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(C—H bond cleavage) ' é/Q [
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Y
Ph AN Ph > Ry(OAc)
> | —RioA), —= & 5a
[-acetoxy elimination ~
(C-O bond cleavage) N7 N
/ /N 4a
—
6a

Figure 0.1. A plausible mechanism of the C—H alkenylation of 3a with (2)-2.
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DNy TN TGOV T ORI ZIToTE A, 7ok U AGFET,
RuHCI(CO){P(3-MeCsHy)3}3 (19¢) & filfit & L CHWD Z & T, I T 57 b2 24 BERKT 5
Z & B L72(0.12),



0 o) cat. 0]
B RUuHCI(COXP(4-MeCgHy)a}s
OMe o (19¢) >
N o > (0.12)
dioxane
24

22 23a

WIZ, kD PV 7 2= LR A7 4 VA 20a TIXBUSTEDZ Lo T2 AR IA RS
STFGHERY by 24 ORFIKFMEOHEBENLRT U —MERISICE LT, fFIZ
RuHCI(CO){P(3-MeC¢Ha)s}3 (19¢) & Mo 5 B IZBARE 22 RUSTE D A B8 B 72(0.13), Z D
KO TSR IRME L2 5 BRI FE K ERE IR L BRI & TR ERIR Ao 2R
BT U — /L3 AT 2 R I AR RIS B340 TOBITH 5.,

cat.
RUHCI(COXP(4-MeCgHa)s}s

o A|r Ar O
-B.~y (19¢c)
(oo
O O ¥ % CsF O O ©.13)
24 25x

pinacolone
23x



N

FB1E LT oUAMBICIXEZTA TN AT A EAWEEREILEH D
MEEROEET V=V EOKIGH#EICE T 558

=

ERE B A W ERIERFZ KBRS OBEET V7 = ARSI, — B TR 7
TR EEE X DT DFDOBBENEANITEATNS |, ZHETICHEENTWVAE
BT NV = ALRGIE, REL DT TRIRT S OD X A FIZHETHHENTE S,

type 1) RFE-—KREHEGOT L x L HA~OM (1.1)°

H
R' catalyst
Ar—H + Wé/ NW/KW (1.1)
R
type 2) RFE-—KFEFEG L TN L HHE OBALH A » 7V > 7 (1.2)"°
catalyst Are Lo
ArH+ YR xidant R (1.2)

type 3) T UHHE KBS HEKE LCTHWEBAZED v 7 U 7 (1.3)!

catalyst

Ar—H + g AR + R (1.3)
type 4) HHGBRE LD/ a2 v 7V 7 (1.4)"2

catalyst

type 5) T AT ZANTG A RRT AT =) UFATGA REDH v T Y o7 (154518

catalyst Are_~ (1.5)

Ar—H + X A\ R

R

BHEER BB DT VX A~ OB IR S (type 1)° 1. & b F 2RO &N
KIS TH 5D, 1979 F, HFELIZX o THESNTn Uy A2 W SR, 20X A
T ORIEDRAI OB & 72 5 (1.6),

©\ /Ph cat. Rh4 CO)12 H
o, (1.6)

Ph

Z D%, Bl 2 WAL ERIN 27 v = b b 8 < iE S, ox obisE 7 Lr—



TTH ATy A AW NI ERE L TWAER, 2O DO TIEHAWS 7L F
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D =
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F7o, EZWORLRDZT NV =TT — b2 OGEE B LR, ZIRICk L CTE
RO BIEHEMENE WD Z & & B LTV % (Table 1.1),

Table 1.1. Alkenylation of 3a with various ratios of (£)- and (Z)-2.

Z

=
| 5 mol % |
SNT 4 A0 A @ “Ph  Ru(cod)(cot) (1) SN
OAc toluene _
E-acetate  Z-acetate 120°C, 24 h Ph
3a 2 4a
1 equiv 3 equiv

entry E:Z ratio GC yield of 4a
1 59:41 88%
2 20:80 91%
3 97:3 43%

IO DORERICFE LA WIS & LT, MUPIRO L D 72 flllid- o 7 v a2 HEE LT
(Figure 1.1), 3 72bbH, LT =7 Al A 12532 3a @%ftﬂ@f#bué:iofﬁ$—7k$%
BN S E B U RESE B 3 ERT 5, St T2 DAT =7 At U R~DOffi Al
THEBCE G X, 220b -7 M UBHEHC L > T2 @%%—ﬁéﬂefk/\bx@m%m i
L7 4 UKD AR T 2. < L7 4 L DAT =7 A—jRFE~DFEA L B-KEBLBEC K
o THRY 4a L FEER A G 2, A AT LW HHIETH D,

Z
|
N + AcOH
> Ph [Ru]
4a H A
[Ru]—OAc =
/ Ph
[F/<u1~(
OAc

=
NPh N Ph /
[RUI_I ( iy ]i\
D H
¢ )

Figure 1.1. A proposed catalytic cycle of the C—H alkenylation of 3a with (£)-2.
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B U727 = = VIO ED R D 2 FHEO LR N B L Z 111 Ol TEON., T DOKIR
PEIX(E)-KTH D Z & NOESY JIEIC LV IRE SN TN S(1.19), ZOFRERIZ, 7=
TATNDA VT 4 VIRFED—EEFMBRBREE BN 2R LTEY, 20 A7
MIBTDHA VT 4 VR D OFEEZ ZFTOREL S 25,

& 5 mol % a
Ph
~ . e Ru(cod)(cot) (1) \N
N |
OAc toluene
H 120°C, 24 h =~ ~Ph
3b 46% conversion Ph*
1 equiv 3 equiv
Ph = CgH5
Ph* = CsD5 (119)
=
g
zd N
N | /
—_— H [Ru]—OAc
S
PR
L H _

LALZ2 6, ZHVE TORGHCIRRS R ERRI) R B LR, OG0 BLE2R 22 8LH
RENRENTWeoTz, TD7h, KT V7 = LR s OBREN I Bfg Sz &
FE W, 22 TERIL. OISO DM R 2 B0 & L TR 21T o 72,
%1 H ISR E DT 21T, ARBUSIZ T 2 RE ORERTE &0 DA BRI
B+ 2ELRE21T-o72, & 2 B CIZ OGO TR BEE LGSR E, BLOZEORIGH
DOWETEIT -T2, 3B 3 BTN DT R TOMEN DS FEO IRV 7 L% 552
L7z,
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BT OSSR Dt
§ 1.1 SO IHE O iRt

ST E DO FRMT X, Ru(cod)(cot) (DL Z FVN = 3a & 2 E OIS L D T v = (b %,
R U190 °C TITVY, T = WAL R 4a DA% 'H NMR (2 L - TRl L 7=,
72 3a OPRE([Ba)icxt L T2 ORERDZRKBENZT HZ & T KSEiE L C21IT&/bL
BRNET DB REMET TN TORIEE T T2, RRISICIIT 5 AERY 4a OERIZ, W
NOLE S ISOHEITIZHE D 3a OWAICHEb LT HIC—EThH o7z, o T, HEEKE
kops=d[4a)/dt & LTHEZ, 1, 2 BL ' 3a OYHIREZZ(LSE T, TRENOHEEH %
K& 7= (Table 1.2),

Table 1.2. Kinetic data in the C—H alkenylation of 3a with 2 using 1 as a catalyst.

= =
| . Ru(cod)(cor) (1) |
N e " ph toluene-dg /N
EZ=66:3¢ 90°C Ph
3a 2 4da
0.1-0.3 M 0.5-2.0M
entry [3alo (M) [2]0 (M) [1]o (MM)  kops X 10" M5 ")

1 0.10 2.00 10 104
2 0.20 2.00 10 7.8
3 0.30 2.00 10 54
4 0.10 2.00 20 14.5
5 0.20 2.00 20 11.3
6 0.30 2.00 20 8.6
7 0.10 0.50 20 2.9
8 0.10 1.00 20 5.8
9 0.10 1.50 20 11.3
10 0.10 2.50 20 18.6
11 0.10 2.00 1 2.1
12 0.10 2.00 3 5.1
13 0.10 2.00 5 59
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HEALEY 3a OPIEIE(3a]0)% 0.1 M—0.3 M OFiPH CTA(L &&, 3a OREKRFEZH
AT FER LD FIFEFE([1]9)72% 10 mM (o) (Table 1.2, entries 1-3),20 mM (m) (Table 1.2, entries
4-6), WTHLOHEIZBNTYH, [3a]y DM E & BT kops DIED/NS K T2 D FEN Do 72
(Figure 1.2), —J7, JEICB_7= X 9127 T = AbIK da OARGEHE T, 3a OFREZELIZE
DOLTHEIZ—ETHDLZENGNoTND, 2D OFRERITHT 2 A B & LT kobs
73[3a] & [4a)OFNTHEFT D L WO iFIRAE T2 HENTE D, T7hbb, ARKISICET 1M
A, HEFILEY 3a 13T V7 = UALAE W) 4a % 50 RTEMERE & O FEPRIEICH 5
HERBELTWND,

16 1
n

v 12 -
= ° "
S~
S 8 1 ° .
L}
x °
«‘6 4 A

0 T T T 1

0 0.1 0.2 0.3 0.4

[3a],/ M

Figure 1.2. Dependence of [3a]y on the rate constant ko in the C—H alkenylation of 3a with 2.
Reaction conditions: [3a]y = 0.1-0.3 M, [2]p = 2.0 M, [1]p = 10 mM (e) or 20 mM (m) in
toluene-ds, at 90 °C.

TN = ATV 2 OPERE2IO)IZOVT S 0.5 M—2.5 M O#iFH Tii~X7=(Table 1.2,
entries 4 and 7-10), Z DHHE 2 DEERFEIIBIZ 1 RERD, TV =L AT )L 20
ALHEE I B 5. LT D F3 R & 7z (Figure 1.3),

20 7

[ J

216- o
~ 12 1 )
=
x 87
e [
x 4 A °

0 T T )

0 1 2 3

2],/ M

Figure 1.3. Dependence of [2]y on the rate constant k. in the C—H alkenylation of 3a with 2.
Reaction conditions: [3a]o=0.1 M, [2]o=0.5-2.5M, [1]o =20 mM in toluene-ds, at 90 °C.
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WIZVT =7 Akl 1 OWIEE(1]0) % 1| mM—20 mM O TEL S8, 1 OREEERFEZ
FH X7z (Table 1.2, entries 1, 4 and 11-13), ZDOFEER, 1 OREITIISHEIZHEL 5255 D
D, TIREVIT/NSVME & 72 5 7= (Figure 1.4), T OFERIT. 85K 1 23T b 2 O R 4 5 A
TWHHEERELTEY, IR LE 3a £72013 4a 250 AREMERLVT =0 LR OIFE
EXFLTVWD

16 1
°
v 12 -
> °
S~
S 8 A
—
xm ° L]
Q:é 4 -
°
0 T T T T 1
0 5 10 15 20 25
1],/ mM

Figure 1.4. Dependence of [1]y on the rate constant ks in the C—H alkenylation of 3a with 2.
Reaction conditions: [3a]o=0.1 M, [2]o=2.0 M, [1]p = 1-20 mM in toluene-ds, at 90 °C.

Flo. T =RIC L > TERT D LB 2 BN HEEEE. 3 L0 Ru(cod)(cot) (1)HIZED
1,5-COD (Z2W T, ZDOWMMISHEIZ G 2 D5 B % 7= (Table 1.3), F 3 HElEZHM
Hle L THWESGE, BIIOT V7 = AU HEIT L 722 s> T (entry 2), ZAUik, HEEEDS
fREEERE D B 2 T 7ol b LB R ROSOEIT MR S NI RICHIRRZ A, £ D%
DS DFMZAT D F L Uiz, TORE. BN HFEIIAE &, EREVThoOEEIC
BWTHBUSHEIT L, %0)pr HRE BT R S 72 h > 7= (entries 3 and 4), — /7 C.
1,5-COD Z filt i &N L 723581203, BOSIRE DS BT 5 Z L 23453 > T2 (entry 5),

Table 1.3. Effect of additives.

7 7
- | Ru(cod)(cot) (1) - |
N AcO,, addive 22™ N
¥ > pn Y toluene-ds _
E:Z=66:34 90 °C Ph
3a 2 4a
01 M 20M
entry additive [additive]o kaps x 10" (M -5
1 none — 14.5
2 AcOH 35mMor0.1 M —*
3 AcOH 35 mM 14.4
4° AcOH 0.1 M 15.0
5 1,5-COD 24 mM 12.2

42 was not detected. ® AcOH was added at 200 min after the reaction was started.
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28 RIS EEOEEE L 2 O SOGH

§2.1 VT =7 LIRS BN 6 DA & G E
KT NWAr = MAGIZE T 2 BOGH R ORISR E % HAY & LT, Ru(cod)(cot) (DFEAZ H v
TG EAT o7, VT = U AR LI L T2 YEBEOT AT =)L AT )L 2 BLOY
FRALAY 3a & v, bl 120 °C T3 BEMRIS SE2E 2 A, VT =7 LK 5a

BLO6a BNENTI 39%., 12%0D HEfIVER THE 5 7-(1.20),

Ru(cod)(cot) + ACOn

1 EZ= 66 34
=
2 equw 2 equ ~ l

N
/ (1.20)
Ru

toluene

120 °C. 3 h u(OAc )(cod)

39%

WIZHFIFRALAY 3b % A, Ru(cod)(cot) (NB LT L7 =Lz A5 )L 2 L [EHED UG
ZATo72 & 25 'THNMR IZ & » THIGT B85 5b 35 LU 6b OERBBIHI S -, ZOK
JEIZFRB VDT, 851K 5b & 6b O BERREETH 7=, HEHERIIRKEIETLEZLD
D, B—DfEfEE LTS5b % 10%152 Z &R TE(1.21),

=
o
= N
Z |
| >
> N
1 + 2 + —)t I +
oluene
EZ= 6(?‘:34 120°C. 3 h Ru(OAc)(cod)
2 equiv 3b 5b
2 equiv 10%

17



b1k Sa, Sb 3 L0 6a 1TV T E PC NMR 227 kL30T 180~185 ppm FHITIC 3a
F720 3b HRO T 7T AR SN EN D, T D OFERITI FR R FE-KEH SN
IC X DB EHERF-NT =7 MEREATHENRB SN, £7-, "C NMR IR 2~
ML 8D, 2HKROT 8L NEEZEZATWDLREATEINT,

(A 5a 35 LUV 5b 13 'H NMR R4 FE W& NMR A% kL7 8716 Ru(cod)(cot) (1)H
e 1,5-COD Bifr 1% —JERINL & LTH L TWDENRG o T, E285K Sb IR LTl
HRE X BRRREARAT &2 - T2 ORI 2 P L 7= (Figure 1.5), Sb I3 6 BNz /\ AR 1E D
SR TH Y | 3b DAL MI(CTTRE- LT = AFEGEFR L, © U DL EOENIC L -
TS EBEIL-F2ALTWDIZERHONERoTe, 7L MRITMA T, 2R
LD 1,5-COD b sl iz,

Triclinic, P-1 Ru()-C(7)  2.0733) A
a=9.3192(12) A Ru(1)-N(1)  2.069(2) A
b=10.6453(14) A Ru(1)-C(13)  2.196(3) A
c=10.8679(14) A Ru(1)-C(14) 2.2373) A
a=108.651(4)° Ru(1)-C(17) 2.170(3) A
B=111.833(3)° Ru(1)-C(18) 2.131(3) A
y=99.462(4)° C(13)-C(14)  1.393(4) A
v =897.7(2) A3 C(17)-C(18)  1.399(4) A
R =0.0306, R, = 0.0837

GOF = 1.260

Figure 1.5. ORTEP drawing of complex 5b (50% probability ellipsoids). Hydrogen atoms are
omitted for clarity.
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BE(K 6a 1 °C NMR 222 FLITHWT 70.3 38 LT 72.7 ppm (27 VA = ALEREY 4a
DE=VRFBICH KT DL 7 FARER ST, £72- 'HNMR 227 L T% 3.46,4.82 ppm
\ZA L7 4 VIKFE, Jun = 10.5 Hz), B LD da (xS T 2 EDMOD > 7 F V3 Z 2 Bl
SN ENL 6l T V=LA da ZENL T E LTHLTWD Z ERRB I,
Z DA 6a DA T HLAE G X BRI E AT IC X o T bR S 7o (Figure 1.6), 6a & 6 FIAL/\
HARREE DR TH Y | 3a DAL MI(CI2)E B Y DAEDOEN 2 & AT S BES L — bk
ERL TCWDLZ R LMNEole, o, TEHX MEITIMA T, 77 =LA
4a OBV VNVEOERFEF, BIOA VT 4 VELOBNIZ LD F L— MEEPHER I
776

Q\Q jy ¥\

Triclinic, P-1 Ru(1)-C(12) 2.040(4) A
a=9.3382(9) A Ru(1)-N(1)  2.039(3) A
b=10.7006(11) A Ru(1)-N(2)  2.103(3) A
c=16.4644(15) A Ru(1)-C(25) 2.098(4) A
a = 74.606(2)° Ru(1)-C(26) 2.188(4) A
£ =74.799(3)° C(25)-C(26) 1.415(6) A

y=71.863(3)°
V=1478.1(2) A3
R=0.0419, R,,= 0.0871
GOF=1.118

Figure 1.6. ORTEP drawing of complex 6a (50% probability ellipsoids). Hydrogen atoms and a
toluene molecule contained in the unit cell are omitted for clarity.
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§2.2 $EIK S BEON 6 DL E

BEA S BLOV6 1L, MIESISICHE VTS 'H NMRICL > TEDAEREHRBLTND, %
ZT, 67TV =T =0 AEERPAKRT NV = ALRISIZE S5 L TV A il R 5 7o
W, BSOS TRz 2 OSSR Sa, XN 6a L LCTHW, 1b O T L = AbBK
& & 4T > 7= (Table 1.4), = DFEF, cod $E1K 5a 1T oy AefiiEimE 2 /R L, IS+ 2 707 =
MALEREY) 4b % GCYLE 98% TH 272, Z D& & $iK 5a Bk 7 v = LAk 4a
b AREEIEAE T 50% 4 LTz (entry 1), — . 7V = /WAL 4a DISEEAL L 72 651K 6a %
filgft & U CHWESGE, SR L2 0D, T = AbIK 4b OYLRIT R E KT
L7z, T2, ZOBHA LA 6a B3 DERY 42 28 GC UK 110% T S 7= (entry 2), = D
FERIX, 6a IZEML L CWD T = bAER 4a 1INz, AV N A NALLIZ T = =L E
U AL AR IAEN TV D HEEREBE L TWD,

Table 1.4. Catalytic activities of Sa and 6a for the alkenylation.

= _ _
| 10 mol % | |
SN . AcO. _ 5a or 6a _ SN . SN
Ph  toluene - | P P
EZ=66:3¢ 120°C,24h Ph Ph
3b 2 4b 4a
3 equiv
GC yields
entry catalyst
4b 4a
=
1 / 98% (based on 3b) 50% (based on 5a)
Ru(OAc)(cod)
5a

36% (based on 3b)  110% (based on 6a)
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FRLORBFHZ B TS DK > 72 6a (X, 1,5-COD & i SHDHHET, mIEME Sa
NEBTHZEMEZLND, TZT6a D 5a~DisfbZHAE LT, 6a & 1,5-COD &
DRI EIT> T2, £, 6a & 1,5-COD ZEH b= TME L, 'H NMR (& 5B %217
ST23, 6a DY 7 FVTEET, Sa DAEMR BBl SNRh o7, LA L. Ru(cod)(cot) (1)
Z AW iSOG I BV CRIA T BRI 2 RN L CRBRO G ETTH £, 6a 1XT L7 =L
B4R da DERRZ NS Sa ~ LR 2 (2B T D ED 50 Do 7= (Figure 1.7),

IS DORFI S Ru(cod)(cot) (1) & HW T2 BESS TIX, 7 v = WAL AE R HISEAL L
725K 6a 12,1 3D 1,5-COD, B L O\ T V7 = /b= 27 )L 2 HROEHR & &5 T 5 HE T,
EIEPEZR cod BE1R Sa ~E B L TVWDHEEX DL ENTE D, WoT, BEHENHBELI LV
T =T LEEK Sa BEO 6a ITWT LB AT A Z VICE ENDHFREATH D ERRB I
7=

=
|
N = =
1,5-COD 1.6 equiv | |
Ph/Ru(OAc) AcOH 3.4 equiv ( | ;\l . N
toluene-d
uene-ag X Ru(OAc)(cod) Z>ph
5a 4a
100 }
90 L] (@) Q
9 °
80 1 M o)
o} 9 L
70 1 ®
] OCe
o 60 - Oe
g HQe
£ 50 A 0 .
z (@)
P |
Es 40 - ||
o® ]
30 o.
"
201 @ -
o n
10 P .
0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
time / h

Figure 1.7. Time-dependent ratio of 4a (o), 5a (e), and 6a (m).

21



BEIA Sa B LN 6a AL L CTHWZ 3b DT V7 = UALUSICEB W T, g RH kD 7 L
o = AR 4a ISFRBEE RIS D A2 R 7= (Table 1.4), ZiUEgko 41 s 2 Z kL
o7 2= VB UM ERDICIR D IAEN T D FE R T O/ THDLH, 22T,
bR Sa LEBED 3D AV, TAT AT ATIL2 EDRISEITo T, F DR R, 5K 5a
HRDT IV = VAKIK da, 36 JOUEE 3b HRO T V7 =L AL(K 4b 3 N E 4L 34%., 47%
D GC IR T HT2(1.22),

= =
N + = | N + 2
Ru(OAc)(cod) X E:Z=66:34
5a 3b 6 equiv
1 equiv
= = (1.22)

- N & N

toluene

120 °C, 24 h “ph A ph

4a 4b

34% GC yield 47% GC yield
(based on 5a) (based on 3b)

FFERIC, 5b & 3a L DORUSEATo 256 S, $61K Sb HRD 7 v = /WUALERA) 4b
23 GC UL 58% T H AL, M THEH KD 4a 2% 41%D GC YL THRL L72(1.23),

N N
-~ | N + N+ 2
N
Ru(OAc)(cod) E.Z=66:34
5b 3a 6 equiv
1 equiv
= = (1.23)
- .7 | NT 4 N
toluene
120°C, 240 X7 NP py A ph
4b 4a

58% GC yield 41% GC yield
(based on 5b) (based on 3a)

INODORER LY cod A S IZHIMTT VA= fbEli 4 2 52 5D Tidnl, g
3LDOFL— MEEDOAZHEZ R THERDICDIAFEFNTWVDL EEZBND,
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HEETHLIRA L D10, KT AT = LRSS BT bR FE- R REAEREEIT, 2 O 4
7 b B ioféﬁkbtz%l//@ﬁ]\ﬁxﬁ ThoiHEEZTWD, LrL, LT
=T LR S BIBETH - T2HA. T U — AT =7 AR S DX L— MNEBALIST 5 2
DEHER RN LS -7 ﬂ?‘/ﬂfﬁ%ﬁ X o TRRRIZT Vo = AV % B 2 % 1A%
HFE 2 HILH(1.24),

Q a Q
\N ACOH’"\/\Ph N \N
—
R P (1.24)
[Ru] [Ru] Ph
AcO
Ph

NTF = DRSS LT AT VATV EOR IS EIToT-E 2 A TV =LK 4b
WIVT =7 LEEIRITK LT GC IR 22% THEMK T 2 F 0353 02> 72(1.25), —J5. 5b LA Ui
JE @ Ru(cod)(cot) (1)& AWM ISDOSE . T A7 = ALAERY 4b 13V T =7 LEER 1

1% LT 362%D GC R THHINT2(1.26), ZHDHDFERLI D | IRFEIKEREGUIW 28T
R LTEBER S LTV =V ATV 2 & OEERNIR SRS X, FEEEO MRSz 0
THEEH 7R TITEW 2 EARB ST,

AcO
+ =
> Ph  loluene-ds ds
Ru(OAc)(cod) EZ=66:34 120°C,7h (1.25)
2
0.02 M 05M 22% GC yield
(based on 5b)
Ru(cod)(cot) (1)
0.02 M
+ 2
toluene-dsg S~
EZ=66:34 120°C,7h Ph (1.26)
0.1 M 05M 362%

(based on 1)
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§ 2.3 HKFIER I HR

FHEBALEY 3 ORFB-IKBZRFBEUWEFRRICET 2255729, 3a B L OEHAKRAE
3a-ds % F = EK BRIk 2 1T - 7=(Table 1.5), ZE&E D 3a 3 L O\ 3a-ds % Ru(cod)(cot) (1)
fRIEAFAE T, T = 270 2 RS SH, RO TR L7 3a-d, ICBIT 5 &
KFEDSAZF~T-, 'H, "HNMR, 3L APCI MS 227 h/LIT & BT O R, 3a-d,
DA IV LT H/D RN EIFZEEICHIT L TWD Z g molz(entry 1), £/, VT =7
LEEIR Sa & iR W2 356 b (RIBRIC AL ML T O 45 1-[H] H/D 2 #03BLHI S 4172 (entry 2).
FIZ, 1 ZREHZ V., 3a O—F O A MLOBZNEAKFE L2 3a-d, & 2 L OE%
ITolHmEICH, 3 FATO H/D ZWPERLHITHETT 22 LR ahote, T b DR
1%, 3 DRFBIKFEREECUIBERE DS, 7 = U LER % 5 % HimfRIZ XTI ITH
ZEEARBELTVWA, KIT, Ru(cod)(cot) (1)Z fREEIZ V7257 H/D ST\ T
TNT =V ATV 2 MR NEETRIGEIT T2, ZOREFR, TAT =V AT VAF
1E T TAiTF - 72 H/D A3 i L 1E B2 0 1a—d, DAL MMITE T TR B Y DD 6 f7(RY)
THOTICEAKBENEZ 52 LN o T (entry 3), —J7, 5a Z AL H W TRIERD K
ISEAT ST ZA TNV =V AT VAFTE FCO G & RFRIZEE O A4V ML TD A H/D
THBHEIT L, BV DI EADEKFEDOIY AL IR S L7220 7= (entry 4), HE- T,
FEE OIS RICI T D H/D 2 TIX, 784 MEEETe 5a M LU <132 ORIBRA
TH D RN RIS ST,

Table 1.5. Intermolecular H/D scrambling reaction catalyzed by ruthenium complex 1 or Sa.

Q9
\N 0.1 equiv cat. 1 or 5a
+ +
toluene
E:Z=66:34 120°C, 1 h
3a 3a-ds 6 or 0 equiv
1 equiv 1 equiv
Rt =
SN | R2
4a-d, + + s
Ri
3a-d,
| 1d of dacd D content of 3:1-11,,b
entry  catalyst 2 yield of 4a-d," - ,
! R R! R? and R?
1 1 6 equiv 2% 0.95D 0.96 D No D detected”
2 Sa 6 equiv <1% 0.95D 0.94D No D detected”
3 1 0 equiv — 0.95 D° 0.13 D°
4 Sa 0 equiv — 0.89D 0.90 D No D detected”
*GC yield. ® Analyzed by APCI MS.  Analyzed by 'H and “H NMR.
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TN =V ATV 2 KT HEKFEORY IABLE 5720 HAKFL LT G EBE LS
) 3a-ds % FLE & L THUW., Ru(cod)(cot) (DWARBEAFAE T, R R EEH T L =)V AT
L2 LRISEHE, PH NMR 12X BB & T-7-, ZORE, EAED 2 ~TVARTIEL
N ERERTET, BUSHHET LT VT = )VAKAER da-d, D3 E BRI ARL L 7o 24 WeRI1% 1 HEE
UL L7 T s =V AT )L 2-dy 12X LT hH, BARIZIEE ALV AERTOARNER
o 72(1.27),

= D (trace)
| 5 mol % 3
X Ru(cod)(cot) (1)
= N™ 4+ AcO, ~ 4a-d, + O, _~
G5 | " Ph  ‘oluene " W "~ Ph
Ez=66:34¢ 120°C,24h quant. o (1.27)
3a-ds 2 E:Z=83:17
0.5 mmol 1.5 mmol 2-d,
0.78 mmol

WIZ 3a-ds DT Vo = )VALHEZJIE L. 5 1 #Hi T2 3a DT VT =)L LDfE & g
T 252 LT, EARBRNAZDRKIE = kntkp) & 7T L 72(1.28), JFim CHBR72EY | AR
IZEBW TR S 7oAV MEO KB (ETIZEARB)NIT VI =/ bERM O ) LT =
ZVEED a MO RFBCHIMEL L THRVIAEND Z END(1.18), 3a-ds W T2MmEhHz kv
TE, 7T =AW % da-ds & U CRlll U7z, BOGOBEE 2 PRl U 72/ 3. R E 4
RERBENMIR ST, ARISIZENT 3a DRFIKFEREAUIWEFL T HBEPE TIZ R0

eIl

1 A
R ~
AcO 20 mM N
+ = P E—
™ Ph toluene-dg
EZ=66:34 90°C R ZPh
R R (1.28)

2 4a-d,

2.0M kops(4a) = 14.5 x 107 M-s~!

kops(da-ds) = 14.6 x 107 M-s!
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H3HET RIS 2B
§ 3.1 HEE PSS

INETORICHEICETIMREEZEZ LD L, RGOS A 7 VIZRO X 570
DTHDHEEZLNDFigure 1.8), 7, 7V =AY PV 3a 07 V7 = /ALA Y 4a D
RN K o TRONHRENELS 22D LW O FER, BROINHED VT =0 LMl 1 12
KT DREEFEN 1T RE D B/NSVWVETH-7-Z L L0, HHEEL7- cod $5K 5a 13, 3a <0
da DB L7 BEIR(F £721% 6a) & —E O FHERAEICH D 3a 0 da MBEBEL 72 & Z A0 B fil
BESOSIBAMET 2 B X N D W T USIEERT VT =T A7 )L 2 8 KT 1,5-COD
DRFEIEF L, BORKIGH D 3a OREEITEF LN & L0, 2 OFRALICHE <
1,5-COD DN TH 5 LB Z BN D(5a—G), F72, USHEER X OVE/KFE IR ER
DFERD D, 3a DAL ML TO H/D ZHT Z OWBBEOKZITH Z > TV d EHEREN D, —
JEECAL D 1,5-COD BN TN HIEDOA L7 42 2 ~EEH I N 2 & TR > 72
G 2L T, 3a ORF-AKRBEMBEOBIMMPELZSHZ LT FY FESHE H AR L
(G—H), ZNLBEOERET2 DOT7 U —/L B DU KR, R sa Bl O0REE 3aDED
SIZHETZ20DE MR LD EEZTWD, ZIhbt FaxZubH-DE, -7k
N UBBEA R TA L 7 ¢ UEHER I AR T H(0-d), W TAHL 7 4 U REL LN —TFD
TV = =T =0 AfEAICx L CTHRA LA—K), p-/KEBLEEZ i = 335 CHERE O it % £
W2 B, da BN L728ER 6a 2 52 5 & B 2 B (K—6a), fi%IZ 6a O RSHEOREF
225, 6a 23 1,5-COD, BLOEER & G T 22 & T, TATr = AbEkY) 4a %5 %, 5a
DSFRAE U ORI o 7 VR SERET D & ) B T & 5 (6a—5a),

AKEISIZBNT, BMAIE LT 4-AFALZF L2 MAThORET 5 7 V7 = bk
BonieholzEmns, AFLUEHEI Mo DA L7 4 UEARREIZJ—-K), Mo 4L~
4 EDTHE D bHENEE X HILD,

b LT N = AR DISBCAL L 7= 881K 6a 23, cod $51K 5a Z# X ICT7 Vr = L= AT )L
2 LB, BEEG B 5 2 TS A 7 VAL TV D LT 5 & (6a—G), 6a Z il L
THWET VT =2 MERISIZB W T, EOMBIEMED 5a LIk L TREIRFLAZZ &I
KT D EHMRBHAN TER, 1o T, RRISITEEK Sa 2% M e b FERREE T
bHoHLEEZLND, £io. ZOIK 6a 225 5a & 5 2 HiEFE(6a—5a)l BT HEEE DR L
L7 e b oAb Z R EHREMEZEET D2 L FERECRY, Thbb T 7=k
OBV UNHEBEFROT 1 h AT o TLERNJERERT D Z & T, < 1,5-COD DT
=T LASDENLE T VT = ERI OB S IC L TN D EBEABND(1.29), 71 b
MELTZE U DD pK, 5 THDHDIZK L THEEED pK, 2847 THHZ Db, 207
2 b ALE R D BB S EA R CTH D &R D,
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N
3a R\u(OAc)(cod)
N
7 \
4a, AcOH
Ru(OAc)(cod)
1,5-COD, AcOH 1,5-COD OAc)
Ph Ru(OAc)
OAC 3a
N/
N
R/ OA
- TR
\ Ac |
/N =
Phy  Ri(0AC),

Ph N
\
Y
K Ph. | N H>Z‘\RU(/OAC)
H
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| N 2 - C [71 AN
b e
—
|
J

Figure 1.8. Proposed catalytic cycle of the C—H alkenylation of 3a with (2)-2.
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ARETIINLT = AR LA T A = VT AT )V aE W= HEAL SO ESET Vi
=L D BOCHEIEIZEE T 2 BEIZ OV TR~ 7z,

FEHZZ, Fex DM NV —T N TN E TR LI A FBFE LAY 3 DIRFEIKFEREG LT
VI Z VATV 2 DT IV =)V R FE-TRFE S O A% % Ru(cod)(cot) (1) fAblEIZ L5
PLESEIRAERET V7 = ABBOGIZBE LT, BSOS EE O Eim i, 36 K OVEK
FIEFER AT 9 T, T OFEMRPUSHE O 21T > 72, £ DORER RBUSIZEBNT 3
DIRF—RFEREE WIS N KV T T2 F 2O N E L, £72, 2 OT V7=
IWVIRFB-BRFAE G B-7 & b T BBEIC L - TUIRr S dv, it 7 iz ds i) 2 A Bep X
NT =N ETD2 L 1,5-COD OB THDLH I Ll xR Lz, BIZ, &t
KoT2MEOT Y — AT =T LGRS & 6 ZHEEL, ZNOOHEEEZH LI LT,
BONTBHRD IS Z T _T2 L Z A, WTNLSAKRT VT = WAL ISIZ B TS 1 7
MIZEENTWNDEBZONLHEETH D Z LRI NT,
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FB2E AToUABIZIAT AT VR XT LV ERA W
FEENAEDOMNERBRVEEEREMLKISDORZR

2
il

B1IBETET A=V AT )V E TV =)LEE L THWE, Ru(cod)(cot) (1filgEIZ X 5
FBE A O ERIRAESE T L = AL D RSHEREIC BT 2 BRI HOW TR, 2D
BOSIZEBWTT M =77 — b 2 DRF-WEFEMEUIRNIL -7 & b F MEEC k- Tt
TU.BIERYE LTHIRRZ 525 EZ2TWA, T =T A4 RROT IV = )V N
A RERWIREROBERET V7 = MU S TR~ a 7 ALK FE 72 E OB\ ER 3 E
T D720, L OBATHEZR EOFRNFINLETH Y | B TH DEMEZ BIAET AKX
JE TR 7M<%?tc HTERTWDES 2D, L LR s, EREEO KRN E O EERLE
FoRE 2 WS T, BEORIMB BB TH -T2, BlZIE, Ax9 ) Elm A F
OEFRBEACEM I OT V= 1T 2T — k2 ZHNTT I = AbTlix, Ll o5 ign
5720, ML LT2 U ED 2,6-LF VL DRMBLETH-7=2.1)%,

O/>< 5 mol % O/k
SN + Aco%/\ Ru(cod)(cot) (1) SN

)
Ph 2 6-lutidine (2 equiv) P 2.1

toluene, 40 h Ph
3f 2 4f
3 equiv 69%

b LEIAEME RO 7 v a— VEICT 2 FEN TE UL, REEICFEAOIER AR TE 5,
ZOEE, B 1 ETHRRIZFUSHERICET 2 M RAIICESS L TAr =L —T L2 TV
=ALRIE & UTHW, il 1 7 Z -l LRE O AR 2 5 1o L B2 D & 5 (Figure 2.1),

O/k O/><
t. R d t) (1
@AN ¢ RO, CatRuCod)con (1) N+ ROH

/Ph

i 0 | i 0 ] T
\k FOR = \/Nk /|
—-_ / elimination | / Ph
[Ruljph N [F/zul—ﬁ

RO RO

Figure 2.1. Working hypothesis.

MERERERD B-BilET, Z OlEE2 S MR B L RIS * OBl ZhE TIC
BlHRE SN TWD, #l21E. Heck 1X -7 /b= % S hif(2.2)", Hallberg H1d g-7 V —n
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X UBBEQ3) P B G T8 T U Al R N AT L DA E s < 1 AR—Heck B X
M XD AF NS ERE LTV 5D,

Ph
cat. LiPdClI
ZN0CHy +  PhHgCl %
CH4,CN Ph
2.2
Ph 2.2)
PhPdCI Kk Ph PhPdCI
T —
OCaHs| ZGipdoc,He |
CIPd
Pd(OAc) Ph on
cat. C
AN = e =
ZSoar + PhCOCI T + 2.3)
toluene Ph
Ar = 4-N0206H4

¥ 72 Wolczanski H L, ¥ ¥/ b KU Re&EEZE AW Eim oS

F D B-EEEBEE A B LT 5 (2.4,

BWT, =/l x—

ZNOR  +  (BugSiO)sTaH, toluene-dy + (BugSiO)sHTaOR
R = Me, Et, "Pr, Pr, Ph (24)
OR
(BugSiO)zHTa
INHEDHMEANS TNATFr=ERE L L TT A=z —T7 v & W2 GEI12 6 FEEIC
B-T X VBRI CT N =L EITT 5 2 ERBE 2 oD, KB, Fix OWF5E
TN—TX TN =T = V2—T Va2 E e L THWET VT = WIS EITT 5
HERHLTE702.5)%,
Ru(cod)(cot) (1) ]
PhO u(cod)(cot) (1 ~
Ph p-xylene 31 uL N + PhOH
EZ=96:4 150 °C, 48 h = Ph
3 equiv 4b
0.5 mmoI 71% GC yield
_ _ . T 2.5)
= =
x> | B-OPh > |
/N H elimination /N H _Ph
[mﬁij mw{I
H™H
PhO” PhO
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LU S ZORUNT, HFEBCAE YOG — MO TRV RS, FHEICZ L
R E L R N E IR S LTz,

INLOERDOLE FEHIINETOT AT ZAVT AT ARLT )V =V o—T b
LTNT=NMMERIEE LT, T = VR ATV E WS HET B-BEENBEZ D T L
=R KO WERICHEIT T D LB X T, R b TS = VR AT VR W
Be ., THINDEIERDIET Vva— b “BERFETH DD, BERS 7 =/ — L ERIE
T HURDIFIEEL A, FIZHPEIZEWSEETT AT = b Z2 T2 5 2 LR HIRFCE 5, &
7= B-TRFENBED BB IC BT, REET AT LD B LR = VEHED LT = 7 A~ D BT
DN L2 ZOWMEINMNBICETT2EPRELEZOTH D,

ARETIE, TIAVT=)VIRIBT ATV T &7 V7 = AbiREK & LAV T2 Ru(cod)(cot) (1)
fik i\ X B 5 F AL G W OB IR T )V = MESIZOW T OB 285, 5 1 §iT
X7 NVT =R AT VB N2 T e = ARSI D OSSR OBE 21T o 72, 5 2
i CIESOSICHI A T & 2 5B/ RE DO EEE — MM DUV TR AT, 55 3 #i TIT AU IC
B+ 2885177,
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BOET OSRMFICET Dt
§ 1.1 7V =)V REET AT L DRt

¥ 7 Ru(cod)(cot) (1) fBEAEAE F. 3b DT LA = /ALICKET 2 ZHEAF VLR 25 L
7 DRUEYEE i~ 7=(Table 2.1), A F/VEREET ATV Ta Z V235G, Ta DIHKROH 03
A, KHET 2R 4b 1HF & A SIS o fentry 1), E7RUSREE FIF 5
HT Ta OfRED S EEZRBIZD, FRICEWIERE 52 ko te, —F, =T VREET
RFN T BT A ZAAGRIEE LTS &L S5 5 7 0 = R 4b 53 GC I
ESINTHBRDENDNoT(entry 2), 22D L&, 3b 8T L F LS LAY 8b
DERS HEICEBR SN, BICISSEO R 21T - -5 8. 5 Y BEORBET 25 )L
Tb & 10 mol %D/ T =7 MIE L & V5 2 LT, TV = AR GC LR T1% %
TIf) L7z (entry 3), i-7' 0 EJVIREET 2T /L Te b BAFICUS M HEIT L. GC UL 70% T 4b
BFHAL. Tb D& & ERERICT VALK 8b BB S z(entry 4), ZDHE. Te & 5 Y
B, G % 48 B & 95 9T, 4b O GC ILRIE 90%I2 F Tl b L7z (entry 5), %
(SEGAE T BOSREZ 170 °CICE T EF ST E A, T i =/ ALERW) 4b (2B
LCT v ALl 8b 33 BLD Ao To(entny 6), Eo, 17 F b BEUT = =0 bk
R AT L 7d 0 Te DA, ZOT XL 8b OAEFRITEI S iz 7=3, BOT
W = AL BOE HARIRIZHE £ - 7= (entries 7 and 8),

Table 2.1. Ru(cod)(cot)-catalyzed C—H alkenylation of 3b using various alkenyl carbonates 7.

~ | 5 mol % ~ | ~ |
\N . RO__O, _ Ru(cod)(cot) (1) \N N \N
i Ph p-xylene 0.1 mL P
(0] reflux Ph Ph
3b 7 (2czlhbath temp. 150 °C) ab 8b
0.5 mmol 1.5 mmol
7 GC yields
entry
R EZ* 4b 8b
1 Me (7a) 48:52 trace nd”
2 Et (7b) 45:55 51% 2%
3ed 40:60 71% 2%
4 Pr (7c) 30:70 70% 3%
5de 30:70 90% 3%
6" 40:60 11% 62% (45%)°
7 ‘Bu (7d) 48:52 23% nd”
8 Ph (7e) 43:57 8% nd”

* Analyzed by "H NMR. " Not detected. °1 (10 mol %). 7 (2.5 mmol). 48 h. "Oil bath temp.
170 °C. ®Isolated yield.

32



%28 VBN BT DA
§217»7:»w%m}%»@m%

FBIETELNZRESRME T, =T VREET AT )V Tb (conditions A)F LN i-7' 1 VR
fe— 2 7 )V Te (conditions B)a 7 V7 = /AL E L CTHWET VT = ALKIGIZE T 555
FEIEALE Y 3 O KL #2372 (Table 2.2), £V UVED IMICEBREZET D
3a Z B L LT F VKR AT )L Tb L DRURZM T2 L T A, RIFRIGERTT v =)b
b1k da BB BT (entry 1), —FF. -7 8 EVREET AT L Te & DR TIZHPRE DI R
W EoTc(entry2), N ZNAFA R RATFAREE2MICATHT Y —LEY TV 3e DGE, W
THNDOERMHFITEBNTHUSITET L. T =AM 4¢ 75 GC IR 80%. 85% T 4L
AT STz (entries 3 and 4), A FNVIEE INMICHTHEEEH N7 V7 = 4L T, W
THOLE S SUSENARIZ TN TS 6 (L TRV, FRED GCULE T 4d BEK LT
(entries 5 and 6), £7= b U ZbA 1 A F)LEEE 3ALIZFFD 3e ICOW T HIRERIZ 6 (L TDT /L
7:wMﬁﬁﬁLt@MEWmm&oﬁwfﬁ%#y)/%Mﬁ%&Lf%Oﬁﬁﬁmé%

fIZBE L CHRBROBFTZIT o7& 2AH, WTNOERBIZE N T BAFRIETT V=
IALDIETT L, 4f 234 L 7= (entries 9 and 10), 3f Z B H W=7 V7 = AL KIL DA
TN =NV ATV 2 HWEBEIZITEEORMBLE TH D HEN 3> TWD fE-> T,
T VIR AT Ve T V7 = AbFl &3 55T, 16RO FIETIZREETS - 72 3f D%
RIYIRT N = AL ERR TE - L VW2 D,

F72. WTFROGIZBW T H R 5 7L U b4 (8a, 8c—8H V&R S GC B
FONGC-MS Ik » TRl =T,
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Table 2.2. Ru-catalyzed C—H alkenylation of various aromatic compounds 3 using alkenyl alkyl

carbonates 7.

PG R0, CF:ﬁJt(cod)(cot) (1) DG
RI— | + 0 ™ ph R |
™ o) p-xylene 0.1 mL N P
reflux Ph
3 7 (oil bath temp. 150 °C) 4
0.5 mmol 2.5 mmol

conditions A: 7b (R2 = Et, E:Z = 40:60),10 mol % 1, 24 h
conditions B: 7c¢ (R2 = Pr, E.Z=30:70), 5mol % 1,48 h

entry 3 conditions 4 GC yield
1 a 4 a 82%
NS NS
N ( N
NN =
2 3a B W7 Ph 43%
3 OFs ] A CFs 7] 80%
NS NS
N = | N
NN =
4 3 B 27 Ph 85%
| tj@ A W
NS NS
N N
=
6 ’ B . Ph 54%
7 a 4 a 50%
FsC SN FsC SN
=
8 e B e Ph 25%
9 O:k 4 O% 7%
AN SN
NN =
10 3f B ar Fh 77%
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H3HET RIS 2B
§3.1 SUSHRIZET 25%

KEISIE, 8 1 BCRHEITo=T AT =T AT L% T UG & BB ORRIE % % C
HEITLTWDHEEZ TS, b LINLAFEROEE CTHIIX, My 7 VicEEND
AR LFR—ChL2ERTHREIND, £2C, TATF= VATV EHWERIRICEIT 5
HEAR L BEZX TN D AT =0 L8R Sh Z WV, HEOIHFET, -7 B ENVRBT X7 L
Te EDRINEATo T, EDFER. HEBCEW T RO T Vo = VACERY 4f 1Tz, 8
1 Sb H3R DT Vi = WALA R 4b 23 AL I GC ILER 50%., 24% CTHF HAL72(2.6), Z Dk
RIZ. KT NG = ACSOE D BN R A RIS DA & 52 D L WO 5 1 BTk~ T
RERLHELLTEY ., TAX S IVRBZ AT A 2T V7 =R e L THWEARIES .
FREOBIEZ R CTHEITL TV D HFEERIEL TV D,

= o)

. N

}\‘ + N + 7c
Ru(OAc)(cod) E:Zz=32:68

5b 3f 6 equiv

1 equiv /k (2.6)
p-xylene 0.1 mL
reflux

(oil bath temp. 150 °C)
48 h 24% GC yield 50% GC yield
(based on 5b) (based on 3f)

§3.2 TIFIALBUSICET 2 B %2
B TRARZEY |, 3b & Te & ORIGE 170 °CBIRGMTITH & T =/{Lik 4b
WZHESE L T VX IR 8b S L TG B AILD Z & 393> T b (Table 2.1, entry 6),
DN T 2R Z2 G570, 7 =/ Abik 4b F7/E T, 3a & Te L DRIE% 170 °C T
Tolre ZOFER. 3a KD T VA7 = Abik d4a, T AGIK 8a IZh A2, 4b RO T L
X ULIR 8b b I AERK L72(2.7), fiEo T, TAFIALEO AN —> L LT, 7L
I = AR 3b DARIZHES 3b DIETLHZ X BID,

’PrO O “w~pp Ru(cod)(cot) (1) 0.025 mmol

p-xylene 0.1 mL
reflux (oil bath temp. 170 °C)

7c (E:Z=32:68) 24h
0. 25 mmoI 0. 25 mmol 1.5 mmol
= | = | = | 2.7
+ \N + \N + \N
Ph 7 Ph Ph
8b 4a 8a
GC yields 54% 23% 49% 48%
(0.13 mmol) (0.06 mmol) (0.12 mmol) (0.12 mmol)
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§ 3.3 HEE UGS

KT W = AT IV FIACBOSIZ BT 2 5522 EHIAT o TWRW A, 5 1 ORI
EMDLEFIIRO L) i 2 THEIT L T\ 5 &5 2 T D (Figure 2.2), 77, HEEL
BY) 3b ONT =7 AEA~OBALEIINE . TAT = VIRBET ATV Te D R 2 X)L
b, BEOBBEEMBEEZRTAT LR L BERTIEEZOND, 1 ETHRRET
N = VE AT NV TS E RIS, 2206 AF L DA VR A X UL-M) & p-
KB EEM—4b) 3 Z UL T V7 = ABAK 4b NAERET 5,

—J. L 5 OBRER(L-NIIHE S HLAR A X IAE(N-O), £721F M 225 O iRk
(M—-O)Z L > TOMNERKL, 2225 -7 R L HAITO g-KEBBEO-P) & EITH
FREE(P—8b) L = 5 & T L F ALK 8b RF DD, F72. N OAERKICHNT -7 BRF
NVEAITO BIKERBEN-Q) & T /LR A X NAL(Q-P) Z kD HEMEL, B Fr X &k
(Q-R)ZHEHMELEZ BND, T IF IV p-kFEELRW +7F L, BLOT
= ZIVIRBET AT L Td R0 Te DG EIZT LXK 8b DB BIRI S e ol Z &b,
COHEE RIBE LTS, F2, FHI3HIQD)AORENS ., T =Bk 4b DA IS
IS HEIT L 8b 2 52 2RI b —HAFET D 2 & 0353725 TV 5 (4b—8b),

FOGIRE % 170 °C 12 LR S5 Z L T, 7R AbAERY 8b 2MEZE L THE LN D FRHIC
DNWTIEHHA LT 2> TRV M LWRISHRMIFIZ S b TF T, B OEFE (LN,
M—O), TV = )VALAER) 4b % 5- % 5K (L—M, M—4b)lZxt L CTELS #7525 2 &
NWEZBND,
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Z - |
: dﬁ )
N [Ru] 7c Ph
[Ru]— é?“]j
0CO,/Pr \
)—0
Pro
= Va O'Pr
N | | co Rl —H =
7 | N 2![ U] |
/ \ = N
N [gul—f — [Ru]-Q
0 . 0 NN py
o Ph 'PrO 4ab
L ro M
CO, 'Ncoz
0
= =
| PN |
. \,l\l [Ry]
/ Ru] Ru Y‘ \/
% LH >
- O PhH P Ph |
Ph _ ~
[RU]—
X Ph
8b
N
3\ s
/
[F/%u}— [RUI [Ru]
Ph

Figure 2.2. A plausible mechanism of the C—H alkenylation and alkylation of 3b.
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RETIET NV =)VIREET AT )V % FW 7=, Ru(cod)(cot) il iz K 5 & EAL & W) OALE
BRI T Vo = AL RS DBIFIZ DWW Tk 7z, T AT = V= AT V% T V7 = AbiEE
ELTHWERIER -7 b Uil CHEITL TV D E W MAICESE, X ik
FMETRISZEAT) ZE NG CEDRT AT = VR AT L E W TR EITo 728 25,
TFNLBIW -7 B EVRBRT AT IVOGEIZBHO T V7 = ALKIG N EITT 5 55 H
WML, 2hb0REEFHFANDE, FBarD7 2=V V) D UFHEKDRBE-IKERES I E
BT VT = b &, BEHRIERCTERM Z 52 2 FEBN phole, o, TAr=
NWEAT N E AW RINZEW T, HEOIRMMAULEA T -T2 Y R EE R
EEIZOWTEH, BINFE WL EES R LT VT = Wb EIT LTz, ZHUIARRIG
ZB T DEIERD A, BRI IZT L a— L b T LRFEO R TH L EOH H &7 L=
EERD, Flo, i- 7B EAVRBEAT NV ERHOTCEIRCHRIGEIT> 7286, 7% b
JET W = AL I L TR Z 2 F R 00 o7, T OKISIET V7 = ERE & A
KR, B-EEB B /e E AR CTAER LA T =0 L -7 aRE s REDS O KBRS X
TTNF AT L TV DR & | 7»&#WM’ﬁ<$m%®m%MﬁE#&fbt
WETHDLEBEZTND

BB TR, ARICBT LTV = VIR AT Vv WO E . 8 1 BT
A=V AT VB W RS & OFEIC O W T O ZEM R MR FHIAT > TV ey, L
ML, WTHhORIES ZNETHE Y KISICHHA SN T I RN 22T N =)V IR FE TR
HEFAM L, FEBCEDOOLERINE R EERF-RE[BEEROTHFIEL S 2D,
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HW3E FPIUVLEEZESOTAIANZ—FLO spP’RE-BERBESEZFAELE
NT o LB 2EWMEIVRERELOD ) VI RIEORE

=

TNXNT—T IHEES TP AFET DRFE-BFE/BETH Y, BERNIEERS
BEOOEDSTHD, Fim CHI72il Y | 2 ORI ARG IR B-EEFEE S 2R A L= filiny
DT EMEOSOBFEIT, BOSTEMER RS OBARHRREORE, ILRGE & W o T2 MR SRk
Jb— b DIREIZ D720 Gk T EPARRKIGE 720155, BB L5 =—7 1
DIRFE-TEFEE A R LTz RFB-IRFREE ARSI BT 2 W8 ILHAE T H B A IZHFZE R
TN TBY ., TOWREF LN OPE BN TNG T2 UL ch b ofliz%< o
Bh. T =R Rx ) — L m— T g Y 2 Lo op? R BT BRSO & KR
HELTHALEFETH T2, ZHUTH L, =—F L0 sp’ [RE-EEMAZFIM LR
F- BB ERCCET 2 HERIL, T Lo —F L 2oy D rz—F L B s
AR R A 2R LI RICRONATHE Y . L0 REERT LR Lo —F Lo -
G OEBSBIERIC LD RB-RFM G ~OMBAEHICEAT 2 ONITIE E A S
HESN TR T 22,

T I NZ—T VORGSO POF & LT, S A Hu 72 Grignard FA3E & OGS 23 5 5
NTWBGED, 20X A FORIGI., Ml & 5 RFE-BFESUBICL->T, =7 VUL
PR Z TR U e < SREEHI & DFONIZ K » TIRFE—RFBREELEZELL TVDHEEZ HATW
Do o TEL OGS, WEERIA N RS 2 BBEOERME 525,

R
t. CuB
”Bu/\/\OMe + RMgBr %’» ”Bu/\/\R + ”Bu)\/ (3.1)

R=C;Hss

TIUNAT NN a—LERBICHWEGbEIbNTWD, AL, ARSIk, PV FLRT
VEBRIMTAFEICL S TT VAN OKEBENPTEHALZ L, Fi< =7 VAT LDAR
DEEShD 2 L2 R LTW5(3B2)H2,

Ph cat. Pd(OAc),
cat. PPhg

NSon BEts, NaH S Ph
EIO,C° "COEt Zhe Et0,C CO,Et
y T (3.2)
x | __J
\/\?H ? a-0,
BEt, o~ BEt
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RPN —T I DRFE-EFZEE 2GR E L THWZ KR, 2008 4F Shi 512Xk~ T
WE SN, =y U X% Grignard I E DT v 2T v 7Y 2 T RISDIHD T O
L7 5 (3.3)7,

cat. NiCl,(dppf)

OMe + MeMgBr cat. DPPF Me (3.3)
toluene

ZOWEDPT T AIHSIIRV PV AFNLT—=TLEBIOT V=V AF LT —FT VN E2A
T 501 &% AW TAL PRI R R B IRFRE A AERSIE L ZR L TV DH3.4), Ziud, BRE
DEI2 D ARNEWEREE T E VT RR > TR TOAUG R & UTHEREELAFD & 9 (ARTEE
e N FEMOR| R 2R LIl L WR D,

cat. NiCl,(dppf)

OMe cat. DPPF Me
—_— >
MeMgX
MeO g MeO

toluene

(3.4)
cat. NiCly(PCys),

cat. PCy; Me
—_—
PhMgX Ph

toluene

TR, EME SN TOARWRENY VLT —T b & AW 8kiEC X % Grignard 7t
HLEDOH v TV RIS SNT-(3.5)7, T OWE TIHRISHEICET 28IV T
RSN TN, Z—F AN DT LT — T LD AF L U iFE RO AR 2T
ITTOWBPIRIESNTVD, ZOXI BTV a— LAV 7 0 VEDOAERE | K<
Mz & - TR R H# - Eéz%—%f*/\é) RFB-IRFRE G~ & EWT D FIEIT, AETHE~D

FEE D OWME LR NE . REFRZE,

cat. FeF, ‘
OMe + MgCI LPC)@» ‘ ‘
o-xylene

\ QU
[

(3.5)

T—T IV DRFE-RFE G 2 I U R iR SR - R B A G AR BS DB & LT, Fex D
MR T N —TTIINT =0 L Z Wiz, IAR= AV EREEET L7 = 7 —/ViFEK
DAIEVE BEERF-IRF RO 2 2 AR VR e DD » 7 ) > 7RIS & s
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LTW5(3.6), ZORIIZI A= VEOMBEA~DENL & | i LER TR L — ME
A% BEEN ) & U Cal i AN M 72 0T B IR IR B R B AE G OO &R L T\ D

Bu cat.

O RuH,(CO)(PPhy),
o toluene
OMe
By Bu T (3.6)
0 o J
\ s /
[Ru] [Ru]
OMe |
OMe

BN B RE ORI~ DO BEALIT, b 2 SOS RO~ S-S 27210 T < BALIC X
STHRRET LA T HEREZIEEAT H2EEZHoTNWHEEXLIHELTE D, #ilx
. = Ve A ABE R L CHWEE ) U OBEERNREREREILE LT, Ong 51X
TN =L P R LS IR LR RS 2B LTV SB)M, T bDRIET
1T LA ABRfEE A~ sp® BHEDBULIC X - THEMILENT- ) D UBITR LT= v & Lfil
BENIST 2 HF T, RFBEIRKFBEENOIWT S, ROEHEITL TN EEXLNLTND

cat. Ni(cod),

cat. IPr
N7 cat. MAD N
| + R —— |
= toluene 5z R
26b
AI 3.7
N
ol
[Ni]

Al = MAD [N|]

EFTINOOMAICESE, EU M E IR EREE A EREEZ WS Z L T,
WEANEERT VXV —T b @R EEEZ AR S T2 FERTENIEL, TR
T—T NVORFE-TEFEBEEZFHA LTy RS~ BT B 2T,

AEBTIH, PUDPALELZESOT AR L —FT L L AR T HEREL OLT =7 LMl
£y 7V TROISIZOWTZEDFEMAE RS, 5 1 8 CIEABEORRLWMA 22 &
BOGGMICET 2Bt 21772, 3 2 #iCIIGNICHEA TE 2T A LT —T L ORF72
B ONTHE A RTRE R AR AR 7 FRIE D — R IEIT OV THH AT~ 53 i TiE 'H NMR @A #
PR IR T2 I K o TROSHEIC BT 2 BEt 21T o 72, 3 4 HiTIZ I 6 ORI BUG
Bt HEE LT,
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BT BOSSRMCBIT D Mt

§ 1.1 fillH R DR

TP, 2B U DNEEFFOTLF N AT LT =T )L 9a ZREICH Y, 7= =bRa g
& DG B U TR OPRSE 21T > 7=(Table 3.1), AIEMEREGISR$ 2 BEE M2 0 H
TWAH LT =7 A$EIRTH D Ru(cod)(cot)° RuH,(CO)(PPhs); DA, HEYD 7 = =1k
FITIE & A B S 72 55 72 B3 (entries 1 and 2), [RuCly(p-cymene)], (11) & PPhs % V72
R Tl ®Fsd D R 10aa 28 16% D GC ULER TH: 5 L5 25y o 7= (entry 3), + 2
T Zfifit e LT, W92 Y VRN OB EITo 72 & 2 A, P(OMe); DSE IR E
T&H - 7= DIk} L(entry 4). P(OPh); (12)% V5 & ULERMN 25%F Tlhl_E L 7= (entry 5), — 77,
=y raena vy L EOBBAERERE OIS TR, WThoRE S BROKIGIE
1T & A EHETT L7220y 7= (entries 6 and 7).

Table 3.1. Screening of catalysts.

N N\
| 20 mol % catalyst |
N + PhB(OH), x Ph

OMe toluene 0.5 mL
9a 120°C, 24 h 10aa
0.5 mmol 1 mmol
entry catalyst GC yield
1 Ru(cod)(cot) <1%
2 RuH,(CO)(PPhs); <1%
3* [RuCly(p-cymene)], (11)/PPhs (1:2) 16%
4 11/P(OMe); (1:2) 3%
5° 11/P(OPh); (12) (1:2) 25%
6 Ni(cod)»/PCy; (1:2) nd’
7 RhCI1(PPhs); 3%

“11 0.05 mmol, ligand 0.1 mmol. " Not detected.
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§ 1.2 A U R L OWINAl O Gt

JEDORRET, 11/12 Z W BER 2B T, R R WAER T 10aa 2 5 2 72505,
WIZ Z DOERMITIIT AR U RIS L OWRINA OG22 17 5 72 (Table 3.2), 7 = =/L7R
a2 A T OGS T GC IEE 25% T - 72 DIk Lentry 1),2,2-3 A F/L-1,3-7 w3
A=V AT N E WD ExeT D SIS #IT Lisdr oz (entry 2), 7 = =LA B
FEOBKZBILEATHD 7 = =bdhaxv r13a)2 A= E 2 A, B 10aa 5 GC ILE
47%F Tlf_E L7z (entry 3)e Z DRMIZEWTHIAF L L TKREMZIZHETIE, Ao @
AW A L RREOR R % 5 %2 7= (entries 1 and 4), A X/ —/Z A5 LR E
DR LTz (entry 5), & Z CHEFT NV —)VORFIEATHT2N, AKX ) —LDOGE &
KERBLIZR B0y > 7 (entries 6-8), ZA 5T /LT — /L ORI, LT =7 Ll &
AR RRIEL D N T U AAZNMACBERE A MRE L TWD 72D TH D & B 2 TV D (5 4 8i),

Table 3.2. Screening of phenylboron compounds and additives.
10 mol % [RuCl,(p-cymene)], (11)

SN fo mol °§ g|(_|OPh)3 (12) NN
| equiv |
PhB(OR
x OMe * (OR) toluene 0.5 mL A Ph
9a 120 °C, 24 h 10a8
0.5 mmol 1 mmol
entry PhB(OR), ROH GC yield
1 PhB(OH), — 25%
0O
2 Ph—B >< — nd®
o)
3P (PhBO); (13a) — 47%
4° 13a H,0 24%
5° 13a MeOH 61%
6° 13a EtOH 54%
7° 13a 'PrOH 56%
g° 13a '‘BuOH 60%

“Not detected. ® 13a 0.33 mmol.
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928 AREEHEPHICBE T o BT

§2.1 FEDOMF

WO EITCRE LERESET., 7o ARnx i 13a) ONISICBIT 5T VXL AF
N T—T )b 9x D— P& FH 7= (Table 3.3), £T5H 1 Hi CHWEE 9a 05, ST 5
10aa [THABEIN R 60% CTE O (entry 1), BV PV EBR ED 4LICEBRIEEZETHEE 9 b
RIFREE DOFERZ 5 2 723 (entry 2), 6 (LICEIILZFF DT V¥ /L —T /L 9¢ DIGE | PFED
KFAR S (entry 3), BV VU EREY ONVENIRICHEL 52 5B X2, KRIT4-E
VONEEETAHT VXN ATF LT LELE L L THWRHE 21T - 7= (entries 4-8),
FT, BEROT NN ATFNZ—T VL EHWTRIGEIT T2, RS T 5 ERMIEE<
B SN ST (entry 4), T2 T, VU UVRED2MICAFNELZE TS 9d & HH &
LTI EIToToE 2 A, 7= = /UALAERY 10da 1% 89%DINE T/ LNz, D& X fi
2 FIZI S LT (5 mol % 11, 10 mol % 12)fE 7 < BUSIT#EIT L. 95% 0 HLEEIN =R T
10da Z457-(entry 5), £7-. VU P UBRED 2T == /VEEZHT 5 9e X° 2,6 (\LIZ A F
NIEEEFFOOf, BXOMEERR L7z 4-F% /U = LA FFD 9g 1T\ T FRRE DULR TxfIind
%7 = = VAR U 7= (entries 6-8), — 7 C., 3-B U UL EEZHFTHREERE Y ULEE
FRl2 7207 X L XA F L2 —F LTl B O KIS E ST L 725> 7= (entries 9 and 10), Z 4L
ORIV . ARSI 2-F721% 4-V U DULEOGFEENMEATH LI EEZ NS, 2T
KEOEOWRER . BV UNVEOBRRIFFORBHEAR~OEN &, ZRICH =1 Y ¥
VEOER, BEIOE =AY DUBICHT BN THELELFELRVMEREE X
L (b 5 3 HIL 5 4 ),
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Table 3.3. Ruthenium-catalyzed coupling of various pyridylethyl ethers 9x with 13a.

+

10 mol % 11
20 mol % 12 X4\Y

X
! PhBO
: Q)\/\OMG ( )3

1 equiv MeOH |
R/Q)\/\Ph

toluene 0.5 mL
120 °C, 24 h 10xa

9x
0.5 mmol 0.33 mmol
entry substrate product isolated yield
@ g
1 | | 60%
\)\/\OMe X Ph
9a 10aa
2 ~ |N ~ |N 54%
x x 0
Ph
op OMe 10ba
3 Z "N Z "N 38%
| |
\)\/\OMe N
9c 10ca
N ] a
4 nd®
X “OMe N Ph
5 N | N | 89% (95%)"
X OMe X Ph
od 10da
6 v | N” | 52%
Ph X OMe P X Ph
9e 10ea
7 N N7 44%
X OMe N Ph
of 10fa
8 N OMe N Ph 43%
99 10ga
C N N a
9 - | - | nd
X OMe X Ph
10 @\/\ @\/\ nd’
OMe Ph

“Not detected.” 5 mol % 11, 10 mol % 12. ©0.25 mmol scale.



§22 FUTVU—)biRhuFvro—fkit

SOBH TR b EINRCERME 52T VXL —T /0 9d ZEEITHW, Bxg Y
TY—RaFx o 13x EDOKEEIT o= (Table 3.4), 4/iIZ=huaEC MY 74T X5
NI EOB A REIMEBEBHRELEZFOT U — ATV @R TEANAETH - -
(entries 1 and 2), ALSNTIEIEZ EORMFIZ HNTWRNWTZD, TEFNLIESLA FXv D
NAR=NVED K D Rl IR BERREZH OB W T AT 2ER T, BIAR
WRTHWW % 5 2 T-(entries 3and 4), £7o, —xIR7 020 v 7Y 7T RISICE T DK
JERE LTRSS AWNOLNTW D RFE-RIBMEZGTEE S, b5 5 < fUS A T
L7z(entry 5), 4 (LIZEFHEGMEEREZFSO N 7V —LAReF o 0 OGE, ATFAVET
L7 < BRI 315 B AVTZ D3 (entry 6), A B I TIFPER O T2 /L B 47z (entry 7), =
DEEMRNEREF T 13h NOEDORA TR L >TERLTZEEZEZOENDT =Y —)L
DGCIZ ko TSN/, 13h DY EZHOT I EOMF 21T o728, IWERD [ i
EESR Do, 3MICEBRKEAZFFSO M) 7TV — AR T ATV, A PSRN
TNOLGAE G BAF72IUR CTERM & 5 2 7273 (entries 8 and 9), 2 fLICEHAILZ FFOR 1 &% o
VCIX H WO THETT L e o 7= (entry 10), RS X 2-F 7 F AL E AT HHNTE
1% DU THRM) & G- Z 7= (entry 11),

Table 3.4. Ruthenium-catalyzed coupling of ether 9d with various triarylboroxines 13x.

?Omol ‘I’/o/1 1] )
N7 mol % N7
X | OMe + (ArBO) :ofuqeur:\; ,(\)A.Zonlq-'L X | Ar
9d 13x 120°C, 24 h 10dx
0.5 mmol 0.33 mmol
entry Ar product isolated yield
1 4-NO,CgHy4 10db 88%
2 4-CF;CeHy 10dc 93%
3 4-AcCeHy 10dd 95%
4° 4-MeOC(0O)C¢H4 10de 71%
5 4-BrCeHy 10df 91%
6 4-MeCeHy 10dg 97%
7 4-MeOCg¢H4 10dh 51%
8 3-MeCg¢H4 10di 96%
9 3-MeOCgHy4 10dj 87%
10 2-MeCg¢H4 — nd
11 2-naphthyl 10dk 91%

?13e 0.5 mmol.
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§ 2.3 JhREEARTS

fe TR DR R B REREICBE T 2 M WA 155 T2 ORiE 21T - 7= (Table 3.5), A F /L=
=79 IZK L, =FAT—T)L 14 TIETORERKTRREONTZH DD, A B AT
ZRURT 10da 23AERE Lentry 1), 7/ba—/L 15 OBA S HRE DR TERM & 5 2 7~
(entry 2), I, —MRICA FFUEL Y bBREAmWE SND T =/ FUER, T M F
VHEEROEBEEHN TG ETSIoE 2 A, 7= —T )L 16 DAL RAF 72 RIS
o LTeDICH Lentry 3), = AT /L 17 TR EA LB ZE G- 2 720 o> 7o (entry 4), Z 4L
X, BROICERT IEBT =4 v ORBICL - T, FUBZREROSHENME T L2 &
N, BEROOESEEZBND,

Table 3.5. Ruthenium-catalyzed coupling of substrates bearing various leaving groups with 13a.

5 mol % 11
N/ | 10 mol % 12 N/ |
1 equiv MeOH
S + PhBO > 2
(0)4 ( )s toluene 0.5 mL Ph
14-17 13a 120 °C, 24 h 10da
0.5 mmol 0.33 mmol
entry substrate -0Z GC yield
1 14 -OEt 77%
2 15 -OH 40%
3 16 -OPh 78%
4 17 -OAc 3%

H3ET ROSHEREICEE T D Et

§ 3.1 HUKFRAEFLER

FOSHEREICRAT 2 LA G 5720, BEARFBIERERZIT o7, 3. BNAE L TEA
& ) — &R, ERY 10da-d, ~DEKFEDILY iAI % FH 7= (Table 3.6), %E@%M4
N 37%DEEFEZ BN TIE, 10da-dy D A F L U RFE(CHICD B EAEZEDOI Y AL BHER S
7=(entry 1)y —J . MUSMNFEZRITHK T LI-BERETIE, C O EAELRITUET L, %?‘/V%(C)
BLOEY PAVED o fiL(CHIT S F A ENEAZEDBI S L7 (entry 2), 2405 DFEHIT C!
BEO C OHEAFOBEREL, 10da-d, FERED HD ZHBRICEDHDOTHY | IRIAITH
HEAL ) —VHEOEKBOEEDITERILC THH L ERBT AR THD, £-
AaXT 13222, PY A RS URT V% Lewis B L L CTHW, B MLz AR
DG EAT> 720 'HNMR Z W TG & B L7228 A F L —F )L 9d (32883, ik
KO IAH BRER S N2 o T, 1€ T, RBUSIZHIT 2 EHAKFEGIL Lewis R L EH A %/
— /W K% H/D 2 TiEa < MERISICE ST 2R TH L LEZ DD,
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Table 3.6. Coupling of 9d with 13a in the presence of CD;0D.

C2
5 mol % 11 1
N~* | 10 mol % 12 N* |
1 equiv CD;0OD
+ PhBO >
X OMe ( )3 toluene 0.5 mL X “Ph
o t t
od 13a 120 °C Ct Cs
0.5 mmol 0.33 mmol 10da-d,,
D content of 10da-d,"
entry time conversion” isolated yield N 5 3
C (3H) C ' (1H) C’(2H)
1 lh 37% 13% nd* nd* 0.73D
2 24 h quant quant 025D 0.07D 0.51D

* Analyzed by '"H NMR. ® Analyzed by 'H and *H NMR. Not detected.

7 = = ALY O H/D A a HERT 5720, TVF LT —7/09d &7V —/LbARm %
Y 13d E DR E, 7 = =AY 10da FA7E TATV, 10da ~D HKFE DI Y A7 Z 5~
T2 ZOFEE. [\ L7 10da-dy, D C'. C2. CWPFHDOREITIBWTE H/D A3 kL 5 &
KEOW Y IALNBI ENTZ(3.8), > T, Liomiickids ', o@Ek#Els, C
D HEKFALR DA 1X(Table 3.6, entry 2), 10da-d, £ I 205 D R#%E T H/D A3 #3iE
ITLIERRTHD EEZBNLD,

0.025 mmol 11
N7 | N7 | 0.05 mmol 12
0.5 mmol CD3;0D
+ -AcCgH,BO); +
X OMe (p sH4BO)s X Ph  toluene 0.5 mL
ad 13d 10da 120°C, 24 h
0.5 mmol 0.33 mmol 0.1 mmol
0.39 D (total) ?"02 D (3.8)
N~ |
+ NN
n o Fn
0.19D 0.19D
10dd-d,, 10da-d,

80% isolated yield

51% isolated yield
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§ 3.2 SH AR OBLHI

WIZ, AFLT—F/109d & 13a & ORIGEEE LT P TT0, 'HMMR 12 & - TRIG
DIENTZAT 572, ZORER, OGS 1 E T = 1) P18 EEXx DV T
ZBPL. BIRAK L 18 L b B VAT MLO—HE R LZ(B.9), —H T, LTF=T A
it 11 A ¥ 2 13a ODWVT DA RO TZEETIX A8 ITEL B SN o ToFn D
ZOE=AEY P18 OARKITIE 11 B XM 13a O T A MEATH D ER R I T,

5 mol % 11
10 mol % 12
1 equiv MeOH
9d + (PhBO)s
toluene-dg 0.6 mL
13a 120°C, 1 h

0.2 mmol 0.13 mmol

(3.9
'H NMR (391.78 MHz, toluene-dg, rt)

8243 (s, ArCH3)
5.12(d,J = 10.8 Hz, H3)
556 (d,J = 17.6 Hz, H?)
6.18 (dd, J = 17.6 Hz, J = 10.8 Hz, H)
8.38 (d,J=5.6 Hz, H!)

¥/, E=A U018 ZREE L L TCHW, EXAX ) —AIFE RS Z{ToT2 & 2 A,
T b 7 = = /ALY 10da-d, 235571, 9d ZAWTZ5EOIG E REEIC A T L R
F(CHITBIEMIC EARERIY A ENDENS D 72(3.10),

.02D

0.025 mmol 11 Of)

NZ | 0.05 mmol 12 NZ |
0.5 mmol CD3;0D

+ PhBO
X 7 ( )a toluene 0.5 mL X X Ph (3.10)
18 13a 120°C,1h 002D  1.02D
0.34 mmol 0.33 mmol 10da-d,

76% isolated yield

INODORELY ARSIZE=A Y D18 KL L TRAMENZYTH D &
EZHND,
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%4 H HEE BOSHERS
§4.1 IZLOIZ
BB RAEA Vo e =0 e ) DU e AT 3R & O BUEIE, 2001 4FIC Lautens
HIZE - THID TRIHENT=3B.11)7,
cat.
[Rh(cod)CI]
Xy PhB(OH), 2L TEPDS_ TPPDS L X7y PhP@803K>
WA~ 2 Na,CO; SDS I\~ > (.11
H:0 Ph TPPDS

(X, Y) =(CH, N) or (N, CH)
CORIEIE, B Yy MMl E L T ) kT B AR T BRI D | 4-FHINEE &
HlOBEZRCHEITLTWA L EZ LR TEY B, EAFHWEKIETIE, BV ULl

DAF U U RBICEAREZENEROICRVIAEND Z &2 HE LTV 5(3.12)7,

cat.

[Rh(cod)Cl],»
AN AN
X7y X~
| + PhB(OH), CaLTPPDS | G.12)
W Na2C03, SDS W
D.0 Ph

T2, ARIETHWEZAVT =0 AF{K[RuCL(p-cymene)], (11)i%, U VEML 1 EMAE DY
HHET, u Py LAEOLE L RERICIHEE T ) AT B AR 7 FRIED 1,468
% B MG 2 R T E A, RO DI — TR Pl ko TR STV A(3.13)%,

cat. 11 Ph

O 0]
cat. P(BBu)y(2-PhCgHy)
PhB(OH
M”Pr + (OH), KOH )J\/L”Pr (3.13)

dioxane/H,0O
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§ 4.2 HEE PSS

INETIORLEMALY . ARSITRO X5 2R CHEIT LT EEZDBND
G.14), TTTAFNLZ—T LN, VUV VEREBLOZ—TVBREOLT =T LB LW
RUFRICHT DRI K > TIEMH L Ed, IR R A Z ) — VBN EIT T 52 T =
NED DU N8 BAERT D, ZOEMIINT =0 Al 11, BLXOHRRrF 2 13a DT
M= OB TITET LR WENS, BERN EMEEHT ELZIEEL TV D, fitwn
T, AT =T Al FEER B RERE LD N T VAR TER L7 2= T =0
LADE=LEY D8 ~DfINE, L TAFANALT =T LDAL ) —M DT a kv
LIz »CTAEEM 10da 2 525, ZOBRBRIZBWTAX /=7 a hrRne ) PVl
DAF LV UVRFCHOICRVAEND 720, EAREREROER L P/ LR, £/, =
DEXELINTZULA XY RBAEHEFTEREE NT U ARA X THIETT =
ST = ANHEAETLEEZLND,

% MI< =
N ) L ,
NS > .
OMe [M] = [Ru] and/or [B] (lDMe — MeOH
a9d

Ho
y y P (3.14)
N P N MeOH N7
X X Ph X Ph

mm—Ph<4@F$agrmm—0Me

FREOHEE SOSHEREIZ I 1T D 9d OIEMEILICKES A 2/ — VB BEE S 2 O & LT,
R LR TO T V3 — il % & T OGBS ST s 2, filxiE, Marks 5
DRE LT X A RINTG DT AR TOT VX L —T LV OKELKIETIE, T v
XN —T VDRE-RBERITT X A RBEC X D7 v 2 — A RO THIH &
W, LA VT 0 v DRT U AT X D KFIZ K o THERY % 5 2 D B HEE
ENTVADBI5P%, ARIGIZEIT D A X ) — VBB OB IR/ S AL, BT 2
FeBIR 7 L BAED B WA U BT & OB TRWFEGZ AR T2 FERBE & 720 20
WREZETSE TWAAREERE X D,
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o) HO cat. [Pd] HO

cat. Yb(OTf)3 H,
/ R
R

R

{Em _J
i?7_ka\

(3.15)

AKETIINT =0 LR E Y VBN 2 A DETMERICE ) ULV EERoT
NFXNT =T NVORFZ-TEFEBEERH LI EEAVFERIEL O v 7V v 7RIS DB FS
[ZDOW Tl 7=,

B K> TIEMHAE LG T v b= —FT L &2 B & L CTHW, [RuCly(p-cymene)], &
P(OPh); Z# A GO E - RIC A X/ — &ML, YT U —AARueFr o b St
HZET, T=TND sp’ KE-IFE-ADRE-RE-A~EEMTEDL L ERH L,
AT A MV EMERN ML TH L0, Fmcbk_zXrlicnrfrils
AW itkor a9y 7Y o VRIS ERBEDIRMBARETH L, 6> T, xR
BHYEEZATL2 M7V —AAaX T U ERISCHWDENTE, BT oo X7 L
EWV o IR ERREEZFFOT Y — L ER E L HEANARE Tho e, FHEELEL

T, ATNZ—T N T NE—TFT R EOT NI N —T VT T, Ta—
NRT 2=V T—T W ONTHHFREDINRTERT L LN TE,

ARISZEE N B BE~OENIZ L > TEMH IS Z & T, BRAWITAZ 7 — i
HEL ., BHIBSEDOmWE =V E Y DU 5 X D CTEITL TWVWDH EE X TND,
BB DR EDBTARRA VT 4 VSO EER U R REOAINBUSIF R B <
MOENTVWHEETH Y . KFIEIZZIN D OBEERIG & AIRSE A EbE D 2 & T,
TNFECHBEARRICIZEE A LTI ENT I RN ST AFAAF LT —F LORIE sp°

IRB-TRFEFED DIRFB—IRBIEA~DEREZR LT-HO TOHITH D,
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FBAE BARPMNITI—NAERRAT A VEMTEETDHILT U LSEEOER L
FNERAWEAFAZATALEAEBARUVRRARELOD 7Y VI RRIC
X275 b UEREDERZRE

s

ANKREEFEROT VNV IRF-BBREEFA LY S 2 ART 55080, ABEA L
FEMOTHMARKISETHL, LML, —MRICKISE ECTERT L7 b DA R= 5
SNDRNRT =F EORFIINC LV E =R T Vv a— AR ERT D7D, DAR=/ 5
AR TERTE RV, ZOffRiEE LT, 24U E TIZ Weinreb 7 X FIZfFE SN
HEL—a UIBRE LSS REICERT 5 FENBERE SN TE @),

0} 0] 0}

m
(O JNAN
L - L +
L __»./kw/Jiﬂ_,R4y/ MO L
R2

4.1
OR! R R “-1

R R2

IROOHIE RS b OAERIEICK LT, ERSRME R A F e VR R
KOT VViRF-WFEMEEZFA LIZAERSRREL O v 7V TSRO D06
NTWD, ZHODORISIF—MINT, 1) 7 Y VRF-TRFE G OB, i) AR
RIEL D NT U AAZ AR, i) BITTHINBEZ R TEIT L TWD LB X 5TV % (Figure
4.1),

O M 0 activated
R1JLR3 R‘kORZ carboxylic acids
iii) reductive i) oxidative

elimination addition

o
o

R’ [I\I/I] R’ [|\|/|]
R3 OR?
ii) transmetalation
R20-m R3—m m: B, Zn, Sn

Figure 4.1. A general catalytic cycle of transformations of carboxylic acids to ketones.

L. 20X A FORIGICHEIS T2 D VR VEER SR L U Cit, B 7Rke| Mt
BEFOT AT L oMK I VR UK B F R M o7 v B ICENLE A o R
FLlp L FESHITEE 2 LR VR R R IR H AT S
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A, BEFARR N JAAFBEO 7 ==L 27 Ve F#Ra U fE DK
JERRT DT AR CHEIT L, IR T A7 b AR5 D EEARE LT S(4.2)

0 cat. Pd(OAc), 0
cat. P"Bug
+ ArB(OH T EEEE—
oG NOPH * ATBIOH): NMP oG A 4.2)
n: 1-3

7o, WARVBREAYE RS HE SN TWD P, fl21E, Goopen & I3k~ 72
ORI NVAR AR FERIELDONT Oy LI L2 0 v 7 ) U TR E#E LT
WAH@3 b ORI, BB WAL R XL T — MR LT 52 L TERO
Ty 7N VRIS EERR L TV D,

? i o ﬁ?ﬁ%%zc Ha) ?
cat. -Vie 6M4)3
Rko R T ABOM: H,O/THF RJ\Ar (4.3)

R: alkyl, aryl, alkenyl

BB % LT 27200 THkE LT, Fb— MEREZFATIHELMLONATHD ¥, AR
SIFMEER I ) DNV EEFFO T AT NV EAEA VR RE L ONLT =0 A K 5 v
fuyﬁﬁm%ﬁmbfmémmmo:@&4?@ﬁmm\ﬁuyw%@EMﬁ%ﬁ%7y

IRFE-EFRE D OUF T DT, AU X - TEKRT 57 U IVIRFE-B BT Z L E(
éﬁf%é&%z%hfw

0]

O o] J R
Rko N + A j cat Rus(CO)z_ J|_ R™ M,
r— =
| toluene R Ar N 4.4)
N__~ N

R: alkyl, aryl acyl-metal species

XL — MERIC X DA UIRHREDH & LT, &I Wang 51X 8-F / U VBN 5-F%
XYV UBBREETDIAF IV AT ILOT VIVIRE-A FFX UREAUIN 285 0 U v Afil
B L AR UL DN v 7 ) RIS ERE L1245, ZORSIET I LED sp
EFRETUREVA I NVERERE ) & LTHEITL TN EEZ LTS,

(0] (0] 0

OMe
OMe cat. RhCI(PPh3); Ph

/
+ PhB(OH), | }Rh] 4.5)
Xylene N

N
X X: CHor N X XQN
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INDDENTNFTILE T 2V R FE-Be A BT 2 R SOS ITE 200A A T2 L 72 BOG T
HOHN, ZTOWBERESELOREIC T REHBILERNH -T2, ZICKL, LOHE
fiZe Z REFMBT AT VEZ WS L FEOMBHRY Rovis HIZ K> THESNTz=>
ISR DI Td 5 (4.6), ZORIGITREFHR 7 ==L 2B L L, AKX
IEHDHZETT 2= VT AT AD T = ) XU E T ==L R T = ) % 50%
DWNFETHZz DL, LnLent, ZORETITEENZO—FIOARTHL Z LITMA, IX
ROEPRETHY, AFNVT ATV EORM T I REMERT 2TV 2 FI T s 72
Ty 7 T RISIE ZAVE TIZHE S Tnen,

cat. Ni(cod),
0 cat. pyphos 0
cat. 4-fluorostyrene
4.6
PhJ\OPh AT PhJ\Ph (4.6)
50%

— . ALFEREICB T D MG TIE, NEET AT VO T Vv iR FZB-REEAYIWEIZ
OMMBENTWD Y, Bl 21E, A S DOBFISEZ L —7 1%, RuHy(CO)(PPh); (20a) #4iA% &
=T AR R REEM A F L & UG S 5 HE T, Ru(CO)y(PPh); 84 & . Ru(CO)3(PPh),
BERSAER T A 2 BB LTWAHGT)Y, ZORISIZET S PC & 7 R A ik 525
L0, ERLTESEEROINAR=NVEIIZ AT VAR TH DL I EDRBINTEY, ZOK
JEIEATFIVTERAT VDT VIVIRFE-A DX UREEOIEZZATND EEZ BTN,

||3Ph3 IlDPhs ||3Ph3
PhgP. co o) Z > Si(OEt co co
S orul T+ Py ———J——E>me—ﬂm: + 0oC—Ru_
H | H Ph” SOMe toluene-dg | CoO | CcO
PPhg PPhg PPhg @
20a '

Ph O CcO
via | — |
[Ru]—OMe Ph—[Ru]—OMe *G13G

2 OHFFE 7 /V— 71, RuHy(CO)(PPh); (20a) fillftic k5, = AT VA ElMIEL L LA
BIRFE —KRFREA DTV — MRS & B LT 5 (4.8)%,

(0] (0]
0 cat.
i / RuH,(CO)(PPh 20a i
‘O pinacolone
Ph

75%

ZORINEINT =0 AR XD IRFE-KFBREESOUIM ERETCE TV — BB EERL
TWHEEZLNTWAN, ZOBRFFOHRT, RV T7 ) VHEEEOER N DT IE
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WENTND ) FRL, BEUTL ORI V=T RRHLEMANS, ZORVY 7
T ) VHBHERIIZ AT ADT VIVIRFZ-BFEES DT = LRI L AU L. iR
FREL DT o AAZ M, < ETHBEER EARTERL TVD LEZ HILDH(49),
$iE > T, RuHy(CO)(PPh); (20a)I3 %2 B HFM T AT VDO RE-IRFEEEEFH LY 7=/
VIBERANDOEBRIIIBNT, DT RNOERE AL TS EFE X5,

Q Q Ph— B :><
opr [Rul Ry — O~ [m]
O'Pr
Ph

trace

(4.9)

LT =7 LK 200, BLOCOKDO—oDE RY RENL 7237 & o FL 71 @ L
7= RuHCI(CO)(PPh); (19a)" 13Kk 4 7243 F-ZE M WSS 384 2 1s P 72 il R B & L IR <
WHILTWD, fil 21X, Fex OBFSE S L— 71X RuHy(CO)(PPhs); (20a)I2 K BB HES b D
R F—R BB 2 8% D LA 72 7 ) — AEEROS 28 LT s P £, RFE-KFEHR
BEFMULEAKARYZERELOD v 7Y o ZRISIZHBWTIE, RuHCI(CO)(PPhs); (192)%
T oAby T A EMAHET, FRORISSHEITT 2 F 4 L LT 54.10)7°,

Rqu(CO)(PPh3)3 (20a)

@/g :>< RuHCI(CO) PPh3)3 (19a)/CsF &O

+ Ph— B
pinacolone or toluene
Ph
r [Ru] [Ru] \l
Ph-B (4.10)

# r

[Rm [Rm\o N [Ru]

R'O-B Ph

%@*
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LR s, 2o OSERDIBIEN G AMEIC LD LT, 20Z X MY 7= =LK
AT 4 VML EFFOLDICRONTE Y Y VEAL T EOEBIEN R D LT = 7 LEEK
RuHCI(CO)(PR3); X2 RuH,(CO)(PR3)s DA HEZZ1UE E L 1T B, Hio, Vo Lo
BN XTT U —NVEDKR AT ¢ VB2 R - 72354 RUHCI(CO)(PAr); (19%)85 1K Tl
RuHCI(CO){P(4-MeC¢H,)3};  (19b)"¢ | RuHCI(CO){PPh,(3-C¢H4SO;Na)};**H
RuHCI(CO){P(3-C¢H4SO3Na); 15" . ¥ L Y RuHCICO)(PPh.Py); *° o 4 il . % 7=
RuH,(CO)(PAr); (20x) %% (K T 1% . RuHy(CO){P(4-FCeHs)}; (20g)**
RuH,(CO){PPhy(4-MeCeH,)}5**". 35 & U RuH,(CO){P(3-CsH4SO;3Na)s )5 0 3 FllZ R 54Ty
Al

FEHIT. RAT 4 UBRNLA DOSARRLE A RIRN RITER T 2 85K O SOGMED I ER L,
a7 b U T U= VARAT 4 VENLF 2 AT 58K RuUHCI(CO)(PAR); (19x). F 72 1%
RuH,(CO)(PAR); 20x)Z W2 T, REFMT AT VOB 72 b o ~O WD AT
2HEBZI, Flo, Tho OEEENEEICEGR XL, RO MY 72 =)LHRAT 4
VRN TR R EE 7 o 7o 0 F A HSOER B o TR IRMEO R BL A BRY & L7722 O G
DAY ) == T ERBJIITO ENAREL /2D, % 1 i TlE, RuHCI(CO)(PA™); (19x),
RuH,(CO)(PAr;); (20x), 33 L TN 19x % FiBE{A & 3% RuCl(SiMes)(CO)(PAT;), QIX)DAHL & |
Z OREERVFFEIZ DN TR D, 5 2 Hi Tl 19x B L O 20x Zfilfit & U CHW 2 85
AFIVHEREAERTVERREDOD o TV X D7 U ORRICTHONTIRRD, 53
HiClX, 19x 3B LTV 20x il & U CTHW, SCRIINTIAR G S T 5 /RS b DRFE-IK
FRECUM 2RO ABES Y ERIRE DD v 7Y VI RIZON TR D,

57



HA1H B RU RBARZ AT =7 LEERDE R & S

§1.1 b FU RZBmahLR= L eR19x)DE AL

B A2 RuHCI(CO)(PArs); (19x)D &k & 77 7= (Table 4.1), ~ VU 7 ==Lk 27 ¢ V5K
RuHCI(CO)(PPh3); (19a)i3d b7 =T L& R T 2= ViR AT 4 V&, RIVAT LT E R
fFETR 2-A ¥y ) — VHRIGSEHFTHEPHH L, BHGICHBECEX 5 Z &35
STV @1,

HCHO aq
RuCl;3H,0 + PPh
uCls'3 H0 3 2-methoxyethanol RUHCICO)(PPha)s 4.11)

6 equiv reflux, 10 min 19a
93%

Z ZTET P(4-MeCeHy)s Z JHWTRBED KM THIS Z4TVY, RuHCL(CO){P(4-MeCgHa)s} 3
(19b)DE LA R T8, KT D S8R D ARk & AT B S 72 D> To(entry 1), AR AT o
Y EOT Y = VIRICEBRIEAEA LIZHIC L o T, RO BN L - FE R K O O
EDEEZ, WD A )=V EBLOAY ) —N~EBET LA, WThoY;
BB RIS T HEER 19b 23 BAF R UIER TR LAV D FD 53> - (entries 2 and 3), 72, 7V
— VD 3 NLICEHIE A AT D P(3-MeCeHy); DA, =H ) — WIEEECIHERINE TH - 7=
MW, AL )= HND Z & THIER 19¢ DL 78%IZ 1A |- L7 (entries 4 and 5), — /., &
O SEARBIZE EVY P(2-MeCgHy); DA IE=H / — VB I OA X ) — /LT HOEEIZEB N
THXIT DERITBI ST RS DBNLF D FH DAL S 417 (entries 6 and 7)., 7=,
4BLO3INUCA X VEEETLEN F2HNDL L WTFRLh A% 7 — /L TER 19d B
J OV 19e 735 5 7= (entries 8 and 9), 4 (LICTFNILAFFORA T ¢ b R < BEA 19f
~EFHBEST D ENTE 2N (entry 10), BEHILE 3-=F VB X W d-tert-7 F NVIRIZ LTZHAET
WEEE R DA RITIZ & A EBIITE 7275 7= (entries 11-14), 7 v F % FD P(4-FCeHy)3 1E
BAF 72 3R THEMA 19g % 5 2 7273 (entry 15). P(4-CF3CeHy)s Tl B AID S ITHEIT L 722/ »
7z(entries 16 and 17), 3,5 iZiZ XA F/VEZFF-DHR A7 1 BE5K 19h 15 90% D BB R TH &
N7 (entry 18), BEHAILDONLE IR D P(3,4-Me,CHz)s DA 1X B D EERITE S L7 )
- 7z (entries 19 and 20), F 72 P(4-MeO-3,5-Me,CeHa); & 795 19i & 5- % 7= (entry 21),
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Table 4.1. Synthesis of RuHCI(CO)(PAr3); (19x).

HCHO aq
—_—

RUCI;3H0 + PArg  — = RUHCI(CO)(PArs),
6 equiv reflux, 1 h 19x
entry PAr; ROH 19x isolated yield
1 P(4-MeCgHy); 2-methoxyethanol ~ 19b nd*
2 EtOH 83%
3 MeOH 73%
4 P(3-MeCgH,); EtOH 19¢ 29%
5 MeOH 78%
6 P(2-MeCH,)s EtOH — nd®
7 MeOH — nd*
8 P(4-MeOC¢H,); MeOH 19d 60%
9 P(3-MeOC¢H4)3 MeOH 19e 59%"°
10 P(4-EtCgHy); MeOH 19f 81%
11 P(3-EtCgHy); EtOH — nd®
12 MeOH — nd*
13 P(4-BuCgH,); EtOH — nd’
14 MeOH — trace
15 P(4-FCgHy); EtOH 19g 79%
16 P(4-CF3CgHy)s EtOH — nd®
17 MeOH — nd*
18 P(3,5-Me,C¢H3); EtOH 19h 90%
19 P(3,4-Me,CoHs)s EtOH — nd®
20 MeOH — nd*
21 P(4-MeO-3,5-Me,CeH,)s MeOH 19i 65%"

“Not detected. °3 h.
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§12 b FU FZma /LR = LR (19x) 0k 1 5 i

B HNT-85K 19x @ 'H, *'P NMR, BEL IR 2227 MF—Z DN, B 0% DL
TFIZRT(Table 4.2), ZH 5 O#AEITVTRE TH NMR 2227 Rk L(CD)IZHWVT-7.1~
—6.4 ppm Ot KU REEIEIZ dt O T F a5 2, Oy 7V U TERRENLZOE K
U REATF = ahLEZ AL TP, P LRV RICMBEL, £72PPE FT v RITAET
DENTBENT, F2 IR AT MZE 5T 1925 em ' FHEICHAR= L EEZ BND
WY TV EBIILT-, M. b T == LR R T 0 R A RO 19a 13, B G X
BMEEMTIC L > THLZTOMEREREINAT VD M, SEFLICAEKL L
RuHCI(CO)(PA™;); (19x)DEFEALY h LT —H %, 19a O X BAEEMAT OFER L —FT 5
bDOThole, ZOENL, ARG LRI, WINBEEMDO N 7 2= VR AT 4
VR 19a L REROEEEZ AL TWDH EEZBND,

Table 4.2. Selected 'H, *'P{'H} NMR® and IR" spectral data of RuHCI(CO)(PAr3); (19x).

Cl
ArgP2_ | _PArg
/Ru\
ArgP3" | H
co
19x
o (ppm IR (cm !
19x Ar (ppm) _ : (cm )
H (dt) P, P P CcO
19i  4-MeO-3,5-Me,CeH, —6.48 (J=107.0, 26.2 Hz) 35.9 11.7 1921
19d  4-MeOCgH,4 —6.53 (J=107.0, 25.2 Hz) 35.7 10.0 1922
19b  4-MeCgH, —6.57 (J=104.5, 23.2 Hz) 38.0 11.5 1926
19f  4-EtCe¢Ha —6.56 (J=104.6, 25.1 Hz) 38.0 11.2 1933
19h  3,5-Me,C¢Hs —6.55 (J=105.9, 27.1 Hz) 38.3 13.7 1927
19¢  3-MeCg¢Hy —6.50 (J=105.9, 25.3 Hz) 39.4 13.4 1925
19a  C4Hs (Ph) —6.65 (J=104.2, 23.3 Hz) 40.0 13.4 1925
19g  4-FC¢H4 —7.09 (J=107.1, 24.8 Hz) 37.2 10.8 1923
19¢  3-MeOC¢H,4 -6.61 (J=106.2, 25.1 Hz) 40.1 14.7 1928

2 CgDe, 1t. °KBr.
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§13 Tb RU RHAR= KD A

MU 7 == VR AT7 4 VENF 2ROV E FU RV AR=/LEEK RuHy(CO)(PPhs); (20a)
3 LT =0 L L N T == VR AT v, KRIET Y U ABLORV LT LT |
FIEET, =4 ) =L HRRS T2 FTAMTE 2 FNE MO TN 54124,

HCHO aq
KOH
RuClg8H,0  + PPhg o> RuHy(CO)(PPhy)s (4.12)
20a

Fo. FOMOERKEEL LT, B FY R oo LR =Lk RuHCI(CO)(PPhs); (192) %
AIERAR L LTV 2- A R ) — i KB ) UL ERUSSED 2L THLILD
ZELHE STV A 4.13)Y,

PPh3 3.3 equiv
KOH
RuHCI(CO)(PAr RuH,(CO)(PAr.
(CO)PAr3)s 2-methoxyethanol 2(CO)PAra)s (4.13)
19a reflux, 10 min 20a

65% (as crystals)

Z T, EoBRFTCHEONIELOE KU K7 aa bR = U5 R19x) & SR RTBR (4K &
LT, Y FU FHILE =LK RuHy(CO)(PAT3); (20x)~DZE % 57+ 7= (Table 4.3), Z D
EEL X DARICE - THOLNZHMRA R END, WEIIA X ) — o= H ) —)v 2-T7'n
R)—=NERNDHELE LTz, £7. P@-MeCeHy); BN TZFioE RU K7 o afik19b)%
HAWTKIEEI T2 2 A, AX ) — AR TIEENOEKRIIMHER I NN T2, RilE%E
TR )= R2-T N =T LT LT RIST DS R REER 20b 2315 5 4172 (entries
1-3), RuH,(CO){P(3-MeCeHas)3}3 (20e)~DEMDIGE . A % / — /P TIXHOEEKTZT T
72 S RIOGD 19¢ B S iz (entry 4), L UIRBEIC =% / — L EHWDHHET, 62%ILE
T 20c DNHEES N7z (entry 5), £/, MEHBEEZRINT S22 LT, "AT744 0 LT Y —1
O AT A FFVESLZT NI, A4 uiE A9 508 KU REE(A 20d, 20f, 20g 2 &
% C & 7= (entries 6-8), L 7> L RuHCI(CO){P(3,5-Me,C¢H3)3}3 (19h) DL Tlk, & & ) — /L=
-7 R ) = NTNOEEEZ TR T 2P U REERIESE 5727 > 72 (entries
9 and 10),
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Table 4.3. Synthesis of RuH,;(CO)(PAr3); (20x).

PArs 3.3 equiv
KOH

RuHCI(CO)(PAr3), RO Tefiux RuH,(CO)(PAr3),
19x 20x

entry PAr; ROH time 20x isolated yield
1 P(4-MeC¢Hy); MeOH 5h 20b nd*
2 EtOH 7h 73%
3 'PrOH 6h 72%
4 P(3-MeCeHy)s MeOH 5h 20c —b
5 EtOH 12h 62%
6 P(4-MeOCg¢Hy); MeOH 5h 20d 80%
7 P(4-EtC¢Hy)3 'PrOH 12h 20f 39%
8 P(4-FCgH,); EtOH 5h 20g 93%
9 P(3,5-Me,CeH3); EtOH 13h — nd*

10 'PrOH 13h — nd

“Not detected. *19¢:20¢ = ca. 1:1.
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§1.4 Db RU FHLR = LESR(20x) 0 1 & 5

B o785 20x @ 'H, *'P NMR, BEL IR 2227 MAF—Z DN, B 0% L
TIZ/RT(Table 4.4), 2 HO8EAL B RY K7 o ok 19x [k, IR A7 b2 X - T
TNV =BT DIFAERRR STz, 72, WTROEEICE TS 'H NMR 222 K
JUCeDg) T2 MO E R U FH', H) 3B &4, —8.6~-8.1 ppm 35 L U~6.8~—6.2 ppm {1
ZZEREFNdd BEOtdd D> 7 E b 27, £, X BEEBATIZ L > THOREENRE
X TV 5 RuHA(CO)(PPhs); (202)D AL kL & DLl 7 8 e 44 AEIF7- 12 AR L=
RuH,(CO)(PAr3); 20x)H . BEHIOD N U 7 = =)Lk A7 ¢ V35K 20a & Rk EZ A LT
HEEZOLND,

Table 4.4. Selected 'H, *'P{'"H} NMR® and IR spectral data of RuH,(CO)(PAr3); (20x).

H2
ArsP2 | _P1Arg
/Ru\
ArgP3” | TH1
co
20x
9 (ppm) IR (em )
20x Ar N 5 P >
H' (dtd) H’ (tdd) PLP° P CcO
20d 4-MeOC¢H, -8.11(J=75.2,29.0, —6.22(J=30.6,16.3, 532 419 1929
6.3 Hz) 6.3 Hz)
20b  4-MeC¢Hy;  —8.12(J=73.9,29.0, —6.27(J=29.7,17.0, 56.0 445 1926
6.3 Hz) 6.3 Hz)
20f  4-EtCqH, —8.16 (J=174.4,28.6, —6.29(J=30.8,155 556 435 1933
6.3 Hz) 6.3 Hz)
20c  3-MeC¢H;,  —8.12(J=73.8,29.3, —6.21(J=304,162, 57.6 46.1 1939
6.3 Hz) 6.3 Hz)
20a  Cg¢Hs(Ph)  —8.29(J=74.2,285 —6.46(J=30.9,150, 581 459 1943
6.4 Hz) 6.4 Hz)
20g  4-FCgH, —-8.62 (J=175.2,288, —6.82(J=30.1,16.4, 550 43.6 1929
6.3 Hz) 6.3 Hz)

2 CgDe, 1t. °KBr.
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Flo, FEEPER LY E KU KGR 20x O, RuHy(CO){P(4-MeCsHy)s}; (20b).
RuH,(CO){P(4-MeOC¢Hy)3}3 (20d). 3+ & O RuH,(CO){P(4-FCeHy)3}3 (20g)i. HLfEAh X HRfig
W LD HEERENDFRETH - 72, LLFIZ T 5 Offdh D ORTEP [X(Figure 4.2)3 L OMUE
7RG R, Mo f(Table 4.5)% £ & O,

(a) (b)

Figure 4.2. ORTEP drawings of RuH,(CO)(PAr3); (20x); (a) 20b, (b) 20d and (c) 20g. Hydrogen
atoms and solvent contained in the unit cell are omitted for clarity.

Table 4.5. Selected X-ray structural data of RuH,(CO)(PAr;); (20x).

H2
ArgP2 | _PArg
_Ru
ArgP3” |
co
20x

\H1

Bond lengths (A)

20x Ar Ru-H' Ru-H?> Ru-P! Ru—P? Ru-P* Ru-C C-O

200 4-MeOCgH; 1.73(5) 1.75(4) 2.338(2) 2.385(2) 2.318(2) 1.878(6) 1.173(7)
200 4-MeCgHy  1.67(5) 1.69(4) 2.328(2) 2.402(1) 2.320(1) 1.892(4) 1.158(5)
202 CHs (Ph)  1.59(3) 1.65(3) 2.3241(6) 2.4010(6) 2.3111(7) 1.893(3) 1.155(3)
202* CgHs (Ph)  1.61(4) 1.66(3) 2.3227(6) 2.3983(8) 2.3124(6) 1.900(3) 1.157(4)
20g  4-FCeH, 1.653) 1.72(4) 2.336(2) 2.377(1) 23192) 1.891(6) 1.165(7)

Bond angles (°)

20x H'RuH> C'RuP! C'RuP* C'RuP® PRuP? PRuP® PRuP’ RuCO

20d 91(2)  104.12) 93.0(2)  98.8(2) 100.85(6) 146.38(6) 102.15(6) 176.2(5)
20b 93(2)  103.3(2) 92.7(2)  96.7(2) 102.50(5) 147.55(5) 101.78(5) 175.9(4)
202 87(2)  104.20(8) 91.21(8) 96.20(8) 101.35(2) 147.86(2) 102.78(2) —

20a*  87(2)  103.50(9) 90.51(9) 96.58(9) 103.56(2) 147.13(2) 101.99(2) 177.6(2)
20g 89(2)  99.7(2) 93.02) 100.3(2) 100.69(5) 147.33(5) 103.80(5) 176.9(5)
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§1.5 Znunu hU XAF NIV /VR =)L EERQIX)DE R

FY 7 2= ViR AT 4 VENL % AT %D RuHCI(CO)(PPhs); (192)l%, 2 & R U FEE{A(20a)
PIAMC b k% 72T =0 DGR ORIEEEA E L THWAENRTE D, Bz, 19a 2=/
FUERINEELHETIZ e MU AF YLLK =LK RuCl(SiMe;)(CO)(PPhs),
QIR EHND Z LRI TV S (4.14)7,

RUHCICO)(PPhg);  + 2 SiMe, RuClI(SiMes)(CO)(PPhg),
benzene
19a 5 equiv reflux, 24 h 21a
73%
2 SiMe, HCCH (4.14)
H-RuCI(CO)(PPhs), H  RuCI(CO)(PPhy), e
PPh, /J: - —
Me3Si Me3Si

ZOHK 21a 1X, AL T 4 OV U ALBORR SIZBIT S L LT BTV D23,
INETICHOWONTELEFRATZ S VA TIZ N 7= R AT 4 VIZRBNTED,
o7z N U T U =Lk AT 4 > %&£ RuCl(SiMes)(CO)(PAr), (21xX)D A HHNILHE S
TWRhote, 22T, AEIEGMR LK SO KU K7 ook 19x ZaiBkAk L LTH
W, BV T U ERISSELET, HHL N AT U LVEER 21x ~DOEBE R
Z A /T D 8 A RuCl(SiMes)(CO)(PAT;), RIX)A W & FRREDINR TH SN 5 FHN4y
Do 7 (Table 4.6), ZALHDOFERIT, FZFPEM LI —HEDONLT =0 LAEEEKN, FRe72 Y
TUV—=NARAT 4 VBN H RO T =0 LEERERA~E R TE 5 EEZ R LT
WL EERD,

Table 4.6. Synthesis of RuCI(SiMes)(CO)(PAr3), (21x).

RUHCI(CO)(PArg)y + > SiMe; ————>  RuCl(SiMe;)(CO)(PArs),

benzene
19x 5equiv  reflux, 20 h 21x
entry PAr; 21x isolated yield
1 P(4-MeC¢Ha); 21b 66%
2 P(3-MeC¢Ha); 21c 58%
3 P(3,5-Me,C¢H3)3 21h 66%
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W28 PEIRO UG
§ 7 EAER IXTJVEﬁ$;£%T‘7$nit7?<EOD77 DA I/ I

HETHLRANZEY, HllAZERRA FAFEREEER Y T 2 ) VAR
DB SOSIE N E TICHEBIDED o7, FFIL. O XD REBRSUSDOERE B &
LT, F1HEHITER LT RA LT = ?Aéﬁﬁi%ﬁﬂaﬁk LTHW, ZE/mBAFLV22 LH
AR UFEREK23a LN v TV VTR E VAT U 120 °C T 24 BERINEA X ® T
1T > 7= (Table 4.7),

EFF. M7 2= VAR AT ¢ UEBN IR OOV T =T AV R U REHK 20a &
HOWTHISEZIT2T28 2A GCILFHE 26% TS T DXV 7 = ) 24 3G BT (entry 1),
FlZolE, AL 24 OFFBRRFZ-KFZREDT Y — /AL S 2B 25a D3R
T%EMR LTS Z &R S 7z, —J7. RuHCI(CO)(PPhs); (19a)% V™ CRIKE D St &2 4T
ST AE ST ELS EIT Lo T2(entry 2), L LIRIIAIE LT vkt o A% %,
FE19a 2 WS EAToTc & 25 20a Zfillit & U CHWESGE X0 & OSMEEm E L,
GC X 43% T 24 DNERKRT D EN o T-(entry 3), ZNHDOHEFILD, P 7z =/LKA
7 4 VEEEROEEIE 192 127 bV U AERINLIEGAPR O RE 525 EEZ, 7
oAb BT T LDFEE T fic O RY R7 o a$RA9x)D S i~ 7o, £7° P(4-MeCeHa)s
ZRPO8EK 19b OB 4. 24, 25a b\ﬁ“‘nmzafé%ﬂbfﬁ i BT DI E o Tz (entry 4),
RuHCI(CO){P(3-MeCsHy)3}3 (19¢) & W2 355 10 b BWRE R Z 5 2. GC ILH 56% T 24 8
B o7 (entry 5), E7ZA b ﬂey%&oi%/u%%ﬁ?é 19d, 19e, 19f 72 X L 5bsd 5>
VT x )24 G2 ey BRI BITIEE B 72 o 7o (entries 6-8), 7 /LA 1 E A FFO 19g

AFELLS KGR IE T L= (entry 9, BLALF & L T P(3,5-Me,CHs); =°
P(4-MeO-3,5-Me,CeHp); Z£52 19h X° 191 & SITHEITT 5 H O D 24 DICRIZHRE TH -
7z(entries 10 and 11), F72, WTNOISIZEBNT S, AEk LTz 24 OFEFIERFE-KRFERES
DTV — AL S VT AR 25a DA HER STz,

TATIVDRE-TREREA DIRFB-IRBIREE~DOEMBRLE VI BENDRD & TORISE
IR T = ) UHER 24 L 25a OIEOMTHWI T 50088 TH D, ZTDOGHAE, ik
A W ER TR & 5 2 D $ERIT 19¢, 19h, 19i (entries 5, 10, and 1) TH Y . 7 U — L FD
3NLIC A TFNVEEZ BT DO . ARG % LB 2SR T S I D 2 & 35 h
Do LMLARRL, ZHHOENTRED LD R CTEEROIEEZ M ESE TN 00
B L TIIAHATH 5,
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Table 4.7. Ruthenium-catalyzed coupling of methylbenzoate 22 with arylboronate 23a.

o) ACQ
B 20 mol %

dioxane 1 mL

I 0

O
OMe + (0] catalyst .\
CsF 0.5 mmol
24 25

22 23a 120 °C, 24 h a
0.2 mmol 0.5 mmol
GC yields
entry catalyst
24 25a 24+25a
1° RuH,(CO)(PPh3); (20a) 26% 7% 33%
2 RuHCI(CO)(PPhs); (19a) nd” nd” —
3 RuHCI(CO)(PPh3); (19a) 43% 8% 51%
4 RuHCI(CO){P(4-MeCsH,)3}5 (19b) 46% 10% 56%
5 RuHCI(CO){P(3-MeC¢Ha)s}3 (19¢) 56% 13% 69%
6 RuHCI(CO){P(4-MeOCsH,)s}5 (19d) 48% 12% 60%
7 RuHCI(CO){P(3-MeOCsH4)3}5 (19¢) 44% 9% 53%
8 RuHCI(CO){P(4-EtCsHa)3}3 (191) 48% 12% 60%
9 RuHCI(CO){P(4-FCsH4)3}3 (19g) 7% 3% 10%
10 RuHCI(CO){P(3,5-Me,CsH3)3}5 (19h) 44% 17% 61%
11 RuHCI(CO){P(4-MeO-3,5-Me,C¢H,)3}5 (19i) 49% 26% 75%

2 CsF was not added. ° Not detected.
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§2.2 WINFIORG

fRIBEERRFHZ B W TR b BWILR TR V' 7 =/ v 24 % 5 2 72 RuHCI(CO) {P(3-MeCgHy)3 ! 3
(19¢) % filfit & U-CHV, Flx OWRINFIZ NI 2 TE DO E % ~7-(Table 4.8), £7T 7 v{bt
UL TH A O 7 ALMEZ TR L THRE 21T 7208, BROKISITIZEA L, b
L <3 e< #IT Leh o 7 (entries 1-4), RICEEiAx 72t 7 AEOBE 217728 25, K
by v A, REEEY T LB X OREBEKE L VT AOEFEIT 20-35%REDOILET 24 %
5 Z 7= (entries 5-11), £z, KELA Y 7 A [RERREDOFER L 5 Z (entry 12), W ILD UGN
b7 bty AOREREY ERS Z L3 ENoT-, £ZTRICT vk T ADORKIER
YEAEFART, 7ok v U A& O EE L SEOHHCTHRM LS E, MG
T2 H DD, 24 DULRIT 40%\ 21 7= 720> > 7= (entries 13—15), ez ©H b ~7-1@
D, AR FERELLEREDO T vbt 7 (0.5 mmol) & RN L 7284 121% GC LK 56% T
24 DR L7223 (entry 16), M &% T LT HRIRILR B A7 7> > 72 (entries 17-18), —
. 7ok T NEEI L 2 WA IE RN EETT L7255 72 (entry 19),
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Table 4.8. Screening of additives.

0 )CQ ‘ o)
OMe + O/B 20 mol % 19¢
addltlve

dioxane 1 mL
120 °C, 24 h

22 23a 25a
0.2 mmol 0.5 mmol

entry additive GC yields
24 25a
1 LiF 0.5 mmol nd* nd’
2 NaF 0.5 mmol nd* nd’
3 KF 0.5 mmol 7% 1%
4 AgF 0.5 mmol nd* nd’
5 CsCl 0.5 mmol nd* nd’
6 CsBr 0.5 mmol nd* nd’
7 Csl 0.5 mmol nd* nd’
8 CsOH-H,O 0.5 mmol 25% 2%
9 Cs,CO; 0.5 mmol 35% 9%
10 CsHCO; 0.5 mmol 21% 3%
11 Cs,S04 0.5 mmol nd* nd*
12 KOH 0.5 mmol 34% 6%
13 CsF 0.04 mmol 32% 7%
14 0.12 mmol 38% 18%
15 0.2 mmol 36% 19%
16 0.5 mmol 56% 16%
17 0.6 mmol 47% 13%
18 1.0 mmol 47% 11%
19 none nd* nd’

*Not detected.
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§23 ZOMOLEFHT AT VEH WL
R OREHE B2 S & . RuHCI(CO){P(3-MeCsHy)s}3 (19¢) filfft & 7 vkt o 7 A ZEN
FE LTHW-RET, REFBRT ATV EAERTZRIKL OIS EITo T,
FTREEFRA T IV 26 L HHE VHRIEK 23b LOKIEEIToT &2 A, BHOKIEDHE
TU. RUST DRV 7 = ) VB8R 27 OERD GC LR 17% CTHER S 7= 23, ity 72
DT EBIITE S 725 12(4.15),

0 ACQ
MeO OMe+ o B OMe20 mol % 19¢ MeO OMe
CSF 0.5 mmol (4.15)

dioxane 1 mL

MeO OMe 120°C, 24 h
26 23b 27
0.2 mmol 0.5 mmol 17% GC yield

F7-. KBEBFHBATF I 28 LAMATHERIK 23a L ONIEEITH &, AR Y T =
J U2 BELNTERN, ZOGE b EM oA A b 2 D FITE) > T2(4.16),

o} ACQ o)
| ~ OMe O/B 20 mol % 19¢
D ——
¥z CsF 0.5 mmol (4.16)

dioxane 1 mL
120 °C, 24 h
28 23a

29
0.2 mmol 0.5 mmol 17% GC yield
INDLDRISIFWVWTRDOEEICONT S, REGDZEEFRT AT VAL IS 1,

NV T = ) UFERQRT 203 29)DERICHKES . AV MBS FERKFZ-KFERE DT Y —
IABIZEIR S o Tz,
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§2.4 FlPERTERE OHEE

il LTRY 7 2= VR AT ¢ VBN 28D 19a WV, B M= P TRISEAT
ST, 3 BREIMEE 21T 7278 24 DERKIT 14%ICE D, 2D & x PNMR 227 FLICH
WA 192 @ 3 7 L DI & Ru(CO)y(PPhs)s. 3 X T Ru(CO)3(PPhs), D AR AMELIH S
72(4.17) 2B DOEKIT, EARL OME LT L IVRFE-A b F UHEA Ik < Bl LR
SRS TAERLEZEZEZ NS %, F72 b OEEARIRICHT 2t & LTH
Wit Z A, TOEMEITELS . AKISICB T MERIEOBBEOOE S E LT,
Ru(CO),(PPhs);. I & T Ru(CO)3(PPhs), DA E 2 B b,

o) A(\Q
oM -B
e, O (;/ + RUHCI(CO)(PPhg)s
CsF 0.15 mmol
toluene-dg 0.6 mL
22 23a 19a 120 °C, 3 d

0.1 mmol 0.15 mmol 0.02 mmol 26% GC conversion

0 ‘ 0
O O + O O + Ru(CO),(PPhg); + Ru(CO)s(PPhy),

24 25a 32 : 68
14% GC yield 1% GC yield (3'"P NMR)

(4.17)
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§2.5 HEERISHERE

S DHETE B 2 DL IR 9 (Figure 4.3), AT L BERA FILHEEEK 22 OT
SOVIRFB-TEFRE B DNT = 7 NEERIZ X L“Cﬁﬁ“ftﬂ’ﬂﬁﬂﬂ?“é_&f‘@]lﬁéh\ foe < AR AR
VRBELD T U AAZ AL L BTHIBBEZ R TR Y 7= ) 24 BERLTND L&
AbND, FlZONT =0 AT, HERKFEIKBEEITHTLEESA LTV L
Mo, ERLTZ 24 O—EBEICKIE L, 25552 TC05HEBX TS, ZORIGET v

RFE-NT =0 LFEZRETHEITLTNDT2D, ZOFRBHENR b T A AZ ALY bR
TN =A% Z 3 & . Ru(CO)(PArs); %D Ru(CO)3(PArs), & W o o RTEME RSB R & 7220 |
BRI ZEB T D IIEORE TH D EHEEL TV D,

ARIRICB T 57 bt > T AOMBIEZARATH 525, BIERA K L7~ RuHF(CO)(PPhs);*
gt e LGBl E A ERISDEIT LR Do FENS, 7t A T =v
L DB Tﬁﬂ’}?ﬁt*ﬁﬁ{’ﬁﬂﬂ EHFEVEEL TWRNEEZX TS, LrL, ERY R
2 2 EHAA9X)ZE WIS W T, 7 vkt oo NI S EORMMBRLEATH Y |
HOAHARUFERE LY BEOGAITROBIRPAONTZENS, 7 vkt o v AT ETE
PEREDAERREREL . N T U A XA ALOMREIZE G LT D EHERIL TV 5,

OMe [Rul [Ru) [Ru] S Ar
OMe
24

Ru(CO),(PAr3)3 Ar
——>y or
RU(CO)3(PArs),
25

Figure 4.3. Proposed mechanism.
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B3ET NRWINIARB o Te BFERT b DRFE-KRFREGDT U —ALKIE
§3.1 IXLWIC

AEEF L, F2HICBOT, AR M)V T IV —AVRAT 4 VAL FERT VT =0

LEER19x BRUN20x DAL . ZI D OFAE FV iz 27 L & DRUSHEIZ DN TR~
oo ZOHT, TATINLAER LIZR Y 7 o ) UiFEIK 24 O AV ML IR FE-K
FREEGOT VU —AIZ K 5 25 DERDBET LN VRIS TH - 7=,

Z DX D IR LIRBTIRME LT IRFIRFERE S FRIC 2 036 KUY 6 (AN E M S 7o I B IR
FAKREREEOT V=ML DOH & LTI, EFARREEFICEHOM T m 25
B (4.18)Y, BRALHIO N F A v T — e BRI LBl v 7Y > 7 (4.19%, 7=
VIR E NP A 2 L DRIE@200 R R BTN S Y,

NO2 cat. Cul NO, = |
H . O cat. phenanthroline SN (@.18)"™
NNT KaPO, '
NO, solvent NO,

Phl(OCOCF;), 1 eq
BF3-Et,0 2 eq
CH,Cl, O O (4.19)%

NHTr NH, O
TfO
(4 20)4%
MeCN /toluene  TFA :

™S o |

F7o. BB RAMEIC X D RNEMERFZ-KFEHG & OEENRINT LD A Z Vb adEie
s & L TR E TIEBIOME N2 STV 5H4.21),

t. Pd(OA

H L preon), SB-PAOA0, Ph i
Cu(OAQ), 4.21)
TEA

2eq 02

2L, WEFENRDOEE B AT TF LY, 2TEMRREZ-KEEELZATLIEEZHN

FROSICIE SN TEY . ERE B A2 V7= B m T X 2RI E SR 7 5
IRFE—IKFHFEA DT UV —AERISIZBE L Tk, REZOREFNIFN STV, 6> T,
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%2 BIC BT DRIBUGIE 2N E TITHAE GO STARBNDIARE > T F5 F I bR Rk B
A0, B L AAEERRNR T UV —HERISIZR 055 EE 26D,

T D TR SKRHTAT G o T2 BB N v DR FE-IKERE SN AR D AR v E K
EDOH TN T RIS OWTHRH LR E RS,
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§3.2 il RREt

R Tz ) UHH 24 LA U EREE 23¢ ZHWTEIRF-KFREE DT = = UALIGRIZ
BILT, B FanrZ2iEgs UCTHW, oG %21T - 72 (Table 4.9),

F 7. RuHy(CO)(PPh;); (20a)% HHWCUSEAT -T2 & 2 A, GC U 27% T 7 = =/L{b4
B 25¢ 3G BTz (entry 1), F72, 20a OfMBERICT v bt v U A ERMT 5 EIEEDH
MR BTz (entry2), —J, B KU K7 ool 19a liimFlE LT vfbev v o %M
WA E L 20a ERWTEAEECR L0 SRR R ET D EN o (entry 3), £ 2 T7 vkt
VULFETICBIT AR E RY F7 v o RA9x)DOMGEt 21T > 72, £7 P(4-MeCeHa)s &
FFo8EK 190 DA, 25¢ DL ILH | L(entry 4). RuHCI(CO){P(3-MeCgH,)3}3 (19¢) % U
%L GCULER 71% T 25¢ 33 Hiviz(entry 5), F72 A FF U ESLT TV, 74 a s Ff
©19d, 19e, 19f, 19g 72 EZ WS T, ST 2E8MIIEND OO, IED
] _EICIEE B 727> 7= (entries 6-9), A7+ & LT P(3,5-Me,CeHs)s X2 P(4-MeO-3,5-Me,CoHy)s
ZFED 19h X0 191 Tl LI R WIE T 25e 353 5405 2 L0335 > 72 (entries 10 and 11),

T AT NVDRFBIEFERG A 2 T BOG & RIRIZ, ZORRDOHEIZE T U —V 5o 34

(2 A F VA AT 55K 19¢, 19h, 19i (entries 5, 10, and 1123 LAY EIEMETH - 72,

Table 4.9. Ruthenium-catalyzed C—H arylation of 24 with phenylboronate 23c.

Ph O
10 mol % catalyst
% CsF 0.2 mmol
25¢

pinacolone 0.05 mL

23¢ 120°C, 24 h
0.1 mmol 0.2 mmol
entry catalyst GC yield

1° RuH,(CO)(PPh3); (20a) 27%
2 RuH,(CO)(PPh3); (20a) 36%
3 RuHCI(CO)(PPh3); (19a) 51%
4 RuHCI(CO){P(4-MeCsH,)3}5 (19b) 62%
5 RuHCI(CO){P(3-MeCsH4)3}3 (19¢) 71%
6 RuHCI(CO){P(4-MeOCsHy)3}5 (19d) 43%
7 RuHCI(CO){P(3-MeOCsH4)3}3 (19e) 50%
8 RuHCI(CO){P(4-EtC¢Ha)3} 3 (191) 34%
9 RuHCI(CO){P(4-FCsH4)3}5 (19g) 19%

10 RuHCI(CO){P(3,5-Me>C¢H3)3}3 (19h) 63%

11 RuHCI(CO){P(4-MeO-3,5-Me,CsH,)3} 5 (191) 66%

 CsF was not added.
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§3.3 AR T HERIEDO— kM

fitfit & L C RuHCI(CO){P(3-MeCgH,)3}3 (19¢)Z VY, RV 7=/ 24 LFEA T Y —
JVIR 7 FERREE 23x & DG E 1T o 72(Table 4.10), i, 24U 5 OMFHIHBEC X 5 £k DA
EEATIIZD, 3EDAT— IV TIToT0, LA RFVEEZROT U — AR UHERELD
BOGDORE . Y 25d OPERITIHRRE TH 57208, 40 3L E /21X 35 MLl A F L%
FFo 25e, 25f, 25a (X T4 b LLERAY RAF 72 ISR TApk L 7= (entries 2—4), — 7, 2 (LI EH#t
FHFFONARINCE @ T U — VOB NITIEBF &2 £ o 7 (entry 5), HfliZe 7 = = L3
ZRHWZRISICE L TIE, 35027 —Tb BB L < A 25¢ % 5 % (entry 6), 7 /v
v B A FFORE TIE 72%0 GC IR T 25g #1537 (entry 7), &3R5Ik & ML & FF O A7 k%
R EREORKISENE N EE X 3AMIC TNV A B2 HORE 2V TN EITo 7 &
Z AR 25h 13 GC UL 48% Th > =3 (entry 8), F U 7 A v AFNEE 4 (LIZFKST

U — VBB AT L < HEIT L, GC UL 79% T 251 235 B L7z (entry 9), AL, BT
ROMWEBEMEZGT 27 U —AR v H#HRAHK 23x 2 W 72356 IR M BT S EmIC
ZOHHBEOOEDE LT, T UARAZILDRERE T END, Thbb, ﬁ%*%lr
B L > TR YRR SO Lewis FRENA BT 2720, A& 4.10 RicB T 07 =7 A
TNaxy REx ED T U ARXAZIUDEITHERNZ 2o EZTWD,

Table 4.10. Ruthenium-catalyzed C—H arylation of 24 with various arylboronates 23x.

Ar O
10 mol % 19¢
% CsF 0.6 mmol
25x

pinacolone 0.15 mL

23x 120 °C, 24 h
0.3 mmol 0.6 mmol
entry Ar 25x GC yield (isolated yield)

1 4-MeOCgH4 25d 46% (45%)
2 4-MeCg¢H4 25e 63% (60%)
3 3,5-Me,C¢H3 25a 65% (48%)
4 3-MeCgH4 25f 61% (50%)
5 2-MeCgHy4 — trace

6 CeHs (Ph) 25c¢ 69% (62%)
7 4-FCgHy4 25¢g 72% (59%)
8 3,4-F,C¢Hj; 25h 48% (36%)
9 4-CF;CeHy 25i 79% (46%)

76



§3.4 FHEBEST b OKF

R OBR(Table 4. 10028\ T, 4022 MU 74 A FVIEE ST U —)Lik 7 H#Hald
i bBRWREREZGX722800, Zhahy 7Dy 7HE LTHY, SLERIZARS
STEEFERS b ORIGHEE T~ T,

ANFVEEFET O Y T2y 27 ZHWEKIE T, RuHCI(CO){P(3-MeCsH,)s) 3
(19¢) % fillfit & U CHWRiESM . BRIO KSR ET L, FREDINETHIGT 57 Y
— LA 301 235 D AL72(4.22),

(0] Ar Ar
|
MeO OMe O’B\O 10 mol % 19¢ MeO OMe
+

CSF 0.6 mmol
pinacolone (4.22)

MeO 27 OMe 23 (1)21050r8L24 A 30i OMe

0.3 mmol 0.6 mmol 56% GC yield

Ar = 4-CF3CgH, 50% isolated yield

—J. 2,35, 6 (S AFNIEEZETHR Y T = ) 229 DRIGOEA . RO SMETIX
IWHEOKREZRIE TR G, ST 2 A5 31 1% GC I 23%ICH £ o 72, KIEGREOKR
WEIToEZ A, L LT 20 mol %D P b KU FEEA RuHy(CO){P(3-MeCsH,)s}5 (20¢)
V. 7okt U A EMAPTITOEEIT 9 F T, 31 O GCUIURIT 5S1%ICE Tl ELT-
(4.23),

Ar O
\ 20 mol % 20¢ O O
% plnacolone 0 15 mL (4.23)
0.3 mmol 0.6 mmol =4-CF3CgHy 51% Gg 1ylield

37% isolated yield

WU, SEARPNZIRME LT /R b e LT, 5, TILICEREZET S 1-7 b7 e v ifE
K32 Z WL DER 21T o T2, ZOREOEGAE. BIGE LTHAKEEZRD 1-577 F
—IVEHOERP R OGN0 PERIIRE RN LA, il LT20 mol %Dk KU
R &R RuH,(CO){P(3-MeCgHy)s}3 (200) % VY, RIEE 4 03 mL & 55T, HHOT U —
JALAE R 331 7% GC IR 34% TG B 4172(4.24),

Ar Ar
|
. o°Bo 20 mol % 20c
pinacolone 0.3 mL
120 °C, 24 h (4.24)
32 23i - 4- H 33i
0.3 mmol 0.6 mmol Ar = 4-CF3CeHy 34% GC yield

25% isolated yield
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RETIHEL R N TV —VHRAT 4 VENL 2 BT HLT =0 LROERKRE. Th
LAl UL THWERZBEFBRA FLVFEREAERARVBIEME DT v 7V T RIGIC
LRV T2 ) VEHOER., BXONAEMINALE ST BEFR T b ORE—KEFBE
DEHET V — AL DWW TR~ Tz,

B & I i B oy ARSI BT D EIE e M RTEXA E LT b TV D
RuHCI(CO)(PR3); (19x)%! 35 J UF RuH,(CO)(PAL); (20x) B D /LT =7 AEEKD L 23, b U 7
T =VIR AT 4 VBN AR 192 & 202 (RO TCWAZ LIZER L, Bixe b U T
— VIR AT 4 VBT EAET DT = U AR RuUHCI(CO)(PArs); (19x) % L O
RuH,(CO)(PAr;); 0x)D & KIEDBF EIT 572, Bix 72 b U T U — LR AT 1 (PAR) & 1
bV T =0 L%, RAVLTATE REEET, T a—VEERIGSEL5HT, 6T 5
NT =0 LEER 19x ZfEICERTE 2, £7o, TN DOFEEREKEBIET U D L% KIES
HHZEITED, 20x ~E BB TEXDIHEN -T2, ZOFEEHAND Z LT, Hixpid
BEEATDHHR YTV — VR AT 0 UEERO AR ZER LTz, £72, 19x ZHiBRA L LT
RuCl(SiMe;)(CO)(PAT3), (21x)~DFHE &, AIRETH - 7=,

BONTSEERBEZ A L CTHY, REFBAFLFEREAGHAYFERELOD v 7
U RGO TORGFGbITo7e, ZORRE., 7 vkt U LAHFELLET.,
RuHCI(CO){P(3-MeC¢H,)3}3 (19¢) & fillfit & L CTHWAH Z & T, xeT25X0 Yy 72/ URE
MR TART 22 2R L, 20X IIEHR LI TWRWEZEFRA TV FYE
(KOBEB GBI X 5 EBEN R b ~DEBRHNIL, KFERIO TTH D,

BT, fERD MY 7 ==V ARAT ¢ UEERTIIRIGHEDZ Lo To SEARBIITIA BB VDD
REWHHFBT b ORFEIRFEHEOEHEN TV —ALRISIZBE LT, 19¢ 3B 72X
ED T EEIRT 2 E RNy Tn, SMRIIZIABR G o To B /R IRF-KFREA IR L. B
FT K o TNLERIR DB RN T V) — V28 A B B BB LS . FrE
DENHEDTH D,

AW TORRFEIT. BALF O R 72D % E 7 RuHCI(CO)(PAr); (19x) 45 L Y
RuH,(CO)(PAr3);(20x)HIEE R 2 T, 2406 O SUSEIZ DWW T OMRFIN AT REIZ 72 o 72T
ERENTHES 2D, SRIEEDER LT —HO/LT =T AGERE WD Z & T, 163K
DR T x2=LIR AT ¢ R 192 X0 20a TIXEERR IR 7S - 7ok 2 2R iR 7y 1 28 G
ZHBE LD 2 7 )V —= 0 ZRA[REIC R o T2, o T, 5% b Ok %Z v
SRR TR SOG B R ~ D BB IfF S D,
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4k 2A
V=]

AMFFETIE, TERBUSIZHW B 1L 2 F O > Te AN TEIE R IR F-RFER S 2 SUGR E LT
MML. vT =0 DGR X > TRIF-RBME~ELRBT D TFEORE L, Thb
DIERIREIA 21T > 72,

Bl ETEAT A LA TV 2 R T L E W BB OBEET L
I = AL D BOSHEREIZ BT 2 B RI2 D0V Tk~ e,

FEFEIL, Bx ORI N—T B ZHVETIZRE L7z, Ru(cod)(cot) (1) iz 127 Y —
NV U3 DRFE-KBREEL TNV AT IV 2 DT IV =)V RFE-TRFERES DY)
Wit s . NESRIREEET V7 = ARBOGIZEE LT 2 O RS E O fRHT <AL i X
i EAKEIERER 2 AT O BT, T OFEMRUSERE O AT o7, TORE. K
BOGIZEBWN T, 3 DRF-IKRBREGIZBIEAIN, 2 OT NV = VIRFB-RFESIL LT
FIUBBEIC Lo COIlrEnN s 2 &2 R Lz, £/, i1 7 1 iZds T 2 AR B 1T
T=UAETD2 L 1,5-COD DRZBBEETH L Z L2 R L, AT, &mMGIzBsWN
T2MEDOT U — LT =7 MR ZHEE L, Th 5 OEEkETOMES 'H, "C NMR
AR MR EIC KON LTz, Eo, BEERRBOMIE TS X STz Lo
HOEMNE Lz, BONTEERORIGHEEZTH T2 Z2A, WITNLb AT V7 = ALRISICE
WS A 7 VICEENTNDL EBXONLIHHKETH L Z LRI,

F2ETIET NV = VR A7 V% HW 7=, Ru(cod)(cot) (DREEIZ K 5 FF LA D
N IR R R — IR R B AERSUS DBAFEIZ DWW Tl 7z,

TN =)V AT N E T VT = AR E U THWERIGD, -7 & b % Bl %2 # CEST
LTWhEWHIF 1 ETHELNZMAICESE, KPR TN EITZ D 2 & 0N
TEDLT NI ZNVRBTEAT VE W THRFEITo72 8 ZA, = F LB I Wi-7 v EVRER
T AT NDOEGEIWZAMDOT VT =AU EIT T 252 A L7z, Zh b o3 s v
L&, DT 2= ) U URBBERDRFIKFER A DPOLEFEIRICT VI =k S,
B2 THERM E 52 D FENghoTo, Flo, TATr=LT AT )V EHWIZKISIZE
W, BEOTMMPMATH s ToAFH Y U UERZEEFFOREIZ O T, BnAlE A
WL RS DRI T AT = AT LTc, ZHIIARBISIZBIT DEIAERM D T v =2
—NTHLEORRERLIHIE S 2D, £, -7 B ENVRBET AT V& W THERIR TR
ISEAT > TeH G, TIVFIACBOG T IV = VACBOS I LTl Z D F 0o T2,

F 3 ETIIVT =y LEERE ) RS 2GR MERICE D E Y DR R

TIVFNLNT—T )VORE-BBEEECEZFH LUIZABRIOEREEOD v 7Y VT KIS DB
FIZDWTIRAZ,
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GIEWEES~OBNIZE > THEHEMMLLELD T VXL —TFT L2 EE L LTHWY,
[RuCly(p-cymene)], & P(OPh); A G 7fiilRrIC A % / — V&ML, bU 7 U —/LR
¥ UERIESED I LT, T—T D sp’ REERHBADPRE-REBHE~LLBTE
L2 EHaRH UL, RBUSEA PRV ENEXBRBBECH L2720, ~"al a2
WADERD 7 a ATy 7Y T RSB IREEORMMNRETH D, E>T, kkx 72iE
BEEAFETHNI TV —AARa X U ERISCHWDENTE, FFITT bRz AT 1
W o T BUR A B RE R A RO T U — Ve ELEARARETH o7, FEE L LT
X, ATFN =T AR T NZ—T N EDOTNIX N —T VT TR, Tha—i
T 2= V=T I OWTHHREDNETEBLTE LI B gnrol,

ARSI FEE O JBEEE~ DN X > TH T RENEE LSS 2 & T, BRI A
B —VISBEEL, AR L= Y D URRICKT BT Y — A EO RIS ko T
TLTNDEBEZTND, BB DU R EDBTREF LT ¢ VH~OHBES 7 FR
OIS ITHRBR S MO TV AHEETH D, AFIEIL IS OBEESUS & K
JISEAABDED I E T, TRETHEARIZIZLEACFIHIN T Rl T LF /LA
FNT =T NDORIEWR sp’ RFE-RFEED DRF-IRBEA~DOLEMEER L= TD
il Td %,

B4 ETIIRRA R NI T V= AVRRAT 4 VENAFERTHLT =0 LEEROGHRE ., £
o af e U THWEZBEFERAFNVFEERE AR VEEMEDD v 7Y 7 FOG
IZRDR Y Tz ) VEOERK., 78 b NCSRINGAR G o Te BRSO RFE—KHE
FEEOEBET YV — LSIZ DWW TR,

& T il 5y 7 R BSOS S BT 2 WG 2R A BERTBRIA & L T O TV A LT =7 A
$&1& RuHCI(CO)(PPhs); (192)35 & U RuH,(CO)(PPhs); (20a)IZBI L C. KA 7 ¢ VEML D H
72 BRI VT =0 AR RuHCI(CO)(PAr3); (19x)F & O RuHa(CO)(PATrs3); (20x) DA ikik
DR EAToTee NI TV —VAKRRAT 4 VT =D L& RV LT VT & RIEE T,
TV A= VR RIS SE L 9T, RIS T 50T = U A5 19x 235 b4, HIZ 19x
AKBILI Y O LERGSHEDLI EICED 20x ~E BB TEDLER -T2, TOTFEE
ANWDZ LT, BRxeBREEZETIHH N TV — VKA T 4 VRO AR E R LTz,
F72. 19x ZH{ERA L LT RuCl(SiMe;)(CO)(PAr), 21x)~DFFE S AIRETH - 72,

OISR A & LT, ZEFMA T AFEREAHRAVERELOD v
Uy 7 RIBICOWTORFEIToREZA, ZuoilbtE YT ATFEET.,
RuHCI(CO){P(3-MeC¢Hy)3}3; (19¢) Z filtii & U CTHWA Z & T, Z AT VDT VIVIRFE-TEFRGE
AN S, ST AR T2 ) UNERT A E R L,

Fo, RO NI T 2= VR AT 4 VEERTIIRIGHED Z Lo To SEARAVITIA BB DD
REWHHFBHR T b DRFEIRFREE OB 2T V) —MERISIZE LT, 19¢ BAE 721E
MERL, DROICT ) —NVEEZHEATELI N ghoT,
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ARAFGEIT, BRI IR SV SRR EE. B L OBk & e Bl 126 5 2 FiBles R O A ik
EBRRLZNOZHAVWEKIEDAZ ) == JIC k> CER SN D TH D, o TA
FFEDRRIL, B & 7o RIEME IR B ERE A DS CE D Z L 2R L2 T <,
BOGHEAE DRI & BEHA DA A . SUSBHIE DBLE 6 b D TN 72 5 ikim T 5%
HRLTEEFEIENTE D,

Lt BEENBRULIEREAR P TV — VKA 4 VBN FEET LT =7 LERD
FOSHEC BT 2 5EM e it 247 213, IGMEICE8 2 52 2 BN RIBE 2 HRE T 5,
Fo, BonfcmlicEkoSE | BRLEIEHAMBEOAIH A AIRRICRIUE, ATF L= AT L
DT K~ R EHIEDOMESLIE T Tl < fkx RAREERS S, By 7V o 7H B
F OB EE 70 & & T AR 7 R B 00 7 BSOS DR W REIC IR D L B A TV 5,
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EBRIH

General Information

'H, H{'H}, “C{'H}, F, *'P{'H} and 2D NMR spectra were recorded on a JEOL ECX-400
AL-400, or ALPHA-400 spectrometer. Chemical shifts in 'H and 13C{lH} NMR spectra were
reported in ppm relative to residual solvent peaks such as chloroform (6 7.26 for 'H, and 6 77.00 for
13C), benzene (J 7.16 for 'H, and & 128.00 for "*C), and toluene (5 2.09 for 'H), and DMSO (5 2.50
for 'H, and & 39.52 for 13C), or the internal reference tetramethylsilane (6 0.00 for both 'H and 13C).
Chemical shifts in '°F and *'P NMR spectra were reported in ppm relative to an external reference,
CFCl; and 85% H3;PO4 (6 0.00 for both PF and 31P). IR spectra were recorded on a JASCO
FT/IR-410 infrared spectrometer. GC and GCMS analyses were performed using a Shimadzu
GC-2010 and Shimadzu GCMS QP-5000, respectively, equipped with a CBP-10 capillary column
(25 m x 0.22 mm, film thickness 0.25 mm). The temperature for both GC and GCMS analyses was
programmed from 70 to 250 °C at a 10 °C/min ramp with a final hold time of 30 min or 45 min
(injection temperature, 250 °C; detector temperature, 250 °C). ESI- and APCI-MS were performed
on a JEOL JMS-T100LCS. Flash chromatography was carried out with Kanto silica gel 60N (40—50
mm) or Merck silica gel 60 (230—400 mesh ASTM). Benzene, toluene, 1,4-dioxane and hexane were
distilled from Na/benzophenone ketyl. Dry CH,Cl, was purchased from Kanto Chemical Co., Inc.

and used without further purification.

82



BIE ERE
1.1. Kinetic Studies of the C—H Alkenylation with Alkenyl Acetate

General Procedure for Determination of the Reaction Rate Constant of the Regioselective
Alkenylation of 3-Methyl-2-phenylpyridine (3a) Using p-Styryl Acetate (2) Catalyzed by
Ru(cod)(cot) (1).

In a glovebox, 1,3,5-trimethoxybenzene as an internal standard and a catalytic amount of
Ru(cod)(cot) (1) were placed in a NMR tube, and then toluene-ds, 3-methyl-2-phenylpyridine (3a),
and an excess amount of fS-styryl acetate (2) were added in that order. The tube was sealed and
heated in an oil bath at 90 °C. The reaction mixture was monitored by measuring the concentration
of the alkenylation product (4a) by 'H NMR. For all experiments, the concentration of 4a was
considered to be nearly proportional to the reaction time, which means these reactions follow
zeroth-order kinetics. Thus, the rate constants ks were calculated from the slope of the change in

the concentration of 4a with time (d[4a]/d?).

d[4a)/dr =k [3a]° 21 [11° = kobs  (kobs = & [2]°[11%)
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Determination of the Order of the Reaction in Aromatic Compound 3a (Table 1.2, Entries
1-6).

In a glovebox, 1,3,5-trimethoxybenzene (16.8 mg, 0.1 mmol) as an internal standard and
Ru(cod)(cot) (1) (3.2 mg, 10 pumol, or 6.3 mg, 20 umol) were placed in a NMR tube, and then
toluene-ds, 3-methyl-2-phenylpyridine (3a), and g-styryl acetate (2) (309 pL, 2.0 mmol, £:Z =
66:34) were added in that order. The tube was sealed and heated in an oil bath at 90 °C. The reaction
mixture was monitored by measuring the concentration of the alkenylation product (4a) by 'H NMR.
The concentrations of 3a were as follows; 0.1 M (16 pL, 0.1 mmol, toluene-dg: 675 pL), 0.2 M (32
uL, 0.2 mmol, toluene-dg: 659 pl), 0.3 M (48 pL, 0.3 mmol, toluene-ds: 643 pl).

0.35 9
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y = 8.5989x entry 3
037 R? = 0.99687 y=53773x @
R?=0.98774
[ )
0.25 1
[ ]
entry 5
y =11.278x ° entry 2
R2=0.99577 4 y =7.7765x
> ) R? =0.99602
g [ ]
‘©
=
0.15 1
entry 1
y =10.387x * ]
R?=0.99702
] entry 4
01 y = 14.493x
R?=0.99353 s
L]
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time (x 10%sec)

Figure S1.1. Time-concentration plots. Reaction conditions: [3a]o = 0.1-0.3 M, [2]p = 2.0 M, [1]p =
10—20 mM in toluene-ds, at 90 °C.
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Determination of the Order of the Reaction in Alkenyl Ester 2 (Table 1.2, Entries 4 and 7-10).

In a glovebox, 1,3,5-trimethoxybenzene (16.8 mg, 0.1 mmol) as an internal standard and
Ru(cod)(cot) (1) (6.3 mg, 20 umol) were placed in a NMR tube, and then toluene-ds,
3-methyl-2-phenylpyridine (3a) (16 pL, 0.1 mmol), and f-styryl acetate (2) (E£:Z = 66:34) were
added in that order. The tube was sealed and heated in an oil bath at 90 °C. The reaction mixture was
monitored by measuring the concentration of the alkenylation product (4a) by 'H NMR. The
concentrations of 2 were as follows; 0.5 M (78 uL, 0.5 mmol, toluene-dg: 906 pL), 1.0 M (155 uL,
1.0 mmol, toluene-ds: 829 pl), 1.5 M (232 pL, 1.5 mmol, toluene-ds: 752 uL), 2.0 M (309 uL, 2.0
mmol, toluene-dg: 675 pl), 2.5 M (386 uL, 2.5 mmol, toluene-ds: 598 pL).

0.1 1
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y =14.493x
i R?=0.99353 entry 8
0.09
entry 10 y = 5.8429x
y = 18.601x R? = 0.99403 entry 7
R? = 0.99606 entry 9 y = 2.8815x
0.08 1 @ V=11.33x R?=0.99276 °
R?=0.99768 [ ]
[ ]
0.07 1 e
L]

0.06 1
= o e ° b
2
= 0.05
s o ®

[}
0.04 o
[ ]
[ ]
0.03 1 °
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0.02 1 . )
[ ]
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0.01 1
°
0 T T T T T |
0 5 10 15 20 25 30

time (x 10%sec)

Figure S1.2. Time-concentration plots. Reaction conditions: [3a]o = 0.1 M, [2], = 0.5-2.5 M, [1]p =
20 mM in toluene—dg, at 90 °C.
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Determination of the Order of the Reaction in Catalyst 1 (Table 1.2, Entries 1, 4 and 11-13).

In a glovebox, 1,3,5-trimethoxybenzene (16.8 mg, 0.1 mmol) as an internal standard and
Ru(cod)(cot) (1) were placed in a NMR tube, and then toluene-ds (675 uL),
3-methyl-2-phenylpyridine (3a) (16 pL, 0.1 mmol), and S-styryl acetate (2) (309 pL, 2.0 mmol, E:Z
= 66:34) were added in that order. The tube was sealed and heated in an oil bath at 90 °C. The
reaction mixture was monitored by measuring the concentration of the alkenylation product (25) by
'H NMR. The concentrations of 1 were as follows; 1 mM (0.3 mg, 1 umol), 3 mM (1.0 mg, 3 pmol),
S mM (1.6 mg, 5 umol), 10 mM (3.2 mg, 10 umol), 20 mM (6.3 mg, 20 pmol).

0.12 7
entry 1 entry 13
entry 11
yz: 10.387x y = 5.9061x entry 12 y=2.113x
0.1 1 R?=0.99702 R?=0.99209, = =
.. ('Y y2 _5.0764)( R?=0.99262
entry 4 ° R?=0.99442 °
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Figure S1.3. Time-concentration plots. Reaction conditions: [3a], = 0.1 M, [2]o = 2.0 M, [1]o =
1-20 mM in toluene-dg, at 90 °C.
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Figure S1.6. Plot of Ink,ps vs In[3a]o ([1]o = 10 mM (e) or 20 mM (m)).
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Determination of the Effect of Acetic Acid (Table 1.3, Entries 3 and 4).

In a glovebox, 1,3,5-trimethoxybenzene (16.8 mg, 0.1 mmol) as an internal standard and
Ru(cod)(cot) (1) (6.3 mg, 20 umol) were placed in a NMR tube, and then toluene-ds,
3-methyl-2-phenylpyridine (3a) (16 pL, 0.1 mmol), and S-styryl acetate (2) (309 pL, 2.0 mmol, E:Z
= 66:34) were added in that order. The tube was sealed and heated in an oil bath at 90 °C for 200
min. Acetic acid was added, and the mixture was heated and monitored by measuring the
concentration of the alkenylation product (4a) by 'H NMR. The concentrations of acetic acid and the
rates were as follows; 35 mM (2 pL, 35 pumol, toluene-ds: 673 pL, kops = 14.4 x 107 M's '), 0.1 M
(6 uL, 0.1 mmol, toluene-ds: 669 pL, kops = 15.0 x 107" M-s ™).

Determination of the Effect of 1,5-COD (Table 1.3, Entry 5).

In a glovebox, 1,3,5-trimethoxybenzene (16.8 mg, 0.1 mmol) as an internal standard and
Ru(cod)(cot) (1) (6.3 mg, 20 umol) were placed in a NMR tube, and then toluene-ds 672 uL,
1,5-COD (3 pL, 24 umol), 3-methyl-2-phenylpyridine (3a) (16 pL, 0.1 mmol), and S-styryl acetate
(2) (309 pL, 2.0 mmol, E:Z = 66:34) were added in that order. The tube was sealed and heated in an
oil bath at 90 °C. The reaction mixture was monitored by measuring the concentration of the

alkenylation product (4a) by "H NMR (kops = 12.2 x 10" M's ).

Determination of the Kinetic Isotope Effect (Eq 1.28).

In a glovebox, 1,3,5-trimethoxybenzene (16.8 mg, 0.1 mmol) as an internal standard and
Ru(cod)(cot) (1) (6.3 mg, 20 umol) were placed in a NMR tube, and then toluene-dg (675 pL),
3-methyl-2-phenylpyridine (3a) (16 pL, 0.1 mmol) or 2-(pentadeuteriophenyl)-3-picoline (3a-ds) (16
pL, 0.1 mmol), and f-styryl acetate (2) (309 pL, 2.0 mmol, E:Z = 66:34) were added in that order.
The tube was sealed and heated in an oil bath at 90 °C. The reaction mixture was monitored by
measuring the concentration of the alkenylation product (4a-d,) by 'H NMR. (kops(4a) = 14.5 x 107
M-s ', kops(4a-ds) = 14.6 x 107 M-s™").
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1.2. Isolation of Orthoruthenated Arylpyridines and Their Reactivities

Preparation of Orthoruthenated Arylpyridines Sa and 6a (Eq 1.20).

Z ~ |
~ = \N
Ru(cod)(cot) + [~ | N 4 ACOLZA Ph e | | / +
N E:Z=66:34 120°C 31 Ru(OAc)(cod)
1 3a 2 5a
0.5 mmol 1.0 mmol 1.0 mmol 39%

In a glovebox, Ru(cod)(cot) (1) (157.7 mg, 0.5 mmol), 3-methyl-2-phenylpyridine (3a) (169.2 mg,
1.0 mmol), p-styryl acetate (2) (162.2 mg, 1.0 mmol, E:Z = 66:34) and toluene (1 mL) were placed
in a 50 mL Schlenk tube. The mixture was heated in an oil bath at 120 °C for 3 h. The reaction
mixture was cooled to rt and hexane (20 mL) was added at —78 °C. A mixture of 5a and 6a as brown
precipitate was collected by filtration and washed twice with hexane (10 mL, 5 mL) at =78 °C. To
the 5a/6a mixture, toluene (2 mL) was added at rt to obtain 6a as a red precipitate, which was
collected by filtration and washed three times with hexane (2 mL each) at rt. Further purification of
filtrate 5a was carried out as shown below. Red crystals of 6a (36.5 mg, 12%) were obtained by
recrystallization from toluene (2.8 mL) at 120 °C to rt. The filtrate of Sa was concentrated in vacuo,
and extracted with toluene (1 mL) and twice with hexane (2 mL each) at rt to remove the remaining
6a. The filtrate was concentrated, and toluene (3 mL) and hexane (14 mL) were added to the residue
and then cooled to =78 °C. Yellow powder Sa (86.1 mg, 39%) was obtained by filtration at =78 °C.

5a: M.p. 174—175 °C (decomp.). 'H NMR (Cg¢Dg, 391.8 MHz) 6 1.50 (dd, J=7.2 Hz, 7.2 Hz, 1 H,
cod), 1.56—1.73 (m, 2 H, cod), 1.75 (s, 3 H, -OC(=0O)CHj3), 2.05-2.13 (m, 1 H, cod), 2.16 (s, 3 H,
ArCHj3), 2.20-2.19 (m, 2 H, cod), 2.30—2.41 (m, 2 H, cod), 3.01 (ddd, J = 8.1 Hz, 8.1 Hz, 5.4 Hz, 1
H, cod), 3.25 (dddd, J = 14.4 Hz, 10.1 Hz, 10.1 Hz, 6.5 Hz, 1 H, cod), 4.07 (dd, /= 7.3 Hz, 7.3 Hz, 1
H, cod), 4.59 (ddd, J = 8.5 Hz, 8.5 Hz, 5.2 Hz, 1 H, cod), 6.34 (dd, J= 7.6 Hz, 5.6 Hz, 1 H, ArH),
6.63 (d,J=7.6 Hz, 1 H, ArH), 7.23 (dd, J= 7.5 Hz, 7.5 Hz, 1 H, ArH), 7.39 (dd, J= 7.5 Hz, 7.5 Hz,
1 H, ArH), 7.85 (d, J=7.9 Hz, 1 H, ArH), 8.49 (d,J=7.2 Hz, 1 H, ArH), 8.92 (dd, /= 5.6 Hz, 1.1
Hz, 1 H, ArH); >C NMR (C¢Dg, 98.5 MHz) § 23.0, 24.7, 28.7, 28.9, 29.0, 34.3, 72.8, 77.9, 88.8,
96.0, 119.5, 122.6, 127.9, 128.7, 130.2, 137.4, 139.5, 145.4, 148.1, 163.1, 181.0, 186.0; IR (KBr)
3036 w, 2972 w, 2909 w, 2871 w, 2829 w, 1574 w, 1525 m, 1456 s, 1422 s, 1380 w, 1252 w, 1122
w, 1011 w, 940 w, 877 w, 781 w, 738 m, 676 m, 503 w cm . Anal. Calcd for C5,H,sNO,Ru: C,
60.53; H, 5.77; N, 3.21. Found: C, 60.36; H, 5.72; N, 3.11.

6a: M.p. 189-190 °C (decomp.). '"H NMR (CDCls, 391.8 MHz) d 1.75 (s, 3 H, ~OC(=0)CH}),
2.36 (s, 1.5 H, toluene), 2.40 (s, 3 H, ArCH3), 2.64 (s, 3 H, ArCHj3), 3.46 (d, J=10.5 Hz, 1 H, vinyl

89



H),4.82 (d, J=10.5 Hz, 1 H, vinyl H), 5.65 (s, 1 H, ArH), 5.67 (s, 1 H, ArH), 6.37 (d, J=7.9 Hz, 1
H, ArH), 6.40 (d, J = 7.6 Hz, 1 H, ArH), 6.56—6.60 (m, 1 H, ArH), 6.72—6.77 (m, 1 H, ArH),
6.91(ddd, J= 7.3 Hz, 7.3 Hz, 1.3 Hz, 1 H, ArH), 6.95-6.99 (m, 2 H, ArH), 7.03 (dd, J= 7.6 Hz, 5.6
Hz, 1 H, ArH), 7.16—7.28 (m, 3 H, ArH), 7.41 (ddd, J=7.3 Hz, 7.3 Hz, 1.8 Hz, 1 H, ArH), 7.46 (d, J
=8.1 Hz, 1 H, ArH), 7.65 (d, J=7.6 Hz, 1 H, ArH), 7.87 (d,J=7.9 Hz, 1 H, AtH), 8.77 (dd,J=5.4
Hz, 1.3 Hz, 1 H, ArH), 8.84 (dd, J= 5.4 Hz, 1.3 Hz, 1 H, ArH); >C NMR (CDCls, 98.5 MHz) 6 21.5
(toluene), 22.3 (Ar—CH3), 23.1 (Ar—CH3), 24.2 (C=0OCH3;), 70.3 (C=C), 72.7 (C=C), 118.9, 119.2,
120.6, 123.3, 124.1, 124.3, 125.3 (toluene), 126.2, 126.4, 128.0, 128.2 (toluene), 129.0 (toluene),
129.2, 129.9, 130.6, 131.2, 131.8, 133.8, 134.6, 138.3, 139.1, 142.3, 142.8, 145.0, 149.5, 153.3,
160.8, 165.2, 184.1 (Ru-C), 185.8 (C=0); IR (KBr) 3045 w, 2980 w, 2925 w, 2869 w, 1917 w, 1727
w, 1594 w, 1575 m, 1537 m, 1448 s, 1416 s, 1379 w, 1344 w, 1302 w, 1259 w, 1232 w, 1160 w,
1119 w, 1077 w, 1028 w, 1001 w, 937 w, 790 m, 762 m, 736 s, 695 m, 675 m, 546 m cm '. Anal.
Calcd for C75HggN4O4Ru, (62 x 2 and toluene): C, 69.75; H, 5.31; N, 4.34. Found: C, 69.87; H, 5.27;
N, 4.23.

Preparation of Orthoruthenated Arylpyridines Sb and 6b (Eq 1.21).

"]
NS
= = | N
N N
Ru(cod)(cot) + N AOuAp ] .
toluene 1 mL
E:Z=66:34 120°C, 3 h RU(OAC)(COd)
1 b 2 5b
0.5 mmol 1.0 mmol 1.0 mmol 10%

In a glovebox, Ru(cod)(cot) (1) (157.7 mg, 0.5 mmol), 2-(2-methylphenyl)pyridine (3b) (169.2
mg, 1.0 mmol), S-styryl acetate (2) (162.2 mg, 1.0 mmol, E:Z = 66:34) and toluene (1 mL) were
placed in a 50 mL Schlenk tube. The mixture was heated in an oil bath at 120 °C for 3 h. The
reaction mixture was cooled to rt and hexane (40 mL) was added at =78 °C. A mixture of 5b and 6b
as brown precipitate was collected by filtration and washed twice with hexane (10 mL each) at
=78 °C. To the 5b / 6b mixture, CH,Cl, (1 mL) and hexane (30 mL) were added at =78 °C. A brown
precipitate containing 6b was removed by filtration. The filtrate of Sb was concentrated in vacuo,
and recrystallization from toluene (4.5 mL) and hexane (50 mL) afforded 5b (21.7 mg, 10%) as
yellow crystals. M.p. 181-182 °C (decomp.). 'H NMR (CgDg, 391.8 MHz) 0 1.44 (dd, J = 6.7 Hz,
6.7 Hz, 1 H, cod), 1.60—1.71 (m, 2 H, cod), 1.74 (s, 3 H, -C(=0)CH3), 2.08-2.14 (m, 1 H, cod),
2.22-2.37 (m, 4 H, cod), 2.37 (s, 3 H, ArCHj3), 2.95 (ddd, J= 7.9 Hz, 7.9 Hz, 5.6 Hz, 1 H, cod), 3.27
(dddd, 14.4 Hz, 10.3 Hz, 10.3 Hz, 6.3 Hz, 1 H, cod), 4.10 (dd, J = 7.6 Hz, 7.6 Hz, 1 H, cod),
4.55-4.61 (m, 1 H, cod), 6.38 (ddd, /= 7.3 Hz, 5.8 Hz, 1.3 Hz, 1 H, ArH), 6.80 (ddd, /= 8.3 Hz, 7.4
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Hz, 1.8 Hz, 1 H, ArH), 7.01 (d,J=7.2 Hz, | H, ArH), 7.29 (dd, J= 7.6 Hz, 7.6 Hz, 1 H, ArH), 7.49
(d, J=8.5Hz, 1 H, ArH), 8.34 (d, J= 8.1 Hz, | H, ArH), 8.98 (dd, /= 5.8 Hz, 1.8 Hz, 1 H, ArH);
C NMR (C¢Ds, 98.5 MHz) 6 24.6, 24.7, 28.6, 28.9, 29.1, 34.5, 72.4, 77.3, 89.4, 97.1, 119.7, 122.1,
128.6, 134.5, 135.5, 135.7, 136.9, 142.5, 150.6, 165.2, 180.9, 186.1; IR (KBr) 3042 w, 2973 m, 2911
m, 2867 m, 2823 m, 1595 m, 1561 s, 1525 s, 1454 s, 1300 m, 1247 m, 1181 w, 1130 w, 1088 w,
1009 w, 940 m, 835 m, 763 s, 724 m, 676 s cm ', Anal. Calcd for CoyHysNOsRu: C, 60.53; H, 5.77;
N, 3.21. Found: C, 60.56; H, 5.57; N, 3.22.

Catalytic Activities of 5a and 6a (Table 1.4, Entries 1 and 2).

In a glovebox, 1,5-COD coordinated complex 5a (4.4 mg, 0.01 mmol) or alkenylation product
coordinated complex 6a (6.0 mg, 0.01 mmol) and a magnetic stirring bar were placed in a 20 mL
pressure tube, and then toluene (0.5 mL), 2-(2-methylphenyl)pyridine (3b) (16.9 mg, 0.1 mmol), and
[S-styryl acetate (2) (48.7 mg, 0.3 mmol, E:Z = 66:34) were added in that order. The tube was sealed
and heated in an oil bath at 120 °C for 24 h. After it was cooled, the resulting mixture was diluted
with dichloromethane (2 mL), and triethylamine (ca. 0.1 mL) and n-tetracosane as an internal

standard were added and analyzed by GC.

Formation of 5a from 6a (Figure 1.7).

In a glovebox, alkenylation product coordinated complex 6a (3.0 mg, 5 pmol) was placed in a
NMR tube, and then toluene-dg (0.6 mL) and 1,5-COD (1 pL, 8 pmol) were added in that order. The
tube was sealed and heated in an oil bath at 100 °C for 1 h. Acetic acid (1 puL, 17 pmol) was added,

and the mixture was heated at 100 °C. The progress of the reaction was monitored by 'H NMR.

Stoichiometric Reaction of 5a with 3b and 2 (Eq 1.22).

(fj é/(’\lj toluene01 mL (
(OAc)(cod) 120 C,24h

ten £ Z P 34 34% 7%

(based on 5a) (based on 3b)

20 umol

In a glovebox, 1,5-COD coordinated complex 5a (8.7 mg, 20 pumol) and a magnetic stirring bar
were placed in a 20 mL pressure tube, and then toluene (0.1 mL), 2-(2-methylphenyl)pyridine (3b)
(3.4 mg, 20 umol), and S-styryl acetate (2) (19.5 mg, 120 pmol, E:Z = 66:34) were added in that
order. The tube was sealed and heated in an oil bath at 120 °C for 24 h. After it was cooled, the
resulting mixture was diluted with dichloromethane (2 mL), and triethylamine (ca. 0.1 mL) and

n-tetracosane as an internal standard were added and analyzed by GC.
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Stoichiometric Reaction of 5b with 3a and 2 (Eq 1.23).

Ru OAc)(cod) 120 C 24 ~p
3a

1 equiv E Z 6634 58% 4%

(based on 5b) (based on 3a)

20 umol

In a glovebox, 1,5-COD coordinated complex 5b (8.7 mg, 20 umol) and a magnetic stirring bar
were placed in a 20 mL pressure tube, and then toluene (0.1 mL), 3-methyl-2-phenylpyridine (3a)
(3.4 mg, 20 umol), and S-styryl acetate (2) (19.5 mg, 120 pmol, E:Z = 66:34) were added in that
order. The tube was sealed and heated in an oil bath at 120 °C for 24 h. After it was cooled, the
resulting mixture was diluted with dichloromethane (2 mL), and triethylamine (ca. 0.1 mL) and

n-tetracosane as an internal standard were added and analyzed by GC.

Stoichiometric Reactions of Sb with 2 (Eq 1.25).

In a glovebox, 1,5-COD coordinated complex 5b (8.7 mg, 0.02 mmol) was placed in a NMR tube,
and then toluene-dg (922 pl), f-styryl acetate (2) (78 pL, 0.5 mmol, £:Z = 66:34) were added in that
order. The tube was sealed and heated in an oil bath at 120 °C. After cooling, the reaction mixture
was diluted with dichloromethane (2 mL), and triethylamine (ca. 0.1 mL) and n-tetracosane as an

internal standard were added. The resulting mixture was analyzed by GC.

Alkenylation of 3b with 2 Catalyzed by 1 (Eq 1.26).

In a glovebox, Ru(cod)(cot) (1) (6.3 mg, 0.02 mmol) was placed in a NMR tube, and then
toluene-dg (906 pL), 2-(2-methylphenyl)pyridine (3b) (16 pL, 0.1 mmol), and fS-styryl acetate (2)
(78 uL, 0.5 mmol, E:Z = 66:34) were added in that order. The tube was sealed and heated in an oil
bath at 120 °C. After it was cooled, the reaction mixture was diluted with dichloromethane (2 mL),
and triethylamine (ca. 0.1 mL) and n-tetracosane as an internal standard were added. The resulting

mixture was analyzed by GC.
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1.3. Deuterium-Labeling Experiments

Observation of Intermolecular H/D Scrambling at the Ortho Positions of 3a and 3a-ds with 2
Catalyzed by 1 (Table 1.5, Entry 1).

= D = =
o | Ru(cod)(cot) (1) o
NS NS

= | N™ + N™ + A0~ ?.IOS mn:otl) - | N
N 5 5 oueone om T

! EZ=66:34 120°C,1h 3a-d, da-d,

3 3a-d 0 97% GC yield 2% GC yield
0.5 a | a-as | | 89% isolated yield 3% isolated yield

-5 mmo 0.5 mmo 3 mmo (mw: 171.7) (mw: 273.9)

In a glovebox, Ru(cod)(cot) (1) (15.8 mg, 0.05 mmol) and a magnetic stirring bar were placed in a
20 mL pressure tube. Then toluene (1.0 mL), 3-methyl-2-phenylpyridine (3a) (84.6 mg, 0.5 mmol),
2-(pentadeuteriophenyl)-3-picoline (3a-ds) (87.1 mg, 0.5 mmol), and S-styryl acetate (2) (486.6 mg,
3.0 mmol, E:Z = 66:34) were added to the tube in that order. The tube was sealed and heated in an
oil bath at 120 °C for 1 h. After it was cooled, the resulting mixture was diluted with
dichloromethane (2 mL), and triethylamine (ca. 0.1 mL) and n-tetracosane as an internal standard
were added. GC analysis of the reaction mixture revealed that 3a-d, and 4a-d, were obtained in 97%
and 2% yields, respectively. After removal of the volatile materials by rotary evaporation, the
starting material and alkenylation product were isolated by silica gel column chromatography (10:1
hexane/EtOAc), followed by Kugelrohr distillation to afford 3a-d, (M, = 171.7) as a pale yellow oil
(153.0 mg, 89%) and 4a-d, (M,, = 273.9) as a yellow oil (7.0 mg, 3%). 'H and “H NMR analysis of
the isolated 3a-d,, showed 1.03 H (0.97 D) content at the ortho positions (0 7.61 in C¢Dg and C¢Hp),
and APCI MS spectrometry indicated that the intermolecular H/D scrambling reaction at the ortho
positions had completely occurred.

x10° 3% (19657)
(M7t 741

1721 1731
1 z 7 1751

17‘51

T T T T T T T T T T T T T T
166 168 170 17 174 176 178 180
HEELL(n/2)

m/z 170.1 171.1 172.1 173.1 174.1 175.1 176.1

integral 31548.80  60333.25  32883.30 33456.60 59302.05 33251.95  3840.90

Figure S1.7. APCI MS spectrum of 3a-d,. Exact mass: 170.1 ([3a-dy+H]"), 171.1 ([3a-d;+H]"),
172.1 ([3a-dy+H]"), 173.1 ([3a-ds+H]"), 174.1 ([3a-d+H]"), 175.1 ([3a-ds+H] ).
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Observation of Intermolecular H/D Scrambling at the Ortho Positions of 3a and 3a-ds with 2
Catalyzed by 5a (Table 1.5, Entry 2).

5a
( N + AcO, ., 0.025 mmol
toluene 0.5 mL
EZ=66:34 120°C,1h 3a-d, da-d,
0.25 mmol 0.25 mmol 1.5 mmol (mw: 171.7) (mw: 273.9)

In a glovebox, 1,5-COD coordinated complex 5a (10.9 mg, 0.025 mmol) and a magnetic stirring
bar were placed in a 20 mL pressure tube, and then toluene (0.5 mL), 3-methyl-2-phenylpyridine
(3a) (42.3 mg, 0.25 mmol), 2-(pentadeuteriophenyl)-3-picoline (3a-ds) (43.6 mg, 0.25 mmol), and
p-styryl acetate (2) (243.3 mg, 1.5 mmol, E:Z = 66:34) were added in that order. The tube was sealed
and heated in an oil bath at 120 °C for 1 h. After it was cooled, the resulting mixture was diluted
with dichloromethane (2 mL), and triethylamine (ca. 0.1 mL) and n-tetracosane as an internal
standard were added. GC analysis of the reaction mixture revealed that 3a-d, and 4a-d, were
obtained in 99% and <1% yields, respectively. After removal of the volatile materials by rotary
evaporation, the starting material and alkenylation product were isolated by silica gel column
chromatography (9:1 hexane/EtOAc), followed by Kugelrohr distillation to afford 3a-d, (M, =
171.7) as a pale yellow oil (84.8 mg, 99%). 'H and “H NMR analysis of the isolated 3a-d, showed
1.04 H (0.96 D) content at the ortho positions (6 7.61 in C¢D¢ and Cg¢Hg), and APCI MS
spectrometry indicated that the intermolecular H/D scrambling reaction at ortho positions had

completely occurred.

107 ensiy (300000)
n

L

600 [T [ [ET / 70 G (L3 [E [n [ 7

m/z 170.1 171.1 172.1 173.1 174.1 175.1 176.1

integral ~ 427985.53 697028.80 433627.88 458138.33 708246.45 412350.63 42319.96

Figure S1.8. APCI MS spectrum of 3a-d,. Exact mass: 170.1 ([3a-dy+H]"), 171.1 ([3a-d;+H]"),
172.1 ([3a-dy+H]"), 173.1 ([3a-ds+H]"), 174.1 ([3a-d+H]"), 175.1 ([3a-ds+H] ).
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Observation of Intermolecular H/D Scrambling of 3a and 3a-ds Catalyzed by 1 (Table 1.5,
Entry 3).

=
| Ru(cod)(cot) (1)
SNT, 0.01 mmol H(D)
toluene 0.2 mL \
120°C, 1 h
’ 3a-d
uan't1 0.87H
3a 3a-ds (mv‘j. 717 (0.13D)
0.1 mmol 0.1 mmol ’ ’

In a glovebox, Ru(cod)(cot) (1) (3.2 mg, 0.01 mmol) and a magnetic stirring bar were placed in a
20 mL pressure tube, and then toluene (0.2 mL), 3-methyl-2-phenylpyridine (3a) (16.9 mg, 0.1
mmol), and 2-(pentadeuteriophenyl)-3-picoline (3a-ds) (17.4 mg, 0.1 mmol) were added in that order.
The tube was sealed and heated in an oil bath at 120 °C for 1 h. After removal of the volatile
materials by rotary evaporation, the resulting mixture was purified through silica gel column
chromatography (hexane) to afford 3a-d, (M, = 171.7) as a pale yellow oil (36.0 mg, quant). 'H and
’H NMR analysis of the isolated 3a-d, showed 1.05 H (0.95 D) content at the ortho positions (¢ 7.61
in C¢D¢ and C¢Hg), and 0.87 H (0.13 D) content at the 2- positions on the pyridine ring (6 8.53 in
CeDg and 8.52 in CeHg).
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Observation of Intermolecular H/D Scrambling at the Ortho Positions of 3a and 3a-ds

Catalyzed by 5a (Table 1.5, Entry 4).

=
| 5a
= SN + 0.01 mmol d
S | toluene 0.2 mL n
120°C, 1 h 3a-d,
quant
3a 3a-d; .
0.1 mmol 0.1 mmol (mw: 171.7)

In a glovebox, 1,5-COD coordinated complex 5a (4.4 mg, 0.01 mmol) and a magnetic stirring bar
were placed in a 20 mL pressure tube, and then toluene (0.2 mL), 3-methyl-2-phenylpyridine (3a)
(16.9 mg, 0.1 mmol), and 2-(pentadeuteriophenyl)-3-picoline (3a-ds) (17.4 mg, 0.1 mmol) were
added in that order. The tube was sealed and heated in an oil bath at 120 °C for 1 h. After removal of
the volatile materials by rotary evaporation, the resulting mixture was purified through silica gel
column chromatography (hexane) to afford 3a-d, (M, = 171.7) as a pale yellow oil (36.4 mg, quant).
'H and *H NMR analysis of the isolated 3a-d,, showed 1.07 H (0.93 D) content at the ortho positions
(0 7.61 in C¢Dg and Cg¢Hg), and APCI MS spectrometry indicated that the intermolecular H/D

scrambling reaction at ortho positions had completely occurred.

\ Lo
o ) e

nteasity (7007)

m/z 170.1 171.1 172.1 173.1 174.1 175.1 176.1

integral 28789.75  47142.33  24296.65 27901.04  43439.50 22163.65  2709.02

Figure $1.9. APCI MS spectrum of 3a-d,. Exact mass: 170.1 ([3a-dy+H]"), 171.1 ([3a-d;+H]"),
172.1 ([3a-dy+H]"), 173.1 ([3a-ds+H]"), 174.1 ([3a-d+H]"), 175.1 ([3a-ds+H] ).
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Observation of Intramolecular H/D Scrambling at the Ortho Positions of 3a-d; with 2
Catalyzed by 1.

Ru(cod)(cot) (1) = |
= + ACO%/\ M) = \N +
~ | Ph " toluene 0.5 mL dn_\ |
D E-Z = 66:34 120°C, 1 h
T 3a-d, 4a-d,
3a-d, 2 96% GC yield 2% GC yield
0.5 mmol 1.5 mmol 88% isolated yield 2% isolated yield

(mw: 170.2) (mw: 272.4)

In a glovebox, Ru(cod)(cot) (1) (7.9 mg, 0.025 mmol) and a magnetic stirring bar were placed in a
20 mL pressure tube, and then toluene (0.5 mL), 2-(2-deuteriophenyl)-3-methylpyridine (3a-d,)
(85.1 mg, 0.5 mmol), and f-styryl acetate (2) (243.3 mg, 1.5 mmol, E:Z = 66:34) were added in that
order. The tube was sealed and heated in an oil bath at 120 °C for 1 h. After it was cooled, the
resulting mixture was diluted with dichloromethane (2 mL), and triethylamine (ca. 0.1 mL) and
n-tetracosane as an internal standard were added. GC analysis of the reaction mixture revealed that
3a-d, and 4a-d, were obtained in 96% and 2% yields, respectively. After removal of the volatile
materials by rotary evaporation, the starting material and alkenylation product were isolated by silica
gel column chromatography (10:1 hexane/EtOAc), followed by Kugelrohr distillation to afford 3a-d,
(My, = 170.2) as a pale yellow oil (75.0 mg, 88%) and 4a-d, (M, = 272.4) as a yellow oil (2.4 mg,
2%). 'H and *H NMR analysis of the isolated 3a-d, showed 0.95 H (1.05 D) content at the ortho
positions (6 7.61 in C¢Dg and C¢Hg), and APCI MS spectrometry indicated that the intramolecular
H/D scrambling reaction at ortho positions had completely occurred.

o s e
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HEEFLL /2

m/z 170.1 171.1 172.1 173.1

integral 11940.06 22831.27 12353.33 1474.50

Figure S1.10. APCI MS spectrum of 3a-d,. Exact mass: 170.1 ([3a-dy+H]"), 171.1 ([3a-d;+H]"),
172.1 ([3a-dy+H] ).
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1.4. X-ray Crystallographic Data

C12

Figure S1.11. ORTEP drawing of complex Sb (50% probability ellipsoids). Hydrogen atoms are

omitted for clarity.
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N,

c22
Cc21
C20
C19
C5
C17
C16
C15

Figure S1.12. ORTEP drawing of complex 6a (50% probability ellipsoids). Hydrogen atoms and a

toluene molecule contained in the unit cell are omitted for clarity.
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Table S1.1. Crystal data and structure refinement for 5b and 6a.

5b 6a
Empirical formula CyH,sNOsRu C34H39N,0O,Ru-0.5C,Hg
Formula weight 436.50 645.74
Temperature 93(2) K 123(2) K
Crystal color, habit Yellow, Block Red, Platelet
Crystal dimensions 0.50 x 0.40 x 0.20 mm 0.30x 0.20 x 0.10 mm
Crystal system Triclinic Triclinic
Space group P-1 P-1
a(A) 9.3192(12) 9.3382(9)
b(A) 10.6453(14) 10.7006(11)
c(A) 10.8679(14) 16.4644(15)
a(°) 108.651(4) 74.606(2)
£ () 111.833(3) 74.799(3)
7(°) 99.462(4) 71.863(3)
V(A3) 897.7(2) 1478.1(2)
VA 2 2
Density (calculated) 1.615 mg/mm3 1.451 mg/mm3
F(000) 448 666
Absorption coefficient 0.890 mm™! 0.568 mm™ 1
Theta range for data collection 3.18 to 27.49° 3.08 to 25.00°
Reflections collected 8614 10726
Independent reflections 4045 [R(int) = 0.0211] 4995 [R(int) = 0.0450]
Number of parameters 237 372
Goodness-of-fit on F2 1.260 1.118
Final R indices [/>2sigma(/)] R1=10.0306 R1=10.0419
wR2 =0.0837 wR2 =0.0871
R indices (all data) R1=10.0327 R1=10.0582
wR2 =0.0906 wR2=10.1010

a 172
GOOdl’leSS Of Fit = {S[W (|F0| — |Fc|)2] / (Nobs - Nparameters}}

172
*R=S||Fol=|Fdl/ SIFol, R, = {SIw (1Fo| = [F)1/ SIwF’]}
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Table S1.2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2><

103) for 5b. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y zZ U(eq)
Ru(1) 8926(1) 7341(1) 7357(1) 11(1)
N(1) 8785(3) 5341(2) 7233(3) 15(1)
C(1) 7425(4) 4235(3) 6227(3) 18(1)
C(2) 7264(4) 2894(3) 6146(3) 22(1)
C(3) 8544(4) 2687(3) 7151(4) 25(1)
C4) 9941(4) 3800(3) 8155(4) 23(1)
C(5) 10073(3) 5147(3) 8188(3) 15(1)
C(6) 11452(3) 6462(3) 9200(3) 15(1)
C(7) 11176(3) 7684(3) 9016(3) 15(1)
C(8) 12368(3) 8978(3) 10034(3) 20(1)
C) 13811(4) 9067(3) 11144(3) 23(1)
C(10) 14095(3) 7871(4) 11253(3) 22(1)
c(1n 12940(4) 6555(3) 10315(3) 20(1)
C(12) 13385(4) 5333(4) 10583(4) 30(1)
C(13) 8202(4) 9028(3) 6809(3) 16(1)
C(14) 9842(4) 9606(3) 7836(3) 17(1)
C(15) 11191(4) 9925(3) 7411(4) 25(1)
C(16) 11506(6) 8692(4) 6596(6) 46(1)
C(17) 10454(4) 7266(3) 6256(3) 20(1)
C(18) 8804(4) 6661(3) 5240(3) 22(1)
C(19) 7819(8) 7343(6) 4377(4) 71(2)
C(20) 7592(5) 8612(4) 5180(4) 31(1)
o(1) 7811(2) 7669(2) 8821(2) 15(1)
C(21) 6372(3) 7083(3) 7761(3) 15(1)
0(2) 6189(2) 6611(2) 6464(2) 17(1)
C(22) 4909(4) 6970(3) 8058(4) 24(1)
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Table S1.3. Bond lengths [A] and angles [°] for 5b.

Ru(1)-N(1)
Ru(1)-C(7)
Ru(1)-C(18)
Ru(1)-C(17)
Ru(1)-O(1)
Ru(1)-C(13)
Ru(1)-C(14)
Ru(1)-0(2)
Ru(1)-C(21)
N(1)-C(1)
N(1)-C(5)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C4)-C(5)
C(5)-C(6)
C(6)-C(11)

N(1)-Ru(1)-C(7)
N(1)-Ru(1)-C(18)
C(7)-Ru(1)-C(18)
N(1)-Ru(1)-C(17)
C(7)-Ru(1)-C(17)
C(18)-Ru(1)-C(17)
N(1)-Ru(1)-O(1)
C(7)-Ru(1)-0(1)
C(18)-Ru(1)-O(1)
C(17)-Ru(1)-O(1)
N(1)-Ru(1)-C(13)
C(7)-Ru(1)-C(13)
C(18)-Ru(1)-C(13)
C(17)-Ru(1)-C(13)
O(1)-Ru(1)-C(13)
N(1)-Ru(1)-C(14)

2.069(2)
2.073(3)
2.131(3)
2.170(3)
2.1745(19)
2.196(3)
2.237(3)
2.2533(19)
2.565(3)
1.357(4)
1.361(4)
1.382(4)
1.391(5)
1.378(5)
1.407(4)
1.481(4)
1.425(4)

78.13(10)
88.79(11)
114.63(11)
92.13(10)
78.41(11)
37.95(12)
90.67(8)
92.16(9)
152.44(10)
169.38(10)
159.13(11)
122.73(11)
81.62(11)
91.60(11)
89.41(9)
163.60(10)
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C(6)-C(7)
C(1)-C(8)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(13)-C(14)
C(13)-C(20)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
0(1)-C(21)
C(21)-0(2)
C(21)-C(22)

C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
N(1)-C(5)-C4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
C(11)-C(6)-C(7)
C(11)-C(6)-C(5)
C(7)-C(6)-C(5)
C(8)-C(7)-C(6)
C(8)-C(7)-Ru(1)
C(6)-C(7)-Ru(1)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(10)-C(11)-C(6)
C(10)-C(11)-C(12)

1.427(4)
1.402(4)
1.397(4)
1.374(5)
1.391(5)
1.509(4)
1.393(4)
1.523(4)
1.517(4)
1.474(5)
1.511(5)
1.399(4)
1.504(5)
1.452(5)
1.277(3)
1.268(3)
1.508(4)

119.6(3)
120.6(3)
119.0(3)
112.9(2)
128.1(3)
120.8(3)
124.3(3)
114.8(2)
117.5(3)
127.1(2)
115.1(2)
121.4(3)
120.2(3)
121.6(3)
118.4(3)
116.2(3)



C(7)-Ru(1)-C(14)
C(18)-Ru(1)-C(14)
C(17)-Ru(1)-C(14)
O(1)-Ru(1)-C(14)
C(13)-Ru(1)-C(14)
N(1)-Ru(1)-0(2)
C(7)-Ru(1)-0(2)
C(18)-Ru(1)-0(2)
C(17)-Ru(1)-0(2)
O(1)-Ru(1)-0(2)
C(13)-Ru(1)-0(2)
C(14)-Ru(1)-0(2)
N(1)-Ru(1)-C(21)
C(7)-Ru(1)-C(21)
C(18)-Ru(1)-C(21)
C(17)-Ru(1)-C(21)
O(1)-Ru(1)-C(21)
C(13)-Ru(1)-C(21)
C(14)-Ru(1)-C(21)
0(2)-Ru(1)-C(21)
C(1)-N(1)-C(5)
C(1)-N(1)-Ru(1)
C(5)-N(1)-Ru(1)
N(1)-C(1)-C(2)
C(1)-C(2)-C(3)

86.34(11)
92.97(12)
79.48(11)
95.20(9)
36.63(10)
85.78(8)
147.31(9)
93.02(10)
130.97(10)
59.47(7)
76.32(9)
110.39(9)
87.94(9)
120.51(10)
122.64(11)
160.54(11)
29.84(8)
81.82(10)
104.68(9)
29.63(8)
120.2(2)
120.81(19)
119.01(19)
122.4(3)
118.1(3)

C(6)-C(11)-C(12)
C(14)-C(13)-C(20)
C(14)-C(13)-Ru(1)
C(20)-C(13)-Ru(1)
C(13)-C(14)-C(15)
C(13)-C(14)-Ru(1)
C(15)-C(14)-Ru(1)
C(16)-C(15)-C(14)
C(15)-C(16)-C(17)
C(18)-C(17)-C(16)
C(18)-C(17)-Ru(1)
C(16)-C(17)-Ru(1)
C(17)-C(18)-C(19)
C(17)-C(18)-Ru(1)
C(19)-C(18)-Ru(1)
C(20)-C(19)-C(18)
C(19)-C(20)-C(13)
C(21)-O(1)-Ru(1)
0(2)-C(21)-0(1)
0(2)-C(21)-C(22)
0(1)-C(21)-C(22)
0(2)-C(21)-Ru(1)
O(1)-C(21)-Ru(1)
C(22)-C(21)-Ru(1)
C(21)-0(2)-Ru(1)

125.4(3)
124.4(3)
73.32(16)
109.61(19)
121.7(3)
70.06(16)
112.68(19)
115.3(3)
117.4(3)
123.93)
69.53(16)
113.8(2)
125.3(4)
72.53(16)
110.7(2)
117.6(3)
116.3(3)
92.25(16)
119.4(2)
120.6(3)
120.0(3)
61.45(14)
57.91(13)
177.8(2)
88.91(16)
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Table S1.4. Anisotropic displacement parameters (A2>< 103) for Sb. The anisotropic displacement
factor exponent takes the form: —2p2[ h2a*2Ull + | +2 hka* b* UI2 ]

ull U22 U33 U23 ul3 ul2
Ru(1) 11(1) 11(1) 10(1) 4(1) 4(1) 3(1)
N(1) 16(1) 13(1) 16(1) 6(1) 8(1) 6(1)
C(1) 19(1) 16(1) 15(1) 5(1) 6(1) 4(1)
CQ2) 26(2) 15(1) 21(1) 3(1) 11(1) 3(1)
C(3) 32(2) 16(1) 32(2) 12(1) 17(1) 10(1)
C(4) 27(2) 22(2) 29(2) 16(1) 14(1) 13(1)
C(5) 18(1) 17(1) 15(1) 7(1) 10(1) 7(1)
C(6) 14(1) 20(1) 13(1) 8(1) 7(1) 5(1)
C(7) 13(1) 20(1) 12(1) 6(1) 6(1) 5(1)
C(8) 17(1) 19(1) 17(1) 4(1) 5(1) 4(1)
C©9) 15(1) 27(2) 16(1) 3(1) 3(1) 1(1)
C(10) 13(1) 35(2) 13(1) 11(1) 3(1) 7(1)
C(11) 17(1) 31(2) 21(1) 17(1) 11(1) 11(1)
C(12) 21(2) 38(2) 35(2) 25(2) 7(1) 13(1)
C(13) 21(1) 14(1) 16(1) 8(1) 8(1) 7(1)
C(14) 20(1) 12(1) 21(1) 7(1) 11(1) 6(1)
C(15) 24(2) 22(2) 33(2) 12(1) 17(1) 5(1)
C(16) 56(3) 24(2) 73(3) 11(2) 55(3) 5(2)
C(17) 24(1) 21(1) 21(1) 7(1) 16(1) 8(1)
C(18) 30(2) 27(2) 12(1) 7(1) 11(1) 17(1)
C(19) 122(5) 90(4) 14(2) 21(2) 21(2) 88(4)
C(20) 46(2) 32(2) 18(2) 14(1) 11(1) 21(2)
o(1) 16(1) 15(1) 14(1) 6(1) 7(1) 4(1)
c21) 15(1) 13(1) 19(1) 8(1) 8(1) 4(1)
0(2) 13(1) 17(1) 16(1) 5(1) 5(1) 4(1)
C(22) 18(1) 28(2) 30(2) 14(1) 15(1) 8(1)
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Table S1.5. Torsion angles [°] for 5b.

C(7)-Ru(1)-N(1)-C(1)
C(18)-Ru(1)-N(1)-C(1)
C(17)-Ru(1)-N(1)-C(1)
O(1)-Ru(1)-N(1)-C(1)
C(13)-Ru(1)-N(1)-C(1)
C(14)-Ru(1)-N(1)-C(1)
0(2)-Ru(1)-N(1)-C(1)
C(21)-Ru(1)-N(1)-C(1)
C(7)-Ru(1)-N(1)-C(5)
C(18)-Ru(1)-N(1)-C(5)
C(17)-Ru(1)-N(1)-C(5)
O(1)-Ru(1)-N(1)-C(5)
C(13)-Ru(1)-N(1)-C(5)
C(14)-Ru(1)-N(1)-C(5)
0(2)-Ru(1)-N(1)-C(5)
C(21)-Ru(1)-N(1)-C(5)
C(5)-N(1)-C(1)-C(2)
Ru(1)-N(1)-C(1)-C(2)
N(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(1)-N(1)-C(5)-C(4)
Ru(1)-N(1)-C(5)-C(4)
C(1)-N(1)-C(5)-C(6)
Ru(1)-N(1)-C(5)-C(6)
C(3)-C(4)-C(5)-N(1)
C(3)-C(4)-C(5)-C(6)
N(1)-C(5)-C(6)-C(11)
C(4)-C(5)-C(6)-C(11)
N(1)-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-C(7)
C(11)-C(6)-C(7)-C(8)
C(5)-C(6)-C(7)-C(8)
C(11)-C(6)-C(7)-Ru(1)

179.8(2)
~64.8(2)
~102.6(2)
87.7(2)
~2.4(4)
~161.2(3)
28.4(2)
58.0(2)
0.33(19)
115.8(2)
78.0(2)
-91.7(2)
178.2(2)
19.4(4)
~151.1Q2)
~121.52)
1.8(4)
~177.6(2)
0.8(4)
~2.2(5)
1.1(5)
~2.9(4)
176.6(2)
179.7(2)
~0.9(3)
1.4(4)
178.5(3)
179.3(2)
2.1(4)
1.13)
~176.0(3)
—4.4(4)
173.8(2)
~179.1(2)
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C(17)-Ru(1)-C(14)-C(15)
O(1)-Ru(1)-C(14)-C(15)
C(13)-Ru(1)-C(14)-C(15)
0(2)-Ru(1)-C(14)-C(15)
C(21)-Ru(1)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
Ru(1)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(15)-C(16)-C(17)-Ru(1)
N(1)-Ru(1)-C(17)-C(18)
C(7)-Ru(1)-C(17)-C(18)
O(1)-Ru(1)-C(17)-C(18)
C(13)-Ru(1)-C(17)-C(18)
C(14)-Ru(1)-C(17)-C(18)
0(2)-Ru(1)-C(17)-C(18)
C(21)-Ru(1)-C(17)-C(18)
N(1)-Ru(1)-C(17)-C(16)
C(7)-Ru(1)-C(17)-C(16)
C(18)-Ru(1)-C(17)-C(16)
O(1)-Ru(1)-C(17)-C(16)
C(13)-Ru(1)-C(17)-C(16)
C(14)-Ru(1)-C(17)-C(16)
0(2)-Ru(1)-C(17)-C(16)
C(21)-Ru(1)-C(17)-C(16)
C(16)-C(17)-C(18)-C(19)
Ru(1)-C(17)-C(18)-C(19)
C(16)-C(17)-C(18)-Ru(1)
N(1)-Ru(1)-C(18)-C(17)
C(7)-Ru(1)-C(18)-C(17)
O(1)-Ru(1)-C(18)-C(17)
C(13)-Ru(1)-C(18)-C(17)
C(14)-Ru(1)-C(18)-C(17)
0(2)-Ru(1)-C(18)-C(17)

-9.7(2)
161.0(2)
~117.03)
~139.7(2)
~170.2(2)
~72.1(4)
7.7(4)
0.9(6)
71.1(5)
-9.4(5)
85.30(19)
162.7(2)
~169.5(4)
~74.15(19)
~108.9(2)
~0.9(2)
—4.5(4)
~155.6(3)
~78.2(3)
119.1(4)
~50.5(7)
44.93)
10.2(3)
118.1(3)
114.6(4)
~2.1(5)
103.4(3)
~105.5(3)
~95.01(19)
~18.7(2)
175.85(18)
103.59(19)
68.67(19)
179.28(18)



C(5)-C(6)-C(7)-Ru(1)
N(1)-Ru(1)-C(7)-C(8)
C(18)-Ru(1)-C(7)-C(8)
C(17)-Ru(1)-C(7)-C(8)
O(1)-Ru(1)-C(7)-C(8)
C(13)-Ru(1)-C(7)-C(8)
C(14)-Ru(1)-C(7)-C(8)
0(2)-Ru(1)-C(7)-C(8)
C(21)-Ru(1)-C(7)-C(8)
N(1)-Ru(1)-C(7)-C(6)
C(18)-Ru(1)-C(7)-C(6)
C(17)-Ru(1)-C(7)-C(6)
O(1)-Ru(1)-C(7)-C(6)
C(13)-Ru(1)-C(7)-C(6)
C(14)-Ru(1)-C(7)-C(6)
0(2)-Ru(1)-C(7)-C(6)
C(21)-Ru(1)-C(7)-C(6)
C(6)-C(7)-C(8)-C(9)
Ru(1)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(6)
C(9)-C(10)-C(11)-C(12)
C(7)-C(6)-C(11)-C(10)
C(5)-C(6)-C(11)-C(10)
C(7)-C(6)-C(11)-C(12)
C(5)-C(6)-C(11)-C(12)
N(1)-Ru(1)-C(13)-C(14)
C(7)-Ru(1)-C(13)-C(14)
C(18)-Ru(1)-C(13)-C(14)
C(17)-Ru(1)-C(13)-C(14)
O(1)-Ru(1)-C(13)-C(14)
0(2)-Ru(1)-C(13)-C(14)
C(21)-Ru(1)-C(13)-C(14)
N(1)-Ru(1)-C(13)-C(20)
C(7)-Ru(1)-C(13)-C(20)

~0.9(3)
~173.8(3)
103.1(3)
91.5(3)
-83.5(2)
7.2(3)
11.5(3)
~111.6(3)
-93.4(3)
0.34(19)
~82.8(2)
-94.4(2)
90.57(19)
~178.74(18)
~174.4(2)
62.5(3)
80.7(2)
3.2(4)
177.1(2)
0.4(5)
~2.8(5)
1.5(4)
~178.2(3)
2.2(4)
~175.93)
~178.1(3)
3.8(4)
~170.1(2)
7.3(2)
~106.61(18)
~69.89(18)
99.53(17)
158.18(18)
128.50(17)
—48.8(4)
128.7(2)
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C(21)-Ru(1)-C(18)-C(17)
N(1)-Ru(1)-C(18)-C(19)
C(7)-Ru(1)-C(18)-C(19)
C(17)-Ru(1)-C(18)-C(19)
O(1)-Ru(1)-C(18)-C(19)
C(13)-Ru(1)-C(18)-C(19)
C(14)-Ru(1)-C(18)-C(19)
0(2)-Ru(1)-C(18)-C(19)
C(21)-Ru(1)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
Ru(1)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(13)
C(14)-C(13)-C(20)-C(19)
Ru(1)-C(13)-C(20)-C(19)
N(1)-Ru(1)-0(1)-C(21)
C(7)-Ru(1)-O(1)-C(21)
C(18)-Ru(1)-O(1)-C(21)
C(17)-Ru(1)-O(1)-C(21)
C(13)-Ru(1)-O(1)-C(21)
C(14)-Ru(1)-O(1)-C(21)
0(2)-Ru(1)-0O(1)-C(21)
Ru(1)-O(1)-C(21)-0(2)
Ru(1)-O(1)-C(21)-C(22)
N(1)-Ru(1)-C(21)-0(2)
C(7)-Ru(1)-C(21)-0(2)
C(18)-Ru(1)-C(21)-0(2)
C(17)-Ru(1)-C(21)-0(2)
O(1)-Ru(1)-C(21)-0(2)
C(13)-Ru(1)-C(21)-0(2)
C(14)-Ru(1)-C(21)-0(2)
N(1)-Ru(1)-C(21)-0(1)
C(7)-Ru(1)-C(21)-0O(1)
C(18)-Ru(1)-C(21)-O(1)
C(17)-Ru(1)-C(21)-O(1)
C(13)-Ru(1)-C(21)-0(1)
C(14)-Ru(1)-C(21)-0(1)

178.21(16)
143.1(4)
~140.6(4)
~121.9(4)
53.9(5)
~18.3(4)
~53.2(4)
57.4(4)
56.3(4)
—63.1(7)
19.7(7)
~7.2(8)
74.4(5)
~8.4(5)
~84.67(17)
~162.82(17)
4.0(3)
170.0(5)
74.45(17)
110.66(17)
0.03(15)
0.0(3)
~179.4(2)
~85.09(16)
~160.00(16)
2.2(2)
5.5(4)
180.0(3)
76.67(17)
105.53(17)
94.96(16)
20.0(2)
~177.80(16)
~174.5(3)
~103.28(17)
~74.43(17)



C(18)-Ru(1)-C(13)-C(20)
C(17)-Ru(1)-C(13)-C(20)
O(1)-Ru(1)-C(13)-C(20)
C(14)-Ru(1)-C(13)-C(20)
0(2)-Ru(1)-C(13)-C(20)
C(21)-Ru(1)-C(13)-C(20)
C(20)-C(13)-C(14)-C(15)
Ru(1)-C(13)-C(14)-C(15)
C(20)-C(13)-C(14)-Ru(1)
N(1)-Ru(1)-C(14)-C(13)
C(7)-Ru(1)-C(14)-C(13)
C(18)-Ru(1)-C(14)-C(13)
C(17)-Ru(1)-C(14)-C(13)
O(1)-Ru(1)-C(14)-C(13)
0(2)-Ru(1)-C(14)-C(13)
C(21)-Ru(1)-C(14)-C(13)
N(1)-Ru(1)-C(14)-C(15)
C(7)-Ru(1)-C(14)-C(15)
C(18)-Ru(1)-C(14)-C(15)

14.7(2)
51.4(2)
~139.2(2)
121.3(3)
~80.5(2)
~110.2(2)
2.3(4)
104.9(3)
~102.7(3)
167.5(3)
~173.82(18)
71.67(18)
107.31(18)
~81.98(17)
~22.66(18)
~53.21(18)
50.4(4)
69.1(2)
—45.4(2)

0(2)-Ru(1)-C(21)-0(1)
N(1)-Ru(1)-C(21)-C(22)
C(7)-Ru(1)-C(21)-C(22)
C(18)-Ru(1)-C(21)-C(22)
C(17)-Ru(1)-C(21)-C(22)
O(1)-Ru(1)-C(21)-C(22)
C(13)-Ru(1)-C(21)-C(22)
C(14)-Ru(1)-C(21)-C(22)
0(2)-Ru(1)-C(21)-C(22)
O(1)-C(21)-0O(2)-Ru(1)
C(22)-C(21)-O(2)-Ru(1)
N(1)-Ru(1)-0(2)-C(21)
C(7)-Ru(1)-0(2)-C(21)
C(18)-Ru(1)-0(2)-C(21)
C(17)-Ru(1)-0(2)-C(21)
O(1)-Ru(1)-0(2)-C(21)
C(13)-Ru(1)-0(2)-C(21)
C(14)-Ru(1)-0(2)-C(21)

~180.0(3)
109(6)
34(6)
~163(6)
~160(5)
14(5)
~89(6)
~60(6)
~166(6)
0.0(3)
179.4(2)
93.25(17)
33.13)
~178.18(17)
~177.60(17)
~0.03(15)
-97.57(17)
~83.89(17)

107



Table S1.6. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2><

103) for 6a. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Ru(1) 5478(1) 3942(1) 2453(1) 15(1)
N(1) 4047(4) 3409(3) 1938(2) 17(1)
C(1) 2660(5) 3266(5) 2394(3) 23(1)
C(2) 1719(5) 2827(5) 2084(3) 26(1)
C(3) 2245(5) 2494(5) 1280(3) 27(1)
C4) 3645(5) 2641(4) 787(3) 22(1)
C(5) 4177(6) 2176(6) =51(3) 39(1)
C(6) 4540(5) 3165(4) 1123(2) 16(1)
C(7) 6042(5) 3437(4) 726(2) 16(1)
C(8) 6726(5) 3467(4) —148(3) 20(1)
C) 8179(5) 3663(4) —461(3) 23(1)
C(10) 8978(5) 3835(4) 90(3) 24(1)
C(11) 8279(5) 3866(4) 938(3) 20(1)
C(12) 6812(5) 3709(4) 1277(3) 18(1)
N(Q2) 6935(4) 4558(3) 2959(2) 15(1)
C(13) 7591(5) 5516(4) 2438(3) 18(1)
C(14) 8715(5) 5905(5) 2634(3) 22(1)
C(15) 9237(5) 5232(4) 3384(3) 21(1)
C(16) 8569(5) 4258(4) 3950(3) 18(1)
C(17) 9249(5) 3522(5) 4745(3) 24(1)
C(18) 7306(5) 4011(4) 3754(2) 15(1)
C(19) 6269(5) 3265(4) 4413(2) 16(1)
C(20) 5947(5) 3477(4) 5257(3) 18(1)
C(21) 4896(5) 2929(4) 5902(3) 22(1)
C(22) 4094(5) 2198(5) 5718(3) 28(1)
C(23) 4349(5) 1997(4) 4901(3) 23(1)
C(24) 5433(5) 2496(4) 4230(3) 17(1)
C(25) 5610(5) 2168(4) 3391(3) 21(1)
C(26) 6990(5) 1934(4) 2775(3) 19(1)
C(27) 7374(5) 947(4) 2218(3) 20(1)
C(28) 6303(5) 341(4) 2122(3) 23(1)
C(29) 6728(6) —559(5) 1576(3) 28(1)
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C(30)
C(31)
C(32)
o(1)

C(33)
0Q)

C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)

8235(6)
9290(6)
8871(5)
4466(3)
3429(5)
3380(3)
2250(6)

~2390(14)
~992(6)

319(8)
1665(6)
1700(7)
388(9)
~958(7)

—885(5)
—319(5)
581(4)
6035(3)
6163(4)
5158(3)
7485(5)
~180(13)
~63(8)
~112(8)
~28(8)
104(9)
152(8)
69(7)

1111(3)
1217(3)
1763(3)
1983(2)
2648(3)
3274(2)
2695(3)
6166(8)
5480(4)
5749(4)
5151(6)
4284(5)
4014(3)
4613(4)

28(1)
27(1)
23(1)
21(1)
19(1)
21(1)
31(1)
52(3)
37(2)
36(3)
50(3)
59(4)
47(3)
20(2)

109



Table S1.7. Bond lengths [A] and angles [°] for 6a.

Ru(1)-N(1)
Ru(1)-C(12)
Ru(1)-C(25)
Ru(1)-N(2)
Ru(1)-O(1)
Ru(1)-C(26)
Ru(1)-0(2)
Ru(1)-C(33)
N(1)-C(1)
N(1)-C(6)
C(1)-C(2)
C(2)-C(3)
C3)-C“)
C(4)-C(6)
C4)-C(5)
C(6)-C(7)
C(71)-C(8)
C(7)-C(12)
C@8)-C()
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
N(2)-C(13)
N(2)-C(18)

N(1)-Ru(1)-C(12)
N(1)-Ru(1)-C(25)
C(12)-Ru(1)-C(25)
N(1)-Ru(1)-N(2)
C(12)-Ru(1)-N(2)
C(25)-Ru(1)-N(2)
N(1)-Ru(1)-0(1)
C(12)-Ru(1)-O(1)
C(25)-Ru(1)-O(1)

2.039(3)
2.040(4)
2.098(4)
2.103(3)
2.157(3)
2.188(4)
2.306(3)
2.581(4)
1.348(5)
1.366(5)
1.368(6)
1.387(6)
1.377(6)
1.420(6)
1.500(6)
1.467(6)
1.409(6)
1.428(6)
1.380(6)
1.394(6)
1.382(6)
1.381(6)
1.346(5)
1.370(5)

79.58(15)
89.97(15)
114.78(16)
178.06(14)
100.01(15)
91.92(15)
90.33(12)
92.16(13)
152.63(14)
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C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(18)
C(16)-C(17)
C(18)-C(19)
C(19)-C(20)
C(19)-C(24)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(27)-C(32)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
0(1)-C(33)

C(33)-0(2)

C(33)-C(34)

C(11)-C(12)-C(7)
C(11)-C(12)-Ru(1)
C(7)-C(12)-Ru(1)
C(13)-N(2)-C(18)
C(13)-N(2)-Ru(1)
C(18)-N(2)-Ru(1)
N(2)-C(13)-C(14)
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)

1.379(6)
1.380(6)
1.389(6)
1.416(6)
1.521(6)
1.491(6)
1.406(6)
1.425(6)
1.384(6)
1.370(6)
1.366(6)
1.403(6)
1.470(6)
1.415(6)
1.481(6)
1.390(6)
1.409(6)
1.388(6)
1.400(7)
1.374(7)
1.389(6)
1.264(5)
1.280(5)
1.505(6)

117.4(4)
129.1(3)
113.4(3)
118.9(3)
116.4(3)
124.7(3)
123.2(4)
118.0(4)
120.7(4)



N(2)-Ru(1)-O(1)
N(1)-Ru(1)-C(26)
C(12)-Ru(1)-C(26)
C(25)-Ru(1)-C(26)
N(2)-Ru(1)-C(26)
O(1)-Ru(1)-C(26)
N(1)-Ru(1)-0(2)
C(12)-Ru(1)-0(2)
C(25)-Ru(1)-0(2)
N(2)-Ru(1)-0(2)
O(1)-Ru(1)-0(2)
C(26)-Ru(1)-0(2)
N(1)-Ru(1)-C(33)
C(12)-Ru(1)-C(33)
C(25)-Ru(1)-C(33)
N(2)-Ru(1)-C(33)
O(1)-Ru(1)-C(33)
C(26)-Ru(1)-C(33)
0(2)-Ru(1)-C(33)
C(1)-N(1)-C(6)
C(1)-N(1)-Ru(1)
C(6)-N(1)-Ru(1)
N(1)-C(1)-C(2)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(3)-C(4)-C(6)
C(3)-C(4)-C(5)
C(6)-C(4)-C(5)
N(1)-C(6)-C(4)
N(1)-C(6)-C(7)
C(4)-C(6)-C(7)
C(8)-C(7)-C(12)
C(8)-C(7)-C(6)
C(12)-C(7)-C(6)
C(9)-C@®)-C(7)
C(8)-C(9)-C(10)

87.80(12)
97.27(15)
79.01(15)
38.47(16)
84.49(15)
167.06(13)
89.97(12)
149.36(13)
93.74(14)
89.47(12)
58.90(10)
131.21(13)
89.86(13)
120.75(15)
123.42(15)
88.74(13)
29.22(12)
160.03(14)
29.69(11)
120.4(4)
121.1(3)
118.4(3)
122.3(4)
117.9(4)
121.7(4)
117.9(4)
118.4(4)
123.6(4)
119.5(4)
111.8(3)
128.6(4)
119.7(4)
124.2(4)
116.1(3)
120.5(4)
119.9(4)
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C(15)-C(16)-C(18)
C(15)-C(16)-C(17)
C(18)-C(16)-C(17)
N(2)-C(18)-C(16)
N(2)-C(18)-C(19)
C(16)-C(18)-C(19)
C(20)-C(19)-C(24)
C(20)-C(19)-C(18)
C(24)-C(19)-C(18)
C(21)-C(20)-C(19)
C(22)-C(21)-C(20)
C(23)-C(22)-C(21)
C(22)-C(23)-C(24)
C(23)-C(24)-C(19)
C(23)-C(24)-C(25)
C(19)-C(24)-C(25)
C(26)-C(25)-C(24)
C(26)-C(25)-Ru(1)
C(24)-C(25)-Ru(1)
C(25)-C(26)-C(27)
C(25)-C(26)-Ru(1)
C(27)-C(26)-Ru(1)
C(32)-C(27)-C(28)
C(32)-C(27)-C(26)
C(28)-C(27)-C(26)
C(29)-C(28)-C(27)
C(28)-C(29)-C(30)
C(31)-C(30)-C(29)
C(30)-C(31)-C(32)
C(31)-C(32)-C(27)
C(33)-O(1)-Ru(1)
0(1)-C(33)-0(2)
0(1)-C(33)-C(34)
0(2)-C(33)-C(34)
0(1)-C(33)-Ru(1)
0(2)-C(33)-Ru(1)

118.3(4)
117.5(4)
124.2(4)
119.8(3)
118.1(3)
121.8(3)
117.7(4)
117.2(4)
124.6(4)
122.0(4)
119.8(4)
119.9(4)
122.5(4)
118.1(4)
116.3(4)
125.6(4)
126.0(4)

74.2(2)
108.6(3)
123.1(4)

67.3(2)
121.0(3)
117.4(4)
118.9(4)
123.6(4)
120.8(4)
120.5(4)
118.8(4)
120.9(5)
121.5(4)

94.4(2)
119.6(4)
120.0(4)
120.4(4)

56.4(2)

63.2(2)



C(11)-C(10)-C(9) 119.5(4) C(34)-C(33)-Ru(1) 176.1(3)
C(12)-C(11)-C(10) 122.8(4) C(33)-0(2)-Ru(1) 87.1(2)
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Table S1.8. Anisotropic displacement parameters (A2>< 103) for 6a. The anisotropic displacement

factor exponent takes the form: —2p2[ h2a*2Ull + . +2 hka*b* Ul? ]

ull U22 U33 U23 ul3 ul2
Ru(1) 13(1) 21(1) 13(1) ~7(1) -2(1) —4(1)
N(1) 16(2) 20(2) 15(2) —4(2) -3(1) —4(2)
C(1) 12(2) 39(3) 18(2) ~11(2) 4(2) -8(2)
C(2) 17(3) 37(3) 29(3) -9(2) —4(2) ~10(2)
C(3) 21(3) 37(3) 29(3) -6(2) ~11(2) ~12(2)
C(4) 22(3) 29(2) 18(2) —4(2) -9(2) ~7(2)
C(5) 49(4) 63(4) 27(3) ~17(3) —4(2) -39(3)
C(6) 19(2) 17(2) 13(2) -2(2) —4(2) —4(2)
C(7) 16(2) 18(2) 12(2) —4(2) -3(2) -3(2)
C(8) 20(2) 26(2) 17(2) -6(2) -5(2) -6(2)
C(9) 24(3) 30(3) 17(2) -9(2) -1(2) -8(2)
C(10) 24(3) 27(3) 22(2) -9(2) 12) ~7(2)
C(11) 12(2) 27(2) 23(2) ~12(2) —4(2) —4(2)
C(12) 21(2) 15(2) 16(2) -1(2) -7(2) -3(2)
N(Q2) 17(2) 18(2) 10(2) -2(1) o(1) -6(2)
C(13) 20(2) 20(2) 14(2) -5(2) -2(2) -3(2)
C(14) 15(2) 28(2) 26(2) ~11(2) 0(2) ~7(2)
C(15) 13(2) 27(2) 272) ~13(2) -7(2) —4(2)
C(16) 23(3) 16(2) 14(2) -3(2) -5(2) -2(2)
C(17) 21(3) 27(2) 28(2) -7(2) ~10(2) -6(2)
C(18) 15(2) 16(2) 14(2) -6(2) -2(2) -2(2)
C(19) 16(2) 15(2) 14(2) -3(2) -5(2) 12)
C(20) 18(2) 16(2) 19(2) -5(2) -9(2) 2(2)
c21) 28(3) 25(2) 11(2) -5(2) -3(2) ~1(2)
C(22) 25(3) 35(3) 19(2) -1(2) 2(2) ~12(2)
C(23) 24(3) 27(2) 21(2) -3(2) —4(2) ~12(2)
C(24) 21(2) 14(2) 16(2) -2(2) -7(2) -2(2)
C(25) 21(3) 23(2) 24(2) -3(2) -6(2) -8(2)
C(26) 20(2) 23(2) 14(2) -2(2) -6(2) -8(2)
C(27) 24(3) 20(2) 13(2) 12) -6(2) -5(2)
C(28) 26(3) 22(2) 19(2) -5(2) —4(2) -3(2)
C(29) 33(3) 28(3) 29(3) ~11(2) ~12(2) ~7(2)
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C(30)
C(31)
C(32)
o(1)

C(33)
0(2)

C(34)

40(3)
27(3)
23(3)
22(2)
19(2)
23(2)
28(3)

23(2)
27(3)
21(2)
27(2)
24(2)
24(2)
32(3)

21(2)
22(2)
23(2)
14(2)
18(2)
18(2)
30(3)

-10(2)
—-9Q2)
—3(2)
=5(1)
-1Q2)
=7(1)

-10(2)

-10(2)
—4(2)
-5(2)
-4
-9(2)
=5(1)
)

0(2)
2(2)
—4(2)
—6(1)
-5(2)
=5(1)
3(2)
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Table S1.9. Torsion angles [°] for 6a.

C(12)-Ru(1)-N(1)-C(1)
C(25)-Ru(1)-N(1)-C(1)
N(2)-Ru(1)-N(1)-C(1)
O(1)-Ru(1)-N(1)-C(1)
C(26)-Ru(1)-N(1)-C(1)
0(2)-Ru(1)-N(1)-C(1)
C(33)-Ru(1)-N(1)-C(1)
C(12)-Ru(1)-N(1)-C(6)
C(25)-Ru(1)-N(1)-C(6)
N(2)-Ru(1)-N(1)-C(6)
O(1)-Ru(1)-N(1)-C(6)
C(26)-Ru(1)-N(1)-C(6)
0(2)-Ru(1)-N(1)-C(6)
C(33)-Ru(1)-N(1)-C(6)
C(6)-N(1)-C(1)-C(2)
Ru(1)-N(1)-C(1)-C(2)
N(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(6)
C(2)-C(3)-C(4)-C(5)
C(1)-N(1)-C(6)-C(4)
Ru(1)-N(1)-C(6)-C(4)
C(1)-N(1)-C(6)-C(7)
Ru(1)-N(1)-C(6)-C(7)
C(3)-C(4)-C(6)-N(1)
C(5)-C(4)-C(6)-N(1)
C(3)-C(4)-C(6)-C(7)
C(5)-C(4)-C(6)-C(7)
N(1)-C(6)-C(7)-C(8)
C(4)-C(6)-C(7)-C(8)
N(1)-C(6)-C(7)-C(12)
C(4)-C(6)-C(7)-C(12)
C(12)-C(7)-C(8)-C(9)
C(6)-C(1)-C()-C(9)

178.0(4)
62.7(3)
~104(4)
~89.9(3)
100.6(3)
-31.03)
~60.7(3)
~0.4(3)
~115.6(3)
77(4)
91.8(3)
~77.7(3)
150.7(3)
121.0(3)
2.6(7)
~175.7(3)
1.5(7)
~2.3(7)
~0.8(7)
176.2(5)
~5.7(6)
172.6(3)
177.4(4)
—4.2(4)
4.8(6)
~172.0(4)
~178.9(4)
4.3(7)
~170.2(4)
13.4(7)
8.6(5)
~167.9(4)
4.6(6)
~176.7(4)
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C(18)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(19)
C(22)-C(23)-C(24)-C(25)
C(20)-C(19)-C(24)-C(23)
C(18)-C(19)-C(24)-C(23)
C(20)-C(19)-C(24)-C(25)
C(18)-C(19)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
C(19)-C(24)-C(25)-C(26)
C(23)-C(24)-C(25)-Ru(1)
C(19)-C(24)-C(25)-Ru(1)
N(1)-Ru(1)-C(25)-C(26)
C(12)-Ru(1)-C(25)-C(26)
N(2)-Ru(1)-C(25)-C(26)
O(1)-Ru(1)-C(25)-C(26)
0(2)-Ru(1)-C(25)-C(26)
C(33)-Ru(1)-C(25)-C(26)
N(1)-Ru(1)-C(25)-C(24)
C(12)-Ru(1)-C(25)-C(24)
N(2)-Ru(1)-C(25)-C(24)
O(1)-Ru(1)-C(25)-C(24)
C(26)-Ru(1)-C(25)-C(24)
0(2)-Ru(1)-C(25)-C(24)
C(33)-Ru(1)-C(25)-C(24)
C(24)-C(25)-C(26)-C(27)
Ru(1)-C(25)-C(26)-C(27)
C(24)-C(25)-C(26)-Ru(1)
N(1)-Ru(1)-C(26)-C(25)
C(12)-Ru(1)-C(26)-C(25)
N(2)-Ru(1)-C(26)-C(25)
O(1)-Ru(1)-C(26)-C(25)

174.3(4)
~2.5(6)
0.9(7)
1.1(7)
~1.4(7)
178.4(4)
~0.2(6)
~171.7(4)
~179.9(4)
8.6(7)
~146.3(4)
33.4(7)
130.0(3)
~50.3(5)
101.8(3)
23.3(3)
~78.7(3)
~167.6(3)
~168.3(2)
~168.4(2)
~134.9(3)
146.7(3)
44.7(3)
—44.2(5)
123.4(4)
—44.9(3)
—45.0(4)
145.0(4)
~113.2(4)
~101.8(4)
~80.7(3)
~158.6(3)
100.1(3)
153.8(5)



C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(7)
C(10)-C(11)-C(12)-Ru(1)
C(8)-C(7)-C(12)-C(11)
C(6)-C(7)-C(12)-C(11)
C(8)-C(7)-C(12)-Ru(1)
C(6)-C(7)-C(12)-Ru(1)
N(1)-Ru(1)-C(12)-C(11)
C(25)-Ru(1)-C(12)-C(11)
N(2)-Ru(1)-C(12)-C(11)
O(1)-Ru(1)-C(12)-C(11)
C(26)-Ru(1)-C(12)-C(11)
0(2)-Ru(1)-C(12)-C(11)
C(33)-Ru(1)-C(12)-C(11)
N(1)-Ru(1)-C(12)-C(7)
C(25)-Ru(1)-C(12)-C(7)
N(2)-Ru(1)-C(12)-C(7)
O(1)-Ru(1)-C(12)-C(7)
C(26)-Ru(1)-C(12)-C(7)
0(2)-Ru(1)-C(12)-C(7)
C(33)-Ru(1)-C(12)-C(7)
N(1)-Ru(1)-N(2)-C(13)
C(12)-Ru(1)-N(2)-C(13)
C(25)-Ru(1)-N(2)-C(13)
O(1)-Ru(1)-N(2)-C(13)
C(26)-Ru(1)-N(2)-C(13)
0(2)-Ru(1)-N(2)-C(13)
C(33)-Ru(1)-N(2)-C(13)
N(1)-Ru(1)-N(2)-C(18)
C(12)-Ru(1)-N(2)-C(18)
C(25)-Ru(1)-N(2)-C(18)
O(1)-Ru(1)-N(2)-C(18)
C(26)-Ru(1)-N(2)-C(18)
0(2)-Ru(1)-N(2)-C(18)

~0.1(7)
~2.8(7)
1.1(7)
3.3(6)
~171.8(3)
~6.1(6)
175.1(4)
169.8(3)
-9.0(5)
~179.7(4)
~94.6(4)
2.3(4)
90.4(4)
~80.1(4)
108.5(4)
96.8(4)
5.13)
90.2(3)
~173.03)
~84.9(3)
104.7(3)
~66.8(4)
~78.5(3)
“31(4)
46.4(3)
162.0(3)
—45.4(3)
124.2(3)
104.3(3)
~74.6(3)
152(4)
130.4(3)
~14.8(3)
137.8(3)
~52.6(3)
78.9(3)
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0(2)-Ru(1)-C(26)-C(25)
C(33)-Ru(1)-C(26)-C(25)
N(1)-Ru(1)-C(26)-C(27)
C(12)-Ru(1)-C(26)-C(27)
C(25)-Ru(1)-C(26)-C(27)
N(2)-Ru(1)-C(26)-C(27)
O(1)-Ru(1)-C(26)-C(27)
0(2)-Ru(1)-C(26)-C(27)
C(33)-Ru(1)-C(26)-C(27)
C(25)-C(26)-C(27)-C(32)
Ru(1)-C(26)-C(27)-C(32)
C(25)-C(26)-C(27)-C(28)
Ru(1)-C(26)-C(27)-C(28)
C(32)-C(27)-C(28)-C(29)
C(26)-C(27)-C(28)-C(29)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(31)
C(29)-C(30)-C(31)-C(32)
C(30)-C(31)-C(32)-C(27)
C(28)-C(27)-C(32)-C(31)
C(26)-C(27)-C(32)-C(31)
N(1)-Ru(1)-O(1)-C(33)
C(12)-Ru(1)-O(1)-C(33)
C(25)-Ru(1)-O(1)-C(33)
N(2)-Ru(1)-O(1)-C(33)
C(26)-Ru(1)-O(1)-C(33)
0(2)-Ru(1)-0(1)-C(33)
Ru(1)-0(1)-C(33)-0(2)
Ru(1)-O(1)-C(33)-C(34)
N(1)-Ru(1)-C(33)-0(1)
C(12)-Ru(1)-C(33)-0(1)
C(25)-Ru(1)-C(33)-0(1)
N(2)-Ru(1)-C(33)-0(1)
C(26)-Ru(1)-C(33)-0(1)
0(2)-Ru(1)-C(33)-0(1)
N(1)-Ru(1)-C(33)-0(2)

15.7(3)
29.4(6)
35.3(3)

—42.5(3)
116.1(4)
~143.8(3)
-90.1(7)
131.7(3)
145.4(4)
~166.7(4)
111.6(4)
12.9(6)
—68.8(5)
~1.7(6)
178.7(4)
0.3(7)
1.2(7)
~1.2(7)
~0.3(7)
1.7(6)
~178.7(4)
89.1(3)
168.7(3)
~1.4(4)
—91.4(3)
~144.7(6)
~0.6(2)
1.1(4)
~178.1(4)
-90.9(2)
~13.2(3)
179.2(2)
87.7(2)
157.8(4)
178.9(4)
90.2(2)



C(33)-Ru(1)-N(2)-C(18)
C(18)-N(2)-C(13)-C(14)
Ru(1)-N(2)-C(13)-C(14)
N(2)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(18)
C(14)-C(15)-C(16)-C(17)
C(13)-N(2)-C(18)-C(16)
Ru(1)-N(2)-C(18)-C(16)
C(13)-N(2)-C(18)-C(19)
Ru(1)-N(2)-C(18)-C(19)
C(15)-C(16)-C(18)-N(2)
C(17)-C(16)-C(18)-N(2)
C(15)-C(16)-C(18)-C(19)
C(17)-C(16)-C(18)-C(19)
N(2)-C(18)-C(19)-C(20)
C(16)-C(18)-C(19)-C(20)
N(2)-C(18)-C(19)-C(24)
C(16)-C(18)-C(19)-C(24)
C(24)-C(19)-C(20)-C(21)

108.6(3)
5.4(6)
~171.73)
3.1(7)
—4.4(6)
~2.3(6)
177.6(4)
~12.3(6)
164.5(3)
162.5(4)
~20.7(5)
10.8(6)
~169.1(4)
~163.8(4)
16.3(6)
~138.4(4)
36.3(6)
33.1(6)
~152.2(4)
2.1(6)

C(12)-Ru(1)-C(33)-0(2)
C(25)-Ru(1)-C(33)-0(2)
N(2)-Ru(1)-C(33)-0(2)
O(1)-Ru(1)-C(33)-0(2)
C(26)-Ru(1)-C(33)-0(2)
N(1)-Ru(1)-C(33)-C(34)
C(12)-Ru(1)-C(33)-C(34)
C(25)-Ru(1)-C(33)-C(34)
N(2)-Ru(1)-C(33)-C(34)
O(1)-Ru(1)-C(33)-C(34)
C(26)-Ru(1)-C(33)-C(34)
0(2)-Ru(1)-C(33)-C(34)
0(1)-C(33)-0(2)-Ru(1)
C(34)-C(33)-0(2)-Ru(1)
N(1)-Ru(1)-0(2)-C(33)
C(12)-Ru(1)-0(2)-C(33)
C(25)-Ru(1)-0(2)-C(33)
N(2)-Ru(1)-0(2)-C(33)
O(1)-Ru(1)-0(2)-C(33)
C(26)-Ru(1)-0(2)-C(33)

167.9(2)
0.3(3)
-91.2(2)
~178.9(4)
21.1(5)
~66(5)
12(5)
~156(5)
113(5)
25(5)
~177(5)
~156(5)
~1.1(4)
178.2(4)
~89.8(2)
~20.6(4)
~179.7(3)
88.4(2)
0.6(2)
170.6(2)
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F2E ERE
2.1. General Procedure for the Ru(cod)(cot)-Catalyzed Alkenylation of Aromatic Compounds
with Alkenyl Carbonates (Table 2.2)

In a glovebox, Ru(cod)(cot) (1) (0.025 mmol or 0.05 mmol), p-xylene (0.1 mL), aromatic
compound 3 (0.5 mmol) and alkenyl carbonate 7 (1.5 mmol or 2.5 mmol) were placed in a 10 mL
Schlenk flask equipped with a reflux condenser in that order. The mixture was heated at 150 °C for
24 h or 48 h. The resulting mixture was diluted with dichloromethane (2 mL), and analyzed by GC
and GC-MS.

Spectroscopic data of 4a, 4b, 4c, 4d, 4e, and 4f are in good agreement with those reported in

. 8
literature.®®

2.2. Ru(cod)(cot)-Catalyzed Alkylation of 3b Using 7¢ (Table 2.1, Entry 6)

In a glovebox, Ru(cod)(cot) (0.025 mmol), p-xylene (0.1 mL), 2-(2-methylphenyl)pyridine 3b
(0.5 mmol) and isopropyl S-styryl carbonate 7¢ (1.5 mmol) were placed in a 10 mL Schlenk flask
equipped with a reflux condenser in that order. The mixture was heated at 170 °C for 24 h. The
resulting mixture was diluted with dichloromethane (2 mL), and analyzed by GC and GC-MS. After
removal of the volatile materials by rotary evaporation. Silica gel column chromatography afforded
the alkylation product 8b as yellow oil (62% GC yield; 61.6 mg, 45% isolated yield).

Spectroscopic data of 8b are in good agreement with those reported in literature.>

2.3. General Procedure for Synthesis of Alkenyl Carbonates 7

A THF solution of pheylacetaldehyde, DMAP and Et;N in a three-necked flask was cooled to
0 °C, and a chloroformate derivative was added dropwise. After the completion of the addition, the
mixture was stirred for 2—15 h at 50 °C. A saturated aqueous solution of NaHCOj; was added to the
reaction mixture, which was then extracted three times with EtOAc. The combined organic layers
were washed with brine and dried over Na,SO4. After removal of volatile materials by rotary
evaporation, the crude material was purified by silica gel column chromatography and Kugelrohr

distillation.

Ethyl p-styryl carbonate (7b)

EtO\n/OVH/\ Ph

o
7b

General procedure was followed with ethyl chloroformate. Column chromatography (50:1
hexane/EtOAc) and Kugelrohr distillation afforded 7b as a colorless oil (50%, E:Z = 40:60). 'H
NMR (CDCls, 399.7 MHz) 6 1.31 (t,J= 7.2 Hz, 3 H, CH; (E-isomer)), 1.32 (t,J=7.2 Hz, 3 H, CH;
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(Z-isomer)), 4.25 (q, J = 7.2 Hz, 2 H, CH, (E-isomer)), 4.27 (q, J = 7.2 Hz, 2 H, CH, (E-isomer)),
5.63 (d, J= 7.6 Hz, 1 H, Ph~CH=CH-OR (Z-isomer)), 6.34 (d, J = 12.8 Hz, 1 H, Ph—CH=CH-OR
(E-isomer)), 7.04 (d, J = 7.6 Hz, 1 H, Ph—CH=CH-OR (Z-isomer)), 7.17-7.31 (m, 3 H, ArH), 7.53
(d, J = 8.0 Hz, 2 H, ArH), 7.56 (d, J = 12.8 Hz, 1 H, Ph—CH=CH-OR (E-isomer)); °C NMR (E-,
Z-mixture, CDCls, 100.5 MHz) 0 14.14, 14.17, 64.83, 64.88, 111.82, 115.25, 126.17, 127.33, 127.42,
128.38, 128.67, 129.12, 133.56, 133.76, 135.34, 137.66, 152.62, 152.75; IR (neat) 3090 w, 3059 w,
3027 w, 2985 w, 2939 w, 2911 w, 1762 s, 1664 m, 1495 w, 1467 w, 1448 w, 1391 w, 1369 m, 1258
s, 1143 w, 1093 w, 1016 m, 932 w, 876 w, 782 m, 752 w, 694 m cmfl; Anal. Calcd for C,H,,05: C,
68.74; H, 6.29. Found: C, 68.72; H, 6.27.

Isopropyl f-styryl carbonate (7¢)

il
PrO\[(OVM/\ o

0]
7c

General procedure was followed with isopropyl chloroformate. Column chromatography (50:1
hexane/EtOAc) and Kugelrohr distillation afforded 7¢ as a colorless oil (93%, E:Z = 30:70). 'H
NMR (CDCls, 400.1 MHz) ¢ 1.35-1.38 (m, 6 H, CH; (E-, Z-isomer)), 4.98 (sep, J = 6.0 Hz, 1 H,
CHMe; (E-isomer)), 5.00 (sep, J = 6.0 Hz, 1 H, CHMe, (Z-isomer)), 5.68 (d, /= 7.6 Hz, 1 H, Ph—
CH=CH-OR (Z-isomer)), 6.39 (d, J = 12.0 Hz, 1 H, Ph—~CH=CH-OR (E-isomer)), 7.10 (d, J = 7.6
Hz, 1 H, Ph—CH=CH-OR (Z-isomer)), 7.23—7.37 (m, 3 H, ArH), 7.59 (d, J = 7.6 Hz, 2 H, ArH),
7.63 (d, J = 12.0 Hz, 1 H, Ph-CH=CH-OR (E-isomer)); °C NMR (E-, Z-mixture, CDCl;, 100.5
MHz) 6 21.69 (E-, Z-isomer), 73.16, 73.20, 111.62, 115.10, 126.18, 127.29, 127.40, 128.39, 128.68,
129.13, 133.65, 133.88, 135.41, 137.69, 152.17 (E-, Z-isomer); IR (neat) 3090 w, 3059 w, 3027 w,
2985 m, 2941 w, 1760 s, 1663 m, 1494 w, 1468 w, 1449 w, 1389 m, 1377 m, 1351 m, 1265 s, 1184
m, 1146 w, 1096 m, 1009 w, 913 m, 841 w, 784 m, 753 w, 694 m cmfl; Anal. Calcd for C,H,,05: C,
69.88; H, 6.84. Found: C, 69.68; H, 6.80.

tert-Butyl f-styryl carbonate (7d)

4
BuO\H/Om/\ o

o
7d

General procedure was followed with Boc,O. Column chromatography (50:1 hexane/EtOAc) and
Kugelrohr distillation afforded 7d as a colorless oil (49%, E:Z = 48:52). 'H NMR (CDCl;, 399.7
MHz) 6 1.55 (s, 9H, C(CH3); (Z-isomer)), 1.55 (s, 9H, C(CH3)3 (E-isomer)), 5.64 (d,J=7.2 Hz, 1 H,
Ph-CH=CH-OR (Z-isomer)), 6.37 (d, J = 12.8 Hz, 1 H, Ph—CH=CH-OR (E-isomer)), 7.07 (d, J =
7.2 Hz, 1 H, PhCH=CH-OR (Z-isomer)), 7.20—-7.38 (m, 3 H, ArH), 7.59-7.63 (m, 3 H, ArH, Ph—
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CH=CH-OR (E-isomer)); °C NMR (E-, Z-mixture, CDCls, 100.5 MHz) & 27.65, 27.66, 83.61,
83.68, 111.14, 114.64, 126.12, 127.15, 127.26, 128.35, 128.66, 129.09, 133.86, 134.08, 135.35,
137.59, 150.78, 150.89; IR (neat) 3087 w, 3060 w, 3027 w, 2982 m, 2936 w, 1755 s, 1663 m, 1494
w, 1474 w, 1449 w, 1395 w, 1371 m, 1274 s, 1256 s, 1153 5, 1129 s, 1096 m, 1031 w, 1004 w, 932
w, 858 m, 785 m, 754 m, 694 m cmfl; Anal. Calcd for C;H,405: C, 70.89; H, 7.32. Found: C, 70.03;
H, 7.50.

Phenyl g-styryl carbonate (7e)

PhO\”/Om/\ Ph

0]
7e

General procedure was followed with phenyl chloroformate. Column chromatography (40:1
hexane/EtOAc) and Kugelrohr distillation afforded 7e as a colorless oil (54%, E:Z = 43:57). 'H
NMR (CDCl;, 400.1 MHz) 6 5.79 (d, J = 7.2 Hz, 1 H, PhCH=CH-OR (Z-isomer)), 6.53 (d, J =
12.8 Hz, 1 H, PhCH=CH-OR (E-isomer)), 7.17 (d, J = 7.2 Hz, 1 H, Ph—CH=CH-OR (Z-isomer)),
7.23-7.44 (m, 8 H, ArH), 7.93 (d, J=7.6 Hz, 2 H, ArH), 7.68 (d, J = 12.8 Hz, | H, Ph—~CH=CH-OR
(E-isomer)); *C NMR (E-, Z-mixture, CDCls, 100.5 MHz) 6 112.79, 116.26, 120.83, 120.91, 126.27,
126.31, 126.40, 126.46, 127.62, 127.70, 128.46, 128.75, 129.23, 129.54, 129.60, 129.63, 133.21,
133.41, 135.06, 137.47, 150.77, 151.08; IR (neat) 3060 m, 3028 m, 1773 s, 1662 m, 1592 m, 1493 s,
1449 m, 1389 w, 1295 m, 1253 s, 1160 m, 1109 m, 1070 m, 1024 m, 1006 m, 932 m, 911 w, 841 w,
809 w, 768 m, 750 m, 720 w, 691 m cmfl; Anal. Calcd for CsH,,05: C, 74.99; H, 5.03. Found: C,
74.56; H, 4.97.
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HIE ERE
3.1. General Procedure A for the Ruthenium-Catalyzed Arylation

10 mol % [RuCly(p-cymene)], (11)

2N 20 mol % P(OPh); (12)
)E |Y 1 equiv MeOH )E |Y
> + (ArBO RN
R \)\/\OF& (A0 iuene 0.5 mL, 120 °C, 24 h H \)\/\Ph
13x 10xy
0.5 mmol 0.33 mmol

In a glovebox, [RuCly(p-cymene)], (11) (15.3 mg, 0.025 mmol), (ArBO); (13x) (0.33 mmol), and
a magnetic stirring bar were placed in a 20 mL pressure tube, and then toluene (0.5 mL), P(OPh);
(12) (13.0 puL, 0.05 mmol), alkyl ether (0.5 mmol), and MeOH (20.2 pL, 0.5 mmol) were added in
that order. The mixture was heated in an oil bath at 120 °C for 24 h. The resulting mixture was
diluted with dichloromethane (2 mL) and methanol (2 mL), and analyzed by GC and GC-MS. After
removal of the volatile materials by rotary evaporation, the arylation product was isolated by silica

gel column chromatography, followed by Kugelrohr distillation in some cases.

General Procedure B for the Ruthenium-Catalyzed Arylation
General Procedure B is the same as General Procedure A except that 0.05 mmol of

[RuCly(p-cymene)], and 0.10 mmol of P(OPh); were used for the reaction.

2-Methyl-4-(2-phenylethyl)pyridine (10aa)
N\

|
X Ph

10aa

General procedure B was followed with 2-(2-methoxyethyl)pyridine (9a, 68.6 mg) and

triphenylboroxine (13a, 103 mg). Column chromatography (4:1 hexane/EtOAc) afforded 10aa as a
pale yellow oil (55.0 mg, 60%). '"H NMR spectroscopic data are in good agreement with those

reported in literature.””

2-Methyl-4-(2-phenylethyl)pyridine (10ba)
N\

. |
10ba

Ph

General procedure B was followed with 2-(2-methoxyethyl)-4-methylpyridine (9b, 75.6 mg) and
triphenylboroxine (13a, 103 mg). Column chromatography (4:1 hexane/EtOAc) afforded 10ba as a
pale yellow oil (52.9 mg, 54%). '"H NMR spectroscopic data are in good agreement with those

reported in literature.>
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2-Methyl-4-(2-phenylethyl)pyridine (10ca)

b 10ca Ph
General procedure B was followed with 2-(2-methoxyethyl)-6-methylpyridine (9¢, 75.6 mg) and
triphenylboroxine (13a, 103 mg). Column chromatography (4:1 hexane/EtOAc) afforded 10ca as a
pale yellow oil (37.9 mg, 38%). 'H and “C NMR spectroscopic data are in good agreement with

those reported in literature.>*

2-Methyl-4-(2-phenylethyl)pyridine (10da)

N/|
X
10da

Ph

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
triphenylboroxine (13a, 103 mg). Column chromatography (3:1 hexane/EtOAc) afforded 10da as a
colorless oil (93.5 mg, 95%): 'H NMR (CDCl3) 6 2.49 (s, 3H, ArCHj3), 2.81-2.92 (m, 4H, ArCH,-),
6.86 (m, 1H, ArH), 6.93 (s, 1H, ArH), 7.12-7.28 (m, 5H, ArH), 8.34 (d, J = 5.1 Hz, 1H); >C NMR
(CDClL) ¢ 24.3, 36.6, 37.1, 121.0, 123.4, 126.2, 128.4, 128.5, 140.9, 149.0, 150.8, 158.3; IR (neat)
3027 w, 2925 m, 2859, 1604 s, 1561 m, 1496 w, 1453 m, 1408 w, 819 w, 751 w, 699 m cm ';
HRMS (ESI) calcd for [M+H]" (C14H¢N) m/z 198.12827. Found 198.12847.

2-Phenyl- 4-(2-phenylethyl)pyridine (10ea)

N/

|
Ph X Ph
10ea

General procedure B was followed with 4-(2-methoxyethyl)-2-phenylpyridine (9e, 107 mg) and
triphenylboroxine (13a, 103 mg). Column chromatography (9:1 hexane/EtOAc) and Kugelrohr
distillation afforded 10ea as a pale yellow oil (68.3 mg, 52%). 'H NMR (CDCl3) 6 2.99 (s , 4H,
ArCH,-), 7.04 (d, J = 49 Hz, 1H, ArH), 7.16—7.33 (m, 5H, ArH), 7.38-7.51 (m, 4H, ArH),
7.92-7.96 (m, 2H, ArH), 8.57 (d, J = 4.9 Hz, 1H, ArH); °C NMR (CDCls) § 36.7, 37.3, 120.9,
122.4,126.3, 126.9, 128.5, 128.5, 128.7, 128.8, 139.5, 140.7, 149.6, 151.2, 157.5; IR (neat) 3085 w,
3061 m, 3027 m, 2927 m, 2859 w, 1599 s, 1555 s, 1494 m, 1475 m, 1446 s, 1405 m, 1300 w, 1188
m, 1162 w, 1075 w, 1028 w, 961 m, 839 w, 779 w, 752 m, 741 m, 697 s, 669 w, 637 w, 589 w cm ;
HRMS (ESI) calcd for [M+H]" (C1oH gN) m/z 260.14392. Found 260.14317.
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2,6-Dimethyl-4-(2-phenylethyl)pyridine (10fa)

N/
U
10fa

Ph

General procedure B was followed with 2,6-dimethyl-4-(2-methoxyethyl)pyridine (9f, 82.6 mg)
and triphenylboroxine (13a, 103 mg). Column chromatography (4:1 hexane/EtOAc) afforded 10fa as
a pale yellow oil (46.7 mg, 44%). 'H NMR spectroscopic data are in good agreement with those

reported in literature.>*

4-(2-Phenylethyl)quinoline (10ga)

g

N Ph

10ga

General procedure B was followed with 4-(2-methoxyethyl)quinoline (9g, 93.6 mg) and
triphenylboroxine (13a, 103 mg). Column chromatography (4:1 hexane/EtOAc) afforded 10ga as a
colorless powder (49.9 mg, 43%). M.p. 96—97 °C. 'H NMR (CDCl3) 6 3.05-3.12 (m, 2H, PhCH,-),
3.36—3.44 (m, 2H, ArCH>-), 7.18-7.33 (m, 6H, ArH), 7.56—7.74 (m, 2H, ArH), 8.07-8.15 (m, 2H,
ArH), 8.79 (d, J = 4.5 Hz, 1H, ArH); ’C NMR (CDCls) d 34.1, 36.2, 120.9, 123.4, 126.3, 126.4,
127.4, 128.4, 128.5, 129.1, 130.3, 141.0, 147.4, 148.3, 150.2; IR (KBr) 3025 w, 2955 w, 2928 w,
1593 s, 1509 w, 1491 w, 1455 w, 1426 w, 1414 w, 1160 w, 865 w, 848 s, 772 m, 754 s, 742 's, 704 s

cm '; HRMS (ESI) caled for [M+H]" (C17H¢N) m/z 234.12827. Found 234.12945.

2-Methyl-4-[2-(4-nitrophenyl)ethyl]|pyridine (10db)

N*
A

10db NO.

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(4-nitrophenyl)boroxine (13b, 147 mg). Column chromatography (3:1 hexane/EtOAc) afforded
10db as a yellow oil (107 mg, 88%). '"H NMR (CDCls) 6 2.52 (s, 3H, ArCHj), 2.89-2.93 (m, 2H,
ArCH>-), 3.02-3.06 (m, 2H, ArCH>-), 6.87 (d, J= 5.2 Hz, 1H, ArH), 6.94 (s, 1H, ArH), 7.30 (d, J =
8.6 Hz, 2H, ArH), 8.14 (d, J = 8.6 Hz, 2H, ArH), 8.39 (d, J = 5.2 Hz, 1H, ArH); >C NMR (CDCl3) ¢
24.4,36.3,36.4, 120.9, 123.3, 123.8, 129.3, 146.6, 148.5, 149.2, 149.6, 158.6; IR (neat) 3387 w br,
3077 m, 3055 m, 3012 m, 2928 m, 2859 m, 2451 w, 1926 w, 1605 s, 1562 s, 1514 s, 1450 m, 1407
m, 13455, 1180 w, 1110 s, 1038 w, 1016 m, 997 w, 929 w, 884 w, 856 s, 767 w, 750 m, 698 m, 658
w cm ', HRMS (ESI) caled for [M+H]" (C14H;sN2O,) m/z 243.11335. Found 243.11372.
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2-Methyl-4-[2-{4-(trifluoromethyl)phenyl}ethyl]pyridine (10dc)

N*
A

10dc CFs

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(4-trifluoromethylphenyl)boroxine (13¢, 170 mg). Column chromatography (3:1 hexane/EtOAc)
afforded 10dc as a yellow oil (123 mg, 93%). '"H NMR (CDCL3) & 2.52 (s, 3H, ArCHj), 2.86-3.00
(m, 4H, ArCH>-), 6.87-6.89 (m, 1H, ArH), 6.94 (s, 1H, ArH), 7.25 (d, J= 7.9 Hz, 2H, ArH), 7.54 (d,
J=17.9 Hz, 2H, ArH), 8.38 (d, J = 5.2 Hz, 1H, ArH); °C NMR (CDCLy) & 24.4, 36.4, 36.6, 120.9,
123.4,125.4, 125.4, 128.7, 144.9, 149.2, 150.1, 158.5; '’F NMR (CDCls) 6 —62.3; IR (neat) 2928 w,
1605 s, 1562 w, 1417 w, 1325 s, 1164 s, 1124 5, 1067 s, 1019 m, 836 m cm '; HRMS (ESI) calcd for
[M+H]" (C;sH,sNF3) m/z 266.11566. Found 266.11794.

4-[2-(4-Acetylphenyl)ethyl]-2-methylpyridine (10dd)

N*
NS

10dd Ac

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(4-acethylphenyl)boroxine (13d, 145 mg). Column chromatography (4:1 hexane/EtOAc) afforded
10dd as and pale yellow oil (114 mg, 95%). '"H NMR (CDCls) & 2.52 (s, 3H, C(O)CHj), 2.59 (s, 3H,
ArCHj3), 2.87-3.03 (m, 4H, ArCH,-), 6.88 (d, /= 5.2 Hz, 1H, ArH), 6.95 (s, 1H, ArH), 7.24 (d, J =
8.1 Hz, 2H, ArH), 7.88 (d, J = 8.1 Hz, 2H, ArH), 8.38 (d, J = 5.2 Hz, 1H, ArH); >C NMR (CDCl3) ¢
24.3,26.6, 36.5, 36.5, 120.9, 123.4, 128.6, 128.6, 135.4, 146.5, 149.1, 150.1, 158.4, 197.8; IR (neat)
3346 w br, 3006 m, 2926 m, 2862 w, 1677 s, 1605 s, 1562 s, 1480 w, 1412 s, 1358 s, 1302 m, 1269 s,
1183 s, 1114 w, 1018 m, 997 w, 957 m, 929 w, 883 w, 832 s, 694 w, 665 w, 614 m, 595 s, 567 m
cm '; HRMS (ESI) caled for [M+H]" (C16HgNO) m/z 240.13884. Found 240.13859.

Methyl 4-[2-(2-methyl-4-pyridinyl)ethyl]benzoate (10de)

N*
NS

10de CO,Me

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(4-methoxycarbonylphenyl)boroxine (13e, 242 mg, 0.5 mmol). Column chromatography (3:1
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hexane/EtOAc) and Kugelrohr distillation afforded 10de as a yellow solid (90.6 mg, 71%): M.p.
59-60 °C; 'H NMR (CDCl3) ¢ 2.50 (s, 3H, ArCH3), 2.85-2.98 (m, 4H, ArCH»-), 3.89 (s, 3H, —
C(=0)OCHj3), 6.86 (d, J= 5.2 Hz, 1H, ArH), 6.93 (s, 1H, ArH), 7.20 (d, J = 8.5 Hz, 2H, ArH), 7.94
(d, J = 8.5 Hz, 2H, ArH), 8.35 (d, J = 5.2 Hz, 1H, ArH); C NMR (CDCls) 6 24.4, 36.6, 36.6, 52.1,
120.9, 123.4, 128.3, 128.5, 129.8, 146.2, 149.1, 150.2, 158.4, 167.0; IR (KBr) 3038 w, 3006 w, 2951
w, 2927 w, 2863 w, 1717 s, 1606 s, 1556 w, 1487 w, 1434 m, 1414 m, 1286 s, 1175 m, 1109 s, 1098
m, 1021 m, 995 w, 958 w, 928 w, 848 m, 830 m, 805 w, 767 m, 735 w, 702 m, 657 w, 584 w, 561 w,
543 w cm '; HRMS (ESI) caled for [M+H]™ (C1H sNO,) m/z 256.13375. Found 256.13354.

4-[2-(4-Bromophenyl)ethyl]-2-methylpyridine (10df)

N~
X

|
X

=
10df Br

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(4-bromophenyl)boroxine (13f, 181 mg). Column chromatography (3:1 hexane/EtOAc) afforded
10df as a pale yellow oil (125 mg, 91%): '"H NMR (CDCl;) & 2.52 (s, 3H, ArCHj3), 2.80-2.90 (m,
4H, ArCH»-), 6.87 (d, J= 4.9 Hz, 1H, ArH), 6.94 (s, 1H, ArH), 6.99-7.03 (m, 2H, ArH), 7.38-7.41
(m, 2H, ArH), 8.37 (d, J = 4.9 Hz, 1H, ArH); °C NMR (CDCls) d 24.4, 36.0, 36.8, 120.0, 121.0,
123.4, 130.1, 131.5, 139.7, 149.1, 150.2, 158.4; IR (neat) 3011 w, 2925 m, 2861 w, 1605 s, 1562 m,
1488 s, 1452 m, 1444 m, 1403 m, 1296 w, 1190 w, 1098 w, 1072 m, 1011 s, 928 w, 881 w, 828 m,
770 w, 651 w cm”'; HRMS (ESI) calced for [M+H]" (C14H;sNBr) m/z 276.03879. Found 276.03728.

2-Methyl-4-[2-(4-methylphenyl)ethyl]pyridine (10dg)

N/
A

10dg

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(4-methylphenyl)boroxine (13g, 117 mg). Column chromatography (3:1 hexane/EtOAc) afforded
10dg as a colorless oil (102 mg, 97%). 'H NMR (CDCl3) 6 2.33 (s, 3H, ArCHj;), 2.52 (s, 3H, ArCH;),
2.82-2.91 (m, 4H, ArCH,-), 6.89-6.91 (m, 1H, ArH), 6.97 (s, 1H, ArH), 7.04—7.11 (m, 4H, ArH),
8.37 (d, J= 5.2 Hz, 1H, ArH); °C NMR (CDCl;) 6 21.0, 24.3, 36.2, 37.2, 121.0, 123.5, 128.3, 129.1,
135.7,137.8, 149.0, 151.0, 158.2; IR (neat) 3048 w, 3009 w, 2923 m, 2859 w, 1604 s, 1562 w, 1515
m, 1450 w, 1444 w, 1408 w, 1296 w, 828 m, 808 m cm '; HRMS (ESI) caled for [M+H]" (C;sH;sN)
m/z 212.14392. Found 212.14449.
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4-[2-(4-Methoxyphenyl)ethyl]-2-methylpyridine (10dh)

N*
A

10dh OMe

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(4-methoxyphenyl)boroxine (13h, 133 mg). Column chromatography (3:1 hexane/EtOAc)
afforded 10dh as a pale yellow oil (58.3 mg, 51%). 'H NMR (CDCl3) 6 2.51 (s, 3H, ArCH;),
2.80—-2.89 (m, 4H, ArCH,-), 3.79 (s, 3H, -OCH3), 6.80—6.84 (m, 2H, ArH), 6.88 (d, J=4.7 Hz, 1H,
ArH), 6.95 (s, 1H, ArH), 7.04-7.08 (m, 2H, ArH), 8.36 (d, J = 5.1 Hz, 1H, ArH); *C NMR (CDCl5)
0243,35.8,37.3,553,113.8,121.1, 123.5, 129.3, 133.0, 149.0, 150.9, 158.0, 158.2; IR (neat) 3006
m, 2931 m, 2858 w, 2835 w, 1605 s, 1562 m, 1513 s, 1453 m, 1408 w, 1300 m, 1247 s, 1178 m,
1105 w, 1037 s, 997 w, 880 w, 831 s, 743 w, 697 w cm '; HRMS (ESI) caled for [M+H]"
(C1sH1sNO) m/z 228.13884. Found 228.13921.

2-Methyl-4-[2-(3-methylphenyl)ethyl]pyridine (10di)

N/
A

10di

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(3-methylphenyl)boroxine (13i, 117 mg). Column chromatography (3:1 hexane/EtOAc) afforded
10di as a colorless oil (101 mg, 96%). 'H NMR (CDCl3) 6 2.33 (s, 3H, ArCHj3), 2.52 (s, 3H, ArCH;),
2.87 (s, 4H, ArCH,-), 6.90-7.04 (m, 5H, ArH), 7.18 (t, J = 7.5 Hz, 1H, ArH), 8.37 (d, J = 4.9 Hz,
1H, ArH); C NMR (CDCls) ¢ 21.4, 24.3, 36.6, 37.1, 121.0, 123.5, 125.3, 126.9, 128.3, 129.2,
138.0, 140.8, 148.9, 151.0, 168.2; IR (neat) 3012 m, 2923 n, 2860 m, 1606 s, 1562 m, 1485 m, 1452
m, 1408 m, 1296 w, 1038 w, 997 w, 883 w, 832 m, 792 m, 778 m, 699 m cm '; HRMS (ESI) calcd
for [M+H]" (C1sHgN) m/z 212.14392. Found 212.14414.

4-[2-(3-Methoxyphenyl)ethyl]-2-methylpyridine (10dj)
N~ |
X OMe
10dj

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(3-methoxyphenyl)boroxine (13j, 133 mg). Column chromatography (3:1 hexane/EtOAc) and
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Kugelrohr distillation afforded 10dj as a pale yellow oil (98.9 mg, 87%). 'H NMR (CDCl3) 0 2.52 (s,
3H, ArCH;), 2.84-2.92 (m, 4H, ArCH>-), 3.78 (s, 3H, -OCH}), 6.70—6.77 (m, 3H, ArH), 6.89-6.91
(m, 1H, ArH), 6.97 (s, 1H, ArH), 7.20 (t, J = 7.8 Hz, 1H, ArH), 8.37 (d, J = 5.2 Hz, 1H, ArH); °C
NMR (CDCl;) 6 24.4, 36.6, 36.9, 55.1, 111.4, 114.2, 120.8, 121.0, 123.4, 129.4, 142.5, 149.0, 150.7,
158.3, 159.7; IR (neat) 3388 w, 3006 m, 2938 m, 2860 w, 2835 m, 1604 s, 1585 s, 1561 m, 1490 s,
1454 s, 1440 s, 1408 m, 1260 s, 1190 w, 1153 s, 1152 m, 996 w, 920 w, 874 w, 833 w, 788 m, 696
m cmfl; HRMS (ESI) calcd for [M+H]+ (C15HsNO) m/z 228.13884. Found 228.13890.

2-Methyl-4-[2-(2-naphthyl)ethyl]pyridine (10dk)

10dk

General procedure A was followed with 4-(2-methoxyethyl)-2-methylpyridine (9d, 75.6 mg) and
tris(2-naphthyl)boroxine (13k, 152 mg). Column chromatography (3:1 hexane/EtOAc) afforded
10dKk as a yellow solid (113 mg, 91%). M.p. 6162 °C. '"H NMR (CDCls) & 2.52 (s, 3H, ArCHj),
2.94-2.98 (m, 2H, ArCH>-), 3.06—3.10 (m, 2H, ArCH>-), 6.91-6.93 (m, 1H, ArH), 6.99 (s, 1H,
ArH), 7.31 (dd, 1H, J = 8.4, 1.7 Hz, ArH), 7.41-7.49 (m, 2H, ArH), 7.59 (s, 1H, ArH), 7.76—7.84 (m,
3H, ArH), 8.37 (d, J = 4.7 Hz, 1H, ArH); °C NMR (CDCl3) § 24.3, 36.8, 36.9, 121.0, 123.5, 125.4,
126.0, 126.5, 127.1, 127.4, 127.6, 128.0, 132.1, 133.5, 138.4, 149.0, 150.7, 158.3; IR (neat) 3386 w
br, 3051 m, 3013 m, 2925 m, 2858 m, 1605 s, 1561 m, 1508 m, 1453 m, 1408 m, 1371 w, 1296 w,
1271 w, 1168 w, 1125 w, 1017 w, 997 w, 960 w, 928 w, 892 m, 855 m, 819 s, 747 s, 650 w, 625 w,
cm '; HRMS (ESI) caled for [M+H]" (C1sHsN) m/z 248.14392. Found 248.14442.

3.2. General Procedure C for Synthesis of 2-(2-Methoxyethyl)pyridines

A THF solution of a pyridine derivative in a three-necked flask was cooled to —78 °C, and a
hexane solution of 1.1 equiv of BuLi was added dropwise through a dropping funnel. After the
completion of the addition, the mixture was stirred for 1 h at =78 °C. Then, a THF solution of 1.5
equiv of MOMCI was added dropwise to the resulting mixture through the dropping funnel. The
mixture was gradually warmed to rt and stirred for 12 h. A saturated aqueous solution of NaHCOj3
was added to the reaction mixture, which was then extracted three times with Et,0. The combined
organic layers were washed with brine and dried over Na,SO4. After removal of volatile materials by
rotary evaporation, the crude material was purified by silica gel column chromatography and

Kugelrohr distillation.
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2-(2-Methoxyethyl)-4-methylpyridine (9b)
N\
“ |
9b

OMe

General Procedure C was followed 2,4-dimethylpyridine (3.21 g). Column chromatography (1:1
hexane/EtOAc) and Kugelrohr distillation afforded 9b as a colorless oil (1.99 g, 44%): 'H NMR
(CDClL) 6 2.32 (s, 3H, ArCHj3), 3.01 (t, J = 6.7 Hz, 2H, ArCH>-), 3.35 (s, 3H, -OCHj3), 3.76 (t, J =
6.7 Hz, 2H, ArCH,CH,-), 6.94 (d, J=4.9 Hz, 1H, ArH), 7.02 (s, 1H, ArH), 8.39 (d, J=4.9 Hz, 1H,
ArH); C NMR (CDCl3) & 21.0, 38.4, 58.7, 72.0, 122.4, 124.4, 147.4, 149.1, 158.9; IR (neat) 2925
m, 2876 w, 2824 w, 1606 s, 1563 w, 1480 w, 1449 w, 1379 w, 1191 w, 1118 s, 820 w cm_'; HRMS
(APCI) caled for [M+H]" (CoH4NO) m/z 152.10754. Found 152.10752.

2-(2-Methoxyethyl)-6-methylpyridine (9¢)

~ "N

|
x OMe
9c

General Procedure C was followed with 2,6-dimethylpyridine (3.21 g). Silica gel column
chromatography (4:1 hexane/EtOAc), and Kugelrohr distillation afforded 9¢ as a colorless oil (903
mg, 20%): 'H NMR (CDCls) 6 2.53 (s, 3H, ArCHj), 3.02 (t, J = 6.7 Hz, 2H, ArCH-), 3.35 (s, 3H, —
OCHj;), 3.75 (t, J= 6.7 Hz, 2H, ArCH,CH>-), 6.98 (d, J= 7.6 Hz, 1H, ArH), 7.01 (d, J="7.6 Hz, 1H,
ArH), 7.48 (t, J = 7.6 Hz, 1H, ArH); "C NMR (CDCl;) 6 24.5, 38.7, 58.7, 72.2, 120.3, 120.9, 136.5,
157.9, 158.5; IR (neat) 2925 m, 2875 m, 1592 s, 1579 s, 1459 s, 1376 w, 1190 w, 1154 w, 1117 s,
780 w cm '; HRMS (APCI) caled for [M+H]™ (CoH4NO) m/z 152.10754. Found 152.10730.

3.3. General Procedure D for Synthesis of 4-(2-Alkoxyethyl)pyridines

A THEF solution of a pyridine derivative in a three-necked flask was cooled to —78 °C, and a THF
solution of 1.1 equiv of LDA, prepared separately, was added dropwise through a cannula. After the
completion of the addition, the mixture was stirred for 1 h at =78 °C. Then, the resulting mixture was
added dropwise to a THF solution of 1.5 equiv of MOMCI (or ethoxymethyl chloride) at —78 °C
through a cannula. The mixture was gradually warmed to rt and stirred for 3—24 h. A saturated
aqueous solution of NaHCO; was added to the reaction mixture, which was then extracted three
times with Et,O. The combined organic layers were washed with brine and dried over Na,SO4. After
removal of volatile materials by rotary evaporation, the crude material was purified by silica gel

column chromatography and Kugelrohr distillation.
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4-(2-Methoxyethyl)-2-methylpyridine (9d)

N*
NS

oM
ad ©

General Procedure D was followed with 2,4-dimethylpyridine (3.21 g). Column chromatography
(2:1 hexane/EtOAc) and Kugelrohr distillation afforded 9d as a colorless oil (1.42 g, 31%). 'H NMR
(CDClL) 6 2.52 (s, 3H, ArCHj3), 2.83 (t, J = 6.4 Hz, 2H, ArCH>-), 3.35 (s, 3H, -OCHj3), 3.61 (t, J =
6.4 Hz, 2H, ArCH,CH,-), 6.96 (d, J= 4.8 Hz, 1H, ArH), 7.02 (s, 1H, ArH), 8.38 (d, J= 4.8 Hz, 1H,
ArH); °C NMR (CDCls) 6 24.4, 35.5, 58.8, 72.3, 121.3, 123.8, 148.4, 149.1, 158.3; IR (neat) 3395
m br, 2983 w, 2926 m, 2875 m, 2827 w, 1607 s, 1562 m, 1481 w, 1450 w, 1409 w, 1383 w, 1214 w,
1190 w, 1116 s, 999 w, 970 w, 841 w, 620 w cm '; HRMS (ESI) calcd for [M+H]" (CoH sNO) m/z
152.10754. Found 152.10708.

4-(2-Methoxyethyl)-2-phenylpyridine (9¢)

N
Ph X OMe
9e

General Procedure D was followed with 4-methyl-2-phenylpyridine (1.69 g). Column
chromatography (9:1 hexane/EtOAc) and Kugelrohr distillation afforded 9e as a pale yellow oil (977
mg, 46%). 'H NMR (CDCls) 6 2.94 (t, J = 6.6 Hz, 2H, ArCH,-), 3.37 (s, 3H, ~OCH;), 3.68 (t, J =
6.6 Hz, 2H, ArCH,CH>-), 7.11-7.12 (m, 1H, ArH), 7.38—7.49 (m, 3H, ArH), 7.59-7.60 (m, 1H,
ArH), 7.96-7.99 (m, 2H, ArH), 8.58-8.60 (m, ArH, 1H); °C NMR (CDCL;) & 35.8, 58.8, 72.3,
121.2, 122.7, 127.0, 128.7, 128.9, 139.5, 148.9, 149.6, 157.6; IR (neat) 3051 w, 2984 w, 2925 m,
2873 m, 2826 m, 1603 s, 1581 m, 1556 s, 1476 s, 1446 s, 1405 s, 1382 m, 1214 w, 1192 w, 1115 s,
1074 w, 1028 w, 991 w, 970 w, 843 w, 777 s, 735 m, 696 s, 637 m cm '; HRMS (ESI) calcd for
[M+H]" (C14H4NO) m/z 214.12319. Found 214.12344.

2,6-Dimethyl-4-(2-methoxyethyl)pyridine (9f)

N%
2

| of OMe

General Procedure D was followed with 2.4 6-trimethylpyridine (3.64 g). Column
chromatography (3:1 hexane/EtOAc) and Kugelrohr distillation afforded 9f as a colorless oil (187
mg, 4%). '"H NMR (CDCls) 6 2.49 (s, 6H, ArCH3), 2.78 (t, J = 6.7 Hz, 2H, ArCH>-), 3.35 (s, 3H, —
OCHj3), 3.60 (t, J = 6.7 Hz, 2H, ArCH,CH,-), 6.82 (s, 2H, ArH); °C NMR (CDCL) 6 24.3, 35.4,

58.7,72.3,120.7, 148.5, 157.6; IR (neat) 3402 w br, 2986 w, 2925 m, 2873 m, 2827 w, 1610 s, 1569
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s, 1437 m, 1383 m, 1220 w, 1192 w, 1116 s, 1032 w, 1003 w, 969 w, 858 w cm '; HRMS (ESI)
caled for [M+H]" (C1oH;6NO) m/z 166.12319. Found 166.12351.

4-(2-Methoxyethyl)quinoline (9g)
N e
|

N OMe

99

General Procedure D was followed with 4-methylquinoline (4.30 g). Column chromatography
(2:1 hexane/EtOAc) and Kugelrohr distillation afforded 9g as a pale yellow oil (1.15 g, 20%). 'H
NMR (CDCl) ¢ 3.36 (t, J = 6.7 Hz, 2H, ArCH>-), 3.38 (s, 3H, -OCHj3), 3.77 (t, J = 7.0 Hz, 2H,
ArCH,CH>-), 7.29 (d, J = 4.4 Hz, 1H, ArH), 7.57 (ddd, J = 8.5, 6.7, 1.3 Hz, 1H, ArH), 7.71 (ddd, J
=8.5,6.7, 1.3 Hz, 1H, ArH), 8.04—8.07 (m, 1H, ArH), 8.10—8.13 (m, 1H, ArH), 8.82 (d, /= 4.5 Hz,
1H, ArH); >C NMR (CDCls) 6 32.3, 58.8, 71.8, 121.4, 123.4, 126.4, 127.7, 129.1, 130.3, 144.9,
148.3, 150.1; IR (neat) 3394 w br, 3035 w, 2980 m, 2927 m, 2875 m, 2827 m, 1615 w, 1593 s, 1570
m, 1510 s, 1463 m, 1425 w, 1393 w, 1310 w, 1240 w, 1191 w, 1114 s, 1069 w, 1019 w, 996 w, 965
w, 848 m, 814 m, 762 s, 604 w cm '; HRMS (ESI) caled for [M+H]" (C2H4NO) m/z 188.10754.
Found 188.10843.

4-(2-Ethoxyethyl)-2-methylpyridine (14)

N/
NS

14

OEt

General Procedure D was followed with 2,4-dimethylpyridine (1.07 g) and (chloromethoxy)ethane
as an electrophile. Column chromatography (3:1 hexane/EtOAc) and Kugelrohr distillation afforded
14 as a colorless oil (376 mg, 23%). 'H NMR (CDCls) 6 1.91 (t, J = 7.0 Hz, 3H, -OCH,CHj3), 2.52
(s, 3H, ArCHj3), 2.83 (t, /= 7.0 Hz, 2H, ArCH,-), 3.49 (q, J = 7.0 Hz, 2H, -OCH,CH3), 3.64 (t, J =
7.0 Hz, 2H, ArCH,CH»-), 6.96 (d, J= 5.1 Hz, 1H, ArH), 7.02 (s, 1H, ArH), 8.38 (d, J=5.1 Hz, 1H,
ArH); *C NMR (CDCLy) 8 15.1, 24.3, 35.6, 66.4, 70.2, 121.3, 123.8, 148.5, 149.0, 158.2; IR (neat):
2976 m, 2935 m, 2866 m, 1606 s, 1561 w, 1483 w, 1445 w, 1406 w, 1377 w, 1354 w, 1110 s, 837 w,
620 w cm '; HRMS (ESI): Caled for [M+H]" (C1oH¢NO) m/z 166.12319. Found 166.12306.

2-(2-Methyl-4-pyridinyl)ethanol (15)

N/
NS

15

OH

A 500 mL three-necked flask equipped with a reflux condenser and a dropping funnel was
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charged with LiAlHs (0.95g, 25 mmol) and Et,O (150 mL). A solution of methyl
(2-methyl-4-pyridinyl)acetate (4.13 g, 25 mmol) in Et,O (50 mL) was added dropwise through the
dropping funnel at 0 °C. The mixture was warmed to rt and stirred for 3 h. Water (100 mL) was
poured into the reaction mixture, and the resulting mixture was filtered through a pad of Celite”. The
filtrate was extracted three times with Et,O and three times with CH,Cl,. The combined organic
layers were washed with brine and dried over Na,SO,. After removal of volatile materials by rotary
evaporation, the crude material was purified by Kugelrohr distillation to afford 15 as an orange oil
(2.36 g, 69%): "H NMR (CDCl3) 8§ 2.47 (s, 3H, ArCHj), 2.79 (t, J = 6.4 Hz, 2H, ArCH,-), 3.87 (t,J
= 6.4 Hz, 2H, ArCH,CH,-), 6.93—6.95 (m, 1H, ArH), 7.00 (s, 1H, ArH), 8.26 (d, J = 5.2 Hz, 1H,
ArH); >C NMR (CDCls) 6 24.1, 38.6, 62.3, 121.5, 124.1, 148.7, 148.8, 158.1; IR (neat) 3238 s br,
2925 s, 2870 s, 1610 s, 1561 m, 1444 m, 1410 m, 1297 w, 1168 w, 1056 s, 1006 m, 831 m, 621 w
cmfl; HRMS (ESI) calcd for [M+H]+ (CgH,NO) m/z 138.09189. Found 138.09213.

2-Methyl-4-(2-phenoxyethyl)pyridine (16)

N*
AN

OPh
16

A 100 mL Schlenk flask was charged with 2-(2-methyl-4-pyridinyl)ethanol (15, 0.69 g, 5 mmol),
phenol (0.52 g, 5.5 mmol), PPh; (1.57 g, 6 mmol), and THF (15 mL). A toluene solution of DEAD
(ca. 2.2 mol/L, 2.95 mL, 6.5 mmol) was added at 0 °C and stirred for 3 h at rt. The resulting mixture
was concentrated and purified by silica gel column chromatography (9:1 hexane/EtOAc) and
Kugelrohr distillation to afford 16 as a colorless oil (469 mg, 44%). 'H NMR (CDCl3) 6 2.54 (s, 3H,
ArCHj3), 3.05 (t, J = 6.6 Hz, 2H, ArCH,-), 4.19 (t, J = 6.6 Hz, 2H, ArCH,CH>-), 6.87—7.30 (m, 7H,
ArH), 8.41 (d, J = 4.9 Hz, 1H, ArH); °C NMR (CDCLy) d 24.4, 35.0, 67.2, 114.5, 121.0, 121.4,
123.8, 129.5, 147.6, 149.2, 158.4, 158.5; IR (neat) 3063 w, 3040 w, 3013 w, 2951 w, 2926 w, 2873
w, 1599 s, 1587 m, 1562 w, 1498 s, 1474 m, 1410 w, 1388 w, 1292 w, 1244 s, 1173 w, 1080 w,
1039 m, 837 w, 757 s, 692 m cm '; HRMS (ESI) caled for [M+H]™ (C4H;sNO) m/z 214.12319.
Found 214.12273.

2-(2-Methyl-4-pyridinyl)ethyl acetate (17)

N/
Xz

17

OAc

To a CH,Cl; (30 mL) solution of 2-(2-methyl-4-pyridinyl)ethanol (15, 0.69 g, 5 mmol) in a 100
mL round bottom flask was added Ac,0 (0.94 mL, 10 mmol), Et;N (2.08 mL, 15 mmol), and DMAP

(61.1 mg, 0.5 mmol) at 0 °C, and the mixture was stirred for 1 h. A saturated aqueous solution of

131



NaHCO; was poured into the resulting mixture, and extracted three times with EtOAc. The
combined organic layers were washed with brine and dried over Na,SO4. After removal of volatile
materials by rotary evaporation, the crude material was purified by silica gel column
chromatography (1:1 hexane/EtOAc), and Kugelrohr distillation to afford 17 as a colorless oil (372
mg, 41%). "H NMR (CDCl3) 6 2.04 (s, 3H, —C(=0)CH;), 2.54 (s, 3H, ArCH3), 2.89 (t, J = 6.8 Hz,
2H, ArCH»-), 4.29 (t, J = 6.8 Hz, 2H, ArCH,CH,-), 6.94-6.96 (m, 1H, ArH), 7.01 (s, 1H, ArH),
8.41 (d, J = 5.16 Hz, 1H, ArH); °C NMR (CDCls) 6 20.9, 24.4, 34.3, 63.6, 121.2, 123.6, 147.1,
149.2, 158.5, 170.9; IR (neat) 2960 w, 1738 s, 1607 s, 1563 w, 1441 w, 1410 w, 1384 m, 1365 m,
1235 s, 1038 s, 836 w, 669 w, 606 w cm '; HRMS (ESI) caled for [M+H]" (CoHsNO,) m/z
180.10245. Found 180.10280.

3.4. Tris(4-carbomethoxyphenyl)boroxine (13e)

CO,Me

Q
B

ISRA S
MeO,C Z > Co,Me

13e

A 100 mL Schlenk flask connected to a trap filled with conc. H,SO4 (10 mL) was charged with
(4-carbomethoxyphenyl)boronic acid (3.0 g, 16.7 mmol) and heated under vacuum (0.5 mmHg) at
100 °C for 10 h to afford 13e as a colorless powder (2.3 g, 85%). 'H NMR ((CD5),S0) d 3.86 (s, 9H,
C(0)OCH;), 7.97-8.03 (m, 12H, ArH); >C NMR ((CD3),SO) 6 52.1, 128.2, 130.5, 133.7, 143.8,
166.6.
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F4a4E ERRA
4.1. Synthesis of RuHCI(CO)(PAr3); (19)

RuHCI(CO){P(4-MeC4Hy)3}5 (19b) (Table 4.1, Entry 2)

RUCI33H,0 + P(4-MeCgH >  RUHCI(CO}P(4-MeCgH
3-3H2 ( sHa)3 HCHO ag 40 mL (COXP( 6H4)a}s
EtOH 160 mL
2 mmol 12 mmol o 19b
[261.48] [304.37]  reflux(110°C), 1h [1078.64]
523.0 mg 3.65g 83%

To the boiling solution of tri(4-methylphenyl)phosphine (3.65 g, 12 mmol) in 120 mL of ethanol
were rapidly added solutions of hydrated ruthenium trichloride (523 mg, 2 mmol) in 40 mL of
ethanol and aqueous formaldehyde (40 mL, 40% w/v solution). The mixture was heated under reflux
for 1 hour and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with ethanol (20 mL), deionized water (30 mL), ethanol (50 mL), and hexane (50 mL)
and dried in vacuo afforded RuHCI(CO){P(4-MeC¢H,4)3}3 (19b) (1.79 g, 83%) as cream powder.
M.p. 145-146 °C (decomp.). 'H NMR (C¢Ds, 391.8 MHz) 6 —6.57 (dt, J = 104.5 Hz, 23.2 Hz, 1 H,
Ru—H), 2.03 (s, 18 H, ArCHj3), 2.06 (s, 9 H, ArCHj3), 6.83 (d, J=7.8 Hz, 6 H, ArH), 6.89 (d, J=7.8
Hz, 12 H, ArH), 7.54 (dd, J=7.8 Hz, 7.8 Hz, 6 H, ArH) 7.68 (ddd, J=7.8 Hz, 5.0 Hz, 5.0 Hz, 12 H,
ArH); *'P NMR (C¢Dg, 158.6 MHz) & 11.5, 38.0; IR (KBr) 3020 w, 2919 w, 2865 w, 2361 s, 2341 s,
1926 m, 1869 w, 1844 w, 1829 w, 1793 w, 1772 w, 1749 w, 1734 w, 1717 m, 1700 m, 1684 m, 1671
w, 1652 m, 1636 m, 1617 w, 1600 m, 1558 m, 1541 m, 1521 m, 1499 m, 1473 m, 1457 m, 1437 m,
1419 m, 1397 m, 1311 w, 1264 w, 1190 m, 1117 s, 1091 s, 1020 m, 806 s, 712 w, 667 s, 628 m, 608
w, 520 s cm . Anal. Caled for Cg4Hg4CIOP;Ru: C, 71.26; H, 5.98. Found: C, 70.86; H, 6.02.

RuHCI(CO){P(3-MeC¢Hy)s3}3 (19¢) (Table 4.1, Entry 5)

RuCl;-3H,0O + P(3-MeCgH > RuHCI(CO)XP(3-MeCgH
3-3H; ( 6H4)3 HCHO aq 40 mL (COXP( sHa)3}s
MeOH 240 mL
2 mmol 12 mmol ° 19¢c
[261.48] [304.37]  reflux(90°C). 1h [1078.64]
523.0 mg 3.65 ¢ 78%

To the boiling solution of tri(3-methylphenyl)phosphine (3.65 g, 12 mmol) in 200 mL of
methanol were rapidly added solutions of hydrated ruthenium trichloride (523 mg, 2 mmol) in 40
mL of methanol and aqueous formaldehyde (40 mL, 40% w/v solution). The mixture was heated
under reflux for 1 hour and allowed to cool at 0 °C. The precipitate was collected by filtration and
washed successively with methanol (20 mL), deionized water (30 mL), methanol (50 mL), and
hexane (50 mL) and dried in vacuo afforded RuHCI(CO){P(3-MeC¢Hy4)3}3 (19¢) (1.68 g, 78%) as
ash gray powder. M.p. 142—143 °C (decomp.). 'H NMR (C¢Ds, 391.8 MHz) 6 —6.50 (dt, J = 105.9
Hz, 25.3 Hz, 1 H, Ru—H), 1.92 (s, 27 H, ArCH3), 6.85—6.95 (m, 9 H, ArH), 6.97 (dd, J= 7.8 Hz, 7.8
Hz, 6 H, ArH), 7.31 (dd, J= 7.8 Hz, 7.8 Hz, 3 H, ArH), 7.41-7.46 (m, 6 H, ArH), 7.49 (d, J=9.8
Hz, 3 H, ArH), 7.66 (dd, J= 5.5 Hz, 5.5 Hz, 6 H, ArH); >'P NMR (C¢Ds, 158.6 MHz) & 13.4, 39.4;
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IR (KBr) 3050 w, 2919 w, 2360 s, 2341 s, 1925 s, 1869 w, 1844 w, 1829 w, 1793 w, 1772 w, 1749
w, 1734 w, 1717 w, 1700 m, 1684 m, 1672 w, 1652 m, 1636 w, 1617 w, 1592 w, 1576 w, 1558 m,
1541 m, 1521 m, 1507 m, 1476 m, 1457 m, 1437 m, 1419 m, 1399 m, 1339 w, 1313 w, 1175 w,
1107 s, 855 w, 779 m, 696 s, 669 m, 592 w, 553 m cm ', Anal. Caled for CesHesCIOP;Ru: C, 71.26;
H, 5.98. Found: C, 71.18; H, 6.00.

RuHCI(CO){P(4-MeOCH,);}3 (19d) (Table 4.1, Entry 8)

RuCl53-3H,0 + P(4-MeOCgH > RuHCI(CO){P(4-MeOCgzH
3-3H> ( 6H4)3 HCHO ag 40 mL (CO)XP( sH4)a}s
MeOH 240 mL
2 mmol 12 mmol ° 19d
[261.48] [352.36)  reflux (90 °C). 1h [1222.63]
523.0 mg 4239 60%

To the boiling solution of tri(4-methoxyphenyl)phosphine (4.23 g, 12 mmol) in 200 mL of
methanol were rapidly added solutions of hydrated ruthenium trichloride (523 mg, 2 mmol) in 40
mL of methanol and aqueous formaldehyde (40 mL, 40% w/v solution). The mixture was heated
under reflux for 1 hour and allowed to cool at 0 °C. The precipitate was collected by filtration and
washed successively with methanol (20 mL), deionized water (30 mL), methanol (50 mL), and
hexane (50 mL) and dried in vacuo afforded RuHCI(CO){P(4-MeOC¢H,4)3}3 (19d) (1.46 g, 60%) as
cream powder. M.p. 126—127 °C (decomp.). 'H NMR (CgDg, 391.8 MHz) 0 —6.53 (dt, J = 107.0 Hz,
25.2 Hz, 1 H, Ru—H), 3.25 (s, 18 H, ArOCHj3), 3.27 (s, 9 H, ArOCHs3), 6.63 (d, J = 7.8 Hz, 6 H,
ArH), 6.70 (d, J= 8.6 Hz, 12 H, ArH), 7.56 (dd, J = 7.8 Hz, 7.8 Hz, 6 H, ArH), 7.66—7.71 (m, 12 H,
ArH); *'P NMR (C¢Dg, 158.6 MHz) 6 10.0, 35.7; IR (KBr) 3066 w, 3003 w, 2944 w, 2904 w, 2835
m, 2537 w, 2046 w, 1985 w, 1922 s, 1595 s, 1568 s, 1500 s, 1461 m, 1442 m, 1402 w, 1286 s, 1253
s, 11815, 1093 s, 1030 s, 827 s, 799 s, 719 w, 644 w, 625 w, 613 w, 589 w, 537 s, 504 m cm . Anal.
Calcd for Ce4HgsClOoP3Ru: C, 62.87; H, 5.28. Found: C, 62.74; H, 5.27.

RuHCI(CO){P(3-MeOCH,)3}3 (19¢) (Table 4.1, Entry 9)

RUCI3:3H,0 + P(3-MeOC4H >  RUHCI(CO){P(3-MeOCH
33H; ( sH4)3 HCHO aq 20 mL (COXP( sHa)ats
MeOH 100 mL
1 mmol 6 mmol ° 19e
[261.48] [352.36] reflux (100 °C), 3 h [1222.63]
261.5 mg 211 g 59%

To the boiling solution of tri(3-methoxyphenyl)phosphine (2.11 g, 6 mmol) in 80 mL of methanol
were rapidly added solutions of hydrated ruthenium trichloride (261.5 mg, 1 mmol) in 20 mL of
methanol and aqueous formaldehyde (20 mL, 40% w/v solution). The mixture was heated under
reflux for 3 hours and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with methanol (10 mL), deionized water (30 mL), methanol (20 mL), and hexane (30
mL) and dried in vacuo afforded RuHCI(CO){P(3-MeOC¢H.4)s}3 (19¢) (718.0 mg, 59%) as cream
powder. M.p. 85—86 °C (decomp.). 'H NMR (C¢Dg, 391.8 MHz) 0 —6.61 (dt, J = 106.2 Hz, 25.1 Hz,
1 H, Ru—H), 3.19 (s, 18 H, ArOCH3), 3.32 (s, 9 H, ArOCHs3), 6.72—6.77 (m, 12 H, ArH), 6.81-6.85
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(m, 3 H, ArH), 6.94 (dd, J = 8.2 Hz, 8.2 Hz, 6 H, ArH), 7.02 (dd, J = 8.2 Hz, 8.2 Hz, 3 H, ArH),
7.16—7.21 (overlapped with signal of residual benzene, 3 H, ArH), 7.48—7.59 (m, 9 H, ArH); 3lp
NMR (C¢Dg, 158.6 MHz) 6 14.7, 40.1; IR (KBr) 3060 m, 2999 m, 2936 s, 2833 s, 2514 w, 2069 w,
1928 s, 1724 w, 1590 s, 1480 s, 14155, 1315 m, 1286's, 12465, 11825, 1104 s, 1077 w, 1043 s, 994
m, 880 m, 859 m, 840 m, 781 s, 692 s, 593 s, 567 m, 472 s, 424 w cm . Anal. Calcd for
Ce4HesCl1OoPsRu: C, 62.87; H, 5.28. Found: C, 62.63; H, 5.27.

RuHCI(CO){P(4-EtCgH,);}3 (19f) (Table 4.1, Entry 10)

RuCl;-3H,0 + P(4-EtCgH > RuHCI(CO)XP(4-EtCgH
3-3H; ( 6H4)3 HCHO aq 40 mL (COXP( 6H4)a)s
MeOH 240 mL
2 mmol 12 mmol ° 19f
[261.48] [346.45]  reflux(90°C) 1h [1204.88]
523.0 mg 4.16 g 81%

To the boiling solution of tri(4-ethylphenyl)phosphine (4.16 g, 12 mmol) in 200 mL of methanol
were rapidly added solutions of hydrated ruthenium trichloride (523.0 mg, 2 mmol) in 40 mL of
methanol and aqueous formaldehyde (40 mL, 40% w/v solution). The mixture was heated under
reflux for 1 hour and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with methanol (20 mL), deionized water (50 mL), methanol (50 mL), and hexane (50
mL) and dried in vacuo afforded RuHCI(CO){P(4-EtCsHy)3}5 (19f) (1.96 g, 81%) as cream powder.
M.p. 125-126 °C (decomp.). 'H NMR (C¢Ds, 391.8 MHz) 6 —6.56 (dt, J = 104.6 Hz, 25.1 Hz, 1 H,
Ru-H), 1.03-1.10 (m, 27 H, ArCH,CHs3), 2.37-2.45 (m, 18 H, ArCH,CH3), 6.84-6.86 (m, 6 H,
ArH), 6.92 (d,J="7.8 Hz, 12 H, AtH), 7.51 (dd, J=7.8 Hz, 7.8 Hz, 6 H, ArH), 7.66—7.71 (m, 12 H,
ArH); *'P NMR (C¢De, 161.9 MHz) & 11.2, 38.0; IR (KBr) 3018 m, 2964 s, 2930 s, 2872 m, 1977 w,
1933 s, 1599 m, 1558 w, 1498 m, 1457 m, 1401 s, 1307 w, 1277 w, 1190 m, 1092 m, 1060 m, 1018
w, 969 w, 825 s, 781 m, 642 m, 625 s, 609 m, 587 w, 542 s, 473 m cm . Anal. Caled for
C7,HsCIOPsRu: C, 72.77; H, 6.86. Found: C, 72.57; H, 6.81.

RuHCI(CO){P(4-FC¢Hy)s}; (19g) (Table 4.1, Entry 15)

RuCly3H,0 + P(4-FCGH >  RuHCI(CO)P(4-FCgH
3'3H; ( 6Ha)3 HCHO ag 40 mL (COXP( 6Ha)als
EtOH 160 mL
2 mmol 12 mmol ° 19g
[261.48] [316.06)  'eflux(110°C), 1h [1114.31]
523.0 mg 3.80 g 79%

To the boiling solution of tri(4-fluorophenyl)phosphine (3.80 g, 12 mmol) in 120 mL of ethanol
were rapidly added solutions of hydrated ruthenium trichloride (523 mg, 2 mmol) in 40 mL of
ethanol and aqueous formaldehyde (40 mL, 40% w/v solution). The mixture was heated under reflux
for 1 hour and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with ethanol (20 mL), deionized water (30 mL), ethanol (50 mL), and hexane (50 mL)
and dried in vacuo afforded RuHCI(CO){P(4-FCsHy)3}3 (19g) (1.75 g, 79%) as cream powder. M.p.
145-146 °C (decomp.). 'H NMR (C¢Ds, 391.8 MHz) 6 —7.09 (dt, J = 107.1 Hz, 24.8 Hz, 1 H,
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Ru-H), 6.54 (dd, J = 8.6 Hz, 8.6 Hz, 6 H, ArH), 6.64 (dd, J = 8.6 Hz, 8.6 Hz, 12 H, ArH), 7.09 (ddd,
J = 8.6 Hz, 8.6 Hz, 5.9 Hz, 6 H, ArH), 7.20-7.27 (m, 12 H, ArH); *'P NMR (C¢Ds, 158.6 MHz) &
10.8, 37.2; "°F NMR (C¢Ds, 368.6 MHz) & —109.8, —109.7; IR (KBr) 3062 s, 2974 w, 2885 w, 2553
w, 2462 w, 2404 w, 2360 s, 2340 s, 1970 s, 1923 s, 1844 w, 1829 w, 1792 w, 1772 m, 1749 w, 1734
w, 1717 w, 1700 m, 1684 w, 1671 w, 1652 m, 1636 m, 1591 s, 1559 s, 1541 m, 1499 s, 1437 m,
1419 w, 1394 s, 1303 m, 1243 s, 1166 s, 1087 s, 1014 s, 944 m, 833 s, 752 m, 711 s, 669 w, 637 m,
608 m, 588 m, 563 m, 523 s cm ', Anal. Caled for CssH3,CIF9OP3Ru: C, 59.28; H, 3.35. Found: C,
59.27; H, 3.39.

RuHCI(CO){P(3,5-Me,CgHs)s}3 (19h) (Table 4.1, Entry 18)

RUCl3:3H,0 + P(3,5-Me,CqH > RUHCI(CO)XP(3,5-Me,CeH
3:3Hy ( 2CeHa)3 HCHO ag 40 mL (COXP( 2CsH3)sls
EtOH 160 mL
2 mmol 12 mmol o 19h
[261.48] [364.44] reflux (110 °C), 1h [1204.88]
523.0 mg 416 g 90%

To the boiling solution of tri(3,5-dimethylphenyl)phosphine (4.16 g, 12 mmol) in 120 mL of
ethanol were rapidly added solutions of hydrated ruthenium trichloride (523 mg, 2 mmol) in 40 mL
of ethanol and aqueous formaldehyde (40 mL, 40% w/v solution). The mixture was heated under
reflux for 1 hour and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with ethanol (50 mL), deionized water (50 mL), ethanol (50 mL), and hexane (50 mL)
and dried in vacuo afforded RuHCI(CO){P(3,5-Me,C¢H3)3}3 (19h) (2.16 g, 90%) as cream powder.
M.p. 161-162 °C (decomp.). 'H NMR (C4Ds, 391.8 MHz) 6 —6.55 (dt, J = 105.9 Hz, 27.1 Hz, 1 H,
Ru—H), 1.96 (s, 54 H, ArCH3), 6.74—6.77 (m, 12 H, ArH), 7.32 (d, J = 8.6 Hz, 6 H, ArH), 7.46 (t, J
=4.5Hz, 6 H, ArH), 7.70-7.74 (m, 3 H, ArH); *'P NMR (C¢Ds, 158.6 MHz) 6 13.7, 38.3; IR (KBr)
3021 m, 2991 s, 2916 s, 2858 m, 2361 s, 2341 s, 1927 s, 1869 w, 1844 w, 1829 w. 1792 w, 1772 w,
1734 m, 1717 w, 1700 m, 1684 m, 1672 w, 1652 m, 1636 w, 1617 w, 1598 m, 1581 s, 1558 w, 1541
m, 1521 m, 1507 m, 1457 s, 1415 s, 1375 m, 1309 w, 1266 w, 1168 m, 1129 s, 1038 m, 994 w, 943
w, 918 w, 847 s, 792 w, 762 w, 693 s, 669 m, 593 m, 565 s, 541 w, 517 w cm . Anal. Calcd for
C73HsCIOP3Ru: C, 72.77; H, 6.86. Found: C, 72.49; H, 6.83.

RuHCI(CO){P(4-MeO-3,5-Me;C¢H,)s}s (19i) (Table 4.1, Entry 21)
RUC|3'3H20 + P(4'MeO'3,5'MGQCGH2) > RUHCI(CO){P(4'M€O'3,5'M92C6H2)3}3

® HcHO aq 20 mL
MeOH 160 mL

1 | I ° by
> gm%] [i 3"(‘5%%] reflux (90 °C), 3 h [1472!11]
261.5 mg 2629 65%

To the boiling solution of tri(4-methoxy-3,5-dimethylphenyl)phosphine (2.62 g, 6 mmol) in 120
mL of methanol were rapidly added solutions of hydrated ruthenium trichloride (261.5 mg, 1 mmol)
in 20 mL of methanol and aqueous formaldehyde (20 mL, 40% w/v solution). The mixture was

heated under reflux for 3 hours and allowed to cool at 0 °C. The precipitate was collected by
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filtration and washed successively with methanol (30 mL), deionized water (30 mL), methanol (30
mL), and hexane (50 mL) and dried in vacuo afforded RuHCI(CO){P(4-MeO-3,5-Me,C¢H»)s3} 3 (19i)
(952.7 mg, 65%) as colorless powder. M.p. 151-152 °C (decomp.). 'H NMR (CgDg, 391.8 MHz) o
—6.48 (dt, J = 107.0 Hz, 26.2 Hz, 1 H, Ru—H), 2.04-2.05 (m, 54 H, ArCHj3), 3.23-3.39 (m, 27 H,
ArOCHs3), 7.37-7.42 (m, 6 H, ArH), 7.55 (dd, J = 4.5 Hz, 4.5 Hz, 9 H, ArH), 7.82 (d, J=11.8 Hz, 3
H, ArH); *'P NMR (C¢Ds, 158.6 MHz) 6 11.7, 35.9; IR (KBr) 3029 s, 2937 s, 2862 s, 2825 s, 2730
w, 2562 w, 2437 w, 2322 w, 2175 w, 1980 m, 1921 s, 1759 w, 1585 m, 1480 s, 1418 s, 1392 s, 1279
s, 12195, 1176 m, 1116 s, 1014 s, 874 s, 791 wm, 762 m, 700 w, 614 s, 593 m, 559 w, 537 m, 512 m
cm . Anal. Caled for CgoH;oClOoP3Ru: C, 66.77; H, 6.83. Found: C, 66.64; H, 6.81.

4.2. Synthesis of RuH,(CO)(PAr3;); (20)

RuH,(CO){P(4-MeC¢H,)s}; (20b) (Table 4.3, Entry 3)

P(4-MeCgH3)3 1 mmol

RUHCI(CO)P(4-MeCgHy)a}y O 1:5 mmol > RuHy(CONP(4-MeCgHy)s)s
'PrOH 10 mL
19b reflux (120 °C), 6 h 20b
0.3 mmol [1044.19]
[1078.64] 72%
323.6 mg

To the solution of RuHCI(CO){P(4-MeC¢Hs)s}; (19b) (323.6 mg, 0.3 mmol) and
tri(4-methylphenyl)phosphine (304.4 mg, 1 mmol) in 10 mL of 2-propanol was added a pellet of
potassium hydroxide (85% content, 98 mg, 1.5 mmol). The mixture was heated under reflux for 6
hours and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with methanol (10 mL), deionized water (10 mL), methanol (20 mL), and hexane (40
mL) and dried in vacuo afforded RuH,(CO){P(4-MeCsHy)s}3 (20b) (225.5 mg, 72%) as colorless
powder, which was recrystallized from dichloromethane/ethanol to form single crystals suitable for
X-ray diffraction analysis. M.p. 164—165 °C (decomp.). 'H NMR (CgDg, 391.8 MHz) 6 —8.12 (dtd, J
=73.9 Hz, 29.0 Hz, 6.3 Hz, 1 H, Ru—H), —6.27 (tdd, J = 29.7 Hz, 17.0 Hz, 6.3 Hz, 1 H, Ru—H), 2.03
(s, 18 H, ArCHs3), 2.05 (s, 9 H, ArCH3), 6.77 (d, J = 8.2 Hz, 6 H, ArH), 6.83 (d, /= 7.8 Hz, 12 H,
ArH), 7.44 (dd, J = 9.4 Hz, 8.2 Hz, 6 H, ArH), 7.61 (ddd, J = 7.8 Hz, 5.1 Hz, 5.1 Hz, 12 H, ArH);
'P NMR (C¢Ds, 158.6 MHz) 6 44.5, 56.0; IR (KBr) 3015 m, 2919 m, 2864 m, 2730 w, 2361 s, 2341
s, 1992 w, 1926 s, 1844 w, 1829 w, 1793 w, 1772 w, 1749 w, 1734 w, 1717 w, 1700 w, 1684 w,
1653 m, 1637 w, 1617 w, 1597 m, 1576 w, 1558 m, 1541 m, 1521 w, 1496 s, 1437 m, 1456 m, 1420
m, 1395 s, 1307 m, 1265 w, 1211 w, 1186 s, 1116 m, 1089 s, 1037 m, 1019 m, 845 w, 808 s, 755 w,
710 m, 668 m, 644 m, 624 s, 607 s, 518 s cm ', Anal. Calcd for CesHgsOP3Ru: C, 73.62; H, 6.27.
Found: C, 73.43; H, 6.27.
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RuH,(CO){P(3-MeC¢Hy)3}3 (20¢) (Table 4.3, Entry 5)

P(3-MeCgHs)3 3.3 mmol

KOH 6 mmol
RuHCI(CO)XP(3-MeCgH »  RuH,(CO){P(3-MeCgH
(COXP( 6Ha)aks EtOH 30 mL. 2(COXP( 6Ha)3ls
19¢ reflux (110 °C), 12 h 20¢
1.0 mmol [1044.19]
[1078.64] 62%
1078.6 mg

To the solution of RuHCI(CO){P(3-MeC¢Hy4)3}3 (19¢) (1078.6 mg, 1.0 mmol) and
tri(3-methylphenyl)phosphine (1004.4 mg, 3.3 mmol) in 30 mL of ethanol was added four pellets of
potassium hydroxide (85% content, 392 mg, 6 mmol). The mixture was heated under reflux for 12
hours and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with methanol (30 mL), deionized water (30 mL), methanol (30 mL), and hexane (50
mL) and dried in vacuo afforded RuH,(CO){P(3-MeCsHy4)3}3 (20¢) (652.0 mg, 62%) as colorless
powder. M.p. 137-138 °C (decomp.). 'H NMR (C¢Ds, 391.8 MHz) 6 —8.12 (dtd, J = 73.8 Hz, 29.3
Hz, 6.3 Hz, 1 H, Ru—H), —6.21 (tdd, J = 30.4 Hz, 16.2 Hz, 6.3 Hz, 1| H, Ru—H), 1.88 (s, 9 H, ArCH;),
1.90 (s, 18 H, ArCHsz), 6.82—6.87 (m, 12 H, ArH), 6.92 (dd, J = 7.4 Hz, 7.4 Hz, 6 H, ArH),
7.21-7.25 (m, 3 H, ArH), 7.36 (ddd, J= 5.9 Hz, 5.9 Hz, 5.9 Hz, 6 H, ArH), 7.52 (d,J=10.2 Hz, 3 H,
ArH), 7.56 (dd, J = 5.9 Hz, 5.9 Hz, 6 H, ArH); *'P NMR (C¢Ds, 158.6 MHz) & 46.1, 57.6; IR (KBr)
3048 w, 2917 m, 2361 s, 2341 s, 1939 s, 1869 w, 1844 w, 1829 w, 1793 w, 1772 w, 1749 w, 1734 m,
1717 m, 1700 m, 1684 m, 1672 w, 1652 m, 1636 w, 1617 w, 1591 m, 1576 w, 1558 m, 1541 m,
1521 w, 1507 m, 1476 s, 1457 m, 1437 m, 1419 m, 1398 m, 1339 w, 1307 w, 1267 w, 1172 w, 1105
s, 852 w, 777 s, 721 w, 696 s, 669 m, 553 s cm ', Anal. Caled for CesHgsOP3Ru: C, 73.62; H, 6.27.
Found: C, 73.61; H, 6.27.

RuH,(CO){P(4-MeOC4H,)3}; (20d) (Table 4.3, Entry 6)

P(4-MeOCgH3)3 1 mmol
KOH 1.5 mmol

RuHCI(CO){P(4-MeOCgH,)3}3 > RuH,(COXP(4-MeOCgH,)3}3
MeOH 10 mL
19d reflux (90 °C), 5 h 20d
0.3 mmol [1188.19]
[1222.63] 80%
366.8 mg

To the solution of RuHCI(CO){P(4-MeOCs¢H4)3}3 (19d) (366.8 mg, 0.3 mmol) and
tri(4-methoxyphenyl)phosphine (352.4 mg, 1 mmol) in 10 mL of methanol was added a pellet of
potassium hydroxide (85% content, 98 mg, 1.5 mmol). The mixture was heated under reflux for 5
hours and allowed to cool at rt. The precipitate was collected by filtration and washed successively
with methanol (10 mL), deionized water (20 mL), methanol (20 mL), and hot hexane (80 mL) and
dried in vacuo afforded RuH,(CO){P(4-MeOC¢Hy)s3}; (20d) (285.6 mg, 80%) as cream powder,

which was recrystallized from dichloromethane/ethanol to form single crystals suitable for X-ray
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diffraction analysis. M.p. 159—160 °C (decomp.). 'H NMR (CgDg, 391.8 MHz) ¢ —8.11 (dtd, J =
75.2 Hz, 29.0 Hz, 6.3 Hz, 1 H, Ru—H), —6.22 (tdd, J=30.6 Hz, 16.3 Hz, 6.3 Hz, 1 H, Ru—H), 3.25 (s,
18 H, ArOCHs3), 3.29 (s, 9 H, ArOCH3), 6.56 (dd, J=9.0 Hz, 1.2 Hz, 6 H, ArH), 6.65 (d, J=9.0 Hz,
12 H, ArH), 7.44 (dd, J = 9.0 Hz, 9.0 Hz, 6 H, ArH), 7.60 (ddd, J = 9.0 Hz, 4.7 Hz, 4.7 Hz, 12 H,
ArH); *'P NMR (C¢De, 158.6 MHz) 6 41.9, 53.2; IR (KBr) 3064 w, 3000 m, 2942 m, 2903 m, 2834 s,
2532 w, 2389 w, 2046 w, 1929 s, 1594 s, 1568 s, 1498 s, 1461 s, 1441 s, 1401 m, 1284 s, 1251 s,
1179, 1092 s, 1031 s, 827 5,798 s, 717 m, 675 w, 641 m, 613 m, 537 s, 504 s cm . Anal. Caled for
Ce4Hes010P3Ru: C, 64.69; H, 5.51. Found: C, 64.57; H, 5.51.

RuH,(CO){P(4-EtC¢Hy);}3 (20f) (Table 4.3, Entry 7)

P(4'EtCGH3)3 1 mmol

KOH 1.5 mmol
RuHCI(CO){P(4-EtCgzH - >  RuH,(CO){P(4-EtCgH
(COX}P( 6H4)a)s ProH 10 m 2(CONP( sH4)3)s
191 reflux (120 °C), 12 h 20f
0.3 mmol [1170.43]
[1204.88] 39%
361.5 mg

To the solution of RuHCI(CO){P(4-EtC¢H4)s}; (19f) (361.5 mg, 0.3 mmol) and
tri(4-ethylphenyl)phosphine (346.5 mg, 1 mmol) in 10 mL of 2-propanol was added a pellet of
potassium hydroxide (85% content, 98 mg, 1.5 mmol). The mixture was heated under reflux for 12
hours and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with methanol (10 mL), deionized water (10 mL), and methanol (20 mL) and dried in
vacuo afforded RuH,(CO){P(4-EtC¢H4)s}5 (20f) (137.1 mg, 39%) as colorless powder. M.p.
130-131 °C (decomp.). 'H NMR (C¢Ds, 391.8 MHz) 5 —8.16 (dtd, J = 74.4 Hz, 28.6 Hz, 6.3 Hz, 1 H,
Ru—H), —6.29 (tdd, J=30.8 Hz, 15.5 Hz, 6.3 Hz, 1 H, Ru—H), 1.05 (t, /= 7.8 Hz, 18 H, ArCH,CH}3),
1.11 (t, J = 7.8 Hz, 9 H, ArCH,CHj3), 2.36—2.46 (m, 18 H, ArCH,CH3), 6.79(d, J = 7.8 Hz, 6 H,
ArH), 6.86 (d, J=7.8 Hz, 12 H, ArH), 7.38 (dd, J= 7.8 Hz, 7.8 Hz, 6 H, ArH), 7.54—7.59 (m, 12 H,
ArH); *'P NMR (C¢Dy, 158.6 MHz) 6 43.5, 55.6; IR (KBr) 3017 w, 2964 s, 2930 m, 2871 m, 1933 s,
1599 w, 1557 w, 1497 m, 1456 m, 1401 m, 1276 w, 1189 m, 1090 m, 1061 m, 1018 m, 966 w, 824 s,
779 m, 706 w, 641 m, 624 m, 610 m, 541 s, 474 m cm . Anal. Caled for C73Hg;0P3Ru: C, 74.91; H,
7.15. Found: C, 74.79; H, 7.05.

RuH,(CO){P(4-FCgH,)s}; (20g) (Table 4.3, Entry 8)

P(4'FCGH3)3 1 mmol

KOH 1.5 mmol
RuHCI(COXP(4-FCgH >  RuH,(COXP(4-FCgH
(COXP( 6H4)3)s oM 10 mL 2(COXP( sH4)3)s
199 reflux (110 °C), 5 h 20g
0.3 mmol [1079.87]
[1114.31] 93%
334.3 mg
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To the solution of RuHCI(CO){P(4-FC¢H4)s}; (19g) (3343 mg, 0.3 mmol) and
tri(4-fluorophenyl)phosphine (316.3 mg, 1 mmol) in 10 mL of ethanol was added a pellet of
potassium hydroxide (85% content, 98 mg, 1.5 mmol). The mixture was heated under reflux for 5
hours and allowed to cool at 0 °C. The precipitate was collected by filtration and washed
successively with ethanol (10 mL), deionized water (10 mL), ethanol (20 mL), and hexane (40 mL)
and dried in vacuo afforded RuHy(CO){P(4-FC¢Hy)3}3 (20g) (302.6 mg, 93%) as colorless powder,
which was recrystallized from dichloromethane/ethanol to form single crystals suitable for X-ray
diffraction analysis. M.p. 174—175 °C (decomp.). 'H NMR (CgDg, 391.8 MHz) ¢ —8.62 (dtd, J =
75.2 Hz, 28.8 Hz, 6.3 Hz, 1 H, Ru—H), —6.82 (tdd, J = 30.1 Hz, 16.4 Hz, 6.3 Hz, 1 H, Ru—H), 6.51
(ddd, J = 8.8 Hz, 8.8 Hz, 0.8 Hz, 6 H, ArH), 6.61 (dd, J= 8.6 Hz, 8.6 Hz, 12 H, ArH), 6.99 (ddd, J =
8.8 Hz, 8.8 Hz, 5.5 Hz, 6 H, ArH), 7.12—7.20 (overlapped with signal of residual benzene, 12 H,
ArH); *'P NMR (C¢Dg, 158.6 MHz) 6 43.6, 55.0; '°F NMR (C¢Dg, 368.6 MHz) 6 —111.7, -110.9; IR
(KBr) 3067 m, 2553 w, 2360 s, 2341 s, 1929 s, 1899 s, 1844 w, 1829 w, 1792 w, 1772 w, 1749 w,
1734 w, 1717 w, 1700 m, 1684 w, 1671 w, 1652 m, 1636 w, 1617 w, 1588 s, 1559 m, 1541 m, 1494
s, 1436 w, 1419 w, 1393 s, 1363 w, 1301 m, 1270 m, 1236 s, 1162 s, 1087 s, 1015 s, 941 w, 829 s,
775 m, 747 m, 711 s, 669 m, 636 m, 607 m, 525 s cm . Anal. Caled for CssHs3gF9OP;Ru: C, 61.17;
H, 3.55. Found: C, 61.32; H, 3.59.

a

Spectroscopic data of 20g are in good agreement with those reported in literature.**
4.3. Synthesis of RuCI(SiMe;)(CO)(PAr;), (21)

RuClI(SiMe;)(CO){P(4-MeCgH,)s}» (21b) (Table 4.6, Entry 1)

RuHCI(COXP(4-MeCgHy)3}s + /\SiMes m» RuClI(SiMe3)(COKXP(4-MeCgH,)3}»
reflux (100 °C)

19b 20 h 21b
0.1 mmol 0.5 mmol [846.45]
[1078.64] [100.23] 66%
107.9 mg 73 uL

To the boiling suspension of RuHCI(CO){P(4-MeCsHy)3}5 (19b) (107.9 mg, 0.1 mmol) in 4 mL
of benzene were added vinyltrimethylsilane (73 pL, 0.5 mmol), and the mixture was heated under
reflux for 20 hours to give a yellow solution. Evaporation of the excess solvent under reduced
pressure, followed by addition of hexane (5 mL), gave a yellow precipitate. The precipitate was
collected by filtration and washed with hexane (5 mL) and dried in vacuo afforded
RuCl(SiMes3)(CO){P(4-MeC¢Ha)3}» (21b) (55.6 mg, 66%) as yellow powder. M.p. 169-170 °C
(decomp.). 'H NMR (C¢Ds, 391.8 MHz) & 0.76 (s, 9 H, SiMes), 2.00 (s, 18 H, ArMe), 6.96 (d, J =
7.8 Hz, 12 H, ArH), 7.90 (ddd, J = 7.8 Hz, 5.1 Hz, 5.1 Hz, 12 H, ArH); >'P NMR (C¢Ds, 158.6 MHz)
0 34.1; IR (KBr) 3021 w, 2947 w, 2920 w, 2869 w, 1906 s, 1599 w, 1562 w, 1499 m, 1447 w, 1396
w, 1310 w, 1233 w, 1191 m, 1093 m, 1038 w, 1020 w, 830 m, 805 m, 736 w, 709 w, 662 w, 645 w,
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630 m, 609 w, 517 m cm . Anal. Calcd for C46H51CIOP,RuSI: C, 65.27; H, 6.07. Found: C, 63.94;
H, 6.02.

RuCI(SiMe;)(CO){P(3-MeC¢H,)s}» (21c) (Table 4.6, Entry 2)

RUHCI(CO){P(S-MGCGH4)S}3 + /\SlMes m RUCI(SIMes)(CO){P(S'MeCGH4)3}2
reflux (100 °C)

19¢ 20 h 21c
0.4 mmol 2 mmol [846.45]
[1078.64] [100.23] 58%
431.5mg 293 uL

To the boiling suspension of RuHCI(CO){P(3-MeC¢Hy4)3}3 (19¢) (431.5 mg, 0.4 mmol) in 10 mL
of benzene were added vinyltrimethylsilane (293 pL, 2 mmol), and the mixture was heated under
reflux for 20 hours to give a yellow solution. Evaporation of the excess solvent under reduced
pressure, followed by addition of hexane (10 mL) at =78 °C, gave a yellow precipitate. The
precipitate was collected by filtration and washed with hexane (10 mL) and dried in vacuo afforded
RuCl(SiMes3)(CO){P(3-MeC¢Hy4)3}> (21¢) (196.6 mg, 58%) as yellow powder. M.p. 68—69 °C
(decomp.). 'H NMR (C¢Ds, 400.1 MHz) & 0.73 (s, 9 H, SiMes), 2.02 (s, 18 H, ArMe), 6.92 (d, J =
7.6 Hz, 6 H, ArH), 7.06 (dd, J= 7.6 Hz, 7.6 Hz, 6 H, ArH), 7.75 (dd, J=11.6 Hz, 5.2 Hz, 6 H, ArH),
7.94 (dd, J = 5.2 Hz, 5.2 Hz, 6 H, ArH); *'P NMR (C¢Ds, 161.9 MHz) & 35.5; IR (KBr) 3048 m,
2963 m, 2919 m, 1909 s, 1694 w, 1591 m, 1520 w, 1477 m, 1448 m, 1402 m, 1308 w, 1261 m, 1231
m, 1191 w, 1174 m, 1106 s, 1037 m, 998 m, 885 w, 830's, 779 s, 735 w, 695 s, 662 w, 620 w, 600 w,
550 m cm . Anal. Caled for C46Hs1CIOP,RuSI: C, 65.27; H, 6.07. Found: C, 65.91; H, 6.20.

RuClI(SiMe;)(CO){P(3,5-Me,CsHs)s}2 (21h) (Table 4.6, Entry 3)

RUHCI(CO){P(3,5'MG206H3)3}3+ /\SlMes M RUCI(SIMe3)(CO){P(S,S'M92C6H3)3}2

reflux (100 °C)
19h 20 h 21h
0.2 mmol 1 mmol [930.61]
[1204.88] [100.23] 66%
241.0 mg 147 uL

To the boiling suspension of RuUHCI(CO){P(3,5-Me,C¢H3)3}3 (19h) (241.0 mg, 0.2 mmol) in 6
mL of benzene were added vinyltrimethylsilane (147 pL, 1 mmol), and the mixture was heated
under reflux for 20 hours to give a yellow solution. Evaporation of the excess solvent under reduced
pressure, followed by addition of hexane (6 mL) at —78 °C, gave a yellow precipitate. The
precipitate was collected by filtration and washed with hexane (4 mL) and dried in vacuo afforded
RuCl(SiMes3)(CO){P(3,5-Me,CsH3)3}2 (21h) (122.9 mg, 66%) as yellow powder. M.p. 168—169 °C
(decomp.). "H NMR (C¢Ds, 391.8 MHz) & 0.87 (s, 9 H, SiMes), 2.04 (s, 36 H, ArMe), 6.76 (s, 6 H,
ArH), 7.79 (dd, J = 5.1 Hz, 5.1 Hz, 12 H, ArH); *'P NMR (C¢Ds, 158.6 MHz) & 35.7; IR (KBr) 3024
m, 2948 m, 2918 m, 2860 m, 2730 w, 2360 w, 2049 w, 1913 s, 1893 s, 1787 w, 1747 w, 1599 m,
1583 m, 1466 m, 1414m, 1377 w, 1265 w, 1233 w, 1169 w, 1129 m, 1038 w, 994 w, 833 s, 736 w,
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692's, 670 w, 621 w, 603 w, 563 s, 541 w, 517 w cm . Anal. Caled for Cs,Hg3CIOP,RuSi: C, 67.11;
H, 6.82. Found: C, 67.39; H, 6.97.

4.4. General Procedure for Ruthenium-Catalyzed Coupling of Methylbenzoate 22 with

Arylboronates

0 ACQ o) ‘ o)
OMe + o’B 20 mol % 19¢ .
S E—
CsF 0.5 mmol
dioxane 1 mL
24 25

22 23a 120°C, 24 h

0.2 mmol 0.5 mmol

a

In a glovebox, methyl 3,5-dimethylbenzoate (22) (32.8 mg, 0.2 mmol), arylboronate 23a (109.1
mg, 0.5 mmol), and RuHCI(CO){P(3-MeCsHy)3}3 (19¢) (43.1 mg, 0.04 mmol) were placed in a 6
mL screw cap tube, and then CsF (76.0 mg, 0.5 mmol) and 1,4-dioxane (1 mL) ware added in that
order. The mixture was heated at 120 °C for 24 h. The resulting mixture was diluted with methanol

(2 mL) and dichloromethane (2 mL), and analyzed by GC and GC-MS.

4.5. General Procedure A for Ruthenium-Catalyzed C—H Arylation with Arylboronates

(0] Ar Ar O
|
.\ o8B 10mol % 19¢ N
% CsF 0.6 mmol
24 25

pinacolone 0.15 mL

23x 120°C, 24 h

0.3 mmol 0.6 mmol

X

In a glovebox, 3,3°,5,5-tetramethylbenzophenone (24) (71.5 mg, 0.3 mmol), arylboronate 23x
(0.6 mmol), and RuHCI(CO){P(3-MeCsH4)3}3 (19¢) (32.4 mg, 0.03 mmol) were placed in a 6 mL
screw cap tube, and then CsF (91.1 mg, 0.6 mmol) and pinacolone (0.15 mL) ware added in that
order. The mixture was heated at 120 °C for 24 h. The resulting mixture was diluted with methanol
(2 mL) and dichloromethane (2 mL), and analyzed by GC and GC-MS. After removal of the volatile
materials by rotary evaporation, the arylation product 25x was isolated by silica gel column

chromatography, followed by Kugelrohr distillation in some cases.
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3,3, 5, 5’-Tetramethyl-2-(3,5-dimethylphenyl)benzophenone (25a)

I o
25

General procedure A was followed with 23a (130.9 mg). Column chromatography (200:1
hexane/EtOAc) and Kugelrohr distillation afforded 25a as yellow oil (65% GC yield; 49.2 mg, 48%
isolated yield). '"H NMR (CDCls, 391.8 MHz) 6 2.15 (s, 6 H, ArCH.), 2.18 (s, 3 H, ArCH3), 2.24 (s,
6 H, ArCH3),2.40 (s, 3 H, ArCH3), 6.64 (s,2 H, ArH), 6.71 (s, | H, ArH),7.01 (s, 1 H, ArH), 7.10 (s,
1 H, ArH), 7.15 (s, 2 H, ArtH), 7.22 (s, 1 H, ArH); °C NMR (CDCls, 98.5 MHz) 6 20.40, 2041,
21.00, 21.10, 126.02, 127.43, 127.82, 128.21, 132.53, 133.81, 136.26, 136.28, 136.90, 137.18,
137.54, 138.04, 138.72, 140.44, 199.74; IR (NaCl) 2918 s, 2862 s, 2734 w, 2247 w, 1781 w, 1667 s,
1603 s, 1448 s, 1380 m, 1319 s, 1269 w, 1238 w, 1205 w, 1179 s, 1145 m, 1066 m, 1038 m, 976 w,
945 w,911 m, 852 s,781 s, 729 s, 708 s, 680 m cm . HRMS (ESI) calcd for [M+Na]+ (C,sHyNaO)
m/z 365.1881. Found 365.1872.

a

3,3, 5, 5’-Tetramethyl-2-phenylbenzophenone (25c¢)

I O
25

General procedure A was followed with 23¢ (114.0 mg). Column chromatography (200:1

C

hexane/EtOAc) and Kugelrohr distillation afforded 25¢ as colorless powder (69% GC yield; 58.8 mg,
62% isolated yield). M.p. 105-106 °C. '"H NMR (CDCls, 391.8 MHz) 6 2.22 (s, 3 H, ArCHs), 2.30
(s, 6 H, ArCHs), 2.46 (s, 3 H, ArCHs), 7.09-7.31 (m, 10 H, ArH); >C NMR (CDCls, 100.5 MHz)
020.37, 21.01, 21.03, 125.90, 126.71, 127.61, 127.66, 129.83, 132.47, 134.24, 136.41, 136.46,
137.21, 137.41, 137.81, 138.90, 140.42, 199.35; IR (KBr) 2972 m, 2951 s, 2916 s, 2859 m, 2732 w,
2002 w, 1939 w, 1811 w, 1782 w, 1652 s, 1602 s, 1578 m, 1563 m, 1496 m, 1466 s, 1442 s, 1403 m,
1379 m, 1320 s, 1283 m, 1240 s, 1180 s, 1149 s, 1069 m, 1039 m, 1008 m, 978 m, 945 m, 922 m,
913 m, 874 s, 853 m, 788 m, 774 s, 754 s cm . HRMS (ESI) caled for [M+Na]" (Ca3H,,NaO) m/z
337.1568. Found 337.1553.
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3,3, 5, 5’-Tetramethyl-2-(4-methoxyphenyl)benzophenone (25d)
MeO

I @)
25d

General procedure A was followed with 23d (132.0 mg). Column chromatography (30:1
hexane/EtOAc) and Kugelrohr distillation afforded 25d as yellow oil (46% GC yield; 46.5 mg, 45%
isolated yield). '"H NMR (CDCls, 400.1 MHz) 6 2.17 (s, 3 H, ArCHs), 2.25 (s, 6 H, ArCHs), 2.39 (s,
3 H, ArCH3), 3.72 (s, 3 H, AtOCH3), 6.71 (d, J= 8.8 Hz, 2 H, ArH), 6.98 (d, /= 8.8 Hz, 2 H, AtrH),
7.05-7.07 (m, 2 H, ArH), 7.21-7.23 (m, 3 H, ArH); °C NMR (CDCls, 100.5 MHz) 6 20.36, 20.97,
21.02, 55.04, 113.16, 125.76, 127.56, 130.90, 131.17, 132.38, 134.25, 136.25, 136.72, 136.79,
137.42, 137.83, 140.66, 158.25, 199.55; IR (NaCl) 3006 m, 2954 m, 2920 m, 2862 w, 2835 w, 1666
s, 1607 s, 1517 s, 1466 s, 1441 m, 1381 w, 1320's, 1292 m, 1245, 1179 s, 1146 m, 1108 w, 1039 m,
864 w, 833 m, 782 m, 760 m, 733 m cm . HRMS (ESI) calcd for [M+H]" (Co4H,50,) m/z 345.1855.
Found 345.1856.

3,3, 5, 5’-Tetramethyl-2-(4-methylphenyl)benzophenone (25¢)

I (0]
25e

General procedure A was followed with 23e (122.4 mg). Column chromatography (200:1
hexane/EtOAc) afforded 25e as colorless oil (63% GC yield; 59.0 mg, 60% isolated yield). 'H NMR
(CDCls, 400.1 MHz) 6 2.17 (s, 3 H, ArCH3;), 2.25 (s, 3 H, ArCHs3), 2.26 (s, 6 H, ArCH3), 2.39 (s, 3 H,
ArCH3), 6.93-7.00 (m, 4 H, ArH), 7.06 (s, 2 H, ArH), 7.22 (s, 3 H, ArH); °C NMR (CDCls, 100.5
MHz) 6 20.39, 20.99, 21.05, 21.09, 125.81, 127.64, 128.43, 129.63, 132.39, 134.20, 135.88, 136.19,
136.21, 136.59, 137.30, 137.43, 137.91, 140.47, 199.41; IR (NaCl) 3016 s, 2951 s, 2920 s, 2864 w,
2734 m, 1667 s, 1604 s, 1514 w, 1467 s, 1445 s, 1381 m, 1320 s, 1236 m, 1181 s, 1146 s, 1110 w,
1069 w, 1039 w, 1006 w, 976 w, 863 s, 820 s, 781 s, 758 s, 730 s cm . HRMS (ESI) caled for
[M+Na]" (C24H24NaO) m/z 351.1725. Found 351.1722.
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3,3, 5, 5’-Tetramethyl-2-(3-methylphenyl)benzophenone (25f)

I o
25f

General procedure A was followed with 23f (122.4 mg). Column chromatography (200:1
hexane/EtOAc) afforded 25f as colorless oil (61% GC yield; 48.9 mg, 50% isolated yield). 'H NMR
(CDCls, 400.1 MHz) 6 2.17 (s, 3 H, ArCH3), 2.20 (s, 3 H, ArCH3), 2.24 (s, 6 H, ArCH3), 2.40 (s, 3 H,
ArCHj;), 6.83—6.92 (m, 3 H, ArH), 7.01-7.05 (m, 2 H, ArH), 7.09 (s, | H, ArH), 7.18 (s, 2 H, ArH),
7.23 (s, 1 H, ArH); C NMR (CDCl;, 100.5 MHz) & 20.37, 20.99, 21.00, 21.23, 125.94, 126.89,
127.39, 127.52, 130.68, 132.48, 134.03, 136.34, 136.36, 137.04, 137.30, 137.37, 137.93, 138.792,
138.794, 140.43, 199.52; IR (NaCl) 3014 w, 2954 w, 2919 m, 2863 w, 1667 s, 1604 m, 1457 w,
1380 w, 1319's, 1238 w, 1178 m, 1145 w, 1038 w, 864 w, 778 m, 759 w, 728 w, 707 m, 668 m cm .
HRMS (ESI) calcd for [M+Na]" (C,4H,4NaO) m/z 351.1725. Found 351.1706.

3,3, 5, 5’-Tetramethyl-2-(4-fluorophenyl)benzophenone (25g)
F

I O
25g

General procedure A was followed with 23g (124.8 mg). Column chromatography (200:1
hexane/EtOAc) and Kugelrohr distillation afforded 25g as colorless oil (72% GC yield; 58.8 mg,
59% isolated yield). '"H NMR (CDCls, 391.8 MHz) & 2.15 (s, 3 H, ArCHz), 2.26 (s, 6 H, ArCHs),
2.40 (s, 3 H, ArCHs3), 6.84—6.89 (m, 2 H, ArH), 7.01-7.04 (m, 2 H, ArH), 7.07-7.08 (m, 2 H, ArH),
7.19 (s, 2 H, ArH), 7.23 (s, 1 H, ArH); >C NMR (CDCls, 98.5 MHz) 6 20.34, 21.02, 21.04, 114.68
(d, Jor = 20.6 Hz), 125.93, 127.55, 131.39 (d, Jcr = 7.5 Hz), 132.52, 134.44, 134.77, 136.11,
136.55, 136.73, 137.58, 137.75, 140.50, 161.69 (d, Jer = 246.2 Hz), 199.27; "°F NMR (CDCl;,
368.6 MHz) J —115.68; IR (NaCl) 2921 w, 1667 s, 1603 m, 1510 m, 1469 w, 1383 w, 1320 s, 1222
m, 1180 m, 1158 w, 1146 w, 1093 w, 1069 w, 1007 w, 864 w, 837 m, 815 w, 782 m, 763 w, 731 w,
680 w cm . HRMS (ESI) calcd for [M+Na]" (C3H, FNaO) m/z 355.1474. Found 355.1480.
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3,3, 5, 5’-Tetramethyl-2-(3,4-difluorophenyl)benzophenone (25h)
F

O
@)
25h

General procedure A was followed with 23h (135.6 mg). Column chromatography (200:1
hexane/EtOAc) afforded 25h as colorless oil (48% GC yield; 37.8 mg, 36% isolated yield). 'H NMR
(CDCls, 400.1 MHz) 6 2.15 (s, 3 H, ArCHs3), 2.27 (s, 6 H, ArCHj3), 2.40 (s, 3 H, ArCH3), 6.76—6.80
(m, 1 H, ArH), 6.86-6.91 (m, 1 H, ArH), 6.93-7.00 (m, 1 H, ArH), 7.08 (s, 1 H, ArH), 7.10 (s, 1 H,
ArH), 7.20 (s, 2 H, ArH), 7.23 (s, 1 H, ArH); °C NMR (CDCls, 100.5 MHz) & 20.26, 21.01, 21.04,
116.62 (d, Jer = 16.6 Hz), 118.86 (d, Jor = 17.3 Hz), 126.06 (dd, Jc_r = 6.5 Hz, 4.1 Hz), 126.12,
127.55, 132.67, 134.62, 135.12, 135.86 (dd, Jo_r = 5.7 Hz, 4.1 Hz), 136.42, 137.18, 137.65, 137.74,
140.29, 149.29 (dd, Je_r = 246.9 Hz, 12.4 Hz), 149.56 (dd, Jo_r = 248.6 Hz, 12.4 Hz), 198.86; "°F
NMR (CDCl;, 368.6 MHz) 6 —140.62, —138.76; IR (NaCl) 2922 w, 1666 s, 1604 s, 1520 s, 1471 m,
1444 m, 1414 w, 1382 w, 1320's, 1302 m, 1263 m, 1222 w, 1190 m, 1175 m, 1142 w, 1117 m, 1069
w, 1039 w, 977 w, 899 w, 865 m, 822 w, 786 m, 770 m, 729 m, 711 w, 681 w, 642 w cm '. HRMS
(ESI) calcd for [M+Na]" (C,3H,F,NaO) m/z 373.1380. Found 373.1383.

3,3, 5, 5’-Tetramethyl-2-{4-(trifluoromethyl)phenyl}benzophenone (25i)
CF3

I o
25i

General procedure A was followed with 23i (154.8 mg). Column chromatography (200:1
hexane/EtOAc) afforded 25i as yellow oil (79% GC yield; 53.2 mg, 46% isolated yield). 'H NMR
(CDCls, 400.1 MHz) 6 2.13 (s, 3 H, ArCH3), 2.25 (s, 6 H, ArCH3), 2.41 (s, 3 H, ArCH3), 7.07 (s, | H,
ArH), 7.12 (s, | H, ArH), 7.16 (s, 2 H, ArH), 7.18 (d, J = 8.0 Hz, 2 H, ArH), 7.25 (s, 1 H, ArH), 7.43
(d, J = 8.0 Hz, 2 H, ArH); "C NMR (CDCl;, 100.5 MHz) 6 20.27, 20.97, 21.01, 119.97 (q, Je_r =
272.5 Hz), 124.64 (q, Jcr = 3.9 Hz), 126.19, 127.44, 128.85 (q, Jcr = 32.5 Hz), 130.15, 132.74,
134.46, 136.03, 136.24, 137.14, 137.69, 137.96, 140.17, 142.92, 198.98; '’F NMR (CDCl;, 368.6
MHz) § —62.43; IR (NaCl) 3011 w, 2954 w, 2922 m, 2865 w, 1667 s, 1616 m, 1604 m, 1444 w,
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1405 w, 1382 w, 1324 s, 1237 w, 1165 s, 1126's, 1107 s, 1069 s, 1022 w, 1006 w, 977 w, 864 m,
843 m, 783 m, 760 m, 729 m, 704 w cm . HRMS (ESI) calcd for [M+Na]™ (CasH, F3NaO) m/z
405.1442. Found 405.1425.

4.6. General Procedure B for Ruthenium-Catalyzed C—H Arylation with Arylboronates

In a glovebox, aromatic ketone (0.3 mmol), arylboronate 23i (154.8 mg, 0.6 mmol), ruthenium
catalyst, and pinacolone were placed in a 6 mL screw cap tube. The mixture was heated at 120 °C
for 24 h. The resulting mixture was diluted with methanol (2 mL) and dichloromethane (2 mL), and
analyzed by GC and GC-MS. After removal of the volatile materials by rotary evaporation, the
arylation product was isolated by silica gel column chromatography and Kugelrohr distillation,

followed by GPC in some cases.

3,3, 5, 5’-Tetramethoxy-2-{4-(trifluoromethyl)phenyl}benzophenone (30i)
CF3

I (0]
MeO O O OMe
MeO 30i OMe

i

General procedure B was followed with 3,3°,5,5’-tetramethoxybenzophenone (27) (90.7 mg),
RuHCI(CO){P(3-MeC¢H4)3}3 (19¢) (32.4 mg, 0.03 mmol) and pinacolone (0.15 mL), except that
CsF (91.1 mg, 0.6 mmol) was used as an additive. Column chromatography (10:1 hexane/EtOAc),
Kugelrohr distillation, and GPC afforded 30i as colorless powder (56% GC yield; 68.1 mg, 50%
isolated yield). M.p. 111-112 °C. '"H NMR (CDCls, 391.8 MHz) 6 3.73 (s, 6 H, ArOCHs), 3.78 (s, 3
H, ArOCHs5), 3.86 (s, 3 H, ArOCHs), 6.53 (t, J=2.4 Hz, | H, ArH), 6.59 (d, J=2.4 Hz, | H, ArH),
6.67 (d,J=2.4Hz, | H, AtH), 6.75 (d, J=2.4 Hz, 2 H, ArH), 7.28 (d, J= 8.2 Hz, 2 H, ArH), 7.42
(d, J = 82 Hz, 2 H, ArH); °C NMR (CDCl;, 98.5 MHz) & 55.51, 55.62, 55.87, 100.53, 104.06,
105.33,107.71, 120.95, 124.16 (q, Jcr =271.9 Hz), 124.49 (q, Jcr = 3.7 Hz), 128.75 (q, Jcr = 32.3
Hz), 131.05, 139.09, 139.42, 141.65, 157.53, 160.12, 160.40, 197.48; '°’F NMR (CDCls, 368.6 MHz)
0 —62.45; IR (NaCl) 3006 w, 2941 w, 2841 w, 1671 m, 1601 s, 1460 m, 1427 m, 1404 w, 1325 s,
1298 m, 1206 s, 1158 s, 1123 m, 1064 m, 1009 m, 928 w, 845 m, 779 w, 745 w, 708 w cm . HRMS
(ESTI) calcd for [M+Na]+ (Cp4H51F3NaOs) m/z 469.1239. Found 469.1209.
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2,3, 5%, 6-Tetramethyl-2’-{4-(trifluoromethyl)phenyl}benzophenone (31i)

31i

General procedure B was followed with 2,3°,5° 6-tetramethylbenzophenone (29) (71.5 mg),
RuH,(CO){P(3-MeC¢Hy)3}5 (20c) (62.7 mg, 0.06 mmol) and pinacolone (0.15 mL). Column
chromatography (200:1 hexane/EtOAc), GPC, and Kugelrohr distillation afforded 31i as yellow oil
(51% GC yield; 42.4 mg, 37% isolated yield). 'H NMR (CDCl3, 391.8 MHz) 6 1.99 (s, 3 H, ArCH,),
2.05 (s, 6 H, ArCHs3), 2.36 (s, 3 H, ArCH3), 6.87 (d, J= 7.8 Hz, 2 H, ArH), 7.08 (t, /= 7.8 Hz, | H,
ArH), 7.15 (d, J = 8.2 Hz, 2 H, ArH), 7.28-7.29 (m, 2 H, ArH), 7.51 (d, J = 8.2 Hz, 2 H, AtH); "°C
NMR (CDCls, 98.5 MHz) 6 20.12, 20.45, 20.98, 124.24 (q, Jcr = 272.1 Hz), 124.68 (q, Jcr = 3.7
Hz), 127.79, 128.65 (q, Jc—r = 32.9 Hz), 128.89, 128.92, 132.51, 132.64, 134.48, 134.95, 137.33,
137.60, 137.84, 140.36, 143.89, 201.06; '°F NMR (CDCls, 368.6 MHz) 6 —62.40; IR (NaCl) 2959 m,
2925 m, 2863 w, 1671 s, 1617 m, 1465 m, 1406 m, 1381 w, 13255, 1300 s, 1238 m, 1212 m, 1164 s,
1125 s, 1107 s, 1068 s, 1024 m, 1005 w, 974 w, 869 w, 843 m, 821 m, 771 m, 703 m cm '. HRMS
(ESI) calcd for [M+Na]" (C4H, F3NaO) m/z 405.1442. Found 405.1398.

5,7-Dimethyl-8-{4-(trifluoromethyl)phenyl}-1-tetralone (33i)
CF3

I 0]

33i

General procedure B was followed with 5,7-dimethyl-1-tetralone (32) (52.3 mg),
RuH,(CO){P(3-MeC¢Hy)3}5 (20¢) (62.7 mg, 0.06 mmol) and pinacolone (0.3 mL). Column
chromatography (100:1 hexane/EtOAc) and Kugelrohr distillation afforded 33i as colorless powder
(34% GC yield; 23.7 mg, 25% isolated yield). M.p. 112-113 °C. 'H NMR (CDCl;, 399.7 MHz) &
1.93 (s, 3 H, ArCHs3), 2.13 (tt, J = 6.4 Hz, 6.4 Hz, 2 H, CH,), 2.35 (s, 3 H, ArCH3), 2.53 (t,J = 6.4
Hz, 2 H, C(O)CH>), 2.90 (t, J = 6.4 Hz, 2 H, ArCH,), 7.16 (d, J = 8.0 Hz, 2 H, ArH), 7.29 (s, | H,
ArH), 7.64 (d, J = 8.0 Hz, 2 H, ArH); “C NMR (CDCls, 98.5 MHz) & 19.69, 20.20, 22.46, 27.00,
40.19, 124.50 (q, Jcr = 272.5 Hz), 125.00 (q, Je_r = 3.7 Hz), 128.10 (q, Jcr = 32.0 Hz), 128.25,
131.18, 134.84, 135.96, 135.98, 138.95, 141.17, 146.46, 199.18; '°F NMR (CDCl;, 368.6 MHz) &
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—62.02; IR (NaCl) 2946 w, 2866 w, 2363 w, 1686 m, 1616 w, 1558 w, 1466 w, 1406 w, 1382 w,
1324 s, 1284 w, 1161 m, 1121 s, 1066 m, 018 w, 932 w, 887 w, 840 w, 795 w, 742 w, 689 w, 668 w,
614 w cm . HRMS (ESTI) calcd for [M+Na]+ (C19H7F3NaO) m/z 341.1129. Found 341.1126.

4.7. General Procedure for Synthesis of Banzophenones

To the mixture of arylboronic acid (1 equiv), Cs,CO; (2.5 equiv), and Pd(PPhs)4 (0.05 equiv) in
toluene, benzoyl chloride (2 equiv) was added dropwise. After the completion of addition, the
mixture was heated under reflux for 12 h. Asaturated aqueous solution of K,CO3; was added to the
reaction mixture, which was then extracted three times with EtOAc. The combined organic layers
were washed with brine and dried over Na,SO4. After removal of volatile materials by rotary
evaporation, the crude materials was purified by silica gel column chromatography and

recrystallization.

3,3, 5, 5’-tetramethoxybenzophenone (27)
(0]
MeO O O OMe
MeO 27 OMe

General procedure was followed with 3,5-dimethoxyphenylboronic acid (2.2 g, 12 mmol) and
3,5-dimethoxybenzoyl chloride (4.8 g, 24 mmol). Column chromatography (10:1 hexane/EtOAc)
and recrystallization from hexane/EtOAc afforded 27 as colorless crystals (2.72 g, 75%). 'H NMR
(CDCls, 399.7 MHz) 6 3.82 (s, 12 H, ArCHj3), 6.67 (t, J=2.4 Hz, 2 H, ArH), 6.93 (d, J=2.4 Hz, 4
H, ArH); >C NMR (CDCls, 100.4 MHz) 6 55.60, 104.87, 107.82, 139.35, 160.50, 195.97; IR (KBr)
2961 m, 2934 m, 2831 m, 1661 s, 1599 s, 1458 s, 1416 s, 1345 s, 1307 s, 1202 s, 1154 s, 1067 s,
1049 s, 1006 s, 927 m, 874 m, 859 w, 830 s, 754 s, 667 w, 646 w, 539 w cm . HRMS (ESI) calcd
for [M+Na]" (C;7H sNa;Os) m/z 325.1052. Found 325.1030.

2,3, 5, 6-tetramethylbenzophenone (29)
0]

29
General procedure was followed with 2,6-dimethylphenylboronic acid (1.5 g, 10 mmol) and
3,5-dimethylbenzoyl chloride (3.4 g, 20 mmol). Column chromatography (100:1 hexane/EtOAc) and
recrystallization from hexane afforded 29 as colorless solid (1.25 g, 52%). 'H NMR (CDCl3, 391.8
MHz) 0 2.12 (s, 6 H, ArCH3), 2.33 (s, 6 H, ArCH3), 7.08 (d, /= 7.8 Hz, 2 H, ArH), 7.22-7.26 (m, 2
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H, ArH), 7.41 (s, 2 H, ArH); >C NMR (CDCls, 98.5 MHz) 6 19.40, 21.18, 127.10, 127.49, 128.55,
134.12, 135.48, 137.10, 138.55, 139.99, 200.92; IR (KBr) 2919 w, 2863 w, 1665 s, 1596 m, 1460 m,
1382 w, 1309 s, 1227 m, 1164 w, 1132 m, 1032 w, 967 w, 945 w, 868 w, 823 w, 776 m, 757 w, 720
m, 677 w, 563 w cm . HRMS (ESI) caled for [M+Na]+ (C17H1gNa;0y) m/z 261.1255. Found
261.1258.
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4.8. X-ray Crystallographic Data>

C64

C57

Figure S4.1. ORTEP drawing of complex 20b (50% probability ellipsoids). Hydrogen atoms and a

ethanol molecule contained in the unit cell are omitted for clarity.
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C36

C57

Figure S4.2. ORTEP drawing of complex 20d (50% probability ellipsoids). Hydrogen atoms are

omitted for clarity.
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Figure S4.3. ORTEP drawing of complex 20g (50% probability ellipsoids). Hydrogen atoms are

omitted for clarity.
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Table S4.1. Crystal data and structure refinement for 20b, 20d, and 20g.

20b 20d 20g
Empirical formula CoatlesOPsRu CosHesO10PsRU CssHasFyOP3Ru
0.5 C,HsO
Formula weight 1067.17 1188.14 1079.83
Temperature 103(2) K 103(2) K 103(2) K
Crystal color, habit Colorless, Platelet Colorless, Platelet Colorless, Platelet

Crystal dimensions

Crystal system
Space group
a(A)

b(A)

c(A)

o (%)

B®)

7 (®)

V(A3)

VA

Density (calculated)
F(000)

Absorption coefficient
Theta range for data collection

Reflections collected
Independent reflections

Number of parameters
Goodness-of-fit on F2
Final R indices [/>2sigma(/)]

R indices (all data)

0.40 x 0.20 x 0.10
mm

Monoclinic
C2/c
43.406(2)
13.9274(6)
20.4289(8)
90
109.5734(13)
90
11636.2(9)
8
1.218 mg/mm3
4472
0.392 mm !
3.029 to 25.000°

43666
10218

[R(int) = 0.0892]
653

1.076
R1=0.0553
wR2=0.1153
R1 = 0.0856
wR2 =0.1393

0.20 x 0.20 x 0.10
mm

Triclinic

P-1
12.5915(16)
14.542(2)
16.172(2)
86.893(4)
73.638(4)
84.811(3)
2828.4(7)

2

1.395 mg/mm3
1236

0.422 mm™!
3.017 to 24.999°

21321
9766

[R(int) = 0.0874]
720

1.004

R1 = 0.0680
wR2 =0.1365
R1=0.1161
wR2 =0.1703

0.30 x0.10 x 0.10
mm

Monoclinic
P24/c
18.3564(15)
10.4578(8)
25.427(2)
90
110.8694(17)
90
4561.0(7)
4
1.573 mg/mm?
2184
0.528 mm™!
3.072 to 24.997°

34608
8011

[R(int) = 0.1601]
630

1.004

R1 =0.0604
wR2 = 0.1062
R1=0.1116
wR2 =0.1231

! GOOdl’leSS Of Fit = {S[W (|F0| — |Fc|)2] / (Nobs - Nparameters}}
*R=S||Fol=|Fdl/ SIFol, R, = {SIw (1Fo| = [F)1/ SIwF’]}
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Table S4.2. Atomic coordinates (x 103) and equivalent isotropic displacement parameters (A2><

103) for 20b. U(eq) is defined as one third of the trace of the orthogonalized UU tensor.

X y z U(eq)

Ru(1) 874.29(2) 133.03(3) 149.74(2) 25.3(1)

C(1) 914.70(12) 122.4(4) 223.0(2) 33.7(11)
o(1) 938.85(8) 110.5(3) 268.68(16) 45.5(9)

H(1) 838.5(11) 13.0(3) 8.3(2) 41(13)

P(1) 838.23(3) 180.66(9) 206.06(6) 24.8(3)

C(2) 812.10(10) 80.6(3) 215.8(2) 25.4(10)
C(3) 803.53(11) 69.5(4) 274.7(2) 33.8(11)
C4) 785.55(11) —11.1(4) 282.4(2) 38.0(12)
C(5) 775.70(11) —81.7(4) 232.1(3) 37.6(12)
C(6) 783.91(11) —69.1(4) 172.4(3) 38.8(12)
C(7) 801.97(11) 9.4(3) 164.0(2) 33.0(11)
C(8) 757.86(14) —169.1(4) 242.5(3) 55.7(16)
C) 853.19(10) 227.2(3) 295.2(2) 25.4(10)
C(10) 837.04(11) 297.7(3) 319.8(2) 33.0(11)
C(11) 850.05(12) 333.3(4) 386.8(2) 37.5(12)
C(12) 879.24(12) 298.4(4) 432.7(2) 35.2(11)
C(13) 894.30(11) 224.8(3) 409.7(2) 30.8(11)
C(14) 881.82(11) 189.7(3) 342.6(2) 29.5(10)
C(15) 893.17(14) 339.9(4) 504.4(2) 48.4(14)
C(16) 807.95(10) 271.5(3) 161.5(2) 28.0(10)
C(17) 816.21(11) 369.1(4) 166.4(2) 37.4(12)
C(18) 794.26(12) 437.5(4) 128.3(3) 41.1(13)
C(19) 763.61(11) 411.8(4) 83.1(2) 32.7(11)
C(20) 755.65(11) 315.2(4) 77.7(2) 32.3(11)
C(21) 777.29(10) 246.1(3) 116.5(2) 28.2(10)
C(22) 740.03(12) 486.6(4) 39.8(3) 47.0(14)
P(2) 889.29(3) 283.18(9) 110.95(6) 29.1(3)

C(23) 896.76(10) 384.7(3) 173.0(2) 32.1(11)
C(24) 893.26(13) 480.2(4) 152.4(3) 45.2(13)
C(25) 900.21(15) 553.1(4) 200.9(3) 53.2(15)
C(26) 910.95(13) 534.5(4) 271.7(3) 47.7(14)
C(27) 913.99(12) 438.7(4) 292.0(3) 41.5(13)
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C(28) 907.13(11) 366.1(4) 243.8(2) 33.0(11)

C(29) 919.16(18) 615.3(4) 325.03) 69.6(19)
C(30) 863.55(11) 338.2(3) 29.2(2) 31.3(11)
C@31) 875.73(11) 389.4(3) ~15.3(2) 33.6(11)
C(32) 855.20(12) 423.9(4) ~78.6(2) 37.8(12)
C(33) 821.48(12) 411.1(4) ~98.6(2) 39.1(12)
C(34) 809.28(12) 365.5(4) ~52.6(3) 46.6(14)
C(35) 829.61(12) 327.2(4) 9.5(3) 41.5(13)
C(36) 798.93(14) 445.7(4) ~168.9(3) 56.8(16)
C(37) 929.14(10) 277.2(4) 98.0(2) 32.3(11)
C(38) 958.01(11) 292.8(4) 152.6(2) 45.4(14)
C(39) 988.35(12) 277.4(5) 145.3(3) 56.2(17)
C(40) 991.10(12) 248.3(5) 83.13) 50.4(15)
C(41) 962.63(11) 233.1(4) 28.4(2) 39.3(12)
C(42) 931.91(11) 246.0(4) 34.9(2) 34.8(11)
C(43) 1024.17(13) 232.0(6) 75.5(3) 68(2)
P(3) 886.20(3) 24.88(9) 75.23(6) 30.5(3)
C(44) 882.69(12) 64.4(4) ~11.5(2) 35.4(12)
C(45) 904.72(14) 36.8(4) ~45.4(3) 49.5(15)
C(46) 899.85(18) 69.0(5) ~112.4(3) 66(2)
C(47) 873.79(19) 128.1(5) ~147.0(3) 66(2)
C(48) 852.03(16) 155.7(4) ~113.93) 55.5(17)
C(49) 856.40(13) 123.6(4) ~46.2(2) 42.9(13)
C(50) 868.7(2) 159.9(6) ~221.1(3) 103(3)
C(51) 926.61(12) —31.7(4) 106.0(2) 38.8(12)
C(52) 932.11(14) ~129.5(4) 101.4(3) 59.1(17)
C(53) 963.56(14) ~167.0(5) 125.0(4) 67.9(19)
C(54) 990.53(13) ~108.2(4) 152.7(3) 51.8(15)
C(55) 985.39(12) ~11.0(4) 156.0(3) 42.5(13)
C(56) 954.11(11) 27.5(4) 133.5(2) 37.3(12)
C(57) 1024.89(14) ~150.0(5) 179.1(4) 73(2)
C(58) 858.37(11) ~79.6(3) 53.4(2) 33.0(11)
C(59) 856.50(13) ~139.6(4) 106.3(2) 41.4(12)
C(60) 835.99(14) ~219.1(4) 91.4(3) 47.1(14)
C(61) 816.20(12) ~239.1(4) 24.8(3) 42.2(13)
C(62) 817.84(12) ~179.2(4) -27.6(3) 38.6(12)
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C(63)
C(64)
0Q)

C(65)
C(66)
H(72)

838.94(11)
793.81(15)
10025(7)
1007.9(7)
1017.9(4)
868.4(12)

~101.2(3)
~325.4(4)
605.7(9)
529.6(17)
537.8(12)
24(4)

~14.1Q2)
9.0(3)
262.8(12)
311.9(8)
390.7(7)
178(2)

33.6(11)
57.5(16)
148(6)
199(12)
92(5)
51(15)
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Table S4.3. Bond lengths [A] and angles [°] for 20b.

Ru(1)-C(1)
Ru(1)-P(3)
Ru(1)-P(1)
Ru(1)-P(2)
Ru(1)-H(1)
Ru(1)-H(72)
C(1)-0(1)
P(1)-C(16)
P(1)-C(9)
P(1)-C(2)
C2)-CB3)
C@2)-C(7)
C3)-C“)
C4)-C(5)
C(5)-C(6)
C(5)-C(8)
C(6)-C(7)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(12)-C(15)
C(13)-C(14)
C(16)-C(21)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(19)-C(22)
C(20)-C(21)
P(2)-C(30)
P(2)-C(37)
P(2)-C(23)

1.892(5)
2.3193(13)
2.3284(12)
2.4021(13)
1.69(4)
1.67(5)
1.158(5)
1.832(4)
1.834(4)
1.849(5)
1.383(6)
1.409(6)
1.405(7)
1.381(7)
1.391(7)
1.495(7)
1.389(7)
1.394(6)
1.396(6)
1.386(6)
1.387(6)
1.380(7)
1.501(6)
1.383(6)
1.386(6)
1.401(7)
1.387(6)
1.389(6)
1.383(7)
1.520(6)
1.392(6)
1.837(4)
1.837(5)
1.854(5)

C(30)-C(31)
C(30)-C(35)
C(31)-C(32)
C(32)-C(33)
C(33)-C(34)
C(33)-C(36)
C(34)-C(35)
C(37)-C(38)
C(37)-C(42)
C(38)-C(39)
C(39)-C(40)
C(40)-C(41)
C(40)-C(43)
C(41)-C(42)
P(3)-C(44)

P(3)-C(51)

P(3)-C(58)

C(44)-C(49)
C(44)-C(45)
C(45)-C(46)
C(46)-C(47)
C(47)-C(48)
C(47)-C(50)
C(48)-C(49)
C(51)-C(52)
C(51)-C(56)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(54)-C(57)
C(55)-C(56)
C(58)-C(63)
C(58)-C(59)
C(59)-C(60)
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1.391(6)
1.399(6)
1.387(6)
1.393(7)
1.378(7)
1.521(6)
1.386(6)
1.387(6)
1.404(6)
1.391(7)
1.377(7)
1.376(7)
1.511(7)
1.395(7)
1.812(5)
1.832(5)
1.848(5)
1.394(7)
1.410(7)
1.386(8)
1.386(10)
1.387(9)
1.521(8)
1.404(7)
1.392(8)
1.403(7)
1.388(8)
1.384(8)
1.377(8)
1.521(7)
1.387(7)
1.388(6)
1.389(7)
1.389(7)



C(23)-C(28)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
C(26)-C(27)
C(26)-C(29)
C(27)-C(28)

C(1)-Ru(1)-P(3)
C(1)-Ru(1)-P(1)
P(3)-Ru(1)-P(1)
C(1)-Ru(1)-P(2)
P(3)-Ru(1)-P(2)
P(1)-Ru(1)-P(2)
C(1)-Ru(1)-H(1)
P(3)-Ru(1)-H(1)
P(1)-Ru(1)-H(1)
P(2)-Ru(1)-H(1)
C(1)-Ru(1)-H(72)
P(3)-Ru(1)-H(72)
P(1)-Ru(1)-H(72)
P(2)-Ru(1)-H(72)
H(1)-Ru(1)-H(72)
O(1)-C(1)-Ru(1)
C(16)-P(1)-C(9)
C(16)-P(1)-C(2)
C(9)-P(1)-C(2)
C(16)-P(1)-Ru(1)
C(9)-P(1)-Ru(1)
C(2)-P(1)-Ru(1)
C(3)-C2)-C(N)
C(3)-C(2)-P(1)
C(7)-C(2)-P(1)
C(2)-C3)-CH)
C(5)-C(4)-C@3)
C(4)-C(5)-C(6)

1.388(6)
1.389(7)
1.380(7)
1.388(7)
1.390(7)
1.523(8)
1.373(7)

96.71(14)
103.30(14)
147.54(4)

92.71(15)
101.80(5)
102.49(4)
174.0(16)

78.7(15)

79.2(15)

92.0(15)

82.1(16)

74.4(17)

83.2(17)
173.1(17)

93(2)
175.9(5)
101.9(2)
102.1(2)
100.70(19)
116.11(14)
121.21(14)
112.13(15)
117.9(4)
122.1(3)
119.9(3)
120.5(5)
122.0(5)
117.1(5)

C(60)-C(61)
C(61)-C(62)
C(61)-C(64)
C(62)-C(63)
0(2)-C(65)

C(65)-C(66)

C(25)-C(26)-C(27)
C(25)-C(26)-C(29)
C(27)-C(26)-C(29)
C(28)-C(27)-C(26)
C(27)-C(28)-C(23)
C(31)-C(30)-C(35)
C(31)-C(30)-P(2)

C(35)-C(30)-P(2)

C(32)-C(31)-C(30)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(34)-C(33)-C(36)
C(32)-C(33)-C(36)
C(33)-C(34)-C(35)
C(34)-C(35)-C(30)
C(38)-C(37)-C(42)
C(38)-C(37)-P(2)

C(42)-C(37)-P(2)

C(37)-C(38)-C(39)
C(40)-C(39)-C(38)
C(41)-C(40)-C(39)
C(41)-C(40)-C(43)
C(39)-C(40)-C(43)
C(40)-C(41)-C(42)
C(41)-C(42)-C(37)
C(44)-P(3)-C(51)

C(44)-P(3)-C(58)

C(51)-P(3)-C(58)
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1.373(7)
1.378(7)
1.511(7)
1.387(7)
1.424(10)
1.524(10)

117.1(5)
121.5(5)
121.3(5)
121.1(5)
121.8(5)
117.5(4)
124.03)
118.5(4)
121.4(4)
120.8(5)
117.7(4)
121.2(5)
121.1(5)
121.9(5)
120.5(5)
117.1(4)
121.2(4)
121.4(3)
121.5(5)
121.5(5)
117.6(5)
121.3(5)
121.2(5)
122.0(5)
120.4(4)
102.9(2)

99.7(2)
102.6(2)



C(4)-C(5)-C(3)
C(6)-C(5)-C(8)
C(7)-C(6)-C(5)
C(6)-C(1)-C(2)
C(10)-C(9)-C(14)
C(10)-C(9)-P(1)
C(14)-C(9)-P(1)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(13)-C(12)-C(11)
C(13)-C(12)-C(15)
C(11)-C(12)-C(15)
C(12)-C(13)-C(14)
C(13)-C(14)-C(9)
C(21)-C(16)-C(17)
C(21)-C(16)-P(1)
C(17)-C(16)-P(1)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
C(20)-C(19)-C(18)
C(20)-C(19)-C(22)
C(18)-C(19)-C(22)
C(19)-C(20)-C(21)
C(16)-C(21)-C(20)
C(30)-P(2)-C(37)
C(30)-P(2)-C(23)
C(37)-P(2)-C(23)
C(30)-P(2)-Ru(1)
C(37)-P(2)-Ru(1)
C(23)-P(2)-Ru(1)
C(28)-C(23)-C(24)
C(28)-C(23)-P(2)
C(24)-C(23)-P(2)
C2(5)-C(24)-C(23)
C(24)-C(25)-C(26)

121.3(5)
121.6(5)
121.9(5)
120.5(4)
116.9(4)
123.6(3)
119.5(3)
121.3(4)
121.3(5)
117.3(4)
122.5(4)
120.2(5)
121.8(4)
121.2(4)
117.5(4)
121.5(4)
120.7(3)
121.0(4)
121.4(5)
117.5(4)
121.3(4)
121.2(5)
121.6(4)
121.0(4)
101.7(2)
102.6(2)
100.1(2)
120.89(15)
112.34(16)
116.29(15)
117.4(5)
119.5(4)
123.1(4)
120.7(5)
121.8(5)

C(44)-P(3)-Ru(1)
C(51)-P(3)-Ru(1)

C(58)-P(3)-Ru(1)

C(49)-C(44)-C(45)
C(49)-C(44)-P(3)

C(45)-C(44)-P(3)

C(46)-C(45)-C(44)
C(45)-C(46)-C(47)
C(46)-C(47)-C(48)
C(46)-C(47)-C(50)
C(48)-C(47)-C(50)
C(47)-C(48)-C(49)
C(44)-C(49)-C(48)
C(52)-C(51)-C(56)
C(52)-C(51)-P(3)

C(56)-C(51)-P(3)

C(53)-C(52)-C(51)
C(54)-C(53)-C(52)
C(55)-C(54)-C(53)
C(55)-C(54)-C(57)
C(53)-C(54)-C(57)
C(54)-C(55)-C(56)
C(55)-C(56)-C(51)
C(63)-C(58)-C(59)
C(63)-C(58)-P(3)

C(59)-C(58)-P(3)

C(60)-C(59)-C(58)
C(61)-C(60)-C(59)
C(60)-C(61)-C(62)
C(60)-C(61)-C(64)
C(62)-C(61)-C(64)
C(61)-C(62)-C(63)
C(62)-C(63)-C(58)
0(2)-C(65)-C(66)

118.68(18)
116.91(15)
113.50(15)
119.1(5)
117.6(4)
123.3(4)
119.5(6)
121.6(6)
119.2(6)
120.1(7)
120.7(7)
120.2(6)
120.4(5)
117.4(5)
124.3(4)
118.3(4)
121.0(5)
121.2(6)
118.2(5)
120.9(5)
120.9(6)
121.4(5)
120.8(5)
117.9(5)
122.8(4)
119.3(3)
120.6(5)
121.4(5)
118.0(5)
121.2(5)
120.8(5)
121.5(5)
120.5(5)
128(2)
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Table S4.4. Anisotropic displacement parameters (Azx 103) for 20b. The anisotropic displacement
factor exponent takes the form: —2p2[ h2a*2Ull + | +2 hka* b* UI2 ]

ull U22 U33 u23 ul3 ul2
Ru(1) 18.29(19)  30.6(2) 26.45(19) 0.31(16) 6.64(14)  —0.07(16)
c(1) 30(3) 35(3) 38(3) -2(2) 16(2) 6(2)
o(1) 27.8(19) 69(3) 34.3(18) ~1.8(17) 3.5(15) 13.4(18)
P(1) 17.4(6) 28.7(7) 27.0(6) 0.5(5) 5.6(4) ~1.2(5)
C(2) 17Q2) 27(3) 31(2) 4.3(19) 6.6(18) 3.4(19)
C(3) 26(3) 38(3) 38(3) 6(2) 12(2) -1(2)
C(4) 30(3) 46(3) 41(3) 12(2) 16(2) 0(2)
C(5) 24(3) 41(3) 49(3) 12(2) 13Q2) 1(2)
C(6) 28(3) 33(3) 52(3) —6(2) 10(2) ~10(2)
C(7) 26(3) 36(3) 37(3) 0(2) 12(2) 0(2)
C(8) 40(3) 49(4) 81(4) 14(3) 25(3) ~13(3)
C(9) 20(2) 26(3) 29(2) 1.1(19) 7.5(18) ~5.5(19)
C(10) 20(2) 37(3) 38(3) ~6(2) 4.7(19) 2(2)
c(1) 39(3) 32(3) 39(3) ~6(2) 9(2) 5(2)
C(12) 31(3) 41(3) 32(2) -3(2) 8(2) -6(2)
C(13) 22(2) 42(3) 27(2) 3(2) 7.3(18) ~12)
C(14) 25(2) 32(3) 32(2) 4(2) 11.4(19) 6(2)
C(15) 59(4) 44(3) 35(3) -8(2) 6(2) 0(3)
C(16) 21(2) 36(3) 28(2) 4(2) 9.7(18) 2(2)
C(17) 21(2) 39(3) 48(3) 5(2) 6(2) 2(2)
C(18) 35(3) 25(3) 58(3) 9(2) 9(2) -2(2)
C(19) 22(2) 40(3) 35(3) 6(2) 7.6(19) 9(2)
C(20) 25(2) 36(3) 31(2) 1(2) 3.9(19) 1(2)
C21) 24(2) 25(3) 33(2) 0.0(19) 6.0(19) 0.6(19)
C(22) 31(3) 45(3) 60(3) 16(3) 8(2) 3(2)
P(2) 18.5(6) 35.9(7) 30.8(6) 43(5) 5.5(5) ~2.1(5)
C(23) 18(2) 34(3) 41(3) 2(2) 6.2(19) -6(2)
C(24) 53(3) 41(3) 39(3) 4(2) 11Q2) —4(3)
C(25) 71(4) 25(3) 60(4) 1(3) 17(3) —4(3)
C(26) 48(3) 43(4) 52(3) ~6(3) 17(3) ~11(3)
C(27) 39(3) 43(3) 40(3) -5(2) 11Q2) ~7(2)
C(28) 32(3) 35(3) 29(2) 4(2) 5.6(19) -3(2)
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C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
P(3)

C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)

87(5)
24(2)
22(2)
34(3)
37(3)
21(3)
28(3)
48(3)
18(2)
25(3)
22(3)
28(3)
29(3)
25(3)
28(3)
24.8(6)
37(3)
60(4)
86(5)
91(5)
69(4)
44(3)
133(7)
33(3)
37(3)
42(4)
31(3)
26(3)
27(3)
38(3)
33(3)
52(3)
64(4)
37(3)
30(3)
24(2)

45(4)
35(3)
41(3)
39(3)
37(3)
56(4)
52(3)
59(4)
44(3)
78(4)
101(5)
78(4)
52(4)
40(3)
126(6)
36.2(7)
42(3)
46(4)
75(5)
70(5)
60(4)
51(3)
145(8)
43(3)
55(4)
48(4)
57(4)
56(4)
47(3)
76(5)
33(3)
40(3)
39(3)
39(3)
41(3)
33(3)

76(4)
34(2)
34(3)
38(3)
34(3)
50(3)
42(3)
46(3)
33(2)
33(3)
39(3)
47(3)
36(3)
36(3)
51(3)
30.7(6)
29(2)
52(3)
55(4)
33(3)
31(3)
30(3)
27(3)
40(3)
77(4)
106(5)
68(4)
47(3)
39(3)
100(5)
32(2)
34(3)
45(3)
52(3)
41(3)
42(3)
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~14(3)
2(2)
52)
11(2)
9(2)
143)
8(2)
20(3)
8(2)
2(3)
—203)
6(3)
42)
3(2)
—5(4)
-3.3(5)
~11(2)
~15(3)
~28(3)
~14(3)
—303)
0(2)
—2(4)
~13(2)
~22(3)
~21(4)
~10(3)
—803)
-12)
~15(4)
—6(2)
52)
—2(2)
—3(2)
0(2)
1(2)

26(4)
8.2(19)
4.7(19)
9(2)

—1(2)

—5(2)
8(2)

—7(3)

53.(18)
9(2)
1(2)

15(2)

10(2)
6(2)

14(3)
9.7(5)

14(2)

30(3)

47(4)

15(3)
8(3)
7(2)

19(4)

11(2)
8(3)

15(3)

17(3)

15(2)

12(2)

17(3)

10(2)

18(2)

28(3)

18(2)
7(2)
8(2)

~15(3)
—4(2)
—12)
1(2)
—12)
—5(2)
—9(2)
~703)
1(2)
—403)
—203)
—503)
—2(2)
—3(2)
—103)
-3.0(5)
-21(2)
~23(3)
~49(4)
~54(4)
~35(3)
~20(3)
~81(6)
6(2)
0(3)
13(3)
4(3)
—4Q2)
—2(2)
17(3)
2(2)
—6(3)
~11(3)
—6(2)
—3(2)
—6(2)



C(64) 61(4) 45(4) 71(4) -103) 28(3) -20(3)
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Table S4.5. Torsion angles [°] for 20b.

C(16)-P(1)-C(2)-C(3) ~92.9(4)
C(9)-P(1)-C(2)-C(3) 11.9(4)
Ru(1)-P(1)-C(2)-C(3) 142.2(3)
C(16)-P(1)-C(2)-C(7) 91.1(4)
C(9)-P(1)-C(2)-C(7) ~164.1(3)
Ru(1)-P(1)-C(2)-C(7) ~33.9(4)

C(7)-C(2)-C(3)-C(4) 0.6(6)

P(1)-C(2)-C(3)-C(4) ~175.5(3)
C(2)-C(3)-C(4)-C(5) ~0.2(7)
C(3)-C(4)-C(5)-C(6) ~0.9(7)
C(3)-C(4)-C(5)-C(8) 177.3(5)

C(4)-C(5)-C(6)-C(7) 1.7(7)
C(8)-C(5)-C(6)-C(7) ~176.5(5)
C(5)-C(6)-C(7)-C(2) ~1.3(7)
C(3)-C(2)-C(7)-C(6) 0.1(7)

P(1)-C(2)-C(7)-C(6) 176.3(4)
C(16)-P(1)-C(9)-C(10) 15.8(4)
C(2)-P(1)-C(9)-C(10) ~89.2(4)
Ru(1)-P(1)-C(9)-C(10) 146.5(3)
C(16)-P(1)-C(9)-C(14) ~165.9(4)
C(2)-P(1)-C(9)-C(14) 89.2(4)
Ru(1)-P(1)-C(9)-C(14) -35.1(4)

C(14)-C(9)-C(10)-C(11) 4.2(7)

P(1)-C(9)-C(10)-C(11) ~177.4(4)
C(9)-C10)-C11)-C12) ~1.7(8)
C(10)-C(11)-C(12)-C(13) ~2.0(7)
C(10)-C(11)-C(12)-C(15) 178.4(5)

C(11)-C(12)-C(13)-C(14) 3.0(7)

C(15)-C(12)-C(13)-C(14)  —177.4(5)
C(12)-C(13)-C(14)-C(9) ~0.4(7)
C(10)-C(9)-C(14)-C(13) -3.2(7)
P(1)-C(9)-C(14)-C(13) 178.3(3)
C(9)-P(1)-C(16)-C(21) —134.3(4)
C(2)-P(1)-C(16)-C(21) -30.5(4)
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C(30)-C(31)-C(32)-C(33)
C(31)-C(32)-C(33)-C(34)
C(31)-C(32)-C(33)-C(36)
C(32)-C(33)-C(34)-C(35)
C(36)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-C(30)
C(31)-C(30)-C(35)-C(34)
P(2)-C(30)-C(35)-C(34)
C(30)-P(2)-C(37)-C(38)
C(23)-P(2)-C(37)-C(38)
Ru(1)-P(2)-C(37)-C(38)
C(30)-P(2)-C(37)-C(42)
C(23)-P(2)-C(37)-C(42)
Ru(1)-P(2)-C(37)-C(42)
C(42)-C(37)-C(38)-C(39)
P(2)-C(37)-C(38)-C(39)
C(37)-C(38)-C(39)-C(40)
C(38)-C(39)-C(40)-C(41)
C(38)-C(39)-C(40)-C(43)
C(39)-C(40)-C(41)-C(42)
C(43)-C(40)-C(41)-C(42)
C(40)-C(41)-C(42)-C(37)
C(38)-C(37)-C(42)-C(41)
P(2)-C(37)-C(42)-C(41)
C(51)-P(3)-C(44)-C(49)
C(58)-P(3)-C(44)-C(49)
Ru(1)-P(3)-C(44)-C(49)
C(51)-P(3)-C(44)-C(45)
C(58)-P(3)-C(44)-C(45)
Ru(1)-P(3)-C(44)-C(45)
C(49)-C(44)-C(45)-C(46)
P(3)-C(44)-C(45)-C(46)
C(44)-C(45)-C(46)-C(47)
C(45)-C(46)-C(47)-C(48)

2.3(8)
1.7(8)
~178.0(5)
~4.4(8)
175.2(5)
3.2(9)
0.8(8)
~178.4(4)
143.2(4)
37.9(5)
~86.1(4)
—44.2(5)
~149.5(4)
86.5(4)
~0.6(8)
172.3(5)
1.7(10)
~1.3(10)
179.8(6)
~0.2(9)
178.7(6)
1.3(8)
~0.9(7)
~173.7(4)
~170.7(4)
83.9(4)
~39.8(4)
10.6(5)
~94.8(4)
141.4(4)
0.0(7)
178.8(4)
0.2(8)
~0.1(9)



Ru(1)-P(1)-C(16)-C(21)
C(9)-P(1)-C(16)-C(17)
C(2)-P(1)-C(16)-C(17)
Ru(1)-P(1)-C(16)-C(17)
C(21)-C(16)-C(17)-C(18)
P(1)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
C(17)-C(18)-C(19)-C(22)
C(18)-C(19)-C(20)-C(21)
C(22)-C(19)-C(20)-C(21)
C(17)-C(16)-C(21)-C(20)
P(1)-C(16)-C(21)-C(20)
C(19)-C(20)-C(21)-C(16)
C(30)-P(2)-C(23)-C(28)
C(37)-P(2)-C(23)-C(28)
Ru(1)-P(2)-C(23)-C(28)
C(30)-P(2)-C(23)-C(24)
C(37)-P(2)-C(23)-C(24)
Ru(1)-P(2)-C(23)-C(24)
C(28)-C(23)-C(24)-C(25)
P(2)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-C(27)
C(24)-C(25)-C(26)-C(29)
C(25)-C(26)-C(27)-C(28)
C(29)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-C(23)
C(24)-C(23)-C(28)-C(27)
P(2)-C(23)-C(28)-C(27)
C(37)-P(2)-C(30)-C(31)
C(23)-P(2)-C(30)-C(31)
Ru(1)-P(2)-C(30)-C(31)
C(37)-P(2)-C(30)-C(35)
C(23)-P(2)-C(30)-C(35)
Ru(1)-P(2)-C(30)-C(35)

91.8(4)
52.1(4)
155.9(4)
~81.8(4)
0.8(7)
174.7(4)
~1.1(8)
0.4(8)
~178.1(5)
0.5(7)
179.1(5)
0.1(7)
~173.7(3)
~0.8(7)
161.2(4)
~94.2(4)
27.1(4)
~20.4(5)
84.2(4)
—154.6(4)
0.6(8)
~177.8(4)
0.2(9)
~1.0(9)
178.9(6)
1.1(8)
~178.8(5)
~0.4(8)
~0.5(7)
178.0(4)
~19.3(5)
84.0(4)
—144.5(4)
159.9(4)
~96.8(4)
34.7(5)
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C(45)-C(46)-C(47)-C(50)
C(46)-C(47)-C(48)-C(49)
C(50)-C(47)-C(48)-C(49)
C(45)-C(44)-C(49)-C(48)
P(3)-C(44)-C(49)-C(48)
C(47)-C(48)-C(49)-C(44)
C(44)-P(3)-C(51)-C(52)
C(58)-P(3)-C(51)-C(52)
Ru(1)-P(3)-C(51)-C(52)
C(44)-P(3)-C(51)-C(56)
C(58)-P(3)-C(51)-C(56)
Ru(1)-P(3)-C(51)-C(56)
C(56)-C(51)-C(52)-C(53)
P(3)-C(51)-C(52)-C(53)
C(51)-C(52)-C(53)-C(54)
C(52)-C(53)-C(54)-C(55)
C(52)-C(53)-C(54)-C(57)
C(53)-C(54)-C(55)-C(56)
C(57)-C(54)-C(55)-C(56)
C(54)-C(55)-C(56)-C(51)
C(52)-C(51)-C(56)-C(55)
P(3)-C(51)-C(56)-C(55)
C(44)-P(3)-C(58)-C(63)
C(51)-P(3)-C(58)-C(63)
Ru(1)-P(3)-C(58)-C(63)
C(44)-P(3)-C(58)-C(59)
C(51)-P(3)-C(58)-C(59)
Ru(1)-P(3)-C(58)-C(59)
C(63)-C(58)-C(59)-C(60)
P(3)-C(58)-C(59)-C(60)
C(58)-C(59)-C(60)-C(61)
C(59)-C(60)-C(61)-C(62)
C(59)-C(60)-C(61)-C(64)
C(60)-C(61)-C(62)-C(63)
C(64)-C(61)-C(62)-C(63)
C(61)-C(62)-C(63)-C(58)

~178.4(5)
~0.2(8)
178.1(5)
~0.3(7)
~179.1(4)
0.4(8)
~94.7(5)
8.5(5)
133.4(5)
82.5(4)
~174.2(4)
—49.4(4)
1.8(9)
179.1(5)
~1.2(11)
~0.3(10)
179.4(6)
1.1(9)
~178.6(5)
~0.4(8)
~1.0(8)
~178.5(4)
~7.5(5)
~113.2(4)
119.8(4)
172.7(4)
67.0(4)
~60.1(4)
0.7(8)
~179.5(4)
~2.3(9)
1.7(8)
~179.7(5)
0.5(8)
~178.1(5)
~2.1(8)



C(35)-C(30)-C(31)-C(32) ~3.5(7) C(59)-C(58)-C(63)-C(62) 1.5(7)
P(2)-C(30)-C(31)-C(32) 175.7(4) P(3)-C(58)-C(63)-C(62) ~178.3(4)
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Table S4.6. Atomic coordinates (x 103) and equivalent isotropic displacement parameters (A2><

103) for 20d. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Ru(1) —5.40(4) 294.94(3) 721.92(3) 17.35(16)
H(1) -71(4) 384(3) 791(3) 15(14)
H(2) —27(4) 359(3) 634(3) 17(14)
C(1) 60.9(5) 207.6(4) 637.5(4) 20.8(14)
o(1) 102.3(3) 157.0(3) 581.3(3) 32.9(11)
P(1) —194.25(12) 301.30(10) 730.03(10) 17.1(4)
C(2) —249.1(4) 411.4(4) 688.7(4) 15.7(13)
C(3) =357.1(5) 422.8(4) 681.0(4) 24.4(15)
C4) —403.0(5) 507.6(4) 660.1(4) 27.1(15)
C(5) —=339.5(5) 584.7(4) 645.1(4) 21.0(14)
C(6) —232.6(5) 574.9(4) 649.8(4) 25.9(15)
C(7) —186.1(5) 488.7(4) 671.8(4) 21.2(14)
0(2) —394.3(4) 666.3(3) 628.5(3) 30.0(11)
C(8) —334.1(6) 745.8(4) 612.3(5) 39.2(18)
C) —247.4(5) 216.6(4) 675.8(4) 18.5(13)
C(10) —354.8(5) 184.4(4) 705.9(4) 23.2(14)
c(1n —391.2(5) 122.6(4) 662.1(4) 28.4(15)
C(12) —323.5(6) 91.3(4) 583.6(4) 30.9(16)
C(13) —218.3(5) 118.7(4) 551.8(4) 26.9(15)
C(14) —180.4(5) 181.9(4) 597.7(4) 26.3(15)
0(3) —370.4(4) 32.6(3) 541.9(3) 37.3(12)
C(15) —318.4(6) 20.2(5) 451.4(4) 40.4(19)
C(16) —291.9(4) 299.6(4) 838.8(4) 17.7(13)
C(17) =318.9(5) 217.9(4) 885.9(4) 19.6(13)
C(18) -381.1(5) 218.5(4) 971.1(4) 21.6(14)
C(19) —415.4(5) 303.1(4) 1012.8(4) 22.9(14)
C(20) —=391.0(5) 385.5(4) 967.0(4) 21.5(14)
C(21) —327.8(5) 383.4(4) 881.1(4) 21.0(14)
O04) —471.93) 296.9(3) 1098.3(3) 25.7(10)
C(22) —519.0(6) 381.5(4) 1140.1(4) 33.7(17)
P(2) 2.47(12) 188.02(10) 837.56(10) 19.4(4)
C(23) —84.2(4) 89.3(4) 845.6(4) 17.3(13)
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C(24)
C(25)
C(26)
C(27)
C(28)
0(5)

C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
0(6)

C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
Oo(7)

C(43)
P(3)

C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
O(8)

C(50)
C(51)
C(52)
C(53)
C(54)

~137.7(5)
~203.4(5)
~215.4(5)
~164.6(5)
~99.5(5)
~274.3(4)
~325.1(7)
~40.1(5)
~2.6(5)
~53.2(5)
~142.5(5)
~172.9(5)
~122.5(5)
~195.1(4)
~300.6(6)
138.2(5)
220.6(5)
323.2(5)
348.2(5)
272.6(5)
167.3(5)
453.6(3)
488.6(6)

146.92(12)
186.1(4)
297.4(5)
320.6(5)
235.2(5)
126.5(5)
101.3(5)
267.6(3)
179.6(6)
282.2(5)
357.6(5)
463.8(5)
492.9(5)

46.7(4)
~25.2(4)
~57.2(4)
~13.9(4)

58.2(4)

~131.03)
~175.7(5)
220.6(4)
169.7(4)
183.8(4)
250.1(5)
307.0(4)
292.1(4)
252.1(3)
305.1(6)
126.6(4)
168.2(4)
123.9(4)

33.9(4)

~7.7(4)

38.3(4)

-3.8(3)
~89.9(5)
378.22(10)
398.8(4)
395.4(4)
399.5(4)
409.5(4)
417.5(4)
410.5(4)
409.8(3)
407.3(5)
342.5(4)
406.0(4)
378.8(4)
285.4(4)
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922.0(4)
925.7(4)
850.0(4)
772.3(4)
769.8(4)
844.9(3)
925.1(5)
950.9(4)
1015.6(4)
1101.6(4)
1126.4(4)
1064.5(4)
977.7(4)
1213.2(3)
1238.5(5)
829.8(4)
855.1(4)
848.8(4)
816.4(4)
790.6(4)
796.1(4)
817.1(3)
773.2(5)
710.16(10)
808.3(4)
813.7(4)
890.6(4)
967.0(4)
964.3(4)
885.3(4)
1041.6(3)
1121.0(4)
636.8(4)
596.0(4)
544.7(4)
530.8(4)

20.4(13)
28.6(16)
22.5(14)
22.1(14)
23.8(15)
35.7(11)
52(2)
20.2(14)
26.9(15)
27.7(15)
27.1(15)
26.2(15)
21.7(14)
39.1(12)
48(2)
23.3(14)
23.0(14)
25.9(15)
26.6(15)
30.3(16)
26.2(15)
33.5(11)
48(2)
18.7(4)
17.8(13)
24.5(14)
24.4(14)
24.1(14)
23.8(14)
22.9(14)
29.7(10)
35.5(17)
19.7(14)
22.3(14)
20.9(14)
21.7(14)



C(55)
C(56)
0(9)

C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
0(10)
C(64)

420.0(5)
315.9(5)
593.2(3)
682.8(5)
118.4(5)
84.4(5)
41.8(5)
35.1(5)
74.4(4)
114.3(5)
~7.4(3)
~47.1(6)

221.1(4)
249.1(4)
251.1(3)
311.8(5)
495.1(4)
570.9(4)
654.2(4)
662.7(4)
590.1(4)
507.4(4)
740.6(3)
817.9(4)

570.9(4)
623.8(4)
478.6(3)
460.6(5)
669.0(4)
722.3(4)
693.5(4)
609.2(4)
553.4(4)
582.8(4)
573.6(3)
627.7(4)

25.2(15)
21.7(14)
27.9(11)
36.3(18)
20.6(14)
22.8(14)
23.2(14)
22.8(14)
19.1(13)
18.9(13)
29.5(11)
36.3(18)
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Table S4.7. Bond lengths [A] and angles [°] for 20d.

Ru(1)-C(1)
Ru(1)-P(3)
Ru(1)-P(1)
Ru(1)-P(2)
Ru(1)-H(1)
Ru(1)-H(2)
C(1)-0(1)
P(1)-C(9)
P(1)-C(16)
P(1)-C(2)
C(2)-C(3)
C(2)-C(7)
C(3)-C4)
C(4)-C(5)
C(5)-C(6)
C(5)-0(2)
C(6)-C(7)
0(2)-C(8)
C(9)-C(14)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(12)-0(3)
C(13)-C(14)
0(3)-C(15)
C(16)-C(17)
C(16)-C(21)
C(17)-C(18)
C(18)-C(19)
C(19)-0(4)
C(19)-C(20)
C(20)-C(21)
0(4)-C(22)

1.879(6)
2.3176(17)
2.3379(16)
2.3846(17)
1.74(5)
1.72(5)
1.172(6)
1.826(6)
1.842(6)
1.852(6)
1.395(8)
1.405(8)
1.381(8)
1.406(9)
1.364(8)
1.370(7)
1.406(8)
1.413(8)
1.398(8)
1.415(8)
1.359(8)
1.389(9)
1.366(9)
1.381(8)
1.406(8)
1.439(8)
1.391(8)
1.404(8)
1.380(8)
1.408(8)
1.368(7)
1.386(8)
1.394(8)
1.433(7)

0(5)-C(29)
C(30)-C(35)
C(30)-C(31)
C(31)-C(32)
C(32)-C(33)
C(33)-0(6)
C(33)-C(34)
C(34)-C(35)
0(6)-C(36)
C(37)-C(42)
C(37)-C(38)
C(38)-C(39)
C(39)-C(40)
C(40)-C(41)
C(40)-0(7)
C(41)-C(42)
0(7)-C(43)
P(3)-C(51)
P(3)-C(58)
P(3)-C(44)
C(44)-C(49)
C(44)-C(45)
C(45)-C(46)
C(46)-C(47)
C(47)-C(48)
C(47)-0(8)
C(48)-C(49)
0(8)-C(50)
C(51)-C(52)
C(51)-C(56)
C(52)-C(53)
C(53)-C(54)
C(54)-0(9)
C(54)-C(55)
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1.425(9)
1.395(8)
1.413(8)
1.376(8)
1.395(8)
1.374(7)
1.379(9)
1.388(8)
1.438(8)
1.399(8)
1.410(9)
1.371(8)
1.412(8)
1.343(9)
1.392(7)
1.411(8)
1.444(8)
1.830(6)
1.834(6)
1.836(6)
1.399(8)
1.425(8)
1.360(8)
1.395(8)
1.376(8)
1.380(7)
1.411(8)
1.442(7)
1.389(8)
1.394(8)
1.396(8)
1.387(8)
1.374(7)
1.376(9)



P(2)-C(37)
P(2)-C(30)
P(2)-C(23)
C(23)-C(24)
C(23)-C(28)
C(24)-C(25)
C(25)-C(26)
C(26)-0(5)
C(26)-C(27)
C(27)-C(28)

C(1)-Ru(1)-P(3)
C(1)-Ru(1)-P(1)
P(3)-Ru(1)-P(1)
C(1)-Ru(1)-P(2)
P(3)-Ru(1)-P(2)
P(1)-Ru(1)-P(2)
C(1)-Ru(1)-H(1)
P(3)-Ru(1)-H(1)
P(1)-Ru(1)-H(1)
P(2)-Ru(1)-H(1)
C(1)-Ru(1)-H(2)
P(3)-Ru(1)-H(2)
P(1)-Ru(1)-H(2)
P(2)-Ru(1)-H(2)
H(1)-Ru(1)-H(2)
O(1)-C(1)-Ru(1)
C(9)-P(1)-C(16)
C(9)-P(1)-C(2)
C(16)-P(1)-C(2)
C(9)-P(1)-Ru(1)
C(16)-P(1)-Ru(1)
C(2)-P(1)-Ru(1)
C(3)-C2)-C(N)
C(3)-C(2)-P(1)
C(7)-C(2)-P(1)

1.830(6)
1.834(6)
1.859(6)
1.373(8)
1.397(8)
1.380(8)
1.385(9)
1.376(7)
1.385(9)
1.380(8)

98.79(19)
104.14(18)
146.38(6)

93.02(19)
102.15(6)
100.85(6)
173.4(17)

81.3(17)

73.1(17)

93.4(17)

82.3(16)

87.8(18)

71.5(17)
169.6(18)

91(2)
176.2(5)
101.9(3)
101.6(3)

98.4(2)
120.59(18)
116.66(19)
114.29(19)
117.9(5)
121.3(4)
120.5(4)

C(55)-C(56)
0(9)-C(57)

C(58)-C(59)
C(58)-C(63)
C(59)-C(60)
C(60)-C(61)
C(61)-0(10)
C(61)-C(62)
C(62)-C(63)
0(10)-C(64)

0(5)-C(26)-C(25)
C(27)-C(26)-C(25)
C(28)-C(27)-C(26)
C(27)-C(28)-C(23)
C(26)-0(5)-C(29)
C(35)-C(30)-C(31)
C(35)-C(30)-P(2)
C(31)-C(30)-P(2)
C(32)-C(31)-C(30)
C(31)-C(32)-C(33)
0(6)-C(33)-C(34)
0(6)-C(33)-C(32)
C(34)-C(33)-C(32)
C(33)-C(34)-C(35)
C(34)-C(35)-C(30)
C(33)-0(6)-C(36)
C(42)-C(37)-C(38)
C(42)-C(37)-P(2)
C(38)-C(37)-P(2)
C(39)-C(38)-C(37)
C(38)-C(39)-C(40)
C(41)-C(40)-O(7)
C(41)-C(40)-C(39)
0(7)-C(40)-C(39)
C(40)-C(41)-C(42)
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1.388(8)
1.450(8)
1.397(8)
1.410(8)
1.392(8)
1.386(8)
1.378(7)
1.390(8)
1.374(8)
1.428(7)

124.8(6)
119.2(6)
120.6(6)
120.7(6)
115.4(5)
117.1(6)
119.6(5)
122.9(4)
121.2(5)
120.0(6)
124.8(5)
115.6(6)
119.6(6)
120.0(5)
121.4(6)
116.6(5)
116.6(5)
122.5(5)
120.9(4)
121.9(6)
119.6(6)
126.4(6)
120.4(5)
113.2(6)
120.0(6)



C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
C(6)-C(5)-0(2)
C(6)-C(5)-C(4)
0(2)-C(5)-C(4)
C(5)-C(6)-C(7)
C(2)-C(7)-C(6)
C(5)-0(2)-C(8)
C(14)-C(9)-C(10)
C(14)-C(9)-P(1)
C(10)-C(9)-P(1)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(13)-C(12)-0(3)
C(13)-C(12)-C(11)
0(3)-C(12)-C(11)
C(12)-C(13)-C(14)
C(9)-C(14)-C(13)
C(12)-0(3)-C(15)
C(17)-C(16)-C(21)
C(17)-C(16)-P(1)
C(21)-C(16)-P(1)
C(18)-C(17)-C(16)
C(17)-C(18)-C(19)
0(4)-C(19)-C(20)
0(4)-C(19)-C(18)
C(20)-C(19)-C(18)
C(19)-C(20)-C(21)
C(20)-C(21)-C(16)
C(19)-0(4)-C(22)
C(37)-P(2)-C(30)
C(37)-P(2)-C(23)
C(30)-P(2)-C(23)
C(37)-P(2)-Ru(1)
C(30)-P(2)-Ru(1)
C(23)-P(2)-Ru(1)

121.6(6)
119.7(6)
125.1(6)
119.8(6)
115.0(5)
120.5(6)
120.4(5)
117.3(5)
116.4(6)
119.0(5)
124.5(4)
122.2(6)
120.0(6)
124.0(6)
120.5(6)
115.5(6)
119.4(6)
121.4(6)
117.2(5)
118.1(5)
122.4(4)
118.8(5)
121.3(5)
119.9(6)
124.3(5)
115.8(5)
119.9(5)
119.3(5)
121.4(6)
117.1(5)
101.0(3)
100.6(3)
99.4(3)
115.7(2)
122.96(19)
113.70(19)

C(37)-C(42)-C(41)
C(40)-0(7)-C(43)
C(51)-P(3)-C(58)
C(51)-P(3)-C(44)
C(58)-P(3)-C(44)
C(51)-P(3)-Ru(1)
C(58)-P(3)-Ru(1)
C(44)-P(3)-Ru(1)
C(49)-C(44)-C(45)
C(49)-C(44)-P(3)
C(45)-C(44)-P(3)
C(46)-C(45)-C(44)
C(45)-C(46)-C(47)
C(48)-C(47)-0(8)
C(48)-C(47)-C(46)
O(8)-C(47)-C(46)
C(47)-C(48)-C(49)
C(44)-C(49)-C(48)
C(47)-0(8)-C(50)
C(52)-C(51)-C(56)
C(52)-C(51)-P(3)
C(56)-C(51)-P(3)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
0(9)-C(54)-C(55)
0(9)-C(54)-C(53)
C(55)-C(54)-C(53)
C(54)-C(55)-C(56)
C(55)-C(56)-C(51)
C(54)-0(9)-C(57)
C(59)-C(58)-C(63)
C(59)-C(58)-P(3)
C(63)-C(58)-P(3)
C(60)-C(59)-C(58)
C(61)-C(60)-C(59)
0(10)-C(61)—-C(60)
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121.5(6)
114.9(5)
102.3(3)
101.03)
103.3(3)
120.6(2)
108.5(2)
118.73(19)
117.0(5)
118.1(4)
124.6(4)
121.7(6)
120.6(6)
124.3(5)
119.7(6)
116.0(5)
120.1(6)
120.8(6)
115.7(5)
117.4(5)
121.9(4)
120.6(5)
122.2(5)
118.8(6)
116.1(5)
123.8(5)
120.2(5)
120.3(6)
121.1(6)
116.1(4)
117.6(5)
122.7(5)
119.0(4)
121.6(6)
119.1(5)
124.7(5)



C(24)-C(23)-C(28)
C(24)-C(23)-P(2)
C(28)-C(23)-P(2)
C(23)-C(24)-C(25)
C(24)-C(25)-C(26)
0(5)-C(26)-C(27)

117.6(5)
124.0(4)
118.3(5)
122.5(6)
119.4(6)
116.0(5)

0(10)-C(61)-C(62)
C(60)-C(61)-C(62)
C(63)-C(62)-C(61)
C(62)-C(63)-C(58)
C(61)-0(10)-C(64)

114.9(6)
120.5(5)
120.1(6)
121.1(5)
117.2(5)
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Table S4.8. Anisotropic displacement parameters (Azx 103) for 20d. The anisotropic displacement
factor exponent takes the form: —2p2[ h2a*2Ull + | +2 hka* b* UI2 ]

ull U22 U33 U3 ul3 ul2
Ru(1) 15.1(3) 17.4(3) 19.3(3) 2.8(2) ~4.6(2) ~2.74(19)
C(1) 17(3) 21(3) 24(3) 0(3) ~7(3) 3(3)
o(1) 27(3) 32(3) 41(3) -9(2) ~10(2) -1(2)
P(1) 16.2(8) 17.2(8) 17.5(8) 1.0(6) ~3.9(7) ~2.2(6)
C(2) 12(3) 17(3) 16(3) -2(2) -1(2) -1(2)
C(3) 17(3) 27(3) 26(4) 0(3) -2(3) -3(3)
C(4) 25(3) 30(4) 28(4) -3(3) ~12(3) 4(3)
C(5) 28(4) 24(3) 11(3) -5(3) -8(3) 7(3)
C(6) 30(4) 25(3) 23(4) 3(3) -8(3) —4(3)
C(7) 14(3) 30(4) 15(3) ~1(3) 2(3) 2(3)
0(2) 37(3) 24(2) 32(3) —4(2) ~18(2) 8(2)
C(8) 52(5) 22(4) 44(5) 5(3) ~17(4) 5(3)
C(9) 18(3) 21(3) 18(3) 1(3) -6(3) -3(3)
C(10) 24(3) 27(3) 21(3) 5(3) -8(3) ~10(3)
C(11) 24(3) 35(4) 29(4) 4(3) ~11(3) ~10(3)
C(12) 36(4) 18(3) 43(4) 5(3) ~16(3) -8(3)
C(13) 33(4) 27(4) 26(4) —9(3) ~14(3) -3(3)
C(14) 22(3) 29(4) 25(4) 2(3) -3(3) -2(3)
0(3) 41(3) 34(3) 43(3) ~12(2) ~17(2) -9(2)
C(15) 46(4) 36(4) 44(5) —14(4) ~16(4) —4(3)
C(16) 12(3) 25(3) 193) ~1(3) -8(3) -2(3)
C(17) 18(3) 23(3) 21(3) 0(3) ~10(3) —4(3)
C(18) 193) 21(3) 26(4) 4(3) ~7(3) -8(3)
C(19) 193) 32(4) 16(3) 3(3) -2(3) -3(3)
C(20) 18(3) 18(3) 27(4) -5(3) ~7(3) 5(3)
C21) 16(3) 22(3) 21(3) 4(3) -103) 4(3)
0(4) 28(2) 28(2) 18(2) —4.1(19)  —0.8(19)  -3.6(19)
C(22) 35(4) 39(4) 22(4) —6(3) 1(3) —4(3)
P(2) 15.7(8) 18.8(8) 24.4(9) 2.1(7) ~6.4(7) ~4.1(7)
C(23) 10(3) 18(3) 27(3) ~1(3) ~10(3) ~5(2)
C(24) 18(3) 23(3) 27(4) 6(3) ~14(3) ~15(3)
C(25) 26(3) 25(3) 31(4) 11(3) ~6(3) 2(3)
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C(26) 19(3) 17(3) 37(4) 0(3) ~16(3) -6(3)

C(27) 18(3) 24(3) 27(4) -2(3) ~10(3) ~7(3)
C(28) 22(3) 14(3) 27(4) 8(3) 1(3) 6(3)
0(5) 39(3) 26(2) 42(3) 4(2) ~10(2) ~14(2)
C(29) 51(5) 43(5) 61(6) 14(4) ~10(4) ~23(4)
C(30) 18(3) 18(3) 27(4) 4(3) —9(3) ~10(3)
C(31) 29(4) 20(3) 32(4) 4(3) -9(3) -3(3)
C(32) 28(4) 36(4) 23(4) 8(3) ~13(3) -8(3)
C(33) 27(4) 41(4) 16(3) -2(3) -8(3) ~11(3)
C(34) 21(3) 31(4) 29(4) ~6(3) —9(3) -1(3)
C(35) 18(3) 24(3) 27(4) 5(3) ~10(3) -8(3)
0(6) 36(3) 59(3) 25(3) -3(2) ~11(2) —4(2)
C(36) 33(4) 69(6) 38(5) ~8(4) —6(4) ~3(4)
C(37) 24(3) 21(3) 22(3) 6(3) -3(3) -2(3)
C(38) 20(3) 24(3) 26(4) 3(3) -9(3) -6(3)
C(39) 22(3) 23(3) 32(4) 6(3) ~7(3) ~1(3)
C(40) 18(3) 32(4) 27(4) 14(3) ~6(3) 2(3)
C(41) 29(4) 25(4) 34(4) -2(3) ~5(3) 2(3)
C(42) 18(3) 30(4) 34(4) 5(3) ~13(3) -5(3)
0(7) 19(2) 36(3) 44(3) 5(2) -8(2) 4(2)
C(43) 36(4) 41(5) 62(5) 1(4) ~12(4) 10(4)
P(3) 17.3(8) 17.9(8) 19.2(8) 1.0(7) ~2.6(7) ~1.3(7)
C(44) 14(3) 19(3) 22(3) 1(3) ~6(3) ~8(2)
C(45) 17(3) 27(3) 26(4) 6(3) -1(3) -8(3)
C(46) 193) 29(4) 27(4) 3(3) ~8(3) ~12(3)
C(47) 29(4) 24(3) 25(4) 3(3) ~16(3) -9(3)
C(48) 21(3) 23(3) 25(4) ~1(3) -2(3) —6(3)
C(49) 24(3) 20(3) 27(4) 0(3) —9(3) ~4(3)
0(8) 28(2) 42(3) 21(2) 0(2) ~7(2) -8(2)
C(50) 38(4) 47(4) 20(4) -3(3) -6(3) -5(3)
C(51) 14(3) 29(3) 18(3) 3(3) -8(3) -1(3)
C(52) 22(3) 21(3) 25(3) -1(3) -8(3) -5(3)
C(53) 17(3) 20(3) 23(3) 5(3) 0(3) -8(3)
C(54) 20(3) 25(3) 21(3) 2(3) -6(3) -5(3)
C(55) 193) 27(4) 31(4) ~5(3) —9(3) ~1(3)
C(56) 17(3) 20(3) 30(4) 4(3) ~11(3) -2(3)
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0(9)

C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
0(10)
C(64)

18(2)
25(4)
17(3)
24(3)
24(3)
15(3)
17(3)
17(3)
35(3)
46(4)

27(2)
39(4)
21(3)
24(3)
193)
22(3)
21(3)
20(3)
23(2)
22(4)

35(3)
38(4)
23(3)
23(3)
22(3)
31(4)
20(3)
20(3)
26(3)
35(4)

—2(2)
—6(3)
2(3)
—2(3)
-1(3)
4(3)
5(3)
~1(3)
3(2)
1(3)

0(2)

4(3)
=-5(3)
~7(3)

0(3)
-5(3)
-5(3)
-3(3)
—4(2)
-3(3)

~4.8(19)
0(3)
~1(3)
-8(3)
-1(3)
-3(3)
~12(3)
~11(3)
5(2)
3(3)
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Table S4.9. Torsion angles [°] for 20d.

C(9)-P(1)-C(2)-C(3) 42.0(5)
C(16)-P(1)-C(2)-C(3) ~62.1(5)
Ru(1)-P(1)-C(2)-C(3) 173.5(4)

C(9)-P(1)-C(2)-C(7) ~143.9(4)

C(16)-P(1)-C(2)-C(7) 112.0(5)
Ru(1)-P(1)-C(2)-C(7) ~12.4(5)
C(7)-C(2)-C(3)-C(4) ~2.1(9)
P(1)-C(2)-C(3)-C(4) 172.2(5)
C(2)-C(3)-C(4)-C(5) 0.8(9)
C(3)-C(4)-C(5)-C(6) 1.109)
C(3)-C(4)-C(5)-0(2) ~177.4(5)
0(2)-C(5)-C(6)-C(7) 176.6(5)
C(4)-C(5)-C(6)-C(7) ~1.7(9)
C(3)-C(2)-C(7)-C(6) 1.5(8)
P(1)-C(2)-C(7)-C(6) ~172.8(4)
C(5)-C(6)-C(7)-C(2) 0.4(9)
C(6)-C(5)-0(2)-C(8) 2.0(8)
C(4)-C(5)-0(2)-C(8) ~179.6(5)
C(16)-P(1)-C(9)-C(14) ~165.0(5)
C(2)-P(1)-C(9)-C(14) 93.7(5)
Ru(1)-P(1)-C(9)-C(14) ~33.8(6)
C(16)-P(1)-C(9)-C(10) 17.0(6)
C(2)-P(1)-C(9)-C(10) ~84.3(5)
Ru(1)-P(1)-C(9)-C(10) 148.1(4)

C(14)-C(9)-C(10)-C(11) 0.5(9)

P(1)-C(9)-C(10)-C(11) 178.6(5)
C(9)-C(10)-C(11)-C(12) ~2.1(9)
C(10)-C(11)-C(12)-C(13) 3.1(10)

C(10)-C(11)-C(12)-0(3) ~176.6(6)

0(3)-C(12)-C(13)-C(14) 177.1(6)
C(11)-C(12)-C(13)-C(14) ~2.5(10)
C(10)-C(9)-C(14)-C(13) 0.1(9)
P(1)-C(9)-C(14)-C(13) ~178.1(5)
C(12)-C(13)-C(14)-C(9) 0.99)
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C(31)-C(32)-C(33)-0(6)
C(31)-C(32)-C(33)-C(34)
0(6)-C(33)-C(34)-C(35)
C(32)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-C(30)
C(31)-C(30)-C(35)-C(34)
P(2)-C(30)-C(35)-C(34)
C(34)-C(33)-0(6)-C(36)
C(32)-C(33)-0(6)-C(36)
C(30)-P(2)-C(37)-C(42)
C(23)-P(2)-C(37)-C(42)
Ru(1)-P(2)-C(37)-C(42)
C(30)-P(2)-C(37)-C(38)
C(23)-P(2)-C(37)-C(38)
Ru(1)-P(2)-C(37)-C(38)
C(42)-C(37)-C(38)-C(39)
P(2)-C(37)-C(38)-C(39)
C(37)-C(38)-C(39)-C(40)
C(38)-C(39)-C(40)-C(41)
C(38)-C(39)-C(40)-O(7)
0(7)-C(40)-C(41)-C(42)
C(39)-C(40)-C(41)-C(42)
C(38)-C(37)-C(42)-C(41)
P(2)-C(37)-C(42)-C(41)
C(40)-C(41)-C(42)-C(37)
C(41)-C(40)-O(7)-C(43)
C(39)-C(40)-O(7)-C(43)
C(51)-P(3)-C(44)-C(49)
C(58)-P(3)-C(44)-C(49)
Ru(1)-P(3)-C(44)-C(49)
C(51)-P(3)-C(44)-C(45)
C(58)-P(3)-C(44)-C(45)
Ru(1)-P(3)-C(44)-C(45)
C(49)-C(44)-C(45)-C(46)

173.1(6)
~6.0(10)
~172.3(6)
6.7(10)
~0.6(9)
~5.9(9)
166.9(5)
12.0(9)
~167.0(6)
128.8(5)
26.9(6)
~96.1(5)
~53.5(6)
~155.4(5)
81.6(5)
~1.4(9)
~179.2(5)
~0.1(9)
0.99)
~177.5(5)
178.0(6)
~0.2(10)
2.1(9)
179.9(5)
~1.3(10)
10.2(9)
~171.5(6)
~167.8(5)
86.5(5)
~33.6(5)
6.0(6)
~99.7(5)
140.2(4)
2.59)



C(13)-C(12)-0(3)-C(15)
C(11)-C(12)-0(3)-C(15)
C(9)-P(1)-C(16)-C(17)
C(2)-P(1)-C(16)-C(17)
Ru(1)-P(1)-C(16)-C(17)
C(9)-P(1)-C(16)-C(21)
C(2)-P(1)-C(16)-C(21)
Ru(1)-P(1)-C(16)-C(21)
C(21)-C(16)-C(17)-C(18)
P(1)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-O(4)
C(17)-C(18)-C(19)-C(20)
0(4)-C(19)-C(20)-C(21)
C(18)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(16)
C(17)-C(16)-C(21)-C(20)
P(1)-C(16)-C(21)-C(20)
C(20)-C(19)-0O(4)-C(22)
C(18)-C(19)-0(4)-C(22)
C(37)-P(2)-C(23)-C(24)
C(30)-P(2)-C(23)-C(24)
Ru(1)-P(2)-C(23)-C(24)
C(37)-P(2)-C(23)-C(28)
C(30)-P(2)-C(23)-C(28)
Ru(1)-P(2)-C(23)-C(28)
C(28)-C(23)-C(24)-C(25)
P(2)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-0(5)
C(24)-C(25)-C(26)-C(27)
0(5)-C(26)-C(27)-C(28)
C(25)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-C(23)
C(24)-C(23)-C(28)-C(27)
P(2)-C(23)-C(28)-C(27)

~17.4(9)
162.2(6)
49.5(5)
153.4(5)
~83.9(5)
~140.1(5)
~36.3(5)
86.4(5)
1.4(8)
171.8(4)
~2.1(9)
~176.8(5)
3.19)
176.6(5)
~3.3(9)
2.6(9)
~1.6(8)
~172.3(5)
7.2(8)
~172.9(5)
89.2(5)
~14.0(5)
—146.4(4)
~93.2(5)
163.6(4)
31.1(5)
1.0(8)
178.6(4)
0.8(9)
176.9(5)
—2.4(8)
~177.1(5)
2.2(8)
~0.4(8)
~1.2(8)
~178.9(4)
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P(3)-C(44)-C(45)-C(46)
C(44)-C(45)-C(46)-C(47)
C(45)-C(46)-C(47)-C(48)
C(45)-C(46)-C(47)-O(8)
0(8)-C(47)-C(48)-C(49)
C(46)-C(47)-C(48)-C(49)
C(45)-C(44)-C(49)-C(48)
P(3)-C(44)-C(49)-C(48)
C(47)-C(48)-C(49)-C(44)
C(48)-C(47)-0(8)-C(50)
C(46)-C(47)-0(8)-C(50)
C(58)-P(3)-C(51)-C(52)
C(44)-P(3)-C(51)-C(52)
Ru(1)-P(3)-C(51)-C(52)
C(58)-P(3)-C(51)-C(56)
C(44)-P(3)-C(51)-C(56)
Ru(1)-P(3)-C(51)-C(56)
C(56)-C(51)-C(52)-C(53)
P(3)-C(51)-C(52)-C(53)
C(51)-C(52)-C(53)-C(54)
C(52)-C(53)-C(54)-0(9)
C(52)-C(53)-C(54)-C(55)
0(9)-C(54)-C(55)-C(56)
C(53)-C(54)-C(55)-C(56)
C(54)-C(55)-C(56)-C(51)
C(52)-C(51)-C(56)-C(55)
P(3)-C(51)-C(56)-C(55)
C(55)-C(54)-0(9)-C(57)
C(53)-C(54)-0(9)-C(57)
C(51)-P(3)-C(58)-C(59)
C(44)-P(3)-C(58)-C(59)
Ru(1)-P(3)-C(58)-C(59)
C(51)-P(3)-C(58)-C(63)
C(44)-P(3)-C(58)-C(63)
Ru(1)-P(3)-C(58)-C(63)
C(63)-C(58)-C(59)-C(60)

~171.4(5)
~1.4(9)
~1.6(9)
177.9(5)
~176.0(5)
3.5(9)
~0.6(8)
173.7(4)
~2.3(9)
7.7(8)
~171.8(5)
27.9(6)
~78.5(5)
148.3(4)
~155.8(5)
97.8(5)
~35.4(5)
~0.9(9)
175.5(5)
3.1(9)
177.1(5)
~3.4(9)
~179.0(5)
1.5(9)
0.8(9)
~1.1(9)
~177.6(5)
~159.3(6)
20.2(8)
~131.0(5)
~26.3(6)
100.6(5)
58.7(5)
163.3(5)
~69.8(5)
3.7(9)



C(27)-C(26)-0O(5)-C(29)
C(25)-C(26)-0(5)-C(29)
C(37)-P(2)-C(30)-C(35)
C(23)-P(2)-C(30)-C(35)
Ru(1)-P(2)-C(30)-C(35)
C(37)-P(2)-C(30)-C(31)
C(23)-P(2)-C(30)-C(31)
Ru(1)-P(2)-C(30)-C(31)

C(35)—-C(30)-C(31)-C(32)

P(2)-C(30)-C(31)-C(32)

C(30)-C(31)-C(32)-C(33)

179.2(6)
~0.1(8)
160.4(5)
~96.7(5)
29.6(6)
~27.2(6)
75.7(5)
~158.0(4)
6.509)
~166.1(5)
~0.7(10)

P(3)-C(58)-C(59)-C(60)

C(58)-C(59)-C(60)-C(61)
C(59)-C(60)-C(61)-0(10)
C(59)-C(60)-C(61)-C(62)
0(10)-C(61)-C(62)-C(63)
C(60)-C(61)-C(62)-C(63)
C(61)-C(62)-C(63)-C(58)
C(59)-C(58)-C(63)-C(62)
P(3)-C(58)-C(63)-C(62)

C(60)-C(61)-O(10)-C(64)
C(62)-C(61)-O(10)-C(64)

~166.7(5)
~1.4(9)
178.6(5)
~2.4(9)
~177.2(5)
3.79)
~1.2(9)
~2.4(8)
168.4(4)
0.2(9)
~178.9(5)
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Table S4.10. Atomic coordinates (x 103) and equivalent isotropic displacement parameters (A2><

103) for 20g. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Ru(1) 710.33(3) 141.99(4) 85.63(2) 15.51(13)
H(1) 625(2) 84(4) 46.1(15) —1(11)
H(2) 681(3) 289(4) 54.9(17) 14(13)
C(1) 725.9(3) —29.4(6) 110.92) 20.4(13)
o(1) 732.1(2) —136.3(4) 124.72(14) 28.3(10)
P(1) 629.76(8) 211.98(14) 133.16(5) 17.4(3)
C(2) 534.5(3) 267.4(5) 83.3(2) 18.9(13)
C(3) 507.1(3) 391.2(5) 82.8(2) 26.9(15)
C4) 438.0(3) 433.0(6) 40.9(2) 32.9(16)
C(5) 396.8(3) 344.2(6) 1.9(2) 25.3(14)
C(6) 419.6(3) 218.9(6) 2.2(2) 21.6(14)
C(7) 488.3(3) 181.9(5) 43.4(2) 20.9(13)
F(1) 329.74(18) 385.2(3) —39.76(12) 35.7(9)
C(8) 600.6(3) 95.3(5) 175.56(19) 14.4(12)
C) 655.4(3) 10.3(5) 209.5(2) 23.0(14)
C(10) 637.3(4) —76.8(6) 244.7(2) 28.4(15)
C(11) 562.3(4) —=75.7(6) 244.5(2) 25.7(14)
C(12) 505.9(3) 4.5(6) 211.4(2) 23.0(14)
C(13) 525.6(3) 91.5(5) 177.5(2) 22.5(14)
F(2) 543.23(19) -161.4(3) 277.76(12) 35.2(9)
C(14) 660.8(3) 348.1(5) 182.3(2) 19.6(13)
C(15) 683.4(3) 460.7(5) 163.5(2) 21.0(13)
C(16) 710.7(3) 565.6(5) 198.6(2) 22.8(14)
C(17) 716.6(3) 552.3(6) 254.3(2) 23.8(14)
C(18) 694.7(3) 444 .4(6) 274.6(2) 25.5(14)
C(19) 665.6(3) 342.0(5) 238.3(2) 20.0(13)
F(3) 745.63(18) 653.6(3) 289.38(12) 30.8(8)
P(2) 834.26(8) 208.13(14) 149.26(5) 16.0(3)
C(20) 850.2(3) 150.6(5) 221.4(2) 17.9(12)
C(21) 840.2(3) 229.6(6) 263.0(2) 22.2(13)
C(22) 845.6(3) 182.0(6) 315.1(2) 31.3(16)
C(23) 860.6(4) 53.3(7) 325.4(2) 32.6(16)
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C(24)
C(25)
F(4)

C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
F(5)

C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
F(6)

P(3)

C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
E(7)

C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
F(8)

C(50)
C(51)
C(52)
C(53)

868.3(3)
863.4(3)
866.9(2)
861.8(3)
922.0(3)
940.6(3)
900.2(3)
842.7(3)
822.5(3)
919.46(19)
921.5(3)
927.4(3)
995.1(3)
1056.3(3)
1051.0(3)
984.8(3)
1122.98(18)
728.86(8)
819.1(3)
875.93)
945.6(3)
955.1(4)
899.9(4)
831.9(4)
1022.9(2)
726.9(3)
679.5(3)
682.0(3)
731.4(4)
779.2(3)
775.5(3)
732.8(2)
652.9(3)
575.0(3)
513.93)
534.1(4)

~30.2(6)
21.3(6)
3.5(4)
377.0(5)
418.5(5)
546.4(5)
631.4(5)
596.2(5)
468.3(5)
758.6(3)
144.4(5)
12.7(5)
—41.4(5)
38.8(6)
168.9(5)
221.5(5)
~15.03)

122.29(14)
188.7(6)
111.2(6)
166.4(6)
294.6(6)
374.4(6)
319.8(6)
345.7(4)
~39.1(5)
~70.5(6)
~191.1(6)
~280.7(6)
~253.8(6)
~133.7(6)
~400.2(3)
203.0(6)
192.6(6)
246.7(6)
313.1(6)
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285.9(2)
234.3(2)
376.39(12)
161.9(2)
210.4(2)
219.4(2)
178.2(2)
129.6(2)
121.2(2)
187.66(12)
138.32(18)
130.74(19)
127.89(19)
130.7(2)
134.0(2)
138.1(2)
128.91(13)
0.42(5)
~47(2)
~13.02)
~13.1(2)
~6.6(2)
0.12)
1.3(2)
~7.72(16)
~29.32(19)
~84.7(2)
~106.3(2)
~72.5(2)
~17.72)
3.7(2)
~92.92(14)
~58.3(2)
~62.8(2)
~106.9(2)
~146.9(2)

26.4(14)
21.1(13)
46.2(11)
15.6(12)
19.3(13)
19.7(13)
22.1(13)
21.5(13)
18.2(13)
30.1(8)

16.3(12)
18.8(13)
19.2(13)
24.5(14)
24.0(14)
19.2(13)
31.6(8)

17.6(3)

21.1(14)
23.3(14)
26.1(15)
31.8(15)
33.6(16)
27.6(15)
52.4(11)
16.5(12)
23.3(14)
28.7(15)
28.4(15)
28.1(15)
24.2(14)
42.9(10)
22.3(14)
23.5(14)
28.8(15)
26.4(15)



C(54) 608.8(4) 326.9(6) ~144.7(2) 31.1(16)
C(55) 668.0(3) 268.6(5) ~100.7(2) 24.6(14)
F(9) 475.00(19) 370.1(3) ~189.30(12) 38.3(9)
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Table S4.11. Bond lengths [A] and angles [°] for 20g.

Ru(1)-C(1)
Ru(1)-P(3)
Ru(1)-P(1)
Ru(1)-P(2)
Ru(1)-H(1)
Ru(1)-H(2)
C(1)-0(1)
P(1)-C(8)
P(1)-C(14)
P(1)-C(2)
C(2)-C(3)
C(2)-C(7)
C(3)-C4)
C(4)-C(5)
C(5)-C(6)
C(5)-F(1)
C(6)-C(7)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(10)-C(11)
C(11)-F(2)
C(11)-C(12)
C(12)-C(13)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(17)-F(3)
C(18)-C(19)
P(2)-C(26)
P(2)-C(32)
P(2)-C(20)

1.891(6)
2.3189(14)
2.3361(15)
2.3766(15)
1.65(4)
1.72(5)
1.166(6)
1.830(5)
1.845(5)
1.849(5)
1.387(8)
1.391(7)
1.404(7)
1.372(8)
1.375(8)
1.376(6)
1.378(7)
1.388(7)
1.396(7)
1.399(7)
1.374(8)
1.360(6)
1.366(8)
1.387(7)
1.390(7)
1.397(7)
1.391(7)
1.388(7)
1.360(8)
1.364(6)
1.390(7)
1.833(5)
1.845(5)
1.853(5)

C(24)-C(25)
C(26)-C(27)
C(26)-C(31)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(29)-F(5)

C(30)-C(31)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(34)-C(35)
C(35)-F(6)

C(35)-C(36)
C(36)-C(7)

P(3)-C(38)

P(3)-C(50)

P(3)-C(44)

C(38)-C(43)
C(38)-C(39)
C(39)-C(40)
C(40)-C(41)
C(41)-F(7)

C(41)-C(42)
C(42)-C(43)
C(44)-C(49)
C(44)-C(45)
C(45)-C(46)
C(46)-C(47)
C(47)-F(8)

C(47)-C(48)
C(48)-C(49)
C(50)-C(55)
C(50)-C(51)
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1.390(7)
1.400(7)
1.404(7)
1.379(7)
1.373(7)
1.360(7)
1.374(6)
1.384(7)
1.400(7)
1.416(7)
1.390(7)
1.384(8)
1.362(6)
1.368(8)
1.371(7)
1.844(6)
1.845(6)
1.845(5)
1.390(8)
1.395(8)
1.405(7)
1.354(8)
1.366(6)
1.370(8)
1.382(8)
1.395(7)
1.406(7)
1.383(8)
1.373(8)
1.357(6)
1.384(7)
1.380(8)
1.388(7)
1.396(7)



C(20)-C(25)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)
C(23)-F(4)

C(23)-C(24)

C(1)-Ru(1)-P(3)
C(1)-Ru(1)-P(1)
P(3)-Ru(1)-P(1)
C(1)-Ru(1)-P(2)
P(3)-Ru(1)-P(2)
P(1)-Ru(1)-P(2)
C(1)-Ru(1)-H(1)
P(3)-Ru(1)-H(1)
P(1)-Ru(1)-H(1)
P(2)-Ru(1)-H(1)
C(1)-Ru(1)-H(2)
P(3)-Ru(1)-H(2)
P(1)-Ru(1)-H(2)
P(2)-Ru(1)-H(2)
H(1)-Ru(1)-H(2)
O(1)-C(1)-Ru(1)
C(8)-P(1)-C(14)
C(8)-P(1)-C(2)
C(14)-P(1)-C(2)
C(8)-P(1)-Ru(1)
C(14)-P(1)-Ru(1)
C(2)-P(1)-Ru(1)
C(3)-C(2)-C(7)
C(3)-C(2)-P(1)
C(7)-C(2)-P(1)
C(2)-C(3)-C(4)
C(5)-C(4)-C(3)
C(4)-C(5)-C(6)
C(4)-C(5)-F(1)

1.393(7)
1.404(7)
1.385(7)
1.380(8)
1.363(6)
1.375(8)

100.25(16)
99.71(17)
147.33(5)
93.00(17)
103.80(5)
100.69(5)
81.5(14)
79.7(13)
78.0(13)
174.0(13)
170.4(15)
77.3(14)
78.7(14)
96.6(15)
89(2)
176.9(5)
101.5(2)
102.1(2)
102.1(2)
117.91(18)
119.51(18)
111.23(16)
117.9(5)
123.4(4)
118.7(4)
121.7(5)
116.9(6)
123.6(5)
117.2(5)

C(51)-C(52)
C(52)-C(53)
C(53)-C(54)
C(53)-F(9)

C(54)-C(55)

C(23)-C(22)-C(21)
F(4)-C(23)-C(24)
F(4)-C(23)-C(22)
C(24)-C(23)-C(22)
C(23)-C(24)-C(25)
C(24)-C(25)-C(20)
C(27)-C(26)-C(31)
C(27)-C(26)-P(2)
C(31)-C(26)-P(2)
C(28)-C(27)-C(26)
C(29)-C(28)-C(27)
C(30)-C(29)-C(28)
C(30)-C(29)-F(5)
C(28)-C(29)-F(5)
C(29)-C(30)-C(31)
C(30)-C(31)-C(26)
C(33)-C(32)-C(37)
C(33)-C(32)-P(2)
C(37)-C(32)-P(2)
C(34)-C(33)-C(32)
C(35)-C(34)-C(33)
F(6)-C(35)-C(36)
F(6)-C(35)-C(34)
C(36)-C(35)-C(34)
C(35)-C(36)-C(37)
C(36)-C(37)-C(32)
C(38)-P(3)-C(50)
C(38)-P(3)-C(44)
C(50)-P(3)-C(44)
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1.393(7)
1.387(8)
1.360(8)
1.363(6)
1.392(7)

118.4(5)
117.1(6)
119.9(5)
123.0(5)
117.0(6)
123.0(5)
118.4(5)
122.3(4)
119.3(4)
121.2(5)
117.8(5)
123.5(5)
119.3(5)
117.2(5)
118.7(5)
120.3(5)
117.1(5)
119.3(4)
123.5(4)
121.5(5)
118.3(5)
119.8(5)
118.0(5)
122.1(5)
119.2(5)
121.5(5)
102.1(2)
101.7(3)
100.8(2)



C(6)-C(5)-F(1)
C(5)-C(6)-C(7)
C(6)-C(7)-C(2)
C(9)-C(8)-C(13)
C(9)-C(8)-P(1)
C(13)-C(8)-P(1)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
F(2)-C(11)-C(12)
F(2)-C(11)-C(10)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
C(12)-C(13)-C(8)
C(15)-C(14)-C(19)
C(15)-C(14)-P(1)
C(19)-C(14)-P(1)
C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(18)-C(17)-F(3)
C(18)-C(17)-C(16)
F(3)-C(17)-C(16)
C(17)-C(18)-C(19)
C(18)-C(19)-C(14)
C(26)-P(2)-C(32)
C(26)-P(2)-C(20)
C(32)-P(2)-C(20)
C(26)-P(2)-Ru(1)
C(32)-P(2)-Ru(1)
C(20)-P(2)-Ru(1)
C(25)-C(20)-C(21)
C(25)-C(20)-P(2)
C(21)-C(20)-P(2)
C(22)-C(21)-C(20)

119.2(5)
117.8(5)
121.9(5)
117.7(5)
119.5(4)
122.7(4)
122.0(5)
117.3(5)
118.7(5)
118.1(5)
123.1(5)
118.5(5)
121.3(5)
118.2(5)
118.6(4)
123.2(4)
122.0(5)
117.2(5)
119.7(5)
122.9(5)
117.4(5)
118.9(5)
120.8(5)
100.0(2)
101.7(2)
101.1(2)
122.46(18)
117.65(16)
110.77(18)
116.9(5)
120.1(4)
122.5(4)
121.6(6)

C(38)-P(3)-Ru(1)
C(50)-P(3)-Ru(1)
C(44)-P(3)-Ru(1)
C(43)-C(38)-C(39)
C(43)-C(38)-P(3)
C(39)-C(38)-P(3)
C(38)-C(39)-C(40)
C(41)-C(40)-C(39)
C(40)-C(41)-F(7)
C(40)-C(41)-C(42)
F(7)-C(41)-C(42)
C(41)-C(42)-C(43)
C(42)-C(43)-C(38)
C(49)-C(44)-C(45)
C(49)-C(44)-P(3)
C(45)-C(44)-P(3)
C(46)-C(45)-C(44)
C(47)-C(46)-C(45)
F(8)-C(47)-C(46)
F(8)-C(47)-C(48)
C(46)-C(47)-C(48)
C(49)-C(48)-C(47)
C(48)-C(49)-C(44)
C(55)-C(50)-C(51)
C(55)-C(50)-P(3)
C(51)-C(50)-P(3)
C(52)-C(51)-C(50)
C(53)-C(52)-C(51)
C(54)-C(53)-F(9)
C(54)-C(53)-C(52)
F(9)-C(53)-C(52)
C(53)-C(54)-C(55)
C(50)-C(55)-C(54)

117.87(16)
113.29(18)
118.45(17)
118.9(5)
119.0(5)
122.1(4)
119.4(5)
119.0(6)
117.6(6)
123.4(6)
119.0(6)
117.7(6)
121.6(6)
118.2(5)
119.2(4)
122.6(4)
121.0(5)
118.7(5)
119.1(5)
118.7(5)
122.2(6)
118.6(6)
121.2(5)
117.2(5)
123.5(4)
119.2(4)
122.8(5)
116.4(6)
119.5(5)
123.5(5)
117.0(5)
118.3(5)
121.7(6)
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Table S4.12. Anisotropic displacement parameters (Azx 103) for 20g. The anisotropic displacement
factor exponent takes the form: —2p2[ h2a*2Ull + | +2 hka* b* UI2 ]

ull U22 U33 U3 ul3 ul2
Ru(1) 15.8(2) 15.5(3) 16.1(2) ~0.52(19) 6.76(17)  —0.6(2)
C(1) 20(3) 19(4) 21(3) 2(3) 6(2) 6(3)
o(1) 32(2) 26(3) 26(2) 1.3(19) 8.3(18) -2(2)
P(1) 16.5(8) 18.1(9) 17.8(7) 0.2(6) 6.2(6) ~1.5(7)
C(2) 15(3) 26(4) 193) -2(2) 102) -5(3)
C(3) 193) 18(4) 36(3) -3(2) 0(3) 0(3)
C(4) 26(4) 19(4) 48(4) 0(3) 7(3) 4(3)
C(5) 11(3) 31(4) 31(3) 7(3) 4(3) -2(3)
C(6) 13(3) 32(4) 20(3) —4(3) 6(2) ~8(3)
C(7) 26(3) 18(3) 21(3) 5(2) 10(3) 1(3)
F(19) 23.1(19) 42(2) 30.7(18) 14.0(16) ~3.7(15) 5.9(17)
C(8) 20(3) 14(3) 13(3) 0(2) 112) 1(2)
C(9) 193) 22(4) 31(3) 2(3) 12(3) 0(3)
C(10) 33(4) 27(4) 22(3) 11(3) 5(3) 8(3)
C(11) 33(4) 22(4) 26(3) 2(3) 15(3) -5(3)
C(12) 193) 33(4) 20(3) —6(3) 10(3) ~13(3)
C(13) 26(4) 23(4) 20(3) -2(2) 9(3) -2(3)
FQ2) 37(2) 38(2) 37.1(19) 11.5(16) 21.3(16) ~6.0(18)
C(14) 14(3) 23(3) 22(3) -3(2) 7(2) 0(3)
C(15) 21(3) 22(4) 25(3) 1(2) 14(3) 4(3)
C(16) 23(3) 16(3) 33(3) ~5(3) 14(3) —4(3)
C(17) 18(3) 23(4) 27(3) ~12(3) 4(3) 2(3)
C(18) 22(3) 33(4) 22(3) 1(3) 9(3) 7(3)
C(19) 20(3) 16(3) 24(3) 3(2) 9(2) 1(3)
F(3) 32(2) 25(2) 33.3(18)  —12.1(15) 10.1(15) ~0.3(17)
P(2) 16.6(8) 13.0(8) 18.9(7) ~0.1(6) 7.0(6) ~0.3(6)
C(20) 193) 14(3) 22(3) 3(2) 9(2) 4(3)
C21) 15(3) 24(4) 29(3) 0(3) 10(3) -3(3)
C(22) 27(4) 42(5) 5(3) -6(3) 9(3) -9(3)
C(23) 36(4) 44(5) 22(3) 9(3) 16(3) ~1(3)
C(24) 21(3) 25(4) 32(3) 10(3) 8(3) 4(3)
C(25) 15(3) 30(4) 21(3) ~1(3) 102) -3(3)
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F(4) 61(3) 58(3) 23.9(18) 12.7(17) 19.6(18) -2(2)

C(26) 17(3) 12(3) 23(3) -2(2) 13Q2) -9(2)
C(27) 14(3) 24(4) 193) 0(2) 6(2) 5(3)
C(28) 17(3) 21(4) 20(3) ~5(2) 6(2) -3(3)
C(29) 18(3) 15(3) 32(3) -2(3) 7(3) -3(3)
C(30) 24(3) 20(3) 22(3) 2(2) 10(3) -103)
C(31) 22(3) 14(3) 20(3) 0(2) 10Q2) 1(3)
F(5) 33(2) 152) 37.3(19) ~2.1(14) 6.3(15) ~3.2(16)
C(32) 22(3) 19(3) 6(2) -2(2) 2(2) 2(3)
C(33) 19(3) 18(3) 17(3) -3(2) 4(2) -5(3)
C(34) 24(3) 18(3) 16(3) -1(2) 702) -103)
C(35) 21(3) 31(4) 22(3) —4(3) 9(3) 5(3)
C(36) 22(3) 26(4) 26(3) -1(2) 11(3) -6(3)
C(37) 20(3) 15(3) 22(3) -2(2) 6(2) -3(3)
F(6) 18.5(19) 33(2) 47(2) ~11.9(16) 16.5(16) 2.9(16)
P(3) 181(8) 17.0(9) 18.9(7) ~0.2(6) 8.2(6) ~1.0(7)
C(38) 20(3) 28(4) 16(3) 12) 7(2) ~7(3)
C(39) 28(4) 22(4) 20(3) 0(2) 9(3) -2(3)
C(40) 26(4) 28(4) 31(3) -5(3) 18(3) -3(3)
C(41) 26(4) 32(4) 41(4) 0(3) 17(3) ~15(3)
C(42) 38(4) 21(4) 49(4) 3(3) 25(3) ~7(3)
C(43) 32(4) 24(4) 30(3) -3(3) 16(3) ~7(3)
F(7) 39(2) 40(3) 93(3) -8(2) 41(2) ~17(2)
C(44) 16(3) 20(3) 15(3) —4(2) 8(2) -2(3)
C(45) 20(3) 33(4) 22(3) -2(3) 14(3) —4(3)
C(46) 31(4) 33(4) 24(3) —9(3) 12(3) -2(3)
C(47) 33(4) 24(4) 30(3) ~8(3) 14(3) 3(3)
C(48) 22(3) 28(4) 40(4) 0(3) 17(3) 1(3)
C(49) 28(3) 22(4) 25(3) ~1(3) 13(3) 5(3)
F(8) 48(2) 31(2) 50(2) ~18.0(17) 17.2(19) 3.1(19)
C(50) 22(3) 28(4) 18(3) -2(2) 8(2) ~5(3)
Cc(51) 25(4) 29(4) 14(3) 5(2) 5(3) 4(3)
C(52) 24(4) 34(4) 26(3) 1(3) 7(3) 6(3)
C(53) 32(4) 24(4) 18(3) 4(2) 3(3) 12(3)
C(54) 39(4) 37(4) 21(3) 8(3) 16(3) 1(3)
C(55) 27(4) 24(4) 24(3) 0(3) 11(3) 2(3)
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F(9) 37(2) 49(3) 25.7(18) 12.5(16) 7.4(16) 16.6(19)
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Table S4.13. Torsion angles [°] for 20g.

C(®)-P(1)-C(2)-CB)
C(14)-P(1)-C(2)-C(3)
Ru(1)-P(1)-C(2)-C(3)
C@)-P(1)-C2)-C(7)
C(14)-P(1)-C(2)-C(7)
Ru(1)-P(1)-C(2)-C(7)
C(N-C(2)-CR)-C(4)
P(1)-C(2)-C(3)-C(4)
C(2)-C3)-CMA)-CB)
CR3)-C(4)-C(5)-C(6)
CB)-C4)-CE)-F)
C(H-C(5)-C(6)-C(7)
F(1)-C(5)-C(6)-C(7)
C(5)-C(6)-C(N-C(2)
C(3)-C(2)-C(7)-C(6)
P(1)-C(2)-C(7)-C(6)
C(14)-P(1)-C(8)-C(9)
C(2)-P(1)-C(8)-C(9)
Ru(1)-P(1)-C(8)-C(9)
C(14)-P(1)-C(8)-C(13)
C(2)-P(1)-C(8)-C(13)
Ru(1)-P(1)-C(8)-C(13)
C(13)-C(8)-C(9)-C(10)
P(1)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-F(2)
C(9)-C(10)-C(11)-C(12)
F(2)-C(11)-C(12)-C(13)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(8)
C(9)-C(8)-C(13)-C(12)
P(1)-C(8)-C(13)-C(12)
C(8)-P(1)-C(14)-C(15)
C(2)-P(1)-C(14)-C(15)

114.0(5)
9.2(5)
~119.4(4)
~67.4(4)
~172.2(4)
59.2(4)
~4.9(8)
173.8(4)
2.99)
0.4(9)
~178.9(5)
~1.4(9)
177.9(4)
~0.8(8)
3.8(8)
~174.9(4)
~89.6(4)
165.1(4)
43.0(5)
87.2(5)
~18.0(5)
~140.2(4)
~0.1(8)
176.9(4)
0.3(8)
178.8(5)
0.79)
~179.8(5)
~1.8(9)
2.0(8)
~1.0(8)
~177.9(4)
~176.4(4)
~71.2(5)
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C(26)-C(27)-C(28)-C(29)
C(27)-C(28)-C(29)-C(30)
C(27)-C(28)-C(29)-F(5)
C(28)-C(29)-C(30)-C(31)
F(5)-C(29)-C(30)-C(31)
C(29)-C(30)-C(31)-C(26)
C(27)-C(26)-C(31)-C(30)
P(2)-C(26)-C(31)-C(30)
C(26)-P(2)-C(32)-C(33)
C(20)-P(2)-C(32)-C(33)
Ru(1)-P(2)-C(32)-C(33)
C(26)-P(2)-C(32)-C(37)
C(20)-P(2)-C(32)-C(37)
Ru(1)-P(2)-C(32)-C(37)
C(37)-C(32)-C(33)-C(34)
P(2)-C(32)-C(33)-C(34)
C(32)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-F(6)
C(33)-C(34)-C(35)-C(36)
F(6)-C(35)-C(36)-C(37)
C(34)-C(35)-C(36)-C(37)
C(35)-C(36)-C(37)-C(32)
C(33)-C(32)-C(37)-C(36)
P(2)-C(32)-C(37)-C(36)
C(50)-P(3)-C(38)-C(43)
C(44)-P(3)-C(38)-C(43)
Ru(1)-P(3)-C(38)-C(43)
C(50)-P(3)-C(38)-C(39)
C(44)-P(3)-C(38)-C(39)
Ru(1)-P(3)-C(38)-C(39)
C(43)-C(38)-C(39)-C(40)
P(3)-C(38)-C(39)-C(40)
C(38)-C(39)-C(40)-C(41)
C(39)-C(40)-C(41)-F(7)

~2.5(8)
0.6(8)
~179.8(5)
1.29)
~178.4(5)
~1.1(8)
~0.8(8)
~179.5(4)
175.8(4)
71.6(4)
~49.1(4)
-3.0(4)
~107.2(4)
132.0(3)
5.3(7)
~173.6(3)
~2.3(7)
178.8(4)
~2.4(8)
~177.3(4)
3.9(8)
~0.7(7)
~3.8(7)
175.0(4)
61.0(5)
165.0(4)
~63.8(4)
~120.6(4)
~16.7(5)
114.6(4)
2.3(7)
~176.1(4)
~1.7(8)
~179.0(5)



Ru(1)-P(1)-C(14)-C(15)
C(8)-P(1)-C(14)-C(19)
C(2)-P(1)-C(14)-C(19)
Ru(1)-P(1)-C(14)-C(19)
C(19)-C(14)-C(15)-C(16)
P(1)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(15)-C(16)-C(17)-F(3)
F(3)-C(17)-C(18)-C(19)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(14)
C(15)-C(14)-C(19)-C(18)
P(1)-C(14)-C(19)-C(18)
C(26)-P(2)-C(20)-C(25)
C(32)-P(2)-C(20)-C(25)
Ru(1)-P(2)-C(20)-C(25)
C(26)-P(2)-C(20)-C(21)
C(32)-P(2)-C(20)-C(21)
Ru(1)-P(2)-C(20)-C(21)
C(25)-C(20)-C(21)-C(22)
P(2)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-F(4)
C(21)-C(22)-C(23)-C(24)
F(4)-C(23)-C(24)-C(25)
C(22)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(20)
C(21)-C(20)-C(25)-C(24)
P(2)-C(20)-C(25)-C(24)
C(32)-P(2)-C(26)-C(27)
C(20)-P(2)-C(26)-C(27)
Ru(1)-P(2)-C(26)-C(27)
C(32)-P(2)-C(26)-C(31)
C(20)-P(2)-C(26)-C(31)
Ru(1)-P(2)-C(26)-C(31)

52.0(5)
6.3(5)
111.5(5)
—125.4(4)
0.2(8)
~177.2(4)
1.8(8)
~2.3(8)
178.0(5)
~179.7(5)
0.6(9)
1.6(8)
~2.0(8)
175.3(4)
~156.7(4)
~53.9(5)
71.6(5)
31.2(5)
134.1(5)
~100.5(4)
1.9(8)
174.2(4)
~0.5(9)
179.5(5)
~1.8(9)
~178.8(5)
2.509)
~0.9(8)
~1.2(8)
~173.6(4)
~68.6(4)
35.1(5)
159.3(4)
110.1(4)
~146.2(4)
~22.1(5)

190

C(39)-C(40)-C(41)-C(42)
C(40)-C(41)-C(42)-C(43)
F(7)-C(41)-C(42)-C(43)
C(41)-C(42)-C(43)-C(38)
C(39)-C(38)-C(43)-C(42)
P(3)-C(38)-C(43)-C(42)
C(38)-P(3)-C(44)-C(49)
C(50)-P(3)-C(44)-C(49)
Ru(1)-P(3)-C(44)-C(49)
C(38)-P(3)-C(44)-C(45)
C(50)-P(3)-C(44)-C(45)
Ru(1)-P(3)-C(44)-C(45)
C(49)-C(44)-C(45)-C(46)
P(3)-C(44)-C(45)-C(46)
C(44)-C(45)-C(46)-C(47)
C(45)-C(46)-C(47)-F(8)
C(45)-C(46)-C(47)-C(48)
F(8)-C(47)-C(48)-C(49)
C(46)-C(47)-C(48)-C(49)
C(47)-C(48)-C(49)-C(44)
C(45)-C(44)-C(49)-C(48)
P(3)-C(44)-C(49)-C(48)
C(38)-P(3)-C(50)-C(55)
C(44)-P(3)-C(50)-C(55)
Ru(1)-P(3)-C(50)-C(55)
C(38)-P(3)-C(50)-C(51)
C(44)-P(3)-C(50)-C(51)
Ru(1)-P(3)-C(50)-C(51)
C(55)-C(50)-C(51)-C(52)
P(3)-C(50)-C(51)-C(52)
C(50)-C(51)-C(52)-C(53)
C(51)-C(52)-C(53)-C(54)
C(51)-C(52)-C(53)-F(9)
F(9)-C(53)-C(54)-C(55)
C(52)-C(53)-C(54)-C(55)
C(51)-C(50)-C(55)-C(54)

0.0(9)
1.29)
~179.8(5)
~0.6(8)
~1.1(8)
177.3(4)
77.4(5)
~177.7(4)
~53.5(5)
~101.1(5)
3.8(5)
128.0(4)
~1.1(8)
177.3(4)
0.4(8)
178.5(5)
~0.5(9)
~177.6(5)
1.49)
~2.2(9)
2.1(8)
~176.5(4)
13.9(6)
~90.7(5)
141.7(4)
~169.9(5)
85.5(5)
—42.1(5)
~1.2(9)
~177.7(4)
~0.1(9)
~0.2(9)
~177.9(5)
179.5(5)
1.8(9)
2.9(9)



C(31)-C(26)-C(27)-C(28) 2.6(8) P(3)-C(50)-C(55)-C(54) 179.2(4)
P(2)-C(26)-C(27)-C(28) ~178.7(4) C(53)-C(54)-C(55)-C(50) -3.2(9)
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