Ruthenium Catalyzed
C-C Bond Formation and Its Application
Developed by Michael J. Krische

2024.6.8. Literature Seminar
D3 Yuto Hikone



Contents

0. Introduction



Ruthenium

group 8, period 5
44 Ru electron configuration: [Kr] 4d’ 5s’

wide scope of oxidation states: —2, 0~+8

representative ruthenium catalysts

R:u"-N

\>—Ph

RuCl(n® -cymene)(Ts-DPEN)

Noyori asymmetric
transfer hydrogenation

n-Pr,Ru'VO,

oxidation of alcohols

Hoveyda-Grubbs
second generation
olefin metathesis

RUVO4
(from Ru"'Cl;enH,0, NalOy)
strong oxidant
oxidation of aromatic ring, C—H bond
cis-dihydroxylation of alkene

Ru'l(bpy),Cl,

photoredox reactions



Transfer Hydrogenation (1)

* transfer hydrogenation
(i) transfer hydrogenation catalyzed by Ru' catalyst

n-BuLi (2.2 mol%)

OH toluene, rt, 6 min: OH
(S n5-PhsCpRu(CO),CI (2 mol%) }\
Ph rt, <3 min Ph
0%ee (racemic)
Ph
Ph
% ',Ph Phﬁph
Ph Ph
P Ry
OC": ™o
OH _ OLi oc H n°-Ru-complex
)Q n-BulL.i (cat) (S)
Ph Ph Ph
— B-hyride
elimination
Ph oh Ph
oH Ph Ph
~RU -hydride Ru"
PG%ee oc; H Q eliminationOC*":\"0
oc N——>o0cC H)\\ n3-Ru-complex

Ph readdition Ph

Martin-Matute, B.; Aberg, J. B.; Edin, M.; Backvall, J.-E. Chem. - Eur. J. 2007, 13, 6063.



Transfer Hydrogenation (2)

(ii) transfer hydrogenation catalyzed by Ru® catalyst

o conditions A": Ru%(C0),, (0.3 mol%)
conditions )l\ Ph———Ph
Ph”” “OH > ph” ~0” “Ph 147°C, 2 h, 87%

conditions B?: Ru'H,(PPhj), (2 mol%)
mesitylene (1,3,5-trimethylbenzene)

reaction mechanism
180 °C, 24 h, 95%

conditions A (hydrogen acceptor required):
hydrogen acceptor

Ru%(CO),,
transfer transfer H
o) dehydrogenation hydrogenation
)j\ <_J<H Ph o
Ph Ph

Ph—=——~Ph

Rus(p-H),(CO),

Ph
H
* As for 760s (group 8), related 0s°(CO),
a/drlde Os cluster is characterized: H
iti - C0),[0s'(CO)3(u-H Jor
condltlorlsHB (no h{d:logen acceptor): s°(CO)4[0s'(CO)3(p-H)l2 (0C);0s! :H,Os'(CO);,,

(Ph3P),Ru'_ 2 3 Ru’(PPh;), purple-violet
~H crystalline

generation of active Ru® species
via dissociation of H,

1) Blum, Y.; Reshef, D.; Shvo,Y. Tetrahedron Lett. 1981, 22, 1541.
2) Murahashi, S.-I.; Naota, T.; Ito, K.; Maeda, Y.; Taki, H. J. Org. Chem. 1987, 52, 4319.
3) Al-Ibadi, M. A. M.; Duckett, S. B.; McGrady, J. E. Dalton Trans. 2012, 417, 4618.



Nucleophilic Addition to Carbonyl Group
and Hydrometalation

* nucleophilic addition to carbonyl group )OL 2)
Ru%(CO)y, Ph H OH
+ i-octane, 60-70 °c1) , /> Et;N, CHCI;, rt )\/\
Br i
A 97% RU'(CO);Br 70% Ph N
(10 equiv) nucleophilic addition

* hydrometalation: formation of aIIyIruthenium(II) to carbonyl group

and its isomerism
)\ (1 equw) (::O H
:u -’

CH2CI2, PhsP-.. Byl g Ph,;P
lveucovwePh.)s —m o~ DR D" T
Ru"HCI(CO)(PPhj); » Ph,P | == PhP
V)
84% Cl equilibrium
hydometalation 31P{'H} NMR (toluene-dg):
_ 298K; br s, 242K; 38.8, 30.1, 38.4, 30.1 ppm
toluene ?0 ?0
60 °C, 4 h, 30% ., & .,
°> Ph,;P :::Ru" < - Ph,;P “Ru
or Ph,;P - Ph,;P -
CH,CI, Cl Cl
rt, 1 week, 41% L X-ray

1) Sbrana, G.; Braca, G.; Piacenti, F.; Pino, P. J. Organomet. Chem. 1968, 13, 240.

2) Kondo, T.; Ono, H.; Satake, N.; Mitsudo, T. A.; Watanabe, Y. Organometallics 1995, 14, 1945.
3) Xue, P; Bi, S.; Sung, H. H. Y,; Williams, |. D.; Lin, Z.; Jia, G. Organometallics 2004, 23, 4735.
4) This complex can also be synthesized from Ru'"HCI(CO)(PPh;); and isoprene. see Hiraki, K.; Ochi, N

Sasada, Y.; Hayashida, H.; Fuchita, Y.; Yamanaka, S. J. Chem. Soc., Dalton Trans. 1985, 873.



Ru-Catalyzed C-C Bond Formation (2):
Oxidative Coupling

 oxidative coupling ph GO
(OC)3R,UQ..,, i .CO
N7 )] Ru%(CO); (1 equiv) FONT ——ph \ﬁ))?””----co
N toluene, 100 °C : N toluene, 50 °C
A si > s > —si N
/ \ 59% / \ oxidative coupling / | S
(5 equiv) X-ray ~
ruthenacycle
isolated
characterized by NMR
100 °C; Ph
-
aqueous work up o)

Itami, K.; Mitsudo, K.; Fuijita, K.; Ohashi, Y.; Yoshida, J. I. J. Am. Chem. Soc. 2004, 126, 11058.
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bryostatin 7 pco**

picrotoxinin O
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Ru-Catalyzed Allylation

Concept: merging hydrometalation, nucleophilic addition and transfer hydrogenation
* General reactions

conditions A Ru'HCI(CO)(PPh;); (5 mol%)
OH rac-BINAP (5 mol%)
|\ acetone (2.5 mol%) )\H\
| Ph m-NO,BzOH (2.5 mol%
THF, 95 °C
(250 mol%) 93% (dr = 1:1)
conditions B Ru"HCI(CO)(PPh3)3 (5 mol%)
0 rac-BINAP (5 mol%)
Jl\ i-PrOH (400 mol%)
| H™ Ph THF, 90°C
(250 mol%) 82% (dr = 2:1)
* Deuterium labeling experiments Ru'HCI(CO)(PPhs); (5 mol%)
OH rac-BINAP (5 mol%) D (>95% D)
acetone (2.5 mol%)
D‘)\Ph m-NO,BzOH (2.5 mol%
| D THF, 95 °C (14% D .
(250 mol%) D (32% D)

91% (dr—1 1)

Ru'HCI(CO)(PPh;); (5 mol%) .
o) rac-BINAP (5 mol%) D (2 70 D)
J]\ ds-isopropanol (400 mol%
| H Ph THF, 90 °C

> ()
(250 mol%) (10% D D (19% D)
75% (dr = 2:1)

Shibahara, F.; Bower, J. F.; Krische, M. J. J. Am. Chem. Soc. 2008, 130, 6338.



Proposed Catalytlc Cycle
hydrometalation

to
less substituted olefin

coordination
o)
Ru"HCIL, r'S R
H R  _Aed o)
\ o Ru''CIL,
nucleophilic
. addition
dehydrogenation
R
LnCIRu"\O o "
H >|\ 7 Ru"CIL,
H *%*
OH
R ligand exchange* H)\R

* m-NO,BzOH facilitates this steps in conditions A.
** Isopropanol participates in conditions B.

11

Shibahara, F.; Bower, J. F.; Krische, M. J. J. Am. Chem. Soc. 2008, 130, 6338.
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Enantio- and Diastereoselective AIIyIatiorg (1)

Ru"HCI(CO)(PPh;)s O >
(5 mol%)
Ar,P O

SiMe,Ph (R)-DM-SEGPHOS PhMe,Si OH
OH (5 mol%)

l\ toluene, 95 °C Ph ArzP O
| R > )

(250 mol%) O
R =Ph 81%, 87%ee, dr = 12:1 Ar =

R)-DM-SEGPHOS
R= M?O%, 92%ee, dr = >20:1 (R)

* Rational for enantio/diastereoselectivity

favored TS unfavored TS

Zbieg, J. R.; Moran, J.; Krische M. J. J. Am. Chem. Soc. 2011, 133, 10582.
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Enantio- and Diastereoselective Allylation (2)

Ru"I(CO)(n3-CsHs)

(5 mol%)
SL-J009-01
%.\ OH OBn (5 mol%)
\l k) CF4CH,OH (300 mol%)
THF, 100 °C
>
(1 atm) 86%, dr = 6:1
e X-ray structure? * Rational for enantio/diastereoselectivity
Fe'
OH
o E
Ru" N >é\|/\R
t'BU'/P--" |
t-Bu I
Ru'l(CO)(SL-J009-01)(n3-C3H5)
Axial site occupancy m-allyl
Cl: Clvs CO = 3:1 highly disordered I-bounded 1r-allylRu-SL-J009-01 catalyst
Br: Bvs CO=1:1 moderately disordeed unambiguously defines Ru-centered stereogenicity,
I : Ivs CO=1:0 not disordered which leads to high enantio- and diastereoselectivities.

1) Ortiz, E.; Spinello, B. J.; Cho, Y.; Wu, J.; Krische, M. J. Angew. Chem., Int. Ed. 2022, 61, €202212814.
2) Ortiz, E.; Shezaf, J. Z.; Chang, Y.-H.; Gongalves, T. P.; Huang, K.-W.; Krische, M. J. J. Am. Chem.
Soc. 2021, 7143, 167009.



Enantio- and Diastereoselective Allylation (3)

Ru'HCI(CO)(PPh3); (5 mol%)

(R)-SEGPHOS (5 mol%)
CF;CH,OH (300 mol%)
k(erB" THF, 115 °C
>

(400 moI% (100 mol%) rr=16:1
74%, dr = 3:1, -%ee

:

Ru'HCI(CO)(PPh;); (5 mol%)

(R)-SEGPHOS (5 mol%) OH OH
k(erB“ Kl (15 mol%) )\)\M,OBn wOBn
CF;CH,OH (300 mol%) A = A
THF, 115 °C

(400 moI% (100 mol%) y rr=1:17

75%, 91%ee

Shezaf, J. Z.; Santana, C. G.; Saludares, C.; Briceno, E. S.; Sakata, K.; Krische, M. J.
J. Am. Chem. Soc. 2023, 145, 18676.
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Enantio- and Diastereoselective Allylation (4)

Confomation preference 0 Halide & CO = cis Halide & CO = trans
o o]
T() Q th R XR <—0 th AAG393K R X AAG393K
PH;“ ‘\\\ Plru:
o R| K " Ru—/f\ 0.3 Kcal/mol H cl 0.0 Kcal/mol (X-ray)
g ph2 g Ph 0.8 Kcal/mol Me Cl 0.0 Kcal/mol
<0 ]C <0 2 (X-ray) 0.0 Kcal/mol H I 4.3 Kcal/mol
(o) 0.0 Kcal/mol Me | 1.4 Kcal/mol
Kinetic pathway of I-bounded Ru catlyst \
P P
AG393K (| 0w Me _‘ SR { ,,/| __-0._ Me
(kcal/mol) 0=¢" R|u \\\;-ME J Aldl:I:‘:clléo(;‘oor:i:afiLn 0=C" T\\\;'\Mn;e

sec-Prenylation Pathway: Disfavored tert-Prenylation Pathway: Favored
wB97X-D(IEF-PCM)/Def2-TZVPP//wB97X-D/[SDD, 6-311G(d, p)] level of theory.

Shezaf, J. Z.; Santana, C. G.; Saludares, C.; Briceno, E. S.; Sakata, K.; Krische, M. J.
J. Am. Chem. Soc. 2023, 145, 18676.



Ru-Catalyzed Diene-Carbonyl Oxidative Coupling (1)

Concept: merging oxidative coupling and transfer hydrogenation

* General reactions

Y e

(500 mol%) (100 mol%
) j)Lc,Et
(500 mol%) (100 mol%

e Deuterium labeling experlments

L e

(600 mol%) (100 mol%

Ru?;(C0)4, (2 mol%)
PCy; (12 mol%)
toluene, 130 °C

-

75%

as above

-
75% (Z:E = 13:1)

Ru?%;(C0)4, (2 mol%)
PCy; (12 mol%)
toluene, 130 °C

o

O

Ph
OEt

HO

Ph
OEt

HO

o o
=

Ph O
Ph
HO \n)]\OEt
O 9%
D 61% o)

>H]\0Et
54% 2H D

28%

Leung, J. C.; Geary, L. M.; Chen, T.-Y.; Zbieg, J. R.; Krische, M. J. J. Am. Chem. Soc. 2012, 134, 15700.



Ru-Catalyzed Diene-Carbonyl Oxidative Coupling (217)

Ru%(C0O)1, (1 mol%) =
PCy; (5 mol%) |

i-PrOH (500 mol%) N Ph
N toluene, 130 °C N
g HO

76% \
(100 mol%) (200 mol%)
* Isolation of tmr-allylruthenium intermediate R
H 88 mol¥% H
Ru%(CO), _ (88 molth)
(33 mol%) R \
Ph toluene, 130°C  oclf-. | . Ph CeDe 100°C, th oclf-. | .. Ph
- HRUS 5 - +RUS 4
: forR=H
(100 mol%) (200 mol% Co co
R=H m-allyl A: R=H t=0 (A:B =1:0) r-allyl B
R =Me m-allyl B: R = Me (X-ray) { =2 (A:B =1:0.27)

t=6 (A:B = 1:0.96)
t=7 (A:B = 1:0.94)

~ mr-allyl B (6 mol%)
| PCy; (10 mol%)
\N Ph  toluene, 130 °C
OH 77%
(100 mol%)

Park, B. Y.; Montgomery, T. P.; Garza, V.; Krische, M. J. J. Am. Chem. Soc. 2013, 135, 16320.



Proposed Catalytic Cycle

Overall catalytic cycle

oxidative
coupling

isomerization of

Ru'lL
5 "‘\\\

T allyluthenium
| Ph R* .RtI"Ln
* Most Lewis basic heteroatom of R (CO,Et o
or 2-pyidine) coordinated to Ru-center.
See previous slide. Ph R
PCy
1/3 Ru%(CO),,——3 Ru’L,,
reductive i
elimination Ru"Ln
\
| o)
dehydrogenation
H Ph R
OH
X /k
H Ph R
ligand exchange
R= COzEt
initiation H

or 2-pyridine
0 R Ph R LR II,H | )\[
u
Ru Ln \_/ > n H
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Ru-Catalyzed Diene-Diol Cycloaddition

Concept: merging oxidative coupling, intramolecular nucleophilic addition and transfer hydrogenation
* General reactions

OH RU 3(C0)12 (2 moI%
BIPHEP (6 mol%)
toluene, 130 °C
“OH

Ph,P PPh,

(racemic, 100 mol%) (500 mol%) 82%, dr > 20:1

 Catalytic Cyicle
0. O& CE ¢ RuOL,
: Ru°L ‘o
.' 0\

0
O\ Ru"L
ligand exchange;
B-hydride elimination; OH

\ — 3
oxidative intramolecular
~” "\ coupling nucleophilic
addition reductlve elimination
e Initiation

_OH
[::::r’ [:::]Z; 4 d
Ru’L, " 0 LR - l Ru‘L
u U\H \__/ uL,

1) Glasspoole, B. W.; Kim, M. M. Krische, M. J. J. Am. Chem. Soc. 2013, 135, 3796.




Ru-Catalyzed Benzocyclobutenone-
Diol/Ketol/Diketone Cycloaddition

Concept: merging oxidative coupling, double nucleophilic addition and transfer hydrogenation

OMe Ru%(CO);, (2mol%)  OMe O OMeH H
o) HO dppp (6 mol%) OH
— 74 m-xylene, 150 °C OH
~ | = H
HO" Ph,Pp”” " pph, I
(200 mol%) (100 mol%) dppp 88%, dr >20:1
OMe Ru%(CO), (2mol%)  §Me O
0 0 dppp (6 mol%)
Z /4
| m-xylene, 150 °C no stoichiometric
N y byproducts
HO 87%
(100 mol%) (100 mol%) OH
e Ru%(CO); (2mol%) T ' o
Z / (o) dppp (6 mol%) (0)
| i-PrOH (300 mol%) )]\
N m-xylene, 150 °C
o >
(200 mol%) (100 mol%) 56% OH

Bender, M.; Turnbull, B. W. H.; Ambler, B. R.; Krische, M. J. Science, 2017, 357, 779.



Proposed Catalytic Cycle

OMe OMe 4 0 "
o —Ru''L
/ (@) n
= | y | intermolecular
Ru’L nucleophilic
X o addition o
cycloreversion oxidative p MeO
coupling
OMe O intramolecular
_0 Ru%;(CO), nucleophilic addition

Ru’L 4—'
(0]

dppp OMe O o]
OH \
reductive OMe
elimination ﬂ H
OMe O

n’
L, Ru A%hgam
exchange
.0 p-hydride J
L, Rllj elimination
OH

OMe 0]

e Initiation
(j further
'OH

transfer hydrogenation
» RuL,

IIII

RuL,, L,Ru''_



Enantioselective Benzocyclobutenone-
Ketol Cycloaddition

OMe Ru®;(CO)1, (2 mol%) OMe O
//O HO (R)-DM-SEGPHOS
~ | (6 mol%)
m-xylene, 150 °C
OTIPS
BnO
(130 mol%) (100 mol%) 96%, dr >20:1, rr >20:1, 94%ee
intramolecular
OBn nucleophilic addition
OB
0 n
. o-Ru'L,
'“OTIPS
#
ox:datlve Ru"L mtermolecular
coupling nucleophilic MeO
addition
OTIPS

OMe goup avoids steical repulsion from methyl goup highlighted grey.

Ambler, B. R.; Turnbull, B. W. H.; Suravarapu, S. R.; Uteuliyev, M. M.; Huynh, N. O.; Krische, M. J.
J. Am. Chem. Soc. 2018, 7140, 9091.



Short Summary

* Merging hydrometalation, nucleophilic addition and transfer hydrogenation

RuHCI(CO)(PPh,); OH OH
(R)-SEGPHOS OBn
| k(v),OBn additive : A

(400 mol%) (100 mol%) no addltlve major Kl: major
* Merging oxidative coupling and transfer hydrogenation

Ph RU°3(CO)12
OEt PCy;
(500 mol%) (100 mol%

* Merging omdatwe couplmg, mtramolecular nucleophilic addition and transfer hydrogenation

N Ru°3<00)12
) BIPHEP
““OH

(racemic, 100 mol%) (500 mol%)

* Merging oxidative coupling, double nucleophilic addition and transfer hydrogenation
OMe OMe O

Ru%;(CO),,
- (R)-DM-SEGPHOS
| >
NS
OTIPS

(130 mol%) (100 mol%)
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2. Application of Ru Catalyzed C-C Bond Formation;
Total Synthesis of SF2446 B3 (2023)



SF2446 B3: Aglycon of Arenimycins

O OH O
R= HOW
HO

arenimycin A OMe

R= Meom MeO 0
HO HO

SF2446B1 OMe SF2446 B2 OMe

R= H
SF2446 B3
Isolation
arenimycin A : marine actinomycete Salinispora arenicola (strain CNR-647) in 2010

SF2446B1/B2/B3: soil actinomycete Streptomyces SF2446 in 1987

Biological activity

arenimycin A: antimicrobial activity against rifampin and methicillin-resistant

Staphylococcus aureus : MIC (minimal inhibitory concentration) 1.06 pug/mL

Structual features of

benzo[a]naphthacene quinone ring system, bridgehead diol motif

Structure determination

arenimycin A : deduced from 3C NMR of SF2446B1 (A<0.3 ppm)

SF2446B3 (aglycon of SF2446B1/B2): NMR, relative stereochimistry

glycoside of SF2446B1/B2: NMR, absolute stereochemistry compared with
optical rotation of synthetic glycoside

SF2446B1 or B2 1 N HCUMeOH o) 446B3 + 2,4-di-0-methyl-a-rhamnopyranoside

Total synthesis
Krische group (enantioselective synthesis of SF2446B3, 2023)

1) Asolkar, R. N.; Kirkland, T. N.; Jensen, P. R.; Fenical, W. J. Antibiot. (Tokyo) 2010, 63, 37. 2) (a) Takeda, U.;
Okada, T.; Takagi, M.; Gomi, S.; Itoh, J.; Sezaki,M.; Ito, M.; Miyahdoh, S.; Shomura, T. J.Antibiot. (Tokyo)
1988, 41, 417. (b) Gomi, S.; Sasaki, T.; Itoh,J.; Sezaki, M. J. Antibiot. (Tokyo) 1988, 41,425.
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Retrosynthetic Analysis

HO
0" Yo
o)
N
| > | 0
=
Ru-catalyzed OTIPS k
coupling (o) (o)
Western fragment Eastern fragment
OMe (racemic) (racemic)
0 0 Q
Meo)v
I > O (0
o) OMe
Eastern fragment
(racemic)
0/\0 0/\0 (0] H
o OTMS
X[~ !
| |
| P > Z “OMe >
oTIPS OTf oTiPs OMe

Western fragment (racemic)

(racemic)

Huynh, N. O.; Hodik, T.; Krische, M. J. J. Am. Chem. Soc. 2023, 145, 17461.



Optimization of Western/Eastern Fragments

Western (racemic)

OMe
| 4
Z
OTIPS
O OMe
A °
| |
Z
OTIPS
R=H
R = NHPMB
OMe OMe
/O
s | N /
N Z
OTIPS
OMe
0o
| 4
Z
OTIPS

Eastern (racemic)

MeO

HO

MeO

HO

MeO

HO

RU3(C0)12 (2 mol%)
(R)-DM-SEGPHOS (6 mol%)
m-xylene, 150 °C

CO,Me

As above

>—>

CO,Me

RU3(C0)12 (2 mol%)
(R)-DM-SEGPHOS (6 mol%)
m-xylene, 200 °C

-

COzMe

Ru3(CO)42 (3.3 mol%)
(R)-DM-SEGPHOS (10 mol%)
m-xylene, 140 °C

;

OMe O

competitive
catechol HO
formation

recovery of
cyclobutenone

75%
dr =>20:1
er=91:9

OMe OMe
20

K

OMe OTIPS

destabilized by
dearomatizationx2

74%
dr =>20:1
er =93:7




OMe

Synthesis of Eastern Fragment(1)’

OMe

OMe

OMe )
NaOH (10 mol%) n-BulLi, i-Pr,NH
MeOH/H,0 (1:1) O THF
25 °C -78 to 40 °C
o) P RO >
o)
(1 equiv) 85%
o) OMe
BnCl, K,CO3, KIi R=H
acetone, 56 °C, 79% R =Bn
OMe
; o)
Jl\/ °
MeO F aq HCI, MeOH
-78°C to rt O reflux
; ;
BnO 43% (2 steps) HO
o) OMe o) OMe

28

1) Huynh, N. O.; Hodik, T.; Krische, M. J. J. Am. Chem. Soc. 2023, 145, 17461.
2) (a) Tarnchompoo, B.; Thebtaranonth, C.; Thebtaranonth, Y. Synthesis 1986, 1986, 785. (b) Caron, B.;
Brassard, P. Tetrahedron 1993, 49, 771.



Synthesis of Eastern Fragment (2)

K;PO,
(25 wt% MeOH solution) 100 °C
(0 MeOH, 65 °C O (sealed pressure tube) O
HO 98% HO 70% 0
(0 OMe HO (0 kO
OsO, (cat.
0.1 M t-BuOH solution) Ko
20\ & b (nwmo)
TBSOTf, Et;N <\ / 0
(CH,Cl);, 0°C  TBSO acetonelH,0, rt
o
0 80% (2 steps) I\
I\O 0 (0 (0
(racemic)

Huynh, N. O.; Hodik, T.; Krische, M. J. J. Am. Chem. Soc. 2023, 145, 17461.
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Synthesis of Western Fragment (1)’

Pd'(OAc), (10 mol%) 2

/OCOCF3
| (200 mol%) 1, (0.95 equiv)
o C ‘ococF, T NaHCO,
H,O, rt 0O°Ctort
> r
OMe 33% OR 74%

HBr (48wt% H,0 solution) I: R= Me
AcOH, 110 °C, 77%

1. NaBH,4, MeOH

0°C, 69% N
0 OH 2. KI, K,CO; o9
| CH,Br,/acetone |
50 °C, 70%
OR OTf
Tf,0, i-Pr,NEt (racemic)
CH,CI,/THF, -78 °C |: R = OTf

85%

1) Huynh, N. O.; Hodik, T.; Krische, M. J. J. Am. Chem. Soc. 2023, 145, 17461.
2) (a) Shan, G.; Yang, X.; Ma, L.; Rao, Y. Angew. Chem., Int. Ed. 2012, 51, 13070. (b) Mo, F.; Trzepkowski, L.
J.; Dong, G. Angew. Chem., Int. Ed. 2012, 51, 13075. (c) Choy, P. Y.; Kwong, F. Y. Org. Lett. 2013, 15, 270.
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Synthesis of Western Fragment (2)'

I~ N
o~ 0 OTMS 2 1 1°
| n-BuLi
THF, =78 °C
Z “OMe - I
oTf OTIPS
(racemic) (racemic)
0/\0 OTMS 0/\0
1 N aq HCI //o
| AN miQMe MeCN, -10°C I N
o
Z “oTIps 45% (2 steps, dr = 1:1) 7 OTIPS
(racemic) (racemic)

1) Huynh, N. O.; Hodik, T.; Krische, M. J. J. Am. Chem. Soc. 2023, 145, 17461.
2) (a) Hamura, T.; Hosoya, T.; Yamaguchi, H.; Kuriyama, Y.; Tanabe, M.; Miyamoto, M.; Yasui, Y.; Matsumoto,
T.; Suzuki, K. Helv. Chim. Acta 2002, 85, 3589. (b) Takemura, I.; Imura, K.; Matsumoto, T.; Suzuki, K.

Org. Lett. 2004, 6, 2503.
3) For aryne distortion and regioselectivity, see Medina, J. M.; Mackey, J. L. Garg, N. K. Houk, K. N.

J. Am. Chem. Soc. 2014, 136, 15798.



Enantioselective Benzocyclobutenone-’
Ketol Cycloaddition

0/\0 2
/o HO Ru;3(C0O)45 (3.3 mol%)
S—<7 (R)-DM-SEGPHOS (10 mol%)
| m-xylene, 140 °C
S
oTips © 74% (combined yield)
dr =>20:1
Ol\ er =937
(0 (0
(racemic, dr = 1:1) (racemic)
(1.3 equiv) (1 equiv)
, 07 o o
Mel, Bu,SnO HCI
n-BuyNI (25 mol%) (1 M Et,0 solution)
toluene, 100 °C CH,CI,, 40 °C
96%

56% (1st diastereomer)
79% (2nd diastereomer)

1) Huynh, N. O.; Hodik, T.; Krische, M. J. J. Am. Chem. Soc. 2023, 145, 17461.
2) Ambler, B. R.; Turnbull, B. W. H.;Suravarapu, S. R.; Uteuliyev, M. M.; Huynh, N. O.; Krische, M. J.

J. Am. Chem. Soc. 2018, 140, 9091.
3) Haque, M. E.; Kikuchi, T.; Yoshimoto, K.; Tsuda, Y. Chem. Pharm. Bull. 1985, 33, 2243.



Construction of Quinone

1. n-Bu,NF, THF
25 °C, 80%

2. NBS
DMSO/H,0/MeCN
0 to 25 °C, 95%

3. PCC, CH,Cl,
25 °C, 85%

-

CuCl (20 mol%)

aq t-BuOOH
DBU, THF, 25 °C MeCN, 25 °C
; ;

35% (2 steps)
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Huynh, N. O.; Hodik, T.; Krische, M. J. J. Am. Chem. Soc. 2023, 145, 17461.



Total Synthesis of SF2446 B3"

2)

O OH O HO o NH;
o) HG (400 mol%)

OH
Cu(OAc), (5 mol%)

MeOH/EtOAc (o)
30 °C, air HOW
microwave; HO

K,CO3 (30 mol%)
MeOH

HCI (1 N MeOH solution)
65 °C

21% (2 steps)

SF2446 B3
validation of structure

1) Huynh, N. O.; Hodik, T.; Krische, M. J. J. Am. Chem. Soc. 2023, 145, 17461.
2) Lisboa, C. d. S.; Santos, V. G.; Vaz, B. G.; De Lucas, N. C.; Eberlin, M. N.; Garden, S. J. J. Org. Chem.
2011, 76, 5264.



Summary

0" Yo
o
D
/
OTIPS
racemic, dr = 1: us 12 (3.3 mol%
( ic, dr = 1:1) Ru3(CO)45 (3.3 mol%)
(R)-DM-SEGPHOS (10 mol%)
m-xylene, 140 °C
-
HO >
o
<° O SF2446 B3
o
k O PAr,
(@) (@) (o) PAI'Z
(racemic) ( O
(@)
Ar =

(R)-DM-SEGPHOS



Appendix



37

Ru?(CO),,

0s%(C0),[0s'(CO);(u-H)], | Ru'(n3-CH,CMeCHMe)CI(CO)(PPh;,),

Ru5(CO),, : Inorg. Chem. 2004, 43, 5245.
(p-H),0s5(C0O),, : Inorg. Chem. 1977, 16, 2697.
Isoprene-derived allylruthenium(ll) : Organometallics 2004, 23, 4735.
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X-ray Structure (2)

Ru"l(CO)(SL-J009-01)(n®-C;H;)  Ru'"Br(CO)(SL-J009-01)(n3-C;H;) Ru"CI(CO)(SL-J009-01)(n3-C,H.)

J. Am. Chem. Soc. 2021, 143, 167009.
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X-ray Structure (3)

Ru'l(CO)(SEGPHOS)(n3-C;H;)- THF Ru''CI(CO)(SEGPHOS)(n3-C;H;)-THF

J. Am. Chem. Soc. 2023, 145, 18676.



X-ray Structure (4)

Pyridine-chelated n3-allylruthenium(ll) complex
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J. Am. Chem. Soc. 2013, 135, 16320.



