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Abstract: The chemical behavior of positively charged phenyl radicals 3-dehydro-N-phenylpyridinium (a),
N-(3-dehydro-5-chlorophenyl)pyridinium (b), and N-(3-dehydrophenyl)pyridinium (c) toward L-tyrosine,
phenylalanine, and tryptophan was investigated in the gas phase both theoretically by performing molecular
orbital calculations and experimentally by using FT/ICR mass spectrometry. All radicals react with
phenylalanine and tryptophan nearly at the collision rate. The overall reactivity of the radicals toward tyrosine
follows the order a > b > c, which is consistent with the electron affinity (EA) ordering of the radicals. The
higher the electrophilicity (or EA) of the radical, the greater the reactivity. As expected, all radicals abstract
a hydrogen atom from all of the amino acids. However, the most electrophilic radical a was also found to
react with these amino acids via NH, abstraction. A new reaction observed between radicals a—c and
aromatic amino acids is the addition of the radical to the aromatic ring of the amino acid followed by Ca—
Cf bond cleavage, which leads to side-chain abstraction by the radical.

Introduction about these reactions. To our best knowledge, the only reaction

Radical attack on proteins is one of the main causes of reported for a phenyl radical and an amino acid is hydrogen

oxidation damage of proteisMolecular level knowledge on abstraction from th.& carbon.of glycine by 4-dehydrobfenzo§te..
these radical processes is limited because of the size and 'Ia‘ll of tohe Stlf“#]es r;entltoned afl:)love dwehre cartrl(ejd out tlk?t
complexity of proteins. However, numerous investigations have solution. One of the advantages of liquid-phase studies is tha
been carried out on reactions of simple radicals (especially) HO many sophisticated analytical technigques can be utilized, such
with free amino acids and small pepticke& These investiga- 25 EPR and NMR® However, the intrinsic chemical reactivity
tions provide useful insights into the possible mechanisms of gf rzatdlcl?sls to‘f[vaLd ?mlno augsbcanrlmt tt)eTitUd'de n solutlhon
the reactions of simple radicals with polypeptides and proteins. ue 1o the perturbation caused by solvent. Therelore, gas-phase
In aqueous solution, the HQadical reacts with most amino reactions of the positively charged phenyl radicals (including

acids and small peptides via hydrogen abstraction, and with radicalsa—c; Figure 1) with six aliphatic amino acids (glycine,

aromatic amino acids via additién ' alanine, valine, proline, cysteine, and methionine) were recently
Carbon-based radicals (especially phenyl radicals) released'nr:/ estlgdateg by us”mg F-I; ICR mass spe;trorg%tﬂtﬁsmve% |

by some drugs and antitumor antibiotics, such as the ened|ynes arged, chemically inert groups were affixed to these pheny

are known to attack nucleic acids. However, enediyne chro- fadicals (to form so-called distonic iotfs to allow mass
mophores and their apoproteins also have been found tospectrometnc manipulation and detection of the phenyl radicals

agglomerate proteirf8. Therefore, it is also of importance to ?nd tl‘tl)ell’ redactlon p;ro%;:tsl._ Pc;smvzly charged k'? henyl raf[j_lcals
explore the reactions of carbon-based radicals with amino acids. ave been demonstrateeartier to undergo gas-phase reactions

Contrary to the situation of the HQadical, very little is known characteristic of those of neutral phenyl radicals in solution,
' such as hydrogen abstraction and addition. For instance,

(1) Hawkins, C. L.; Davies, M. JBiochim. Biophys. Act2001, 1504 196— positively charged phenyl radicals were found to abstract
219. ;

(2) Nagy, I. Z.; Floyd, R. ABiochim. Biophys. Actd984 790, 238-250. hydrOgen f_r_om thIOphen0| ab‘nd benzeneselenol, "fmd add to

(3) Hawkins, C. L.; Davies, M. dI. Chem. Soc., Perkin Tran1998 2617 phenol, aniline, and tolueri¢? Therefore, these radicals can

2622.
(4) Bonifa@¢, M.; Armstrong, D. A.; Carmichael, I.; Asmus, K.-IJ. Phys.
Chem. B200Q 104, 643-649.

be used to model the chemical behavior of neutral phenyl

(5) Sefanig I.; Bonifadg¢, M.; Asmus, K.-D.; Armstrong, D. AJ. Phys. Chem. (9) (a) Guler, L. Ph.D. Thesis, Purdue University, 2002. (b) Huang, Y.; Guler,
A 2001, 105, 8681-8690. L.; Heidbrink, J.; Kenttenaa, H. 1.J. Am. Chem. So2005 127, 3973—

(6) Nukuna, B. N.; Goshe, M. B.; Anderson, V. E.Am. Chem. So2001, 3978.
123 1208-1214. (10) Yates, B. F.; Bouma, W. J.; Radom,J.Am. Chem. S04984 106, 5805~

(7) Bonifa@¢, M.; Stefanic I.; Hug, G. L.; Armstrong, D. A.; Asmus, K.-Dl. 5808.
Am. Chem. Sod 998 120, 9930-9940. (11) (a) Heidbrink, J. L.; Ramirez-Arizmendi, L. E.; Thoen, K. K.; Guler, L.;

(8) (a) Zein, N.; Reiss, P.; Bernatowicz, M.; Bolgar, @hem. Biol 1995 2, Kenttamaa, H. I.J. Phys. Chem. 2001, 105 7875-7884. (b) Ramirez-
451-455. (b) Braslau, R.; Anderson, M. Qetrahedron Lett1998 39, Arizmendi, L. E.; Guler, L.; Ferra, J. J., Jr.; Thoen, K. K.; Kénttea, H.
4227-4230. I. Int. J. Mass Spectron2001, 210/211 511-520.
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. S . pyridine (KARL industries Inc.) and pyridine (Mallinckrodt Specialty
’ ‘ Chemicals). All of these chemicals were used without further purifica-
Q - ‘ tion.
N N4 N/ Charged phenyl radicals were generated using a procedure reported
‘ ‘ | * earlier!? For the preparation of radical chlorobenzene (or bromoben-
N N . zene or iodobenzene) was introduced at a nominal pressure of 6.0
‘ ‘ 1078to 1.1 x 1077 Torr into one side of the dual cell by using a batch
Q Q. ‘ inlet system. 3-lodopyridine was introduced at the same nominal
cl ~ pressure into the same cell through a Varian leak valve. For the
a(5.8eV) b (5.1eV) c(4.9eV) generation of radicals andc, the halobenzene precursors (1,3-dichloro-
Figure 1. The structures of radicala—c and their vertical electron 5-iodobenzene for radical and 1,3-diiodobenzene for radiajliwere
affinities? introduced through a Varian leak valve, while pyridine was introduced

through a batch inlet into the same cell at the same nominal pressure.
o Q o The mixture was subjected to electron ionization that resulted in the
| | formation of halobenzene radical cations. Typical electron ionization
conditions were 20 eV electron energyyA emission current, and 50
ms ionization time. The halobenzene radical cations were allowed to
react with pyridine (for radicalb andc) or 3-iodopyridine (for radical
a) for 4—5 s. Theipso-substitution of a halogen atom yielded abundant
substituted halobenzene ions.

The substituted halobenzene ions, generated in one side of the dual
cell, were transferred into the other side by grounding the conductance
limit plate for about 175180 us, which allowed the ions to pass
through the 2 mm hole in the center of the plate. The transferred ions
were allowed to cool for abau s via IR emission and by collisions
with the neutral molecules present in this cell (the reagent to be used
in the final stage of the experiment). The substituted halobenzene ions
were isolated by ejecting all unwanted ions via the application of a
stored-waveform inverse Fourier transféff8WIFT) excitation pulse
to the cell. The ions were subjected to homolytic carbbalogen bond
cleavage to form a radical site by using sustained off-resonance
irradiated collision-activated dissociation (SORI-CABSORI-CAD
was implemented by introducing argon into the cell via a pulsed valve

Hy;N——CH—C——0H Hy;N——CH—C——O0H HN——CH—C——0H

| |
CH, CH,
O\H

Tyrosine

Tryptophan

Phenylalanine
Figure 2. The structures of phenylalanine, tyrosine, and tryptophan.

radicals toward amino acids. The amino acids (with the
exception of methionine) react with radicats and c via
exclusive hydrogen transfer, which was found to occur from
the a. carbon, the NH group, and likely also from the side
Ch"?"”? Radical a,_ however, also undergoes I‘gl_fabstractlo_n_. assembly (the nominal peak pressure in the cell was aboutl0—>
Thls_ “OYe' reaCtlon_ was assumed t_o occur via an addition Torr) and collisionally activating the ions with argon for 6.5 s at a
ehm_manon me_chanlsm and was am'bu_ted to the greaF eleCtro'frequency 1 kHz higher than the cyclotron frequency of the ions. The
philicity of radical a.” Other novel reactions observed include charged phenyl radicals were cooled by providing about 400 ms time
SH abstraction from cysteine and SgHbstraction from  delay for IR emission, and for collisions with the neutral molecules
methionine. These findings inspired the present study. We reportpresent in the cell. Charged phenyl radicals were isolated by applying
here on the unprecedented chemical behavior of rad&cats a SWIFT excitation pulse to the cell. The isolated charged phenyl
toward the aromatic amino acids phenylalanine, tryptophan, andradicals were allowed to react with an amino acid for a variable period
tyrosine (Figure 2). of time (typically 10-160 s). The amino acids were introduced via a
heated solids probe at about™®0rorr. Detection was performed by
using “chirp” excitation of 124 Y-, amplitude, 2.7 MHz bandwidth,
1 and 3.2 kHz/ms sweep rate. All of the spectra are the average of 15
transients, which were recorded as 64k data points and subjected to
one zero fill prior to Fourier transformation. Each reaction spectrum
was background corrected by using a procedure described previdusly.

Experimental Section

The experiments were carried out by using a Finnigan FTMS 200
Fourier transform ion cyclotron resonance mass spectrometer (FT/ICR).
The instrument contains a differentially pumped dual cell in a magnetic
field produced by a 3.0 T superconducting magnet. The nominal base - _ ; - ’ -
pressure was<10-° Torr, as maintained by two Edwards diffusion Primary product ions were identified on the basis of their fixed

pumps (800 L/s), each backed with an Alcatel 2012 mechanical pump. relative abundances (branching ratios) at short reaction times. By
The two cells of the instrument are separated by a metal wall called assuming pseudo-first-order kinetics, the second-order rate constant of

the conductance limit wit a 2 mmhole in the center. All trapping reactions Kexp) was obtained from a semilogarithmic plot of the relative
plates were maintained &2 V unless otherwise specified abundance of the reactant ion versus time. A parametrized trajectory
Samples were introduced into the instrument by using Varian leak theory® was employed to calculate the collision rate constakis)(

valves, heated solids probes, pulsed valves, or batch inlet systems'N€ reaction efficiencies are given &sgkeor. The accuracy of the
equipped with a variable leak valve. The nominal reagent pressuresrate constant measurements is estimated to be 50%, while the precision

were measured with two ionization gauges, one located on each sidels better than 10%. The greatest uncertainty arises from the pressure
of the dual cell. measurement in the cell. The pressure readings of the ion gauges

The amino acids used in this study arphenylalanine,-tyrosine,

and L-tryptophan. All amino acids were obtained from Fluka Bio-

work are 3-dehydriN-phenylpyridinium &), N-(3-dehydro-5-chlo-
rophenyl)pyridinium ), andN-(3-dehydrophenyl)pyridiniumdj. The

(12) Heidbrink, J. L.; Thoen, K. K.; Kerttaaa, H. I.J. Org. Chem200Q 65,

645-651.

59, 449-454.
(14) Gauthier, J. W.; Trautman, T. R.; Jacobson, DABal. Chim. Actal991,
246, 211-225.

)

chemika. The positively charged phenyl radicals used in the present(13) Chen, L.; Wang, T.-C. L.; Ricca, T. L.; Marshall, A. Gnal. Chem1987,
)
)

reagents used for the generation of these phenyl radicals are chlo-(15) Leeck, D. T.; Stirk, K. M.; Zeller, L. C.; Kiminkinen, L. K. M.; Castro, L.

robenzene, bromobenzene, iodobenzene, 1,3-diiodobenzene, and 1,3-

dichloro-5-iodobenzene (all from Sigma-Aldrich), as well as 3-iodo-

M.; Vainiotalo, P.; Kenttenaa, H. I.J. Am. Chem. S0d.994 116, 3028-
3038.
(16) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183-5185.
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(located remote from the cell) were corrected for their sensitivity toward Table 1. Product Branching Ratios? Measured for the Reactions
each neutral reagéefit®and for the pressure gradient between the cell ©f L-Phenylalanine (MW = 165) with Radicals a—c

and the ion gauge. The latter correction factor was obtained for each product branching ratios (%)

neutral reagent by measuring rates of exothermic proton-transfer hydrogen NH,

reactions (with protonated acetone) assumed to occur at the collision radical ~ abstraction  adduct-X® adduct-17  adduct abstraction other ions
rate.

The potential energy surfaces for the additi@limination reaction s 12 86§ 1& g g 0'2181) 1%
pathways of radicat with phenylalanine and tyrosine were explored c 4 85 0 10 0 0
by performing density functional theory-based molecular orbital
calculations by using the Gaussian 98 revision A.11 suite of progfams. a Product branching ratios are the average values of several experiments.
The enthalpy changes (exothermicities) for the additielimination ®X = NHCH-COOH.

reactions were determined directly at absolute zero kelvin by optimizing _ )
the geometries of the reactants and products and calculating theirtophan is unknown). Therefore, there is no electron transfer from

corresponding electronic energies at the B3LYP/6-31G(d) level of the amino acids to the radicals. All radicals react very rapidly
theory. All optimized geometries were verified to be real local minima  with all three amino acids. The radicals abstract hydrogen from
by performing frequency analysis (no imaginary frequencies). The gl of the amino acids studied. A few other product ions are
corresponding zero-point vibrational energies (ZPVE) were calculated 5i5q formed, mainly via reactions with the aromatic ring of the
at the same level of theory and used to correct the electronic energies.amino acids. Only the fastest reactions are discussed below.
The zero-point energies were scaled by multiplying by a scaling factor Reactions of Radicals ac with Phenylalanine. Radicals

of 0.98042° The geometries and energies of transition states along the ) . o
addition—elimination pathways were determined by performing transi- & C réact with phenylalanine nearly at the collision rate (due

tion state calculations at the B3LYP/6-31G(HFPVE level of theory. [0 an unstable pressure of phenylalanine inside the FT-ICR cell,
The transition states were verified as true first-order saddle points alongaccurate reaction efficiencies could not be obtained). The

the correct reaction coordinate by frequency analysis (one imaginary product branching ratios for the reactions of radi@at< with
frequency corresponding to the vibration along the reaction coordinate phenylalanine are given in Table 1. A mass spectrum measured
that leads to the decomposition of transition state into products). after reaction of phenylalanine with radidals shown in Figure
3. All radicals @—c) abstract hydrogen from phenylalanine.
However, the branching ratio of the hydrogen abstraction
In this work, the chemical behavior of radicals-c toward product is only about 10% or less. Radialwas found to
the three amino acids shown in Figure 2 was examined in the abstract the Nklgroup of phenylalanine, because of its high
gas phase in a Fourier transform ion cyclotron resonance masselectrophilicity (EA= 5.8 eV)? The predominant products of
spectrometer. The radicals’ reactivity is characterized by a reactions of radicala—c with phenylalanine are ions with a
measured reaction efficiency that is defined as the ratio of the m/z value that is 74 units lower than that of the corresponding
second-order reaction rate constant to a calculated collision rateadduct. These ions can be formed via the addition of a radical
constant (see Experimental Section). Previous studies carriecto either theortho- or the paraposition of the phenyl ring,
out in our laboratories have shown that a positively charged followed by Gu—CB bond cleavage to form a side-chain
phenyl radical with a high vertical electron affinity usually —abstraction product. Feasible formation mechanisms for these
displays high radical reactivity (“vertical electron affinity” of side-chain abstraction products are illustrated in Figure 4. The
a radical is defined here as the energy released when an extraneta and ipso-addition likely yield the observed adducts
electron is added to the radical site at a frozen radical geometry).because these adducts cannot dissociate wia@3 bond
In this study, radicah was found to be the most reactive (has cleavage. The potential energy surfaces for the reactions of
greatest reaction efficiency) toward tyrosine, followed by radicalc and phenylalanine along the pathways of phenyl ring
radicalsb andc. This reactivity ordering is consistent with the  addition followed by @—Cp bond cleavage were explored in
vertical electron affinity ordering of these radicals (EA5.8, this study at the B3LYP/6-31G(d) level of theory. The results
5.1, and 4.9 eV for radicalg, b, andc, respectivel§). These are shown in Figures 5 and 6.
EA values are high but not high enough to ionize the amino  Similar to simple amino acid®; 28 phenylalanine molecules
acids (the ionization energies of phenylalanine and tyrosine arecan exist in numerous conformations. However, only one
8.4 and 8.0 eV, respectively;the ionization energy of tryp-  systematic gas-phase conformational study appears to have been
- - published for phenylalanir®. The most stable conformation
88 e B s 2 14 7213, of phenylalanine reported in that st#yas chosen as the initial
(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. amino acid backbone geometry for the preliminary conforma-
R e B i e a B eudia™ tional search of the addition intermediates in the present work.

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, The addition intermediates were then subjected to full optimiza-
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, (22) Jensen, J. H.; Gordon, M. $. Am. Chem. Sod 991, 113 7917-7924.
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;  (23) Stepanian, S. G.; Reva, I|. D.; Radchenko, E. D.; Adamowic3, Phys.
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, Chem. A1999 103 4404-4412.

M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; (24) Yu, D.; Rauk, A.; Armstrong, D. AJ. Am. Chem. S0d.995 117, 1789~
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,; 1796

Results and Discussion

Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian (25) O'Hair, R. A. J.; Bowie, J. H.; Gronert, $it. J. Mass Spectrom. 101992
98, revision A.11; Gaussian, Inc.: Pittsburgh, PA, 1998. 117, 23—26.
(20) Foresman, J. B.; Frisch, ZExploring Chemistry with Electronic Structure (26) Shirazian, S.; Gronert, JHEOCHEM1997, 397, 107—112.
Methods 2nd ed.; Gaussian, Inc.: Pittsburgh, PA, 1996. (27) Fernadez-Ramos, A.; Cabaleiro-Lago, E.; Hermida-Ramh M.; Mar-
(21) Linstrom, P. J., Mallard, W. G., Eds. NIST Chemistry WebBook, NIST tinez-Nuiez, E.; Péa-Gallego, ATHEOCHEM200Q 498 191-200.

Standard Reference Database Number 69, March 2003, National (28) Gronert, S.; O'Hair, R. A. JJ. Am. Chem. Sod 995 117, 2071-2081.
Institute of Standards and Technology, Gaithersburg MD, 20899 (29) Snoek, L. C.; Robertson, E. G.; Kroemer, R. T.; Simons, Chém. Phys.
(http://webbook.nist.gov). Lett. 200Q 321, 49-56.
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= ]
D 2439.7
S 1 189
L 48166
(0] ]
Q 1
5 1193.44
ko] 3
= 1
3 5703 354
< ] ) ) 190 1
=528 T e e
100.0 200.0 300.0 400.0 500.0
m/z

Figure 3. A mass spectrum obtained afté s reaction of phenylalanine with radidal The m/z values for radicab, and the hydrogen abstraction, side-
chain abstraction, and addition products are 189, 190, 280, and 354, respectively.

(e}
H2N—C|:H—C—OH
CH,
H (CHz o +R H
; |
ortho-pathway R H2N—C.:H—C—OH N
(o}
H2N—C|:H—C—OH
CH,
+e
R +
H,N—CH—C—OH oH
2
CH, o
L— —> H,;N—CH—C—OH +
para-pathway ®
"
R H
¥
R H

Figure 4. Possible mechanisms for the addition of radiGis (represented by R) to phenylalanine followed by side-chain abstraction.

tion at the B3LYP/6-31G(d} ZPVE level. The transition states

The potential energy surface calculated for plaea-addition

for the addition and dissociation steps were calculated at theis very similar to that for theortho-pathway. Radicat can

B3LYP/6-31G(d) + ZPVE level of theory based on the
knowledge of the fully optimized adduct geometries.

When radicalc approaches phenylalanine along thho-
addition pathway (Figure 5), the carbonyl oxygen of phenyl-
alanine can approach the—®& bond of the pyridine ring
adjacent to the nitrogen to form a weak-8---O hydrogen

approach phenylalanine in such a manner that hydrogen bonding
stabilizes the transition state for addition, the adduct, and the
transition state for dissociation. The addition transition state is
about 9.1 kcal/mol lower in energy than the separated reactants.
The formation of the adduct is about 31.1 kcal/mol exothermic.
A 26.2 kcal/mol energy barrier needs to be overcome for the

bond. The hydrogen bonding helps to stabilize the transition 5qquct to dissociate. This can be achieved because of the
state of the addition step. Consequently, the addition transition .qnservation of the total energy of the system. The total enthalpy

state is about 9.6 kcal/mol lower in energy than the separatedchange of the additiondissociation process is aboti8.2 kcall
reactants. Similar interactions stabilize the adduct and the .,

dissociation transition state. The formation of the adduct is ' . . . .
Reactions of Radicals ac with Tyrosine. The overall

exothermic by 34.0 kcal/mol with respect to the separated . fficienci d th duct b hi o5 for th
reactants. The transition state for the dissociation of the adductream!On elficiencies an t € pro ,UCt ranching ratlos or the
reactions of radicala—c with tyrosine are shown in Table 2.

via Co—Cf cleavage is 4.4 kcal/mol lower in energy than the ) ) i )
separated reactants, which leads to a 29.6 kcal/mol energyRadicala is more reactive than radicalsandc, presumably
barrier. Under ICR conditions, the total energy and angular because of its larger electrophilicity, which is reflected in its

momentum of the system are conseré®d? Therefore, this ~ €lectron affinity? Hydrogen abstraction was observed for all
energy barrier can be overcome, and a product-like-ion radicals. Stable addition products are more abundant for tyrosine
molecule complex is formed that finally decomposes into the than for phenylalanine. A possible reason for the unexpected

two products. The overall enthalpy change for the reaction is stability of the adduct is that tyrosine should be a better IR
about—4.1 kcal/mol. emitter than phenylalanine because of the presence of the

hydroxyl functionality. Therefore, the adducts of tyrosine may

(30) Olmstead, W. N.; Brauman, J.J.Am. Chem. Sod977, 99, 4219-4228.

(31) Asubiojo, O. I.; Brauman, J. J. Am. Chem. Sod979 101, 3715-3724.
(32) Dodd, J. A.; Brauman, J. J. Phys. Chem1986 90, 3559-3562.

get faster stabilized by releasing excess internal energy via IR
emission. The reactions of radicas-c with tyrosine are not

J. AM. CHEM. SOC. = VOL. 127, NO. 21, 2005 7955
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-34.0

as calculated at the B3LYP/6-31G {eJPVE level of theory. All numbers are in kcal/mol.
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Figure 5. The potential energy surface (not scaled) for the addition of raditathe orthoposition of phenylalanine, followed by side-chain abstraction,

=311

Figure 6. The potential energy surface (not scaled) for the addition of raditalthe para-position of phenylalanine, followed by side-chain abstraction,
as calculated at the B3LYP/6-31G {eJPVE level of theory. All numbers are in kcal/mol.

v
v
1
1
L]
L]
L]
[l
i
'
1
1
1 I
[
v
v
v
1
1
Ll
L]
1
[l
il
1

Product-like
ion-molecule
complex

dominated by addition followed by side-chain abstraction as The adduct-OH ion, on the other hand, can only be formed upon
they are for phenylalanine (this reaction only accounts for less para-addition. Possible mechanisms for addition and subsequent

adduct-OH is the major product for radical An equal

than 10% of the total products in the case of tyrosine). Instead, side-chain elimination or OH loss are shown in Figure 7.

abstraction products was observed for raditesdc. Just as
for phenylalanine, botlrtho- and para-positions in tyrosine

To explain the discrepancy between the product branching

preference to form a stable adduct, adduct-OH, and hydrogenratios of tyrosine and phenylalanine, the potential energy

surfaces for three reaction pathwaystfio-addition followed

by side-chain abstraction, apara-addition followed by either
can be subject to addition and subsequent side-chain abstractionside-chain abstraction or OH loss) were calculated for radical
7956 J. AM. CHEM. SOC. m VOL. 127, NO. 21, 2005
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Table 2. Overall Reaction Efficiencies and Product Branching Ratios? Measured for the Reactions of L-Tyrosine (MW = 181) with Radicals

a—Cc
product branching ratios (%)
overall hydrogen NH,
radical efficiency (%) abstraction adduct-X° adduct-OH adduct-H adduct abstraction other ions
a 62 16 6.5 40 11 4 8 n{z197, 248) 15
b 40 28 10 36 0 26 0 0
c 26 31 7 26 0 36 0 0

aReaction efficiencies and product branching ratios are the average values of several expetdentsH,CH-COOH.

(0]

H,N—CH—C—OH

| CH2
H
CH +
H ( 2 o} R
+
R o HN—CH-C—OH +
ortho-pathway °
>
OH
H,N—CH—C—OH O
| o CH,
CH,
+e
R + H,N—CH—C—OH
a(CH2 —2 ~  H,N—CH-C—OH +
para-pathway
L . JE— +
OH ﬁ R OH
. HZN—C|:H—C—OH
b b———> +
+R ()D CH2 HOe
R

Figure 7. Possible mechanisms for the addition of radiGis (represented by R) to tyrosine followed by side-chain abstraction or OH loss.

at the B3LYP/6-31G(d)+ ZPVE level of theory. To the best

intramolecular interactions are also present in the adduct and

of our knowledge, no systematic conformational studies have the dissociation transition state. The adduct formation is highly

been reported for tyrosine in the gas phase. However, it has

exothermic. The adduct lies 33.7 kcal/mol lower in energy than

been pointed out that the most stable conformers of all aromaticthe separated reactants. The transition state for the dissociation

amino acids are similar, and they enjoy a stabilizing interaction
between the amino group and thesystem of the aromatic
ring.2° Therefore, a three-dimensional structure similar to the
most stable conformer of phenylalanine was chosen as the

of the adduct via @—Cg cleavage is about 4.4 kcal/mol lower

in energy than the reactants, resulting in a 29.3 kcal/mol energy
barrier. The overall enthalpy change for the entire reaction is
about—4.8 kcal/mol. The potential energy surface calculated

starting structure of tyrosine in this study. The full optimization for the ortho-addition and @—Cf dissociation pathway of
of this structure showed that in the most stable conformation tyrosine is very similar to that of phenylalanine.

of tyrosine, the hydroxyl group lies almost on the plane of the
phenyl ring, and the hydroxyl hydrogen points into the same
direction as the carboxylic group (see Figure 2). A preliminary
conformational search similar to that carried out for phenyl-
alanine was performed for tyrosine to get preliminary informa-
tion on the most favored structures of the addition intermediates.
Based on the information obtained, full optimization of the
adducts and transition states was performed. The potential
energy surfaces calculated for the three reaction pathways
mentioned above are shown in Figures1®. When radicat
approaches tyrosine along tbetho-addition pathway (Figure

8), an ion-dipole interaction and a weak hydrogen bond
stabilize the addition transition state that lies about 9.3 kcal/

The potential energy surface calculatedgara-addition and
Co—Cp bond dissociation of tyrosine also resembles that of
phenylalanine (Figure 9). The adduct formation is highly
exothermic £28.4 kcal/mol), and the addition transition state
is about 5.8 kcal/mol lower in energy than the separated
reactants. The energy barrier for the-€CS bond dissociation
is about 26.8 kcal/mol. The overall reaction enthalpy change is
—7.3 kcal/mol.

The OH loss from th@ara-addition intermediate is associated

with a 21.5 kcal/mol energy barrier, which is much lower than
that for Ga—Cp bond dissociation. This may be one of the

reasons why adduct-OH, rather than the side-chain abstraction
product, is the major product for the reactions of tyrosine with

mol lower in energy than the separated reactants. Theseradicalsa—c. The overall enthalpy change for the addition and
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Figure 8. The potential energy surface (not scaled) for the addition of raditalthe ortho-position of tyrosine, followed by side-chain abstraction, as
calculated at the B3LYP/6-31G (tfZPVE level of theory. All numbers are in kcal/mol.

Reactant-like
ion-molecule
complex

-28.4

Figure 9. The potential energy surface (not scaled) for the addition of raditalthe para-position of tyrosine, followed by side-chain abstraction, as
calculated at the B3LYP/6-31G (tZPVE level of theory. All numbers are in kcal/mol.

OH loss pathway is-7.2 kcal/mol. The reaction is slightly less
exothermic than theara-addition and @.—Cp bond dissocia-
tion pathway.

Reactions of Radicals a-c with Tryptophan. The reactions
of tryptophan with radicala—c (Table 3) also occur at nearly
collision rate. Similar to the situation of phenylalanine, the

Product-like
ion-molecule
complex

ratios of hydrogen abstraction for typtophan are similar to those
for phenylalanine, and lower than those for tyrosine. The main
reaction pathway is addition to the 2-position of the indolyl
functionality (the numbering scheme is given in Figure 2),
followed by side-chain abstraction viax€ Cf bond cleavage.
The corresponding side-chain abstraction product branching

accurate reaction efficiencies could not be determined. Hydrogenratios are 67%, 64%, and 61% for radicas b, and c,
abstraction was observed for all radicals. The product branchingrespectively. These branching ratios are lower than those for
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Figure 10. The potential energy surface (not scaled) for the addition of raditathe paraposition of tyrosine, followed by OH loss, as calculated at the
B3LYP/6-31G (d)ZPVE level of theory. All numbers are in kcal/mol.
Table 3. Product Branching Ratios? Measured for the Reactions of L-Tryptophan (MW = 204) with Radicals a—c
product branching ratios (%)
radical hydrogen abstraction adduct-Xb adduct-17 adduct-H adduct NH, abstraction other ions
a 7 67 9 2 2 2 1Vz271) 16
b 6 64 0 5 14 0 1tVz305) 1F
c 8 61 0 7 17 0 Wz271) F
aProduct branching ratios are the average values of several experith¥nts.NH,CH:-COOH. ¢ The ions are likely to be adduct-XCH,, formed by
ipsoradical addition with subsequent elimination of thelanyl radical.
<|3 0 Conclusions
H,N—CH—C—OH H,;N—CH—C—OH
CH2
+ o

|
H (CHZ
+
R + /

The reactions of radicala—c with phenylalanine, tyrosine,
and tryptophan are fast. The reaction efficiency ordering of
radicalsa—c toward tyrosine is in agreement with the electro-
philicity ordering of the radicals, which in turn can be
characterized by the radicals’ electron affinfity.
HN
y o CH:

Radicalsa—c were found to abstract a hydrogen atom from

all of the studied amino acids. The same reaction has been
reported for H@ as well as for the neutral phenyl radical in
solution18> Amino group is abstracted from all of the amino

acids by the most electrophilic radical This finding proves
+
HN

H,;N—CH—C—OH
Figure 11.

that the NH abstraction observed previouslfor highly
A possible mechanism for the addition of radicasc
(represented by R) to tryptophan followed by side-chain abstraction.

electrophilic phenyl radicals upon reactions with simple amino
acids also occurs for more complicated amino acids. To our
best knowledge, this type of radical reaction has not been
observed for the HOradical.
The HO radical has been reported to add to the phenyl ring

phenylalanine (except for radica), but much higher than those  of aromatic amino acids in solutidnThere are no reports on

for tyrosine. A possible mechanism for the addition followed the addition of neutral phenyl radical to amino acids. In this
by side-chain abstraction is shown in Figure 11. study, the radical@—c were demonstrated to react with the
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amino acids predominantly by addition to the aromatic ring of OH is likely to take place. For tryptophan, the 2-position of
followed by fragmentation. A novel reaction observed for all the indolyl functional group is the only addition site that can
of the radicals with the amino acids is addition to the aromatic lead to side-chain abstraction.
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7960 J. AM. CHEM. SOC. = VOL. 127, NO. 21, 2005



