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nuclear magnetic resonance
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E18H #E

AHREBALFDOREIZBNT, EBSRBRILAEMZ WD AENIERS Z LD TE RN
FETH D, 1950 FERMIFAD Ziegler filfiil & 7 = v L 203 BLIKE, il LS T35 7
7A T IANVAERIZED FTHEERSRIFIIREERL TE L, ZOHEKD—
DL LT, EBRSRIERICRA RIS (BRI, ExrolisE, A, BBtsS72 L)
LI E DR T, MOSHITIEREER BN AIRRIZ R S T2 2 ERET LD,
— I, EBAERIIRE DR T, W O(LFREO %8 2R 5 LT
7172 NMR 72 E D3 HFHITFIESCHRE G X B ERAT ORE RO, BUSHREIZEIT 559+
LAV TOHRERGRD Z LN TED, ZVD OEBRILET — 2 OFERIL A BRI 20 1345
ZRREIC LS, mWEME &b L ONLAGRIUE 2 28~ 2 AR DRSS 72 o 7=, Bl
Z21E, FERRLTHAIKT 2270820y 7Y 7 )E (Scheme 1-1) R°A L7 ¢ VHHD
AFIKFACEOE (Scheme 1-2) 72 L, 4 H DEIELAGFME S EIZ R DR WIIN S, &
BB IR L~ T ORI 22 BB AT -ORUE RS RRET S D o T2 b T ER SN2 H D
Th b,

Scheme 1-1. Suzuki-Miyaura coupling.*

cat. Pd(PPhs),
benzene, reflux
z z
Scheme 1-2. Asymmetric hydrogenation by Rh/DIPAMP.®

H3CO:©/\/COZH H3CO COQH
[Rh[(R,R)-dipamp](cod)]BF4 :©/\|/

HN O

G S Y

/go /go

97.5% ee

R
L0 o o e
P P
R = OCH m
R
I-DOPA

(R,R)-DIPAMP

PRI ORRGETTIE, @BIZT TRLBALFOBRPEETH D, %< OEAFARBERIE
TIFE S FOREGHA - A BRI BN TRBTOOALBEE L, B Fiddoe
JBOEFIREE - SRR AT 2 %E 2T\ DH, —F, @R E & bICRALF2
S F OB E R - 2 Al — i Z S RE S — DS T AR RIS JE S D K D 1272 -
T& o, ARETIIHRMAEMIEIZ 31T 2 BN F DTS ORREIC W TIRL L, ABFZE
DHBZHLMNTT D,
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F2E R/EEFEOHBENREZL-OYHFMIEKC

B1E T EOERTICAMGEOT S Uik

R D SEBRAN 2B g2 L LT, 7 bk R VBRIV AR = vk
B OBRITLSUED A BTN D,

1995 4RIZKAE - BHK - FER BT 7 V7 VHEOKFE b L LT B D RuCl(PPhs); §i
izt L, KEED Y O D(FET, 12-2F Lo P27 2 02N 5 Ellmkis by
Tl b OKRBACISDINR LS EITTHZ L2 RWZ L7z (Scheme 1-3/entries 1,2) 7,
ZOB, BHUOEIHRT I WNNN-T FTAFNLZF LU IT I) TS
KIGIAR T Licized, 7 X L+ O NH AL 7 b o BEORGTICHERER TH L Z
LD T (entry 3) . Z DORMERITIRE —FR _EHEGZIBRNETT LD THY,
FVT7 4 SENLE ANR=NEDOW G 2 HT D 1-7 = =)b-4 XT -1-F4  OIKFACEUE
TIL, VAR = VRO BIRETE ST AR (REafn 7T L2 —)L) 2RI 5 2 5 (Scheme
1_4) SaO

Scheme 1-3. NH effect on the Ru-catalyzed hydrogenation of Figure 1-1.

acetophenone. Possible role of the NH moiety.
[Ru]
O OH
Ru cat N
©)‘\ + H, [2-propinol ©)\ / \ O+
3 atm H H\ 5—
O
o+
entry [Ru cat] TOF[h™]
1 [RUCIy(PPhs)s] <5
2 [RUCI,(PPh3)3]/HaN(CH,),NHo/KOH (1:1:20) 6700
3 [RUClo(PPh3)3]/(CH3),N(CH,),N(CH3),/KOH  very slow
Scheme 1-4. Carbonyl-selective hydrogenation of 1-phenyl-4-pentene-1-one.
[RuCly(PPh3)s]
o) H,N(CH,)oNH, OH OH
= KOH =
+ H, > +
2-propanol/toluene (6:1)
4atm  ogec,0.7h
98.2% 1.8%

ketone:Ru:diamine:KOH = 500:1:1:2

DX, Fu UMY X UEMNLTFOBEANIC XY HIVR =V EPERIITE T S
ZEmD, TIvTu bl ER O VR VIR O BEAERADN, s OHEE I
2o TWAHZ ENRE S (Figure 1-1), ZHVE CTOEMLT- &38R, FKEOIEMEIZE
BR5T57 0T v 77 I VRN T OBRBIDRIRE I,

14



ZDRu-RAT 4 -T2 UEHARERIE, T 07 2 UENF (Figure 1-2) W5
EARFARFACBORE~DRFANBFIRETH Y, Frx REFRES N EEEZEmWT T o F A %R
PECEIC L, SRR T v a— a5 2720 ZOMBERTIE, RAT 4 VEAFO
HHEMEL OV, U7 IVEMFOFT YT 4 —B=F o FARIRECRE B2 kI
L, MW U F AR EZ L0 L2 D U7 I U EL 28 RV D28 WSS R
BIZREG LTWD 2 & BREST S0,

Figure 1-2. Chiral [RuCly(binap)(diamine)] catalysts.

e g om  CCLac

\| / PN O OCHs
p” |\ ,,,, 7| SN,

Ol Ol

[RuCK(R)-binap}{(S,S)-DPEN}] [RUClo{(R)binap}{(S)-DAIPEN}]

IO, TuT 4y T IV FONRIIHRAT 4 VEALFE BT N—T Y R
U4y TFRNT =7 MEEEAT ORI N TV D,

BHEK « fER - /0 H1E TSDPEN (N-(p- bV ALK = )-12-V 7 = = V= F L DT
V) REEIANVKR=LINT YT I VBN ERT O NN—T U R 4 TR L
— T = AEEIR AN, 2-7 1% —)L (Scheme 1-5) 10X % (Scheme 1-6) 2% 3 T4l
(KFWR) LT 2HERT N O KEBHUAFE TSI L THENTH L Z & &k
HLlc, WHTHRRD LI, ZoN—T7Hr RU v FREEHEZ -8R 1 2 i
FINHr N ORI 5 7 e h T I VRN T OREINRH LM E T,

Scheme 1-5. Asymmetric transfer hydrogenation of acetophenone using 2-propanol.

Q HO H cat, 0.5 mol% HO, :H o CeH
X 65,

e X KOH, 2.5 mol% + ,J: Ru
2-propanol, rt, 15 h C-H
65

95% yield
97% ee A

Scheme 1-6. Asymmetric transfer hydrogenation of acetophenone using formic acid.

(e} Is
cat " CeHs.,,
. N
[::TJL\ HCOOH HOOH/N(CHZCHS)3 fhK
CeHs Cl

28°C,20h

>99% yield
98% ee
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B2 TOT4vITIVEMFELOERICLSKEBBRIEOME

b b BHORBBEE LG THW A= Ry o FOT IV LT =0 MK

WBILT, BHELIET S B2 e b A LTz 16 EF 7 I REE L KER NS E R
UReTmhrzBZ LI 1I8EFE FU R (7 IY) RN LERMeem & U CTHEET6E
ThoHZ xR WIELE (Figure 1-3) 8, 51T, T HITKFEBENE LG DY 1 7
VR OIEMRETH 5 Z E AW LM ST,

Figure 1-3. Amido complex and hydrido(amine) complex.

Ts =
CeHs ., C6H5 N NI Rn
)i Ru—@ /RL];
CgHs H
H H
amido complex hydrido(amine) complex

Scheme 1-6. Possible catalytic cycle in asymmetric transfer hydrogenation using bifunctional

catalysts.
'Il's
CeHs ., N\ \\\Rn
)i /Ru\
CgHsg N Cl
H H
chlorido(amine) complex
base
[1]
~HCl Ts Q
CeHs., N R
HCOOH Ru
7N
CeHsu, CeHs” °N OCOH
/ N\
OH Ru H H
Ph/l*\ C5H5 formato(amine) complex
amido complex @ 0
21 \— @)
CO,
F R ;
CeHs/, N \\‘Rn CeHs., N \\@*Rn
)i Ru 5 )i Ru
/N /N
CgHsg /N\ H\ CgHs /N\ H
Ho o I8+ H H
5+ S~ F
5_0 Ph hydrido(amine) complex

\A 0]
Ph)J\
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S OB A D K ESe Z O FHREALFRIMF L ORE RN D, KEBENVIE TGO
B ITR D L O [CEfiE ST\ D (Scheme 1-6)

[1] ST T, MEREEAECH D70 K (7 I 2) SR DIELKEDBEE L, fil

IEVEFE T 5 16 B 7 X RESEDERT 5,

2] 7 2 RESAIIKBUHEAR LG, 18FFE RU R (7 Y) $MEZ KT 5,
<KFBHEGRNXEEOYE (patha) >

TV ATy REFEMEOT I R FRFEBEN 72 Rk L, EFHRL~ b (T IV)
BEAEE U D(ar). DO BRIBBRRIZ LY & U R (7 I 2) S5EICEI SN 25 (a),
KBRS T L3 — L DA (path b) >

Ts
' Qﬁ D E DI, VA ZARIED G H LY 227 18— LD A
CGH5 ‘1, N N Rn

Riss FokFE, TLUATy KEEE LTIEMT 57 3 NE
CeHs Ny]ﬁ‘ FRT N a—LOKIET T F o EG XX, TR hoEE
H o MLARBE KUK (73y) SRCERENS,

B] 7 A EE DA NR = VTR ERFED, T e YR (T IV) §EEoe FY Rid
MABELOT IVEA A EOTm b L ERICHAEIERA L, 7 b EEHICH (B R U F)
LHY (Fm b)) BRI S, B THL TV a— a2 ERT D,

ORI, TaT 4y T IVEMNAERT DT = U LGSR TILHLEE AT RE 22 Al TS
PEREDOHEIE 2 6 &2 b ORFEBENR CSOCHEN R Sz, @ TODH RN EE D
TEYEARIZ B G- 2 06RO 43 Tl Clx,  Bhr I3RS & B0 - SRR HIE 3 5 1%
BZHEHIN, TIUIT I REMFOEEIET e b oA%5% % > TR B &3 EEL L L
2D B ROCCFEMAICE G L TWA Z BN Ehic, ZTON—T7H Ry 4 v TFRLT =
U AEERIT S TR FE Z O BKELbIEE & U CHSRET 21, £, FRloA U 2T A
g, BT AMDSERER (Figure 1-4) b RIBROZEITHEEELZ AT 252 L b LNIT/R 57215,
*L@ﬁ%%%%&bf &R IENL - MBI ER 32 & & & F 72 1 2SS RE Al LAY BH 3

, BUEL ek, TOEMABKEIINICHROIL TS, RFmsSCTi T emkhefiis) %
rEM¥ﬂ7DF/Wéﬁ@@ﬁ%éwiﬁ%ﬁkbf%%b,ﬁ@kk%_%E®E@
BB 5T oMbl EERL, Eimzr T .

Figure 1-3. Representative Cp*Rh and Ir bifunctional amine catalysts.

ceHs,i'i i ﬁ_ i ijg oy ijg

CeHs~ N
H H
Ohkuma, 2006 Ikariya, 2014 Mashima, 1998 Mashima, 1998
Hydrogenation {Transfer hydrogenation]
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E3IE Z OO EHEEAE

RO TT I AR E EFE BT, WAL OMESIE S < OfEERE OFES & LT
MAGAFI, FOAEMAENRH LN ENTWA, LLTIC, BEAO W ZESEEREf D35 %
i—\"a‘o

(1) W= Fo1syFRT7 I VK

R OIXFE 1T X ) 2B H/A 0 JEx L— ML Z B L (Figure 1-4), £ D
il R RE Dl 21T o 72, ZFDFER, F L — NN O E BT 5 2 & T, fliigEe
WS EZ LD Z LI LT D,

BIZIE, XDV T IO 7 a AL o TERKT D C—N FL— LMK B T
%, il oT ) ANFE=LPT I N—N FL— A C LR, 7 MO KEBENR
TCIEMENZE L <M ET % (Scheme 1-7) 6, Fr@MIEEDOAHIL, ZOBRNMNFEZHT DUV
R VEERE AR L, CO MEIRENEEZ WV TR 723 i 217V, C—N & L— &K
BOHLERDEAFFHENN-NF L — FMEERC LEXTHNWZ EEZHLMNILTNS S,

Figure 1-4. Half-sandwich catalysts.

(original complex) |
.8 v O
| ' c
ST
CeHs.,, N ) Rn CgHs., N % " R % \ Ru Ru
RU )i I RN
/N / .
C6H5 /N\ Cl C6H5 ,N \Cl | H H M =Rh, Ir
H W H H ! Cp*MH(C-N) Cp*RuH(P-N)  Cp*RuH(N-N)

Scheme 1-7. Comparison of the catalytic activities between chelate C-N and N-N iridium

complexes.
(0] OH " OH 0]
ca
Ph/u\ N (CH3),CHOH Ph/L\\ - A
S/C =100 rt, 1h
cat Ms
|
%%& N\%%&
CeH AN AN
6 C5 H /N\ H /N\ H
% H H H
B C
98% yield 2% yield

18



Fo, BBRLIZAVK=LTT I N—N) X7 I (C—N) HEDO LX Hl %
L— MENEF720 T22<, LL O X L— M E LTT IV ARA T 4 PN E T
7 2 (N=N)ENL A% AW C, S8 7% O Cp*Ru S5 BHM SCn b, 245 O Cp*Ru
BEIARITIKRFER B K OUKFGRITT OB F ITIEEEZ R L, 7 F 2T TR R F v Rz
A7 )L (Scheme 1-8) 18, N-7 2 /LA /L3 A— R¥H (Scheme 1-9) ¥ /KF L filft & U i H
TXDZ ENRENT,

Scheme 1-8. Hydrogenation of lactones.

cat: AN
0 cat, 1 mol% | NN
KO'Bu, 25 mol% OH 7N
o + 2 H2 5 | /Ru\
-propano OH N Cl
H H

50 atm 100 °C,

Scheme 1-9. Hydrogenation of N-acylcarbamates catalyzed by P—N chelating Cp*Ru complexes.

cat:
cat, 2 mol% OH (CeHs)2
O KOBu O PO 3
e —— N
E%N% + 2H oo HN—4 [ Ru
OCHg; 30atm g5 3gh OCHg N Cl
' >99% vyield H H

FLEAFP-NFL— ML FEHWT, KEBICIZESLS T U AT L a— L ORFF
YOS b HE S TEB Y, FEtE L THMZR)-muscone DEFE~DIHHH] 6~ 4T
V% (Scheme 1-10) 20,

Scheme 1-10. Asymmetric isomerization of allylalcohols.

Ph,
PO
)i Ru 0

N
PhCH;™ "N Cl
H H , 5 mol% o
OH KOBu
/ —_—
Z ™ A toluene Z N, A —
30°C,2h
95% vyield, 74% ee (R)-muscone

19



(2) BEXL—M-TOT4 v 973 V8K

BfitE 7 v T 4 v 77 X BETEM I NI ZEX L — N5 T 2 2SR fitid &
B WESNTWD (Figure 1-5), N—7H U RU 4 o FRT I U8R EFE L K5I,
PNNP-JUE S L — R LT = 7 AEERIT D LR = VAL & W) Dk E R BNV E STl it-ok B {Lfik
e UCEMEZ RT2, 72, PNP-=JEF L— MBIR2IE, KESTFOIEMHEL (~Ta ) s
) R, TOMIETHHMKFEE (Scheme 1-11) NA[FEIC/2 Y, 7 b kv HiETE
ZAFIZ W AT L (Scheme 1-12, 13) BB —AR % — bk (Scheme 1-14) %, —f{b/x
7% (Scheme 1-15) 2572 ¥ DK FALIIER, T /b 22— VDMK FEALEE (Scheme 1-162%, 1727)
Offt L LTHENTH D Z EBRHLMNZIN TN D,

Figure 1-5. Multidantate protic amine complexes.

H H
C ‘—PPQ r/ﬂ—PPQ ‘—PPQ
N\ '/ HN Ru—CO HN—Ir—H HN—Fe—CO
o AT ST S
Phy ’Pr2 cl Pr, Cl Pr, H
BH;
Scheme 1-11. Reversible heterolysis of molecular hydrogen.
H .
—|=PPr2 —H, r/ﬂ—PPQ
HN—RU—PMe; ~ _N—RU—PMejs
Lp/ | +H2 QP/
ProH Pr,
Scheme 1-12. Hydrogenolysis of esters catalyzed by Ru-MACHO.
0 cat: H
0 r(ilatb(l)\; n:c())l/o 1% o (‘_Pphz
aOMe, 10 mo
R)J\O/ + 2 Hy - R) + CHiO0H HN—RU—CO
50 atm  CH3OH, 100 °C, 16 h p’
R = alkyl, aryl 86-92% yield Ph,Cl
Ru-MACHO

Scheme 1-13. Hydrogenation of fluorinated esters to fluorinated alcohols and hemiacetals.

t:
F E cat, 0.05 mol% E F FE F ca I/—T_Pph
2
0 H
H>(W(OCH3 + h, NaOMe, 10mol% H><W . H><w/oc SRS co
] 10 atm CH3OH, 40 °C OH OH <;p
6h >99% yield 0% yield Ph2ClI
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g
Ebg

Scheme 1-14. Hydogenation of cyclic carbonates to methanol and glycols.

o cat, 0.02 to 0.05 mol% cat N
4 ; HO OH o
00 4 3p, KOBU 1 equivicat + CH,OH r/ﬂyppm
50 atm THF, 140 °C, 4-10 h R ~99% yield ~ HNTRUTCO
>96% yield P ‘
R = alkyl, Ph PhaCl
Scheme 1-15. Hydrogenation of carbon dioxide.
cat: H
cat ,03\
H, + CO, + KOH HCOOK ;S0
H20, 185 OC, 2h o . H |/—|_P’Pr2
800 psi 800 psi 7% yield (\_N—/n“—H
TON = 37340 |
IPI"Z H
Scheme 1-16. Hydrogen production from 2-propanol.
cat, 32 ppm cat: H
H OH NaO'Pr, 1.3 equiv O |§PPh2
Hy, + HN—RU—CO
2-propanol, reflux p/
2h TON = 1231 PhyCl
Ru-MACHO
Scheme 1-17. Dehydrogenative coupling of alcohols to esters.
cat: H
cat, 0.005 mol% @)
, -PPh,
NaOEt, 0.6 mol% &
2 Son  — m )J\o/\ + 2H, HN—RU—CO
EtOH, 90 °C, 46 h 7
77% yield P
TON = 15400 Ph; CI

F72, PNP-B U —ARULT =7 AR D TiX, NH ¥z~ 1 ki ARICEV K HE E 3
AELTZ@%, BEMTERLERLEZZT, S5I2b 9 1 0 FOKEEERTE ()2 & 03#H
HIANTWD (Scheme 1-18) B, Z D 2 53 FHDOKFEAKIL, TvuT v 77 I KORT
<, BN TERIRSE LOKBZENEGTE7 8 /e RY RORZLAETHIZLE2E
K20 THD,

Scheme 1-18. Double hydrogen elimination from the PNP-pincer-ruthenium complex.

H a H b H
PPz —Hy PP —H, _—|—PPr,
HN—RU—PMe; N—RU—PMe; N—RU—PMe;
p/ +Hjy QP/ +H, Qp/
ProH Pr, Pry
D
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(3) B FEEOBFERIL/BFERILZHHS HRMAEME

Milstein & | Scheme 1-19 (277 T X 912, oW —ELL 1+ EDO Y 2L D&/ 5 E
WAL DIBFE %% D T A BEfR L 2 BA%E L7220, Z ofliEd Ealkoo 7 I U 8RRE L [FIRE, K37
(LA K B LML & L CEWEEN 2 nd 2 EnfiE S h T s,

Scheme 1-19. Metal-ligand cooperation via aromatization-dearomatization of a pyridine-based

pincer complex.

oM, SROERAICT B IS 2 AT D85 (Figure 1-6) 0%, K72
T < RERZRIEEIREALAE ) & b O AREAME & LTSRS TV B, FRICILA - R
5 23BH%E LIoBREME B R ) N — MR E 13, AR 5 T b 2 — s Bk R
FEAEDS HIRETR AR & LTI B LT D,

Figure 1-6. remote protic bifunctional complexes.

OTf A N |
A
r r r
'\ \\’,“/ Ne | SN N | SN \OH2
NH — =
o OH OH _

/I
N NCCH;
OH
Kuwata Kuwata Fujita Fujita

Scheme 1-20. Acceptorless alcohol dehydrogenation.

H OH cat
_—
neat, reflux
TON 63
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¥4l TIV/7IFHEEEHRZFAT S SFEIFTEMERE
HUPE’C X, 4B EEALFE BTN G T2 TR OBES N —RPIZIA <R
L, KEAL - BAKFABEEE L TEL OENTZAENEB I N TS Z a7, 7
0 hrdb KU ROEZO BT Y SO %2 Scheme 1-21 (28l L L TR,

Scheme 1-21. Metal/ligand cooperation in Bifunctional catalyst.

_H
M s @ M
L

) (b) “u
F L=N,C,0O G

I ZSRERE AL C I, 85 A F O & L BIAL 23 FEhe KU RE7'm b 2BV (a),
BEAR GIZEB SN D A GITHEIZ 7 m b &b RU RE4EE L©O), 85K F 2 F4ET 5,
T ZRRERERRIEE D2 < DT, (DIBFETEEELT L a— /b, KFE D108 OKFEIR)
ELUTHEREL, O)DBREETIEZ Y oA 2, AT AR ED VR NALEY KT
KEELI2 D,

—5T, B (1) THERRIEA=TH 2 Ry o FRT I GEARTIE, AL 5
BEL, SERML TR BATTET 5 2 & T, (a)0(b) ASMDIRFE Z L A IA A 7238 T2 72 fid e
FOGDBAFE D FAA BTN D,

(1) HEHMeefbiEIC Xk 2ERERIERIG?

FIBMFIEEDF ML, BESTICL-oTE RU K (7)) 88K ET I REEE~DZE
HO)NA[RETH D Z L2 R ZL7- (Scheme 1-22) 3, B KU K (7IV) $EAHIT 1Y
BOBBRILKEZ LIS L THT I REEKRTICA# S L7728 (Scheme 1-23), A% 1071

WL ARFEZFAL T2 FOE U R (T7IV) $5AH 2T 52 L3bhoT,

Scheme 1-22. Amine/amido interconversion via alcohol and molecular oxygen.

H OH 0
R R)J\
[L\M@ / [ Q
N/ /
| 1/20, H H
amido complex hydrido(amine) complex
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Scheme 1-23. Reaction of hydrido(amine) complex and hydrogen peroxide.

I TN+ H,0, + H,0
Ph=—~\" \H THF—dj, rt, 24 h Ph
I

95% yield

DR FR ARG 1 7 VOFEKGE U THAIAT Z SIZH A[RETH Y, Scheme 1-24
WRTEIICN-NFL— b7 2 REEAR T 2R ERLIc LD 2T L a— L O
FRAEF B ST ST D 84a

Scheme 1-24. Aerobic oxidative kinetic resolution of secondary alcohols.

cat: Ms
OH cat, 10 mol% CH ) '

: : CeHs., _N

+0, ——> + + H,0 N

Ar/g\ ? THF, 30°C AR Ar)J\ ’ )i /"_E}
48% recov CeHs E
98% ee
J

(2) WHTHEEANIRIC & 5 KT

TsDPEN (N-(p- hV L ZVR=) W) 2-V 7 =2 =)L F L VT V) HLBEEEIND W
FHERET 2 FAT =0 L88K K 1Z, = bV LOKFISSOflEEE LT B, PrEg&eT
THNRFHI REHE2D 8, ZOKIGE, Y=Y AVORFIEGFME~DIE AR RA B
T % (Scheme 1-25), ZOfERTIZT Lo AT v RELE UTERT 57 3 RESEDI K
ERIGLTE RrE¥Y (7 Iyv) SEEREZAERL, 7 I Rkl Fuexy (7 IV) 4K
DHEERUZ X > TS HEITTH LB X BTV D (Scheme 1-26),

Scheme 1-25. Asymmetric nitrile-hydration with bifunctional ruthenium catalyst.

cat:
CgHs + H,0 cat, 10 mol% > CeHs o Ls
NC CN dioxane, 70 °C, 12 h H2NOC CN 657, \Ru
64% yield CeHs N/
I
22% ee H
K

Scheme 1-26. Interconversion between amido and hydroxo(amine) complexes.

Ts H20
CeHs.,, _N_ \_ CeHs.,
)i /Ru )i
CBHS ’\Il / CsHs
H H H
R._NH, R
amido complex \[]/ \\\N hydroxo(amine) complex
o
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(3) RSTHAEMIEIC K S AFHREMAMRG

7 2 REEROEHMEL, SFEOBET e b2 b oG EMOlLT e fAkE, D
REHIEBIZRI T %, 1§J7L IETEMEAF L AbEWZE T kAl E LTRIA L, REF
FlEDRIGERZ 729 Z & T, IRFE—IKkFE (Scheme 1-27) £ 7213 /k%E — %% (Scheme 1-28)
FEETERE L D A LAIIROSICER ST b,

Scheme 1-27. Enantioselective Michael addition of 1,3-dicarbonyl compounds to nitroalkene.

cat: ',?
j\/ﬁ\ cat, 1-2 mol% CH(COR), SO,
NO NO CgHs., N
A2+ R R  toluene, —20 °C Ar 2 6775 \Ru
99% yield CGH5 [}]/
up to 98% ee H

Scheme 1-28. Enantioselective direct amination of a-Cyanoacetates.

)\ cat, 1 mol% H’T‘ CsHs
By T N . N _CO,Bu 'r—()
Ar CO,Bu RO,C™ toluene, 0°C,2h o ¢~ Y 2 CeHs

‘Ar
CN

==z
\

99% vyield
up to 98% ee

T OfER T, T REERETEEATF LA E ORISICE W BT AT I bR
MO AZEHLD A T3 = X LDRFEITTH 54TV %  (Scheme 1-29),

Scheme 1-29. Interconversion of amido and amine complexes in C-C or C-N bond formation.

i i
§02 Nu—H §02 Q
AN \ N\
[ /M‘O [ /M\
'}l Nu '/ /N\ Nu
H H

NO, R\ NO;

amido complex R amine complex

FROE I, N—TH U RT v FRT I AT, TR 2/T7 2 NSRRI O EA
ERA L THNAR = LG OB ITCSOSLSMI BIGHERTE 5 Z L3RI T D
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72, RFE—7 v BREETDENNEL, ALEWR OGS FHIT1 2550, PR, B
~OFEMELIRT S ELHBRER D, TOFMR, Bl2ITE 7 v REyFEEHE, MtEE,
M e, WHErE, FERENE, KB, EXHERMEE VWl RE LD, (LT T v
FOMEM =T 4 TR T TA NI EOBFTHMOIREa—T 4 778 L LTH]
MEnTnsd, iy, &7 v FEEEMOEERICHSEFE LTEE - BIEERH Y, il
DILRITITR NIRRT v FORMENFRBLN R DI B PR NERE O, (ERRIRMEZ &
DOIEREFRBLIZE D > T 5, Figure 1-7 (2, e b D& 7 v REIHENLEZRT, 7 b/ X
BTN T L, Tar BINT Y, T T T, ENEERE
AL R - 7T LR =3, HIMEREEE L THw LTV,

Figure 1-7. Examples of fluorinated medicines.
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$21H AMOvREMTFS

A E TTRARZ L D12, ERE R SR IRALFOEFHY, SARRZRERIZKE <
WBLZ 5, bbb, hEL, OO TEWEREEELZAG L TCWD 7 vHFEEEN
F RICEAT S Z LT, BLAENL, & OISR RO EITRE S BT 5 L
Exohb,

TR, BN vy R EFEANTDH I LT, JSOIECBRINMED R E0, fiiito
R AREIZ 72 D603 8 5%, 2 1%, Scheme 1-30 (TR L 72 ARF A/LRF v REGH T,
BINOL Efi7 1% 7 v &8 L 72ENL 1 Fs-BINOL % 5 &, —F » FA&IRIESEINIC
M B35 2 EBRHLNIT S TN D 40

Scheme 1-30. Fluorine ligands improved its catalytic selectivities.*%?

5 mol% Ti(OPr),

Q
S\ 2(R)-L S\
CHClj, rt

CHP, 1.2 equiv
F
0 KO
BINOL Fg—BINOL
oH © OH .
E time, h 42 18
OH OH %yield 66 74
OO % ee 0 70
F
F
BINOL Fs~BINOL (L)
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SRR RERRIEE DENL 112 7 REHIEAVEAN SN2 BNTD 220, LU RT X 5 ie
YEITNFR T 2 =V AR = VI (LU, Fs ) BNE# Lo N—T7 % K7 ¢ > F 4 DPEN
BEIRDY, —ERDRFERIR BB TR 5 RE /K FE B EIE T 5SS B 1 B GR p ' 7 3 BTkt
LT, ZHETHHSATE T TsDPEN Bifi 1 (Ts=p- AL A/LAR =)L) HNiEH LT85
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5l 21X Carreira 1%, KEEDO T TF A LMEA U 0 LGEHEAM ZHWT, BB EH= K
a7 IR eV T B D W dor= Fa BT b7 = ) VI A ORF KT
BaEhNEITSUGE TV, Fs 22 A9 D85R78 Ts EHIL 2§ D85 R X 0 @I PECTRINDE 2 %
B35 LadE LT 5, Scheme 1-31 121%, a7 /-7 b7 = ) v &2 EIZH W6

Zat. ZORISTIE, TSDPEN-A U D0 ASEKZ AV D L, RISOE(LRLE, (RIAD 2-
T J-1-7 2 =)V R ) — VDN IIE NI 81%, 84% ee ik EEHDITKIL, Tf

(RU Zda X2 AR =)b) HR0 Fs e EOBERMMEEBRLZEAT S &, iz
FIT 0%z A, LR ONTFHME S 90-94% ee (2 L L TV,

Scheme 1-31. Asymmetric transfer hydrogenation of a-substituted acetophenone derivatives.*!®
0 OH

cat (0.25-0.5 mol%) z
cCN ——————— > ~ CN
HCOOH aq
24 h, rt
cat: RSO, %, conv %, ee F F
ﬂ SO,
OS8R H Fs >90 94
CeHs,, N F F GFs
o

N so S0 so
/[ Ir T >90 90 2 2 2
7
CeHs™ N \0H2
H H Ts 81 84 Fs Ts Tf
M

F7o, VT =0 AR WTH FsDPEN BN - 2MEN 2 R T B35 5, Fl21E Tan
5% Scheme 3-3 |Z/RTB-7 b7 I RORFKEZBENE — BRI 20 I8N T,
Ts &0 TE B2 AT D8R L0 b Fs KA TEMINIZEEERO TN L mnTT AT LAEB X
VT F o FARPME A RIS 2 2 L 28 LT D 20),

Scheme 1-32. Dynamic kinetic resolution of B-ketoamides by asymmetric transfer hydrogenation. 42
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F185H #E

PREBEFE TR LDMVERL L72RVIKFRE, fbABREHCRD D 7 U — o kR R ¥ —F
¥ U7 L LTHIfF STV AL, EBE, AARENTS 2020 4 F TITA2E 160 2 FTfeE~D
PRELEM HBEIH (FCV) AKFEAT Y a v 28 k+52 L2 HEL, HEIH A —h—x
RNVF—FER 2 POIATRE B S LTV 52,

UL, ARFBIFEEYLTZD O L —EBENMELS, IRVIBRIRAEZ o7, KFEM
ZOERBUITELE - ORI A F2IELHE L72E < OFENE-> T\ 53, 8
TERF ST D KFE O - BkRFOEREC L LCid (1) RIEAKRFEH X, (2) KKK,
(3) KFEWHAA, (4) WIEROKFEITHMEL (T =T HR7 8, FW, 73—
NARTFHE RO KFALIRTCAER TH D HEANA RT A R EMEN S Bk R KFES) 23
HMONTND, ZH D DORFEEDF] SR & K RO A Table 2-124 (7R,

Table 2-1. Advantages and disadvantages of substances for hydrogen transportation and storage.
Fl R

(1) mHEKFEH A s —REYRIREIERETH D, © TRAF—ERERR,

* LEMEDMEN,

(2) Wtk T RALXR—BENS W (KEREED | - BMRIE (=253°C LLF) HEEFIC KR O T %
1/800 DIARE) PO
< SRR S DEMEEIC L BEAL (RA A

7) T XA IBEHEO R,

(3) AKFWH A4 C TERAF—EERE (KRB | - @,
1/1000 LA F DAFE) C BAEIEA SN A A TR TR
AR E R LB L LRy, D3 il

(4) WARORKITHMEL | - AFBES, CBAREMHCH Y, FEALVIZEL T
C B, AN

ZEMOBLENG,  (4) R LT TRIRIROAKEITEAM B & 2 FEOHIRE LS
WV, S, FEMEEZ ET A0, BROBOWORS RAKEX Y U T BRI K
FH AR HTHEHORBNEEZL L VW25, LV DTFMITERYT-YOKEEHE
NE < (4.4 wit%) O EOMERRIEN DI, KES Y VT OFIERE STE
D, KRR, I KO — RAMEL A 72 FEED D O A K F5 38 A FUS DS UTAE TR J8 1S
IS N T\ D, FEEOMRIZIS T D AHEZR 2 DD FE i~ % Scheme 2-1, 2-2 IZ/R” 7,

Scheme 2-1. Dehydrogenation of formic acid.
HCOOH- H; + CO» AG®=-32.9 kJ/mol
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Scheme 2-2. Decarbonylation of formic acid.
HCOOH-CO + H,0 AG® =-12.4 kJ/mol

X O SRk & L ClE Scheme 2-1 DIKFRFEAEBUSE DT B3 FHNITARITH D b D
D, EIRSAM T Scheme 2-2 IRT WA VAR = ALEOSABERT 5 Z & %V, Lasl,
XEEKFEX YV T & L THWDBIZIT—BLRFEORIE L /MR (10 ppm BLF) 12& &
OHMEND D, ZAIVUXERE AR (polymer electrolyte fuel cell, PEFC) T
SN TV D HeEMABES —BLRFBICLVESICHEESN, TIEEERK-TLED
2O ThD T, —IZ, RE— R CIIMKER)E (Scheme 2-1) & i /L AR = WAV KES

(Scheme 2-2) DOHIEHMNINEETH 5720, W2 TERT 25— R L 5 TR OE®
PRI IR— KBRAEIE~OFFENEE > TN D, FEEE, AT =0 L8204 ) VT A8 n
DU LY BRI C OB AR ARRES A2 I T, —BRLRFE ORIE 2 2 - m IR e
RFERAESIENEF L TN D,

FThL7a N USEEEN 2 AT DAY DU L RITEEEE R B8 % L, I
F, 2D OERE W2 R ER) b DOKFIFEA ST B TIEF I @\ B AR5 (turnover
number, TON) Sofilifii[Al#5%h = (turnover frequency, TOF) 23R ST\ 5, B2 1E, M -
RGBT LIz ReXx v b eIV DUVEMNFE2AT 5 AU VU LKA ZHWDS
&, BOSREE 90°C, Ffel U U AWM T, MOSBIARIE 5-15 43 T TOF % 228,000 h?
(2T % (Scheme 2-3) 139, F 7=, Li HIITA I VEML T2 AT DKIENEA Y U LEEK B
Z AW TCROGIREE 90 °C F CXMfRZ1TH &, T E THE SN TOF DREE L 78D
487,500 "M 2T 5 Z L B H2MZ LTV 5 (Scheme 2-4) 131, BEAF D R /> iRl o I
1%, ROMISNRERSD T2 DI IO RN X 2 BUG5R B OB E RIS mIR S 2
HLELTWER, ZOfE B IMEEZIRINETICEEEE BT 2HBENRDH L, S5,
Xiao \Z X > THEINZ 2-T VUV — A I XYV VRN T2HT DA VXA 7 V85K C I
40 °C DFZRLNRIREESRME T TRt Z FBL L, OGBS E 10 £ T TOF 135K 147,000
h-1 (2925 (Scheme 2-5) B, 72721, ZOHRITIT NI ZF AT I U ORME LI L
D RR, BUSHIMOEWEMEZAERF TE 22 (1 RFfH TR K TON (X 3,000 FE) 7L
DifE b &5,

Scheme 2-3. Hydrogen evolution from formic acid using a binuclear iridium catalyst A bearing a
hydroxy-substituted bipyrimidine.

cat cat: _|4+
HCOON
HCOOH ————2 > H, + CO, ,OH,
H,0, 90 °C HO ' I OH
N N=
pH=3.0
42
1 s s _ .
[TOF 228,000 h~" (initial 5-15 mm)] Ho. | N/ OH
\
A
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Scheme 2-4. Hydrogen evolution from formic acid using a water-soluble iridium catalyst B bearing

a diimine ligand.

cat cat: Cl
HCOOH —————— H, + CO, 157
H,0, 90 °C %I/CI
/N
N~ N
( TOF 487,500 h~" (initial 20 sec)] [ Y4 j
NN

H H
B

Scheme 2-5. Hydrogen evolution from formic acid using an iridacycle catalyst C bearing

2-aryl-imidazoline ligand.

cat: By

cat ﬂ
1’ cl
N(CH,CH .
HCOOH —173—42L> Hy + CO, %u/£:f7 bl o

40 °C " N N

tB \ o

u N

( TOF 147,000 h™" (initial 10 sec)

T-

B EFm TR L OIS, TR VENL AT D W EHSRERMEL TIX, Scheme 2-611Z0R
TT7 I REEA—T I AR OMAE A ZL A=A LZE>T, FBror h U HRE
NOKFBBEPHCNICHEITT D Z LML TV D, &HI, K, BEE, Blacker 5l
Tsdpen-Ru §ER80-Rh S5 Z FH WD 5 HFE S b 2 O X ICI S TKRE T A D3E|A LT
WAHZEHEBRILTEY, Wills 5%, Scheme 2-7 124X 91, T =Moo LK DD
FET, 7 N EEEMZ 2L THFBI N =TT v (5:2) OILRAWH DG
WCAKFE ZRIGIRFEDN AT HZ L E2HRELTWD,

Scheme 2-6. Catalytic transfer hydrogenation of ketones.

R R
|
§02 HCOOH CO, §O2
CGH5IN\ / _ CGHS/,, N\ x
M— | foommme e )i M\\
7 () - /N
CeHs™ "N e CeHs” N “HO
H /N O+

amido complex hydrido(amine) complex

M‘O = Ru(ne—arene), Cp*Rh, Cp*Ir
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Scheme 2-7. Decomposition of formic acid by bifunctional tethered Rh catalyst D.

cat
t
HCOOH -2 - H, + CO,
HCOOH/N(CH,CH3); (5:2)
20 °C
[TOFmaX=490h4] CgHs

FROT I SR RERRE A W TE RO K TR ARISIZET 2 1E, Wb KERE
R ITCSUCDRIBUSN & AR ESNTEY, +oIima S TiEWenas, Scheme 2-8 O X9
2, ERU R (T IV) S8R ARBBRKIFRELE>TT I FERDER LIGD Z &
ZRLTWDORERIEEWZ D,

Scheme 2-8. Acceptorless hydrogen evolution from formic acid.

CF3 CFy
§02 HCOOH CO, SO,
|
CBHSIN\l / _ C6H5IN\ \
| S | 2D Ir
/ - | Z
CeHs”™ "N : / L CoH” N
H i H-H [ H H
amido complex hydrido(amine) complex

Z T, AWIETIE, BEREA Y O M a2 W T TR E— R FE R A & LT
DEREZ A L, BEFOKFBIRAEMBORE Rz 0wk 570, BWEEZRNEFITESH
IRIRFESRME T TR HERF T D USSR OB 2 B LT,
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¥28i TOPENEHMIFZHT ST S FA YUY O LEE Irlb D& & AMIEHEE

$11E TOPENEMFEHATAHT S FMYPOLERKIrb DER

AIEICIR_7= K 12, 7'm MNRBEMNERNM 2 H T 54 V) U0 LEED, FESMRIZ X
DRFRAENSICAEN T L VO WEEREx S L, B NY FERMFOT 1 N 3D
RAEDKBFRAEIEOFRI I D B2 BILD, £2°C, @R OLOEFEELZ T, BfL
NH 7o b OBEYEE A2 ESWE58EHE LT BRIt mn Y 7 U L (CFSOz, BAF
T2 TIESG L7280 TIDPEN—7 X KA U U7 AR Irlb D& RUIZER Y #LA T2,

TFDPEN BN +1%, HEEMSIEFIZBWTDPEN (12-Y 7 2=l F L V7 IV) &
NU TG a AR AR R TR D IR R <A RCT & 52, Scheme 2-9 (2R
FTEOI, MDOANKR=NVERELZHT2HEUDOT I R U U LHE2OE K FIEM,
[Cp*IrCl,], & TfDPEN ECAL DI L A F L UEHRIZH L, @& 7-0 2.5 Y EDOHEE (KOH
KEEWR) # =R N C 16 pMER &, AMMHA g, WIHAZBE L2 A, HIIOT
REER Irlb 73 94% D BAF /R INSR CHEECX 7=, Z O EROEEIL NMR A7 kL L B
f X RS 7 ElC K D IRE LTz,
Scheme 2-9. Synthesis of Cp*Ir[?(N,N")-(S,S)-TFNCHPhCHPhNH]  (Irlb)

T+ %F NMR (THF~dg, rt)
T aqueous KOH C.H lll _75.4 (s, CFa)
| 25 H er'l5/,, i ’
12 [Cp*ICll,+ HN  NH, >V )i i)
H CH,Cl,, rt CoH N EA analysis
CegHs CgHs 15 min A Calcd for CogHogF3IrN,0,S:
C 44.83,H4.21,N 4.18
(S,S) T--DPEN Ir1b, 94% isolated yield ; '
Tf = CF5S0, Found: C 44.94, H 4.22, N 4.18

red—purple powder

EEAR Irlb [T DO AN R = VERIEEFT 57 I RA U 20 AEEEK L LD THNMR A~
7 MvEHZ, 7 FEAFONH 72 b X 6.49 ppm (IR > 7 Ly b Tt
L CHLUAI S 7=, Figure 2-1121E, Cp*Eifi 1 LD AF NI 7 1 b, DPEN BNL 1D A F
»Zu bk (HAHB) , BLXOT I RNH 72 by (HS) Ofby 7 FOF—Z %, T
I RA U VT LEERORERMA &R TRT,

Figure 2-1. Comparison of *H NMR chemical shifts of analogous amido Ir complexes.

= 0:8:0 S:0 0:5:0 0:S
|
CGH5,,HASK132 HNMR (THF=dg rt) 11 Fs CF3CgH4SO; Ts
l Cs(CHa)s (s, 15H) 192 196 - 194 189
CeHs™ N Hs, 1H) 434 . 409 419 420
H HE @ 1) 420 . 400 400 397
amido Ir HC (br, 1H) 6.49 6.18 6.18 6.00
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b7 b LB - AL DB BRI OWCOE B2 iam L8 L 23, TfDPEN Bifr
FE2AET DR Irlb O 7 1 b HA HB HE D 2 7 L3 DS A &t~ TR0 BN
B, B REMED MY 7ot 2 F AR L O EN T EOBLEEMEF LTINS
ZEDNIRIBEI N,

F£72, $5K Irlb @ FNMR 27 kL (B THF) TiE—754ppmics > 7Ly kv 7
ARBHI STz, ZoFy 7 MISRICENL LI A VA= VT I REEfL+ED Y 7 v
FuaAFNANRKITRREIND T T LE L TERYTHDHS,

Figure 2-2 (I3 L A F- L e 0 0 B OFFESRIC L - TE LN 85K Irlb OfE Lo
WEIENTRE R 2R, YT A —T D b RERORE M ESD Z &N TER, T
ORI T — 2 bREEDBAR 5 THY, TR LDOTHD, 07D, HHEECAEIZD
W T OE RN LR EE 223, FEAIREBIZI W C DPEN BN 1~ LD 2 DDA F 71 |
YIS EBRF L— MEH LY U T AALZER L TWD Z &R0, Ir i 0 Ak L
HAEEZ A LTV DI, omZSHGE 16 B 7 I MEEAOME L AL TWbH Z Envb

MoT- 24,

Figure 2-2. Crystal structure of Irlb.

Irtb preliminary

P2, (#4),Z =4
R1=0.0324, wR2 = 0.1116
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&

Fio, TEREOBANRT I 7 a b ORI KT L EENICHAMT 5 BT,
LLF® Scheme2-10 D L 512, 7 ) K7 I vk Irla s RV = F AT I Z2RAEL, 72
REEIR Irlb ARl oD ot = 450 2 SR PRI A= 7 R AVIIIEIZ LV, RdTz, £ ORER,
TFDPEN SEA DA ELL D F578 MSDPEN $5ED H D LW K& 720, TIRERIZED T IV T
ok OBRMEENRR EL TS Z EREMT ST,

Scheme 2-10. Difference of the acidity of NH protons on the Tf and MsDPEN complexes.

; R
?Og SIOZ
CeHs., N \\ K CeHs., N,
/Ir\ + N(CoHg)y —= r + HN(C,H5)5Cl
CeHs™ N Cl CHyCl; CeHs™ N
H H

R=CF3 K=1.19x 1072
R =CHs; K=224x 103
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F21H TIRAY)OYLBEDKEREEESNOFIE

WIZ, WHFREEEA U U0 AREEDOKFEBENFEZ FHGiI 5 72, RiEO TfDPEN £5{K Irlb
s, flixDANVKR = VEBREEAT5(S,S)-DPEN-7 2 RA U U0 A AEZFANT, 7
Y N7z ) ORFARBBENREITCSEITY, T OfREEME 2 bl U7z,

Table 2-2 (/R T X912, FB/ NV =F AT I (5:2) OILPHEESW T, 35°C, FLE/fil
b =200, 24 Re O T CRIBERET 5 &, WThoskz AWiHZAIcs StRo
1-7 = =)V X ) —VPRERKR LTz, B U 7 VUL (CFSOy, Tf) EHAEER Irlb, ~<2 % 7 v
17z =)L AR =/ (CeFsSOy Fs) EHAFHR Irdb, AL (CHsSO,, Ms) EH#LEE(A,
SVEHL ((p-CH3)CeHaSOo, Ts) SERDFER A b3 5 &, Tf A HG T 285K Irlb 2376 -
BIREOWTNORIZBNTHRBENLTWD Z ERbo ol

Table 2-2. Comparison of the catalytic activities for asymmetric transfer hydrogenation of

acetophenone.
0 OH
cat
+ HCOOH * + CO,
HCOOH/N(CH,CH3)3
5:2
S/C =200 35°C 24 h

[ketone] =2 M

| 80, o F F |
 Cels, N\l CFs F F CHj
| r 1 1 1
| CoHs” N A ? A L7 A
5 H T Fs Ms T
AL e |
entry cat % conv % ee
1 Tf-amido Ir (Ir1b) 91 93

2 Fs—amido Ir (Ir4b) 23 75
3 Ms—amido Ir 18 79
4 Ts—amido Ir 10 50
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SEIE  FERS R DEMRE

AT ORI E 2, RETIEFEEIDOEVKEBEREZ AT 2 HEMES VU A
fig & L C TfDPEN B 7D T I REEIR Irlb ZKFHRAE~EHA L7z, ZOk, £
BROFHMEEZED D120, RNEWEST A (T=y) Tl L - fisigic LTy
YURTEHAOCTEXEBREEHTH F L, BETHREOREEZ 70— A —& —2THEEFL
TER L, TOFERIEEDOET /LK% Figure 2-3 12777, 7 —A—%—DEHEZE &
IZ, Scheme 2-11 DR L Y fif[=ldsEk (TON) K OfdRERzh3%E (TOF) & & Lz,

Figure 2-3. Experimental setup Scheme 2-11. conversion into TON and TOFs min

cat
HCOOH —— H, + CO,

gas volumes i, (mL)/2

<>
[ 22.4 (mL/mmol) 60 min
O i TOFS min = * . [h-1]
cat solution cat (mmol) 5 min
1o gas volume (mL)/2
© © 22.4 (mL/mmol)
: TONy, =
flowmeter stirrer cat (mmol)

F11H BUEEOEE

£7, TR b7z ooKRFEBERICOS (RIHEE 2 1H) LR, FBIF) =TT
VB E B2 IZEEL, 35°C, T N7 = VOIRMEMT, 12-V A Ffrxo gy (L
T, DME) E/KDIBEEEEH, $5K Irlb OFEIRIZXT L CXEE % 47 0.3 mL O T 10 47
M T L7, 5 &, BEAICKIENAERL, ZORAEREND, I 5 312815 TOFs min
=204 h't, JJSBAG 1 BRI D TON1 =205 Th D Z & 23bdr~7= (Table 2-3/entry 3)

WIZ, HIFMOMBENEIZONTHRD 720, FEI MU =F AT Ok b st
B Z R~ T, AT A2FBOBLZFEEL, WMT5 N ZFALT7 I OEF 2 LS Hi
(FWe: P =F L7 I=60,5:1,52) L&D, #1550 TD TOF I X OSUGBHE 1 K¢
%0 TON % Table 2-3 |Z, Figure 2-4 21X Z 4L DZIFIZI T 5 TON ORRKFE D 77 7 %
GO
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Table 2-3. H; evolution from formic acid in the presence or absence of triethylamine.

b cat: Tf
HCOOH? —>08t H, + CO CegH lll
‘7
DME 3 mL 2 2 e TN
S/C = 2650 Ir
35°C,1h 675
H
DME = 1,2—dimethoxyethane Irb

entry HCOOH : NEt; TOF5n/h" TON;,

1 5 0 4455 2049
2 5 1 1362 654
3 5 2 204 205

a) Formic acid (3.0 mL) was added dropwise at a rate of 0.3 mL/min.
b) 0.03 mmol.
c) TON and TOF are estimated from mixed gas volume measured by a flowmeter.

Figure 2-4. Time vs TON curves.

3000 HCOOH : NEts
® ® 5.0
2500 - [
[ )
2000 - .'..
TON 1500 - ..
@
1000 ¢
. A A A A A 5:1
A
500 - aAA
0 T T T T 1
0 10 20 30 40 50 60
time (min)

Table 2-3 & Figure 2-4 725, b U =F /LT I 2 OIRMEZ S 1% £ W50 ff O fil i
WA T2 ENbhotz, $iZ, N ZFUT I UERNET, FBOREHNT-HE
(ZIXBA%G 1 B4 O TON A% 2000 % L[A10  (Table 2-3/entry 1) , Z DR S TMA =KD 7
FICL EASHE STz,

ZDX T, RHOEBIERE N EIE E R RSO SINE T S ERNE, EEREOWRINE &
LT 5% OEEFOMBER & RipoTRBY, A$EEMIEORKRETH D,
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F2H BEMR

ATEAEEE %, WEZRMLUAVEAET, $54 Irlb (0.03 mmol) % FVNTKFEFA G
BT BIEEN R ONW TR, 2B, WTNOLA S RINEEZ 35 °C%, JHHE %
460 rpm & L, 3mL O Xfe GEE/Mi = 2650 [2FH249 %) % 0.3 mL/min 03 T 10 4y
PN TROSRITH F LTz, BUF, AR L72KUEDED B3R DT TOFs min & TONy h DEZ
LT, fBHETEIC W TCERT D,

(1) KOFMEHE

AITE TR 7 X D12, KBEREKEDNEN AP OBYEE DR BELEZ T -2 L, fil
BEEPEICRE S EBEEZRIET EE2 N7 N RTH L KOTMBRICEHEH Lz,
DME L/KDOENEEEZ, T ROTEM: % ik U 7= 55 % Table 2-4 & Figure 2-5 (2% &

Do
Table 2-4. Promotive effect of water. Figure 2-5. Water content vs TON.
cat (Ir 2b
HCOOH catrzd) Hy, + CO, 2000 -
s/c = 2650 DME, Hy0
35°C,1h
TON,
entry Vpwe/mL Vh,0/mL  TOFgmin/h™" TON4,
1 6.0 0 996 364 1000 1
2 5.0 1.0 2065 979
3 4.0 2.0 3714 1318
4 3.0 3.0 4455 2049 0 T .
0 50 100
5 2.0 4.0 2069 1735 9%H,O content
6 1.0 5.0 862 1699
7 0 6.0 39 1127

a) Formic acid (3.0 mL) was added dropwise at a rate of 0.3 mL/min.
b) 0.03 mmol.
c) TON and TOF are estimated from mixed gas volume measured by a flowmeter.

Table 2-4 & Figure 2-5 £ 0, KEFINT 5 L AKFEHAZDFENE L <MLL (Table 2-4, entry
1,2) , DME LKDIEAHZE 1.1 & L7=510F (entry 4) THRKD TOFsmin= 4455 h 12725 2
Embmot, WIEROKDOEIG A S HITHPT LIEERCRMIE T LR, ZhIE7 IR
BEIR Irlb OKITHK T DR REDMRL, B—REHRFCE oo Z LITERT S L E X T
WD, FEE, KOBERBEE Lz & E12IE, TOFsmin = 39 h 12 k0, [SoIHIC il
SRR LTV W T 2 lR8 L=,
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(2) AHRBEORE

WA, BUSEB o b3 5729, 0.04 mol%d§&A Irlb (FLE/fliitt = 2650) 771E T,
KEDRBHZAEILET L1 & L, AREEORELEZTT>72 (Table 2-5) .

Table 2-5. Co-solvent effect.

cat (Ir 1b)
HCOOH - H, + CO,
S/C = 2650 solvent 3 mL
H,0 3 mL
35°C,1h
entry  solvent TOF5 min/h™" TON4
1 CH5CN 0 0
2 CH,CICH,CI 926 281
3 ‘BuOH 3346 1055
4 2—propanol 3821 1333
5 CH3;0H 3963 2011
6 1,4—dioxane 3821 1532
7 THF 4035 1327
8 DME 4455 2049

a) Formic acid (3.0 mL) was added dropwise at a rate of 0.3 mL/min.
b) 0.03 mmol.
c) TON and TOF are estimated from mixed gas volume measured by a flowmeter.

FORER, 7 b= MU ILVHTIEFERSENTEALEEIT LR o7 (entryl) —F, 7
JL=—/ L (entries 3-5) °——F /L% (entries 6-8) DIRMEA CbliEh= m L=, HRiC,
DME Z HWe G Ea Il bmVEMEZZBEL L, 1K T TON 1% 2049 (2= L 72,

PLEDRERNG, KBRS BT DA E 2 DME: K= 1:1 [ZIE L=,
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F3IE KEBEETRIE &KRFEERGOZERYE

AT D K D12, B85 Irlb 2 AV 72 KFEFR ARG T DMEM0 (1:1) ORAEES, Mk
ZERMETICXBRORLEANLEE T TIERESND Z E0nNbhoTz, 2, RS
TCRESNDAKEBLINZE TR E W OMAEITHD Z EHIREBINT,

Z 2T, AHETIIAKRIEBINE TS & KB AEDUEDBRYEICOW TR L7201,
)72 /K FEREENE TG CHEA SNA X MY =F L7 v (5:2) OILPRAE Y & RS
&3 550 (Condition A) &, FER/IASINT i 72 DME/H20 DIRG T THREED 7»
Z M54 (ConditionB) T, KEZXBELRLT7 | N7 =/ OWMOAEEIZ X 554K
DIAERDHB AT o To, BRMITE T D00 1 R OKUKOFR AR (RN L 7-fil
BEZxt9 HEIE) % Table 2-6 12, F7z, KULFREAEEORRZL % Figure 2-6 1237,

Table 2-6. Competitive reaction of H; evolution and transfer hydrogenation — inhibition by ketone.

cat
HCOOH d—> H, + CO, C6H5
SIC=2650 | °9Otor
35°C, 1h CGHS
DME = 1,2-dimethoxyethane Ir1b
conditions A HCOOH : N(CH,CH3)3 conditons B DME 3 mL
5:2 H,O 3 mL
entry condition additive Gas (mmol)/cat (mmol)
1 A none 50
2 A acetophenone? 5
3 B none 3646
4 B acetophenone® 4321

a) S/C = 200, b) S/C = 100
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Figure 2-6. Gas (mmol)/cat (mmol) vs time under conditions A and B.

entry 4
50 - e entryl 4000 - A A
40 - I
. 3000 - e
° ° entry 3
Gas/cat 10 - Gas/cat °
° 2000 - .A°
20 - )
10 - ° 1000 -
° A entry2
0 mals ye 0 - -
0 30 60 0 30 60
time (min) time (min)
condition A condition B

ZORER, NV ZFAT I UNKGETHEEMESME A TIE, TN T2 OB
W, AT DREDENE LB Lz (entry1vs. 2) o HRAGIC, KRR % - ERYE
B T, TR b7 = URPISHEE L CHKRERAEITIE 2% 1T 225 - 7= (entry 3 vs.
4) .

ZOEIIT, ANK= AT I VBN AT DA, SOGHR T OBEMEE A TR
T2 T DKFEBENEC) Mgl L DKFEHAE] HBotl BEx BN ThoTlz, T
7ebh, Figure 2-7 12T L 912, BAMESIE CIIUKERALOLD, IRV OR TIIAKHRE
BSOS DNEET 52 Lol

2R, T OfBERKERAERIGE TIE—BILRBDPRIAE L TWRWNWI ERT AT r~<
N7T 74— LD NTRE R DD BT,

Figure 2-7. Selectivity of the H evolution and transfer hydrogenation

cat . .
acidic conditions HCOOH —_— H, + CO, 1 cat: Tf

| | |
: CeHsIN\ :
' /Ir .
cat ' i

basic conditions ©)J\ + HCOOH —— OA\ + CO, ' I|:|Ib |
| r !
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Bati AEOMEE - EHAEOMRITICE S (HEER

ARHCIIARBE O L TEYEDOFRBI A fRIT L, FOGHEIC DWW TELE Lo, 7ok, fillflis
Pl A BRICIELL T O RS SIke— L=

IRJE : 35°C, VA : DME/K (1:1) , fil#i : 0.03 mmol  (Ir #25) |

X :3mL  (0.3mL/min) ; S/C =2650 |ZAH4

FT1H RANWKRZULDT S UVEHEFOHE

AT E COERFERNG, TDPEN B2 AT 257 I FA U2 U LK Irlb X, £
IRIREESRAT T C b R MR K D AR BRI A SO xE L CH A IC @y EE A R BT 5
ZERbholt, RETIE, ZOANNKR=ZILIT I VEMFDORNEIZHOWTHRIET 5 B
T, flix DAY DT LGERE OIEVED I 2T o 72, ZOFER % Table 2-7 (275”7,

Table 2-7. Dehydrogenation of formic acid with Cp*Ir complexes.

cat

HCOOH —————————= H, +CO,
s/c =250 DME3mL
H,O 3 mL
35°C,1h
entry cat additve  TOFg mn/h™" TONy,
1 [Cp*IrCl5), none 0 0
2 Cp*Ir(OAc), none 0 0
3 [Cp*IrCly], HCOONa? 0 0
4 Cp*Ir(OAc), HCOONa? 0 0
5 [Cp*IrCl,],, DPEN  HCOONa? 0 21
6 [Cp*IrCl,],, TAIDPEN HCOONa? 1775 339

a) HCOONa/HCOOH = 1/10

DT IVENL TR WY I a ) RA U DT AE AR, BLUOER (TEH )
A VYT LEERITIOT L AEEME A BB L7 o7 (entries 1,2) . TOEBELT, 7
2 Y RBIOT B2 ML AEEE T, SR 2 4 U o T2l B 2 B D,
T, EMREL VAL KU REEREAERT D0, BT MU U AZRINLEZNR,
ZOEMETTHXMRIIARMICDOEETH 7= (entries 3,4) , —J7, entry 3 DRLEITKIL,
AV LY 1450 DPEN BNZ - (entry 5) <° TfDPEN fdf\z 1~ (entry 6) Z¥Wshid 5
& KERAEDTED B, LR &7 0 0 TON [ X & #1200 DPEN BN - Tird#) 20 12, TFDPEN
BN 7Tk 340 IZE L7z, ZOfER S, DPEN BN 1, FFIZ ALK =/t & 172 DPEN
BeNL - DS TR PE DI BUC B R RN 2 R LT\ D 2 L dbinoT,
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WIZ, T U D AR = VERIE DN NI 5 2 DB AT 570, AR =
AEHILE L TRY 70U (TH EDIE), RUF 7047 =L A/LKR=/ (Fs) =

p- (R ZAFaAF L) Tx=LZLKR=/LE AL (Ms) A,

rooL (Ts) Eaxf

TLHT I RA Y DT LBEKE TR RS~ LTz, & O R, Table 2-8 35 X UF Figure 2-7
Rt X, BrRMEEEZAETIEROTNEREELZ L0 Lz, ZOBFRIIEE
BIEDOFIL, H2HIE2HTRLET ¥ b7 =/ VOKRBEBIRE TS THEH ST

W5, T TIDPEN BN 12 A9 285 Irlb 233 L < @iEtEE R L, Zhzfund &
FOSBARAE % 5 43 CTO TOF (X 5.0X 103 h 1 & % 7=,
Table 2-8. Influence of the sulfonyl substituents on H evolution.
t
HCOOH — - H, + CO, cat R
s/C = 2650 DME 3 mlL S0,
H,0 3 mL oo 0
35°C,1h 6 5)1 \Ir—e
entry cat TOF5 min/h™" TONyy, CeHs l}l/
1 Ti-amido Ir (Ir1b) 5062 1823 H
amido Ir
2 Fs—amido Ir 3610 524
3 CF3CgH4SOp—amido Ir 1612 144
4 Ms—amido Ir 824 70
5 Ts—amido Ir 616 53
1 F 3 CF, 4 5
F F
CFs3 F F CHs,
e T T T S
Tf Fs CF3CGH4802 Ms Ts
Figure 2-8. Time vs TON curves.
2000 -+
(]
[ ]
[ ]
(]
TON . o«
1000 - ° @
[ ]
@
/ o
/ "
o S & ° ° °
0 30 60
time/min
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F21H FIFAYDHLEEKIrD LXBLEDILRERRE

H 25

& % A K R A SO

TR RSOE TORBES A 7 WIS DA 255720, mvkKEREEEZER L
T X RA U DT LK Irlb 2 AW T HER & Ok EambOs 2 Bt LT,

(1) ILZEREOFTBLEOREICE DRI REE Irld EEFY F (FEY) 8K Irlc

DER

Scheme 2-12 27”9 & 912, FH{K Irlb DOE THF #RIC

25 BEOFMAIENSE, K

(—78°C) FCTHNMRHIEEZTTH & 8.73 ppm (AN I VEEHKOFWN > T Ly hE—
7 TR g R~ b (72 ) SEHE Irld DAY RLAEIRI ST, ZhEd—40°C LUEICHE

B2 EMRBENAEITL, 85K Irld X FU K (732 ‘/) ﬁﬁﬁs Irlc ~& 21k L,
DO OEFEIT 19F NMR JIlE T

IZE RY REALT- RO 2 S 7 F AR E LT, —
A~ hEA Ird, B R Fﬁ%ﬁi Irlc b U 74 m 2

HEITE, 7 I NS Irlb,
FNEO T T F L, EFNEI—T75.4 ppm, —74.3 ppm, —68.8 ppm

—10.4 ppm

WZELNTE,

Scheme 2-12. Reaction of Irlb with a stoichiometric amount of formic acid.

HCOOH
CGH 2.5 equw
06”5 e

amldo Ir (Ir1b)

9F NMR (THF—dg, rt)
—75.4 (s, CF3)

x

formato Ir (Ir1d)

8F NMR (THF—djg, —80 °C)
-74.3 (s, CF3)

CeHs .,
THF—d,
CSHJ: OCOH 40 08

Ir-H (Ir1c)

9F NMR (THF—dg,
-68.8 (s, CF3)

rt) ’

"H NMR (THF—dg, rt)

1.92 (s, C5(CHs)s, 15H)

4.20 (d, 3Jyy = 4.6 Hz, HB, 1H)
4.34 (s, HA, 1H)

6.49 (br, NH, 1H)

7.10=7.25 (m, aryl, 6H)

7.33 (d, aryl, 2H)

7.55 (d, aryl, 2H)

"H NMR (THF—dg, —80 °C)

1.68 (s, C5(CHs)s, 15H)

3.77 (dd, 3Jyy = 11.6 Hz, HB, 1H)
4.48 (d, 3Jyy = 11.3 Hz, HA, 1H)
5.79 (br d,3Jyy = 9.5 Hz, NHH, 1H)
6.83-7.29 (m, aryl, 10H)

8.73 (s, IrOCOH, 1H)

9.82 (br. dd, NHH, 1H)

"H NMR (THF—dg, rt)

—10.4 (s, IrH, 1H)

1.86 (s, C5(CH3)s, 15H)

3.69 (m, HE, 1H)

4.37 (d, 3Jyyy = 8.8 Hz, HA, 1H)
5.08 (d, 3Jyy = 8.8 Hz, NHH, 1H)
5.38 (dd, 3Juy = 11 Hz, NHH, 1H)
7.00-7.18 (m, aryl, 10H)

7238 Scheme 2-11 (R L= & 912, 7 I 88K Irlc, Irld @ DPEN By F LD A F o 7
o HA HBIL, BERNOANKR =V T T I UL 2H T 285K ERIEEIZ, HAIZHB EDh
TNV TTET Ly b7 FELT, FEHBITHABLOB T 2737 bt

DH TV TV ETAET Ly hBBRIESNTZZ LD,

77
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F 72 Scheme 2-13 12773 L 912, B KU REHAR Irlc 1 IRR=IR T T7 I REHA Irlb @ THF
WRICH L, LI YEBEOXMEEASEDLZ LICL-T, 83%INETAHARK « Hif L7,

Scheme 2-13. Synthesis of the hydrido(amine) complex Irlc.

Tt Tt 1:&
CeHs., N CoHs., N~ N0
Lw/lr—\)@}— + HCOOH —— ):N/Ir\H + CO,
H

CeHe 11equiv THE Tt CeHs” N
40 min H H

Irtb Iric

83% isolated yield
pale yellow powder

ZOFEERITA Z 7 — bR T D & BAFRBERE RS DAL, X BAEIERITIZ b kP L
=28 Figure 2-9 |2k A E 2 /R, 85K Irle X =Y T/ Fy 80U 4 £ 5, DPEN EfL
FED2o0T7 2= VIV T NI TALICH D Z ERbhote, £, K Irlc ©
IHNMR 227 bV TORAF o Fa bl y 7)o 7E (88Hz) & Z DL F
JELTWRWZ LG, §5K Irle ITEIRIREE T b i aIRkRE & R DOBEL L > TV D H D
LEZHNDY, £72, B RU RENLF L 250 NH 7' b o HOHEREITZZ2h 3.228 A,
2584 A &, 2 DOI/KFEFA D van der Waals OO 24 A LW EL, B RU R (TIV)
BEAA Irlc W T OKFEIF O B2 E AAERITBI S /e 72%,

Figure 2-9. Elemental analysis data and crystal structure of Iric.

Iric

P1 (#2)

Z=2
R1=0.0192
wR2 = 0.0556
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72, TIFEEEPLE RY REHE~OZEBBIRIZI T D AV AR = VEBEHEEO N RIC
WA D 72012, B THF % —80°C ORIR T C TF B LN Ts AN EH L7727 I R A
U 20 L8EK Irlb, Ts-amido Ir & ¥ & DL FBFREICEIT 272, EDORER, Scheme 2-14
\ZRT & 918, TDPEN BLfZ %A 28K Irlb ZJ7EHZ 5 &, IRAEHZ D HNMR 2
7 RUZEBWT, 98%DEIS TH/L~ k(7 I 2) 85K Irld 2Ll S 7o lzxt L, Scheme
2-15 (27”9 & 9 1T TsDPEN BLhL % A4 2 §{A Ts-amido Ir TIE9 TIZBLRERAHEFT L, 7R
L= MR Ts-formato Ir L IFIXEEDO B K'Y REEAK Ts-hydrido Ir 34 U T\, 70 b b,
BEMR Irlh X 0 851K Ts-amido Ir DO BLREEEFE SN LR booTo, UL 48 1
TR LT KBTS COMMBIEHEDIE L R L TR Y, ZORERI BRI~ FEED
O DPLERIED LT S DSAARIEAY /K 336 A SRS %b\éiﬁaﬂ’]filnzf A ANy /Y oY/ N
Do

Scheme 2-14. Reactivity of the Irlb toward formic acid at —80 °C.

CSH5 CSH5 X CGH5 ‘*
+ HCOOH —— | |
6

_d8
CgH 2. CgH N
6 5 5 equw _80°C 5 H \ OCOH
Ir1b Ir1d Irc
98% 2%

Scheme 2-15. Reactivity of the Ts-amido Ir toward formic acid at —80 °C.

CeHs., CeH5 \x CGH5 \*
)i + HCOOH —— TH Ir Ir

F-d
CeHs 1.8 equiv 8 C6H5 N Nocon  CoHs
-80 °C H H H H
Ts-amldo Ir Ts-formato Ir Ts-hydrido Ir
52% 48%
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(2) E FY FE&H Irlc OfEEYE & FRSBRPOMIEEOMIE

WIZ, E FU KR (7)) 865K Irlc OfEEMEZ TR~ T, ZORE, ZO8ELT IR
BEIR Irlb & [RIZELL FICR K FMA MR L, AKERAMME L U THEET 2 Z b
7o B RU RESR Irlc &7 2 REEIR Irlb % A 7o BRI SUSIZ 81T 2 BRAAEL . 5 /0 CTD
TOF & 1 W] T TON fii% Scheme 2-16 (2% & 8, F 7= TON OfEFEZEA LD 7' Z 7 % Figure
2-10 12777,

Scheme 2-16. H; evolution catalyzed by Iric. Figure 2-10. TON vs time (lrlb and Iric)
cat
HCOOH — = H, + CO, e
s/C = 2650 PME 3 mL 2500 -
H,O 3 mL a
_____________ A 2000 1 A
° [ ]
cat: Tf Tf 1500 - A . °
CeHs.,, N CoHs.,, N_ X TON A Irlb
i) i 1000 - .
CGHS f}] C6H5 ,N H
H H H 500 -
Ir1b IrMc
0 T )
TOF5 min 5062 h™" TOF5 min 6092 h™" 0 5
time (min)

TON, , 1823 TON; , 2338

F7o, XBOMRICHITHIET D8R ZRET 572012, BYAFV o, ZRETFT, b
RU REEAR Irle 1oxf LT 15 4, 100 %4 &, 500 M EOFEEZ AR L= 25,
Scheme 2-17 (279 L 912, 500 HEMZ IZEZICKESNM L FEELE, Z0LED H
NMR A2 k)L (Figure 2-11) 21 4.58 ppm ([Z/KFB D FIZIRB SN 58V 7Ly b E
— 7 BNHBLLIZZ LITIn&, SEREROFARMIZE R FEEE Irle TH D Z L3 bho
oo EHIZ, BENMR A7 ML THENA Irle A EE R b7 & LTS,

PLEDOFEFR NG, KEFRAERKGTIEE FU REEK Irlc BEAOICHEAEL TWDH Z L, fil
RSB TOFRMEFEFEE L THEEL TV Z ERNbho Tz,

Scheme 2-17. Reaction of Irlc with excess amount of formic acid.

FELFERE
cat (Iric) CeHs ., x
HCOOH ~ H, +  CO, )i

1,4-dioxane—dsg, rt
<5 min ° 4.58 ppm CeHs

/ \

Iric
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Figure 2-11. 'H NMR spectrum of Scheme 2-16.

HCOOH

IrH

st
’ [0 e

1 R ———
~
~
L]
4.58 ‘
RS——
Cp*
* ~ “
- r - — Y .
== § S = (SR -3
eil) - * o~ P o= e
80 | T.O 6.0 50 4.0 30 20 1.0
I e e 08 Wi eis = -
F22 8 INER S3n F3f3 J88EC SE8
NoS ¢ ANSS Nfl= T - 229
% Srs I~ (Srs0e0~ vine, wwww e —— -

S BT, Figure2-11 OSERIZKT L, A U7 LRS-V 730 Y&OHK (D.0) %
W42 &, KERAERIEDIMES 2 E, TH NMR 227 hLIZEBWT 454 ppm (2 =&
B (J=43Hz) OFIROEKFE (HD) 7 FAnHE Lz (Figure2-12) . 2D Z &b,
ARSI IS DESPEIZ T W D K1 b KB AEBRMEICEHEE G L TW\WDH Z ERESh
77

Figure 2-12. 'H NMR spectrum of Scheme 2-16.

° (@ -H
:A ~HD :
|
|
:
J
A _ A A
JI N ,_- __\ . ’r.. Lt ,J —~—
4.64 457 4.54 4.43
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WIZ, 7 REEK Irlb 2 Wil IS B W T T b= F U LV E B AW S & kT
B UEASEAT Ua otz (55 3 i1 2 18/ (2) ) RINEFH_LEDICET ¥ h= UL
VAT T T X RBEMR Irlb & R E OSUS &R LT,

F£9, Scheme 2-18 [T/ " T K 91T, 7 I REEEK Irlb OET7 & b= M U VEIRICK LT 25
MEOXHBERMUIZEZ A, T RERIZETE RU K (7)) $5K Irlc Ic£# s
Too ZHUCK LTI HIT 150 HEDOFMARMNT 5 &, & U FEHA Irle 1ZTHK L, °F NMR
AT RVT—T73.3 ppm (23 7 F v ZaR AR Irkf I8k L=, Z ORI, ko E
CAXY U CTHBEEOXMBAEA S Eo L X2 R U FEEK Irle N EZp b7 e LT
B S N7-#55 (Scheme 2-17) LT 72> T\ 5,

Scheme 2-18. Reaction of Irlb with an excess amount of formic acid in CD3CN.

HCOO
HCOOH HCOOH
CGH5 {§§ 2.5 equnv C6H5)i 150 equw C6H5

CD3CN CD3CN
CsHs , Y NCCD3
Ir1b Irlc Ir1f
—75.5 (s, CFs) -68.1 (s, CF3) -73.3 (s, CF3)

{BZ2FE 1rlf O H, YFNMR A7 Ui, Blig&7 7Y REEK1lall L5 4 &DE R 77
— hEERHESEDZ Ik VA L= T4 U PEEE(K Irle (Scheme 2-19) MET7 & b=k
ULHTO NMR AT bL &g THEL L Tz, L7=h-> T, Scheme 2-18 THIHI X4
TALSRE Irlf 13X, W7 =4 L LThHRL~ " A 2T DT AT = UL
REEZTWD, 2D Irlf i, Scheme 2-20 IZ7RT L 9Tk R U RESANFELIZL Y, 124
BOKFEEZRE L THEU LMD F AT I 84K E I, 7& b=k U LDENL
LIAL PR L HEECTE D,

Scheme 2-19. Synthesis of cationic complex Irle and Irlg.

on oTf
AgOTf
06H5"/ 1.5 equiv CeH 5I I@ CBH5I

THF CD4CN
C6H5 , g it,17h  CeHs ® CeHs , g NCCD3

Ira Irle Irg

F NMR (CD,Cly, rt)

—77.8 (s, OSO,CF3)

—74.5 (s, NSO,CF3)
35% isolated yield
bricky red powder

'F NMR (CD5CN, rt)
~78.1 (s, 0SO,CF3)
—73.3 (s, NSO,CF3)
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Scheme 2-20. Plausible route to the Irif.

OCOH Tf OTf
CeHs HCOOH CGH5 CGHS'/, N\ \\
HoooH o

CeHs ,\ C|_IZ|)30N CDON
—r2

Irc Ir1f

AT A ESER E 1L, T b= N YLD XD RENIERIEEDFAE L7 WS TIE AR L £
— "M A OB EETE R U REEE Irle ICHERIND 2D, T8 b= KU ALSIORE
BECIXER R 2R K B AEMBEY A 7 VRN LTc B2 b D, FEEE, kT =421 T
N 7T — NEHTDHF A4 MK Irle & KBRS ZHE A LT, Scheme 2-21 B &
O Figure 2-13 12779 K 9127 X REEIR Irlb & A DTG M2 8L L7z,

Scheme 2-21. H, evolution catalyzed by Irle 2500 -
Figure 2-13. Time vs TON curve (Irlb and
2000 - [ ]
Irle) u M °
]
cat 4
HCOOH —— > H, + CO, 1500 A .
_ DME 3 mL TON [ Irle
SIC = 2650
H,0 3 mL 1000 - ol
35°C, 1h
""""""""""""""""""""""""" 500 - b
cat: OTf r
CoHon, N oo 0
65, 6M5., T !
i Ny )i N 0 30 60
v / . .
CeHs™ N CeHs™ N time (min)
H H H
Irlb Irie

TOF5 min 5062 h™!
TON4p, 1823

TOF5 i, 4663 h™’
TON, 1963

IED X ST, RHETIE, FMOMMISRICEBNTE FU R (7 X2) 5K Irle 254RK
L, RISHRPTOTREREEMELE L OKRERAEEEORBIERZE S L TS 2 2Hb

PN LT, 8 3 i 2 1 (2) TRLIZEDIE, 7k b= U AT TOKBRAEEENE
LLBFSNTDIE, BISKRPTER LGEL DT A MRV~ MERENZ T2 =MV
WIS BAZ LT LEY, MESEMFTH L FU FEREZBAETE R olclcwlZeEX
b d,
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$3WE FIRTIVEMFZEISE R KA Y DHLEREK I OERE T OMEREE

AKRIATIL, OB T 2 4)EINH S OFENZHSOWTELRTHHNT, a7«
v I T EELERVE R RA U Uo7 AR E SR L, T OfBEENEZ A~

(1) FEIMT7IVRNFEETHHEEDERK

%97, Scheme 2-22 (2R L 912, [Cp*IrCly), & HHIZAR L7z NN- A F/L-N-K 1 7
Y- (SS) -12-7 = =/L=F L VT 2 ((S,S)-TIDPENMey) @ THF I&IEIZx L C, 1
BEOKBRET ) 7 LAKEHEENSES 28 T, 50575270 ) MK Irli 28/ LT,
BB Irli 13 A % 7 — A D EfEERT D Z LIk 0, B REREMRE & L IR 40% CHEEL,
NMR A7 ~b, JEHRSHTE L OHR G X BEEMITIC LV EE LT, Ok it iE %
Figure 2-14 1279,

Scheme 2-22. Synthesis of a chlorido iridium complex Irli bearing Tfdpen-Me; ligand.

aqueous KOH C.H
TINH  NCHa)z  11equv  ° 51

THF CeHs
3C CH3

TfDPENNMe, Iri
dark-red crystals, 40% yield

"H NMR (CD,Cly, rt)
2.70, 3.14
(each s, 3H; NCH3)

1/2 [Cp*IrClyl, +

H H
CeHs  CeHs 19 NMR (CD,Cly, rt) ’

~74.0 (s, CFs)

Figure 2-14. Crystal structure of Irili.

\._,,... P65 (#170), Z = 18
' R1=0.0418, wR2 = 0.1151
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Figure 2-14 (2" L 912, Z O8EKITE 17 I VBN -2 F 3 285K & [FAEL, Cp* BifL
T, 78u ) RENLT, AVERST 2 RENL, DAFAT 2 ENRA U 2T RN LTz,
FBATINHEBHEE (ZHET /A 268 L TE0, @BEDY O TR EILR
ThDHZ N1, ZOREEIL, IHNMR A7 MULIZBWTY T AT LA RE v 77
N,N- A FOVENLIZ IR S D o 7 v h 270 ppm & 3.14 ppm iIZZNZEn 3 7' 1 k43D
O CIHESEMBR SN2 L E/AELTRY, WRIREETHEH 3 %7 I N1 Y
DU LRI L TWD Z EARB SN,

WIZ, (S,S)-TfDPENMe, Bihr % A3 57 1 U RESEAK Irli @ THF IRICHK LT, 50 % &
DX NI U LEBERESELE, v FU REEK Irlj 2B L7, Z O8I Irlj 1%, #x
Z ) =N NOHEREmIC KD ERATEETH D, WIEADREM & LT 57%IHETHEEL 7=, Irlj
DOREEIX NMR A7 MV KOGER ST K W RE LT,

Scheme 2-23. Transformation of Irli to a hydrido complex Irlj.

"H NMR (THF—dg, rt)
CsHs CGHS -10.4 (s, IrH)
+ HCOONa , 2.74,2.93

CeHs 50 equiv THF rt (each s, 3H; NCHj)
HsC CH3 H c CH
3 3
Ir1i Ir1j
57% yield
afte recrystallization

F NMR (THF—dg, rt)
~74.6 (s, CF3)

BEA Irlj O HNMR A7 kL (EETHF) Ti%, & RV FEMNLFICRBSND > 7L
IZ—104 ppm (2, NN-TAFAT IV KIZ|RBESND 370 oDy 7 FMIENER
2.74ppm & 2.93 ppm (BRI ST, E72, YFNMR A7 RV Tl b 704 m 2 F LKk
HkD Y 7 F /W id—T746 ppm IZBUAI S iz, ZofbFy 7 M, 1|7 2 VBN AFE2HT5
t KU REEK Irlc (—68.6 ppm) D H D &L LERT, K& < @SN 7 FLTERY, &1
BEEMEDRWI AT AT I B L > TRBEFOOEFHBENEA Irle X0 b ELTW
B EDREE T,
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(2) BIM7 I VEMFZERT HE RV FEEE Irlj ORI

3T 2 —t KU FEA Irlj # VT, S/C=2650, DME/H.0 ¥, 35 °C DiRfE
ST, XD OKBRAERISERARA T, ZOMMRETRBROFHE LHET I —8 R N
K Irlc 5 — % & & $1Z Scheme 2-24, Figure 2-15 (27773,

Scheme 2-24. H; evolution catalyzed by Irij. Figure 2-15. TON vs time  (Iric and Ir1j)
cat
HCOOH H, + CO,
s/c = 2650 PME 3 mL
H,0 3 mL 2000 - Iric
35°C,1h
cat: Tf Tf TON
| |
CGHSIN\ CsHsIN\ 1000 -
I, r
s s
CeHs™ N, hY CeH N\\H Irij
H H HsC CHj
Irc Ir1j 0 . . . ?
TOF5 min 6092 h™' TOF5 min 13 h™" 0 30 60
TON, |, 2338 TON, , 85 time (min)

FI3ET I —t FU REEK Irdj 13RI EMEZ B L7 00, 1 B[ To TON X 85
WL EFEY, HImT I —t U RS Irle &R THRERIERNZE L BV Z &3y

277,

IEDREREY, a7 v 77 IR EWFIR O RELZ BT 5 L THETH D
Z LR E T,
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F4E PLEROER

W, PLEEPMETENECE 2 DB ERRL720, 7I RA U U LK Irlb, 7
2l R (7IY) 4V YT LEHK Irla, KT, ZbEEEEEDOT I RLT =0 Lk
K amido-Ru &7 vl F (7 I) mT¥ 7 LK chlorido-Rh % 253 iR SOS I H L7z,
¥, 7l ReERE WL ERTIE, SRR CMEBTEHEECHL E N FEEEZRAEIE
L7202, XD 110 BEOXERT N U v AERMLT,

ZOfESR, Scheme 2-25, Figure 2-16 (Z/: 3 X 912, /L7 = LK amido-Ru & 127 A
B4 chlorido-Rh 1L FEE R RS 31T 2 S M 2 BT, A U 20 LSRR D B3 il
ELTHERET B Z & bho Tz,

Scheme 2-25. H; evolution catalyzed by Irlb.

cat
HCOOH — > H, + CO,

s/C = 2650 PME 3 mL

H,0 3 mL
35°C,1h
cat: Tf Tf Tf
CeHs.,, N CeHs.,, N_ CeHs.,, N \ CeHs.,, N_
)i Ir Ru )i Ir, )i Rh
/ v/ / \ /
CeHs™ N CeHs™ N CeHs™ N g CeHs , Y
H H H
Ir1b amido-Ru IrMa + HCOONa chlorido-Rh + HCOONa
TOF5 min 5062 h™" TOFs5 min 0 0™ TOFsg min 1721 h™" TOFsg min 0 ™
TON, , 1823 TON44 0 TON4 1, 509 TON;, 0
Figure 2-16. TON vs time plots of the above complexes.
Irlb
2000 -
[ ]
[ ]
1500 - °®
[ ]
[ ]
TON 1000 - ®
[ ]
/ Irla
500 - g EER E = = u
- Ru, Rh
I. u,
0 & A
0 30 60
time (min)
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BSOS HHERRMGHE

KIHTIE, FOSHERIZOWTELRET 5, LTI, B E TTHLNIZUSSEMR L Ot
BOREICET omA AT LD D,

O REEHIZDOWT (8 3 i)
s ORISR D &, OSSR S L7,
c AKOWIMZ LV KRBRAEDNENZE L A ELT,

O fibiEDHEEIC DT (4 )
» DPEN BfiiF ED A VAR =V EHIL S E ARG IMETH 513 Em\ O a2 38 8L L7z,
A VIR =)V EHIL - TF>> Fs >> p-CF3-CeHsS02> Ms > Ts (5 1 1H)
T2 RA YD LR Irlb 1XFER & UGS L, b~ MR Irld 2B LCe Y R (7

V) K Irlc 252 7m, (B 21H)
X

CgHs. CeHs. \*
+ HCOOH —> )i
)i \ COZ C H

CeHs OCOH

Ir1 b Ir1d Irc

- b FU FEEE Irle 1 3AEROSH TRAEL, RhoFERbFfE U TEE LT,

s b (T RY) BEENDE RU FEEE~OLBROBURREE T TI<Ts L7220, K
RREEDOMPEEIEDIA LW TH > 7,
—PLREED LT SHKRFRAEREN 24 LTV D DT TR,

CHEIRT I BN EAT D FU FEEA Irlj T, AREEEIEDSRIEICE T L,
=707 A v 7T X EMLA O PR B BN S L VWA D, (B 3 H)

06H5 x C6H5 x
I'

3C CH3
Irc Ir1j
TOF5 min 6092 h~' TOF5 min 13 h™
TON; |, 2338 TONy 1, 85

Scheme 2-26 ICHEE R o RE A2 79, 7 2 RS KR Irlb 13X & S L, A~ b (7 V)
SEARIrId ZF-A LT RY K (7)) 8K Irlc lIcZBH S, B R U REHMA Irle 1%, /K$E
ZRELTCT I REE I 2HET2LEZx605, £72, & KU FEEK Irlc 1, ZF o
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WREOXEERIGLT, BFA M (TIY) SEERELZAETCELN, 7TEF=FI 1D

£ 9 @B 2B T DEIERAFAE LI WGRIETIE, R A — A 4 2 OEALZ R THL

REEEES>TE RU REER Irlc AL TWD B2 b D, ko X 51, KFEHRAES

ﬁﬁ CRWTHEIH SN D FEL RS E FU FEEK Irle Th o722 &R0, BLRERME & fii g
IEMEE OFBERSE OGN o T Z D, ORI D HHE M TR B A (55

K Irle->#5K 1b) 72 & HERITE 5,

Scheme 2-26. Possible mechanism of HCOOH decomposition.

CsHs HCOOH

CgH
H, 6 5
OCOH
CeHs., \ \ CeHs ., \ CeHs.
AN o /[
N N
H H CgHs' \ OCOH
Irc E
Ir1d
co,

<EBEBRE OKRHFLBRE) [TOVTOEERE>
IKOEIMFE BN DT 0T 4 v 7 7 2 A OEENSS, B RO 2 Lk=
JVESRIL AT DR ERUSHIE Stz & o EBREE R, ol g THh D e FY K
BEAA Irle 20 B OKFEF AR (BEIA Irlc—85(K 1b) (28T, Figure 2-17 IZR T K EZE A
726 BEREBIREEZRET I EE22 EAHENICHHTE S, /bbb, &1 RIMHER
ZOVIR = VEBILIZ L 5T R U RESR Irle L7 2 > 7 v b oEiEERm BT 51 L,
NH L Z R E T 5, KeENLZ7e b b—lL->Tk KU RENLFO T a1 kb5
OKFERAE) MEESNTZHDEEZ BILD,
Figure 2-17. Presumed six-membered Figure 2-18. Related mechanism proposed by
transition state for hydrogen evolution. Himeda group.

%
2+
CGH5 x ~OH ]

|
CGH5 N AN \

o N Ir
H H 4 H5+ \N/ \
Iric \ng | H\
| “>o M
L H ] H--O
\
H
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XD CB T RO h o) L—fiE L LT, HD RN o7 e h
LA Ak A L35 8 BEREBRELZHE L T\ 5 (Figure 2-18) % %2

72, YIFREORBIL, KFBAERBEPE DY Y T 2 KFEOREERZEZBNT,
[FEEDEBIRFEZTRE L TV 53, HAIE, MSDPEN BLAIF2 AT 57 2 FA U P LA
Ms-amido Ir Z W77 & 87 = ) U ORFKRFEIET, 7 v a3 — WVIEEE T BEOBA
Frp ROSIEEN R 28 L TR Y, Scheme 2-27 D X 5127 2 FE&{A Ms-amido Ir 237 /L =
— L EETe 6 BEREBREZIEKRL, S TRAKENSOT 0 b UglElkE LT I K~DT
o koAb NEE) L CHETT S A Z & T KU KT 2 8K Ms-hydrido Ir 22532 6 0 & HE
ELTWD,

Scheme 2-27. Heterolytic H. cleavage promoted by alcohol in asymmetric hydrogenation.

S5 ¥
/Ir--H
N HO*
/N /.
Ms H H—0% Ms
| 5+ \ |
C6H5IN\ R CoHs, N, \
Ir + Hy > )i Ir,
7/ 7/
CoHs” N ROH CoHs” N Ny
H H H Ms = CH3SO,
Ms-amido Ir Ms-hydrido Ir

F 7o, Figure 2-17 12 L7 7w b U — A R COKRFERENMHEI D & ) deiko
RENE LWL, 7 b E2EAELLEHAOREAFMDRIRE D EEZLN
D, EIT, EASLEXRA AW CHERMFEMEZE (KIE) Zi~7 (Table2-9) ., %
DOFER, v b UEEEKELLZSA (HCOOD, DO Zf£, entry3) @ KIE i 3.67
&, B RV REAEAKFE LK (DCOOH, H0 #fiff, entry2) @ KIE i (1.54) &Lt
NTREL 2D, ABHEREICBIT 270 o) L—HEOR S 2 X o RB™ S LT,

Table 2-9. Kinetic isotope effect of the dehydrogenation of formic acid.

entry H or D source TOF5 min/h™" KIE

cat (1b)
HCOOH——— —=H, + CO, 1 HCOOH/H,0 5,062 _
» 112
35°C,1h 2 DCOOH/H,0 3,282 1.54

3 HCOOD/D,O 1,379 3.67
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$£58 DPENEBHOIYOAZIERE

A E T2, TIDPEN BN 72 H 954 U P v L85 (Irlb, Irlc, Irle) 723, FEEOiEIC
KD AKRFRAERINT K L CEIRM T OIRERME T CEIEELZHET 2 Ch 5 2 L &2
Nz, L, 2D & W SRR RS D TON OFfREFEA D 7 Z 7 (Figure 2-10 72 &)
I, ARAREEDMtL D2 < DIKFEFEAMRIE & [FERIZ, ROSBIAERIH O @V IKBR AR 5 KRR
FIHERFCEX RN L AR L CWe, ZOHER E U THBIE MR BM R L T2 ATREMEA
Exbhbd, TIT, ARECIERISEE & fTEE OB 230, 5L BLEN S O
JE R B % 3 7

F11H REEEEMEEEDHEE

9, TIDPEN BINL+2 AT 257 2 RA U P T ALK Irlb 2T, SOGTREE DSBS
PEIC G- 2 DB LR, B, BI3HIFE 1E TR, ZoskzE AW RET
B L = 2650 (K& 3 mL, Irlb 0.03 mmol) , 35°C OIRESLRMT, M=K
8N LIFRID 9 BITHBE SN T LE I 72012, FUSTRE OB X 5 RS E D 7% 4 i
L2 WEB Z, LUF Tl (Irlb) ¥WRANEZ 0.01 mmol (238 U CHE /il b 2 7950 12
HR L 72,0 °C 225 60 °C O #H T FMe /iSO 2 1 IRp BB L 725 1 4 Table 2-10 & Figure
2-19 12~

Table 2-10. Temperature effect. Figure 2-19. Time vs. TON curve.
4000 -
cat (Ir 1a)
HCOOH —————= H, + CO,
DME 6 mL
S/C =7950 H20 6 mL °
3mL 35°C,1h 3000 - ® ®0°C
0.3 mL/min )
o ° e ©10°C
TON LA
entry  temp,°C  TOFsmis/h'  TONqj ® $ $ $ o oo ©25°C
2000 - c  ®
1 0 48 240 & . 35°C
™Y o
2 10 664 778 ] f ° ©40°C
3 25 3493 3189 1000 - ;.0 ° ®50°C
4 35 4112 2566 S o ©® ®c0°C
[ J
[ J
5 40 5754 2590 00 ® . o
oo o
6 50 9461 2423 0 :
7 60 11110 2273 0 30 60

time (min)

a) Formic acid was dropped at the rate of 0.3 mL/min
Total amount of formic acid was 3.0 mL. b) 0.01 mmol
c) TON and TOF is estimated from mixed gas volume measured by flowmeter.
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IREE A B 213 EROGBRIRIE 5 /7231 215N W E L, 60 °C To TOF fE1E 11110 ht
WL, LA L, ZOmWIEERIIRFFFMER ST, Bth 15 2% IIIKRERAESIED
TIFXEIL, LIFETO TON 1L 2273 12 & EFE o7, —77, KIRTH 51T EXHIOTENE
FRTFL7eboo, stz Lo B <Fft L7, 1RFETO TON fil% 25 °C O & = |2h
HRELARD, 3189 ITE LT, SHIKIE T CORISEMFTT 5L, 0°COLE IR E
U AR L A MR L, 53 BEM# O TON 12 6780 IZiEL 72, ZHUE0 °C LW HIKIRT
b AR TR 3R & EBL L 7291 COFITH 5,

¥ 21 TDPENBFEZHTHE FY KA Y THLERE Iric DRSBRRIG

ATPE TR ~7z, ZHREICIS T D BKESOST ORRFZE I, BRI R 5 Al OaE
HWEOFEZ IR LTS, £ TARETIE, BEBERMOZZPETHLE YR
(7 22) 6K Irle DBABYLZENEIC SV TR A LT,

(1) DME BiEdh(cHITH o0 A2 )L4E

Scheme 2-28 127”4 L 912, & F U FE%A Irlc 2 DME IA#rh < 38 Bfi&EiE L= & = A,
B D IHNMR Z~L7 b LG, $EK Irlc 23142 L, 1.83 ppm & 1.84 ppm |2 Cp*Eih7+
FoxrFArTe NrlkOY T Ly NE—7 B 25 2 FEOLFFRE (Ir2a, 1r2b) 78 4.6:1
DEIETER L TWVWD Z Enbholz, ZIHDEEKRIT, ~FH /o= F rz=—T7 )1 (1:2)
BT D VBTN T A Ira~ NI T 7 4 — DHERERARRETH Y, E
AR T 5 EEIR Ir2a A3 41% 0 BN R TR C & 7‘:0 NMR /EUm%Dé%ﬁaaXnéﬁT%iﬁﬁﬁﬁfx
ClkoT, InbH0AERMIL, ENEH DPEN BN LD D 7 = = VIR BKFEE
o TAN RN AFZ ML LTERERAET D, AWICEMEKRORRICH 514 U XV A 7 VEERT
HDHZEMHBH LT,

Scheme 2-28. Thermolysis of the hydrido complex Irlc in DME.

H
Tf ==
N\|“ H,
/r
N H
H H
H

\Tf
N\ DME, reflux HzN\ N C6H5 TfN\ 06H5
38 h é

Irc Ir2a Ir2b
41% isolated yleld
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AV ZHA 7 IVEER Ir2a, Ir2b 1%, ZH I DME/M~FH 2, (b A T L o /m—T b
OFFERIC L > T, HEAOMEME%Z 5 272, Figure 2-20 [Z1Z851K Ir2a, Ir2b O b %,
Table 2-11 |[ZIZERFEE R, fEAREOKBTHNT —2&25rd, EHH08HKE Cp* Bl
P, TR UENLT, ANKRYT R REALT, 7= =B 67D ZE T R
BEAA LTz, £/, $5K Ir2a | X NTF ST 5 7 = =L JL (Scheme 2-28 IZ A &
~—27 L72) 73, BEIK Ir2b 13 NH SRR 2 7 = = /LK (Scheme 2-28 2B &~—7 L
) B, ENENGFARB—IKRERBAEUM Ao T 7 A XML LTERMTHY,
INHDOAV YT LAEDLY OFEEMAB LURARIXIZERE TH -7 (Table 2-11)

Figure 2-20. Crystal drawing of Ir2a and Ir2b.

Ir2a Ir2b

Table 2-11. Comparison of the bond lengths and angles around the iridium centers of Ir2a and Ir2b.
Complex Ir1-N1 Ir-N2 Ir-Cp* (ave) ZNI1-Ir1-N2
Ir2a 2.196 (8) A 2.122(8) A 22052 A 77.0 3)°
Ir2b 2.120 (4) A 2.166 (4) A 2.1926 A 76.20 (15)°

F7-, B, B RU KR (7FIY) $8K Irlc OFE THF IRIKZER L, HNMR IC X > T
7 a X B ALBRRABIN L 24, 475 ppmics v 7 Ly h 7 FAnEN, A Ir2a
Ir2b OFERRBERE TKFBE T AR ERR L TWD Z ERnbhoTz, ZAUTEE LT, fiff, van der
Vlugt & 13 Scheme 2-29 |Z7x9 PNC & > H—A a1 7 JVEEIR F % F W T il iy =6 1 4 fif
— KFBRAIEOEBIET, & RU RHA H 225 ORiAkFELS 7 v A X LIS EIRE LT
WH%, Zor YA I NVEHR FIEFHBERIGLTT Y7 r A% kL, P—N ZJEX L —
NEKEGT DA~ MK G IZEBEN, v 7ax X b T v 7 a A2 bEED i
T A D= XL TXEPERC ORI ND,

ZHUTx L, TIDPEN BN %A 5 HKDA ) 2V 7 VSR Ir2a, Ir2b 1%, FEETF(E
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TTHLTFZuaAH kI LD KU R (7 I2) 88K Irle BAIZIZE A SBHIS T,
INEDA Y ZY A TNV A 7 VNICE TN Vb D EEX NS, FFL
VIAENE 3T THRIR T 5,

Scheme 2-29. Proposed mechanism for the catalytic dehydrogenation of formic acid using F.

_P({BU)Z HCOOH

—P(Bu),
co

C—H activation

CO,

(2) DME/K BEBERIZCEITS o042

FR IR 2[R 3 RS S I VTN D DMEDK (1:1) IRATEEEH, & RYU RESK Irlc % 80°C
THIEL L7 & 2 A, DME D& ZEENC W TZBR & e TRISIEE 41, 50 521 R
REEAR Irle 1T T L= (Scheme2-30) , Z Dk X, A U XV A 7 AGHEDIEIL 87%
T, Ir2a, Ir2b 1% 1:6.3 DL THOLNZ, iz, YUV BFNVBTAIa~v NI T7 4 —2k
n, TAERMTH DK Ir2b % 66% 0 HEEIN =R TR L 7=,
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Scheme 2-30. Thermolysis of the hydrido complex Irlc in DME/water.

H
AT =z =z
//,/ N \ _H2
I, - N * S\\Tf
N DME/H,0 J N N
N Ny TINON® HN N
H H 80 °C, 50 min @ 65 @ CeHs
H

100% conv

Iric 87% yield Ir2b 631 Ir2a

66% isolated yield
DX T e FMERETTO LT v A NAVSOE OANEIZEE LT, HAFZEE O/
#ix TSDPEN Bifi 2 H 7357 I NA U ¥ U L§E(K Ts-amido Ir (Scheme 2-31a) &7 I R
VT =7 KSR Ts-amido Ru (Scheme 2-31b) 7%, 7=/ — A MU 7 A v /—)L
EOBMET NV a—NFEF T I A2 UbEZT 5 2R ELTWNDES, ZoLkXx, Ts
FENRAN A Z AL UTEER K L=, 1r2b (ICHIYS %, 9 18T 2 VBN FICBE D 7
= = VENFN F AL AL LTZEEEM RO TV D, 61T, TAa—AR7x/—)
2L Dy 7 u A2 ALOBfEZIERPBHI S TRY, Znzdiil+ 5720z ra
X VAR T = X VA ARk L CET T SRR STV D,
[FE£1C, TDPEN BfZFA2H9 28 FU KA U P U LEEK Irle OESERRBKET 2
1 A %Al (Scheme 2-31a) LV b, KEEPTEKTLE Fuky (7 I2) Sk NS%
BRHEL7zA U XY A 78R (Ir2a, 1r2b) RO F BNREITTHEE26ND
(Scheme 2-32) ., 2, b 7oA XL, B Rax VY7 /vadx VR FIZ X
% CMD (Concerted metalation deprotonation) ##3" CH/T L CW 5 LD EHEE SN D,

Scheme 2-31. Related cyclometalation of Ts-amido Ir and Ts-amido Ru in acidic alcohols.

$0; $0; HoN—Ir 111,
CeHs.,, N CeHs.,, N |
AN —_— = AN —> CsHM N (a)
Ir + PhOH Ir 65 ~
NN

v PhOH
\

C6H5 ! 50 °C _CBHS H, \H OPh ] CGH5 02
Ts-amido Ir J K
$O; HoN—RU i, Ru_Hy
CoHs., N, e I TN
)i Ru + CFsCH0H Gp.ch,on  ® S/N\S + CeHs (b)
CeHs E 50 °C CeHs  ©2

Ts-amido Ru
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Scheme 2-32. Plausible cyclometalation mechanisms of the hydridoiridium complex Irlc.

T ® T
C6H5IN\ \ fast CﬁHS’/, N\ \
Ir, + H,0 )i Ir, — Ir2a + Ir2b
/ / _
N \H CeHs™ N \OH "0
H H

CeHs —H2 2

/N

Iric N
H (a)
21 slow

Ir2a + Ir2b
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EIE A YEFHA7ILERE Ir2a, Ir2b ZAW =B RIC K MBENKRRERS

AITECIE, TMOMMISOMBIEHERTHL e KU K (7)) 85K Irlc NIV
0 AL NALL, A U FYA 7 VEER Ir2a, IrRb ICEB SN D Z LR R, ZhbnAY 5"
TA 7 NVFEIIABERIE T CHAERT S LB X DD, ARETITEEAE 1r2a, Ir2b O filiFnE
PR, ZDv T v AL NACBIE D REIE R G % B A BEE LT,

97, SLE/MEL = 7950, DMEVKDIREGTEEH, 35°C T CXMRmfif — KFBIARIRIC
KT DA U EYA 7 VBEK Ir2a, Ir2b Ot ENE 2 0~ 7, BOSBIIGE S 5 3% D TOF & 1
R #2  TON % Scheme 2-33 |2, F 7= G BR%E 20 451% & T TON OfEIEZ Al % Figure 2-21
WRT,

N—N F L— MY I RESAE Irlb &b, AU X4 7 V85K Ir2a, 1r2b O JOGTEPE AR
<, FRCHOBPEIOIEMES KIEIZIK T LTz, $5K Ir2a, 1Ir2b 1%, & 2 FREEREM AN aE 5
5 L FOBUSTEEZ R LIRS 7203, TOME L efs 7 v A 2 ALRTO T I RESE Irlb (2
IR hotz, Thbb, V7 XX ALBRBTEER T OERIZ /2> TV D Z &R
m®E Ny,

Scheme 2-33. Comparison of the catalytic activities of Irlb, Ir2a, and Ir2b.

cat

HCOOH H, + CO,
S/C = 7950 DME/HZO (1:1)
5°C,1h

CeHs |

r

H N\-rf Tfril\z'H
CGH5 ‘ 2 ~ C6H5
Ir1b Ir2a Ir2b

TOF5 min 4111 h™" TOFg min 0 h™" TOF5 min 235 h™'
TON, 1, 2566 TON; \, 1469 TON; p, 1592

Figure 2-21. Time vs. TON curve of the dehydrogenation of formic acid using Irlb, Ir2a, and Ir2b.

CsHs)i
CeHs

Ir1b
1500 - ®
° Ir.
y §\
TON 1000 | S ® u > Cetls
° Ir2b
° [ J - r.
500 - Py .
[
([ ] | = HoN NC H
) ™ 2 65
omomofl mm W 4444, : C
Ir2a
0 10
min
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WIZ, AV ZYA 7 VEER Ir2a, 1r2b 2MEIGHEZR 23 & & SRR il & U CHRE L 721k
BB LT,

A VYA 7 VEEK Ir2a, Ir2b 1%, ENCEEfn/e 18 B & THY, ZOFTETIHIED
BOSHA N ERETE N Enn, MBS Z BBLT ZANCHEEZEL L TnDH LB XL
No, EBE, S5AK Ir2a, Ir2b Z JAW 72 FEEEBOR DO BRLA 20 73121281 5 FNMR Z~<7
MV (ETHFH, =R T) ZHE L&A, —76 ppm (LD Ir2a, Ir2b H3ED > 75 )L
DIz, =78 ppm AHETIZHID Y 7 FARBRI Sz, Z D& E, $EK Ir2b O LRI 90%
I <IZE L TWe (Figure 2-22a) —J5, $H1K Ir2a OEE(ERITHEORRE TH -7 (Figure
2-22b)

Figure 2-22. 1°F NMR spectra after the catalytic dehydrogenation of formic acid using Ir2a and
Ir2b.

(a)

451 5.49
8.89
(b)
1.11
| | I
—-65.0 —-75.0 —-85.0

UHFFEROERE « F « A S 13 NTF EED hemilable Z2BC0NL « fREEEE) 2 i &+ 5 7
—RIGER DA R OEMEZ B L TR Y, NTF SO S8 O ENL L7285k O TIx—75
ppm fF3TiZ, FRREfE L 72 85K P CTIE—78 ppm fHEIC BFNMR > 7 U3 @lill S v d 2 & & B
W7Z L TW5b (Figure 2-23) 38,

Figure 2-23. °F NMR chemical shifts of the tethered ruthenium complexes O and P.

I \
Ru Ru NHTf
oc” | DN oc” | i

CO ¢ co
o] P
F NMR (CDCl3) —74.8 ppm —77.1 ppm

F7-, WEHED TIDPEN O 7 1 a7k /L AHIZEIT 5 F NMR 3 7 /L2 —77 ppm (L]
INDZ & EPETERD &, Figure 2-22 TH7ITELHI S 47 — 78 ppm Al D > 7 Vi,
Scheme 2-34 ([Z7 T X 912, A U7 L7005 NTE EALAMREE L 72881K Q, RICH KT 5 H D
rEEZXLND,
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L7223 - T, AR P—N FL— Mo #4147 LgEKDE (Scheme 2-29) &1
B0, RE-GEEEOTa R (T r7a A X nk) 125D N—NFL— e |
DR (TIV) 8K Irlc oF£EXV L, & -—NTIEEO T 0 b offnEl+5 %52
%ﬂéo

Scheme 2-34. Plausible reaction products Q and R.

= =

Ir IrH
SN\Tf + HCOOH ———— s Tf
HoN N -CO, H,N._ NH
CeHs CeHs
Ir2a
Ir. Ir.
=N\ HH QHy
TENN + HCOOH ——> TFN_N
CeHs -CO, H CgHs

Ir2b

fil iSOG B AR 20 4315 DBRBE T, NTEEALONREE L 7= & B 2 DL oL FfEE, K0 R E
PEZFEE L7285K Ir2b THLBIISN TV 2 L, e 2 AT 57012131 Y
ZHA 7V r2a, Ir2b D HEER Q, R ~DEMMFIZ /o> TNWDH Z EnbiroTe, AU XH
A 7 VEEIR Ir2a, 1r2b B TOMEEFEIO S, NTf WAL E EteA U XA 7 AAEE D EER
Ir2b TiX 6 BERTHDHDIZKIL, K Ir2a TIXEIVEERSBRTHD Z LITERNT D &
Ezbhb,

Lk, AREICIE, TIOPEN ENL 72 A7 58 KUK (7 Y) 88K Irle 23, FEOMRIC
& 2% R FEFEAROSHIZ DPEN BLALFERICE END 2 2O 7 == oy 7 X 4
IEEHEST, AUV A 7K Ir2a, Ir2b 1B SND Z ERboTz, ZOA UK
A 7 VEEIR Ir2a, Ir2b OfEIENEIT S 7 v A X AL T 2 HIO T 2 REEE Irlb & e~ TE <,
FALFEAE D 7 v A Z AL EREREIR T ORISR > T D Z &R Sz, 7272
L, A UXHA 7 VE5E Ir2a, Ir2b BIRITAEAER 2R S 720 b 00, & G LT NTf
AL MERET D &, ARTEMEZR 2N O XU NI L £ 2 2 Ebhro Tz,
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Fofi TENEBMFERTSHE FY FA YO LEEK Ir3c DERLEfEER

A CIL, TIDPEN BAL 1% A9 D 2S5 aEA U ¥ 0 AEIRE W7o TR RS I2 30
CT,DPEN B# LD 7 == VD 7 v 2 Z AR U CHBSTEEME T35 2 & &2 R
7L, £ZC, AEITHE, ZORERKE LIZRVEFELT, ZFLUUT I VERK
BRI DBRSEAR AT ICARR L, EOfEAER 25~ 7,

$11H TENEMFZETSIAY FA) O LEEK IB3aDERK

£, TDOPEN BN F42FT5E RU K (7 22) 8K Ir3c OFIBRAL LT, 71U R

(7 22) $81K Ir3a DAL & R T2,

Scheme 2-35 (2779 & 512, [Cp*ICl]2 & N-F YU 7 U r=F Lo Y7 I (TEN) & RV
TFVT I UAFET, RIREM T IR LI 2 A, BROE Irda BfE bz, =
DEERITIE A F L =T A B G T 5 & 58RINE CHAafMmA 5 2, OMIEIT
NMR A7 kLS H S X B EMAATIC L 0 [RE L7, Figure 2-24 (21345 S 2 4,

Scheme 2-35. Synthesis of the chloridoiridium complex Ir3a bearing TfEN ligand.

Tf "H NMR (CD,Cly, rt)
T ' \ .
12 [CpfirCl], + HN  NH, _NEts1equiv [N\r‘x\ OR s, TS BolCHs)s)
pir 212 2 > I .
THF. 1t 3 7 \CI 2.96 (br, 4H; NTfCH,CH,NH,)
TEN H H 3.80, 3.99 (br, 1H each; NTfCH,CH,NH,)

(Tf = CF3802)

Figure 2-24. Crystal structure of Ir3a.

Ir3a

58% isolated yield

D ¢

"9F NMR (CD,Cly, rt)
—74.2 (s; CF)

P2,/c (#14), Z = 4,
R1=0.0381, wR2 = 0.1014
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s R (7) K Irsa®H NMR 2~<27 ML T, NH 7o hdiggsns v
7 FVH 3.80 ppm & 3.99 ppm 12 1 e b TOIEEMICEM STz, ThbE, Z Ok
I AE RIS & RERIC, WP CH T I VAR A Y O AHRDICEML L THnD EE X B
5. £17, CpENIF EDAFNIEDT 1 kDT 7 1.64 ppm (ZBUHI S iz,

F 7=, Figure 2-24 OFEEEEN DX, S5 Ir3a 2% DPEN $5(K Irla & [FkE, Cp* Eihi 1,
7 vl RENLT-, AR T 2 RENLT, 72 VBN 06720 ZHE T /R RikE 2
HTHZ EnbhoTl,
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21 TIENEBUEFZEETIERY FA) SHLEE Ir3c DERK

W, TEEN BN FZ2 b 27l K (7 IY) #KIr3a D7 X FESKR Ir3b e FU K (7
V) BB Ir3c ~D LW AT,

E£9°, Scheme 2-36 |Z7R"T K 912, HALATF LR, RIGIRE 0°C OS&MET, 7al)
R (7 22) 85K Ir3a (2t UCOKBME D U 7 ZOKIEIRZER S & 2 A, RO GITHE
> HENAFFIFE SR e REE B~ S tR 2 1T L L, 16 17 X REEIR 1r3b 234k L
TVWDHZEWREBENT, LML, ZOBKITERT CIIR@ICH2ICEbL, #5ot
SRR X DHEMEZR 9FNMR 7 Vv B E 7,

ZIZT, T RS Ir3b ZHBET A2 L7, B RU RESIR Ir3c ~&EL Z Lz LT,
DL U THRAESERZT I RESE Ir3b OV % 0°C 1T D, M -S04 Uz KCI
7o & 23R E TR =%, IAEZ THRF ICEH L C 1 YBOXMAEERA ISR L Z A,
IR DOAATT ICHEMICZE L LT (Scheme 2-37) , NMR A7 kLIRS, X A &g
Frickv, BOE RY K (7 IY) S5 I3 MERLTWDZ L 2R L, UK 69%T
INEHEELU-, BALARAIZR e KU REER Irdc IXENLAEEFN T X REE(R 1r3b &1 H /R0,
FIRT, BRIRETHLLETH-oT,

Scheme 2-36. Synthesis of the hydridoiridium complex 1r3c bearing TfEN ligand.

Tf Tf
N * N
NI aqueous KOH N
E A . E Ir —> decomposed at room temperature
/! \ CH,Cl, N
H H !
Ir3a Ir3b

could not be isolated

Scheme 2-37. Synthesis of the hydridoiridium complex 1r3c bearing TfEN ligand.

T Tt
EN aqueous KOH [N\I HCOOH E
it bttt r

/! \ CH,Cl,, 0 °C N THF, 0 °C
H H v
Ir3a Ir3b Ir3c

H NMR (THF—dg, rt)

, cf. 1 |
| . E H NMR (THF—dg, rt) : 1.3 (s, 1H: IrH)
E 65:[ N TN 104 (5, 1H: i) 5 1.70 (s, 15H; Cs(CHy)s)

CeHs ,N\/ \H 1.86 (s, 15H; Cs(CHz)s) 2.42, 2.82 (2H each; NTfCH,CH,NH,)
HH 5.08, 5.38 (br, 1H eachNH,) 4.43,5.05 (br, 1H each; NTFCH,CH,NH,)
Irc i

9F NMR (THF—dg, rt) 1
F NMR (THF—dg, rt)
—68.8 (s; CF3)

~71.5 (s; CF3)
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t RU REEAK Ir3c @ 'H NMR A7 hLTlE, NH 70 bR snd v 7 Fan 1
7'a b o POIFEMMCBII S, WP T T I ML Y DU AL LTV D
ZENRbrol, iz, CoEALF EOATFAIED T a F i, BELOYNHEALICRE S VD
7 FMTENER 1.70 ppm, 4.43 ppm, 5.05 ppm &, [ASHICI 1T D TIDPEN fH3kd e R Y
REER Irlc (1.86 ppm, 5.08 ppm, 5.38 ppm) L 0 0@ BN BI S -, Z O@Ekis s
7 FofmEITe KU REALT (Irle-- —10.4 ppm; Ir3c--- —11.3 ppm) <> %F NMR A7 kL
WZBITS MY) 7uda 2F VRO E—2 (Irlc--—68.8 ppm; Ir3c---—71.5 ppm) (2B L T
BT,

Figure 2-25. Crystal structure of the hydrido(amine)iridium complex Ir3c.

(et Ir3c

144cd (#110), Z =16,
&b . R1=0.0234, wR2 = 0.0574

Table 2-12. Comparison of the bond lengths and angles around the iridium centers of Irlc and Ir3c.

Complex Ir1-N1 Ir-N2 Ir—Cp* (ave) ZN1-Ir1-N2
Irle 2.126 (2) A 2.149 (3) A 2.195 A 76.58 (10°
Ir3c 2.143 (4) A 2.136 (5) A 2.1908 A 79.63 (17)°

B RY REEERIr3c (T A X/ — AL EAERT 2 2 & CEBEMERZ G 2 7o, Bk X
HIEMATIC L B oS s, EREbY oA ER - MafAoT —% (TIDPEN FfL
THEOE RU K (7 IY) 85 Irlc & D) % Figure 2-25 & Table 2-12 |Z7R 7, $K(K
Ir3c Ot RV REMNLFOMEIZZET — Y 2GR TITRET D ZENTERN TN, 4V
CULEDY OEMBICZENTZGITE SO, Cp* BfL 1, ANAART I REAL, 7 U
P b =|ET R AEGEE2 R L D EBEx b5, £72, Table2-12 12779 &
IS, BREDY OWEE T A —H 1% TDPEN BN 7 HSROSEA Ir3c LR TH D Z &0
otz
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BIWE EFYFAYSHLER Ir3c ZAVSFRSMRICL SMFEMKRRERS

AT CTARK L7z TFEN Bz 7k e KU R (7 I 2) 85K 1r3c DX/ Rk 25 fil
BT & SLE Al = 7950, 35 °C, DME/H0 OIRA TR O S:FCTill~7-=, Scheme 2-38
WX SUGBRLA 5 73 @ TOF 38 L OV 1 BEf#£ 0 TON %, %7z, Figure 2-26 (2% TON D%k
A% RT,

Scheme 2-38. Comparison of the catalytic activities of Irlb and Ir3c.

cat

HCOOH H, + CO,
S/C = 7950 DME/H,0 (1:1)
35°C,1h
cat Tf 'I'f
N R
CSH5)iN\I [ \Ir“\\%
r
/ /
CgHs l}l /N\ \H
H H H
Ir1b Ir3c

TOFs5 min 4111 h™"
TON, ,, 2566

TOFs5 min 5593 h™"
TON, |, 3788

Figure 2-26. Time vs. TON curve of Irlb and Ir3c.

cat (0.013 mol%)

HCOOH H, + CO,
DME/H,0, 35 °C
8000 1
Tf
|
6849 N\
7000 E Ir,
A NN
H H
6000 1
A Ir3c
5000 - A TON125 min — 6,849
TON
4000 -
A 3010 1f
3000 - A ° o O N
A PY /Ir
P [ ] CeHs” N
2000 - é g
2
 { Irb
1000 4 TON125 min — 3,010
0 T T
0 50 100
min
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TfDPEN BN+ %2 A4 285K Irlb & OO, BRALFEKORZR S 2 SOMK T
FOSHIE ORI 1T R X 223813 e o Tz, Lav L, fERhER D Erge it oD 45 TV 3 7
53U, TFDPEN iSRS Irlb 135S Bk 30 43147 B KB RADNR I R4 [TIE T L0
(AL, TIEN HISROSEHA Ir3c 13 100 318 & 9B OB S 2 HERr L, SUGPRAR 2 FefHl 2  TON
EIZZ 24 3010 & 6849 L1720, KERENA LTz,

E HlZ, TDPEN HIRDEEE Irlb ZBVIICARZE TH Y, 60 °C ORISR T Tl 15 47
BITKEIEDNEITE L L7200 L3R BBANIC, S5 1r3c 13EREME T T & O illia) = 4
HEFFC& D 2 Lo T2, Bl 213, 60 °C OB T, FZ /i = 15900, 0.075 mL/min
OMET6emML OXEEZN FL7=E 25 (Scheme 2-39) , Figure 2-27 (2779 & 9 12 TON 23
ELRRAOICHIIN U7z, BRSADND 80 /04 (C1% TON = 15,449 (CHE L, Z OR S TIMA XD
2B TNPIKFIZEMLINTND Z LRl

Scheme 2-39. Comparison of the catalytic activity of Ir3c at 60 °C.

cat
HCOOH EE——— H, + CO,
S/C = 15900 DME/H,0 (1:1)

60 °C

Ir3c

TOF5 min 7336 h™"
TON; , 12101

Figure 2-27. Time vs. TON curve of 1r3c at 60 °C.
16000

14000 A
12000 A
TON 10000 A
8000 A
6000 A

4000
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2000 AA

0

0 10 20 30 40 50 60 70 80

min
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ETI7EH F&H

ARETIE, THETHLKFOALE, KEBEMEEE L THWORTE 2T I e
BEDOERE & 2 DSOS IZ EE DWW TR L, FMMRIC L 2 KFEIAEMEE L U CTIEMT
X5 EEWLMILT,

EIHNLEAFHTIL, ANVKRZAVZF LU DT I VENAZHT D Cpr A U 27 LGSR
AL, XMOMEIS~HEM Lz, ZOfR, M) 7V AR EDOBEFRIIEA LA =
BB Z A 28RN EWAEEM 2 BB T 5 Z L 2 RWE Le, BOSIZIEZENLF B
7T 4y 7 IR NHENEBS M TH Y, EROSRFTINRZIINT 5 2 & CTREEEMEN 2 L
KM EL7ZZ &b, BURIORTRSHEN (Scheme 2-40) ZHEE L7z,

Scheme 2-40. Possible mechanism of formic acid Figure 2-30: Proton-relay

decomposition.

mechanism
CeHs
%t
HCOOH
Hy CGH5 CaHs
Ir1b CGHS ’H6+ HE-
H+
Ir2c Oa—
[
— H -
Tf Tf
CGHSIN\ \ Cets., N \
Ir, Ir,
N\ ):/
CeHs™ N H CeHs™ N \OCOH
H H H
Irc y Ird
co,

Thebb, KEBERE O & & RS, RISET I 017 I RESMERM O AL #L % gt b
THANZ AL TERY, R TH D KEIAEEME GBA Irlc>1rlb) 13Kk ENME
L7=7a b U L—tE (Figure 2-30) [ZX VIS D EBZDND, TDI, KOU
INRPENLT- D NH SR NEATH Y, B REIWED A VKR = VEBIL A AT D85 KIZE
NH LD e b U EatER A B L, K30 < AKRZITHICELE CX 5 72010 @l e kB8 A fik
X U CHSRE L7- ERACE D, F7o, MoREMEE LTI TF A2 E AT 5 2 & TisRD
ZEMENRM ELZELEZ LD,
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72, BEFOAKFRAEMBE TR RORISHRE B 51010, HEOTIC & 2 Wik
PHEE IR A LB LTV AOICK L, 2 ORI, SRAE CH L & RIS
|2 TOFs min = 6092 ht (D& TEME 4 F6 B3 5 MM R Th 5,

L2 L, TFDPEN BN 1% A9 285121, Scheme 2-41 12773 K 9 72 DPEN Ff7 - Fo
7 = =D Y T v 2 S ALRIEIC K 5 B 22 IS RRE AME(E T B 2 L bbno
P ESHITIEI DL a A BRI OWTEEAE L, & < IR b DK ERAE G
D EEFRIHSAETH D KRIFE FTA Y A 7 V85K Ir2a, 2b DARNBEE CTHDHZ & %
RWZ L7,

Scheme 2-41. Thermolysis of the hydrido complex Irlc in DME/water.

e N NHH
/N\/ N, DME/H;0 HNN TEN_N y
H H 80 °C, 50 min @ CeHs @ CeHs
H

100% conv

Iric 87% yield Ir2a 163 Ir2b

=
"

66% isolated yield

COMRAES LT, F6HiITIE, T uREANAEZTAHT Y — A EEERICH T
20, TEEN B FHROE RU R (7 I2) $8KIr3c 26/ L, ZhafifsOsicmm L
Too TORER, fRBEDOBILIE Z I TE, SIC =15900, 60 °C OZ&fFF, 804y THIZ =%
FE DD 7% % 53 fif ™ % & 5 Fied T WIS PR AME A F281 L 72 (Figure 2-31)

Figure 2-31. Time vs. TON curve of Ir3c at 60 °C. (S/C = 15900)

16000 Tt
ah N\
14000 A [ I,
N/ \H
TON 12000 A a
10000 A Ir3c
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Scheme 3-1. Asymmetric transfer hydrogenation of a-substituted acetophenone substrates?®).
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Figure 3-2. Specific n-r stacking interaction caused by the different electron density of the arenes.
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Scheme 3-2. Nucleophilic substitution in an aromatic fluoride.
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Scheme 3-5. Possible path to hydroxide(amine) complexes from amido complexes.
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Scheme 3-6. Synthesis of hydroxide-ruthenium complex D bearing MsDPEN ligand.
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Scheme 3-7. Equilibrium of amidoruthenium complex and hydroxoruthenium complex.

R
co;
CeHs.,, N_
)i Ru + HO ——
C6H5 '}l CD20|2
H

amido complex hydroxo(amine) complex
R = CH3, p-CH3C6H4, C6(CH3)5, CF3

F 2T, £ FSDPEN B2 ETHT I RAT =L, AUV LEEKEZAERRL, HE
BEARET D EE BT, AKIFEETFIZBIT S 25 OIKRD RISZEENI OV T,
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F2f FDPENEBIFZEHTEI7E FILToOLRUA ) OOLBEKOERE RIGHE

F1H 7 FILTZULSEERU DEREETDHEE
ARIETIE, nb-(p-cymene)Bihi+% A4 5 FSDPEN H3KED 16 EF7 2 RT =7 LAgAD
Bk AT,

(1) 28Y FTZIV)ILT=) LK Rula DERK

FSDPEN Fifii % & 285k & LT, £7°, 7 I KT =0 AEERORIBEEKE 2570 ) K
(7 2 V)8 A RuCI [K3(N,N)-(S,S)-FsSNCHPhCHPhNH,] (p—cymene) (Rula) D& k& 1T 7=, =
DEEEIE, EEE LEMRASHIC LV S - HTIRESN TV b DD, ARIEST LT T
—ZZBET WA R,

TSDPEN FLAZF % & D HELLEE 1K D & s IT eV, Scheme 3-8 ([Z/”d K 91T,
[RuClx(p—cymene)]2 & FSDPEN BCfz 1 2-7 v /X ) — WIRIRIZKE L, &Ebi=v 2 ¥ED b
UxFLT IS, iR T 3R Lz, BONEAYZ L T CHRE L7z,
R HTACA T L AT L, K TOBRGHERIEIC L VIEE(N ) =F A7 < )< R
DHEZIY R, AWHEZEZR L%, BERET L EEMOZ 0 ) N7 2 )8k
Rula 7 70% DI T H =12,

Scheme 3-8. Synthesis of RUCI [%(N,N ")-(S,S)-FsNCHPhCHPhNH:] (p—cymene) (Rula)

9F NMR (CD,Cly, rt)
. -135 (m, 2F)
)
N(C,H | Q -153 (m, 1F)
e ZZJLS” Colsr, N ~163 (m, 2F)
1/2 [RuCly(p-cymene)], + HN NH, —————— > Ji RuU
R (CHg)CHOH ¢y >N Mg "H NMR (CD,Cl,, rt)
CeHs CgHs rt,3h AN 1.36 (d, 3J = 6 Hz, 3H, CHs)
' 3,2
(S,S)-FsDPEN o . 1.38 (d, , °J =6 Hz3H, CHj)
’ Ru1a, 61% crystal yield 3.64 (dd, , 3J =10, 13 Hz,
Fs = CeF5SO, orange crystals 1H, NHH)
5.33 (brd,, 3/ =8.5Hz, 1H,
NHH)

HNMR 27 huig, xfhs9 % TsDPEN 5K & [FAER D> 7 F R E — R L THRY,
7 UBMLF O NH e R UDIRE S D v 7 Vi, 3.64 ppm, 5.33 ppm IZELEAL L
7'a T OIEEMICENT, ZORERND, B ED 2 OO NH 7'a AT YT AT
LA MYy 7 RBEICHY, OT7 I VEN T RRLMEREERETHAT =T LK L— K
BOAL LTV D Z &b hoTz, £72, YFNMR A7 hLZEWT, —135 ppm, —153 ppm,
—163 ppm (ZFEST L 2:1:2 DB ERR L 7T VBRI S U, FsDPEN BN 1 B~ % 7 L4
B 7 = = )VEEDIFIEN AT vz,
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5N, MEAL T2 A & 7 — VIR DG b 2 iR - iR, 85K Rula o4 L v UEfG
25 61% D PR BRI T B AL, HfE D X ST 2 b RS Lz, Figure 3-4 1213, #dhF
BYIZIRANL 72 2 3+ DN D — 5 DFl i & 7159,

BE1A Rula (3%t 9% TSDPEN §6{& & [FlER, né-7 L—rBifii+, 7wV REfLf, AL
KT I RENLA, 7 VBN NS5 e T RS A A LT Y, (S,S)-DPEN
B ED 2507 2= VT EBICE BRXL— MO/ 7 MU TIVALIZALE L TW e,
F7o, VT =T LAHLER OMXINARE TH D Z & iR LT,

Figure 3-4. Crystal structure of Rula. Figure 3-5. Crystal structure of Ts-chlorido Ru.

y A/ P2,2.2; (#19),Z = 8
&) R1=0.0336, wR2 = 0.0873

F7o, D78, Figure 3-5(21% TSDPEN Bifi. A2 A3 2L D 72U K (7FIv) b
T =0 MERORE S E, Table 3-1 ICIXZ N b OFEMEET O FEAREA A, MAREY
9, TSDPEN-SEK & DL OFER, Fs FEA A LTZ85ED A, 0K Ru—N2 fE G 23 if
ELTEY, FZRU—CIHEADEMLTCND I EnNbhotz, ZAUXETRFIMED Fs K&
Lo TRBTOLOEBFHBEHBELZIT TCODOIMRIELELLND,

Table 3-1. Selected distances (A) and angles (°) of the FSDPEN- and TsDPEN- amidoruthenium

complexes.

Ru—Cl Ru—N1 Ru—Nz2 RuCl---HN N1—Ru—N2 | Ru—N1—Cl1 | Ru—N2—-C2

Ts | 2435@) |2117(9) | 2.144(8) | 257 79.4(3) 112.8(2) 111.6(6)

Fs? | 2.421 2.116 2.158 2.85 78.8 110.4 112.9

a) fupn FHNIIRNL R 2 531 D) E
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(2) 7= FILT=9 LA Rulb DERK

<EKREMHETICBT D7 7Y FEEK Rula & 'BUOK & DOk >

FIEIZHEW, 71U R(7 2 V)8hR Rula 7> b O¥LKEOBEEC X 57 I RESMERD A AL
k7=, Scheme 3-9 B /RT X 51T, $5K Rula O LA T L UARIKRIZH L, 1.5 Y&

? BUuOK ZEM &4, SR FT15 0 Lz & 25, IWIRO AT G HENL AR IC
FA OFRERAIZEN LT, BN D2 BE T TR EL, &b @RS LY
DT 2 REiR%E bvm Ui L72tk, S A TF LIS oo HRRT D &, Rk
B 2NE & 47, Figure 3-6 0 Bk Xf%’f%kﬁ%*ﬁ@n‘k%ﬁlﬁﬁ‘i 2, ZOFEKRIE, 16 %
MMK@ﬁ@%m%ﬁ?éﬁ%@?lF%WRMbT%é_kﬂ%ﬁ%Eﬂkoik,;
BERITRIE, Scheme 3-9 FE:IZ/ART X 912, p-cymene Blfif + & H oY 7 vl KT =17 A
B A ~—§EK L FSDPEN BN 1-12%F LT 3.3 48D 'BuOK & 1EH &2 —E A FIE
THELN, IR S2% THEET S Z LN TET,

Scheme 3-9. Synthesis of Ru [?(N,N)-(S,S)-FsNCHPhCHPhNH] (p—cymene) (Rulb)

I|=s
CGH5'/, N\ \\\
)i AN 1.5 equiv 198 NMR (CD,Cly, rt)

CeHs™ N Cli BUOK (anhydrous) ~134 (vdt, 2F, o-F)
H H
Ru1 CH,Cly, rt CeHs., —-152 (vtt, 1F, p-F)
a .
u 15 min RU -161 (m, 2F, m-F)
or C6H5
3.3 equiv "H NMR (CD,Cly, rt)
1/2[RuCly(p-cymene)l; 0K (anhydrous) RU1P. 52% 'So'ated yield | 1,31 (d, 3 =7 Hz, 3H, CHa)
* CHCly, purple sold 1.37 (d, °J = 7 Hz, 3H, CHy)
(S,S)-FsDPEN 15 min
Figure 3-6. Crystal structure of Rulb. Figure 3-7. Crystal structure of Ts-amido Ru.

3 4
e P2,2,2, (#19),Z = 4

R1=0.0462, wR2 = 0.1090
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Table 3-2. Comparison of the bond lengths and angles between Ru 1b and Ts-amido Ru.

Ru—N1 | Ru—N2 | N1—H N1—Ru—N2 | Ru—N1—C1 | Ru—N2—C2
Ts | 1.897(6) | 2.065(6) | 0.88(6) 78.9(2) 121.2(5) 114.9(4)
Fs | 1.916(3) | 2.107(3) | 0.930 78.76 121.0(3) 112.4(2)

Figure 3-7 (21 TSDPEN E7+ SR DOFERLO T 2 KT =7 LA Ts-amido Ru DfEdb i

Ex, £72, Table3-2 12X b DA COEREAE, BEAOE LR LT, Jiko
7al K (73) $8KOR LR, RuU—N2 B2MEE L TRV, &512, Ru—N1 b {#
FELTWAZ ERHBI LTz, F£7-, TsDPEN HRKOGEARTIE Ts & & DPEN HHsD 7 = =)L
575 face to edge B D n-tfH HAE 2 L T = DI L, FSDPEN H 3R D$51AK Rulb Tl face to
face MO ANERZ L TWD Z EDNRBE Iz, ZHUZ LY, TsDPEN HRDEHADL AT
I% p-cymene DA Y T a I EE W Ts ABET 5728, NH 7 I RELZ VTV D
23, FSDPEN SHKTIZA Y 71 EVELT Fs Bl 2 =, )8 NH EBALAN 22N T2 B D3 B
Iz,

7o, TR FEEEAT AT, NI-RuUFESDL9A L7 Y Fikfk Rula (2.116
A) L~ T02 AREEN -7, ZOfEEIL, 18 B 17 2 FEEARH(PhNH)Ru(PMes)s]
@ Ru"—anilide 1 Ru—N HiESGOE S201—216 A) BLoEW—F T, $&k
[(8-p-cymene)RuNAr’] Lo Ru'—imide 1> Ru—N ZEfEAEOE S175 ALy L EL, 7
I FEEA Rula O N1—Ru S IZ EE AL R LTS Z Edvbnol,

F 72, TSDPEN H2RD 7 X RVT =7 LSRR & [AER, $51K Rulb (2350 T DPEN BfZ 1 I
DT == VT DT X T IANLINLE LTz (Figure 3-7), ISR CTO 7 = = VIO FELEIT
H NMR A7 hUIZHEIT D DPEN BENL - LD A F o7 a hELDn v 7Y > 7 ERD
HRODHZENTE, 7o VHKE LR TR TAEE (AF7a horBP=h b
T V) DBA S Hz R, Y= b U TIVEEE DA 8-13 Hz & 72 5 Z L N STV 515,
A Rulb 04, B LA F L TH HNMR 227 hLIZEW T, DPEN BT Eo
AFo 7o b ARBEND Y T LE 4.03 ppm & 4.06 ppm IZEALEN—EAR, T EMR (G
NHZa b bDhy 7V 7 5 80un=42Hz) OFRKRTEBRINTEY, AF7a b
MTOH 7Y 73BN SN hole, TORRKED LIS, BWRTTH 7 = =/LHRE L
NOT XV T NEREE &> TND I ENbhoTz,

F7z, $HK Rulb ® YFNMR A7 v (B ATF LU, =il X, —134ppm, —
152 ppm, —161 ppm (ZfEp kL 2:12 TENENFY 7L MU Ly b, UV R Ly b,
SNTF Ty bDVTFNEE R, ZORERTGIRCEEOERICKS T 5T 0y Y T
A G LIS, bV, B2 TV d a7 2= AR =)V Eo AL
MM, /RIHL, AZNOT7 v#EE L TRE L,
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<KDOEETICEITSH7 0 FiElk Rula LIBED RG>

R L7288k Rula 2257 3 RVT =7 L85(K Rulb ~DZ8Ha L, BB ICBKSAE T TfF
IMEN DY, FOSFHRHNIEDKPBIREAT S &, H BILRFNMR A7 MLIZEWT,
SR Rulb LIS D 7 L BB T,

—7J7, TSDPEN HIRDEEARR S, ZHE THE SN TS DPEN-7 X RESKRDLE, fif
IR CH 5T 2 REERIL, xHET 252780 K (7)) $ERICHERE L TKERED Y
U LKER AR S, BEEKET D2 L TERTE S N, ZOHFEIHEY, Scheme 3-10
WRT L DT, Z7ul KT 2 U)K Rula O LA F L RIS LCKBR LS U w7 Ak
WiREEIR T CERASEE 24, IWROMIZT X FE5A Rulb L HEEIOSREG 28 W LT
BIZBb LT, RIEF T3 LZE 25, BFNMR A7 hrizB\nwCzul R(7
2 V)R Rula ISk 7 L34k L, —141 ppm, —158 ppm, —163 ppm, —176 ppm |
AT 1111 OZERS 7T A ORBBR S, R ZT0Fu T = VKO C—F G
MBI SN Z EPRB I NIz, ZOFITAER L7-85A Ru2a 1T, IR E#%ICY =T
T—T VT L, ROHRE L TINER 93% CHEE L 7=, 728, Z 08K Ru2a X, k%
KUK L TRETH Y, WMATF LV E2EHE LIEER O I DTNy a— N T L%
FAW =P ES I L AR AIRE T o 72, £ 72, Bk p-cymene Bl &2 HTHY 7 1
U RVT =0 BH A ~—§{K & (S,S)-FSDPEN BN - 12%F L CKERL A U w7 LK % /B
SH D 3 TSRO T H R Ru2a 28— BB CTAR L, 79%0 HEEINEE T/ H 7z (Scheme
3-11)

Scheme 3-10. Reaction of Rula with aqueous KOH.

19F NMR (CD,Cly, rt)
—141 (m, 1F)
—158 (m, 1F)
-163 (m, 1F)

KOH (aqueous) -176 (m, 1F)

s,
CeHs.,, N \

AN s
"H NMR (CD,Cly, rt)

7N
CgHs /N\ Cl
H H
Ru1la

, F
12 equiv W 1o
———— > CgHs' N—_ F
CHzolz, rt S

35h

Ru2a
93% isolated yield

1.26 (d, 3J =7 Hz, 3H, CH3)
1.32 (d, 3J =7 Hz, 3H, CH3)
2.98 (t, 3J = 10 Hz, 1H, N'H)

| 5.48 (brd,, 3J =7 Hz, 1H, N'H)

Scheme 3-11. Reaction of [RuClz(p-cymene)]z, (S,S)-FsDPEN, and aqueous KOH.

F
KOH (aqueous) HN—Ru, F
9 equiv CeHe N o
. - 65 F
[RuCly(p-cymene)], + (S,S)-FsDPEN CH,Cl,, 1t \8
41h CeHs 2 F
Ru2a

79% isolated yield
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BEIR Ru2a i3, AL Tz 2-7" 0 /8 ) — VIR & ORI L DR ATRETH 1, "
il 25 2 7o, F5 DAV RGO X RS S E AT ORI, M TFANCINI 7 3 /3 3 B
MASFNIZE ENTBE TH D Z LR LN o7, ZDOHD 15+ DitdniiiE % Figure
3'8 Lci—\‘—a_o

Figure 3-8. Crystal structure of Ru2a.

P2, (#4),Z=6
R1 = 0.0344, wR2 = 0.0936

Figure 3-8 />, $#{K Ru2a |X FSDPEN Fif. 1 ED 7 A4 v 7 U — Vi ED A4 Mijx#E
— 7 v RMEANIRE - BREGICEBR SN, SOICIOmBIRTENT =T ARG LE
(NN"O)-=JEx L — b DFFHNTFTH A I AMEEZH L TND Z LD oTo, Z O
%, BIRED 4KRDY T FNEE 272 9F NMR 227 hLOFERE b EET 5, £7-, H
NMR AL kL CI%2.98 ppm & 548 ppm I 7 2 70 b AZIREBEN DV 7T ANZEN
Zhl 7a b ol En, WERTPTH 1Lk I UEMARMEREE AT AL T =T
LAHUMIENL L7oE 2/ LTV D Z b o Te, 72, AT OMAE KD D H, F NMR
AR MG, FXRHAT A 7GR RR2a B~ T AT LA~ —& LTAERLT
WD L AR LT,
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(3) 72 FILT=ILEERULb MSFAXYILTFHH A U ILERE Ru2a ~OEHKIE

Eiko X5z, 7 vl KT 2 2)e5A Rula lZE K SAF T C BUOK & EM S E72 5481215,
16 EF7 2 FAT =7 L85E Rulb RERKTE 5 DIx L, KEgbh Y '7A7k¥’§‘ﬂ§’%1’lfﬂ%
SHDHE, ANVKR=NEDA ) MIIRE— 7 v BREE D RF—IEFEEEITELR I, Bk
L7eA 3T VA 7 VEEE Ru2a 3ERKRT 5 2 Edbinolo, Ts e EOMo 27k
SABHEA AT AERARENTE LT =T AR TIE, KOFEEKLTT I R
T =0 LR E 525 80, ARl A vT A 7 Ve R Ru2a OARKGIEERIZISUVT,
—H, EfLARIREICREOSRBEE R LTI R E XD &, XV AT T A 7 VEEHE
Ru2a X2 CTAEUZT I REEAE Rulb 23K & St LT R4 U B2 & B 2 bl b,

Scheme 3-12. Reaction of Rulb with water.
F

F F
H2N RU
CeHs N
——— >  CgHs" N
RU H2O  CH,Cly, 1t S/ \S: j(
C6H5 excess 9h CgHs
Ru1b Ru2a

FEBE, Scheme 3-12 IZ/R L= X 918, HifEL 727 2 NEEIK Rulb OIFL A F L RISk L
WRIEOKEZMZ CTRBTHAET S L, 7 RESHE Rulb ORAIRIRIL, PRz fih L TE
EIZEL L, AXVIT T A 7R Ru2a BT AT UAEIRINCERT D Z &b
STz, TOEE, BENMR A7 ML (7 mri/h, EiR) T, #6KRu2ap 77
L DN HT =723 7 F V73 —136 ppm, —154 ppm, —163 ppm (2R3 2:1:2 TR S o=,
Fs RICHKT HEZEZOLND ZOY 7 FANRKRIORME L & HIChx BT 51250 T,
FEXVINT S A 7 IVEER Ru2a O 7 VI L2128, Oy 7 FVITHEA
Ru2a ORI BT D RISHEIEO S 77 B2 bhvd, Ok 7 kS FsDPEN Bf7-7-
EHETH70Y R (7V) #ffRula (—135ppm, —152 ppm, —162 ppm ; EZ 7 o/l A
H) LIEVWVETHHZ LD, ZOHRERITT I RS Rulb (2 X > TR 3R RRA
LTAELD, 18FFE RrXx V(T IV)EEEKRA THD EHEE L (Scheme 3-13)
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Scheme 3-13. Possible formation of oxa-ruthenacycle Ru2a from Rula via hydroxide complex A.

F F
F F F F
F F F F @_<
SO F
?02 CeH ’ll 2 Q H2N'_'RU,I F
CGH5’:, N\ 6157, N \\\\\ . I ':O
1 /RU + H20 - I /RU\ CGHS‘“ S/N\ F
CeHs” N CeHs” "N TOH S
| / N\ CH 0O, E
H H H 675
Ru1b hydroxido(amine) complex A Ru2a

FE TR LI, B Rrd (T IV T =0 AR, 7 3 REER LK & ORIEIC &
DERTZ2HD0, TORNFEHNCARLETHY, FHILT I RESRICFH > O TARIA
#Lr I T&z9, ZhTxi L, FSDPEN HRDEEDEAIL, B Fuxy (7)) KA
INB)FRN L TE TR A F T T A 7 VA Ru2a IZIERTFRYICE#L S N2 L B2 b D,
TRbb, ZOXXH AT A Z A KRRI2alEE Kexy (7 IV) 85K A OIFEE,
F 72, FSDPEN HSED T 2 N7 =7 AEEEPKDOIEVEALEEN RS D Z L 2B T DL DT
H 5,
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$21 FIFAYVOOLEBEREXRIMb DERETOME
HITIE Tk~ 7= (p-cymene)Ru $5K & S8 Hi&E 2 A9 5 Cp*Ir #5812 >\ T ¢, FsDPEN FEd
NAZENLSREZER L, 73 REMROKITKT D st 2 i ~7-,

(1) 28Y FT 221 O LK IrdaDERK

Scheme 3-14 |Z/R L7 L 912, [Cp*IrCly], & FSDPEN BECAZ 1 DI A F L ARHRIZ KT L,
A VT LYY LR EOKEE A U T 2OKEERZER S, SR T C 17 REEY LR L7z,
BOSIEE BRNZHEEIT L, FUBHEAL 723 T R TEHR SN TN D Z &3 %F NMR A7 R L(Z
Ko THENPO BT, BOSEIRZKICE DS L CRIZET 2T Y U L2 R RE, A
fe~ 720 LCHBHZ %, W AT 5 & BRI Cp*IrCI[(S,S)-Fsdpen] & Irda
DR AR L L TR O, 2T A T LU /=—T A0 b BfsamT 2 &, 851K Irda
DO FEAFE DR 81% CHIE T 72,

Scheme 3-14. Synthesis of Cp*IrCI[(S,S)-Fsdpen], Irda.

9F NMR (CD,Clj, rt)
-134 (d, 3J = 23 Hz, 2F; o-F)

Fs 153 (t, 3J = 17, 23 Hz, 1F; p-F)
HN  NH, KOH (aqueous) CGHs 163 (vt, 3J = 17, 23 Hz, 2F; m-F)
. 1.0 equiv
1/2 [Cp*IrCly], + R CGH
CeHs  CeHs CH2C|2v rt TH NMR (CD,Cl,, rt)
17 h )
(S,S)-FsDPEN Irda 1.74 (s, 15H; C(CH3)s)

81% crystal yield | 4.20 (br d, *J = 10 Hz, 1H; NHH)
yellow crystals 4.43 (vt, 3J = 11 Hz, 1H; NHH)

BER Ir2a ® IHNMR A7 ML TlE, 717 m b Zi@E S s v 751 4.20 ppm
& 443 ppm iZENZEI IH TO/BBI SN, 7 VBN T RHFLMEARFERET LA U U A
WX L— ML L TWA Z ERPooTz, £72, BFNMR A~27 FLid, —133 ppm, —157
ppm, —165 ppm [ZfErk 2:12 DY T F v E B 2, %®/\§"0)9¥/4ﬂ<“?31t%/7 M~ &7
AR T = = VN ER LT OHA L L Tne, ThbDoE—T ZENEAANL B
P, RTNL, ABNDT vFE TN EIRE L,

Figure 3-9 IT1X, A% /7 — /b5 DAV Hfh & O X M IERHT OFE R 2 =9, 51K Ir2a
FEBEEID 7 1 ) R(T I U)A U U o AHEERBE RIS, v a X F Yo Eiif o, 78
U RENL T, ANERCT R RENLT, 7 VBN 6735 e T /- AiEE%s2 LT
Y, BIEO Ru 5{KS° TsDPEN $5K & [FERIZ A U &0 AHLE R Offaxf SLARELE 247 L C
Wz, FT2, ZOREEMEEIZIVT DPEN B ED 2 DO 7 ==V T L Hlz= 7 T K
UTIALZH Y, THNMR AT "MUIZBIF DA F o7 a b R0l vy 70 o7 e (11
Hz) O PRENDIREE E )G Ligho7z BB, T72bb, 7l K (7FIY) $&K
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Irda IZHB W\ THESRIREE & IAIRCIRRE TR & 2Bl 22 b 2 £ 5 fluxional 72 EI R b e o
7o EHIZ, DPEN B+ EDANKR T I MO T = =L E R 2T v Fdn 7 = =)L
135 3~4A OBIFE CIFIEFATICEEM L TR Y, ZNOLOFFROMICIE, T —r I —7
AT L—rETUR LIRSS, face to face D - nA X v X U R EAERNH D
ZEDIRIBEI N,

Figure 3-9. Crystal structure of Irda.

P2,2124 (#19), Z = 4
R1 = 0.0395, wR2 = 0.0993
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(2) 7= R4 O LEEE Irdb DERL

Scheme 3-15 127”7 XL 512, 7 v U K (7 I V) 86K Irda DL A T L RIS K L, 1.3
M EOKEEAY ?A7KYE¥TE%EYETT“1”EH% SHL A, WROABITEGIZHE) HEL
NABIFIFRIZ R A OFREREIZEL L, ZOEaEHER LT 7o, 15 R L%, AHHE
%7kf/5’ﬁ($‘bf AL Y rﬂvio BREIOWEZBREL, Wilg~ 7 x> UL, KFLIrvw

RV AE %, BT/ MERL, WEAREETLE, HRO 16 E 7 I RESE
Irdb NREREIHIR L LT 91%INETH LNz, 70 b, FSDPEN Bl 12 H9 57 I K
A VT LEEE Irdb X, BIEOT I A7 =7 AR Rulb & X870, KOFETTH
ARk - HEECE 2 Z &N bhroTe,

Scheme 3-15. Synthesis of Cp*Ir [?(N,N ")-(S,S)-FSNCHPhCHPhNH] , Ir4b.

F NMR (CD,Cl,, rt)
c6H5 x CeHs ~134 (d, °J = 23 Hz, 2F; 0-F)
— 3 - - -
I’ + KOH (aqueous) ——————> 152 (t, °J = 23 Hz, 1F; p-F)

CH,Cly, rt CeHs —-161 (vt, 3J = 17 Hz, 2F; m-F)
15 min

Irda |r4b "H NMR (CD,Cly, rt)

91% isolated yield 1.95 (s, 15H; C(CHj3)s)
5.39 (br, 1H; NH)

CsHs , Y 1.3 equiv

Figure 3-10. Crystal structure of Ir4b.

2,(#4),Z=6
R1 = 0.0325, wR2 = 0.0932
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BoENTT 2 FA U YT LA Irdb @ 1°F NMR A7 bk LiE, —134 ppm, —152 ppm, —
161 ppm [T 2:12 DY 7 v EIR L, Fs Mk EDRFE — 7 v FBREANT R TREFENT
WAHZERbhoTm, £77, HHNMR 3 270, BilAD 7 o ) (7 2 )88 Irda &t
NTEERIRRES Y 7 P LTW=, 72 RNH 7'e bz s g 7 ) /1id 5.39 ppm
\ZHE 72y 7 & LTl ST,

VEFNZ—TNANLDOFFERIZE > TEHLNTZT I REEK Irdb O SR AR ORS S E
(Figure 3-10) 75, A& Tilk-~*7= TDPEN BN 1-HKDT I KA U 27 AR Irlb <2,
%9 % FSDPEN /L7 =7 A$5{K Rulb & [FIEROHEIEZ A LT\ 5, T724 5, DPEN EfL
FED2OOT7 2= VEIFTT R UTALAME L TNDH I &, 2250F L— FNERFJE
DOMEDOFNLIE DL S HIFIE 360° THY sp?iRKT I NEZNA Y VU AMIEAL L T E
FAMEEZHONTWS Z L 2R LT,
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FSDPEN Befii + 2 A9 57 2 KT =0 AB LU U VU LEEROEEE -

TRT v 7Ny OIEMAL L KBRS WE T AR RE

(3) XY A )FHA Y ILEERK Irsa DERKL

(2) THA~N/=X 91T, FDPENBLALFZ2H 451 U U0 LKA LA L DSOS TIE, v
ToULNEITRRY, EREMETHS THEIRTTIET I RS Irdb WEER{LEME L
LN, 22T, AT =V LA TRONEZIRE — 7 v B A OISR O— ki 2 BREES
L7012, KVELWKISSEHETOAXYA U XA 7 VR E R AT,

Scheme 3-16 |27k 3 & 912, [Cp*IrCl]s, (S,S)-FSDPEN (1:2) @ THF I&KICx L, Eiiss

#EFC 3 MEOKEME S U 7 KT 18 BRI S5 &, ¥

HOEBITIREAD D E A

AL U=, HARRD O 9F NMR 227 ML TIEAF VLT T4 7 LA Ru2a &8I L

72Ab5 > 7 b (—141, —158, —163, —176 ppm) (ZFE57tE 1:1:1:1
i,

DT F LD D S

PhNH:], Ir5a.

°F NMR (CD,Cl,, rt)
—-141 (m, 1F)
-158 (m, 1F)
-163 (m, 1F)

(m
(m
-176 (m, 1F)

Scheme 3-16. Synthesis of Cp*[i3(N,N',0)-(S,S)-OCsFsSO,NCHPhCH
F
F\’ : :F
F F 3 equiv F
S|o2 KOH (aqueous) H2N—Ilr """" o F
172 [CP*IrCly], + HN\_<NH2 WCGHs ““““ S/N\S .
CeHs  CgHs 18D CeHs 0, F
(S,S)-FSDPEN r5a
35% isolated yield
yellow crystals

"H NMR (CD,Cly, rt)

1.60 (s, 15H; C(CH3)s

3.82 (brdd, 3J =11, 13 Hz, 1H;
NHH)

4.92 (brd, 3J = 8 Hz, 1H; NHH)

Figure 3-11. Crystal structure for Ir5a.

P4,(#76), Z= 4
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ZDFTATAER LA Ir5a 1%, 2-7 1 2% ) — L b 35%UER T AL & LT LN,
Z D X BAEERAT OFE R, Figure 3-11 (2R3 K 91, XY T V4 7 LK Ru2a & 38
PiEEEHT 5 6 BRAFYVA VXY A I NAEHEATHDZ EMHIH LT, Fs & LAV b
NLIRFE—7 v BB D IRF—IRFRAEE B RIL, kD ¥F NMR 27 FLIZEBNT
A Ru2a EHERLOILEY 7 M 4 KOV 7T AR SN RREFIE LRV, £z,
Table 3-3 (27" 9 K 912, $5K Irba O&BE Y OFEAEAB L OWEERIIAI Y LT A2
JLVEEIK Ru2a L IZIERI%ETH - 72,

51, IHNMR A7 MUIZEBWT, 7 7a hrlisko s 7 ) /0i% 3.82 ppm & 4.92
ppm 12 IH 3 PO IEEMICBI S TR Y, ZOREL(NN,0)- X L — MEEZ2 ZH L
TWb, MMz T, Table3-4 1279 X 512, HNMR A7 RLIZEIT D Cp*lifii+ LD A F
VEE, BEOYDPEN Bifi v EDO A F o 7m hrofbEy 7 a7 v U K (72 0) 85K Irda
BLOT I R Irdb L L7224, WITNOE—2Z1ZBWTHL A AU ZH 17
JVBEIR Irba HISRD & DAk b mS MBIl S, BRFEFE2M L TRIELZZ L TR
HOOBFEENM ELEZ EPNRBINT, Z0LEAFTa b ROy T v
ZEKIT 11Hz TH Y, DPEN B 07 = = VIENETRTICB O C LSRR E LRI L Y=
BN TNWVEEE & > TWDZ EDRDhoT,

Table 3-3. Comparison of angles and bond lengths around the metals.

(%)
v F
HN—M,, F
W
CeHs" l:\% F
CeHs @ 2 F
/ZN2—M—NI1 | ZN2—M—0 Z0—M—N1 | M—0 N2—M N1—M
Ru2a 78.55(11) 84.50(10) 78.67(10) 2.080(3) | 2.112(3) | 2.100(3)
Ir5a 76.96(17) 82.12(16) 79.42 (17) 2.095(4) | 2.102(5) | 2.120(5)

Table 3-4. Chemical shifts of Cp*, methine protons in 'H NMR spectrum (CD,Cly, rt).
7l REEK Irda | 7 2 REEK Irdb FXHA Y XA T Ir5a
Cp* 1.74 ppm 1.95 ppm 1.60 ppm

AF | 3.72 ppm, 4.61 ppm | 4.03 ppm, 4.06 ppm 3.57 ppm, 4.45 ppm
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B3WE FXHAESHA U IINEROERMBBICEET 5B

AITEE T, FSDPEN BN -2 A9 57 2 AT =7 L8R Rulb, 1 U 2w LK Irdb
R SOGTEE LT, KOTFICKDIRF -7 v BEEDOHAEES X A2 T4
7 WSR2 NS Uiz, RIETIHE, ZAUCBEEL7-R®EREE LD, XA X T4
A 7 NVEERD LRI DWW THE LT 5,

(1) BEE®IR

<REFE—IvEREHARZHEIT XV A2 SY AL I IILEBRREDH >

NRUBTINF BT 2=V FEORFE—T v FBREGUINZ LS, LOA XY A Z TV A
7 IVEEIRDAERNE, ZAUE TIZRh?, Os?, PE2EEHARIZ DWW THEHI & 5, 5] 21X Torrens
51, Scheme3-17 (TR LK 91D, v FINFAnF 4T = /) X VBN FEATHA A
U LSRR E DT N VEIRISKR L, IR CKEED U U AOKIERE 24 RERIER &5 &
2 WATD C—F AN 251, 8-(0,8,8) A Fh A A~H A 7 LK F NEKT S Z &
s LT o)

Scheme 3-17. Transformation to the oxaosmacycle F via C-F cleavage.

F: i :F F F
F s Fr 0
F.. «SCeF F S, «SCeF
RF O|s % + KoH —»t " O|s % 4 HF + KF
acetone, r
F S/ Npr (aqueous) F s/ \PR
3 24 h 3
PR3 F PR3

25% crystal yield

*7-, Roundhill %1%, Scheme 3-18 DL 912, XU F 74 a7 2=)L-V 7 = =)LKA
T4 VENIFEAT DI TFANEAESER G O THRE IEIRIZK L C/KER(L D Y v A/KIRIKR %
B2 L, XV T I7FF VA 7 NEERHPBAERTDHZEEZHALNICLTND 2

WO EITEBNTS, Scheme 3-19 1Z/R T XK 512, SUSKRF THREIC K > TAEKR LT
KO Fax YEN D, B RERIAAe T L—VBREKBEL, BT vIbkFET
D BOSHEBENRR SN TV D, FHEBREERSOCT®@E, EBHLO T A TEIT LT
WHDOD % Z SO RE T ST ALEBAERD G D2 &5, Roundhill &1,
FONLIE S DKEEE A A T K D B SRIZEHRRS TiEe <, @B Lok RaXx Vi
L7 DNZERIHNTEHE L TV DAL MiRFE — 7 v BREG 2RI S S 72 L3 L C
W5,
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Scheme 3-18. Transformation to the oxaplatinacycle H.

- ~ |cio,
F
F F F F
Ph2I|3 F Ph2F|> F
HyC—Pt—THF  + 2KOH  ————= H;C—Pt—0  + KCIO4 + KF +H,0 + THF
THF, 30 min
Ph, P CgFs (aqueous) Ph, P CgFs
G H
68% yield

Scheme 3-19. Possible mechanism including nucleophilic substitution.

thP thP: ? th : ?
—F~ —H*

H3C—Pt—OH LY H3C—Pt—OH LIS H3C—Pt—

Phy P CgFs PhZPC5F5 Ph2P06F5
H

Hughes %1%, Scheme3-20 (Z/RL7=KL 912, RN—T AR DA+ %243 53— K
7Y AEEAR | EKEBESRD ST L DA X a A 7L I OAERBUGR 2@ % i LT
by ZOAFY XY A I IVEEBRIZ OV TIE, Scheme 3-19 & FlfD . Ko & Y EL+

ELFER 7205 1N SRAEZ BB OfthlZ, Scheme 3-21 D X 912 3 7 FCRNNTET 5 RELE
?ﬁ&}ifﬁ%&%’fﬁfké_{ EMEBIREBIN TV D,

Scheme 3-20. Transformation to the oxarhodacycle via C-F cleavage.

= =

Rh—4{F F

W \\Rh wF
(H3C)sP™ | +Ag0 * xH,0 ———— > (y,c),p 1
| F (= AgOH) CH,Cl,, 18 h 0 F
F —Agl, HF
g F F I F

Scheme 3-21. Silver-mediated nucleophilic attack mechanism.
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FSDPEN BLf7 -2 H T 57 I FAT =0 LB LU U 20 AR OHRE
TRT o4 TNy FOIEMEAL & KRB BE AR RE

Edko ko, FERORE -7 v HEEGORBENRBEREEI AXV AL TIA 7L
RS DFIDIEE A Eld =741 7 = = VA ETH#ITd 572Y, Scheme 3-22 12777 &
212, Vigalok 6%, &/ 7/ A v@5ER EOA /v MR RE — 7 v B G BR
ERDAXY AL THA I NBEISIZ OV T HEH LML TNES, ZOHA bR
BN p-INA R T 2 = VHEDORE T v FEHBAIIRIG LN Enb, & o7 o
XY ENAFIZ LD FNREUETH D LB BND,

Scheme 3-22. Oxametalacycle formation via C-F cleavage on the monofluoroarene.

N N
—
) "
P pa—pigu, *NaOCHs —pr——> _O—Pd—P'Bu,
- : CH;
F F

UED XSz, RE—7 v R HEEORREMNED XV A Z TV A 7 VRIS TIE, K
EtEEai -t Fax VEN+ (FRE7vafx V) (k2704 n 7 2=V ET
Doy INREZE MG X AR — I Z T AN LN TS, ZhbOBITHE, RH
THAKT HE Fax VEHRITW T b ANREEZ WA EAL FARRHIZ LD AET TV 5,
Scheme 3-12 D X 512, Ky +aBEEEHILL, RE—7 v EEEEFHAIEL XAV
B WA 7 VRO ARSI ZEB D TORFITH D,

F77, BEREARBERICIDI =TV At EMDIRE — 7 v BEEDIREZ —BIEEE~
DOBEHSE2AE LT, D FRKEbHRE SN TWAS, UTITRT LIS, WTEROISIZE
WTHREMBRZER I A 70487 L—rBAORBKENEEI N TV,

<BEBERREZHICLIFFRLRF— 7 vy REAUIMRG >

Gladysz &% Scheme 3-23 D L 912, N A(UN—=T A0 7 == )V)KRAT ¢ VBN %8
TOHNTF AL =0 MER K DAY 7 — VRIS, IKIRT, TR UARXR¥Y RE(E
HEEDE, RAT 4 UBNLF EDOT7 2= VD 4 L7 v HFENA FFUETEBSND Z
L RWRE LTS,

Scheme 3-23. C-F substitution by sodium methoxide.

v =z

ON" | P(CgFs)3 + 3 NaOCHj3

ON"
CH.OH | P(4-C4F ,OCH3)3
co ~15°C or 0 °C CO2CHs
K
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FSDPEN BLf7 -2 H T 57 I FAT =0 LB LU U 20 AR OHRE
TRT o4 TNy FOIEMEAL & KRB BE AR RE

o3 NSREZ B ZEREIRHFINC LD, O 7 A a7 L— B0 2 fLORIEN
SO & foC%Z)ZLﬂF*)L% B TP A 7 NGRS & 13 BB, Scheme 3-23 TIX 4 (LD RFE —

Y EBENHAEL TS, 77205, B EO =748 7 = = VEALICK LT,
MMI%@%b%vFﬁﬁ&&%waé%mk%i%ﬂéo

F72, Braun®5 )%, & R VEHRICK 2O 2 704 a ) DU DRE—T v
FREEUIM G Z S LTV 5D,

Scheme 3-24. Reaction of a palladium complex, pentafluoropyridine, and water*9©

(CHj3) (CH3)

N 3/2 CH3 F /N F N 3/2
N4 | NEts N4
Pd + N + H,0 - Pd
7N F F THF, 0°C, 2h /

N “CHs L N

(CH3)2 —HF*NEt; (CH3)2

L M

Scheme 3-24 |k L2k 912, PUZFAT I UHFET, FL— PR RAT 4 VBN A%
BT DVAFANT LR L O THEERIC S =70 A Y D eRERML, =i
T 3T S L, N=T A nb P04 MO T v BNBERFICERSN, T
VYLNIEM LI 4B DX VEHEM B REONDZ E A LNICLTVD, ORI
T, VAFABER L 3KICEY 7a hoagifazi), v FeXx YEREE L ThHENL
BN D NR—=T A ) DUAKRERET L EEZ NS, TArdu T L— VB EORIG
ST ZERI 7R HIF 232 1 7272w, AERREREOS & L T—ik72 4 (L CER S
M OIr% 5.2 %,
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(2) FSDPEN-ILT =L, A )OO LEBEKICETIFXH A 25940 IILEREE

ATE Tl 7o KRR R 112 X D B EROIRE — 7 v BE AU O A TAFZE6] 4 4 £
z,RMEN%M%%ﬁ?é%W_iéﬁ%%f&7%4ﬁwémi,tku%/%%%ﬁ
B3 25 FINSREEEBHSONC K VT35 B 2 T,

472, Scheme 3-25 2R L7k 91T,

(@i?ﬂ@ﬁ%T\F@WNtmﬁﬁfl/ FRHPTE R /(7 Ik on4EL 5,
Sk X Hic THER)IZH T D FNMR A7 kL% = OGO BHRSEER (Scheme 3-13)
f¢%%kLfﬁ@éﬂkk%@@:@%@ﬁt%i%néo

m)tFu%ymm%ﬁ&y&7wﬁm7i:w%’ﬂbf”%ﬁ?ﬁﬁ%’&ﬂb S
WIRZNVIEED ANV MLT v RBIRFDIBRFBIRFICER S, X A2 T4 7 065K P 2B
R %,

(€) RPICHEENAFAET DHIEE 21, O)THBEL =7 A K7 =4 ik > THFH
ABTHA I NOfEFEEOTa RN EEREL, -(NN,0)-F X3 2 % F 31 7 LR Q

(Ru2a, Ir5a) 23RS 5,

Scheme 3-25. Oxametalacycle formation from Fsdpen-Ru or Ir complexes

F
F F
F F
H N
CGH5 ‘2
+ H2O E—— C H w S/N\
CgH
’ 5 CeHs F
N Q
(p—cymene)Ru oxa-metalacycle
I®M= or :
: Cp*Ir !

(c)
- (b) % F

H2N_M/,/ D _F_ H2N_M
(1 eH Fl ——— Lo
CeHs™ <7,/N\\;;” CeHs™ N
0O F
2 F

CeHs 2

om/+OI
n
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bRk ik O 2R L7z, 73 NAT =7 A8%EK Rulb O A4 XY AT T4 A 70
PR Ru2a ~DZEHEFRIE, %K Ru2a 87 A7 LABRIRANICAER L2 2 &2 D b EAHT
H5ND, BIE, YAFFERICIEEE LTV /- Dub A% Scheme 3-25 MDFRIKIZ L 5 VT AT L AR
HI72 AT A 7 VIR 2 DFT BHRICE W RGEL, FHEAERND b 2 O
KR EN TN DY,

VL, AIETIX FSDPEN B FAHTHNLT =L, AU D07 MRS DF FH 2 &
I A 7 VB Ru2a, Ir5a OERKREICOWTELR L, ARRSITEEROA X9 2 7 54
A 7N E R, &R Lot RaXx YENTORBKBEICE D RFE—7 v FiEAHHAE
BRCETTDEEZOND, ASORMIT, HEREEMBLIC X 2 /KOBEEN IR
Ko THREEMZ D Z L7, KEMER Fuax VEMFPAEL, ZhNRE—7 v HEHBE
EIEVEL L, KRB —MBEMETERIIERATE LR TH D,

T, WHETIEESLICBEEOK T e Fo ST LT, TUrE=TOEME(LE
£ 9 BT OV THREE LT,
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EIW HRE-TVEREORAREH > =THALSHA IV ILBEBHEDERK

A T, FSDPEN BUN. F2 AT 257 2 RAT =T L, A U VT LEERICEEN 72 SO
PEE LT, K FOIEMERGEER LORE— 7 v FiEEOUIWHRREEZ &5 4 A ¥ F
YA TN E RS LT, BRI v FICAEWOREBEBREONT, BFEREANCE & F
57, EHEREA, MHEREANC L > THARTH VS, ERSRIERORE LI2USH 6
BHlEm s T 5, FlxiE, Roundhill 51%, Scheme 3-18 Thik~7= 5 F 4 M 488K G
M, FRIDAT I ROFEETFT, AV MIUKFE—7 v BbEOREE N, 7T I7F
FHA TR R ~EHREIND Z LA HE LTS (Scheme 3-26) , 2 Jeilkd A4 #
T A 7R H OIS EFRRIC, ZOGTHRPTETET 2 RENLF03 5D
TNFBRT L=V RISRERET HIRE— 7 v BREGREEE P IRE ST\ 5,

Scheme 3-26. Formation of the azaplatinacycle R.

. . _|C|o4

F
F F F F
Ph,p F Ph,P F
I I
H;C—Pt—THF + 2NaNH, ———> H;C—Pt—NH + 2HF + NaClO,4
THF, 2 h
Ph2 PC6F5 Ph2 P'(4-NH2)CGF4
G R

FZTAREITIE, REMEZRRM T2 SO NHy 7 3 REHRIC L AT FAX T A 7 LEE
RERRICE Y fHLATZ,

FT1E S-NNN)FZHFILTTHA I ILEE RU2b DERKR
(1) NaNH, ZRAW5 @M R

Scheme 3-27 1279 X 912, [RuCly(p—cymene)]. & FSDPEN Bz 1 THF IARICxT L, 4
BYT2Y 44 8 EDF M) U LT I FaEHSE, =ik T 38 M Lz, MINES
ZIRE T CHAE L7, kAT Lo a2z, KIZ X 235 EE CREl oLl L0 K
UULHEZERY RO, AEN ORI ER, ——7 Tk, BIETZ®RTLL, H
BIDT FNT F A 7 V8K Ru2b 23, AAEKKRE U CTHEBHINE 70% TR b iLTc, AR
BRI KSR T TITHOMERH Y, KISRITKBIBEBAT S &, Aifi R4 X417
T A Z VEER Ru2a 23EIAE LTz,
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Scheme 3-27. Formation of the azaruthenacycle Ru2b by treatment with NaNH.

HN— Ru H
‘N

1/2 [RuCly(p-cymene)], + - + S e
[RuCly(p-cy )2 + (S,S)-FsDPEN NaNH2. T - CeHs N\

4.4 equiv 38 h
CeHs

Ru2b

70% isolated yield
yellow crystals

C/J

Z DA Ru2b [IMNEA L 72 A 2 ) — VISR D X B S & A AT (20 U 7= 25 (o B i &
.2 7=, Figure 3-12 |2 R TSR B LZ OFEEIE LV, 858 Ru2b 1T A VAR = VDAL
MIIKFE— 7 v BEEGDRFE-ERMEEICER I, BILLEETYAT TV A 7 A MiEx
HLOZ LR ENTL, £, T =T AIZIE p-cymene BAfL -, ANV T R KRBT, T
VBN, AR T U =T X REAFAERAM L TEBY, XY uT YA 7Lk R
Ru2a oEkBL D “JEXL— 7 al K (T V) R EFERED, ZHET /R AgdEc

ol

Figure 3-12. Crystal structure for Ru2b.

Z =4, P2,2,2 (#18)
R1=0.0607, wR2 = 0.1283
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Table 3-5. Comparison of angles (°) and bond lengths (A) around the metals

O "T" : F (NG @ i
HN—Ru,, F HoN—Ru,,
. | x . T
CeHs™" S/N\ F CeHs"™" S/N\
\ 8 B » ~Fs
CeHs @ 2 E X = 0O (Ru2a), NH (Ru2b) CeHs @ Rula
X ZN2—M—NI | ZN2—-M—X | ZX—M—NIl | M—X N2—M N1—M
Ru2a? | O 79.20 83.55 78.98 2.088 2.116 2.096
Ru2b | N 79.46(18) 84.40(18) 80.17(17) 2.083(4) | 2.112(4) | 2.112(4)
Rula® | Cl 78.48 88.52 82.36 2.420 2.159 2.116
a) FEM TN L7z 3 0 FOSEBME  b) 2 5rF D FHfE
Table 3-6. Angles in six-membered ring M,
R Nj o X
H,N—Ru, F 06 02
\\\\\ x—c [/e %/
CegHs™" N C. 7 F s)® 0 e
82 - \/E/
CeHs
01 02 03 04 05 06
Ru2a? | 83.55 125.3 126.4 123.0 108.76 115.43
Ru2b | 84.40(18) 129.8(4) 125.5(5) 122.6(5) 108.4(3) 117.2(3)
Table 3-7. Bond lengths (A) in six-membered ring
M—X X —C c—C C—sS S—N N—M
Ru2a? | 2.088 1.303 1.417 1.783 1.584 2.116
Ru2b | 2.089(5) 1.351(8) 1.429(8) 1.788(6) 1.589(5) 2.108(5)

Table 3-5 (R T L 912, THATFH A 7 K RU2b DVT =7 5ED Y OFEGH - f
BRIV LAY LT YA 7K Ru2a SRR CTH - 72, ZIUTHE DN EEF
WiEZ b H, TYPLTFHA 7R RU2D 7 2 70 b OALER L OB ERIR
TLEBOVTHDLZEEIFFLTWS, —J, 7rU K (7IV) $§fKRula & ZibHDLT
FTHA T NVEERIL, @R —ANVECTIREDD, TR2DbLLN2—M—X EM—N2 OfEIZ
HEWRHY, AZTH A7 VR RU2a, 2b DB LN2—M—X /&<, £-M—N2 134
WZ ENbhroTe, ZHTAZ T A 7 VOIEIZE D, RRANVFR=/LT I RELLA O
TAEZEERKML TS EEXBNDN, MOBRBREIY OFEGER - fGAICIIRE 2RE
WER o 7o, £z, Table3-6,3-7 IR L7k S, FFx VT F YA 7 kK Ru2a &7
PATFHA 7R RU2b O, ~T R Z2 516 BEREDV OfFERE LORG AT
ERIZECTH T,
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T YT F YA 7 VK Ru2b @ 1°F NMR A2 /L ClE, —141ppm, —159 ppm, —165
ppm, —182 ppm (ZFE L 1111 OZER Y 7T ABNBH S iz, AT A e
K Ruza, & 5IZHEEO7ZHZ Roundhill 512 &> TG SNIA XS T T FF 1 7 Lih
KH, 7T Z7FFH A 7 VAR O BFNMR A2 hLDfb5> 7 Ml % Table 3-8 I1ZF
Lo,

Table 3-8. Comparison of chemical shifts of 1°F NMR spectra.

H2N—Ru,,/
| "X thP thP
CeHs' N\S

CGH5 2 F
Ph, P CsFs Ph, P (4-NH5)CgF 4
X =0, Ru2a
X = NH, Ru2b oxaplatinacycle H azaplatinacycle R
Chemical shifts (ppm) in °F NMR spectrum
Ru2a (CD.Cly, rt) —141, —158, —163, —176
Ru2b (CD.Cly, rt) —141, —159, —165, —182

oxaplatinacycle H (C¢Dg) | —132, —151, —163, —176
azaplatinacycle R (C¢Dg) | —131, —153 —166, —182

Table 3-8 DILFy 7 b &K T 5 L, 4 KD YF NMR > 7LD 55, i @SN
BRI ENT= 7T L, WTNOAFH A X T A 7 VEERIZEWTH —176 ppm IZHL 7z,
Flo, THERAZTHA T NVEHETHRBITIK ST —182ppm IZ—F L7z, L7z ->T, ZD
T FMEANT R FICEET S 7 v RITRBESND LB LN, FOFET T MI~T
o JF - OFEEFBENRS D Z ERbh ot

£72, TYLTFH A 7 8EA Ru2b @ 'H NMR A7 KL ClE, 2.72 ppm & 3.28 ppm
VT UBMLTEEROT R 7 a U IH oS MICBI S e 2 iz, #ii
WCEASHEZ7 AT V=L EONH 7o b DR EEN DY 7 08 5.07 ppm ([Z1HE
JRO “HEHE LTSN, 2OV TS558 %, NH 7a b bifEo 7 v # (NH
DAV ML) OZEMAGE S (B X SMEEARIT K 0 SRed 72 NH-F [#1£ 2.32 A) |
t, 72 5 &5 through-space coupling OfEH: & L TRl T & %30,
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(2) PEFILTZOLBERUID EFUEZTORE

AT Tl _7= L D12, 7 X FESARulb Ik L EBLUS L, B Ruaxy (7 IV) ks
BRCTAFV T A 7 VKR Ru2a #4325, ZHVE RIS, 72 RESARulb 137 >
FT=T ERIEL, Figure 3-13 IZRTT7 IR (TIV) 8RS 2R LCT AL TH A7
VHER RW2b # 525 L B2 b5,

% ZC, Scheme 3-28 (2R L72 L 912, 72 KT =7 LA Rulb O L A F L ik
ZxFLC, |ET, 1REOT =T HAZER S, 65 KM L, 7TrE=78
A%, AR OIS G2 b L, Z OB TR L 72 ROSEAEKR D F NMR A2727 K
NV (BE7mafRs, EiRj) WEEZ LR, 7 A% 794 7 V85K Ru2b 73 56%DE|A
THARLTWD Z ERbrolz, FKEZ, 7rY K (7)) 85K Rula CriH T L 7=
B Rkaxy (7FIy) $hRLinvbZy 7 Mo Fs RiCiRE S b v 7 (—136 ppm, —
152 ppm, —162 ppm (257 EE 2:1:2) Zn RS EIAR B S 7z, T O8AN NH2 7 2
KFfE S (Figure3-13) 72 &2 b5,

Scheme 3-28. Reaction of Rulb with ammonia gas. Figure 3-13
F . .
F E amido(amine) complex S
S0, F
] — F
CeHs.,, N_ "N Fs
. ):N/Ru + NHggas oo CeHs" N—g F |CeHs., N_
i Ill 65h CeHs Oz F )i /Ru\
CeHs”™ "N 'NH,
Ru1b Ru2b H

56% yield ("°F NMR)

DX, T RAT =T AR Rulb IIK ERIREICT =T BIEMLL, THILT
T A 7 VEEK RU2b 2 ERES- 25 Z Lo 723

120



%3
FSDPEN Befii + 2 A9 57 2 KT =0 AB LU U VU LEEROEEE -
TaT 4 v J N OIEEAL & K EBEE LSRR

21 S-(NNNTHFAL ) FZHA 7 VEEE Irsh DERK

AT CIR =T LT F A 7 VEERRU2b & HE THEEEZ AT 25 Cpra U ¥ v LgEIRIZ
SNTh, THA VLI A 7 BHEDERERB I o1,

Scheme 3-29 |27k X 912, [Cp*IrCly]z & FSDPEN EN D THF IFIRIZK L, 25 S ED
NaNH; Z/Ef &+, 16 HREEEW L7z, SR ORAaEREY, 2R F Ty YNy a—h
NI PZELT, AT L ACKVIRHLIZE Z A, HIIOT A U XA 7 VK 1rSh
NEEEHRE LT 8A%INRTH LT,

Scheme 3-29. Formation of azairidacycle 1r5b.

9F NMR (CD,Cl,, rt)

2N—Ir, -141 (m, 1F)
1/2[Cp*IrCl,],+(S,S)-FsDPEN + NaNH, CeHs™" -159 (m, 1F)
2.6 equiv THF reflux —164 (m, 1F)

(

16 days CeHs O -183 (m, 1F)
Ir5b

84% isolated yield
yellow crystals

Figure 3-14. Crystal structure for Ir5b.

P4, (#76), Z=4
R1 = 0.0228, wR2 = 0.0648

T AV ZY A 7 VA Ir5b 12 H, °F NMR 27 b, K OVHELRES X R S it ic &
DIEE L7z, FNMR A7 ML TliE, —141ppm, —159 ppm, —164 ppm, —183 ppm (ZFH
Sy 111 OZEB Y T AR E I, 7Y LT A 7 VSR Ru2b D AR kL b
D THALL L Tz,
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Table 3-9. Comparison of angles (°) and bond lengths (A) around the metals.

N7 N7
O . NG
HoN—TIr.,, F H,N—Ir.,,
| "Xﬂ | “ci
CeHs" N F CeHs" N—_
Kf\ S Kf\ Fs
CoHs @ ° ' x=0(rsa), NH (Ir5b) CeHs @
ZN2—M—N1 | LN2—M—X | LX—M— NI | M—X N2—M | NI—M
Ir5a | 76.96(17) 82.12(16) 79.42 (17) 2.005(4) | 2.102(5) | 2.120(5)
Ir5b | 76.76(13) 82.74(14) 82.45(14) 2.083(4) |2.112(4) | 2.112(4)
Ru2b | 79.46(18) 84.40(18) 80.17(17) 2.083(4) | 2.112(4) | 2.112(4)
Irda | 77.8(3) 87.73(15) 82.86(18) 2.423(2) | 2.152(6) | 2.122(6)
Table 3-10. Angles in six-membered ring. ) v

HoN—TIr,,, F N/Le: X
e i i
615 \S/C F 05 . 03
CeHs 0 F S\\ré// ¢
01 02 03 04 05 O6
Ru2b | 84.40(18) 129.8(4) 125.5(5) 122.6(5) 108.4(3) 117.2(3)
Irba | 82.12(16) 115.7(4) 125.7(5) 123.4(4) 108.6(3) 118.2(3)
Ir5b | 82.74(14) 119.6(3) 124.3(4) 124.3(4) 109.07(19) 119.50(19)
Table 3-11. Bond lengths (A) in six-membered ring.
M—X X —C Cc—C C—S S—N N—M
Ru2b | 2.089(5) 1.351(8) 1.429(8) 1.788(6) 1.589(5) 2.108(5)
Ir5a | 2.095(4) 1.332(7) 1.409(8) 1.789(6) 1.591(5) 2.102(5)
Ir5b | 2.083(4) 1.362(6) 1.419(6) 1.788(5) 1.575(4) 2.112(4)

Figure 3-14 (21X 7 WA U XA 7 VEEK 1r5b OfER Ok suEiE %, Table 3-9~3-11 121X
FfAR, BAADET -2 2R LT,

Figure 3-14 X 0, 7 WA U Z 9o 7 VEEK 1r5b 1L, BER D A4 907 1 7 LE5K Ru2a,
TYNT YA 7SR Ru2b, BLOA TV A U XA 7 V85K Irba LR, 5 BER -6
BEIEXL— MDOER LIEHETHY, Cp*Bfi, AR T I NEUNL T, 7 I VENL T,
BEOTAAaT V=T I REA 04V T LB L =T S Z
DT EMNbolm, F£72 DPEN BN+ ED 2 2O 7 = =T, W ORIZBWNTH
VT P TIALNE L TEY, 7 wu A2 ALHTD FSDPEN BUALF- 0O SAKRLFE & D
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AEITRON o7, Fl2, SS)KDOTT I UENFICK LT, THEAZ T A 7 LG
B 1rsb O A V27 ARLOMINAREILS THY, ROBBETLEAT LAY AZT
A 7 VEER Irba L EHEDNERIOBIMR THRLITR LD b DD, FEEMICIR UL KR E
Thole, THEAZTHA T NEERO DT AT VAR AR LI2RE R, 7 2 REER
Rulb L7 =7 %737 vl FéffARula &7 MU VA7 I RORISTERT LTI
(7 XY) SRS D DA Z R T 5D TH D,

F7, Table3-9 IR LBV OFEAEROLENG, 7Y LT A 7 85K Ru2b
DYE LREE, A2 TH A 7 NVEIERKT DRI OFKR T M—N2 £V OBREE (LN2—M
—X EM—N2) ([TEWRHY, AXZTHAIZADBRICLD, RRZANKR=LT I REAL
DIEEDEHRNRIE SN, HOBEEY OFEA R - BEAIITRE BTN T,

AT REFEEALRE 6 BRIMOEMA - fERIZOWTIE, ~7 riFE0 OMfEN
NT =0 LR E A ) DT LA TR S TEY, VT =7 LERO T 130° TH 5D
WKL, 4) YD L8R TIE 115-120° e &b o722, ZohofEeaE - EEA
FWINDIZITFRIEFETH - 72,

LIk, RKIETIEA Y DT LEERICONTH T A U Z YA 7 V5K Irsh WA TE 52
xRN LTz, 2O Irsh OGS F NMR A7 MUZE T 2Ly 7 M L
U LT E 2 A, Uo7 T T34 7 VEEE Ru2b oA F %1 U #4177 /LE5(K Irba
LIFERIFETH D Z Lo dz, FSDPEN BN -2 W5 Z & T, FERMiRRFE—7 >
FREAPHAREREITL, THETBRINREE SN TELE Fexy (7 IV) §#HEL
TIR (TIV) SEEREMMIEL, TOMFEAEMTLIENTE I, ZORRIZL-T,
W RBREARBE S K DA TIT e, TrE=T b EH7 v b MW/ OIEHLIZED T
LT EERLT,

Flo, TUVE=TRT NI UAT I REDORIGICE S THEK LIZT T A X F WA 7 Lk
RIZIE, TEROWHIRBERERBE AT 25 1T I VLo, 7 U —A7 2 REEO NH
AL BBITEIAFET D 2 &R oo oTc, £IZT, RENDIE, ZO&BEHFITERD
NH L2 T 57 A2 T 9 A 7 VEEERE LI, G LT8R DKFEBERE/IIZ OV T
ATz,
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%¥48 FsDPEN HROBEHEZAVETE F7 o/ VEOKRBEIETRE

AHITIX, FSDPEN "D ESNAHLVT =T A, A U V7 LMEROKEBENE Tl L L
TOMREERD, B 1% [FFiw) CTil~7/= X 512, FsDPEN BN -2 H T 28K TIx, =
WETHEALICT I RO AT N EOEREREEZ b OBFER T N O AR K KSE %iﬁ
(23T TSDPEN BUNL 112 EE AR THEALMEDFRD HIL TN 5 23 i A & 2, Z 41 '% T FsDPEN-
PEACIIMRI SN T o lza-t RS TR b7 =/ VAT L L, XBRE KRR E L

THWKRFBENR TSI OWT, B8RO R AR I K ONEIRME 2 ik L 7=,

Table 3-12. Asymmetric transfer hydrogenation of a—hydroxyacetophenone.

0 OH
©)b0” + HCOOH =& O/!\/OH + co,
HCOOH/N(CH,CHa)s
S/C = 200 5:2
[ketone] =2 M 30°C,24h
entry cat % conv® % yield® % ee®
1 Ts-RuCl >99 83 100
2 Rula 100 99 93
3 Ru1b 100 92 95
4 Ru2a 31 13 n.d.
5 Ru2b 100 91 93
s b 50 50 81
7 Ir5b 41 35 64
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FWE NV =TT =52 OPHEAEYH, 30 °C, 24 K], FE/MAMEL = 200/1 D5
UG ERA T, R)-VA—NVERME X ORKIED 7 b BB L, Gk OREWIXE
L, WEEEME L L TT 2 L 2L, THNMR 2227 MUCEBIT 55 E S L ICE
BL7, TOMGE%E, Table3-12 (273732,

£, entry 1 & 2 T, TsDPEN & (Ts-RuCl) & FSDPEN $£1& Rula O R % g4 5
&, T T A RIRIEIL TsDPEN $5{K74% 100% ee T 5 DIZxf L, FsDPEN $5{£13 93% ee
L, RIS 72T, F72, FSDPEN-7 2 RAT =7 AR Rulb £ 7 X KA U YT A
B Irdb TIE, FRBETEMER L OVERH O o FARREO VTR H LT = AEEAD T
DI TND Z ERNpo-oTz (entry3vs6) |

W, VT = AEERICEIL T, TS L— MERE (Rula, Rulb) & A% T %A 7 L4
% (Ru2a, Ru2b) # il 2 &, 4V 7 VA 7 LK Ru2a TIIEMENE LKL
=07, THNT A 7 VEER Ru2b 1X T L— REEIR &S A 72O &S8R 2 R B
Lize £z, 7HA VXY A 785K IS DAL, 7TV T A 7 V8K Ru2b 121X
KX b oD, “JEXL— R I KA U DT AGEK Irdb (238 15 &8I Z2 R LT,

£, THATFHA 7 BRI ONTIE, ZOEEEAHME LB Lz, TOME,
Table 3-13 (2R L72 X D12, 7TERZ =/ U(entry 2), p-A hF¥T 7Tk K7 =/ (entry 3),
p-7 A rT N7/ (entry HDOWNTIUTKT LTS 93% ee L L@V F 2 F A 3R
PEZRBLT D ENbnote, i, BERIIEEICRELIKGETLHDOD, a-t K F
U7 b7 =/ TIE SIC =200 DM TRAICEENHE Sh,

Table 3-13. Substrate scope of transfer hydrogenation with Ru2b.
(0] OH

Rz + hecooH 2 - ~Re 60,
HCOOH/N(CH5CH3)3
R 5:2 R
S/C = 200 30°C,24h
[ketone]=2M
cat:
entry R R, % conv® % yield® % ee? ! >—@ F !
1 H OH 100 91 93 (R) | H2N—R|u,/ H Fo
‘ ‘N ‘
2 H H 83 72 98 (S) ! CeHs"" S/N\ F oo
' S '
3 OCH H 42 40 96 (S) ! (0] !
3 ( ) : CGH5 2 F !
4 F H 75 65 93 (S) Ru2b

a) Determined by NMR.
b) Determined by HPLC analysis.
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58 FTHILTHHA2IILEERZD ICHIT 2 EMARBEOER

gD X 912, 7Y T 94 7 VK Ru2b i%, % L— I FsDPEN-g&{A& (Rula 3

L ORulb) EIFERIZ, FHEES b O ARFKRFBENE TSI I Tl EPEZERME
BRI ZENDhoTe, THEAZTHA 7 AEEEKRU2b X, 70U K (7 IY) S8 L [AER
OEANFAFIFETH S H DD, Scheme 3-30 (277 &L 9 225 & OFRIGIZ X A BN AEZFI T
REEARDO AT TE oWz, FEZMBIEEORBMENEEINH L EZ LN,
Z T, AEITE, TYAT YA IR RU2b O 8 R AR OREFNIC OV T, il
RS HIZIIT 2 BT OV THELE LT,

Scheme 3-30. Possible catalytic cycle in ATH using chlorido(amine) ruthenium complex.

.
N Q R, HCOOH co2
CeHs.\, N ) Rn NEt CeHs ., CeHs.,
T 1 g L
AN
ceHZ N e

/ \
H H

F11H F7HILTFYM4YI)LRu2b EFEBRUAMRT 2L OBEDORE
(1) FrS2)LA0KRIEEDRE

£, Scheme 3-311T/79 K 91T, H|IRTF, THATFHA 7 LK Ru2b ofifk 2 F L
VEIRICREL, 12 M EOT NI T ARy BEER S Yo, 1R, A
EL, BONLEEEAFF O THRELIZEZA, T FITINFTuRTBA T 2T =
& LTHT B0 F A4 o MEER Ru2e 3R & LT 76%IE TR b,

Scheme 3-31. Reaction of Ru2b with HBF4.

_| BF,4
F F
HoN—Ru,, F HaN—Ru,, F
ww I /N + HBF4 - = e I /N
CeHs' N—_ F _ CH,Cly, rt CeHs' N—_ F

(S) 1.15 equiv h (S)

CeHs 2 F CeHs 2 F
Ru2b Ru2c

76% isolated yield
yellow powder
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B8R Ru2c @ 9F NMR A~<Z /L CIE, —134 ppm, —146 ppm, —149 ppm, —154 ppm (Z
4ROV 7 FIVRE URESRE CEII S, F72, —147 ppm ([ZIZZ N5 D 4 (FOFE58E
HTBR 7T =4 0y 7 FAnEni-, & 512 Figure 3-15 IZ78 7 tH NMR A7 kLTI,
AR DONH 7 1 b NZIRE S5 S 7173 3.43, 5.13, 5.56—5.59 (p-cymene Fi 3K 0D 75 & fik
7r b EEHRSTVND), 6.15 ppm IZFH4H 5y, BTIFEMICBIAIS L2 Z &ns, ARl
X U— MEEZHERF L, 7V =T X N2 7 v M AL ST ) I F A M
PR CTH D Z EBH LMo T,

Figure 3-15.'H NMR spectrum of Ru2c (CDCly, rt).

3

d BEE &
b AB F . = > ‘
,D, — Crielet 3
tHoN: RIU,,:Hz ” | : ‘
- D CeHs™™" S/N\S F I b e
o 02 F 2
CeHs A |
] Ru2c ’ .
| l =l {7 MR
3 E
! I‘ | | ¢ |
B A ( ;'
! [
NO 7 7I o0 S0 . AN 2.0 L1 O
£E352 SEE55%%Z7 3§ B3 E 3% G837 HA5F ¥EE: %

127



%3
FSDPEN Befii + 2 A9 57 2 KT =0 AB LU U VU LEEROEEE -
TaT 4 v J N OIEEAL & K EBEE LSRR

(2) PFHEILTFHALIILEERRZD E R INAOAZ D RILKRVEEEDRIG

F£7-, Scheme 3-32 |Z/RT L D12, TH AT FHA 7 LEEK Ru2b DL A F L U EIKRIZ
KL, THED M) INFa X Z o ZVRARZE SEIZLE 25, HEBLU ®F NMR A
A7 RUIZEWT, 8K Ru2c LMD TR L7 bey 7 Moy 7T v E 5 2 54 E
%%Cm%ﬂkoé%’mFNMRx&7EwT@ N) 7T — T =FHkOv I
=717 ppm IZ SF Bl SN/ Z & D, A% Ru2c Oxt7 =43 U 77— hZ
Kb o728k Ruad L [FE L7z,

Scheme 3-32. Reaction of Ru2b with TfOH.
F

H2N RU H2N RU
+ TIOH ———
C6H5 1 equiv CH2C|2, rt C6H5
1h

CgHs Oz CeHs
Ru2b Ru2d (100% '°F NMR yield)

SF NMR (CD,Cly, rt)
—133, —146, —149, —153, —78 (3F)

"9F NMR (CD,Cly, rt)
-141, -159, -165, —182

DL, TYALTFHA 7RI, T I 70 F Rl 7bda X F
FOVIR VBRI EOBER L R L, TV =T 2 KA T e hAbEZIT T, A
THNT T A 7 EERICELT 5 2 b otz RIS, Zhh X 0o ERNEL,
BNIVEDM T =4 /T D70 B E T YILT A 7 VEE R Ru2b O i % 5k 7=,
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B2 EAENT-FUZEILIOBEDORS
(1) & Ru2b LIBEEED RIE

Scheme 3-33 |29 L 91T, LA TF U FEEEH, S5 Ru2b (2 LT 1 Y EDEKFE
DY TFNT—T )VRRENEN ST, 2RHHRIE L%, BIAEEL, BoNnERE
XY UTHRET D L, BOOMENELNZ, 2o %F NMR 2~<7 kL (EELATF
Lo, SR Tl 2 FEOSE R MR &, (—137 ppm, —157 ppm, —163 ppm, —177 ppm)
W I F N m AL A K 70%,  (—136 ppm, —151 ppm, —160 ppm, —173 ppm) (23
T F N ERTACEDK 30%5 OFE TR STz, B O BARMITT A Mo X
YELIFAZ AN EOFREICE D BEETE, RISENDHEAERE X BEEETIC X -
T, 2273 /-3456-FT NI INAF R T 2= VALK AEEGETE 70 ) B (7 IY) 4
KRu2e Th 5 Z L NEAT ST, —T7, BEORAERDEL TTRFEETHLH DD,
D DOIEROIREWIIHR L CTREED U U AKIERZER S5 & ZofeFED > 7
DESERNCIERT 2 2 &G, S8R Ru2e & R OBFIOHEAKIEN S HITRIS L, ALK
SVIEWIL EOT X R T v N ALEZ T T T A A TH B RTREME SRR ST,

33

Scheme 3-33. Reaction of Ru2b with HCI.

F F F F
HoN F HsN F

> @ F 80, S0,
HN—Ru, F CeHs., N \\ CeHs., N_ \\
CoH | "N + HCl - + )i -
65 N\S F 1 equiv. CH2Clp, 1t /N /N

ot CeHs™ "N Cl CeHs” "N Cl
CeHs O F H H H H
Ru2b Ru2e uncharacterized
19F NMR (CD,Cly, rt) 9F NMR (CD,Cly, rt) 19F NMR (CD,Cly, rt)
-141, -159, -165, —182 -137, -157, =163, =177 -136, —151, =160, —173
70% "°F NMR yield 30% '°F NMR yield

IS DRISIEAM NN UT- A Z ) — )VICERRB IR EIT D LB EOSHIRES L35 S
Niz, Tz T B S X AREEARITIC X > C, 85K Ru2e 7S ALk =)V EE B DR A
VT X EBREBR LI R L— MEEO 7 n ) N (T IV) $IRTHDL 2 L adk
78 L7z, Figure 3-16 (2% OfE st 219, fligaT — & OENDN T CTldZe <, fEBBIen
L TW2RWeD, faRCHEGMAICHET 2FMAERIITERVR, Zo8KIT
FSDPEN Fifii 2 H T 257 v U K (7 V) SEELHEUOBEZALTND Z ENDMND,
ANR = VEBRIE EO T VA e T U — il DPEN O 7 = =V L On-nfH BEAVER & 81
T& 7,
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Figure 3-16. Crystal structure of Ru2e.

@)
= Ru2e

P2,2124 (#19),Z=8
R1 =0.1289, wR2 = 0.2562

Figure 3-17. 'H NMR spectrum of Ru2e (in CDCly, rt).
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806 |

- =
{ E
| l c,D
i l !
\
|
]
[ 3 I il
I (11 ] B |
! _.I [ |
1 J A F i
i
=
& $2 =233 553 23
- C,D
=25 = |
T [ 2~ { 2
A -
| |
i { = 1
! 5 -— i
|} | 8! ,
l ﬂ 3 = § | .9
f ) 2 = = § A A =
E - JULA_JE 8 S IV \__ =3
' ‘7.0 = 6.0 ' 5.0 4.0 1.0 o
E= = sS=mE= =225
252 § SEZFE EZE5E5
528 S 488 =322

#WRQMDMNMR ~7 M T, NH 78 b oiddis S
mév7%WiD%N@7:y7nby$%@%®k%z6néy7%wﬁammmﬁ;
W 5.02ppm 12 1H 3T DIEEMICHN T3 —TF, TV —ATIVHEOEDEZEZLNH Y
7%wi4%pmw:ﬂtmﬁﬁ%ﬁ&bfﬁwénto:@:&ﬂ6,79~w7iyﬂ
MNBBEPOMEEEL, ZJEF L — b EEZM L TV D 2 ENEMIT b,

S 51T, Scheme 3-34 |23 L 51T, HHE L 72858 Ru2e D EI(L A F L U BSIRIZK L C,
KT, BEEO N ZFATIVERNLIEZEZA, XL — MEEEZAETH T
YT A 7SR Ru2b " FAET 5 2 L % YFNMR A7 hLIZ K- THER LT,

Scheme 3-34. Reaction of Ru2e with triethylamine.

131



%3
FSDPEN Befii + 2 A9 57 2 KT =0 AB LU U VU LEEROEEE -
TaT 4 v J N OIEEAL & K EBEE LSRR

F
HN—Ru,, F
+ N(CH,CH3)3 | > CoH N
excess CDZC_;Z 6775 N\S F
< 5min 0, F
CeHs
Ru2b
19F NMR (CD,Cly, rt) 9F NMR (CD,Cly, rt)
-137, =157, —163, -177, -141, -159, —165, —182

100% '°F NMR yield
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(2) &k Ru2b & FBOKRIE

KIZ, Scheme 3-35 |Z/R L7z L 91C, EIE(LAF L H, —30 °C IZBWT, S Ru2b
WX LTI YBEOFBAEAIEILEZA, IREEZD ®F NMR A2 MLinh, ERo
71l REEE Ru2e SIELRIOLT2 7 M 2 OFFER RO 2 7 /175 94:3 O L THLHI
IS, b O8kRE, 7 vl RESE Ru2e & OLE LEREE, THAX TV A 7 kK
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Scheme 3-35. Reaction of Ru2b with formic acid.
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E3IWE FTYU—IT I UM OEAEREEEE

AEE CORRNS, THALTF A 7GR Ru2b 1%, BEIZ L > TT U —7 I REL
N0 b ALE ST, T =4 OIS UT, BF A= L— Mg, £
X7 U =T I EMLOMREER KOS T = A DEL & o 72 P TSR L— M I
HInNbZ ERbnoT, bbb, ZFEXL— NN FDOT U —LT I ENLIE, ik
IR S (BT « fRBES 2 e EHIEME (hemilabile) R2MEE A2 RTEEZBND, £2 T, &
HTIET V=T X AL OBML « fRBESEENC DV TR T,

(1) A Ru2b & MY ZILARAAZ VRV VBERO KRG

Scheme 3-36 (2”9 L 912, AT A 7 V85K Ru2b & HEALKSE & ORISIZ &> THARK
T5, HEoza U K (7 IV) §5K Ru2e DEE(LA TV UEKRIZH LT, #@EIED R
TNF AL ZNVIR ORI EER S S, ZORER, 7 r ) AR & &
HIZ, TV =T IUMAESRICEML, NV 77— a7 =4 L ThbOUTF
T ILT YA 7 VA Ru2d WEBAICAER LIZZ L2 HB XU FNMR 222
T &> THER LT,

Scheme 3-36. Reaction of Ru2e with silver triflate.
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B DRBEL 72 X L— MEEOSHRICEL L2 Z ERIB S LD,
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Scheme 3-37. Reaction of Ru2d with acetonitrile.
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-133, -147, -149, —154

—7%, Scheme 3-38 |2/ RL7=-L 9512, FHEOTHFALTFH A 7 LR Ru2b 12xt L, 7k
F= MU ALEBEAEETYH, 9F NMR A7 hUICZ KT, =S L— MER 2R Er

LizEEThoT,

Scheme 3-38. Reaction of Ru2b with acetonitrile.
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WIS, AFH AT TV A 7 VEEER Ru2a & IR L ORISR T2,

TP T YA 7 IVEER Ru2a O EHEAL A T L U EIRIC K LT, Scheme 3-39 1277 L7- &
T, K1 YBEOFEEIEH ST, FUSREY O RFIRKIE DI EHER Ru20 Th -7
25 BF NMR A7 RJUIZIBWT, 04%FEEE, SR Rudo & ITER H(bFREN AR LTI Z &
EWER LTz, ZO(LFMIE, 2-7 2 /-3456-7 h T 7 AAaRUB U AR = LT R RS
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RU R (TIv) $EKRTIEEEZTND,

Scheme 3-39. Reaction of Ru2a with formic acid.
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$5HE B Ru2b ZRAVVKRBEETRIGICE 115 MEHIE

3T, 7Y AT A 7 UK Ru2b 23 K EBRBENE LSS W CTFET 5 iR &
FOGL, 7U—nT I R T m F oAb E2Z T CTeB OfEREL 72, ¥ L — MER
T HZ EER LT, ZORMRE S IR Ru2b 2 e, HERY b OKFEBE)
BICO R A IR D &5 IZHEE L= (Scheme 3-40)

Scheme 3-40. Plausible mechanism of asymmetric transfer hydrogenation using Ru2b
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F F HCOOH co, F F
F NH, 7 F NH,
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ARG BP LN OMBEL, X L— MEEORL~ b (T IV) 8K T 24T 5,
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IRIEFE L 720, Rulb IZHATREBETEEN DTN T Lc tHEE SN D, 7eds, AT
AR LZEBIEO e b (7Y —n7a b)) BRISICEELTWD Z & ERIET
HRERIIE LN oTe, —TF, XV AT YA 7V Ru2a DIFENRT F AT FHA 71
WZHRTEHLIARWDIE, 7'v oAbz LD S L — MEERTER BN HEIT LIZ Wiz
TehEEZBND,
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FoHi FLH

RKETIE, 7 vBANKRAEHRELL LT 70 Fda 7 2= )L ALk =/ (Fs) ki
TEfi &7z DPEN BN 72 AT 257 2 AT =7 L85 Rulb, A U Y7 L85K Irdb %
AL, TOWEZFRZ, ZOME, 507 I REHRIIBEFEOALEF= LY T I v
BEAR L TR AR DB R RL, KT =T 2T 0 b AL L%, RFE— T v EHBEED
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ZLeMbinolt, TITHELNE 4 FEOR(GEERITV TS B X ST IC L0
HEIEIRE LTz,

INHDAEZTHATAEERIEL, 7l R (7)) EREKBIETY TLALT R T
LT I RORISRR, 7 RERE 7 Mg+ OKBXOT v E=7) EDORISICZE
STHEDNZZ LMD, B RaXFYEHEASH DL NH, 7 2 REFERZRTER LTS &
EBEZDND, IRFE— 7 v REAUIWTIL, LT Scheme 3-41 (ZR-7 &L 912, REEVERNL T
IC L DEEBROBEBRIENHEE 22> T D, Z OFEEITZRIE DFT SHRICE > THEAMT S
NTW5, ZNHORERIE, WHEBEMEN KT v e=T R EDO/N g2 L TXx 5
ZEEREMTTND, T72bL, EEEELSHRLN TV R o7c Rrx Y (7 IV)
ERLT I N (T2 0) BN RTTAEL, Fs EICHADIFWHRRE— 7 v BREAH
Lo THXHAZ T A TR, THRALZ T A T AEHRICERINS Z EEH G
MMZ LTz,

Scheme 3-41. Plausible mechanism.
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Scheme 3-42. Hemilable character of the arylamine moiety.
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(Scheme 4-1) .

Scheme 4-1. An example of monofluorination using an electrophilic fluorinating reagent.
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42 \TRT KOS, FEBET v EEEWH 115%@'52{!:% ED&BREICK L CRRIEMIf @ L, 7
v FRENL O KU REALF~OZH#i(b), EITHIBEEC) DBfEZ R T, KFEBLZ /#JK
HERIBREOLND, LG RLX— ®/J\2§b\myﬁ—m%ﬁé\@ﬁ&ftﬂ’ﬂﬁﬂﬂk?@%a
WAHH B ST 54

Scheme 4-2. Hydrodefluorination mechanism via oxidative addition of C—F bond.

/Ar H- /Ar
M] + Ar—F —— [M] — [M] — [M] + Ar—H
r (a) \F (b) \H (c) r

%1 21X Scheme 4-3°%, 4-48\2 "¢ X D R T VX INVKR AT 4 VENIFE2 AT D = v 7 (0)8
B O)EHAE AW D /3= T VA v FFFACEMOKFI T v FIUEORIE, RE—T ¥
FHEE OBACHISINZ BT O CHEITT 5 Z e bz I TV 5,

Scheme 4-3. Hydrodefluorination of fluorinated pyrimidine using a Ni complex.

F | NYF
F _N
NSO [Nicod)s], PCys HC cl
| - Cy3P—Ni—PCy; 4’
)\ Z hexane, rt, 15 min | CgDg, 1t
F N F

—[Ni]
quantitative

Scheme 4-4. Gold-catalyzed hydrodefluorination of pentafluoronitrobenzene.

[(‘-BuXantphos)Au(AuCl,)], 0.1 mol%

NO, ‘BuXantphos, 0.2 mol% NO, NO,
F F  AuOH, 2 mol% F F F H
Ph,SiH,, 2 equiv
F F dichloroethane, 80 °C, 24 h F F " F F
F H F
73% 12%
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<1 EFBE>

Weaver O IWAREEE LTI DAL TS A U 2w A5 KIr(ppy)s] (ppy = EU U7 ==
V) TN N—=T VA a BEFR G OKFEN 7 » FOSZ#HE L TW5 (Scheme
4-5) 8 ZORIGE, T EREMWETTH E L THY, Scheme 4-6 (2T XK 9 2T Ul Lk
AT 5,

Scheme 4-5. Iridium-catalyzed photocatalytic hydrodefluorination of pentafluoropyridine.

©
)\ J\ I"(PPY)s, 0.5 mol% " | N\ F )\®J\F
Blue LED's + N
F7O OF IJ\
CH4CN, 45 °C, 24 h i

2 equiv 93%

Scheme 4-6. Plausible mechanism of photocatalytic reduction of pentafluoropyridine.

h F_| - Fe N F
Y Ir(ppy)s |
y -F~ FN
Ir(ppy)s* - .
RoN._H | — RoNg
\/
IopYYs
R2N F lN\ F
F
F7O OF
H
<claBAFEIVR>

FAZAIC AR 72 ()8 RICZEORNIEEZ AT 2) B U FEHATEITT 2, #1213 Jones
51% Scheme 4-7 (Z/RT KD, Cplfi 72 HTHE KU RULa=v Ak KA ZH\To
fie A 22 A AR D KFEL 7 » BACBRISZ B L T2 d EFE2b7enZo
Zr(IV)SERIZ 3 DB LB NI AR FRE T H D728, offits A ¥ & o AMME D AT % Rk

WCHEMT DR E L TEERFITH D,

Scheme 4-7. Hydrodefluorination via -bond metathesis.

R F ¥ @ F
z ’H F zr F F
;
% \Fl H%\F ' H F
F
F F
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<EFY FEREFICKZRZER>
Jones 5% Scheme 4-8 D)L =t =7 AR oD Cp B+ % Cp*HEifi+ L7-881K B & v
L, oG A X B A TIEe <, B NV FEUNLFORZHEIC L D SvAr (5 & iR
EHL) PR TR 7 » BT 2 L FR L TV 51,

Scheme 4-8. Hydrodefluorination via SNAr mechanism.
F F
"H F F " ,H F F
Zrg Z N Zrg
\H + \F +
F F H F
F

—RIZ, ofbif A X AR & RIZEBEAEIZXB]T 5 ONRKEECTH 553, Jones ©HiE
Scheme 4-7 & 4-8 IZ/R LT v a=v LgEKZE VT2 KFUI 7~ BALEISIZOWT, LT
WRTIRRICEE DS X, TNETNOMEEZIREL T\ D,

Figure 4-1. Transition states for o-bond metatesis and SyAr pathways.

e o

(c-bond metathe5|s) M

Figure 4-1 [ZiTofi & A & & o AB#E I X OUF & R REZE U O 2 2 i L TREE
SNLEBIREZRT, $HAOHIEEZ 2D &, oG A X BV A CTHEIND 4 0
B IISLIRBC I S @0 Cp*Bifi 2 A D8RO L BAFNZ e 2 B2 biLd, S HITHK
FLOGED 2 DOME TR, fIzIE7vdaexXvBr b ardatb 7 X Lokt
TORISHEZ IS 5 &, ot A X2 A OLE, AZIKE’J IZENTND 7 vt a Ry
B OHBERNTIR D DITH LT, REZEHRER CITEBRRRBIZBWTFFRMEN Kb
L7 NAa R DS NARRN 725 T2 i LIZ < b\é:%*ﬁ‘f“%é FEER, Cp*Zr sk %
AW AKFLL 7 v BALSIETIE, &/ 704X s 1-7v4nr 72000
T EWEEZ R LT e, e K O I REZE WSS 2% CTHEITT 5 LHEES
TWa,
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“EMEER SR E Y REEERIC K 2KF 7 v FBARISTIE, REZBBERDRES

VTV DHNT 7203, Whittlesey ©1% NHC BAfZ 7 Z2HF 35k FU KT =7 LK C
DRAZHI 22 IKFBACE 7 FBACSR D REZERAVICHEIT T 5 2 & 23R FRICH L T L
=12, Scheme 4-9 |2k XL D12, XU FZ TNAARRUB L DT =T A~On2-EL &R T,
b FU RPIINT 2B BREOHEE S 4, EEHRRFEOT )V MLOKRE — 7 v Biba 0%
REYIZEIW &2 %0 TV D,

Scheme 4-9. Possible mechanism of hydrodefluorination by [Ru(NHC)(PPh3)2(CO)H:] C.

F
F
F F F F -
F
Rul=#Ph - (R | —= R @
_PPh, £ F
H H— F F F
C

HIETHLMMI /e -72 X 51T, FsDPEN Bl % &2 18 17 I VA TIdRkEL: %
1 O BUALF 23 Fs JED AV MILRBITEHET 2 ZENARETH Y, RFE—7 v HEEHA
EHl-bd, LERoTe KU REHRIZOWT S, 2Dt KU RENSL R0 7R %
AHLTOIUE, D TNEEGREBERKSZ R COKRFICB T » BLERME 525 &5 2
bNb, B RU K (7)) 85K Irdc ITBEATAIICEZFIZ 18 1~ Ir(IE&EIACTH 0, ER{LH)
Mol A A Z By AIRG TIERWE, ZhET1EFBEZ204 ) BRLETiERE S EH
INTWZRWY, L7eR>T, B R REERICE AT v FbOoREEZFE L AL Z &I
L0, FEEREERR O KT 7 ~ FALLIE %2 91D TR T 2R3 G L0
LHOTHRONEEZT,

T, KETIZFSDPEN Bifi+%2FHT 5t KUK (7)) A4 U0 L88K Irde 286
L, EOFEEEHHAT,

Scheme 4-10. Proposed hydrodefluorination in this work.

H2N—Ir/,/ D F H2N—Ir\\ H "
W I H F —— W I F F
CeHs5™ S/N\g‘/ CeHs5™ S/N\S
F F
C 0 F CGHS 02 F

6Hs 2
Irdc
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E28 FDPENEBERFZEHD2ERY FAYTHLBEOAER LS

N-A/L7R =)L DPEN B2 A3 2 HZ8HaE e N U K (7 ) $6IRIE, xS T57 2
REERE FMB LT 2-7 0 X)) = VB L DRIGTERTEDL Z ERMBN TS, £ 2T,
A ClX FSDPEN BN %2 H T HWHZRHEEET X FA U U0 AR & X% SO S®, B R
UK (7)) $ROARERATL, EHIZ, fFbhie KUK (T IY) sERoREME
& HEIZ DN T T,

$B1E 73 FEE Irda EXBORIE

ARIETIX, FSDPEN 7 X RE&K Irdb [ZXZ1EH SH, B FU K (7 IY) $EERDEK
BRI,

(1) ERTICEITHIRE

Scheme 4-11 (2”3 X 912, —30°C F, 7 X RE5A Irdb o THF IEIRICKT L THY 1 2 &
FMAER ST L 24, WROANT ITEHRENLH DL WEREAIZEL LTz, 20 SR
L7ctk, WIEEZHEL, BOoNBEEREX 2 T LR, b R RESK Irde 274
WKL LT %R THEETE 72, Zh b OEMEIZAT—30°C OIR T T7 5 LEN
HY, ZOKITERREIZH > THRRMETIIEBICHREEN LRI~ EB LT
(k)

Scheme 4-11. Reaction of Ir4b with formic acid at low temperature.

H NMR (THF—-dg, —~30°C))
~11.4(s, ItH, 1H)
1.87 (S, C5(CH3)5, 15H)

SO, . $O2 % 5.18 (br, 3J = 9 Hz, d, NHH, 1H)
CeHs., N + HCOOH ——————— Cefls,, N_ 3 5.61 (dd, 3J = 11 Hz, NHH, 1H)
Ir 1.1 equiv THF —30°C Ir
AN 20 min cne NN "
sHs” "N eHs™ N °H F NMR (THF—dg, ~30°C)
H —-CO2 H H
B e ~132.2 (br, o-F, 2F)

55% isolated yield

-156.1 (t, 3J = 23 Hz, p-F, 1F)

-163.8 (t, 3J = 23 Hz, m-F, 2F)

t RU REA Irdc @ 'H NMR A7 MLV TIE, & KU RENL FIOIRE SNDIRIAD > 7
FUBR—114ppm ([ZBNTZ, £T7 I VAT EOYT AT VA RE Y 772 NH 71 R iR
5.18 ppm & 5.61 ppm (2 1H 73§ OIEFMICBII S N7z, T ORFITTT I BTl
HARFEZ LA VP LZF L — ML L TVWDHZ EETRELTWD, £/, F NMR A
~Z7 RV, —132ppm, —156 ppm, —164 ppm (T 2:1:2 OFEELLDO > I EE 2T, T O
EERBSGAD 2 SOV FEEZERE LTEAIS N b, EhERUZ T
FArT7 2= VEEOF NV, NT, RAENT v FEO T E R LT,
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(2) ZBRTICETAIRE : 1) TV AV VBEOREE EDIEE

AR L 51, & FYU REEEEZAKT DEE, —30°C UL T OIKIEIRAE T/ & 2B IS HEE
TERMPoTZ N, TNED LEBEOSRMTIEFE 1 (BS) THEE LI AKELH 7
o FALRIEREIT L TV DD TIER W EE X T,

% 2T, Scheme 4-12 [Z/" &K 9127 T FESAK Irdb O THF I L C 1 S EOF %
FIRTTIERASEZE ZA, WROGITHALORE, REAEZREAL, BE~E2{L
7oo 21 RERHER L 72 OFEHR D F NMR A7 bV ClE, JFEFO 7 X REE(R Irdb ot KU
(T )8R Irdc DR Z 70 F v 7 == VEICRBESND Y 7Bl sh S, —
122 ppm, —144 ppm, —153 ppm, —160 ppm (ZFERIEH DL L 4 KOV — 7 NEh

(Figure 4-2) , XU ZI7NA 07 2=V EDORFE—7 R HEED 1L ONREAR L Z &N
HIH Lo, IR E, ~F 0 UL ICIER 89% CHEEL, kA F L /m—T LV DRE
ISR B AR b 2 1572 NMR R0oe R0, B b X SIS ARAT OFE R, Z ORI,
ANKRENFD A MIRBEP BB T E BEERSES LA U XA 7 V85K Iréa Th D &
[FlE L7z,

Scheme 4-12. Reaction of Ir4b with formic acid at room temperature.

F
F F
F
F F I
Irll
— iy,
CgH EOZ ik l!l i
65, + HCOOH —————— o ~
): >Ir 1.0equiv THE ,21h  CeHs S/ S F
C6H5 ’\Il —HF, —COZ C6H5 2
H
Irdb Ir6a
89% isolated yield
Figure 4-2. 'H and °F NMR data of Ir6a.
"H NMR (CD4Cl,, rt) 9F NMR (CD,Cl,, rt)
. 1.79 (s, 15H, C5(CH3)s5) -121.8 (dd, 3J = 29, 17 Hz, 1F)
I|r 3.25 (brdd, 3J =12, 13 Hz, 1H, NH)| | —144.1 (vtd, 3J = 38, 19 Hz, 1F)
He H2N/| F | 3.58 (ddd, 3J = 14 Hz, 1H, H®) -153.3 (ddd, 3J = 29, 19 Hz,1F)
Ol N\s 3.95 (d, 3J = 11 Hz, 1H, HB) -160.3 (dd, 3J = 18, 23 Hz, 1F)
e g, F 4.01(d, 3J = 10 Hz, 1H, NH)
6rl5
6.83 (d, 3J = 8 Hz, 2H, aryl)
Ir6a 6.49-7.13 (m, 5H, aryl)
717-7.26 (m, 3H, aryl)
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Figure 4-2 |Z/R L7 L 9512, H NMR A7 hLTClid Cp*Eifz v LD A F VIR IR S v
% —ERRT 7 FIUN 179 ppm (2B, AIEE Tl _7= 441 U 2 %1 7 LK Ir5a <0 J#
XFL—horul N7 IV)EEE Irda 2B DR 7 F Lok 7 K (1.68 ppm F LT 1.70
ppm) KV HARBIGANCEBI Sz, F72, NH 7a h sk 703 3.25 ppm & 4.01
ppm (2 IH 53 DI HN, AFFLTHDHA VP T LI LT 2 U ENESELAL LT
HZERDLNhoT,

F 7=, Figure 4-3 (TR I mAEEN D, Ir6a | Cp*lehr 1, 1#k7 X BN 1, ARV
72 NBL A, BEOTAAaT U — VB2 BT 5 =HET ) B REOS R TH
HZEMNH LT, 20L&, DPENENLF ED 2 507 = = VIKITHIFEDOA X3 A X F 4
A T IVEEIR IrSa o7 A X T WA 7 VKR Irsh ERIEE, V=77 U TAEETH T,
72, BT OO SAREIZR TH Y, FSDPEN B2 H 45270 K (7V) 85
FlIrda 72 8 L AL TH o7, HNMR S F NMR A7 R b Z O Z A4 5 85E0
T AT UARIRAICAER L TWD Z LR HERE TE T D,

Figure 4-3. Crystal structure of the iridacycle Ir6a.

Ir6a
P2,#4),Z=6
R1 =0.0569, wR2 =0.1372
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FTIBAIFZE5E O /NI, TSDPEN BLfF B AV MERFERA U U0 L L fEE LIZEEOA
U ZHA 7 EER (Ts-Ir) Z85E LT 5, Table4d-1,4-2 TlE, ZHHDA Y ZHA 7L
B ORI IEIC BT D8RO BRI Y OfE G RIS LU E M 2 i LT,

Table 4-1. Comparison of bond lengths (A) of iridacycles Ts-Ir, Ir6a, and 1r6b.

1

Ir//,,,3 1 |r'//,,
HzN/I HzN/l ? F
! N 12N
\\\\ N \\‘\ N
CeHs S{Z S CeHs SZ/ S =
CeHs O CeHs O
Ts-Ir Ir6a
Ts-Ir Iréa

Ir—N1 | 2.133 2.129
Ir—N2 | 2.125 2.137
Ir—C3 | 2.039 2.083

1E) Ir6a I3k s G oS L7z 3 4y 1 O FHfE

Table 4-2. Comparison of bond angles (° ) of iridacycles.

Ts-Ir Iréa
N1—Ir—N2 7.7 79.6
N1—Ir—C3 86.3 87.7
N2—Ir—C3 83.6 81.2
Ir—N1—C1 108.7 107.4
Ir—N2—C2 115.2 113.2
Ir—N2—S 108.7 108.7
S—N2—C2 113.1 113.2

TE) Ir6a [k s G ST L7z 3 4y T O P

FOFER, $EK Ts-Ir & Irba OFEEEB LI ORAEMICITIRE REN 2L, Wb THEEL L
TR EEZ B L T WA Z RN bho Tz,
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21 EFUF (FRY) @& Irdc DBARICK DA U FHA U LERRE

B1END, oo N-A/VAR=/L DPEN-t KU K (7 V) $EOAGHIEICECTT IR
A VT LGSR Irdb & FERORIEE R A D &, —30 °C OIKIR T Cik FsDPEN B 1%
T5H5ERU R (7 Y) 88K Irdc BMELNTZOIH L, SR F Tl AR =LA L ME
DIRF— 7 v FREED 1L DHEAKL, &BLIRFINDERERES LA U XA 7 LE5E Ir6a
WERT D Z Enbhrote, ZORERNDL, A4 VXA 7K Ira 1ZE RY R(T7IY)
BEMR Irde R L TAR L TWD EBE X HND, £2 T, RETIEE FU RE5K Irde 15

EA U XA 7 VK Ir6a ICEHA T E 20072,

Scheme 4-13 12779 K 912, HEEL7Zt FU RESAE Irdc O THF Ik % IR T~ CHREE L2
&2 A, 23 HEEL D 9FNMR 227 Kuind, & KU KSR Irdc XKL, 4 UV X017
JVBEIR Ir6a SAERL L TV D Z &b holz, RINREWN ORI %, G oncB@iks
AFH TR LR R, 60%IN R CHEET 5 Z LN TE T,

Scheme 4-13. Transformation to the iridacycle Ir6a from the hydrido complex Ir4c.

|
S0 Ir.,
2 HN—
CGH5 THF, it N e
Ir CeHs\\\S/ s =

C6H5 , Y CgHs 02

Ir4c Ir6a

60% isolated yield
F7o, xR L LT, Scheme 4-14 TR & 912, 7 X FESA Irdb o THF ik & =1l

T I8 MR L72Ay, A U Z A 7 VEEK Ir6a 1345 T, 95%LA LT I RESIRAAR
FISDEETZ -T2,
Scheme 4-14. Monitoring of a THF solution of Ir4b.

F

|
| Ty
HN ] F
CeHs — > Irdb W N
CeHg s

THF, rt, 17 h
CGH5 conversion CeHs 2

<5% no formation
Ir4b

Ir6a

PLEDOFERENS, A4V XA 788K Ir6c it KU K (72 2) 81K Irde B4R LT
WD ZENbhoT,
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E38H 1) FHA 0 ILERE Irca D EREE
F11H YFNMR ARY FILERAWE=YS 0 A %) )UERESETE DB

b FU N7 22 Irde 22D A U Z 91 7 VS Irba 23 ERK T 52 H 5 cd %
721, $EA Irdc O E THFE IRIK D 9F NMR AL M VIRIEZE(L 2 =i T T L=, =D
fEAL, Figure 4-4 \ZR X912, B RU RESE Irde (O) O 7 F/VIEEIR T Tha K
L, ADAKRDY T FNVERBLT, 2 BRICAZ TH A 788K Irea (O) ICIUR L7,
F72, ZORISEP TIE—194 ppm OIEIAZR S 7 () BBl ESNT-, ZIUIBUGR T
THRT 27 vEKFICHKTHHDEEZ TS,

Figure 4-4. °F NMR monitoring of the transformation of Ir4c to Ir6a.

F
F F

FIiIF ﬁg#z; .
I 11y
CeH % X HN ] “Q\F HF
eHs ., A —_— +
)i . THF—d, rt CGHS\\‘S/N\
H

N\Ir‘ S
C6H5 /N\/ \ C6H5 02 F
H H
Irdc Ir6a
hydrido complex © o g
-30°c
o o o
25 min, rt Al A .Y ! HF
N [ S
shot, ) ¢ v L f L o4
. |ﬂ [=] q_.
24 1t T i | _\
L t ey g — S = S = e = e
-120 -130 -140 -150 -160 -170 -180

AL L CBIESNT-ADY 7 FuiE, —131 ppm, —141 ppm, —156 ppm, —157 ppm
2 1111 OFESRELLTHA TS, 202 D, AU XY A 7 VEEK Irba DA RIS
BT e A THY, IXLHDICFs EDORFE—7 v FEHEED 1L OB E2ZIF TnDH Z &N
Loz,
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21 HHERRGHE

AETHOLNIMREEEZD L, FmCRELLLIIL, ¥ 7rdu 7= i
ETOKRFI 7 v FALSOEN ETHEITL, 7 b T 7 A v 7 = =)V HT 2 PEIED or
EZx—HAUE, KRFE—KEMEOUIW - 7 a A2 AIZL DA U XY A 7 VEEK Ir6a
DI EIT S 2 BRI 2R SUSHEHEDFTRE TX % (Scheme 4-15)

Scheme 4-15. Proposed mechanism of the iridacycle Ir6a formation from hydrido complex Ir4c.

(stepa) /KF(LML~7 » F1k

F, K Irdc Lo RY FERLFR 704 a T L— U BRICHTHREREL, v FU R
BOAT AT LTI b T D AR = VDAL M7 v EWNKFEICEHREND, Zoh
MIARSEIA D 23,45-7 N T 74 v 7 = =LA, FITED 9F NMR A7 RLHTO 4K
DOIEEMR > 7T (A) BH2EE2LND,

(stepb) ALk £ X AL

23457 b7 7ndu 7= (F") FEEORFE—IKRFHAVPHAKEL, L7 vbKkFEEMF
S TA Y ZYA 7 VEEE Ir6a IZEHR S 11D, RIFEICZIVNT—194 ppm (IZBLHl S iz 7
oG E, CToOBBETEELE T v bKFEOLDOEEZBND,
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B3WE A VFYAVIERICET S PRERIERER

Y

BIATIH_72XL 912, B RV FENLAIZ K DREEKLBICER LT Fs EDRFE — 7 v Fis
BNBZT DL, Tl F N EL D EEZ BNS (Scheme 4-16)

H

Scheme 4-16. Fluoride release in the nucleophilic substitution by hydride.

F F F F F F

F ( — F y —— F H + F
-

Z T, ARHETIEE FU FEEEOSRERE TAE T 2 PRIKICET 2B #M A2 7201,
T oAt A A iR L, PP AR R b OREA 1S D & ATl LTz,

Scheme 4-17 (/x4 Xk 912, 7 vHFHMEOE W VAT F A KL LTI A Y
Taenrvrzel R1LYER, HEEL/ZE KU RESMK lrdc © THRE IARICK LEIR T C
ERSEZE 2 A, WROBITERSCHICHERBAIZRY, Z0%, REERT, MMEAaICE
b U7z, 20 BRI ORI 2 L, FNMR 227 ~L (E THF 1, S|IET) ZRlET5
L, =185 ppm i R U A Y T e U TIVA ) ROV 7 FANBRITE =2 LTz,
51 CTHEM LeHEE (A) obo LEE LI b7 M4 RD> 7 )0 (—133 ppm,
—140 ppm, —153 ppm, —156 ppm, F&E4rkt 1:1:1:1) & —133 ppm, —157 ppm, — 165 ppm (Z
2:1:2 OFERE T 3RO 7 FANRBNT-, ZhbiZEnEh, 23457 KT 74 nm
Tz VANKRENEEAT 70 ) (T IV)EER Irfa BLORUZ 7 0v4Ae 7 x2=)1
$% A9 5 FSDPEN kD7 v U R(7 X V)R Irda 2RO 74 TH Y, F NMR R
A7 MVTIE, Irda: Ir7a=18:82 O L TELAI S iz,

Scheme 4-17. Reaction of Irlc with triisopropylsilyl chloride.
F
so2 802
CsHs C6H5 CGHS \
+ (‘C3Hy)sSiCI THE Ir‘\ +('CHy)3SiF

1 equiv rt, 20 h CsHs , Cl |

Irdc 19 NMR Irda Ir7a
18 : 82
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Figure 4-5. 'H NMR data for Irda and Ir7a.

F "H NMR (CD,Cly, rt) F "H NMR (CD,Cly, rt)
F F 1.74 (s, 15H, C5(CHa)s) F F 1.75 (s, 15H, C5(CHa)s)
F £ 3.72 (t, °J =11 Hz, 1H, H®) H £ 3.73 (ddd, 3J = 13,11 Hz, 1H, H®)
30 4.20 (br d, 3J = 10 Hz, 1H, NH) 30 4.23 (d, 3J =10 Hz, 1H, NH)
A 2 A 2
CeHE N 4.43 (vt, °J =10, 14 Hz, 1H,NH)| ¢ Hy 4.45 (br d, 3J = 12 Hz, 1H, NH)
N 4.61(d, 3 = 11 Hz, 1H, H) N 4.48 (d, 3J = 11 Hz, 1H, HA)
CeHs ,N\/ I 6.89-6.97 (m, 7H, aryl) CeHs ,N\/ I 6.80-6.82 (m, 2H, aryl)
HBEH H 7.17-7.21 (m, 3H, aryl) HB H H 6.84-6.88 (m, 3H, aryl)

Irda Ir7a 6.88-6.94 (m, 1H, aryl)
6.95-7.00 (m, 2H, aryl)
7.14-7.20 (m, 3H, aryl)

Figure 4-6. °F NMR data for Ir4a and Ir7a.
F FB
F F FA FC
19
b F NMR (CDCly, rt)
F F 19F NMR (CD,Cl, rt) H F _132.5 (. 1F, F%)
SO 3, SO -2 (m, AF
P2 —133.7 (d, 3J = 23 Hz, 2F, o-F) 72 139.8 (m. 1F. FA
CeHs., N 3~ CeHs,, N —139.8 (m, 1F, F7)
N —153.2 (t, 3J = 23, 17 Hz, 1F, p-F) N 1531 (m. 1F. F®
A 162.7(vt, 3J = 23, 17 Hz, 2F, m-F N ~19% (m. 1R F)
CeHs™ N \c| —162.7(vt 7 =23, 17 Hz 2F mF)] ¢ N g -155.8 (vt, J = 20,22 Hz, 1F, FC)
H H H H

Figure 4-5 1Z7R L72 & 912, 851K Irda & Ir7a D 'THNMR A7 hVF— X Z i+ 5 &,
DPEN BefiiE# LD ANKR =T I FEALARIO A F > 7'm b (HA) 1%, $8K Ir7a ©
1% 4.48 ppm (2, lrda TiL 4.61 ppm ([ZEMI iz, S8R Ir7a Eoftho > 7L 185K Irda
FORXRBEMEANC 7 FL TR, X ¥ 7t ua 7=V EO7 vFED 1 DHRKE
ICEH SRR, ANVR=VEOE A RGIEDDORE T L TWDL ZENRBEND, £
7z, BHREERO 7 1 b ORFESE SR Ir7a TIXIH 08I L TR Y, Fs i EAKER
PENTMEE A R LTV D,

F 72, §K Ir7a @ FNMR A7 FuiX, —133 ppm, —140 ppm, —153 ppm, —156 ppm
WZENENERR, ZEE, —EHR, —E\EROBROY T IR X, bFEY T B ED
T F IO HHEE LT IR 8 % Figure 4-6 | FA~FP & L CoRd, —140 ppm (2 Bt Y
JFNE LTHl SN FAIY, BETA2KFL O v 7Y U IR0 MR E e o T
LEZLND, 2, U TN T 2= VA AT DK Irda D FNMR (L5227 b
LHT DL, ANKR=NEDORAZMOT7 v FEBRDOT 70 (FAFC) 1, K Irdadt
R FEHIZ LY RE BB 7 F LTV,
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FAWE 2345-ThS70FAQ Tz IEEZETSHo0) F(T U)K IrTa DRERESRK

RTE TR LTz, 7 A FRREEIC K 2 P IEIRRREEFEBR T, KFEB 7 » FE ik a Y
N7 IUBEATH D Irda & IrTa DIREWIDF B, 2O D RBEZIIEL R -T2,
AIETIEL 7~ FALHE OER Ir7a ORIEARICE Y $A T2,

Scheme 4-18 |2/ Xk 912, QT 7 7AYo &2 ) FH Lz AL 7
NWERISSHE, FHILAEMTHD 23457 F 7 7vA XU B U AVKR=vs T4 RF
FORL, OEEGFETFTDPEN ICEAISEAZ LT, 7 hI7u4n 7 - = LElLs
H425E /) ALk =/ DPEN BIAL 1-RIBEAR G ~ZHa L7,

X512, ©FFHNIZEALT G & [CpHIrCI] D L A F L LB 5 L CRBRE A U ™7 2K
Wik Z1EM T 5 &, Scheme 4-17 OULNERMY) Irfa & AT MAT —2 BN—8T D5 %
89% D F i An R THEET 5 Z LITE LT,

Scheme 4-18. Synthesis and isolation of Ir7a.

F F F
F F nBuLi F F S0,Cl, F F
(a)
F H F H F H
H Li S0,
cl
F
F
. F F
F F F H
H,N  NHy N(CH3CH3)3 SO,
(b) — + F H 1.0 equiv I
CeHs CeH SO, AN A
6'75 6''5 (': | CH,Cl,, rt N
. 20 h CeHs  CgHs

G
92% isolated yield

F
F F F
F F
F H
F H KOH (aqueous)
) SO,
SO, 1.4 equiv [
(c) 1/2 [Cp*IrCly], + i > CgHs,,, N_
’ \ N
HN. NHy  CH,Cl, rt ): Ir
: 4h N
N CeHs™ N Cl
CeHs  CeHs H H
G Ir7a

89% after recrystallization
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INENL 7o A 5 7 — Vs BAG B AVT A bl O RS ARATRE S & Figure 4-7 (27T,

Figure 4-7. Crystal structure of Ir7a.

F /'! F
%
~ a—
%
F g b . F
v -
H )
? »
& N
." A/ Ir .'1
g “ ,
& 1
)
y Y Cl
o
- '
e
Ir7a | p2,2,2, (#19),Z=4

. R1=0.0276, wR2 = 0.0793
R

fE RS TERRAT OSSR, BEIK Ir7a 1AL KRS VO AL MIRKZETEBR S L 2,345
TRIZINAR T 2= VANVKR=NRKEGTH70 Y K (TIV) 85K THD T & RES
F oz, Z ORI FSDPEN ML T2 A9 2807 v U K (7 ) $EK Irda L RIL
22 fRE 2 b OMERIORE BE A A L TERY, AR o7 L — 8B E DPEN Fo~

> =)LED 1 2lTiE, facetoface Dn— n A% v ZHAE/ERPBIR S -,
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BOHE FMEORFE—KERESUEZEMHS 7042 IELRE

AITEE TOREND, & U N7 2 288K Irde D FNKEL 7 v Fic L0 ARk L
7223457 T 7 AT =)L AR =)b (FsH) B2 A+ 585%, = DRE—KERKE
BRI AINMMEEZITA Y ZY A 7 VEEE Ir6a ICE#L S VD E%K bivd, RHETIE
AT TARK L7 Ir7a ZHEIRET VEEE L LT, ZDORE—AKFE-EOREEES AV 5"
A 7 IVTERREEFEZ D\ TEE IR 2 7o R & 5 T

Scheme 4-19 IT/R T L 91T, KFE—7 v BMEEUIMNZ L > TEL D7 A A 031 Y
VULNIEML, FHEOTAFY REHRD 25252 bB2HNHD, —fRICT ALY
RA U P07 AR DREFNIDI2NE, X Z T v Fdn 7 = = VENGHEE L 7= 7 vk
WA F IR T A TF A M7 A Y RESR E OIS CTHET 2 /TREMES, iR T
AEA AN E LTIERAL, 8 1 7 VBN LT e b ESIERE, 7 vk
KBOWHEZ > TIOEFT I RA U7 LR IrTh ZTER L TS AREME S 5 5,

Scheme 4-19. A possible interconversion between the intermediates.

D Ir7b

FZTET, 16 BEFENLABFIFEN S 7 1 XA ZAAIC L - THEBEA Y X3 A 7 LK
Ir6all e SN D alREM A2 & 2, FsHEEA A9 5 16F 7 2 FA U ¥ L%EAK (Scheme 4-19,
Ir7b) , BLN16 BT F A4 PR (Scheme 4-19, E’) 28Rk L, FDORIGHEZTH~7-,
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FSDPEN B 72 AT 5t RU KA U Py AEHED G E € D4 TN C—F

(1)16 BFT7 S FEME Irib DR
A3 Cuh <72 FSDPEN BCfZ 2 G357 2 KA U U7 L85 Irdb DA RIEITH S FsH Ik
EEHTDHT I RA Y DT LSEROERK AT,

Scheme 4-19 (27”74 KL 5
YEDOKERLA ) U LKIERZTRML,

g4

0°C T 15 %

it e BT SOG

(2, 71U R(T7 2 D)8K Ir7a DL A F L IR L TR 1.5
SR L2 2 A,

N E S ey

MBI LTz, A ZKTHER, MR ) v LB L OKFEIA LT T LIS E

> CHOE L,

& LT 86%INRTHEfETE /o,

Scheme 4-19. Synthesis of amidoiridium complex Ir7b.

F
F\’ i :F
so2
CsHs

CsHs I

Ir7a

FER Ir7b @ IHNMR Z2~<7 kL
VEEDF IV MK

WM 72 2R 280 b T,

KOH (aqueous)
1.4 equw

CHgCIZ
0 °C, 15 min
—KClI

Ir7b, 86%

"H NMR (CD,Cly, rt)

1.95 (s, 15H, C5(CHs)s)
3.94 (s, 1H, HB)

4.04 (d, 3J = 5 Hz, 1H, HY)
5.37 (br, 1H, NH)
7.05-7.23 (m, 8H, aryl)
7.30 (m, 2H, aryl)

B ET L L, HIMEEMTH D, FsHEZ H o7 I REEAK Ir7b N 4EEH R

7.55 (d, 3J = 7 Hz, 2H, aryl)

19F NMR (CD,Cly, rt)
-130.6 (m, 1F, FP)
-139.4 (m, 1F, F4)
-151.7 (t, 3J = 23 Hz, 1F,
FB)

-151.9 (m, 1F, FC)

%, FSDPEN 7 2 U REEA Irdb S FEIL TR Y, ALk=

\ZHEIR U COS A RAEE (7.05-7.23 ppm) O 7' 1 b2 OFEMEIL 1H 501
MU7z, ¥F NMR A7 "V ClE, JFUBOENEIFNZ2 7 0 ) ReEAK Ir7a 0 LHERPL LT
{bF2 7 M4 RO T FNARIEEMBRI SN, ZOF7—X1%, 7 REKRIrtb &%

K216 A7 X FEREDZHRITE 2o Tz,
Figure 4-8. ORTEP drawing of Ir7b.
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F 72, Figure 4-8 |Z/R L7277 X RESIR Ir7b OffdaE & X, *H&3 % Fsdpen-851& Irdb D%
WEELLL T2, DPEN B EDO 7 2 = VTV N T R T ARETH Y, ALk =
NI EDOHFFEERLE On-nA X v F o TIH REREWVTR N2 - T,

(2) 16 BFHAFAMET S UE8EE Ir7d DERL

FEENINERT T =A v b O FHENER LI 16 Br T A LM (T I0) AU Vo Lk
I, 78U R (7)) 65K Ir7a 28R TS5 Z Lick W AR LT,

Scheme 4-20 (29K 912, 7 v U REEK Ir7a DIFL A T L ARIRICKT LT, 1.2 480D
NU T dma A H AR R A IR T CE S 7o, RONIRE W % 1 REMBLER L7214
RERRIKZ Al L, HLRZERE Lz, B ER, A2/ — b iEfmT 2 L& E@
D 16 T T F A MEGER Ir7d 23R EHER & L CTIGER 43% T b v,

Scheme 4-20. Synthesis of the cationic complex Ir7d from chloridoiridium complex Ir7a.

"H NMR (THF-dg, rt)
F F |OTf | 1.93 (s, 15H, C5(CHa)s)

F F F F 4.37 (dd, 3J = 3 Hz, 1H, HB)
4.60 (d, °J =2 Hz, 1H, H")
s0, 6.31 (brd, 3J = 13 Hz, 1H, H°)
x 6.72 (br d, 3J = 12 Hz, 1H, H°)
CGHS CeHs.,
||' + AgOTf o~ ): %}_ 7.15-7.20 (m, 6H, aryl)

CH,Cl, .
CeHs o \ Ng 12equv 1y 2p 7.25-7.26 (m, 5H, aryl)

Ir7a —AgCl ,ﬂd 9F NMR (THF-djg, rt)
43% crystal yield ~78.0 (s, 3F, OSO,CH)
-130.7 (m, 1F)
-138.8 (m, 1F)
-150.1 (m, 1F)
-151.9 (t,3 = 23, 20 Hz, 1F)

T FFA MESER Ir7d D TH NMR 222 kL TlE, Cp*ifi+ LD AF L7 a by 1.93
ppm IZEI S, 7 v U R(T 2 )R 1Ir7a @ 1.76 ppm 225 0.17 ppm (E S {RBES M
NL7e, E£72, 1677 I FA U U7 AR Ir7b 12381 5 1.95 ppm LITVWVETH LMD,
PR 1r7d OFMEAEAFINEZ RIR L TS, £72, ZO8HAD YFNMR A2 hLix, 73
RA U0 L6 IrTh OHk Db 7 R EFLLL TWe Z &i2hix, —78 ppm (ZFERLAL
DRIV TNFABRAZ L ANR A T AIFBEIND 3 7RO 7T vERLTE,
Figure 4-16 T /R 5 fmffiE & Z OSSR BN AL 16 EF I FA U MEETHDH 2 & &K
FFLTW5,
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Figure 4-9. ORTEP drawing of Ir2g.

Ir2g
preliminary

()16 EBF7 I FE#E IrTb BXU IO FA U EEE Ir7d ITHITHRF—KFREEE L

FsH RO RFE — KBHEASUINHERE 2B ST 572012, ZoEBEE2 ST I Rk
Irftb BLX OB FFUMET I 88K Ir7d OZEjZ NMR A7 M LIZ X 05BER L 77,

<7 X NEE(R Ir7b B>

7 X REER Ir7b O FE THF IR T Cidd <ITiEZ{b®9, Scheme 4-21 [ZR"§ X 5
2, 6 HIZICHEMLE 9% TA U X% 1 7 LEEIK Ir6a %2 5- %7, L2>L, Figure 4-4 T/RL7T=-
912, FAEMETTE Y RSB Irdc 13 15 BERIBICIZA U YA 7 V5K Ir6a 2 T4 RK
MELTHZIZZ EnE, 85K Irea OARIZBWTT 2 REEE Ir7b 205 OBV 7 1
A NMALISITIFE A ERG LT RnEE 6D,
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Scheme 4-21. Spontaneous transformation of Ir7b into Ir6a.

$02 Ilr
— "y,
CeHs ., N\I very slow HN l!l F
< THEdy oy N
rt, 6 days CeHs 0O,

Ir7b Ir6a
9% vield ('F NMR)

T2, MIGRBEAZET 2 b= U VIZEZ CRBEDO S EIT-T7208, 22 B A U &
B A T IVEER Ir6a DULRIL 4%I2 & EE o7,

<H T A MEEEIK Ir7d DIBR>

Scheme 4-22 IZ/R L72 K 912, HF A MEEEA Ir7d O FE THF ISR OZbZ EIR T, NMR
AT MUC K VGBER L7223, 3 Hi% b IHFEEEEA RGO EE TR - THY, ORI
BWIZRETH D Z LN bnotz, 7 b= MU VHIZBWTHREERIZ, BT 4 MR
PN D DEFER 72 3R — K ERE G OIS T L 220~ o 72,

Scheme 4-22, Stable nature of Ir7d in THF-dg at room temperature.

_| oTf

CgHs ,,, THF ds No reaction

rt, 3d

Ir7d

PLEDOFRER NG, FsHIEDRFTE —KFBEABIZEMEIZIX, RPIHEET D7 oAbk A 4
DR L CWAD AREME N RIR &7z, £ 2T, WIZT oAb A A M G5R &2 s L 7= 444
TAI N A X ARG & et Lz,
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(4) ZviE1 T DR

7m ) REERICHL, 7 bSRAERSEL2 LT, v RU REEERLLA U ZH AL
BEARDNERCT D S TOFRMRIZAE Y 3 2{bFFE (Scheme 4-15, x) ZHATE 5D TR
WhEE X 7o, Scheme 4-23 IRk T L9, Z7rU KN (7)) iR IrRkap&ETE =1
VERIZH LT, 1 YMB&07 ALREZEH S E2 & 25, 26 KL, (U XV A 7 LEsk
Ir6a 23R 54%DEIA THB L TWVWD Z EM BF NMR A7 MU Lo Thiolz, Z0
L E D VENMR A7 [V % Figure 4-10 IZR T, 7238, ZOFEBRTIL T v LEROEEMEN:%
EEL, 7 h=FUAERBEBICHN,
Scheme4-23. Reaction of of Ir7a and silver fluoride in CD3CN at room temperature.

F

o =i,

H
SO Iro.,,
CoHs, N - HaN =] F
6787 AT & + AgF ————— . N + AgCl +HF
)i /Ir\ CD3CN CeHs\\s/ N
CeHs”™ N g rt, 26 h CeHs 0,
HH
o/ (19
Ir7a Ir6a, 54% ("°F NMR)

Figure 4-10. °F NMR Spectrum of the reaction mixture obtained from Ir7a with AgF.

A A A b= o
'“'ﬁ‘-'" ikl i J"M e T % 1~1~ﬂ«1- M!.—Ir- ) " : T ." F

-120 ~130 ~140 - -150 - 160 - 470 180 -i90
O (Ir6a) ---—120.0 ppm, —147.3 ppm, —155.6 ppm, —163.4 ppm

A---—133.1 ppm, —140.9 ppm, —154.9 ppm, —156.7 ppm

% (AgF) ---—167.5 ppm

O Ir-F?) ---—320.3 ppm
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DIz, Z7aU R (7FIy) &K iIrra, 73 FE&AK Irtb, I F A MK Irtd OFET
T h= U, FRIZBITAEFE 7 2T,

7ul R(7 2 U)K Ir7a ---—133.5 ppm, —141.0 ppm, —155.0 ppm, —156.8 ppm
7 2 K&K Ir7b ---—132.3 ppm, —140.3 ppm, —152.7 ppm, —153.3 ppm
B F A VSRR Ir7d - —132.3 ppm, —139.8 ppm, —152.6 ppm, —155.5 ppm

Figure 4-17 (278 L7 ¥F NMR A7 M IE, A U %A 7 VR Irea > 71 (O)
Wz, 7vl R I)EERER Irfa EEEPL7EFES 7 NMTRIEDO S 75 (A) A8
Too E£72, RESD 7 LSRR DT 7L () & & biZ, BOHITmERNS, 71
FuA )V LHIEEEZ NS —320ppm (O) O 7 F LD B ST,

Lo T, HERAIK, 7 A U K (7 Iy) SR e R En5,

F /=R, Scheme 4-24 1”4 X 912, BF AR Irid OFET & F= U LIEIKIZ K
LT 1 YBEOTF NI TFATUE=TLTZILAY RERIMLE L A, HONITRE—K
FTREANBZLIL, AU XY A 7 LR 19F NMR IV R 88% CTARL L7~

Scheme4-24. Reaction of Ir7d and tetrabutylammonium fluoride in CD3CN at room temperature.

'TOH
F

I
Irl/,
H,N— "
CGHS + (CaHo)aN'F- N F
CD3;CN CeHs" g

CeHs Ultrasound, 30 min CeHs 0,

~(C4Hg)gN*(OTH)™
Ir7d Ir6a, 88% ('°F NMR)

b X5z, 7oA 4 220252 L1k, RE—AKRFEFHEHAIC
AVEHA T NEEMEESND Z ERnbhoT-, T77bb, 7/4[ﬁ¢%4’2]“/0>7(“7‘?f
B END DT A NMETNANEY REDWIEHMET VA Y REEENR T 7 a A ZAIc L DA
U2 A 7 NVEER Irba OAERKIZEG L TWAH D EEZ LD,

AL DO 2 FIF 5 FilH 2 H TR X D1, ZORFE - KBRBETEE(CSOS I BE L
T,%ﬁn%®¢ﬂi,&WW¢%LﬁLki9K,EMEMTiF%UVWA%%Hﬁ
Tx )R 222- N T vAuxE ) —AFE R T a XA 2 kxS, Ts o AL b
MIRFNEIE EFECEER LIZA X THA 7NV INERT D L2 RNELTNDR, 20
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L AU A TN ] OAEREEILZT = ) — VOEBEIKGET DI G, Tz
FVGERIZRB LTI a X2 R EITTALEZ N TWVWA,

Scheme 4-25.  Cyclometalation of a Tsdpen-Ir complex H in phenol.

|
$O2 _ru,,
CsH5 C6H5 x HNT |
+ PhOH W N
CeHs S

PhOH
CSH5 50 °C C6H5 / Y CeHs Oz

I J

FIR D7 A TN K o TRES NI A U XA 7 V5K Ir6a TEREURIE, /Nl
DHWE LT 7 a A Z MABBOSITEREL LT R FE — K FERE OB LR 5 L &2 b b,
—fRIZ, 7 a A X ALOBRE L LTI, ()C—H FEE ORI, (2)755 K E 1t
i, (3) Fagnou 12 & » THZE & 7= concerted-metalation-deprotonation (CMD)EHE 2 13
DEFTHAZNMBT v b AR EPRE SN D, FEIK Irba DAERKIZIVTIE, AIH

(3) T 16 E BN AEIFIFE Ir7b, 1r7d 205 OEAERI T 7 0 A X ALR AR THH Z L2
FEBRANZHEN D HAILTND Z b, (D)KFE—AKFREE ORI EIT L T2 FlEE
PEIXRWEWR D, £, 7 v FEl, AT /LI NI EHER TIELQ) S ERRE 7B
WD IS IEHE 212 < vy, Scheme 4-25 DI EFRIC & 512, )7 /A Y NELL 723532 A
Z AL 7 v b AR E SR B DD,
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FAai FUINLFAQTI—IWEEFETSHAL)FEHA Y ILEERE Ireb DER

FSDPEN Fifii % &-ok N U RA U0 ABEK Irdc 13X, 73FPKFUILT v FALEOEA
WATL, FsZEM FsHIRicAEa -t ikad 525, 2oL %, v KU RENLFORBEK
BB ZHEE L Q0 D, ZOBBEIET S &, FPEEZET 28O KU R (T IV)
BEMRITI Fs B2 /T H85KL 0 b, L7 v F L LI WEBZHND, £ 2T, AHITI Fs"
E2HGT2E RN (TIV) AVDTLKREERL, ZOREMNSA Y XV A 7 L8
(R~ DIEHREERE 2 T,

F11H FTEREZHTHIEFRFYRFAYSOLEE IrTcDER

Scheme 4-25 12774 L DI, FSHEEZHT 27 2 A U 27 L85K Ir7b & THE RIS L,
HRTT 1 YBEOXMAEERISE-E 24, 73 FEKRICH BT 246030 5 U g
I LT, =|IET 5 M L7tk WA EL, BOoNERE X T

L& Zh, HROE U R(T7 X )EER Ir7e 23N 62% CHEET X 72,

Scheme 4-25. Reaction of Ir7b and stoichiometric amount of formic acid at room temperature.

F F "H NMR (THF-dg 0 °C)
F F F F ~10.9 (br, 1H, IrH)
. H 1.87 (s, 15H, C5(CHs3)s)
&0 5.02 (br d, 3J = 10 Hz, 1H, NH)
2
i 4 3J=11, 12 Hz, 1H, NH
CsH5 + HCOOH CeHs ., N\ 548 (ordd, : z 0N
THF, 1t *
1.1 equiv Ir, 19
on 5 min CoH N \ F NMR (THF-dg, rt)
6 5 efs N H
-CO, H H -131.5 (1F)
. Te —-141.5 (1F)
, _ -156.1 (1F)
62% isolated yield
-156.7 (t, 1F)

Z DR Ir7c O THNMR A7 ML TlX, & KU REANL D> 7 F /03 —10.9 ppm (2]
WStz Z Db 7 MM, FsDPEN Bl 4 ok R U R(7 2 V)85 Irdc D —11.4 ppm
LIRIERETH Y, £72, Cp L+ LD A F VIE D Y 7 VT Irde, Irfe WL, 1.87
ppm (BRI S, SR OLOEBETFEEIIIREREORLZNEOLEEZ BNLD, 5K IrTc
DT 2 UENA DO NH 72 b % 4.91 ppm & 5.36 ppm (& 1H T OFEEARIC B S Tk
0, LT I UENLTRF T VDT AHILIZENL LTV D T E TR S LT, F,
BWENMR A7 RV Gl —1315 ppm, —141.5ppm, —156.1 ppm, —156.7 ppm (ZZ:58 ) D
VIFANRBRIE N, UL, T RTIAA R T 2= VAR ET S0l R(T R V)EEA
DAk 7 b EUr<, Scheme 4-25 (27 L7= Ir7c OENLATFN 18 F51-HE1E & 7 fE L 7oV vis R
ThHol,
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Flz, AX =B ELIEREEAREIZOWVWT, B X fMEET 28 2o 7
(Figure 4-11)

Figure 4-17. ORTEP drawing of Ir7c.

P2,2,2,(#19), Z = 4
¥ R1 = 0.0345, wR2 = 0.0831

ZOER G 18 BT I UK L FREIC, CpARANL T, AR T I REULT, 1#&T
SUBMLT, B RY REML KD ZHEe T 2 iiEszm L TCnbs ZERbholz,
E RY R FRBEIT I 7 e b7 — Y =Gl CEDMEZRE Lz, 12, T
72 fiftTT — X2 ThDHHEOD, ZOFKRIZEBITHE RU RENL T & ALK =VEDO ALk
N7 v DI 475 ATHY, ZAFdua T L—rRICHT 5 B REER | R4
% EREH A0 EAE NI S e o T,

IR T I IWTKRFE 7 v FCRIGH TS5 FsDPEN Ffz f-HkDOE KU K (7
V) R Irdc LIXERR D, T oFEO L ONKETERLINZ 2345-T N T T AT o
SAEEATDIE R RA U D0 LK Ir7c TR F CREICHEETE, Zh o0k
FOSPEDENRHAFEIC 22> T2, 7 == b7 v HEEBBED &b Y RéRoLE
PEI A B3 2 HFRIL, o FNAREI T » BSOS R ERERE THEITL TWD 2 L%
R LT\ 5,
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F2IH FYINLARTZNEZEFETZM4)FYA 0 ILEK Ircb DERK

AIECH~_7z X512, R A HT D8 KU FA U 20 85K Ir7c 13500 T T4 78I Hl
T& 5, HFHNKRBIN T v FIC L DAV Z A 7 NVEHERDIZR D — M Z gD 5 72
0, B 17 OB RIS & il T2,

F 725, Scheme 4-26 IR T K HIZ, 7 I FA U P ABEAK Ir7b @ THF EHEIZxE LT
LISBEOFMERNL, ST D FU REEAE Ir7c 2384 S &0 bI, BT T
HRLIZLZA, WROAEITEEA, R, BE~E2 LT, 18 Bif%& O SOSEIE 2R L,
9F NMR 227 hAZHIELEE =S, NV IAFaT Y — L2 GT 5140 XH A 7L
B Ireb 23R 51% TAR L TV D Z & 3binoTz,

Scheme 4-26. Reaction of Ir7b and stoichiometric amount of formic acid at reflux conditions.

F
F F
*
R F
|I"//,,
HaN | F
CeHs'/, + HCOOH NN
11 equiv THF, reflux C6H5\ S H

CsHs 18 h CeHs  ©2

—CO2 Ir6b

Ir7b 51% ("9F NMR)
Figure 4-18. NMR data of Ir4 and Ir5.
"H NMR (CD,Cl,, rt) 9F NMR (CD,Cl,, rt)
\@ . 1.79 (s, 15H, C5(CHs)s) —118.1 (d, 3J = 28 Hz, 1F)
II 3.17 (brt, 3J = 12 Hz, 1H, NH) —140.2 (dvt, 3J = 19 Hz, 1F)
BHQN/lr/I"" £ | 356 (m, 1H, H?) ~158.6 (ddd, ®J = 18, 28 Hz, 1F)
CHHWN\S 3.77 (d, 3J = 11 Hz, 1H, HA)
6 5C Kk HA g5, H 4.09 (br d, 3J = 10 Hz, 1H, NH)
6’ 6.78 (d, 3J = 7 Hz, 2H, aryl)
r6b 7.00-7.23 (m, 10H, aryl)

FUZdaA U ZYA 7 VEK Ireb @ THNMR A7 hLIZT F T 704 A ) ZH
A 7 VEERIZEERL L Tz, £72 F NMR A% kL TIE—118 ppm, —140 ppm, —159
ppm (2 L:1:1 OFREEHD > 7 FARER S, Y A e T U — AL B0 Ty B IEE
REEICHD L ERLTWD, £, T b T 7Aa A Y A 7 V5K Irea & 1°F NMR
AR MVOALEY 7 M ET 5 &, 5K 1reb TIX—153 ppm T D > 7 U B3 EHI S
Niphol=Z Lnt, 8K Iréa ™ —153 ppm O 7 F ik, ANVR= VIO AV ML 7 v
ROVTFNVIIRBETE D,
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Figure 4-19. Crystal drawing for Ir6b.

P2,(#4), Z = 6
R1=0.0476, wR2 = 0.1213

FIHELATF L AT —F AN DOFERICE > TEONE R ZuFda A U XA 7L
BEIR Ireb DOFEMMEEIL, T T 7 vAd A U XA ZOVEER Irea & D CTHEELL Tz
(Figure 4-19) .

UbED LT, Rz grtun 7=V EEGT 58 FU BT I )8EEK Irde &, FsM &
EHTHE RU KT I Ir7c OFJSERRKRE S B D 2 ERbhoT=, 85K Ir7e 1%
FIR T CLREICHPEETH Y, rfc 2L DA U XA 74 1r6b OFERUZIE THF H Tk
GUEENELT L, ZORBEDZEE, Fam Tl 7 X 5120 FNAKRE 7 v FbG
S, REEMCHEITT2LE2 5 LHIZHY, T4bb, KVEFRERNZ TN
27 == VDR, B Y REAADD ORBEEEZ =TT <, K 0IEMZREME T
7 vHEbEn, A VXA I NVEE XD EFATE S,
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ESH FEH

ARETIL FSDPEN B2 AT D HZEEHAEL U FA U 20 A85K Irde ZBRL, Z0
PEIRSEIR T, BRI FHNIKE -7 v BRHERHEZ > TA VXA IV EZEKT D
(Scheme 4-27) Z L& RWE LTz, £ OAERBEMIZOWT, TRIEET ALED O SOGHE
AL TRV A LR R, BIRENTAKFNL 7 v FAUSOG & AV MMLIKSE — 7 > FEifl
BEW A ED &7 A Z NACBOSEITT 5 Z L 2 b LTz,

Scheme 4-27. Transformation to the iridacycle Ir6a from the hydrido complex Ir4c.

ﬁ S
e

CeH
6'15 CGHS 02

Irdc Ir6a
60% isolated yield

£7, b NV FEHMA ETHFRKEE Y v #UOEAET T2 81%, v Urrm s
A REETT, B FU REEAK Irde 22DUEBEL 72 7 oA o ZHitR T 5 L L biZ, A
RENVEOF NV MLAIKFE TERL IR Ir7a 25722 LI K> THENO bz

(Scheme 4-28) , FsDPEN Fifii A H 925t FU FEK Irdc IR N TARLZETH Y, &
RPNIKFUIE T » BACSIRZ R TA U A 7 )V Ir6a ICEH S D DI L, 23,45-7
NoZonFdn 7= VAT HHEUOE KU REEER Irfc 13=IR T CLEICHBECE, &
71 A B NACEOSZITMBGE RN LTS o T, ZORKIGHEOBEWIINZ, 6T, BUf7
ffR 18 E T U FA U DT AN IRFE — 7 v B HARMISPET LT Z L0 b,
RFE—7 v BREG OO B Y RENLAIZ K25 BRI EEE CEITT 2 2 L NE
BREQICEM T ble, THVE TREIIL T » BILSOED A T3 =X 2 L L TIRIBRD SnAr IR
%%%‘EEL“@\%WJ THL5bDD, ERANCENEZHENDOLOIFTEH LW INTEL, 2
AUTKL, AT, ZHETHESNTE L, BRI - ofit A 2B 272 Lo
@%%@éﬁéﬁib<,*&E@@@%ﬁ%iﬁ?é%%%ﬁﬁ%%ﬂto
Scheme 4-28. Reaction of Irlc with triisopropylsilyl chloride.

F
so2 502
CsHs CeHs C6H5
’C H7)3SiCl “ ’C )3SiF
r 3H7)3 THF Ir 3H7)3
|

C6H5 , \ 1 equiv rt, 20 h CGH5

/ \ I

Ir4c 19 NMR Ir4a, 11% Ir7a, 51% 39%
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IHIT, AU FHEEZ & O8ERIC T A A A ZEBANT D E, LALDRBNA VT
LEREREE (7 m A2 nk) Lic, RESIZIE T oAb A AU BETHDH Z & o
5, ZORFE—IKBEAEMELT St A 4o G A X b—i 7 v b ALEREIC X D
PR TH D L HEE L7- (Scheme 4-29)

Scheme 4-29. Proposed mechanism of the iridacycle Ir6a formation from hydrido complex Ir4c.

F F
o =
S|o2 /Ilru,,
CoHs., N, \ HN"T | .
)i A HFT ¢ H\\\S/N\
6''5

CeHs H/N\H F CeHs )

Ir6a
IRE—KFHREGRRE — 7 v REREIT U & T 2 RIEMR A OIEMALIX, A{EFH
ICHEEZRFEE L L COEFERICHIIE SN TV DD, — IR -AlieEiE 2 A 5 ROG
TlE, RFE—IKFBHEG LIKFE— 7 v BREGOUIW L HET 2 Z LIZREETH 5, KETIT,
FHETEMSNTZY T IVENTE2HT 54 Y VU LEROKISEEZ AL, RFE—7 v
FEBLIORFE - AKRBEFHEERROICHAKTE L 2L 2HonI L, bbb, RFE
— 7 vEMAEIEE RY REFE2EATHZ LT, FmFE-AKREHEAIZTNAAY NEUL
FHREANTDHZ T, ZENENOW AT, #8225 A% TV A 7 V% 5 % 7= (Scheme 4-30) .
i, AMRIC, BOSRIEMRIRE — T v Fi e L IRFE —KFERE OEE L E, F—1k
B TTEEEIZHIME L7280 TORFITH D,
Scheme 4-30. Selective activation of C—F and C—H bond.

=
F F
Hj¢[F F

\
$O2 (a) HZN/Ilr ,,,,,,
C6H5':, N\ o X=F N F
_— \\\
/[ N Cels S/ oSk
N
H H

CgHs C-H cleavage CeHs 0,

(b) |x=H

C-F cleavage

SOz I‘
CGHsIN\ HzN/ II' yyyyyy E
Ir N
VRN C-H cleavage o ~
CeHs” "N 9 CeHs s/

S
F H
H H CeHs 0,
DorE Ir6b
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F185H #E

AT, 7y FENET V=N AVKE=VEEGT 5 HEKIEE FU FA VYT A
BEIR Irde BIRF— 7 v FREGEZOIWTL, (U XA 7SR Irba 2T 2 2 & &RV
L7-. Z O Scheme 5-1 @R L 212, & KU NEALA D55 FINREBEIZ L 5K
T 7 » FABUE &, i< KFE —KFEREEUIE(D) 2R THETT D, 7T 4y T7 I
AL & B O RU KA U DT AEANIRE -7 v REGOBBRICAEH THH Z L2 HE
%, RETIEIORKGEREEZ S FHRIS~NGAL, KEBB Y 0t 221060852
&C, R e KR 7 FEAEEOS OREEE A HEE LT,

Scheme 5-1. Proposed mechanism of the iridacycle I1r6a formation from hydrido complex Ir4c.

CgH
6 5 ,\ CgHs 2

intermediate Ir6a

B WE ) PRV TEERCIIW F) 70 E DR R IWE 2T 5 7 v RAERLEMIL, B
REMER RO K L B R R R 72 E DRIV IS I 5 A E — 5 v h & L TRELA S
EONTWD, RROET v RARILEMIL, ERORBREOMOEH a7 AMeEY
IZHA_TEOHDMED TH <, SHILET v REFFRILEWICE > TUIBUED & Z A%
BB, Thebb, &7 vRFEBRLEMEGKT 2121, 7 v RO TRBHET
HD,

— XIS, IRFEEOKFZOTXRTR 7 v R CTEMBLINT INX—T 4 a{bEW X, 7 v
BHARLT y1t7k$%ﬂﬂb\fl¥ﬁﬁ‘@§%i§éﬂfi5‘0 HEBIAFRES THD, Zh
ZxtL, (bEMmo—MIc7 v RBEFAN LR HS 7 v FEEEY) O BEIEREIEITRRE

Fizkh s, 7/ﬁﬁ2%7/mmfiﬂ$%fﬁ$ﬂm< B AL FRIHI 3 2 BRDER
DIFNIFEEEZET 5 EIZ, <056, 262NV 2BEFEOHIETIIEATL Y v
FOEONLE & HI T 5 2 é:in;%ﬁ“C%Z) UL, T4, fEx o7 v FZEHIHEE
I, WMREHETICBIT D7 vy ROFABAREIZRY 55H 5, HlzIE, N-7v4nm
BP0 AEON-7 VA e R B 2R A X R(NFSI), Selectfluor®7 £ o sKEE 119 7
» SEAEAIRL T LRI ED T FREFNE, W B ERTHRD O DRAS TH %, Scheme
5-22(Z1%, Selectfluor®z W72 B HBEA ZALE W OREFHI 7 » BRSO B %, £z
Scheme 5-3321L 7 v bERZ W= B U D2 ~D AL MEBIRI RN 7 238 ARG O
Bl 227",
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Scheme 5-22. Electrophilic fluorination of aryl stannanes.

+F
(i

/4_'}1\7 (1.2 equiv)

SnBuj CH,CI F
AgOTf (2.0 equiv)
Ph acetone, 23 °C, 20 min Ph
70% yield

Scheme 5-3%. Fluorination of pyridines with AgF..

Et N Et N F
AN AN
= CH3CN, rt, 1 h =

3 equiv
94% yield

ETCRLIEL DI, B 7 Fuflb ENTBEFEILEDOEBIEIHEL SN S>OH D b
DD, ZOFIETITERDO 7 v R E2AERREISGEAT LS Z LIF# LV, 2hz,
RIS 7 v B EN T K EFFRILED O AR & LT, TEMNICHERNES R/ —7 )L
A et e E M EEHI AW, RFE— 7 v BEEEHIENTEHEZED TV D, T,
“IRF—T7 v RHER" & RFEAKRERER LT D KRFEB T v BSOS 1,
57 v FEBYMDERICB T AEERTn R EEZ N, N— T A aBEEEILAWIC
Ko i~ w2 X OBRFMIZENE, 2 2 10 4k, TREERICEEINL TWb, £72, E RU K
JROGETAD & LTE, BICe ey I o BNERITHD Z LML TW5,

<EFALSUVERWVWASKFIER 7 vyRIERE>

Zhang 1%, MU ZFNALT T UDFEET, /N7 V0 LMlllEE AT, GEBEFRGTEERN
B LI 2 7 Fd T = = VEOF )V MOERA KT T > BSOS & s L7z8,
Scheme 5-4 (213, 2-(X>Z 7 A 0T = =)' P 2B L LGl E =T,

Scheme 5-48, Palladium-catalyzed ortho-selective hydrodefluorination with triethylsilane.

dppe, 5 mol%
[{PdCI(C3Hs5)}2], 2.5 mol%
Na,CO3, 0.2 equiv

+ EtSiF
DMF, 90 °C, 8 h

82% yield
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ZORIETIE, BV REDAT o FH/REMS /AT V0 LIENLT HZ & T, AL
NMIDRFE— 7 v BFEG OB IMEREL TWDE LD EEZI LR TWVD, iz, &
BEY OV, X0y, XX U EAERMEE LTHEARRETH Y, AR
SN 3.75 mol%, DMF &, 120 °C O5MET, ZibORE DAV MOERI 2 KFE L
it 7 BSOS 8-13 IR DONIZ 54-92% I CTHEIT T 5 Z L AR WZ STV 5,

F7o, Zhang HIFVATFNALT 2=V T UDIHETR, 12-EA (V7 = =/VRAT 4 /)
NP BN T2 AT DR A W2 R—T v A a7 L— O KE T v FACRG
A LTS (Scheme 5-5) 7, ZOfMIERIINF T A Py, X T VAR
RV =k, R 7L Fn= haXePri EOBARERNA—T VA FEERL
EMIXLTHEDTHY, FIZEREED 4 MIKFRRFPEAIND, ZOKISIE, DFT
HEA L LI, B R FREIC LD 74 0 BERA~O RGBS THEHITT 2B HEE S
NTW5D,

Scheme 5-57. Copper-catalyzed hydrodefluorination of pentafluoropyridine.

. . CuCI/KO'Bu (3 mol%)

N N
N o N
| L+ HsiMe,pn PhePCeHaPPR (Tmol%) _ - ]| ], Esive,Ph
F F 1.2equiv THF, reflux, 12 h F F
F H

100%

FROBO L DIT, ZIVE TMBERIKFEN 7 v LS TIE, <056, 7 vEE
FEDENE Fr s T CENRE R RE — 7 v FiE S OO R Z20E Al & LT
B, BT LE §RO, LT =0 L1072 PR & Tea Bl 2 AW BIERE STV D,
L2L, & Fey T OMMIZRISDIRFIROERTZ2HE, MAET L2704 ny 700
GBI - BEIEDORIBEZ BT BN &R0, R, BEEOBLE CRIBER 5720, o
B E MW BUGBERRD b TV D, BlZIE, KFETALT I, T, 7
A= VEZ W FERREIN TV D,
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<KFHRZEZRWDIKFLLE 7 vRIERKE>

IKFBEH ZNNL AR R EORO BN LDV A7 135D b DD, KB T v F
LB £ D EIVERIT S T EO/NSWT fbKFETH D720, KEH AT kv
X0 LRV EhRICEN TR TH TH S, Flx1E Braun 51%, Scheme5-6 (279 X H1, vy
U LA T, XUZTIAF Y VU OKRFIEGERE LTV ZORIGITEIE,
FIR T CTHEITL, 4 MICKENEASN 2356-7 T 704 v Y O UBN@RICED
NDH, fh=RITR<, 2 AEOMBEEEE (TON) (X 131cE %%, £z, ZOG
T, BIREAlimn T ARRAT ¢ CEERIZHT o 2 7 A e ) U ORI IO
WD EE AR L PRI STV 51,

Scheme 5-62, Rhodium-catalyzed hydrodefluorination of pentafluoropyridine using dihydrogen.

F_N._F Fe_N__F
| N [Rh(C5F4N)(PEt3)3] (1 m0|%) | ~
_— + H2 + NEt3 - _— + HF‘NEt3
F F 1bar 1equiv CgDg, rt, 2 days F F

F H
13%

INEB B Y RA v TR oy A)EEREHWTKET AL AR 74T L—
YO v FAGE TG & WA LTV D, Scheme 5-7 (2T Xk D1, EEY VBN A&
BT a2y AEAMEEA 25 L, 0.1 MPa O/KEEF, ERAMATTAFY 74X
PERUBNRZ TN Fa R B ATER I LY, S 61T, Ok T/KFEES 0.8 MPa
&L, 0.1 mol%D RIS T CRUSEAT 5 &, 48 IEfilf iRt D TON [ K 380
WZET D2 EBHLICERTN D,

Scheme 5-7*. Rhodium-catalyzed hydrodefluorination of hexafluorobenzene using hydrogen gas.

Rh
N

/
F 77N TN F

A , 5 mol%
+H, + NEt, - + HF+NEt;

F F 01MPa 2equiv CHsCN,25°C,24h F F

99%

T DM, KRBT AZ D KRABL T v FESOSICAZ 7 20 MRS LT = 7 Lfil
BESHHE STV D,
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Scheme 5-8 127”7 X 912, Weaver H137 2 U AHHECH L L2, RN FToO/—T
N GEBACEMOKRF T v FROGEWE LY, ZORSTIEEEEE LTHmbH
5 In(ppy)s (ppy=2-t'D D7 = =) & A5 & ERICHEITT 5728, Scheme 5-9 (T
AT LR L BRI AR T » RSN EE STV D,

Scheme 5-8'7. Iridium-catalyzed photocatalytic hydrodefluorination of pentafluoropyridine.

€]
)\ J\ '"(Ppy)s, 0.5 Mol F | N\ i )\®J\F
Blue LED's * N
FN O F IJ\
CH4CN, 45 °C, 24 h i

2 equiv 93%

Scheme 5-9. Plausible mechanism.

Ir(ppy)3

R2HN J—RzHN%
N A}
|r(ppy)3
RzHN Fe N F
F |
FN OF
H

<FBHIBEZERAVHKREB 7 v RIERE>

FWMIEIL S ST OB EL BB THITH DD, ThEKFB 7 v FACEwE FA
L7-f1i%, Scheme 5-10 IZ/RT 1 BIOHTHHE, FEEF MU U AFET, bU AFILAKA
T4 VBN T EAT D a0 REREME L LCTHWD &, XU TAA R E ) Vet
7B T7NA T MV IR EOKRBI T » FACSOS D HEITT D, T OROSITIX A S =
FEDOMPBEALIETH Y, 80 °C DEMET, o & 74 Vr 2 REICHWEZE, 35
%O TONIZ73I1CE EEoT0 5,

Scheme 5-10%. Cobalt-catalyzed catalytic hydrodefluorination of pentafluoropyridine with
HCOONa.

Fe N F Fe N F
| Co(PMej3),, 10 mol% |
_L__ +HCoONa _A__ +NaF+CO,
F 1.5 equiv CH3CN F F
F 80°C,3h H
73%
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<TNA—NLZERVWASKRILE 7 v RIERE>

BOBNDOES 727 v FEETAIE LTE, 7ra—Lr b 0N, il 21X Peris
5% Scheme 5-11 (27" XK 912, 2-7 w7 — VIEREMH T, EEICRLTLIYEOH Y ¥
LT ARV RERINL, NT VU LT =0 LA B it s L7z 1,35- Y 7 A
AR E U ORITCISIZHEAT 5 &, LIRFETRIGNTER L, T TO7 v RPKFEELRS
IR B MNEEICHE LD Z & aWE L TV,

Scheme 5-11. Hydrodefluorination of 1,3,5-trifluorobenzene with 2-propanol.

/ m

Ru—k )—Pd N—

cr |
CI
B
, 1 mol% H H

F F
0] f : (0]
BuOK, 1 equiv/fluoroarene
+ )ih - > + )J\
2-propanol

F 80°C,1h H
100%

-7 N ) — VRIS ) =V EIRTTAIE T HE T v BHEEERO KT 7 » FALSED
WM B & 52008, Wb EEROMKIG & FER, 5002 ERmibamt o4~
TO7 v RPKFBTEBEINTERIWKFELEM TH D, Thbb, Ta— L a2KKERE
LT RFAML 7 v FAEIC KD By 7 v FUEW” OERMUTER S TVRL,

LT~z X 91z, KRBT v FIEIC KD “H5 7/$MA%”®A&%%zé
B, 2l CHY WM DORG e XERIECT )V a— L & E Al & L CHW S KRBEBEE T
FIETEE LWL OO, 4 HE TSRO @R Al R OB ICIZE > TV v 2
bbb, —J, H1E (Fm) CTbX7XoE, a7y 77 IV r2HT
D M RE A1, T a— A RX @A R ICHIE LTHWD, 7 b U BEHOKEBEIRE T
BOSIZ% LV EPEZ R 37723, Scheme 5-12 (2R $ & 912, W FHEEEMEBL DS TH 5
@) 7 X FEHRIZHTT 2 KBTS OESCRKERBE) ] &, AiE TRWELZD) e I
U REERICE D 7 v BILEM~DOREZER ) ZHAGDEIE, T a—nOX iR o

DR IR IR IR % W= RBER K B 7~ FALSUG DR TE D DO TIE RV EE X
720 T ONMKFEDFRBOSINEBTIUE, WERINR = ALEWITRTT D KRFEFMEL” K
JESOEIEPRENTEIWHBREET 0T v 7 7 I U8RI, OKBEHRED” OKHE
BaEhiE et & O e R A I G T2 Z L IR 5 ThH, TOERITRKE,
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Scheme 5-12. Postulated idea for catalytic hydrodefluorination using protic amine complexes.

X
X F F
F F
F F
F F H
F Y +
L\ (b) HF L\
[ M )~ . [ M
/N /
N H N
/\ (a) 0
H H H,—source
hydrido(amine) complex amido complex

H,—source: alcohol, formate salts

AETIE, £7, BWVETHEATLHMEEEMEEL LTV v o7 I VENDE
BINDHC—NFL— U TLEHRZ A, XUFZTAARE ) VU EET VA L
TOMT v BACBISE R LTz, I 51T, Hill U7 ROSSM: T © A8 1 F & P o fi i oo
i CIEEOFBZ RN, MOSEIBICRE L BRI 5L &b, 07 vHRlbshi-FE
AL G OB ERE L L CORREMEZ BT LT,
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FT2FH FIA—IZKRRETEIRVZ2ILADOEY) DOoDKFEE T vyRIERE

Scheme 5-13 IZ/R T X512, T, Z7IATIvrovra A Xl viEsbind C—N
FL— RT3 KA U P LR Ir9b 2 ¢, /Mt =100, 2-7" 1% 7 —/LHi, 30 °C
DEMT, g 7rtdub) P la DKRFELILT v B E R AT, T ORER, 5K
MR AN HRINAIC K BB S 72 2,3,5,6-7 b7 7 /A a1 22 2a HMUHE 30% CTH K
L7z, 728, WERIIFUGHE DERICNEEERE L LTy N IAF ) REz, Z
& HEUEIZ L TIFNMR A7 MUIZEIT DHE5E L 0 B L7z, Figure 5-1 1T/8 L72 AR
7 RVTIE, WEMEHEWE (N2 hY 704D R) L%y 7 ME—638ppm TH Y,
B 1a)H sk o 7 L% —87.4 ppm, —133.4 ppm, —161.5 ppm ([ZFES 2112 DE— 7 &
LT, ABAb)EkD T 7 F i —91.8 ppm, —140.7 ppm (ZFES L 11 D E—27 L LTH
Sz, S5, —172ppm (IZiF—FEHR T 7 F A )0 BH s nz, ik, Zofbsy
7 In, ISTEIAET D7 oAb A A 72037 vbKRFEHKO T TNV EEZ HDHZ,
I, Ta— e NTKFA 7 v FAUBOE O BOGS SRl 2 B4 - 7z,

Scheme 5-13. Hydrodefluorination of pentafluoropyridine 1a in 2-propanol at 30 °C

F N\ F F N\ F cat:
| . OH  cat (Ir9b) | CHE (0]
F = F )\ 2-propanol F 7 F )J\ Ir
F 30°C,5h H N
A

1a 2a
S/C =100 30% yield Ir9b
("°F NMR)

Figure 5-1. °F NMR spectra of the crude mixture of the catalytic hydrodefluorination (CDCls, rt)
shown in Scheme 5-13.

1a la

la 2a

2a

internal standard

—-80 —100 —-120 —140 —160
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F1H BEEOHRE

Scheme 5-13 DKFEML 7 » FALSIETIE, BIET D7 vLKFERL T v AbA A 3 il
EMEEZET D fEEABRESND, T2 T, INLEHMIET D0 O IEE TN
L, SOSRHERY R A Ji~ 72, BOSIREE 30 °C, JWE/MREt = 100, SOGKE 1 RERI OS50 T,
RO MR L - AR 2T L7z & & DR % Table 5-1 127”7,

Table 5-1. Hydrodefluorination of pentafluoropyridine in 2-propanol at 30 °C

F N F cat, 1 mol% F N F cat:
N " N
| OH  additive | HE O
+ _— + +
F Z F )\ 2-propanol F = F )J\ /Ir
F 30°C,1h H N
1a 2a H
0.5 mmol Ir9b
entry  additive % yield? entry  additive % vyield
1 Li,CO4P 56 11 KOH® 38 (62 F | N F
2 Na,CO,? 84 12 Ca(OH),’ 68 ENF
3 K,COs? 87 13 CaOP 66 OH
4-hydroxy-2,3,5,6-
4 Rb,CO3 97 14 MgO® 40 tetrafluoropyridine
5 Cs,COz° 87 (4" 15 BaO® 67
Fe N F
6 CaCOg4° 43 16 AlLOs° 39 |
FNF
7 SrCOg? 43 17 Si0,° 43
/N\
8 BaCO3b 41 18 TMSNMGZC 15 (789) 4-dimethy|amino-2 3.5.6-
tetrafl idi
9 KHCO 74 19 NEt° 90 etrafiuoropyndine
10 K5PO,° 80 20 DBU® 68 (12

a) Determined by '°F NMR using trifluoromethylbenzene as the internal standard.
b) 0.25 mmol ¢) 0.5 mmol d)0.087 mmol e) 0.14 mmol

f) Yield of 4-hydroxy-2,3,5,6-tetrafluoropyridine

g) Yield of 4-dimethylamino-2,3,5,6-tetrafluoropyridine
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(1) KBERIE (entries 1-8)

Table 5-1/ entries 1-8 (2R L7 L D12, 7Ah V&R (LiE) BLIOTARY HEAERE (2
%) ORIEE A, R lalcx L T05 4E QOEERTHLHIOE/NLE) RINLZE
ZA, WRITA1-97%E 720, AT U2 WA (USR] 5 BEHE CTULER 30%) 2k
RCEH L UEDME STV, WIEROE S KRERI 7 » FLA kI 2,3,5,6-7 b
FZINMFREY P 2aDHRTHY, AALLIND T » FEDSIKFE CEHE ST AR I8 &
o7,

TV ) AR O R (entries 6-8) X VW b, TV U &8 R ERYE (entries 1-5)D N LD
FOSIEN RN o7, ZDEE, TRIUAIAY AN EY Y LEDIET, 720
B, WEMENEEDIEEEAINESH, A E DT LA OB ERIE 97%I1C i L
2o L2 L, E5ICEmWEEMEZ R TREEE S 7 AZ RN LIZ5E (entry5) 121% 2,3,5,6-
T hZ7AABEY P 2a DPERIZ 8%~ & ORI T L7, ®FNMR 22 kL TlE—91.9
ppm & —159.2 ppm IZFE L L1 DV TP E 52D, 4-8 RuXx-2356-7 h T 74w
BV DAY MVDEIERSY E LT A%RREBII SN2 Loh, KRBT U AHOMK
BEOK, Thebb, KW A AN K DB ~ORBEBEHRSENIFE LTI BE 2 b,

(2) ZOMHOEMIEE, BIEWF (entries 9-18)

Z DM, FExe DAV v LHE (entries 9-11) o4 E/KER{LY) (entries 11-12) , F&{b# (entries
13-17) E & RISHFPITIRNT 5 & 1R TOIERIL 39—80% L 72V, b ZIRMLIWN
AR TERDOER M\ E L, £72, (1) EFEE WThodhwz Avi-34
IZDWTHIKFIL AN ORI S HL, OB KB EHLAE T 72 AR 3B S n7e
otle, —4, KEBIEA VU LZRIN LTSS ITIIKEBIEA 42 LD EBRAERY TH
5 4-v Fa¥i-2356-7 T 70t uab’ PruonallELE L LN, £, T v#E
BIFPEOBWERL L L TR AT AT I AT AFAUT IV ERNT S E, YFNMR A7
L CT—95.0 ppm & —157.1 ppm (2 L1 OFRELLD > T NV ARG 4-F A F VT X/ -2,3,5,6-
FhITIAAOEY DN 2a L0 HELLTERLE,

(3) FMIER (entries 19-20)

AHIEIR L LT, RUZF AT I (entry19) BLOL8- VT VL7 154,017 T
J1-7-= > (DBU, entry 20) A FEEICK LT LY ERIML, LRI LI, ZOREE, MY
TFNT X HRINLI25E1T1E 90% D m R TR B 7 v AR 28 DD H L
TeDIZxt L, XV IHEFEMEOE W DBU 2RI L7235A121E, K 68% T4 U7z 2a 2z,
4-B R %v-2356-7 b7 704 ) VY (12%) X, —96.0 ppm & —165.3 ppm {2
Bt 11 O 7T k5 2 HREIEDRIERY (8%) %527z,
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(4) BEDOFMES & LEHFME (Table 5-2)

ko (1) ~ (3) OFERND, HIEOEINT X AFICIEN RN H D Z Lo
Too TZT, ML LTRIED U T 2% VT, HIEEOTRME L 2a OILRO R 2~ 7=,
fi 4 Table 5-2 12”7,

Table 5-2. Hydrodefluorination of pentafluoropyridine 1a in 2-propanol with K.CO3 at 30 °C.

E N\ E cat, 0.5 mol% E N\ F cat:
| P . )Oi K2COs, x equiv_ | P . )OJ\
F F 2-propanol F F Ir
F 30°C, 1 h H N
1a —KF 2a H

entry xequiv co-solvent % yield

1 0.5 - 68

2 1.0 - 78

3 1.5 - 74
4 10 WO 87

SLE AR A 200 & U, BOSIREE 30 °C, SOUGKH 1R OSMT, KREET U ¥ LD
A 05 M, 1%&E, 15 YEEA I, NERE~DEELFH -, Table 5-2/entries 1-3 |Z
AT LIS WINEZE 05 M &N D 1Y EIZT 5 & 2a DT 68%)> 5 78%IZ () | L7273,
IS OBEEZTRMLUTHOILE~OEEIIIZE A ElnoT, £z, 2-7 0 /8 ) — )LD
REEH ) 7 LAOREEZ DD BT, 1 BEOKREED Y U AOFE T, KSESE LTk
PRMLizE A 2-7maX ) —n5mL; KimL) , RN 8T%ETH ELZ, £7/2, =
DL, KORBEEBRKSIZEL VAL 4-8 Ku$-2356-7 h7 74 n ) DU s
Uo7z,

VLD X 91T, BOGRFICERIE RS LOEWIERARINT 5 L RIS E L IES 1,
SUE kIR =100, BORHREE 30 °C, SUSKRRH 1 RO, K 90%INR T 2,3,5,6-7
cNZonFtavor2anEoidl Enbholz, £z, FRIRBBEOkR (1) T
EThHhol=X 21T, IO IEVEEE N @ IE EiEgh= 236 L (entries 1-4) , @hg
KRBT v BALERW 2a & 5272, LinL, SHICHWEREE UL CTKEBIED U T L7
ERRINT 5 &, KBEBLOED AR TITRL, KBIA A2 70 EOMOREFEIZ L 5 (&
BSOSHORET 5 Z L bholz,
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F21F {OT7ILa—IILROKRE

KRTAMBEESND AL ) =N, EHXERE L TONA A ZPSERSD T
)= AaKFRFE LTUHEMTE UL, Al OB IR AR EIEDOBLRI D b RSO
AREREE D, FHLHMMS THRRZL IS, BOHRETAITH DD, KFEMM
7 FAUSOE DR DO BREGR ML L 2D T H AR 2 5,

I T, RHETIE, 2-7'mx = PSOETHIE LT, A¥ =R ) — /LD
kAT, FEE (L)l (1r9b)kk % 100, SOGNREE 30 °C, 0.5 B EDREE VT T LAZETN
LTeRIET, A 7 —NVBIRTF ) =V EEEHETANCAN TR 2 7 v 4 e ) &
> la DT 7 v FBALOG 2k AT & 2 A, Table 5-3 1233 K D IZKEBL 7 ~ FE
B4 2a 23 5 REEIZ I E A 2%, %I TR L7 (entriesland2) , 2-7'm 3/ —)L
ZHRWD RS EEARTRIBIZEGERSME T LTWA DD, A X ) —LexX ) —L K
T 7 » FALBUSIZ T 5T 518 wHl & L THBRE LIS D 2 & 3o Tz,

F2, ZOEEXONENMEDSTJRR & U TREE V> T DOEREEDMED - 72 ATREM:
&z, ROVOERLE L TLIYEO NI ZFATIVETS ) —LORIZIFMLIZE Z
5, KB T~ FALAEREY) 2a DILRIL 98%! 2 1f) E L7z (entry3) , L22L, ZDE&xD
BENMR A7 FLTIE—92.1 ppm & —160.4 ppm (28 T & 223 7 L SR BB &
NTEY, 4 b VENEBRLZ 4= F%2-2356-7 F 7 704 v el UUnEl4
L= lREMED R S LD,

Table 5-3. Hydrodefluorination of pentafluoropyridine 1a using ethanol and methanol
entry  alcohol/base % yield 777777 CoTTTTTTTTTTTTTmTTem e !
1 CH30H/CaCO, 2 Condition
2 C,HsOH/CaCO; 9
3 C,HsOH/NEt, 98

i Cat: 1r9b; S/C = 100; temp: 30 °C; time 5 h i
i CaCOs: 0.5 equiv; NEts: 1 equiv !

UEDE ST, C=NFL—F7 I FAUTTLGER IO OFEF T, 1HRkELIZ2/%
T a—)VEBRTAIE T T A r e ) P la OKERIL T v BAEFE X <
EITL, AN KFEBEHSNT 2356-T T 704 u ) Dr 2a BNERICELND Z &
Whinolz, Fio, M7 v FUITHEVEIET D 7 o bKFEEZEETHitET 2 Z ENEET
Holz, T T, WEITTIHRETAINOMEIL L UCIER LIS BRI 2 AV 72K Feb 7 »
FALSOG & gt LT,
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B3 FMEZKRRETIETEI vRILEDOKRBRBER 7 v RIERIE

AT TR 7= L 912, HREAREC—NFL— 7 2 KA U D7 LE5K Irdb Zfilfit & LT
Mz e, Rez7arFtue’ )Yy laOREFEMET v FACBOEPTERNRIRE SR T TFE
BL, WEZRNT 2 NS BICMEE N, & 2C, AEHCIEHELH LS L
TOMREZ A A T F BRI 2 AV, BERT v FCEWDOKRFEN 7~ FASISIZ DUV TR

~7z,
F1E RISBEORE

FBEEZHWARIGTIE, 7 I FEHE Irdb 2 72 < T Scheme 5-14 1273 K 51T,
BMERTSRA T D 7 v ) K (7 S 456K) 1r9a Eo o oY) RELT & XEA A4 & DR
FAHC L T, A~ k(T2 ) 85K C b OERE % i L TR R 5
HERU R (7)) 5K Ir9c #EHARTE 5 L B2 HhD,

Scheme 5-14. Possible transformation of chlorido(amine) complexIr9a to hydrido(amine) complex

Ir9c.
Ir "+ HCOOK —— Ir " NG Ir >
/ / /
N \CI -Kcl 5 N \OCOH -CO, 5 N \H
H H
c

H H
Ir9¢

ZTIT, AV ETILVER ML 1le BETAME, JINTIVHKROZ7vY K (T3
V) BEIR Ir9a Z MbIEERTERIAR & L, FE /Ml =100, SOGIRE 30°C F, 1 YEOXERY Y
UAEWINL, FPRERMGREZRER L, 7eB, RPOXEHEH Y U LD
EEELOIT, BEIEME ORBEIRAS 111225 K0k ERMLEZ, £, WIin
DEEBRXY MU 7 AA Y REWNEEREDE & L THY, YFNMR A7 RMUZET 5
oz b Lo, IRERH L,

Table 5-4 |Z/R"3 L 912, AZ/—, T R=FU/N, THF, 774 L, BLUN12-
VA RFTZHY (DME) 728, KEOIRFIMENEWEBIRE A AW CRRE R Lz &
25, WTFROBEAICH YFNMR 227 kL (EZ7 madkisd, =) 2BV TEE e
DY TF N BEERT v FHE ; —140.4 ppm, —147.4 ppm, —160.2 ppm (ZFE57EHE 2:1:2 D
ITFN) BROAMDPIKFECTEBINIZAESIN TH D 2356-7 N7 7 Fr XY R
TNFY K2e D7 F 0 (—137.2ppm, —1413ppmIZ L1 DT T F) B b, £
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DO OEIVERYZEBRN S o T, ARISIT=—T VRIEE (THF, 27 51 ., DME)
i, BElC, DME TS, 2o b & 1EE COINERIT 59%IC 3 LT-,

Table 5-4. Hydrodefluorination of octafluorotoluene 1e in 2-propanol at 30 °C

CF5 CF3 cat:
F F F F
cat, 1 mol%
+ HCOOK +KF Ir

F F solvent/H,0 (1:1)  F F N N
= 1 equiv H H H
30°C,1h
1e 2e Ir9a
entry solvent % yield?
1 CH3OH 7
2 CH3CN 12
3 THF 55
4 Diglyme 54
5 DME 59

F72, MISEDO PENMR A7 hv X, WEEL7=7 vt U 72 (—120.0 ppm) K
DY T F VBT,
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21 FBHEOTE

ATE T B2 LT iEEEE T d 5 DMEDKDIRETRIES, TR OB LUK h F4
ISR KT e e i~

Table 5-5. Optimization of formate salts for hydrodefluorination of octafluorotoluene 1e.

CF; CF; cat:
F F F F
cat (Ir9a), 1 mol%
+ HCOOM > Ir

F F DMEMH,O (1:1)  F F N N
F X equiv H H H
30°C, 1h
1e 2e
CO,, -MF Ir9a

entry HCOOM X equiv % yield

1 HCOOK 1 59
2 HCOOK 2 64
3 HCOOK 5 55
4 HCOONa 2 57
5  HCOOCs 2 54
& HCOOK 1 63

a) KF (1 equiv) was added.

F 9, Table 5-5/entries 1-3 127”73 K 912, WINT 2 XD REEZZE X CTICRE iR LT &
25, XAV U LEEE le (I L T2 9B SEELGAIS, 2356-7 M7 7 A m~
Y RUTAFY R 2e BEh @V 6A%IR TR b TE, £ T2 Y EOFMBIEZ RN
FHT, ®BRAITA UM ONEET I 2 A, XET MU UL (entryd) OF BT
2 (entry5) ELEART, XAV ULAEZIRFNUIZGEAICR D SR TERDBE N, 72
B, WTFNLOHBEIZEWTHRIARDIIBH S itz

ST, M7 FRITHENAET D7 kWA A, AllrgRE 2 fHE 3 2 rlaetE 2 2 2,
X Vo LLIT, TOLYEDOT b A ) U LEEI L TG ZRAT (entry 6) 721,
WO & [R5 DOULER 63% CKRFELL T » FILAEBM & 52, AR RIERM D 7 vk
WS DR 2 2\ T IV 2 E B HEN D BTz, ZHUE, AU VU LB D 7 v (kA
T DR RFINBeHEBEZ L, B RedF 0L 977 v BR D H 2 ETH
AT 2 MBER R, RRISOFRR L BEHEICBBR L TV 5,

PLEDOFEF NS, DMEM0 OIRAVEEEF, ZucAlE LTI Y v A% 2 ¥Y8ERINTD
SR LT LT, O, Scheme 5-15 12734k 9T, Xy Z T A4y P
laZzEE L THWD & 1R CRISN5ERE L, 2,35,6-7 b7 7/ A v 20 2a DIHN
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Scheme 5-15. Hydrodefluorination of pentafluoropyridine 1a under optimized conditions.

F N F
| AN
+ HCOOK
F = F
F 2 equiv
1a

cat:
F
+KF Ir )

F
cat (Ir9a), 1 mol% | ~
DME/H,0 (1:1) F N F N N\
30°C, 1h H HH
2a Ir9a
100%
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E3E BRELE=7 vyEDEIR

E R T U 2Buhle LTHWDIERDOKRFEI T v FLISTIE, BEEL7E7 vFR
WCHRT 270 A a v T URREIAET L0, *l U vLzECHE L THWDFE
TIE, BIAERMITI7 oAbV A THD, 7 vFRRELTHAMAT S Z EDRREgE R 7 A4
0y 7Ry, 7ok h Y U AL, Halex {5 (Scheme 5-16) Z1Z U & L7z, fEix d
7 v FEEMOEMBISICB T 5 7 v FEEHE L THWD ZENTE D720, ZADEIY
7 REOBF M L WEEICT D,

Scheme 5-16. Synthesis of fluoro-organic compounds using halex (halogen exchange) method.
CN CN

cl cl + 2KF - F F + 2 KCI
DMSO
4 equiv

180-190 °C, 3 h

67%
% Z T, Scheme5-17 33 L OVFigure 5-2 IZR T XK 512, 1 Y EDOFEEA Y 7 LOFFIET,
YA INFREY Y la DKRFBT v FUEISR DR 7 vAbn U U L ORI &
Flce T, =T VKD ZJERG PR, TEVERPE Lo, KEHE 2 BUE T T
B9 o5&, 7o) T ARABHESE LT8%DINETHLNT, ZOFRIE, ARG
N7y FFEOBFACHEL TWDLZ L EZBMTLbDTHY, KFEMMT v RIS
BWT, BBEL7Z7 v FEEWOEMUZE L7241 TOFITH 5,
Scheme 5-17. Recovery of KF.

cat:
FeN._F FeN._F
| ~ cat (Ir9a), 1 mol% | ~
+KF Ir

+ HCOOK
F 7 F . DME/H,0 (1:1) F = Foo N/ \CI
F Teaulv  sec.1h H 1103.0 mg (1.77 mmol) T H
12 (2.00 mmol) 2a ,89% isolated yield : Ir9a

89% :
° 19F NMR (D,0); -122.0 ppm (s)

RIGE#ROKETF SEMERIFIE BEURLAZ vibh Y7 L
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WA ARIEOMIE & OB

DME/H,0 1, BB/ = 100, SURIRIEE 30 °C, 1 4 RO X FE D U ¥ LN L7 4o T,
RUBTNFBEY DY ORRILT » LSS 5, MO & P18 % 78
_f=, FORER % Table 5-6 [27R7,

Table 5-6. Optimization of catalytic structure for hydrodefluorination of pentafluoropyridine 1a.

Fe_N._F Fe_N._F
| ~ cat, 1 mol% | ~
+ HCOOK > + CO + KF
F7N O F DME/H,0 (1:1) 7N 2
2 equiv
30 °C H
1a 2a

cat: Ph.,,
[Cp*IrCly], N
D Ph | ~N Cl
=
G
yield? 0% 1% 10% 10%
time 5h 5h 5h 5h

cat:

cat:

a) Determined by '°F NMR. (Trifluoromethylbenzene was used as an internal standard.)
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Table5-6/1 Bt HIZ AT L 91T, CpEfi F2 AT 57l RA U T LKA ~—FEKD

0, 7 N UHEOARFKEBERRETAE & U CRFEMR TSDPEN BN T2 AT 54 U 2T A
BERE 1L, XU F T4 R ) VKT DB TIEEEIZE AL RS o, DI, 1
W7 X EELTZRVWC—NFL—r7a) AU TUTLAGERE LT, NN-UATF LR
AT IvHKROZaY K (TIV) ERFBLOCY DLV 7 2= BN 263570
RA YD LGER G ZSICHEA Le & 2 A, KISK# % 5 KFEICIEIX LT, 2,35,6-7
R 704n e PUDIERIT 10%ICE EE o, AHIIFE 2IHTRLIZE I, Z7INT
SvHskO 7 v Y K (7)) $8K 1r9a (Table5-6/3 BxH) DAL, FISUGHS 1 R
TR LIEEROEEZD L, 70T 4 v I T I VML 2 A9 5 C—N & L— ML B
MEEMERBL DT DICEERER THDH LWV X D,

F7c, Table5-6/2 BEHIZ/R L7 L H1T, Irfa L EEBEFHiEEZHOC—NFL— ML Tr=
U LA HB IO U0 LA AL L CHVWT 5% OILRIT 4—6% & K75
& EFEot, Thbbh, RKISICIEA U U0 AREEAE L TV A Z &V LT,

WIT, Table5-6/3 BXHIC R L=k 91T, TuTF v /7 IV EiaAT5HC—NFL— b
=) KA YO0 AGEROTENVEZ il Uz, 2 OfER, @R Oafilc NH A 4263 285K
Ir9a <CHE (A Irl0a 2 2 & 1 KR CROUG TS/ T 2 Dokt L, &JBPALIC NH ERAL %
HoA U T AEEIR Irlla T 5 BRI COIERIZ S%IZ L EE o7, F7, T I vafiiDE
BIERS 2 D 85K Ir9a & Irl0a Ol TIE, 7 L7 2 U HKEOEEK 1r9a O J7 300w
EEE R LTz,

L EOFERM G, Table 5-6 T/R LIZSEEOHCIEZ I 7 I VHSEDA U U0 L85 1Ir%
WO AR TH 5 Z Eibhrolz, BHOWEEZAR TS I FAT I U HEROFEE
Irl0a & Z T ATEMEA B LIz DIIZxt L, & OMOGERCTITIEENAKRIBIIK T Lz, 2
DOFEFILER 1 Hif S THEE L2 UG A SR T2 6D THY, C—NFL— NEKEZHT
DR EIEIEZ R L= 0lE, MitiEEfEch o e U T 2 Uko@e Y REULT-
NS EEFRT v FACED~DOREEBEN 7 = = VBT O\ o-donor PEIT X 0 (2 S ur-
72, Flha-T BT 4y 7T I USHEREWIEME A R E R & LTI (b)) R ETED & D8
RADOKEBBEI D HCIZHEITT D707 LB CTX 5 (Scheme 5-18)

Scheme 5-18. Catalytic hydrodefluorination using Ir9a via amine/amido inteconversion.

R R
F F F F
F F F
H
(a/
Ir
(b) “.‘/
H
H-source Ir9b
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¥ BFHEMEMFZATSC—NFL— FMEFOER EMEEY

ATIEICBNT, ot GHEDORmWNT IAT IVHRO C—NFL— L7l RA U D0 L
BIra i bEWEEZ R L2 E0vn, K0 BB E 2 ERR CILHE 22 5 SONMEEER)
ERWF S D, AETILC—N ¥ L— ML BICE LG EERE LG A LIk 2 &
L, EOKRFM T » FACARETEM: A2 T8~ 7,

Scheme 5-19 (ZEL - HIBRIR DGk % 4- A b V85K E BN & - TRd, THRIEES, 4
— A R Ry = FUAGFERICHL, bt U LADHFEE T TATF ALY F U LEEH
S, JIATIVUHEKRIEAK L, DWW, Scheme5-20 (R T L OIS, T b=
FULH, 30°C DIET, JECpxA VYA rnl) REAL ~—§EKANEET U 7L
DAL T CTREAREE LTc, BUSRIEZE TR EL, BN EIRZELA F L R
LTAKTHE L, BIELEHEZRW -, DWW THBMHARET R U w7 AEE T TR S
B, BRI E LT, BOoNTMAERD Z B A T L U= —T Vb ifam Lz L 25,
IR 73% C H B OSEIAR Irl2a O AFE R MG bz, T EREROFIET, hOEZH RS
AR LTz,

Scheme 5-19. Synthesis of cumylamine derivatives.

OMe OMe
1. 2 MelLi, CeCl;

2. NH,CI, NH; aq
THF, —78 °C to rt

Il overnight NH»

Scheme 5-20. Synthesis of a complex 1r12a bearing a substituted cumylamine.

OMe OMe
NaOAc, 1 equiv
+ 1/2[Cp*IrCl,], -
CH3CN |r\\
N\
NH, 60 °C, 10 h N Tci
J H H Ir112a

73% crystal yield

Z B DR E VT DME/M,0 W, FYE/Miligttt =500, KIGIEEE 30 °C, KIGHFR] 1B
R, 2 U EBOXEEH ) 7 LAEINEMET, U270 Fu by Do E2EFAEEE L THWT,
C—N F L — MEAL T ~DEHFEE AN, EMEICRIETHEL T T,
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Table 5-7. Screening of the C-N chelating iridium complexes.

Fe N _F Fe N _F
| N cat, 0.2 mol% | N
+ HCOOK + CO + KF
FON OF DME/H,0 (1:1) F N OF 2
2 equiv
F a 30°C,1h H
1a 1b
entry 1 2 3 4
OMe
MeO MesN
Ir, Ir, Ir, Ir,
/ / / /
N \m N \m N \m N \m
H H H
Ir9a Ir12a Ir13a Ir14a
yield? 46% 60% 7% 38%
TON 251 306 418 201

a) Determined by "°F NMR. (Trifluoromethylbenzene was used as an internal standard.)

ZDOFER, Table 5-7 1T T K 918, 7V —ABNF B A b ¥ EEAE A U2 85K (entries
2,3) TIHMBLEMENH EL, SBOSTAIZA M VA AT DK Irl3a TiX 1 BT
DOffIERIHEAEL TON 23 418 ICiE L= (entry2) . ZAUZE, BEFOKFEM 7 » FLRISIZE
DR 21X D M ERISEERTH Y, BAMEGEO A RRU I, SBPO0
BEEICRY, MEEREEEZ oD e R REALFORBEMER M L L7728 %
oD, —F, FEOMREMFRE LT, AT AT I K267 58K Irlda T, 1r%a
VBB LATON K F LT (entry4) , ZOFHEE LT, Tu7 g v 7 AP TY
AFNT IR T 0 b ACEZ T DI IR BTGV & J8 5 L 22 - 1= wTREME &
EZTW5,
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FTOIE /N—I7IFAAREUBEHRDKFEILLR 7 vEIERE

DME/H0 %, 7 vl K (7 ) AU T 0 LK Ir%a il LCTHY, XY
ULA (2YE) ICXHKEBEHIRTRIEDOFEM T, N—T N Fa XU UHEEEE 1o
R 2 7o, T OFER, Table5-8 l/Rd L 51, B REIMERILE L OLEIFE
BRI FACIL 7 » LA 2 & 525 Z & BNbinotz, LUFICEREOFEN KIS
(CRAET 85 BRIOR T,

Table 5-8. Catalytic hydrodefluorination of perfluoroarenes using potassium formate?.

X X cat:
cat (Ir9a)
F; + HCOOK FH Ir

2 equiv E(')VIOEC/HZO (1:1) N/ \Cl
! KF, -CO 2 H H
[sub] = 0.1 M TR Ir9a
entry substrate catalyst, time, h products, % yield®
mol%
1 CN 1 1 CN
F F F F
F F F F
F 1b H  2b, 100
2 SO,NMe, 1 1 SO,NMe,
F F F F
F F F F
F 1c H 2c, 92
3 NO, 1 1 NO, NO,
F F F F F H
F F F F F F
F 1d H p-2d, 61 F 0-2d, 20
4 CFs 2 2 CF3
F F F F
X S5
F oo le H o 2e,97
5 O.__OCHj, 2 2 Os_OCHjs Os_OCH,4
F F F F F H
F F F F F F
F 1f H p-2f, 88 F 0-2d, 2
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12

12

12

12

12

12

12

12

0
OH
F F
F F
F
0
0
R FF

F FF
2n, 64
F F

20, 66

R FR F

F F 20°, 24

a) Reaction conditions: 1 (0.5 mmol), 1r9a (0.005 mmol), and sodium formate (1.0 mmol) in DME
(2.5 mL) and water (2.5 mL) at 30 °C. b) Determined by °F NMR using trifluoromethylbenzene as
an internal standard.
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<X= BFRIMEERE>

Table 5-8/entry 1 |27~ L7= & 912 1 mol%Dfilie Ir9a DFFET, XU ¥ 74Xy = |
Vv 1b ZFE & LFURIE LM OMICSERE L, ST A kBB # STz 2356-7 77
VAR = R YL 2D OHIRRIGIA DI, AT, NN-YAF/LALRLT
RIE (entry2) #A T 2HE 1o 20T b bSO mBIRI AR BE ST L, 2,35,6-7
bT 7Ry = b YL 26 DHB QLR TEHRIICAER L T2, v 4 7 )i m =
Fa_oP e (entry3) ZREICHWD & 4GS KEERE SN AW p-2¢c (61%ILR)
DIEMNT, 2NMLDKFETEE SN2 AERY 0-2¢ (20%) <°, “EIZbi=5KHFLM 7 v #ib
PHEAT 72 2351 U Zhdm= hrsr¥y (8%) BEUB45 R 7rAr= hrsy
Y %) MEIAELZ, 251 GC-MS BLTUNIFNMR A7 MLZ X VR L7z,

F7o, AT ETAFT LT le RNV E T VA BEREA TV I ORE, il
2mol%IZ U7=5:1F T, 2R OIS ZEAT 9 & mh=RICEOSEIT L, 403 KFEH Sz
RIS ERRINEIZIS B 72 (entries 4,5)

INLDOEIZEEND VT 2= bukk, AT AREDOEREL, XBIY UL
Z AW D KRFEBENR TR FICB W T HIRBILEZ TR0 o7oh, ThRFAENER L2
23456-X X7 FuT v N7/ 1g TIIKEN 7 v BS LD S 7 B o
BILHMEE L, T a— LV ERMORDBELITZ (entry6)

<X=nasxo>

Ry TFRTaERoB Y IhOXZ 7 vdr s aaXrB e i, fiERngs
ALEAL 1 mol%, 5mol%dD ST, 12 RS S5 &, KB T v FTIEAe, KHE
EBRF LB LOPEFELSDEIT L, XU Z 70 F a8 U RnE e 13%I0E,
6% TIF Lz (entries7,8) . — 7, ~FH 7t a Bl 1) (entry9) 1%, MR
SN 5 mol%, FUSKFH 12 RFE OS5 F T OGS, BRI S 47z,

<X=O-Efaf>

AN & 1 mol%, FOGRER] 12 BFf O, MY 7 A a2 7 v4 a7 = =
VT ATV AK TIEEMK SRR EIT L, BB X I vAda 7 = ) — VR Uz, 72,
RUBTNFRRAF L USRS Z T F T =Y — L imiY, FSHT, FERIREIY X
i,
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<EZzzZ)L-F+I75 LUBRGKEE>

FHINARE 7 2= InA 7 X7 )0F a7 % L 10 12OV, fETnE 10
mol%, KGR 12 BEf DS N CRUSZMRFT L7z, B 7 ==/ 1In TIE, 4 KFEH
7 v FEZFIZT /b Ro@EREARY 2n A3 64%IR THE S, 4408 L OV 2,6 it
DATCIL T v Fb L=V e Fu@E#Amd 2n s 21%4 % LT, £7-, 77 % L > 1o Tid,
2 (B) ML TEIREVICKFERZZT 66%, 2,6- [BEHK 20078 24% 4L L1z, WIhoiE
b—EHBIOEHOBEBKNTE bICEMEERIICETL TR, ©7 ==K
DRI RTINS, T, T 72 LV B OSAITIIPA I BRI E R S iz,

VL EDFERNS, ABUSITEA R IMEEHILEZ A9 2 EE I L CRICEmRhRICE T4
HZE, £, M7 v BEISOMNBEITEICEBIEDO TN THDL Z ERNbroTm, ZO0
X9 R OGPERBRINEDN BT 2 BIRIZOWTIE, F4AHENTTERT D,
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F7H J0FA0E) PUBEERDODKEILLE T vEIERE

B ROMWEERIEZ AT 53— T VA n FEREBIE SRR 7 v FERIT 2320

722, OOWTEFRBHEOEW T LA B Y U FHERDKENL 7 ~ B S
kAT, HABETRLEZL I, =70 A4n ) VU EE T DMEM0 AT, 24 &
DXV 7 AEMEET, 1molnd 7 2l K (7)) AU U0 A5EK Ir9a Z filllt & 5
% &, ROSIREE 30 °C, 1HEMCRIUGATERE L, 40K FERINIZERYMOIE G 2 T
(Table 5-9/entry 1) , % Z CTREEDOSEMT, Table5-9 (23 K912, 3-7 re-2456-7 b
FINAREY VU 1pBI W4T /-2356-T F T 7AARE Y V1 EEEETHK
s Ze AR T

Table 5-9. Catalytic hydrodefluorination of perfluoroarenes 1 using potassium formate?

cat:
| Nﬂ-\ Hcook 2LIr2) | h
+ > H S
= FnX , DME/H,0 (1:1) = Fo-mXHm Ir
2 equiv N

1 30°C 2 N e
-KF, -CO, H H
[sub]=0.1 M Ir9a
entry substrate products, % yield"¢
1 Fa N F Fe N F
| |
FNF FN
F la H 2a, 100
2 Fe N F Fe N F
| |
FON c F7N el
F 1p H 2p, 100
3 Fa N F H N F
| |
FN F7ON
CN 1q CN  2q,98

a) Reaction conditions: 1 (0.5 mmol), 1r9a (0.005 mmol), and sodium formate (1.0 mmol) in DME
(2.5 mL) and water (2.5 mL) at 30 °C. b) Determined by °F NMR using trifluoromethylbenzene as

an internal standard.

ZORER, RFEPERCIE DA PHELT LIZRHOR U Z 7 vt r7na X8 i
LIEHARY, 37 ar2456-7 N T 7 AF Y P 1p T, REEHEESIZBEEET,
KB 7 » FACSOGHEIT L, ANLICKENEAINZ 3-7 2 m-256-M) 704 m el
2L 2p 5 100%I R TEIRAYICAS B 7z (entry 2)
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T, BHRIGHERE ) U0 ALICEBREE D 40T /2356-7 T T FaE ) Y
> 1q T, RISEMET, 24008 SALICKIENEASNIZ4-2 7 /-25-V7 A u ) v 2q
2 98%IL R TR AERR LT, T OABIITHHILAEH TH Y, 9FNMR A~X7 hL (&
s aakL L, ZiE) [2T—68.7 ppm & —126.9 ppm (2 1:1 DR HRE o B — 7 2381
SNz L, F72H, BC{H} NMR 27 hMLEB LN GC-MS /5 " EDOKEBEHNEIT L
AR L RE L7z, & 512, Scheme 5-21 (Rt & 912, SflAFET, ARMSICLD
TNVRET I RITEE UTo OB BRI X EEfRT 2 3 Z 72y (Figure 5-3) , U Vv
BROBHELEETHI LN TE,

Scheme 5-21. Hydration of 2q.

F N H Cu(OAc),°H,0, 4 mol% F N H
| = H.O Et,NOH, 6 equiv | =
+ :
N F 2 H,0 HON F
CN 35°C,4h
O~ 'NH,
2q

P2,/c (#14), Z = 4
R1=0.0500, wR2 = 0.1131
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$8IH 47 yRIESVMDKRIEE T vRIERE

AT TR/ L 912, 4-37 /-2356-T b7 704’ v 1q DAFELIL T v FLK
JETIE, HEHHNC D FTORE — 7 v BEA P ENRICERIND 2 LN bhoT,

Z 2T, AHETIEBERAZZIKEN T v BACSIE DO — N Z D 572012, FH 6T
RLTEE DS, FUSHEDE N~ B 7 vFaxe = kL 1b RO 7 v Fbd
WMTHHT FTI7NAFA = UV 2b OKRFELIL T v LS 2R L-, RS0
fili % Table 5-10 (27”7,

Table 5-10. Catalytic hydrodefluorination of polifluorobenzonitrile derivatives using HCOOK?

CN CN cat:
HCOOK cat (Ir9a)
F + > H
g _ DME/H,0 (1:1) Fo-1) Ir
2 equiv 30 °C N N
[sub]=0.1 M A Cl
—KF, —C02 H H
Ir9a
entry substrate catalyst, mol% time, h  products, % yield®
1 CN 1 1 N
F F F F
Fﬁp F¢EF
F 1b H 2b,
100
2 CN 1 12 CN
F F H F
F F F F
H p-2b H 3b, 20
CN CN
3 y - 2 2 " .
F F F F
F o o-2b " 3b,100

a) Reaction conditions: 1 (0.5 mmol), 1r9a (0.005 mmol), and sodium formate (1.0 mmol) in DME
(2.5 mL) and water (2.5 mL) at 30 °C. b) Determined by °F NMR using trifluoromethylbenzene as
an internal standard.

F9, entry2 (RLZE DS, X FT7AuRyY = U vib K0S NRS 2,3,5,6-
T hIZT7NFaR Y = N p2b BREE E UTHY, RIS 1 mol%d 4T, 12
BRGSEIZE 25, V7 ) HEOA /N MLTOKEBBRPIETTSH00, EEWTH
%235-hU 7 Fdaxry =KL 3b OIERIT 20%ICE EFE o7,
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—77, entry3 TR LK 9IS, VT S EONGUCRE T v ERKEE S 23457 |k
FINARR Y =R o2b BREE L THWD &, fBERINE 2 mol%, 2 FEE D5
ZELIELOD, OSHTEM L, NIMUIKFENEAINTZ235- M) 7ty =k
UL 3b DA PERANIZG DT,

LEDRRID, 7y ROKOWD, T7abb BEOEFKIPEDE FICH, [IG)
SEPSE TS 28, FEBREDATIICD D7 » ROBISHERST BB, WHTHL b
REOIET, ARILEZFRT N LsbmoTz,
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F ol BHERRMTERMKRERD vRIERRE

ARIETIE, BEFREERHBOTEWT F T 70 ta 7 a= kU VHEEEREY EICH,
L2 BeBE D KFALIL 7 FBALSUGZ DUV TRRET L 72,

Scheme 5-22 I x L7k 912, T o704 a7 a=rU L 1riZ%LT30°C FT3Y
BOXMH Y T LAZERNSEDL L, 200DTT ) EENFNO/ ST ALANEIRAIC T &
HARFL 7 v Flb S iz K@ pid 3r 23 LR LINICE BRI AR L2 & %
BENMR A7 bWZ Ko CHER LT, T OERMIE, FOGH DRI D= —7 VI,
7w Ui LT, BEEARE THE L, 86% DU THREL /-,

Scheme 5-22. Hydrodefluorination of tetrafluorophthalonitrile 1r with 3 equiv of HCOOK
CN CN

cat:
F CN cat (Ir9a), 1 mol% 3 CN \
+ HCOOK R
F F 3 equiv DME/H,0 (1:1) H F Ir
I TV 30°c,1h ! N N
-KF, -CO, H H
1r 3r Ir9a
[sub] =0.1 M 100% yield ("°F NMR)

(86% isolated yield)

Fo, WINT 25XV U L% 1 YEICHA DL, Scheme5-23 IZRL72X 91T, 1T T
DFHKFEHR LTZE /7 & o @EHR 2r 23 90%IEE, 88% AR CRINMIC Ak Lz, ~
T REThITAE L, EFRIEEOEWVIEE Ir TIE, 1 oKENEAINZE/ B FaE
BURDORIEME S H1cm <, BRI OKFIROFEIE T TITECNE ZEH ORI 7 » %
b7 ) BEONTARINICET L EE b5,

Scheme 5-23. Hydrodefluorination of tetrafluorophthalonitrile 1r with 1 equiv of HCOOK

CN CN CN

F CN cat (Ir9a), 1 mol% CN F CN
+ HCOOK > +

. . 1 equiy  PME/M20 (1:1) . . ’ .

I AV 30ec, 1h ! I

—KF, —CO,

1r 2r 3r

[sub] = 0.1 M 90% vyield ("F NMR) 2% yield ('°F NMR)

(88% isolated yield)
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—7J7, Scheme5-24 (29X 912, T VORI T vERFE LRI LT X0
= MU 1sZ 3HEDOFEED U U LRISEMET, BOSIIRT &, ROSKRFHIT 2 FFf# 2 24
DHDD, 25 (KB NBEASNTZVE R EHAERY) 3s MR OIZIETEERIIE D
N7z, BOSHIE O ¥F NMR A2 | LGl Figure 5-4 (2779 X 9 (2 —128 ppm DO FE sk D
T FIVORFEIZSES T, —119ppm D7 oAbV v AlkO T Tl R 3s DY
7 F Vi —109 ppm (ZHIL Tz, F2, KFEEANLEIL Figure 5-5 128 L7z fE s D> O I E
L7,

Scheme 5-24. Hydrodefluorination of tetrafluorotelephthalonitrile 1s with 1 equiv of HCOOK

CN CN cat:

F F cat (Ir9a), 1 mol% F H \
+ 00K e H,0 (111)
. : Ir,
3 2 H

F F equiv 30°C. 2h F N/ \CI

CN CN 2

—KF, —002 H H

1s 3s Ir9a

[sub] = 0.1 M 99% yield

Figure 5-4. 1°F NMR spectra before and after the reaction of Scheme 5-21

—128 before the reaction
(1s)
KF

-109 -119
after the reaction
(3s and KF)

| [ |
-110 -120 -130

Figure 5-5. ORTEP structure of 1,4-dicyano-2,5-difluorobenzene 3s

3C

G N P24/c (#14), Z = 2
R1=0.0660, wR2 = 0.1592

209



F 5
C—NFL— kAU T AEEKIC ié?/lx:~/lx*?°:\=ﬁ§&’%%/k$?ﬁ& L7
TR T v BACEW ORI FLN 7~ FALRUS

Bati RISHEICET HER

AR TIEIFBARFEAOIL 7 » FACSOE OBEREIZOWTEET 5,

E Cik_7= L8, RNENM@%%%?%Eb)F%J/?A@¢®A%Wmfk%
v FACBIEDOFER B I1X, DTG THE R RENL T ORBEHEBEIC L > TRFE— 7

/ﬁﬁAﬂﬁwﬁéfw xAﬂﬁméné KRS, B KB WIEEIE SRR

BRI S 305 &5 FiTli O RAT B R BRI 5E 2 — Ao & —E L T

W5,

F1H ERYFBERERVEILADEY SUDILEERRE

ARIETIE, B RY R (7)) SEERPMBTEERE S LTS LTS Z L2 GEd 2 H
BT, B RU REER IO &R Z 7 utu el Vv ot FEiRinE R T,

Scheme 5-25 12779 & 912, H THREE A, =R T, & U REEE Ir9c (2xh L 1.3 K&
N2 TFAue) P la iR L, ROSEZOHARYO H LV FNMR 27
FLTE U REHA Ir9c DA L1 2,356-7 T 704 ) P 2a AR (la2a=
32:68) Z A L7z, Figure5-5 12 WFNMR A-<7 ML %53, BCRL-2,356-7 ~T 7
NFa YT 2aDT T FVITINZ, ATRLIEWBELTZ Y S F o &&Fx bbb v
Y7y b7 TV —100.6 ppm IBLHI S vz, LU EORER, FHTiE Scheme 5-25 (2 1r9d
ELTRLET A A A T =4 & LTH OB F A UM RN AR L TV D D
LEZOND, HWEZRIML TV MBS T T vbKRBELHIRENLHZETT IR
R E G 2, XERME/ EPOKFBHEGERICE T FU K (7 IY) $BERHELTHD &
Zz bbb (Scheme 5-26)

Scheme 5-25. Stoichiometric Reaction of Hydrido complex 1r9c and pentafluoropyridine 1a

_TF
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Figure 5-6. °F NMR spectrum of the crude reaction mixture of the reaction shown in Scheme 5-22
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Scheme 5-26. Regeneration of amido complex under the catalytic condition

HCOO/H*
Ir + base —> Ir - Ir,
N —HF+base N N \H
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H21E RIGHEICE D IEFEREDOHER

ARIATIL, AR LI KRB 7 v BSOS OALEZERME L v Y REALFIC X DK
BB OB PEIZ OV THRGET 5,

R. D. Chambers &2 & 2 & R @ LS OfRIIATIE, LLTF OB E» OBk E
BSOS, —MRICEHRELD 4 (ORIRAITHET T 2803 o 5, AKRF 7 » FLEOGT
1% < OIEIZB O TE W A NCRIRPENRD D, REZE LS & F /& LR WiER T
»D,
<K INFAOEEEILEVNOFEETERILER KRG >

R 7 o BACEERACEY O KB HEOGE, Scheme 5-27 1278 L7z & 9 12 (a)sRigH 8 &

(b)iRFE— 7 v HFhE ORRMED “BEETHET L TWD EEZ LN TND,

Scheme 5-27. Regeneration of amido complex under the catalytic condition

F Nu F Nu
(a) (b)
Nu~ + — R
TS, TS,
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NS

[Charge Transfer Complex]
(C.T.C))

Figure 5-7. A generalized energy diagram
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Figure 5-7 [Z1Z Z O—E DO USRI D =R NV X —X A T 7T AOFKIK &R Uiz, B
BEIE, ZOBUSOE—BERE@ITAHE T 5 KRB BEDOWFEE L RSN TN D, TORE,
A9 5 A (1.C.; Meisenheimer $514%) 13 Scheme 5-28 (2759 2 - D MR A 1 D 0B TR AL
WIZEBZHNDD, ZOE, REMMNEAINTREOAN MIZAEMEH DB LD
HANTNCHEEMZ DA DFHOHFBRKENT L RFHELFERICHL STV ES,
DD, T 2T, REZFEDNEAN S D RFED /ST T v FBIRAF 038 53546 (Figure 5-8)
T v FEOREELTNDIRHZ FICAHBMNELD EEBEZXLND, L, Z OMIEHEE T,
BEMEHTOTRE O pHuE L 7 v F EOINLE 3 E OKFIZ LY, FHEitED AR T
= A UREEII R LB END, TDID, ZOMOBEFEHREERLOSIL T v FEO/RT AL
TIHETLIZ L, 7 v RSN OBEHILD R (IR TSREF SIS 2,

Scheme 5-28. Resonance hybrid of

] ) Figure 5-8. Destabilising e-pair repulsions
intermediate complex (I.C.)

KO w0
Nu Nu
A B

ARE TR C—N F L— b7 I U88K Ir9a-c & WV B KFELL 7 v FSIETH E R
U FEANLAIZ KD REBEBEOEEZ R TEITL TS ERET S &, R T7ArdnT L—
VIRDIKFAUIL T v FACBOG FIZ A MCRIRIZ, £7oF 72 U EEE OLEIIBALERRY
WCHEIT LI N CE D -, BOETRLET b 74y 7 ) _P 3, 3s
BT DL, RIMUTT v BEHEEZ b 72RO E RIS ET LTZRER S
[FIERICAA T & 2,

o, XUFTNFFTE VAR ROZBEORIYES, £ v e ERECET
LIKFALBL 7 -~ FALKSIZ 1T D Meisenheimer H1[E {4723 Scheme 5-29 @ X 512, ZEL &
HALECRISDPIEIT LI EF 22 & GHICHETE 5,

Scheme 5-29: Meiseheimer intermediate for HDF of 1,3,4,5,6,7,8-heptafluoronaphthalene.
<2,6fi>
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RICERSIND, LrL, =7t u=bhaxXr B iE 084, Figure5-9 (2R LT
£, REAIEAKEB/EEEZERT LI EIZL>TAN FEBKSDIREINDLIZ END
%o EEE, Table5-11 1R L7 k218, BT 4 v 7R 7 =T 0 TlEA /L MEDE
T LHOITK LT, PAFAT I TIEAN MBS LV &3 T BSOS HMESE T 5 41
DHHITVNDZ,

Figure 5-9. Hydrogen bonding of the nucleophile to the nitro group.

[

+
F N\Q
N H
R

F F N
g H

F

Table 5-11. Selectivity of the nucleophilic attack to pentafluoronitrobenzene?®.

NO, NO, NO,
F F F Nu F F
+ Nu —— +
F F F F F F
F F Nu
Nucleophile NH3 NH(CH3)»/(C,H5),0
Ortho substitution 69 19
Para substitution 31 81

AT CIlR_7= L 912, 1V VU A8ER Ir9a Z WA X 2 7 Fr=hrXrEr 1d O
STAAKRBERSNIZ2356-7 + 7 7/A R = hEAL L p-2d 5616 LB LT
ERRLTWD S DD, A0 MINEBR ST 23457 8T 70 A n=brXrBrn 20%
IR TEIAE LT, ARIETIEE FU R (7)) 854 1r9a 7> 6 OsREZ B NREITF L T 5
&4 % &, Figure 5-10 (278 L 72 K DSOS AGEEED 1k T I ELA = b w2k & AR ELPEA 9
52 &T, AUV MBS L TR D 5.

Figure 5-10. Presumable hydrogen bonding interaction in HDF of pentafluoronitrobenzene by Ir9c.
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S5, ARESICBWTHEE OB RN E L 72 51 ERUSHEN M LR HE
R B S OfE M & L THfR TX %, Table 5-1112 A &/ — )Lt AR S0: T C,
FTHRITALAAREYRICLARY 70t T L— 2 BOREEL SO HE 2 2751,

Table 5-12. Relative reaction rates of CgFsX towards sodium pentafluorophenoxide.

X Relative rate
CF 2.4 X 10*
F F F F 3 0
+ NaOCH; —— COCoHs | 29 X 10
F F gsng F F CoFs 7.3 X 10
OCH,
~NaF Br 39
Cl 32
H 1
F 0.91

R—T A FHFEIEE O R BRSO 35 FR OB KEHEICKE KFT D,
RUBZTNFaRBACKH T HEBREEEZ L E LT eED N T7uda A TFLED L D
IREFREIMEOBWELEL A AT 5 EEOGHEEIT 24 X 104 L2203 L, EDdL
R AEAT L7 vEREASINEATT 7 LA OKGHEEIT 091 Thb, L
723> T, AKRFMLT » FACROED, HEBREZEBRFINCE S EBEZ L E, ~FHF
Tt aXBy (1) 1Tk U TMBEEE 2R S /v 72 2 & (Table 5-8, entry 9) 3 EEf#
Tx 5,
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B2/TIE, T RAYYT LA I9b OIFET, 2270/ —b, =) —, A
J—VREIEH & L TiERE ,w°cmﬁ%ﬁ@ﬁ§%#T,&y&7wﬁmauyy1a
D 4 ACRIRANTKENL T » BB TEETSED Z Elbooiz, WEOTRIMZ L DK
WW%@%%%%@KL,1%%?@&@imk%%mébko

o, .
F N\ F cat, 1 mol% F N\ F cat:
| OH Rb,CO3, 1 equiv | O
+ + HF +
F Z F )\ 2-propanol F = F )J\ /Ir
F 30°C, 1h H N
H

1a 2a, 97%

Ir9b

9 3HITIE, HEEOBEICAI L L CHERET 2 FMIE A2 AW KB L 7 » BALS & 18
ﬂﬁﬂDMBWO@@ W, XA Y U LEIRINT D SRSV TKE BSOS
bR E N7z, AR ORE LIEEOHBAZ TN E 24, 7 INT I UHROSHEDFIC
EIEMEZRBLL, P CHLERORIMIZA M VEEFTLH70Y K (TIV) AUV VY
LPER Ir9a ikl & LCIRNT 5 &, X270t DU OETIZEITSH TON 1T 1
REf TR 418 12 L, BEAFOMOBRITCH Z FV KB 7 v Rl & b <TH, &
L EWEERERTZ LB bhol,

F N F E N F catt MeO

| N cat, 0.2 mol% | ~
+ HCOOK - SQ;
F7N OF DME/H,0 (1:1) FNPF n
2 equiv /
F 30°C, 1h H NG
1a 2a H H
—CO,, —-KF
77%
TON: 418

F7o, 8K Ir% 2 W CAEE R 2~ & 2 A,
BT REEORWEEIE CERIGETEZITH L
- EHLELD 4L ERRAI KRB I D 2 L
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ULEDO#ERZ S LI, FAFHTIIUSHEMICONWTER L, F4ETRWELLES T
WAKRFBILIL 7 » LIS DORERZ S LITHE LT L OIZ, B RU K (7 ) SEERD
TEMERE L L CRG-9 2 2 LRI FACE T B, & B RENLA DB FER~ORE
WEIZ L DKFEWA D= A L% b &1, FUSMERIEBIMEZ GBI TE 5 2 & 2vb
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ABOSIFIRANZR M T TR, 2 OO EERICHET Ue, KEBERSIZ L0 Bk
L7 vHRIEI7 vk B ) v b e UTMEEROSZIZERTE, 7 v RROFFH A EEICT
DIRFIRICHENTAER L WR D,

I BIZ, AKF T v FARRISIE, TERRWONTELEHS 7 v BEEMOEKTFIE
Mg 2 Mm b H 528, flxiE, Bt LTHWbNS, 7y FRbshil74uey 7=
7 FEEIR K 1X, Scheme 5-30 D X 91225-7 /A a7l KM 7 ERET
BRRIILTWND 8 KA Y D AMlIC L5 KB v RO EEHAT 5 & (B
), filkoTF v I 7AFrT7Za= )L 1lr b 3,6-Y 7 A r 72 o= kUL 3r &%
T 2 BEETAERTE D, 61T, MERIKFILT » BSOS £ V15602 5 EBRE
7 v FEWE, RFE—7 v FERBERKEAKBEEGOERELEIZLY, ARSI L
LTCOFERERS D720 TR, ERESCEENMMEIDE C7 v #EEMOTFENE LS
LTWDBRAESERD L, SRRV B CEERMRER LD 2 LRI EN D,
Scheme 5-30. Synthesis of FgPcZn

<traditional synthesis>

@N <HDF procedure>
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Scheme 6-1 : Catalytic hydrogen evolution from formic acid Figure 6-1: Proton-relay

mechanism
cat, 0.04 mol% ~ ]

i
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DME/H,0 2 2 ca Tf i
CeHs.,_N_ NN\ CoHsr, N &
35°C,1h 6 5"1 \Ir\o‘ )i /Ir‘\
N _
TOF i 6092 h™" CoH N Ny Cotls™ N5 HE
TON, ;, 2338 H H N B
IMe Iric ?6_
— H -

E DA, BN B RIS 7 = =)L % & e TDPEN H R OSEK Irle 1%, il #5541 C Scheme
62 IR T EIICINGDT == VN T a A Z NV ESZT, R S/ 5 RKIC
RAHZERRNE Ui, FEEE, Bl 7 2=V EEBTER W N-RY 7 L F LT R
YHKROE RY R (7 IV) 85K Ir3e 8L, KBAEMINTHEA LIZE 25, RG]
MO oM 2 RRFRIHERF - Dl & U CHERE 2 2 L 23D D B 472 (Scheme 6-2)

Scheme 6-2: Thermolysis of hydrido complex Irlc in DME/water

Ir Ir
D ————— 14 + al H
7N DME/H,0 N A
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H H 80 °C, 50 min @ 6775 @ 6'15
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Figure 6-2: Time vs. TON curve of Irlb and Ir3c

cat (0.013 mol%)
HCOOH H, + CO,
DME/H,0, 35 °C

8000 T -
|
6849 N\
7000 1 A [ Ir,
/
A N \H
H H
6000 -
A Ir3c
5000 A A TON125 min = 6,849
TON
4000 -
N A 3010 b
3000 A ° PY CeHs, , N\
A ) /Ir
[ J 1 CgHs N
2000 - é 4
[
2 Irb
1000 1 TON 25 min = 3,010
0 ; :
0 50 100

min

224



# 65
sl

% 3% [FSDPEN BN 72 H 357 X AT =0 AR L0 U VT AERORIGHE : 78
T4 Z N OIEMAL LK FEBENR OAMERE] TIX, 7 == A 2R =V EOKFEDN
TRTCT v #EENTE N-RUFTAF R T 2= )V A VK= -12-P T 2=V F L DT
XY (FsDPEN) B2 BT HLT =T LABIOA U U LEEERE SR L, & DKEBE)

BRICREREAAR L~ TOUSPEIZ DO WTIRTZ, EOREE, @A ZAgEZ R+ b
DWHFHEEET X REHRIIKSLT =T G L, XV AZTHA TNV ETIEZT A X
TV A T IEHRICES I ND Z L35 7= (Scheme 6-3), FsDPEN Bifi+&2 >/ 1l
K (7IY) $EREKEBIED VD LRTFT MU AT I ROKISIZE>THIRILAZ T %A
I BRI G ONTZ LD, ZOMGIEE Ra S Y(7 2 AT 2 N7 2 )ik E
BTERLTND EEZOND, T DOERIFER L T TITE LTV D FHR(LFR
F226, Scheme 6-3 [ Z/RTIRFE— 7 v FEEBZIT DN TOHEBRREE WL D A 7
SALZEVHETLTND EBE LT,

Scheme 6-3 Nucleophilic C—F bond cleavage on FsDPEN via activation of small molecules
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Scheme 6-4: Hemilable arylamine moiety
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Scheme 6-5: Proposed mechanism of the iridacycle Iréa formation from hydrido complex Irde
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Scheme 6-5: Selective cleavage of C—F and C—H bonds.
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Scheme 6-6: Selective hydrodefluorination of fluoroarenes by transfer hydrogenation catalysts
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General Procedures.

All manipulations of oxygen and moisture-sensitive materials were performed under a purified
argon atmosphere using standard Schlenk techniques. Solvents were dried by refluxing over CaH,
(pentane, n-hexane, methanol, 2-propanol), P,Os (CH2Cl,, CH3CN) or Na/benzophenone ketyl (THEF,
diethyl ether, DME, toluene), and distilled before use. Deuterized solvents were degassed by three
freeze-pump-thaw cycles, dried over CaH, (CD>Cl,, THF-dg), or P,Os (CD3CN), and purified by
trap-to-trap distillation. These solvents were stored under an argon atmosphere. The Ir, Rh, Ru
complexes derived from TsDPEN, MsDPEN, and TfDPEN were prepared according to literatures.*
Reagents were purchased from Kanto Chemicals, Aldrich, Tokyo Chemical Industry, Wako or Fluka,
and usually used as received unless they became old or decay (in that case, they were distilled). 'H
(399.8 MHz), '°F (376.2 MHz), 3C{'H} (100.5 MHz) and 2D NMR spectra were recorded on a
JEOL JNM-ECX400 spectrometer at 25 °C. Chemical shifts were referenced to an external
tetramethylsilane signal (0.0 ppm) by using the signals of residual proton impurities in the deuterated
solvents for 'H and '3C, and referenced to an external CF3CO;H signal (-76.5 ppm) for '°F NMR
High performance liquid chromatography (HPLC) analysis was performed using a system comprised
of a JASCO column oven: CO-1565, ternary gradient unit: LG-1580-02, a pump: PU-1580, a
degasser: DG-1580-53, a UV/VIS detector: UV-1570, and a CD detector: CD-2095. The
enantiomeric excesses of 1-phenylethanol derivatives were determined by HPLC analyses using a
Daicel Chiralcel OB, OD, OD-H or OJ-H column (4.6 mm X 25 cm) with hexane/2-propanol as the
eluent where base-line separation was compared with those of the racemic compounds. Elemental
analyses were performed on a Perkin-Elmer 240011 CHN analyzer.. X-ray single crystal structure
analysis studies were made on a Rigaku Varimax diffractometer using graphite monochromated

MoKa radiation.

1. a) Haack, K.-J.; Hashiguchi, S.; Fujii, A.; Ikariya, T.; Noyori, R. Angew. Chem. Int.
Ed. 1997, 36, 285-288; b) Mashima, K.; Abe, T.; Tani, K. Chem. Lett. 1998, 1199—1200.
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Chapter 2

Supplementary data for hydrogen generation from formic acid

Figure S1: The experimental set up

A syringe pump

0.3 mL/min

Characterization of generated gas

Hydrogen was analyzed by a Shimadzu GC-2010 plus gas chromatograph with a thermal
conductivity detector (150 °C, 60 mA) equipped with a MS 5A capillary column (0.32 mm x 25 m)
purchased from Agilent Technologies using He as carrier gas. CO, and CO were analyzed by a
GC323 (GL Science) with a thermal conductivity detector (100 °C, 100 mA) equipped with a packed
Active Carbon 60/80 column (No contamination of CO gas was detected) using He as carrier gas?.
Formation of HD by treatment of Sa with an excess amount of HCOOH and DO in dioxane-dg was

monitored by 'H NMR spectrum, in which a triplet signal (!Jup = 43 Hz) appeared at 4.54 ppm.

To a solution of the catalyst Ir7b (20.9 mg, 0.030 mmol) in DME (3 mL) and degassed water (3 mL),
formic acid (3 mL, 79.5 mmol) was added for 10 min ny using a syringe pump (0.3 mL/min). Using

the mass-flowmeter, the rate of the gas evolution amount was measured.

2 JEHE KB AD I O~ N7 T L EfER LT-H 2T, EBRY 7LD GCHIEIZ LW KFEE
M4 5 & & 612, 'HNMR OHIZ K> CTHIER LT,
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Synthesis of Cp*IrCI[i%(N,N*)-(S,S)-TINCHPhCHPhNH;] (Ir1a).
CF4 To a premixed solution of [IrCl(u-Cl) (n°-CsMes)]> (398.5 mg, 0.500 mmol),

|
-~ ﬁoﬁx TfDPEN (344.5 mg, 1.00 mmol), and KOH (56.5 mg, 1.01 mmol) in CH>Cl, (10
r

\I
s

CeHs™ N \CI
H H

mL), water (2 mL) was added and stirred at room temperature for 4 h. The
resulting yellow organic layer was washed with water (1 mL x 5), dried over
anhydrous Na,SO4, and evaporated under reduced pressure to give a bright yellow powder. After
recrystallization by slow diffusion of Et,O in a CH,Cl, solution, yellow crystals were isolated (580.1
mg, 0.821 mmol) in 82% yield. '"H NMR (CD,Cl,, r.t., ppm): 1.71 (s, 15H; Cs(CH3)s), 3.83 (m,
1H; TINCHPhCHPhNH>), 4.21 (br d, *Jun = 9.4 Hz, 1H; TINCHPhCHPhNHH), 4.52 (d, *Juu = 11.3
Hz, 1H; TfNCHPhCHPhNH,), 4.55 (br), 1H; TINCHPhCHPhNHH), 6.96-6.99 (m, 4H; aryl),
7.10-7.12 (m, 3H; aryl), 7.16-7.21 (m, 3H; aryl); ’F NMR (CD.Cl, r.t., dppm): -73.0 (s, CF3);
BC{'H} NMR (CDxCl,, rt., dppm): 9.14 (Cs(CHs)s), 68.2 (TfNCHPhCHPhNH), 73.6
(TINCHPhCHPhNH), 85.9 (Cs(CH3)s), 118.9 (q, 'Jcr = 328.8 Hz; CF3), 127.1, 127.6, 127.8, 128.9,
138.2, 139.0 (TfNCH(CgHs)CH(CsHs)NH?). Anal. Calcd for C2sH2oCIF3IrN2O,S: C, 42.52; H, 4.14;
N, 3.97. Found: C, 42.45; H, 4.13; N, 3.94. All values are given as percentages.

Synthesis of Cp*Ir[k*(N,N’)-(S,S)-TINCHPhCHPhNH] (Ir1b).
CFs To a premixed solution of [(n®-CsMes)IrCl(u-Cl)]2 (597.7 mg, 0.75 mmol),
- G TfDPEN (516.6 mg, 1.50 mmol), and KOH (202.8 mg, 3.61 mmol) in CHaCl,

N
oH IN/"—O (15 mL), water (3 mL) was added and stirred at room temperature for 20 min.
6"15 )

H The resulting red-purple organic layer was washed with water (2 mL x 8) and
dried over anhydrous Na,SO4 and CaH,, followed by evaporation under reduced pressure to give a
red-purple powder la (947.2 mg, 1.414 mmol) in 94% yield. After recrystallization by slow
diffusion of hexane in a CH>Cl, solution gave red-purple crystals suitable for X-ray crystallography.
'H NMR (CD.Ch, rt, dppm): 1.91 (s, 15H; Cs(CHs)s), 428 (d, *Jun = 4.6 Hz, 1H;
TfNCHPhCHPhNH), 4.34 (s, 1H; T{NCHPhCHPhNH), 5.67 (br, 1H; T{NCHPhCHPhNH),
7.20-7.24 (m, aryl, 2H) , 7.28-7.33 (m, aryl, 6H), 7.51-7.54 (m, aryl, 2H); '°F NMR (CD»Cl,, r.t.,
dppm): -75.2 (s, CF5); “C{'H} NMR (THF-ds, rt., dppm): 9.16 (Cs(CH3)s), 74.1
(TfNCHPhCHPhNH), 81.2 (TINCHPhCHPhNH), 85.6 (Cs(CH3)s), 120.7 (q, 'Jcr = 327.8 Hz; CF3),
126.0, 126.5 (2C), 126.8, 127.3, 127.6, 145.5, 146.3 (TfINCH(CeHs)CH(CsHs)NH). Anal. Calcd for
CosHasF3IrN203S: C, 44.83; H, 4.21; N, 4.18. Found: C, 44.94; H, 4.22; N, 4.18. All values are given

as percentages.
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Synthesis of Cp*IrH[x?(V,N’)-(S,S)-TINCHPhCHPhNCH;| (Irlc).
CF, Formic acid (25.7 mg, 0.56 mmol) was added to a THF (15 mL) solution of 1a
|
o EOQX (335.3 mg, 0.50 mmol) and stirred at room temperature for 30 min. The resulting
s, N 3
r
s \H

L)
/N\
H

CeHs

yellow solution was evaporated under reduced pressure to give a yellow powder.
The crude powder was washed with hexane (3 mL x 1) and ether (3 mL x 1),
then dried under reduced pressure to yield a pale yellow powder 2a (280.3 mg, 0.42 mmol), 83%
yield. Recrystallization from methanol gave orange crystals suitable for X-ray crystallography.

'H NMR (THF-ds, r.t, dppm): -10.4 (s, 1H; IrH), 1.86 (s, 15H; Cs(CHs)s), 3.69 (m, 1H;
TINCHPhCHPhNH,), 4.37 (d, *Juu = 8.8 Hz, 1H; TINCHPhCHPhNH>), 5.08 (br d, 3Juu = 8.8 Hz,
1H; TINCHPhCHPhNHH), 5.38 (br dd, *Jun = 11 Hz, 1H; TINCHPhCHPhNHH), 7.00-7.06 (m, 7H;
aryl), 7.15-7.17 (m, 2H; aryl); '’F NMR (THF-ds, r.t., lppm): -68.8 (s, CF3); 3C{'H} NMR (THF-
ds, r.t., dppm): 9.45 (Cs(CHs)s), 71.1 (TfNCHPhCHPhNH;), 75.4 (TfNCHPhCHPhNH,), 86.1
(Cs(CH3)s), 122.4 (q, 'Jor = 333.5 Hz, CF3), 126.0, 127.2, 127.7, 128.1, 140.2, 144.2
(TfNCH(C¢Hs)CH(CsHs)NH,). Anal. Calcd for C2sH30F31rN20,S: C, 44.70; H, 4.50; N, 4.17. Found:
C, 44.58; H, 4.56; N, 4.27. All values are given as percentages.

Synthesis of Cp*Ir(OTf)[k*(V,N’)-(S,S)-TINCHPhCHPhN(CH3);] (Irle).

cFs ot A solution of Ir7a (105.8mg, 0.150 mmol) and silver triflate (57.5 mg, 0.224
o zOZ mmol) in THF (10 mL) was stirred for 12 h at light shielding condition. After
615/,
. /EN)%\)}_ removing the solvent from the resulting red solution, the residue was
sHs™ N
H H

extracted by CH>Cl. Bricky red powder of Ir7i (43.4 mg, 0.053 mmol. 35%
isolated yield) was obtained after removing the solvent. '"H NMR (CD.Cl,, r.t., d/ppm): 1.82 (s, 15H;
Cs(CHs3)s), 4.51, 5.06 (each s, 2H; TINCHPhCHPhNH.,), 5.35, 6.19 (wach br, 2H;
TINCHPhCHPhNH,, 1H), 7.19, 7.24 (each d, 4H; Ph group), 7.33-7.44 (m, Ph group); '’F NMR
(CDyCly, r.t., dlppm): -74.5 (s, CF3), -77.8 (s, CF3S03).
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Synthesis of Cp*IrCI[i%(N,N’)-(S,S)-TINCHPhCHPhN(CHj),] (Ir1i).

CFs To a premixed solution of [(n®-CsMes)IrCl(u-Cl)]> (639.6 mg, 0.803 mmol),
|
o EOQX TfNCHPhCHPhN(CHs), (597.6 mg, 1.605 mmol), and KOH (99.8 mg, 1.78
615/, NS
Ir
N \C

Lo

CGH AN | . .
5HaC CHj, temperature for 13.5 h, followed by heating at 65 °C for 5.5 h. The resulting

mmol) in THF (20 mL), water (5 mL x 5) was added and stirred at room

orange solution was evaporated under reduced pressure, and the product was dissolved to CH»Cl,
(15 mL) and washed with water (3 mL x 5). After dried over anhydrous Na>SOs, the filtrate was
evaporated under reduced pressure to give a dark red powder which was then washed with hexane (5
mL x 2). After recrystallization by slow diffusion of hexane into a CH»Cl, solution, dark red crystals
were isolated (462.4 mg, 0.650 mmol), in 40% yield. Further recrystallization from hot methanol
gave orange crystals suitable for X-ray crystallography. "H NMR (C¢Ds, r.t., d/ppm): 1.22 (s, 15H;
Cs(CHs)s), 2.26, 2.64 (each s, 3H; TINCHPhCHPhN(CHs),), 5.49 (AB pattern,
TfNCHPhCHPhN(CH3),, 1H), 5.57 (AB pattern, TINCHPhCHPhN(CH3),, 1H), 6.84-6.92 (m, 4H;
aryl) , 7.03-7.07 (t, *Jun = 7.6-8.0 Hz, 4H; aryl), 7.27 (br, 1H; aryl), 8.05 (d, *Jun = 7.1 Hz, 1H;
aryl); F NMR (C¢Ds, r.t., dppm): -73.3 (s, CF3); BC{'H} NMR (C¢Ds, r.t., Sppm): 9.48
(Cs(CH3)s), 47.0, 48.4 (each TfNCHPhCHPhN(CH3)z), 67.8 (TfNCHPhCHPhN(CH3)2), 77.8
(TfNCHPhCHPhN(CH3),), 87.3 (Cs(CH3)s), 121.0 (q, Jcr = 327.8 Hz; CF3), 127.1, 127.5, 128.9,
130.0, 130.6, 131.4, 135.0, 140.2 (TfNCH(CeHs)CH(CeHs)N(CHs)2). Anal. Caled for
Cy7H33CIF3IrN20,S: C, 44.16; H, 4.53; N, 3.82. Found: C, 44.30; H, 4.28; N, 3.57. All values are

given as percentages.

Synthesis of Cp*IrH[x*(NV,N’)-(S,S)-TINCHPhCHPhN(CHj3),] (Irlj).

CFy To a solution of Cp*IrCl[k*(N,N’)- TINCHPhCHPhN(CH3):] (177.1 mg,
ﬁfﬁx 0.249 mmol) in THF (10 mL), HCOONa (841.2 mg, 12.37 mmol) was added
N

CeHs .,
oH )iN/' and stirred at room temperature for 20 h. The resulting yellow solution was
615 AN
HyC CHs evaporated under reduced pressure to give a yellow solid. The crude solid was

then washed with water (3 mL x 3) and dried to give a pale yellow powder (186.8 mg). After washed
with hexane (3 mL x 1), recrystallization from hot methanol gave yellow crystals (186.8 mg, 0.27
mmol), in 57% yield.

"H NMR (THF-ds, r.t., dppm): -10.4 (s, 1H; IrH), 1.77 (s, 15H; Cs(CHs)s) , 2.74, 2.93 (each s, 3H;
TINCHPhCHPhN(CHs)2), 3.99 (d, *Jun = 8.4 Hz, 1H; TEINCHPhCHPhN(CH3),), 5.43 (d, 3Juu = 8.5
Hz, 1H; TEINCHPhCHPhN(CHs),, 1H), 6.98-6.99 (m, 4H; aryl), 7.10 (m, 2H; aryl), 7.34 (m, 4H;
aryl); "’F NMR (THF-ds, r.t., dppm): -74.6 (s, CF3). Anal. Caled for Co7H34F31rN2O2S: C, 46.34; H,
4.90; N, 4.00. Found: C, 46.54; H, 5.09; N, 3.87. All values are given as percentages.
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Thermal transformation of the hydridoiridium complex Irlc to iridacycles Ir2a and Ir2b

<in DME>

A solution of the hydridoiridium complex Ir2c¢ (139.3 mg, 0.207 mmol) in DME (10 mL) was stirred
under reflux conditions for 38 h. After the removal of the solvent, the crude product (Ir2a:Ir2b =
82:18, determined by '"H NMR) was purified by silica gel flash column chromatography (eluted with
hexane and diethyl ether (1:2); TLC information: Rr = 0.33 for Ir2a, and Rr= 0.22 for Ir2b) to give
the pure complexes Ir2a (56.5 mg, 0.084 mmol, 41% isolated yield).

<in DME/H>0 mixed solvent>

A solution of the hydridoiridium complex ir2e¢ (149.8 mg, 0.223 mmol) in DME and water mixed
solvent (each 5 mL) was stirred at 80 °C for 50 min. After the removal of the DME, dichloromethane
(15 mL) was introduced and water layer was separated. The crude product (129.3 mg, 0.193 mmol,
87% crude yield; Ir2a:Ir2b = 14:86, determined by 'H NMR) was purified by silica gel flash
column chromatography (eluted with hexane and diethyl ether (1:2)) to give the pure complexes

Ir2b (98.4 mg, 0.147 mmol, 66% isolated yield).

Cp*Ir[(N,N’,C)-(S,S)-NH:CHPhCHNTfCsH ] (Ir2a)

\@ '"H NMR (THF-ds, r.t.): 8 1.85 (s, 15H; Cs(CHz)s), 3.13 (d, *Jun = 8.4 Hz, 1H;
[N, NH>CHPhCHNT{C¢Hs), 3.78 (d, *Jun = 10.6 Hz, 1H; NH,CHPhCHNT{CsHa), 4.75
C@VN Cs (s, 1H; NH,CHPhCHNT{CsHy), 4.97 (br, 1H; NH,CHPhCHNT{C¢Ha), 6.80-6.85
(m, 2H; aryl) , 7.14-7.17 (m, 1H; aryl), 7.21-7.25 (m, 1H; aryl), 7.29-7.32 (m, 2H;
aryl), 7.36-7.38 (m, 2H; aryl), 7.74-7.76 (m, 1H; aryl); ’"F NMR (THF-ds, r.t.): § -76.2 (s, CF3);
BC{'H} NMR (CD.Ch, rt): & 9.02 (Cs(CHsz)s), 54.4 (NH.CHCHsCHNTfCeH4), 78.0
(NH.CHC¢HsCHNT{CsHs), 86.9 (Cs(CH3)s), 120.7 (q, 'Jcr = 327.8 Hz; CF3), 120.3, 123.2, 125.9,
126.9, 128.4, 128.7, 132.5, 139.5, 151.2, 152.0 (NH2CHCsHsCHNT{CsH4). Elemental analysis

calcd(%) for C2sHasF3IrN20,S: C, 44.83; H, 4.21; N, 4.18; found: C, 44.45; H, 4.35; N, 4.20.

Cp*Ir[K’(N,N’,C)-(S,S)-NTfCHPhCHNH;CsH,] (Ir2b)
s 'H NMR (CD:xCl,, rt): & 1.83 (s, 15H; Cs(CHs)s), 3.00 (br, 1H;
";r\'ﬂ_H NTfCHCsHsCHNH>CsH4), 3.26 (br, 1H; NTfCHC¢HsCHNH,C¢Hs), 4.14 (s, 1H;
WCGH"’ NTfCHCsHsCHNH2CsHas), 4.57 (s, 1H, NTfCHCsHsCHNH>C¢H4), 6.99-7.03 (m,
2H; aryl), 7.32-7.35 (m, 2H; aryl), 7.42-7.46 (m, 2H; aryl), 7.51-7.53 (m, 2H; aryl),

7.80-7.82 (m, 1H; aryl); "9F NMR (CD,CL, r.t.): § -76.0 (s, CFs); 3C{'H} NMR (CD,CL, r.t.): §
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9.32 (Cs(CH3)s), 62.7 (NTfCHCsHsCHNH2C¢Ha), 71.5 (NTfCHCsHsCHNH2CsHs), 87.4 (Cs(CHz)s),
119.8 (q, 'Jer = 332.7 Hz; CF3), 121.5, 123.0, 126.0, 126.8, 127.7, 129.1, 133.6, 142.0, 148.0, 150.2
(NTfCHCsHsCHNH:CsHa). Elemental analysis caled(%) for CasHasF3IrN>O,S: C, 44.83; H, 4.21; N,
4.18; found: C, 45.01; H, 4.48; N, 4.29.

Cp*IrCl[x¥*(N,N’) -NTfCH>CH>NH,] (Ir3a)

Lf '"H NMR (CDyCl, r.t.): 8 1.64 (s, 15H; Cs(CH3)s), 2.96 (br, 4H; NTfCH,CH,NH»),
[ >Ir°; 3.80 (br, 1H; NTfCH,CH,NH>), 3.99 (br, 1H; NTfCH,CH2NH>); 'F NMR (CD,Cly,
Wi O r): 8 -742 (s. CFy): BC{'H} NMR (DMSO-de): & 9.19 (Cs(CHs)s), 47.7
(NTfCH,CH>NH»), 51.8 (NTfCH2CH,NH,), 85.3 (Cs(CH3)s), 121.1 (q, 'Jer = 329.7 Hz; CF3).
Elemental analysis calcd(%) for Ci4H23Cl3F3IrN2O,S: C, 26.32; H, 3.63; N, 4.38; found: C, 26.66; H,
3.43; N, 4.41.

Cp*IrH[%(N,N’) - NTfCH,CH;NH;] (Ir3c)

T 'H NMR (THF-ds, r.t.): & -11.3 (s, 1H; ItH), 1.70 (s, 15H; Cs(CH3)s), 2.42 (m, 2H;
[N> NTfCH,CH>NH)) , 2.82 (br, 2H; NTfCH,CH,NH>), 4.43 (br, 1H; NTfCH,CHoNH,),
HNH H 5.05 (br, 1H; NTfCH,CHoNH,); 'F NMR (THF—ds, 1.t.): 8 -72.6 (s, CF3); BC{'H}

NMR (THF-ds, rt): & = 9.28 (Cs(CH3)s), 49.1 (NTfCH,CH:NH), 54.0
(NTfCH,CH>NHb>), 85.7 (Cs(CHs)s), 122.6 (q, 'Jer = 331.6 Hz; CF3). Elemental analysis calcd(%)
for C13H2oF3IrN>05S: C, 30.05; H, 4.27; N, 5.39; found: C, 30.28; H, 4.48; N, 5.46.
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Chapter 3

Synthesis of RUCI[k?(N,N")-(S,S)-FsNCHPhCHPhNH_](p-cymene) ((S,S)-Rula).

To a premixed solution of [RUCI2(n8-p-cymene)]. (383.0 mg, 0.625 mmol),
FsDPEN (553.6 mg, 1.25 mmol) in (CH3)CHOH (50 mL), N(CH2CHjs)3
(0.35 mL, 2.5 mmol) was added and stirred at room temperature for 3 h.
After evaporation of the resulting orange-suspended solution, the

compounds were dissolved in CH»Cl, and washed with water (30 mL) and

evaporated under reduced pressure to give an orange solid. After
recrystallization from a hot-methanol solution gave orange crystals of
(S,S)-Rula (540.7 mg, 0.76 mmol, 61% yield) suitable for X-ray crystallography.

"H NMR (399.8 MHz, CDCl,, r.t., Slppm): 1.36, 1.38 (each d, *Jun = 6.0 Hz, 3Jun = 5.8 Hz, each
3H; CH3CsH4CH(CHs)2), 2.36 (s, 3H; CH3CsH4CH(CHz3)2), 3.08 (sept, *Jun = 6.8 Hz, 1H;
CH3CeH4CH(CH3)2) , 3.64 (dd, *Jun = 10 Hz, 3Jun = 13 Hz, 1H; FsSNCHPhCHPhNHH), 3.74 (td,
3Jun = 11 Hz, “Jun = 2~4 Hz, 1H; FsNCHPhCHPhNH,), 3.96 (d, *Jux = 11 Hz, 1H;
FsNCHPhCHPhNH?), 5.33 (br d, *Jun = 8.5 Hz, 1H; FsSNCHPhCHPhNHH), 5.61 (t, *Jun = 5.4 Hz,
3Jun = 5.5 Hz, 2H; CH3CsH4CH(CHs3)2), 5.69, 5.73 (each d, *Jun = 5.8 Hz, 3Jun = 5.5 Hz, each 1H;
CH3CeH4sCH(CHs)2), 6.72-6.74, 6.80-6.87, 7.07-7.11 (each m, 2H, 5H, 3H;
FsNCH(CeHs)CH(CsHs)NH); °F NMR (376.2 MHz, CD,Cl, r.t., dppm): -162.6 (dd, *Jer = 26 Hz,
3Jrr = 17 Hz, 2F; m-F), -153.2 (dd, 3Jsr = 26 Hz, 3Jrr = 17 Hz, 1F; p-F), -135.4 (d, 3Jrr = 26 Hz, 2F;
0-F) ; BC{'H} NMR (100.5 MHz, CD,CL, r.t., S/ppm): 18.3, 22.2, 30.4 (CH3CH4CH(CHs)2), 68.4,
71.3 (FsSNCHPhCHPhNH>), 78.7, 79.8, 83.3, 84.7, 94.8, 106.3 (CH3CsH4sCH(CHa),), 126.8, 127.0,
127.4,127.9, 128.2, 138.8. Anal. Calcd for [C30H2sFsIrN>0,S]: C, 50.60; H, 3.96; N, 3.93; Found: C,
50.50; H, 3.84; N, 3.94%.

Synthesis of Ru [k?(N,N")-(S,S)-FsSNCHPhCHPhNH](p-cymene) ((S,S)-Rulb).
F A solution of [RuClz(n8-p-cymene)]. (122.6 mg, 0.20 mmol), FsDPEN (177.1

" " mg, 0.40 mmol) and KO(CH3); in CH>Cl, (10 mL) was stirred at room
F F temperature for 15 min. The resulting purple-solution was then evaporated
Catls., Efz under reduced pressure and purified by extraction with toluene (15 mL) and
Ru subsequent evaporation to give a purple solid of (5,5)-Rulb (141.2 mg, 0.21

Cefs E mmol), 52% yield.

<another method>

A solution of (5,8)-Rula (569.7 mg, 0.80 mmol) and KO(CH3); (133.3 mg, 1.19 mmol) in CH,Cl,

238



#
~
1
b
%‘f
I

(16 mL) was stirred at room temperature for 15 min. The resulting purple-suspension was filtered
and evaporated under reduced pressure. Then the resultant purple solid was purified by extraction
with toluene. Although purple crystals (279.3 mg) suitable for the single X-ray crystallography were
obtained after recrystallized from CH,Cl, (5 mL)/ hexane (50 mL), 'H and '’F NMR showed several
mixtures’ signals, (S,S)-Rula, (S,S)-Ru20, and other compound (in 'F NMR, 50.3%, 28.7%,
21.1%).

'"H NMR (399.8 MHz, CD,Cl,, rt., dppm): 1.31, 1.38 (each d, *Jun = 6.7, 7.0 Hz, 3H;
CH3CeHsCH(CHa)2), 2.39 (s, 3H; CH3CeHisCH(CHs)2), 2.84 (sept, 3Jun = 6.7 Hz, 1H;
CHsCeHsCH(CHa3)2), 3.95 (d, 3Juw = 5.1 Hz, 1H; FsNCHPhCHPhNH), 4.10 (s, IH;
FsNCHPhCHPhNH), 5.50, 5.61, 5.67, 5.82 (each d, 3Juu = 5.8, 6.1, 58, 6.1 Hz, 1H;
CH3CeH4CH(CHa)2), 7.02-7.39 (m, 10H; FsNCH(CeHs)CH(CeHs)NH); F NMR (376.2 MHz,
CDyCly, r.t., dppm): -161.0 (m, 2F; m-F), -152.4 (vtt 3Jpr = 20.2, 21.7 Hz, 3Jpr = 20.2, 21.7 Hz, “Jpr
=4.3-5.8 Hz, 1F; p-F), -134.3 (vdt 3Jrr = 21.7 Hz, *Jrr = 4.4-5.8 Hz, 2F; 0-F) ;

Synthesis of Cp*IrCl[x*(N,N’)-(S,S)-PfbsNCHPhCHPhNH;] ((S,S)-1r4a).
F A mixture of [(n°>-CsMes)IrCl(u-Cl)] (853.5 mg, 1.07 mmol), PfbsDPEN

" ] (947.8 mg, 2.14 mmol), and aqueous KOH (120.1 mg, 2.14 mmol, and water

F s6, F 5 mL) in CH2Cl; (40 mL) was stirred at room temperature for 17 h. The
CeHs.,, l\ll\ obtained yellow organic layer was washed with water and dried over Na;SOs,
CoHe )iN /lr\CI and subsequent. ev.aporatlon to (?ryne?ss afforded .a bright yellow Powder 1a.
H H After recrystallization by slow diffusion of Et,O in a CH>Cl, solution, yellow

crystals were isolated in 81% yield (1.391 g, 1.73 mmol). Further recrystallization from hot
methanol gave yellow needle crystals suitable for X-ray crystallography.

"H NMR (CD,Cl, r.t., dlppm): 1.74 (s, Cs(CHs3)s, 15H), 3.72 (t3Jun = 11 Hz, PfisNCHPhCHPhNH,
1H), 4.20 (br d 3Jun = 10 Hz, PfbsNCHPhCHPhNHH, 1H) , 4.43 (vt 3Jun = 10 Hz 3Jun = 14 Hz,
PfbsNCHPhCHPhNHH, 1H), 4.61 (d *Jun = 11 Hz, PfbsNCHPhCHPhNH, 1H), 6.89-6.97 (m, aryl,
7H), 7.17-7.21 (m, aryl, 3H); F NMR (CD>Cl,, r.t., ppm): -162.7 (vt *Jgr = 17.3 Hz 3Jpr = 23.1
Hz, m-F, 2F), -153.2 (dd *Jrr = 23.2, 17.3 Hz, p-F, 1F), -133.7 (d 3Jrr = 23.2 Hz, o-F, 2F) ; °F
NMR (THF-ds, r.t., dppm): -164.7 (m-F, 2F), -156.8 (p-F, 1F), -133.3 (o-F, 2F); *C{'H} NMR
(CD.Cly, r.t., dppm): 9.22 (Cs(CH3)s), 68.4 (PfosNCHPhCHPhNH,), 73.3 (PfbsNCHPhCHPhNHy),
86.3 (Cs(CH3)s), 121.9 (t 2Jcr = 12.4 or 16.3 Hz, Cpsipso, 1C), 127.1 (Ph group, 1C), 127.2 (Ph group,
2C), 127.4 (Ph group, 2C), 128.1 (Ph group, 2C), 128.9 (Ph group, 3C), 137.0 (Cpfiers, 2C), 138.2
(Crhipso, 1C), 139.3 (Crhipso, 1C), 141.5 (Copara, 1C), 144.1 (dd 'Jcr = 256.9 Hz, Crtormo, 2C); Anal.
Calcd for [C30H29CIF5IrN20,S]: C, 44.8; H, 3.63; N, 3.48; Found: C, 44.46; H, 3.59; N, 3.30%.
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Synthesis of Cp*Ir[k*(N,N’)-(S,S)-PfbsNCHPhCHPhNH] (Ir4b).
F A KOH (128.9 mg, 2.30 mmol) solution in 5 mL of water was added to 1a
F F (1.385 g, 1.72 mmol) in CH2Cl; (40 mL) at room temperature. After stirring at
room temperature for 15 min, the purple organic layer was washed with water

(3 mL x 3), dried over Na;SO4 and further dried by CaH,. The resulting
CeHs .,

F F
o
N

)i Ny dehydrated solution was evaporated to dryness to afford a red-purple solid 2a
’T‘/
H

CeHs (1.197 g, 1.56 mmol). Recrystallization from Et;O gave red-purple crystals
suitable for X-ray crystallography.; '"H NMR (CD>Cl,, r.t., dppm): 1.95 (s,
Cs(CHs)s, 15H), 4.03 (s, CsFsSONCHPhCHPhNH, 1H), 4.06 (d 3Jun = 4.2 Hz,
CsFsSO2NCHPhCHPhNH, 1H), 5.39 (br, CeFsSO.NCHPhCHPhNH, 1H), 6.97-7.07 (m, aryl, 1H),
7.10-7.15 (m, aryl, 4H), 7.21-7.25 (m, aryl, 1H), 7.29-7.33 (4, aryl, 2H), 7.56-7.58 (d, aryl, 2H); 'H
NMR (THF-ds, r.t., dppm): 1.96 (s, Cs(CH3)s, 15H), 4.00 (d, CeFsSO.NCHPhCHPhNH, 1H), 4.09
(s, P CeFsSO2NCHPhCHPhNH, 1H), 6.18 (br, CeFsSO2,NCHPhCHPhNH, 1H), 6.97-7.23 (m, aryl,
8H), 7.58 (d, aryl, 2H); 'F NMR (CD,Cl, r.t., d/ppm): -160.6 (vt *Jpr = 17 Hz 3Jgr = 23 Hz, m-F,
2F), -151.7 (t 3Jrr = 23 Hz, p-F, 1F), -134.2 (d 3Jsr = 23 Hz, o-F, 2F); ’F NMR (THF-ds, rt.,
dppm): -163.5 (m, m-F, 2F), -155.4 (tt 3Jpr = 17 Hz 3Jgr = 4.6 Hz,, p-F, 1F), -135.6 (td 3Jrr = 4.7 Hz
v = 23 Hz, o-F, 2F); BC{'H} NMR (CD:Cl, rt., dppm): 10.1 (Cs(CH3)s), 72.9
(CsFsSO2NCHPhCHPhNH?), 79.1 (CeFsSO2NCHPhCHPhNH?), 85.9 (Cs(CHz3)s), 117.7 (Cpfipso, 1C),
126.0 (Ph group, 2C), 126.5 (Ph group, 1C), 126.7 (Ph group, 1C), 127.1 (Ph group, 2C), 127.6 (Ph
group, 4C), 136.9 (Cptneta, 2C), 141.7 (Cpipara, 1C), 143.8 (Cptortho, 2C), 144.7 (Cphipso, 1C), 147.2
(Cphipso, 1C); Anal. Caled for [C31H30CLFsIrN2O,S]: C, 43.66; H, 3.55; N, 3.29; Found: C, 43.71; H,
3.39; N, 3.37%.

Synthesis of Ru[k3(N,N',0)-(S,S)-OCsFsSO.NCHPhCHPhNH:](p-cymene) ((S,S)-Ru2a).
To a premixed solution of [RuCla(n®-p-cymene)], (345.3 mg,

F Fc 0.564 mmol), FsDPEN (500.4 mg, 1.13 mmol) in CH>Cl, (29 mL),
HN—Ru,,
, | o KOH (734.9 mg, 13.1 mmol) and degassed-water (30 mL) were
CgHs" N
e S/ \8 A added and stirred at room temperature for 41 h. The resulting
CeHs 2 F

solution was then washed by water (CH,Cl, was added for 20 mL,
used water for washing was 30 mL X 2), dried with Na,SOs, filtered and evaporated under reduced
pressure. The resulting crude oil was washed with Et;O for 3 times. The resulting crude yellow
ocher-solid of (5,5)-Ru2o (601.9 mg, 0.893 mmol, 79%) was then purified by recrystallization from
CH,CL/Et;,O to yield orange crystals. Further crystallization from hot 2-propanol gave yellow
crystals which was suitable for single X-ray crystallography.
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<another method>

A solution of (S,5)-Rula (356.2 mg, 0.50 mmol) and KOH (271.0 mg, 4.83 mmol) and degassed
water (5 mL) in CH2Cl, (15 mL) was stirred at room temperature for 16 h. The resulting dark (brown
to purple) solution was then washed with water (3 mL X 5) and dried with Na,SO4. However, the '°F
NMR signals showed the mixtures (Rulb and Ru2e). So, the compounds were resolved in CH>Cl,
again in the presence of KOH (56.2 mg, 1.00 mmol) and degassed water (3 mL). After stirring for 19
h, the resulting dark brown solution was washed with water (3 mL X 5) and dried with Na,SO4 again.
The pure brown powder of Ru2o (312.2 mg, 0.463 mmol, 93% isolated yield) was then obtained
after evaporating the solvents

'"H NMR (399.8 MHz, CDCl3, r.t., dppm): 1.22, 1.32 (each d, *Jun = 6.7, 7.0 Hz, 3H; CH
CsH4CH(CHa)2), 2.03 (s, 3H; CH3CsH4CH(CHz3)2), 2.70 (sept, *Jun = 6.7 Hz, and br, each 1H;
CH3CeH4CH(CH3)2, RuOCeFsNCHPhCHPhNHH), 340 (t, 3Jus = xx Hz, 1H;
RuOCsFsNCHPhCHPhNH?>), 3.79 (d, 1H; RuOCsFsNCHPhCHPhNHy), 5.04, 5.29, 5.34, 5.59 (each
d, *Jun = 5.8, 6.2, 5.8, 5.8 Hz, 1H; CH3C6H4CH(CH3)2) , 6.01 (br d, *Jun = 7.0 Hz 1H;
RuOCeFsNCHPhCHPhNHH), 6.71-7.17, (m, 10H; FsNCH(CsHs)CH(CsHs)NH); °F NMR (376.2
MHz, CDCl, r.t., dppm): -176.0 (m, 1F;), -163.8 (m, 1F;), -157.9 (m, 1F;), -141.1 (m, 1F;) ; 'H
NMR (399.8 MHz, CD,Ch, rt., &ppm): 1.26, 1.36 (each d, 3Juw = 7.0, 7.0 Hz, 3H;
CH3CsH4CH(CH3)2), 2.14 (s, 3H; CH3sCeHsCH(CHz3)2), 2.77 (sept, *Jun = 6.7 Hz, 1H;
CH3CsH4CH(CHz3)2), 2.98 (t, *Jun = 10 Hz, 1H; RuOCsFsNCHPhCHPhNHH), 3.54 (t, *Jun = 10.7
Hz, 1H; RuOCsFsNCHPhCHPhNH>), 3.82 (d, 1H; RuOC¢FsNCHPhCHPhNH,), 5.20, 5.40, 5.56,
5.73 (each d, 3Jun = 5.5, 5.8, 5.5, 5.8 Hz, 1H; CHaCsH4CH(CHa)2) , 5.48 (br d, 3Juu = 7.3 Hz, 1H;
RuOCF4sNCHPhCHPhNHH), 6.78-6.80 (m, 2H; aryl), 6.86-6.88 (m, 2H; aryl), 7.03-7.04 (m, 3H;
aryl), 7.13-7.21 (m, 3H; aryl); "’F NMR (376.2 MHz, CD,Cl,, r.t., 8/ppm): -176.2 (m, 1F; B); -163.2
(dt, *Jrr = 20.2 Hz, “Jsr = 8.7, 7.2 Hz, 1F; D); -158.3 (td, 3Jrr = 21.8, 21.7 Hz, “Jrr = 3.1, 2.9 Hz, IF;
C); -141.1 (ddd, *Jrr = 27.4 Hz, “Jrr = 2.9, 4.3 Hz 1F; A); BC{'H} NMR (100.5 MHz, CD,Cl, r.t.,
oppm): 17.9, 21.5, 22.8, 30.7 (CH3CeHsCH(CHs)2), 69.3, 71.8 (FsNCHPhCHPhNH>), 81.4, 82.0,
83.2, 86.0, 95.4, 102.3 (CH3CgH4CH(CHs3)2) ,116.3 (Cps, 1C), 126.4 (Ph group, 1C), 127.4 (Ph group,
4C), 127.6 (Ph group, 2C), 128.3 (Ph group, 1C), 128.4 (Ph group, 2C), 138.7 (Cphipso, 1C),
144.4(Cphipso, 1C), 131.0 (Cps, 1C), 141.2 (Cpy, 1C), 142.2 (Cpy, 1C), 145.0 (Cpr, 1C), 152.7 (Cps, 1C).
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Synthesis of Cp*[i}(N,N',0)-(S,S)-OCsFsSO.NCHPhCHPhNH:] ((S,S)-1r5a).
A solution of [Cp*IrCl;]2 (159.0 mg, 0.20 mmol), FsDPEN (176.5

F mg, 0.40 mmol) and KOH (67.7 mg, 1.21 mmol) in THF (10 mL)

HZN_"”'/,O F and degassed-water (10 mL) was stirred under reflux conditions for
CeHs™" N—g F 18 h. The resulting solution was then evaporated and dissolved in
CeHs O F CHxCl> (100 mL) and purified by flash- chromatography. The

resulting crude yellow solid was washed by Et,O and recrystallization from THF/Et,O, which
affords yellow crystals suitable for single X-ray crystallography. '"H NMR (399.8 MHz, CD:Cl, r.t.,
dlppm): 1.60 (s, 15H; Cs(CHs)s), 3.57 (m, 1H; IrOC¢FsNCHPhCHPhNH,), 3.82 (br dd, 3Juu = 10.7,
13.1 Hz, 1H; IrOCcFsNCHPhCHPhNHH), 4.45 (d, *Jun = 11 Hz, 1H; IrOC¢FsNCHPhCHPhNH,),
4.92 (br d, *Jun = 7.9 Hz, 1H; RuOCcFsNCHPhCHPhNHH), 6.83-6.88, 7.05-7.11, 7.15-7.25 (each m,
4H, 3H, 3H; IrOC¢FsNCH(CgHs)CH(CsHs)NHy); F NMR (376.2 MHz, CD,Cly, r.t., Slppm): -175.8
(m, 1F;), -162.7 (dt, 3Jrr = 23.2 Hz, *Jrr = 8.6, 8.7 Hz, 1F;), -158.1 (t, *Jrr = 26.0, 20.2 Hz, 1F;),
-141.2 (d, 3Jrr = 26.0 Hz, 1F;) ; BC{'H} NMR (CD:Cl, r.t., dppm): 8.59 (Cs(CH3)s), 70.6
(RSO2NCHPhCHPhNH>), 72.7 (PfbsNCHPhCHPhNH>), 85.2 (Cs(CHzs)s), 118.1 (Cps 1C), 126.5
(Ph group, 1C), 127.3 (Ph group, 4C), 127.7 (Ph group, 2C), 128.6 (Ph group, 2C), 128.8 (Ph group,
1C), 131.5 (Pf group, 1C), 138.1 (Ph group, Cips, 1C), 140.7 (Pf group, 1C), 140.9 (Pf group, 1C),
143.8 (Ph group, Cip, 1C), 144.9 (Pf group, 1C), 150.5 (Pf group, 1C).Anal. Caled for
[C30H29F4IrN2O3S]: C, 47.05; H, 3.82; N, 3.66; Found: C, 47.39; H, 4.0; N, 3.32%.

Synthesis of Ru[i3(N,N*,N)-(S,S)-OCsF4SO,NCHPhCHPhNH:](p-cymene) ((S,S)-Ru2b).
A premixed solution of [RuCla(n®-p-cymene)]. (520.9 mg, 0.851
mmol), FsDPEN (752.4 mg, 1.701 mmol) and NaNH; (292.6 mg,

HzN—RU ., H
Cote™ ‘N 7.5 mmol) in THF (65 mL) was stirred at room temperature for 38 h.
82 The resulting solution was then evaporated and dissolved in CH,Cl,
CeHs

and washed with water. After evaporating the solvent, the resulting
crude solid was washed with Et,O for 3 times and afforded a brown powder of (S,S)-Ru2b (802.6
mg, 1.19 mmol, 70%). Recrystallization from hot methanol gave a small amount of orange crystals
which was suitable for single X-ray crystallography. "H NMR (399.8 MHz, CD-Cl,, r.t., &/ppm):
1.28, 1.31 (each d, *Jun = 7.0 Hz, 3H; CH CsH4CH(CH3)2), 2.21 (s, 3H; CH3CsH4CH(CHa)2), 2.72 (t,
3Jun = 12 Hz, 1H; RuNHC¢FsNCHPhCHPhNHH), 2.84 (sept, 1H; CH3CsH4CH(CHs3)2), 3.28 (d,
3Jun = 5 Hz, 1H; RuNHCeFsNCHPhCHPhNHH), 3.61 (t, *Juu = 11 Hz, 1H;
RuNHC¢FsNCHPhCHPhNH,), 3.77 (d, 3Jun = 11 Hz, 1H; RuNHCsFsNCHPhCHPhNH,) , 4.96 (br d,
3Jun = 9.7 Hz, 1H; RuNHC¢FsNCHPhCHPhNHS>), 5.22, 5.30, 5.39, 5.49 (each d, *Jun = 5.8, xx, 6.1,
5.8 Hz, 1H; CH3C6H4CH(CH3)2), 6.75-6.77, 6.88-6.90, 7.04-7.05, 7.12-7.19 (each m, 2H, 2H, 3H,
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3H; aryl); 'F NMR (376.2 MHz, CD:Cl,, r.t., d/ppm): -182.5 (m, 1F; C), -165.2 (m, 1F; D), -159.4
(td, 3Jrr = 23 Hz, “Jrr = 6.3 Hz, “Jun = 4.3 Hz,, 1F; B), -140.7 (d, Jrr = 24.6 Hz, 1F; A) ; BC{'H}
NMR (100.5 MHz, CD:Cly, r.t., dppm): 18.0, 22.3, 22.7, 30.5 (CH3CeH4CH(CHs3)2), 69.6, 72.0
(FsNCHPhCHPhNH>), 82.5, 82.8, 83.2, 84.6, 97.8, 104.1 (CH3CsHsCH(CHs3).), 126.1 (Ph group,
1C), 127.2 (Ph group, 2C), 127.4 (Ph group, 2C), 127.7 (Ph group, 2C), 128.2 (Ph group, 1C), 128.3
(Ph group, 2C), 138.8 (Crhipso, 1C), 144.9 (Crhipso, 1C) ,107.7 (Cpt, 1C), 127.8 (Cpy, 2C), 138.6 (Cps,
1C), 141.4 (Cpr, 1C), 144.4 (Cp, 1C), 146.4 (Cps, 1C). Anal. Caled for [CsoH20F4N302RUS]: C,
53.56; H, 4.35; N, 6.25;

Synthesis of Cp*[k3(N,N*,N”’)-(S,S)-OCsF4sSO.NCHPhCHPhNH] ((S,S)-1r5b).

A solution of [Cp*IrClz]2 (299.5 mg, 0.376 mmol), FsDPEN (332.3

mg, 0.75 mmol) and NaNH; (75.2 mg, 1.93 mmol) in THF (30 mL)
H2N—||I’ ,,,,, Y ﬁ/j was stirred under reflux conditions for 16 d. The resulting orange

CeHs™™ N—g F solution was then evaporated and dissolved in CH,Cl, and purified

by flash-column chromatography under air. The resulting crude

yellow solid was washed by Et,O and dried under reduced pressure to give a pure yellow powder.

"H NMR (399.8 MHz, CD:Cly, r.t., d/ppm): 1.73 (s, 15H; Cs(CHs)s), 3.44 (br d, 2Jun = 4.9 Hz, 1H),

3.63-3.65 (m, 2H), 4.20 (br, 1H), 4.32 (m, 1H), 6.87 (d, 2H, Ph group), 6.94, .7.06-7.14, 7.20-7.29,

each m, 2H, 3H, 3H; Ph group); '°F NMR (376.2 MHz, CD,Cl, r.t., d/ppm): -182.7 (m, 1F;), -164.5
(m, 1F;), -159.0 (m, 1F;), -140.8 (m, 1F;).

Representative procedures for asymmetric transfer hydrogenation of acetophenone derivatives

under the conditions of S/C =200, 30 °C, and 24 h.

A mixture of a—hydroxyacetophenone (271.2 mg, 1.99 mmol) and the catalyst Ru2a (7.2 mg,
0.0101 mmol) in a 5:2 formic acid-triethylamine azeotrope (1.0 mL) was stirred at 30 °C for 24 h.
The yield was determined by 'H NMR using durene (67.1 mg, 0.50 mmol) as an internal standard.
(1,3,5-trimethoxybenzene (84.2 mg, 0.50 mmol) was used as an internal standard in the transfer
hydrogenation of acetophenone, p-fluoroacetophenone or p-methoxyacetophenone,.) After the
reaction mixture was filtered with a PP membrane filter, the filtrate was extracted with ether and then
washed with water. After the evaporation of the organic layer, the ee value was determined by

HPLC.
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HPLC data
OH

©)\/O H
1-phenylethan-1,2-diol

Chiralcel OB; eluent, 2-propanol-hexane (1:99); temp, 35 °C; flow rate, 1.0 mL/min; detection
220-nm light; retention time of R isomer, 28.3 min; tR of S isomer, 39.9 min

ref) Matharu, D. S.; Morris, D. J.; Kawamoto, A. M.; Clarkson, G. J.; Wills, M. Organic Lett. 2005,
7, 5489.

Synthesis of Ru(BF4)[x3(N,N*,N)-(S,S)-NHCsFsSO,NCHPhCHPhNH:](p-cymene) ((S,S)-Ru2c).
_l BF, 1o a premixed solution of (S,S)-Ru2n (101.7 mg, 0.15 mmol)
in CH2Cl, (15 mL), HBF4 * Et;O (28.8 mg, 0.173 mmol) was

H.N—Ru,, F ]
. ‘N added and stirred at room temperature for 1 h. The solvent
CeHs"" N F
\8 was removed under vacuum and the resulting yellow powder
CeHs z F

was washed with hexane (3 mL<2). The obtained yellow
powder (S,S)-Ru2nHBF4 (87.2 mg, 0.11 mmol, 76% isolated yield) was characterized as an
analytically pure product. '"H NMR (399.8 MHz, CD,Cl,, r.t., &/ppm): 1.33, 1.39 (each d, *Jun = 6.7
Hz, 3Juu = 7.0 Hz, each 3H; CH3CsH4CH(CHs3)2), 2.22 (s, 3H; CH3CsH4CH(CHz3)2), 2.96 (sept, *Jun
=7 Hz, 1H; CH3Ce¢HsCH(CHs3)2) , 3.43 (dd, each *Jun = 13 Hz, 1H; RSO,NCHPhCHPhNHH), 3.72
(td, 3Jun = 12 Hz, “Jun = 3 Hz, 1H; RSO,NCHPhCHPhNH,), 3.97 (d, *Jun = 11 Hz, 1H;
RSO,NCHPhCHPhNH?>), 5.13 (br d, 2/un = 12 Hz, 1H; C¢FsNHHRU), 5.33 (d, 3Juu = 5.8 Hz, 1H;
CH3CeH4CH(CHa)2), 5.59-5.66 (m, 3H; CH3CgH4CH(CHs)2, RSO.NCHPhCHPhNHH), 6.15 (br d,
2Jun = 13 Hz, 1H; CeF4sNHHRU), 6.79 (d, 3Jun = 6.7 Hz, 2H; aryl) , 6.97-7.00 (m, 2H; aryl) ,
7.14-7.22 (m, 6H; aryl); °F NMR (376.2 MHz, CD,Cl, r.t., d/ppm): -153.6 (dd, *Jrr = 21 Hz, 3Jpr =
22 Hz, 1F;), -148.7 (ddd, 3J¢r = 21 Hz, 3Jrr = 21 Hz, “Jsr = 6-7 Hz, 1F;), -146.1 (dd, *Jrr = 17 Hz,
4Jrr = 10 Hz, 1F;), -133.7 (m, 1F;), -146.7 (s, 4F; BF}).
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Synthesis of Ru(OTf)[13(N,N*,N)-(S,S)-NHCsF4SO,NCHPhCHPhNH:](p-cymene)
((S,S)-Ru2d).
_|0Tf (S,5)-Ru2d was synthesized from the reaction of Ru2b and

HoN—Ru,, 1, F T{OH (1 equiv) or the reaction with Ru4a and AgOTf.
‘N
CGHE’“NS/'!I\S F "H NMR (399.8 MHz, CD,Cl,, r.t., ppm): 1.32, 1.40 (each d,
CeHs Oz F 3Jun = 6.7, 7.0 Hz, each 3H; CH3CsH4CH(CHs)2), 2.22 (s, 3H;
Ru2n* CH3CeH4CH(CH3)2), 2.93 (sept, *Juw = 7.0 Hz, 1H;

CH3CeH4CH(CHa)2), 3.71 (dd, each i = 10.3 Hz, 1H; RSO;NCHPhCHPhNH,), 4.11 (d, i =
10.4 Hz; RSO,NCHPhCHPhNH>), 4.20 (dd, 3Jus = 13.4 Hz, 1H; RSO.NCHPhCHPhNHH), 5.29
(1H; CsFsNHHRU), 5.59 (br d, 3/ = 11 Hz, 1H; RSO;NCHPhCHPhNHH), 5.35, 5.96 (each d, each
I1H; CHiCsHsCH(CH3)2), 5.66 (s, 2 = 13 Hz, 1H; CHsCeHsCH(CHs)2), 6.52 (br, 1H:
CsFsNHHRuU) , 6.89 (d, 2H; aryl) , 6.98 (m, 2H; aryl), 7.12-7.23 (m, 6H; aryl); '°F NMR (376.2
MHz, CD:Cla, .t., dlppm): -153.7 (m, 1F;), -149.4 (m, 1F;), -146.0 (m, 1F; ), -133.4 (m, 1F;), -77.7
(s, 3F;CF3); BC{'H} NMR (1005 MHz, CD:Ch, rt, &ppm): 17.8, 22.4, 22.6, 303
(CH3CeH4CH(CHs)2), 68.9, 73.3 (RSO,NCHPhCHPhNH,), 83.3, 82.6, 83.6, 85.7, 100.2, 104.2
(CH3CeH4CH(CHa)2), 127.0, 127.3, 127.4, 128.1, 128.9, 129.1 (Ph group, 10C), 136.6 (Cphipso, 1C),
141.9 (Cphipso, 1C).

Synthesis of Ru(BF4)[x3(N,N*,N)-(S,S)-NHCsFsSO,NCHPhCHPhNH:](p-cymene) ((S,S)-Ru2e).

To a premixed solution of (S,S)-Ru2b (135.0 mg, 0.20 mmol) in CH>Cl,
(10 mL), HCI (in 1M diethyl ether solution) (0.24 mL, 0.24 mmol) was
added and stirred at room temperature for 2 h. The solvent was removed
under vacuum and the resulting orange powder was washed with hexane (3
mL X2). A pure (S,5)-Ru2a was obtained after recrystallization from hot
DME or hot methanol. '"H NMR (399.8 MHz, CD,Cl,, r.t., dppm): 1.37,
1.40 (each d, *Jun = 6.7 Hz, 3Jun = 7.0 Hz, each 3H; CH3CsH4CH(CHj3)2),
2.42 (s, 3H; CH3CsH4CH(CHs3)2), 3.08 (sept, *Jun = 6.8 Hz, 1H; CH3CsH4sCH(CHz3)2) , 3.75 (2H;
RSO;NCHPhCHPhNHH), 3.94 (m, 1H; RSO,NCHPhCHPhNH>), 4.94 (s, 2H; CsF4sNH>), 5.02 (br,
1H; RSO>NCHPhCHPhNHH), 5.56, 5.59, 5.68 (each d, 3Jun = 5.5, 5.8, 6.1 Hz, 1, 1, 2H;
CH3CsH4CH(CH3)2), 6.74-6.82, 6.86-6.88, 7.08-7.14 (each m, 5, 2, 3 H; aryl); 'F NMR (376.2 MHz,
CDyCly, rt., /ppm): -177.4 (m, 1F), -163.3 (dt, *Jer = 20 Hz, *Jrr = 5.8, 8.6 Hz, 1F), -156.9 (td, 1F,
3Jrr=21.7,20.2 Hz, *Jrr = 5.8 Hz), -133.4 (dt, IF, *Jer = 24.6 Hz, “Jrr = 5.8, 7.2 Hz); *C{'H} NMR
(100.5 MHz, CDyCl,, rt., dppm): 18.4, 22.0, 22.6, 30.7 (CH3CsHsCH(CHa3)2), 67.9, 71.8
(RSO,NCHPhCHPhNHy), 78.6, 79.5, 83.2, 85.0, 95.1, 105.8 (CH3Ce¢H4CH(CHz)2), 127.0, 127.1,
128.5, 128.7(Ph group, 10C), 138.0 (Cphipso, 1C), 138.6 (Cphipso, 1C). Anal. Calcd for
[C30H30F4N302RuS]: C, 50.81; H, 4.26; N, 5.93; Found: C, 51.13; H, 4.28; N, 5.84%.
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Reaction of Ru2b with formic acid.

HCOOH (1.2 mml) was added to a pre-mixed CD>Cl; solution (0.45 mL) in a NMR tube in an iced
methanol bath (-60 °C). The reaction was monitored by '"H NMR and 'F NMR immediately at -30
°C.

Reaction of Ru2a with formic acid.
To a powder of the (S,S)-Ru4o (13.1 mg, 0.019 mmol), a pre-mixed solution of formic acid (0.8 uL)
in CD,Cl, (0.45 mL) was added at room temperature. The reaction was monitored br 'H and '°F

NMR.
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Chapter 4

Synthesis of Cp*HIr[k2(N,N’)-(S,S)-FsNCHPhCHPhNH;] (Irdc).

F Formic acid (9.5 mg, 0.21 mmol) was added to a THF (10 mL) solution of

" " 2a (153.7 mg, 0.200 mmol) at —30 °C. A readily formed yellow solution was

F 50, F stirred for 20 min below —30 °C, and the solvent was removed under reduced
CeHs., l{l\k\ pressure. The resulting pale yellow powder was washed with cold Et;O (3 mL
CeHs ,N\/ Ir\H x 2) and dried in vacuo to give the hydrido complex 3a in 55% isolated yield

(84.6 mg, 0.110 mmol). All the manipulation of 3 must be done under —30 °C
because 3a is thermally unstable and accessible to the complex 4 (vide infra).; '"H NMR (THF-ds, —
30 °C, dlppm): -11.4 (br, IrH, 1H), 1.87 (s, Cs(CHsz)s, 15H), 3.59 (Although overlapped with THF,
the peak was confirmed by HH-COSY spectrum, CeFsSO,NCHPhCHPhNH,, 1H), 4.43 (d *Jun = 9.2
Hz, CéFsSO.NCHPhCHPhNH,, 1H), 5.18 (d *Juu = 8.5 Hz, CeFsSO2NCHPhCHPhNHH, 1H), 5.61
(dd *Jun = 10.5, 11.3 Hz, C¢FsSO,NCHPhCHPhNHH,1H), 6.96-7.02 (br, aryl, 7H), 7.14 (br, aryl,
3H); 'F NMR (THF-ds, r.t., dppm): -163.8 (t 3Jrr = 23 Hz, m-F, 2F), -156.1 (t 3Jrr = 23 Hz, p-F,
1F), -132.2 (br, o-F, 2F); BC{'H} NMR (THF-ds, rt., d&ppm): 10.9 (Cs(CHs)s), 71.9
(CsFsSO,NCHPhCHPhNH3), 76.7 (CeFsSONCHPhCHPhNH,), 87.7 (Cs(CHs)s), 121.9, 127.5,
128.7,129.1, 129.2, 129.6, 137.1, 139.8, 142.0, 144.4, 146.9.

Synthesis of Cp*IrCl[x*(N,N’)-(S,S)-CsHFsSO;NCHPhCHPhNH;] (Ir7a).

e A mixture of [(M>CsMes)IrfCl(u-Cl)l. (877.0 mg, 1.10 mmol),
FS FP CeFsHSO,DPEN (934.1 mg, 2.20 mmol), and aqueous KOH (140.8 mg, 2.51
H Fe mmol, and water 2 mL) in CH>Cl, (25 mL) was stirred at room temperature

SO, for 4 h. The obtained yellow organic layer was washed with water (2 mL X5),
CoHs.,, N~ N
Ir

dried over Na,SOs, and subsequent evaporation to dryness afforded a bright
CeHs /N\H \Cl yellow powder 1b. After recrystallization from hot methanol gave orange

crystals (1.52362 g, 1.95 mmol), 89% isolated yield.; '"H NMR (CDCl,, r.t.,
dppm): 1.75 (s, Cs(CHs)s, 15H), 3.73 (ddd 3Jun = 13 Hz 3Juu = 11 Hz 3Juu = 3.0 Hz,
CoF4HSO2NCHPhCHPhNH2, 1H), 4.23 (d *Jun = 10.0 Hz, CeFsHSO.NCHPhCHPhNHH, 1H), 4.45
(br d 3Jun = 12 Hz, CegFsHSO,NCHPhCHPhNH,, 1H) , 448 (d *Jun = 11 Hz,
CsF4sHSO.NCHPhCHPhNHH, 1H), 6.80-6.81 (m, aryl, 2H), 6.84-6.87 (m, aryl, 3H) , 6.95-6.97 (m,
aryl, 2H), 7.15-7.19 (m, aryl, 3H); '°F NMR (CD:Cl, r.t., S/ppm): -155.8 (vt 3Jer = 20 Hz 3Jpr = 22
Hz, F?* 1F), -153.1 (m, F°, 1F), -139.8 (m, F®, 1F) , -132.5 (m, F* 1F) These peaks were
characterized based on the homodecoupling experiment (See Figure S); BC{'H} NMR (CD:Cl, r.t.,
dlppm): 9.26 (Cs(CH3)s), 68.7 (CeFsaHSO,NCHPhCHPhNHy), 73.2 (CeF4HSO.NCHPhCHPhNHy),
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86.1 (Cs(CHs)s), 113.1 (d, 2Jcr = 22 Hz, Chipso, 1C), 127.1, 127.2, 127.4, 128.5, 128.8, 130.3 (t 2cr
=15.3 Hz, Cotorthoy, 1C), 138.3 (Chhipso), 138.7 (Conipso), 142.3 (12, 2Jcr = 13.4 Hz, Cpy, 1C), 143.7 (d,
2Jce = 10.6 Hz, Cpg, 1C), 144.7 (12, %Jcr = 10.6 Hz, Cpr, 1C), 146.1 (d, 2Jcr = 12.5 Hz, Cpr, 1C); Anal.
Caled for [C3oH30CIF4ITN,0,S]: C, 45.82; H, 3.85; N, 3.56; Found: C, 45.90; H, 3.81; N, 3.65%.

Synthesis of Cp*Ir [K2(V,N")-(S,S)-CsHFSO,.NCHPhCHPhNH] (Ir7b).

c A KOH (40.3 mg, 0.718 mmol) solution in 2 mL of water was added to 1b

tl): T dF (393.2 mg, 0.50 mmol) in CH>Cl, (15 mL) at 0 °C. After stirring at room
ap He temperature for 15 min, the purple organic layer was washed with water (2 mL
S0, x 5), dried over Na;SOy4 and further dried with CaH,. The resulting dehydrated

(320.7 mg, 1.56 mmol).; 'H NMR (CD,Cl, r.t., dppm): 1.95 (s, Cs(CHs)s,
15H), 3.94 (s, C¢FsHSONCHPhCHPhNH, 1H), 4.04 (d 3Jun = 4.6 Hz,
CeF4HSO2NCHPhCHPhNH, 1H), 5.37 (br, C¢FsHSO,NCHPhCHPhNH, 1H), 7.05-7.16 (m, aryl,
6H), 7.19-7.23 (m, aryl, 1H), 7.21 (m, aryl. 1H), 7.30 (m, 2H; aryl), 7.55 (d *Jun = 7.3 Hz, 2H; aryl);
'H NMR (THF-ds, rt, dppm): 196 (s, Cs(CHs)s, 15H), 3.98 (overlapped,
CeF4sHSO,NCHPhCHPhNH and CeF4sHSO.NCHPhCHPhNH, 2H), 6.13 (br,
CeFsHSO,NCHPhCHPhNH, 1H), 6.99-7.21 (m, aryl, 9H), 7.55 (d 3Juu = 7.7 Hz, aryl, 1H); '°F
NMR (CD,Cl, r.t., dppm): -151.9 (m, 1F), -151.7 (t *Jrr = 23 Hz, 1F), -139.4 (m, 1F), -130.6 (m,
1F); '9F NMR (THF-ds, r.t., Sppm): -154.2 (m, 1F), -153.4 (vt 3Jgr = 20 Hz 3Jsr = 23 Hz, 1F),
-140.9 (m, 1F), -131.1 (m, 1F); “C{'H} NMR (CD.CL, rt, &ppm): 10.1 (Cs(CHs)s), 73.2
(C6F4HSO,NCHPhCHPhNH), 79.3 (C¢FsHSO,NCHPhCHPhNH), 85.8 (Cs(CH3)s), 111.5 (d 3Jcr =
21 Hz, Cpecna, 1C), 126.1 (2C, Ph group), 126.6 (2C, Ph group), 127.1 (2C, Ph group), 127.6 (4C, Ph
group), 140.3 (Crs, 2C), 141.5 (Cps, 2C), 145.1 (dd 'Jer = 249.2 Hz 2Jcr = 9.6 Hz, Crpr, 2C), 145.3
(Cphipso, 1C), 146.8 (Crhipso, 1C). ; Anal. Caled for [C30H20F4IrN>0,S]: C, 48.05; H, 3.90; N, 3.74;
Found: C, 47.84; H, 4.05; N, 3.62%.

|
CeHs IN\ E§ solution was evaporated to dryness to afford a red-purple solid 2b in 86%
Ir
N

Synthesis of Cp*HIr[x*(V,N’)-(S,5)-CsFsHSO,NCHPhCHPhNH;] (Ir7c).

E Formic acid (6.6 mg, 0.143 mmol) was added to a THF (6.5 mL) solution of
2b (100.7 mg, 0.134 mmol) at room temperature. A readily formed yellow
F H solution was stirred for 5 min, and the solvent was removed under reduced
?02\* pressure. The resulting pale yellow powder was washed with hexane (2.5 mL

. x 3) and dried in vacuo to give the hydrido complex 3b in 62% isolated yield
CeHs™ N H (62.3 mg, 0.0829 mmol). Recrystallication from methanol gave pale yellow
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crystals.; '"H NMR (THF-ds, 0 °C, dppm): -10.9 (br, IrH, 1H), 1.87 (s, Cs(CH3)s, 15H), 3.63 (m,
CeF4sHSONCHPhCHPhNH2, 1H), 4.35 (d 3Jux = 9.5 Hz, CéF4HSO.NCHPhCHPhNHz, 1H), 5.02
(br d 3Juu = 9.9 Hz, Ce¢FsHSO,NCHPhCHPhNHH, 1H), 548 (br dd *Jun = 11, 12 Hz,
CeF4sHSO,NCHPhCHPhNHH,1H), 6.92-7.00 (m, aryl, 7H), 7.11-7.13 (m, aryl, 3H), 7.37 (m, aryl,
1H); F NMR (THF-ds, 40 °C, dppm): -156.8 (1F), -156.1 (1F), -141.4 (1F), -131.5 (1F).; Anal.
Calcd for [C30H31F4IrN,O,S]: C, 47.93; H, 4.16; N, 3.73; Found: C, 47.92; H, 4.32; N, 3.69%.

Synthesis of Cp*HIr[x?(V,N’)-(S,S)-CsFsHSO:NCHPhCHPhNH:| (Ir7d).
. F FTOTf A solution of 1b (157.8 mg, 0.20 mmol) and silver triflate (61.9 mg, 0.241

mmol) in CH2Cl, (10 mL) was stirred for 1 h. The resulting red solution was

H F

SO, filtered through filterpaper, and the solvent was removed under reduced
CeHs ., N . .
6Hs /[ )r%)}_ pressure. Recrystallization of the obtained red powder gave red crystals of
Cafts™ N Ir2g (76.9 mg, 0.0855 mmol, 43%).; 'H NMR (CD:Cl, 1t, dppm): 1.87 (s,

Cs(CH3)s, 15H), 435 (d 3Jun = 4.5 Hz, CgF4HSO.NCHPhCHPhNH,, 1H), 4.61 (s,
CeF4HSO,NCHPhCHPhNH2, 1H), 5.18 (br d *Jun = 9.7 Hz, CeF4HSO,NCHPhCHPhNHH, 1H),
6.08 (d *Juu = 13 Hz, CeFsHSO,NCHPhCHPhNHH,1H), 7.09-7.11 (m, aryl, 2H), 7.13-7.15 (m, aryl,
2H), 7.19-7.29 (m, aryl, 5H), 7.30-7.36 (m, aryl, 2H); 'H NMR (THF-ds, rt, &/ppm): 1.93 (s,
Cs(CHs)s, 15H), 4.37 (dd 3Jun = 2.4, 2.5 Hz, CeFsHSO2NCHPhCHPhNH2, 1H), 4.60 (d *Jun = 1.8
Hz, CeF4HSO.NCHPhCHPhNH,, 1H), 6.31 (br d *Jun = 13 Hz, CsF4HSO,NCHPhCHPhNHH, 1H),
6.72 (br d 3Juu = 12 Hz, CeF4HSO,NCHPhCHPhNHH,1H), 7.15-7.20 (m, aryl, 6H), 7.25-7.26 (m,
aryl, 5H); 1F NMR (CD:Cly, r.t., dppm): -150.0 (dd 3Jir = 17, 26 Hz, 1F), -146.9 (br s, 1F), -136.6
(br's, 1F), -130.0 (br s, 1F), -77.8(s, 3F; OSO:CF3); 1°F NMR (THF—ds, r.t., Slppm): -151.9 (t 3Jrr =
23, 20 Hz, 1F), -150.1 (m, 1F), -138.8 (m, 1F), -130.7 (m, 1F), -78.0(s, 3F; OSO,CF3); 3C{'H}
NMR (CD:Ch, rt, &ppm): 102 (Cs(CHs)s), 67.0 (CsFsHSONCHPhCHPhNH,), 75.7
(CeF4HSONCHPhCHPhNHy), 92.0 (Cs(CH3)s), 112.6 (d 2Jcr = 21 Hz,Cpfipso, 1C), 126.0, 126.4,
128.4, 128.7, 128.8 (Ph goup), 135.9, 138.4 (Cpaipso); Anal. Caled for [CsHaoFITN205S2]: C, 41.38;
H, 3.36; N, 3.11; Found: C, 41.29; H, 3.36; N, 3.09%.
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Synthesis of Cp*Ir[kK2(V,N’,C)-(S,S)-CsF4sSO,NCHPhCHPhNH.]|(Ir6a).

[Synthesis A] Formic acid (9.2 mg, 0.200 mmol) was added to a THF

" (10 mL) solution of 2a (153.8 mg, 0.2 mmol) at room temperature. A

Nilr """ Q\ gradual change in the color of reaction mixture from yellow to red, then

Gells” g/ g \\ to purplish red, and orange indicated the generation of metallacycle 4.

CeH ..
° After stirring for 21 h, the solvent was removed under reduced pressure.

The resulting darkish orange solid was washed with hexane (3 mL x 3) and dried in vacuo. The
isolated yield was 89 % (133.5 mg). Yellow crystals suitable for X-ray crystallography were
successfully obtained after recrystallization by slow diffusion of Et,O into a CH>Cl, solution.

[Synthesis B]| Separately, metallacycle 4 (43.8 mg, 0.058 mmol, 60% isolated yield) was obtained
from a THF (5 mL) solution of the isolated hydrido-complex 3a (74.5 mg, 0.097 mmol), after

stirring for 23 h at room temperature.

'"H NMR (CD:Cl,, r.t., dppm): 1.79 (s, Cs(CHs)s, 15H), 3.25 (br dd 3Juu = 12, 12.7 Hz,
ArSONCHPhCHPhNHH, 1H), 3.58 (ddd 3Jun = 13.6 Hz *Jun = 2.8 Hz, ArSO2NCHPhCHPhNHz,
1H), 395 (d 3Jug = 10.9 Hz, ArSO,NCHPhCHPhNH,, 1H), 4.01 (d 3Jun = 10.2 Hz,
ArSO,NCHPhCHPhNHH, 1H), 6.83 (d 3Jun = 7.8 Hz, aryl, 2H), 7.03-7.13 (m, aryl, 5H), 7.18-7.26
(m, aryl, 3H); '"H NMR (THF-ds, r.t., ppm): 1.81 (s, Cs(CHs3)s, 15H), 3.55 (overlapped (confirmed
by COSY spectrum, ArSO,NCHPhCHPhNH,, 1H), 395 (br t 3Jug = 11 Hz,
ArSO;NCHPhCHPhNHH, 1H), 3.96 (d *Jun = 11 Hz, ArSO;NCHPhCHPhNH, 1H), 5.48 (br d *Jun
=9.9 Hz, 1H), 6.89-7.11 (m, aryl, 10H); 'F NMR (CD,Cly, r.t., d/ppm): -160.3 (dd *Jer = 18, 23 Hz,
F*, 1F), -153.3 (ddd 3Jrr = 29, 19 Hz, *Jkr = 2.9 Hz, F°, 1F), -144.1 (ddd 3Jrr = 38, 19 Hz, “Jrr = 2.9
Hz, F?, 1F), -121.8 (dd 3Jgr = 29, 17 Hz, FY, 1F); '9F NMR (THF—ds, r.t., Slppm): -163.5 (dd Jpr =
23, 23 Hz, F?, 1F), -156.7 (dd 3Jgr = 32, 23, 17 Hz, F°, 1F), -145.4 (vt 3Jgr = 23, 17 Hz, F?, 1F),
-122.0 (dd 3Jrr = 29, 17 Hz, FY, 1F); BC{'H} NMR (CD,Cly, r.t., d/ppm): 8.98 (s, Cs(CH3)s), 69.6 (s,
ArSO,NCHPhCHPhNH>), 75.3 (s, ArSO.NCHPhCHPhNH>), 88.7 (s, Cs(CH3)s), 125.4 (Cpr, 1C),
126.9, 127.8, 129.0 (Phgroup, 10C), 130 (Cps, 1C), 138.0 (Cps, 1C), 138.1 (Cphipso, 1C), 142.1 (Cphipso,
1C), 143.9 (Cpy, 1C), 148.7 (Cpg, 1C). Anal. Calcd for [C30H20F4IrN202S]: C, 48.05; H, 3.90; N, 3.74;
Found: C, 48.26; H, 3.88; N, 3.63%.
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Synthesis of the (S,5)-CsFsHSO:DPEN ligand.
F To a preformed THF solution (5 mL) of tetrafluorobenzene (1.48 g, 9.9 mmol),
Fj@:F hexane solution of "BuLi (11.2 mmol) was added dropwise at —80 °C. Then the
F $0, H obtained solution was added to a hexane solution of sulfuryl chloride at —80 °C. After
Ci stirring the mixture for 12 h at —80 °C to 0 °C, the solution was washed with water,
then purified by the GPC to give the CsFsHSO>Cl (718 mg, 2.89 mmol).; 'H NMR (CDCls, rt.,
dlppm): 7.70 (m, 1H); F NMR (CDCls, r.t., d/ppm): -148.3 (dd, *Jrr = 20 Hz, 1 F), -140.2 (m, 1F),
-133.4 (m, 1F), -130.9 (m, 1F); BC{'H} NMR (CDCls, r.t., d/ppm): 111.5 (d %Jcr = 22 Hz, Crstipso),
128.0 (HCrstormo), 141.7 (dt, 'Jer = 261.7 Hz, 2Jcr = 13-16 Hz), 145.3 (dd, 'Jcr = 263.6 Hz, 2Jcr =
12-15 Hz), 145.9 (dd, 'Jcr = 267.4 Hz), 146.3 (dd, 'Jcr = 255.9 Hz, 2Jcr = 9-11 Hz); HRMS (EI)
Calcd for CcHCIF40,S 247.9322, Found 247.9321.

(S,S)-CsFsHSO,NHCHPhCHPhNH; (FsHDPEN)

F To a preformed CH>Cl, (30 mL) solution of (S,S5)-DPEN (332 mg, 1.57 mmol) and
trimethylamine (204 mg, 2.01 mmol), a CH>Cl (10 mL) solution of FsfCl (387
mg, 1.57 mmol) was added dropwise at 0 °C and stirred for 7 h. After washing

HN  NHy  with water (20 mL X 3), the organic layer was dried over Na>SQOs, then the solvent
Ce"i;; CeHs Was removed under reduced pressure. Purification by silicagel-column
chromatography (Eluted by hexane/ethylacetate 10:1 to 1:1) afforded the desired
product of FSHDPEN as a white powder in 72% yield (474 mg, 1.12 mmol).; '"H NMR (CDCl;, r.t.,
dppm): 4.28 (d *Jun = 3.9 Hz, FsHCH(CsHs)NHCH(CsHs)NH,, 1H), 4.46 (d 3Jun = 3.7 Hz,
FsHCH(Cs¢Hs)NHCH(C6Hs)NH,, 1H), 7.11-7.27 (m, aryl, 7H), 7.31-7.32 (m, aryl, 4H); 'F NMR
(CDCl3, r.t., dlppm): -151.1 (dd, 3Jkr = 20 Hz, 1 F), -147.9 (m, 1F) , -137.1 (m, 1F), -132.4 (m, 1F);
BC{'H} NMR (CDCls, r.t., ppm): 59.6 (FS"NHCHPhCHPhNH,), 63.4 (FsS"NHCHPhCHPhNH,),
111.3 (dd 2Jcr = 22.0 Hz, *Jcr = 2.8 Hz, Crstipso), 124.7 (HCrstiorno), 126.1, 126.4, 127.6, 127.8,
128.3, 128.6, 139.1, 140.8, 140.5 (dt, 'Jcr = 235.8 Hz, 2Jcr = 13.5 Hz), 143.0 (dt, 'Jcr = 234.8 Hz),
143.9 (dd, 'Jer = 267.4 Hz, 2Jcr = 11 Hz), 145.7 (dd, 'Jer = 261.7 Hz, 2Jcr = 12 Hz); Anal. Calcd for
[C20H16F4N20,S]: C, 56.60; H, 3.80; N, 6.60; Found: C, 56.33; H, 3.78; N, 6.48%.
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Reaction of hydrido complex Ir4c with silyl reagents.

General procedure

[Method A]

To a preformed THF (10 mL) solution of the hydrido complex Irdc, which was synthesized by
treatment of the amido complex Ir4b (154.2 mg, 0.20 mmol) with formic acid (9.7 mg, 0.21 mmol)
for 1 h at -30 °C, triisopropylsilyl chloride (38.9 mg, 0.20 mmol) was added and stirred for 9 h at
room temperature. Then, the solvent was removed under reduced pressure and the resulting yellow
powder was washed with hexane (3 mL x 3). The product (127.5 mg) was a mixture of
chloro-complexes having C¢FsHSO.DPEN and CgFsSO.DPEN (69% yield, Ir7a:Irda = 5.9:1,
determined by '°F NMR).

[Method B]
Separately, the mixture of chloro-complexes was obtained by treatment of THF solution of the

isolated hydrido-complex 3a with triisopropyl silyl chloride.

Cp*Ir[k3(N,N’,C)~(S,S)-CeFsHSO,NCHPhCHPhNH;]| (Ir6b).

) '"H NMR (CD,Cly, r.t., dppm): 1.79 (s, Cs(CH3)s, 15H), 3.17 (br t 3Juu =
@ N\ F° 12 Hz,  ArSO;NCHPhCHPhNHH,  1H),  3.56  (m,

I,
HoN ! F° ArSO,NCHPhCHPhNHz, 1H), 377 (d 3hm = 11 Hz
W ~N
CeHsC:/ 5, H ArSO,NCHPhCHPhNH,, 1H), 4.09 (br d 3w = 10 Hz
615

ArSO,NCHPhCHPhNHH, 1H), 6.78 (d *Juy = 7.0 Hz, aryl, 2H),
7.00-7.03 (m, aryl, 2H), 7.07-7.23 (m, aryl, 7H); '"F NMR (CD:Cly, r.t., Sppm): -158.6 (ddd “Jur =
4 Hz *Jr = 18 Hz 3Jsr = 28 Hz, F?, 1F), -140.2 (d *Jsr = 19 Hz, F?, 1F), -118.1 (d *Jr = 28 Hz, F*,
1F); BC{'H} NMR (CD:Cly, .t., dppm): 9.03 (s, Cs(CHs)s), 69.2 (s, ArSO,NCHPhCHPhNH;), 75.4
(s, ArSO;NCHPhCHPhNH;), 88.5 (s, C5(CHs)s), 110.0 (dd 3Jcr = 2.9, 17 Hz,Ceiipso, 1C), 126.8,
126.9, 127.8, 127.9, 128.9, 129.0 (Phgroup, 10C), 138.3 (Cpr, 1C), 142.2 (Cphipso, 1C),
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Chapter 5
(1) F NMR characterization data for the transfer hydrogenation products

2a (2,3,5,6-tetrafluoropyridine)'

Fe_N._F
|\
FN F
H

19F NMR (CDCL, r.t., dlppm): -140.3 (m, 2F), -91.2 (br s, 2F). 9F NMR (THF-ds, r.t., d/ppm):
-141.6 (dd, 3Jrr = 23.2 Hz, 17.3 Hz, 2F), -93.5 (br s, 2F). 'H NMR (THF-ds, r.t., J/ppm): 8.18 (m,
1H).

2b (2,3,5,6-tetrafluorobenzonitrile) i

CN

19F NMR (CDCLs, r.t., lppm): -135.6 (m, 2F), -132.5 (m, 2F). '"H NMR (CDCL, r.t., Sppm): 7.40
(m, 1H).; GC/MS (m/z, EI) 175.1 [M+H]".

2¢ (N,N-dimethyl-2,3,5,6-tetrafluorobenzensulfonamide)

802N M62
F F
F F

H

'H NMR (CD.Cl, r.t., dppm): 2.89 (t J = 1.11 Hz, 6H, SO:N(CHs),), 7.33 (tt *Jer = 9.3 Hz, “Jcr =
7.2 Hz, 6H, CH); '%F NMR (CD:Cly, r.t., dppm): -136.5 (m, 2F, 2(6)-F), -136.3 (m, 2F, 3(5)-F). 13C
NMR (CD,Cl, r.t., dppm): 37.1 (s, SO;N(CHs)), 110.2 (t 2Jcr = 23.0 Hz, CH), 118.8 (t 2cr = 15.8
Hz, CSON(CHs),), 143.9 (m 'Jop = 244.4 Hz, 3(5)-FC), 146.4 (m 'Jor = 261.7 Hz, 2(4)-FC).
GC/MS (m/z, EI) 257.1 [M+H]".

[Procedures for isolation of 2¢]
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After the HDF reaction, the compound was extracted by Et;O (10 mL x 2) and was dried over
MgSO4. The catalysts were removed by filtration through a pad of Florisil. The sample after the
evaporation was purified by the silica gel column chromatography using hexane/ethyl acetate (with a

ratio of 100/5-100/8) as the eluent.

p-2d (2,3,5,6-tetrafluoronitrobenzene)’

NO,

19F NMR (CDClL, r.t., dppm): -147.1 (m, 2F), -135.3 (m, 2F). GC/MS (m/z, EI) 195.1 [M+H]".

0-2d (2,3,4,5-tetrafluoronitrobenzene)”V

NO,

19F NMR (CDCls, r.t., Slppm): -149.5 (dd, 3Jgr = 23.1 Hz, 17.3 Hz, 1F), -143.0 (m, 1F), -140.7 (m,
1F), -134.9 (m, 1F). GC/MS (m/z, EI) 195.1 [M+H]".

2,3,5-trifluoronitrobenzene’

NO,

YF NMR (CDCls, r.t., dppm): -147.3 (m, 1F), -128.8 (m, 1F), -112.0 (m, 1F). GC/MS (m/z, EI)
177.0 [M+H]".
The yield of 8% was determined from the '"F NMR spectrum in Figure S8.
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3,4,5-trifluoronitrobenzene”

NO,

9F NMR (CDCls, r.t., dppm): -129.6 (m, 2F), -149.1 (m, 1F). GC/MS (m/z, EI) 177.0 [M+H]".
The yield of 2% was determined from the '°F NMR spectrum in Figure S8.

2e (2,3,5,6-tetrafluorobenzotrifluoride)’"!

CF;

19F NMR (CDCls, r.t., dppm): -140.9 (m, 2F), -137.0 (dd, 3Jer = 17.3 Hz, 11.6 Hz, 2F), -57.3 (s, 3F).

'H NMR (CDCls, r.t., dppm): 7.32 (m, 1H).

p-2f (methyl-2,3,5,6-tetrafluorobenzoate)“!

O OCHj
F F
F F
H

19F NMR (CDCls, r.t., dppm): -140.4 (m, 2F), -138.3 (m, 2F). 'H NMR (CDCl, r.t., Jppm): 3.98 (s,
3H; COOCH), 7.20 (m, 1H). GC/MS (m/z, EI) 208.1 [M+H]*
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0-2f (methyl-3,4,5,6-tetrafluorobenzoate) "

O+ OCHj
F H
F F
F

19F NMR (CDCL, r.t., ppm): -154.1 (m, 1F), -148.0 (m, 1F), -138.7 (m, 1F), -135.1 (m, 1F). 'H
NMR (CDCls, r.t., Slppm): 3.96 (s, 3H; COOCH;), 7.61 (m, 1H).

1-(pentafluorophenyl)ethanol™

HO

F F

F F
F

19F NMR (CDCls, r.t., dlppm): -162.6 (m, 2F), -156.3 (t, 3Jr = 23.1-2 Hz, 1F), -145.4 (d, 3Jr = 23.1
Hz, 2F). '"H NMR (CD,Cl, r.t., s/ppm): 1.59 (d, 3Jun = 6.7 Hz, 3H; CH; CH(OH)CcFs), 2.38 (br s,
IH; OH), 5.22 (dq, 3JHH =6.7 HZ, 3JHH =6.6 HZ, lH; CH3CH(OH)C5F5).

2i (4-hydrononafluorobiphenyl)*

R F R F
S

F F F F
YF NMR (CDCls, r.t., dppm): -161.3 (m, 2F), -151.0 (m, 1F), -139.0 (m, 2F), -138.2 (m, 4F). 'H
NMR (CDCls, r.t., dppm): 7.26 (m, 1H). *C NMR (CD,Cly, r.t., dppm): 102.5 (t 2Jcr = 18.7 Hz,
C6F5-CC5F4H), 106.9 (t 2J(;F = 17.8 Hz, C5F4C-C6F4H), 108.2 (t 2J(;F = 22.5 Hz, C5F4C-C6F4H),

138.0 (d, Jcr = 138.0 Hz), 142.5 (d, 'Jor = 255.9 Hz), 144.1 (d, 'Jor = 252.6 Hz), 144.6 (d, 'Jcr =
251.1 Hz), 146.2 (d, 'Jcr = 245.4 Hz). GC/MS (m/z, EI) 316.1 [M+H]*
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2i’ (4,4’-dihydrooctafluorobiphenyl)
F FFE F
” § )
F FF F
19F NMR (CDCls, r.t., ppm): -139.0 (m, 4F), -138.5 (dd, /s = 11.6 Hz, 8.6 Hz, 4F). 'H NMR
(CDCls, r.t., dppm): 7.26 (m, 1H).

2j (2-hydroheptafluoronaphthalene)

F F
Yo
F H

F F
19F NMR (CDCls, r.t., dppm): -156.8 (m, 1F), -154.0 (m, 1F), -150.4 (m, 1F), -146.9 (m, 1F), -145.1

(m, 1F), -134.6 (m, 1F), -117.2 (m, 1F). '"H NMR (CDCl;, r.t., Slppm): 7.18 (ddd *Jur = 10.4 Hz,
4 Jur = 5.8 Hz, 1H). GC/MS (m/z, EI) 254.0 [M+HT".

2j’ (2,6-dihydrohexafluoronaphthalene)'®

F F
X
F H

F F
19F NMR (CDCls, r.t., dppm): -149.6 (m, 2F), -136.9 (m, 2F), -118.0 (m, 2F), -146.9 (m, 1F).

2K (3,4,6-trifluorophthalonitrile) ™

CN
F CN
F F

H
'H NMR (CD:CL, r.t., dppm): 7.46 (ddd *Jur = 9.16 Hz, *Jur = 8.24 Hz, “Jur = 6.40 Hz, 1H). °F
NMR (CD:CL, t.t., ppm): -102.4 (dd *Jkr = 20.2 Hz, 3Jur = 8.7 Hz, 1F, 5-F), -117.8 (m, 1F, 1-F),

-129.8 (m, 1F, 2-F). 3C NMR (CD,ClL, r.t., dppm): 100.9 (dd 2Jcr = 20.6 Hz, 3Jcr = 4.8 Hz), 106.8
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(ddd %Jcr = 16.3 Hz, 3Jcr = 3.8 Hz, *Jcr = 3.8 Hz), 109.2 (d Jcr = 30.7 Hz), 112.2 (d Jcr = 21.1 Hz),
112.5 (d Jcr = 22.0 Hz), 149.4 (ddd 'Jcr = 263.6 Hz, 2Jcr = 15.3 Hz, 3Jcr = 3.8 Hz), 153.8 (ddd 'Jcr
=265.5 Hz, 2Jcr = 12.5 Hz, 2Jcr = 12.5 Hz), 159.7 (ddd 'Jcr = 262.6 Hz, 2Jcr = 10.6 Hz, 3Jcr = 3.9
Hz). GC/MS (m/z, EI) 182.1 [M+H]".

The HDF product 2k was isolated in 88% yield (80.1 mg, 0.44 mmol) after purification by silica gel

column chromatography using pentane/ethyl acetate as the eluent.

2k’ (3,4,6-trifluorophthalonitrile)®
CN
F CN

H
"H NMR (CD,Cl, r.t., dppm): 7.53 (dd 3Jur = 5.32 Hz, “Jur = 5.32 Hz, 2H). '°F NMR (CD,Cl, r.t.,

dlppm): -107.4 (dd *Jru = 5.8 Hz, “Jru = 5.8 Hz, 2F, 5-F). 3C NMR (CD:Cl,, r.t., d/ppm): 105.1 (dd
2Jer = 15.3 Hz, 3Jcr = 7.7 Hz), 110.0 (s, 2C, CN), 123.5 (dd %Jcr = 18.7 Hz, *Jcr = 13.4 Hz, C-H),
159.6 (d 2Jcr = 256.9 Hz, 2C, C-F).; GC/MS (m/z, EI) 164.1 [M+H]".

The HDF product 2Kk’ was isolated for 86% isolated yield (70.7 mg, 0.43 mmol) after Florisil® flash

column chromatography using diethyl ether as the eluent.

I Abo-Amer, A.; Adonin, N. Y.; Bardin, V. V.; Fritzen, P.; Frohn, H.-J.; Steinberg, C. J. Fluorine
%‘{13%5004, 125, 1771-1778. 1t is purchased from Tokyo Chemical Industry Co., Ltd. (catalog No.
i Lv, H.; Cai, Y.-B.; Zhang, J.-L. Angew. Chem. Int. Ed. 2013, 52, 3203-3207.

i Tt is purchased from Apollo Scientific Ltd (2b, catalog No. PC3839).

VTt is purchased from Wako Pure Chemical Industries Ltd. (catalog No. 007368).

v Bolton, R.; Sandall, J. P. B. J. Chem. Soc., Perkin Trans. 2 1978, 2, 141-144.

Vi Tt is purchased from Wako Pure Chemical Industries Ltd. (catalog No. 326-83931).

Vi Senaweera, S. M.; Singh, A.; Weaver, J. D. J. Am. Chem. Soc. 2014, 136, 3002-3005.

Vi Cai, S. X.; Glenn, D. J.; Keana, J. F. W. J. Org. Chem. 1992, 57, 1299-1304.

X The reagent is purchased from Tokyo Chemical Industry Co., Ltd. (catalog No. P0925).

* Kraft, B. M.; Jones, W. D. J. Organomet. Chem. 2002, 658, 132—140.

X Li, J.; Zheng, T.; Sun, H.; Li, X. Dalton Trans. 2013, 42, 13048-13053.
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M Yow, S.; Gates, S. J.; White, A. J. P.; Crimmin, M. R. Angew. Chem. Int. Ed. 2012, 51, 12559~
12563.

xii Bolton, R.; Sandall, J. P. B. J. Chem. Soc., Perkin Tran. 1978, 12, 1288—1292.
XV Crucius, G.; Lyubimtsev, A.; Kramer, M.; Hanack, M.; Ziegler, T. Synlett, 2012, 23, 2501-2503.
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X-ray structure determination

All measurements were made on a Rigaku Saturn CCD area detector equipped with
graphite-monochromated Mo-K « radiation (A = 0.71070 A) under nitrogen stream at 123 K.
Indexing was performed from eighteen images. The crystal-to-detector distance was 45.05 mm.
The data were collected to a maximum 26 value of 55.0°. A total of 720 oscillation images were
collected. A sweep of data was carried out using w scans from —110.0 to 70.0° in 0.5° steps, at y =
45.0° and ¢=0.0°. Asecond sweep was performed using e scans from —110.0 to 70.0° in 0.5°
steps, at ¥ = 45.0° and ¢ =90.0°. Intensity data were collected for Lorentz-polarization effects as
well as absorption.  Structure solution and refinements were performed with the CrystalStructure
program package. The heavy atom positions were determined by Direct methods (SIR2002), and
the remaining non-hydrogen atoms were found by subsequent Fourier techniques. An empirical
absorption correction based on equivalent reflections was applied to all data.  All non-hydrogen
atoms other than solvent molecules were refined anisotropically by full-matrix least-square
techniques based on F2. The low-temperature data collection enabled hydrogens attached to the
primary amine in 2, 3, 4, and Sb to be located from the Fourier difference map and refined
isotropically.  All other hydrogens either were not refined or were constrained to ride on their

parent atom.
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Tablel for chapter 2.

Crystallographic data for Irla and Irlc

Irla

Irlc

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal System
Space Group

Lattice Parameters

Z value
Dealc
Fooo
u(MoKa)

Exposure Rate

No. of Reflections Measured
No. of unique reflections
No. Variables

R1 (I>2.0006(1))

wR2 (All reflections)

GOF on F?

C25H29CIF31rN202S

706.24

yellow, prism
monoclinic

P2y (#4)

a= 11.1673) A
b= 8.096(2) A
c= 15213(4)A

B=104.794(3) °

V=1329.8(5) A’
2

1.764 g/cm®
692.00

52.587 cm’"

10.0 sec./®
10917

5931
346
0.0321
0.0904
1.000

C26H3z4F31rN203S
703.84

yellow, prism
triclinic

P-1 (#2)

a= 10254(2) A
b= 11.249Q2) A
c= 13.695(2) A
a=110.818(2)°
L= 96.1907(4) °
y=111.611(2)°
V'=1319.8(4) A’
2

1.771 g/em?
696.00

52.030 cm™

16.0 sec./”
10954

5822
371
0.0188
0.0499
1.000

RU=S||Fo| - |Fell / £ |Fol, WR2 = [ £ (W (Fy - Fo) )/ £ W(Fo
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Table2 for chapter 2.

Crystallographic data for Ir2a and Ir2b

Ir2a

Ir2b

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal System
Space Group

Lattice Parameters

Z value
Dealc
Fooo
u(MoKa)

Exposure Rate

No. of Reflections Measured
No. of unique reflections
No. Variables

R1 (I>2.0006(1))

wR2 (All reflections)

GOF on F?

CasH2sF31rN202S
669.78

yellow, prism
monoclinic

C2 (#5)
a=20.77760 A
b= 1435170 A
c= 18.81300 A

V=523474710 A’

8
1.700 g/cm?
2624.00

52.401 cm’'

10.0 sec./®
21609

9804
670
0.0359
0.0935
1.000

CasH2sF3IrN202S
669.78

yellow, prism
orthohombic
P212121 (#19)
a=11.1945(10) A
b=12.8348(11) A
c=17.138(2) A
B=114.794(2) °

V=2462.4(4) A’
4

1.807 g/em?
1312.00

55.699 cm™!

10.0 sec./”
20326

5646
336
0.0253
0.0647
1.000

RU=S||Fo| - |Fell / £ |Fol, WR2 = [ £ (W (Fy - Fo) )/ £ W(Fo
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Table 3 for chapter 2.

Crystallographic data for 1r3a-CH2Cl2 and Ir3c

Ir3a-CH2Cl>

Ir3c

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal System
Space Group

Lattice Parameters

Z value
Dealc
Fooo
u(MoKa)

Exposure Rate

No. of Reflections Measured
No. of unique reflections
No. Variables

R1 (I>2.0006(1))

wR2 (All reflections)

GOF on F?

C14H23Cl3F31rN20O2S

638.98
yellow, prism
monoclinic
P2i/c (#14)
a=11.168(3) A
b= 11.884(3) A
c= 16.488(4H)A
B=104.162(3) °
V=2121.7(9) A’
4

2.000 g/cm?
1232.00

68.226 cm "

6.0 sec./®
17038

4866
258
0.0381
0.1014
1.000

C13H22F3IrN202S
519.60

orange, prism
tetragonal

141cd (#110)
a=16.724(2) A
c=23.136(3) A

V=6470.7(12) A’
16

2.133 g/lem?
4000.00

84.433 cm’!

2.0 sec./’
25200

3673
221
0.0234
0.0574
1.000

RU=S||Fo| - |Fell / £ |Fol, WR2 = [ £ (W (Fy - Fo) )/ £ W(Fo
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Table 4 for chapter 4. Crystallographic data for 1r4a and Ir7a

1rd4a Ir7a
Empirical Formula C3zoH29CIF5IrN202S C3oH30CIF4IrN202S
Formula Weight 804.30 786.31
Crystal Color, Habit yellow, prism orange, prism
Crystal System orthohombic orthohombic
Space Group P212121 (#19) P212121 (#19)
Lattice Parameters a= 8.0103)A a= 7.9840(2) A

Z value
Dcalc
Fooo
uw(MoKa)

Exposure Rate

b= 11.507(4) A
c= 32.127(10)A

V=2961(2) A’
4

1.804 g/cm®
1576.00
47.448 cm’!

16.0 sec./”

No. of Reflections Measured 33150

No. of unique reflections

No. Variables

R1 (I>2.000(1))
wR?2 (All reflections)
GOF on F?

6786
409
0.0395
0.0993
1.000

b= 11.4535(4) A
c= 32.2365(10) A

V'=2947.92) A’
4

1.772 g/em?
1544.00
47.594 cm’!
32.0 sec./
33082

6697

401

0.0276
0.0793
1.000

R1=3 ||Fo| - |Fe|| / = |Fo|, WR2=[ = (W (Fo” - o) ) £ W(Fs) ]
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Table 5 for chapter 4 Crystallographic data for Ir4b and Ir7b

Irdb Ir7b
Empirical Formula CaoH28FsIrN202S C3oH31F4lrN202S
Formula Weight 767.84 751.86
Crystal Color, Habit purple, prism purple, prism
Crystal System monoclinic monoclinic
Space Group P2y (#4) P21 (#4)

Lattice Parameters

Z value
Dcalc
Fooo
uw(MoKa)

Exposure Rate

a=10.7195(13) A
b= 17.00522) A
c= 15.482(2)A

B= 90.233(2)

V=2822.1(6) A’
4

1.807 g/cm?
1504.00

48.825 cm™!

16.0 sec./”

No. of Reflections Measured 23493

No. of unique reflections

No. Variables

R1 (I>2.000(1))
wR?2 (All reflections)
GOF on F?

12132
796
0.0325
0.0932
1.000

a=10.75112) A
b= 169153) A
c= 15.456(3) A

B= 90.868(3)°

V'=2810.4(8) A’
4

1.777 g/em?
1480.00
48.959 cm™!
2.0 sec./
23246

9906

780

0.0279
0.0807
1.000

R1=3 ||Fo| - |Fe|| / = |Fo|, WR2=[ = (W (Fo” - o) ) £ W(Fs) ]
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Table 6 for chapter 4 Crystallographic data for Ir6a and Ir6b

Iréa Iréb
Empirical Formula CaoH20F4IrN202S CaoH30F3IrN202S
Formula Weight 749.84 731.85
Crystal Color, Habit yellow, prism colorless, prism
Crystal System monoclinic monoclinic
Space Group P21 (#4) P2y (#4)

Lattice Parameters

Z value
Dcalc
Fooo
u(MoKa)

Exposure Rate

a=17.4053) A
b= 12.502(2) A
c= 20.654(4)A

B = 111.064(2)°

V=4193.9(12) A’
6

1.781 g/cm?
2208.00

49211 cm™

16.0 sec./”

No. of Reflections Measured 35196

No. of unique reflections

No. Variables

R1 (I>2.0006(1))

wR2 (All reflections)
GOF on F?

16136
1169
0.0569
0.1372
1.000

a=173143) A
b= 12.535Q2) A
c= 20.584(4) A

B= 111.112Q2)"

V=14167.4(12) A’
6

1.750 g/cm?
2160.00
49.450 cm™
16.0 sec./”
34910
18418

1145
0.0476
0.1213
1.000

R1=3 ||Fo| - |Fel| / = |Fo|, WR2=[ = (W (Fo” - F)> ) £ W(Fs )]
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