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DFT Study on Mechanism of Ruthenium—catalyzed meta Sulfonation
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Abstract The transition metal catalyzed direct C—H functionalization reaction is an important strategy for selective activa-
tion of aromatic C—H bond and its functionalization. In the present study, DFT method (M06//B3LYP) has been used for
mechanistic study on the Ruthenium-catalyzed meta-sulfonation of 2-phenylpyridines reported by Frost and co-workers. All
calculations involved in this study were performed using Gaussian09 suite of program. The proposed mechanism consists of
four main steps: pyridine directed ortho C—H activation, electrophilic substitution, reductive elimination and catalyst regen-
eration. It is found that the ortho C-H activation is the rate-determing step of overall catalytic cycle. At 298.15 K and stan-
dard pressure, the KIE of ortho C—H activation step was calculated for the model reaction. Good agreement has been gained
between the calculations (KIE=4.8) and the experimental observed primary isotope effect (KIE=3.0). The regioselectivity
determining step of the catalytic cycle is found to be the electrophilic substitution. With the coordination of Ru center to the
ortho carbon atom, the electron density distribution on the benzene ring of cycloruthenium intermediate changes accordingly.
The charge distribution and the steric hindrance around the Ru center then make the electrophilic substitution occur favorably
at the para-position of Ru—C bond (the para-position of directing group) in preference to the chelating-C or the ortho of the
chelating group. In one word, regioselectivity was determined by electrophilic substitution, rather than the directed C—H
activation. In the process of reaction, K,CO; played an important role in promoting the reaction. K,COj; first participates in
the ortho C—H activation, and then it stabilizes the TsCl dissociating intermediates. In the electrophilic substitution step,
K,COs directly engages in the cleavage of C—H bonds. Finally K,COj; takes part in the generation of ortho C—H. As to the
solvent effect, we found that the rate determining step changes with the changes of solvent polarity. When the solvent
changes from acetonitrile to toluene (or dioxane), the rate determining step would vary from ortho C—H activation to the
TsCl dissociation and the reaction activation energy would increase accordingly. This trend is consistent with the experimen-
tal yields reported by Frost et al. All these consistency verify the calculation results provided in this study.

Keywords Ru catalysis; meta sulfonation; C—H functionalization; mechanism; density functional theory (DFT)
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Figure 2 The energy profiles of the meta C—H activation of arene (values in the energy profiles are Gibbs free energies in kcal/mol)
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Figure 3 Optimized structures for selected intermediates and transition states involved in arene ortho-C—H activation steps. Bond lengths are given in A
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Figure 7 Optimized structures for transition states involved in arene meta-C—H activation. Bond lengths are given in A

[ —e— Total energy along IRC |

-3022.354 -
e
\.\.
-3022.356 el
o \'\.
e
9 -3022.358 - / ~e
:‘,;t" i 4 <
S, -3022.360 / f{ )3’5;\#
S g ] '
= 1 / veq?’ﬁ"
| 4
T 3022362 / &93/
P d e
-3022.364 - ,I S #
v
-3022.366 -
v I J 1 I J 1 ¥ I L 1
15 -1.0 05 0.0 0.5 1.0 15

Intrinsic reaction coordinate

Bl 8 ts-2-C(2)-3 ] IRC 4>#7
Figure 8 The IRC analysis of ts-2-C(2)-3

int-9-C(2), HCI fll K,COs. 3 = Fid YA ts-2-C(2)-3 1
(1) KoCO, 5 S 1) 2- 2R Lk me A A EAE . 12 P2
SR m A Cl B H R AN A, w2
KyCO; FMAIR TR HEES A, RNAESES
ts-2-C(2)-3 J5 4% int-9-C(2), KHCO, 1 KCL. H =911
AT A BE T RN 2. X int-9-C(2)iE T T IRC 43
Br, Wk 8 Fran. nlLLA A C—H 83 H—O 5

1390  http://sioc-journal.cn

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

MIAE R, KHCOsKCl i 73 5 R IR IR A7 BE 2 98055
IRC )= AT At 25 A I KHC O3 K Cl 138 7 85 25.

R, AN T AEPYAS S A R A A3,
B AL =MANFRE S C—H 8w 8 I S A X e =
fH (5 VS B ARG /) ] 2 2% Supporting Information).
MR IR BT AR, DY SONAT 5%
Rt A, AR S R P A RE e A,

Acta Chim. Sinica 2013, 71, 1385—1395



W F F R

B KoCOs AR T HHEAR AL, B2 5k AN
B AR FRA TG I TsCLHfF 1) CLU, MR
SO, 55— 51, PRBRAR ) AR YA )
N SUARRT RE R, BAT T T BURIAE CQR)ArE R A
C—H JH SR S AR, WAt CQMLr
L (RIIBUACHE PR TR) A7) A A= 25 F AR AR SX DU A S A w
AR

1 ts-2 FEARFIEAIE R AT B (keal/mol)

Table 1 Relative energies (kcal/mol) of ts-2 in different transition state
forms

ts-2-C(1)-n  ts-2-C(2)-n ts-2-C(3)-n ts-2-C(4)-n
n=1 6.6 —6.6 1.0 6.1
n=2 05 —9.5 —4.5 —1.8
n=3 —6.7 —269 —22.1 —12.0

Z G ERA B IR S D, FRATTEE R LR A
Z 5 C—H iE A HER Ts R — A T IEA,
TEREICT R — M IR 7 LA, 2RI IR HL 3% B o AT
SIAH IR AR S A A O OB D - PR A0 A 2 B A I FE
o, RS GWHORATR CUSiA. BT LLIRATHE Y5 X ol
Alfg, Wb T TsTHEBCT R A If B IS, CU s
S A b, B Pl P e e U S R AR
IR B A B = A HC L LI (ts-2-C(2)-4, K19).
AT T DY ICHREPE A ts-2-C(2)-4 HIMIXF et KL
HAEE(0.8 keal/mol)Lt ts-2-C(2)-3 wii 27.7 keal/mol,

i

: +
— N
e TN >—Q
«
O - e

ts-2-C(2)-4
0.8 kcal/mol

ts-2-C(5)
-11.9 kcal/mol

C-H=1.116

C-S=2.549

B9 [fr C—H WG I rh ) A A I L ).
iy A

Figure 9 Optimized structures for transition states involved in arene
meta-C-H activation. Bond lengths are given in A

Acta Chim. Sinica 2013, 71, 1385—1395

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

VLK AN E RSB, ), BRI T Ts' H#
XL Ru AHIE C(5), BUAR Ru AR5 IR Bt 11
H(ts-2-C(5), K 9; Path g, [ 5). iZiLJEF ts-2-C(5)fig
HIAF] T —11.9 kecal/mol, tHEL ts-2-C(2)-3 HiH T 15.0
kcal/mol.

LRE 8 B, SRR C—H Wi
211 ts-2-C(2)-3 WEAS 2N F k1t (Path d, & 5).
2t 117 ts-2-C(2)-3 il 2 KC1 1 KHCO; J-/E sl =)
int-9-C(2), HAFX}fE k) —59.2 keal/mol.

23 FEHEBEELTIBE

B R ARG AR B int-9-C(2), B R EAT 4B
i C—H ML, AT B ST R,
Path h F1 Path i (] 10). &A1 [0 11X 50 3 B 2
KC1Z: 5. 7% Path h ', 7% int-9-C(2)it it JEAR Ak 1
int-10, HJ KHCO;*KCl H1[#) O(1)H AR C1 5 Ru FLfr. Bt
Ja & A5 5548 C—H IS ISU RLJE A ts-3,
TERRE BN 4600 R 2Bl C—H 8, 5304 int-11.
4 Path h A [A), Path i ' A KHCO; 2 51k 5 MY, [F]
FES IS/ TC IR YE A ts-3" i int-11". FRHEIRAT]
HITHEE, ts-3 Lh ts-3'AE &K 7.0 keal/mol, [A[tk Path h fE
EEAPLE. AEIC SRR G int-11 A 2- 5k
e S ARE Y AR AS B, AR int-2, SEEL T AL
TR, SERCT SEA AR,

7R 10 T, EHAEKY int-2 L int-9-C(2)fE 5,
B A At 258 fe R AEMEAGAG BR e N We? Sk Br b, A
int-9-CQRQ)Z&J1; ts-3-1 &L int-2 [KI5ALAE N 20.2
kcal/mol, LL#RIEZ(K) 21.2 keal/mol B, )71 LRi#é
AR 2 R AR, Ak, AR B i R A4 int=2 o] i
R SRS N A B int-3, IR 12.4 keal/mol. 1M int-2
Tk 39 2 N A B int-9-C(2) 75 B 4 8.8 keal/mol. it LA
I R AT —ANMEAE A 2 ) 1 R H, A
2 L 2R R int-9-C(2) N 4.

2.4 HIBNEE

AT T RNZ D) T 48 C—H 3% i HLIUAR
T T BRI AL R P A AL AR AL (B 11). 5k,
Ru(p-cymene)Cl, fll 2-PhPy £%4, 5 K,CO; Ak
int-2, RIGELLOGIRMERGE . 4007 C—H 35N NI
b, RN IRREZ2 N 21.2 keal/mol. 7 298.15 K {1
FER, WA C—H 31— KIE {50 4.8(FL 4Tt
Hik#£27% Supporting Information), 5 Frost /N W42
B — 8 S35 R 230 (KIE=3.0)— 3. 2% AR
H C—H BRI — D VAT s IR, A7k R AR
PSR IR R N AL B NIRRT, KoCOs i3 T
FEEI. K,COs 1562 T4 C—H G, BfiEH
€ T TsCLE B a4k, 7Es U —2 1 C—H ik
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Figure 10 The energy profiles of the reductive elimination and catalyst reactivation (values in the energy profiles are Gibbs free energies in kcal/mol).
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H E IR TS gE B, AT LA BT [ R Ak )
T1 T o R S B A 5. DT B AR e A,
Frost /N B4 H2 H A B30 4 J o m) M40 il 2 54 P A
Bl o v AGAE A SR A AR R 2R AE 4 A, A R Ao, B
ST ARPE X WA, BRATE 2-F It e Fn
int-6 i T NBO HLfar AT (F 12). HHil 585 RIRATE I,
7E Ru 5 3400 COEE A )R, %R T I8, %
RERR R CQ2)FI C(A) T HL T2 FERER,  [R] B FLAd A7 A1)
Ho, %85 AT sk /S, A3 PR N A ) R AR S AR
N SCHHTALBRAE, AL R NV R A AE T Ru-C IR0
7 C2), RIS mAz. NBO 4347 1) 45 R AR EAE T
Frost /NHFAEI, Ru X ZRFRECAL 5 1S 1) H A 20 A A2 4k
JEARIR R T [ EAR S5 IV 117 32 2 i PR
2.6 AFIRIEZ M

BAVRIN Frost /NAAETRIE SLI0 S A I, [ W 77
7= BT BRI RS, LEV IR BN A, 7 2R A5
/N, BEAE VS FURAESE O, 77 SR BB R CA A AR R /s
FEAIS U0 toluene, 77360 5%; 4 Af I AR MK
CH;CN I, 770 62%). A THFFUXANILG =4 1 IR
PR, FRATIFEAE 5 (R 77 3R e B0 T = AN e Y 1 v 771
(toluene, dioxane, CH;CN), Jfit 4 T ¢l id 25 i o ) 44
(int-3) 5 I PR (ts-1) I FE R 22 (AG) (3% 2).

ML 2 ITE B S R BATRT U 2 () 4 (ine-3) S5 i
PEA (ts-1) [P RE 5 25(AG) H AR Bl A B 388 T B A, 5
SEIG VNG, FATIIE KU AT AL DR A PRt 20 A o [ 4
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£ 2 int-3/ts-1 F int-5/int-7 7EA R T AOAR R B E A AT BE A
Z(AG) (FH i B fHEHA7 A keal/mol)

Table 2 Relative energies of int-3/ts-1 and int-5/int-7 in different kind
of solvent and their energy difference (AG) (Gibbs free energies in
kcal/mol)

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Gins G AG=G1—Gins polarity Yield“/%
toluene  —34.8 —15.9 19.0 2.40 5
dioxane —36.8 —18.3 18.6 4.80 27
CH;CN  —23.8 —2.6 212 6.20 62

Gins  Ginr AG=Gip7—Gins  polarity  Yield /%
toluene  —34.1 —12.1 22.0 2.40 5
dioxane  —36.6 —15.0 21.6 4.80 27
CH;CN  —203 —5.8 14.5 6.20 62
“ quoted from Ref[12].

(int-3) 5 1% & (ts-D I BNE B M 1ini3=0.791 D, 1=
2.527 D), #AIMIESE K RE & 22 o O, AR X —
HEWE, FAT TS5 T A BRI — 2R, int-5 Al
int-7 (tin.s=3.024 D, win;=4.999 D), LUMEEH AR %
IR EE 22 W R . TSR WA R A AR 1 A
(toluene FI dioxane)}, NV [FJ P Dbt 2 k2L T A%
. WNFE 2 iR, 2448 H toluene F1 dioxane 1E K 571,
PR TsCl R — 2RI int-5 25 int-7). W
fe22r 5k 22.0 keal/mol K 21.6 kcal/mol, HLffi
CH;CN AE R ¥ A S g8 S m) A7 C—H AR
M HE 21.2 keal/mol %5, T 5745 B 5 i AR X2 7
X T 201 Al R R W K B A — 5, A A
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Figure 11 The energy profiles of the catalytic cycle (values in the energy profiles are Gibbs free energies in kcal/mol)

A 1

1393

http://sioc-journal.cn

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

1395

Acta Chim. Sinica 2013, 71, 1385



cé Ce) Sl N
e \_7  cw N
C2) c) cEe c)

) ce)
2-PhPy int-6
C(1)=-0.214 C(1)=-0.197
C(2)=-0.233 C(2)=-0.256
C(3)=-0.227 C(3)=-0.209
C(4)=-0.232 C(4)=-0.251
C(5)=-0.196 C(5)= +0.024

Bl 12 2-PhPy 1 int-6 [] NBO 24t
Figure 12 The NBO of 2-PhPy and int-6

Frost /N (¥ S 56 LI 1) 7 S AR AR MU (B A4 Hh K —
mst, BATHE S AR BN R, T BrAy s )
LA 1 mol/L. A THSL o JA TAT % 18 ER AR
(KD ARAE, (ELAE S o S 2 2 PR P A 0T e 2 5% Wi R

K. DRI S o e 3 7 PR 5% PP T P TR I
3 it

IEFEE AL C—H WAk S N2 AN T WM & A Bhik )
SRR, Frost /N B T Ru A0 SIEEL T 43 i) 2
()AL C—S BARR N, fEASCH, AT DFT J5ik
THEWIIT T 1% Ru fEAIERE 5 ) TR 47 Rs E A0 (P AL
TR IR N2 T4 C—H 364k SEHIR. b
R BRI B AR VYD, Hoh 3 4RAL C—H ##E L
KRNPIENS, SN AERN 21.2 keal/mol. & HLEX
A C—H B — D [ NAT fUEREAD, RN Re i
LA o BRI AL . AE RN, K,CO3 5T
C—H BEMWr R LB, JHE R T A8 TsCl 2 i ]
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4 HEFZE

A FTAT V3K Gaussian09 FE e 5e P, 78
P B AL R, SR S 72 bR B 8 (DFT) J7 ¥E I
B3LYP™, %32 ok 53 2 T 48 Ru LA
MU P24 % Ru fe K A Lanl2dz i #3754, %)
S JRFMAH 6-31+G(d)AaHF3dl, el A
6-31G(d)FE4l. ZERFEMTHE KPR, iy BT
ARSI HT, DA 25 B a2 P TR COC R A0 sl 7 i % 4
(AN HRA). AT P R S AL FR(IRC) BSOS 41 i 24
SERREAT RN AR AT, DA A o A S R S
YR C AR, RN FRAT 5 R T, HH
FAEARALTH S, B3LYP 58k, A1 e 1 A
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