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B EZRERITERA T, 202 0 (-CHD)ZEE B E R N A eem @
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a-C—CEEWT 2 5 1 o-fi = [ B, XK Norrish-1
S0 — R, a-C—C B W 2 R A R
R TE A 340—240 nm B So AR SR BE
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% J% 72 R R (density functional theory,
DFT) /2 8 i 14 it W 1 %5 B 1R oR S 400 e 1 A oK
) —MaE L. BT HAELEZ R ¥ 7510
[N S =TI Il = A /v 1
WA 22, A DFT/B3LYP (23 J5 %, 75 6-
3114++G(d,p) A PUACE R, itk 7MY, 7
Y. v AR A A B A . TH R 3 e oy T
IR RRPE. 534, #4777 A BE /e B AR AR (intrinsic
reaction coordinate, IRC) v+ 5%, CA#fi it 2
MIEMER. &G, N TR E N ENRERE
B, 7£ B3LYP J7 4545 20 LA B L il |, 456
W7 VEAR B F R IR B RE, #E4T 7 CCSD(T)/6-
3114++G(d,p) B A RETT 5, JF H 2l 1 N1 25
Ae I B (potential energy surface, PES), R4 fE
I MIC B 8 S N R BT R oy T iE 2
B, IFE RS 2 IRC vH A E N A Gaus-
sian03 P2V FE 58 i, CCSD(T) fig it 53 F Mol-
pro2010 PO F2 5 58 k.
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— 2C,H4+2CO (2)
ANNF +CO (3)
— 0

—+0 = C = CH— CH;3+H,C = CH—CHO (5)

15, 8id B3LYP/6-311++G(d, p) &
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N, A TRA R AW, FESTAEA
M, 02=02f1 C2=C3 4 K 2 5~ 1.357 A
1.344 A, 5 Shen % PO 7£ 54 o-CHD 4> T-HIHL T
BRI S B8 SR A5 A BE (1.36 A F11.35 A) 5 AR
4, IF H 54478 id B3LYP/6-311G(d, p) J7 kit
B S RIEEA 3. H—J71H, Samanta %5 7 HIH

A (7 3 8 T a-CHD 43 FHIZE AN, 3
W% 7 AR X R AT AE M. oAb, FRATH FIAERY
TIARACAR BN T S SEa 2 o (0 7= A b ) 4 1 B
SELERE (K1), DL IS 454 (K1 2), eI A
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(K3).

M E3H WR—ai [ 5 ¥ Py(c-CsHgO
+CO), 1fi R—d—e—fil [ 4/ ;= 9 Po(2C2H,y
4+2C0), P3(CH,CHCH,CH,CHO +CO), P4(2C-
H,CO +CyHy) Al P5 (CH3CHCO +CH,CHCHO).
3.1.1 MR EMHRE ZHP, 9 H T4

RAEE 3, MR B Py FIfE SIS FE rT R 4 F

Path 1:

R—R/a—a—a/b—b—b/c—c — ¢/P1—P(c-
C5HgO+4-CO)

(0.0) = (61.7) — (49.4) — (80.3) — (2.4) —
(2.9) = (=0.3) — (72.2) — (—6.0)

EA, SN IEUE VR R AR, R’
N R BE B (—382.9038 hartree) ¥ oA fiE & %
R(0.0). SEA B RIE 2 AR I g, AT L AN i
P2 N BA N TCIR S5 1) o-CHD 228 TL TR 25 1)
R AR I R — SR A B R R, A3 5 RRE ORI 4
AMFES. B, RNYRIEEEF -CHCOH
AT St AR a, XA EEPEL —PHR
1% N 61.7 keal /mol (I A R/a, C1 1 C2 2 [H]
1 P B8 18 K, C1 3 C3 1 B B /b, 51 C1—C2
BE PR BT 2, 4k T R — A BT B C1—C3, N TT R
AR T T IR, R, diE ik a gk — A T H R
#30.9 keal/mol MR a/b, ah i —AHJET
M O2 [F) C2 ¥ # T pl b Tl A& b, Bt 4b, a4 b A
c HONSLAR A, e A ] DL i W B (—CHO) 1
Wz M. &)a, Pitkc g —NiEEe
N T72.5 keal/mol KL JE Z&5 ¢/Py, ¢ — A HJET
M C2 17) C3 ¥ # 1 5 35 C2—C3 8BS 2L TE B = )
Py. HT Py BI6EE (—6.0 keal /mol) (KT MR,
FrbA R—Py & — MR, 5 Mukhopadhyay
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Fig. 1. Optimized geometries for the stable points (the reactant, products and intermediates) on the potential energy
surface of a-CHD in ground state by B3LYP/6-311++G(d, p); Bond lengths are in angstrom and bond angles are

in degree.
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25 I T 45 SR — 30, (H R I A 8 1) A 2
e st AN E: —J7 1, flAT13RAS 3R R A — AL
TR B R i R o-C—CHEBS R, FRELT
— 22 EN93.5 keal/mol MIITPER, XANITLES
e T RRATVEE F BT R ) RE & (80.3 keal/mol); T
—J7 1, AL [RIRE ) 7 vk AT T E R R, I
RGBS B R o- R BS HIEIE. DR, FRATTIA
J9 H AT S ) Pathl B9 0] 47

R/a a/b
R/d d/e
+CO +2CO
........................ '
g/h h/P
A
i/j ik

3.1.2 AR REYMREFHPy—Ps 09 F A=
i & A2
HI &3 A&, A B R 2790 Py—Ps # A
SEE ARG D R
R—R/d—d—d/e—e—e/f—f
(0.0) = (7.7) — (6.0) — (68.2) — (0.8) —
(75.9) — (21.4)

b/c c¢/Py
e/f f/g
C
/Py £/i
+CH,CO
'w .........................
k/P, £/Ps

2 B3LYP/6-311++G(d, p) 7kt 5] o-CHD FEA ARG FIb AN LA, KB A, SMEAH (°)
Fig. 2. Optimized geometries for the transition states on the potential energy surface of a-CHD in ground state by
B3LYP/6-3114++G(d, p); Bond lengths are in angstrom and bond angles are in degree.

213101-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 21 (2015) 213101

120
90 -
T _a/b
3 80 J"—“ c/_f
: d/e’ e
g Ra e .
S N AR
3 R
49.4 ;
30 .
i
: ; FE 21.4
! R/d : P
! J—/ 4 Lol
R 77 6.0 P
0 0 0.8 2.4

-
=

i)

k/Py
j/k 129.0
1095 mmm  123.9 ==} /P,

113.4 £/ P

/g PO
o /i o RN
Sl - /Py oo
S s PRI
Vg - w
S g/ho
[ . e 80.9
72.6 | .
. P,
60.7
|
o " Py
Ck "
— '42.8
o v
=Y : Py —
LR 32.2
gl Lo B
14.1 e 15.6
K 8.6
~~~~~ C .
— .
—0.3 R
—6.0

3 CCSD(T)//B3LYP/6-311++G(d, p)+ZPVE J5i:15 I a-CHD FE A6 A 55 I S )3 BEH1TH ;M5 RE
# N AE (kcal/mol), Ji & fEE AN —382.9038 hartree (R = a-CHD, P; =c-C5HgO+CO, P3=2C3H4+2CO,
P3=CH>CHCH>CH>CHO+CO, P4=2CH2CO+C2Hy4, Ps=CH3CHCO+CH2CHCHO)

Fig. 3.

Potential energy surface for the photodissociation reaction of a-CHD in ground state at the

CCSD(T)//B3LYP/6-311++G(d, p) + ZPVE level; relative energy is AE (kcal/mol), the original energy
is —382.9038 hartree. (RZO[-CHD, P1=c-C5HgO+CO, P2=2C2H4+2CO, P3=CHy CHCH2CH2CHO+CO,
P4=2CH2CO+C2Hy, Ps=CH3CHCO+CH,CHCHO).

X JE —ANEE FR AN 2 8] i S A AR, AH LY
SER I 1 ATE 2. R—d—e /& M BE 21 0UER 1) 57
CARESUR RN SUN R ER VS A IiE N EST AN
- ) A S R — L AL S A R OB 1) TR
Rz — RT3 S R B o v SAR BRI R
U, T R 2 A A T PR AR 1 B i [ T
2 Fa e R 45 i BO)) B2 SR MG 4y
TN EAE R, FoOE 15 i n) 0 B e A A (491 4n
E T8 VR TR P A e 01 R e B A 2Ry I 1P
s GL). A2 B AT T, RO R B e ) A
d#BAE VR B T e &l IT Co FlE C1—C2
C4—C5 8 S50 (1 “HL 7 #9 F1 Shen %5 2] 1)
ARG R —E. Bk, RKNYRARIEFLINV T
SRR A, A TR BT R OK 2 8 keal /mol fRE2E, AT
g ARAL, R i &R 77 A, d )
AHXTRE N 6.0 keal/mol. HAR, FHIfkd &idfes
1162 keal/mol [P IERS d /e, F24E ERERR 2
C3 I, R 7 I F itk e. e FIR BIAHXS B2 EAXL
FH2 0.8 keal/mol. B WL, 7ESAH I HARFF IR IR S
ARG T, Rt E, eMfa ke, Mid
(A e M 25, 5 R A I vk 17 S ) 45 SR —
B, SAEVAE RS SR BT o & 3 1) BLAR AL 4 AT
MIFF 4, 5 B Francis 2 ULl 3 58 265
BRI R—E. G, et RAEZEN TS T
T, IR R A A k. el —N

AE 22 (75.1 keal/mol) FIId R e/f, C6 L H—A4
JRF#: R3] C2, TEE T O=C- .- CHO & X7 # 4
f, XS fE BN 21.4 keal /mol. 7] WL, JF3R M 75
B REER .

Path 2:

R—f—f/g—g—g/h—h—h/Py — Py

(0) — (21.4) — (102.0) — (14.1) — (80.9) —
(8.6) — (123.9) — (32.2)

f—g i) 1 12 2 & 1 & K g 280 keal/mol
W A f/g, IERfHR C2 B A B B C3,
[ I C2 M1 C3 1y R 15 48 K, 5 B 8, T2 Bl
] f& g(CH3CH,CH,CHCO+CO). £ g—hit 2
i, COTRFEAAZE, NERRERE, X IES
g/h=(CH3CH,CH,CHCO/CH3CH,CHCH,+CO)
+CO, 77T 80.9 kcal/mol, H [A]lfkgH C5 L —
ANER TR Ce R R, [A I C1 AN C6 (1 #E 85 1 K
ZE g, C5MC6 M H1.519 A4 N 1.332 A,
B AT Z 18] H BN BB AR R B, B R T
&) 4 h(CH3CHoCHCH,+2C0). 5l Hb, H F2
AN COfEh—Py 1k #2 i 3 £/ Ff A AZ, @ ik )
#& h/Py=(CH3CH,CHCH, /2C,H,)+2CO, fii F
123.9 kcal /mol, i HFHEHFI C—C BRI H™
Y Py (2 CoHy4-2CO0).

Path 3:

R—f—f/P3—P;3
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(0) — (21.4) — (91.4) — (15.6)

M 2 AT LR I A £/ P il i FA BRI C1- - - C6
3% B2 9§ AN 3 # CO A CH(H)CHCH,CH,CHO,
£7F 91.4 keal/mol, C1 5 C6 8] (112 85 K 2.620 A.
R /Py, AR CL—CoERI RN
P4, [FFCh b — NS5 17 C6 ¥ #%, Ch Al
C6 MIBEES 1517 A% N 1.330 A, Hg AR XL
N =4 P3(CHyCHCH, CHo, CHO4-CO).

Path 4:

R—f—t/i—i—i/j—j—j/k — k—k/Ps—Py

(0) — (21.4) — (101.3) — (72.6) — (96.3) —
(77.5) — (122.5) — (39.7) — (129.0) — (60.7)

TE f—iid #2383 22 529 80 keal /mol H 3T
WAL/, C2 EMAR T 028, mATE AR
—OH, 1 C2 5 O2 [A] [ 2 i WUk 1) 1.207 A 4%
N1.324 A AR A HORSTAR SR, BT X
SITE T2 AR TR E AN, fefgimid w ik
225 KT 24 keal/mol B PER i/j AHEFEA. j—k
HEF, 02 EM—ANEETHZ R C4, R C3 5
C4 2 M FIE RS B 1.541 A JFUhhn K, Be& Mg m
#4r, T A TE] 44 k(CH3 CH,CHCO+CH»CO).
fEk—Py i &, CHL,COfR 7 A A&, E X

k/P4=(CH3CH,CHCO/CyH,+CH,CO)+CH,CO.

I PR TR EA L A A C—C BB R, B4l
B Py (2 CHyCO+CoHy).

Path 5:

R—{—{/P;—P5

(0) — (21.4) — (113.4) — (42.8)

P24 Ps(CH3CHCO+CH, CHCHO) M A ] 4
ok RO — A AL T 1134 keal/mol
L P2 £/Ps. MBI 20T L, RS £/Ps J8 i A2
AL C4- - Cb B 3% #: P A £ B CH,CHCO M
CH,CH(H)CHO, C4 5 C5 Z [ [ #E 55}y 2.124 A.
[FIf C3 B —ANEJE T\ Cs . @i
f/Ps, A £ o) C4—C5 BT 2 N 84y, [
C3 E—ANEJEF 1 C5 e, C3—C4 #EES M E]
R 1.532 A 4% NP~ Ps P11 1.335 A,
75 U

3.2 1, 2-FE2EESKBRENR LY

M a-CHD 3 25 % i 59 e 2 #5 e T (B13) 3%
T3k 754 KM IEIE. Path 12— MM TT
B RN oo 3 I A R, R B R B R
80.3 keal/mol Ik T~ oAt % 4%, & H #i A/ 78 v f v]

A, IF BT SE AT i BAR B 7T P, Path 25
A A FE IG5 B R—d—e—f, X & — M.
M. B2 I S fE. Aoh i 4R £ il %, Path
3 Path 5 #AL T 2@ — DR, GEE 5
991.4 keal /mol F1113.4 kcal/mol. {H;2& Path 2 il
Path 4 T EAE 2 1 AU LE S MR, &
SR, Path 37EIX PUAN S i o BT 25 5y kAT

BT R KN 253.7 nm(112.7 keal /mol)
)28 A Xt o-CHD 73 7 JEAT B R 5S, 456
a-CHD A4 ETH 7T 51 P (c-CsHs O+CO) J& 3%
P7#), P3(CHy,CHCH,CH,CHO4-CO) 2 1R B 774,
Al g D& Ps(CH;CHCO+CH,CHCHO) 7=/,
M= Po(2 CoHy+2 CO) AT P4 (2 CHyCO+CoHy)
TRAEAT 2. ph e AR S50 b ) R A o
CsHgO Ml CO, CH,CHCH,CH,CHO X2, Al
/L& [ CH3CHCO 5% CH,CHCHO 775, 1R AER I
CoHy 1 CH,CO. FHS 5 i i o7 3 AN 21416 1% 4y
UL SR EE

4 % @

BT B3LYP A1 CCSD(T) ikt HAE T a-
CHD F= 3506 il 25 [ B H) 5 Re Tl 3K45 1 e i
PR SR P2, AR A S B a5 R AE R
Wi 15 EEM R BOEE. VR R T X s
T8 S B R, TS O A AN R,
i AR T RS JT R DL M C—C o i 258 k.
1 T e S AL B HEAT 20 A, 45 3 T A S B %
27 Path 1 (a-CHD—¢-C5HsO+CO), Path 3 (a-
CHD—CH,CHCH,CH;CHO+CO) k2.

4 a-CHD 43 F 1E ¥ K 5 253.7 nm ) 55 41 25
SR, i C 45 3 85 A6 i 5 e N TE K
FL B RE T 23 B AT R R N ¢-CsHg O Al
CO, K =)y CH,CHCH,CH,CHO, 7 fig F />
& 1) CH3CHCO 8 CH,CHCHO 1 7£, T1fi CoHy il
CoHoO Y 3R 15 52 e AL A Y, 5 Mukhopadhyay
A PU s gt g AR, EARE R, AR A
AAN G il 185 e S A8 MR AT TAIT IR, B AT RS
AR E e 2] — AN RN 93.5 keal/mol [
BERIAT a-C—CHEWTE, T FA W IT 8 S B I8 E
P5 O f5 A BE B EL IR, P DAAE EAT R I BE A
P, 4k, TATEL T EINNFES AR L B
a-fAES N, B TP ES R SR GF IR T 2 AT 1
eI SE R, JF HoOvik— B 4T 5 o-CHD H G I
FIRBE TAH M RIEE.
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o-CHD B35 A 25 S S A2 o S SIS 7 ) < o ) A A e R 25 1) A RE R MR BE B 3 IR s R DA R e YR 2 I R A5 15
BIT M A-FR AL

#* Al CCSD(T)//B3LYP/6-311++G(d, p) 7% 5AF 21 o-CHD HFGARES SR S R 7740 v a4
HEAM SRR (TE, hartree). X g i (AE, kcal/mol). % sil3)fE (ZPVE, hartree/particle) LA & 25 1
S (v, cm™1)

Table Al. The total energy (TE, hartree), relative energy (AFE, kcal/mol) and zero point vibration energy
(ZPVE, hartree/particle) of reaction, products, intermediates and transition states, and the imaginary

frequencies (v, cm™1) of transition states in the photodissociation reaction of a-CHD in ground state by
CCSD (T)//B3LYP/6-3114++G (d, p) method.

Species B3LYP CCSD(T)

TE ZPVE v AE TE AE

R(a-CHD) —384.0096 0.1318 0 —383.0356 0
P1(c-C5HgO+ CO) —384.0018 0.1258 1.1 —383.0391 —6.0
P2(2 CoHy +2 CO) —383.9292 0.1116 37.8 —382.9641 32.2
P3(CH2CHCH2CH2CHO+CO) —270.6182 0.1173 20.6 —383.0012 15.6
P4(2 CaH20+CoHy) —383.9187 0.1138 45.7 —382.9209 60.7
P5(CH3CHCO+CH2CHCHO) —349.2447 0.1689 33.4 —382.9574 42.8
a —383.9216 0.1298 53.9 —574.4328 49.4

b —383.9985 0.1298 5.7 —383.0298 2.4
c —384.0031 0.1301 3.0 —383.0344 -0.3

d —383.9978 0.1312 7.0 —383.0254 6.0

e —384.0022 0.1309 4.0 —383.0335 0.8
f —383.9738 0.1272 19.6 —382.9969 21.4

g —383.9740 0.1228 16.7 —383.0042 14.1

h —383.9672 0.1182 18.1 —383.0082 8.6

i —383.8901 0.1270 72.0 —382.9150 72.6

j —383.8819 0.1259 76.4 —382.9063 77.5
k —383.9523 0.1209 29.1 —382.9614 39.7
R/a —383.9051 0.1290 461.47i 63.8 —382.9345 61.7

a/b —383.8684 0.1239 2034.84i 83.6 —382.8998 80.3

b/c —383.9971 0.1296 104.73i 6.4 —383.0287 2.9

c/P1 —383.8901 0.1244 1326.35i 70.3 —382.9131 72.2

R/d —383.9936 0.1303 394.54i 9.1 —383.0217 7.7

d/e —383.8940 0.1247 2257.77i 68.0 —382.9198 68.2

e/f —383.8847 0.1248 718.81i 73.9 —382.9075 75.9
f/g —383.8433 0.1216 1659.57i 97.9 —382.8628 102.0

g/h —383.8463 0.1137 476.331 91.1 —382.8886 80.9
h/Po —383.7824 0.1085 1912.41i 127.9 —382.8148 123.9
f/P3 —383.8435 0.1198 100.40i 96.7 —382.8780 91.4
f/i —383.8405 0.1213 2017.06i 99.5 —382.8636 101.3

i/j —383.8502 0.1241 947.24i 95.2 —382.8745 96.3
j/k —383.8123 0.1189 1456.33i 115.7 —382.8275 122.5
k/Py —383.8131 0.1107 2186.64i 110.0 —382.8089 129.0
f/Ps —383.8343 0.1201 1437.31i 102.6 —382.8431 113.4
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Abstract

The a-cyclohexanedione (a-CHD) molecule is an important structural unit in the six-membered ring systems with
a large number of biologically meaningful molecules which have been found. It has important applications in synthetic
science also. It is found that some fragments can be obtained through vacuum ultraviolet absorption spectrum and
induction photolysis experiments for a-CHD molecules. In order to understand the dissociation reaction mechanism
of a-CHD and reveal the resource of those fragments, the potential energy surface of the dissociation reaction for a-
CHD molecules in ground state is studied by B3LYP and CCSD(T) methods. The reaction paths of the products are
obtained, such as P1(c-C5HsO + CO), P2(2 CoHy+ 2 CO), P3s (CH,CHCH2CH2CHO + CO), P4(2 C2H20 + CoHy),
P5(CH3CHCO + CH2CHCHO). And the structure parameters of the reactant, products, intermediates and transition
states in the reaction processes are also obtained. Their reaction mechanisms can be summarized as the isomerization
and dissociation processes, and these processes mainly involve the hydrogen atom transfer, ring-opening and C—C bond
cleavages. A reaction channel in which a-CHD dissociates into cyclopentanone and CO needs lower energy, so it is
more advantage our to make dissociation study than other studies. In addition, we think that a-dissociation reaction
cannot occur directly in ground state from our calculations. Based on the UV photolysis experiment of a-CHD with a
wavelength of 253.7 nm (112.7 kcal/mol) and the theoretical calculation of potential energy surface in ground state, we
obtain that Path 1 (a-CHD— ¢-C5HsO + CO) is the most possible channel, Path 3 (a-CHD— CH,CHCH>CH,CHO
+ CO) is the next, and Path 5(c-CHD— CH3CHCO + CH>;CHCHO) is the third, while Path 2 (a-CHD—2 CoHs+ 2
CO) and Path 4 (a-CHD—2 CH2CO + C3Hy) are difficult to be achieved. So ¢-C5HsO and CO are the major fragment
products, CHoCHCH2CH2CHO is the subsidiary one, maybe a minor distribution of CHsCHCO and CH;CHCHO, but
the fragments C2Hy and CH2CO are difficult to obtain. This agrees well with the analysis using mass spectrometry
in experiment. Results can clarify the microcosmic reaction mechanism of the photodissociation reaction for a-CHD
molecule in ground state. It may provide an important reference for realizing its spectrum in-depth. The obtained results

are informative for future studies on a-CHD relative.

Keywords: a-cyclohexanedione, photodissociation, density functional theory, potential energy surface
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