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ABSTRACT. Metals have often plaved important roles to some enzymatic reactions that are essential to
biological processes. Therefore many scientists have studied the reaction mechanisms of catalytic reactions in
metaloenzymes for many vears. Methane MonoOxygenase (MMO) is an enzyme that oxidize methane to methyl
alcohol. Recently Tolman et e/, studied a model reaction for MMO, which is a hvdroxide transfer reaction in
Bis-{p-oxo)-dicopper complex, and suggested several possible mechanisms. Later a two-step mechanism,
which is hvdrogen transter followed by hvdroxide rebound, was proposed trom theoretical studies. In this study
we calculated the reactant, product, and the transition state structures, and energetics of the first hvdrogen trans-
fer reaction using various DFT methods including recently developed the MO6 family of DFT, namely, MO6,
MO6L, and MO6-2X. We found that the M06/6-3 1G(d p)/LANL2DZ method reproduce the experimental XRD
structure of reactants very well. The TS structures, barrier heights, and reaction energies depend very much on
the size of the basis sets.
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Fig. 1. Reaction Mechamsm of Hydrogen Transter.
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Fig. 2. Structures for the Reactant, Product and Transition State at the M06/6-31G(d,p)/LANL2DZ level.

o] 3, t} & 3hit= Flol| ) LANL2DZ & #1423}
2ok A= 63 1Gdp)E o) &3 B3 A
T2 A ol h%j-o%l 2 & 6-31G(dp)YLANL2DZ 2
veldlodel HA3E F2E 34137 $3)
F R PYN-N 4:;:—11—}04 A7) Al40) L. 2 el
Bew, el ibef 8] -2 st e] 3 $31559)
2 AEHe) 7}

o) RS BUssinh

1

ol

Tolman S| &&le] A7H F&4 54 vl A
2] 271+ 13070 ¢) /IALE o] F017] 7+EH*I£E?J
olct. 7h-z-dl el b4 274 2} 78] 2747} CHE R

EHE AEgsdle] FEELL FolE o] F T e
|, A FAH Cu-0 2o Hol= ST
810 Aolt}, 7] 7 Cu-0-Cug} O-Cu-07} o] F
745-‘:— Z+7} 101.4°2) 78.6°0 T} 2kZ o] 7]
bal) b2k 370 o) v e A S Al
ZE F4ele CHPh7F 725 sk
s} -CH;CH:-2 {7 =={3ic}.
A= HikEeE Fol7] H e vl 25
2] Phenyl-& Methyl 2 %] 84314 7071 2] /242
A 2 A2 e dpsith PAavt o) E e

&)

ol

R

A 2]

=2 LT

2 o

ALY I A
4oy, &

=]
s

2009. 1ol 33 No. 3

wb-g-o] Bk-& w A Y S 2 Fig 1ol viebd A3 2
ornf o]l2H o AU4H BgEs 44 E, 2o
T o) e & Fig. 290 vhehl gich wbg-of A b
e S22t 2 "ol ool 298
27b4 A E Y ol F 3, o Fo)E7 29
M opish4ad A BA 7oA S vE 2
Rebound®+= 722 A 82L& g™}

DFT Hk 2 2} 23 exchange ¥ correlation 3
o wieb BFx e A4kslzz) g e 4
< DFT 9ol @tet 254 2fo) vh= Z3E v}
ellicl 292 DFTH 4SS E3)] @& 8852
T2F ¢elZ XRDT £} v] alshed DFTHR =
717G el wWE AEE A a8ln
2 A2 Table 19 viebyisdct,

Table 1-& 43 271 2 Z DFTH 4kl 4 LANL-
D271 A gk A& A o £ A gl
6-31G(d.p)/LANL2DZZ *H-4-3-& o . Cu-Cu2] 7
glv} 0-02) Azl 28] 2 n(Cu-0), 2 AR 78]

s} 4bA-2) B A2 o) A 5A) ' 1{Cu-N),,
2 EANE Frle) Axe #HiAY e 27138

& < 9leh XRD 2 3hs} ] 2@ uf 7] A o) 2
717k 748 E r(Cu-N) 2l 224 $7}8kA) 7
r(Cu-O)e®l L34 Zadte] 44 2 whée) o



502

wh|4. 2] 88

Table 1. Signed errors of computed bond lengths with respect to experimental values (A).

(Cu-Cu)  r0-0)  r(Cu-0)t 1CuN)"  MUE
EXP' 2.794 2.287 1.810 2.090
B3LYP/6-31G(d.pYLANL2DZ 0.022 0.030 0.013 0.062 0.032
B3LYP/LANL2DZ 0.088 0.061 0.049 0.038 0.039
MO06/6-31G({d,pYLANL2DZ 0034 0.046 -0.003 0.015 0.024
MOG/LANL2DZ (1.033 0.069 (.031 (.008 0.036
MO6L/6-31G(d,p)LANL2DZ 0016 0.097 0.021 0.034 0.042
MOSL/LANL2DZ (.030 0.124 (0.034 (0.013 0.060
MO06-2X/6-31G(d,pyYLANL2DZ 0,034 0.053 -0.001 0.026 0.028
MPWI1K/ECP(+)YUFF14 ().066 -0.049 (.002 -0.112 0.057
PBEPBE/6-31G{d,pYLANL2DZ 0.047 0.070 0.036 0.062 0.054
PBEPBE/LANL2DZ 0.118 0.096 0.072 0.040 0.081

*Average of Cu-0) lengths. "Average of Cu-N distances. “MUE is the mean of absolute values of each signed errors.

Table 2. Selected bond distances (A) for transition state from various DFT Method.

{(Cu-Cu) 1{0-0) r{Cu3-04) r(Cu-Ni" r(C1-H29) r(04-H29) I"";‘i‘z{ar-"

BILYP/6-31G(dpyLANL2DZ 2889 2369 1922 2150 1397 1164 11732
B3LYP/LANL2DZ 2940 2385 1926 2139 1450 1143 947 8i
MO6/6-31G{d pyLANL2DZ 2831 2366 1892 2113 133 1213 14715
MO6/LANL2DZ 2886 25382 1901 2093 1376 1.185 884.1i
MO6L/6-31G(d.pYLANL2DZ 2848 2417 1917 2131 L1397 1136 9472
MO6L/LANL2DZ 2909 2425 1927 2114 LS13 1107 7839
MO06-2X/6-31G(d,pyLANL2DZ ~ 2841 238 1900 2,130 1335 1234 14337
MPWIK/ECP(+YUFF14 2015 2305 1837 2114 1310 1217 ;

PBEPBE/6-31G(dpYLANL2DZ 2909 2403 1889 2157 1437 1142 4371
PBEPBE/LANL2DZ 2968 2421 1918 2138 1597 1087 330.8i

*Average of Cu-N distances.
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Table 3. Relative potential energies for stationary points
with respect to reactants (kcal/mol).

Bis{u-oxo)dicopper-enzyme2| =4:0]53

Tr;;‘lslzlt:(m Product
B3LYP/6-31G(d.pyYLANL2DZ 18.17 -14.70
B3LYP/LAND2DZ 16.80 -6.26
MO06/6-31G{d,p)/LANL2DZ 1945 -18.36
MO6/LANL2DZ. 21.80 =544
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MO6L/LAND2DZ 1943 -0.09
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MPW IK/ECP{+)UFF 14 12.90 -17.00
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Table 4. Selected geometric parameters of products from various DET Method *

Method/Basis HCu-Cw  KO-0)  rCuNR® rC1-04) KO4-H29) jﬁg;li)
B3LYP/6-31G(d,pyLANL2DZ 3099 265 2297 3076 0969 161.0
B3LYP/LAND2DZ 3057 2572 2276 2968 0.982 158.4
M06/6-31G(d pYLANL2DZ 3.061 2608 2276 3051 0.966 155.9
MO6/LANL2DZ 3.084 2560 2236 2900 0978 1524
MOGL/6-31G(d.py¥L ANL2DZ 3030 2590 2273 3000 0.965 158.8
MOSL/ALAND2DZ 3053 2517 2241 3050 0.08 164.7
MO6-2X/6-31G(d.pyYLANL2DZ 2865 2524 2362 2940 0964 140.9
PBEPBE/6-31G(dpyLANL2DZ 3211 2705 228 3103 0978 162.1
PBEPBE/LANL2DZ 338 2730 2258 3asd 0.994 165.7

*Bond lengths are in A and angles in degree. "Average of Cu-N distances.
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