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This study utilizes ab initio calculations to investigate the reaction of high-temperature solid-state catalytic
isotope exchange (HSCIE) between amino acids and spillover tritium. The HaRoe& approximation and
second-order MgllerPlesset perturbation theory in conjunction with 6-31G* and aug-cc-pVDZ basis sets
were used to calculate potential energy surfaces for the interactions betwegenl&tihe, hydroxyproline,

and the HO* ion. Ab initio calculations were used to estimate the activation energies and structures of the
transition states of these reactions. The hydrogen exchange reaction occurs by a synchronous mechanism,
with a transition state that is characterized by pentacoordinated carbon. The proposed one-center mechanism
is in good agreement with observed retention of configuration of the asymmetric carbon atoms in the HSCIE
reaction with spillover tritium in experiments. The regioselectivity and stereoselectivity of hydrogen isotope
exchange in amino acids with spillover tritium can be predicted on the basis of ab initio calculations of
interaction of this compound with a model acidic center, taking tg®'Hon as an example.

Introduction aluminas create Brgnsted acidic sites. This process is accelerated
in the presence of #0 and HSE It has been shown by IR
spectroscopy that highly acidic Brgnsted-type centers of the H
forms of zeolite were BD™ ions bonded by hydrogen bonds to
the silica alumina81° These H forms resulted from the
decationization of zeolite via the treatment with aqueous HCI
solutiont

In this communication, the interaction of the®i™ ion with

In the case of interaction with supported catalysts (metals of
the platinum group) H atoms bound to the surface atoms migrate
to the carrier. This effect is called hydrogen spillo¥&pillover
hydrogen (SH) is capable of entering into almost all reactions
typical of hydrogen activated on the surface of a platinum group
metal. SH ensures hydrogenation of solid unsaturated organic

compounds at room temperatdrBolid-state reactions between organic compounds was studied as a model for HSCIE reaction

organic compound and SH have found a wu_je application N of amino acids with spillover hydrogen. The conventional hy-
the synthesis of labeled compounds. The reaction based on high-

. L drogen exchange mechanism implies the participation of two
temperature solid state catalyt_lc Isotope exchange (HS@iay water molecules. This two-center mechanism provides for the
proved to be especially effective. With HSCIE, it became pos- h fer of Hf O to C df C
sible to substitute hydrogen atoms for tritium almost completely synenronous trqns er ot rom HsO" to CH, and from CH
; ) . . to another HO with a configuration reversal of the carbon atom
in organic molecules of different classes. These uniformly

labeled compounds were previously unavailable. At the sametaking place’? However, hydrogen isotope exchange in the
) P P y L : HSCIE reaction proceeds with retention of the configuration
time, the nature of SH activated on the catalyst still remained

undetermined and the mechanism of solid-state reactions wasOf asymmefric carbon atord$ Because of this, we made an
unknown attempt to find a mechanism of hydrogen substitution at the

. saturated carbon atom under the action g®Hions, in which
There are hypotheses' that SH can be'e|ther a solvated ﬁ)mtonthe initial configuration is retained. As a result, a new pathway
or a protorn-electron paif. Hydrogen spillover over a carbon

. . . . _has been found for the reaction of hydrogen substitution in
surface is accompanied by simultaneous electron and ion

nductivity Ab initio calculations of hvdroaen miaration over methane under the action og8" ions. Previously, a transition
conductivity> Ab Initio calculations of hydroge gralion OVer - qiate for a one-center mechanism for hydrogen exchange
a model graphite-like surface are in favor of the hypothesis about

; between CH and one HO™ molecule was found by the HF/
the protonic nature of SAAt moderate temperature, a proton 6-31G* method In this communication, we present a more

'I\j”alyvﬁyi ccf)\iﬁlentrlytbﬁnd\;adr to Onr? of the r?tleicntirr?n Sonr?cri %O;nf'detailed ab initio study of the new mechanism for hydrogen
gration ot Ine proton over a surface containing bou aler substitution at a saturated carbon atom forsQiding the IRC

or thydt_roxyl groupsf (éal? 0|(/:Clglvk\3/y ta rela?/ mTChag'Smngh AN method and then apply this one-center mechanism to the analysis
activation energy o calimolvater molecules adsorved on o s reactions between amino acids and SH.

the surface may participate in transport of SH. The acidic centers
formed in this process can participate in the isotope exchangeresyits and Discussion
reaction. It has been shown that adsorbed water is a cocatalyst

of SH migratior? The action of SH with the surface of the silica AP initio calculations for hydrogen exchange between
methane and hydroxonium ion were performed at the second-

T Institute of Molecular Genetics. order level of Mgller-Plesset perturbation thedfyusing
* Nesmeyanov Institute of Organoelement Compounds. 6-31G* basis sets (MP2/6-31G*). The transition state (TS) and
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Figure 1. Ab initio IRC calculation of hydrogen exchange reaction between methane and model acidic center. The transition state (TS) and local
minimum (LM) of the reaction between GHind HO*. The pathway of the reaction between £hd HO*. Change in the bond lengths (c, d, €,
f, g) and in the total energy of the reaction according to MP2/6-31G* calculations.

local energy minimum (LM) on the potential energy surface is close to that of the C¥t ion at the MP2/6-31G*: the lengths
were calculated with the MP2 method using Dunning’s cor- of the H—Cg and Hi—Hs bonds are 1.184 and 0.938 A in the
relation consistent basis $&taug-cc-pVDZ). The geometry for TS and 1.183 and 0.949 A in GH A fully accomplished
this calculation was taken from an MP2/6-31G* calculation. charge transfer from the acidic center to thesGkhgment is
The methanehydroxonium ion interaction is a strongly bound observed, as indicated by the effective (Mulliken) charge 1.01
intermolecular complex (Figure 1). This complex is 9.2 kcal/ (MP2/6-31G*). Formation of the Ct ion in the gas phase is
mol (MP2/aug-cc-pVDZ) more stable than the initial com- precluded due to a large positive enthalpy of proton transfer
pounds. The Mulliken effective charge of the €iagment of from HzO" to CHst, 52 kcal/mol at the MP2/6-31G* is alll.
this complex is equal te-0.58. But the synchronous mechanism for hydrogen exchange with
Changes bond lengths and total energy for the one-centerthe formation of TS, whose geometry is similar to that of the
methane-hydroxonium ion interaction as computed in IRC CHs" ion, is much more energetically favorable; the calculated
calculation$® are shown in Figure 1. It can be seen that E,yof H exchange on an acidic center is 21.3 and 14.5 kcal/
hydrogen exchange occurs by a synchronous mechanism posmol at the MP2/6-31G* and MP2/6-31G*//MP2/aug-cc-pvVDZ
sessing a transition state with pentacoordinated carbon (Figurelevel, respectively. For comparison, the HF/6-31G* value is 27.7
1). The exchanged hydrogen atoms draw closer to one anotherkcal/mol14
allowing a chemical interaction that leads to additional stabiliza-  Quantum chemical calculations were also carried out for a
tion of the TS (Table 1). The CGHragment of the TS geometry  hydrogen exchange in alanine at the HF/6-31G* level. The
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TABLE 1: Geometric Parameters of the Transition State H, H
(TS) and Local Minima (LM) of the Hydrogen Exchange o B H
Reaction between CH and H;O*" at the MP2/6-31G* LeveR 5 4 B
bond H_N1\ f OH/a.
AHg=
rIA rlA 2 G 13/06/
TS LM TS LM foo 3 oo™
3100::]-1;;&
Hs—Hs 0.938 1.781 609 2.933 3.116 . L
Hi—Cg 1088 1089  H-O, 0975 0988 H/(K TS 2a H/d\ TS 4p
H,—Cs 1.102 1.089 H0q 0.975 0.988 N
Hs—Cs 1.088 1.098 l#—0Oq 1.930 1.782 H
H4—Cg 1.184 1.097 409 1.875 1.008
Hs—Csg 1.185 2.109 /OH /H H Hp /Ha
bond angle G—C /HB o CN
1 H
a/de a/de &> —
o o \C\/)*N> “H, H'a'\c? TP
Ha ,,--93 C —H Cs 2",
H;—Cg—H, 107.74 110.75 gOg—H, 107.27 124.28 : b2 C—oH
Hs—Cg—H, 107.73 107.62 k-0o—Cg 127.33 112.44 'ﬁ'i&‘ﬂ——-' 120 Hyqp c{/
Hs~Cs—H,  80.93 107.76 k-0g—Cg 127.30 112,53 P 1% BNy L s
Hs—Cg—H 127.52 12434 p-Cg—H 46.59 57.00 Y '
5 8 2 8 5 H— TS 30 H'/(K TS 3[3
torsion angle N M
dldeg dldeg
TS LM TS LM

Hz—Cg—Ho—H: 126.74 —117.31 H—0¢—Cg—H1 —23.67 —22.46
Hs—Cg—Ho—H: —116.63 117.68 KH-O¢—Cg—H: 152.03 —148.66

Hs—Cg—H>—H; —116.64 —179.88 H—Hs—Cg—H> 0.00 90.22
Cg—Og—Ho—H; —116.65 179.06 k—Hs—Cg—H; —120.50 —89.91 /
aThe total energies of the separated £H;0*, LM, and TS are oy . H
—116.8146,-116.8265, and-116.7806 au (MP2/6-31G*); 116.7336, |-1|4&‘F-| m‘é\ﬂsp B
—116.7430, and—116.7015 au with zero-point energy corrections v 190 [
(MP2/6-31G*); and —116.8975, —116.9121, and—116.8744 au, 'Y <’ TS5
respectively (MP2/6-31G*//MP2/aug-cc-pVDZ). The transition state had H/& TS 5o H/d\ p
one imaginary frequency i 403.3 cl(MP2/6-31G*). H H
TABLE 2: Tritium Distribution in  L-Hydroxyproline ; -
Synthesized by the HSCIE Reaction at 150C and ab Initio re'glé:%nzbe?xggﬁ_ﬁs o;rtlgar;:go n states of the hydrogen exchange
Calculation of the Activation Energy of Hydrogen Exchange yp )
- * a . .
by the HF/6-31G* Method TABLE 3: Geometric Parameters of Hydroxyproline (Hyp)
position tritium distribution, % activation energy, kcal/mol and Transition States (TS) of the Hydrogen Exchange
Reaction between Hyp and HO* Calculated by the RHF/

20. 9 23.59 6-31G* Method

3a 6 23.72

36 1 26.17 bond, A Hyp TS2 TS3x TS3 TS4 TS5 TSP

45 4 i5-5; N(1)-C(2) 144 141 144 148 151 147 147

2‘1 g? 22-83 C(2-C(3) 153 159 153 152 152 155 1.54

4 : C(3-C(4) 154 152 156 158 159 152 1.53

aFor comparisonEaq of the hydrogen exchange reaction between C(4)-C(5) 155 153 155 155 159 159 159
N(1)-C(5) 145 148 147 148 146 142 142

CH4 and HO" is 27.7 kcal/mol (HF/6-31G*).
C(4)-0(6) 1.41 145 144 143 142 144 142
- . _— . C(7-0(8) 1.19 119 119 119 122 119 119
activation energies of the hydrogen substitution reaction at the Nglg—Hglg) 206 327 266 321 212 210
a-carbon atom and in the methyl group of alanine are 27.0 and o(6)-H(19) 186 196 347 212 181 3.14
16.6 kcal/mol, respectively. The experimentally measured O(8)—H(19) 298 385 360 251 479 440

activation energies of the HSCIE reaction for the same positions
of the alanine molecule agree well with this theoretical calcula- only with the N, atom, and TS stabilization on thes@tom
tion, 25 kcal/mol for G and 14 kcal/mol for 18 becomes impossible. Additional stabilization of T& én the
Finally, the new one-center mechanism for the HSCIE reac- hydroxyl group at the £atom may lead to observed stereose-
tion was also tested with-hydroxyproline. Table 2 compares lectivity of hydrogen exchange reaction at thea@®m ofL-Hyp.
the results of an experimental study of isotope exchange in The H, atom at the @atom interacts with the £atom, but the
L-hydroxyproline with theoretical calculations. The TS structure Hg atom at this C atom is located too far away from both the O
was calculated at the HF/6-31G* level (Table 3, Figure 2). and the N atoms to stabilize this T$.3Thus, the observed
It was found that the likelihood of H substitution occurring regioselectivity and stereoselectivity of H substitution in the
at a particular C atom in the HSCIE reaction correlates with HSCIE reaction in amino acids can be determined using one-
the Eat value and with the presence of additional interaction center mechanism involving the interaction of8 bonds with
between exchanged hydrogen atoms and O or N in the TS. TheHsO". The additional interaction between the H atoms and
Ho atom bonded to the {dnteracts with @ and N, atoms in electron donor O and N atoms in the substitution process
TS 5, and this H atom was found be the most reactive in the provides a secondary source of stabilization in amino acid
HSCIE reaction. The flatom at the same {Catom interacts transition states.
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Conclusion L-amino acid. The water was removed under reduced pressure

This work describes a theoretical and experimental study of at 20°C. Activated carbon containing preapplied amino acid

) ; 0 RSN ;
a new one-center HSCIE reaction between solid organic com-'" & 50:1 ratio and 10 mg of 5% rhodium-on-alumina catalyst

pounds and spillover hydrogen. The suggested mechanism of(Flm(a) were mixed together._A solid mixture containing 0.5 g
the substitution reaction at saturated carbon atoms is syn-Of L-amino acid was placed in a 10 mL ampule. The ampule

chronous double proton migration. As demonstrated with was evacuated and filled with gaseous tritium until a pressure
L-hydroxyproline, it is consistent with the regioselectivity of of 100-500 Torr was achieved. The reaction was carried out

o inl3 i i
tritium distribution in labeled amino acids and the stereochem- & 100-180 °C for 20-90 min:* Amino am;j was desorbed
istry of the H substitution in the HSCIE reaction. This mech- W'th .0'1 N hydrous ammonia containing 20% ethanol z_md then
anism allows the reactivity of organic compounds to be predicted purlfleg b_y. Ilgqnd excha.nge_ chrqmatography on chiral sor-
in reactions with SH. Quantum chemical modeling of the HSCIE t')en.tsz. T'rltl'um'|ncorpora.t|on3|n amino acids was measyred by
reaction indicates that the one-center mechanism is more realisti%qti'qbStc.'nt'l.lat'on. coun@:;g. H NMR accomplished tritium
than the alternative two-center. istribution in amino acids.
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