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(1) C-H Bond Activation of Hydrocarbon Segments in Complex Organic Molecules

Total Synthesis of Antimitotic (-)-Rhaziniliam

Overview of the Key Conversion:

D. Sames et al.
J. Am. Chem. Soc. 2000, 122, 6321.
J. Am. Chem. Soc. 2002, 124, 6900.
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Remarkable points of this overall convesions: ce
(A) Liberation of CH4 from the complex to afford reactive Pt(ll) center
(B) Dehydrogenation of ethyl group via C-H bond activation

Ref 1-1
Intramolecular and intermolecular C-H activation at Cationic Pt" center

J. A.Labinger et al.
Inorg. Chim. Acta. 1998, 270, 467
J. Am. Chem. Soc. 1997, 119, 848

Me-H + H,O + PtCl 62_ 1 oxidative addition 1,2-addition
CI/ wOHy +CH4 Cl/ o OHy M—x /X M=X T-—T
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Cl. X electrophil bstitution
Step to a Pt(ll)-alkyl complex was not G O,Pz ;g”’ o :,gu -
investigated enough. : : S
cl HyC—H CH,y
Labinger's initial model study with ether solvent
 CHs [H(EtZO)z} [BAr or, 25°C )\ + CHy (“ Wi
P CN Pt7 E—— — N CF
3
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0 [BA”] Et,O-dyg 4 0e.>0) J S
unstable for the study o
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Ethers coordinate strongly
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1

offer their own C-H bonds

H—-CHCH, + Ty, - CH(CH,OCH,CH,[ ¥ N CHCHOCHCH
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with a metal center [ (‘;H(CMOCH:CHJ % iG] N EL:CH(CH,?DCHZCHJ’ [ Mo l_“:.cH,c1-(,oc|-xz|:x-|3
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s u T 'CH, N’ H,
reversibility and irreversibility X . weum 3a
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« Pentafluoropyridine(NCsFs) weakly donor solvent, lack of C-H bonds, disolve cationic Pt(ll) complex

@
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[H(NCeF o) @ :
\Pt/CH3 [BAr] - /N§>\F5 ( Pt""‘N‘”@’;—FS ﬂ,_ s 'WNEDJ
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85°C (\\t\ CHyD @_ :
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3 i
NCsFs N~ \CDxHa.x © CN'" il WDy |+ fast CN ql}lv.,ﬂcna
7-d, [BAr] + PO * N" *--C|H3 NeE | TN It“-CHJ
Tc D L D 7b
Proposed Reaction Mechanism (in Scheme 4) fﬂ” [/\ '
i
N
Formation of multiple deutrated methane [ 1 PPLLUI [ D
Rapid reversible equibria between CN"W: e NCay G= Ttl}"'"CH:D
"Pt"V dialkyl hydride cation" and "Pt"' C-H ¢ complexes" e HoT
- CHy,Dy T
Sufficiently electronphilic Pt(ll) complex can activate alkane C-H Bond ENER
+
CFs
Success of the C-H activation proceess can be attributed to: [(g:,m“:;N“/ ]
the use of weakly donor solvent that can accomodate i S
the ligand exchange between solvent and methane ’ Scheme 4.
Ref1-2 K. |. Goldberg et al.
C-H Activation at Pt(ll) to Form Stable Pt(IV) Alkyl Hydrides J. Am. Chem. Soc. 1997, 119, 10235

First example of the intermolecular oxidative addition of arene and

alkane C-H bonds by Pt(ll) species resulting in Pt(IV) compounds

Generation of a 3-coordinate 14e/Pt(ll) species
followe by Oxidative addition to R-H bond

H
K ‘*’Sj( A IV o -(Q( ’
N CH; - ANA L OH 2 CH ; .
,;;N"Pﬁ it ..o ﬁﬂ/,m LA o Rapid trapping of the _
N KICHB(CeFoal | N & [~ five-coordinate Pt(IV) soecies
[ HY HIB‘N/N\!—“
B ' Success of
—‘(5‘/HHNO Solvent C-H activation process and
K[Tp'PtMe;] NN g-N R= Ph 2 isolation of oxidative addition product :
Bo 7 : : -
1a T n-CsHyy 4 primarily due to flexible nature of ligand

(A) Liberation of 1 eq CH, to afford electrophilic Pt" center

= &
AN TfOH 1eq) /_N-
’P 40 "C @‘ t Unusual coordination mode observed in 8:
N\ Me o le carbon b 3jike to coordinate Pt"
\, evaporation "N one pyrrole carbon becomes sp*-like to coordinate
r \TfO

Pf ./ of CHCl  Ph

at-40°C =

This ligation should not be so strong,

8 making the following ethyl C-H coordination easier.
Ref 1-3 M. R. Gagne et al.
Unorthodox C,0 Binding Mode of Me,BINOL in Pt(ll) Complexes J. Am. Chem. Soc. 1998, 120, 11002

PtCO3(S, S-chiralohos) 0:
five membered ring (Pt and chiralphos),
square planar Pt(ll) complex
diMe at psued-equatrial,
constituting fixed chiral space

5-Me;BINOL

N
PRNPR . AmegsinoL
~CO, 1,0
0

Unusual C-O binding mode
observed in mismatched pair of
chiralphos and Me,;BINOL (1R)

5 membered ring around Pt rather than 7
soft nature of Pt(ll)

X-ray structure of 1R
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8 (R = H) did not afford taget molecule

eon ——p BuyNCI (1.5 eq)
@;Pt, H CD,Cl, (1t ?)
N" N —_—
e Y uant. (NMR
et quant. (NMR)
9

Addition of CI" to the olefin complex 9

complex wherein Pt is bonded to met

(B) Dehydrogenation via C-H bond activation

importance of weakly coodinating ligand?

installation of bulky R to disfavor coplanality of 2 rings (« and )
resulting in weaker pyrrole complexation

hylene carbon,

suggesting initial C-H activation at methylene carbon

Mechanism speculated from the results

Distorted pyrrole

acts as weakly
coodinating ligand \ E _ M o @ _
—<N. ligand e S~ oxidative Me reductive
5529 I exchange H-, addition H |/ elimination
P —_— ®,Pt...._ —— ne o sy R SIS —— -
N }\1 Me N I\\l Me _,,F: ™ Ve
! ! . e - =
y e Solvent: e
R Y Sort R Y ot cF.cH,0H Solv e
/ = = oTf
Bulky R weakens 8 8a 8b
pyrrole coordination
further @
Me p-elimina
-elimination
tpp uL’R 5 sy \\ ol & Solvent with weak
=~ g0l - -ty o coordinating power
o <-SoM.— accomodates
8c oTf 9 = | the octahedral intermediate
and dissociate easily

Asymmetric C-H Activation

Differentiating the two enatiotropic ethyl group via the introduction of a chiral ligand
Pt chemistry proved to be robust and insensitive to air and maisture: likely to accomodate a broader range of ligands
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=
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Table 1. Diastersoselective Directed C~H Bond Funclionalization Studies

HCO =0 HyCO =0 Hy00 0
=N 1. TIOH, CHzClp =N =N
L 2. CRSCH;OM, hesl, 72 e - . [ In
e .F‘E-N? 3.KGN L P"“b
Gl < (RI2 ® (sp12 ‘R
entry LIGAND T(C) ds ratio conversion (%)° Isolated yields (%)
P o 60 6:1 20 15
! g}’_‘nlm 5 411 60 5
4 7 3:1 63 40
Mmoo 50 56:1 18 10
2 o l 65 4:1 60 36
Pr 3
e 70 3:1 o 40
P o 60 75:1 20 20
3 M]\ 85 55:1 58 35
qg e 70 4401 66 42
o L
"
d N:]‘m; 60 >20:1 <10
16
en

* Determined by 'H NMR (platinum hydride, not shown), and HPLC (Schiff base 12). D

ined by HPLC, © Low c

is due to the low yield

of the complexation step. The crude mixture was submitted to the reaction sequence since the comresponding conplex could not be purified: cHex = eyclohexyl:

reaction and purification conditions are dewiled in the Supporting Information
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D. Sames et al.
J. Am. Chem. Soc.
2004,726, 6556

(2) Cross-Cupling of sp® C-H Bonds and Alkenes
Catalytic Cyclization of Alkene-Amide Substrates

Direct cross coupling of sp® C-H bonds and alkenes

Few examples of sp® C-H bond activation followed by C-C bond formation

Initial trial

Initial trial using cat. Cp*Rh(CH,=CH-TMS),
\ which was already known to activate some kinds of
(1) sp? and sp® C-H bond

Cp*Rh(CH5=CH-TMS)z

Q ! 5 mol%

CsH 12 100° C
>99% (NMR)

(@]
X
Y

Complete intramolecular transfer hydrogenation

Ref 2-1 ) ) . M. Brookhart et al.
Hydrogen/Deuterium Exchange Reactions and Transfer Hydrogenations J. Am. Chem. Soc.
Catalyzed by [CsMezRh(olefin),] Complexes: Conversion of Alkoxysilanes to Silyl Enolates 1999, 121, 4385

Scheme 1. Reversible C—H Bond Activation of Benzene-ds
with [CsRsM(C2H4)2] (M = Co, Rh) and H/D Exchange

RAs Rs Rs
= | {@

Early work by Seiwell (J. Am. Chem. Soc. 1974, 96, 7134)

Heating [CpRh(C;Hy),] at 130 °C in CgDg

CgDg |
M = | Mo
'Y Ta X A S
Il (b) oxidative addition to aromatic C-D bond of solvent

(a) dissociation of olefin ligand to genertatre reactive 16e fragment

As Rs Ry
@_:_:/97 _ @ ‘?7 4 (c) reversible olefin insertion-deinsertion segence
M TCaDeH Mo, — 2
\’,’ i, C5DsH \:D\Hcsns (c) i CJ’M CgDs ﬂ
| ete. #
\/My —_— ch\\C/Df"EEC,}?De 0 use of bulkier olefin ligand (eg. 1a) would lead more effecient system?

o]

Reaction at 50 °C

Mes Mes time for 50 % reduction in signal intensity ('"H NMR)

<z gz;”eﬁ c;/y

1l

\\/Rh‘/\ SiMes la —» XF;‘\}S'M%—— DK/R \’\("S'Mea Solvent . ‘
Jossi 14 MesS! 1.4, MessSi 1;36 CeDs o: 115 min, B: 250 min
I (CD3),CO  o: 120 min, B: 250 min

Kinetic preferenqe for deuteriation at o position:
derived from steric effect? Further heating at higher temperature resulted in

deutration other parts than olefin

1a

Cebe - e
- caasimes @;ﬁ;ﬁs Aﬁ ) Activation of sp® C-H bond *
. J: Y e g’_&‘jﬁf’s Q{"‘;—" Mes Mes (O3l
/ H", SiMes MeaSi }ﬁlr\ @ @ @'
i iMe3 !
"\-csn5 . . ' A SiMes /E‘“\ Si(CD3 h\ SifCDy)
\S'Me"‘ &QS é 5 Me3Si D . DJ%’D o~ M 3
Measiﬁlmc =|p ,E'ECEDS & -MesSi jadg D (DsChSI' La-da P (0aCHS! 130D
ke >k aDs N ; g 78°C 120 °C
CHzD IMegsi @ in toluene-dg 24 hr hr
1o Alkoxysilane Isomerization: Transfer Hydrogenation
0 5 mol% 1¢ 0 '
g \( ~si’ \K << Catalytic conversion of alkoxysilane
(OPr); cvclog%xagedu (O'Pr) \,Rh\/\ i to silyl enolate
o » >ZSi(0Pr);
~20hr  complete conversion (PrONSI 1c
("H NMR)
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a) Intramolecular Mechanism For Transfer Hydr
Et.grO / h_
(OPa y
. mro}\g&J LS((OPr)a
2% /“s.(opr)g \\'1
-____ A
si—0
(GPra k P
si—0
(OPn)2
Rh
C - .y
§—0 c /Rh/ _/
(@0~ iL j_
S0
(dPr)2

b) Intermolecular Mechanism For Transfer Hydrogenation
~ #si(0Ps Rh /\SI(GPr)a /Flh
le r=—— J J e
(PrO)ssi (Pr O3S (PrOi),S
Rh:
— s O\/ - f Y
ﬁﬂal (0P} + (PrO')aSl o - (PrO‘ o5 /O
n
product initial products (Pr0))2Si
= ]

No observation of 7', 7" in 'H '3C NMR

Intramolecular Mechanism?

—_—

A possible mechanism ? (abbreviated)
Cp"Rh(CHz=CH-TMS).
[N_) Snial% * Q H Cp'
e e Cp*Rh(CHz—CH -TMS), Ey ~o
CgHyp, 100° C ~
I T Smm e | D D’ R
1 2 - N
-2 CH,=CH-TMS
}7<\ ; O)7< 0)7<\
H H . 1]1 o A
oxidative Cp* migratory P A reductive
addition l\fih/ . insertion E&Rh/ P p-elimination ho’ W elimination D H H
- H —_—
- N \ -—

N K

Cp*Rh ()L
Investigations with Ir(l) catalyst: Introduction
Table 1. Catalytic Oxidative Cyclization, Lead Discovery Table 1 (continued)
( } 10 mol% Ir = .
N R — Entry complex NMR yields
o)><\ Cghhz, 150° C N
13 hrs 0 er
1 4 | Pincer
& ci—ir 8 complex
entry complex NMR yields®
- (PCP)

1 [INCOE)LCH, / PCy; (2 eq)

2 [IKCOE)Cll,
3 [I{COE)CIL, {IPr (2 eq)] m
+4 eq NBE l/\N R

4 (CysP)Ir(Cl)Hz, 6
5 (Cygp)-gl HC F3002)H2. 7

?

IPr:R =Pr
NHC Ligand

FI’(fE!u)g ~ u
H
7 eO it
M QV'H =
P{-Bu)z

2 Reported yields were determined by NMR using an mternal standard
(average of three runs). NBE, norbomene. Total loading of Ir catalyst was
10 mol %.

PCP Ligands: Overview

H;
(Y-PCP)IrH,
/" distavored by

H;
. PRy /Tvorcd by {Y-PCP)IrH;  m-donation
%’l I S’_:ngleton Y i Rt (fom ) €2 — vrepircom,
etranedron X F.,12\ co
L (Y-PCP)Ir(CO) _ di f:!mn:dh
2003, 59, 1837 oo Ty Tdonation”
0.033 mol% + NaOBu (- )i Te-donation C (Y-PCP)Ir(CO);
o ¢ a200°cC Combined Computational and Experimental Study of Substituent
PR, * ffB")zP?"—?(!ﬂtJ)z Effects on the Thermodynamics of H,, CO, Arene, and Alkane
i Cl  daf Addition to Iridium
X |\<1 /X X = MeO, Me, H, F, C4Fs, 3,5-(CF3),Ph /7< A. S. Goldman et al. J. Am. Chem. Soc. 2002, 124, 10797
PR,

TONSs: up to 2200, TOFs: up to 2.4 s i
up to 72% conversion

stabillity to air, moisture,
high temp.

of Alkanes

fine tuning at R and X

Iridium Bis(phosphinite) p-XPCP PincerComplexes:
Highly Active Catalysts for the Transfer Dehydogenation

M. Brookhart et al. J. Am. Chem. Soc. 2004, 126, 1804

C-H addition is selective for
the ortho position, but eccurs
pnoﬂ lﬂ (t,c is n;l directed by)

P g E
Cj i
e '
l X
I"k PR:Q
é‘ ‘:'I'R2 H JR]
X -M}, ClOMe

Selective Addition to Iridium of Aryl C-H Bonds Ortho to
Coordinating Groups. Not Chelation Assisted
A. S. Goldman et al. J. Am. Chem. Soc. 2004, 126, 13192
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Ref 2-2

Heterocyclic Carbenes: Synthesis and Coordination Chemistry F. E. Hahn et al. Angew. Chem. Int. Ed. 2008. 47, 3122
Understanding the M-(NHC) bond L. Cavallo et al. Coord. Chem. Rev. 2009, 253, 687
K\ Features (compared with PR3)
N-R strong o-donar |
R’N ~/ (poor n—acceptor// —_— 1) reduced need for excess ligand
NHC bulkiness of R~ 2) improved stability to air and moisture of TM-NHC complex

(N-Heterocyclic Carbene) 3) remarkable activity in catalysis

raised by the interaction with N
lone pairsof N ___-- -=*— D, %
Pr Pr e N
N ¢IN N
i 3
1A, (G2 3 e
1(a%) |"B1(o'p, 6 —-_. ”
| n) SO 6 e G
------- »— o < N
NHCs ) ) stabilized by the effect of 2
N, = c-withdrawing N
Ref2-3 ] P. Nolan et al.
Determination of N-Heterocyclic Carbene (NHC) Steric and Electronic Parameters Organometallics
- using the [(NHC)Ir(CO),CI] System 2008, 27, 202
Yot DR Ao =]
1By 1Ad icy T‘_E, 2065 3 = = i :
o, © 28
— — PN 1ipe = sy
NN NN @NYN@ 8 2060
Pr o Pr z
P sier Pret 2088 = 1
[ ™ ﬁ M N= ,}3 2050
N¥N N\-{N N}{N o
s Slkles Y 2020 2025 2030 2035 2040 2045 2050
vea (average) for [(L)Ir(CO);CI} {(cm™)
OC._ .PR; OC. .NHC o i .
OC’Ir‘CI or oc’lr“Cl NHCs are much more strongly donating ligands. than the strongest tertiary phosphines
# Little difference between the NHCs
(weak influence of N-substituents on electronic properties)
IR Carbonyl
Strech;cg rrgquency Modifications on imidazole ring allow for effective tuning of electronic properties
nalysis
Ref 2-4 P. Nolan et al.
Interaction of a Bulky N-Heterocyclic Carbene Ligand with Rh(l) and Ir(l). J. Am. Chem. Soc.
Double C-H Activation and Isolation of Bare 14-Electron Rh(lll) and Ir{lll) Complexes 2005, 127, 3516
+ Unusual 14e M(lll)Ls complex (M = Rh, Ir)
'Bu B Py / (No o-C-H agostic interaction to Metal)
N GO B AgPFy, GGl N B
[N)&_C‘,},,;ﬁj R [N)H C";'ﬁ;jj ) 2
He m‘?! H,c“lim;f:m - 3
’ chy DFT caluculation of complex 7 : .
aors g‘. m = IRh. \
o HOMO strong d,p character 4 '
HOMO-1 mainﬁl dzfz LUMOof5 & HOMOof7 T<:
; HOMO-2  mainly dy,
Q. lr.-d,., - AT Wil = &
V _.'-4 et @ HOMO-3 interaction between S O RN
’ —_ HOMO-4 filled highest ni—MO(NHC) Y i .
- i Ll and d(metal) ohon T oMo e U
}» “'.. Ir-d,, ‘.\‘; ¢ ) _H_ l’.-H-f (8]
B AL, NHCs 4 D O
5._.;‘ % &u‘/' : # -‘, . |
WACIZA normally considered as pure c-donor I__ 4RREI 4 f"
: HOMO-3 of 7 +: HOMO-4 of 7
can also donate electron density thorough
i 7 to d interaction Figure 8. Most representative MOs of 5 and of 7. Hydrogen atoms are
Qua“taﬁve MO Ana'ysis of 12 omitted for clatity
highest filled n—orbirtal (NHC),-12A can even stabilize bare 14e/M(lll) complex
match well metal empty dy, orbital (M = Rh, Ir) 4
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Invetigations with Ir(l) Catalyst: Result

Table 1. Catalylic Oxidative Cyclization, Lead Discovery
{N ) _ 10molselr C.:$< CQ(
. 4}><\ Cotha 150°C 41><\
13 hrs
1

entry complex NMR yields®
1 [ICOE)CH, / PCy; (2 €q) 26 " 25

"2 T fCOERCH: fiPr(2eq) . o rAE at
3 [I{COE),CIL /IPr (2 eq) 66 17 10

+ 4 eq NBE

4 (CyaP)plr(ChiHz, 6 g 0 20
5 {CyaPhlriCRCOgH, 7 a [s] 24

Table 1 (continued)

complex NMR yields
i 1Pr
I \H
6 Ci—llr‘ - B trace 0 trace
\Pr

rfﬂ Bu)z
7 MeO‘CgE;'Q,‘: 9 0 0 o
P(t-Bu);

2 Reported yields were determined by NMR using an internal standard
(average of three runs). NBE, norbomene. Total loading of Ir catalyst was
10 mol %.

Entry 1: Ir(l)/PCy; afforded TM
Entry 2: NHC ligand; increased effeciency

Entry 3; NBE as a hydrogen acceptor added,;
preveted the formation of 5

Initial thoughts of active complex: LaIrX?
This idea was denied by the results of entries 4 ~ 7

IPr-Ir-Cl is an active complex? : Scheme 1
providing identical yields and kinetics

Scheme 2. Proposed Catalytic Cycle Scheme 1. Stolchiometric Reaction
+5,19%
C-H activation ,ﬁ./fpf . Ps 'Q _ e
B e NT o A M
H . i N‘ﬁ( 7 CﬁH1 2, B0 min
AN 1 bohar g5 AmESIRGHE 3% 8%
c-Cc
= formation
H Formation of 11 via Ir(I)/14e complex which
! ili NHC donation?
\1 r{(CI)EPr ir (ChIPr would be stabilized by strong ion
Competition of 3/4 at C-C formation
e 1
N —_— N
O 13 12 Isomerization of 13 affords 3
¥ : o

Alternative Mechanism

ﬂ H-1r(L), o
Ir(L; C ‘zL& é“

Altenatively Possible Mechanism
Transfer dehydrogenation followed by sp? C-H Activation

Denied by deuterium labeling experients

N\
j¢]

D 5 mol% 30% D
[I{COE);Cll2 —
CN o) Cyclohexane N CN S, 18% D
150°C, 13 tws. fe]

3
No Deuterium

T
5% 5 mol% [Ir{coe)Clla

o) 10 mol% {Pr, 3 equiv NBE

CgH12, 150° C o
o = 80% tsolated yield 15 16 0 e

TBSDW B”om\\t \ f o] 10 mal% IPr, 10 equiv TBE

5 mol% (Ir(cae)zClla
Examples showing

Catlya, 150° € = functional group compability
46% isolated yield 20 %
>99% ee 17
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