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A DFT Study on the Hydrolysis Mechanism of the Anticancer
Complex NAMI-A under Acidic Condition
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Abstract; The density functional theory ( DFT) combined with the conductor-like polarizable calculation
model (CPCM) was used to investigated the first hydrolysis step under acidic condition of a Ru (IIT)
complex [ ImH] [#rans-RuCl, (DMSO) (Im)] (NAMI-A) and the first ruthenium anticancer com-

plex that has entered clinical testing. Full geometry optimizations and frequency calculations for each

;
£
3

transition states and intermediate species were carried out at the UB3LYP/ (Lanl2DZ +6 -31G (d))
level in gas phase. Single-point energies were calculated at the UB3LYP/ (Lanl2DZ (f) +6 -311+

+G (3df, 2pd) level based on the optimized structures in acidic solution. The geometrical and elec-

tronic structures, and detailed energy profiles during the hydrolysis processes of the complex were investi-
gated. It was found interestingly that the hydrolysis of DMSO ligand in acidic solution has thermodynamic
preference over the hydrolysis of Cl atom, which was in good agreement with the experimental results.
Thus this work can offer a significant theoretical reference for deeply understanding the hydrolysis mecha-
nism of NAMI-A.

Key words: NAMI-A; anticancer drug; acidic condition; hydrolysis mechanism; density functional the-
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Fig. 1 Structural schematic diagram of
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Tablel

transition states and intermediate species of the first

Main optimized geometric parameters for all

hydrolysis process of NAMI-A under acidic condition
at the level of UB3LYP/ (Lanl2DZ +6 -31G (d))

R/om Path 1 Path 2
I-1 TSt I1-2 1-1" TS1' 1-2'
CI2 - Ru 0.249 0.296 0.437 0.247 0.243 0.242
CI3 -Ru 0.247 0.252 0.247 0.242 0.248 0.244
Cl4 - Ru 0.242 0.242 0.240 0.240 0.249 0.252
Cl5 - Ru 0.245 0.244 0.245 0.249 0.244 0.249
N6 - Ru 0.203 0.204 0.203 0.203 0.201 0.204
S7 - Ru 0.255 0.257 0.259 0.255 0.320 0.378
O(wat) - Ru 0.416 0.263 0.208 0.415 0.319 0.221
Path 1 Path 2

LA I-1 TSt I[-2 1I-1" TSI’ I-2/
Cl2 - Ru - CI3 9.2 — — 88.8 91.3 93.1
CI2 -Ru-ClH 177.5  — — 179.6 179.8 177.7
Cl2 = Ru - CI5 89.6 — — 91.3 90.2 89.4
Cl3 - Ru-Cl4 88.2 84.9 90.7 91.0 88.6 87.2
CH -Ru-CI5 9.0 8.1 93.2 889 89.9 90.0
CI5 - Ru - N6 90.9 87.7 92.2 91.4 93.4 90.8

N6 - Ru - S7 173.4 173.4 172.7 173.3 — —
O(wat) ~Ru-Cl2  48.4 60.1 — 47.2 65.5 8l1.0

O(wat) —Ru~CI3/S7 47.2 71.3 86.2 78.2 — —

Path 2

I-1'

I-2'

TS1'

Kl 2 NAMI-A BRHESAF FE— SR A R et LA R f £ E R/ nm

Fig. 2 Optimized structures and the main bond lengths/nm for all transition states and intermediale

species of the first hydrolysis process of NAMI-A under acidic condition
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Table 2 Main atomic net charge populations of all transition

states and intermediate species of the first hydrolysis

process of NAMI-A under acidic condition | el
Charge T-1(1-1") TSI(TS1') I1-2(I-2")
Ru 0.551 8 0.651 8 0.6711
Path 1 12 ~-0.526 5 -0.6484  -0.694 1
O(wat) -0.9660 -0.976 7 -0.917 6
Ru 0.548 8 0.7373 0.747 0
Path 2 S7 1. 084 1. 034 1. 037
O(wat) —0.966 2 -1.0150 -0.928 8

2.2 BFEEMIRFE

IR B 28 W A R 23 A (NPA) R A (]
A AR Y B B T Y v R A AR AR A1) TR 2
o 5K SR R LA S5 B AR AR XS R, ST

FL AT 8 2 2 Ak R B AR T S O R G 3 A
JR L, B ool Ru B, #3 OJRT, BE
i) C1 Jic 458 DMSO B i) S JiF, #F path 1 H1,
WEA SN, VRN B LR B CL™ g7 1Y i i
IR, BOA IR R AL R Ru b ) H T
Qn PR IE, MH LR O JFF kA1 7 2 e
JEie LA EINRERH, 5RO AHRI R T Z R AE
&R, RO A G Ru JRF ) figffk C1 R
TR, SR, CLJERFI52I B T AT L Ru JEF 28
RIRHRBEL . TR RN BB, 7E
T IR T B v (R PRAL S s, B K S F R
O J7F BRI B AIED . TE path 2, FE e 3k
F DMSO ' S b B IE FL A I iy #, Ru 1 O
JERF b 1 F T AR A A AN path 1T A ARTR]

MR 2 A LAE R, T Cl/DMSO 714 /K
B R G R o0 R Ru | L 5% R
fi5, M5 THORZRGN IS, Al g i ia &
1 DNA A4 AR 2 F 36 e, 5
Hh, TE path 2 BEARHRAY Ru JF b A4 FL 7398 s
LL7E path 1 BEARHAIIC, RP: AQy, (path 2) >
AQy, (path 1) o JXUEH path 2 BEAR Y 7K i 1)
o THORZEGN T, XS5 RA T IR
1A 2 BARAA—E0 (W 2.3 KRN HRET ) . B
SRPURRTE Ru (T00) P50 9 7K Ak 52 L S5 B4R 1
TERARR &%, (AL Y B 25 F R AE AT 2 W %
RIL A K =4 5 DNA SR (B A 1 A 2
VIRZ, FFEHAE AN P E A,

B2, BRYEAIETT NAMI-A K@ R, £
J - b HL AT AR AR 5 P P SR T LA AR A R
FRAAEL .

2.3 K B BETH

AT BAD R IEFRGE , AT NAMI-A 25 —25 K
fE LI, A5 A TR PSS [ A 4 BN, R
T AR KA SN R BT, o Y A ) A fE R
MAIREFRILRE, BRI HEIESES) TR 3, FEik
SRRl b, IR SCORIAHL ) SN AR T SN TE L 3

MBS WL, path 2 BRES: (65.3 kJ -
mol ') [k path 1 fyEE4: (112.1 kJ - mol™") {EfR
Z. W TERM I 5T, NAMI-A R4 5) & 4
DMSOZERI K ff, 107 C1 KRR & K4 (BE4
T 125 k] - mol "), {HLLEERIE, XTI
AEHwVIAT Ak, path 1R, U
e 13.8 kI - mol ™", path 2 RIS BT, i
FIRER N 7.9 kI - mol ™', AL T path 2 B
o F#T.



%3 M WRERALSE . B2 BRIE DT PR IESTHC A ) NAMI-A BRI ZCAF T K iR L2 59

&3 BRMEAMT, NAMI-A % — 3 K BUR o 4855
Bt T, mAAE. . B AWM RSB, AR S A bk
Table 3 Relative ZPE-corrected total energies, solvation free energies, entropies,
thermal contributions to enthalpies and free energies, relative enthalpies, and Gibbs free energies,

calculated for all intermediate species and transition states of the first hydrolysis step of NAMI-A under acidic condition

species  AE,zp; (8)° Gy b AE, (aq)* G Hyor AH° (aq) ‘ s AG° (aq) !
[-1 0 -77. 4 0 432.2 646. 4 0 171.5 0
Path 1 TS 118. 8 -89.1 116.7 437.6 646.0 107.1 167.3 112. 1
I-2 10.5 -79.9 8.4 438. 1 646. 8 8.4 167.3 13.8
-1 0 -79.1 0 431. 8 646.0 0 171.8 0
Path 2 TS’ 35.1 -54.4 49. 8 437.2 649. 8 63. 6 170.5 65.3
-2 6.3 -90.8 -12.1 429.7 653. 1 1.3 179.1 -7.9

(Lanl2DZ (f) + 6 -311+ +G (3df, 2pd)).

atm for the optimized stationary point geometries.

1) AE, e (8), Gy AE, (aq) , Guens Hiens AH® (aq), AG®
a E_, the single-point energy calculated at the level of UB3LYP/ (Lanl2DZ (f) + 6 -311+ +G (3df, 2pd) ), based on struc-
tures optimized at the UB3LYP/ (Lanl2DZ +6 -31G (d)) level.

b The solvation energy corrections to the single-point energies calculated using the CPCM solvation model at the level of UB3LYP/

(aq) AIBANIR kI - mol ™', SEYBANI KT - K™ + mol™'

¢ Thermal correction obtained through frequency calculation at the level of UB3LYP/ (Lanl2DZ +6 —31G (d)) at298.15 K and 1

d Total enthalpies, and Gibbs free energies were obtained as follows: H° (aq) =FE 5 (g) +6G., +Hyws 6° (aq) =E_

(g) +6G. + G G° (aq) =H° (aq) - 298.15 S°.
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Fig. 3 Calculated free energy profile (kJ - mol™') for

the first aquation step of NAMI-A under acidic condition
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