929However, it was also determined that the anions may
itself, the nitrosium cation (N© and nitroxyl anion (NO) are interact by forming hydrogen bond&In general, this occurs

also thought to be responsible for at least some of the diverse,i5 appropriate substituents such-a®H or —NH— groups.
functions of nitric oxide!~8 Furthermore, some of the roles of o ever C-H bonds are also polarized, although to a lesser
these N%j?ec'es have also been attribute8-titrosothiols extent, and have been found to also be able to participate in
(RSNOs);™*" a common form for transporting and delivering 1y qrogen-bondingt?2 Indeed, such interactions have been
NO and its ions around the body. For instance, N©thought previously shown to be important in a variety of biological
to induce the release of €afrom smooth muscle in a CGMP-  _ ivities23.24

independent mannwhile the nitroxyl anion, or at least in its Previously, the interaction GNO and NO" with benzene
protonated form (HNO), is known to beéable to modify the has been investigated both experimentall§? and computa-
activity of some enzymes and recepterSome of these : 28-33 : . P . :

) . e tionally. In particular, it was fount? that*NO can interact
regulatory roles are achieved via covalent modifications of o "0 7-system of benzene, though only weakly, while in
amino acid res]dues. Recently, however, it was shown 'ghat contrast NO can form stroné cation- interaction’s with
S-nitrosoglutathione (GSNO) can noncovalently interact with aromatic compound®:3%-3 However, their interaction and that

2{2{2&2;' Llﬁl;nree%ons of proteins and, remarkably, induce of NO~ with biochemically important aromatic biomolecules
ges. have not been previously reported. In addition, recent experi-

Many cations are known to be able to participate in \hantal studies by Rosokha et?&F’ found that, remarkably,
noncovalent interactions with the-systems of electron rich  No+ is also capable of forming sandwich complexes with

i 14 i i . i
aromatic compound$:** Such interactions themselves have aromatic species. However, they suggested that not all arenes
been extensively studied and are now known to also be  qre capable of forming such structures.

Important in an array of phy5|.ologl|8(:al fun(.:t'lons '”C'“d"ﬁg the In this present study we have employed ab initio and density
structure and function of proteid%:18 In addition toz-+-cation . . . . i .
“ L ; - functional theory methods in order to investigate the interactions
or “half-sandwich” complexes, such interactions may also lead . . h ) .
. : - of the biochemically important NOand NO™ ions with benzene
to the formation ofz---cation--zr or sandwich complexes. In S : ; . .
and the aromatic side chains of the amino acids phenylalanine,

particular, there is increasing experimental evidence that some . S .
. ) . o . . tyrosine, histidine, and tryptophan (Figure 1). Furthermore, we
proteins contain multiple aromatic rings that interact with a ; - .
have also examined the structures and energetics of their

single cation:*1”While such species are well-known in orga- , ,

. . ; . Y= corresponding sandwich complexes.
nometallic chemistry, their nature and potential roles in bio-
chemical systems are less well understood. Unfortunately, .
despite their importance, to date there have been relatively few2- Computational Methods

- Al calculations were performed using the Gaussiaff 68ite
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Figure 1. Models used in this present study for the side (R-) groups 2A 28
of the aromatic amino acidd4) phenylalanine (Phe).1B) tyrosine

(Tyr), (1C) histidine (His), and 1D) tryptophan (Trp): C (gray); N

(blue); O (red); H (white). ;

above prograff with the Lee-Yang—Parr correlation func- o
tional3” Depending on the chemical system, it was used in 1{ {‘1 ?

combination with a variety of Pople basis sets ranging from
6-311G(d,p) to 6-31+G(2df,p) as well as Dunning’s aug-cc-
pVDZ and aug-cc-pVTZ basis sets. The latter two basis sets
were also used in combination with the ab initio Mgtt@&lesset
second-order perturbation (MP2) method. Restricted methods J
were used for all closed-shell species and complexes involving 2 20

NO™. Unrestricted methods were used for all open-shell speciesFigure 2. Schematic illustration of the optimized structures 2Af
and complexes with NO due to its ground-state triplet  CgHe-*NO"™ and GHg+-NO~ with NO~ bound @B) side-on or N-end-
multiplicity. Spin contamination in all unrestricted calculations on via 2C) two hydrogen bonds o2D) one hydrogen bond: C (gray);
was negligible, with all®Ovalues lying in the range 2.067 N (blue); O (red); H (white).

2.051 (see Table S2 in quporting Information). In addition, tag| E 1: Selected Optimized Distances (A) and

for all complexes the stability of the wave functi8fi® was Complexation Energy (kJ mol-2) of CgHg+*NO* (2A)

tested and verified at each level of theory employed. Harmonic Obtained Using the B3LYP and MP2 Methods in

vibrational frequencies were obtained at each level of theory Combination with a Range of Basis Sets

¥

except MP2/aug-cc-pVTZ in order to verify that each complex level of theory
obtained was an energy minimum. C_omplexatlon_ energies were ' o basisset  r(N-0) r(N-+Cy) r(N=+Cs) AEcor
corrected by including the appropriate zero-point vibrational 3 6311G( 0 5476 Sa6 1937
energy (ZPVE), the MP2/aug-cc-pVDZ calculated ZPVE being B3LYP 6-311G(d.p) 1.1 ’ ; :
. . 6-311+G(d,p) 1.101 2.469 2.542 189.9
used for MP2/aug-cc-pVTZ, and basis set superposition error 6-311G++(d.p) 1.101 2469 2543 1900
(BSSE) correction as determined using the counterpoise 6-311G(df,p) 1.098 2.484 2547  190.8
method?*®41 The resulting energies (kJ mad) are denoted by 6-311G(2d,p) 1.099 2.450 2.530 1935
AEcor. Unless otherwise noted, the abbreviations Phe, Tyr, His, 6-311+G(2df,p)  1.097 2.452 2534  186.5

aug-cc-pVDZ 1.109  2.450 2526  194.6
i aug-cc-pvVTZ 1.097  2.446 2533  187.2
acidas. MP2  aug-cc-pVDZ 1139  2.491 2505  153.8
aug-cc-pvTZ 1.125  2.400 2.455  158.7

CsHe""+-*NO, i.e., almost complete electron transfer (see Table
3.1. Assessment of Computational Methoddn computa- S2 for atomic charges of all complexes). The B3LYP method
tional studies the size of the chemical system can impose a limitalso predicts(N—O) to lengthen by 0.04 A upon complexation.
on the choice of method. Ultimately, we wish to investigate However, it has lengthened to just 1.097 A, midway between
large sandwich-type complexes, beyond the tractability of most the bond lengths of NOand*NO as calculated at the same
ab initio methods. Hence, we began by considering the ability level of theory (Table 2). The resultant complex can thus be
of the widely used DFT method B3LYP in conjunction with a described as [He-*NO]™, i.e., only partial electron transfer.
variety of basis sets to provide reliable results for aromatic It should be noted that B3LYP in combination with any basis
---NO*'~ systems. The simplest complexes examined as partset used in this present study give—0O) of NO' to be
of this present study were consideredHg -*NO*/~, with the approximately 0.03 A shorter than obtained at the MP2 level
results being compared with those obtained at the conventional(Table 2). The experimental adiabatic ionization energies (IEs)

and Trp refer to the models of the respective aromatic amino

3. Results and Discussion

MP2/aug-cc-pVTZ level of theory. of CgHs and NO are close at 891.9 and 893.9 kJ Thol
3.2. GHe*-*NO™ Complexes.Upon interacting, at all levels  respectively*2 Hence, upon interaction an equal sharing of an
of theory, NO" binds toward one end of the face ofH with electron might reasonably be expected as observed with the

its oxygen directed up and outward from the face along-4iC B3LYP method. It is noted that their IEs as calculated at the
bond (Figure 2), in agreement with previous observattéas 33 B3LYP/6-311G(2d,p) level differ by 65.4 kJ mdl(Table 3).
Selected optimized distances of the resultig symmetric For the NO++-ring carbon distance{N---C;) andr(N-:-C,),
complex2A are given in Table 1. the MP2 (2.400 and 2.455 A) and B3LYP (2.446 and 2.533 A)
Comparing the results obtained using both the B3LYP and methods are in reasonable agreement, and the B3LYP method
MP2 methods with the aug-cc-pVTZ basis set enables evaluationpredicts moderately longer interactions (0.046 and 0.078 A). It
of the applicability of the former method for such systems. The should be noted that previous computational studies on this
MP2 method predicts that upon binding tgHg the bond length  complexX®3%33 have reported(N-++C;) distances of 2.442.46
of the NO moiety ((N—0)) lengthens by 0.043 Ato 1.125 A. A, in agreement with our DFT results. In addition, other studies
Indeed, it is now only marginally shorter than the bond length on cation--x interactions have reported that the B3LYP method
of isolated"NO (Table 2). Thus, the complex formed resembles overestimates this interaction distance in comparison to the MP2
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TABLE 2: Optimized N —O Bond Distances (A) for Nitric
Oxide and Its Mono-lons Obtained Using the B3LYP and
MP2 Methods in Combination with a Range of Basis Sets

level of theory r(N—0)
method basis set NO *‘NO NO~
B3LYP 6-311G(d,p) 1.060 1.148 1.273
6-311+G(d,p) 1.060 1.148 1.264
6-311++G(d,p) 1.060 1.148 1.264
6-311G(df,p) 1.058 1.147 1.271
6-311G(2d,p) 1.058 1.148 1.273
6-311+G(2df,p) 1.057 1.146 1.262
aug-cc-pvVDz 1.068 1.154 1.266
aug-cc-pVTZ 1.057 1.146 1.259
MP2 aug-cc-pvDzZ 1.096 1.142 1.276
aug-cc-pvVTZ 1.082 1.137 1.265
exptk 1.150

a Reference 47.

TABLE 3: Calculated? Adiabatic lonization Energies (IES)
(kJ mol~1) for NO, CeHg, and R-Groups of the Aromatic
Amino Acids and Corrected Complexation Energies (kJ
mol~-?) for the Ar-NO*/~ and Ar---NO*/~---Ar Complexes

complexation energy

species IE  Ar-NO" Ar--:NO"+-Ar Ar--:NO~ Ar--:NO---Ar
NO 931.5
CeHe 866.1  186.3 219.2 24.1 49.5
Phe 822.3  205.6 243.5 25.6 59.0
Tyr 7548 2231 265.6 95.4 164.7
His 7819  263.7 335.9 98.9 173.7
Trp 696.6  263.4 313.6 85.2 152.3

aB3LYP/6-311G(2d,p)+ ZPVE. " See Figure 1.

method*44 Importantly, however, both methods predict the
same overall general structural features with the-GB{
interaction being the shorter of the two by 0.055 A (MP2) and
0.087 A (B3LYP).

A variety of basis sets were then used in conjunction with
the B3LYP method (Table 1). As noted above, the B3LYP
method with all basis sets gives shontéd—O) distances than
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TABLE 4: Selected Optimized Distances (A) and
Complexation Energy (kJ mol~1) Obtained at Various Levels
of Theory for the NO~ Bound Side-On GHg:-*NO~ Complex
2B

level of theory

method basisset  r(N—0O) r(N---Hy) r(O---Hz) AEcor

B3LYP 6-311G(d,p) 1.260 2.275 2254 484
6-311+G(d,p) 1.260 2.379 2.372 29.3
6-311++G(d,p) 1.259 2.377 2.383 24.7
6-311G(df,p) 1.258 2.276 2.262 374
6-311G(2d,p) 1.261 2.278 2.263 37.4
6-311+G(2df,p) 1.257 2.347 2.427 321
aug-cc-pvDzZ 1.261 2.309 2.468 21.9
aug-cc-pvTZ 1.241 2.417 2.585 17.4

MP2 aug-cc-pvDZ 1.276 2.251 2.366 36.9
aug-cc-pvTZ 1.265 2.268 2.308 252

Compared to that obtained at the MP2/aug-cc-pVTZ level (158.7
kJ mol), for all basis sets presently used B3LYP consistently
overestimateA Eqor by 27.8-35.9 kJ mot?! with the B3LYP/
6-311+G(2df,p) level giving the closest agreement (186.5 kJ
mol~Y). Thus, AEg for all further complexes involving NO
was obtained by performing single point energy calculations at
this level of theory using B3LYP/6-311G(2d,p) optimized
geometries, i.e., B3LYP/6-3HG(2df,p)//B3LYP/6-311G(2d,p)
(Table 1). Indeed, we note that this approach givesABeg,

of [CeHe*+*NO]™ to be 186.3 kJ mol* (Table 3).

3.3. GHeg -*NO~ Complexes.n the interaction of NO with
CeHs, N0 anion--r complexes were obtained; instead it only
binds by forming hydrogen bonds. Several complexes are
possible depending on whether one or two hydrogenssbl; C
are involved and the relative orientation of the N@oiety.

At all levels of theory used in this study, the lowest energy
complex @B) corresponds to NObinding side-on to gHg via

two hydrogens (Figure 2). Selected optimized distances obtained
using the MP2 and B3LYP methods with a variety of basis sets
are listed in Table 4.

Several differences can be seen upon comparing the optimized
structures of2B obtained using both the MP2 and B3LYP

obtained using the MP2 method while consistently overestimat- jethods with the aug-cc-pVTZ basis set. In particular, MP2

ing ther(N---C;) andr(N---C,) distances. For example, with

predicts no shortening of the-ND bond upon complexation,

the smallest basis set used in this present study, 6-311G(d,p)whereas with B3LYP it shortens by 0.018 A to 1.241 A. While

r(N-+-Cy) andr(N---C,) are 0.076 and 0.091 A longer, respec-

both methods predict similar structural characteristics with the

tively, than obtained at the MP2/aug-cc-pVTZ level. Only minor  N...H,C hydrogen bond being shorter than the--@,C
changes of less than 0.01 A are observed upon inclusion of hydrogen bond, for MP2(N-+-H;C) is only 0.040 A shorter,

diffuse or f-functions on heavy atoms, 6-3tG&(d,p) or 6-311G-
(df,p), respectively, or upon addition of diffuse functions on
the hydrogen atoms, 6-3+H-G(d,p). Slightly larger effects are

observed upon inclusion of a second set of d-functions, 6-311G-

(2d,p), with modest shortenings in both-AC; and N--C; by

whereas for B3LYP it is less by 0.168 A. More importantly
perhaps, the B3LYP method predicts both interactions to be
significantly longer by 0.149 and 0.277 A, respectively, than
obtained at the corresponding MP2 level.

Interestingly, when Pople rather than Dunning basis sets are

0.026 and 0.016 A to 2.450 and 2.530 A, respectively. In fact, ,sed in combination with the B3LYP method, the results are in
the resulting bond lengths are now in close agreement with those|gser agreement with those obtained at the MP2/aug-cc-pVTZ

obtained at the B3LYP/aug-cc-pVDZ level (Table 1). Combin-
ing these individual enhancements to give the 6-8G{2df,p)
basis set does not significantly impro@-+-C;) (2.452 A) or
r(N-+-Cy) (2.534 A) further.

Thus, for the B3LYP method the 6-311G(2d,p), 6-313-

level. In particular, when diffuse functions amet includedin

the basis set, i.e., 6-311G(d,p), 6-311G(df,p), and 6-311G(2d,p),
the N---H;C hydrogen-bond distances are 2.225278 A ie.,

just slightly longer by 0.0070.010 A. Furthermore, these basis
sets also give the second hydrogen-bond lengi{{@,-H.C),

(2df,p), and aug-cc-pVDZ basis sets appear to provide the mostto be only 0.045-0.054 A shorter than at the MP2/aug-cc-pVTZ
reliable overall geometries. While the latter does give slightly |evel. In addition, the NO bond shortens upon complexation
more accurate geometries, the differences are not significant.by 0.012-0.013 A. In contrast, the B3LYP method in combina-
In addition, Pople basis sets are more computationally feasibletion with Pople basis sets that includediffuse functions, i.e.,
for larger sandwich complexes. Hence, optimized geometries 6-311+G(d,p), 6-31#+G(d,p), and 6-31+G(2df,p), predicts

of all further complexes with NOwere obtained at the B3LYP/
6-311G(2d,p) level of theory.

Complexation energie\Ecor) for [CeHe *NO]J ' were also

determined at each level of theory employed (Table 1).

lengths of both the N-H,C and G--H,C hydrogen bonds to
be markedly longer than obtained at the MP2/aug-cc-pVTZ level
by 0.079-0.111 and 0.0640.119 A, respectively. Reflecting
the now weaker interaction between N@nd GHsg, the N-O
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TABLE 5: Selected Optimized Distances (A) and
Complexation Energies (kJ motl) Obtained at Various
Levels of Theory for the NO~ Bound N-End-On CgHg-*NO~
Complex

level of theory

method basis set r(N—0) r(N---Hy) AEcor
B3LYP 6-311G(d,p 1.243 2.366 37.3
6-311+G(d,p} 1.250 2.490 31.2
6-311++G(d,p? 1.249 2.493 27.6
6-311G(df,p} 1.241 2.365 374
6-311G(2d,p) 1.243 2.367 36.1
6-311+G(2df,pp 1.247 2.497 26.5
aug-cc-pVD2 1.252 2.100 15.7
aug-cc-pVT2 1.232 2.256 13.8
MP2 aug-cc-pVviz2 1.271 2.409 331
aug-cc-pvVT2 1.260 2.396 21.3

aOptimized as2C in Figure 2.° Optimized as2D in Figure 2.

bond is concomitantly predicted to shorten by just 0004
0.005 A upon complexation. It is generally thought that diffuse
functions should improve the accuracy of anionic structures. In
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Figure 3. Optimized structures (B3LYP/6-311G(2d,p)) with selected
distances (A) for the Ar-NO* complexes where Ar is3Q\) Phe, 8B)
Tyr, (3Cy) His with NO™ bound via a ring nitrogen’s lone pai3C,)

4
ac1

this case, however, it appears that the inclusion of such functionsHis with NO™ bound via itsz-system, and3D) Trp: C (gray); N (blue);

causes an erroneous overestimation of such long, weak inter-

molecular interactions by the B3LYP method.

An alternative GHe--NO~ complex with NO bound end-
on via its nitrogen to gHgs was found to lie just a few kJ mot
higher in energy at all levels of theory. Selected optimized
distances for the resultinG,, symmetric complexe2C and
2D (Figure 2) are listed in Table 5. At the MP2/aug-cc-pVTZ
level the NO binds via two hydrogen bond2C) of length
2.396 A and now has an-NO bond length of 1.260 A. In
contrast, at the corresponding B3LYP/aug-cc-pVTZ leveNO
binds via a singleZD) considerably shorter (2.256 A) hydrogen
bond and has a shorterND bond of length 1.232 A. We note
that2D was only obtained when using Dunning basis sets used
in combination with the B3LYP method. Analogous to that
observed for2B, when Pople basis sets are used, there is a
marked geometric sensitivity to the inclusion of diffuse functions
on heavy atoms. As can be seen in Table 5, thosediatot
include such functions give optimizedN---H;) values in the
narrow range 2.3652.367 A and just 0.03 A shorter than
obtained at the MP2/aug-cc-pVTZ level. In contrast, those that
do include such functions giver(N---H;) values that are
decidedly longer by 0.0940.101 A, in the range 2.490
2.497 A

Considering the results obtained for both side-on and end-
on GHe-*NO~ complexes, the B3LYP/6-311G(2d,p) level of
theory was chosen to obtain all further optimized structures for
complexes involving NO. As can be seen from Tables 4 and
5, the calculated complexation energidg(o) for 2B and2C
are particularly sensitive to the inclusion of diffuse functions
onbothheavy and hydrogen atoms with decreases of83.7
kJ mol~! upon their inclusion. HoweverEg for the anionic
complex2B is also sensitive to a set of br second set of
d-functions on heavy atoms with observed decreaseésEi,
of 11.0 kJ mot? for both upon their inclusion (Table 4). Thus,
for all further anionic complexe\E.,r was obtained by
performing single point calculations at the B3LYP/6-311G-
(2df,p)//IB3LYP/6-311G(2d,p) level of theory. Indeed, we note
that at this level of theory the complexation energy 2& is
24.1 kJ mot? (Table 3), in close agreement with that obtained
at the MP2/aug-cc-pVTZ level.

3.4. Ar--:NO™ Complexes.The aromatic R-groups (Ar) of
the amino acids phenylalanine (Phe), tyrosine (Tyr), histidine
(His), and tryptophan (Trp), Figure 1, were then allowed to
interact with NO" in order to investigate the resulting structures

O (red); H (white).

2 2
; X
: 4"_‘ f_{_j‘_. 1527
S5 b
f_ 2:'55 31,257 j‘_ 2299 ;’1253
4A 4B
.{
he ALY
%

/‘{ P f
1607 v I
1257 2;5?

4 4D

Figure 4. Optimized structures (B3LYP/6-311G(2d,p)) with selected
distances (A) for the lowest energy AINO~ complexes where Ar is
(4A) Phe, éB) Tyr, (4C) His, and @D) Trp: C (gray); N (blue); O
(red); H (white).

and complexation energies. Unless noted, only the lowest energy
complex for each is described with optimized structures and
selected distances shown in Figure 3.

3.4.1. Phe*NO". Similar to that for GHs, the resulting
complex BA) is Cs symmetric. The NO moiety is centered
over the alkylated end of the ring with its oxygen directed up
and out from the ring face along the-CH; bond, in agreement
with previous observatiord. The alkylated ring carbon is the
most negatively charged in neutral toluene (Table S2), our model
for Phe. Furthermore, it will provide the greatest stabilization
of any positive charge buildup on the ring upon complexation.
The N-O distance in3A is 1.103 A, 0.045 A longer than
obtained for isolated NOat the same level of theory (cf. Table
2) and again indicating only partial electron transfer from the
aromatic group upon complexation. It is also slightly longer
than observed in gs:-*NO™, in agreement with the fact that
the IE of Phe is lower than that ofgHe (Table 3). As a result,
NO™ binds more strongly to Phe thansids as illustrated by
the shorter ON-C1 (2.418 A) and ON-C2 (2.496 A) distances,
respectively, and the modestly larger complexation energy of
205.6 kJ mot?! (Table 3).
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Figure 5. Optimized structures (B3LYP/6-311G(2d,p)) with selected distances (A) of the j®---Ar]* complexes where Ar is5Q) CsHs, (5B)
Phe, 6C) Tyr, (5D,) His when bound via both ring nitrogens’ lone-paiisDg) His when bound via both ringst-systems, andsE) Trp: C (gray);

N (blue); O (red); H (white).

3.4.2. Tyr--NO". The resulting lowest energy comple3g)
is similar to that with Phe3A) in that NO" preferentially binds

lengthened considerably to 1.128 A, indicative of significant
electron transfer from His to the NOmoiety. In contrast, the

nearly centered over the alkylated end of the ring face with its z-bound complex8C; lies 49.6 kJ moi® higher in energy (Table
oxygen directed up and away from the face almost parallel to S3), with the NG moiety sitting 2.3 A above the ring face
the C—CHs bond. Interestingly, this is despite the fact that with an N—~O bond length of 1.102 A, i.e., less electron transfer
tyrosine contains arrOH group. Indeed, a complex was found from His. The preference for the N1-bound complex is in

in which the NO sits atop, almost parallel with the-OH
bond with its nitrogen over the OH oxygen. However, such a
complex is found to in fact lie 33.0 kJ mdl higher in energy
(Table S3). The IE of Tyr is calculated to be 67.5 kJ nfol
lower than that of Phe (Table 3). Consequent{i{—0) is now
slightly longer than observed foBA while conversely the
ON-+-C1 (2.350 A) and ON-C2 (2.440 A) interactions are now

agreement with previous observations on pyriekifi¢O* in-
teractions’32 The complexation energy &8C; is 263.7 kJ
mol~! (Table 3), the largest of all ArNO" complexes
considered in this study. While the IE of the aromatic group of
histidine is lower (Table 3) than that ot8s and Phe but higher
than that of Tyr, it should be noted that it corresponds to
ionization from itszz-system. Indeed3C, has a lower com-

shorter by 0.068 and 0.056 A, respectively. We note that the plexation energy thaBB as predicted.

ON--+C2 distance (2.565 A) is longer due to the fact that the

3.4.4. Trp-*NO". NO™ preferentially interacts via the alky-

NOT is slightly off center. In addition, the complexation energy lated carbon (@ of the pyrrole ring with an N--C; distance of

for 3B is also 17.5 kJ mott larger at 223.1 kJ mol (Table 3).
3.4.3. His:-NO". Histidine is an electron poot-system due

2.194 A to give ther-bound complex3D. In addition, its own
N—O bond has lengthened by 0.060 A to 1.118 A. The former

to the two nitrogens within the ring, one of which (denoted as distance is the shortest interaction observed for any of the
N;) has a free electron lone-pair in the plane of the ring. Indeed, 7-complexes considered in this present study, while the latter
in the lowest energy complex forme@;) NO™ binds via its is the largest lengthening observed upon complexation. This is
nitrogen center with this lone-pair resulting in a quite strong due to the fact that the tryptophan’s aromatic group has the
N1--+NO" interaction of 1.694 A. Alsor(N—0) itself has lowest IE of all aromatic groups considered; thus, there is greater
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electron transfer to the NOmoiety, which is now also bound
more tightly. Indeed, the complexation energy & is 263.4

kJ mol~1 (Table 3), the highest of all of the-bound complexes
considered and only 0.3 kJ m@llower than that of the N1-
bound histidine-NO™ complex5D;. An alternate complex lying
only 10.0 kJ mat?! higher in energy was found in which the
NO™ was bound via ther-system of the six-membered ring of
the Trp aromatic group (not shown). This is in contrast to
previous studie§4¢that found such ar-bound complex to in
fact be preferred. We note, however, that these prior studies
modeled the peptide backbone simply by using hydrogen. Thus,
charge stabilization by the C1 center of tryptophan’s aromatic
group may have been underestimated.

3.5. Ar--:NO~ Complexes. Optimized structures for the
Ar--sNO~ (Ar = Phe, Tyr, His, Trp) complexes with selected
distances obtained at the B3LYP/6-311G(2d,p) level are shown
in Figure 4.

Unlike the cationic complexes, all of the lowest energy
Ar---NO~ complexes exhibit similar intramolecular binding.
Specifically, NO forms two hydrogen bonds with each aromatic
species; its nitrogen binds via the strongest donor while its
oxygen binds via the next best “spatially available” donor. For
example, in the PheNO~ complex @A) the NO™ nitrogen
binds (2.295 A) via a hydrogen of theCHs group while the
oxygen forms a shorter hydrogen bond (2.155 A) with the
adjacent ring C2H moiety. In addition, the NO bond itself
has now shortened by 0.016 A to 1.257 A (cf. Table 2). The
calculated complexation energy fdA is 25.6 kJ mot?, just
2.4 kJ mot larger than calculated for thes8s:-*NO~ complex
2B. For the corresponding complex with tyrosidd] the NO
nitrogen forms quite a short and strong hydrogen bond (1.527
A) with the tyrosyl's —OH group. Concomitantly, the NO
oxygen forms a considerably weaker and longer bond (2.299
A) with a nearby ring G-H group (Figure 4). The NO bond
itself has also shortened slightly to 1.253 A. Because of the
greater hydrogen-bond donor capabilities of tyrosine®H
group, the complexation energy B is 95.4 kJ mot?, almost
4 times greater than that for the analogous complexes wglifg C
and Phe (Table 3).

Similar to that described for the TyrNO~ complex, upon
interacting with histidine, the NOnitrogen forms a short strong
bond with its best hydrogen-bond donor, the rinilyH— group.

It is noted that in the resulting compleC this bond is now
longer (1.637 A) than the analogous bond4B (Figure 4).
Similarly, the NO oxygen forms a weaker, longer hydrogen
bond (2.444 A) with a hydrogen of the nearbyCHz group.

Robinet et al.
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Figure 6. The highest occupied molecular orbital (HOMO) for the
optimized structures of the AsNO™"---Ar sandwich complexes where

Ar is (5Anomo) CsHs and 6Bromo) Phe: C (gray); N (blue); O (red);
H (white).

5. For simplicity, except for histidine only the lowest energy
complex is shown.

Interestingly, the cationic sandwich complexes do not cor-
respond to a simple “doubling” of the half-sandwiches. For
example, in5A the two GHe rings bind to opposite sides of
the NO' with one tilted markedly toward the other perpendicular
to the NO bond, coming closest to each other at the nitrogen
end of NO" (Figure 5). As a result, the NQdoes not sit directly
between the two rings nor is its distance to both rings equal.
With respect to the more closely boungHg, the NO' sits in
the same position and orientation as observed in the corre-
sponding half-sandwicBA: centered over one end of the ring
with its oxygen directed up and outward from the face. The
distance from the NOnitrogen to the nearest ring carboni{g
is 2.588 A. In contrast, the secondHg is orientated such that
the NO" effectively sits above its face, with its closesh&:-NO
distance being significantly longer at 2.786 A. While both of
these Gnge**N distances are notably longer thartia (cf. Table
1), their combined effects result niN—0O) of 5A being equal

Despite these longer distances, however, the complexationtg that in 2A, indicating a similar overall extent of electron

energy for4C is slightly higher than that ofB at 98.9 kJ moi!
(Table 3). Similarly, with the aromatic group of tryptophan the
NO™ nitrogen forms a short hydrogen bond (1.620 A) with its
—NH— group @D) while its oxygen forms a longer hydrogen
bond with a nearby ring-CH— hydrogen. We note that at the
present level of theory the NCQoxygen prefers to interact with
a —CH— group of the six-membered ring of the tryptophan’s
aromatic group with an ©-HC distance of 2.592 A. However,
the alternate complex in which it interacts instead with@H—
hydrogen of the five-membered ring lies just 1.5 kJ mhdligher
in energy. The complexation energy 4D is 85.2 kJ mot?,
13.7 kJ mot? lower than for4C (Table 3).

3.6. [Ar---NO---Ar] * Complexes.After the studies on the
“half-sandwiches”, we then considered “full-sandwich” com-
plexes, specifically those in which both aromatic species are

transfer to the NO moiety (cf. Table 2). From Figure 6 it can
be seen that the HOMO &A (5Anomo) corresponds to the
two CgHg rings interacting with the same antibondimgprbital

on NO', one from above and the other below, in particular via
its nitrogen.

The Phe %B) and Tyr 6C) sandwiches, while possessing
some similarities to their respective parent half-sandwi@#es
and3B and the analogoussHs-sandwichbA, exhibit a number
of important differences. In both complexes the closest interac-
tions again occur between the N@itrogen and the alkylated
ring carbons (C1) of each aromatic species with the distances
to the tyrosine rings again being shorter than to the phenyl-
alanine rings. Ir'bB these distances are again unequal although
now they differ by just 0.018 A (Figure 5). In contrast,5€
the NO' sits equidistant from both rings with GINO distances

the same. Optimized structures and selected bond distance®sf 2.581 A. Significantly, however, in both complexes the NO

obtained at the B3LYP/6-311G(2d,p) level are shown in Figure

moiety is now directed back over the faces of the rings involved
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Figure 7. Optimized structures (B3LYP/6-311G(2d,p)) with selected distances (A) of the j®---Ar] ~ complexes where Ar isT@) CsHs, (7B)
Phe, {C) Tyr, (7D) His, and {E) Trp: C (gray); N (blue); O (red); H (white).

rather than outward as in the corresponding half-sandwichescomplexing with two aromatic species. However, as for the half-

3A and3B, respectively (Figure 5). In addition, while the two
rings in5B and5C are again tilted with respect to each other,
the tilt axis is now essentially along the NO bond. As illustrated
by the HOMO of the [Phe-NO---Phe]" sandwich 5Bomo)
shown in Figure 6, this results in both rings now interacting
with the sameside of the antibondingr-orbital on NO". We
note that as fobA and 2A, despite the individually weaker
C1---NO interactions in5B and 5C, the N-O lengths are in
close agreement with those of their related half-sandwiBlAes
and 3B, respectively.

When the aromatic group of a second histidine gHis
allowed to interact with the lowest energy kisNO™ complex
3C,, it also preferentially binds with the nitrogen of the NO
moiety via the lone-pair of its N1 center to give compER®;
(Figure 5). However, the Higgroup sits almost perpendicular
to the plane of the initial Hig--NO* moiety with a significantly
longer (0.094 A) N1:-NO* distance than for the Hising. An
alternateCs symmetric sandwich-type comple&[,) was also
obtained in which the NO moiety is positioned over the

sandwiches, only partial charge transfer occurs (see Table S2)
as illustrated by the fact that its length now lies between that
of NO' and NO as calculated at the same level of theory (Table
2). The degree of charge transfer is dependent on the IE of the
aromatic species involved.

The complexation energied\Ecor) for the sandwich com-
plexes of NO with CsHg (5A) and the aromatic groups of Phe
(5B), Tyr (5C), and Trp BE) are 219.2, 243.5, 265.6, and 313.6
kJ mol1, respectively (Table 3). Comparison WitkE., of
the half-sandwiches indicates that addition of a second ap-
propriate aromatic group is increasingly favored by 32.9, 38.0,
42.4, and 50.2 kJ mot. Thus, NO prefers to form sandwiches
with the side group of tryptophan compared to those of tyrosine
and phenylalanine, with tyrosine being slightly preferred of these
latter two. For the side group of histidine the preferred complex
5D; has the highesAEg; at 335.9 kJ moll but is not a
sandwich-type complex. The corresponding sandibh has
a much lower complexation energy of 262.5 kJ mq[Table
S3), which in fact is also slightly lower than that 6€. It is

—CHN1CH- component of each ring, its nitrogen being 2.562 noted that while in proteins the histidine side group is often
A from the ring carbons adjacent to the alkylated carbons (Figure protonated due to itsky being near 6, many metalloproteins
5). However, such a complex lies significantly higher in energy use multiple unprotonated histidines to bind metal ions. Thus,

than5D; by 73.4 kJ mot. It should be noted that despite the
structural differences betwedD, and 5B/5C, it possesses a
similar HOMO with regards to orientation and mode of
interaction between the aromatic rings and NFigure S1).

the above results suggest that N@ay in fact also be able to
bind in such areas.

3.7. [Ar---NO---Ar] ~ Complexes.Optimized structures for
the anionic complexes with selected bond distances obtained

For the aromatic group of tryptophan, the lowest energy atthe B3LYP/6-311G(2d,p) level are shown in Figure 7. Unlike

sandwich §E) corresponds to NOinteracting equally with both
pyrrole rings, its closest contact being the OIC1 (alkylated

the cationic complexes, the lowest energy structure in all cases
corresponds to a “doubling” of the parent half-complex in that

carbon) distance at 2.524 A (Figure 5). Similar to that observed the NO™ nitrogen and oxygen interact with tsamehydrogens

for sandwiche$B and5C formed by the aromatic groups of
Phe and Tyr, respectively, the NOs directed back over the

of both aromatic species as in the appropriate parent. For
example, when NOinteracts with two phenylalanine aromatic

faces of the pyrrole rings. Furthermore, the tryptophan rings groups {B), its nitrogen again interacts with-aCHs hydrogen
are also tilted with respect to each other such that they interactin each Phe group, while its oxygen interacts with atC

with the same lobes of a-antibonding orbital of NO (Figure
S1). Similarly, as for all other Ar-NO™---Ar complexes
considered (see Figure 5), the—® bond lengthens upon

adjacent to the alkylated carbon (C1) of each ring. All of the
intermolecular interactions, however, are now longer than in
their corresponding half-complexes by 0.648308 A. The
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largest increase observed in any anionic complex except thatcorresponds to both rings binding via their lone-pairs of the

involving the aromatic group of tryptophaik) occurs in the
ON---HX hydrogen bonds (Figure 7). It is noted that all of the
resulting complexes exce@D, involving the aromatic group
of histidine, are symmetric at the present level of theory; i.e.,
the NO™ moiety sits equidistant from both aromatic species. In
7D the NO is skewed slightly such that it forms a marginally
shorter N-H---NO bond with one of the histidine groups and
simultaneously has a slightly shorter N€H—C bond with the
other group. It is noted that no complexes involving NG
interactions were obtained.

The calculated complexation energies (Table 3) for NO
interacting with two benzene§4) or aromatic groups of the
amino acids phenylalanin€B), tyrosine {C), histidine D),
and tryptophan4E) are 49.5, 59.0, 164.7, 173.7, and 152.3 kJ
mol~1, respectively. The overall order is the same as for the
corresponding half-complexes. Clearly, there is a distinct
preference by NO to form complexes with those groups that
contain conventional hydrogen-bond donors such-&H or
N—H groups. Interestingly/A and 7B, which contain only
C—H---(NO) interactions, give complexation energies that are
slightly more than double those of their half-comple2&sand
4A, respectively (see Table 3). In contrast, all others contain
more conventionat-OH-+-NO or N—H---NO hydrogen bonds

N1 ring centers to the NOnitrogen, although the rings are
now almost perpendicular to each other. In contrast, the anionic
[Ar--NO---Ar]~ complexes are found to correspond to a
“doubling” of the parent Ar--NO~ complexes with the same
hydrogen-bond interactions being maintained.

The calculated complexation energiéd&,, values) for those
complexes involving NO binding via thes-systems of the
aromatic species indicate that it has a clear preference for the
aromatic group of tryptophan. Indeed, for both half- and full-
sandwich type complexes this preference is in the orderTrp
Tyr > His > Phe> CgHs. For both types of complexes those
involving the Trp aromatic group are favored by around 40 kJ
mol~L. For the sandwich-type complexes the difference between
AEgor for Tyr and His is quite small. The N1-bound FisNO™
and His--NO™---His complexes are both found to lie lower in
energy than any of the-bound complexes. Notably, however,
the former is only quite marginally lower in energy than the
Trp---NO™ complex. For the anionic complexes, the calculated
AEcor values indicate that NOstrongly prefers those aromatic
groups that contain conventional hydrogen-bond donor groups
such as—OH or —NH—. For both types of complexes the order
of preference is His> Tyr > Trp > Phe> CgHe.

and have complexation energies that are less than double those Acknowledgment. We thank the Natural Sciences and

of their respective parent half-complexes.

4. Conclusions

Complexes formed by the interaction of N@nd NO™ with

CsHs (benzene) and the aromatic R-groups of the amino acids

phenylalanine (Phe), tyrosine (Tyr), histidine (His), and tryp-

tophan (Trp) have been investigated. In particular, both the half-

(Ar---NO*'~) and full-sandwiches ArsNO™/~+:-Ar (where the
Ar groups are the same) were studied. In addition, the reliability
and accuracy of the B3LYP method for obtaining optimized
structures and complexation energies for such complexes wer
also assessed by comparison with results obtained using th
high-level ab initio method MP2/aug-cc-pVTZ.

In all Ar---NO* complexes considered, NChinds via its

nitrogen center. Furthermore, except for the aromatic group of

histidine, it preferentially binds via their-system centered
toward one end of the ring with its oxygen directed up and
outward from the ring face parallel, or almost, with aX
bond (X= H, Ar = CgHg; X = CHs, Ar = Phe, Tyr, Trp). In
contrast to previous studies, N@s found to prefer to bind via
the pyrrole ring of tryptophan’s aromatic group. For ArHis

the ON"---z complex lies 49.5 kJ mol higher in energy than
when NO' binds via the in-plane lone-pair of the histidine’s
ring nitrogen (N1). For the Ar*NO~ complexes considered,
NO~ binds side-on to the aromatic species via two hydrogen
bonds. The lowest energy complexes correspond to the NO
nitrogen binding with the aromatic’s best hydrogen-bond donor
while the oxygen binds to the next best “spatially available”
donor.

The cationicr-sandwich complexes [Ar-NO-++Ar] ™ do not
correspond to a “doubling” of their parent half-sandwiches.
Except for Ar= CgHg, while the NO™ moiety again interacts
via its nitrogen with the same ring atom as in the appropriate
half-sandwich, it is now directed back over the face of the
aromatic rings. Furthermore, for Ar C¢Hg and the aromatic

group of phenylalanine, at the level of theory used in this present

study NO™ binds more closely to one of the aromatic rings than
the other, the difference decreasing from ArCeHg to Phe.
For Ar = His, the lowest energy cationic complex again
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