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InXs (X=F, Br)fiE4t. N-FR EL08 5 B BE A 1k & BOATLIZ OB 55
EROE R ¥ A ERA

UKz A2 SRR R R#ER 610066)

WE RASEZRKMHISDFT)F M B3LYP )ik, 7£ B3LYP/6-31+G(d, p)FE2H/K-F b (In % ME#HRE4H Lanl2DZ), —
A ZKEDCEWENETR, TR T InX; (X=F, Br)ffE{t N-F 35| Wk 55 F B IE A FR & B s AL, % R N ETE - &
Ry, HlaR, SEASFE YT T A, 8 e R ARSI AT DL A P TR S AR BR(RC) VFIE SE T A A
FHIAMR R AR, I HAEMRZRLUKT L, il G R8PS NBO)EE S A E T H R (AIM) /M T 4 7 BUE 181 i R HAE A
SRR . S5 7E InFs EAAE R, N-FF R0 W S R ER B S ST AR 1,2- IR =200 1,4- 10 B= 0 I J L T 42 2
BRiEALRE ST 79 25.62 A1 12.52 keal/mol, 7E InBrs HEALAEFH T, N-F 05|05 B ER T S RETE R 1,2- 0= 20 A0 1,4- 1A
PN R REE P2 BE AL BE 4 T A 26.87 A1 13.95 keal/mol. FLASHTFT45 R, InFy BEA R0 Z R REI#E4T, B 1,4-h1E%
PR SRR, BATMAT R4 RS RMYIE. ERAESAN FBEAPCMELE T 5 s e X kR
M, A PATIM: - F R AR(DMSO) IS4 T, InFs #EAL 1.4- BB =M= 2 2e B i,

FREBE EEZ RIS, N-FIEmIE, RS AL

Investigation on the Mechanism for N-Methylindole and Keto Ester
Catalyzed by InX; (X=F, Br)

Wang, Wei Mao, Shuang Peng, Dan Li, Laicai™
(“ College of Chemistry and Material Science, Sichuan Normal University, Chengdu 610066)

Abstract The reaction mechanism for N-methylindole and keto ester catalyzed by InX; (X=F, Br) was studied by the densi-
ty functional theory (DFT). The geometries and the frequencies of reactants, intermediates, transition states, and products have
been calculated at the B3LYP/6-31+G(d, p) level, dichloroethane (DCE) is used as a solvent and the LanL.2DZ basis has been
used for In atom. Transition states have been confirmed by the corresponding vibration analysis and intrinsic reaction coordi-
nate (IRC). In addition, nature bond orbital (NBO) and atoms in molecules (AIM) theories have been used to analyze orbital
interactions and bond natures. The results showed that the activation energies of rate-determining steps in which
N-methylindole reacted with keto ester to form 1,2-adduct and 1,4-adduct were 25.62 and 12.52 kcal/mol catalyzed by InF,
while those were 26.87 and 13.95 kcal/mol when the reaction was catalyzed by InBr; under the same conditions. Comparing
the results of our research, InF; can effectively catalyze the reaction, and the 1,4-adduct was more likely to be produced. The
final result of our theory study agreed with the experimental data, meanwhile, self-consistent reaction field (SCRF) was carried
out using the polarized continuum model (PCM) at the same theoretical level for geometry optimizations and frequency calcu-
lations in five different salvations. We predicted that the productivity to form 1,4-adduct was more higher catalyzed by InF; in
the solvent of dimethyl sulfoxide (DMSO).

Keywords density functional theory; N-methylindole; reaction mechanism; solvation
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SRR B BRAN 75 2D B TR AR T, T & B K
MIFMZ0, Bisgen, A& RER SO 5 K,
M 51 T AT SSES, YR T PR T &
JS7 AR 0 5 T A RN 40 B 4 L4 B R AT R ALY
HRE S JTER, BHVN TR FR S BRAEA
S FRAEAL ST A A 2, Ok L4 B 1L
T B AR 2 5 R F R SR f S — A B B ) AN 5 R A Ak
EEL SHENE B, AP TR —foxt
KBS FE, RNEIERIME, 5T TIseK, mHES
BRREASERER, XEHWERTIUNEE, 5
LRI L, /NG AL 1 BRI IR R A SR R I
Nt FR MG AT DU LR RN, T H
SN JEE I N AR A 4O, [ B T DA P 2D B A
BRI KREFHELEY, RN “ETF7 KL B
FLAT A5 A U R I D ) A %o R A S 7 B A LA
2 T B s A: 7). 2001 4, Jorgensen 251 Ik
B 7 T UEEIR-Cu(ID L & AL S By- AN
R0 R R I P AS S R A s 2. B i B8 AR R 4 VR
Cu(ClO,4)*6H,0 ] = REMEIBR L A P00 2% I N HEAT T 2
k. 2003 4, Bandini A ARE T FHER,R)-
[Al(salen)CI]EC & YAV o, B-AN T AR R AN K FR
SR 2007 4, Blay 2R 1E ] BINOL 5 Zr(Oz-Bu), 4
) A P | e 55 AN VLR (1) AS X FR S B, 2008 4F, Deesi-
moni 25" HF3E T F Sc(OTH)y/pybox AL 5 B.y- A1
AN B (A BRI 4R, BB sl 2
18 T HEAL A S RO AL ER OB 7T B 5% e S BLER
(IR RN TG4BT 7 VR IEG BRI 5. AR L b A
BRI R/E FIHLEI RIS 2 520 LR, FF N Se gt iR
BEATSE MBS HARE). 2015 4E, Reddi ZMWF 7T T F1E
N-ZE3R - FERIZE T (A RRAEAL I S AL EE, B 55
TESE VR M 70 b B B VR U0 AR SOR A
FEVZ RS IR AR T T InX; (X=F, Br)ff{k N- F JE 5]k
SRR S AN KRR A BLEE, DASE R AL FH B,

2 E5E*

ARSCR R T, A A A A

(PCM)?", & 2 Je(DCE)E N, £ B3LYP/6-31+
G(d, p)/KF F(In RAEHIEL LanL2DZ), T T InX,
(X=F, Br)ffiAt N-FH 5| e 5 el T A o) R G G AON
MHLER, DA T RSO RE A A R S RS e
LR P LA R RS [ R AT T AR A,
A A ME— B, 8 I R 3 2 A AP B R A bR
(RO B4 #r, 3k — 2B AN T v 1Al AR I A5 1
AN, FEREYIENBO)HE P T 0 T RIELE
A EARR, THE T RTE A R A R 2,
AIM2000 2P T Bra b &Y s R, i3t
1T 7 AU I 5 AU (BCP) FELAR 25 BE A0 BT, SR T X Ll S 2
B, FRTHE R SR AR R B AR T BRI 101 kPa
F1298.15 K. T AITHE 35K H Gaussian 092 7 4.5¢
JK.

3 HR5i

3.1 InF3 R R AR

AT T — S L Je(DCE) AW, InFs VR,
B R 1 P 5 R 2 T S S T B 1, 2- TN A 1, 4- e 1 e 7
HLEE, Hrp AR~ E BN Scheme 1. 1% AL H
BB B A S A= ARAL R B LA
Ry I T 2 (BCP) L fuf 2 2 DL I 1, OB 4% B pi
JonEEIE 2, @i fe R IE G &R B A DG RE & L
x 1.

TEM% 1% Scheme 1 H1, R — D2 HiRREE R1 5
AT InFs 2 S HEALE R AA M1-F. F1[a]4& M1-F
i C(4)—O(1)HIEEK Ny 0.1259 nm, HIHFE5 A 0.3566
a.u. MXT B R1 F C(4)—O()EH K T 0.0030 nm,
FH O()-In LK. R, C3)—C@)F C4)—
CS)MEE K237 B 0.1462 F10.1551 nm /Ny 0.1422 Fil
0.1541 nm, HAFZEH 0.2826 F1 0.2495 a.u3GhnA
0.3030 F1 0.2557 a.u. B O(1)-In BHIFERME C3)—
C(AFI C(4)—C(S)EEsgm, RN C(4)—O(1)5 k5.
H AR B PG BB (NBO) /T T A1, fEHR Ak M1-F 1,
LP(2)O—LP*4) In A 19.03 kcal/mol, &A1 A4

K1 KPEIERAMREE E. MXTREE B KO v
Table 1 Energies E, relative energies E,. | and frequencies v of the compounds in the reactions

Species E/a.u. Erel/(kcal-molfl) viem ! Species E/a.. E/(kcalsmol ") viem !
R1+R2+R3 —1355.250789 0 T3-F —1355.286645  —22.48 —312.1i
MI1-F+R2 —1355.294803 —27.60 M4-F —1355.297803 —29.48
T1-F —1355.284029 —20.84 284.9i T4-F —1355.284757  —21.30 —1247.9i
M2-F —1355.287113 —22.77 MS5-F —1355.291135  —25.30
T2-F —1355.246249 2.85 —1643.7i T5-F —1355.271173 —12.78 —2169.3i
M3-F —1355.290970 —25.19 M6-F —1355.300739  —31.32
P1+R3 —1355.240845 6.23 P2+R3  —1355.260165 —5.88
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Ftn—F HaG
o) y N Fo F
ph/\)J\H/OMe 1,4-addition l. Ho/Ln\F
m1-F O ©\/\> B s AL _ome
] R2 N\CH3 T3-F o
LnF5 (R3)

0 " N/CHg CHy
e F
Ph/\)\f( 2 o - N R il .
(e} % o/ \F
Rl Ph OMe OMe
I Ph
P2

Mg-F O

T5-F

B 1 InF; AL N-FJE 0] b5 IR R I 1) e S BB 1)
Scheme 1 Detailed synthesis route of N-methylindole reacted with keto ester catalyzed by InF;

EPUERIFAHEAER. HEE 1 PR ERIE LA,
[ 4 M1-F 4 plifk R e & P T 25.60 keal/mol, 1B+
[k M1-F 5 ¢ It Re fa e fE0E, SEm T s At
2. Hafk M1-F 5 N-H 200 R2 @ i )57 T1-F
R AR M2-F, 3G LAEN 6.67 keal/mol. 7E 1t ¥ 4
T1-F 1, C(4)—C(6)s B, #KHN 0.1974 nm,
HL % 2N 0.0920 a.u. TEHAIfA M2-F #1, C(4)—C(6)
CE TR, BEKN 0.1620 nm, 4l A &S (BCP) %5
FEN 02015 au. M2-F @it 1,2-0su s s, il &
T2-F JE A (a4 M3-F, HiE{LREN 25.62 keal/mol, 4
SR AR, AR IR T2-F 1, C(6)—H(1)Z A
B 0.1100 nm BEK:A 0.1337 nm, #ilE 7 5 (BCP)H,
f % 0.2682 a.udik/NA 0.1398 au., O(1)—H(1) %
K4 0.1376 nm, il 5 S (BCP) AT BN 0.1116 a.u.,
R H)IZEE CO)ET, C6)—H()FEIZR B MiZ,
O()—H(1)# L/ L. fEH AR M3-F 1, O(1)—
H()# 224k, 0(1)—H)iEK N 0.0980 nm,
I 7 s (BCP) L) %5 & 4 0.3306 a.u., FF[a]4A& M3-F fiii2:
InF; JE B4 P1.

HE R M1-F 5 N-F2EM0 R2 8 ERS T3-F
JE % M4-F, 5AGAE AN 5.12 keal/mol. 7EIFIEAS T3-F 1,
CQQ)—C(6)BE L TE AR, 4 0.2101 nm, FIlfEF 55
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(BCP)HLf %5 2 0.0673 a.u. 7E 1A /& M4-F 1, C(2)—
C(6)E & Em, BK N 0.1596 nm, i F S (BCP)H
FF %5 N 0.2094 a.u. M4-F3E 1,4- I N, 2t s
T4-F JE A& M5-F, HigE{LEEN 8.18 keal/mol. £
HEZ T4-F F, C(6)—H(1)Z [l 8K i 0.1101 nm 3§
K4 0.1380 nm, B S 55 (BCP)HLf % % HH 0.2666 a.u.
PR/ N 0.1269 au., O(1)—H()AEK AN 0.1259 nm,
I 7 55 (BCPYHLIRT 2 FE A 0.1496 au., M H(1)ZHT i
2 C(6)JRT, C(6)—H(1)BEZH W2, O(1)—H(1)Hk &6
TR FEFEE MS-F #1, O(1)—H(D)# T e TR,
O()—H(1) K4 0.0994 nm, i 5t £ (BCP)HLfif 25
FE80.3114 au. a1k M5-F 38id i 4& T5-F ik
K M6-F, HIEILHEA 12.52 keal/mol, A S B )54
BB AEES T5-F 1, C(3)—C(4)2 I8 18K i
0.1352 nm ¥K 4 0.1379 nm, FIf 7 £(BCP) L 24 &
i 0.3394 audili/NA 03246 au., C3)—H()MEK A
0.1475 nm, FIf 7S (BCP)H M N 0.0996 au., &
B H(DIZHTLE O()JEF, O(1)—H(1) 5z i 2,
CR)—H(# B, fEPEAE M6-F H, C3)—
H()# E 52 B, C3)—H()AE KA 0.1105 nm, #
Il i (BCP) HL T 45 N 0.2613 au. HJE]4A M6-F Jit 2
InF3 JE R4 P2. C(4)—O(D)HIE K1 0.1235 nm 48 H
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Figurel Geometric parameters of the compounds in the pathway of N-methylindole reacted with keto ester catalyzed by InF;
Bond length in nm, BCP in a.u.
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Figure 2 Energy diagrams of N-methylindole reacted with keto ester catalyzed by InF; (kcal/mol)

0.1218 nm, FIIf 7 55 (BCP)HLfaf % 1 0.3809 a.u 8N
0.4017 a.u.

& 1 FREREIETTCUE H, RN R1 544
SEARFE A MI-F P2, BB T 27.60
kcal/mol, FWIrh[a]{k M1-F fgfa @ 724E. Ak M1-F
5 N-H R R2 @I IERS T1-F R [A14& M2-F.
ELEEN 6.67 keal/mol. M2-F @it 1,2-fnp e B, it
HEA T2-F B a4k M3-F, HiGibEEN 25.62
kecal/mol, N N FE S DR, HhEA M1-F 5 N-F L]
WE(R2)IEIL T ES T3-F ik M4-F. iG1LEEAN 5.12
kcal/mol. M4-F i3 1,4-I1i e B, L% 4 T4-F KK
rhlalfA M5-F, HiG{bAE N 8.18 keal/mol. H1[A/{& M5-F
I ERS TS-F R A M6-F, HiE{LEE R 12.52
keal/mol, 7 1,4-INEC S EAE P IR, 1,4- 00 B F 75 2
WS BE AR, M ER ST, X5 B %P
(1) SCHRAH—ZXL
3.2 InBr; fE{L R R EE

BAT FTAR RS T, InBrs fEMEALF, FH 30|
Wi 5 TR B2 Tl S 2T B 1,2- R BSFR 1, 4- 100 1l 1) e 2 AL 2,
Horp s N AR R = B W, Scheme 2. iZ ML A [

K2 RVAERAERE

&7/ S TR NN B et/ < s A A EI R &
I 5 2 (BCP) WA 2 FE (B 455 A T 3, RBE&
A SonE R 4, Wit A R LG S5 AR
Aes W3R 2.

NS — R B RR TS R1 SEALF] InBry &4
A ELAL T P E R M1-Br. H 8] M1-Br 1 C(4)—0(1)
[FBE Y 0.1266 nm, FLATE N 0.3568 au. AHXT N
¥ R1 1 C(4)—O()#IHK T 0.0038 nm, &KW O(1)—In
BOLILNK. FHE, C3)—C@A)M C4)—CB)H r K 7
A EH 0.1462 F10.1551 nm /N~ 0.1418 F10.1532 nm, H
B Rl 0.2826 F1 0.2495 a.u iy 0.3053 1 0.2593
au. K O(1)—In BEHITEHE C(2)—C3)F C(3)—C(4)
AR, R C(3)—O()EIREE. HAREPLE I
(NBO)Z# AJ %0 7E ()44 M1-Br #1, LP(2)0O—~LP*(4) In
9 40.64 keal/mol, KB IAAF 75 45 58k R 438 [R]AH
HAEM. k2 RRe BRI LG H, a4k M1-Br (1)
AR RBEE AL T 25.41 kcal/mol, i B A7 ) {4
M1-Br 5 ¥R R e fAAE, Ser 7 AL IE 1 72,
HE A& M1-Br 5 N-HIEEN | R2 i@ 4 T1-Br 2
% M2-Br, iELEEN 9.27 keal/mol. 7EiVER T1-Br 1,

E, MM HBER Erq KR v

Table 2 Energies E, relative energies E, and frequencies v of the compounds in the reactions

Species Ela. E,of(kcalemol ") viem™! Species Ela.. E,o/(kcalsmol ") viem™!
R1+R2+R4 —8769.960553 0 T3-Br —8769.987953 —17.18 —307.4i
M1-Br+R2 —8770.001081 —25.41 M4-Br —8769.999870 —24.65

T1-Br —8769.986293 —16.14 —288.7i T4-Br —8769.984996 —15.33 —1255.5i

M2-Br —8769.990629 —18.86 M5-Br —8769.990271 —18.63

T2-Br —8769.947784 8.01 —1658.7i T5-Br —8769.968017 —4.68 —2122.5i

M3-Br —8769.988269 —14.38 Mé6-Br —8770.001496 —25.67

P1+R4 —8769.950609 6.23 P2+R4 —8769.969929 —5.88
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Scheme 2 Detailed synthesis route of N-methylindole reacted with keto ester catalyzed by InBr,

C(4)—C(6)BE LB LA, #KN 0.2001 nm, 7%
4 0.0870 a.u. {EHAI{A M2-Br 1, C(4)—C(6) 5 4= T
B, BN 0.1625 nm, B S 5 (BCP) HL faf % FE A
0.1999 a.u. M2-Br il 1,2-I0pk =B, &idIE#s T2-Br
TE R [A]44 M3-Br, HiEREEN 26.87 keal/mol, J & M.
DR, B JEA T2-Br 1, C(6)—H(1)Z [f) i1
£ H 0.1099 nm # KK 0.1369 nm, FIlf 5 55 (BCP) H. fif
ZRE T 0.2652 a.u il 0.1274 a.u., O(1)—H()F#K
N 0.1330 nm, FEIfG A S (BCP)HLT 2 E N 0.1249 a.u.,
RO H)IZH B C6)R T, C6)—H(1)BEZHi T2,
O()—H(L)BE L4 e . 7EH Ak M3-Br H, O(1)—
H()# C 52 R, O()—H(D)E K 0.0980 nm,
I J . (BCP) L fif %6 & 0.3298 a.u. ] /& M3-Br flii2<
InF; JE R4 P1.

HiE & M1-Br 5 N-FUEER| B R2 2834 3 T3-Br
JE A M4-Br, JE1LAEN 8.23 keal/mol. fEIVER T3- Br
1 CQ2)—C(6) LB TEL, BN 0.2111 nm, HIlEFH
(BCP)HL{# N 0.0661 a.u. 7£ 91844 M4-Br EP,
CQQ)—C(6) T ek, BKN 0.1595 nm, FIlE T A
(BCP)HLi{ 25 9 0.2012 a.u. M4-Br iB3d 1,4-I1ESN,
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Mepe 5 I PR T P e I AT 2L

23S T4-Br JERCTEE M5-Br, HiE{LEEN 9.32
kcal/mol. TEIFEZS T4-Br 1, C(6)—H(1)Z A 15K H
0.1101 nm K4 0.1395 nm, 4§l 5 £ (BCP) HLfif 55 i
i 0.2667 audd/hAy 0.1225 au., O()—H(DWEK A
0.1245 nm, #iEA HS(BCP)HAZE N 0.1551 au., £
B H(D)ZETES C(6) T, C(6)—H(1 )5 iZ i b2,
O(L)—H()EE L L. fEH A M5-Br 1, O(1)—
H()# 52 4K, O()—H()RE KN 0.0997 nm, #
I 77 5. (BCP) HLfaf % 4 0.3082 a.u. 1 [i]4A& M5-Br il it
HEA TS-Br S HEIA Me-Br, HiGfLAE A 13.95
kcal/mol, N[ #ESE LR, S TS-Br i,
C(3)—C@)z lalfrs £ 1 0.1340 nm #K 4 0.1379 nm,
BEIG S A (BCP)HL % 0.3446 a.udi/h A 0.3250
au., CO)—H(OHAIE KN 0.1454 nm, il 5 55(BCP)H,
RPN 0.1043 au., B H)ZHIEE O(1)JEF, O(1)
—H()EZHWZ, C3)—H)ECE K. (£ H
& M6-Br 1, C(2)—H(1)# 258 2T A, C(3)—H(1) %
K4 0.1105 nm, BEIf 75 (BCP) LM ZEA 0.2717 au.
HH [E] 4 M6-Br i 2 InBrs JE A4 P2. C(4)—O(1)11)%
Ki10.1235 nm 489 0.1218 nm, il 7t £(BCP) HL A 4%
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Figure 3 Geometric parameters of the compounds in the pathway of N-methylindole reacted with keto ester catalyzed by InBr;
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Table 3 The activation energies AE/(kcalemol ") of each stagnation point under different solvents conditions

Path DCE C,HsOH CH;CN DMF DMSO Path DCE C,H;OH CH,CN DMF DMSO
M1-F+R3—-T1-F 6.67  6.05 5.84 5.83 5.77 M1-Br+4—T1-Br 9.27  8.86 8.76 8.75 8.01
M2-F—T2-F 25.62 26.64 26.80 26.81 2690 | M2-Br—T2-Br 26.87 27.65 27.82 27.83 2793
M1-F+R3—T3-F 5.12  3.82 3.72 3.85 3.67 M1-Br+R4—T3-Br 8.23 7.67 7.56 7.55 7.51
M4-F—T4-F 8.18  8.24 8.27 832 777 M4-Br—T4-Br 9.32  9.68 9.75 9.76  9.79
MS-F—TS-F 12.52  12.86 13.11 13.01 11.54 | MS5-Br—T5-Br 13.95 14.03 14.52 1443 14.29
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