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A LT ICR T REEE % F s 7=,

Ac: acetyl

allyl: 2-propenyl

aq.: aqueous

Ar: aryl

Boc: tertiary-butoxycarbonyl

BDE: bond dissociation energy

calcd: calculated

cat.: catalyst

CP: complex

CV: cyclic voltammetry

dba: dibenzylideneacetone

DFT: density functional theory

DMA: N, N-dimethylacetamide

DMF: N, N-dimethylformamide
DMSO: dimethylsulfoxide

DPA: 9,10-diphenylanthracene

dppp: 1,3-bis(diphenylphosphino)propane
equiv.: equivalent

ESI: electrospray ionization

G: Gibbs free energy

h: hour(s)

hv: photon energy

HRMS: high-resolution mass spectrometry
INT: intermediate

ISC: intersystem crossing

J: coupling constant (in NMR spectrometry)
kcal: kilocalorie

KIE: kinetic isotope effect

LC: ligand-centered

LED: light emitting diode

LMCT: ligand-to-metal charge transfer

m: meta

M: mol/L

MC: metal-centered

Me: methyl

MLCT: metal-to-ligand charge transfer
Ms: methanesulfonyl

NBO: natural bond orbital

n.d.: not detected

NMP: N-methylpyrroridone

NMR: nuclear magnetic resonance

o: ortho

p: para

Pd: palladium

PD: product

Ph: phenyl

Pt: platinum

rt: room temperature

So: ground state

Si: the lowest singlet excited state

sat.: saturated

SCE: saturated calomel electrode

SET: single electron transfer

SHE: saturated hydrogen electrode
SM: starting material

Sa: singlet excited state

T1: the lowest triplet excited state
TBAP: tetrabutylammonium perchlorate
TD-DFT: time  dependent  density
functional theory

temp.: temperature

tert: tertiary

THEF: tetrahydrofuran

T,: triplet excited state



TPS: 2,4,6-triisopropylbenzenesulfonyl A: dngstrom
Ts: para-toluenesulfonyl g: molar absorption coefficient
TS: transition state v: frequency

UV: ultraviolet
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B EREMEEYZ D2 = — 7 D OSRREOCHED b GR T2y — v e LCE
Yo ITFHHIN WS, HATTRICE RO N WEBESRITE DR R R RICH 1.
BSEEITREPAINECHLEICE T 250 T ICERT 5, L7223 - CRIEAK ChEs
ZtRELIIEUL 2B FREEZHE T 2720, FAkoEECRICHEZRT 2 E2H 5,
— /T, BEEEMObL T AEFIREDE DG | FROEE & KISSEMEEZ AW L
LTh, RxsEBEREMEIC XYL E G 2 2003 E TN T B2, —fikHY
mEREEE LT, Bk e AR DXt —TRIG T 2 EAR 72 G K (Scheme 1a) 2328 1)
b0, EeEMEOMBIC XY ctEZ a2y Fr—a L, A UEED» O %k
T a2 BT 5 5 & KiE (Scheme 1b) % FFE T & 1LiE, 202> D i8] 7o A RN &
0185, IHICZED XD R EEE 2 B U, G5l 2 RICHEEZ BT 2 2 & 28
TENE, ERSEITEIWD TR EE OMFICH B S, L7h - THEEE
FOBIRD» DS, FEKHRICOFER & % O RICHER O FIHIZEE ZMEHREL T X 5,

Scheme 1. (a) General linear synthetic approach. (b) transition metal-controlled divergent

synthetic approach.

(a) (b)
M, cat.
substrate A  ——  product A product A
M, cat.
Substrate BB ——>  product B substrate A ——— = >  product B

N\ Mjs cat.
substrate C —  product C product C
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AV F=nD34-fich BERDHAER L 72 B4 14, Figure 1IR3 X 5 1Tk A e AE0E
T o4 FPRERMICAONEZEE LR FEKTH 5, Z D= — 7 Zolgd & )
) 72 EYRENE D b . AREE % B T EYNGTERIAY) D LG e 2 A B 1 D % O B
FEW T DB R E T LT 5,

ZT

Br

Dragmacidin E Rucaparib (-)-Aurantioclavine

(Inhibitor of PP1 and PP2A) (PARP inhibitor) (Biosynthetic intermediate of
Communesine)

r© HO,C
o -
0 N
S
A\
N N
N H
H
(+)-Decursivine Hyrtimomine F (+)-Lysergic acid
(Antimalaria) (Antimicrobe) (Broad-spectrum bioactivities)

Figure 1. Bioactive molecules including 3,4-fused indole structure.

INFE TILH A DIFFRETD . 34-MHMEERELA v F — V3% O & Bk O BTS2 AP0
WKV O EERIFTE A HE L TV B, $722018FICEEHIZ. Yo v & lHichHT
27 =) VBEREE & LPAAlE S R — FRIGIC X Y, 34-07IC7T BERAMER L
722-¥ = A v R Y VBB E —ZICHESERST 5 2 LTI LT 3 (Scheme 2)7, £ v
FU vBERICH L, @~ 2 v a2 FRHIE 52 & CTsE%RrE L. DDQMEML
T2 & TA vV F—A~DEWDZEK L 72,

Scheme 2. Pd-Catalyzed cascade reaction via Heck insertion and the following allylic amination

(our previous work).

E

Pd(dba), (10 mol %) e L

TFP (24 mol %)
I K3POy, (4 eq) 1) Mg
B ———
TsHN / toluene (0.02 M) 2) DDQ /
90 °C, 15 h TSN AN
E =CO,Me / Ph Ph
Ph 96%



1-1-3. XYY L/ 7 7 F F IR B LG

2016 fEICTR A4 DIFFEE CIZ, Pd il 7213 Pe i X 2 7 27 — F IS A S
32 LT, 34-NIHERIA v K — VB OREENKIG 2 8 L T 5 (Scheme 3)8, X F
AT FH—Rp— b RABHICEST 27 =) viEEARQa) IR LT, 0 fifi Pd fis
WAER X2 2 L 3,4-671C 6 BEHEER L 72 2- A F v 4 v F — A HEE(2a) 235 b
DK LT, Offi Ptz EfH X ¢ 2 & 34-f71c 7 BERAMERLAZA VP viEE
R (da) pNERAICHE O N 5, FEIAEKY L LC. PdilRIGTIE 1,2-2 e F ¥
U ViEER(3a) 28, PtAERIGTlE 2a 2 BRH S LT 5238, Pd il G IC B0
Tda TR I N TR, KART—FRIGZH WS Z & TT =1 VifEkd» b 3,4-
MBI A v F— LB % —BICERET 2B TE LR TR, N7V v LL T
7 F > OBHEBRITRDOENIC L Y, 34-M OB % Pd fil#iiciz 6 BER & LT,
Ptfilifiiciz 7 BERE LCTHEB 2 LN TE 3720, Sk 34-MfERMA v F— L 3E
REAKTE 2 HICERTHS,

Scheme 3. Pd- and Pt-catalyzed cascade reactions to synthesize 3,4-fused indole structure.

E Pd(dba), (5 mol %) . E E
E ligand Oe E E
+
DMF (0.05 M) e
TsHN /) 100°C, 1 h TsN ny
2a 3a

MeO,CO
1a o/ \- 0, o/ a
E = CO,Me PPh3 (12 mol %): 37% (31%9) <5%
Xantphos (6 mol %): 64% <5%
I"""""'""'I aDMSO as solvent.
5 ,‘ o ‘ | Pt(dba); (5 mol %)
' PPh,  PPhy ! ligand
. + 2a
Xantphos ! DMSO (0.05 M)
! 100°C, 12 h
o : 4a
PPhy  PPhy PPh; (12 mol %): 89% <5%
DPEphos ! DPEphos (6 mol %): 90% <5%



B\ TR & N2 HE —RPEDFER % Figure 2 IR L7z, WINDOIEICTEHWT
b, Pdfilifiicli 6 BEREERA v F— A (2)23, Pofiitcid 7 BEMERA ~ F ) v (4)28
ERICHE LN T WS, Pdfildilic X 2 G T, HEIC X VEWIEERT2 25272,
PERIE T o ERJRRN I TSI X 3 ZBIEE 72 3% BEOFSL, 1,2-2 e P
¥/ ) VFEBRORIEIC XD EERINTNE, — /T, PtiERKICTIIWI N
D RIFARNE AR5 27, 7nb, BEe LCTFA &R LT, AV DV
Dr oA Y F=A~DAL 7 4 v B LERINL T2

LEofERy» 6, EEICED 63 Pd il & Pefiliio Zz 2 ioxf)its 2 Y5
EIRICE O N2, NIV T LE T T7FFDEBREEITTRDEVICERT 5 &R
WBELRIG D —MRIEIZE W e E 2 bz, L72d o TARKIG % Sl i BT 4 %
ET, NIV LETIFFOWEDECHIHL NIRRT,

R1
R1 R2 RI
, Pd(dba), (5 mol %) X Pt(dba)s (5 mol %) R2 X
R X Xantphos (6 mol %) DPEphos (6 mol %) 2 Ny
v DMF (0.05 M) DMSO (0.05 M) =
el 100°C, 1 h THN /) 100°C, 12 h TsN
z MeO,CO 2
z
2 1 4
F
E Ts E T 3 E
E ) E o
. I I I
sN TsN TsN TsN
75% (2a) 29% (2b) 24% (2¢) 90% (4a) 86% (4b) 91% (4¢)
OMe E E E
E E E OQ
[ I [
TsN TsN 0 TsN SESN
28% (2d) 40%2 (2€) 329% (2f) 83%" (4d) 83%P (4i) 82% (4j)
E
E E
E E TsHN
I
Ps I TsN
75% (2g) 27%2 (2h) 93% (4K) 84% (A1)

71% (4m)
Figure 2. Substrate scope of Pd- and Pt-catalyzed reactions. “Dppp was used as ligand. “Pt(dba)s

(10 mol %) and DPEphos (12 mol %) were used. E = CO,Me



¥ 72 Pofplit % > RV — iR 2 R L Z2BRIC, U o v FiC X 2RO 2B EH X
nNTw3, 3bbH, FHE1alcx L CTldmonodentate Y /¥~ F DPPh; & bidentate U 77 v/
F ODPEphos® &5 & $90%LA ETht)nd 2 7EERMERA v F ) vdaz 5 2 7= DIk}
L. ~vEvB ke v #£2HT 2 HE1cTIEPPhyA47%, DPEphos#i91% T
Bbifdck 5 2, KE 2% /R L7z (Scheme4), % & CPHAMEIGICH T2 U v Pl
RiCOWTH P& TN 5 2 & T, Ptfit#i & DPEphos D& & b4 ARG ICE 2
Te RGBT D W CEmBERY 2 B MG H L B L AR L 72,

Scheme 4. Difference in yield between PPh; and DPEphos.

F

E F E
E Pt(dba); (5 mol %) E
ligand Oo
DMSO (0.05 M)
TSHN /) 100 °C, 12 h TSN
MeO,CO
1c 4c
PPhs (12 mol %): 47%
DPEphos (6 mol %): 91%



1-1-4. BALFFIREZ M U 7 SOSHEREf#bT
LA ROG D SEHENE % #5370 D Fiko—oic, B L¥ERtELHH TIN5,

EFENH TN 2 O FEEZIBIB(DFTEICES CFHRFIRTH VB REZ AT 2
T & CRICHBEIRFELPIED TRl BT HECH THED AL & k4 2 THIeHE
Bt R DOREA D 7= D IO T & 7o, BRI ZAMT 5 2 & T, BT
RELPREERL BRI Z M ICHIT T 5 2 L3 TE 5, Lzhio TRALFERREEF]
M L CER A S DBEMEAENT 21T 5 C & T, FERICT X 5 RN C 1L EERH R 7 [
IR L, BEEZMAZES BRI NG,

EFEH 0 3L, BT ERE A AT % 2 & CPdfiliiFriedel-Crafts® 7 U A7 7 v

:\‘/Vf[ﬁ}im@jfﬁ%fﬁﬁzﬁﬁ%ﬁo T 72N 51, Ak DWFFE=E TldScheme 5all/Rd X
CTIRANRAFAA =R A — b EMIHICHET 2 7 = 7 —AFFEARGa) ICx L, Pl

%T/IEFH IHBLTERT., 7 =/ —vipsofiL D K H> b Friedel-Crafts U ER b St 23 3¢
Tl vZu~FHd ) v(6a)BEETcHEons L xmE L TwaY, KRGO
PEREICBE L €. FEBRIC X 2 AT CIIIRIEWNEE R LA T O D D" " BSFTE L 72,
(D SOGHRE Ic DWW T

HWERIOCHEKE L Ca-T IV XT Uy A FF vk~ D Friedel-Crafts B Bi{l.
(Scheme 5b, path A) &, X7 X% 4 7 A Z28EH L /& e iiEfE(Scheme 5b, path B) 28
BT ONL 0, WTNORTRICPHETT 2200, PIHhThdol,
2)FE et DI DR IT DT

JFiflD5an b K FEEZ — O L 72 E5bx H 5 Z & T6EERD X v u{fk5b2if5
His T LW T, IR A% & RIFITET L, ZBAECE B IR0 LK R
INTHY., JFRKNIHS 5T o 72 (Scheme 5a),

Lo Zgicon gz 15 2 7= o, B APt R 28 A U 72 RIICHERE T %
fTo7ze T (MICDOVWT, baDETAEEZH W CERLEBREZERLZL Z A,
Friedel-Crafts U 521l (path A) T1314.0 kcal/mol D 3G AL = 2 v ¥ — % | & ICH LA
(path B)T1343.4 kcal/mol @ iEMEAL = 4 v ¥ — % 5. 2 72 (Scheme 5b), % Dpath Bi
O AR 2B TH 0 . B E N5 REM D HE#ESERIREBIC B W TR, ELD
REWAMEEEZ R LTz, L7223 > T, ARG ITpath Al X 0 BAE3MG 6 L7z &
a7,

RIZ2)FEE —EIEIC DWW T 5bDE T VI TH FFRICEMIREZHR L 2L 2 A,
path ATl321.1 kcal/mol DiEHEAL = 4 V¥ — % | path BT1334.6 kcal/mol D i& AL = 4
NF¥—% 527, L7zh > Thal [AfkiICpath ADMEIE L T3 & & 2 b= 23, EBIEIR
BBICOWTlEn= 122055 TG ICHL 22 Z L R o N ind - 7,
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Scheme 5. (a) Pd-catalyzed Friedel-Crafts-type cyclization of phenol derivatives. (b) Calculated

energy profiles of plausible
(@)

reaction mechanisms. L = PMes;.

Pd(dba), (5 mol %) E
PPh; (12 mol %)
DCM (0.2 M), rt Jn
O N
94% (3 h, 6a, n = 1)
5% (8 h, 6b, n = 2)

path A: Friedel-Crafts-type cyclization

E
E
HO | )n
E COQMe
0CO,Me
5a(n=1)
5b (n =2)
(b)
o
_>~PdilL
ZPdlLe

AG = 0.0 kcal/mol

e

AG* = 14.0 kcal/mol (n = 1)
AG* = 21.1 keal/mol (n = 2)

R
O =

path B: reductive elimination T

AGHF = 43.4 kcal/mol (n = 1)
AG* = 34.6 kcal/mol (n = 2)

AG =10.5 kcal/mol (n =1)
AG = 3.1 kcal/mol (n = 2)

ZZ T, n=122IllonzER b AL F—DECEIHS 2
D distortion/interactionfi##ff 2 % 17 - 7z (Figure 3),
WEHEL = 2 L ¥ — DFEED38.6 kcal/molTH % DIkt L T,

ICd 570, EIHIRE
Z DR, KREHn = 1L 20[HT

N

 C7N Jinteraction energyld

—0.1kcal/mol & 13 & A LR R S Nind > 72, —J7 TJR T/ 3 distortion energyl, n=
20775381 kcal/molDE T AN ¥ —% 5 2 7z, L7228 o THRE AW AT RE 7o fihd |k

DEATR N5 T

oA ¥F—t k3

AE (cal/mol)

|

Distortion enrgy

154.8 (n=1)
162.9 (n = 2)

@O . )n
~ ]
_S~PdilL
=Pl

bOD, A7V TOEERRILIZEBIREDOEAIC LY FEv

EDBIRINTZ,
TSAr + TSpd
---------------------- —_ O "+ Pl
0~ Y
Interaction energy . TS
-136.8 (n=1) Ar Pd
-136.7 (n = 2)
. :
\
o~ 7——Pd”L2
18.0(n=1)
26.2 (n = 2)

Figure 3. Distortion/interaction analysis of Pd-catalyzed Friedel-Crafts-type allylic alkylation.

L = PMes:.
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72, I L 72 E5ali 7 = ) — A DT SHIEE AT L 2R TH B A
7z ) = DX ZAH L IEHERIE L 2 BE T % [ O ROGSEFIC A3 &, BBRER 8
DR S 172 (Scheme 6), T b b VAARREI/NZ W EEZ O L 8T THRILL
728b7314%72 > 7= DITxt L T, AN MM TERIL L 728a366% & i#EIRNICH L L7z, 2D
EHRPEOFHICIE 7 = 7 —AVHKEEE DB G- L T 6 LB Z b Tz 23, Z O ROCHERE X
KIGIRTE 572, 2 Z CRFLFERTEEZFHT 2 2 L ©. RIRICOBEERENT 21T > 72,

Scheme 6. Ortho-selective cyclization using a meta-substituted phenol derivative.

HO EE Pd(dba)s (5 mol %) | E HO E
PPhg (12 mol %) £ E
| DCM (0.2 M) HO * \CCEL
E=COMe  5co,Me A N
7 66% (8a) 14% (8b)

NIALE A ML, BE S B2 TCOBRILEIREE % K 72 (Figure 4), % DFEHE,
NI TOBRLARRE T, BAEEcasD T U AFRICE T, synDY T AT LA~ —
%5 % % Friedel-Crafts®d 7 U A7 T v F AL DBRIRRE (TSec (p-syn-cis)) 23 b K>
T4 V¥ —(AG* =1.8kcal/mol) %7 L 7= (Figure 4a), —/5 T FMi7iC 51} % Friedel-
CraftsB 7 U ML T M F AL TR, HiEA D transD 7 U AR ICE W T, antid ¥ 7 &
T LA ~—%5 2 3BBIRRE(TSkc (0-anti-trans)) 33X 7 (i DEL X D KT 4L ¥
—(AG* = 0.0 kcal/mol) %7/~ L 7z (Figure 4b), & S ICEBRBREHRE I -L A, o
TFTIUNNTIYLGEEDNRNT T LB T 2 ) XL FOBET = F v A LKA
R L7zDbI, 72/ =D ML TERIEAETT 5 ERIRE(TSko (0-ant-
trans)) T OBBIKEDOHCRHEVWZ AL F —(AGH = -1.7 kcal/mol) 2 5 % 7=,
L7223 T, HBWHEE L T 7z Friedel-Crafts 7 U A7 7 L % AL (TSre) & & TTIHHR
Bt (TSre) DEBIRREDfthIC, Pd-Offi & % /v L e KBRS X 2 B{LERIRAE (TSpa-o)
D37 T BAIREE L L CE Nz,
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(a

)

“PdL, PdL, PdL,

TSgc (p-anti-trans) TSgc (p-syn-trans) TSgc (p-anti-cis)  TSgc (p-syn-cis) TSge (p-trans) TSge (p-cis)
AG* = 3.4 kcal/mol  AG* = 2.4 kcal/mol AG¥ = 1.9 kcal/mol  AG* = 1.8 kcal/mol AG* = 11.5 kcal/mol AG* = 11.5 kcal/mol

(b)
(;(‘) @ m HO
T T 7Y NS
0 U o/'\ o i\{Pd"z S |

PdL, PdL, PdL,

TSk (0-anti-trans) TSgc (o-syn-trans)  TSgg (0-anti-cis)  TSgc (0-syn-cis) TSRge (o-trans) TSge (0-cis)
AG* =0 kcal/mol  AG* =1.7 kcallmol  AG* = 0.3 kcal/mol AG* = 2.5 kcal/mol AG* = 5.9 kcal/mol AG* = 6.2 kcal/mol

TSpy.o (0-anti-trans) TSpg.o (0-anti-cis) TSpq.o (0-syn-trans) TSpy.g (0-syn-cis)
AG* = —1.7 kcal/mol AG* = 2.4 kcal/mol  AG¥=9.5kcal/mol  AG* = 8.2 kcal/mol

Figure 4. Calculated transition states of Pd-catalyzed (a) para- and (b) ortho-allylic alkylation of

phenol derivative.

L E D HRBE X N5 Mok % Scheme 7alc /R L7z, 3. ZTUALXTF AT —
A4 — b (92) B0fifi-¥ 7 ¥ ZCBILIININT 2 2 & Ta-T Y AT VY LEER(9D)
DAL R, TRICKVERINAERDLELRa-TINANT YT LEEEKRAG = 2.9
kcal/mo) X W b, NTV T LL T 2 ) —APKBELFEE L ZKEBRD 0-T I AN T
U7 LEEE(9c ,AG = 0.0 kcal/mol) DF7 BN T RE RSB R 72 5 720 2 DL D
IANF —DEELIRRE (TSpao (0-anti-trans)) % FH 3 % 2 & T 6 BEER{LIAR(9d)
ZantiD Y T AT LAY —ThH 2, RBRICHFEBRLERE T = /7 —Vortho-hr TDOERYL
B (9e) BRI IR O N LEZHND,

BB, antiD YT AT LAY — 252 5 EMERICOWTE, 72/ — DA M
ICAFHAEEA L 72808 (10) % w72 BRiC, AL Lo BR{E CTtransfR(11) o A % 5. 2
72 EEREE R 2 5 b X T 5 (Scheme 7b),
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Scheme 7. (a) Plausible reaction mechanisms. (b) Experimental investigation using a o-methyl-

substituted phenol derivative.

a
(@) HO
Pd° @ “—( AGH = 16.6 kcal/mol
| —_— — — 0o
00 7'\ ® \

PdL, Pd
OCO,Me Lo
9a 9 9c

AG = 2.9 kcal/mol AG = 0.0 kcal/mol
other Pd(Il)-allyl conformers aromatization E:@
OH K\ oM

9%e od
(b) Me
HO E Me
E Pd(dba)s (5 mol %) HO E
PPhg (12 mol %) E
+
| DCM (0.05 M)
rt, 3h X
E=COMe  5co,me
10 11a 11b

83%
(11a:11b=1:4.9)

PLED &9 ic, A bEat i 2 ROCHRT ICHI T 5 2 2 LT, EEBRIC X 3@ o 4
TIGEEIHL T L WL " ICE A Z T T L AREL 7%, £ 2T, 1-1-3IC/R L
X T P L E T T FFOERNBLRIGICOWT Y, B LR 2ER T3 26 ©
ZDORICHEEZHO I L, —DODEBEEILRDOEVEZ R T I LN TE S LERT,
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280 HEE ROCHERE

1-1-3CR L 7= & 9 ic, PAflit# (B & & 3 L 34-fLIC6 BERMHHIR L 724 v F — 28,
T 2P A EH &2 5 L3 4-MLICTEBRPHER L 724 v F U V2SERICE bz,
NS E G 2 % HEE RO % DL T ISR L 7=,

9. FRO 7 v E¥ah—FK3— F1a) i @D 77 6 %7213 77 FF
WCEALIAHIN S %2 2 & C2ffion!- 7 v L FiR(12a), 3- 7 r o /7L = i
R(12b), n'-7 L = A$8K(12¢) D FEA -1 235 U 5 (Scheme 8), = DEE, JthfEL 72 2 F
NA—RA— P EABRBEZEC B A P FS P ERAEL S, A P F o Fidmhaiiite
LT %720, pKad/NE W7 =) FOKFELZGIZRK L TERT=F v e XX
)= ABEL, TR TREA A v oickh 3 & PRI NS, $72q-7 050 FAHHE
WZDOWTIET7T =) FEZE»O2M&E T CoOEERAE W=, BiEDScheme 7TH/w L
Te X ICBEA F v 2 fE L - REREES XV LETH 2 LRI N,

Scheme 8. Oxidative addition of propargyl carbonate to zelovalent metal.

E o E .
(M = Pd, Pt) @/\f
- . . .
— ES ®
—CO, /
THN /) ~MeOH ToN, / IMCHUN
MeO,CO Ml s

1a n'-propargyl complex  m3-propargyl/allenyl complex n'-allenyl complex

E = CO;Me (12a) (12b) (12¢)

e T, Pd i CEIRICAERR L 72, 3,4-F7iC 6 BERDMEBR L 724 ~ F— 1 (2a) 23
A3 B HEE SGHERE %2 Scheme 9 IR L7, — DO HODEH L LT, n'-7u ¥ v
EA(122) 07 =) vED b ZHEAES T T 5 Friedel-Crafts BIBRLKIG 2%
3, BEREOKFEZFEEIPNT =) VIRIZETEEL LA L T3 729, Friedel-
Crafts IRIGHBHETL LT o Tnd ¢EZ b, 0 MiBEOMEELZ 725 6
BEBPIERENS, 2Dk, FEBELICX VBN LERT LY (13)~EEB L
ZzbNhd, “OHDRIKE LT, n-T LA K120 D A X 594 2 A (12¢) k4%
H L7228 ciiiErzE sy onsg, 7=0 vEEL O 0'-T L= dfiiko 2 ffih 54 v 1S
JE 2%t L T Friedel-Crafts BU G T T2 2 L T7T BERAZ 79 4 7 1(12c") 234K
L. fe < EITHIBBEIC X 0 n'-7 a v Fuglhik e FfkIc 7L v A3 BEKT 5, 2D
%, TZY FEEIPLT L VITHT 3 5-exo BRI X b Pd il ¢8R 7z 6 BERFEER
4 v F=n(2a)25, F7- 6-endo BRLIC X VEIZERYD 1,2-2 e Fux /) viFEk
Ba)pskmTseErbND,
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Scheme 9. Possible reaction mechanisms to afford Pd-favored product (2a).

E E Friedel-Crafts-type E
cyclization; 5-exp ]
then, aromatization E cyclization
—_—
7 MO
TsN TsHN
W I .
n'-propargyl complex S 13 Pd-favored product
(12a) reductive elimination . (2a)
-0 6-endo "~
cyclization .
E E s E
E E AN E
® >
I
M1 M, |
TsNO A TsHN N TN
n'-allenyl complex metallacycle 3a
(12c) (12¢%)

B BRELED2EHOBR{LZHE T 527201, 7=V ¥ Dortho-fric X 513 %
BALEE(14) A C=56. TV vy AR CRIGMEIR L 72489 (15) 23 HifE X
T\ % (Scheme 10)%, ZOEEEEI»L T L v OERKITEL ZFHInTn3,

Scheme 10. Isolation of allene.

TsHN LE Pd(dba), (5mol %) TsHN E
Xantphos (6 mol %) E
// DMF, 100°C, 1 h
MeO,CO [
14 E = CO,Me 64% (15)

PAffE SOG T ldn' - FEAR 2 H L 26 BERBRLIC K WA 2 5 27 B2 b 5 —
75 C. PefiliECEEIRIIC AR L 723,4-FLICTBERAMBR L 724 v F U v FHEK(4a) 13-
TRASNVFN/T L VR R R L CEBREDSHEIT S 5 & F 2 H 15 (Scheme 11), 372
bbb, 7=V v bn-7a L F /T LS VRIS 3 % Friedel-Crafts B L 12 X D
TERBLBETL, 227> 272077 vA6)B4E L 5%, 20k, HEELEA X T
ra7rvora b v AbEFES LT, BIIFIICLE T - T U VA7) B3 AR T
bLEZOLND, 2D, TYNAMLT I /{UIC XY PRI 27 BBREER A v F
Vv (da) 3RS %,
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Scheme 11. Possible reaction mechanism to afford Pt-favored product (4a).

. E
Friedel-Crafts-type E aromatization
cyclization and protonation
TsN VL
n3-propargyl/allenyl complex (12b) metallacyclobutene (16)
E
) I E
allylic amination
_MO O
TsN
n3-allyl complex (17) Pt-favored product (4a)

LI EOHEE K SHEERE» &, TV T L 7T FFOEBBEEILRDENICL VAL S
RO AR T, ~EHOBRURIGTRHAT 2 7m0/ T L = ViR nIic X
DRIET b0 LRI NE, 22T, BRILERMORTEHEZMHT 2720, &
TALERREEFAT 2 2 L T EHOBRLRIE O BRIRE L ER L 72,
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55 3 f BRAGER M o BEmAEHT

1-3-1. —EHDBRLIIG DESIKRELER

K JEHERERRIT O HIIZ, BRALRIGIC B T 337 P U L e 77 F F DB EBILED
ENEHLPICTEIETHE, Lo T, EBITHEUINOHBESEMFIZTE 2R Y [H
—ICTEDOREE LV, ZZ T RMITELTEELOEETH MG ETL 72PPhy %
v, F 722 #DMSOICERE L7z, T HICEHE a X FHIK D -0 B8 D Tsk# Ms
FHICEFHL, T -REEEKOEAFEAL TWAY I F L~ L —F 2 AF L VIKE~
CAEELTEE L,

%3 Pd fiiic X 2 BRALIBRSIRRE 2 HE3R L 7=, Figure 5 @ thitic 3 S D kP, &
bbb -7 a0 F /T L= VEER(CPI) . n'-T L = V85K (CP2Aps). n'-7 1 ¥
LFENLFER(CP3p) ZR LT %, 2D B, WA A VBEHE I Nz q-Ta vy
ISR (CP3pd) 23 b B AN ICRE SR TH 5 L A E Nz, — T, FRTH
3 CP3pg 7* & Friedel-Crafts B )i X 0 6 BERER{L T 2281, mE b= AL ¥ —
23 37.5 kcal/mol & &<, MBS FICEBWTHLETLER R TS EE2 LN
oo ZZ TR ZR L2 A, RTRIT -7 XAF /T L= iEED
Friedel-Crafts BUBR{bIc X 2 7 BERERILAI{E L, HTRI n'-T L= iifko X 2 Z 4
A7 Nt L@ eIl ic X 5 6 BERERLREPRE T I Nz, ZnENn0ESIR
BER ML 72 2 A, -7 u ¥ /T L = VKD B LESIRRE (TS 1p) 28 30.3
kcal/mol TH 2 DICHF L, n'-7 L = V5RO ER{LESIRAE (TS2p4) 2° 22.7 keal/mol
L. $%EMR 7.6 keal/mol (LW IEMHALZ AL F— %R L7z, L7285 T, PdESfRIC B
Tk n'-7 v =itk 6 BERBRLSEE RN ICH ] 2 f2i8TH o 72, 7.6 kcal/mol D
IANF—FEF, 7 BEREE 6 BERERACOZERMEDS 0.0003:99.9997 TH 5 Z L ER
LCWw5 7z, PdERIST 7 BERHERA v F ) v 2 NMRIC X Bl S e d o 7z
FERHE R BIFICHHL T3, £/, 6 BEBMLICX VW EL 37 L v (INT2p) 13-
18.0 kcal/mol DZANF—ZHLTWBE I LB NFEMICLEETH Y, WG
(INT2p3—~CP2Bpg) DM TIIEHTE 2 L EZ N D,
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AG (kcal/mol)

—

MsN H Pd”Ln
INT1Apg

INT1Bpq Ms
O pqa'l (-18.0)
(-21.6) Ln
CNAY M _pdO
MsN ™~ /N @ MsHN ° Pd"Ln

Pd'Ln I

n3-complex interconversion n'-complex

- = — o
Figure 5. Calculated Gibbs free energy profiles of Pd-catalyzed first cyclization. Ln = (PPhs)a,
MO06/SDD (for Pd), 6-311+G(d,p) (for the other atoms)//M06/LanL.2DZ (for Pd), 6-31G(d) (for
the other atoms/SMD (DMSO).

KT, Pefiic X 2 BRGEIRE % BR5R L 7= (Figure 6), PAfilifif & [FER, n'- 7 w3
FNEEAR(CP3p) AN FINICREREERTH o 72 DD, Z D DFriedel-CraftsHl6
BERBRCILERIRAE (TS3p,) DAL = 4 L ¥ —1348.3 keal/mol & & <, #fT LR W
FREE 72 o 720 2R TR -7 m o ¥/ 7 L = VR D Friedel-Crafts BRI KIS IC X 5
78RR DBRIREE (TS1p) 2326.5 keal/mol TH o 72D ICH L T, HTRIn-7T L = v
R DEITHIBEEIC X 2 6 BERERL DB IRAE(TS2p) 1328.4 keal/mol & HLI T 7z, L
7228 o CPAEEIR AR L2z & idiic, 7TEHERBR{LD 26 BERERIL X Y 1.9
keal/molEEFHINICHER TH 2 Z L BRI N2, TOZ AN F —7 I TS1p: TS2p. = 96:
DI AR LTV 5 70, RIS XD 15 5 17 555 (da - 22 = 90% : <5%) & FAF7s
—HEZRL T 5, A EOBIREBIRR OMIE D O | HERRE R %2 RIFICHH 3 2 &K
et E2ZOND, kb, TEBEERUED T 755> 7 n 77 v (INT1Ap) i1
16.8kcal/mol & RELIETE o 7203, F&EE L 77 FFvruTTFvo7m b vfLic Xy
PfRII K E S REL L, n'-7 U AEHA(INTIBe, AG=—20.3 kcal/mol) % 5 2 7=,
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AG (kcal/mol)

I
Pt'Ln

n3-complex interconversion n'-complex

« A

Figure 6. Calculated Gibbs free energy profiles of Pt-catalyzed first cyclization. Ln = (PPhs)s,
MO06/SDD (for Pt), 6-311+G(d,p) (for the other atoms)//M06/LanL.2DZ (for Pt), 6-31G(d) (for the
other atoms/SMD (DMSO).
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1-3-2. JEEE D m#EL

Ptttk o 7TEEREL L 6 HERBAL D BB IRAE D = 4 Vv ¥ — 7 (A G(TS1p-TS2p)) %
e OB E T —matHT 2 2 LT, JBEKO~Y F<=—27 &Ko7 (Table 1),
Z DFEE . M06 (AG= -1.9 kcal/mol) g XB3LYP-D3" (A G=-2.0 kcal/mol) i BT,
AG(TS1pTS2p) D T4 )L ¥ —3E L FKHRIC X 2 AL oMIic RIFAMHEAR R o iz, £
D—J7 T, MDPLBEE TITEERF R & DAefir B o7, MO6IZERRIE L AT+ D
MFAEEN T HEIGHEL 2B TcH 2 2 b, - REMHEZEDNBEKTH
5 Llhb, MO6% moliLBIEL & L CURR DT % D 7214,

Table 1. Single-point energy calculations of TS1p: and TS2p:.

Functional HF BLYP PBEPBE B9

TS1p E (Hartree)| -3322.75765547  -3338.63269707  -3336.45136319  -3338.63169002

G (Hartree)| -3322.01525247  -3337.89029407  -3335.70896019  -3337.88928702

TS2p E (Hartree)| -3322.71722364  -3338.61155742  -3336.43724538  -3338.61337723

G (Hartree)| -3321.97419164  -3337.86852542  -3335.69421338  -3337.87034523

AG (TS 1p-TS2p) (kcal/mol) -25.8 -13.7 9.3 -11.9
Functional| mPWIPW91 PBEIPBE BHandHLYP B3LYP

TS1p E (Hartree)| -3339.19598425  -3336.66836526  -3338.07436272  -3339.68301184

G (Hartree)| -3338.45358125  -3335.92596226  -3337.33195972  -3338.94060884

TS2p E (Hartree)| -3339.17725419  -3336.65160737  -3338.04993785  -3339.66176695

G (Hartree)| -3338.43422219  -3335.90857537  -3337.30690585  -3338.91873495

AG (TS 1p-TS2p) (kcal/mol) -12.1 -10.9 -15.7 -13.7

Functional| ~ B3LYP-D3 MNI15 wB97XD MO06

TS1p E (Hartree)| -3339.86886818  -3336.52171138  -3338.97654120  -3337.95473732

G (Hartree)| -3339.12646518  -3335.77930838  -3338.23413820  -3337.21233432

TS2p, E (Hartree)| -3339.86634690  -3336.52153212  -3338.97162469  -3337.95235313

G (Hartree)| -3339.12331490  -3335.77850012  -3338.22859269  -3337.20932113

AG (TS 1p-TS2p) (kcal/mol) 2.0 0.5 3.5 -1.9
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1-3-3. n'-allenyl§&{A D ETTHIBLREEIC X 2 6 BERER{L

—JEH OBRLEBERIRRED BT KIN L 72720, ft\Tnl-7 L = A SR @ e iy it it
X B6BERBRILICONWT, XY T LETTFF T L 72 (Figure 7)., % DFEHR, nl-
TL=nAEAD X 2 59 4 2 L (CP2B) ClaPHEAD ) NN R ETH 72 DD,
EBIRRE(TS2) Tld- ¥ 7 ¥ 7 LD MR GIEE L AV ¥ —% R L7z, COMBEEHL
PICF 57290, CP2BETS2ICD\W\T, % Offit & HAD TE(NBO) % fiffr L 7215, #
H O X %R Wibergf 882 NBORHTIC X Yk iz 2B, A X TFF L 7L
(CP2B)IC k1) 3 ~2o DR #HE-EEiE A3, PAEER(Z N Z10.529, 0.469) X 0 b PtiifAk
(21X N0.573,0.522) DFBRENEZ R Lze L7 > T, 77 FFDHDBIKFL D
MICHBCHAEERAFET 2 L E 2N, TOBHC-PtiiA L, C-Pt-Chia A (79.7
O)DNE REARIC L D CP2BpdSCP2Bpg & WKL TRIER T ANLF —ZRL7ZEEZ D
N3, BERC-PHEA ITERIRBICOHEL G2 5 LEZ LN, ERICTS2ICBWT T
5 FF TG E DR ERPEEEA1.77TA L, N5 Y7 LD2.03A L HARTE L, HRAR
I, BWIEBIREE R R L 72, BITHIEEC 1320 0 C-PHiE G o Ul 2 v e 28512
DC-CHAZIEET BRIGE AT ERTE 3720, HNWICBRWIRE-SEHE %
IRT 77 FFICE o TEAFICEHTwEdDEEZOLNSG, Lo T, 6BERER
CBIT 2370y LOGHRERIKEIL, FIHOBBRRELZ L VLT WYY Lok
BICEEALTWE Z ERRBI N,

(kcgﬁgol) Wlberg bond indices, angles and bond length

.

Ly (0]
MsHN i M (18.0)

n'-allenyl complex

Figure 7. Analysis of six-membered cyclization via reductive elimination of n'-allenyl complex.

Ln = (PPhs),, Phenyl groups were omitted.
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1-3-4. n3-propargyl/allenyl#& {4 @ Friedel-Crafts BB (b I X 2 7 BERER{L

BT, -7 u s Fa/7 L = A (CPL) @ Friedel-Crafts I S Ic X 2 72 B8R
EREGICDOWT N TV Y AL 7T FF THEL L 72 (Figure 8), Z D . B IKFE(TS1)
EUOA£25v 7077 v(INTIAD YL 5, PEEHAD BT AL F—% R L 7=,
O EMIHT 2729, 3. Wibergfi &gk & e, EAHEREZH~72, CP1lD

PR3- @A A O Wiberghfi & Tad % ik 4 2 & | P /i A3 NER IR R & o fEficimn»C-
Pt &4 1E80(0.301) Z R L7z, ZNIC X Un- 7 m XL Fu /7 L = L EER D R SE A 28
151708, ~XF VT LD156. 3 TH AL o TH Y, KKK EZRZ TS Tway
T7AA—vaviERAL TR, BEICHEEI N 7m0 F /T L= VRO X
M IERIT IC B\ T | PUEARD A ARFEAMEA L o TWwb I b, FHHEICK
DELNFER L BIF B R R LT3, RICTSIOKIGS & 7 5 5 EE N % L
W72, % DfEHE, PAFEAR(1.96A) X 0 PR (2.03A) D/ A3 E W C-Ch & IRt % A
LTED. -7 B F /T L = VSR D R b PAESA(125.5°) & ik L TPk
(126.7°) DI 238if1 TG L T iz, L7228 o TPEER D 5 256 Al e B IR RE % 4
DRI NZ, REICTERERLEDINTIAIC O WT20DRKE-EBHEEH D
Wibergfi &8 % ik L 72 & A, C-Pufi & (% 112 10.582, 0.584) D /7 H3C-Pdiki &
(2012410520, 0.512) X Y b RELMEEEEE R L7z, A X T v 707 T vid T HEig
BEEVCIBRBEY L > T» 2D EADPKEORLELRPHEATH 5, 2 D70,
FRVC-Puig & 2 INTIAZ KEMN T 5 2 & T, BBRREOLIE & Wi )G oIHlIc a5
LCWBZERREBINT,
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Wiberg bond indices, angles and bond length

AAG
(kcal/mol)

|

Figure 8. Analysis of seven-membered cyclization via Friedel-Crafts-type cyclization of n’-

propargyl/allenyl complex. Ln = (PPhs),, Phenyl groups were omitted.

RIT, n3-7a v F /T L = VEER(CPL) @ 4 FEIE IS DWW CEIT L 72, SiFHD 72
D, -7 e F /T Lo VR R T 5 3 DD ikFEH Figure 9a ISR T X H I
Cl1,C2,C3 L &4Hi% )72, HOMO 127 =V vER EICFEL Twiz—J7 T, LUMO
BRIGED C2 ETidZad, Zoiliiio Cl, C3 LITFHEL Tz, X O ICiiT &2 i
72l ZA, C2 Lozl LUMO+4 IC7: o THID TR X L7z, nd- 7 m X/
T Lo AR RFEM Z T 3 &, CP1-TS1—INTIA & JGHMEFTT 3 1,
WaEm»s/NE b (Figure 8), % Z T, Friedel-Crafts BBV )G A384T L C1-C2-
C3ABEAYT I, TNHLDOEMBEZANF—BANFVTLLETFTFFTEDX
ST 20T L7z T7bb, MlNCHEGMZ., MlicHuE A V¥ —% 7'n
v b+ A LT, Walsh &4 7 77 L %#1ERK Lf:(Figure 9band c), % DFEHE., FEZE
b % b7 HOMO Ol = AL F =283 & A EZL L 7 \v—75 T, C1-C2-C3 #%
AR ORI LUMO O AL F =28k L, LUMO+4 DT AL ¥ =D+ 3
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Z & T, LUMO O#f#EA H o7z, % LT, Pd#{ATIZ 131.3° %25 126.3° OfET
LUMO 258z L 7= D it L. Pt #AClE 136.7° 2> 5 131.7° O] LUMO 233z L
Tz, 2F 0, Pedftko 2 PAdSR L 0 3 D uisa Azt ¢ LUMO 23 L
72o AEEHIT PtEEMADE T AL F —D LUMO ICEKT 3 & # 2 b, PtiEko s
HOMO & C2 EoZEiuEolic AFNICHAFRAE 2 L 23R B I iz,

(@)

LUMO+4

CP1 M =Pd LUMO LUMO+4

| HOMO

| Homo 55 4

151.7 1417 1317 1217 1117
(CP1gy) C1-C2-C3 angle (°)

156.3 1463 1363 1263 116.3
(CP1pg) C1-C2-C3 angle (°)

Figure 9. (a) Molecular orbital of CP1 and Walsh diagram of (b) Pd and (c) Pt complexes.

WalshX' A 7 7" 7 L OfFfric X 0 RBEREE A DZALICHE S Wl = 4 v ¥ — 2L 2 1T
ftc& 720, i THEMZE{LcH Lfko VTR ALF -2 T vy P LE
(Figure 10), % OfEHR, PdiEA L L L CPHERD T A/NE O F AT AV ¥ — TS
ADZAL L 7z, L7228 > T, PtiffR(CPle) D7 A HICERIRED KB A A~ L2

5T EDIRBINT,
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AE (kcal/mol)

20 +

0 4 IPPE 8 ] !

.
’ ’
S e
S
1L o,
10 o

156 146 136 126
C1-C2-C3 angle (°)

116

106

Figure 10. Distortion energy diagram of CP1.
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1-3-5. 2 [a] H D BR{UAE RS

1A H OB LR O EHICHKI L 72720, 20k oBUEKEH BT 25 2 L CHERY)
FCOXFTAHHI AN —%RKD, XT7 VT L LT T FFOBRGEREICHEEL 5 2
I e R L 72,

T3, P -cIEINIICEST L 726 BERBLR D BIIRE 2 PE5R L 7= (Figure 11), %
DGR, OffiPdFEARIHEL — D F DA PR I3 7=V FKFEEZW 7w F vftd5C
& Ty INT2p X D $12.2 kecal/ molZERINTA% 5.2 72, Z Dk, T=V VEZILLT
L Y HULDRFITH S 5 5-exoB LI X 0 11.9 kcal/mol D G AL = 4 v X — TEVII2E1
WCZETRINT o % 5- 2. #12123.0kcal/mol & /N RiEHAb = AN F —THART =F
vaZu b AbE NG Z L CToERMEERA v F—APD2% 5.2 72, AFEE1Z100 °Co
JOSRE T CEBIGEITHRE ARGt AL F =2 R L CTE D, I HICERE~LEDIC
DNTERSFEICLETEL L T2 T72. 5-exoBR{LD D YV ICT L v K& L T6-endo
Bt 3 % #2E (INT4—TS4endo > INT5endo) 1215 MEAL T 4 L F —2323.7 kcal/mol & 5-exoiz
LEVBENMEZRLZZ &0, EERPIRIZEALRLN 2 - 7 EBER L HET L
T3,

AG (kcal/mol)
|

H-OMe
INT5¢nd0

PdLn

MsN |~| (—43.0)
|
MeOH | MsN H
MsN OMe
©
H-OMe |
MsN H
S}
OMe

Figure 11. Gibbs free energy diagram after six-membered cyclization of Pd complex. Ln =
(PPhs)..
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fo v TPl ic X 2 7EBRER L 0 SOSRERS & 8 H L 72 (Figure 12), INT1Ap 3%
AL (INT1Ap—INT1A) & 75 FF v 27 u 75 v 7 b V{tL(INT1A's—INT1Bp,)
RED L TCENFEMICRE S LEL TN, INTIBp(AG = -20.3 kcal/mol) % 5- 2 7=,
ZoHDT INET 2 ALIZAG ¥= +16.3 keal/mol D iEHAL =+ L ¥ —CHEfT L. 78
BRfEERA ~ F Y v (PD3, AG=-25.0 kcal/mol) ~ & £ 3 kR E 7=, Lz o<
2001 H O BALIIMBASGAFE T TR IHEITT 2 2 R E NIz, UEr b, -7 u
FN/T L= NEER DT BRI IR P INCREL L 035 v, A o3
R RV OBLIGTIRET 3 2615,

AG INT1ApR;
(kcal/mol)
(16.8)
MsN PilLn

(-20.3) PD3

: ; (-25.0)
- @
MsN® :\PtnLn
MsN PtOLn

Figure 12. Gibbs free energy diagram after seven-membered cyclization of Pt complex. Ln =

(PPhs),.
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A VA PR O BT

1-4-1. 7TEBRBR{LIcE T 5 U # v FahR

Pefiltiic X 2 78EER{LIC BT, monodentate) /7~ F ®PPhs X ¥ ¥ bidentate V 77
¥ F ®DPEphos® /5 3L 1C & o CRIFAIGECHINY A G 2 72 T & %1-1-3Tili~ 7=
(Scheme 4), % Z T, U # v FIZDPEphos% FH\», n’- 7w ¥ L /7 L = LiEkD
Friedel-Crafts®17 B ERER{L D BFHIRFE % Sk @ 7= (Figure 13), Pd#S{A CldiGHt = 4+ v ¥
— 75PPh3(TS1ps) & DPEphos(TS6pg) Tl & A EZEAL D T2 B2 o 72— )5 T, Ptk Tl
PPh;(TS1p,) 7322.2 kcal/mol T % DI xf L, DPEphos(TS6p) #318.8 kcal/mol & /)y & \»
TANF %R LT, F 72 G O PR BB D TS6p(2.08 A) D 7 23 TS1p(2.03A) X
D HEPICELS. RIHOEBSIREEZ R L 72,

AAG mE:
(kcal/mol) TS1, TS6
T (237) _ INT6pq
INT1pq
INT1py B TS1p
A INT6p AAGH = 22.2 keal/mol
\ ~M'Ln
MsN ” ™ 208A . %
.
CP1, CP6 M”Ln :
(0.0) MsN ’ <
6}, M = Pd or Pt At
Sain CP1, TS1, INT1 : Ln = (PPhy), - TS6py
MsNo CP6, TS6, INT6 : Ln = DPEphos AAGE = 18.8 keal/mol

Figure 13. Transition state search of seven-membered cyclization using DPEphos.

1-4-2. V77V FR1ER D5 T HE T

ML A ¥ =280 L 7B 2B & 221§ 3 72, DPEphos% U /7Y F & LT
Walsh& 4 7 277 L & {ER L 7= (Figure 14a), n*- 7w L ¥ /7 L = LiADC2 LD
HE T 4 L ¥ — % CP1p (Fk 5ifR) & CP6p (FR#R) CLEL S % & DPEphosk ) v P& L
72CP6p. D /5 23PPhs%k U /7 F & L72CPlp &k U &, JREFM DM IC 72 5 ITHE 22 HE
IANF=DNEL R BFERBE SN2, L7225> T, DPEphos% U /7 F & L72J725,
C2 ko2t 23 W B CLUMOICHE U, HOMO & 58 ICHAAER T 3 2 & 29RE X
Nz,

VW CDPEphosZ UV Y K& L8 ZICC2EDZEHEI AN F —2/NE 7o 727
HZHS 2ICT 57290, P-Pt-PiE& AL 372D Bbite angle DAL % 3~ 7= (Figure 14b),
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B, HE) A Y FTHE20DPPhsl 77 FF BT HEAMICBAL Tb ., fH kbite
angle & FEFR L 72, 1#ifilic C1-C2-C3D &4 A, fitllIC P-Pt-PDbite angle 7’1 v + L
72& 25, CP1pTIEC1-C2-C3f423135.7° X b d FifHIC 72 51D 4, bite angle 23K L
72o ZD—J T, CP6p Tldbite angle DZALIZI°LANIC & £ F o7z, Thld, HJED Y
77V F T 2 PPhs A B H HiCbite angleAZ{L$ 2 ek LT, Y H Y F D
DPEphos!Z & 7 & % 5 3 % 72 ®bite angle23 13 & A Y ZA L L md 272 2 & IR T
LLERIND, LIAT, -7 B F /T Lo VRO C2E O ZEE % R L <
WARBLERK T R T2 e A RB LD a B & 7T T F D6s, 6pIRIIE TRERL X 1
T/, X512, P-Pt-PdDbite angle & 77 F F D6s, 6piRBENE D BRI O WT D
HEL 7= & 2 A, biteangle2S/NX K 72 513 &, 6s, 6piRKILE DWLE T 4 L F — MK T
THZLRHOLNTWES, TNLZD2DFEELrF LD L, Cl-C2-C3RFEMH/NE L
o=, MIEZ —fEY /7~ FODPEphos Tl HHHEDE WHEEY v F XD b/h
X 72P-Pt-P bite angleZ #Ffd 5 Z & 225, PtdD6s, 6piRAHIED T 1L F — 23/ X <
Y ENHFCC2EDOEHEL AN F — /NS WEZIR L7, LS BRMEL R 5,
EXY, DPEphosz )V #v F e L7z ¢ 2 ICRIFRIECHIIY Z 5 2 - D —>
& L <. DPEphos®Dbite angleds RGO ZEHIE T ANV F — 2K T X272 2 & HRK X
iz,

@ Walsh diagram of CP6p; (0) change of P-Pt-P angle
E (eV) P-Pt-P angle (°)
L +6 A
-1.0 T g
@
Pt
LUMO A N N 100 T o et
UMO . P .- CP1p
-15 T CP1py .
L ]
®--o
A 98 T
/‘Pt"Ln ' I-:’t”Ln ‘\‘\‘\‘\‘__._‘/‘/‘\‘
2.0 T ® @
CP6p,
CP6p,
96 T
LUMO
150.7 1407 130.7 1207 110.7 150.7 140.7 130.7 120.7 110.7
(CP6py) 0
C1-C2-C3 angle (°) C1-C2-C3 angle (°)

Figure 14. (a) Walsh diagram and (b) bite angle of CP6p:.
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F5 M FEERIC X B ROCHES AT

1-5-1. PAF&ARIE AL D NMRf#E#T

BAEFRRICE S CHEGmRMET oM R A2 EMNIT 2EHR T —2 %8572, $3'H
NMREHTIC & 0 $ETBORFE DRI % EHE L 72, 4R ICEBR D KIS ICH W72 58 (1a) &
b rEmE OB KR Y 7Y FEHMNT 5 Z & TNMRENT 2T L7z, LA L,
NMREHTIc X 0 iR iEB s 3. EMRIRAEM 5 272, 2 OJRRHEERE D A

FAAN—HRA—=FDLELE A F v P2kt EREE 2RO ThH L L H
KL, O TETAVEEZHCRENICET L 7,
HWEHE LT, 7= vl 7oA iic, RS RET 2 H—FR A - R 21

74 FicB & 7-ET7 VEE(18) % A\ 2 Z & T, PdiifthoH NMROFERFZAL % 7
~7z(Flgure 15), % OfEHR, | T, 2REZICIIERIZNIZ E A EHAL, nl-78
AN FNVGER O ranstR 3L L 72, WS TG STy 2 NMRIE & O A HIRGE L
72Y% T OFEAERIZ100 ) CTIREMA L 2D EDb O TIWERAFEL Tz 2 &5 6, PdEs
i T, -7 F AR D transthk BB FIEBYITHh B EZ LN S, K
FER I -7 m S FASER AP O CIROLE L BB I NZFREER L D FE
L7z,

° CO,Me
° COZMe COZMe
CO,Me Pd(dba), (1 eq) m
™ PPhs (2.4 eq) /
// DMSO-dg /
A PPh
n- 3
Cl—a PhyP-F 4,
Cl
18

trans isomer
n'-propargylpalladium complex

T COMe_ | H,0 VDMSO

rt,2h +

100 °C, 1h 0 | broad singlet
‘ ) | [ ] A
r,2h o , |
® [ ] A
rt, 30 min ‘ l
A CO,Me e e n = A
rt, 15min \\ I ) \‘
A o o [ | [ ] A

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Figure 15. '"H NMR analysis of Pd complex formation.
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1-5-2. Pt $5AIZ D NMR figtfr

KIC, PR % v CEBRICTH NMRZAV % 8UHI L 72 (Figure 16), % OfEF, Pd#sk
TR BOIIn- T a N FARHRD iR L 72D B EIE| T Ctransfh~ &
Wol D 2L T EEF2EIl SN, 2o DB WIROEIX, 77 FF afiid
Z'a kv odry 7Y v 7 hdoublet of doubletsiC/rE L Ty 3 J5 % cisth, tripletic 735
LCadi%&transtR & L CHIBT L T 320, iR T CIl2RFRIFE R b JFEH OcistR 235
LT \Wiz72%, 2 D100 CCTIRFEIMEA L 72, Z DFER - 7 v oL F LR Dtrans
IR L 72 2 &b, PAICE LT Hn!- 7w S XGRS ARV T H
5T LRI NI,

CO,Me CO,Me

° °
o (O2Me COZMe COZMe
COzMe Pt(dba)s (1 eq)
PPhs ( 2 4 eq) /
DMSO-dj
A
CI/Pt”/PPh3 ,~PPhs
PPh, PhsP” ‘
cis isomer trans isomer

n'-propargylplatinum complex

time

CO,Me
AN H,O DMSO
,2h+ N / VAN I VAN
100 °C, 1h COzMe\“ o
{ o . goubletof doublets A
f,2h . COMe T | (Joyi = 8.5, 6.2 Hz)
A o0 o [] [] A A
‘ J triplet
rt, 30 min | \ A (Jpy = 7.8 Hz)
A \ [ 2N J ] ‘)‘ A
rt, 15 min | “,
A [ ) [ ] A

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 16. '"H NMR analysis of Pt complex formation.

PAFERTlIn'- 7 v L TR D transfA D & L Bl X e dr o 7= DITxt L, Pl
RClidtranstR & D b G iCcistR M X /=720, cisthk % 5 2 2 BRI D KOO
% #E 7= (Scheme 12), £, 7o r ¥ 2 v ) F o =HEiEA ICOMPEAEL L
72 SN E A T ORI INC X O -7 a ¥/ 7 L VEERB AR T 5. £ D,
UG X OBt L 227 va T =4 v BT 7 FF I T % ﬁ?f“ciS%ﬁMitranS%ﬁk X
D HIICAERT B EEEINZY, Lzaso TH NMRIENTIC X b HERNAERY &
L CTRIICN -7 r NV F /T L VEERB AR L T 2k 75%%3 N,
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Scheme 12. Plausible mechanism of oxidative addition.

COZMB
CO,Me Coczg"eM CO,Me
COMe Oxidative 2Me
addition /
_— —
J T To = /
Pt o ey
\ Pt PPhs - PPhs
Cl—'~" pn, pngp c-PX
PPh3
n3-propargyl/allenyl complex n'-propargyl complex
cis isomer

1-5-3. {LFPEFRED n>- 7 H oL F /T L = VR DB K6

NMRENT DFEFD B 0> 7 B F L/ 7 L Z VRS SR ERI CTH 5 & T
H X 72— T, L H - 7 m oL FAFE R & BYEL T 5 7 on- SR o Bk 13 A
HchsTHING, £ T/NEBREIEDAGBE, ZHINT 5 2 & T, FifffEosrmu7y
A VERIFAVTET Iy T LRI EE LT, P Ta X /T L VRO
ThrI77AFuRL— MEE L CHEL 72 & 2 A, PABEAEST1I%ICKR, Ptif{k2389%IY
o7 (Table 2)2, 2o Dnd-7 v L F /T L o VRIS RCICIEED 7
Do 7728 NMRIFHTIC X VIR Z B L7z, fivC, L 285 L, e
LTY VEEA Y v L %3 L. DMSOBREF1100 °CTMEAL 72, % DiEHE. PdiEfAT
Z7EBRMERA v F Y v (4a) IZEFECTE T, 65%“@%4 v = (2a) % U EMRRS
Mux 52 7-c #D—7 T, PUATII4a2366%IE CTH O NT-, AiERIIPEEADTH
BREAL- 7 a0/ T L = VR R L T ﬁtfmé &L RUPAEERDT
BERBEMAEOER AN F — E A LRER T X 70 7T VB Z 5 2 A H] e ki
TH2 LR LR REZ LT 5,

Table 2. Stoichiometric reaction of n’-propargyl/allenyl complex.

E metal (1 eq)
PPhg (2.4 eq) E e
AgBF4 (1.2 eq) KsPO, (3 eq) O
// CDCl3 (0.01 M) DMSO (0.01 M)
TsHN rt, 10 h 100 °C, 30 min TeN
Cl
19 s I/allenyl [ 1
E = COMe n°-propargyl/allenyl complex
entry metal n3-propargyl/allenyl complex 4a
1 Pd(dba), 71% yield complex mixture
2 Pt(dba)s 89% yield 66% yield

Yields were determined by 'H NMR analysis.
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1-5-4. V7 v Fahig

&#2C Y 77 F % PPhs?* 5 DPEphosiC & 2 TMBLFIGZBET L 72 & 2 A, BRE
FEEAE SN (Table 3), T7abb, 7usA¥isuol FaEEICET 2 HE(19)1c
L. P2 FR S #7242 A, PPy V) v F & LTIRINT % L TEBREERA v F
Vv (da) g o Nnind o 72Dkt L (entry 1), DPEphos% U 77 v F & 3% & 56%ICR T
da% 5 7z 7= (entry 2), AFEHIZPPhs X Y & DPEphosSAN K G % I 35\ THH & 2 1 F)
IFRLCWB 2L 2R LTW S, ARIGRICEWCINMER 7 n 74 FTchb e
2B BEERENTIC X 0 Tl N2 B A B IRBE D fthiC | bidentate Y v P37 wwm 7
AV DT TFF~DOENLEAET & T, )T RN XN/ T Lo vk F oA VR
DREICEHG LI EBRY T 4 7TIfni- & ELIN S5, vk, PdME % FmL
EEICiEEb o0 Y Ay FThdaldBond. VA Y FICk 2 IEORRZERSIEITHE
DFED A 5 Ty 7= (entries 3-4),

Table 3. Catalytic investigation of ligand effect.

E catalyst (5 mol%)

E ligand (6 or 12 mol%) E E
K3POy4 (3 eq)
| // DMS1C())(§(L.81 M) Oo
cl TsN
19 E=CO,Me 4a
entry catalyst ligand (mol%) yield
1 Pt(dba)s PPhs (12) n.d.
2 Pt(dba)s DPEphos (6) 56%
3 Pd(dba), PPh; (12) n.d.
4 Pd(dba), DPEphos (6) n.d.
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H2E AHOCEERE TR R T 4 v AR N DAY PRGN T YT LR
& DT

FH1HET HHERR

2-1-1. X7 7 ARG

20104F1C 7 —_ ALY EEZZE L P 7 v X h v 7Y v 7k, XT VY L% fil
MR, ThRbLRICHEICH LCORHWE & TENE CHERREER - 72 1% 5)
FEG ORI B E ATRE L L 72728 IR0 R 3K BV KA IS Rl 7 &
IBIAWIEOABICISHE N TWw 3, chEThHEEINAZL L OPdiE s n 2 v 7
Vv RO 24 Lawvy, 2%, B\ AL X —2FH L ZKIERTH 5 —
T, HZAANF—%2FMT IR DMEINTEY, LT D3DICpTE %,
(D)JeHREHIC X Y PAfIE RIS AMEE X B KGR
(2)HE5HIC X Y PAfE S G 25HE1 T3 2 I G %

(3)efib e & Pfi % Ml 4 A b2 7= 178 %
LATic() 25 Q) DRISRICDWT, £ OWERF & 2581F 72,

(DFEHEHT X 0 PSS M & 5 KGR

19914E IcSuzukiH 1Z . AV K= AL ZEES 2 u xh v 7V v P RIGHAEIEENIC X b i
HEINEZ L Z2HEL7Z(Scheme 13)%, ZOMETIEIVHELTAFALLE T L F K
v FELEY., —BUIRFB LR CI2ZR 000y 70 v RIS ERGET L Tw 328, A5
- C 525 23R8 L T 3 18%INE T L 2 HIWI3ME S L7z v oo LT, 100 W &
VIRAT v NHERN T 5 L CRICICLAE 72 IRFfE] A3 IR I REHA & 4. IR D344% 1 W]
LT3,

Scheme 13. Light-promoted Pd-catalyzed carbonylative coupling.

CO (1 atm)
Pd(PPhs), (3 mol %)

K3POy4 (3 eq) o]
n-hexyl-l  + B )J\/\/\/\/
SN 1,4-dioxane, rt n-hexyl

(1.1 eq)

18% (52 h in the dark)
44% (5 h under 100 W tungsten light)

X b, Suzuki-Miyaurar v 7'V v 7 & Stille s v 7°Y v 72384 e D IESTHIC X 0 2
XN D EDKonigh I X Y& XN TWv 5 (Scheme 14)*, 4-7ux b rzv e, 7
TIAFROVEEELE T 22 b ) TFARI B CEPAE s v 2 h Y T v IR
JOEBRT 5 & B EEDINE(32% % 721336%) 23 UV-AD RS X 0 1A E(75% % 7=
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1373%)F 3 LIREINT VWS, KRIGTIREL VARBEBRLZ=ZMAR 7 4 v KV
FeELTHAZNTED, BHNOWIPUCHFG L TnwdEEzZLND,

Scheme 14. Light-promoted Pd-catalyzed (a) Suzuki-Miyaura and (b) Stille coupling.

@ Pd(OAG), (1 mol %)
PPy3 (4 mol %)
(HO),B KF or CsF O ‘O
©
THF, 1t O‘
(2 eq) 32% (in the dark)
75% (UV-A)
(b)
Pdg(dba)a (1 mol %)
\©\ . BugSn PPy3 (4 mol %) O
\© THF, 25 °C O
(1 eq) 36% (in the dark)

73% (UV-A)

¥/, TV =7 u R xFLyiEHvzHeck GANEHREIC X et X 0 2
2Kohler 5 1T X D #i#: X #1172 (Scheme 15)%, 651 Tl Heck SOG4 ) 23 FAEARR
B E L T15.6%INETL 2L NIk L, 251t & alfe(UV/Vis) % 18413 2
£69.0%, AIHRIED A (Vis) ZHEST 42 £ 23.4% i L4 5 2 & 238G X nTw 3, g
FHT X IR M E L 2 Z RO W T, AN A~ 27 + v & PAE O 5 FHLE D
FENT 2> & 2fi %7 27 L S 0fli~DEITTHALMCTHEEIEIC X D et S /=720 & EE
INTn3

Scheme 15. Light-promoted Pd-catalyzed Heck reaction.

Pd(OAc), (0.1 mol %)
PPh3 (0.2 mol %)

_ NaOAc (1.2 eq) @
©\ + /\© Z *
Br NMP, 140 °C HM\@

(1.5eq)

15.6% (in the dark)
69.0% (UV/Vis), 23.4% (Vis)

PLE. Wi KIGHR TR, BT O EITTARIGETIED 3 b DD, . F
ICEEANE R IRET S 2 © & CRICMERE X v, RICKHE] DR CINEom Er R s s Z
EDEEINTNS
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(2)FeHESHIC X 0 PAfMER SIS A3HEAT 3 2 ISR

198541 Casper(, OffiPd#{ADPA(PPhs) i 2 S 32 &, dopBfic o L
EzoNBEic X 03.61use REMDIIECIREARERTE I L 2HEL TnEY, X
biczuuxyXyvigid, PA(PPhy) ot LA S T2 2T, ZuaxyvE v
2 AL B 1N U 72 24ifi Pd $& & (trans-Pd(PPh;),(Ph) (C1)) 2520% N K T 5 T 3
(&mmnwo:@iﬁtﬂ@%ﬁwimowﬁimféfaﬁﬁiénfmé%@@

CHIAAXF—ERATEZETERT & VI RS CRRALIAIN 2R L T
%,

Scheme 16. Photoinduced oxidative addition of chlorobenzene to Pd(PPhs)a.

Pd(PPhg)y, ———  trans-Pd(PPhg),(Ph)(Cl)
PhCI, hv 20
(e}

2016412 Gevorgyan i, Pd() 7 ¥ H A fl 2R3 2 —E T KIGH 2 WG L7255
Scheme 1712 T ARG TlE, 34 Wblue LEDZ R E L CRIGZEITS 2 & T, I vHE
P OEBIICHEVINT—TFALEYIALL ) — LT —T A~ 22 &I
LCWwa, RIGKEME L, A2 RIS 2 2 & Cilfe L 72Pd(0)§&k03 =2 7L T Y
—NE—BTBEILTEIETT YV —A T ANEPdD) TV HARERFEL, il TV
— N7V ANDL5-KEBRTFEE(1,5-HAT)IC X VEER D a -(LICKF T ¥ WA 03%4E
THRIEHPRIEI N TV 5, PAiltic X 2 —BFRICEZER T, 20D = A v F
— DR WA D BT & 5 BRI 72 S TIER L 72 AR Lk, PAflE rT#5E SOG
BEHZED L XS ICho7,

Scheme 17. Photoinduced remote oxidation of silyl ether to silyl enol ether.
Pd(OAC), (10 mol %)

PPh
| ligand (20 mol %) ©/ 2
H Cs,CO03 (2 eq)
s &
1 benzene, rt
Et’ Et \O 34 W blue LED o Ex \© Spirau),

79% Ilgand

F 72, AL oSN X 3 FE T O Heck G b #ids T LT 5 (Scheme 18), Ak
Wama o7 A FA2 TaxfltTAFA3 ZaaflbT7rFArdoznEhiconT
A F L v & OHeckRIGAIHNEIRE I X VT35 & k#ﬁiénto;na@ﬁm
. RS Cldtrace(X = 1) $ 72130%(X = Brand C) L 222490515 5 g™, Al#¢
DB AN L 725, £7-MGICTIZ34WH 540 W L EHHE DK X 250/ 2 H GLED
BRI E LTHG LN, KIS/ L L, A EZRING 2 & & TRl L 7-Pd(0)#4
BB, TLEAANTA VN —EBTBEILTEILETTAFATI AN EPAD) 7V H ATl
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BIAEL.TAFAICHALBRAFLVICT VHAMNINT 2 2 L CRICHHETT 5 & #
ZbN T2, Bk, T DORIETIHETTEMLOECAEERT L F T 4 FHH
WHONTEY ZATvafiii v T v ERHTLEERT L F T A F TS
T HeckG T T % & & 23Gevorgyan 6 1T X D iz T T 5%,

Scheme 18. Photoinduced Heck reaction using alkyl (a) iodide, (b) bromide, and (c) chloride.

(a) Pd(OAc), (10 mol %)
Xantphos (20 mol %)

Cs,CO3 (3 eq)
= 23 =
TMS N+ /\© TMSW
benzene, rt

(1.5 eq) 34 W blue LED 88%

(b) Pd(PPhg),Cl, (5 mol %)

= Xantphos (6 mol %)
o KOAc (1.2 eq) Z
>L + B” -0
Br le} DMA, rt ;
(1.5 eq) 36 W blue LED 929% o}

(c) Pd(PPhg), (5 mol %)
KoCOg3 (2 eq)
=z 2 3
Sy T L #
cl OMe DMA, rt oMo
(1.5 eq) 40 W blue LED

96%

PILE. QUTRTIRIGHRTIE, AJDE, FicHFEE2eR e LTHvsRTE Y, d—
PIBRLIC X Y il L 72Pd(0) SR 23 I o K IGH] % —E T8I T % & & CRIGETT
%, JiHECIRREDPA(0) $EAR IIE\ VIETCEM A A T2 EAHE SN TEVN, T Y —nn
FTAFRRCTAEFEANTAFDE ) RBILINIC WEEDER T ORICICHWS 2 &
DBHEBE & 72 o 7=,

(3) Sefik it & PAfit % AH A &5 o2 72 1afilh 727

JEBR g & L C. 200747 IC Ruefii 2 i LU nl#Re & BT 3 2 2 & <. Pdfi
Sonogashirar v 7'V v 7ML % Z &L 230sawa b i< X 0 #iE X LT % (Scheme
19¥, 7mEXRvE VL7207 F LV EEHEL LR, RuUMBEZRML v &
1% L2Ay 7Y v ZERBPELN R DTN L, RuiiZ s 2 &91% % T
M E LT3, RuftiEminic X 2 IO ERNF I, ik L 72 Rudk ks> b PASE A~
DIANF—BENCL b D LHEFEIN TS,
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Scheme 19. Pd and Ru co-catalyzed Sonogashira couplings.
PdCIQ(MeCN) (4 mol %)

P(+-Bu)z (4 mol %)
C Ru(bpy)3*2PFg (8 mol %)
\@ S
Br DMF (0.2 M)
EtsN (O 8 M) O
(1.2 eq) rt, 150 W Xe lamp

91% (with Ru cat.)
11% (without Ru cat.)

T2, HEROC-HT YV — 2 ALK)EA3201 14 12 Sanford & 1 & 0 35 X #1172 (Scheme
20)¥, RRIGTIH26 WO T v 7% HJiEe L THWTE Y, Rufiltliizims 3 &
84% TRIGHMEITT 2 25, RufiEZ i L 72w & IR I38% £ CIR T3 %, GHERS &
L C. Ruwtfiliiic X 2 PAD$&A D —BFEELIC X 2 i IE S nTnw b, 3
bbb, HELZRUIDEARICL Y T —A YTV =y LER BT RILINE & T
HU7=T Y =TI AR, C-HiEMAL L 2PdADEE I INT 5, 20k —ET%k-
7ZRu(ID &A1 X b PA(ID-ArgS kA —B T T 2 2 & TPA(IV)-Ardlifk % 52 2,

M L E s E R L 72 PASE R CILETCHBEESET L 3w, ER T CTHERY &

PAOD AR ONZ L EZbNT W3

Scheme 20. Pd and Ru co-catalyzed C—H arylation.

Pd(OAc), (10 mol %)
5 Ru(bpy)3C|2'6H20 (2.5 mol %)
| Ag>CO3 (0.1 eq)
SN + [PhN,]BF,
MeOH, 25 °C
26 W fluorescent light

84% (with Ru cat.)
8% (without Ru cat.)

— T, Skl X 2Pd(D#EA O —EFEITTAFIA L ZCR dWE I N Tw 2
20144 1C Tunge 51T X Y B FEZ 1 5 7 U MEK)E (Scheme 21a)2%3, 20154Fi1ICLu &
Xiao b2 & 0 7 2 v a-fiC(sp®)-H7 U ML )G (Scheme 21b)Y 23 -, T
DRIG T, I 23 B L AN X 0 4 U 72 Pd(D) -allyl#& ko —E 7= & . FEEH

—E R 21T T & MY A 7 A p3moTw 3
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Scheme 21. Pd and Ir co-catalyzed (a) decarboxylative allylation of allyl ester and (b) a-allylation

of amines.

(a)
Pd(PPhs), (2.5 mol %)

O Ir(ppy)2(bpy)BF, (0.5 mol %) /©/\/\
~ N (0] N N

MeCN, 25 °C |
I white LED

(b)

Pd(PPhs), (5 mol %)
A Ir(ppy)o(dtbpy)PFg (2 mol %) N
Ph" " OP(O)(OEY, + N o
"Ph MeCN, rt
Ph™ ™

3 W blue LED
83%

L7235 C, Pl & Sl o @) %2 % v 5 2 & <, PdEbfA~0 = 4 v ¥ —F5H)
2. PASEARO—B LD 2 VI —EBFETZIIZET LR TE DL, 2D X HITH
fil i Sk & 72 ARG CPASEA 2 iE AL § 3 2 & O, I T - WTHDEIE & v o) B St
TICBWTEHRR TP ER I LT E T2,

PLE) 225 3)icmd & 9 ic, PAMBENE R IGIC IR X 72 2 A 7 D RIGHRDTEET 5 25,
Pl & 72 13EABE AL L 72 e 2 A ¥ — 2 AT 2 2 & ©, BRIASKETicsw
TR o7 TR Z ZER L T 5,

ETAT, KT ALF—%FHL R WKRICHR TIERIZAEN - BFNICFa—=v 73
AR YA Y FRTFHFA v - SR I N, PAIGICOSH I N CTE 72, Lo L, K
J& & BT X B RIETIRZ ORICHEREA 2 B 21 b o3 RIS TIIEEFED & 2
74V IAVERHAEINEZ LT L AL TH Y EEREH DL ARG % &
L7204 Y FRFROMEFNE R 572, LIzhio CEFIT, WG EER L 725
LWIHY FETHFAL v BT 22T, PAdE R RIGICICHT 2 2 L 2E 2 7=,
P A Y FOBRFIC XY, AIEDEEE T Ics itk & 1387 3 2 h =X L CTPd#s
REEHAL L, SRR KICIEEZ ER T E 5 & WfF L 7=,
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2-1-2. Ko~ BT FEHE O F

HLERRZMH T 2 2 & T, T OmfEECERIRE, ETIRE. T HUE.
JilRCIRRE, IR E, NMRZ <=2 b v, CDR<Z AR Y, DT okk4 htbE %
BH LU, BE - b2 23 TcE 3, Lzd->T, BHUEREICX W EAaDfl
RN T A — 2 BB L, Pl I NGHREARICE O W CEREHEES 5 T LT, B
Mo T DA ICER 1T 5 EClEEosh R »ifFc %,

20204 FICEH O IX. 7 24 I VIFERIFOWE 2 & LR R 2 A L <l
T 5 &T, HHERBEC-HA I MURICORFRN T L 72 72D fNd 54, 7 X
MAIFIRT vESTEMiEE L THBEROC-HA I FUKIGICFIHE N TW5 25, &
NETICHE I N T RIGSE #fiL%éE%m{%#rﬂ# e, BRALE.
7 ANA I FOEFHEMIAMLE L TN T8, 2 2 TEE L IEE Pl 2 5 b
L, BfaEETco4 2 T‘ﬂﬁ}im@%%biﬁloﬁ‘ﬂhﬁo ¥ 9, Figure 17alc/~n 9
Xoic, 7204 1 FHEEEROBRINEE & N-RiEA o s A it 4 v ¥ —(BDE) 2 HH
L7z, ZDfE%R, N-iodophthalimide (20h) 235 b KiEFMNICS—SuBHE2H L Tk,
N-I#5& OBDE(351.8 kcal/mol & /N & 2 fili% 7% L 72, fi\ > C20hd 53 1 H58 % fi##T L 7=
EZA, SoSiBHIEn " BEICHLY L TED ., %%WHQLG*%L C—EFBASLZ
& ON-TFEG 2355 7 % & L 3P X N7z (Figure 17b), X & ISR EE % #d s L
L7z & A, N-TiEAREASIRET256 A, TkBET2.52A k§< fEREL Pz e
5305 T2e AL O A B 200 SR WIRR ORI L 2 s 3 5 © L TERT
LD T Y HNDBFEEL, FHERBEC-HA I MURISBHETT 6 2 e APl iz, EFRIC
20h & X v ¥ v (21a) EDCMiAIE R, 0 DLED 7 4 FRE T CEiELZE 2 A, M
phenylphthalimide (22a) 2345%3R ¢15 & #17= (Figure 17¢),

(b)
(a) n- o
transition
R
HOMO
R Sp—S; (nm)  (kcal/mol)
H (20a) 326.0 117.3 m_, ="
© P '\
NPhth (20b) 328.2 89.0 kz_% A ‘ _
NH, (20c) 334.7 78.3 S state Ty state
OH (20d) 351.4 68.7 ©
Cl (20e) 319.7 63.4
Br (20f) 327.3 57.9 ooh  + H@ @
OCOCF; (20g) 319.3 57.1 DCM (0.2 M)
rt, 12 h
| (20h) 371 9 51 8 21a (10 o ) purp|e LEDs o 22
PhI(NPhth) (20i) 329.1 46.0 . 45% (22a)
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Figure 17. (a) In silico screening of phthalimide derivatives. (b) Computational analysis of N-

iodophthalimide (20h). (c) Initial study of C—H bond imidation of arenes.

¥ 72 % DB OMET T, KNI BUE 7 N-iodophthalimide(20h) 2 7 2 v 4 I F
(20a) & Tl =2 7 & (PhI(OAc),), 7 avEL)»bRFRESEL LT, %
DRSS T, L A EBROC-H7 24 I VL% #EK L 72 (Figure 18),

(0] PhI(OAc), (4 eq) O
I (1 eq)
DCM, rt
le) purple LED o)
20a 21 (10 eq) 22
Me Me, +-Bu
§ 22 N coet _3
@ Me@ Me [ b m@o N
N\
Me Me Clofibrate tBu
21a, 96% 21b, 90% 21c, 83% 21d, 47% 21e, 45% 21f, 53%
ab=4.9:1.0 ab=1.0:4.6 aonly

om:p=1.6:1.0:1.2

Figure 18. Examples of substrate scope of C—H imidation of arenes.

PAED X5, EHDEREND TR RIGT HA VICHE L 7287 A — X @R
ICX VT L. THIST 5 2 & T, RN T A VR RICHEZ AREL L7z, L7
28 o TR OG22 BRI L7288 Y 77 v FRFICE T, U A Y FOWEPPAEAE
Dtk B L EEEZ M L PS5 2 L CORERN R Y 7Y VR L 2h i A
W 7 PAAE R SOC D FE S RILT = 5 LHIRF L 72,
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FH28 DGR 7Y YO T A v LA

2-2-1. BREEREHAEDOWINA <2 F v

MAERE I N TV AT VY L-F 27 4 VEEEZFIA L 22 [ G L. B
LEDZ2SEHE LRI N T WS, 22 TYH Y FTHAL vichkirb, X7 V7 LK
DHIFFEICBEI L TR 2B 2 720 Offi ¥ 7 2w L-h 27 4 VElifRE LTS
% Pd(PPh3), DU 2~ 7 + A% BI5E L 72 (Figure 19), WG R. #iEfilic € ik
AR T a oy b L7z & T A, FRCRTPAFEARITESOEHEIN Tl K % o' A OIREK
T T, 400 nmPA LD AIENHEIR CTIRIEE IS WEE IR L7z, RAIREL Ky
7 2l UCILH S N 2 Ir A PRuSEAR ORI A~ 7 P L L RT3 Z & T,
Pd(PPhy) A3 I 2 RIN LI  WiBRSEIAECTH 5 & L BRI N, — /T
Offi * 7 &Y -k 27 4 VEEARCIE, AIEDEREIIC Y 7 ¥y 2dL O d—pi@ BN 23
FHETZ2TEPMESINTHE T L5, T THRE S LT % P TR SOG
Tl ZO/NE BiREOd—pBIC X W PAO)SEREZEELL C& 2z Ex b, 72
INFCHRINEL L DERT 4 v ) AV FOWIIGH IZENEHIKICE B F 0, Al
HEINL 72\, 2 & CRHEDERIGZER L2 ) & v B e LT, a5 < Wi
TBEFRZRTA4VIANY FRFKT ST, PAEEAZREE L Y dRIRITEN(LTE
20TV LEEZT,

\ —]2+
N -Bu
|| . 2cr-
|r\N/ A N(
N
/
— Pd(PPhg), — [Ir(dtbpy)(ppy)2lPFe — Ru(bpy)sCl,
UV region : visible region
15000
T
S 10000 -
S
£
= 5000 -
w
O T T T T J T J T J T J 1
300 350 400 450 500 550 600

Wavelength (nm)

Figure 19. UV-Vis absorption spectra of transition metal complexes in DMA.
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2-2-2. ALY v Foa v 7
TESEEER ) 7y PR T 2 -0 DHARN I a v+ 7+ ZFigure 201CR L 72,

NIV LANDOREfIZ =y P E LT, NTY Y LEDORRIENE L. T E TPl
JGICHHEINTE AR 7 4 VI AV VAT 22 L & L, AIEDERIREED & 2 7
4 VIV VRS 2701, ) vOERETH 3 FROLKZR MRS 52 & T,
RN E L=y P EREAT S L & Lz (Figure20a), 2DV A Y FTFH A4 vic kb,
YAy FORRNICE = v b 258 I %2 BN L (Figure 20b), AWML L 72
YAV FHEIREBICES L EZOND, AIHEITEAL Y b KE Rz 4L F— (400 nm
T71.5 kcal/mol, 450 nmT63.5kcal/mol) ZFH T2 Z &6, A[fNEZ TN LFHEE L 72
VAV R, kDT Y 2hLDd—piBf & 1387 3 A 7 = X L CTPASEE % 151k
k322 BTELDTIERVDLEF X T2,

(@) .
R R expand n-conjugation R‘P'R
R . N visible light- *pd(n)
©/ Pd(n) ” sensitizing moiety
(b)
UV region : visible region
15000 - i R\P/R'
: visible light- \
_ et
£ u
G 10000
S
€
= 5000 -
w
' — Pd(PPhg), in DMA
O T T T ; T T ' T ' T ' 1
300 350 400 450 500 550 600

Wavelength (nm)

Figure 20. (a) Basic concept of visible light-activated ligands. (b) Expected absorption spectrum
of visible light-activated ligand-Pd complex.
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2-2-3. Vv F ORI R O Tl

AR Y Ay R 2 RIIGE 3 5 720  TD-DFTEHEZFIHT 2 2 & TV 7
YETHA VIO A, £F. AIDEEIBICRINEE 2 BT 2R A7 4 v AV VR
B3 720, V4 FDS—Sug o WINER KKK % TD-DFTEHEIC X Y BHI L 72
(Figure21a), ZDfER, PV 72 F A7 4 v (23a) DXV X VRN EF 7 2L v
(23b). L v (23c). TV F 72 (23d)~E2{LE 3 2 L TIIGERE I AL 72,
CZETTT VP70V AEHRL 7223d2R D RIER ORI R %7~ L7228, AIEek
WD Hy FE LTS 21720, UTO2>0RERZET bz,
(1) FARWILB R VY I ERES & 72 2400 nm % F[E] 2
(2) 7v 7% vD9,10- M0 IFEFRICHT 2 KGR E L RLETH 5

ZZc. (DIER L CEFREIZNIRIC X 2R OMR %, (2)1nf L CrfRiEE I
YB39 ANTE®EOHMAKEZIAFEL T, 9,10 %2 7 = = A FECTERL 729,10- 7 = =
NT VI VYDPAD=REAT 4 v(23e) % THA v Lize FDFEE. So—SuBEFS D
WA A 3 R (3 TR RIS AT & CHER L. I RN R 13500 nfilE & CIA A3 - C
W7z (Figure 21b), L7228 o T D AIFDEIEER Y 7y FOZ e L C23ed3 7 %4 v
AN, ERICERERT L 72,

(@

O
RS @ e ST

238 ZT / 23e
| | | |
250 300 350 400 (nm)
(b)
20000 - r 0.6
Ph L
P 3
= L =
: T Q) et
1-“ 10000 4 T = m* transiton Ph | %’
g 23e =
. [0}
= t 0.2 &
@ =
0 . T T T T U 0
300 400 500 600

Wavelength (nm)

Figure 21. (a) Calculated first absorption wavelength of phosphine ligands. (b) Calculated
absorption spectrum of 23e. Calcd with MN15/6-311+G(d,p)//MN15/6-31G(d)/PCM(DMF).
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2-2-4. ARETEMRI =R 2 7 4 v DAL

2-2-3CTTHA VENLZMART 4 v23eDE KA ATz, 2-7 1 E-9,10-V 7 = =
ATV E 7 ic LC2YBDOn-7F Y F 7 LEHFML, 78 CTIRREHEIE L 7214
WCPhPClZRINL 728 2 A, FTED =R A7 4 VML Tz, — 5T, U VAL X
NE=Z=MAERT7 4 vAF 2 F(23e-[O]) o4k b iEZE X 7z (Scheme 222)*, 3P NMR
RTIC X D ZRA AT 4 Ve ZRMART 4 v A FY FOERBEZHERALZE A K
Jor, R OREEURE IR L IS I T B Z LB L 72, L7228 o TZER T Ofig
F. DLVIIAEBBICL > TRILIN TR L EEI N, FEEIC, 23em Bl C
FEroofrr s, EERED FICKELZE 25, 23eD v — 7 2512 L., 23e-[O]ICfE
fbaizz b 2R L T\ 5 (Figure22b), PV 7 x = F 27 4 v (232) IZZEAHFTH
W REICHEET 2 ERHMONT VIR, Ly~ v Lo ERPIMH U7
HERPEIR L 72 ZRA A7 4 v CRBRBE I LT WD L2850 KRG X h g
FEEPREI N LR WMEINTVWE, Lizd>T, 23elcH5»Td9,10-¥ 7 =
=T v b7 (DPA)DERRILIC X Y BB EErRT EE 2 b,

a)
Ph n-BulLi (2 eq) Ph 9
Br Ph,PCI (2.9 eq) R—=Ph
Q¢ OO JooeL
THF (0.04 M)
—78°Ctort, 4 h
Ph Ph

3e 23e-[0]

®) 23e-[0]
t=24h

23e
t=0h

L L R s L Lo E s L L s L Ly O E b s R T e e R e
200.0 180.0 160.0 140.0 120.0 100.0 80.0 60.0 40.0 20.0 0 -20.0 -40.0 -60.0 -80.0 -100.0

Figure 22. (a) Synthesis of 23e. (b) *'P NMR spectra transition of 23e in CDCl;.
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2-2-5. RETALAER G P L WL o REA

YAy FOEMPREE, B R EE LS & A LTRER ) HY FThHB S
FEE Lv, 20T, BARICHT 2 KM BPLFEEIC X 0T 5 2 &<, Y
BORH %) 7Y K ORFER B L 7, BLISK T 3188 & L <. BBV vs. SCE)
& DT ORI X I L 77,

E.c (Vvs. SCE) = —(Glreduced] — Gloxidized])/n.F — Esur + Fsce

ZNZENDEFTIZUTZRL TV 5,

E.c: calculated redox potential

Glreduced] and Gloxidized]: calculated Gibbs free energy of molecules with MN15/6-
311+G(d,p)/PCM(DMF)//MN15/6-31G(d)/PCM(DMF)

n.: the number of transfered electrons (= 1)

F: Faraday constant (= 23.061 kcal*mol!eV!)

Esyr: the potential of SHE (= 4.281 V)

Esce: the potential of SCE relative to SHE (= -0.141 V)

IR OGS, Figure 23alc/nd X 91, AIEDEZ IR L W =4/kd 27 4 v (23a-d) &
el L <. DPARSER L 7223el3 LB /N E . Bk e v e %fEe LT
REANT, 23eD ) FHEZ T~/ A, HOMOIZ T IcDPAD n WREIC/HEL TH D,
Y v OnfiEIC b IAH D 2SH S L7z (Figure 23b), PPhs(23a) TIZHOMOIZ Y v OnifiiE
ICIRTEL T 328, 23elc B\ TniffliE 13 FICHOMO-TIZFFE L T 7z, 40 FELIE T
25, 23eD BE LML, 7 R ZOIEIC X HOMOZ A v ¥ — o FRICGERT 2 &
Exbhi, 22 T23eDMLREWREZUET 2720, ERMEEZEAT LI LT
HOMOZ AL ¥ —2MKF L, BRLBUA LR T2 2L 72, DPA2=v F 3%
DEFIC, ZWMFERT7 4 vOROVICTIFERT 4 Vv AF L FROZETFA v LIz L Z
2. HOMO®D T 4 v ¥ —[3-6.31 VA 5-6.47 eVICIE T L. 23alc38 3 @ L &R %
RLU72e L7240 TR R 7 4 v F 2 F243 AN PE & BRI ETED — 2 D1k
HEHHA-V Ty P L TlET S e THlE N,

47



@ Ph © ©
SEoNs sepelly
W Y Tara

Ph ;
R=0
T+

Ph

23 24
© P
& P
23d ©/ \©
23a
| | | |
+1.10 +1.15 +1.20 +1.25 +1.30  (Vvs.SCE)

(b)

HOMO

‘ HOMO
(-6.31 V) (=7.11 eV) (-6.47 eV)

Figure 23. (a) Calculated oxidation potential of phosphine ligands. Molecular orbital and energies
of (b) 23e and (c) 24. Calcd with MN15/6-311+G(d,p)//MN15/6-31G(d)/PCM(DMEF).
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2-2-6. AIEEWRI AR T 4 v A XY FOEK

DPADSERL L 72 i F X7 4 v A ¥ F24 (LT, DPA-substituted secondary
phosphine oxide D ¥A X F %> & DPAsphox & M-FR T %) D&% Gt L 72, 2-bromo-9,10-
diphenylanthracene(25) DC-P27 v xh v 7Y v 7t T AT Ml & —ZFIfTH T & T,
TAT 4 VBRI F NI ZATAN26%TI%NRTRT, ToICT7 2217 Y =% — il
IZ & 2 REZIERIC X D 86%INK TDPAsphox S &K & L7z, 2TREHONIETIZ 7 = =
WIER2ORIGERL L 72 = A A7 4 v A F 2 F(23e-[O) PRIEEM L L TIFELNT
X7, ZORIEBMEAH T L a~ T 7 4 —IC X Y DPAsphox & Bt 5 2 & A
72 o772 RICK ] % 2 5ERICHEME 3 5 & & TR ZIHEI L 7z, X SicIGHRH
ICHk o 7R 2 ERRALEE S 2 Z & ©, AP SME TR S A TE T,

Scheme 22. Synthesis of DPAsphox (24).

PhNH5-OP(O)H, (1.5 eq)

ph PA(OAC), (3 mol %) ph Q
Br dppp (3.3 mol %) R-H
G seer
MeCN (0.17 M)
90°C, 20 h

Ph Ph
25 79%, 26

PhMgBr (3 eq)

THF (0.2 M) Ph Q
78°C, 2.5 h; R°H
I
then,
6 N HCl aq. (0.4 M)
Ph

rt, 19 h

86% (24, DPAsphox)
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2-2-7. DPAsphox DAL
DPAsphox D&RKICEIN L 72728, e\ TR Y H v Kot 2mEe (L, 7
oo T Yy LT S BCAIRE. BRLEITERL. KETE) I

FIMWINART P ERHERRT P AZHEIE LT & 25, DPAsphox (3405 nm 2 )Y
¥— 27 %Fb, FHEICK 2 FHLE Y AEDETEIICRINGEGE B S5 YV AV FEo &
(Figure 24a), M XN 2 &2 7 4 vV 4~ F(PPh;, Xantphos, BINAP) D WL & 3 il
ELTHRZD, WINd AHEYEHEE & 72 2400 nmic (3E 2 T EAMEI O & & F
> TH D WK E O KRN L 72 (Figure 24b), ¥ 72DPAsphox® F5¢13435 nm
ICHMRZHLTED, BNART P VOWMKKRRZ —HEEL AL ¥F—& LTHRED
272 T AY, 2.85eVERM I N7z, IMEERTHHIT. BOEHE b A7 23, Botix
3 & A CBHIE N Do 7, DPADO N E FICER NTEWEZ R 372 9%, DPAsphox
ICDWTHHDED O DFENA FE R RIEBE TR bl T 5,

(a)

20000 A g
3 — absorption
—~ 2
TE 15000 + N emission
3] 1 o (irradiation at 400 nm)
- m
15 10000 3
£ ] 3. Aab = 405 nm
= S 384 nm
© 5000 ~ 5 366 nm
@
| \ ? Aem =435 nm
0 T T " - <
300 400 500 600 Eem=2.856V

Wavelength (nm)

98 P
Ph PPh, R~H
20000 p. PPh, Ph
L O e, O
Ph

PPh PPh
15000 2 2

(b)

— PPhg — Xantphos BINAP — DPAsphox

10000

€ (L'molt-cm-Y)

5000

T T T T 1
300 350 400 450 500
Wavelength (nm)

Figure 24. (a) UV-Vis spectra of DPAsphox in DMF. (b) Absorption spectra of phosphine ligands
in DMF.
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fe T 3P NMR @M Ic X 0 o35 27 2t 3 BifrhE % 38~ 7= (Figure 25),
DPAsphox 13 18.5 ppm IC #EF A7 4 VA F L VO P-H A v 7Y v 7IcHkRT 55
R X 7Ly =20 %R LT, 2fi¥ T Y7 48RO [PACl(allyl) |, & PPh; % &S0
L= T ¢ 1 RFE#Er 32 2 & T, DPAsphox DX 7L v b v— 27 3iHK L, 79.1-
92.8 ppm DHICHT L v — 27 BIAIE N7z, 72 01ii¥ 7 27 L8R D Pd(PPhs), &
WL ZBCb ko —2 v 7 P 3Bl I N7z, BEFEO kX7 4 v A F o Vi
BWTH PAFERDORMIC X W RIROZEBEC D b, ZfhbAT7 4 vEF T
F @ DPAsphox (Zffis 2 7 4 v E(DPAphos) IC EERMET 2 2 LT, N7V LI
filTwaeEZHN5 5,

Ph 9
R-H
OOO Ph DPAsphox
J

Ph
DPAsphox
PPhs—{Pd]
[PdCl(allyl)]» (0.5 eq) DPAphos—[Pd]
PPhs (1 eq) L J

DMF-d,

rt, 1h Ph Ph\(rl’)H
oy

DPAphos—[Pd] \' PPhy{Pd]
Pd(PPhs), (1 eq) A Bh
DMF-d,
rt,1h 200.0 100.0 0 -100.0 DPAphos—[Pd]

Figure 25. *'P NMR studies of DPAsphox.

RICHA 7V 7RV E Y A Y —IZ XY DPAsphox DL ELL % HI7E L 7z (Figure
26), EFEE LTTBAP (0.1 M), #BIEE LCT7 2 b=+ Vb, {EHEMK OCHBIE
W& LC77FF, SHEEME LT Ag/Ag iz, T 7-HERNICIEIRZ 5 57 Ar
NTY 7L, 0.5V/s OFEETHIE L7z, £ DFER. +1.33 V (vs. SCE) i DPAsphox
DIELEL 2B X 472, % Z T Rehm-Weller 3 21224 Cixw 3 2 & T, hiEiRiED
BmITEMEZUTO XS IcEHL 7,

Ei/2(DPAsphox™*/DPAsphox*) = E/»(DPAsphox/DPAsphox™) — E
=+1.33-2.85=-1.52 (Vvs. SCE)

ZNENDEFTIIUT 2R

Ei,(DPAsphox™/DPAsphox*) : reduction potential of DPAsphox in the singlet excited

state
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Ei,(DPAsphox/DPAsphox™*) : oxidation potential of DPAsphox in the ground state

Eyp ¢ the energy of the first singlet excited state approximated by the peak wavelength of
excitation.

FIREIC, BBk EE ©9,10-diphenylanthracene (DPA)IZ DWW\ T % BE{LIRICENL %2 LI T @
XIoOICEHL,

E2(DPA™*/DPA*) = Ei,(DPA/DPA™) — Eyo = +1.19 - 2.87 = -1.68 (V vs. SCE)
E2(DPA"/DPA*) = E,,(DPA/DPA™) + Eo=-1.94% + 2.87 = +0.93 (V vs. SCE)

05 - 3.0 -
0.0 - 2.0 _
< -05 - < ]
o w 1.0 4
© 1.0 - = 1
z T 00 -
- _1.5 - e 4
c c
o Ph 0 o -1.0 Ph
£ 20 - I = |
3 R-H 3
S s (LY P ¢ IO
-3.0 - -3.0 A
Ph ] Ph
-3.5 T T T T T T T T T | -4.0 T T T T T T T T T |
0.6 0.8 1.0 1.2 1.4 1.6 0.6 0.8 1.0 1.2 1.4 1.6
Potential (V vs. SCE) Potential (V vs. SCE)

Figure 26. Cyclic voltammogram of DPAsphox (£, =+1.33 V) and DPA (E 1, =+1.19 V).

m#ic, '"HNMR f##7ic X » DPAsphox DL EMZMEEL 72, 1,35-F ) A k¥
RV ENEERE L 325 2 LT, BIRREIC B W T 99%77 5 72 DPAsphox D#fifE 23
1AM & D X 5123 2 2T L 72 (Table 4), % OFEHR, (K - Ar FHIK - EYE
ZHFICBWTHEOE TIZR 5 N7ed o 7z (entries 1, 2) 25, FEiR - BB W T
DT MEOE T 2R S (entries 3,4), BB O LICEL 2856, ThbbHE
W IS T T O T 25 K & L7z (entries 5, 6), FEEE T D JFE K IC DT 3P
NMR ZHIE L7203 KE =2 v 7 PR b b ozl eh b, U vyTiEil
DPA 2= v F 2L E N FIREMEDS R S %, 72 Ar TP, WHEERE & Rk
ICAr HRZH VY TAEICRED T ZDORICE D270, TREMAIRIEILHEL Tw»
v, AEOREWGEEROED O, REFETEIC—EDREIIHETHL b DD, Y
HY FOERCRMEEE, fHEE2 T2 EcRFNARES 70 -7 Ky 7 2348 L
9, VVOEEEZ=MAR T4 Vb ZRAERT 4 A F U PANEEHL 2 LT
fEE R D R AREIC R o 72 L B X 5,
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Table 4. Purity of DPAsphox after a week. Initial purity was 99%.

entry temp. atmosphere
1 -15°C Ar
2 4°C Ar
3 rt Ar
4 rt air
5 rt Ar
6 rt air

“Determined by '"H NMR analysis.
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light
shielding condition
shielding condition
shielding condition
shielding condition
on the bench

on the bench

purity (%)@
99
99
96
93
83
71



F3HE DR Y 77 N ORRET I

2-3-1. DPAsphoxiC X % & & ML bt

BHFE L 72 a0 IE ML Y %7~ K (DPAsphox) % F W C PAfi B¢ SIS D B % gt 3
51CH7Y . PAdEEADOIEMHALREE 2 Pl T 2 Z & TR RICHEZ BIE L 72,
Scheme 231CPAFE A DHETCIEMLEMZ R L 72, bl X 7 4 v 4 F > F DDPAsphox
LEE ) VS OMCIREECHEET 2 7L ) Y FTh h KGR T T3fioHis =z 7
4 V& (DPAphos) ICAZERMT 2 L TEHD Y AV F & LTHAET 5, DPAphos#i s
7 ¥ v LT L 72DPAphos-Pd(n) A IZ AT 2 ST 2 2 & TU v FODPA
=y FAERMICAEDEZRINL, VA Y FHLO 7 — 7 *BEIC X B ESELT 5
EEZLND, il L 720 # v F23DPAphos-Pd(n) #&ik % ihtE(b 3 2 ik & L TR D3
ONRMEEI NG, —2HDORKITligand-to-metal charge transfer (LMCT)FREIC X b |
Jilikg L 7zDPAphos?» 5 Pd(n)~ & B 583 2 Z & ¢, DPAphos(*+)-Pd(n-1) 234K 3
2R CH L, ZOHORKIET—DOHDORK L ZETORNHTH Y. metal-to-
ligand charge transfer (MLCT)##%1C X b Pd(n) 2> & JiliE L 72z DPAphos~ & i HE) 3
% Z & TDPAphos(s-)-Pd(n+1) 23R T 2Rk ThH 5, =2 H DR ILhEIRIED
DPAphos#* &Pd(n)iCenergy transfer (ET) 3 % Z & TDPAphos-Pd(n)*% 5- 2 % #&#& T
BB, UED XS ICEMBED B VIZT ALY —BENC X 357 VY LA TEHALER
FED T E N7z 2 T TOFTNOIEVAURIED FZERICHERET 2 22 Tl T 2 720, BTAL
YRR AR T 5 2 & T, 21fi R O0ffiPdfE A D ETIREEE FHIL 72,
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Scheme 23. Overview of activation mechanisms of DPAphos-Pd(n) complex.

visible light

Ph  Ph OH N Ph o pn oM
in situ P‘. Pd(n)
_—
OOO OOO n=0orIl

Ph Ph
DPAphos—Pd(n)

Pd(n)

.e

DPAsphox DPAphos
(DPA: 9,10-diphenylanthracene)

Ph Ph OH
Ph, OH ,+|7
; LMCT P.
ligand-centered OOO OOO \Pd(n—1)
Tt (ligand-to-metal
transition charge transfer) Ph
*DPAphos—Pd(n) DPAphos(++)—Pd(n—1)

ET Ph Ph OH

(energy transfer) MLCT o= ’/ P

\Pd(n+1)

¥

(metal-to-ligand

Ph, OH charge transfer) Ph

OOO o DPAphos(+—)-Pd(n+1)

DPAphos—Pd(n)
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2-3-2. PA(ID) $# 1k D I AL bR

TD-DFTEHEIC X V. DPAphos & PPhyA3—4 13 Dfidfiz L 72 Pd(1D) -allyl#& {4 (27) @
UL 2 ~= 7 b v % sk 72 (Figure 27), % DFER. Sy— S D v — 7 $3378.3 nmic HH
Nz, THIFHOMOD 5 LUMO~D —EFHEICHKRT2E%ThH ., REhEL
WHARE TR LTz P FEEZ N2 2 A, HOMOIZY v FODPAZ=vy F D x
HOEICHRTE L, LUMOIRFE U S DPAZ=y FD a *HBEICHIEL Tz, Thbb,
Pd(ID) -allyl§& A D F 723813 U /7~ F i (ligand-centered; LC)EF & 7%, T DIKIN
13500 nmfE £ THRUTE Y, AIEEEZRR ST 5 2L TY v F 2RIt
5L riEINT,

Ph_OH
20000 - Sp—S;:378.3 nm P @/Pph3 - 06 . Q
| OOO -
715000 - Q
£ | 04 & Lotk
5 TR
'_o 10000 A =) LUMO
i 5000 | — absorption 02 = . ‘Q
@ | @ oscillator strength ®R (4
= )ZT‘N
0 .\ T T T T T T T T T T 0.0 - =
300 350 400 450 500 550 600 T
Wavelength (nm) HOMO

Figure 27. Calculated absorption spectrum and molecular orbitals of Pd(I)-allyl complex (27).
Calcd with ®B97XD/SDD (for Pd), 6-311+G(d,p) (for the other atoms)//MN15/SDD (for Pd), 6-
31G(d) (for the other atoms)/PCM(DMA).

KiT, L7207 v P2 D X 51 PAQD $EAR 2 iE L 2 0 ER Lz, VAV
FHRLDxr—>a*E% LY dREEMICORINSFEL awE Pl L, KT
VHY EholeRrize AN o7, TANVF—FEIR4EL 50
REMEIXRWEEZ ON D, £ 2T, IRAEICH 52 DPA oEITEN & PA(ID)-allyl £

ﬁ»‘@i%fﬁ%ﬁ’i’fti*bfc (Figure 28a), % DFEHR., AT PV EF AT Y v 7KL
2V AMY =X OBERE L 2k & D DPA 0RITENM 23-1.68 V (vs. SCE)TH % D

WXt L. Pd(II) -allyl $E{R DIRITEN H3-1.35V (vs. SCE) * L EF I N T3 T & H

O, VAV EDL 2Mfi7 U ATV Y L~DEMBE), T 7 H LMCT (ligand-to-
metal charge transfer) 25E/T L5 2 & Ex b vz, 72V VEREOFEEIC X VETT
BADZNT 22 e 2FE L. B LYEHRIC X 0 ik D DPAphos DEITTEN
ZTHIL 7223, ~1.75 eV (vs. SCE) L NI h7z & & DG IZE D 55, LMCT 75@
U155 Z & 23 FHl & 17z (Figure 28b), £ U 72 DPAphos(e+)-Pd(I)-allyl &4 1%,

A0 72 DPAphos(s+)# 0 % —E LAl & L <, £/ PdD-allyl iz 7 I AT 7
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MFRE LCTHERTE 2 Z 200570, FAEEEMME D SIS % A0 L 72 ROGHFE

Y & & L7,

Ph E
Ph

DPAphos

Egyp =—1.68V Ecac =—-1.75V
(vs. SCE) (vs. SCE)
(b)
Ph, OH
P ® PPhg LMCT

Ph Ph ]
P<
o
Ph

Pd“
(ligand-to-metal
charge transfer)

PhsP. ® _PPhs
Pdll

Eoxp =—1.35V
(vs. SCE)

[ Ph OH

DPAphos(++)-Pd(1)-allyl

~PPhg

Figure 28. (a) Reduction potential of DPA and DPAphos in the singlet excited state and Pd(II)-

allyl cationic complex in the ground state. (b) Proposed key mechanism after ligand-centered

n—n* transition in DPAphos-Pd(I)-allyl complex.
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2-3-3. PA(0) $E R D iE AL

Pd(0)$#fk & L <. DPAphos-Pd(0)(PPhs), (28) DI 2~ 2 F A% TD-DFTEHE I
X D EH L 72 (Figure 29), % O#E%R., PAIDEEA & FIEkIC, 383.7nmic Y /7 FHLD
7 —a*BERTHlIE N, ZDOLCERIZHOMO-2(-1) 2 5 LUMO~DERICHHY L
7zo PAAD$SER L B2 M 8 LT, LCGERBIZS—SBBICHY L, XV RIERICS—S,
BEBIFEE L7z, So—SuEfL12Pd(0) kI B & 1 524 )& .0 (metal-centered; MC) Dd
—piEff L., XTIV T LL YA Y F~OBHBEEI(MLCT)IC &7z 5d— x “ER 3 EA
L7=GEfE e L CBH I, 2Tl L TliaMCER AHOMO—-LUMO+11C 5%
L. MLCTE# 2 HOMO—LUMOIC§%M T 5, VA Y FDOx £ 7213 x *Wul & offi-< 7
VY LDAE I pHMESIE VI AN F R FT 50, Z0X) hRAEBL L TH
HanzeEzon3, L L., MCRUMLCTER @ IRE) 158 (oscillator strength)
FLCEHBD1/32ETH Y, X VETLICK WHIEBETH 572, 7z, S1& S0 WY
KEDILI nm L 2ZD bR\ 7z, AIEDEHEEIC BT 2 T 72 @i T IRE) 138 O
RERLCERICHERT 2L EZON5,

Ph Ph OH
Su—S,: 383.7 nm P, _ -PPh;
20000 - 07927 S “Pdo - 06
n = 7* (LC) |
] PPh, o
— 15000 - 8.
L l Ph g - 04 F
£ 10000 | S
S Sp—S;:395.6 nm ©
L 02 3
_-.E 5000 - d - p (MC) 2
= d (Pd% — x* (DPA) (MLCT) £3
0 2% o 0 o, : ‘ — 0.0
300 350 400 450 500 550 600

Wavelength (nm)

LUMO LUMO+1

Figure 29. Calculated absorption spectrum and molecular orbitals of Pd(0) complex.
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i\ > T, DPAphos-Pd(0)$5{A D F 2 filciEfe ©d 2 LCEM K, & o X 5 icPd(0)#k
DIEELEINEDER L2, VAV R RT7Y Y LOBLEMZIEL 728 2 A, ik
IKEEDODPADFELENLA3+0.93 VEMIE X Nz icxt L <, OffiPdi ik o Wb Bz 13—
0.03 V& & T\ 7z (Figure 30a)%, T 7- & T{L2EstEIC X 0 ek E D DPAphos
DIELEN Z FHIL 7225, +1.10 VEEBIN, LB TRELAZY AV Fick 3
Pd(0)#fk D> —BTEELIT T+ ICHETLES L E 2 b5, L7725 > TDPAphos-Pd(0)
EIRICEWTR I AT Y FHRLD - a BEPMEL LB, PAO) 2SI LZY H v
K~ B %8 (MLCT) 342 U, DPAphos(s—)-Pd(I) % 5 2 % & # 2 & 11 % (Figure
30b), F7-TD-DFTEIMRIC X b OffiPd$ti A o i % & — BN IRRE (SR fB) 2 5HE L |

DO THOEZRENT L 72 & 2 A, SOMOZSDPA F @ # *#uEic Ji7E L. SOMO-125%F
YL EOdGEICEEL Tz, & DEIREEIZDPAphos(e—)-Pd(D) ® & 1IkHE & —
BT 5720, MLCTIC X WSPHREE~E E B Z L AR EI Nz, 2N THIA &, LCER
I RFEREM, bbbz F—{ICMCES M UOMLCT B D FET 5 2 &8
NEN T3 (Figure 29), 15 D& I3 Z OIREN T-HRE 23/ X\ 72 0 BBIER K
EFEINBZ 0D, IELEZV A Y F2bIns DB E~D T A F—KEH(ET)D
B bEZOND, —/T T, MCEBBE LA U 72 5AIC 3 L 72Pd(0) 225 ) 7Y F~dD
BB (MLCT) 2L % & & TSHREE~ L E ) | MLCTER 23 U 72854 1T I EHEES,
KRE~NL BB L EZONB720, ETHAAEU75AIC S SHRRE~ LI L, i & LT
BEET 2 &2 bNE, 22T, ZOSHREDEEKICOWT, ZOEITCEMEZFHEL -
EZAh, 28V (vs. SCE) L KW EITLEMEZFF2 & FHl I N/, LR oTID
Dﬂwmduﬂwmﬁﬁ@i TAFANTAFERT Y =T 4 FD XD REILE N

L WHEOBRITRISICHIETE 3 2 LB FPHREI N,

O OOO
PPhs

DPA DPAphos
E,, =+0.93V E, =+1.10V Eox =—0.03V
(vs. SCE) (vs. SCE) (vs. SCE)

Ph OH .—‘_ Ph Ph OH
e

,PPh3 MLCT Pl_¢
Pd'-PPh S; state
OOO vPPh (metal-to-ligand OOO / 8 !
3 PPh, Eppic =—2.80 V

charge transfer) (vs. SCE)
Vs.

Ph
DPAphos(=—)-Pd(I)

Figure 30. (2) Redox potential of DPA in the singlet excited state and Pd(0) complex. (b) Proposed

key mechanism after ligand-centered m—n* transition of DPAphos-Pd(0) complex.
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FAH 27 oY LR ZNA L 72 SRS

2-4-1. 7 I vobhi 7 U MU G D St Et
DPAphos-Pd(ID)-allyl§fk 2> & 2 U 3 & Tl X 17z i HERE, DPAphos(++)-Pd(D)-allyl
SRR —BFIFIR T IAL IV ANEE LCGEATE 3 C EnTHlE N0, T
IV afiOC-HT Y MUK IG % BT L 72 (Table 5), 3 & L C1.22% 8 ® N-phenyl
1,2,3,4-tetrahydroisoquinoline(29a) & 14 =D 7 Y )L X F L h — R 4 — + (30a), filtfi &
L C[PdCl(allyD],. %L L CDMF (0.1 M) Z i\, 20LED7 4 b 2T 2L T
U v PR % MET L 7z (entries 1-4), Z DfEH, PPh; & DPAsphox% 5 mol %3 -2 \»
7B D 7 U ALK (312) 2375%INEE TR & 4172 (entry 1), —75C. DPAsphox® %
TP K E KT L (entries 2-3), PPhy® A CIHEMEHRZE I NZD A 5 7
(entry 4), Ht\ > CRIBEIGEIERL Y v F & PO Sl & % i3~ 5 72 ®, PPhs% 10
mol % . FRINAN & L TN T 90 A~ BERTHE % 15 72 72\ ATRD BRI 53 7 %
R L 72 (entries 5-7), U ¥ AU IC R & 172 DPATI325%, DPAMSEHNLL 7=
Ak 27 4 A% F(DPAP(O)Phy) TI320%, £79,10-Y 27 /7 v+ 7%y
(DCA) T138% & I b KINRIC & ¥ % 572, L7278 > TDPAsphoxASHLAL - & L T
RFYY LICENIT 2 L BRI FICRA 5 T2 T L AREE T, % 7PPhs
Db Y i ZJEHA 7 4 ¥ ) 77> F ODPEphos+Xantphos b Mt L7 4%, K5Ik 4: <
LT L 722> o 7z (entries 8-9), A& L TDMASMeCNd #5f L 7243, DMF#% Lnl %
FEERIIS S e D> > 72 (entries 10-11), KiCentries 1-3TY 77~ F & L TDPAsphox® #
G2 BICRIGRIC & 8 5 2R A ZCHHT 3 729, entry 12CPPhsd b 0 12 —#K
TRAT7 4 vAFY FOPRPOHERMLZE Z A, 10%L 2B ES 2 78022 72,
L7235 CTPPhsZ I L 72 VIR ICARINR & 72 5 2B IE. k274 vAFS Fo
ETHERICRNT 2 2 L 2R E N7z, Thbb, FikRA7 4 Ve L T =i
AT 4V EDVHYVEELTHEHEOAR NIV YL EOBETEENEL R EELZOLND
7, ZR A7 4 v IRBILIATM OB CIED@ 2 2 LT3 L EEI N, v
ZRERT 4 v D7 2 =N EOBEHILZREI L 72 & 2 5 p-OMe (15%), p-Cl1 (73%),
o-Me (12%), p-Me (82%) & \» 5 #5372 5 7z (entries 13-16), p-OMekiI N7 ¥V 4 |
DETFEEN LR T2 £F 2 bhiz—77 <, LMCTHRE I 5> T PA(ID) -allyld iR Tt ic
FHNcE < & PRSIz, eI L 72 TP (p-tolyl)s2°PPhs X W b R Wi R A 52 5 2 &
oo tztzo, LAEY 77w F & L TP (p-tolyl)s & DPAsphox % ffl & o & TG % it
F7ze WEEERDHA CCIRE 27208, TT%IEE L bF 2K T L7z (entry 17), %72
a v b e — VEBROER, PAMEE, ArFRPH. SR D Z N ARG T2 T >
7z (entries 18-20), entry 21 THiF%Z HHLEDICZ 2 T ¥ [AZ D UK (83%) T HIYH
B N7z (entry 21), BBICHEOHERAMA LTS, T3 v i/INEBEEMZ 24
th(entry 22) X Vb, TUAAFAH—HRH— b %1552 2 % (entry 23)TI7%
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DHBENCECHWYIPE LN Z L6, entry 23% FiBESc{FE & L CLABRORET % 0
77

Table 5. Optimization of a-allylation of amines.
[PACI(allyl)], (2.5 mol %)

@@ 0OCO,Me ligand N
+ > N
Nopp, N DMF (0.1 M) Ph

rt, 19 h AN
29a 30a purple LED

(1.2 eq) (0.1 mmol) 31a

Ph CN

' R .

Hese O,

i * 3

E Ph CN '

i DPAsphox (R = PH(O)Ph) DCA P(4-OMePh); (R’ = OMe) !

: DPA (R = H) P(4-CIPh); (R'=Cl) !

;  DPAP(O)Ph; (R = P(O)Ph,) |

entry ligand (mol %) variation from the above conditions  yield (%)“
1 PPhs (5), DPAsphox (5) - 75
2 DPAsphox (5) - 8
3 DPAsphox (10) - 8
4 PPh;3 (10) - trace
5 PPh;3 (10) addition of DPA (5 mol %) 25
6 PPh; (10) addition of DPAP(O)Ph: (5 mol %) 20
7 PPh; (10) addition of DCA (5 mol %) 8
8 DPEphos (5) - n.d.
9 Xantphos (5) - n.d.
10 PPhs (5), DPAsphox (5) DMA as solvent 61
11 PPhs (5), DPAsphox (5) MeCN as solvent 44
12 Ph,P(O)H (5), DPAsphox (5) - 10
13 P(4-OMePh); (5), DPAsphox (5) - 15
14 P(4-CIPh); (5), DPAsphox (5) - 73
15 P(o-tolyl)s (5), DPAsphox (5) - 12
16 P(p-tolyl)s (5), DPAsphox (5) - 82
17 P(p-tolyl)s (5), DPAsphox (5) at4°C 77
18 P(p-tolyl); (5), DPAsphox (5) without [PdCl(allyl)]. trace
19 P(p-tolyl); (5), DPAsphox (5) under air n.d.
20 P(p-tolyl); (5), DPAsphox (5) under light-shielding condition n.d.
21 P(p-tolyl); (5), DPAsphox (5) using 5 W blue LED x 2 83
22 P(p-tolyl); (5), DPAsphox (5)  29a (1.5 eq), using 5 W blue LED x 2 76
23 P(p-tolyl)s (5), DPAsphox (5) 29a (1.0 eq), 30a (1.5 eq) 97°

using 5 W blue LED x 2
“Determined by 'H NMR. * Isolated yield.
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2-4-2. 7 I VoL T U LS D FE — ik o Bt

BB D &, FEE M %2 ME L 72 (Figure 31), ¥ 3. N-phenyl-1,2,3,4-
tetrahydroisoquinoline® 7 = = V3 E D4 DEWERFL A MG L 72, 123 KFE DA, 0.2
mmol R 7 — )L TI7T%INE, 1.0 mmol A 7 — LT I7T%IE T HIIM 235 & 1172 (31a),
FTIAMRATFAA—FRA—rDRDVICT I AT a—LERHNTDHIS5%INETK
JEIFHET L2 TYAT A a— V2D T TIEBAEREAK V23, Pdfili#i & L <
[PACl(allyD) . Z T w3 2, ¥5icT7 I va-fiThi7e b AL EL B 2 205,
K5 mol %DHCIARZRHICHET 2 L EZ LN, ZOMMBICX VY TI AT LI -0
THRIGHHET L 72d D e EZ LN D%, Kt TETKIMEREDACK(77%, 31b) P~ 1
v & L CF(quant., 31c). Cl(96%, 31d). Br(61%, 31le) Z it L 7225\ & FhRLSE
2 b BIF IR IR CROSITHET L7z — T CETHGHEE TIIERIMET L. Me 2 E
192 LA8%IRIC L £ F - 72(31f), T NIEiEH:FE D DPAphos(e+)-Pd(I)-allyl# {4 ic
IO —EBIRBLINTELIEELO TV AN A TF 4 v E T GERIC X Y &El
SN, HT Ivaliofi 7 e b MAEBHFI I Nz TIE R eEHE L, £2ZT
MeOE: T 7 v b Vb 2T 2 7= I L L T2,4,6-collidine# 14 &M L 7=
EZAWHEITHEL., 2%NETHWDO T V A{biErEsnzBlg.
tetrahydroisoquinoline ® 6,7-f. ICMeOR % Ff OB CIIER LD TV AN A FH VI
52 58I/ EwEEZ LN, EBRICHRMAZ: L Tb 76%IE TG IZET L 72
(31h), T /-fthDFERE LTA v F—APHER L 72 R & v FHE A (84%, 31i) % F
* 7 = VOMEER L 72 ¥ Y O v EEEIR(69%, 31)) TH FIBIC KOS ITET L7z, 727
CVHERE LTAF AT ZTA(46%,31k), NV AT ZTFA(25%,31)TH T I v
a DKz L TCORIGHHETL CGT IV MUERIDB FERY & LRz, —if
N-T VD LEY)C afiDRZFLCTHED Y 7Y v 7 L7 8 bR D R I L7,

MNTTINRAF VI =R A — b+ LOBEBEZRET L 72, B OEBREZRET L L
Z A, Me#(93%, 31m), Bn#k(62%, 31n). n-butyl#(55%, 310). propylk(70%, 31p)
ZRPOFE TH FREED O RIFRIEGECHWMIZE O vz, RIC y -ALIC n-propyldE A3
B L 2 Tl R CERTE o 72 TE A ERYITIRE/ A3/ 10RI Y Lk
D, KGR CTORMEIER S5N7-(31q), X b iclinearfRkd A7 &3, branchif$21%
INHE(dr 1: DTERL T2 Blq), 27 L=V XAF V=K1 — b TII56%IFET
linearf&(31r) 25, 14%{3X Tbranch{& (31r") 235 65 7=,
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[PdCI(allyl)], (2.5 mol %)

P(p-tolyl); (5 mol %) R?
R2 OCO.Me DPAsphox (5 mol %) R _N_
i . + S Ar
RN, Ré DMF (0.1 M) S
r, 19 h 4
29 30 5 W blue LED x 2 R* 4
(0.2 mmol) (1.5eq)
MeO
N
O MeO
X R
R=H(31a)  97% (97%°2 95%D) 76% (31h) 84% (31i) 69% (31j)

Ac(31b)  77%

F (31c) quant.
Cl(31d)  96% MeO\J:l/ "Ph BO\)j/ "Ph
Br(3le)  61%

Me (31f)  48% 46%° (31K) 25%¢ (311)
OMe (31g) 52%° 93% (31m) 62% (31n)
. OCO,Me
from
70% (310) 55% (31p) 52% (31q) 21% (31q")
(E/Z=3:1) (dr1:1)
: Ph o 0CO,Me
: R-H. N. N.
lesek el
: ! = |
Ph : |
: DPAsphox !
L orasphox : 56% (31r) 14% (31r)

Figure 31. Substrate scope of a-allylation of amines. “1.0 mmol scale. *Allyl alcohol was used

instead of allyl methyl carbonate. “2,4,6-Collidine (1 eq) was added.

Bt CTARRIGSEM TIRIGED 2 WIZHBYI MG b Lk 2 o 2 BVE BRI 2 2817 %
(Table 6), £7 3 vHlOEE ML LT, MRL T wERo7 2 v %1,2,3,6-
Tro2ebruv ) Yvifnke 2A, AR I N2 b DDRIGRICE EE o7
(entries 1-3), TNODFERHI S, T IV alid T ¥ A NLEEDBARIGOMETIC IZE
HWCTHDIEWRBEING, 7270 v VviFEEoRb Y C77:‘/En’%=ﬁg%ﬁﬁb\f2
A, G ET LD o7z (entry ), thHETD 7 U KA OEHLL 72 KK
% iﬁﬁi}?éﬂﬁtﬁ)of: b, ERIREITZ TV ANVKEERA LT S DD, iiKE

X UK FE O IINEECTH 2 LRI N LN TT VA RAF LA =KL — b
@ﬁb DICTaNAEAL—FR A —F, FLoA A —FR 3 — . Ry IAH—FH— |
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AL 7225, BIR T Clwvend Kol T L 70 o 7z (entries 5-7), £727 Y
AT N T—= )V CIBICRICHBET L2 & %ZTF, L= AT ra— L ThiRat LT
Te D3 ARIRIC & & F o 7z (entry 8), /KEEHEE y ML D LAREEE I X 0 | BALIIAHm 2340
INdborEZILND,

Table 6. Unsuccessful substrate scope of a-allylation of amines.

entry amines reagent expected product result

1 ©\/ | QCOMe ’L inseparable mixture
N.pp, ~ Ph (SM:TM=1:0.4)

/

| OCO2MG

[
N.
2 /N~Ph v \)/ Ph <11%
X
5 @ 0CO,Me | N
“Ph TM =1 -
N.pp o o SM:TM=1:0.26
9 y
QO H OCO,Me MeO N*ph
N. 2 e n.r.a
4 MeO Ph NG
\
OCOzMe N
5 ©i> /\ﬁ Ph Ph n..
N. = T
Ph - P Ph
Ph
. “Ph .
N-pn 7 X
A
L
7 OCO,Me Ph n.r. (at rt)
N. detected (at 80 °C)
" 90
O -, e
8 N +

OH N. .
“Ph NS
I <10% (3:1)

“Addition of 2,4,6-collidine (1 eq).
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2-4-3. 7 3 v afi 7 U MURIE D 43 AR AT

T IV afi 7 VUGS BT 2 RIS Y 47 F (DPAsphox) DFEREIC D W T
MR Z1GF2 720 WL - FEHAT PAZMEST 25 2 & THRANENTZTo72, £F
Kt FEE T H % N-phenyl-1,2,3,4-tetrahydroisoquinoline(29a) & it 4= i #) (31a) D W
IWARZ b Az W{IE L7225, BTSN EEIC & & F D, 400 nmDBA b o a[esEiE C
WIS /L S 7 2> - 7= (Figure 32), L7225 TIREN & Y2 L Z nic X 2 560N ix
T 2,

(a) (b)

5000 - 5000 -
] 4000 -
4000 @G\L N.
— 1 Ph = Ph
£ 3000 | S 3000 - AN
5 1 5
2 29a £ 31a
5 2000 -+ = 2000 -
by w
w 4
1000 \ 1000 -
0 : " " ; " ; ; ' 0 . " " \
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 32. Absorption spectra of (a) 29a and (b) 31a.

Kz PA(ID) #A D [PACl(allyl) |, & PPhs, DPAsphox % i L 7= DMF &, =
i - BT © 1 KRR I 5 2 L T, & ™ T PPhy & DPAsphox 2387 &7 AT
BChz L 72 PAUDEEAE A B L . 2 OB - FH A<= 27 b % HIE L 7z (Figure 33), W
XA ~~Z7 b+ ClE 400 nm LA_E @ a[fRYEEIHIC BT, IRAEY D IRt L DPAsphox @
B2 IZIE & A YR S N7 d - 72 (Figure 33a), L 72285 T PAD §A I 351
TIZY 7Y FDODPA 2=y F 2SERICAFDEZRINL T3 &2 b5, —JiT
HNART P IFFEMRE SR TORE L EBR 72, T7bbH,. DPAsphox ICR LN 725
R ITIRTE L, N7 P 7 L~DENLIC X 0 Y BRI X v 7z (Figure 33b), BRERARNT
DFEFR D b, PAADFEERDOTEEACHER & L <Pl X iz LMCT B IiC X 2 i GEfED
AgEIN5,

65



(a) (b)

1.0 4 === DPAsphox
— 1/2[PdCl(allyl)], + PPhg + DPAsphox Ph o
R-H
2 S QU
8 Bl \ Ph
2 s ! \
2 Z 'l \ DPAsphox
€| ‘\
w N \
] \
'/.\\\
300 350 400 450 500 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 33. (a) Absorption and (b) emission (irradiation at 400 nm) spectra of the mixture of

[PdCl(allyD)]> (0.5 eq), PPhs, and DPAsphox in DMF (0.05 mM).

HERE 2 290 OWTHIRD 2o, wmiESETH 5 P(p-tolyl); &
TRIGIREY DWIN A~ 7 + A% BIE L 72 (Figure 34), 7 I v 29a % )G SttE & 1H L
L NIV YLK LT20 &8, TIAMAFAA—Fp—1 30a% 37 Y7 LI L
T30 FERIML 7228, AR ORI A <7 P vicZ bz o e o7z, L7
5T, 29230272 v P77 4L EDA ARV 5 2 & CRIGHMEFT L
TWVAHREETREwWEEZ LN,

- DPAsphox
— 1/2[PdCl(allyl)], + P(p-tolyl); + DPAsphox
1/2[PdCl(allyl)], + P(p-tolyl)s + DPAsphox

0.8 +29a (20 eq) + 30a (30 eq)
g o6
©
-1
2
2 04

0.2

0 T T T T T T T T 1
300 350 400 450 500

Wavelength (nm)

Figure 34. Absorption spectrum of the reaction mixture in DMF (0.05 mM).
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Fevs T Y VB % 72 72\ W DPA % B W CRIBRIC 99 A E I IENT % 1T - 72 (Figure 35),
DPAsphox(3-¥7 7 LICENI T 2 720, AfDEINE 2=y F 2387 T LT LEIC
WFFICALE LT % 23, DPAIRY T ¥y LCIAIATRE R BRI 2 Fi o T e A b X
FVYLELIFNGTELTHFET 2 EE LN, T T, DPAsphox & MY - &R
R M NEHET 5 2 LT, AIEDEEERLY 7Y FOBEREIC DO WTHEE L 2, IR~
27 b T IEDPAsphox & [AlRk. PA(ID 514 D IINATE I 3\ CTRIESERE T 31 2 WY
A7 M ADEACIZR S inh o 72 (Figure 35a), X HICFHHART P LITONTH,
PAADFEERDTMIC X 2361313 & A ER S 2 - 72 (Figure 35b) , DPAsphox & DPA
DIETHICIBE IO 2 IC R 2 2 6 A InE =y F ODDPA%Z “ KX 7 4
VAFT P YA Y FICHBIAL & TN RIELPE L2 FE 2 b D, EERENT O
RO ZDOWENIFLMCTIC L 2D TH % & TMlI N T 3 720, WFDEIETER Y 4
Y RN N T VT LA R TEIEL L Tw B S HER I Lz,

(a) --- DPA (b)
1.0 4 — 1/2[PdCl(allyl)], + 2PPh3 + DPA
1 — 1/2[PdCl(allyl)], + 2PPh4 , Ph
0.8 -
: 909
g 06 | 8
(=
£ e Ph
9 2
2 04 - a DPA
< £
w
0.2 -
0.0 v T v T = : y T T T T Y u r |
300 350 400 450 500 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 35. (a) Absorption and (b) emission (irradiation at 400 nm) spectra of the mixture of
[PdCl(allyl)]> (0.5 eq), PPhs, and DPA in DMF (0.05 mM).
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2-4-4. 7 2 v afi 7 ) MUKE D ISR fR T

7 v a7 YV MELRIGIE oW, EEBETT > 72(Scheme 24), 47V g
{ftFlE LCTEMPOZFMIL 72 25, 7 U AAbAERPI(31a) i34 Roh T, FE29a
DT3%MIN X N7=720, T2 I AFERED/RE X N5 (Shceme 24a), Hilv>CT—E FEIH
ERE LT bRV EVYERFIMLZEZ A, 31al316%D A LA LT, 2928 7 3
v D B (32) A X 1172 (Scheme 24b), = @ ~BiWKIZ BT ELIC X v F&4k
LT IV aliDRETVANELERFEA Y 7Y v T35 TERBLEZEEZD
N3, @7 ARHEINZ L TT IV IUERHEI N EZ DN D720,
7 U AbiE R o F AR I —E FIEICA RS L v 3 A[REME A RIR X L7z, Scheme 24c
TIVANI Iy TRIE L TAFAL AT P Y ERRIMLEE 25, 6% L RIE A
LDIRFBT I AINE N T 9 T ULEBYG)BEON720, 7T IV aliiciRET Y v
DFELTWD T ERRBINET,

Scheme 24. Addition of (a) TEMPO, (b) nitrobenzene and (c) methyl vinyl ketone in the a-
allylation of amines.

(a) [PdCl(allyl)]s (2.5 mol %)
P(p-tolyl)z (5 mol %)
DPAsphox(5 mol %)

0CO,Me TEMPO (2 eq) 29 N
N NG DMF (0.1 M) Ph
“Ph

rn,19h AN
5 W blue LED x 2
29a 30a (1.5 eq) 73% n.d. (31a)

(b) [PACI(allyl)], (2.5 mol %)

P(p-tolyl)z (5 mol %)
DPAsphox (5 mol %)
nitrobenzene (1 eq)

29a + 30a(1.5eq) 29a + 30a +
DMF (0.1 M)
rn,19h
5 W blue LED x 2

25% 16% 18% (dr = 1.27:1) (32)
© [PdCl(allyl)]> (2.5 mol %)
P(p-tolyl)z (5 mol %)
DPAsphox (5 mol %)
methyl vinyl ketone (20 eq) N. Ph
29a + 30a(1.5eq) 30a +
DMF (0.1 M)

,19h 5
5 W blue LED x 2 16% 07 “Me 6%(33)
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2-4-5. T v a7 U MUBG D HEE KOS EERE

DEoa bt B e ERMAERPOHEI NG T I vV afi T U MERIC D RIS
% Figure 3618 L7z, KIGARPTHAET 2PA0)FHEARGBL) I LTT VLA F Ll —
RA— b BB 2 2 &, BT L3 WPdAD-allyl s 77 v §5{4(34b) 284
L%, 2ok &, WL IMRELZES 28 TA MR V2RAET D, AU 285434
XV A F ODPAphos3ZIRIIC A2 RINL . VYA Y FHLD x> a*BHIC XY
—EIHNCIRRE (34c) ~ & £ %, Jil#Z L 72DPAphos?> & Pd(1)-allyl 7 F 4 v i X § % &
BN (LMCT) I X 0 7 ¥ VRO iEYE = PA(D $51K (34d) 234 U 2 C & 23 B G figAT

“i’é?ﬂ"]ﬁﬁﬁ# LXRFEINTWB Mt WTCDPAD 7 L AN F A VELB TV —VT
IVE BT T A LTI ANNAFAVELEL AT b vfbickh T I v
a {ikmyﬁ SUANDFET B, ZORET I AALBPAN) A (34e) It BT
. 20 334eDFEY S RICIVELEZTIANT AL TV ANy T v 7
T2 L TEBMAEL., 34aniBET 2, U EORIGHEIICE T 287 U L D FEL
WHEZ L5 & Offi —2{ffi— Ui —~Offi © % 4 7 v TR L T\ 2, ARHEE KSR <l
PA(ID) $&1A D — 8 & eI il HEEHRL Y 7~ FDPAsphox 3 ETH B ¢ E 2 b
2, itk =27 4 Y v F (PPhs, DPEphos, Xantphos) TJIGASEST L 7220 -
e EFIFEL RV,

(fluorescence quenching)
LMCT OH Rz

P Ph
ph. 2" Pd‘ ° ~Noar

x| UP ®PPh
—[ S @40 DPA” e ° &
- " R?
1
—» R\./N\Ar
hv
} ligand-centered .
o Pd(0)-Pd(1)-Pd(1) cycle /'P\ PPh,
transition DPA P? path A:

X~ radical addition to E
34e

OH 5
L sy3ap) Pp ©ppn, -
DPA” Pdll o pp OH R2 Ry-Mar
P oxidative L 1 N J
N addition DPA/P\PdO'PPhS <& R\,/N‘Ar .
34a
© path B:
OCO.Me OCO,Me radical-radical coupling

N
Come </-Co2

Figure 36. Plausible reaction mechanisms of a-allylation of amines.
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FH5HT Ofiy 7 v LEERZ AN L 72 IShFE

2-5-1. Heck It D S5t

%A HIcPAIDEEEAFIRAL 727 2 v afi 7 YV MERIGDRFICEII L 7272, fiil»
T L 72 Pd(0) $&5 A % iR & L 2 RICHHFEICE T L 72, nIHAEEA I XY
DPAphos-Pd(0) &4k 2> & F&4E 3 5 & Pl & 721G DPAphos (s-)-Pd (D) 13K W iE T
BZAT 2Tl N L»b, T, 2AFLv(35a) b NiEHEARTLF LT a2
N @ +BuBr(36a) % il \» T Heck )G % 5 L 7z (Table 7). Pd(0) # {4 D Pd(PPhs), &
DPAsphox%5 mol %3 D@ L, =i « F OIS T C36REHEE L 72 & 2 A, Heck
FOGA R (37a) H379%INR T S 17z (entry 1), DPAsphoxZ I L 72\ &, IR (1X
32% 129k L 7z (entry 2), L 7228 > TDPAsphox®DINC X 2 R D [a] LA RA T 7z,
entry 3 CPdfiifit & L TPdCl,(PPhs), %, V 77~ FICPPhs & DPAsphox# F\vy, G %
TPAd(0O)EERZFRE I 25 THRET L 72 & 2 A, ICRIF93% % <AL L 7z (entry 3),
t-BuBr D & A E O I T IR L2 /K T L 72 (entries 4-5), F 7zentry 3205
DPAsphoxZ g\ 72 & Z A, UK (1319%IC & £ % b . DPAsphox® b ) ICHCHZHE DK
DPADPAP(O)Ph,Z i L 72 & & AR DK T 3/ & 17z (entries 7-8), entry 37> 5
5mol %DPPhsZ < &, IKIF12% F TE T L 7z (entry9), Z OFRf, ALY ONMR
% fi#NT 9 % & triphenylphosphine oxide ® &' — 7 3B X 1172 & & 2> & KGR I HERATE
L7zl L ORIG, 72 120ffiPdES A LT 2 Clgfb ., U A Y F e LTAHE
PAL T T 2 ATREME DS RS X 72, /Nt O PPhs 3 iG 1 72 Pd(0) #8514 & #EFe 3 % 7=
DICKETH D EE 2 b, EERICPPhsZB L 7 entry 9T IR EL 72 Y
NRIVYNT Ty 7 DREDVEZ T, entry 10 TABICDMEA W72 & & A, 91%ILE
¢ DMARIE L FEDKERE 5 272, L7228 T, DPAsphox® Pd#&{A~DEALIC D
T ~72%P NMRHTIZ 1IDMF-d 7885 % v 7225, DMA < 3 [Alfk i DPAphos
BPA0) I L T3 EFEZ bz, 72, BT & L CXantphos® A% HMT % &
57% I T HWY 3% b L7z, XantphosZ U /v F & LTI L 7zShang°Fu b O
Tl336 WdDblue LEDZFE & L THWTE Y FHINZE CHeck G E KIS S LT W»
2038, STV T W35 Woblue LED TIEHREOINKICE ¥ 572, T 72,
Pd#ERZ AN L 72\ & BS540 d (entry 12), KZISHIIL 72\ & 82% & ILFE 13
KT L 7z (entry 13),
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Table 7. Optimization of Heck reaction of unactivated alkyl bromide.

PdCl,(PPhs)s (5 mol %)

ligand Ph (.?
KoCO; (1.2 €q) R-R
©/\ . J< H,O (1 eq) . ©/\)< Ph
Br DMA (0.2 M)
35 36a 5 Wbl LED x 2 a7a et e
(0.2 mmol) (2 eq) DPAP(SCE))F?;;(R; P)h)
entry ligand (mol %) variation from the above conditions  yield (%)*
1 DPAsphox (5) Pd(PPh3)s instead of PdCl>(PPhs)> 79
2 - Pd(PPh3)s instead of PdCl>(PPhs)> 32
3 PPhs (5), DPAsphox (5) - 93°
4 PPh;3 (5), DPAsphox (5) t-BuBr (1.5 eq) 82
5 PPh;3 (5), DPAsphox (5) t-BuBr (1.5 eq), DMA (0.1 M) 80
6 PPhs (5) - 19
7 PPhs (5) addition of DPA (5 mol %) 31
8 PPh; (5) addition of DPAP(O)Ph; (5 mol %) 50
9 DPAsphox (5) - 12
10 PPh;3 (5), DPAsphox (5) DMF as solvent 91
11 Xantphos (5) - 57
12 PPh;3 (5), DPAsphox (5) without PdCl>(PPh3), trace
13 PPh;3 (5), DPAsphox (5) without H>O 82

Determined by 'H NMR analysis. “Isolated yield.
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2-5-2. Heck )t D F'E — i PE o Faat

Y B2 RT3 -0, T 2FL v LS T Lo ESIE A ] L 72 (Figure 37),
XTI//“C93%LI22’:7L’O7IL7K¢F7PZFHU‘ A7 —n%1 mmolic EiF7ze 25, 94% &[]
7z RS IEHETT L 72 (37a), fiv CETFHEGHERC w7 v 2SI A L
THETL7ZE 2 A, OAc (90%, 37b). #Bu (91%, 37c). F (70%, 37d) & Eﬁ%&”i%f
Heck ISE B 23 b 1l —J7 Ty RGO CHORE T3 15%10K (37e) 12
o7z, AFLVOpICEFRMRABEAT LI L TRV LT Vf]/lx@ﬁfaﬂﬁaiu
B ERT 20, BLEMPEL BB ICONNEOETAR LS Z L2, Hongb I
DI I N T3, ZHIIRIGHRHF T U 2 PAdD A, %?ﬂ?‘gl‘lﬁﬁﬁi‘%?ﬁﬁbt&
VINTIANMCH L BN T e e X2 ETTIE2DICA T TH LD EEZILN
%, % 2T, PAD)DBMLEN %W E &4 5 2 L3 TE TR LT3 EH 2, 4T
VO LLOEBTEEET T 5720 BEFARBRIFTVYFTHEL L) 72 VERAT 74
F (P(OPh)3) Z5mol Wil L7z & & 5., 37ed564%INKRE CH L7z, X 5IcTE TSI
S DIEGCNIET D 67%IER TR G oz, T, fioRFL Y ELTY 7221
FLverxuF—LFEEREHOZERICD, ZNZE196%(37g). 56%(37h) THIY
bz,

FWTTAF AT e I FERF Lz, =7 vF e L Tl-adamantyl (84%, 37i).
2-methylbutyl (94%, 371)%ﬁﬁmt|¢"< b RIF IR CHIYMI» S bz, BT V¥
LT HEWIERTHIY A S L, sec-butyl (92%, 37k). cyclopentyl (95%, 371), N-
Boc-4-piperidinyl (88%, 37m). cyclohexyl (96%, 37n) & \» 5 FEHR 72 5 72, LU EDE WY
e rxiamic, — w7 A CRIEDIK TR R L, n-butylk<©78%(370). iso-
butyl}3 £ ©76%@7p) TH V., TF A ZZAT A ZRKIRICHETSZ T LrFATIE
54%(37q) L FREEIC L EF o 72 AFERIZ T A XL T P AN DL ENED I > 28> 11k
DIEICH Y, IRTZ S INADPARETH LI LICKERNT B EEEINE, L2rLAadrD
LTOHEICH T, ERYO " HEEDE/ Z1320:104 E & @B 2 R L7z, %
fe7mEXFAv s TaxNv@en)xEL LTV AL uy JEBICENT, v
a7 aN VBB L 7237r2329% 8l S N7z, TAFNT TN DIAEDLFF
INTWn3

— T AFLYOROYVICN-E =T I FEAWV S & KIGITHET L 72 b 0 D5k
DRAE L 72 (37s), 72 KU 7 v F v % 3 % 4-bromo-1-butyne TR E L 224K
DHER S Nin 2 72(37), EE =R T A F VS METL 7228, KOG IZET L v, K
WHECHI % 5 2 7-(3Tu,v), ¥ 7-HeckIGDORbVic, 74 vEHEELT L
& TMiniscifl D 7 ARG Z R L7z 2 A, HIEO N2 b DDk &
ERID2.3:10RICE ¥ - 7-(3Tw),
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PdCl,(PPhg), (5 mol %)
PPh3 (5 mol %)
DPAsphox (5 mol %)
K2003 (1 2 eq)

H>0 (1 eq)
+  Alkyl—Br
DMA (0.2 M)

35 36

5 W blue LED x 2 37
(0.2 mmol) (2 eq) E/lZ> 201
N
R = H (37a) 93% (94%2)
OAc (37b)  90% 96% (379) 56% (37h)
tBu (37c) 91%
x x
F (37d) 70%
CHO (37e) 15%” (64%9)
94% (37j o
CN(@37f)  67%F > (37)) 92% (37k)
N,Boc
A X
AcO
88% (37m) 96% (37n) 78% (370)

X OEt X N 5
o from r/w
MeO

54% (37q) 29%P (37r) 36r

unsucccessful substrates

C“X(DW()NQ “

SM/TM = 2.4:1 (37s) trace (37t) trace (37u) 23% (37v)

(EIZ=20:1)

Ph 0
P-H
Alkyl \
y Ph
rt, 36 h Ph

DPAsphox

84% (37i)

95% (371)

©/\/\/\©/\/\(

76% (37p)

SM/TM = 2.3:1 (37w)

Figure 37. Substrate scope of Heck reaction. 1.0 mmol scale. “Determined by 'H NMR

analysis. P(OPh); (5 mol %) was added.
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2-5-3. Heck )t D 439627 1 g

SelcBaFE U 7= Heck B IC DWW T, 3 AWENT 21T o 72, $ 3 Heck )it D i 551
DPACL(PPhsy), & FAWCTHRINA =27 PV ZHIE L 72 & 2 A, 340 nm T ic BIGK 23
.57 (Figure 38), Z OWRIUBAIFPA(PPhy)sic 3R bR o7 2 L h b, 2fiiPd
SERICHET 2 b @ L #F 2 b7z, PACL(PPhs),ic DPAsphox & DMAAIE % fl 2 . kG
PR I EIRME P T, IR IR U 7225, 340 nnfhric B & 72 WK 135577 L
Tz, L7243 T, PACL(PPhs),% FV> CTHOEMIBNT 2175 L IZHEL v & # 2,
[FER I Heck S ISR RE7Z 5 72 Pd(0) #8514 D Pd (PPhs) s TLARE DT % 9 72,

PdCl5(PPh3),
= PdCI,(PPhg), + DPAsphox
- DPAsphox

° 1.0
g — Pd(PPh
£ o (PPhg), Ph 0
§ s PPhs R-H
e osoL
0.4
Ph
0.2
DPAsphox
0.0 S—— , ,
300 350 400 450 500

Wavelength (nm)

Figure 38. Absorption spectra of PdCly(PPhs), and the mixture with DPAsphox in DMA (0.05
mM).

Pd(PPhs), % W THIX 2 ~= 7 b % HI%E L 7z (Figure 39), Pd(PPh;), & DPAsphox
% DMA BRI 2, BAEI AR 2 6 L 7268, iR - BT 1 RefiliE iR L 72
Bt DPAsphox O BEAH L D EI ICRIGEEPRKELL TWwiz, —F
TEARWIUT, FEICX 3 FHEY VA Y FODPA 2=y MicHELTWE EEZD
N3, £72 Pd(0)#kfk & +BuBr Ofic EDA SR L T\ 2 D0 27290, %
WSEME LA U < Pd $E AR L€ 40 HFE D +BuBr 2N L 7225, WINZA <27 s A D
AL RMER T Nl b o 7= (B FERL) ., L7245 > CRIGIARI T 0 20z, TD-DFT
FHRIC X 2 Tl . DPAphos-Pd(0) (PPhy), $&fHd DPA 2= v MIicHk$ 5 2 &
DRI NIz,
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1.0 — Pd(PPhy), + DPAsphox
Pd(PPhgz), + DPAsphox + t-BuBr (40 eq)
0.8 --- DPAsphox
g 06 Pd(PPhg),
8
5
3 04
<
0.2
0.0 m

300 350 400 450 500
Wavelength (nm)

Figure 39. Absorption spectra of the mixture of Pd(PPhs)s and DPAsphox and #-BuBr in DMA
(0.05 mM).

KITPA(PPhy) s & FH W THFE A~ 7 + A% HIE L 72 (Figure 40), i %400 nmic
E LMIE L7z & & 5, DPAsphox% Pd(PPhs), & iRE T % Z & TDPAsphox D231
Hl & 7z (Figure 40a), BEGREHT DGR 2> 5. DPAphos-Pd(0)#5{A1C 351> T, Pd(0) 225
Jih#2 L 7= DPAphos!Z X 3 3 B f£ 8 (MLCT) IC X 2 BB BB I NS, F 7
BuBrZ sl L 728 328 1Z, MM L TR WERAFERLITLAEED LRI A~
JINVERLIEZE2L R LZZY Ay FlideBuBric X Wi E g, MLCTIC X %
DPAphos(e—)-Pd(DIE MR D AR AMERE L T3 L #2505, [EEIC450 nm TRl L
2l TAHVHEI/NES 2572 b DD 400 nmDJifiEE & FIERD H AR A S 7 (Figure
40b),

(a) irradiation at 400 nm (b) irradiation at 450 nm
— Pd(PPhg), + DPAsphox
\
\ Pd(PPhg)4 + DPAsphox + -BuBr(40 eq)
\
> *E \ === DPAsphox
5 \
[7] “~ c
’ \ —_—
E h \\ g \ Pd(PPh3),
=P S
\

5| 1 \ 2 \
] ! \ ] AN
] [} \ = N
£ ! \ W N
w | \ A

] \ S

S ~
[ N ~
/_\s‘ \\\
400 450 500 550 600 450 500 550 600

Figure 40. Emission spectra of Pd(PPhs)s and the mixture with DPAsphox and ~-BuBr in DMA
(0.05 mM).
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FOSSME % W5t L 72BR1c . DPAsphox% i3 % & Heck UG 235 VIR THE 5
Nr—7 7T,V vEBRE L 72 WDPA TR E ICm LT 5ic & o7, £ C
THHEENTICDPAZ W2 2 & T Y vEEOFMIC X 2 0PN 2R % % MGk
L 7z (Figure 41), Z OFER, WHAEHOWINA <7 P 72T T, FHhA<~T7 b
ICHWTDH, PAPPhe)sDRIMMIC X 28R Iz E A RN o7, KEERIZ
DPAsphox23Pd(0) ICiefiz 3% 2 & THWEEEZFIERI L TWwW3 2 & RT3 5558
TH Y, AHEDEEERY # v R 2ERICPA(0) A ZIEHEL L T2 b ot Ex bR
%,

(a) (b)

1.0 — Pd(PPhy), + DPA
--- DPA
— Pd(PPhy), EPA
o 2
o Q
5 Ph E
5 s
S S
£
w
Ph
DPA
300 350 400 450 so0 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 41. (a) Absorption and (b) emission (irradiation at 400 nm) spectra of the mixture of

Pd(PPhs), and DPA in DMA (0.05 mM).
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2-5-4. Heck G D K IEHSRE fEHT

HeckGIZHBWT, ¥ ANy JEERICKX DT AFAN T I ANDREIIIFFX
Nzb oD, ZDHOMCEKIIFRHTH 72, 22T, BEINDZLHE D OKEEE
ZScheme 2512/ 8x L7z, T72bb ., PAD) T ANERR VLTI AN LIEET E L
TPAAD§SAE L, B-v F U FEBEC X v+ L 7 4 v %5 2 3 ##&(patha), Pd(1D) %
BRYVNFTIANNDOBRFBENCL YRy o7 m I FHAER L, E2Ri#E (path
b) £ 72 1IZE1HiEE(pathc)ic X WV AL 7 4 v 25 2 2R, RZBICPAD BRI ALT P T
NEBEEBILT 2L TRy I FFH vy PEL 2R (pathd) TH 2, 2DH b, &
#opath dICOWTIIMILEM ZDFTRIRICI VEHL AL Z A, RV UL T T AL
(+0.52 Vvs. SCE) # £t 3 2 1< 1ZPd (D #5{4(+0.01 Vvs. SCE ) TR+ TH o 72720
HETLICS W TH B EEZK L 72, 22T, -t F U Nk L 28t T l3 kK % 7=KIE
iz /"d—77C. EIBEECII/NE 2KIEfEZ RS Z LR bN T 5%, % Z Tpath a-
cDWTNDEH 72 B0 D0 % 7=, KIEfHZ FEhRIC X 0 #IE L 7=,

Scheme 25. Possible reaction mechanisms after the addition of alkyl radical to styrene.

[Pd"] f3-H elimination (path a)
— > (patha
/ Ar)\/AIkyI large KIE Alkol
L]
Ar/\/AlkyI Ar/\/ d
Br atom transfer Br E2 elimination Ph
h.OH Br K Alkyl (pathb)  HO.
P Ar large KIE P PPhg
DPA, Pdl ~PPh, DPA” Pd
PPh
PPh E1 elimination 8
& (path c)
small KIE
\ oxidation of benzyl radical @
| OH
! = DPA” "Pd -
! Ph /o -
. php PPN :

' Ego=+0.52V Ecalo =+ 0.01 V'

4-7 2= NVAF L VD, ESVKIGEDO— OIKEPEAKRICERE N2 L1OEAY
(38a+38b)#HE & L CFitl4 3z & ¢, KIEZHIE L 72 (Scheme 26), 1BEY) % itk
SR L7z 8 25, T3%INERCABM(39) 2315 b, 1.3DKIEfE %R L7, 1.313/h &
ZKIEfECTH 2 2 &b, 7uEE B2 HEINEEL A U 2 path ek d b LW
Th D LiGmo T,
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Scheme 26. KIE experiment of Heck reaction.

PdCI2(PPh3)2 (5 mol °A3)
PPhs (5 mol %)
DPAsphox (5 mol %)
K2003 (1 2 eq)

X /@/\/D J< H50 (1 eq) N
D + +
Ph Ph Br DMA (0.2 M) D/H
38b

rt, 36 h Ph
36a 5 W blue LED x 2 73% (39)

(2 eq) ElZ> 20:1
Ky/kp = 0.57/0.43 = 1.3

38a

38a:38b=1.0:1.0
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2-5-5. Heck I D & MRS fET

LA E gt 2 & #EE & % Heck G D SGHERE % Figure 4210 L7z, R CHEU
Pd(0)#14(40a) D F i@ 13 V) Y FHLDO 7 —>a *BEICK 2 5 DT, 40b% 5 %
%, 0%, Pd(0)7 5Jiffe L 72DPAphos~D EM#ZE(MLCT)Ic X v, TD-DFTEH
T L E —BIEGIASREE & Tl X 4172 DPAphos(s—)-Pd (1) 15 (40c) % 42 LU %, 40ciE
2.8V (vs. SCE) L BB T2 T2 L FllE Nz, TAF LT 0 I FNA-ET
BILINZZ L TTAFA T AN LEPAD)-Briifk(40d)# 52 5, 2Dk, EU7=7T
NENLTIOAARAFLVICN LIV AAIINTEZ & TRy LT YA (40e) %,
Pd(D)-Brififh» 5 RV I T AN ~DOBIRTRHEENIC XL ) v 7 a3 F40f) %5
Z. WBICEINEEIC X Y Heck IGAEBM 2 S, 40anFET b LE 20N 5,

Alkyl ®
OH Alkyl-Br
P PP Q" B
DPA Pld DPA/ \PIdI—PPh3
PPh. SET
3 Ph QH PPh3 Ar/\
(fluorescence quenching) e— ' P. ® 40d
~"“pgi-PPhs
S2 (40b) uLer oA I radical
2
A T s (400) PPhs addition
L[]
Ar/\/Alkyl
hv
\ hv Pd(0)-Pd(I) cycle pth Br
\ P. !
DPA/ PIdI—PPhs
MLCT
ligand-centered transition PPhs

Vsl
transi?ion Br atom transfey 40e
OH

Br
Ph.; i
p. .PPhy (KIE experiment) ap N Alkyl

DPA’ ‘P‘Ijo E1 elimination
Sp (40a) PPh, of HBr OH
Ph.5 " PPh
/P~ 0 3
DPA” Pd
PPh,
A AR a0f

Figure 42. Plausible reaction mechanisms of Heck reaction.
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2-5-6. €7 V) — VLA D SEET

DPAphos(s—)-PdD)iEMERIC FHIE Az EVviEIL 12, TAF A7 3 FUADERTT
SOGICHIEHTE R EEZ N TT Y —AnI4 FORITICKBET Y —ABRER
&1 L 7z (Table 8), 2-chlorobenzonitrile(41a, X = Cl) & 1024 & @ N-methylpyrrole(42a) i
%t L. PdCl.(PPh;), & DPAsphox#5 mol %9 2. K.COs% 1.2:248 %, #iEMA L 72
DMAZEE | 5 (OIS T T8 HER L 72 & 2 A T0%IECTHI DO v 7 ) —1(43a)
D353 5 N7z (entry 1), BB K BB O (NMP, MeCN, DMF) Z 5] L 7223, I
DUEICIZE S 72> - 7= (entries 2-5), FEe > THEIL & L TCs,CO5 (46%) . Na,CO5 (69%) .
KHCOs (67%). K:HPO4 (76%). KsPO4 (77%) % Miat L7z & 2 5 KPOuA RS R\
HA 5 2 72 (entries 6-10) 28, KsPOOBE# 125 E» H2EEICHPL L CH IR M i
FELRdo7z(entry 11), T a v br—VEREZTo72 & 2 A, PAlEZ G L
R\ ET7%F TPCRIZIE T L (entry 12), DPAsphoxZ il L 7a\ & 14% L 2~ HIY) 1345
s h o 7z (entry 13), % 72DPAsphox® bV ic AR 7 4 v A FT FD
Ph,P(O)H % ZSHN L 72 B2 12 28%INEK (entry 14), V v iEHE 272 7o WDPAZ TSI L
72 BRI 13 7% & ARINE TS 5 72, & b ICHeck G THRLE O INE % 5. 2 7= Xantphos %
DPAsphoxDfRO W ICHIM L7z L 25, HTOINKRIEITRONZd DD, 43%ice &
Fol, FREEZHBML VL8 LIrHW G A 5272 o6, BWHEOHN
TR o 7= (entry 17), FE\WTRIRZMRET L7z & & A, STl b3 4 ST
%3 (entry 18), ZEMLEDTI316%. fRLED Tlitrace® L 2> HIWWIBE LN nd >
722 eh o, HOLED R E L ClRBiE o7, EE5GEHA T TRICE 2T S &K
JOER A BT 72 D IEAE L 2 BB CE e o e T L 226 X T Uy LD
KiGELTW2EEZLNG, F72PdCL(PPhs), Db Y ICPPhs A3 ELfZ L TV 72 PdCl
ZPdiR & L 72BRIC D traceE 72 5 7272 %, PPhyD ¥ T ¥ 7 A~ DI ARG DHEFTIC
WFRELTE 5 72, DL EORET 2> ©43ah3T7%INE TR L Lizentry 10% 2 & TORBESE
Bz . e TARMIGEA: % v T2-bromobenzonitrile(41la, X=Br) # & & L7/~
TV = VERERET L7225, IRIZ15%IC L &% 5 7z (entry 23), T DFR. KIGER D
BELLRYVANTITLT Ty 7 OREITRR I N, BIED LGS CTIERIKR DAL
FLPRML T nwZ & 2E 2, 5 mol DOPPh:ZIRINL7ZE 2 A, entry 24IC ks
W, IEIF8A% T Tl L L, RICAR LW RICEROBREfLiIRonhr o7z, 7
entry 24D 55> 5 DPAsphox % [ < © & ©, IXFE[a] LICDPAsphox (3 ETH L T L %
fEZE L T\ 3 (entry 25), X H1C, PPhs UV A v F & L ClINd Sentry 24D 5F% | 2-
chlorobenzonitrile(41a, X =C)ICd WIS L 7= & 2 A, IEKIZ8 0% E T L= &b,
RIGEA % o geff & L 7z (entry 26),
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Table 8. Optimization of biaryl synthesis.

CL,
X
41a

(0.2 mmol)
entry

[N I N I N i N T O B N e e el I N
M EDON L OO0 AANNDEWN RO LXXINNDB LN —

26

X
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Br
Br
Br
Cl

“Determined by '"H NMR yield. “Isolated yield.
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Pgicjlf\(PEha)% 5(5 mlol/ °)/o) CN Ph o
- oo i
@ DMAZM) = P
rt, 5 W blue LED x 2 N
42a 8h (X=Cl), 18 h (X =Br) Me Ph
(10 eq) 43a DPAsphox
base (eq) variation from the above conditions yield (%)*
K>COs (1.2) - 70
K>COs (1.2) DMA (0.3 M) 65
K>COs3 (1.2) NMP as solvent 57
K>COs3 (1.2) MeCN as solvent 30
K2COs (1.2) DMF as solvent 41
Cs2COs5 (1.2) - 46
Na,COs (1.2) - 69
KHCO; (1.2) - 67
K2HPO4 (1.2) - 76
K3PO4 (1.2) - 77
K3PO4 (2) - 76
K3PO4 (1.2) without PdCl2(PPhs)2 7
K3PO4 (1.2) without DPAsphox 14
K3PO4 (1.2) Ph,P(O)H instead of DPAsphox 28
K3PO4 (1.2) DPA instead of DPAsphox 7
K3PO4 (1.2) Xantphos instead of DPAsphox 43
- - 8
K3PO4 (1.2) under light-shielding condition n.d.
K3PO4 (1.2) using purple LED 16
K3PO4 (1.2) using green LED trace
K3PO4 (1.2) under air trace
K3PO4 (1.2) PdClL; instead of PdCIx(PPh3), trace
K3PO4 (1.2) - 15
K3POs (1.2) addition of PPh; (5 mol %) 840
K3PO4 (1.2) PPh; instead of DPAsphox 15
K3POs (1.2) addition of PPh; (5 mol %) 80°



2-5-7. €7 ) = VERDEE OGS

v7 U — VAR DR — % &2 ST L 72 (Figure 43) , FidS&1E1C 31 T80%INR 72
7= 2-chlorobenzonitrile(41a) # 1.0 mmoliC 27 — A7 v 7 L T b 81%IEK ¢43a0: 5 &
N7=e 7V —n27nul) FoEfE»KRETL 7= & A, 4-chlorobenzonitrile ©74% (43b) .
2-chloro-5-trifluoromethyl benzonitrile ¢ 72%(43c) . methyl 4-chlorobenzoate T
43%(43d). methyl 5-chlorothiophene-2-carboxylate ©73%(43e) &, > 7 / #7/7F T/
KPPV IAFaAFANELCIRAT A EZELREICE W TS PR b RIF R IEE TR
JSIFEIT L7z, $/27 V=178 I FIZ2O T3, 3-bromo-4-fluorobenzaldehyde ©
74%(43f). 2-bromoanisole T32%(43g) & HWWI3 567z b DD, Bt SR E
L T2 EINRDET AR LNz, Fiv T — L FHERO Y b % #H <7z,
pyrrole ©75%(43h), 2,4-dimethyl pyrrole ©86%(43i), 3-ethyl-2,4-dimethyl pyrrole T
86%(43j) L. EZNMEHEINTVARNWEY T —AFEKRTH, ¥ O — A D27 TRIGL 7=
7Y AR RNETCHE LN, ¥/, MNphenylpyrrole T42%(43k) ., 1,3-
dimethylindole ©31%(43]) & FE{AD v v — L FHEAR TRIGEOK T AR Sz 23H I
Mzgs e T&iz,

PdCIy(PPhg), (5 mol %)
PPh3 (5 mol %)

DPAsphox (5 mol %) l':', H
B — i steL
+ X
cl R(N\’ R? DMA (0.2 M)
rt, 8-36 h
a1 42 5 W blue LED x 2
(0.2 mmol) (10 eq) DPAsphox
CN NC F3C CN MeO,C
= = = =
N/ N—/ N/ N-7/
Me” Me” Me” Me”
80% (81%3) (43a, 8 h) 74% (43b, 12 h) 72% (43c, 12 h) 43% (43d, 36 h)

84%P (12 h)

y F OMe CN
MeO,C \

S = H = = =

N/ o N—7 N-7 N Y

Me Me” Me”
73% (43e, 36 h) 74%?" (43f, 36 h) 32%P (43g, 36 h) 75% (43h, 12 h)
CN CN
=
N_/
Ph”
83% (43i, 12 h) 86% (43j, 12 h) 42%° (43k, 12 h) 31% (43I, 12 h)

Figure 43. Substrate scope of biaryl synthesis. “1.0 mmol scale. “Aryl bromide was used as a

substrate. ‘N-Phenylpyrrole (5 eq) was used.

82



> 7V —noNF 4 F OEH % Figure 4418 L7z, B ALART YV —A 21l |

TREIEBEITL Tz, ETEELRAFRTIIHNYIZ2 LSS Nikd - 72 (44a-
e, STEFARGERLTIEID 25, = P v EPEIRL 25610 RKICHET L b
272 (44f), ThiZ= P n EETTH 5 — BT B ZHEL b0 EFEHRHINDG, 7.
vFa— L RYAEEET 244ge v ) Y Vi EARDOMhTIIEINKICE T 572, X

HICABRFTHRB L LT, 2-bromonaphthalene(44i) %°9-bromophenanthrene(44j) % #i5}
L7 nooEHEINERICE &% o772,

PdClx(PPh3), (5 mol %)
PPh3 (5 mol %)

Ph 0
DPAsphox (5 mol %) R-H
ol i (@) ook
=
cl DMA (0.2 M) N b

10 rt, 8-36 h 2 /
(0.2 mmol) eq) 5 W blue LED x 2 DPAsphox
- CN
OMe CN CN o /@:
AL, X X X e
Cl HoN Cl TsHN Cl
o) (0]
n.r. (44a, 36 h) n.r. (44b, 36 h) n.r. (44c, 12 h) n.r. (44d, 12 h) n.r. (44e, 12 h)
o S VoSS C ()
O\ o8 U
Cl N~ ~cl
cl Br Br
n.r. (44f, 12 h) <30% (449, 36 h) 21% (44h,36h) SM/TM=3.6:1(44i,36h)  20% (44j, 36 h)

Figure 44. Unsuccessful substrate scope of aryl halides.

TN TT V=7 A NOffifefle LT, o v o —AHEACHiieAl e 20 9 5
KR & e i3 % ST L 72 (Figure 45), RIGR O v —)L 2 (LICEEIEZEA L 7= 2,5-
dimethylpyrrole %, T 27 %4 3 % ethyl pyrrole 2-carboxylate, 3% £ L T\
72\ 3-methylindole TIESIGIFITE & A LT L 722> > 72 (45a-¢), T 7-fhDFFHBEE L
T, pierazine < 1,3,5-trimethoxybenzene d #igf L 7223, HWWIIHE O N d o 72
(45d,e), & nI, Heck IGICIGHTE 2 REI§ 2720, AFL v e =17 3
F. Me= A4 b, B = v b et L CA7zD, N-vinylpyrrolidone Z F\» 7z &

% 1T 8% T Heck SIGA Y (45g) B33 H 5 DA T, fhofE I HIPIE 4 <
BUHI X Nind o 72 (45F-1), F7-. (Bpin), % P(OEt);, TMS-allyl ® X 5 72 7 ¥ A Ll
JEH SR LT Az p3, IR RIEZR S L5 O H7Z 5 72(455-1), LA Eo#gts

S, ARIGERICEWTIIETESE v e — LFHEARD 2 (12 CRIFIC KGR EST
L7,

83



PdCly(PPh3), (5 mol %)
PPh3 (5 mol o/o) 1
DPAsphox (5 mol %)

R-H
o R OO
+ Trap

DMA (0.2 M) T
c " ft, 8-36 h rap Ph
(0.2 mmol) (10 eq) 5 W blue LED x 2 DPAsphox
Y. ) J ] ) N\ OMe
N N OEt [ /j
H H N N
(0] H MeO OMe
n.r. (45a, 12 h) n.d.2 (45b, 12 h) almost n.r.2 (45¢, 12 h) n.d. (45d, 12 h) n.r.2 (45e, 12 h)
=z O 7 >?LO
/\ ]
/\Q ZN - Z~0Ac 0-B:5-0
OMe I|3
(o} 0}
n.d. (45f, 12 h) 8% (45g, 18 h) n.d.b (45h, 18 h) n.d. (45i, 12 h)
trace@ (45j, 12 h)
QFt TMS
' P A
EtO’P\OEt

trace (45k, 12 h)  almost n.r. (451, 12 h)
Figure 45. Unsuccessful substrate scope of radical trapping reagent. “Reagent (3 eq) was used.

Reagent (5 eq) was used.
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2-5-8. 7V — 7 A FO@RITIKF G OMET

TV=AAnFAFeeu—ViFEEREHCEET Y — VAR ERET L BRI, BE O
— sl v AL T KR I N RIS THEER S L7z, 2D X9 mAERY IZE R
GO TV =T ANHEE L KIGT B HTIC, BEEFEOKFZ G| ZIRK B TERT 5
LERIND, £ T, BTV —ABBTCHRE L 2 RICEEZ I L 72 & & 5, NMP
IR L L2BRIOKBICEB 3% S B L TWiz729, NMPZEE 2 D/KHER L L
THw3Z T, 7V =74 FORITIKFCIC % RET L 7%,

FBE i o ETE B % Figure 461278 L 72, 2-chlorobenzonitrile(46a) % #£5 & L
NMPAEBE T T ) — A Gl e FRDOSEMFIC Lz 25, 87T%INHKTRY /=1 Y
NAT) BRSO N, T, BT Y - AR TEENEICLE & o 729
bromophenanthrene C % /A# % DMA/NMP = 4 : 10RARE & 32 2 & CTHFICKIG
DHEAT L. 93% I E CTKFAAEKY 5 5 L7 (47b) . i\ T, methyl 2-
bromobenzoate(46¢c) Z#af L 72 & A, 89%INK TG HEIT L 72 (47¢)s TV —
7 4 F O IuiKFESICIEKRFERMS P 2 FiEZ 05, KRBIMICHB W TEA L
TAVRRY NI =TABGROMERZ RS, £ 2T, 2o DERHEE T X7 VE L
CBEAT B LT, TY =T 4 FO@ERIKFELZR ATz, KintL 714 v~y
VNI =TV EREICGEALZE A, T BKEE R XER X T,
HEBREO a7 v OBRINERMOKENL I N2EEKY(47d, e) B3fF oz, 7Y -
NTA FO—EFRITIC X B~ v 7 Az IOHER & 3 2 KGR BB RICE) 72,

PACl,(PPhs), (5 mol %)
PPhg (5 mol %)

Ph (.?

DPAsphox (5 mol %) R-H

KsPO, (1.2 eq) OOO Ph

X solvent, rt, 24-36 h H
5 W blue LED x 2 Ph

46 a7

(0.2 mmol) DPAsphox

CL, L L
H H H

87% (47a) 93% (47b) 89% (47c)
(NMP, 24 h) (DMA/NMP =4 : 1,36 h) (NMP, 24 h)
0 0
0 0 L
NMP = d o (:fj\o/\/
N_
H H
83% (47d) 91% (47e)
(DMA/NMP =4 :1, 36 h) (NMP, 36 h)

Figure 46. Substrate scope of reductive hydrogenation of aryl halides.
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2-5-9. 7 U =T 4 F Do NI

%1% 1ICPd(PPh;), & DPAsphoxiZ X} L T, 2-chlorobenzonitrile % X7 2 %7 L2} L T
20BN T 2 2 & T MINRUFENART P VICEZAHE B 5 0T~ Tz, TR~
7 bAEHEIE L7z L A, 2-chlorobenzonitrile D Fs il D A 12 X 2 22V 12 EH] X 70 5>
- 72 (Figure 47), L7=23> CPd(0)§8A L 7V — T 4 FHBEDASSAZTER L T\ 3
R KW EE Z b, U A Y FDDPAphos2ERIICAIARFEZRINL T2 5 D
LEEINDG,

1.0 4 — Pd(PPhg), + DPAsphox
Pd(PPhg), + DPAsphox
0.8 1 + 2-chlorobenzonitrile (20 eq)
o - DPAsphox
e 0.6 -
8 Pd(PPhg),
2
'2 04 -
0.2 -
0.0

300 350 400 450 500
Wavelength (nm)

Figure 47. Absorption spectra of the mixture of Pd(PPhs)4, DPAsphox and 2-chlorobenzonitrile.

RICFHEHNART PAZRHELZE A, 400 nm & 450 nm, &5 O DS % W5t
L T4, it & D2-chlorobenzonitrile DRI OHIEIC X Y FEEA <7 b v DZACIZELH
SN ol LT L2 ) 7Y FODPAZ =y FMIHEDT YV —A T4 F
TE L, Mfis 7YY LI DHNELTwE EEX LN,

(a) irradiation at 400 nm (b) irradiation at 450 nm
‘\ — Pd(PPhg), + DPAsphox
- 2\ Pd(PPhj), + DPAsphox
= - [ \ + 2-chlorobenzonitrile (20 eq)
4 ’ SN S \
e ! S € \ - == DPAsphox
= ; \ c \
sl \ s \ — Pd(PPhg),
] ! ® \
] I \ 7] \
ol 1 “ € N
£ ! \ w N
w ! \ ~
] N\ SN
N o
~N \\~
400 450 500 550 600 450 500 550 600

Figure 49. Emission spectra of the mixture of Pd(PPhs)s4, DPAsphox and 2-chlorobenzonitrile.
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=

oS

AL Tl R AL AR R 2 A U 720818 & e Al S8 o BERE AR AT S OO ROG D
FAFEIC X O UM ISR SRR 2 57,

FEmTlX, BLAEHREZAHAT LT, XTIV LETITFFOERERET
FOEWICER T 2 FIRNWERL )G ORI 21T 5 72, 7u v XA —K A4 —}
230ffi <& g I Fe LAY AN L A U 2 B 22 A ) 13 -propargyl#ifk T & % — 77 C.
Pdfiihi < 1dn'-allenylf ik D RTTHBEEIC X 0 AT 2 6 HBRBYURER S, £ 7= Pefislt
Tlin’-propargyl/allenyl# {4 @ Fridel-CraftsBUER L IC X D #EfT 9~ 2 7 BERBRAL AR 2338
FERRINICHRICTH o 7z, PAEEARIIPHEEA L D 5 VRF-BBHEAEZ R T 20, &EIT
PR IC B W CHNBBIREZRE T 5 2 LRI Nz, — /7 CPUHARICE W TIL
BOPCCREAICE WVERRD T 7 FF v 7 a 77 v R LElT 5 2 LRI,
X 51, n-propargyl/allenyl§fi{k o Kt & 72 3 536 o Z2diEi A FICHOMO & 4
HER LA WEAT AN F —CTEHRERILOEBRE~LEL LRI NL,
VAV IR ZNTS %5 2 & T, bidentate Y /7~ F ®DPEphos23PtfiiFridel-Crafts
R7EERRICZREL T3 LRI Tz,

@ TsHN /;/ @

MeO,CO

E= COQMe

via n'-allenyl complex via n3-propargyl/allenyl complex
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BB, AEDEEEH R R 7 4 v A F 2 R Y AV FDDPAsphox % #1721
FAIFE L. BE LR EZMAT 5 C L Pl n2Pd)iEHERE O FEEE % 152> L 72 Pdfil
RIS ZFAFE L 72, B LFRTEIC X 0 ATt & L ZE 0 — > o E
BaRoRA74 v IHY V7% A4 v 5T LT, 910-diphenylanthracenen’ iE#
L7zZfA A7 4 v %2 F(DPAsphox) Z #7217 ¥4 v L7z, EERICDPAsphox%
AL 7z & Z A, DPAsphox|d Al EHINTE - R R fi@ETe ) - X7 ¥ 0 L~DiL
HZHE « BENFHFTOLREW %R LTz, fiiv> TDPAsphox23-% 7 ¥ L IClEh7 L 7= 24 &
72 \ZOffiPdFE A 2 FiEmidtT 2 2 & C, VA Y FHRLDO x> a*BRBICX VEL Y
YRR, YAV o872y LHOEMBEHIC X Y P or 0)#E K2 & iEE 22 PA (D) #5
RAEFRET ZRIEA TS L7z, PAAD)-allyl#i A TIZLMCTIC X Y DPAphos(e+)-
PADWEMRERAET 2 & Pl I 0, 2O EFIHT 2 2L 7 2 v afi7 U ML
G %BFE L 72, [FRkIc, Pd(0)#ACIZMLCTIC X Y DPAphos(s—)-Pd (1) i M 235
AT perillan, zoIGEEZMAT L TTAFANT A FDOHeckIGL T Y
—ANTAFDOET ) —AERK - EITHIKEICZ I L 72, F 72L& W]
FOEEERL ) 77y F3SRERINIC N T V0 LA Z L L T 3 2 e iRk I Tz,
DAk, B b5t R 2 RS 5 2 & TSR ) v F & 2 oPd$iAE T YA v
L 7z#&5R. DPAsphox & PAfiftf il 3¢ SO D BrlFe 3K L 7z,

V|S|ble Ilght
Ph o Ph_ OH or I— Ph OH
P—H
\ \
"
Ph
LMCT n =1I)
DPAsphox MLCT (n = 0) photo- mduced active Pd(I) species
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General information

NMR spectra were recorded on JEOL-JMN-ECS 400, ECZ 400, or ECZ 600 spectrometers.
Data for NMR are reported as follows: chemical shift (& ppm), multiplicity (s = singlet, br-s =
broad singlet, d = doublet, t = triplet, q = quartet, and m = multiplet), coupling constants (Hz),
and integration. Chemical shifts were reported in the scale relative to TMS (0.0 ppm) for 'H
NMR and CHCI; (77.0 ppm) for *C NMR. ’F and *'P NMR spectra were referenced to external
hexafluorobenzene and 85% phosphoric acid. Infrared (IR) spectra were recorded on a Fourier
transform infrared spectrophotometer equipped with ATR. High-resolution mass spectra were
measured on a JEOL AccuTOF LC-plus JMS-T100LP instrument (ionization method: ESI).
Melting points were measured with a SIBATA NEL-270 melting point apparatus. The
absorption and emission spectra were measured by a JASCO V-730 spectrophotometer and FP-
8500 spectrofluorometer. Column chromatographic purification was performed with silica gel
60N (spherical, neutral 40-50 um), and preparative TLC purification was performed with TLC
silica gel 60F,s4. The Pd-catalyzed photoreactions were carried out with standard Schlenk
techniques under argon atmosphere. Unless otherwise noted, photochemical reactions were

performed with degassed solvents by freeze-pump-thaw cycles three times.
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1. XZYTLETTFFDOTa XN/ T L= VERIRICER S 2 # IR RGO
Pt A

1-1. Computational methods

All calculations were performed with the Gaussian 16 program®. Structure optimizations were
carried out at 298.15 K, using the M06'* functional with an ultrafine grid and the LanL.2DZ*
(for palladium and platinum) and 6-31G(d) ®' (for other atoms) basis sets. DMSO was used as an
implicit solvent using the solvation model based on density (SMD) * Harmonic vibrational
frequencies were computed at the same level of theory to confirm that no imaginary vibration
was observed for the optimized structure and only one imaginary vibration was observed for the
transition state. Single-point energy calculations were performed for all geometries at 298.15 K,
using the SDD® (for palladium and platinum) and 6-311+G(d,p) * (for other atoms) basis sets
with the same functional and solvation model. The intrinsic reaction coordinate (IRC) method
was used to track minimum energy paths from transition structures to the corresponding local
minima. Wiberg bond indices were determined by natural bond orbital (NBO) analysis,

performed at the same level of theory as the single-point energy calculations.

1-2. Cartesian coordinates and energies

CPlpq C -1.805931 -1.581669 -1.737851

C -1.862611 -0.374859 -2.039511
@ C  -1.492320 0972901 -2.002111
VSN "/End('?m Pd -0.067020 -0.112270 -0.799561

Energy (E) =-3346.52004557 a.u.

Gibbs free energy (G) =—-3345.77674157 a.u.
Charge = 0, Spin = 1

-5.582330 -0.064427 -1.436591
-4.977770  0.838733 -0.567431
-4.141950  0.380792  0.474499
-4.013241 -1.016648  0.588239
-4.556401 -1.915548 -0.321621
-5.381461 -1.444347 -1.360481
-6.017841 -2.356147 -2.371541
-4.144242 -3.361518 -0.211391
-2.634812 -3.568449 -0.377161
-2.055672  -3.024259 -1.689931

-3.405680  1.134122  1.379429
-4.951719  3.328773  1.885219
-3.373679  2.724262  1.283669
-3.252469  3.264972 -0.095231
-2.367199  3.218831  2.236739
1.183529 -1.765040  0.435859
2.938109 -1.505271  0.918439
3.999519 -2.054102  0.193729
5.315429 -1.797272  0.571829
5.586229 -0.988833  1.671659
4.533479 -0.436312  2.398269
3.219019 -0.694611  2.026379
1.214068 -3.330130 -0.513901

OO0 a00vo o v Zz

C
C
C
C
C
C
C
C
C
C
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0.849917
0.858967
1.239277
1.603378
1.578728
0.376759
0.938778
0.293688
-0.904912
-1.463381
-0.824101
-6.222510
-5.117769
-3.381091
-6.656031
-5.278672
-6.649562
-4.436312
-4.665502
-2.090852
-2.427113
-1.108392
-2.730272
-2.090340
-1.027900
-4.951828
-5.766839
-5.077389
3.809038
6.132389
6.616279
4.731890
2.405660
0.543317
0.566016
1.246927

-4.565300
-5.708250
-5.628610
-4.399041
-3.253971
-2.115650
-2.966090
-3.165900
-2.508329
-1.652249
-1.460839
0.326313
1.904793
-1.400498
-1.783177
-2.888507
-3.127627
-3.767108
-3.970648
-3.124169
-4.647669
-3.539959
-3.274559
1.665591
1.410631
4.423193
2.928563
3.007823
-2.693752
-2.235403
-0.790233
0.196798
-0.266941
-4.643070
-6.665040
-6.523970

0.026089
-0.771221
-2.107181
-2.653821
-1.865581

2.035779

2.996259

4.212059

4.486859

3.542589

2.320519
-2.231161
-0.732401

1.391969
-3.056901
-2.989411
-1.906971

0.770069
-0.962981

0.471399
-0.346081
-1.906941
-2.526051
-1.393951
-2.890201

1.829239

1.271609

2.924709
-0.667591

0.000089

1.963669

3.262369

2.612369

1.068629
-0.341881
-2.726551

91

1.896428
1.844349
1.886168
0.732748
-1.399692
-2.392691
-1.253501
1.842132
2.588471
1.246792
1.667412
0.075622
-0.250907
0.910721
4.302461
-0.679948
-0.264698
-1.603308
3.118042
-0.877589
2.541011
2.715581
3.444482
3.960159
6.188360
4.035360
5.282960
2.880790
1.902080
5.368550
6.340160
2.960660
4.213650
1.364271
1.619381
0.075270

-4.329401
-2.288721
-3.468411
-3.831690
-2.660239
-1.123729
-0.782679
5.424239
3.337899
4.996930
3.818679
5.624640
6.542100
3.267890
1.965958
5.075391
3.903920
5.552061
3.790869
3.480851
3.303759
3.691219
4.461699
-0.369392
0.057607
0.146968
0.387628
0.560849
0.365389
1.043998
1.224997
1.229949
1.466438
1.723410
2.297129
1.000980

-3.700051
-2.303951
2.796449
4.953179
5.444829
3.753259
1.578379
-3.896201
-2.804271
-3.090691
-2.475191
-2.678161
-3.165501
-1.439211
0.221679
-1.642971
-1.023801
-1.317241
0.671029
-0.224971
1.457899
2.781239
3.026629
-4.149051
-3.127011
-3.193411
-2.620241
-2.539231
-2.985431
-1.396791
-0.938991
-1.309391
-0.741431
-0.569631
1.140599
1.892429



C 0.826781
C 0.992041
C 1.950391
H 0.368170
H 2.090731
TS1pa

|
MsN

“~Pd'lLn

1.748030
2.148400
3.105169
1.708600
3.413739

2.149459
3.472379
3.790029
4.249419
4.824789

Energy (E) =-3346.48038878 a.u.

Gibbs free energy (G) =—-3345.73752578 a.u.

Imaginary frequency = —438.5753 cm™

Charge = 0, Spin = 1

O OO0 0a00000q00aa0n

=]
o

O a9 O o0 v a Z

5.599840
5.278260
4.322770
3.660299
4.085979
5.035119
5.466289
3.449809
2.202839
0.940669
1.076509
2.055569
1.965710
-0.026530
3.859840
5.984850
4.327120
4.419461
3.479411
-1.937721
-3.508290
-4.596290

1.054411
0.171961
0.533361
1.794681
2.727831
2.332881
3.235151
4.093410
4.319140
3.618840
2.167350
1.292490
-0.053390
0.331809
-0.177699
-1.602279
-1.701659
-2.523249
-2.240100
1.393179
0.499108
0.595588

-1.645561
-0.623711
0.347349
0.141759
-0.848861
-1.789571
-2.907621
-0.920061
-0.066221
-0.580961
-0.857081
-0.854661
-1.326331
-0.577211
1.410969
2.330899
1.667319
0.441359
2.739279
0.396599
0.714389
-0.157571

-5.751520
-5.830600
-4.748630
-3.595860
-2.441971
-2.785381
-3.106972
-3.101462
-2.772611
-2.435371
-1.515851
-2.496791
-2.136281
-0.795451
0.185659
-0.173521
6.348290
5.762440
3.135019
6.259019
4.638319
5.854849
4.213508
3.200879
2.390909
1.991798
0.117819
0.612649
2.524560
1.857480
6.333211
6.651800
5.960020
-4.551451
-6.592750
-6.734580

-0.146942
-0.995862
-1.100022
-0.356722
2.812229
4.064829
5.111458
4.913228
3.663339
2.621449
2.099359
2.597939
3.145899
3.198159
2.698079
2.147229
0.742671
-0.800799
2.165360
2.765791
3.474511
4.196421
4.841341
4.317000
4.041520
5.397640
3.791279
4.115300
-0.840820
-0.205230
-2.619259
-1.127169
-1.014709
1.255608
-0.060433
-1.576113

0.075479
1.175429
2.047639
1.820039
-0.650771
-0.136751
-0.997651
-2.375041
-2.895411
-2.038261
2.033689
2.900439
4.126909
4.502849
3.651909
2.424949
-2.377331
-0.588521
1.020499
-3.503451
-3.592181
-2.539871
-0.647651
-1.972091
0.981249
-0.052351
0.129819
-1.512981
-0.816361
-2.404231
2.543409
1.602829
3.254449
-1.023881
-0.611041
1.354169
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-4.800610
-2.761390
-2.784721
-3.360262
-3.350922
-2.767011
-2.157921
-3.549151
-2.906181
-0.516881
1.234659
0.596199
0.462201
-1.075469
0.781251
-0.086829
2.044891
2.721122
0.308451
-3.404079
2.443031
1.579761
3.430801
-1.545319
1.911071
-1.317299
-1.417379
-1.741079
-3.676980
-5.614650
-3.616440
-4.700590
-2.453420
-1.603560
-4.615479
-5.464679

-1.759972
-0.437151
4.238829
6.087478
5.734298
3.501509
1.648809
2.556038
3.531959
3.625429
2.728570
1.744820
-5.288140
-3.681281
-4.751550
-3.841921
-4.976420
-5.685400
-3.150680
-3.334562
-4.291230
-3.386010
-4.445370
-4.612651
-2.860420
-3.980421
-4.500431
-5.530001
-0.870522
-2.211432
-1.414152
-2.166162
-1.354271
-0.764521
-2.851962
-3.430492

2.912729
2.516629
0.938809
-0.586731
-3.045211
-3.972111
-2.449811
2.617379
4.792979
5.464859
3.943189
1.761679
-4.069731
-3.004551
-3.177331
-2.575331
-2.640761
-3.116221
-1.428041
-0.052651
-1.493781
-0.890201
-1.062821
0.417759
0.008279
1.277089
2.562419
2.705899
-4.358211
-3.557661
-3.416671
-2.967731
-2.657361
-3.009761
-1.760061
-1.398501
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C
C
P
C
H
C
C
C
H
H

-2.355780
-3.448659
-0.751340
-0.916099
-0.222800
-0.564880
-0.652619
-1.090949
-0.377360
-1.165969

INT1Apq

msN H

Pd''Ln

-2.053411
-2.798292
-1.916851
-2.652111
-0.849411
-1.875671
-2.402321
-3.709861
-1.788861
-4.122211

-1.446091

-0.999661

-0.577691
1.086119
2.038929
2.193109
3.479539
3.663859
4.335989
4.668829

Energy (E) =-3346.48362799 a.u.

Gibbs free energy (G) =—-3345.74027099 a.u.

Charge = 0, Spin = 1

OO0 0000000000000

Pd
N

C
S
O

5.661480
5.300370
4.276490
3.512630
4.078200
5.093460
5.627400
3.445810
2.208600
0.956250
1.102900
2.191140
1.945410
-0.035590
3.822210
5.960741
4.357781
4.535581

1.079571
0.155211
0.473450
1.722120
2.729800
2.378571
3.322331
4.093120
4.294880
3.570010
2.122160
1.327900
-0.004670
0.349610
-0.217040
-1.507609
-1.743060
-2.557730

-1.593490
-0.642330
0.288290
0.036160
-0.882820
-1.734500
-2.770640
-0.919680
-0.047860
-0.554140
-0.905990
-0.763100
-1.317300
-0.630480
1.325690
2.385190
1.643360
0.430020
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3.468791
-1.948260
-3.521140
-4.613680
-5.762610
-5.832109
-4.745829
-3.599990
-2.476670
-2.780050
-3.115830
-3.163770
-2.872850
-2.521070
-1.518870
-2.489070
-2.118520
-0.776980

0.194140
-0.175980

6.467190

5.817170

3.185480

6.463900

4.858770

5.989210

4.220280

3.198720

2.423400

1.987820

0.149130

0.586880

2.464381

1.855300

6.343401

6.642061

-2.278780
1.409420
0.516279
0.601269

-0.149771
-0.998291
-1.092741
-0.340091
2.846500
4.103380
5.158399
4.965659
3.712700
2.662960
2.096660
2.602270
3.125240
3.145720
2.639460
2.113900
0.813261
-0.799219
2.139720
2.872301
3.599741
4.260351
4.824390
4.347400
4.011710
5.371570
3.699840
4.106960

-0.869330

-0.067610

-2.492299

-1.039309

2.675860
0.380410
0.711380
-0.156360
0.081360
1.182280
2.050170
1.817510
-0.633720
-0.105270
-0.950680
-2.328010
-2.863360
-2.021750
2.026550
2.901210
4.135740
4.512580
3.653880
2.418850
-2.280790
-0.594280
0.993930
-3.318710
-3.507280
-2.324980
-0.630990
-1.965770
0.993540
-0.019220
0.185430
-1.449140
-0.891700
-2.405570
2.675860
1.666850
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5.847871
-4.577930
-6.606720
-6.730889
-4.788589
-2.762490
-2.737450
-3.338440
-3.424450
-2.907500
-2.272370
-3.542170
-2.880870
-0.490260

1.243590

0.584850

0.486321
-1.063919

0.796761
-0.078449

2.056281

2.738081

0.303461
-3.399039

2.442891

1.572011

3.427491
-1.524699

1.888641
-1.302189
-1.395469
-1.707629
-3.731359
-5.652189
-3.657539
-4.732369

-0.873289
1.260449
-0.070301
-1.585561
-1.752811
-0.414310
4.274200
6.136789
5.793049
3.554720
1.687900
2.584529
3.516530
3.553150
2.645970
1.707850
-5.271770
-3.675590
-4.740430
-3.836970
-4.966740
-5.671170
-3.152570
-3.353831
-4.288720
-3.389350
-4.445760
-4.626240
-2.869090
-3.991900
-4.514200
-5.547470
-0.917191
-2.266461
-1.455651
-2.211971

3.270150
-1.023850
-0.602620

1.364560

2.915840

2.511300

0.969970
-0.527520
-2.986110
-3.940170
-2.446280

2.617980

4.807540

5.480830

3.945300

1.746920
-4.081550
-3.018090
-3.182900
-2.581600
-2.637440
-3.111720
-1.425850
-0.025180
-1.482190
-0.880470
-1.044830

0.414750

0.026640

1.274060

2.559080

2.702120
-4.341110
-3.513960
-3.397460
-2.933720



C
H
C
H
C
C
P
C
H
C
C
C
H
H

-2.487389
-1.646670
-4.630359
-5.472319
-2.370469
-3.455679
-0.757929
-0.915739
-0.239649
-0.572269
-0.653799
-1.077319
-0.384319
-1.147199

INT1Beq

S)
MsN

ANS
PdiiLn

-1.383530
-0.786370
-2.889221
-3.470351
-2.076160
-2.823741
-1.912930
-2.659290
-0.851640
-1.881040
-2.408570
-3.720900
-1.792300
-4.134550

-2.649990
-3.011880
-1.722560
-1.348210
-1.436260
-0.975070
-0.581360
1.081850
2.035930
2.189880
3.476580
3.661060
4.332980
4.665910

Energy (E) =-3346.56740539 a.u.

Gibbs free energy (G) =—-3345.82026039 a.u.

Charge = 0, Spin = 1

O OO0 a0 0a00000a0aa0n

Pd

4.712034
5.137729
4.240690
2.873315
2.456925
3.379152
2.979045
0.993845
0.431859
0.805937
0.929878
1.928222
1.827216
-0.163283

2.441423
1.618626
1.140536
1.546837
2.367813
2.835735
3.725596
2.676000
3.687226
3.406775
1.961866
1.117602
-0.235330
0.219381

1.990315
0.963468
-0.020057
0.113810
1.183776
2.131811
3.275226
1.345128
0.349922
-1.109313
-1.497461
-0.944749
-1.344469
-0.583871

4.584982
5.895592
6.100443
7.036160
6.594317
-2.404108
-3.523632
-2.978380
-3.739614
-5.055250
-5.606049
-4.847576
-3.112833
-4.356128
-4.852031
-4.112719
-2.872218
-2.374090
-2.673990
-2.569302
-2.653201
-2.836403
-2.937917
-2.855966
5.444202
6.187427
0.571194
3.867618
2.328595
2.437140
0.781810
0.428336
0.774091
-0.664083
1.786385
0.087709

0.347587
-1.206543
-0.144178

0.928272
-1.001395

1.113009
-0.129614
-0.939850
-1.938233
-2.145307
-1.345679
-0.340570

1.502505

2.126135

2.352738

1.965829

1.357162

1.129974

2.611718

2.490018

3.612778

4.874603

5.005155

3.881548

2.794574

1.337572

1.690257

4.067081

3.218280

4.622884

3.025888

1.734731

4.700885

3.692183

3.871759

3.907440

-1.084939
-2.680619
-1.266947

-1.673858
-0.165909
-0.508984
-1.275343
-2.278689
-2.878586
-2.472209
-1.473828
-0.879442

1.127670
1.302268
2.581392
3.697859
3.535237
2.255137
-1.540194
-2.931547
-3.747430
-3.185181
-1.803691
-0.984352
2.719786
0.910781
-2.496683
3.821924
4.004039
2.941567
2.363553
1.229639
0.609403
0.457409
-1.315443
-1.773165
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1.487730
2.444424
6.878730
5.513921
5.199278
-1.935806
-3.297764
-5.650218
-6.632807
-5.290327
-4.937960
-5.819508
-4.505029
-2.288414
-1.403237
-2.418574
-2.574516
-2.900057
-3.083723
-2.937279
-0.849223
-1.285753
-0.757613
-1.004811
-0.203639
-0.395339
-0.892850
-2.119592
-1.081302
-2.354476
-0.291374
-0.285353
-0.533414
-1.321801
-4.481744
-3.677476

-0.467701
-0.992442
-1.623047
-0.626826
-2.014563
-0.799293
-2.563742
-2.934196
-1.507141
0.257788
2.442358
2.835869
2.144996
1.057355
0.648922
1.510297
3.500665
5.753737
5.986713
4.003647
-6.435759
-6.704862
-5.580104
-5.731803
-4.215128
-4.336683
-4.640676
-2.306576
-4.765996
-2.297245
-2.135500
-3.241768
-3.386088
-2.201295
-2.450269
-2.381416

-2.358636
-0.864370
-2.926637
-3.526964
-2.432708
-2.575033
-3.653239
-2.929543
-1.148883
-0.084549
0.436082
2.707215
4.697652
4.404384
2.124394
-3.387561
-4.827704
-3.824262
-1.355332
0.095190
-3.022534
-0.592559
-2.355453
-0.992090
-3.929798
-2.864896
-0.137815
5.100294
0.929118
4.036979
3.453838
-2.011616
-0.644182
3.105930
4.343765
3.612999
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-0.012909
-1.608396
-3.969011
-0.330507
-2.941204
1.785091
-5.000405
2.133134
-3.177607
1.286329
3.443701
4.099685
1.765125
1.121244
3.915865
3.068007
4.946233
3.429105

CP2Apq

H

oOPd!

MsN™ | @ \

Energy (E) =-3346.49795410 a.u.

Gibbs free energy (G) =—-3345.75160110 a.u.

-2.263569
-2.191773
-2.385252
-1.939992
-2.293980
-4.052892
-2.460257
-3.253665
-2.306321
-2.193954
-3.279887
-4.102750
-1.174935
-0.328613
-2.257208
-1.210509
-2.269625
-0.407888

Charge = 0, Spin = 1

C
C
C
C
C
C
C
C
C
C

-3.771719
-3.697978
-2.578267
-1.576714
-1.723000
-2.796370
-2.965035
-0.771792

0.595427

1.643310

0.433108
-0.674091
-1.538506
-1.199937
-0.101045

0.776466

2.013461

0.038346

0.653708
-0.366602

-2.410155
1.738981
2.249849
0.451367
1.319296
0.288629
1.906682
0.942498
0.254383
1.276381
1.416896
1.136898
2.111112
2.360823
2.233377
2.593310
2.584592
3.235416

-2.162359
-1.340079
-1.402767
-2.380336
-3.274892
-3.116387
-3.952321
-4.435054
-4.111509
-3.680566
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1.288050
1.586334
1.888695
0.118344
-0.955309
-2.358299
-2.443694
-3.435214
-3.806357
-4.571903
-1.110370
-1.235323
-1.605090
-1.648619
-1.357984
-1.053701
-0.999610
-0.054523
0.202384
0.952605
1.445606
1.189219
0.449784
-2.772119
-3.888366
-5.145798
-5.309671
-4.208028
-2.946495
-4.645624
-4.504320
-2.073346
-3.812710
-3.156214
-1.256401
-0.606599

-1.240147
-2.500212
-3.778568
-0.305492
-2.033516
-2.671698
-4.329919
-3.144552
-2.090389
-3.878824
1.176713
0.432520
1.147239
0.514376
-0.846444
-1.577860
-0.939235
2.684347
3.450082
4.619759
5.047541
4.296946
3.121324
1.962985
1.371440
1.952968
3.121441
3.703286
3.127261
1.082696
-0.873394
2.658109
2.610823
1.790365
0.640343
-0.958155

-2.501218
-2.420791
-2.331821
-1.039299
-2.704266
-0.689851
1.304194
0.423654
1.390680
-0.166440
0.602945
2.270141
3.418115
4.654709
4.756268
3.613406
2.376919
0.677272
1.817343
1.725657
0.495998
-0.648438
-0.554509
0.435260
1.038915
0.913102
0.171820
-0.448850
-0.318989
-2.070211
-0.638436
-3.921329
-3.591932
-5.013012
-5.213944
-4.877376
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0.480731
0.980558
2.578106
1.862122
1.220103
2.823022
-3.067942
-1.578281
-2.113320
-1.882932
-1.920824
-1.392232
-0.855948
-0.767662
-0.157857
1.156974
2.030167
1.569211
0.252681
-3.782823
-6.004029
-6.294677
-4.325276
-2.095019
6.495051
4.739156
5.689480
4.709619
5.629342
3.673166
6.384801
4.606858
3.624991
4.576508
2.208888
4.440925

1.432638
1.162008
0.169343
-1.023691
-4.558303
-4.119569
-4.762856
-3.824190
-5.114453
2.198300
1.082678
-1.338598
-2.647613
-1.509552
3.133769
5.196057
5.963739
4.620859
2.530504
0.435807
1.486512
3.576049
4.614845
3.601897
0.963197
2.648451
0.718703
1.663708
-0.542960
1.342848
-1.291042
-0.857757
0.086800
-1.850814
-0.269699
-1.472863

-3.339555
-5.007354
-3.458365
-4.539937
-2.704165
-1.877038
2.093893
1.745959
0.615731
3.348341
5.542690
5.727049
3.682026
1.476624
2.793615
2.627194
0.429970
-1.616511
-1.453244
1.589743
1.395102
0.077297
-1.033392
-0.807501
-3.419685
-2.899188
-2.729350
-2.435774
-2.144793
-1.565339
-2.379554
-1.253201
-0.946185
-0.806605
0.160561
1.668112
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2.479953
3.658207
1.477730
0.559444
3.833498
4.754614
1.648981
2.827911
0.859385
2.964536
3.850440
4.301529
3.393134
3.654563
2.571378
3.096690
3.301994
2.030699
2.284122
1.416941
1.849446
2.885864

CP2Bpq

MsHN [, N\

Energy (E) =-3346.50480191 a.u.

Gibbs free energy (G) =-3345.76007591 a.u.

-1.935115
-2.226850
-2.904814
-2.688653
-3.473069
-3.691316
-4.149020
-4.434767
-4.896351
-5.407894
2.231515
3.516321
1.910089
2.641989
0.779418
2.262223
2.837715
0.394558
1.132470
-0.501535
0.813102
2.075632

Charge = 0, Spin = 1

C
C
C
C
C
C

-4.576771
-4.055514
-2.7727227
-1.912427
-2.400949
-3.765530

-2.037171
-2.247855
-1.913887
-1.375752
-1.326593
-1.602541

0.874014
1.574755
0.793957
0.244985
2.164508
2.702260
1.396428
2.077184
1.325875
2.546317
0.664205
2.695686
1.597355
2.753166
1.642568
3.969421
4.870664
2.877252
4.027910
2.950416
4.974412
-1.376488

-1.466843
-0.196748

0.053506
-0.954562
-2.267218
-2.515616
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-4.370892
-1.519329
-0.026744
0.331537
0.348802
0.582783
0.825050
-0.035243
-2.139957
-3.734745
-2.684581
-1.493821
-3.505339
-0.946937
-1.249249
-2.125384
-2.308686
-1.620672
-0.754156
-0.576044
0.108375
0.165217
1.013109
1.807914
1.745866
0.900891
-2.561824
-3.739220
-4.951928
-5.006162
-3.839705
-2.623755
-5.627587
-4.680140
-4.148409
-5.462711

-1.426538
-0.981605
-1.327045
-2.645652
-2.572310
-3.560740
-4.524044
-0.653891
-2.217403
-2.879910
-1.598637
-1.537003
-0.406562
1.577250
2.095854
3.136021
3.494340
2.819582
1.781940
1.418131
2.900491
4.199841
5.142435
4.798495
3.509717
2.567244
1.856734
1.390733
1.482443
2.029728
2.494509
2.409479
-2.255372
-2.677034
-0.436861
-1.529182

-3.879099
-3.451303
-3.387020
-2.698874
-1.185708
-0.375642
0.494547
-0.442183
1.320394
3.413471
2.779742
3.627112
2.578190
-0.032496
1.695900
2.032398
3.363030
4371212
4.046234
2.714243
-0.746505
-0.236254
-0.811183
-1.902124
-2.427075
-1.849690
-0.861661
-0.262266
-0.938346
-2.219050
-2.819390
-2.144158
-1.661808
0.586792
-4.304856
-3.832330



ocoorr-oocooo 00T T T T T T T T T T T T T T T T T T T T T T T T T T T T

-4.003338
-1.619864
-1.932491
0.540246
0.342337
1.332045
-0.360882
0.030342
1.836553
-4.062336
-3.159140
-4.604909
-2.672702
-2.992437
-1.769402
-0.229134
0.077929
-0.437482
1.058197
2.478294
2.364996
0.861472
-3.710798
-5.860845
-5.956756
-3.872314
-1.718589
5.024164
3.932525
4.548923
3.937409
4.549155
3.324433
5.024795
3.943879
3.326689

-2.169365
0.093356
-1.504336
-0.521001
-1.357162
-2.956812
-3.437096
-5.159052
-4.740902
-2.567323
-3.808261
-3.007112
3.664880
4.303420
3.101104
1.235573
0.580946
4.479626
6.149521
5.535187
3.232960
1.550915
0.944895
1.116056
2.094705
2.929896
2.776945
-3.115768
-0.912505
-2.589510
-1.355591
-3.145742
-0.689084
-4.109401
-2.473561
-1.237708

-4.603272
-3.692717
-4.326677
-2.896656
-4.424221
-3.042639
-3.033154
0.895652
0.851484
4.411330
3.474780
2.762354
1.251494
3.615427
5.412662
4.828397
2.465470
0.627561
-0.399100
-2.342304
-3.279825
-2.249428
0.733910
-0.461975
-2.746602
-3.817266
-2.628618
-4.204965
-4.589445
-3.378679
-3.594583
-2.103167
-2.539710
-1.926710
-1.042987
-1.249640

99

T DT T TOoOo0@ ooz @D @D OoO0@&n 60T 000 ©m

3.951080
2.369945
4.953452
2.814931
4.144323
1.792229
0.753229
4.438987
5.475493
2.085672
3.410023
1.275383
3.644812
4.917862
6.042752
4.473204
5.112981
3.277865
4.570502
5.069667
2.745928
3.387309
1.818808
2.955189
2.840560
-1.120010

TS2pa

MsHN E?” N\

-2.924037
-0.365420
-0.925833
-1.181899
-1.294296
-1.638098
-1.532233
-1.872221
-1.960305
-2.207265
-2.329308
-2.550827
-2.775653
0.796446
2.956145
1.522340
2.743357
1.230439
3.683569
4.638993
2.178646
3.395162
1.965004
4.124033
0.273117
-2.132068

-0.050530
0.050059
1.425598
1.631970
2.058277
2.466573
2.150307
3.287609
3.609492
3.703374
4.111052
4.344763
5.076218
-1.109344
-0.753223
-0.430035
-0.227494
0.233235
0.642636
0.796954
1.114536
1.319694
1.650748
2.004437
-2.723077
1.295627

Energy (E) =-3346.49405765 a.u.

Gibbs free energy (G) =—-3345.74966165 a.u.

Imaginary frequency = -289.6291 cm™

Charge = 0, Spin = 1

C

-4.545901

-1.993313

-1.422146
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-3.987151
-2.631562
-1.797335
-2.361624
-3.749563
-4.393025
-1.520117
-0.040836
0.212532
-0.014171
0.309096
0.559488
-0.050701
-2.068185
-3.592665
-2.526425
-1.309103
-3.317268
-0.953956
-1.264053
-2.132181
-2.322430
-1.649160
-0.788961
-0.602289
0.106380
0.254026
1.129126
1.862431
1.708873
0.837309
-2.573824
-3.726395
-4.953860
-5.045896
-3.902779

-2.311078
-2.102713
-1.599655
-1.368113
-1.529335
-1.194085
-0.938093
-1.314012
-2.637658
-2.543802
-3.512619
-4.481574
-0.572628
-2.462494
-2.965478
-1.753919
-1.685209
-0.550594
1.659262
2.201628
3.252744
3.626360
2.954122
1.905558
1.528354
2.980138
4.249477
5.173260
4.841099
3.584101
2.660388
1.935632
1.398099
1.488324
2.100364
2.628749

-0.189709
0.028262
-0.996191
-2.266736
-2.467458
-3.781952
-3.448089
-3.402469
-2.695176
-1.198963
-0.376097
0.479267
-0.402135
1.286249
3.469151
2.733204
3.541591
2491911
0.012288
1.734733
2.055911
3.381841
4.401072
4.091872
2.764612
-0.702554
-0.137960
-0.703558
-1.839683
-2.420910
-1.852934
-0.811258
-0.223688
-0.872555
-2.121178
-2.714948
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-2.673323
-5.616537
-4.608999
-4.124863
-5.486614
-4.097799
-1.621976
-1.954191
0.550045
0.341151
1.249249
-0.438152
-0.196609
1.537184
-3.888344
-3.039790
-4.478749
-2.665981
-2.999745
-1.802866
-0.272679
0.049025
-0.297817
1.244639
2.555373
2.276869
0.729111
-3.661667
-5.842742
-6.006628
-3.965777
-1.788075
4.711933
3.909658
4.305053
3.855829

2.548399
-2.125071
-2.721553
-0.184873
-1.235562
-1.888857

0.151896
-1.396238
-0.534382
-1.366088
-2.961344
-3.418050
-5.225377
-4.604940
-2.588861
-3.904356
-3.106687

3.780513

4.444771

3.246158

1.366124

0.685099

4.518393

6.155523

5.561315

3.317733

1.667479

0.903412

1.067920

2.164626

3.113238

2.970097
-3.240513
-0.904429
-2.687813
-1.378943

-2.064053
-1.581989
0.606087
-4.127913
-3.697753
-4.582857
-3.603910
-4.349501
-2.896014
-4.432856
-2.875709
-3.124908
0.750361
0.955722
4.454745
3.570415
2.842353
1.264591
3.621495
5.438928
4.884709
2.527654
0.762616
-0.247311
-2.272179
-3.311636
-2.297278
0.747188
-0.402813
-2.630208
-3.688514
-2.541190
-4.332078
-4.636200
-3.486729
-3.657382
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4.231070
3.329183
4.579916
3.713921
3.262468
3.667594
2.383208
4.979683
2.836635
4.167593
1.809389
0.769889
4.459298
5.496658
2.100912
3.426010
1.286956
3.658956
4.998700
6.183483
4.569581
5.241832
3.357851
4.718680
5.245396
2.841185
3.518212
1.896316
3.100420
2.966478
-1.052763

INT2pq

MsHN

7-Pd°Ln

-3.284048
-0.677699
-4.306053
-2.577566
-1.264338
-3.058663
-0.354354
-1.070432
-1.224503
-1.417796
-1.661459
-1.494796
-2.053279
-2.203613
-2.292901
-2.492385
-2.623075
-2.986759
0.716155
2.844666
1.456163
2.658117
1.200257
3.612495
4.551703
2.165643
3.360520
1.981179
4.101697
0.341799
-2.581477

-2.231638
-2.578959
-2.090248
-1.146955
-1.306614
-0.169984
0.020339
1.320905
1.571790
1.961887
2.410915
2.120026
3.163239
3.458671
3.618187
3.991732
4.261916
4.933792
-1.116252
-0.745352
-0.441474
-0.230711
0.206587
0.636418
0.798619
1.079047
1.297529
1.596065
1.978051
-2.728317
1.273906

101

Energy (E) =-3346.55928116 a.u.

Gibbs free energy (G) =—-3345.81441716 a.u.

Charge = 0, Spin = 1

OO0 0000000000000
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-5.550444
-4.566740
-3.235856
-2.854842
-3.876618
-5.218633
-6.301439
-3.586860
-2.116986
-1.326676
-1.472172
-0.399241
0.164867
0.091441
-2.293119
-3.048508
-1.987915
-0.613951
-2.375487
-0.612410
-0.449009
-1.115092
-0.948919
-0.122351
0.532684
0.363050
0.350620
0.564491
1.302316
1.827581
1.614524
0.882928
-2.351158

-1.640112
-2.387012
-2.278697
-1.425770
-0.653525
-0.768544
0.034153
0.333553
0.645691
-0.642880
-1.348130
-2.189335
-3.375143
-0.439293
-3.073811
-3.959174
-2.814586
-3.272574
-1.463977
1.648019
1.675576
2.598972
2.567335
1.609329
0.676991
0.707865
3.100087
4.253885
5.312792
5.233278
4.090574
3.029512
2.208855

-0.532236
0.095029
-0.290871
-1.359617
-1.972051
-1.564634
-2.221503
-3.078258
-3.275035
-3.235558
-1.893409
-1.581748
-1.782055
-0.549394
0.418494
2.893027
2.047829
2.250026
2.446455
0.474515
2.305339
3.120133
4.501385
5.085650
4.285985
2.904699
-0.111854
0.647706
0.126050
-1.161851
-1.929376
-1.404255
0.251251
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-3.368625
-4.703279
-5.042080
-4.037713
-2.698356
-6.591151
-4.837324
-6.173906
-7.285335
-6.323497
-4.143744
-4.003145
-1.761070
-1.968047
-0.264120
-1.707115
-0.322620
1.133995
-2.767212
-2.883359
-4.094360
-1.775745
-1.470509
0.003100
1.168520
0.855229
0.162956
1.469519
2.407772
2.025376
0.731416
-3.113001
-5.485148
-6.088182
-4.293788
-1.922671

1.420009
1.771152
2.900491
3.676433
3.335882
-1.742419
-3.097281
1.114236
-0.248401
-0.107894
1.263337
-0.060794
1.315506
1.171915
-0.472615
-1.321319
-4.147772
-3.642434
-3.928074
-4.961230
-3.659311
3.343856
3.291847
1.585219
-0.084696
-0.037451
4.328261
6.203903
6.061588
4.021518
2.123339
0.523559
1.153523
3.173252
4.559686
3.959426

0.805678
0.634147
-0.110971
-0.682369
-0.499343
-0.224319
0.874309
-2.048762
-1.827266
-3.311595
-2.883339
-4.022508
-2.475551
-4.227841
-3.454536
-4.023401
-2.386638
-1.353146
3.951755
2.486019
2.783417
2.674445
5.125168
6.167161
4.736093
2.276381
1.658585
0.729591
-1.566048
-2.935727
-1.997273
1.377080
1.075975
-0.245116
-1.266107
-0.944571
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4.201581
2.875300
3.918551
3.172680
4.298947
2.797122
4.883420
3.936109
3.176402
4.240141
2.519573
5.195896
3.209690
4.527841
2.371453
1.339123
4.992802
6.019379
2.837663
4.148348
2.168522
4.515015
4.658376
5.931471
4.477858
5.202195
3.537202
5.002377
5.569774
3.339115
4.070717
2.606021
3.908346
2.197438
-1.403598

-3.368002
-1.269083
-2.826608
-1.651555
-3.303227
-0.973036
-4.218656
-2.613282
-1.445022
-3.001791
-0.561514
-0.656697
-1.514094
-1.371873
-2.442599
-2.551078
-2.146229
-2.030288
-3.216822
-3.067445
-3.929660
-3.666923
0.642408
2.744458
1.309495
2.496837
0.973324
3.355664
4.282255
1.848126
3.025441
1.603107
3.692016
-0.062931
-3.246169

-5.004835
-5.174235
-4.103432
-4.198832
-2.853905
-3.046365
-2.773021
-1.697262
-1.781932
-0.725312
-0.310721
1.060942
1.095109
1.543000
1.716296
1.380291
2.601208
2.945993
2.775535
3.219777
3.255884
4.051854
-2.078271
-1.911482
-1.236214
-1.141378
-0.259737
-0.065947
0.008044
0.817305
0.917999
1.589624
1.764199
-3.125720
-0.059387



CP3pa

MsN

/

Pdl
Ln

Energy (E) =-3346.52837021 a.u.

Gibbs free energy (G) =—-3345.78581121 a.u.

Charge =0, Spin =1
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6.739183
5.516882
3.228716
5.310207
4.542965
3.473019
4.179130
2.018855
1.730053
1.855275
0.448245
2.989108
0.128189
4.564328
4.049696
2.536449
1.975577
1.437885
0.772948
-1.938720
-0.209084
-3.363239
-5.544165
-4.007905
-3.836148
-4.914048
-5.094824
-1.760825

-2.148480
-1.414300
-0.015672
-1.190706
-0.929902
-0.191859
-0.541847
0.613388
1.060427
-0.026349
1.785523
2.264540
-0.222720
-1.319605
-2.748271
-2.952099
-2.780436
-2.555941
-2.122630
-1.291044
1.746978
-0.416465
1.012538
-0.845839
0.725702
1.440670
-0.134587
-2.832485

0.252469
-0.217012
-1.178364
-1.576768

0.680287

0.194138
-2.067875

-1.511102
-3.045758
-4.037256

-3.048348
-3.449343
-0.673303

2.133501

2.369107

2.218754

0.880127
-0.191884
-1.384836

-0.388796

0.747593

0.377739

1.397145

1.540006
-0.279541

0.229577

2.043496
0.572393
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-1.210906
-1.357161
-1.878604
-1.597783
-1.098832
-2.659544
-3.815529
-2.037052
-3.876872
-4.446134
-2.615934
-1.399076
-3.114532
-1.814208
-1.820027
-2.674555
-2.679894
1.302323
3.638629
1.938137
1.837184
2.995655
3.103989
7.329161
7.394172
6.500512
6.046635
2.725652
4.027682
2.875649
2.833997
3.988290
3.948039
5.585279
4.309764
4.572944

-5.100901
-2.706044
-4.107041
-5.234555
-3.831565
-1.740067
-2.300631
-1.319777
-2.429278
-2.715551
-1.599142
3.067247
5.116826
4.040089
3.150638
4.174812
5.051986
2.756075
4.282897
2.904031
3.399821
4.159336
3.660979
-1.552147
-2.391843
-3.093518
-1.569201
0.184753
-0.478284
3.135372
2.556358
1.833361
-0.617065
-1.253132
-3.045258
-3.448823

2.113751
1.907766
0.013985
0.783757
2.679359
-2.010504
-4.487908
-3.188205
-2.080596
-3.315587
-4.424086
0.308723
-0.497915
1.225699
-1.021406
-1.423236
0.825329
1.034065
1.249831
2.268645
-0.089476
0.018879
2.372921
0.964382
-0.593837
0.761981
-2.288404
0.895434
-3.143294
-2.796496
-4.493906
-3.332904
2.718911
2.538676
3.395316
1.700982
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2.015144
2.287263
1.436459
-0.029165
-6.390997
-3.671998
-3.361597
-5.268682
-5.589542
-0.994970
-1.231553
-2.178988
-1.685286
-0.791375
-4.266939
-1.097653
-4.382794
-5.388629
-2.126721
-3.788897
-1.456684
-1.457619
-2.997832
-3.008945
4.551086
1.530979
1.340541
3.401253
3.590780
-0.658184
-1.266485
-1.904164
0.268935
-0.024414
-2.204420
-2.657465

-2.255695
-3.959811
-1.891658
-2.792721
1.568760
-1.740121
1.054638
2.328538
-0.482379
-5.985950
-1.715092
-4.228847
-6.223877
-3.712627
-2.520953
-0.765024
-2.741232
-3.258419
-1.265554
5.913142
4.010468
2.417608
4.234593
5.799272
4.871435
2.43199%4
3.296799
4.657169
3.766410
1.110637
-0.103996
1.307553
0.267572
-0.319250
0.701206
1.930357

2.903029
2.587758
-2.226520
-1.716639
1.795939
2.062557
-1.204769
-0.292727
2.949287
2.710104
2.345637
-1.026386
0.337530
3.718333
-5.454045
-3.130692
-1.165545
-3.364130
-5.337818
-0.809376
2.255880
-1.745111
-2.461420
1.545713
1.332539
3.161479
-1.055886
-0.861305
3.341422
2.406980
4.863569
3.007438
3.041814
4.267034
4.226784
2.525416

H 1.231489
H 0.714462
H -3.183900
H -1.502532
TS3pa

=9

MsN

| 4
Pd

Ln

J

0.058353
-0.957884

0.862110
-0.569614

2.569279
4.750284
4.675769
5.819062

Energy (E) =-3346.46523775 a.u.

Gibbs free energy (G) =—-3345.72608175 a.u.

Imaginary frequency = —344.0894 cm™

Charge = 0, Spin = 1

C
C
C
C
C
C
C
N
S
O
O
C
Pd
C
C
C
C
C
C
P
P
C
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7.114083
5.732647
3.174759
5.121958
5.020750
3.645320
3.883492
2.041899
1.523076
1.344480
0.363899
2.834384
0.037669
5.492192
4.856718
3.342299
2.715284
1.630567
0.592879
-2.302765
0.052868
-3.548778

-2.120208
-1.776880
-1.140400
-2.575886
-0.706605
-0.461946
-2.291155
-0.640630
-1.208512
-2.669854
-0.393029
-0.760780
-0.662133
0.046549
-0.641491
-0.611365
-1.112408
-1.769150
-2.491974
-1.126237
1.835430
0.207098

0.743244
0.263127
-0.845828
-0.731257
0.764610
0.359235
-1.262554
-1.388803
-2.854815
-2.917513
-3.235679
-3.981078
-0.116750
1.962390
3.172892
3.065335
1.788856
1.589877
1.047159
0.137394
-0.072214
-0.085125
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-5.314272
-4.396590
-3.602158
-4.478622
-5.273874
-2.745087
-3.400528
-2.166180
-3.645900
-3.968412
-2.498411
-2.884870
-3.669799
-1.930534
-4.239548
-4.628246
-2.321397
-0.817729
-2.012630
-1.138557
-1.074546
-1.662976
-1.747419
1.731309
4.354366
2.388590
2.400941
3.699310
3.693128
7.820639
7.509786
7.133530
5.669579
3.322249
3.478001
2.997487

2.338347
0.646417
0.844325
1.901189
1.706399
-1.787415
-2.596883
-1.158732
-2.834828
-3.238252
-1.553268
-2.403134
-4.380358
-3.215845
-2.585492
-3.570958
-4.201819
2.980153
4.666770
4.300441
2.523275
3.366984
5.133464
2.591802
3.538845
3.210137
2.469914
2.940324
3.680187
-1.290739
-2.986105
-2.369086
-3.441485
0.584558
-2.926473
0.320236

-0.523172
0.935957
-1.331006
-1.549894
0.716228
1.792638
4.390491
2.902457
1.999353
3.293298
4.193621
-1.046287
-2.861737
-1.665144
-1.352536
-2.253709
-2.567511
-1.218101
-3.101131
-0.881436
-2.514195
-3.454171
-1.814254
-0.130096
-0.431777
0.936939
-1.356903
-1.507622
0.784614
0.598295
0.198254
1.814236
-1.107909
0.434431
-2.045669
-3.916113
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2.494418
3.755868
5.155762
6.585923
5.156912
5.215991
3.024836
2.883226
0.860326
-0.359668
-5.998679
-4.376311
-2.949153
-4.506757
-5.928165
-3.657497
-1.448199
-4.105021
-4.670227
-2.045513
-3.976943
-0.871248
-4.995325
-5.683717
-1.566816
-2.483598
-0.909199
-0.794808
-1.854919
-2.004272
5.374561
1.887054
1.898097
4.204657
4.190396
-0.599982

-1.028705
-1.300123
1.095316
0.049142
-0.138983
-1.680684
0.444178
-1.153177
-3.437976
-2.555502
3.168275
0.166220
0.506556
2.387624
2.038164
-2.913252
-0.348529
-3.341022
-4.057450
-1.048665
-5.146718
-3.055095
-1.953540
-3.705937
-4.822233
5.323425
4.683441
1.504074
3.003691
6.155757
3.902359
3.338303
1.989875
2.834737
4.164106
2.187367

-4.987583
-3.743121
1.923599
2.045405
4.102639
3.231513
3.173334
3.902898
0.553443
1.578620
-0.692120
1.914427
-2.138685
-2.524460
1.521545
5.400251
2.750553
1.150319
3.442701
5.046645
-3.571873
-1.454171
-0.883857
-2.485539
-3.049545
-3.831298
0.113854
-2.787558
-4.463003
-1.540164
-0.545306
1.895351
-2.197267
-2.467090
1.624405
1.603867



-1.648815  2.344909  4.207047
-1.882622  2.698975  1.826929

0.132699 1.718836  2.706512
-0.376921  1.813745  3.996428
-2.401446  2.774379  3.118652

C -0.743556  -3.659291 -0.528933
C

C

C

C

H -2.495449 3.033294  0.989556

H

H

H

H

-0.152302 -4.583973  0.179193
2.389089 -0.610018  0.042897
-0.789263  2.056239  0.011768
3.543989  0.804421 -0.227100
5.240944  3.026220 -0.456494
4.553930  0.831875 -1.194910
3.397386 1.907718  0.621556
4.244707  3.006706  0.516495
5.391405 1.938432 -1.312801
2.512663 -1.559785 -1.530793

1.107778  1.253956  2.551053
0.215863  1.454843  4.837193
-3.405445  3.170800  3.268170
-2.054851  2.410852  5.215265

INT3pq 2493346 -2.980476 -3.953165
2.282382 -0.901712 -2.746718

ﬁ:@ 2.715910 -2.943511 -1.546963
Msl?l H i 2.700746 -3.648219 -2.749346
Pd°Ln 2.286568 -1.601707 -3.948000

Energy (E) =-3346.50704276 a.u.
Gibbs free energy (G) =—-3345.76710776 a.u.
Charge = 0, Spin = 1

3.356487 -1.688584  1.185456
4.687140 -3.475700  2.878581
2.639895 -2.467901  2.098398

C -5954913 -2.336095 -1.743740 4.749478 -1.809505  1.133481
C -4.697617 -2.212616 -0.930887 5.410790 -2.695271 1.978076
C -2.451263 -1.872962  0.870685 3.301308 -3.363254  2.936884
C -4.723044 -2.583719  0.458667 -0.952278  3.309610  1.345748
C  -3.528435 -1.749861 -1.442492 -1.142468  5.154051  3.438153
C -2.286752 -1.689834 -0.609086 -1.653256  4.508394  1.169995
C -3.679760 -2.442104 1.326879 -0.349309  3.046694  2.578974
N -1.421246 -1.455533 1.578276 -0.442549  3.965592  3.622374
S -1.422862 -1.549672  3.253750 -1.747714 5425119  2.211216
O -1.906455 -2.850152  3.730317 -2.484385  2.078129 -0.715925
O -0.091846 -1.124988  3.683015 -5.103294  1.904874 -1.707842
C -2.572880 -0.280276  3.738347 -2.825776  2.683916 -1.928929
Pd  0.193557 -0.001239  0.590542 -3.477206  1.392384 -0.001907

-3.304002 -1.396100 -2.874675
-2.333491 -2.409480 -3.493698
-1.037938 -2.466646 -2.690474
-1.300562 -2.700437 -1.224015

-4.777152  1.310087 -0.489661
-4.126334  2.592866 -2.422458
-6.308219 -1.355991 -2.096224
-6.762747 -2.781787 -1.151083
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-5.810774
-5.658661
-1.801780
-3.798728
-2.218412
-2.583694
-3.574530
-2.848002
-4.244850
-2.120296
-2.809365
-0.514266
-0.364369
-0.575891
0.799370
5.896926
4.691538
2.597224
4.114760
6.168808
2.492841
2.114467
2.895889
2.862949
2.122252
5.206951
1.553800
5.323956
6.495724
2.731670
-1.220529
-2.124606
0.191750
0.029512
-2.295312
-6.118034

-2.965730
-2.989205
-0.699659
-2.728303
0.679242
-0.253794
-0.510472
-0.391106
-1.361657
-2.139819
-3.402823
-1.497723
-3.241905
-5.582843
-4.392234
3.890490
-0.016056
1.906049
3.856774
1.947273
-3.531508
0.176709
-3.481896
-4.725441
-1.067770
-4.169947
-2.363695
-1.210232
-2.780318
-3.967421
5.872428
4.727203
2.106796
3.750132
6.355410
1.833430

-2.632393
0.847824
-0.756460
2.367845
3.344697
4.834056
3.360315
-2.930134
-3.436574
-4.536582
-3.501459
-2.789562
-3.079108
0.299436
0.684043
-0.550377
-1.866210
1.366477
1.185526
-2.075766
-4.892402
-2.752824
-0.615628
-2.742342
-4.883585
3.537363
2.153799
0.425491
1.931539
3.641930
4.252939
0.210096
2.716816
4.579829
2.066763
-2.096976
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-2.074595
-3.225693
-5.535835
-4.376521
0.249449
2.130505
1.020662
0.428364
1.350556
1.961000
0.910485
-0.151433
1.473448
2.566180
2.868278

@)
=
[y
=

@Q@

Pt'Ln

3.233094
0.912771

0.772656
3.068454
2.899201
3.858621
4.027195
2.262155
2.743608
4.497775
4.533562
1.365317

2.236822
5.368565
4.224719

-2.496718
0.948133
0.079468

-3.369982

-1.247391

-3.096087

-0.956611

-2.484681

-3.405464

-1.873010
0.002992

-2.720250

-4.362626

-1.622599

-3.808416

Energy (E) =-3337.96888938 a.u.

Gibbs free energy (G) =-3337.22780338 a.u.

Charge = 0, Spin = 1

1.928233
1.571459
1.762484
1.215975
2.130643
0.028575
-1.453869
-1.195852
-1.734852
-2.116998
-2.627335
-0.998473
-1.189900

0.474209
-0.875529
1.616238
-1.225844
-1.615269
0.140858
-1.632616
1.743231
-2.308554
-3.329294
-3.369214
-1.806641
-2.315136

-1.770111
-1.907471
-1.275941
-2.880098
-1.319277
-0.717155
-0.589210
0.532978
1.079112
3.646782
1.289287
2.152404
3.434490
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-2.828196
-3.160578
-0.267368
-0.606930
-3.533714
-2.274439
-3.052245
-5.391381
-2.986264
-4.299701
-5.463136
-4.149405
-2.012997
-4.377764
-6.430340
-4.085516
-6.303415
-0.940579
-0.024349
0.214436
-1.637500
-1.175899
0.670076
0.781608
-2.543886
-1.724274
1.575259
0.334082
-2.946559
-5.604065
-3.995301
-3.243000
-4.563837
-5.316787
-3.788770
-2.439546

-3.863666
-3.815417
-1.015790
-1.917200
-4.676920
-3.722479
-1.140561
-0.301472
-0.433804
-1.417911
-0.997333
-0.020365
-0.210162
-1.944212
-1.209193
0.525905
0.027559
-3.119682
-5.394534
-3.775539
-3.610859
-4.748272
-4.905899
-3.402454
-3.115874
-5.128451
-5.401211
-6.280515
1.474507
0.978231
2.018242
0.681118
0.431105
1.771962
2.639617
0.261099

2.571917
0.448995
1.980442
4.263507
2.733109
4.649946
-1.324456
-2.605733
-2.533683
-0.762624
-1.403536
-3.172517
-2.977008
0.187043
-0.949775
-4.112118
-3.101127
-1.524488
-2.853927
-1.082417
-2.629280
-3.291090
-1.747638
-0.226202
-2.977121
-4.151627
-1.399670
-3.375868
1.011455
1.733992
0.264057
2.126872
2.482201
0.627427
-0.607042
2.730818
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-4.777809
-6.124540
-6.638531
-1.241697
-1.306652
-1.022333
-1.492713
-1.533863
-1.049779
-0.808090
-1.653515
-1.734226
-0.865831
-1.326308
-0.358750
0.978758
-0.930853
0.880087
1.546207
-0.258457
-1.907517
1.317744
2.503428
-0.707143
1.495672
2.039901
1.274276
1.884375
3.432436
3.368220
3.670242
4.562032
4.280200
5.459285
4.845727
5.029297

-0.188778
2.203839
0.786864
3.318016
5.646700
4.562190
3.249280
4.409092
5.720660
4.635730
2.278617
4.345214
6.684999
6.554330
2.073060
2.490239
2.879777
1.470487
1.675352
3.091520
3.338212
0.816496
1.184311
3.722376
2.651777
3.029893
3.633342
3.211582
3.530404
4.625043
3.158344
3.182165
3.548144
3.743953
1.706915
-1.082039

3.351898
0.038235
2.014987
-0.400033
-1.943420
0.194799
-1.776197
-2.542217
-0.577729
1.260131
-2.250150
-3.610401
-0.106952
-2.544385
2.122001
4.539597
3.114162
2.359764
3.564661
4.313089
2.955230
1.601153
3.737388
5.078521
5.484201
-0.988046
-1.500325
0.089002
-1.400238
-1.477998
-2.408726
-0.423511
0.576382
-0.722348
-0.365583
-0.386806
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5.672816
4.178835
4.193962
5.750433
3.539101
6.388116
5.080426
6.442751
7.149527
5.792069
7.027206
3.357734
3.208173
2.137858
3.094232
4.715547
4.636758
4.826291
5.580194

-
w2
o
s

|
MsN

“Pt'Ln

1.086261
0.934781
-0.475759
-0.305261
1.432817
-0.810834
-2.165536
1.872158
2.579123
2.468643
1.202258
-1.091224
-2.678545
-3.023374
-3.315366
-3.345354
-4.438105
-2.956558
-3.051680

-1.323520
0.575694
0.575058
-1.290725
1.309033
-2.019944
-0.466842
-2.345453
-1.884643
-3.002647
-2.989698
1.496997
1.521700
2.470739
0.184081
2.230022
2.253958
3.247805
1.624299

Energy (E) =-3337.95473732 a.u.

Gibbs free energy (G) =—-3337.21233432 a.u.

Imaginary frequency = —502.8535 cm™

Charge = 0, Spin = 1

- - O 0 0

P
P

2.132505
2.003604
1.186781
1.990228
2.530890
-0.009499
-0.856612
-1.869739

1.188875
-0.150970
2.092462
-0.275273
-0.952388
0.312012
-1.866421
1.407012

-0.693332
-1.185361
-0.627995
-2.273410
-0.663281
-0.471802
-0.592224
0.489697
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-1.048778
-1.259828
-1.461871
-0.703068
-0.810092
-1.579551
-1.683798
-0.346396
-0.538472
-1.911649
-1.348587
-2.452548
-4.780833
-2.533143
-3.553226
-4.712247
-3.688225
-1.676231
-3.521605
-5.568048
-3.735247
-5.688504
0.198174
1.919398
1.433121
-0.169115
0.690938
2.289572
1.745037
-1.129803
0.393117
3.251231
2.590330
-3.473575
-5.860297
-4.541357

-2.717686
-3.986009
-4.054245
-2.039633
-2.671282
-4.679122
-4.611804
-1.009054
-2.133889
-5.714556
-4.480096
-1.919655
-1.924846
-1.146328
-2.685877
-2.684428
-1.152426
-0.541288
-3.281796
-3.279542
-0.551399
-1.928680
-3.052144
-4.808796
-3.396711
-3.599926
-4.476179
-4.266017
-2.982345
-3.353074
-4.900697
-4.504310
-5.490581
0.552251
-0.859753
0.724476

1.012164
3.490409
1.087677
2.183364
3.419899
2.323669
0.176666
2.120491
4.327057
2.376606
4.456638
-1.484908
-3.035280
-2.651366
-1.098063
-1.871546
-3.424936
-2.956924
-0.187103
-1.555630
-4.331662
-3.636685
-1.515126
-2.845044
-0.952256
-2.745861
-3.406109
-1.615339
0.008809
-3.196574
-4.363728
-1.164034
-3.365597
0.736518
1.110539
-0.148224
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-3.613661
-4.798726
-5.729221
-4.454875
-2.795899
-4.891578
-6.554768
-6.789967
-2.292323
-2.830163
-2.603287
-2.255135
-2.529737
-2.867099
-2.622886
-2.000184
-2.499251
-3.097408
-3.032687
-1.472455
-0.830850
-2.469555
-0.155626
0.163637
-2.147881
-3.505091
0.625529
1.192385
-2.929861
-0.582242
1.181196
0.206892
1.305808
2.295925
2.100241
2.243898

-0.334661
-1.037868
0.022000
1.412360
-0.472998
-1.724290
0.165734
-1.407998
2.880901
5.075356
4.122591
2.748184
3.837903
5.215063
4.253432
1.784538
3.722358
6.181008
5.932444
2.023664
2.968248
2.547191
1.965422
2.438283
3.021181
2.581883
1.537487
2.383821
3.428657
3.335359
3.549950
3.985069
3.734293
4.267438
5.348527
3.974128

1.811486
1.995271
0.041621
-0.989334
2.518499
2.835878
-0.654183
1.255230
-0.514243
-2.161499
0.045099
-1.908148
-2.726942
-0.777575
1.126051
-2.353453
-3.809124
-0.331015
-2.801724
2.167550
4.720825
3.001700
2.634795
3.905034
4.268487
2.661731
2.003181
4.257301
4.907029
5.715292
-0.361078
-0.629865
0.723423
-1.133271
-1.094389
-2.194016

110

T DT OO0 0O »wzIp@Dm D OoOD@D D OoOooooo@Dm®@ZDOo

3.713810
3.726683
4.393080
4.245122
5.286226
5.118955
3.805950
4.383982
5.610623
3.280827
6.303056
5.714275
5.555240
6.160660
4.702167
6.165635
3.902197
4.235033

3.347619
4.254935
5.897927
6.158683
5.930143
6.598765

INT1p

MsN H

—

Pt'Ln

4.039883
4.362408
4.714102
2.632643
0.012618
2.197837
1.708466
0.407314
0.884972
2.104990
0.536594
-0.987016
3.085079
3.936300
3.507855
2.524720
-0.302817
-1.867325
-2.375983
-2.647391
-1.940716
-2.991201
-1.388120
-1.497397

-0.596109
0.458262
-1.135589
-0.664020
-0.525509
-1.660230
0.321752
0.484375
-1.555648
1.194077
-2.325116
-0.520280
-2.790154
-2.444113
-3.340296
-3.509575
1.543167
1.732727
2.788097
0.475778
2.387146
2.558320
3.331861
1.670721

Energy (E) =-3337.98850834 a.u.

Gibbs free energy (G) =-3337.24765034 a.u.

Charge = 0, Spin = 1

C

C
C
H

2.357901
2.014294
1.199678
2.234230

1.182232
-0.232432
1.837243
-0.498000

0.117035
-0.249833

0.279454
-1.296863
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2.429906

-0.048182
-0.865048
-2.130410
-1.478363
-2.354880
-1.758154
-1.613214
-2.053777
-2.202593
-1.619919
-1.363126
-2.155287
-2.423607
-2.698956
-2.166444
-4.017628
-1.994573
-3.283536
-4.206465
-2.908620
-1.127625
-3.450269
-5.078900
-2.758174
-4.739228

0.440737
2.564798
1.435004
0.525368
1.583875
2.487269
1.384328
-0.238387
1.634804
3.251247

-1.012477

0.192035
-1.993417
1.299881
-2.953786
-4.365313
-4.323820
-2.309306
-3.010987
-5.022414
-4.848815
-1.248958
-2.498335
-6.085589
-4.915957
-2.057368
-2.065401
-1.212426
-2.894076
-2.892110
-1.223491
-0.548183
-3.544171
-3.542068
-0.568454
-2.070617
-3.105850
-4.680321
-3.546600
-3.460021
-4.243605
-4.330795
-3.274729
-3.132847
-4.516692
-4.668777

0.405555
0.036826
-0.419916
0.468567
1.012657
3.260030
0.923212
2.244766
3.364564
2.039868
-0.023051
2.323951
4.319787
1.960359
4.134183
-1.709781
-3.808659
-2.815074
-1.661334
-2.705070
-3.863321
-2.854295
-0.803356
-2.651817
-4.720054
-4.624214
-1.080095
-2.000789
-0.196622
-2.427863
-2.884502
-0.653482
0.859380
-3.132776
-3.937545
0.044817
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3.390116
-3.753264
-6.145642
-4.475078
-4.245460
-5.433048
-5.664579
-4.112867
-3.702735
-5.803917
-6.215753
-7.075267
-2.220526
-2.231723
-2.725685
-1.726106
-1.740812
-2.723198
-3.106486
-1.316452
-1.355105
-3.106702
-2.229514
-2.291894
-2.450624
-3.509971
-1.159097
-1.237747
-3.586672
-4.406238
-0.209843
-0.348805
-4.538406
-2.514127

1.051375

0.000767

-5.293753
0.496842
-0.869762
0.743555
-0.443798
-1.121326
0.063312
1.471491
-0.644857
-1.846577
0.266315
-1.400858
2.833549
5.115838
4.042745
2.779389
3.911177
5.178987
4.111672
1.842163
3.854227
6.118751
6.006537
1.863627
2.739587
2.311315
1.853470
2.290879
2.748764
2.316006
1.493450
2.274971
3.095751
3.078781
3.312451
3.595607

-2.358947
0.150347
-0.359105
-1.021048
1.064690
0.811736
-1.272479
-1.747149
1.988650
1.534742
-2.189863
-0.558313
-0.540933
-2.161300
-0.055487
-1.849710
-2.659076
-0.860317
0.962974
-2.232232
-3.675844
-0.465961
-2.787650
2.207079
4.860118
2.735269
3.027190
4.346885
4.053127
2.114098
2.625399
4.975443
4.452319
5.892895
0.479582
0.637589
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1.596182
1.603963
1.281916
1.171534
3.135530
3.531097
3.437758
3.794999
5.325621
4.370132
3.775775
4.768522
5.104114
3.829606
5.555074
5.934604
4.314272
4.967317
3.299072
4.640929
4.930996
5.825313

5.606232
5.582911
7.511557
8.161562
7.683074
7.703014

CP1Byp;

MsN

<
Pt'Ln

3.631871
4.089010
5.139496
3.678897
4.080093
4.528909
4.741812
2.744194
0.322719
2.330951
1.830301
0.713621
1.097220
2.396933
0.778428
-0.573208
3.124891
4.009478
3.480527
2.514067
0.181230
-1.200100
-1.601071
-2.208416
-0.644966
-1.501101
0.146996
-0.272870

1.388899
-0.719148
-0.657505
-1.647540
-0.817421

0.110060
-1.639689
-0.987449
-1.031481
-2.153242

0.190888

0.224156
-2.136094

1.132276
-3.078302
-1.110670
-3.428517
-3.396366
-3.648940
-4.279147

1.416266

1.633499
3.022645
0.592666
1.493668
1.706311
2.229594
0.481791

Energy (E) =-3338.03388271 a.u.

Gibbs free energy (G) =—-3337.28685471 a.u.

Charge = 0, Spin = 1

OO0 0000000000000

2~}
-

OO0 0a00voowna”Zz

-4.877080
-5.264805
-4.337951
-2.979276
-2.605371
-3.555945
-3.201351
-1.156347
-0.604082
-0.950290
-1.013322
-2.012968
-1.869780
0.116745
-4.653855
-5.912337
-6.135154
-7.170793
-6.508726
2.299860
3.519486
3.067522
3.920438
5.238470
5.699442
4.847101
2.928172
4.123063
4.565117
3.820345
2.628309
2.183247
2.492737
2.396899
2.440580
2.576902

-2.385472
-1.525692
-1.033063
-1.466619
-2.342102
-2.815766
-3.754029
-2.703737
-3.681716
-3.333406
-1.867535
-1.021453
0.347254
-0.184621
-0.216219
1.389126
0.385460
-0.617656
1.304759
-1.124149
0.081648
0.996025
1.969200
2.039279
1.128801
0.154162
-1.662806
-2.379182
-2.731618
-2.378719
-1.676862
-1.324010
-2.567940
-2.343919
-3.407846
-4.711969

1.935663
0.926023
-0.023096
0.128751
1.173720
2.088597
3.208094
1.346234
0.311623
-1.137989
-1.476424
-0.899242
-1.261965
-0.532613
-1.077465
-2.664057
-1.210947
-1.547607
-0.112919
-0.468147
-1.133740
-2.092610
-2.604235
-2.160834
-1.213012
-0.702180
1.158667
1.316956
2.587176
3.711038
3.563581
2.292564
-1.590010
-2.969057
-3.862613
-3.390952
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2.671015
2.627908
-5.631072
-6.310837
-0.730148
-4.108542
-2.547648
-2.681918
-0.975692
-0.561288
-0.971076
0.489820
-1.941556
-0.240279
-1.603743
-2.479107
-6.869338
-5.620046
-5.141754
2.027215
3.547956
5.905964
6.728094
5.221506
4.709213
5494711
4.170079
2.039819
1.250094
2.283750
2.368373
2.610494
2.779972
2.701303
1.478226
2.187892

-4.943714
-3.878884
-2.746101
-1.236556
-1.611108
-4.085591
-3.290968
-4.656354
-3.110944
-1.776640
-4.697937
-3.715081
-3.757659
-3.834731
0.583511
1.097403
1.877740
0.755922
2.143756
0.961181
2.680632
2.806167
1.181031
-0.527725
-2.671750
-3.286905
-2.657142
-1.401931
-0.770946
-1.329932
-3.216496
-5.545593
-5.959137
-4.081247
6.236638
6.425906

-2.022452
-1.124885
2.638684
0.849559
-2.504981
3.729703
3.962853
2.853025
2.349116
1.289995
0.523965
0.434603
-1.376335
-1.810655
-2.297827
-0.760285
-2.878448
-3.507640
-2.475049
-2.422427
-3.340585
-2.550496
-0.859696
0.059247
0.445658
2.699422
4.703848
4.437802
2.175887
-3.354885
-4.932073
-4.090483
-1.644768
-0.057123
-3.101139
-0.728499
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1.285106
1.685717
0.319911
0.636801
1.444141
2.098859
1.754606
2.375704
0.335082
0.403184
0.807764
1.379404
4.493374
3.716312
-0.087088
1.717195
4.060037
0.450122
3.067681
-1.246092
5.105742
-1.747132
3.348157
-1.133014
-3.018869
-3.495550
-1.801918
-1.336492
-3.681586
-3.066858
-4.682635
-3.581642

CP2Ap:

5.419443
5.525504
4.182944
4.269189
4.482200
1.849720
4.577064
1.925862
1.883273
3.220389
3.317109
1.947344
1.978071
2.000556
2.312397
2.047342
2.112205
1.924568
2.139471
4.391775
2.182022
3.601934
2.239952
2.360416
3.831462
4.798623
1.359068
0.378637
2.828482
1.591711
3.005381
0.799488

-2.408062
-1.078314
-3.888350
-2.850359
-0.190111
5.187098
0.850388
4.136689
3.467485
-1.966457
-0.631315
3.163660
4.532427
3.770040
-2.318749
1.810960
2.424473
0.493901
1.451196
0.574710
2.126744
1.133839
0.403191
1.307708
1.656539
1.505075
2.024076
2.147248
2.356238
2.548877
2.746312
3.091498
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MsN™ & N\

Energy (E) =-3337.96841183 a.u.

Gibbs free energy (G) =-3337.22109583 a.u.

Charge = 0, Spin = 1

O OO0 00a000000a0n

2~
-

o000 vo o wnwan Z T

-3.806468
-3.759148
-2.656123
-1.630008
-1.773666
-2.826456
-2.977260
-0.844838
0.570510
1.566843
1.188551
1.444982
1.711592
0.119980
-1.088978
-2.454162
-4.846432
-3.473710
-2.799496
-4.045085
-0.995630
-1.178393
-1.495791
-1.584877
-1.400122
-1.160358
-1.054211
0.095626
0.370414
1.145256

0.414854
-0.601219
-1.487781
-1.258569
-0.262601

0.643893

1.794907
-0.286684

0.263114
-0.774575
-1.489577
-2.756368
-4.032793

-0.358058

-2.163190
-2.558547
-3.756175
-2.932984
-3.941737
-1.772227

1.274225

0.635328

1.435048

0.872888
-0.499045
-1.310991
-0.743666

2.759556

3.577643

4.725020

-2.080994
-1.148186
-1.115603
-2.113133
-3.135722
-3.066675
-4.020634
-4.322065
-4.101482
-3.594920
-2.313359
-2.147486
-1.976226
-0.916398
-2.393226
-0.312452
0.093005
0.888770
1.716839
1.600181
0.575204
2.279996
3.387305
4.655253
4.829536
3.726838
2.459475
0.561635
1.660229
1.509715
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1.646826
1.372252
0.606814
-2.629845
-3.760791
-4.989194
-5.108919
-3.993657
-2.761408
-4.668961
-4.567572
-2.066478
-3.800254
-3.194704
-1.315857
-0.758447
0.532129
0.951820
2.538044
1.722208
1.007060
2.651140
-5.558723
-4.471612
-5.335019
-1.698936
-1.813334
-1.472180
-1.064004
-0.876498
0.006173
1.362158
2.251262
1.758105
0.397617
-3.692778

5.078846
4.276582
3.124043
2.094629
1.640874
2.270860
3.348678
3.788880
3.165704
1.085624
-0.705557
2.411246
2.450061
1.473014
0.269520
-1.329528
1.125133
0.648486
-0.276452
-1.526690
-4.817248
-4.370105
-4.066421
-4.633272
-3.067711
2497721
1.506497
-0.934612
-2.389592
-1.382420
3.320347
5.341203
5.977389
4.541980
2.496733
0.773278

0.260689
-0.843482
-0.691440

0.318126

1.006163

0.831903
-0.042196
-0.749857
-0.570858
-2.059560

-0.429660
-4.065641
-3.706905
-5.050177
-5.141960
-4.670959
-3.414457
-5.058416
-3.450655
-4.387117
-2.263235
-1.528404
0.865874
-0.444436
-0.605824
3.263044
5.510775
5.825006
3.842035
1.594074

2.651559

2.381386

0.147816
-1.826891
-1.562055

1.663089
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-5.858868
-6.070299
-4.076850
-1.897879
6.391624
4.684013
5.602639
4.649155
5.537691
3.633636
6.272553
4.535835
3.579800
4.499870
2.191209
4.441299
2.440229
3.635367
1.409253
0.476557
3.797969
4.732567
1.566486
2.761528
0.747493
2.887084
3.953790
4.500674
3.490415
3.805562
2.604891
3.239747
3.487829
2.054927
2.363336
1.387444

1.912970
3.843000
4.627082
3.531943
0.559404
2.315949
0.385182
1.369936
-0.826366
1.138287
-1.605178
-1.051648
-0.066873
-2.006415
-0.307686
-1.441382
-1.918278
-2.176509
-2.858795
-2.669077
-3.364542
-3.558389
-4.040580
-4.296016
-4.757530
-5.220408
2.134924
3.534345
1.909391
2.705045
0.835394
2.444405
3.068946
0.569776
1.371447
-0.279394

1.381409
-0.173601
-1.440419
-1.126594
-3.553091
-3.113977
-2.823410
-2.576288
-2.141692
-1.654976
-2.338616
-1.200840
-0.942442
-0.677618
0.227595
1.743845
1.064128
1.749672
1.115673
0.583736
2.452107
2.975729
1.835305
2.499394
1.873992
3.061055
0.529777
2.463291
1.487997
2.586823
1.620676
3.830522
4.687250
2.882362
3.975259
3.023356
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H 1.919535
H 2.870199
CP2Bp;

MsHN [\

Energy (E) =-3337.98712116 a.u.

Gibbs free energy (G) =-3337.23989916 a.u.

1.147614
1.902555

Charge = 0, Spin = 1

T OO0 00000000000 an

OO0 vwo o v z

-4.697929
-4.243298
-2.904001
-2.000882
-2.455258
-3.828540
-4.382702
-1.542276
-0.062722
0.255441
0.241985
0.345931
0.471784
-0.049779
-2.377005
-3.904227
-3.211096
-2.176086
-4.309452
-0.648748
-0.814496
-1.301655
-1.423250
-1.077775
-0.622787
-0.495113

-1.644973
-1.714470
-1.445940
-1.115334
-1.168753
-1.386345
-1.327934
-0.983601
-1.371145
-2.671371
-2.561562
-3.597684
-4.626655

-0.612338

-1.544049
-2.938072
-1.334375
-1.088451
-0.380766
1.685995
2.338937
3.631574
4.103075
3.283696
1.989948
1.518248

4.944638
-1.496389

-1.493038
-0.182151
0.082226
-0.948369
-2.275827
-2.548615
-3.944011
-3.474290
-3.387319
-2.650228
-1.132641
-0.349120
0.464901
-0.425883
1.401951
3.135120
2.828272
3.830151
2.676722
-0.088040
1.611086
1.851029
3.152133
4.226948
3.998647
2.693611



T oD DD DD DD DD DD DD DD DD DD DD DD OO0 00000000aO0n

0.516747
1.069256
1.973474
2.329617
1.785572
0.893237
-2.289805
-3.425976
-4.695745
-4.848608
-3.724761
-2.449740
-5.755250
-4.947766
-4.124502
-5.477563
-4.011974
-1.606517
-1.969981
0.533737
0.301392
1.259527
-0.437453
-0.389918
1.451365
-4.477124
-3.083420
-4.563092
-1.588070
-1.794563
-1.177172
-0.375456
-0.146891
0.810847
2.403528
3.035957

2.799580
3.949263
4.727288
4.372102
3.226545
2.441195
2.090494
1.728731
1.888699
2.410934
2.781698
2.620997
-1.813771
-1.937826
-0.387791
-1.402520
-2.142846
0.063837
-1.575007
-0.563992
-1.458497
-3.005520
-3.463629
-5.190392
-4.969927
-2.877143
-3.654594
-3.231069
4.271010
5.111017
3.654376
1.337949
0.499062
4.240602
5.614779
4.983056

-0.964199
-0.394508
-1.114572
-2.411774
-2.988800
-2.266371
-0.808296
-0.073754
-0.615311
-1.898638
-2.630608
-2.090095
-1.701683
0.616873
-4.454265
-3.925680
-4.583985
-3.825847
-4.297345
-2.935695
-4.423421
-2.960754
-2.981442
0.832367
0.812484
4.067046
3.238039
2.311895
1.015046
3.329998
5.245996
4.834378
2.515033
0.622436
-0.652078
-2.971612
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2.061578
0.481289
3.323350
5.567981
5.843359
3.835647
1.581612
5.020151
3.930555
4.529501
3.920224
4.501865
3.284747
4.968387
3.877413
3.270247
3.857929
2.291838
4.802886
2.665140
3.980971
1.623100
0.597750
4.245017
5.270681
1.887301
3.197389
1.064936
3.406509
4.471468
5.526907
4.160218
4.762600
3.176762
4.396729
4.870347

2.936939
1.537542
1.307986
1.592947
2.532071
3.200713
2.916647
-2.968057
-0.747046
-2.493618
-1.249456
-3.130734
-0.649828
-4.106922
-2.525767
-1.274951
-3.042347
-0.501172
-1.148802
-1.470048
-1.597974
-2.031808
-1.930309
-2.293563
-2.392242
-2.722909
-2.856275
-3.154483
-3.396311
1.170051
3.286844
1.647272
2.845475
1.066339
3.471819
4.407497

-4.001771
-2.720738
0.927820
-0.032514
-2.324865
-3.629730
-2.678544
-4.205698
-4.474549
-3.357372
-3.508483
-2.120529
-2.426478
-1.997526
-1.031948
-1.172074
-0.072552
0.170646
1.585344
1.680650
2.145158
2.420049
2.062632
3.318473
3.670313
3.600800
4.047761
4.169680
4.969975
-1.160807
-0.489012
-0.232770
0.149290
0.570933
1.336382
1.629632



C
C
H
H
H
H

2.823503
3.424950
2.073050
3.132289
2.788418
-1.420605

TS2p¢

MsHN Pt

Ln

1.699074
2.892306
1.250301
3.368770
0.313392
-1.181382

1.769950
2.150095
2.421332
3.085166
-2.562646
1.481727

Energy (E) =-3337.95235313 a.u.

Gibbs free energy (G) =—-3337.20932113 a.u.

Imaginary frequency = —290.8598 cm ™

Charge = 0, Spin = 1

O OO0 0a000000aa0n

2~
-
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-4.504127
-3.940688
-2.581024
-1.708238
-2.306888
-3.699736
-4.344837
-1.482690
-0.004014
0.222697
-0.139142
0.250028
0.552106
-0.022330
-2.044952
-3.596965
-2.510397
-1.300767
-3.284363
-0.940010
-1.266304

-1.946817
-2.277846
-2.130619
-1.681863
-1.400649
-1.506773
-1.137011
-0.983202
-1.348194
-2.632633
-2.481023
-3.446279
-4.429457
-0.456887
-2.487848
-2.960330
-1.765822
-1.706810
-0.555649
1.697888
2.228629

-1.394421
-0.165698
0.043937
-0.998098
-2.261439
-2.442407
-3.746804
-3.457978
-3.407404
-2.632151
-1.158049
-0.330508
0.483254
-0.354812
1.311108
3.484540
2.750086
3.570377
2.492595
0.028801
1.752269
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-2.138676
-2.347448
-1.689139
-0.826496
-0.621161
0.103284
0.243858
1.104323
1.829202
1.681526
0.825660
-2.561287
-3.706439
-4.938597
-5.042073
-3.905328
-2.671663
-5.580374
-4.571525
-4.047508
-5.438218
-4.080342
-1.598168
-1.919394
0.586504
0.379266
1.274940
-0.382100
-0.145445
1.518028
-3.892338
-3.057470
-4.481728
-2.661125
-3.027731
-1.856721

3.279245
3.650516
2.975654
1.926241
1.551344
3.034610
4.298027
5.238251
4.929111
3.678520
2.738155
1.953872
1.399248
1.494948
2.127053
2.669662
2.586135
-2.038586
-2.651609
-0.133606
-1.143946
-1.832344
0.102103
-1.462736
-0.546378
-1.456422
-2.942990
-3.443372
-5.248598
-4.494108
-2.575661
-3.906184
-3.092104
3.809235
4.468796
3.265860

2.063652
3.387481
4.414541
4.114967
2.789851
-0.683050
-0.103721
-0.665189
-1.812782
-2.409481
-1.845467
-0.797097
-0.211604
-0.850474
-2.088114
-2.681509
-2.039395
-1.541874
0.640690
-4.085385
-3.651336
-4.557905
-3.634174
-4.347232
-2.937361
-4.432579
-2.706265
-3.072448
0.693717
0.997113
4.467134
3.592913
2.853927
1.266257
3.618976
5.450769
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-0.322442
0.030746
-0.301031
1.214963
2.510635
2.242701
0.723560
-3.632203
-5.822474
-6.006733
-3.977037
-1.792105
4.671271
3.935865
4.268807
3.856788
4.163107
3.335474
4.482499
3.652282
3.238600
3.584142
2.362694
4.966060
2.827803
4.165238
1.815916
0.771543
4.478381
5.520837
2.129004
3.460256
1.325624
3.709794
4.961757
6.140642

1.384261
0.706805
4.549977
6.214963
5.661881
3.429695
1.750241
0.885726
1.062678
2.195831
3.169102
3.022161
-3.269935
-0.914007
-2.704551
-1.384279
-3.295400
-0.666158
-4.326061
-2.572255
-1.247213
-3.047952
-0.325268
-0.998965
-1.185875
-1.359435
-1.641919
-1.491951
-1.992854
-2.127308
-2.271590
-2.450445
-2.616242
-2.943187
0.758695
2.890915

4.913929
2.558923
0.805778
-0.196023
-2.242460
-3.309509
-2.302119
0.748986
-0.382043
-2.589064
-3.646878
-2.513914
-4.276340
-4.595512
-3.437290
-3.616355
-2.182070
-2.546831
-2.033917
-1.105252
-1.273483
-0.126897
0.045168
1.329217
1.599645
1.977080
2.446869
2.166718
3.174088
3.459043
3.649684
4.011283
4.299217
4.949949
-1.114002
-0.750669
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4.534566
5.204299
3.329300
4.685506
5.210209
2.818071
3.492622
1.879914
3.078856
3.000169
-1.037273

INT2p¢

PtLn

MsHN  ©

1.496109
2.700079
1.234518
3.650632
4.591395
2.195256
3.392024
2.004815
4.129497
0.361429
-2.655205

-0.435395
-0.228010
0.222468
0.645793
0.805471
1.103215
1.318095
1.629843
2.005067
-2.703769

1.327817

Energy (E) =-3337.99967086 a.u.

Gibbs free energy (G) =—-3337.25527486 a.u.

Charge = 0, Spin = 1

OO0 0000000000000

z 3

-4.615738
-3.987085
-2.607553
-1.827820
-2.480854
-3.876445
-4.576963
-1.718877
-0.216641
0.245460
-0.384450
0.394149
1.234582
0.355293
-2.035494
-3.215082

-2.389260
-3.103342
-3.267006
-2.749221
-1.977219
-1.801191
-0.978552
-1.302153
-1.284640
-2.664500
-3.049550
-3.689922
-4.359683
0.408511
-3.977013
-3.997026

-1.318108
-0.310376
-0.320034
-1.382627
-2.372374
-2.339728
-3.378489
-3.485970
-3.287062
-2.869791
-1.544934
-0.692943
0.050614
-0.075138
0.772750
3.216869
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-1.921663
-0.641823
-2.228464
-1.338543
-1.579561
-2.595454
-2.736522
-1.867468
-0.856889
-0.713182
-0.663546
-0.271590
0.371831
0.620922
0.224427
-0.403298
-3.078481
-3.836899
-5.192447
-5.795889
-5.040182
-3.687864
-5.699917
-4.568768
-4.282770
-5.664663
-4.349373
-2.094825
-1.955950
0.052911
0.286665
1.338601
-0.068126
1.339424
1.843543
-3.155699

-3.227878
-3.656051
-1.805074
1.935971
2.463209
3.359142
3.775761
3.298361
2.404960
1.988776
3.427367
4.571917
5.615544
5.528904
4.392971
3.345608
1.821509
0.747895
0.660177
1.623206
2.679456
2.784745
-2.275735
-3.563549
0.081439
-1.025954
-1.314011
-0.273904
-1.808617
-0.559901
-0.963787
-2.725262
-3.398034
-5.444077
-3.874853
-3.607231

2.280545
2.841946
2.166085
0.190379
1.933058
2.286765
3.605676
4.585448
4.243347
2.921969
-0.643675
0.053850
-0.610874
-1.976097
-2.682404
-2.019672
-0.386562
0.093479
-0.205137
-1.011633
-1.513433
-1.195672
-1.307712
0.487480
-3.322930
-3.243129
-4.400430
-3.602261
-4.438611
-2.492926
-4.209894
-2.791622
-3.633084
-0.038757
0.818975
4.239193
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-3.056151
-4.184959
-3.277214
-3.528660
-1.981952
-0.179425
0.073528
-0.454824
0.678341
1.124928
0.415033
-0.692279
-3.366182
-5.778927
-6.856060
-5.506194
-3.111916
4.689796
3.607908
4.306208
3.699530
4.420088
3.201604
4.895591
3.933702
3.318564
4.037886
2.577585
5.168973
3.082307
4.396988
2.107714
1.077594
4.728660
5.753869
2.442660

-5.079581
-3.745681
3.739687
4.474268
3.622601
2.025612
1.281518
4.652415
6.499916
6.344006
4.319518
2.449145
-0.020925
-0.168383
1.548872
3.434376
3.631424
-3.227895
-1.020078
-2.654545
-1.416974
-3.154061
-0.691478
-4.118294
-2.420395
-1.184784
-2.818519
-0.184222
-0.468564
-1.037263
-1.017445
-1.746815
-1.767519
-1.699867
-1.677256
-2.437130

3.211929
2.776822
1.524443
3.871039
5.618741
5.006849
2.645846
1.125281
-0.053878
-2.492954
-3.752071
-2.573352
0.714343
0.189606
-1.249677
-2.145124
-1.569224
-4.350050
-4.732978
-3.507496
-3.722824
-2.214112
-2.647535
-2.039978
-1.132601
-1.341466
-0.123000
0.006685
1.487072
1.548795
2.027782
2.258264
1.892528
3.193664
3.560054
3.420469
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3.752575
1.670977
4.015970
5.358574
6.669877
4.914388
5.654610
3.607737
5.097726
5.676042
3.059167
3.798675
2.037063
3.352363
2.717627
-1.134318

CP3p

MsN

/

Pt
I

Ln

-2.410771
-2.992481
-2.944174
0.441442
2.532125
1.355886
2.535047
1.342968
3.714474
4.637041
2.533298
3.711883
2.529796
4.631200
0.272515
-4.420237

3.890199
3.951312
4.802446
-0.921223
-0.927076
-0.526584
-0.533195
-0.026789
-0.045335
-0.060154
0.465663
0.456629
0.852691
0.834713
-2.821230
0.582516

Energy (E) =—-3337.1200242 a.u.

Gibbs free energy (G) =—-3336.3732632 a.u.

Charge = 0, Spin = 1

O o »wzooooooaoWo

6.764715
5.519787
3.199589
5.321784
4.515083
3.427351
4.174209
1.977522
1.735756
1.872420
0.469858

-2.022588
-1.304745
0.082307
-0.993284
-0.926246
-0.188509
-0.351120
0.709736
1.286669
0.274023
2.035334

0.245827
-0.187645
-1.080079
-1.531043

0.726053

0.278047
-1.991068
-1.396108
-2.906499
-3.969972
-2.888803
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3.025873
0.115965
4.530207
4.096339
2.599617
2.043395
1.500152
0.820582
-1.891886
-0.263906
-3.328830
-5.543127
-3.953955
-3.840508
-4.933569
-5.057756
-1.684134
-1.122313
-1.291496
-1.787157
-1.500257
-1.025091
-2.618247
-3.816889
-2.032436
-3.821318
-4.411309
-2.632537
-1.486461
-3.248742
-1.907480
-1.922225
-2.800458
-2.797164
1.215382
3.454860

2.493723
-0.186972
-1.426003
-2.896163
-3.174913
-2.912992
-2.590158
-2.036207
-1.298218
1.720919
-0.471628
0.883644
-0.931949
0.660587
1.340811
-0.256895
-2.871519
-5.190583
-2.791083
-4.124989
-5.277905
-3.942402
-1.707619
-2.224830
-1.239841
-2.422164
-2.687317
-1.497697
3.023366
5.063435
3.962444
3.139145
4.158324
4.968532
2.772193
4.430036

-3.174814
-0.641703
2.145257
2.261471
2.072161
0.744538
-0.297338
-1.445927
-0.369948
0.806229
0.424274
1.470299
1.585085
-0.220443
0.303057
2.102020
0.533617
1.992197
1.875483
-0.072731
0.655884
2.605348
-2.001326
-4.469705
-3.180132
-2.066710
-3.296574
-4.410474
0.404430
-0.322197
1.353459
-0.918247
-1.279713
0.993355
1.118857
1.404422
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1.872677
1.682424
2.791738
2.990212
7.311655
7.446877
6.559877
6.078702
2.655220
4.032231
2.926952
2.877319
4.016155
3.862970
5.537689
4363132
4.667209
2.032650
2.409831
1.498370
0.038943
-6.403010
-3.590030
-3.385743
-5.316937
-5.536600
-0.901509
-1.179674
-2.079235
-1.575369
-0.725270
-4.284183
-1.104570
-4.301405
-5.342152
-2.171040

2.868162
3.529812
4.354200
3.690072
-1.464904
-2.161744
-3.018061
-1.295747
0.106087
-0.223678
3.294436
2.892621
2.035457
-0.806739
-1.332151
-3.256256
-3.511577
-2.573379
-4.224223
-1.788587
-2.703757
1.411178
-1.821808
1.008848
2.222829
-0.627801
-6.095214
-1.816341
-4.211188
-6.250375
-3.860394
-2.428034
-0.665908
-2.770937
-3.250288
-1.126407

2.347105
0.037086
0.180484
2.485631
1.020519
-0.602452
0.665897
-2.257203
0.991480
-3.061883
-2.435964
-4.184358
-3.102975
2.767383
2.578197
3.265612
1.549998
2.807971
2.349411
-2.273579
-1.833429
1.879968
2.096095
-1.148070
-0.208599
3.007100
2.556515
2.350972
-1.118750
0.172057
3.650051
-5.432010
-3.130990
-1.151151
-3.339433
-5.324000
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-3.941777
-1.535553
-1.552570
-3.135133
-3.131090
4.327069
1.518932
1.166758
3.140537
3.492339
-0.684691
-1.222997
-1.914299
0.261187
0.003311
-2.180500
-2.682895
1.209652
0.756783
-3.148494
-1.432075

TS3pe

Ln

5.855197
3.912217
2437871
4.243209
5.687933
5.072505
2.308486
3.473687
4.943394
3.753888
1.032679
-0.219839
1.217082
0.182538
-0.422289
0.590599
1.842604
-0.019579
-1.065460
0.740352
-0.699992

-0.602662
2.377585
-1.668484
-2.312498
1.739356
1.514506
3.211158
-0.923338
-0.667293
3.449846
2.453483
4.906497
3.089586
3.049829
4.274228
4.306626
2.636576
2.546979
4.727852
4.783371
5.861067

Energy (E) =-3337.04339885 a.u.

Gibbs free energy (G) =-3336.30062185 a.u.

Imaginary frequency = —306.2305 cm ™

Charge = 0, Spin = 1

C

C
C
C
C

7.273082
5.881182
3.307867
5.462990
4.970790

-1.678772
-1.442513
-0.970279
-2.077347
-0.651692

0.781749
0.267923
-0.898817
-0.927198
0.932993
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Pt

OO0 0000000vY YT oaoaooaooaanaan

3.598489
4.216944
2.150031
1.716501
1.722425
0.469045
2.958917
-0.076565
5.210653
4.660831
3.168789
2.614330
1.486888
0.323837
-2.373471
0.123131
-3.548247
-5.223097
-4.317073
-3.639561
-4.469332
-5.149829
-2.836615
-3.560748
-2.198893
-3.831448
-4.187248
-2.564569
-3.030510
-3.974937
-2.145959
-4.396259
-4.864036
-2.616374
-0.729664
-1.856302

-0.507076
-1.889886
-0.528349
-0.977600
-2.434424
-0.273133
-0.242404
-0.659873
-0.203976
-1.339080
-1.518180
-1.509633
-1.978823
-2.607753
-0.992262
1.765905
0.416160
2.646672
0.853938
1.101804
2.209573
1.963368
-1.738804
-2.668429
-1.249223
-2.709143
-3.173843
-1.702765
-2.154643
-3.977725
-3.010897
-2.216343
-3.124218
-3.920517
2.945728
4.713257

0.463509
-1.478949
-1.421300
-2.953820
-3.171183
-3.270969
-4.007122
0.085541
2.333449
3.204914
2.985740
1.572788
1.171357
0.718854
0.031217
0.082303
-0.083059
-0.340396
0.999621
-1.300349
-1.428783
0.869547
1.645004
4.183703
2.791538
1.783918
3.048393
4.053814
-1.229662
-3.130368
-1.891647
-1.536134
-2.480252
-2.835073
-1.037802
-2.887137

T oD DD DD DD DD DD DD DD DD DD DD DD DD OO0 000000aO0n

-1.004502
-0.995789
-1.549621
-1.581762
1.808747
4.443948
2.500144
2.445766
3.751447
3.810997
7.813647
7.858936
7.279661
6.168792
3.164430
3.960618
2.954825
2.671826
3.950270
4.661864
6.272764
4.833033
5.204758
2.659840
2.814711
0.490337
-0.492318
-5.871673
-4.269487
-3.056027
-4.526523
-5.742206
-3.845059
-1.406519
-4.338450
-4.961376

4.269067
2.525818
3.410387
5.142326
2.507158
3.423748
3.027332
2482123
2.933879
3.482177
-0.738795
-2.261984
-2.233137
-2.736370
0.473156
-2.407186
0.840882
-0.465808
-0.653908
0.726920
-0.029141
-1.126829
-2.266292
-0.684750
-2.433563
-3.463097
-2.806323
3.515724
0.334262
0.761739
2.734488
2.293245
-3.030641
-0.503794
-3.108292
-3.933736

-0.673230
-2.343918
-3.267217
-1.589076
0.026799
-0.255099
1.124523
-1.222347
-1.362172
0.982308
0.960577
0.060347
1.731971
-1.435895
0.696948
-2.399483
-3.846295
-5.040713
-3.797977
2.553192
2.544889
4.269212
2.968677
3.503899
3.480261
0.047953
1.425251
-0.439359
1.956379
-2.157539
-2.381798
1.722133
5.170455
2.689135
0.905774
3.144306
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-2.064948
-4.343199
-1.078706
-5.100475
-5.927561
-1.915933
-2.300149
-0.762239
-0.747375
-1.748251
-1.804553
5.470324
2.022997
1.913407
4.233279
4.335515
-0.500849
-1.517658
-1.749206
0.218449
-0.276293
-2.253163
-2.351721
1.169496
0.302449
-3.232711
-1.912400

INT3p¢

M

s

sNH-

i~PtLn

-1.303888
-4.684274
-2.951352
-1.552402
-3.163479
-4.579196
5.401888
4.623754
1.504773
3.076325
6.166474
3.771541
3.085903
2.093306
2.900862
3.885734
2.082429
2.179196
2.655244
1.530013
1.592910
2.700152
3.055713
1.025572
1.166419
3.143272
2.219243

4.936186
-3.872597
-1.673042
-1.033546
-2.710731
-3.346283
-3.604724

0.329347
-2.640298
-4.284824
-1.293311

-0.361807

2.101614
-2.090775
-2.338883

1.847482

1.777392

4.393535

2.035125

2.850148

4.147443

3.334595

1.219769

2.665946

4.965923

3.512271

5.407541

Energy (E) =-3337.10389245 a.u.
Gibbs free energy (G) =—
3336.3600174499998 a.u.
Charge = 0, Spin = 1
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Pt
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7.179692
5.986576
3.838533
6.160502
4.738000
3.550523
5.179622
2.796957
2.901340
4.079444
1.592260
3.077628
-0.333530
4.404213
4.083371
3.367661
2.612459
1.282928
0.127149
-2.673099
0.070915
-3.707282
-5.082753
-4.528174
-3.587568
-4.267408
-5.213352
-3.617563
-5.011160
-3.217045
-4.723282
-5.411219
-3.914024
-2.938203
-3.250824
-1.869169

-2.121387
-1.317985
0.384478
0.058820
-1.838981
-1.013619
0.867192
1.035307
2.606903
2.843952
2.914439
3.570847
-0.841620
-3.280734
-3.867929
-2.832251
-1.850603
-1.807599
-2.283694
-0.363952
0.404917
0.474987
1.777342
-0.247112
1.859813
2.505649
0.402264
-1.909061
-4.315261
-3.062807
-1.976719
-3.175537
-4.257143
0.684893
2.262987
0.880349

0.430941
-0.003698
-1.019443
-0.372555
-0.103753
-0.502219
-0.864491
-1.482246
-2.013947
-2.859155
-2.589139
-0.526880

-0.472868

0.063608
-1.329319
-2.219373
-1.358784
-1.287272
-1.969873

-0.791165

1.508956

0.479094

2.546664

1.350342

0.655859

1.682433

2.375083

-1.112563
-1.438750
-0.428017
-1.965078
-2.131254
-0.583179
-2.275854
-4.568194
-3.156771
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-4.165252
-4.320451
-2.024520
-0.047414
-0.280670
0.190630
-0.369235
-0.488645
0.067289
1.707830
4.279873
1.992424
2.729634
4.007073
3.264733
7.063092
8.090761
7.350556
7.166262
3.019012
5.433392
2.215543
3.086068
4.013311
3.506111
5.206076
3.454453
5.015427
2.696007
4.123101
-0.044320
-0.288131
-5.615907
-4.638159
-2.960262
-4.158837

1.302599
2.082391
1.664270
2.226252
4.994315
3.098864
2.762596
4.139824
4.472971
0.121218
-0.498415
-1.148390
1.074592
0.765703
-1.452644
-2.503927
-1.511228
-2.989544
0.474582
-0.807440
1.871469
3.371605
4.626716
3.317566
-3.363987
-3.844535
-4.759224
-4.194931
-3.327330
-2.282218
-1.988374
-3.268490
2.281287
-1.325915
2.443995
3.582846

-2.552277
-3.693377
-4.297294
1.384036
1.037645
2.456092
0.134125
-0.039809
2.283856
2.313449
3.251345
2.834503
2.274099
2.737741
3.306021
1.454754
0.409932
-0.220871
-0.284187
0.448876
-1.191683
0.117833
-0.821530
-0.016258
0.697758
0.553346
-1.199881
-1.811578
-2.931998
-2.807969
-3.011498
-1.725887
3.351485
1.234321
-0.017536
1.804961
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-5.850301
-5.552410
-2.348066
-5.050890
-6.265883
-3.594524
-3.373204
-0.900738
-5.004662
-5.279510
-1.180398
-0.375327
0.490113
-0.519858
-0.733648
0.248877
5.279750
1.217345
2.535973
4.792067
3.466707
-1.105303
-2.838952
-1.683656
-1.428834
-2.280644
-2.546445
-1.482868
-1.012469
-2.514999
-2.994293
-3.511796

MeO™
Energy (E) =-115.169570393 a.u.

Gibbs free energy (G) =—115.156353393 a.u.

-0.174439
-5.251041
-3.021071
-1.093516
-3.217143
-5.145314
2.878815
0.427070
1.182678
2.556098
1.813108
6.071257
2.705655
2.089899
4.539715
5.141077
-0.741543
-1.915416
2.069044
1.519982
-2.443931
-0.125549
-1.138389
0.726403
-1.489556
-1.994693
0.221654
1.795945
-2.160829
-3.058185
0.901451
-1.528418

3.044839
-1.569610
0.232530
-2.512475
-2.804892
-0.040146
-5.457908
-2.934780
-1.866697
-3.897366
-4.968976
0.906768
3.427980
-0.712923
-1.022463
3.124179
3.608634
2.863960
1.875546
2.687863
3.709813
2.828010
4.788613
3.773163
2.865704
3.842823
4.744085
3.752353
2.111464
3.857681
5.467920
5.550842



Charge =1, Spin=1

C  0.000064
H  1.023953
H -0.512427
H -0.512427
O  0.000064
Pdo(PPh;),

-0.517940
-1.053885
-1.053994
-1.053994
0.783689

0.000000
0.000000
0.886936
-0.886936
0.000000

Energy (E) =-2199.81979283 a.u.

Gibbs free energy (G) =-2199.34746583 a.u.

Charge = 0, Spin = 1
Pd -0.001033

SO ONO OO NGOG NGO NGOG OO NGO NGO NIO NG NG NG NN G NN G Nla~Ra~

2.295816
-2.296558
2.775239
3.364882
3.944802
1.901806
2.197197
4.235326
3.428637
5.054954
2.998880
4.677659
5.484457
3.810390
2.979284
3.942058
2.369998
4.069108
4.547068
2.853080
-3.101668
-4.198663
-4.420782
-2.334786

0.096294
0.016962
0.051454
0.813928
1.955964
1.556738
0.653876
1.215836
2.126078
0.813338
2.191661
2.017681
0.301468
0.987730
2.707774
-1.677882
-4.297335
-2.698426
-1.986365
-3.290592
-4.000246
-1.582157
-4.139262
-1.743590
-2.716102

-0.534726
-0.209798
-0.193076
1.376713
3.859487
1.551849
2.458096
3.693359
2.788689
-1.415364
-3.223368
-1.981984
-1.773294
-2.676148
-2.873409
-0.033088
0.109988
-0.768663
0.785747
0.856109
-0.703279
-0.431010
-0.692793
-0.861215
-0.144200
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-2.882667
-4.964468
-3.383671
-4.970870
-4.503445
-3.061864
-3.855234
-5.291177
3.593791
4.632471
0.976365
1.507471
5.147733
5.688522
2.012377
5.023487
6.455197
3.466703
4.316497
1.501180
4.544526
5.395126
2.371797
-4.626376
-5.027482
-1.295156
-2.277281
-5.992609
-5.588564
-4.760863
-2.171880
-3.596324
-6.160296
-2.697445
-3.189475
-3.734438

-3.986968
-3.017835
1.184471
2.836784
1.823410
1.391700
2.206181
2.647424
2.405710
1.696258
0.091359
1.083713
2.707424
2.726605
2.405461
-0.640387
0.578377
3.646507
-5.318239
-2.458710
-1.201235
-3.522456
-4.787554
-5.135201
-0.868608
-2.586560
-4.862873
-3.134231
3.483168
1.678133
0.912615
2.358776
3.144419
0.456301
1.189989
-0.143958

-0.266029
-0.993152
-1.144056
-2.744251
-0.606180
-2.488786
-3.287077
-1.404069
4.824547
0.716820
2.312965
4.526151
2.914425
-3.929233
-1.719715
-1.346728
-2.952256
-3.305316
0.168795
-1.385626
1.375453
1.498857
-1.281554
-0.797999
-1.097713
0.166904
-0.037409
-1.333084
-3.365946
0.443605
-2.901423
-4.333751
-0.975378
1.554322
4.206970
2272274
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-1.905796
-2.153587
-3.976817
-4.354186
-1.077770
-1.529321
-4.784735
-3.379608

—
Z
-
N

g

MsN

MeOH
Energy (E) =—1261.91672428 a.u.

Gibbs free energy (G) =—-1261.64285528 a.u.

1.423588
1.792921
0.221556
-0.906448
1.871535
2.547212
-0.255546
1.470929

Charge =1, Spin=1
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1.705906
2.084515
1.126356
-0.252119
-0.612727
0.369736
0.010369
-2.056687
-3.052096
-2.680747
-1.311620
-1.218173
-1.354513
1.389997
3.300420
2.856632
3.918902
2.759216
2.479150

-2.789353
-1.462208
-0.437797
-0.830454
-2.187922
-3.181633
-4.632551
-2.631476
-1.502492
-0.360248
0.174626
1.488276
2.792594
0.904416
1.289427
1.510520
0.833355
2.964645
-3.553088

2.182800
3.499108
3.593184
1.798801
1.628305
3.976357
4.146174
5.241803

0.117149
-0.003866
-0.148004

-0.190766
-0.047396
0.105263
0.244567
-0.050005
0.132645
-0.792686
-0.412925
-0.319218
-0.257840
-0.261821
1.630288
-0.093111
-0.870556
-0.297016
0.225447
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3.141347
-0.557272
0.915732
-0.608209
-2.205393
-2.268749
-3.036847
-4.071560
-3.426175
-2.642781
-1.131783
-1.583430
-3.537269
4301317
3.302472
2.573192
-4.483323
-4.541753
-3.962962
-4.185450
-5.590984

TS4endo

o

MsN_
4

MeOH
Energy (E) =—-1261.87864936 a.u.

Gibbs free energy (G) =—-1261.60502536 a.u.

-1.206145
-4.843091
-5.252214
-4.995901
-3.395987
-3.144953
-1.147440
-1.857355
0.445324
-0.738451
3.439738
3.303973
2.638825
1.706353
0.224320
1.820654
2.554667
2.339088
1.455001
3.206650
2.165959

-0.024155
1.164116
0.274335

-0.589812
0.726497

-1.005088
1.175814

-0.071113

-0.770402

-1.829014

-1.110842
0.682434

-0.532258

1.787563
1.886871
2.252941

-0.310972
1.077304
1.397516
1.658194
1.344775

Imaginary frequency = -374.1304 cm™

Charge =1, Spin=1

C

C
C
C
C

-0.787835
-1.480121
-0.818703
0.617352
1.293367

3.047774
1.859870
0.655719
0.677071
1.900163

0.253804

0.073976
-0.214701
-0.310122
-0.083872
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0.597384
1.308064
2.803366
3.502917
2.890291
1.423748
0.907813
-0.353088
-1.509571
-3.221283
-3.065789
-3.965783
-3.380383
-1.345975
-2.566703
1.932183
0.583512
1.975542
3.143995
3.119544
3.371716
4.583482
3.394857
3.023182
-0.905699
-0.663873
2.284777
-4.272262
-2.896971
-2.599522
3.080008
3.255088
3.534213
2.354429
4.068300

3.095545
4.404238
1.986057
0.655768
-0.354746
-0.547292
-1.779064
-2.245874
-0.536123
-0.597008
-0.746171
0.266482
-2.144651
3.964667
1.873758
4.419751
5.223426
4.648220
2.702419
2.419250
0.310523
0.766923
-1.329942
0.020212
-2.696141
-2.631688
-3.170176
-0.749508
0.397548
-1.365762
-3.703009
-3.464602
-2.418034
-3.699288
-4.106835

0.179442
0.371492
-0.117420
0.075129
-0.873934
-0.577484
-0.487632
-0.302599
-0.450624
1.671589
-0.106061
-0.691662
-0.429574
0.453009
0.104454
1.278084
0.463803
-0.468087
0.643599
-1.084026
1.114285
-0.092695
-0.822409
-1.905949
-1.127202
0.676330
-0.405420
1.940077
1.996040
2.143304
-0.148255
1.218793
1.444272
1.814876
1.582167
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S
H-OMe

Energy (E) =-1261.90112623 a.u.

Gibbs free energy (G) =—-1261.62354023 a.u.

Charge =1, Spin=1

C
C
C
C
C
C
C
C
C
C
C
C
C
N
C
S
O
O
H
H
H
H
H
H
H
H
H
H

-0.515777
-1.300677
-0.705565
0.697278
1.473427
0.865061
1.673696
2.974353
3.547751
2.736542
1.311240
0.696061
-0.706566
-1.416797
-3.620527
-3.079780
-3.578135
-3.437979
-0.998464
-2.377306
2.370151
1.021343
2.285800
3.451161
3.248312
3.502961
4.609313
3.153858

3.080991
1.935270
0.709461
0.625788
1.794494
3.034365
4.293189
1.733159
0.328934
-0.631152
-0.685629
-1.860981
-1.747249
-0.515303
-0.410660
-0.581176
0.553348
-1.928492
4.036585
2.026653
4.268298
5.164922
4.472012
2.399302
2.149694
-0.003262
0.335355
-1.647731

0.360800
0.264506
-0.018036
-0.191277
-0.062687
0.203923
0.313753
-0.221903
-0.102744
-0.960382
-0.469208
-0.197455
0.306450
-0.175976
1.454014
-0.233342
-1.005455
-0.666398
0.569774
0.372376
1.165333
0.448919
-0.582309
0.512716
-1.208416
0.948398
-0.389640
-0.955250
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2.778867
-1.326461
-0.722016

1.737690
-4.715391
-3.266369
-3.219876

2.526528

3.140528

4.130233

2.530998

3.314994

TSSendo

MsN

|
H~oMe

-0.270338
-2.587497
-1.760715
-3.199741
-0.441136
0.539822
-1.248423
-3.892775
-3.625240
-3.133031
-2.952947
-4.546967

-2.006232
-0.024038
1.417226
-0.254270
1.463076
1.865821
2.034906
-0.183697
1.026373
0.916742
1.664836
1.612968

Energy (E) =—-1261.89991587 a.u.

Gibbs free energy (G) =—-1261.62542287 a.u.

Imaginary frequency = —646.5144 cm™

Charge =1, Spin=1

C
C
C
C
C
C
C
C
C
C
C
C
C
N

-0.300596
-1.155336
-0.635205
0.759857
1.608313
1.075901
1.960396
3.102544
3.583981
2.718667
1.293570
0.597756
-0.793100
-1.417140

3.112984
2.018086
0.756447
0.590420
1.706556
2.982537
4.189109
1.545294
0.107109
-0.807082
-0.754682
-1.876845
-1.686389
-0.426029

0.351508
0.259607
-0.012060
-0.179510
-0.056155
0.200522
0.308112
-0.208648
-0.078123
-0.933031
-0.448713
-0.169072
0.342373
-0.161660
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w
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—

MsN

-3.634293
-3.082450
-3.494819
-3.510670
-0.724127
-2.224234
2.652560
1.363658
2.583826
3.619166
3.405935
3.514598
4.644407
3.059483
2.787828
-1.454484
-0.804517
1.316913
-4.729188
-3.232511
-3.288866
2.107815
2.696769
3.783722
2.234622
2.636448

|
H

Come

-0.186132
-0.394405
0.766448
-1.719654
4.097514
2.176331
4.122688
5.100235
4.326038
2.183459
1.936677
-0.215772
0.043941
-1.851637
-0.461095
-2.499245
-1.681164
-3.097757
-0.154963
0.745098
-1.042433
-3.998559
-3.902246
-3.644883
-3.109362
-4.837882

1.433693
-0.244951
-1.027032
-0.680731
0.553974
0.365839
1.160847
0.439612
-0.587475
0.523653
-1.196680
0.974506
-0.361173
-0.912636
-1.981773
0.024807
1.452733
-0.252571
1.428146
1.845637
2.023003
-0.229383
0.996660
0.964565
1.639513
1.600508

Energy (E) =—1261.91819692 a.u.

Gibbs free energy (G) =—-1261.64036592 a.u.

Charge =1, Spin=1

C

-0.593322

3.069849

0.354957
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-1.357764
-0.737280
0.662974
1.422652
0.787555
1.567473
2.920978
3.516675
2.714602
1.307408
0.673308
-0.713230
-1.419336
-3.736814
-3.076484
-3.528373
-3.351036
-1.094018
-2.433820
2.272667
0.897225
2.165320
3.398806
3.170296
3.498086
4.571282
3.112877
2.723580
-1.283815
-0.706779
1.221128
-4.827165
-3.455829
-3.337776
2.910039
3.326826

1.908192
0.690135
0.646113
1.825084
3.055692
4.334310
1.776456
0.381084
-0.618194
-0.643736
-1.786877
-1.746426
-0.555088
-0.520944
-0.674607
0.452144
-2.031706
4.019240
1.977955
4.345333
5.194203
4.500825
2.463949
2.177016
0.071312
0.395593
-1.646448
-0.284216
-2.627272
-1.730516
-2.741653
-0.603122
0.448347
-1.336048
-3.775948
-3.514982

0.300211
0.043978
-0.139563
-0.056971
0.182164
0.249994
-0.236796
-0.098016
-0.921277
-0.406710
-0.109633
0.442698
-0.071843
1.383046
-0.259329
-1.065243
-0.717010
0.548013
0.428040
1.094307
0.369572
-0.657684
0.476700
-1.235878
0.960118
-0.406121
-0.883542
-1.974968
0.134081
1.550270
-0.225974
1.317159
1.807010
1.996673
-0.280665
0.946340
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H
H
H

4.322497
2.640282
3.486977

TS7

MSN---|

\
MeOH

-2.963668
-2.856860
-4.415096

1.040415
1.584323
1.626470

Energy (E) =—-1261.89887175 a.u.

Gibbs free energy (G) =—-1261.62390875 a.u.

Imaginary frequency = -392.7932 cm™

Charge =1, Spin=1

T T T T T O o wvw o ZoooooaoooaoooooaoaaDn

-2.660084
-1.308300
-0.519094
-1.110113
-2.460013
-3.257469
-4.718254
-2.965474
-1.862381
-0.640078
-0.157642
1.120273
2.343930
0.820914
1.951401
1.921672
1.504756
3.230194
-3.282815
-0.877505
-4.890252
-5.193006
-5.261367

-2.062381
-2.272082
-1.180311
0.097992
0.307747
-0.796719
-0.638037
1.726896
2.712927
2.574998
1.148784
0.795712
1.269495
-1.117634
-1.331649
-2.012113
-3.417170
-1.758545
-2.920348
-3.269121
-0.035171
-1.613661
-0.138205

0.237469
-0.030780
-0.399702
-0.445759
-0.148047

0.185430

0.493258
-0.159726

0.225028
-0.678414
-0.715352

-0.947597

-1.329044
-0.777828

1.677134

0.025948

0.155072
-0.580047

0.497443

0.022473

1.397642

0.656889
-0.322017
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-3.819455
-3.348618
-1.566398
-2.247268
0.175170
-0.921871
2.517168
3.230063
2.371617
2.669710
0.950820
2.251902
2421412
2.335768
1.362282
3.127174
2.453778

INTSexo

MsN

©
H-OMe

1.835576
1.985874
2.527114
3.740976
3.243323
2.890424
1.454718
0.893721
2.990652
-1.900085
-1.416524
-0.279229
3.729730
3.107201
2.609079
2.351310
3.871262

0.523340
-1.162909
1.270536
0.181796
-0.363738
-1.698543
-2.396527
-0.807574
-0.379312
2277727
2.115827
1.622982
0.286029
1.534382
1.707601
1.693093
2.314792

Energy (E) =—1261.92974275 a.u.

Gibbs free energy (G) =—-1261.65306775 a.u.

Charge =1, Spin=1

C
C
C
C
C
C
C
C
C
C

-2.020046
-0.647699
-0.214730
-1.136924
-2.505116
-2.951255
-4.406791
-3.343136
-2.537542
-1.241916

-2.513115
-2.358424
-1.122886
-0.081223
-0.238518
-1.477508
-1.710495

0.983743

2.276961

2.348155

0.490269
0.232562
-0.217824
-0.429354
-0.174092
0.295005
0.582716
-0.450378
-0.242832
-1.069092
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-0.483183
0.890708
1.951456
1.050442
2.889596
2.514599
2.271207
3.523990
-2.377963
0.040015
-4.782338
-4.589506
-5.035390
-4.239461
-3.718301
-2.272361
-3.174176
-0.641491
-1.494596
1.669982
2.928374
1.689468
3.847405
2.089201
2.957386
1.344991
0.823934
0.237224
1.602257
0.151954

-
wn
N
(o]
g

MsN

‘OMe

1.070681
0.809582
1.676991
-0.590923
-0.325100
-1.237432
-2.629816
-0.945987
-3.477544
-3.183765
-1.046141
-2.743186
-1.523794
1.004542
0.960763
2.348708
3.144962
3.204398
2.565319
2.611405
1.285859
2.785011
-0.688192
-0.504747
0.737409
3.367833
2.529733
1.689054
2.098852
3.118756

-0.905129
-0.991879
-1.259711
-0.621292
1.355434
-0.120088
0.236834
-1.129820
0.853440
0.392289
1.375506
0.906000
-0.300679
0.187730
-1.490332
0.825443
-0.465715
-0.717071
-2.124455
-1.751183
-1.530785
0.384485
1.742930
2.081628
1.092845
1.109278
2.099588
1.686789
2.758671
2.740891



Energy (E) =—-1261.92289247 a.u.

Gibbs free energy (G) =—-1261.64890647 a.u.

Imaginary frequency = —1381.2110 cm™

Charge =1, Spin=1

O O DI T DD TN D T @m OO0 v aoaoZoooooooaoooaoooaoaan

-2.241797
-0.875524
-0.386007
-1.256677
-2.619394
-3.123599
-4.579353
-3.398303
-2.504954
-1.265673
-0.536109
0.791983
1.934432
0.890120
2.670395
2.319831
1.983459
3.367026
-2.644355
-0.233761
-4.887526
-4.811673
-5.222933
-4.236468
-3.858135
-2.165506
-3.098608
-0.629445
-1.585364
1.603147
2.731528
2.472273

-2.329058
-2.249004
-1.018906
0.070974
-0.009448
-1.239570
-1.403318
1.268269
2.506417
2.503001
1.210347
0.870270
1.729750
-0.536286
-0.823322
-1.356077
-2.775402
-0.897194
-3.284494
-3.118340
-0.761006
-2.439252
-1.134293
1.318847
1.291642
2.549170
3.413505
3.369258
2.643583
2.673749
1.282262
2.011726

0.478425
0.190024
-0.233531
-0.364447
-0.076109
0.354649
0.681381
-0.254965
-0.082635
-0.990579
-0.809673
-0.935797
-1.158035
-0.629286
1.401015
-0.248326
-0.242729
-1.148827
0.817951
0.298624
1.519835
0.958121
-0.169059
0.455727
-1.259373
0.965716
-0.260442
-0.750156
-2.038630
-1.610652
-1.757286
0.072227
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3.565168
1.815905
2.845146
2.836262
1.664662
1.071643
1.825538
0.956815

S)
OMe
Energy (E) =-1261.94132992 a.u.

Gibbs free energy (G) =—1261.66318492 a.u.

-1.363446
-1.098762
0.274387
2.222056
2.512381
1.614292
3.099611
3.120426

Charge =1, Spin=1

C
C
C
C
C
C
C
C
C
C
C
C
C
N
C
S
O
O
H

-2.139765
-0.783836
-0.353192
-1.274413
-2.628171
-3.074047
-4.516451
-3.460576
-2.614413
-1.393823
-0.598890
0.724243
1.850693
0.892942
2.694112
2.367345
2.079027
3.375046
-2.498995

-2.350701
-2.218712
-0.968890
0.076047
-0.054611
-1.302557
-1.530061
1.189923
2.462680
2.502495
1.250812
0.950156
1.864712
-0.434262
-0.880216
-1.235596
-2.654355
-0.615805
-3.319755

1.732489
2.030202
1.396314
1.263996
1.907640
2.223661
2.836647
1.292603

0.493560
0.197606
-0.243994
-0.369551
-0.065631
0.373383
0.718642
-0.229959
-0.077220
-1.007893
-0.814791
-0.941819
-1.244040
-0.631007
1.353881
-0.338830
-0.523481
-1.186799
0.842898
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-0.105029
-4.838087
-4.700705
-5.181956
-4.284312
-3.941118
-2.258889
-3.244950
-0.795792
-1.739584
1.435583
2.480158
2.478332
3.612114
1.857858
2.831252
2.886384
1.647751
0.973654
1.571201
1.022157

INT1A's

@

MsHN PtlLn

Energy (E) =-3338.00046188 a.u.

Gibbs free energy (G) =—-3337.25534388 a.u.

-3.059185
-0.908761
-2.577090
-1.280586
1.205964
1.189025
2.525796
3.344528
3.403553
2.584253
2.841827
1.508821
1.986777
-1.423285
-1.276035
0.241259
1.964489
2.226716
1.320062
2.761602
2.879197

Charge = 0, Spin = 1

- - O 0 0

Pt
P

-2.538644
-2.013970
-1.420793
-2.285985
-2.230871
-0.006797
1.044492

-0.911431
0.496678
-1.634597
0.939797
1.232747

-0.150386
1.939524

0.309128
1.567629
0.988902
-0.120479
0.498349
-1.224388
0.964336
-0.252106
-0.808681
-2.052485
-1.522686
-2.067315
-0.334272
1.612519
1.942937
1.479685
1.685118
2.100740
2.250184
3.094887
1.413091

0.191288
-0.013770
0.398476
-0.985826
0.769013
0.121869
-0.386281
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1.975180
1.837261
3.002104
2.335047
1.899118
2.482797
2.923249
2.259598
1.484044
2.527922
3.315431
3.460811
2.289604
4.035268
1.915246
3.550568
4.417928
2.779748
0.929329
3.869486
5.402195
2.473370
4.716560
-0.116073
-2.003816
-1.146950
-0.036750
-0.976211
-2.087714
-1.222911
0.761966
-0.900384
-2.895677
-2.741156
3.669514
6.201012

-1.498977
2.812277
4.097406
4.115454
2.175858
2.814445
4.749896
4.637456
1.170646
2.308677
5.759794
4.597420
1.835460
1.576490
1.098147
2.433327
2.302119
0.972122
0.628036
2.999794
2.767092
0.399940
1.476853
3.228417
5.124033
3.629147
3.795890
4.741145
4.565250
3.199458
3.508795
5.178658
4.841157
5.856457
-0.827708
0.324204

0.382737
1.015299
3.206152
0.888369
2.257366
3.349314
1.976515
-0.066848
2.364279
4.312528
1.867705
4.057816
-1.727414
-3.900695
-2.859695
-1.693747
-2.776913
-3.941013
-2.894584
-0.819469
-2.735165
-4.815504
-4.744267
-0.998926
-1.825175
-0.139406
-2.272783
-2.681047
-0.550936
0.860505
-2.955776
-3.675542
0.124981
-2.150536
0.118908
-0.234566
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4.406861
4.217514
5.470922
5.666449
4.005562
3.664901
5.879155
6.229331
7.184497
1.913897
1.746620
2.220501
1.515910
1.444159
2.130156
2.517923
1.257193
1.138999
2.362258
1.678936
2.131928
2.310433
3.302249
1.059325
1.147727
3.388013
4.153700
0.150227
0.306273
4301103
2.381644
-1.364339
-0.359009
-2.042174
-1.813140
-1.425657

-1.079357
0.008764
0.583637

-0.508233

-1.728168
0.206198
1.232309

-0.716210
0.770730

-2.930537

-5.013661

-4.241839

-2.677213

-3.709361

-5.277402

-4.467762

-1.659519

-3.495054

-6.295977

-5.825204

-2.236133

-3.342269

-2.887135

-2.138166

-2.689752

-3.440485

-2.960575

-1.620971

-2.603971

-3.947075

-3.771694

-3.124602
-3.504207
-3.550831
-3.583966
-4.590862

-1.040657
1.100325
0.923992

-1.212975

-1.819106
2.019135
1.698318

-2.122202

-0.373408

-0.770472

-2.635765

-0.396758

-2.089165

-3.019443

-1.323767

0.626645

-2.387956

-4.042527

-1.016453

-3.358615

2.057234
4.621296
2.470139
2.948275
4.224295
3.742737
1.792480
2.635202
4.910027
4.051454
5.619444
0.397661
0.627822
1.159454
-0.990407
-1.214139
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H
C
H
H
C
C
C
C
C
C
H
H
C
H
H
H
N
S
O
O
C
H
H
H
H

-1.367702
-3.326129
-3.662440
-3.533949
-4.276897
-6.312249
-5.633868
-3.933565
-4.984729
-6.625001
-7.665955
-7.102475
-6.054944
-5.767361
-5.604585
-7.144027
-4.709722
-4.993871

-3.991342
-5.125560
-6.571222
-6.772399
-6.518942
-7.349631
-3.823620

INT1Bp

C)
MsN® '\Pt”Ln

Energy (E) =-3338.03220099 a.u.

Gibbs free energy (G) =—-3337.28386599 a.u.

-2.914808
-3.649696
-4.554560
-3.874555
-2.547055
-0.803192
-2.804500
-1.356468
-0.529977
-1.915675
-2.128720
-0.169593
-4.030525
-4.958888
-4.079416
-4.047263
0.546191
2.155221
2.920414
2.314257
2.493431
3.561405
2.253271
1.903167
0.477704

Charge = 0, Spin = 1

C
C
C

-4.743601
-5.134998
-4.212285

-2.351073
-1.540338

-1.090997

-1.743258
-1.150898
-0.614210
-2.208943
-0.711499
0.153666
-1.018804
-0.019649
0.450066
-0.609176
-0.852793
0.553877
-1.776322
-1.261644
-2.778450
-1.903743
1.342161
0.943764
1.685051
-0.500631
1.681878
1.541763
2.747976
1.189098
1.839700

1.980267
0.932954

-0.042753
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-2.852177
-2.471742
-3.419358
-3.053916
-1.016691
-0.418324
-0.743641
-0.849831
-1.885388
-1.770203
0.202572
-4.536741
-5.816554
-6.035165
-7.027678
-6.463759
2.434649
3.508346
2.941872
3.675128
4.985387
5.558029
4.825962
3.170425
4.438189
4.959522
4.222325
2.956267
2.432376
2.718985
2.642780
2.754360
2.939653
3.014791
2.904223
-5.494393

-1.521210
-2.329642
-2.763045
-3.617550
-2.643563
-3.674376
-3.432494
-1.995921
-1.138147
0.198216
-0.231277
-0.315059
1.193755
0.229915
-0.820145
1.171800
-1.027747
0.193831
0.918182
1.895432
2.164124
1.446505
0.465360
-1.316911
-1.887479
-2.039493
-1.630938
-1.079392
-0.928554
-2.578286
-2.537588
-3.705100
-4.929393
-4.978732
-3.810491
-2.677877

0.119558
1.216164
2.153675
3.334988
1.432328
0.479217
-0.996503
-1.436208
-0.933045
-1.403813
-0.569029
-1.123879
-2.785187
-1.304899
-1.627158
-0.246211
-0.468648
-1.326401
-2.383128
-3.047735
-2.659285
-1.612713
-0.948970
1.175006
1.355256
2.635154
3.745569
3.576984
2.296267
-1.413239
-2.810559
-3.557445
-2.918651
-1.530138
-0.779591
2.702988
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-6.180125
-0.574233
-3.958513
-2.428053
-2.499496
-0.843938
-0.445803
-0.762943
0.673440
-1.713977
-0.001932
-1.464539
-2.406589
-6.784902
-5.484806
-5.076316
1.905825
3.215094
5.558587
6.580316
5.284590
5.018045
5.945899
4.636110
2.371740
1.438733
2.494929
2.698184
3.027104
3.163245
2.966852
-0.041472
0.053679
0.011487
0.066467
-0.012316

-1.249802
-1.809465
-3.943774
-3.084046
-4.523028
-2.972323
-1.706558
-4.683777
-3.669517
-3.906987
-3.951245
0.365411
0.970951
1.641846
0.544776
1.980174
0.727662
2.455686
2.936811
1.655740
-0.062896
-2.221962
-2.480922
-1.750229
-0.765628
-0.502651
-1.588171
-3.656974
-5.843337
-5.930575
-3.867306
6.486758
6.752746
5.607186
5.757981
4217112

0.851021
-2.481537
3.864463
4.067634
3.047901
2.465068
1.319440
0.752611
0.624730
-1.226775
-1.620154
-2.442101
-0.977890
-3.034277
-3.601791
-2.604533
-2.672061
-3.860663
-3.168991
-1.301463
-0.114799
0.494736
2.766549
4.745580
4.440895
2.155912
-3.326657
-4.643747
-3.503783
-1.022629
0.306611
-2.845625
-0.378408
-2.205984
-0.820605
-3.853455
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0.027201
0.142080
2.416318
0.187466
2.556352
0.476675
0.096382
0.153776
1.460194
4.675821
3.820774
0.111965
1.625769
3.987989
0.268128
2.896283
-2.322276
4.971721
-2.398641
3.032719
-1.273611
-3.635317
-4.509846
-1.404317
-0.545326
-3.757743
-2.634417
-4.728671
-2.719322

TS1Bp¢

MsN- -

1

S
PtlLn

4.336446
4.638209
2.879330
4.758777
2.768556
2.361099
3.211628
3.356100
2.474104
3.146955
2.922626
2.212626
2.327385
2.800526
1.880615
2.510103
3.314898
2.935146
2.581021
2.423350
1.852028
2.346979
2.897792
0.905185
0.309444
1.400154
0.693848
1.209780
-0.044224

-2.771936
-0.001933
4.910661
1.081653
3.836490
3.481876
1.952923
-0.565592
3.028098
3.912133
3.276532
-2.390638
1.649107
1.898284
0.502639
1.088933
0.293453
1.450005
1.095903
0.009760
1.493212
1.692444
1.351782
2.518778
2.831202
2.705027
3.131626
3.160479
3.928870

Energy (E) =-3338.00745903 a.u.

Gibbs free energy (G) =-3337.26083303 a.u.

Imaginary frequency = —440.6883cm ™

Charge = 0, Spin = 1

OO0 0000000000000

2~}
-

OO0 00voowna”Zz

-4.888785
-5.137209
-4.065778
-2.753430
-2.508734
-3.596983
-3.398503
-1.076317
-0.307227
-0.540377
-0.659997
-1.730334
-2.125716
0.236599
-4.167035
-4.893638
-5.220625
-6.626907
-4.883854
2.541702
3.372359
2.633082
3.159432
4.429653
5.171697
4.648565
3.465157
4.799546
5.460923
4.798440
3.466952
2.804126
2.931386
2.890464

-2.504214
-1.857029
-1.428856
-1.680320
-2.368571
-2.783483
-3.497338
-2.594377
-3.603355
-3.530962
-2.162569
-1.290949
-0.178099
-0.393744
-0.841909
0.819533
0.374372
-0.064284
1.548215
-0.849734
0.406395
0.938778
1.954030
2.458084
1.934871
0.913271
-0.898409
-1.317483
-1.291754
-0.855260
-0.457977
-0.487607
-2.455400
-2.567654

1.705469
0.498546
-0.293611
0.178603
1.370869
2.158822
3.464563
1.772373
0.907283
-0.606995
-1.238067
-0.808239
-1.586937
-0.419623
-1.567236
-3.439549
-1.750508
-1.672284
-0.914905
-0.532880
-1.585561
-2.650748
-3.441849
-3.170968
-2.115984
-1.326989
1.042759
1.130352
2.353229
3.499864
3.426314
2.202786
-1.332138
-2.726089
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3.037054
3.223923
3.264845
3.115400
-5.735948
-6.158283
-0.427763
-4.361485
-2.909388
-2.772441
-1.006240
-0.554893
-0.554269
0.766517
-1.470188
0.265567
-1.776968
-2.534911
-5.603706
-5.041652
-3.869552
1.624856
2.569598
4.838631
6.163141
5.234967
5.322903
6.498684
5.322368
2.938522
1.757360
2.743524
3.008608
3.339614
3.413853
3.145118

-3.808704
-4.952831
-4.849743
-3.609683
-2.818299
-1.685084
-2.137277
-3.814836
-2.858365
-4.395211
-2.903884
-1.623455
-4.626022
-3.464796
-4.079428
-4.090601
-0.069830
0.711327
1.608600
-0.054081
1.195980
0.564704
2.361287
3.263033
2.328491
0.537363
-1.670609
-1.615543
-0.834049
-0.126700
-0.190274
-1.680865
-3.880409
-5.923235
-5.738788
-3.545769

-3.337732
-2.565566
-1.177645
-0.562681
2.317980
0.163110
-2.311204
3.884043
4.215998
3.357845
2.823630
1.708138
1.233025
1.118027
-0.844553
-1.105394
-2.617189
-1.115214
-3.710224
-4.081670
-3.534796
-2.844264
-4.261921
-3.779499
-1.896877
-0.489963
0.241038
2.412458
4.454108
4.319598
2.138033
-3.344058
-4.423965
-3.045517
-0.566684
0.525337
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-1.733333
-1.718092
-1.414164
-1.405816
-1.013918
-1.012587
-0.995370
2.363679
-0.985515
2.415446
0.393961
-0.607326
-0.600305
1.303294
4.452265
3.583420
-0.292207
1.356639
3.634291
-0.014070
2.528034
-2.933313
4.539798
-2.691142
2.576966
-1.361024
-3.735791
-4.762201
-1.101434
-0.076634
-3.467526
-2.145695
-4.284558
-1.924416

6.037440
6.322290
5.216133
5.377260
3.882793
4.009901
4.332972
3.766344
4.463963
3.488577
2.762388
2.959858
3.112439
2.916555
4.148545
3.706785
2.010110
2.547048
3.368305
1.734791
2.792818
2.217656
3.550866
1.695255
2.527162
1.441879
1.248075
1.433179
0.727699
0.486666
0.555909
0.302579
0.203154
-0.242125

-2.694631
-0.227798
-2.054844
-0.669393
-3.701015
-2.619497
0.150285
4.573432
1.233715
3.521721
3.485746
-1.798178
-0.410466
2.906617
3.283289
2.797990
-2.234369
1.560722
1.446835
0.645352
0.833115
0.575932
0.869159
1.501595
-0.225519
1.854862
2.307667
1.994001
3.034572
3.319891
3.484707
3.848744
4.113270
4.766067



MsN

PtOLn

Energy (E) =-3338.04704214 a.u.

Gibbs free energy (G) =-3337.29432914 a.u.

Charge = 0, Spin = 1

O OO0 00a000000a0n
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-
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-4.777926
-4.998339
-3.881682
-2.589859
-2.377869
-3.499804
-3.346101
-0.962255
-0.129146
-0.335396
-0.495358
-1.600276
-2.398433
0.300329
-3.829751
-4.645554
-4.901319
-6.251251
-4.491246
2.639723
3.327515
2.562671
2.955713
4.113414
4.877341
4.490318
3.691247
5.037303
5.805633
5.239521

-2.581566
-1.908628
-1.518331
-1.805801
-2.498047
-2.886335
-3.605554
-2.714047
-3.671506
-3.589839
-2.224107
-1.369781
-0.580359
-0.480900
-0.875654
0.626958
0.392673
-0.111918
1.625375
-0.671502
0.600225
0.930668
1.955916
2.679458
2.363605
1.329139
-0.550168
-0.936709
-0.770398
-0.217339

1.606759
0.406555
-0.315605
0.130853
1.325352
2.078760
3.386977
1.776683
0.914956
-0.600805
-1.239134
-0.870732
-1.902646
-0.314217
-1.595506
-3.630974
-1.885253
-1.677614
-1.213257
-0.469637
-1.608019
-2.734705
-3.585860
-3.314026
-2.196457
-1.348855
1.027645
1.038876
2.184362
3.331022
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3.901908
3.131402
3.172553
3.256441
3.489780
3.642816
3.566014
3.329443
-5.640345
-6.002966
-0.228626
-4.322291
-2.864080
-2.735685
-0.927223
-0.462589
-0.333658
0.932197
-1.236409
0.507024
-2.164904
-2.234487
-5.412484
-4.772911
-3.654206
1.633557
2.347636
4.415221
5.781487
5.087007
5.484035
6.851744
5.845751
3.451911
2.080238
3.144679

0.158985
-0.014359
-2.273332
-2.451703
-3.713424
-4.814371
-4.646344
-3.386903
-2.890677
-1.697673
-2.218184
-3.907601
-2.975259
-4.515724
-3.050957
-1.726820
-4.710511
-3.485743
-4.177343
-4.109329
-0.895357
0.504324
1.337108
-0.329301
1.052911
0.386981
2.201698
3.493965
2.929605
1.110649
-1.372317
-1.072722
-0.084460
0.591886
0.273708
-1.597642

3.333661
2.188154
-1.199217
-2.581820
-3.118739
-2.283050
-0.903635
-0.365944
2.199117
0.052683
-2.304661
3.787130
4.149924
3.295016
2.821467
1.761802
1.220534
1.147987
-0.858314
-1.083092
-2.931481
-1.823928
-3.957721
-4.146597
-3.814094
-2.922711
-4.455353
-3.970342
-1.976251
-0.463818
0.143902
2.183629
4.225786
4.225855
2.181108
-3.250108
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3.557310
3.825177
3.689455
3.270201
-2.534944
-2.795567
-2.107444
-2.254761
-1.276069
-1.408316
-1.711484
1.818308
-1.824852
1.902229
-0.010518
-0.871959
-1.029703
0.872319
3.832941
3.027880
-0.317905
0.968857
3.119334
-0.273294
2.098992
-3.233432
3.992883
-2.922593
2.183295
-1.569620
-3.899727
-4.945482
-1.218811
-0.168367
-3.543665
-2.198885

-3.834358
-5.801206
-5.501226
-3.267302
5.377764
5.707191
4.656044
4.841111
3.417991
3.556179
3.923494
4.223649
4.073666
3.869926
2.885461
2.630888
2.799539
3.111554
4.768438
4.180001
1.762906
2.643762
3.740100
1.573758
2.976124
1.699023
3.985449
1.293498
2.623794
1.218638
0.820593
0.872409
0.635441
0.524441
0.264040
0.175446

-4.198988
-2.705215
-0.240355
0.716770
-2.894917
-0.450069
-2.200560
-0.828084
-3.755178
-2.682540
0.060752
4.454974
1.135353
3.428157
3.472939
-1.791223
-0.414661
2.875515
3.111873
2.674578
-2.155679
1.564395
1.356276
0.723730
0.807757
0.657438
0.753273
1.620698
-0.223637
1.967489
2.490678
2.189375
3.192501
3.467442
3.713613
4.064166
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-0.115767
-0.266333

4.387902
5.016931

Energy (E) =-3420.51904109 a.u.

Gibbs free energy (G) =-3419.79151609 a.u.

Charge = 0, Spin = 1

C
C
C
H
H
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-1.951960
-1.347182
-2.064339
-0.814350
-1.781337
-0.162976
1.765644
0.680618
1.922882
2.062925
2.900716
0.996228
1.068672
2.974673
3.600956
0.186770
0.321971
3.739855
2.120492
3.295053
5.612816
3.326685
4.451001
5.599566
4.475356

-0.226395
-1.481480
0.978838
-1.835926
-2.249324
-0.103334
-1.442611
1.800143
-2.626275
-4.436941
-3.631754
-2.562717
-3.464878
-4.525052
-3.720406
-1.830842
-3.406240
-5.299629
-5.143837
-0.423982
1.160112
0.781417
-0.798555
-0.015841
1.562629

1.830469
1.791495
1.520997
2.676590
1.141132
0.586496
0.548547
-0.560363
-0.827924
-2.946359
-0.832483
-1.870308
-2.928893
-1.893953
-0.000672
-1.849177
-3.718648
-1.896095
-3.772891
0.567097
0.653566
1.283953
-0.125918
-0.090394
1.342235
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2.189335
4.452200
6.482528
4.468120
6.510404
1.949267
2.112747
1.129502
2.849220
2.926209
1.214738
0.422542
3.506593
3.633541
0.577931
2.177311
2.146922
4.266072
3.207906
2.141817
3.199196
4.266246
3.214503
1.303337
3.190157
5.095927
5.098113
1.100514
1.523451
0.633179
1.786311
1.993430
0.845503
0.070454
2.519693
0.469208

1.156168
-1.709870
-0.327402

2.487373

1.774612
-2.505682
-4.161782
-3.637161
-2.212622
-3.038532
-4.461641
-3.875262
-1.346298
-2.802912
-5.341912
-4.807460

1.715462

1.526784

2.619173

0.730600

0.633577

2.519739

3.401423

0.034884
-0.141931

3.222342

1.449861

2.970840

4.578206

4.287846

2.480161

3.268299

5.087756

4.691438

2.840839

6.108667

1.966961
-0.721023
-0.644847

1.917190

0.694989

2.030127
4.275232
2.136806
3.056020
4.176117
3.251347
1.339549
2.985354
4.969601
3.321479
5.149450
-1.653849
-3.458758
-1.582382
-2.647637
-3.544122
-2.483282
-0.822477
-2.717898
-4.308805
-2.418197
-4.156904

0.785649

3.053829

0.832532

1.912180

3.035080

1.952241
-0.007501

3.887041

1.963065
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1.686008
-0.517318
-2.309370
-0.236670
-1.681688
-2.573321
-1.138710

0.696513
-1.893382
-3.470543
-0.920097
-3.008046
-2.545520
-1.777317
-2.612291
-3.891356
-3.943656
-3.895471
-5.131690
-5.131962
-6.023963
-5.163488
-4.775999
-5.647223
-4.561658
-4.286803
-5.450392
-4.188656
-5.820690
-4.593539
-6.331536
-3.548702
-2.836526
-1.889775
-2.281413
-4.080193

5.196094
2.591109
3.609426
3.793559
1.886030
2.395231
4.306734
4.323688
0.920321
1.829223
5.247115
4.008844
2.362976
2.985618
2.727409
2.569904
3.626945
1.982778
2.240553
2.894577
2.503004
0.801521

-1.868114
-0.215962
0.467120
-0.859987
-1.534294
1.267911
-2.341104
-2.917607
0.089106
-1.004639
-2.378860
-2.107140
-3.126555
-3.458782

3.934769

-1.690748
-3.574125
-2.353167
-2.007213
-2.949266
-3.277807
-2.158043
-1.538606
-3.198149
-3.781049
-4.307554

1.515697

2.002585
0.477309
2.234924
2.531528

3.166105

1.393797

0.507832

1.981063

0.959683
0.221724
1.806570
-0.245032
-0.632992
1.395310
-0.887906
2.032463
-0.001978
3.107752
-1.797182
-2.164892
-3.263910
-1.010743
-2.875447
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-3.606657
-4.500227
-4.875175
-5.682115
-6.646154
-7.230682

TS6pq

&—Pd”m

MsN

Ln = DPEphos

-4.406173
-2.973718
-3.646475
0.633423
-0.836236
0.709322

-3.157116

-3.763000

-2.144817
3.810273
3.607822
2.972429

Energy (E) =-3420.47982312 a.u.

Gibbs free energy (G) =-3419.75177012 a.u.

Imaginary frequency = —452.5393 cm™

Charge = 0, Spin = 1

C
C
C
H
H

=]
o

O T mn &K@ TT oo o0oa0o0w "

-2.203793
-2.017466
-1.296955
-1.871443
-2.527555
-0.069200
0.953841
1.710229
0.401746
-0.578482
0.723711
-0.440430
-0.930525
0.244393
1.343527
-0.733626
-1.614584
0.503008
-0.960877
2.792256

1.029468
-0.358986
1.970744
-0.662566
-1.097969
0.306131
-1.834984
1.538651
-3.036089
-4.817102
-4.398443
-2.584818
-3.472906
-5.281001
-4.770300
-1.531671
-3.105453
-6.337068
-5.514499
-1.830291

0.899044
1.156140
1.020889
2.196355
0.532161
0.444227
0.532434
-0.515681
-0.726323
-2.639050
-0.652623
-1.745847
-2.700803
-1.612913
0.164403
-1.777905
-3.463239
-1.554104
-3.383060
0.496418
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5.598789
3.481584
3.550445
4.940886
4.870382
2.724292
3.048779
5.507044
5.373844
6.686542
0.573983
-0.129838
-0.716672
1.506961
1.153566
-1.064023
-1.452977
2.522397
1.892006
-2.068237
-0.402708
2.857466
4.440868
4.239799
2.270154
3.058498
5.027956
4.707031
1.186893
2.592964
6.107746
5.061970
2.723799
4.049623
3.019505
3.098116

-1.717769
-0.829043
-2.753288
-2.699842
-0.775906
0.083753
-3.518924
-3.427793
0.007825
-1.675076
-2.708555
-3.991856
-3.225763
-2.846792
-3.483418
-3.865063
-3.141639
-2.470421
-3.587383
-4.268483
-4.491974
0.662743
-0.656201
0.851415
-0.176498
-0.834769
0.187114
1.511726
-0.318265
-1.491234
0.329783
-1.175463
2.253255
3.267818
3.615682
1.415381

0.499313
1.196112
-0.230041
-0.234538
1.216169
1.897377
-0.819257
-0.812349
1.779908
0.509525
2.104128
4.489879
2.279277
3.134064
4.322014
3.463182
1.478485
3.014999
5.115559
3.583304
5.417764
-1.646096
-3.527387
-1.650262
-2.599498
-3.535894
-2.588192
-0.918449
-2.603103
-4.269728
-2.581061
-4.255571
0.832764
3.097162
0.945358
1.898891
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3.751471
3.679621
2.713796
4.011703
3.897145
4.562500
1.178329
0.308983
2.088940
-0.158672
-0.592986
1.651271
3.148277
-0.862308
-1.638536
2.363637
-0.029330
-1.378472
-0.412568
-1.610635
-2.475210
-2.338404
-2.347729
-3.906982
-3.996555
-4.592287
-4.355098
-5.260232
-5.183626
-3.871910
-4.410471
-5.601655
-3.410221
-6.252493
-5.636915
-5.649921

1.911000
4.119506
4.302608
1.224000
5.183997
3.657178
2.887036
4.751384
3.774551
2.914259
3.844823
4.711363
3.726156
2.192633
3.856148
5.405266
5.482911
3.449875
3.898357
3.822202
3.926118
5.002427
3.425160
3.725870
4.277067
4.212561
2.308833
-0.268244
1.615597
1.646458
0.396988
0.329309
2.266145
-0.223691
-1.263567
2.201540

3.018298
2.062465
0.158586
3.821959
2.123154
3.974440
-1.636590
-3.529320
-2.225418
-2.041513
-2.982353
-3.154298
-1.970915
-1.620645
-3.286833
-3.597421
-4.261378
1.010796
1.285218
-0.004951
1.974934
2.151782
2.947656
1.462237
0.510919
2.169349
1.222271
0.506065
2.100261
0.054653
-0.404747
1.710515
-0.718772
2.391301
0.282275
3.402078

141
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-3.945937
-4.314436
-3.546826
-4.214378
-6.032933
-6.316473
-6.144792
-6.663586
-4.813330
-6.203682
-6.319442

INT6pq

MsN

Pd'Ln

Ln = DPEphos

-0.014872
-1.477050
-1.654579
-2.564823
-1.396204
-2.368210
-0.615067
-1.168928
2.552186
1.456024
3.062636

-1.615791
-2.192189
-3.433998
-1.198179
-2.684241
-3.103098
-3.443263
-1.817822
4.023466
3.986568
3.257444

Energy (E) =-3420.48397782 a.u.

Gibbs free energy (G) =—-3419.75380282 a.u.

Charge =0, Spin =1

- - O 0 0

=]
o

o T O a0 a0 a0 aoaww

-2.355462
-1.958479
-1.397669
-1.683634
-2.420610
-0.119576
1.116109
1.469251
0.630271
-0.219753
1.084810
-0.275727
-0.698273
0.668270
1.764947
-0.675492

0.815598
-0.551605
1.732780
-0.824150
-1.367622
0.251918
-1.787794
1.680315
-3.073478
-4.994057
-4.396263
-2.733612
-3.691090
-5.348437
-4.682093
-1.716765

1.105447
1.345010
1.457972
2.365633
0.778237
0.577261
0.519120
-0.487332
-0.688463
-2.530287
-0.592672
-1.696258
-2.616129
-1.514757
0.211093
-1.751290
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-1.423111
1.029817
-0.550796
2.941547
5.720095
3.585427
3.728941
5.104100
4.961224
2.802155
3.259217
5.690906
5.429849
6.796778
0.959428
0.580047
-0.276526
2.002120
1.810279
-0.463102
-1.097743
2.979306
2.633677
-1.426931
0.432988
2.603619
4.146842
3.961714
2.019842
2.786579
4.730552
4.427018
0.954991
2.322562
5.793145
4.753037

-3.405958
-6.372611
-5.744365
-1.604068
-1.225136
-0.549660
-2.441601
-2.256305
-0.366354
0.278410
-3.247487
-2.921163
0.454630
-1.078984
-2.696933
-4.050255
-3.284436
-2.802271
-3.472329
-3.958705
-3.225877
-2.372738
-3.547664
-4.416508
-4.576049
0.939553
-0.213274
1.242427
0.069076
-0.504845
0.659775
1.926747
-0.164084
-1.185898
0.890212
-0.668175

-3.376214
-1.436504
-3.246985
0.347437
0.146442
1.012807
-0.448183
-0.555328
0.932721
1.785760
-1.009827
-1.186286
1.473057
0.078168
2.112432
4.536007
2.415270
3.035575
4.242505
3.615958
1.699369
2.817025
4.951283
3.833609
5.478082
-1.728159
-3.750548
-1.830567
-2.655707
-3.662936
-2.836765
-1.119796
-2.581992
-4.375250
-2.903614
-4.532435
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2.527634
3.929715
2.706254
3.057113
3.748929
3.403819
2.278054
4.131114
3.528089
4.472500
0.750857
-0.437840
1.521613
-0.607339
-1.201761
0.925086
2.595797
-1.197956
-2.262743
1.529420
-0.899357
-1.643913
-0.738307
-1.938775
-2.776982
-2.747975
-2.613142
-4.184145
-4.345485
-4.918353
-4.478194
-5.185854
-5.429384
-3.673071
-4.205337
-5.729544

2.461551
3.539040
3.842253
1.637450
2.162928
4.377598
4.517296
1.482895
5.455951
3.952609
3.004126
4811116
3.994936
2.903759
3.804203
4.901652
4.051565
2.102191
3.714020
5.675075
5.520316
3.202457
3.781211
3.503434
3.606688
4.693594
3.135054
3.266164
3.849920
3.630420
1.837276
-0.714120
1.079054
1.239899
0.038556
-0.204451

0.790723
2.981301
0.925462
1.799982
2.882257
2.005004
0.186793
3.642039
2.082930
3.829079
-1.534270
-3.306636
-2.156926
-1.845257
-2.725845
-3.025712
-1.977127
-1.396238
-2.955984
-3.497027
-3.992014
1.333094
1.570611
0.306610
2.287533
2.449682
3.269680
1.779594
0.855069
2.509251
1.435411
0.354041
2.061525
0.339624
-0.353308
1.505443
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-3.376408
-6.483739
-5.518179
-6.202108
-3.617230
-3.957712
-3.008941
-4.036778
-5.573052
-5.828117
-5.533151
-6.311546
-5.543544
-6.771688
-6.923080

CPOp¢

/,
I/ ®
j SpPiiiLn

1.995027
-0.803642
-1.678437

1.552829
-0.208409
-1.579127
-1.597299
-2.784663
-1.275640
-2.130533
-0.360626
-1.173925

1.957444

0.727345

2.342747

-0.403303
2.019464
-0.020680
3.260443
-1.513507
-2.371024
-3.487688
-1.533061
-3.059387
-3.695588
-3.658746
-2.257170
4.040545
3.704780
3.004491

MsNo
Ln = DPEphos

Energy (E) =—-3411.98159467 a.u.
Gibbs free energy (G) =—-3411.24973167 a.u.

Charge = 0, Spin = 1

C
C
C
H
H

Pt

O a0 o a v ¢

-2.037408
-1.385692
-2.103215
-0.895138
-1.771976
-0.191231

1.775096
0.575594
1.981113
2.197137
2.972529
1.081518

-0.368726
-1.601962

0.847145
-1.955801
-2.360091

-0.112800

-1.350143

1.792985
-2.531253
-4.319235
-3.523705
-2.471218

1.760349
1.725388
1.442817
2.635089
1.036227
0.607322
0.507215
-0.518941
-0.861168
-2.986355
-0.846664
-1.923128
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1.191556
3.083462
3.647753
0.250935
0.460686
3.856104
2.285699
3.293545
5.608556
3.336631
4.435270
5.580492
4.484119
2.220388
4.418589
6.449642
4.479970
6.505365
1.971345
2.133288
1.209231
2.812856
2.890238
1.293468
0.549702
3.421433
3.552255
0.701384
2.197818
1.998422
4.039966
3.109364
1.896063
2.920176
4.128871
3.186175

-3.362279
-4.405884
-3.613825
-1.767948
-3.296589
-5.173050
-5.020262
-0.306076
1.288724
0.886078
-0.654480
0.131653
1.669786
1.252033
-1.545606
-0.162402
2.581784
1.904682
-2.409932
-4.064805
-3.582931
-2.075809
-2.901932
-4.405403
-3.850563
-1.173258
-2.634392
-5.317927
-4.710679
1.688432
1.462899
2.527002
0.757075
0.639464
2.410683
3.270414

-2.986852
-1.911949
0.005774
-1.915855
-3.791274
-1.900541
-3.815396
0.527987
0.594945
1.265102
-0.199954
-0.174112
1.313899
1.984655
-0.824465
-0.758722
1.909048
0.631576
1.989203
4.231018
2.058013
3.049332
4.167481
3.172893
1.229892
3.004869
4.989317
3.216232
5.105033
-1.664894
-3.546477
-1.592921
-2.704003
-3.634011
-2.533158
-0.798814
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1.006068
2.838210
4.999244
4.843089
1.026226
1.470122
0.506167
1.770634
1.987299
0.728472
-0.113283
2.550537
0.308812
1.640745
-0.649669
-2.412837
-0.404999
-1.756039
-2.630421
-1.298069
0.499901
-1.945004
-3.458851
-1.111382
-3.097230
-2.666703
-1.907053
-2.809230
-3.977175
-4.070794
-3.891103
-5.247139
-5.373566
-6.111720
-5.178562
-4.534577

0.130366
-0.098083
3.062122
1.369746
2.995419
4.669798
4.292465
2.554696
3.379334
5.126055
4.647248
2.983319
6.129857
5.312582
2.542491
3.435731
3.750598
1.770566
2.213568
4.203885
4.324081
0.789370
1.561432
5.149057
3.787627
2.204902
2.866841
2.572779
2.327787
3.372560
1.719437
1.943145
2.650432
2.089285
0.539491
-2.014760

-2.793720
-4.430805
-2.466968
-4.275819
0.792497
3.009465
0.836060
1.903018
2.998289
1.927678
0.013969
3.841503
1.933352
3.870768
-1.642553
-3.608605
-2.311436
-1.997634
-2.986948
-3.271855
-2.104133
-1.554363
-3.261802
-3.779292
-4.379410
1.484666
1.933249
0.454896
2.281621
2.613737
3.194920
1.509123
0.674158
2.174248
0.976819
0.053725
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C
C
C
C
H
H
H
C
H
H
H
N
S
O
O
C
H
H
H

-5.487960
-4.619907
-4.207703
-5.172346
-4.382667
-5.410268
-4.240647
-6.111035

-7.068442
-5.468811
-6.315161
-3.500114
-2.524081

-1.557177
-1.934184
-3.496320
-2.835383
-3.934495
-4.290493

TS6p:

&— Pt'Ln

MsN

Ln = DPEphos

-0.571801
0.349441
-0.909285
-1.831343
1.218526
-2.711288
-3.018642
-0.425162
0.117835
0.115134
-1.409027
-0.896607
-2.077143
-1.562507
-2.831079
-3.290216
-4.106821
-2.802078
-3.680111

1.782582
-0.277533
-0.754486
1.275967
-0.895204
1.878753
-0.246895
3.140006
3.110955
3.853565
3.582732
-1.941688
-2.341392
-3.330829
-1.207604
-3.243239
-3.555563
-4.119479
-2.596291

Energy (E) =-3411.95167089 a.u.

Gibbs free energy (G) =—-3411.21981489 a.u.

Imaginary frequency = —486.1369 cm™

Charge = 0, Spin = 1

- - O 0 0

Pt
P

-2.181378
-2.070632
-1.234510
-2.088459
-2.581949
-0.038464
0.779850

-1.182594
0.211366
-2.078380
0.475690
0.930971
-0.334644
1.852946

-0.607366
-0.901388
-0.639768
-1.963767
-0.254952
-0.316289
-0.516702
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1.887300
0.167521
-0.970604
0.416964
-0.686553
-1.261850
-0.135335
1.024928
-0.942924
-1.970367
0.067259
-1.419837
2.612199
5.417401
3.364162
3.314057
4.701312
4.749527
2.676164
2.766659
5.220676
5.294181
6.503158
0.213207
-0.781959
-1.096748
1.016551
0.519125
-1.587873
-1.736017
2.039848
1.157594
-2.606707
-1.168502
3.020335
4.599475

-1.361347
3.048650
4.847638
4.423380
2.595247
3.494063
5.314371
4.797371
1.534679
3.116115
6.380117
5.553958
2.025526
2.170604
1.099691
2.999124
3.074369
1.175503
0.121038
3.696054
3.838923
0.443471
2.229524
2.613509
3.703901
3.106251
2.675414
3.219216
3.647196
3.077397
2.304857
3.267087
4.029431
4.130348
-0.373785
1.061630

0.512986
0.715345
2.514123
0.591786
1.722707
2.618203
1.500163
-0.233289
1.788174
3.353512
1.404018
3.210943
-0.581546
-0.691295
-1.317883
0.133993
0.084082
-1.392330
-2.001864
0.765746
0.658194
-1.986880
-0.743733
-2.090050
-4.462420
-2.147992
-3.228935
-4.409182
-3.329017
-1.263993
-3.202195
-5.289965
-3.360414
-5.386745
1.562694
3.357147
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4.410320
2.424775
3.211688
5.196088
4.884971
1.336026
2.738458
6.281443
5.218196
2.885386
4.162922
3.269087
3.141143
3.771942
3.906447
3.044977
3.929978
4.193081
4.656354
1.574211
1.070570
2.620232
0.285160
0.035628
2.366194
3.646322
-0.527010
-0.974225
3.185290
0.874162
-1.215453
-0.213131
-1.412093
-2.256982
-2.037048
-2.138531

-0.457280
0.422970
1.138091
0.265121

-1.078515
0.482975
1.759666
0.205682
1.625594

-2.015354

-2.986077

-3.355508

-1.176658

-1.654118

-3.837915

-4.044241

-0.967791

-4.886170

-3.357511

-2.737944

-4.658919

-3.506186

-2.907631

-3.866688

-4.472467

-3.335357

-2.273082

-3.985131

-5.071832

-5.412322

-3.559914
-3.918674
-3.977252
-4.108343
-5.171513
-3.593377

1.492611
2.545585
3.438509
2.386178
0.731580
2.607541
4.196645
2.318910
4.053222
-0.881170
-3.193272
-0.988680
-1.981732
-3.122036
-2.127113
-0.176137
-3.952091
-2.180035
-4.089184
1.685797
3.652947
2.213458
2.195199
3.172997
3.177196
1.886075
1.834949
3.562117
3.570768
4.413899
-0.670133
-0.948095
0.335309
-1.655064
-1.833795
-2.621209
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-3.714528
-3.794013
-4.337268
-4.273149
-5.289211
-5.039991
-3.951374
-4.510988
-5.520784
-3.479995
-6.117239
-5.668722
-5.359069
-5.993078
-4.457724
-5.900752
-4.127445
-4.361340
-3.640729
-4.123787
-6.102684
-6.302037
-6.313705
-6.720692

INT6p;

Pt'Ln

MsN
Ln = DPEphos

-4.010308
-4.545664
-4.571275
-2.621986
-0.044770
-1.984459
-1.924669
-0.656269
-0.698849
-2.467781
-0.185689
0.965157
-2.623616
-3.517788
-2.937357
-1.925128
-0.181980
1.352427
1.589002
2.318560
1.492141
2.525664
0.809544
1.231940

-1.184434
-0.223168
-1.895992
-1.007041
-0.478136
-1.980558
0.181800
0.532761
-1.676195
1.003952
-2.434216
-0.340556
-3.300614
-3.197458
-3.847808
-3.951271
1.741802
2.153912
3.410683
1.061884
2.571301
2.874255
3.400348
1.704835

Energy (E) =—-3411.98159467 a.u.

Gibbs free energy (G) =—-3411.24973167 a.u.

Charge = 0, Spin = 1

C
C
C

-2.037408
-1.385692
-2.103215

-0.368726
-1.601962

0.847145

1.760349
1.725388
1.442817
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-0.895138
-1.771976
-0.191231

1.775096
0.575594
1.981113
2.197137
2.972529
1.081518
1.191556
3.083462
3.647753
0.250935
0.460686
3.856104
2.285699
3.293545
5.608556
3.336631
4.435270
5.580492
4.484119
2.220388
4.418589
6.449642
4.479970
6.505365
1.971345
2.133288
1.209231
2.812856
2.890238
1.293468
0.549702
3.421433
3.552255

-1.955801
-2.360091
-0.112800
-1.350143
1.792985
-2.531253
-4.319235
-3.523705
-2.471218
-3.362279
-4.405884
-3.613825
-1.767948
-3.296589
-5.173050
-5.020262
-0.306076
1.288724
0.886078
-0.654480
0.131653
1.669786
1.252033
-1.545606
-0.162402
2.581784
1.904682
-2.409932
-4.064805
-3.582931
-2.075809
-2.901932
-4.405403
-3.850563
-1.173258
-2.634392

2.635089
1.036227
0.607322
0.507215
-0.518941
-0.861168
-2.986355
-0.846664
-1.923128
-2.986852
-1.911949
0.005774
-1.915855
-3.791274
-1.900541
-3.815396
0.527987
0.594945
1.265102
-0.199954
-0.174112
1.313899
1.984655
-0.824465
-0.758722
1.909048
0.631576
1.989203
4.231018
2.058013
3.049332
4.167481
3.172893
1.229892
3.004869
4.989317
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0.701384
2.197818
1.998422
4.039966
3.109364
1.896063
2.920176
4.128871
3.186175
1.006068
2.838210
4.999244
4.843089
1.026226
1.470122
0.506167
1.770634
1.987299
0.728472
-0.113283
2.550537
0.308812
1.640745
-0.649669
-2.412837
-0.404999
-1.756039
-2.630421
-1.298069
0.499901
-1.945004
-3.458851
-1.111382

-5.317927
-4.710679
1.688432
1.462899
2.527002
0.757075
0.639464
2.410683
3.270414
0.130366
0.098083
3.062122
1.369746
2.995419
4.669798
4.292465
2.554696
3.379334
5.126055
4.647248
2.983319
6.129857
5.312582
2.542491
3.435731
3.750598
1.770566
2.213568
4.203885
4.324081
0.789370
1.561432
5.149057

3.216232
5.105033
-1.664894
-3.546477
-1.592921
-2.704003
-3.634011
-2.533158
-0.798814
-2.793720
-4.430805
-2.466968
-4.275819
0.792497
3.009465
0.836060
1.903018
2.998289
1.927678
0.013969
3.841503
1.933352
3.870768
-1.642553
-3.608605
-2.311436
-1.997634
-2.986948
-3.271855
-2.104133
-1.554363
-3.261802
-3.779292
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-3.097230
-2.666703
-1.907053
-2.809230
-3.977175
-4.070794
-3.891103
-5.247139
-5.373566
-6.111720
-5.178562
-4.534577
-5.487960
-4.619907
-4.207703
-5.172346
-4.382667
-5.410268
-4.240647
-6.111035
-7.068442
-5.468811
-6.315161
-3.500114
-2.524081

-1.557177
-1.934184
-3.496320
-2.835383
-3.934495
-4.290493

3.787627
2.204902
2.866841
2.572779
2.327787
3.372560
1.719437
1.943145
2.650432
2.089285
0.539491
-2.014760
-0.571801
0.349441
-0.909285
-1.831343
1.218526
-2.711288
-3.018642
-0.425162
0.117835
0.115134
-1.409027
-0.896607
-2.077143
-1.562507
-2.831079
-3.290216
-4.106821
-2.802078
-3.680111

-4.379410
1.484666
1.933249
0.454896
2.281621
2.613737
3.194920
1.509123
0.674158
2.174248
0.976819
0.053725
1.782582
-0.277533
-0.754486
1.275967
-0.895204
1.878753
-0.246895
3.140006
3.110955
3.853565
3.582732
-1.941688
-2.341392
-3.330829
-1.207604
-3.243239
-3.555563
-4.119479
-2.596291



1-3. Substrate synthesis

COQMG
COZMe

/7

Cl
Dimethyl 2-Benzyl-2-(4-chlorobut-2-yn-1-yl)malonate (18).
To a stirred solution of dimethyl 2-benzylmalonate (222 mg, 1.0 mmol, 1.0 equiv) in DMF (5
mL) at 0 °C was added NaH (60% oil, 60 mg, 1.5 mmol, 1.5 equiv), and the resulting mixture
was stirred at the same temperature. After 15 min, 1,4-dichlorobut-2-yne (246 mg, 2.0 mmol,
2.0 equiv) was added, and the reaction mixture was stirred for 16 h at room temperature. The
reaction was quenched with water (3 mL) and extracted with EtOAc (3 mL x 3). The combined
organic layers were washed with water (3 mL X 3) and brine (3 mL), dried over Na,SOj, and
then concentrated in vacuo. The obtained crude residue was purified by flash column
chromatography (n-haxane/ EtOAc = 5/1) to give 18 (156 mg, 0.50 mmol) in 50% yield as a
colorless oil. "H NMR (CDCl;, 400 MHz): § 7.30-7.22 (m, 3H), 7.13 (dd, J = 7.8, 1.8 Hz, 2H),
4.17 (t, J=2.3 Hz, 2H), 3.76 (s, 6H), 3.38 (s, 2H), 2.73 (t, J = 2.3 Hz, 2H). “C{'H} NMR
(CDCls, 100 MHz): 6 170.0, 135.3, 129.8, 128.5, 127.3, 82.2, 78.8, 58.3, 52.8, 37.6, 30.7, 22.6.
IR (v, cm™): 1737, 1435, 1207, 1085, 742, 702. HRMS (ESI) m/z: [M + Na]" calcd for
CisH17CINNaOs, 331.0713; found, 331.0717.

COgMe
COzMe

TsHN
Cl

Dimethyl 2-(4-Chlorobut-2-yn-1-yl)-2-(2-methyl-5-((4-
methylphenyl)sulfonamido)benzyl)malonate (19).

To a stirred solution of dimethyl 2-(4-((methoxycarbonyl)oxy)but-2-yn-1-yl)-2- (2-methyl-5-
((4-methylphenyl)sulfonamido)benzyl)malonate (1; 1.44 g, 2.7 mmol, 1.0 equiv, prepared
according to the reported procedure®) in MeOH (13.5 mL) was added K»CO; (1.12 g, 8.1 mmol,
3.0 equiv) at room temperature. After it was stirred for 1 h, the reaction mixture was evaporated
and EtOAc (6 mL) and water (6 mL) were added. The organic layer was extracted with EtOAc
(6 mL x 3), washed with brine (6 mL), dried over Na>SOs, and concentrated in vacuo. The crude
product was used in the next step without further purification. To a stirred solution of the crude
product and PPh; (886 mg, 3.38 mmol, 1.25 equiv) in DCM (27 mL) was added NCS (451 mg,
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3.38 mmol, 1.25 equiv) at room temperature, and the mixture was stirred for 1.5 h. Then the
reaction was evaporated and purified by flash column chromatography (n-haxane/ EtOAc = 3/1)
to afford 19 (989 mg, 2.01 mmol) in 74% yield for two steps as a white solid.

Mp: 116-118 °C. 'H NMR (CDCls, 400 MHz): § 7.67 (d, J = 8.2 Hz, 2H), 7.49 (s, 1H), 7.21 (d,
J=8.2 Hz, 2H), 6.97 (d, /= 8.2 Hz, 1H), 6.92 (d, J= 2.3 Hz, 1H), 6.88 (dd, J=8.2,2.3 Hz,
1H), 4.13 (t, J=2.3 Hz, 2H), 3.74 (s, 6H), 3.33 (s, 2H), 2.58 (t, /= 2.3 Hz, 2H), 2.36 (s, 3H),
2.20 (s, 3H). *C{'H} NMR (CDCl;, 100 MHz): § 170.1, 143.6, 135.7, 134.6, 134.4, 134.3,
131.3,129.5, 127.1, 123.5, 120.6, 82.2, 78.8, 57.8, 52.8, 33.8, 30.6, 22.5, 21.3, 18.9. IR (v, cm’
"): 1732, 1204, 1157, 1092, 907, 814, 728, 663, 616. HRMS (ESI) m/z: [M + Na]" calcd for
C24H26CINNaOsS, 514.1067; found, 514.1060.

1-4. General procedure

General procedure for NMR studies.

Compound 18 (3.0 mg, 0.0097 mmol, 1.0 equiv), Pd(dba), (5.6 mg, 0.0097 mmol, 1.0 equiv) or
Pt(dba); (8.7 mg, 0.0097 mmol, 1.0 equiv), and PPh; (6.1 mg, 0.023 mmol, 2.4 equiv) were
dissolved in DMSO-ds (0.6 mL) in an NMR tube at room temperature. After 2 h, the reaction
mixture was heated in oil bath at 100 °C for 1 h. The transition of the metal complex was
observed by 'H NMR after 15 min, 30 min, 2 h, and 3 h.

General procedure for stoichiometric reaction of n*-propargyl/allenyl complexes.
Compound 19 (5.0 mg, 0.010 mmol, 1.0 equiv), Pd(dba), (5.9 mg, 0.010 mmol, 1.0 equiv) or
Pt(dba); (9.2 mg, 0.010 mmol, 1.0 equiv), and PPhs (6.4 mg, 0.024 mmol, 2.4 equiv) were
dissolved in CDCl; (1.0 mL), and the resulting suspension was stirred at room temperature for
30 min. Then AgBF, (2.4 mg, 0.012 mmol, 1.2 equiv) was added, and the reaction mixture was
stirred for 10 h. The obtained mixture was filtered to remove the insoluble solid, evaporated,
washed with hexane (1 mL), and concentrated in vacuo. The obtained n*-propargyl/allenyl
complex was used at the next step without further purification. The n*-propargyl/allenyl
complex and K3PO4 (6.5 mg, 0.031 mmol, 3.0 equiv) in DMSO (1.0 mL) were stirred at 100 °C.
After 30 min, the reaction mixture was quenched with water (2 mL) and extracted with EtOAc
(2 mL x 3). The combined organic layers were washed with water (2 mL x 3) and brine (2 mL),
dried over Na,SOs, and concentrated in vacuo. The yield was determined by '"H NMR analysis

using dimethyl terephthalate as an internal standard.
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General procedure for catalytic investigation of the metal and ligand effect

Compound 19 (10.0 mg, 0.020 mmol, 1.0 equiv), catalyst (5 mol %), ligand (6 mol % for
DPEphos and 12 mol % for PPhs), and K3PO4 (12.7 mg, 0.060 mmol, 3.0 equiv) were dissolved
in DMSO (2.0 mL), and the resulting solution was stirred at 100 °C for 2 h (for Pt) or 1 h (for
Pd). The reaction mixture was quenched with water, and the mixture was extracted with EtOAc
(2 mL x 3). The combined organic layers were washed with water (2 mL x 3) and brine (2 mL),
dried over Na,SO4, and concentrated in vacuo. The yield of 4a was determined by '"H NMR

analysis according to the reported spectra® using dimethyl terephthalate as an internal standard.

In situ preparation of n’-propargyl/allenyl complexes

Due to the instability of n’*-propargyl/allenyl complexes, these complexes were prepared in
CDCl; and NMR spectra were directly measured without isolation. "H and "*C in the aromatic
region (7.0 — 8.0 ppm for 'H and 120 —200 ppm for *C NMR) were not assigned because of the

existence of uncoordinated dibenzylideneacetone and PPhs.

COzMe
COQMe

OBF,

-
ToHN [ \B,PPhs

|
PPh;

[(PPhs)>Pd(n’-CH>CCCH,C(CO-Me),CH,Ar]BF,

"H NMR (CDCls, 400 MHz): § 3.65 (s, 6H), 3.36 —3.32 (m, 4H), 2.30 (s, 3H), 1.88 (s, 3H),
1.76 (br-s, 2H). 3C{'H} NMR (CDCls, 100 MHz): & 100.8 (d, J = 49 Hz), 97.2 (m), 57.9, 56.1
(d, J=41Hz), 53.1, 33.9, 26.3, 21.6, 18.3. *'P NMR (CDCls, 162 MHz): § 29.0 (d, J = 43 Hz),
28.0 (d, J = 43 Hz).

COgMe
COzMe

OBF,
TsHN ,<§t“-PPhs
[(PPh3),Pt(n*-CH.CCCH,C(CO:Me),CH,Ar]BE,

'"H NMR (CDCL, 400 MHz): § 3.65 (s, 6H), 3.32 (s, 2H), 2.89 (m, 2H), 2.30 (s, 3H), 1.87 (s,
3H), 1.64 (br-s, 2H). 3C{'H} NMR (CDCls, 100 MHz): § 99.3 (m), 98.0 (d, J = 52 Hz), 57.8,
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53.0,51.6 (d,J= 37 Hz), 33.9, 25.9, 21.4, 18.2. 'P NMR (CDCls, 162 MHz): 5 15.4 (s, Jor =
1888 Hz), 11.4 (s, Joe = 2105 Hz).
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2-1. Computational methods

All calculations were performed with the Gaussian 16 program. Structure optimizations were
carried out at 298.15 K, using the MN15% functional with an ultrafine grid and the SDD (for
Pd) and 6-31G(d) (for the other atoms) basis sets. DMF (for Pd(II) complex) and N,N-
dimethylacetamide (DMA) (for Pd(0) complex) were used as implicit solvents using PCM® as a
solvation model. Harmonic vibrational frequencies were computed at the same level of theory to
confirm that no imaginary vibration was observed for the optimized structure. Single-point
energy calculations were performed for all geometries at 298.15 K, using the ®B97XD*
functional with an ultrafine grid and the SDD (for Pd) and 6-311+ G(d,p) (for the other atoms)
basis sets with the same solvation model. The Gibbs free energy was calculated by the sum of
total electronic energy in the single-point energy calculation and the thermal correction energy

in the frequency calculation. All molecular orbitals were computed at an isovalue of 0.02.

2-2. Cartesian coordinates and energies

DPAsphox 0277004 -1.727346 -0.689043
Ph 0 1.560266 -1.311929 -0.893082
OOO P\;: 1.889039  0.074961 -0.768769
0.915743  0.993178 -0.477788

Ph 3570712 0.669270 -0.989253
Energy (E) = 3.925753 0298512 -2.300853
-1648.49118549 a.u. (MN15) 3715830 2.135823 -0.714745
Gibbs free energy (G) = -3.844489  2.046634  0.460518

-1648.09765649 a.u. (MN15)

Charge = 0, Spin = 1

-2.780801  1.115784  0.217227
-3.094109 -0.289894  0.190619
-2.087279 -1.236791 -0.102979
-0.770033 -0.802525 -0.350294
-0.449216  0.600258 -0.281690
-1.455902  1.549028 -0.009260

-5.119995  1.621517  0.709248
-5.418566  0.229183  0.736596
-4.439543  -0.691247  0.482835
4.597445 -0.447747 -0.025924
5.780916 -0.957581 -0.573822
6.602809 -1.786655  0.189554
6.242210 -2.105992  1.499627
5.060286 -1.602451  2.050376

OO0 000o - vaoaoaoaan

C
C
C
C
C
C
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4.236748
-1.121845
-1.199079
-0.884734
-0.490298
-0.411035
-0.724448
-2.418081
-1.908157
-2.216068
-3.038202
-3.551052
-3.243125

0.028797

2.337472

1.189818
-3.619789
-5.910078
-6.430544
-4.672235

6.056828

7.519338

6.881566

4.780630

3.308061
-1.508123
-0.946036
-0.245498
-0.106318
-0.662738
-1.266406
-1.815113
-3.278229
-4.190166
-3.642759

-0.776583
3.002405
3.712952
5.070937
5.736577
5.038346
3.679960

-2.691520

-3.569460

-4.929202

-5.428748

-4.562840

-3.203209

-2.780117

-2.032511

2.041011
3.108558
2.345483

-0.099979

-1.751457

-0.709272

-2.184624

-2.753671

-1.859440

-0.392509
3.191581
5.608438
6.794918
5.551049
3.132742

-3.177157

-5.597650

-6.488214

-4.945872

-2.525465

1.289063
0.038176
1.244311
1.288636
0.126523
-1.079616
-1.122962
-0.150005
0.816639
0.773507
-0.238121
-1.205729
-1.161316
-0.781418
-1.140359
-0.386944
0.440249
0.889512
0.956979
0.503329
-1.597138
-0.236959
2.093594
3.068273
1.707978
2.148055
2.231351
0.160913
-1.988247
-2.061548
1.603071
1.531032
-0.272300
-1.997091
-1.913044
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DPAsphox* in the singlet excited state

Ph 0

R—H

I
Ph

Energy (F) =

-1648.38472358 a.u. (MN15)

Gibbs free energy (G) =

-1647.99263758 a.u. (MN15)

Charge = 0, Spin = 1

O o000 - "TaooOooo0ooon0oanonan

-2.991566
-3.113336
-1.950816
-0.666810
-0.524268
-1.696202
0.485023
1.757623
1.916024
0.771764
3.499247
3.805174
3.507569
-4.174811
-5.430169
-5.528791
-4.374941
4.730998
5.874731
6.862508
6.708555
5.568446
4.580309
-1.561698
-2.093571

0.830516
-0.604051
-1.422988
-0.821117

0.613305

1.434419
-1.584925
-1.009616

0.360144

1.154299

1.190931

1.320203
2.509161

1.593786

1.006593
-0.368587
-1.160302
-0.018031
-0.212213
-1.106417
-1.804897
-1.615664
-0.725156

2.900713

3.669169

*

0.112193
0.150355
-0.070723
-0.252668
-0.162119
-0.018387
-0.548805
-0.626290
-0.417127
-0.182530
-0.516439
-1.886533
0.201533
0.167557
0.388688
0.546480
0.427972
-0.014920
-0.798488
-0.384932
0.813411
1.600024
1.187361
-0.001687
1.054367
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-1.961757
-1.307514
-0.778126
-0.895534
-2.090283
-1.331471
-1.471149
-2.361723
-3.117492
-2.989548
0.383918
2.616888
0.916088
-4.117277
-6.313387
-6.486167
-4.461739
5.990493
7.747609
7.477398
5.450555
3.683792
-2.592051
-2.366320
-1.209455
-0.275341
-0.490523
-0.644000
-0.886546
-2.465959
-3.806114
-3.572710

DPAsphox™

5.054888
5.710170
4.965411
3.579081
-2.890974
-3.721074
-5.105522
-5.695209
-4.887494
-3.502145
-2.651433
-1.641738
2.215600
2.669200
1.636855
-0.839670
-2.234809
0.333610
-1.259086
-2.502173
-2.165460
-0.584315
3.160850
5.624762
6.792397
5.467519
3.002969
-3.263551
-5.725917
-6.776291
-5.338262
-2.875182

1.068692
0.022612
-1.035111
-1.043614
-0.118876
0.729930
0.687537
-0.213308
-1.066643
-1.015436
-0.719608
-0.838897
-0.002599
0.034294
0.441095
0.749036
0.553437
-1.733243
-0.996219
1.135624
2.529698
1.788635
1.876701
1.901162
0.031873
-1.857605
-1.872609
1.437916
1.361882
-0.249896
-1.776567
-1.686351
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Ph

Energy (F) =

-1648.28304846 a.u. (MN15)

Gibbs free energy (G) =

-1647.88874046 a.u. (MN15)

Charge = 1, Spin = 2

C
C
C
C
C
C
C
C
C
C
P
H
O
C
C
C
C
C
C
C
C
C
C
C
C
C

-2.835778
-3.085376
-2.038332
-0.723183
-0.453502
-1.513952
0.328976
1.618557
1.902286
0.882997
3.577003
3.928869
3.624417
-3.927306
-5.198751
-5.421677
-4.383591
4.622737
5.775476
6.608873
6.290639
5.139518
4.303387
-1.241541
-1.543315
-1.274306

1.028928
-0.385796
-1.303425
-0.806453

0.599012

1.521823
-1.679347
-1.209967

0.157253

1.042407

0.831833

0.558996

2.278919

1.911580

1.432310

0.052497
-0.840573
-0.311824
-0.827667
-1.688312
-2.030684
-1.519435
-0.662520

2.972908

3.714841

5.080106

0.186410
0.201755
-0.103203
-0.367606
-0.275488
-0.023470
-0.737139
-0.916870
-0.736911
-0.423277
-0.904062
-2.237549
-0.526247
0.367074
0.647102
0.758951
0.538709
-0.003975
-0.608985
0.105310
1.420230
2.027089
1.316766
0.022203
1.177460
1.221949
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-0.724646
-0.432554
-0.677729
-2.309267
-1.607456
-1.875399
-2.826633
-3.520210
-3.273310
0.120796
2.411839
1.132806
-3.767258
-6.017795
-6.409052
-4.565754
6.019098
7.502048
6.939879
4.894312
3.400640
-1.965352
-1.494640
-0.523597
-0.012183
-0.457026
-0.871524
-1.340809
-3.027212
-4.254992
-3.807263

DPAphos

5.721999
4.994268
3.624564
-2.755071
-3.637482
-5.003055
-5.504075
-4.635411
-3.266118
-2.733132
-1.904602
2.089706
2.980230
2.130405
-0.321811
-1.905267
-0.559572
-2.091401
-2.702212
-1.793837
-0.270170
3.210080
5.642578
6.789021
5.492878
3.055569
-3.242862
-5.675968
-6.571136
-5.023481
-2.586541

0.110170
-1.045490
-1.088361
-0.151543
0.687869
0.647508
-0.244044
-1.089267
-1.037669
-0.883902
-1.183258
-0.280178
0.277591
0.787695
1.009987
0.633213
-1.635158
-0.363318
1.975477
3.049098
1.782032
2.043162
2.124532
0.144402
-1.913936
-1.988303
1.384357
1.311585
-0.279957
-1.788600
-1.697600
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Ph (I)H
N
OO
Ph

Energy (F) =
-1648.48573154 a.u. (MN15)

Gibbs free energy (G) =
-1648.09338854 a.u. (MN15)
Charge = 0, Spin = 1

P
C
O
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

3.593516
1.907820
3.992773
0.932902

-0.414723
-0.737072

0.308359

1.581780
-1.413887
-2.736764
-3.060274
-2.055994
-3.776277
-5.051577
-5.372162
-4.407309
4.489376
5.599995
6.307693
5.917863
4.812902
4.103901
-1.075453
-1.576267
-1.259309
-0.437216

0.066503

0.683979
0.097271
-0.230288
1.017023
0.624425
-0.779173
-1.712846
-1.297502
1.576872
1.150811
-0.251951
-1.204752
2.082297
1.663998
0.277048
-0.646105
-0.281606
-1.065286
-1.743924
-1.639373
-0.854443
-0.180097
3.030206
3.900524
5.258469
5.764094
4.905851

-1.212927
-0.865067
-2.540141
-0.580496
-0.276096
-0.308314
-0.632217
-0.886918
0.007627
0.261487
0.227465
-0.057276
0.590326
0.852696
0.816796
0.521075
0.051863
-0.281831
0.712946
2.048309
2.389152
1.397206
0.040244
-0.938019
-0.909115
0.099644
1.078650
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-0.250730
-2.393367
-3.199132
-3.514281
-3.027270
-2.224088
-1.909722
4.183535
1.176386
0.062997
2.363316
-3.530798
-5.822027
-6.385545
-4.651914
5.898154
7.164403
6.470449
4.501602
3.236046
-2.218054
-1.652985
-0.190060
0.705784
0.141912
-3.578696
-4.138652
-3.272571
-1.843017
-1.282515

3.547858
-2.658781
-3.181336
-4.539796
-5.393894
-4.883449
-3.524747

0.341327
2.076986
-2.769879
-2.016828

3.138796

2.388705
-0.047136
-1.703874

-1.150512
-2.356337
-2.167270
-0.772321
0.421848

3.503646

5.920932

6.822222

5.293380

2.875960
-2.512819
-4.931167
-6.452458
-5.542611
-3.124111

1.048650
-0.089649
-1.110737
-1.141289
-0.150157

0.871221

0.900816

-3.300154
-0.595216
-0.673798
-1.124472

0.637994

1.102095

1.038315

0.514388

-1.323360

0.442333

2.821282

3.427504

1.665567
-1.722085
-1.675675

0.122505

1.867683

1.809379
-1.880948
-1.940352
-0.173637

1.646975

1.694757

DPAphos* in the singlet excited state

156

Ph QH
Pl
SO0
Ph

Energy (F) =
-1648.37769345 a.u. (MN15)

Gibbs free energy (G) =
-1647.98741645 a.u. (MN15)
Charge = 0, Spin = 1

OO0 0000000000o 0@

-3.522073
-1.931792
-3.880117
-0.790950
0.488597
0.647499
-0.497138
-1.766008
1.645060
2.950341
3.106820
1.949053
4.089866
5.362670
5.512999
4.384787
-4.636337
-5.758018
-6.634760
-6.404505
-5.289278
-4.412206
1.486849
2.205850
2.052090
1.185883

1.182052
0.363286
0.692158
1.168140
0.634549
-0.798861
-1.585388
-1.022389
1.471487
0.888567
-0.542928
-1.379336
1.668099
1.100497
-0.276919
-1.084616
0.060413
-0.512649
-1.309467
-1.533602
-0.960481
-0.169696
2.935148
3.773426
5.156305
5.738310

0.879291
0.569083
2.428973
0.360389
0.123551
0.168643
0.435324
0.599206
-0.061658
-0.199659
-0.148451
0.036649
-0.482937
-0.651715
-0.597200
-0.376477
-0.031403
0.578788
-0.161664
-1.518922
-2.136910
-1.397969
-0.109859
0.766474
0.722494
-0.206648
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0.469131
0.611619
2.110067
2.961098
3.109130
2.421069
1.578448
1.419791
-4.007874
-0.914482
-0.387655
-2.623361
3.980751
6.214260
6.484278
4.503458
-5.933040
-7.498383
-7.088678
-5.101972
-3.538210
2.872975
2.605920
1.069812
-0.199691
0.059397
3.491579
3.759899
2.540693
1.046562
0.769437

DPAphos™

4.923584
3.540109
-2.844777
-3.440372
-4.823456
-5.644047
-5.069763
-3.687552
1.465313
2.247187
-2.660245
-1.670430
2.741575
1.746177
-0.739382
-2.162858
-0.340445
-1.756252
-2.152085
-1.134122
0.265657
3.321908
5.781530
6.818174
5.368381
2.908491
-2.802857
-5.262559
-6.723248
-5.700276
-3.241414

-1.087331
-1.035177
0.095971
1.047807
1.108763
0.211422
-0.743777
-0.797192
3.000622
0.402506
0.534818
0.771332
-0.596920
-0.847204
-0.747250
-0.404523
1.637416
0.325027
-2.094187
-3.193630
-1.881523
1.497587
1.418115
-0.243997
-1.819673
-1.727707
1.751893
1.860507
0.256072
-1.451586
-1.546542
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OO0 0000000000o 0@

Ph (I)H
P
SO
Ph

Energy (F) =
-1648.28489375 a.u. (MN15)

Gibbs free energy (G) =
-1647.88945175 a.u. (MN15)
Charge = 1, Spin = 2

2.729162
1.117317
2.476994
1.030741

-0.175770
-1.370782
-1.273194
-0.056986
-0.218885
-1.470195
-2.671358
-2.619511
-1.548752
-2.759941
-3.935077
-3.885971
3.730939
3.449951

4.199576
5.226426
5.507249
4.763654
1.021831
1.112221
2.282048
3.367244

-2.766361
-1.997404
-4.189232
-0.609539
0.043273
-0.743939
-2.147486
-2.763995
1.462383
2.095674
1.311957
-0.109160
3.486822
4.099665
3.335987
1.965220
-1.800281
-1.797303
-1.003941
-0.197940
-0.192643
-0.999270
2.258903
3.299393
4.045595
3.776485

o+

-1.157014
-0.788798
-0.357046
-0.692376
-0.369775
-0.243047
-0.426419
-0.663282
-0.213260
0.051541
0.139302
-0.006967
0.309170
0.584243
0.654134
0.457259
0.017598
1.393466
2.257800
1.751294
0.385479
-0.480843
-0.319638
-1.260944
-1.374069
-0.537461



C 3.286123  2.748122
C 2.126555 1.984145
C -3.859521 -0.912915

C -4903933 -0.716989

C -6.064358 -1.482503

C -6.201639 -2.434768

C -5.171775 -2.627115

C -4.001354 -1.877332

H 2.836655 -4.939656
H 1.922626 -0.012587
H -2.173243 -2.750990

H -0.003682 -3.844315

H -0.640289 4.078507
H -2.792455 5.168400
H -4.881088 3.811977
H -4.790210 1.377593
H 2.643285 -2.419776
H 3.985455 -1.006794
H 5.807413  0.425228
H 6.305028  0.432989
H 4984610 -1.006269
H 0.268029  3.501731
H 2.345799  4.836933
H 4276134  4.365768
H 4.127410  2.534467
H 2.068688  1.180308
H -4.792316 0.024930
H -6.861553 -1.334059

H -7.110533 -3.025824

H -5278378 -3.362045

H -3.198007 -2.021847

Ph;lc'a)fl ® pph,
DPA Pd'

Energy (F) =

0.403786
0.507764
0.092799
-0.825213
-0.739080
0.273013
1.195997
1.103346
-0.856568
-0.857477
-0.380922
-0.758858
0.311925
0.771312
0.892558
0.570579
1.776985
3.323265
2.426489
-0.005637
-1.546595
-1.915811
-2.115324
-0.620662
1.056582
1.239743
-1.612536
-1.461792
0.342657
1.988720
1.822024

-2928.77672983 a.u. (MN15)

-2931.16954425 a.u. (#B97XD)
-2930.58349180 a.u. (CAM-B3LYP)
Gibbs free energy (G) =

-2928.06134983 a.u. (MN15)

-2930.45416425 a.u. (0B97XD)
-2929.86811180 a.u. (CAM-B3LYP)
Charge = 1, Spin = 1

C
C

EO

OO0 o a0 0000a0 v

1.352672
2.624601
0.266178
1.865806
3.986077
0.501305
4.203152
5.217294
4.542665
4.867829
5.781325
7.046098
7.395173
6.486682
5.575477
6.007476
5.408986
4.377862
3.943708
4.869549
4.924833
4.315813
3.659891
3.606314
-1.271892
0.879480
-2.149712
-3.556024

-2.536448
-2.014249
-1.646807
-0.970900
-0.485473
-0.081709
1.015816
-0.315229
-1.842877
0.463776
0.665301
0.072943
-0.709709
-0.900913
-1.665075
-2.739886
-3.994587
-4.177091
-3.103263
2.147151
3.312293
3.356340
2.226222
1.060566
-0.388437
-0.837901
0.615288
0.374947

2413913
2.726292
2.289285
0.966370
0.105488
-0.655039
-0.899843
1.430529
-0.957306
2.545988
3.578692
3.512887
2411878
1.367903
-1.891252
-2.666883
-2.520049
-1.597111
-0.818410
-0.412737
-1.180690
-2.434726
-2.930923
-2.170168
-0.514222
-2.057640
-0.194467
-0.065173
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-4.037805
-3.081286
-1.751351
-4.448923
-5.827553
-6.309661
-5.409749
-6.782441
-8.117957
-8.593331
-7.718831
-3.932000
-5.912047
-5.906552
-6.374741
-6.855138
-6.865195
-6.396462
-4.026887
-3.525460
-2.918405
-2.816911
-3.322434
0.616042
1.332227
1.441952
0.845244
0.126390
0.004360
1.272755
3.509987
2.706944
0.222107
-0.679491
3.874437
5.505391

-0.970693
-2.003091
-1.729928
1.423303
1.143760
-0.204770
-1.251595
2.181407
1.908555
0.574656
-0.442618
2.810580
-2.647185
-3.261106
-4.566485
-5.273836
-4.670625
-3.365625
3.438763
4.726808
5.404359
4.788156
3.501442
1.690415
2.499557
3.870631
4.429380
3.625794
2.260136
-3.536455
-2.641962
-1.147970
-0.750315
-1.994498
0.913433
1.274094

-0.240922
-0.536299
-0.678432
0.242209
0.377999
0.214592
-0.091535
0.640547
0.755915
0.602483
0.333811
0.429670
-0.259399
-1.519924
-1.675092
-0.571039
0.688583
0.843067
1.680510
1.869073
0.809262
-0.439639
-0.628717
-0.956269
-0.066635
-0.303886
-1.435010
-2.326502
-2.084296
1.988681
2.653261
3.384574
2911123
1.881692
2.597046
4.435479
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8.376944
6.767949
6.036750
6.808079
3.907564
3.132282
5.345575
5.444710
3.184290
3.085253
0.265441
-1.783336
-3.436922
-1.045984
-6.426773
-8.822838
-9.657560
-8.087860
-5.531263
-6.366322
-7.220267
-7.236274
-6.404442
-4.495726
-3.604531
-2.525335
-2.342019
-3.235857
1.816091
2.004857
0.938494
-0.342645
-0.574025
7.756466
5.744929
4.352291

-1.172981
-1.507609
-0.686202
-2.598404
-5.150483
-3.236936
2.126941
4.185184
2.254490
0.185292
-0.653753
1.624797
-3.023090
-2.527332
3.202774
2.712384
0.369622
-1.454439
-2.707077
-5.029609
-6.290640
-5.216706
-2.892006
2.906858
5.198859
6.407113
5.306794
3.018597
2.049765
4.496364
5.495657
4.066037
1.640223
0.219974
-4.829205
4.267456

2.361307
0.510348
-2.009671
-3.387856
-1.487097
-0.102717
0.564166
-0.794359
-3.907980
-2.554280
-2.793748
-0.035726
-0.647123
-0.908304
0.736401
0.951690
0.684966
0.195652
-2.378426
-2.658643
-0.691617
1.552318
1.823035
2.506332
2.845166
0.956425
-1.268879
-1.601220
0.801604
0.383399
-1.625024
-3.202674
-2.769026
4.322148
-3.129792
-3.026472



Ph_]
P
DPA” “pq

©

OH ClI

Energy (F) =

-3389.10746879 a.u. (MN15)

 PPhy

Gibbs free energy (G) =

-3388.39282879 a.u. (MN15)

Charge = 0, Spin = 1

C
C
C

=]
o

T T oo oo aoc0oac0ac0oac0ac0a0a0a0a0a0aax"

-1.347320
-2.541004
-0.160671
-1.686585
-3.778539
-0.436722
-3.923799
-4.729242
-4.714627
-4.060611
-4.728276
-6.065779
-6.730411
-6.068130
-5.919386
-6.639479
-6.157657
-4.954791
-4.233981
-4.164396
-4.236237
-4.063014
-3.811736
-3.741966
-4.118275
-6.718064

2.390741
2.677013
2.201758
0.831887
0.003056
-0.910342
-1.367312
1.364466
-0.577943
2.185484
3.239298
3.496813
2.695719
1.629142
-1.283886
-1.702333
-1.432251
-0.746075
-0.320950
-1.134740
-2.205550
-3.512952
-3.750244
-2.683930
-4.344945
-1.765221

-2.480601
-1.790455
-1.741147
-0.978753
-0.351222
-0.139718
0.839859
0.394117
-1.792299
1.318290
1.939542
1.625409
0.696543
0.083589
-1.633315
-2.750057
-4.034731
-4.201718
-3.083605
2.200679
3.092366
2.636091
1.282875
0.387728
3.333653
-4.904400
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-6.585609
1.368414
-0.905457
1.959727
3.376804
4.198593
3.543949
2.180487
3.953855
5.357099
6.187645
5.602920
5.992170
7.354138
8.176614
7.611740
3.059730
6.465604
6.533458
7.337908
8.085218
8.024475
7.219771
2.983057
2.097353
1.271944
1.342532
2.233998
-0.679234
-0.771591
-0.923030
-0.985266
-0.891328
-0.737575
-1.397449
-3.495918

4.324626
-0.855981
-2.278427

0.360688

0.528214
-0.632675
-1.891534
-2.012742

1.802246
1.935559

0.774013
-0.498092

3.203150

3.324587

2.177553

0.948215

2.983804
-1.694542
-2.717004
-3.836949
-3.948480
-2.935542
-1.816297

3.977623

5.048622

5.137295

4.154041

3.088757
-1.025833

0.176958

0.156220
-1.067957
-2.264218
-2.249270

2.033402

2.662405

2.100490
-0.267691
-0.827995

-0.057305
-0.031551
-0.248322
-0.478757
-0.482765
0.154524
0.139360
-0.067260
-0.263808

0.358162

0.364890

0.165495

-0.036539

0.336335
-0.490196

0.467012

0.253187
-0.921224
-1.880793
-1.666240

-0.650277
-0.513824
0.609542
1.601057
1.466789

1.653299

2.371561

3.757231

4.429213

3.716033

2.327950
-3.509058
-2.311694
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-2.509897
0.006612
0.731291

-3.011774

-4.204267

-7.768083

-6.596014

-6.286987

-7.572218

-4.571970

-3.286188

-4.301267

-4.423960

-3.664459

-3.548168

-0.579942
1.332819
4.159628
1.713119
5.365147
7.814597
9.258399
8.244145
5.949131
7.382074
8.711931
8.602016
7.170847
3.618908
2.048627
0.580892
0.709745
2.283472

-0.723531

-0.996643

-1.110133

3.256908
2787775
1.817725
1.991165

3.863586

2.898571
1.013419

-1.508803
-2.244290
-0.546833
0.200136
-0.120638
-2.014225
-4.764974
-2.874048
-3.175238
1.232732
-2.767903
-2.982204

4.073186
4.294185
2.281546
0.075420

-2.627682
-4.621133
-4.820964
-3.017406
-1.024615
3.901172
5.810076
5.969793

4.220116
2.317880
1.130704
1.089485

-1.087801

-0.865986
-0.832530
-2.229832
1.548860
2.658385
0.444975
-0.640145
-0.633418
-2.619500
-5.198983
-3.212421
2.568573
4.145879
0.921714
-0.665266
-0.490225
0.098724
-0.659756
-0.647190
0.531214
0.536090
0.187404
-0.168696
1.381010
1.004909
-1.088008
-2.798264
-2.411648
-1.530381
-1.288175
0.714828
2.482934
2.234494
1.839738
4.309968
5.509024
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H -0.948903 -3.215552

H -0.672230 -3.185295

Cl -0.103998 -5.054265
L

h-p. ®pph

DPA”™ “pgi~  ®

Energy (F) =

-2928.32264869 a.u. (MN15)

Gibbs free energy (G) =

-2927.61883569 a.u. (MN15)

Charge = 0, Spin = 1

C
C
C

=]
o

OO0 000a0a0a v

1.043207
2.233842
-0.035396
1.698954
3.865585
0.548960
4.192670
4.972135
4.551017
4.509267
5.320154
6.596811
7.059655
6.253879
5.655942
6.173838
5.589475
4.486971
3.967061
4.900628
5.038158
4.473307
3.777012

-2.039706
-1.402415
-1.282097
-0.872221
-0.499268
-0.505031
0.738052
0.003617
-2.041505
1.002010
1.469582
0.928459
-0.069273
-0.527620
-2.045794
-3.253215
-4.462307
-4.465687
-3.258296
1.919708
2.881767
2.669277
1.485564

4.239495
1.774386

-0.086822

2.716859
3.089634
2.189210
0.977199
0.209760
-0.982857
-1.085247
1.563843
-0.457928
2.436697
3.468910
3.649509
2.791192
1.745444
-1.322970
-1.790324
-1.402746
-0.546379
-0.077089
-0.833663
-1.837144
-3.094499
-3.353986
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3.637386
-1.260239
0.934807
-1.997419
-3.410805
-4.058530
-3.251212
-1.909973
-4.157613
-5.546054
-6.191650
-5.442494
-6.357149
-7.703529
-8.339355
-7.607899
-3.469955
-6.115524
-6.270927
-6.900519
-7.384032
-7.234418
-6.603919
-3.416590
-2.752194
-2.127133
-2.170923
-2.838744
0.666493
1.235782
1.327130
0.845119
0.260559
0.172219
1.051743
3.122633

0.523111
-0.622136
-1.466582
0.447246
0.366481
-0.903840
-2.014751
-1.878790
1.492196
1.364270
0.087827
-1.033617
2.487552
2.360621
1.096825
0.004122
2.802235
-2.350933
-2.882843
-4.113672
-4.828883
-4.307925
-3.077356
3.396918
4.609034
5.243426
4.659882
3.450212
1.235718
2.230770
3.545819
3.870809
2.884860
1.573617
-3.118257
-1.983715

-2.356789
-0.742803
-2.107397
-0.305226
-0.091656
-0.295426
-0.717991
-0.949728
0.321022
0.546503
0.362722
-0.058020
0.921254
1.126176
0.955326
0.578803
0.516826
-0.259210
-1.547280
-1.736431
-0.638704
0.648401
0.836248
1.786296
1.978498
0.902901
-0.365518
-0.556984
-1.528062
-0.727158
-1.190155
-2.459561
-3.261645
-2.796013
2.556231
3.323645
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2.212442
-0.224340
-0.897064

3.506912

4.955394

8.051065

6.625072

6.106395

7.030129

4.026931

3.098235

5.343304

5.587872

3.326676

3.057258
-1.501535
-3.730814
-1.318018
-5.881432
-8.295532
-9.411606
-8.099589
-5.892075
-7.015205
-7.874988
-7.606769
-6.487470
-3.899590
-2.718825
-1.606913
-1.679754
-2.859077

1.629565

1.781444

0.922049
-0.118900

-0.379306
-0.273665
-1.793080
1.411437
2.246317
-0.492315
-1.299570
-1.103295
-3.251125
-5.404896
-3.250831
2.098345
3.797024
1.318875
-0.380058
1.396166
-2.979096
-2.725351
3.457509
3.228022
1.007656
-0.952277
-2.323468
-4.512613
-5.787674
-4.860528
-2.667796
2.898457
5.054601
6.186236
5.141637
2.989769
1.965254
4.312190
4.892629
3.140162

3.467403
2.565077
1.767169
2.297897
4.135893
2.931176
1.075097
-1.629448
-2.459637
-0.250675
0.581977
0.142993
-1.631911
-4.329473
-2.546857
-0.118485
-0.860204
-1.292506
1.031070
1.407069
1.110443
0.427038
-2.400749
-2.741324
-0.785574
1.507544
1.838027
2.624908
2.969725
1.052621
-1.207298
-1.543881
0.256682
-0.566303
-2.824532
-4.248424



-0.270765
5.991773
7.227342
4.574357

Ph

Energy (F) =

-1000.60875601 a.u. (MN15)

0.797233
-5.401650
1.283648
3.423128

-3.419234

-1.773351
4.460493

-3.871495

-1001.52080353 a.u. (®B97XD)
-1001.28581793 a.u. (CAM-B3LYP)
Gibbs free energy (G) =
-1000.29992101 Hartree (MN15)
-1001.21196853 Hartree (0B97XD)
-1000.97698293 Hartree (CAM-B3LYP)
Charge = 0, Spin = 1

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

0.712660
1.400828
0.720470
-0.720414
-1.400619
-0.712337
1.426982
0.720387
-0.720467
-1.427009
1.400640
0.712383
-0.712558
-1.400765
2.919916
3.633299
5.028204

3.658316
2.479844
1.219973
1.220025
2.479967
3.658389
0.000012
-1.220012
-1.219977
0.000089
-2.479860
-3.658340
-3.658305
-2.479795
-0.000044
-0.491555
-0.491971

0.237993
0.159261
0.061645
0.061644
0.159404
0.238093
0.000011
-0.061663
-0.061659
0.000012
-0.159388
-0.238171
-0.238227
-0.159463
0.000016
1.102098
1.102790
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5.728926
5.028261
3.633354
-2.919943
-3.633336
-5.028239
-5.728961
-5.028296
-3.633389
2.486432
-2.486219
-1.250659
2.486242
1.250796
-1.251008
-2.486365
3.084409
5.567416
6.815814
5.567515
3.084506
-3.084447
-5.567455
-6.815849
-5.567550
-3.084543
1.251099

-0.000114
0.491791
0.491461
0.000068
-0.491345
-0.491757
-0.000019
0.491758
0.491430
2.482783
2.483039
4.599494
-2.482959
-4.599401
-4.599340
-2.482846
-0.875932
-0.874655
-0.000145
0.874456
0.875878
-0.875621
-0.874343
-0.000055
0.874310
0.875731
4.599438

0.000058
-1.102685
-1.102027

0.000029

1.102151

1.102844

0.000058
-1.102740
-1.102078

0.179320

0.179593

0.313887
-0.179452
-0.313910

-0.314024

-0.179624
1.959552
1.965564

0.000073
-1.965441
-1.959491

1.959652

1.965659

0.000072
-1.965546
-1.959596

0.313681

DPA* in the singlet excited state

Ph

*

Ph

Energy (F) =

-1000.50110385 a.u. (MNI15)



-1001.40584289 a.u. (#B97XD)
-1001.17175839 a.u. (CAM-B3LYP)
Gibbs free energy (G) =
-1000.19481885 a.u. (MN15)
-1001.09955789 a.u. (#B97XD)
-1000.86547339 a.u. (CAM-B3LYP)
Charge = 0, Spin = 1

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
H
H
H

0.693299
1.384948
0.721277
-0.721264
-1.384917
-0.693251
1.435029
0.721264
-0.721277
-1.435030
1.384918
0.693254
-0.693296
-1.384946
2.909127
3.635937
5.028104
5.731307
5.028115
3.635947
-2.909128
-3.635939
-5.028106
-5.731309
-5.028116
-3.635948
2.467718
-2.467686
-1.251485

3.698852
2.479893
1.246801
1.246810
2.479911
3.698861
-0.000014
-1.246823
-1.246815
0.000001
-2.479923
-3.698872
-3.698864
-2.479906
-0.000013
-0.717598
-0.712639
0.000005
0.712644
0.717588
0.000008
-0.717563
-0.712604
0.000022
0.712641
0.717587
2.490880
2.490913
4.626059

0.301810
0.208477
0.055867
0.055870
0.208492
0.301819
-0.000007
-0.055892
-0.055891
-0.000004
-0.208523
-0.301865
-0.301863
-0.208520
0.000002
0.971624
0.974793
0.000032
-0.974741
-0.971599
0.000006
0.971638
0.974806
0.000031
-0.974756
-0.971612
0.278459
0.278488
0.397107
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H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

2.467687
1.251489
-1.251542
-2.467715
3.091044
5.566296
6.818076
5.566316
3.091064
-3.091046
-5.566298
-6.818078
-5.566316
-3.091065
1.251547

DPA™

Ph

Ph

Energy (E) =

-1000.40616326 a.u. (MN15)

-2.490924
-4.626069
-4.626054
-2.490895
-1.265622
-1.262303
0.000012
1.262318
1.265612
-1.265573
-1.262255
0.000027
1.262298
1.265592
4.626043

-0.278517
-0.397162
-0.397160
-0.278512
1.737387
1.742867
0.000043
-1.742802
-1.737368
1.737411
1.742889
0.000040
-1.742829
-1.737394
0.397091

-1001.31753485 a.u. (#1B97XD)
-1001.08289217 a.u. (CAM-B3LYP)
Gibbs free energy (G) =

-1000.19481885 a.u. (MN15)

-1001.00841785 a.u. (0B97XD)
-1000.77377517 a.u. (CAM-B3LYP)
Charge = 1, Spin = 2

C

C
C
C
C

-0.701307
-1.396602
-0.718136
0.718096
1.396532

-3.662743
-2.466960
-1.231968
-1.231989
-2.467000

0.287527
0.196508
0.058561
0.058564
0.196491
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0.701206
-1.436227
-0.718101

0.718133

1.436218
-1.396518
-0.701177

0.701335

1.396616
-2.915584
-3.624221
-5.016843
-5.714344
-5.016867
-3.624245

2.915574

3.624209

5.016832

5.714331

5.016853

3.624230
-2.479323

2.479255

1.246535
-2.479236
-1.246495

1.246700

2.479341
-3.077187
-5.556853
-6.800725
-5.556896
-3.077231

3.077175

5.556843

6.800712

-3.662763
0.000025
1.232001

1.231974

-0.000017
2.467018
3.662775
3.662746
2.466958
0.000031
0.647731
0.637037
0.000016

-0.637005
-0.647689

-0.000028
0.647865
0.637174

-0.000033

-0.637234

-0.647917

-2.474941

-2.475008

-4.596000
2.475042
4.596013
4.595961
2.474926
1.140172
1.127326
0.000010

-1.127303

-1.140136

1.140465
1.127616
-0.000036

0.287514
-0.000012
-0.058599
-0.058588
-0.000004
-0.196584
-0.287607
-0.287565
-0.196513
0.000001
1.025591
1.028500
0.000044
-1.028428
-1.025559
0.000010
1.025478
1.028383
0.000042
-1.028317
-1.025445
0.253135
0.253094
0.386918
-0.253238
-0.387052
-0.386972
-0.253093
1.826147
1.833325
0.000060
-1.833234
-1.826123
1.825934
1.833114
0.000054
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H
H
H

PhsP @ _PPh,
Pd'

5.556880
3.077212

-1.246661

Energy (F) =

-2315.79302238 a.u. (MN15)

-1.127676
-1.140509

-4.595963

-1.833038
-1.825918
0.386944

-2317.65822952 a.u. (#B97XD)
-2317.18733081 a.u. (CAM-B3LYP)
Gibbs free energy (G) =

-2315.23882738 a.u. (MN15)

-2317.10403452 a.u. (0B97XD)
-2316.63313581 a.u. (CAM-B3LYP)
Charge = 1, Spin = 1

C
C
C
Pd

P
P
C
C
C
C
C
C
C
C
C
C
C
C
C
C

0.021289
-1.180166
1.244377
0.044562
-1.813888
1.874238
-1.635381
-3.209557
-2.409591
-2.939953
-3.981935
-5.300741
-5.574497
-4.533859
-3.115749
-3.545730
-3.282029
-2.594732
-2.159102
-2.051743

-2.175918
-1.443034
-1.474206
-0.656403
0.000614
-0.030840
1.381916
0.505466
-1.402453
1.290334
1.742137
1.397593
0.612343
0.170835
-1.220222
-2.324628
-3.617804
-3.808432
-2.705559
2.677354

-2.997225
-3.051739
-3.036930
-1.416380
-0.127558
-0.105080
1.047454
-1.179050
0.860853
-2.311811
-3.120336
-2.811744
-1.690766
-0.871149
2.059174
2.795468
2.338714
1.137554
0.403578
0.707981
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-1.772663
-1.075513
-0.677059
-0.960207
3.483056
4.097075
5.292355
5.883782
5.276512
4.078309
1.653896
2.096751
1.779715
1.017706
0.593270
0.918847
2.162550
1.177269
1.364079
2.546543
3.548200
3.361437
0.008376
-2.132415
-1.229483
1.331872
2.174182
-1.908089
-3.765021
-6.599575
-4.754075
-3.321167
-4.085777
-2.389828
-1.604224
-2.585233

3.751147
3.543752
2.253014
1.176503
-0.678223
-0.080464
-0.591042
-1.705818
-2.304231
-1.793103
-0.682087
-0.016679
-0.521044
-1.686730
-2.369163
-1.870550
1.753093
2.641274
4.019899
4.515603
3.635832
2.260155
-3.203696
-1.928157
-0.527878
-0.561415
-1.990841
1.548537
2.353073
0.342499
-0.435945
-0.215480
-2.173774
-4.812880
-2.856241
2.855485

1.554689
2.745948
3.100535
2.260892
-0.658640
-1.771622
-2.272018
-1.668780
-0.565187
-0.058384
1.576288
2.726842
3.988885
4.111247
2.968226
1.706656
0.024367
-0.423057
-0.304193
0.244940
0.668462
0.554679
-2.635353
-2.848676
-3.643467
-3.630224
-2.814456
-2.556233
-3.992449
-1.451016
0.004408
2422193
3.726257
0.777056
-0.522150
-0.222667
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-2.099629
-0.145998
-0.668785
3.635968
5.735119
3.613102
2.651689
2.112652
0.754496
-0.007153
0.572215
0.264252
0.587340
2.695238
4.475212
4.148373
-6.113516
-3.613055
-0.852157
5.762914
6.816194

PhsP @ _PPh,
Pd'

Energy (E) =
-2315.89824467 a.u. (MN15)

-2317.75981649 a.u. (#1B97XD)
-2317.29226212 a.u. (CAM-B3LYP)
Gibbs free energy (G) =
-2315.35167167 a.u. (MN15)
-2317.21324349 a.u. (#B97XD)
-2316.74568912 a.u. (CAM-B3LYP)
Charge = 0, Spin = 2

C
C

-0.317660
0.950043

4.750489
2.076052
0.172311
0.786706
-3.167938
-2.261942
0.914354
0.007635
-2.061148
-3.272167
-2.388629
2.248792
4.700417
5.588471
4.023008
1.576308
1.739619
-4.476159
4.382401
-0.120708
-2.104387

-3.525017

-3.089236

1.279160
4.032954
2.561740
-2.244423
-0.090882
0.805944
2.644541
4.878276
5.097019
3.052574
0.812517
-0.867844
-0.643406
0.335521
1.082634
0.869368
-3.447044
2.917365
3.400268
-3.131404
-2.059864

-1.211462
-1.678809



C
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-0.545925
0.016264
1.895644

-1.919506
1.738839
3.399504
2.432898
3.230430
4.335864
5.625403
5.804571
4.698339
3.083094
3.453130
3.186930
2.552620
2.174786
2.151183
1.835703
1.106219
0.704915
1.018568

-3.466005

-3.797836

-4.972469

-5.825739

-5.502595

-4.330683

-1.690638

-2.162009

-1.830233

-1.026723

-0.571652

-0.908460

-2.445009

-1.456664

-3.871683
-1.448244
-0.116045
-0.172274
1.034425
-1.063138
0.939909
-2.297088
-3.044837
-2.571933
-1.349151
-0.595549
2.171116
2.932780
2.468067
1.235960
0.480080
0.653697
1.441018
2.621133
3.015973
2.231223
-0.692800
-2.056658
-2.520882
-1.626446
-0.269533
0.197484
1.544226
2.672872
3.954452
4.119925
2.999823
1.722170
0.032400
-0.032275

0.131497
-0.512518
-0.043958
-0.084078

1.368665

0.388275

-1.432898
1.034711
1.443825
1.191907
0.540396
0.144994
-1.264705
-2.374583
-3.664593
-3.843625
-2.733439
2.654917
3.764368
3.605623
2.327302
1.217964
-0.908660
-0.867829
-1.457884
-2.110395
-2.161077
-1.560379
-0.663939

0.019411
-0.427626
-1.559033
-2.261304
-1.815139

1.652469

2.645449
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-1.783142
-3.106523
-4.100640
-3.772542
-1.160456
1.088696
1.849658
0.287246
-1.531366
2.217953
4.190565
6.807714
4.846709
3.291866
3.950231
2.343596
1.654057
2.710560
2.162351
0.139481
0.701179
-3.122289
-6.164550
-4.090875
-2.766180
-2.189216
-0.754522
0.067354
-0.525572
-0.427366
-1.002237
-3.365403
-5.132334
-4.548895
6.489245
3.473158

0.178147
0.436515
0.490235
0.291973
-3.550129
-2.897791
-3.376162
-4.004865
-4.164251
-2.662970
-3.996983
-0.979649
0.358748
2.541049
3.888923
0.869321
-0.469734
-0.269286
1.130004
3.934784
2.553906
-2.750795
0.429800
1.258371
2.553132
4.824799
5.119029
3.115165
0.842656
-0.244155
0.137420
0.593167
0.688377
0.344143
-3.156050
3.064173

3.986062
4.348436
3.367437
2.025518
-1.904553
-2.741449
-1.133941
0.818642
0.481102
1.212626
1.947936
0.342201
-0.356589
-0.262645
-2.231095
-4.845609
-2.861033
2.794986
4.753972
2.186346
0.227989
-0.369001
-2.666037
-1.594876
0.916590
0.116595
-1.890419
-3.134650
-2.333143
2.358484
4.742056
5.392768
3.647648
1.263848
1.499243
-4.527555



H 0.855998  3.229957
H -5218207 -3.579180
H -6.737755 -1.987163
L een
DPA” “pq0 3
bon,
Energy (F) =

-3847.27545878 a.u. (MN15)

4.470871

-1.416643
-2.579366

-3850.28629515 a.u. (#B97XD)
-3849.54013148 a.u. (CAM-B3LYP)
Gibbs free energy (G) =

-3846.37124678 a.u. (MN15)

-3849.38208315 a.u. (0kB97XD)
-3848.63591948 a.u. (CAM-B3LYP)
Charge =0, Spin =1

P
Pd
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0.684372

1.464985

0.015239
-0.077003
-0.717684

0.780711
-0.116870
-0.407336
-0.753805
-0.979421
-1.533608
-2.115336
-2.393627
-4.378214
-2.790731
-1.115231
-5.177714
-3.539332
-1.958457
-6.663959

-1.540412
0.428352
2.182744
2.579553
3.288810

-3.231309

-2.760422

-1.429314

-4.516250

-3.482449

-0.812121

-2.869480

-1.519044

-2.842597

-3.429390
0.082896

-2.399775

-0.835635
0.698019

-3.721438

1.384541
0.327217
0.705939
2.310888
2.507003
-3.781741
-3.386422
-3.694960
-2.304042
-2.558286
-3.148570
-2.031517
-2.294706
-3.246028
-1.387833
-0.796522
-2.659442
-1.631431
-0.481685
-3.427319

-6.451668
-4.864046
-3.291522
-1.707542
-7.503305
-5.943254
-4.381530
-2.801095
-4.086117
-5.696540
-7.255662
-2.611549
-5.999645
-6.824235
-7.865749
-7.859715
0.243036
-1.747154
-8.507000
-8.062888
-7.867464
-4.913012
-6.814766
-7.870123
-8.911929
-9.721432
-8.913066
-9.725238
5.574023
4.659484
6.013975
3.766933
4.867876
6.197153
3.598177
4.192749

-2.887887
-1.300400
0.277334
1.817108
-2.308489
-0.661154
0.985138
2.611435
2.193261
0.492185
-1.230477
3.547217
0.804687
1.249189
1.886959
1.930491
-0.866324
0.231997
-2.721189
-0.788388
1.718739
2.783059
1.178108
1.766842
2.406528
2.860455
2.466552
2.964217
-1.318989
-0.977095
0.930227
-1.584348
0.151136
1.803825
0.525632
2.103752

-2.762699
-1.792852
-0.799449
0.268118
-1.996493
-1.082310
-0.181281
0.736742
0.541458
-0.301187
-1.190951
1.263962
2.365310
1.809332
2.483298
3.569613
-4.361150
-3.371581
-2.059730
-0.614688
-1.391507
0.926171
0.407986
-0.304101
0.368308
-0.197984
1.763652
2.287623
2.469396
1.475021
0.868719
1.323461
0.662847
0.247045
-0.602053
-1.316214
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5.789599
5.080486
5.166950
3.986522
5.593815
5.593731
5.265867
3.084450
4.367688
3.276448
4.514668
2.573684
6.116917
7.419399
5.389480
6.709148
7.809220
6.926699
2.901522
3.664809
3.663815
4.094525
5.056891
5.387149
6.345710
2.217350
1.193577
0.860455
0.813451
0.637396
0.835748
0.658777
0.198866
0.230940
0.003341
0.072877

-1.500153
-1.530746
2.168912
-0.656751
3.404592
1.250967
-2.447102
-0.712983
-2.491758
-1.616537
-3.203639
-1.645938
-3.123417
-0.785505
-2.190671
-0.528559
1.209066
0.592570
3.245819
3.296695
5.447519
4.533503
4.587566
5.548071
3.444440
-0.050296
7.027615
6.169085
4.857649
4.946143
7.237015
6.287000
3.834827
5.177621
3.961154
5.264374

-1.104145
-1.928728
-2.323945
-1.942818
-2.812928
-2.724704
-2.968753
-3.017771
-4.035989
-4.061364
-4.844291
-4.891798
-2.944609
3.455913
3.092998
2.673831
2.025543
1.872330
-0.028202
-0.803650
-0.884693
-1.287002
-2.297409
-2.685605
-3.597462
-3.017549
0.614599
0.036183
1.747369
0.677133
-1.837230
-1.339278
-0.053097
-2.077069
-1.437957
-3.149303
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H
H
H
C
C
C
C
C
H
C
H
H
H
H
C
C
C
H
C
C
C
H
H
H
H
C
C
C
C
H
C
C
H
H

-0.328283
2.166783
2.836844
2.229864
1.861990
1.078984
0.652446
1.007457
0.032288
1.800046
2.075117
0.669348
2.488817
1.280089
2.380980
1.689820
2.948256
3.496937
1.533257
2.815336
2.113446
3.260671
2.035997
-0.998618
-3.425447
-1.647768
-3.020928
-1.098244
-3.879116
-4.953365
-1.968137
-3.347504
-1.574648
-4.004746

3.095971
-2.234020
-4.364149
-4.387123
-3.185977
-3.176418
-4.405448
-5.605614
-4.419702
-5.598271
-6.537704
-6.548895

0.820533

0.621439
-0.154782
-0.269265
-1.285282
-1.195998
-1.521139
-2.528693
-2.646761
-3.413002
-3.621729

0.145342

0.248150
-0.625911
-0.556655
-1.646107

-1.498805
-1.436622
-2.585753
-2.510171
-3.375100
-3.241249

-2.014796
-0.917493
-2.002832
-1.099495
-0.486821
0.674488
1.209982
0.595979
2.105462
0.558499
-1.031867
1.017646
5.313218
3.159808
4.844317
3.637726
5.437226
6.371565
3.014120
4.817474
3.614916
5.267470
3.141173
3.027988
3.452741
2.614510
2.841773
1.818161
2.264196
2.425025
1.251469
1.467160
0.618803
0.999408

Pd(0) complex in the singlet excited state



Pd

|
PPh,

Energy (F) =

-3847.19410316 a.u. (MN15)

P._ .PPhg

-3850.22118408 a.u. (#B97XD)
-3849.44501796 a.u. (CAM-B3LYP)
Gibbs free energy (G) =

-3846.28942216 a.u. (MN15)

-3849.32040008 a.u. (#kB97XD)
-3848.54033696 a.u. (CAM-B3LYP)
Charge = 0, Spin = 1

P
Pd
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0.988461

1.458643
-0.245774
-0.260978
-0.921250

0.628078
-0.285956
-0.647236
-0.810568
-1.093653
-1.802669
-2.249710
-2.610476
-4.547178
-2.876572
-1.378200
-5.370818
-3.779159
-2.228474
-6.828372
-6.639862
-5.092414
-3.553897

-1.173569
0.695144
2.103709
2.700967
3.403427
-3.144047
-2.698299
-1.400696
-4.421196
-3.416343
-0.816862
-2.833988
-1.522352
-2.836725
-3.385775
0.136356
-2.420433
-0.875822
0.638948
-3.710752
-2.905268
-1.356527
0.192190

1.459292
0.112336
0.731106
2.275717
2431728
-3.744487
-3.357886
-3.728503
-2.168296
-2.472472
-3.203958
-1.953680
-2.301279
-3.330366
-1.253793
-0.911093
-2.756934
-1.639869
-0.449896
-3.628225
-2.922993
-1.837359
-0.747076
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-1.975495
-7.717851
-6.190148
-4.652509
-3.079925
-4.361232
-5.959454
-7.497789
-2.911300
-6.343991
-7.142223
-8.194234
-8.221470
-0.029343
-2.073176
-8.719521
-8.324253
-8.080205
-5.188147
-7.090259
-8.115007
-9.168312
-9.954978
-9.210480
-10.031234
5.721401
4.891807
5.714713
4.241265
4.884842
5.715027
3.661773
4321718
5.910429
5.145222
5.579074

1.646654
-2.358611
-0.769053

0.803724

2.314217

1.905064

0.310352
-1.326401

3.150992

0.215616

0.760299

1.309047

1.187798
-0.838196

0.202641
-2.763054
-0.914418

1.724745

2.412545

0.903606

1.610229

2.159862

2.707013

2.010091

2.438146
-1.828953
-1.437634

0.826753
-2.173619
-0.106040

1.864773

0.404789

1.982483
-1.472928
-1.509849

2.031961

0.446119
-2.169922
-1.111937
-0.047223
1.068490
0.831014
-0.224699
-1.297555
1.744605
2.443336
1.940768
2.674177
3.754282
-4.426007
-3.475127
-2.291780
-0.725949
-1.180879
1.319399
0.546555
-0.098995
0.633028
0.119330
2.020943
2.591035
2.100808
1.052147
1.239764
0.578672
0.602138
0.912968
-0.652033
-1.292823
-1.411442
-2.183862
-1.914208
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3.991339
6.082062
6.165527
5.316958
3.019307
4.344207
3.196151
4.478970
2.436595
6.212999
7.193173
5.709052
6.550487
7.183881
6.542426
2.599744
3.574700
3.484634
4.076203
5.329505
5.721771
7.058764
2.106790
1.154012
0.765790
0.666225
0.483461
0.786780
0.559233
-0.017017
0.059205
-0.232241
-0.107253
-0.626662
2.268420
2.673542

-0.723844
3.242760
1.120104

-2.352067

-0.786766

-2.409077

-1.617271

-3.066506

-1.653357

-2.963067

-1.196800

-2.861721

-0.893327

1.168586
0.434059
3.122307
3.159806
5.277955
4.372401
4.413365
5.355978
3.273571

0.195312

6.810616
5.897525
4.847696
4.795653
6.677413

5.822050

3.614257

4.646687

3.548828

4.588425

2.630895

-2.044614

-4.241581

-2.066399
-2.388920
-2.020907
-3.285911
-3.076800
-4.285266
-4.182787
-5.140493
-4.961401
-3.361630
3.547496
2.440693
2.724689
2.774514
2.293318
-0.672889
-1.160884
-1.533966
-1.641185
-2.254322
-2.628148
-2.865354
-2.967093
-0.065195
-0.509928
1.372840
0.301884
-2.520842
-1.889475
-0.261584
-2.458429
-1.649330
-3.531147
-2.087193
-0.931763
-1.989511
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2.065742
1.854581
1.091741
0.482410
0.669785
-0.141287
1.473038
1.621719
0.192994
4.059027
2.571410
3.573676
2.733714
3.808185
4.471669
2.106834
3.197662
2.350781
3.381420
1.887829
-0.045597
-2.338908
-0.888303
-2.180440
-0.669264
-3.267053
-4.273550
-1.765537
-3.057745
-1.611286
-3.900775

-4.182264
-2.942282
-2.822015
-3.972881
-5.212029
-3.900178
-5.322914
-6.293754
-6.095649
0.781867
0.814942
-0.133907
-0.111646
-1.334603
-1.357381
-1.284194
-2.509920
-2.486097
-3.448882
-3.410389
0.070648
0.354460
-0.387052
-0.223534
-1.127856
-0.800467
-0.671698
-1.700588
-1.542847
-2.251220
-1.976762

-1.087935
-0.484013
0.682749
1.211514
0.596532
2.100729
-0.543571
-1.009848
1.013297
4.799021
2.802551
4.470004
3.356530
5.142182
6.003416
2.910184
4.698815
3.590062
5.215520
3.253690
3.891775
4.782563
3.376664
3.875397
2.205433
3.212277
3.604596
1.545484
2.049403
0.619082
1.513820



Energy (F) =

-3847.11461861 a.u. (MNI15)

-3850.13359514 a.u. (®B97XD)
-3849.38761156 a.u. (CAM-B3LYP)
Gibbs free energy (G) =

-3846.20957761 a.u. (MN15)

-3849.22855414 a.u. (0B97XD)
-3848.48257056 a.u. (CAM-B3LYP)
Charge = 1, Spin = 2

P
Pd
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1.024123

1.450750
-0.242429
-0.115687
-0.898607

0.616247
-0.293766
-0.653602
-0.821768
-1.102700
-1.802579
-2.260182
-2.610317
-4.558736
-2.892500
-1.362620
-5.379889
-3.772573
-2.205268
-6.853278
-6.656106
-5.092616
-3.537813
-1.962176
-7.731399
-6.185971
-4.631548

-1.149904
0.591445
2.075281
2.623937
3.090461
-3.591336
-3.105266
-1.851687
-4.702627
-3.731236
-1.212871
-3.099504
-1.824536
-3.222823
-3.580828
-0.096938
-2.729539
-1.101444
0.495518
-4.082611
-3.206298
-1.574641
0.052062
1.615601
-2.558676
-0.888041
0.767762

1.571151
0.044023
0.593327
2.124065
2.470711
-3.330298
-2.984957
-3.485943
-1.632249
-2.032653
-3.016326
-1.577748
-2.047484
-2.933512
-0.832354
-0.757957
-2.421189
-1.458672
-0.401173
-3.159064
-2.547118
-1.622321
-0.685604
0.348585
-1.873756
-0.983054
-0.084216
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-3.056077
-4.338130
-5.946858
-7.502659
-2.871373
-6.400005
-7.168588
-8.223877
-8.281537
-0.042605
-2.072962
-8.738783
-8.327008
-8.003147
-5.165930
-7.079178
-8.068007
-9.123569
-9.882073
-9.203881
-10.026644
5.856476
4.955605
5.814603
4264311
4.931455
5.806157
3.666793
4.121771
5.938088
5.132191
4.998295
3.955604
5.324861
5.422827
5.267863

2.392403
1.970936
0.284829
-1.438491
3.321427
0.549412
1.041977
1.707568
1.731043
-1.366818
-0.226118
-2.957220
-0.949580
1.605066
2.553571
0.998366
1.636164
2.302765
2.795211
2.339364
2.858377
-1.514181
-1.244559
1.013835
-2.020619
0.021329
1.997827
0.351306
1.958894
-1.466818
-1.598308
2.062600
-0.848891
3.316989
1.164525
-2.521759

0.850604
0.649214
-0.227658
-1.121290
1.389116
2.423816
1.829901
2.453961
3.539310
-4.244602
-3.388742
-1.961953
-0.610942
-1.417648
1.042211
0.431065
-0.331610
0.291416
-0.311947
1.685270
2.170472
2.122863
1.096711
0.928557
0.766224
0.487492
0.465312
-0.772755
-1.495587
-1.507083
-2.225674
-2.584877
-2.104449
-3.101671
-3.029117
-3.265144
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2.919135
4.235925
3.061878
4.343798
2.258813
6.180940
7.429682
5.863336
6.733279
7.392203
6.710260
2.903701
3.586645
3.490158
3.919198
4.784948
5.038219
6.001396
1.993278
0.705988
0.499032
0.286324
0.257651
0.669981
0.476910
-0.016686
0.213722
-0.026915
0.202582
-0.215537
2.275392
2.723468
2.157743
1.916378
1.199577
0.676381

-1.029268
-2.695051
-1.943204
-3.415758
-2.077743
-3.104625
-0.724770
-2.495066
-0.517300
1.519472
0.742985
3.049479
3.125928
5.273982
4.379032
4.473460
5.447872
3.390899
-0.461476
6.873526
5.893644
4.940895
4.809768
6.563109
5.718724
3.550284
4.457115
3.374421
4.319842
2.383022
-2.187638
-4.463086
-4.335642
-3.049043
-2.848239
-3.962954

-3.034936
-4.189072
-4.077404
-4.995315
-4.798571
-3.351903
3.371031
2.591012
2.562498
2.303528
1.966536
-0.078787
-0.926593
-0.998396
-1.441291
-2.533368
-2.943096
-3.949110
-2.920097
-0.319419
-0.742124
1.185965
0.106860
-2.783282
-2.126727
-0.436540
-2.672115
-1.830187
-3.750163
-2.249002
-0.786502
-1.637637
-0.716471
-0.231900
0.953526
1.631827
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0.901542
0.089189
1.651864
1.828852
0.495221
4.053429
2.449827
3.632657
2.730402
4.005967
4.717428
2.190532
3.473634
2.569302
3.766602
2.169023

-0.048014
-2.362725
-0.874720
-2.179780
-0.628136
-3.248192
-4.265182
-1.703258
-3.006832
-1.523920
-3.834407

OH

Ph.
5

DPA”

“PdP
PPh;

Energy (F) =

-2811.72803867 a.u. (MNI15)

-5.248001
-3.824141
-5.437499
-6.443407
-6.105225
1.494221
1.146306
0.507365
0.312626
-0.570062
-0.422091
-0.960920
-1.839710
-2.037238
-2.679355
-3.031474
0.360991
0.753230
-0.176074
0.050273
-1.073922
-0.623510
-0.440347
-1.756687
-1.536058
-2.441437
-2.055667

Gibbs free energy (G) =

-2811.08423667 a.u. (MN15)

Charge = 0, Spin = 1

1.139837
2.537989
-0.026782
-0.398568
1.669938
4.414213
2.546927
4.239402
3.193897
5.045684
5.854207
2.952408
4.809349
3.765816
5.434352
3.580864
3.827029
4.611324
3.366748
3.802513
2.316980
3.203897
3.543163
1.730634
2.175798
0.904281
1.695874
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-1.816537
-0.002205
1.583087
0.222561
1.568749
2777288
4.032252
4.006275
2.832666
2.747861
3.963758
5.220043
5.243069
3.990419
5.170093
6.411199
6.432092
-3.642774
-3.693022
-3.189928
-3.198274
-3.693163
-4.186857
-4.190867
-3.720672
-4.923938
-4.907132
-3.690410
-2.487861
-2.503045
-5.266343
-5.366593
-6.589037
-7.719368
-7.626216
-6.404969

1.175550
2.487756
1.634861
3.227755
0.300981
-0.442852
0.239329
1.631237
2.312139
-1.809982
-2.513518
-1.835775
-0.464386
-3.890995
-4.562969
-3.895839
-2.576827
-0.190729
-0.980030
-0.246034
-0.788402
-2.079294
-2.820115
-2.271842
-1.583827
-2.144612
-3.224789
-3.754542
-3.203466
-2.118386
0.621501
1.704299
2.347396
1.921007
0.850103
0.201120

-0.505769
-0.825752
-0.649736
-2.282454
-0.331142
-0.126848
-0.312417
-0.676225
-0.822601
0.218653
0.379942
0.181012
-0.162022
0.779903
0.948561
0.740990
0.378207
-0.195469
1.446567
2.531995
3.817324
4.024944
2.947929
1.663317
-1.367997
-1.819958
-2.703895
-3.140635
-2.692767
-1.815893
-0.353454
-1.240327
-1.435302
-0.733933
0.158013
0.348283
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0.185045
0.730741
0.881766
0.493221
-0.055905
-0.216625
1.441983
1.049411
-0.161843
-1.003592
-0.627187
0.588383
6.546239
7.362035
8.579159
8.995715
8.190270
6.973765
-0.600272
0.608905
4.951730
2.838301
3.047605
5.163480
7.343709
7.380488
-2.780121
-2.807442
-3.689596
-4.569278
-4.572280
-5.874493
-5.844195
-3.680293
-1.537797
-1.566711

3.880754
5.108348
6.139095
5.948154
4.727062
3.699503
-2.503219
-3.553945
-4.215805
-3.828202
-2.779476
-2.123562
0.238632
-0.052912
0.606497
1.566710
1.864159
1.203705
3.224265
-0.205784
2.141917
3.368386
-4.398213
-5.605785
-4.435000
-2.065479
0.749617
-0.212280
-2.508849
-3.825175
-2.853974
-1.735251
-3.651797
-4.593831
-3.612636
-1.677913

0.327031
-0.070198
0.859217
2.187270
2.587912
1.658488
0.424282
-0.419190
-0.213363
0.831519
1.673622
1.471411
-0.352667
-1.455133
-1.631051
-0.706389
0.394991
0.570386
-2.799345
-0.237631
-0.833950
-1.086217
0.960618
1.255131
0.887086
0.242853
2.354460
4.652175
5.023513
3.107347
0.825986
-1.482746
-3.052195
-3.831552
-3.028028
-1.466888



H -4.472989 2.039453
H -6.657114 3.185673
H -8.671012  2.426425
H -8.504389 0.519986
H -6.336239 -0.633343
H 1.022725  5.253780
H 1.301702  7.091978
H 0.610554  6.753274
H -0.368584 4.581046
H -0.664912  2.749487
H 1.706792 -3.854376
H -0.452806 -5.027567
H -1.954168 -4.333462
H -1.278197 -2.476571
H 0.887346 -1.310021
H 7.035177 -0.802597
H 9.200725  0.371733
H 9.943729  2.080783
H 8.509529  2.609342
H 6.342878  1.434061
PPh;

Energy (E) =
-1035.49904475 a.u. (MN15)
Gibbs free energy (G) =

-1035.27351175 a.u. (MNI15)
Charge = 0, Spin = 1

P
C
C
C
C
C
C
C
C

-0.006555
0.772553
0.610222
1.151170
1.877826
2.054455
1.503681
0.869485
0.435901

0.000854
1.450463
2.692039
3.851654
3.781087
2.549900
1.391561

-1.397708
-2.043323

-1.768833
-2.123986
-0.877673
0.707114
1.044236
-1.108035
0.546584
2.908324
3.618787
1.956089
-1.233151
-0.875877
0.987852
2.490840
2.130946
-2.173398
-2.491635
-0.843664
1.119437
1.426987

-1.226025
-0.424025
-1.057093
-0.502804

0.687356
1.321528
0.771089
-0.433621
0.732456
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1.174915
2.358106
2.799775
2.055061
-1.651691
-2.657577
-3.933031
-4.222707
-3.232566
-1.954237
0.058263
1.014698
2.308453
2.620630
1.640326
-0.481735
0.826446
2.931399
3.717312
2.391905
-2.437036
-4.701382
-5.218106
-3.455171
-1.185720

-3.096485
-3.512651
-2.876433
-1.832312
-0.054693
-0.777994
-0.891213
-0.267302
0.463377
0.567814
2.745758
4.806618
4.681826
2.490832
0.436023
-1.721003
-3.590307
-4.333165
-3.199536
-1.348596
-1.250869
-1.456794
-0.346518
0.951685
1.134546

1.274611
0.662359
-0.499557
-1.046428
-0.426029
-1.084280
-0.531292
0.683511
1.343356
0.793555
-1.994478
-1.003717
1.117143
2.247719
1.273516
1.219979
2.178250
1.086083
-0.984576
-1.962407
-2.040247
-1.052095
1.112864
2.288761
1.315434



2-3. Synthesis of DPAsphox

anilinium hypophosphite (1.5 eq) PhMgBr (3 eq)

ph (Et0)sSi(CH,)sNH, (1.5 eq) ph Q THF (0.2 M)
Br Pd(OAc), (3 mol %), dppp (3.3 mol %) R-H —78°C, 2.5 h;
90® (I o DPAsphox
MeCN (0.17 M) then,
90°C, 20 h 6N HCl ag. (0.4 M)

Ph Ph rt, 19 h
79% 86%

Ethyl (9,10-Diphenylanthracen-2-yl)phosphinate (26)

An 100 mL Shlenk tube containing a magnetic stirring bar was charged with 2-bromo-9,10-
diphenylanthracene 25 (1.23 g, 3.0 mmol, 1.0 equiv), anilinium hypophosphite (716 mg, 4.5 mmol,
1.5 equiv), (3-aminopropyl)triethoxysilane (1.06 mL, 4.5 mmol, 1.5 equiv), Pd(OAc), (20.2 mg,
0.090 mmol, 3 mol %), dppp (40.8 mg, 0.099 mmol, 3.3 mol %), and MeCN (18.0 mL, 0.17 M),
and purged with argon. After stirring for 20 h at 90 °C, the reaction mixture was evaporated and
EtOAc (20 mL) was added. The organic layer was washed with water (3 mL), 1 N HCI aq. (3
mL), sat. NaHCOs3 aq. (3 mL), and brine (3 mL), dried over Na>SOs, and concentrated. The crude
product was purified by flash column chromatography (n-hexane/EtOAc = 2/1 to 1/1) to afford
26 (998.2 mg, 2.36 mmol) in 79% yield as yellow amorphous.

'H NMR (CDCls, 399.8 MHz): § 8.25 (d, J=17.4 Hz, 1H), 7.82 (dd, J = 9.2, 3.2 Hz, 1H), 7.75-
7.71 (m, 2H), 7.64-7.52 (m, 7TH), 7.58 (d, J = 563.7 Hz, 1H), 7.48-7.44 (m, 4H), 7.41-7.34 (m,
2H), 4.18-4.05 (m, 2H), 1.31 (t, J = 6.9 Hz, 3H); "C{'H} NMR (CDCl;, 100.5 MHz): § 139.2,
138.2, 137.7, 137.4, 133.2 (d, J = 13.4 Hz), 131.3, 131.14, 131.07, 130.6, 130.4, 128.6, 128.5,
128.4 (d, J=16.3 Hz), 128.0, 128.0 (d, J = 12.5 Hz), 127.7, 127.3, 126.9, 126.3, 126.1 (d, J =
132.3 Hz), 125.7, 123.0 (d, J = 11.5 Hz), 61.9 (d, J = 5.8 Hz), 16.2 (d, J = 6.7 Hz); *'P NMR
(CDCls, 161.8 MHz): 26.3 (d, J = 575.5 Hz); IR (v, cm™): 1389, 1217, 1040, 979, 940, 744, 700,
665, 633, 613; HRMS (ESI) m/z: [M + Na]" calcd for C2sH»3NaO-P, 445.1333; found, 445.1331.

9,10-Diphenylanthracen-2-yl)(phenyl)phosphine Oxide (DPAsphox (27)

An oven-dried 100 mL Shlenk tube containing a magnetic stirring bar was charged with 26 (998.2
mg, 2.36 mmol, 1.0 eq) and THF (11.8 mL, 0.20 M) under argon. To the cooling solution at —78
°C, 1 M PhMgBr in THF (7.1 mL, 3.0 equiv) was added dropwise. After sttiring for 2.5 h at the
same temperature, the reaction was quenched with 6 N HCl aq. (5.9 mL, 0.40 M), and stirred for
19 h at room temperature. Then, the organic layer was extracted with EtOAc (10 mL x 3), washed
with brine (3 mL), dried over Na,SQO4, and concentrated. The crude product was purified by flash
column chromatography (n-hexane/EtOAc = 1/1 to 1/4) to afford 27 (920.9 mg, 2.03 mmol) in
86% yield as yellow amorphous.

'HNMR (CDCls, 399.8 MHz): § 8.63 (one-half of doublet, 0.5H), 8.17 (d, J=17.9 Hz, 1H), 7.78
(dd, J=9.2, 2.8 Hz, 1H), 7.75-7.70 (m, 2H), 7.66-7.61 (m, 2H), 7.59-7.32 (m, 16.5H); *C{'H}



NMR (CDCls, 100.5 MHz): § 139.0, 138.1, 137.6, 137.4, 132.9 (d, J= 12.5 Hz), 132.3 (d, J=2.9
Hz), 131.3, 131.13, 131.06, 131.0 (d,J=2.9 Hz), 130.9 (d, J= 103.8 Hz), 130.6 (d, /= 10.5 Hz),
130.43, 130.38, 128.7 (d, J= 12.5 Hz), 128.53, 128.47, 128.43, 128.40 (d, /= 13.4 Hz), 128.1 (d,
J=11.5 Hz), 127.9, 127.72 (d, J = 102.6 Hz), 127.70, 127.2, 126.9, 126.2, 125.7, 123.0 (d, J =
11.5 Hz); *'P NMR (CDCls, 161.8 MHz): 23.2 (d, J = 476.8 Hz); IR (v, cm™): 1438, 1389, 1194,
1113, 939, 907, 763, 747, 728, 701, 672; HRMS (ESI) m/z: [M + Na]" calcd for C3;H»;NaOP,
477.1384; found, 477.1357.

2-4. Substrate synthesis
Amine 7,°® allyl methyl carbonate 8,” styrene 10e,”” styrenes 10f and 10h,”" and 1,3-

dimethylindole 141" were prepared according to the reported procedure.

0] DCC (1.1 eq) 0]
DMAP (0.1 eq)
OH + HO "X > 07N
DCM (0.2 M)
Br (1.1 eq) rt, 48 h Br

but-3-en-1-yl 2-bromobenzoate (47d)

To a stirred solution of 2-bromobenzoic acid (603.0 mg, 3.0 mmol, 1.0 equiv), 3-buten-1-ol
(0.28 mL, 3.3 mmol, 1.1 equiv), and DMAP (36.7 mg, 0.30 mmol, 0.10 equiv) in DCM (15.0
mL, 0.20 M) was added DCC (680.9 mg, 3.3 mmol, 1.1 equiv) at room temperature. After
stirring for 48 h, the reaction mixture was filtered through a short pad of celite, and the filtrate
was concentrated in vacuo. The crude product was purified by flash column chromatography (n-
hexane/EtOAc = 50/1) to afford 47d (760.0 mg) in quantitative yield as colorless oil.

'H NMR (CDCls, 399.8 MHz): § 7.78 (dd, J = 7.3, 2.3 Hz, 1H), 7.65 (dd, J = 7.3, 1.4 Hz, 1H),
7.38-7.29 (m, 2H), 5.88 (ddt, J = 17.4, 10.5, 6.9 Hz, 2H), 5.18 (ddd, J = 17.4, 1.8, 1.8 Hz, 1H),
5.12 (ddd, J=10.5, 1.8, 1.4 Hz, 1H), 4.40 (t, J = 6.9 Hz, 2H), 2.56-2.51 (m, 2H); *C{'H} NMR
(CDCl3, 100.5 MHz): & 165.8, 134.1, 133.7, 132.3, 132.1, 131.1, 126.9, 121.4, 117.3, 64.4, 32.8;
IR (v, cm™): 1729, 1289, 1246, 1131, 1106, 1043, 1028, 916, 741; HRMS (ESI) m/z: [M + Na]"
calcd for Cy1Hy BrNaO, 276.9840; found, 276.9837.

(0] DCC (1.1 eq) 0]
DMAP (0.1 eq)
OH + po g, - 0™ gn
DCM (0.2 M)
Br I’t, 15h Br

(1.1 eq)

2-(benzyloxy)ethyl 2-bromobenzoate (47¢)
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To a stirred solution of 2-bromobenzoic acid (639.0 mg, 3.2 mmol, 1.1 equiv), 2-
(benzyloxy)ethanol (439.4 mg, 2.89 mmol, 1.0 equiv), DMAP (35.3 mg, 0.29 mmol, 0.10 equiv)
in DCM (14.5 mL, 0.20 M) was added DCC (655.9 mg, 3.2 mmol, 1.1 equiv) at room temperature.
After stirring for 15 h, the reaction mixture was filtered through a short pad of celite, and the
filtrate was concentrated in vacuo. The crude product was purified by flash column
chromatography (n-hexane/EtOAc = 10/1) to afford 47e (954.2 mg) in quantitative yield as
colorless oil.

'H NMR (CDCls, 399.8 MHz): § 7.81 (dd, J = 6.9, 2.3 Hz, 1H), 7.66 (dd, J = 7.8, 1.4 Hz, 1H),
7.39-7.28 (m, 7H), 4.61 (s, 2H), 4.52 (t, J = 5.0 Hz, 2H), 3.82 (t, J = 5.0 Hz, 2H); *C{'H} NMR
(CDCls, 100.5 MHz): 6 166.0, 137.8, 134.2, 132.5, 131.9, 131.4, 128.3, 127.6, 127.0, 121.7, 73.1,
67.7, 64.5; IR (v, cm™): 1729, 1289, 1248, 1098, 1043, 1027, 908, 729, 696, 644; HRMS (ESI)
m/z: [M + Na]" calcd for C1¢H;sBrNaOs, 357.0102; found, 357.0089.

2-5. General procedure

General procedure for a-allylation of amines

[PdCl(allyl)], (2.5 mol %)

P(p-tolyl); (5 mol %) Bz
R2 OCO,Me DPAsphox (5 mol %) Rl N\Ar
| + J
RI_N 7/ DMF
~A 3 (0.1 M) S
r R ft, 19 h /
(1.5 eq) 5 W blue LED x 2 R

An 20 mL Shlenk tube containing a magnetic stirring bar was charged with N-aryamine (0.20
mmol, 1.0 equiv), [PdCl(allyl)]> (1.8 mg, 2.5 mol %), P(p-tolyl); (3.0 mg, 5.0 mol %), DPAsphox
(4.5 mg, 5.0 mol %), allyl carbonate (0.30 mmol, 1.5 equiv), and DMF (2.0 mL, 0.10 M). After
the reaction mixture was degassed by freeze-pump-thaw cycles three times, it was sitrred for 19
h at room temperature under irradiation with 5 W blue LED lights. Then, water (3 mL) was added
to the reaction, and the aqueous layer was extracted with EtOAc (3 mL x 3). The combined
organic layer was washed with water (3 mL x 3) and brine (3 mL), dried over Na,SOs, and
concentrated. The crude product was purified by flash column chromatography to afford the

corresponding product.

General procedure for Heck reaction of unactivated alkyl bromide
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PdCl,(PPhg), (5 mol %)
PPhg (5 mol %)
DPAsphox (5 mol %)
K>CO3 (1.2 eq)

o Alkyl
+  Alkyl—Br H20 (1 eq)
DMA (0.2 M)

rt, 36 h
(2 eq) 5 W blue LED x 2

An 20 mL Shlenk tube containing a magnetic stirring bar was charged with PdCL:(PPhs), (7.0 mg,
5.0 mol %), PPh; (2.6 mg, 5.0 mol %), DPAsphox (4.5 mg, 5.0 mol %), and K»COs (33.2 mg, 1.2
equiv). After the tube was evacuated and filled with argon, styrene (0.20 mmol, 1.0 equiv), alkyl
bromide (0.40 mmol, 2.0 equiv), distilled water (3.6 uL, 1.0 equiv), and degassed DMA (1.0 mL,

0.20 M) were added under a stream of argon. The reaction mixture was sitrred for 36 h at room

temperature under irradiation with 5 W blue LED lights. Then, water (3 mL) was added to the
reaction, and the aqueous layer was extracted with EtOAc (3 mL X 3). The combined organic
layer was washed with water (3 mL x 3) and brine (3 mL), dried over Na>SOs, and concentrated.
The crude product was purified by flash column chromatography to afford the corresponding

product.

General procedure for biaryl synthesis
PdCl,(PPhg), (5 mol %)

PPhs (5 mol %)
DPAsphox (5 mol %)
(\ KsPO, (1.2 eq)
+ X > =
X

/,
N— R2 =
. DMA (0.2 M) 4
R' ft, 8-36 h NP ge

(10 6q) 5 W blue LED x 2 R
An 20 mL Shlenk tube containing a magnetic stirring bar was charged with PdCL(PPhs), (7.0 mg,
5.0 mol %), PPh; (2.6 mg, 5.0 mol %), DPAsphox (4.5 mg, 5.0 mol %), KsPO4 (50.9 mg, 1.2
equiv), aryl halide (0.20 mmol, 1.0 equiv), pyrrole (2.0 mmol, 10.0 equiv), and DMA (1.0 mL,
0.20 M). After the reaction mixture was degassed by freeze-pump-thaw cycles three times, it was
sitrred at room temperature under irradiation with 5 W blue LED lights. Then, water (3 mL) was
added to the reaction, and the aqueous layer was extracted with EtOAc (3 mL x 3). The combined
organic layer was washed with water (3 mL x 3) and brine (3 mL), dried over Na,SOs, and
concentrated. The crude product was purified by flash column chromatography to afford the

corresponding product.

General procedure for dehalogative hydrogenation
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PdCI,(PPhg), (5 mol %)
PPhs (5 mol %)
DPAsphox (5 mol %)

KsPO, (1.2 eq)
X solvent - H

rt, 24-36 h
5 W blue LED x 2

An 20 mL Shlenk tube containing a magnetic stirring bar was charged with PdCL:(PPhs), (7.0 mg,
5.0 mol %), PPh; (2.6 mg, 5.0 mol %), DPAsphox (4.5 mg, 5.0 mol %), KsPO4 (50.9 mg, 1.2
equiv), aryl halide (0.20 mmol, 1.0 equiv), and solvent as specified. After the reaction mixture
was degassed by freeze-pump-thaw cycles three times, it was sitrred at room temperature under
irradiation with 5 W blue LED lights. Then, water (3 mL) was added to the reaction, and the
aqueous layer was extracted with EtOAc (3 mL x 3). The combined organic layer was washed
with water (3 mL x 3) and brine (3 mL), dried over Na,SO4, and concentrated. The crude product

was purified by flash column chromatography to afford the corresponding product.

2-6. Characterization of the reaction products

Spectral data of the reported compounds were matched with the literature data.
References: (31a, q, r)*;(31¢c, d, f-h)’; 31m’™; (37a, £)*; (37b, n)"*; 37¢, d, i, q)**; 37g’%; 37h"’;
37i7%; 37k, 0, p)%; (371, m)™’; 37r®'; (43a, b, d, h-j)*; 431%; 43g™; 43Kk™5; 47d°¢; 47"

New substrates were characterized as follows:

N
A \@( Me
)

1-(4-(1-allyl-3,4-dihydroisoquinolin-2(1H)-yl)phenyl)ethan-1-one (31b)

The crude product was purified by preparative TLC (DCM/Et;N = 100/1) to afford 31b (44.7 mg)
in 77% yield as light yellow oil.

'HNMR (CDCls, 399.8 MHz): 6 7.89 (d, J= 9.2 Hz, 2H), 7.20-7.11 (m, 4H), 6.83 (d, J=9.2 Hz,
2H), 5.81 (ddt, J=16.9, 10.1, 7.3 Hz, 1H), 5.12-5.07 (m, 2H), 4.85 (t, /= 7.3 Hz, 1H), 3.75-3.60
(m, 2H), 3.05-3.01 (m, 2H), 2.75 (ddd, J = 14.0, 6.9, 6.9 Hz, 1H), 2.55-2.48 (m, 4H); *C{'H}
NMR (CDCls, 100.5 MHz): & 196.3, 152.2, 137.2, 134.59, 134.57, 130.7, 128.3, 127.3, 127.0,

126.1,125.8,117.8,111.2,58.8,42.2,40.7,27.7,26.0; IR (v, cm™): 1659, 1591, 1517, 1390, 1355,
1278, 1224, 1187, 810; HRMS (ESI) m/z: [M + H]" caled for C20H22NO, 292.1701; found,
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292.1678.

R
X Br

1-allyl-2-(4-bromophenyl)-1,2,3,4-tetrahydroisoquinoline (31e)

The crude product was purified by preparative TLC (n-hexane/EtOAc/EtsN = 100/3/1) to afford
31e (39.9 mg) in 61% yield as light yellow oil.

'HNMR (CDCls, 399.8 MHz): 6 7.31 (d, J=9.2 Hz, 2H), 7.20-7.10 (m, 4H), 6.75 (d, J=9.2 Hz,
2H), 5.83 (ddt, J=17.4,10.1, 7.3 Hz, 1H), 5.09-5.05 (m, 2H), 4.69 (t, /= 6.9 Hz, 1H), 3.65-3.51
(m, 2H), 3.05-2.98 (m, 1H), 2.93-2.86 (m, 1H), 2.74-2.67 (m, 1H), 2.52-2.45 (m, 1H); *C{'H}
NMR (CDCls, 100.5 MHz): § 148.5, 137.9, 135.4, 134.8, 132.0, 128.6, 127.4, 126.9, 126.0, 117 .4,
115.5, 109.1, 59.4, 42.1, 40.9, 27.4; IR (v, cm™): 1587, 1490, 1389, 1332, 1223, 914, 799, 755;
HRMS (ESI) m/z: [M + H]" caled for CisH;9BrN, 328.0701; found, 328.0698.

N—Ph
N

N \

1-allyl-2-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (31i)

The crude product was purified by flash column chromatography (n-hexane/EtOAc = 10/1) to
afford 31i (48.3 mg) in 84% yield as yellow oil.

'H NMR (CDCls, 399.8 MHz): § 7.71 (br-s, 1H), 7.46 (d, J = 7.3 Hz, 1H), 7.28-7.21 (m, 3H),
7.14 (dd, J=17.3, 7.3 Hz, 1H), 7.08 (dd, /= 7.3, 7.3 Hz, 1H), 6.96 (d, J = 8.7 Hz, 2H), 6.78 (t, J
=7.3 Hz, 1H), 6.06-5.95 (m, 1H), 5.20-5.16 (m, 2H), 4.78 (t, /= 6.4 Hz, 1H), 3.91 (dd, J=13.7,
4.1 Hz, 1H), 3.50 (ddd, J=13.7, 11.4, 4.1 Hz, 1H), 2.92 (ddd, J = 16.5, 11.4, 4.1 Hz, 1H), 2.70-
2.53 (m, 3H); “C{'H} NMR (CDCls, 100.5 MHz): & 150.3, 135.9, 135.7, 135.3, 129.4, 127.1,
121.8,119.5,118.8, 118.3, 116.40, 116.40, 110.9, 109.4, 55.9, 42.4, 38.4,20.5; IR (v, cm™): 3407,
1597, 1499, 1459, 1393, 1227, 744, 693; IR (v, cm™): 1597, 1502, 1390, 1330, 1211, 889, 745,
691; HRMS (ESI) m/z: [M + H]" calcd for CooH21N», 289.1705; found, 289.1697.

4-allyl-5-phenyl-4,5,6,7-tetrahydrothieno[3,2-c]pyridine (31j)

181



The crude product was purified by preparative TLC (n-hexane/EtsN = 200/1) to afford 31j (35.3
mg) in 69 % yield as orange oil.

'H NMR (CDCls, 399.8 MHz): § 7.24-7.20 (m, 2H), 7.05 (d, J= 5.5 Hz, 1H), 6.92 (d, J= 8.2 Hz,
2H), 6.83 (d, J=5.5 Hz, 1H), 6.75 (t,J=7.3 Hz, 1H), 5.97-5.87 (m, 1H), 5.11-5.04 (m, 2H), 4.79
(t, J=6.4 Hz, 1H), 3.90 (dd, J=13.7, 5.0 Hz, 1H), 3.52 (ddd, /= 13.7, 11.9, 4.1 Hz, 1H), 3.01
(ddd,J=15.6,11.9, 5.0 Hz, 1H), 2.74-2.50 (m, 3H); *C{'H} NMR (CDCl;, 100.5 MHz): § 150.2,
137.0, 135.9, 134.3, 129.4, 125.8, 122.1, 118.4, 117.2, 115.9, 58.1, 41.5, 39.3, 23.7; IR (v, cm™):
1596, 1499, 1396, 1215,914, 747,710, 691, 656, HRMS (ESI) m/z: [M + H]" calcd for C;¢H;sNS,
256.1160; found, 256.1152.

@)

N
BnO “Ph
A

benzyl 2-(phenylamino)pent-4-enoate (311)

The crude product was purified by preparative TLC (n-hexane/Et;N = 100/1) to afford 311 (14.3
mg) in 25% yield as yellow oil.

'H NMR (CDCls, 399.8 MHz): § 7.37-7.27 (m, 5H), 7.16 (dd, J = 8.2, 8.2 Hz, 2H), 6.74 (t, J =
7.3 Hz, 1H), 6.61 (d, J= 7.3 Hz), 5.75 (ddd, /= 17.4, 9.6, 7.3 Hz, 1H), 5.15-5.10 (m, 4H), 4.23-
4.15 (m, 2H), 2.64-2.55 (m, 2H); *C{'H} NMR (CDCls, 100.5 MHz): § 173.3, 146.6, 135.6,
132.7,129.4, 128.7, 128.5, 128.4, 119.2, 118.6, 113.7, 67.0, 56.2, 37.1; IR (v, cm™): 1737, 1604,
1505, 1315, 1262, 1180, 1147, 749, 693; HRMS (ESI) m/z: [M + Na]" calcd for CisHi19NNaO,,
304.1314; found, 304.1302.

Ph

Bn

1-(2-benzylallyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline (31n)

The crude product was purified by flash column chromatography (n-hexane/DCM/Et;N =
100/2/1), and then, preparative TLC (chromatorex NH-TLC plate, n-hexane) to afford 31n (42.1
mg) in 62% yield as light yellow oil.

'HNMR (CDCls, 399.8 MHz): § 7.27-7.03 (m, 11H), 6.87 (d, /= 8.2 Hz, 2H), 6.73 (t,J=7.3 Hz,
1H), 4.86-4.83 (m, 3H), 3.60-3.56 (m, 2H), 3.31 (d, J= 7.3 Hz, 2H), 3.03-2.95 (m, 1H), 2.78 (dt,
J=16.0, 5.0 Hz, 1H), 2.65 (dd, J = 13.7, 7.3 Hz, 1H), 2.33 (dd, J = 13.7, 7.3 Hz, 1H); “C{'H}
NMR (CDCls, 100.5 MHz): 6 149.5, 146.2, 139.4, 138.4, 134.8, 129.2, 129.1, 128.5, 128.3, 127 .4,
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126.5, 126.1, 125.6, 117.4, 114.8, 114.3, 58.8, 43.2, 41.71, 41.68, 26.8; IR (v, cm™): 1596, 1502,
1494, 1390, 1264, 1029, 894, 733, 695; HRMS (ESI) m/z: [M + H]" caled for CasHa6N, 340.2065;
found, 340.2063.

1-(2-methylenehexyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline (310)

The crude product was purified by preparative TLC (rn-hexane/DCM/Et;N = 100/2/1) to afford
310 (33.3 mg) in 55% yield as light yellow oil.

'HNMR (CDCls, 399.8 MHz): § 7.24-7.21 (m, 2H), 7.16-7.06 (m, 4H), 6.90 (d, J= 8.2 Hz, 2H),
6.72 (t, J=17.3 Hz, 1H), 4.85-4.80 (m, 2H), 4.71 (s, 1H), 3.64-3.60 (m, 2H), 3.06-2.98 (m, 1H),
2.87-2.81 (m, 1H), 2.70 (dd, J = 13.7, 7.3 Hz, 1H), 2.36 (dd, J=13.7, 7.3 Hz, 1H), 2.03 (t, J =
6.9 Hz, 1H), 1.42-1.24 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H); “C{'H} NMR (CDCl;, 100.5 MHz): &
149.6,147.1,138.7,134.8,129.3,128.6, 127.7,126.6, 125.6, 117.4,114.3, 112.4, 58.7,42.8, 41.8,
36.0, 30.1, 27.1, 22.6, 14.1; IR (v, cm™): 1597, 1502, 1390, 1330, 1211, 889, 745, 691; HRMS
(ESI) m/z: [M + H]" calcd for C»2HasN, 306.2222; found, 306.2224.

Ph

Pr
1-(3-methyl-2-methylenebutyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline (31p)
The crude product was purified by preparative TLC (rn-hexane/DCM/Et;N = 100/2/1) to afford
31p (40.6 mg) in 70% yield as colorless oil.
'H NMR (CDCls, 399.8 MHz): § 7.24-7.20 (m, 2H), 7.14-7.06 (m, 4H), 6.89 (d, J= 8.2 Hz, 2H),
6.72 (t, 7.3 Hz, 1H), 4.86 (s, 1H), 4.83 (t, /= 7.3 Hz, 1H), 4.77 (s, 1H), 3.67-3.56 (m, 2H), 3.06-
2.98 (m, 1H), 2.89-2.82 (m, 1H), 2.75 (dd, J=14.2, 7.3 Hz, 1H), 2.37 (dd, /= 14.2, 7.3 Hz, 1H),
2.20-2.10 (m, 1H), 0.98 (t, J = 6.9 Hz, 6H); *C{'H} NMR (CDCl;, 100.5 MHz): § 153.0, 149.6,
138.7, 134.9, 129.3, 128.6, 127.7, 126.6, 125.6, 117.4, 114.2, 109.9, 59.3, 41.9, 41.5, 33.7, 27.2,
21.83,21.76; IR (v, em™): 1597, 1502, 1389, 1330, 1210, 888, 744, 690; HRMS (ESI) m/z: [M +
H]" calced for C21HxN, 292.2065; found, 292.2055.
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OHC

(E)-4-(3,3-dimethylbut-1-en-1-yl)benzaldehyde (37¢)

The crude product was purified by flash column chromatography (n-hexane) to afford 37e (24.0
mg) in 64% yield as colorless oil

'H NMR (CDCl;, 399.8 MHz): § 9.94 (s, 1H), 7.79 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H),
6.43 (d, J=16.0 Hz, 1H), 6.33 (d, J = 16.0 Hz, 1H), 1.13 (s, 9H); *C{'H} NMR (CDCl;, 100.5
MHz): § 191.7, 145.7, 144.3, 134.8, 130.1, 126.4, 123.9, 33.7, 29.3; IR (v, cm™): 2958, 1694,
1600, 1213, 1166, 971, 807, HRMS (ESI) m/z: [M + H]" caled for Ci3H;7,0, 189.1279; found,
189.1286.

CF, CN

=
N
Me”
2-(1-methyl-1H-pyrrol-2-yl)-5-(trifluoromethyl)benzonitrile (43c)
The crude product was purified by flash column chromatography (n-hexane/EtOAc = 10/1) to
afford 43¢ (36.2 mg) in 72% yield as light yellow oil.
'H NMR (CDCls, 399.8 MHz): & 7.98 (d, J = 1.4 Hz, 1H), 7.83 (dd, J = 8.7, 1.4 Hz, 1H), 7.56 (d,
J=8.2Hz 1H), 6.84 (dd, J=2.8, 1.8 Hz, 1H), 6.51 (dd, J=3.7, 1.8 Hz, 1H), 6.27 (dd, J = 3.7,
2.8 Hz, 1H), 3.64 (s, 3H); *C{'H} NMR (CDCl;, 100.5 MHz): § 140.2, 131.1, 130.7 (g, /= 3.8
Hz), 129.6 (q, J = 33.6 Hz), 129.1 (q, J = 3.8 Hz), 128.7, 126.4, 123.1 (q, J = 273.2 Hz), 117.6,
113.05, 113.02, 109.0, 35.1; '°F NMR (CDCls, 376.2 MHz): § -62.8; IR (v, cm™): 1329, 1169,
1125, 1080, 751, 730, 722; HRMS (ESI) m/z: [M + H]" caled for Ci3H10F3Na, 251.0796; found,
251.0787.

@)

4-fluoro-3-(1-methyl-1H-pyrrol-2-yl)benzaldehyde (43e)

The crude product was purified by flash column chromatography (n-hexane/EtOAc = 10/1) to
afford 43e (30.2 mg) in 74% yield as colorless oil.

'H NMR (CDCl;, 399.8 MHz): 6 9.99 (s, 1H), 7.91-7.86 (m, 2H), 7.32-7.27 (m, 1H), 6.80 (dd, J
= 1.8, 2.8 Hz, 1H), 6.30 (dd, J= 3.7, 1.8 Hz, 1H), 6.25 (dd, J = 3.7, 2.8 Hz, 1H); “C{'H} NMR
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(CDCl;, 100.5 MHz): 6 190.5, 163.5 (d, J = 256.9 Hz), 134.0 (d, /= 5.8 Hz), 132.9 (d, J=2.9
Hz), 130.5 (d, J = 9.6 Hz), 126.5, 124.3, 122.4 (d, J = 16.3 Hz), 116.8 (d, J = 24.0 Hz), 110.9,
108.2, 34.7 (d, J = 4.8 Hz); ”F NMR (CDCls, 376.2 MHz): § -103.2; IR (v, cm™): 1699, 1582,
1497, 1249, 1225, 1167, 825, 718, 614; HRMS (ESI) m/z: [M + H]" caled for Ci,H;FNO,
204.0825; found, 204.0818.

CN

2-(1,3-dimethyl-1H-indol-2-yl)benzonitrile (431)

The crude product was purified by flash column chromatography (n-hexane/EtOAc = 20/1 to
10/1) to afford 431 (15.4 mg) in 31% yield as white solid.

Mp 126-128 °C; 'H NMR (CDCls, 399.8 MHz): § 7.83 (d, J= 7.8 Hz, 1H), 7.70 (dd, /= 7.8, 7.8
Hz, 1H), 7.63 (d, J= 7.8 Hz, 1H), 7.53 (dd, /= 7.8, 7.8 Hz, 1H), 7.47 (d, J= 7.8 Hz, 1H), 7.36-
7.28 (m, 2H), 7.17 (dd, J = 7.8 Hz, 1H), 3.59 (s, 3H), 2.26 (s, 3H); *C{'H} NMR (CDCls, 100.5
MHz): 6 137.6, 136.0, 133.3,133.2, 132.4, 132.3, 128.5, 128.1, 122.6, 119.4, 119.3, 117.9, 114.5,
111.4,109.4,30.9,9.5; IR (v, cm™): 1467, 1428, 1384, 1362, 1330, 1243, 1233, 765, 740; HRMS
(ESI) m/z: [M + H]" calcd for C17H;sN, 247.1235; found, 247.1227.
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