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1 : Synthetic Strategiesby Sarpong and Siegel
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2 : Ir-Catalyzed Borylation
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s “ 1t () = [ICOD)Cll, [INCOE),Cl, > Mlyaura Hartwig et al JACS, 2002, 124, 390 :
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(i) Introduction
Scheme and Tris-boryl complex (X-ray)
3.0 mol% bpy

AtH + Boping _ OMORIRY o ABpin + Hy [I(COE),Ci}, +

1.5 mol%([Ir(COD)CI],

80°C, 16 h
_ _ _ (4,4'-di-+Bu}Bpy
product yield % product yield % product yield %
Me, Me. Bzping I CsHaMe;
Qﬂpin 95 Me@Bpin 83 Q»Bpin 86 COE
MeO Me ” _"_ Bpin
Meo—{ ) 95 O@Bpin 86 MeQ 7| Bpn =
Osp,n (i7a 25)) i s 72 Bpin 4 )
) MeO RT C-D
Me@apln (06631 c‘@apm ¥ M 1 6e
(0: m: p) s 73 3 Phl?)in
F;C@ ( 0_%930) Me—Q—Me 58 80%
—"Bpin b Br
(0: m: p) !
Bon I-N1=2.177 A, Ir-N2=2.221 A, Ir-B1=2.055 A Ir-B2=2.057 A,

Ir-B3=2.027 A, Ir-G1=2.308 A Ir-C2=2.318 A Pinacol methyl
groups and hydrogens have been removed for clarity.

(||) Mechanistic study : determination of catalyst system

O B (V) + ArBpin E @

Q | ~Bpin -COE Q,_ Bpin Ar-H no wH  4COE AN |_‘_,‘Bpin
I""Bpm +COE 'Ii""Bpin "Ir"Bpln - |"'Bpin H
Bpin Bpin Bpin HE possible catalyst system :
A +Baping | -Bopiny | Bz0in 1) Ir(Il1) <> Ir(V)
Q:Ir wBpin ArH N:_lr_,.nB + ArBpin 2) |r(|) e d |r(”|)

.................................................................................................

Two possible catalystic cycles

"H NMR spectra tracing Isotope tracing Part 1
; (for determination of "key" complex)

...........................................................................

Benzene -dg + Bopiny-dyy, (catalyzed by A)
Ais unlabelled ;

............................................................................

Results : (conversion)

PhBpin-ds : PhBpin-d47 = 68 : 32 (10%)

i PhBpin-ds : PhBpin-d47 = 47 : 53 (50%)

130 1.25 120 Lis ppin

Figure 4. 'H NMR spectra of pinacol methyl region during the reaction
of 1 with 1.2-dichlorobenzene at 7.5 °C in the presence of Bypiny-dhy. The Pthln'ds : Pthin-d17 =17 :83 (1 00%)
final spectrum contains added Bopiny for reference. Small amounts of HBpin :
(6 1.184) and pinBOBpin (& 1.178) are present in solution at 7 = 0. :

This reaction occured directly from A or

Thisshows .. . i | boryl complex generated from A.
the reductive elimination of B,pin, doesn't

OocCcur.




Isotope tracing Part 2
(for determination of "key" complex)

...........................................................................

szlnz d,4 + A (absence of arene) at RT
i A is unlabelled

...........................................................................

Unlabelled B,pin, is generated slowly ...

However,

............................................................................

, E depends only reductive elimination of szin2§
:i ifrom A. The reaction would be zero-order in
: i added [B,piny-dyy]. :

: 1,2-dicholorobenzene + B,piny-dyg at RT

(catalyzed by unlabelled A)

...........................................................................

monoboryl arene is generated faster :

(even at below RT)

Isotope tracing examinations show the rate of
elimination of B,pin, to generate a monoboryl
complex is much slower than the rate of
reaction of A with arene.

| Ir(1) isn't an intermediate. |

Conclusion :

Kinetic study

i An exchange between B,pin,-d,4 and A
occurs at higher tempreture :

......................................................................

............................................................................

Ir(I) Ir(Ill) system : an exchange process

Ir(l11) <> Ir(V) system : The reaction would
: i be first-order added [Bpiny-da4].

result : the rate constant for the exchange
process depended linearly on [B,piny-doyl.

This shows the exchange process occurs by
reaction of B,pin,-doy With A.

This catalyst system is Ir(lll) & Ir(V).

.....................................

....................................................

(iii) Rate limiting step @ECI Kinetic m
o i Zcl . Booi [Ir]=A Isotope N,,:.‘\Bpin
measuring isotope effect cl 2PNz — fect N ~Bpin

 d4 kikp) i o

; ol (ki D) A

...................................................

using two saparate reactions of 1,2-dicholobenzene and 1,2- dlcholorobenzene -dy

([A] =4.0 x 103 M, [B,pin,] =

0.315 M, [arene] =

0.284 M)

result : isotope effect is 3.3 + 0.6

Conclusion : C-H bond cleavage is turnover-limiting and is consistent with the

first-order dependence of the catalytic reaction on the concentration of arene.

.............................................

.............................................

..................................................................

..................................................................

CF; Cl
@ L © @r
CF;
1,3-bis(trifluoromethyl)-benzene , t;,=1h , 0°C
1,2-dicholorobenzene , ty,=1h, 10°C

benzene , t;,=1h,25°C
m-xylene , t;,=1h,40°C

.....................................................................

.....................................................................

containing arene (0.299 M)

B,pin, (0.492 M and 1.38 M)
others (10 mol%)

result : kops = 1.9 £ 0.2 x 104s™1 (0.492 M)
Kops = 1.7 £0.2 x 104s" (1.38 M)

The reaction is zero-order in B,pin,.
first-order in arene
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Figure 6. Decay of 1.2-dichlorobenzene during the reaction with Bapin,
catalyzed by 1 at 40 °C. Inset: Relationship between 1/kus and [COE] for
the reaction of 1.2-dichlorobenzene with Bapiny catalyzed by 1.

The reaciton is inverse first-order in [COE].
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Figure 8. Decay of 1,2-dichlorobenzene during the reaction with ng1113§
catalyzed by 1 at 10 °C. Inset: Relationship between kqs and [1] for the :
reaction of 1,2-dichlorobenzene with Boping catalyzed by 1 in the absence !

of COE.

5.010°

1.010* 1510* 2010* 2510°

Time (s)

The reaciton is half-order in [Ir].

(COE is abcence)
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Figure 7. Decay of 1,2-dichlorobenzene during the reaction with Bapin,
. catalyzed by 1 at 40 °C 1in the presence of added COE. Inset: Relationship
! between kons and [1] for the reaction of 1.2-dichlorobenzene with Bopin,
catalyzed by 1 with added COE.

The reaciton is first-order in [Ir].
(COE is added)

These kinetic studies show COE inhibits
the reaciton.

therefore, removing COE after catalyst
is generated would promote the reaciton.

Experimental condition :

A
, 2 mol% Bpin
(@) Bypiny +
A
2 mol% Bpi
(b) Bapin, + "

9-BBN (20 mol%)
as reductant of
COE

Results : (a) 15% (8h) , 25% (20h)
(b) 44% (8h) , 80% (20h)

Consuming the COE ligand does lead to
significant rate enhancements.




(v) Catalytic cycle

The reaction's catalytic cycle proposed based on these mechanistic studies below.

Bu1 ~ |
=N,,, e +Bpin
=~N""| ~Bpin
But—=—' Bpin

The reasons that complex 1 is this
reaciton's catalyst are shown below.

...................................................................

i 1) induction period is observed when
the catalyst is generated in situ from
: [Ir(COE),(OMe)], and dtbpy, but

: induction period is absent when the

: reactions are intiated with isolated

i complex 1.

: 2) the isotope effects are similar for :
: the catalytic reacitons and the stoich-

1
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. u,., .Bpin @
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Ky 6 ko, \ sigma bond metathesis
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(vi) Reactivity and selectivity of substrates

a) reactivity of arene
a1) electronic-rich arenes vs electron-poor §a
arenes

.................................................................................

The catalytic reaction occurs faster with elect-
: ron-poor arenes than with electronic-rich
; arenes. (see. (iv) Kinetic study)

................................................................................

The catalyst reaction occurs faster with elect-;

The precursor to C-H bond cleavage is known
to be a n?- n-complex. :

The stability of the n2- n-complexes contributes

: jometric reactions of complex 1.

: 3) the selectivities for reactions of :
: B,pin, with different arenes and hete-
roarenes are similar for the catalytic

: reactions and the stoichiometric reac-
 tions of complex 1. :

...................................................................

However...
§a2) electronic-rich five-membered hetero-

rene vs electron-neutral arene

ron -rich heteroarenes than with arenes.

conpetlng with reactions of benzene and
' thiophene, 2-thienyl pinacol boronate ester is
major product.

S A, Bypin, S__Bpin
GV, -

to reactivity.

Five-membered n?-heteroarene complexes
are more stable than n?- arene complexes.

Ref : Jones , Perutz JACS, 1993, 115, 7685

b) site selectivity or regioselectivity in arene

steric effect vs n-complexes stability effect
In the reaction of phenanthrene,

the steric effect on regioselectivity is stronger
than the stability of the n-complexes.

borylation would occur at the 9-position.
(r-complexes)

borylation would occur at the 2 and 3-position.
(steric effects)

...................................................................................

...................................................................................

n“- arene
complex




(vii) Regioselectivity of arene and heteroarene

1.5 Mol {IrCOD)CH, Hartwig et al Chem. Rev., 2010, 770, 890
0,
ArH + Byping 3.0 mol% bpy 2 ABpin + Hp
80°C, 16 h 1.5 mol% [Ir(COD)Cl],
. : i Bopiny + 2 [/ \ 3.0mol% dtbpy Hy +2 o\
product yield % Mp;mduct yield % Mproducl yield % O octane, 80 °C 2 plnB/Q
e

© i © 1 ¢ 1
QBpin 95 Me@Bpin 83 QBDin a6 product % yield product % yield product % yield
pinB—"Ng 83° pinB Me 91 inB 4 %
/ 95 ) S p N
MeQ Mg (174:25) MeO Bpin H
pin
m:p

86
(o1 m: p) <§ >—Bpin 72 .
o]} Bpm\_
7\ 82 4@7 . MeO pinB/Q 83?2 pinB/Z/S ( : 89 Q 4pab¢

ol Bpin 83
Me —ppin (0:62:31) P MeO
: m: p)
Bpin 73 ) -
7 N\ 80 Me 58 I\ ers _ PINB—\ 4
FaC Rapin  (0:70:30) ¢ . pinB/Q pinB N

H

“Diborylated products were produced in 12—17% yield. ® Reaction
conducted at 100 °C. °Ratio of 3- and 4-boryl pyridine was 67:33.

.........................................................

.......................................................

{ In 5-membered hetaroarene, 2-borylated products are major.
However in 6-membered heteroarene (ex. pyridine, quinoline) , 3-borylated products are
maJor and 2-borylated products aren't obtained. :

........................................................................................................................................................

"The regioselectivity of the borylation of pyridine and quinoline to give 3-borylated products
is perplexing. One possibility is that an iridium complex or a boron compound binds
reversibly to the basic nitrogen and both activates the substrate for reaction and blocks
borylation at the 2-position."

Hartwig et al Tetrahedron Lett., 2002, 43, 5649



3 : Cobalt-catalyzed [2+2+2] cycloaddition

(i) Introduction
Omae et al Appl. Organometal.. Chem, 2007, 21, 318

......................................................................................................................................................

i Organocobalt compounds in organic synthesis have three characteristic reacitons.

A) A high affinity to C-C n-bonds or C-N n-bonds.

i B) A high affinity to carbonyl groups.

C) Easily tending to form square-planar bipyramidal six-coordination structures at the :
square-planar position, and to bond with one or two carbon atoms at axial position.

......................................................................................................................................................

Nicholas reaction , Pauson-Khand reaction and [2+2+2] cyclizaiton are based on character A.

(Pauson-Khand reaction is also based on character B)

(ii) Nicholas reaction (character A)

R.’E
2 OH
R Rl
| coucoy R o Lewin e
R'-C=C-C-OH ——(————~
| 20°C (CO)Co Co(CO);
||
R2
OH
R'—::gL
Co,(CO), R}
mutualy bridged bond between Co-Co and C=C
. R Nu (0] R2
R—== R —— || Nu ®
Co,(CO), R? R3
OR? i ) nu  Figure 1.  Structure of dicobalt hexacarbonul  diphenyl-
R' :i: . H or Lews acid RI—== Nu R! :i: acetylene.®®,
Coy(CO), R Co;:CO)f.\R: Coy(CO), R

..............................................................................................................................................................

......................................................................................................................................

......................................................................................................................................

Alkyne's n-bonds are used for forming cobalt-alkyne
complex. This alkyne isn't active.



(iii) Pauson-Khand reaction (character A , B}

R :  ex) Nicholas reaction and
ColCOx B Pauson-Khand reaction
RC=CR —————* Co(CO); ——— H
_a2c0 R \c (/CO)‘ - Rém(coh :
o B Co(CO), : (SOl
I P jOCheo Cog
: ey EfnAICI H N,
e e - ColCO)s oy o, g0 Co(CO}
O fichalas Resgaalion £
s HOwA
R R S
c=c : co
e —— . %/Eu(cm3 co R \ /Co(CO); ::30\}3 Q,
c(co), CVIN 1 Colco) MMO (0.5eg.)
cle B CHyCh. it
R ¥, 0%
AUSON- tion H
Y Co(CO); R ooconcacon, o M Pauson-Khand Reaction
(‘:0({0)% @‘R :
© ? Schreiber et al JACS, 1997, 119, 4353
R .
Q R
—[Coy(CO))
O
: The cobalt-alkyne complex same as
i Nicholas reaction is revealing.
(iv) [2+2+2] cyclization
catalytic cycle
CpCol; (L=CO, PR3, olefin)
* H/ i Ref : Varela , Saa et al
% ' Chem. Rev. 2003, 103, 3787 :
CpCo,
L
1

LA
2| H;\\
© ch:o}///

2
ucpcon R

¢

-0
o

N =
| CoCp=—|| CoCp
P —

6 5 /
_ ;%A|
C

0\
4 R

Oxidative coupling of two coordinated . _
alkynes to afford cobaltaqcycle CpCol,-catalyzed pyridine synthesis g

“g




(iv) Steric effect vs electronic effect

Saa etal JACS, 1998,

120, 12147

...............................................................................................................................................................

C_: | cpcp(co),
: + >
: C=N toluene, A

..............................................................................................................................................................

If steric effect is important...
complex b is major.

Ref : Wakatsuki et al JACS, 1983, 105, 1907

"'C';\ --/f/-o- —Co----h—-@---b C'Eo <D= -
2—#" .—L=—@
- C2v
S |
1 ~csZ. 7 | .
&) AT
\ cs tal —_ _C:c‘:}:\* .‘ 7 .
e v 5
G-CQ/ul . Co':’? 3

-/
@ L

I

(c)

Path Cs-b is favorable because
the bulkier substituent B is directed
to the most vacant site.

substituent B is larger than A

However, path Cs-c is unfavorable
because a large steric repulsion
between two bulky B at the (-

positions.



If electronic effect is important...

complex a is major.

Ref : Hoffmann et al JACS, 1980, 102, 2952

oo, T w

He= C—C oy : 3
Hi  -106 -|zzw :
} - :
® - 7 1r+7r

19 -++-  HomO @ +--+
model of ethylene polarization ’

S- w o & & & . 5
(TR TR TS W Wﬁ@
3+ S+ - 8- 3- &+ e

8a 8b 8c :

-++- +--+ -t : - - -~
two ethylene and metal LUMO
Summary,
M The activation energy is dominated by C,-C3 bond
formation.

The n* mixing is enhanced when the large lobes of
the polarized n* face each other in the B positions.

Result
SiH,
J\ electronic effect is stronger than steric
Cq S siv; effect.
c=N
8a

Energy: - 789.746989353  Energy: — 789.740069812
AE [Kcalmol'}: 4.342

H
H
I\
CO. ::: H < 'CpH
czN ©P c=N
9a 9b

Energy: — 779.577155824 Energy: -779.567971314

AE [Kcalmol']: 5.764 10



4 : Sarpong's Total Synthesis

Retro-synthesis

e

Complanadine A (4) p—

Synthesis of 12

0 retro-aldol 0 1) PhSH , LDA ?
reaction THF SPh
' r
2) NH4Cl aq

(+)—Pulegone
: 25mL 13,500 Yen
acrylonitrile

mCPBA |2 pyridine AIBN, BngSnH __
DC|\/| benzene, 70%
95%

49% 3step

protection o O cN  LAH EtZO
90%

11



O 70% HCIO, Q
U 105°C,20n  Me

Boc,O, EtsN
17

THF, 60 °C
(65% vyield over
two steps)

cat. Pd(OAc),, dppf

T1,0, pyridine NH,0,CH, EtN

=78°Ctor

DMF, 60 °C
T2%

20%

cat. [IHCOD)(OMe)], / dtBu-dipy
[B(pin)],

THF, 80°C
75%

19

Lycodine (5) “Me

1.7, PdCl,(dppf), KsPO,
2. 6N HCI, 70 °C

42% yield
{over two steps)

Summary

1) Me chirality : using natural product

2) quartenary center : Intramolecular Mannich-type reaciton
3) pseudosymmetry : monomer, 3-selective C-H borylaiton

12



5 : Siegel's Total Synthesis

Retro-synthesis

s

[2+2+2] cycloaddition

Me,, Me Me,, SiR,
>, - e
N SN CN N CN ||
ﬁl ] \ I , )
desilylation 5P
[2+2+2] cycloaddition

OAC 1) a) TMSCH,CN, n-Bul.i OAc
O TNaH.ICH)Ohc b) ethyl salcylate o ﬂ
SPh DMF, 23°C, 63% Et,0, -78 °C ‘
2) m-CPBA, CH,Cl, 2) CsF, MeCN, 23 °C b CN
Me -78—+23°C, 77% Mg Me gl
4 s 45% 2-steps 6
HC,MgClI, THF
23 °C, 97%
OR OAc
PPhs, imidazole pp, H // PhCHzNH,, CuCl N
Me CCls 77 °C.75% ~N _.-‘/ THF, 66°C, 92% N ,PH
| Son /O CN O
Me s Me e
v, Ml
K5CO3, MeOH 9, R = Ac Mg(CIO,),. Ac,O [:7, R=H
( 23 °C, 99% 10,R=H 23 °C, 97% 8 R=Ac
CN
N
Bn N
1
Amidation of propargyl alcohol R R’
y 1____ 2 CuX - 2
- N H——._.—......——l—R Tx'- C T‘—R
R! CuCl R OR i OR
H%f-Rz + HNR?RY ———= H%'—FF 1 3
OR (cat.} NHSH‘ 1
1 2 12 i
OR = OP(O)(OEY),, OAc = CU—=—"7"R" NR%R*
\ o “OR 1
- Cu(OR) R )
H— R
- Cu(OR
l (OR) NRSR*



Me,

Me,
ME» TMS ) (
a% I oeocon (7 A
THF, 140°C N SN Bn y
N \CN | | aoee 8 | H
|
Bn N ™S X Il
TMS ™S
1 12 13 14 TMS
ratio 13:14 = 25:1
Me,,
( o
N
N Bn \\ 1
CPCo(CO),, THF, 140°C
43%
86, 85% [~ 12, F'R; R :L’”‘S LIHMDS, THSCI
16,R=TMS R =H Cone
Me,,
e, C
' CN
"o\
( CHO ™ 18
=N CpCo(CO),, dioxane, 140°C
-
A
R’ R
TBAF, THF ' .
66°C, 85% Lo 1. R R oH LHMDS, TMSCI
16.R-TMS R =H S0

ratic 19 :20 =3.3 : 1, 47% yield
with 8 eq. PPh; ratio 19:20=1:3, 56% vyield

Me,_

Pd/C, Hy (

N
23 °C, MeOH H

.+Me L Me
78%
N
i = HCI, MeOH 22, R=CHO
T%Fag:%:gige |: 222 E - LMS 50 °C, 90% complanadine A (1), R=H

14



Summary

1) quartenary center : Cu-catalyzed amine substitution of

propargyl amidation

2) pseudosymmetry : Late stage Cobalt-catalyzed [2+2+2]

cyclization (regioselectivity by PPh3)

15



