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History and Development of Gold Catalysis
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History and Development of Gold Catalysis
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O Atomic and Optical Properties of Gold



Atomic and Optical Properties of Gold
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Atomic and Optical Properties of Gold

Relativistic effects
Lanthanoid contraction

~= <

Expansion of 5d & 4f, Higher HOMO Contraction of 6s & 6p, Lower LUMO

>

Enhanced Spin-
orbit coupling

« Less important n back-bonding, « Strong soft Lewis acid even in the pre-
more electron-deficient ligand sence of strongly donating ligands

« Carbene character of Au(l) « Stronger Au-L bond

* Aurophilicity * High electronegativity, pseudohalogen

« Linear Au(l) complexes » High oxidative potential for Au(lll)

« Hard to undergo oxidative addition Au(l) is air and moisture stable

Pyykko, P., Angew. Chem. Int. Edit. 2004, 43 (34), 4412-4456.

Gorin, D. J.; Toste, F. D., Nature 2007, 446 (7134), 395-403.
Leyva-Perez, A.; Corma, A., Angew. Chem. Int. Edit. 2012, 51 (3), 614-635.



Atomic and Optical Properties of Gold

O Au(lll) species

« d8configuration = important non-emissive d-d transition.
* High electronegativity-> hardly observable MLCT, low energy LMCT.

S5F -

d-d transition
band

N

(HAUCI, in i-PrOH) |

300 400 500 600
Absorption Wavelength (nm)

Vogler, A.; Kunkely, H., Coordin. Chem. Rev. 2001, 219, 489-507.
Cao, Z.; Bassani, D. M.; Bibal, B., Light activation of gold complexes. In Phoiochemistry, 2019; pp 421-456.




Atomic and Optical Properties of Gold

O Au(lll) species

« d8configuration = important non-emissive d-d transition.
» High oxidizing state > dominant LMCT, with hardly observed MLCT.

Energy (a)

d-d
excited state

ground state

-

nuclear coordinates

J. A. G. Williams, Top. Curr. Chem. 2007, 281, 205.



Atomic and Optical Properties of Gold

O Au(l) species

« d'0configuration = accessible d-s/d-p transition only.
« LMCT and MLCT could occur at reasonable energies.

d-s transition

band \ 1L i
Ol\ALil_I\ 1 1 1 | 1 1 |

300 400 500 600
Absorption Wavelength (nm)

Vogler, A.; Kunkely, H., Coordin. Chem. Rev. 2001, 219, 489-507.
Cao, Z.; Bassani, D. M.; Bibal, B., Light activation of gold complexes. In Phoiochemistry, 2019; pp 421-456.




Atomic and Optical Properties of Gold

O Dimeric Au(l) species

 The Au-Au interaction leads to a 6 overlap of 5d and 6p orbitals.
* (09)*(06))* 2 (04)*(09)*(0p)* transition, with an Au-Au bond forming.
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Vogler, A.; Kunkely, H., Coordin. Chem. Rev. 2001, 219, 489-507.
Cao, Z.; Bassani, D. M.; Bibal, B., Light activation of gold complexes. In Photochemistry, 2019; pp 421-456.
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O Combining Gold Catalysis and Light

B Gold complex as transition-metal catalyst



Gold complex as transition-metal catalyst

B Gold complex as transition-metal catalyst

B The vital question: How to perform oxidative addition?
B \What can light do to facilitate oxidative addition?

Direct Oxidation Addition: Possible but Hard (Ligand design, directing group...)

R
Radical Addition RX Y R Au()L, — R—Au(ll)L, =~ R—AEIJ:\E'”l)Ln
Light promoted Au(l)L, hv [Au(I)Ln * RX R-Au(liNL, — _ R—Au(lllL,

Oxidation Addition X R



Gold complex as transition-metal catalyst

B Gold-photoredox catalysis involving radical addition

[Au] catalyst

oH N, BF,  [Ru(bpy)l(PFe), ©
L/\ 23 W fluorescent bulb
= i:: -
C degassed MeOH, 4-12 h, rt
E . Zhang 2010
4 equiv

entry” [Au] catalyst [Aul/[Ru] (mol%) yield (%)b
1 PhyPAuCl 10/5 51
OH 2 [dppm (AuCl), ] 10/5 22
I:/\ ) 3 AuCly | 10/5 trace 1s 2013
X 4 (pic)AuCl, 10/5 trace
5 [PrAuCl 10/5 trace
6 [PhyPAuINTH, 10/5 84
N .3 N, SR X620}
8 [Phy,PAu|NTH, 10/1 61
9 [PhyPAu|NTf, 5/2.5 50
10 | Ph;PAu|NTH, 1/2.5 22
11° [PhyPAu|NTHf, 10/2.5 6
12 [ Ph;PAu|NTTE, 10/— 4
13 — —/2.5 0

Zhang, G. Z.; Cui, L.; Wang, Y. Z.; Zhang, L. M., J. Am. Chem. Soc. 2010, 7132 (5), 1474-+.
Sahoo, B.; Hopkinson, M. N.; Glorius, F., J. Am. L@ﬁe%r.ogchf&‘ilg,gf%N%,@S%%EJ—)SSOS.
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Gold complex as transition-metal catalyst

B Gold-photoredox catalysis involving radical addition
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Kalyani, D.; McMurtrey, K. B.; Neufeldt, S. R.; Sanford, M. S., J. Am. Chem. Soc. 2011, 133 (46), 18566-9.
Sahoo, B.; Hopkinson, M. N.; Glorius, F., J. Am. L(f’l?e%r.0§80Mf&‘i'§97(9\)6(1\(%@3%65%508. 18



Gold complex as transition-metal catalyst

B Gold-photoredox catalysis involving radical addition

OH 10% Ph3PAuUCI 10% (4-CF,Ph);PAuCl 0 R
WR . ANNBF, 2.5% Ru(bpy)a(PFg)2 7 2.5% Ir(ppy); N \
n MeOH/CH4CN (3:1), 1t, N, & Ar
Visible light n
entry n R Ar time (h) 3 (% yield)
1 2 n-hexyl Ph 6 (90)
Hgac 2 2 isopropyl Ph 6 (81)
3 2 Bn Ph 6 (83) ste 2014
4 2 PhthN(CH, ), Ph 4 (80)
S 2 Ph Ph 24 (34)
6" 2 Ph 4-FPh 24 (71)
7° 2 4-CIPh 4-FPh 24 (67)
8" 2 4-MePh 4-FPh 6 (80)
9P 2 2-MePh 4-FPh 24 (32)
10 1 Ph Ph 15 (67)
11 1 Bn Ph 6 (51)

Walkinshaw, A. J.; Xu, W.; Suero, M. G.; Gaunt, M. J., J. Am. Chem. Soc. 2013, 135 (34), 12532-5.
Shu, X. Z.; Zhang, M.; He, Y.; Frei, H.; Toste, F. D, J. Am. Chem=-Soc. 2014, 136’(16), 5844-5847.



Gold complex as transition-metal catalyst

B Gold-photoredox catalysis involving radical addition
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Cao, Z.; Bassani, D. M.; Bibal, B., Light activation of gold complexes. In Phoiochemistry, 2019; pp 421-456.



Gold complex as transition-metal catalyst

B Two proposed mechanism
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Gold complex as transition-metal catalyst

B Computational studies

(a) Path2A ggT — coordination— cyclization
» Reductive or oxidative quenching? Radical ™~ .
+ Sequences of the steps? addition . FPath2B  SET — cyclization—= " ¢jimination
. 0 coordination
 Chain process or not” path 26 Cyclization — SET /
) Path 3A lizati
a SET — cyclization
Radical ” ™~
addition “a (i
+ Vd Path 38 /" SET Reductive
OH \ [PhsPAUINTY, ? AR elimination
+ + AN i S
(/\ @ [Ru(bpy)s]* N Path 3(‘;{ aRdacﬂlt‘i::A — cyclization—
. SET
light, MeOH, rt AN Radical /

Path 3D cyclization — addition
(c)

Path 4A Radical

addition coordination— cyclization

v ~
Radical — Reductive
SET g, o 48/ addition ~ SYclization — gjimination
coordination Radical
Path 4C cyclization —  addition

Zhang, Q.; Zhang, Z. Q.; Fu, Y.; Yu, H. Z., Acs. Ctal. 2676, 6 (2) “796-808 2" 22



Gold complex as transition-metal catalyst

B Computational studies: radical-addition-first

~NTE FO“CHNTB —0
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Fu, Y: Yu, H. Z., Acs. Caral 2016.672) 498808 2~V

Zhang, Q.; Zhang, Z. Q.;



Gold complex as transition-metal catalyst

B Computational studies: alkene-coordination-first

_ONTf,
ot
/\“ﬁ +
i i ]
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\ k\/ ! o —Q
Au' Au'—ph TS6 AL AN - A
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e 216 ( h
: - .. 26 Int16 N
Path 3D (Ru) . OH 7]+ Int8 Ru' .}‘
208 O, =y N Ph )
R I
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00 NTf, 1.1 { Php”  NTR 1.9 0.9
W, A e g L Int13 BN
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int4 *Ph  Int15 (Ru'] g NTf 4.1 \ 3a
/ . 2 TS3 2 1s4 Int1
oH 1% 156
OH ]+ OH 72
L/\ 4-| —l Int12 ’H j 2+ H/Nsz—l o _] +
R N 8 0 0]
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Phgp TU ~NT 3
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Zhang, Q.; Zhang, Z. Q.; Fu, Y.; Yu, H. Z., Acs. Ctal. 2676, 6 (2) “796-808 2" 24



Gold complex as transition-metal catalyst

B Computational studies: SET-first

{ 3
— 4 o) O W
OH - .
E, R -7 Au" }‘“
PhyP—Au—NTY,} /ALL_\N” PPh, PPh; Path 4A ==
PhaP .
i 3 TS6 5 Path 48
AT Path 4C e
252 Int18 - 352 ’ 336 -
28'4.""“\,-- . 1a ‘ HNTF, S0
NN 208
[Ru") .
: ) 82
.'\ [Ru'™ Int9 i
00 Int13 -‘.{ Ph NTY, HNTf, *. .19 e
ot 1 B ) y
Int1 , 96 " 156 .~ R - /&
’ B 2.1 4.1 \ 3a !
S N .
PhyP~AUNTY, OH — 24 NS s3 TS4 Int1
2
(/\ -~ 2+ NTf2—1+ +
>R LOH 1 g ] H o 1
AL C —Q (A
phap Ph “\‘,/\-\\\ _/—\:_—\1 K/‘.\\ Au'l— Ph
" S i
PhaP ?“ ~NTf, !Alu._ph /Au‘Ph PPh,
Ph Ph4P Ph,P

Zhang, Q.; Zhang, Z. Q.; Fu, Y.; Yu, H. Z., Acs. Ctal. 2676, 6 (2) “796-808 2" 25



Gold complex as transition-metal catalyst

B Mechanistic rationale

» Higher electrophilic Au(lll) center results in lower alkene LUMO energy, thus
favoring the cyclization.

« Radical addition occurs preferentially before the SET step.

+
/NTf2 SET Tsz *Ph SET 1+
PhsP—l]\u“' = PhsP— AL 4@ PhP-AuNTf, =)  PhsP—Au'—NTf,
Ph AG*=0.1 Fl’h AG¥=284

Zhang, Q.; Zhang, Z. Q.; Fu, Y.; Yu, H. Z., Acs. Catal. 2016, 6 (2),"798-808.



Gold complex as transition-metal catalyst

B Elucidating the bond-forming step

‘R
radical
substitution
ALII-n red elim.
radical-radical
coupling

4-NO,C¢H,N,BF, 1.5 equiv.

RU(bpy)3(PF6)2 10 mol%
IPr—Au—CF; > 02N—©—CF3
CH3NO,(0.5 mL)

Blue LED, N, atm, RT, 5 min

(o] 4'N02C5H4N23F4 1.5 equiv.

o
Ru(bpy)s(PFs), 10 mol%
IPr—Au—N > OZNON
o

CD3NO,(0.5 mL)
0 Blue LED, N, atm, RT, 3 min

Kim, S.; Toste, F. D., J. Am. Chem. Soc. 2019, 141 (10), 4308-4315.



Gold complex as transition-metal catalyst

B Elucidating the bond-forming step

@®
—® IPr L - Solv c 1®
' F
IPI'_ALI"-CF3 SO'U—AU"I-AI‘ _“_ IPF_ALI”.!:. 3
2@ | Ar
Ru(bpy)s] - ¥ CF, + Solv
k4 Ar-
‘
Blue LED
2@ 2® S
Ru(bpy); | sama—  [Ru(bpy)il* 1 Ru(bpy)s] . ArN,
IPr—Au'-CF; IPr
Sol\r—Alil”-Ar
@ CF;
- Solv
Y
IPr—Aul=Ar ,~CF3
. - Pr=Ay!"" W ceccccccccccsmmsmsss=smsass===== —
+ CF3 I r=Au \Ar b Ar CFS

Kim, S.; Toste, F. D., J. Am. Chem. Soc. 2019, 141 (10), 4308-4315.



Gold complex as transition-metal catalyst

B Scope

OH + - [PhgPAUCI] (10 mol%) o R
/ s N2BF4  [Ru(bpy)s](PFg)2 (2.5 mol%) R1” N “R2
A g ©/ MeOH, KH,PO, (3eq.), it
5 Wgreen LEDs, 4 h
..................................................................................................... Meyer—Schuster

\A/V%J\ rearrangement
=4

(70%)
s s ((p-MeO)CgHy)sPAUCI (10 mol%)
= 2BFa [Ru(bpy)s])(PFg)2 (0.5 mol%) L
S /@ degassed DMF (0.1 M) - S C = :
EtO,C 23W CFL. 1t. 1h Terminal alkynes C-H
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" (or C-Si) arylation
EtO,C Q = O EtO,C O — O EtO,C Q = O OMe
(57%) (73%) (53%)
Tlahuext-Aca, A.; Hopkinson, M. N.; Garza- Sanchez R.A Iorlus em/ 2016 22 (17), 5909-13.

Tlahuext-Aca, A.; Hopkinson, M. N.; Sahoo, B.; I'(gjlorlurso , e|n é % @, ) 89-93. 29



Gold complex as transition-metal catalyst

B Scope

Ph3PAuUCI (10 mol %)

N2BF, | [Ru(bpy)s(PFs)] (2 mol %)
A -SMes > ‘\/ Cross-coupling

degassed MeCN (0.2 M)
N,, 3 h, t, 23 W CFL

B(OH),

PPh;AuNTf; (5 mol%) “

N N,BF, Ru(bpy)s(PFg)s (2.5 mol%) MeO S o R

+ R 20 W fluorescent bulb
MeOQO | _ HoO (60 equiv.}
OMe MeCN, rt., 16 h MeO .
Cross-coupling
(82%) (72%) (39%) (77%
0 Ph;PAuCI 9 .
N2BF, ; Ru(bpy)s(PFe)2 R-0Ft C-P Cross-coupling
R T w R-0Et = R OEt
OEt MeQN_:EtO_H: 4:1,
visible light,
rt

Akram, M. O.; Mali, P. S.; Patil, N. T, Org. Lett. 2017, 19 (12), 3075-3078.
Gauchot, V,; Lee, A. L., Chem Commun (Camb) 2016, 52 (66), 10163-6.
He, Y.; Wu, H.; Toste, F. D., Chem Sci 2015, 6 (2), 1194-11986.



Gold complex as transition-metal catalyst

B Energy-transfer promoted oxidation addition

« Early report of light facilitated oxidative addition to Au(l)

CF34l (25 equiv)
PhyPAUA-F-CeHy) — oo 'S
; T T 20sec PhaP ™ \O Toste 2014
CD.Cl, F

>95% (NMR)

R;PAU-R'

Au(l) [Au(I]* 7N
h
oFy <= era* A (R '—T .CF3 (R4P)AU(CF )R’

-~

(R3P)Au(CF3)(DR" CFl

Winston M S, Wolf W J, Toste F D. J. Am. Chem. Soc., 2014, 136(21), 7777-7782.
For photoinduced reductive elimination, see: Cao, Z.; Bassani, D. M.; Bibal, B., In Photochemistry, 2020, 47, pp 423-456.



Gold complex as transition-metal catalyst

B Energy-transfer promoted oxidation addition

* No conversion in the absence of irradiation, low conversion in the absence of [IrF]
« No florescence quenching of [IrF]” by Rl or [AuCF,] is observed.

* Vinyl-Au intermediate is formed and isolated.

« Quenching of [IrF]" by vinyl-Au intermediate is confirmed.

1 equiv. 1.5 equiv.

0 Ph +BzO-
Y e
—_—

(N"' It
/ \ —Br Ni
(N "Niu"o N™
[Ir(ppy)al* 1 N @\
CO,Me
CO Me

Photo- Nickel -
Catalytic Energy > i
ataly | Yransfar Catalytic Cycle
Cycle
- ~ N, .DMF
* (N Ni¢ CO,Me

O~_ _Ph
Y DMF E "'J'J) )

Ir(ppy) 3 N, .0 : o
(M LS

o : Mr—

MeO,C : fir=F1

Welin, E. R.; Le, C.; Arias-Rotondo, D. M.; McCusker, J K Sc:ence 2017, 355 (6323), 380-385.

Xia, Z.; Corcé, V.; Zhao, F.; L. Fensterbank, et a|7 I\IG %tbol% 9? M?@&(

«Br

A

€

RS
v '§
. ?

8

32



Gold complex as transition-metal catalyst

B Energy-transfer promoted oxidation addition

« The reaction proceeds on the triplet potential energy surface.
« Catalytic cycle:

OH
@k
Ph .
Reductive via

+ base

elimination 0
0 L-Au'-X — HX mph
/P Xx=ciorl L ‘ © O
\ [Ir—F"" %
3\ ,
X / oz Au—P(p-CF3Ph)s

_ o Gold Energy Photo o ? '\\
@} catalysis transfer sensitization .
Yy Ph
Au! \
Eg / [Ir=F]"
LR
i . )\\H i :o *
/ Ph
Ox dmvﬁ/ [
addition /?U
|——R L

Xia, Z.; Corcé, V.; Zhao, F.; L. Fensterbank, et al., Nat. chem. 2019, 17 (9), 797-805.



Gold complex as transition-metal catalyst

B Scope
IPrAu(1)SCF Fietloshy
/ .
IPr, 7CFs Pl <~ PhSO, IPrAu(0) .SO,Ph
e (INAU 25 SO,Ph
s Ph/I\/S\;’h [Ru(bpy)]**
ST ‘\ Atom transfer radical
B Photoredox  [Ru(bov)2**_SE1-1", . e
,E i cotatysis. TUEPITT0)  scH, addition (ATRA)
| %
R [Ru(bpy)?* - g
F
SCF
IPr 3 +
(AL © )
s7° ~ = [IPrAu(l)]
il Ph
SCF,
o SO,Ph

Li, H.; Shan, C.; Tung, C. H.; Xu, Z., Chem. Sci. 2017, 8 (4), 2610-2615.



Gold complex as transition-metal catalyst

B Designing a tethered dual catalyst

pseudo-geminal -ortho -meta -para

increasing metal-metal distance

O Me
OH N2BF4 Z
" Me
Me catalyst (2.5 mol%) O
T - T
solvent, r.t.
CO,Et green LEDs
CO,Et
Yield
Br Entry Catalyst Solvent [%]
1 PPh;AuCl, Ru(bpy);Cl, MeOH 76
0 3 1 3 2
5 steps, 25% from ’ 2 PPh;AuCl, Ru(bpy);Cl, MeCN/MeOH 3:1 73
3 PPh;AuCl, Ru(bpy),(ppy)PFe MeCN/MeOH 3:1 73
Br 4 PCP-Au, PCP-Ru MeCN/MeOH 3 : 1 70
b PAuRu MeCN/MeOH 3:1 63

Knoll, D. M.: Zippel, C.. Hassan, Z.: Nieger, M. Weis B” Brace S “Daltor Trans. 2019, 48 (48), 17704-17708.
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O Combining Gold Catalysis and Light

B Gold complex as photosensitizer



Gold complex as photosensitizer

B Properties of dimeric gold complex

The dimeric gold(l) complex [Au,(u-dppm),]?*

Me\ /Me 2+ Quencher kg(M—ls—1)a
Me <\p~ ™ p'~Me Tetrabromomethane 8.90 x 109
AI _______ AI Bromoform 8.70 x 10°

|u |u Tetrachloromethane 3.37 x 10°

—P P— Ethyliodide 1.73 x 10
Mo/ S\ e Methyl iodide 1.00 X 10°
- Allyl bromide 7.58 x 108
Chloroform 4.59 x 107

24 n-Butyl bromide 2.85 x 106

[Au,(dppm), ] Benzyl chloride 1.85 x 106

Obtained from Stern-Volmer analysis where 1./t = 1 + kq1,[Q]

McTiernan, C. D.; Morin, M.; McCallum, T.; Scaiano, J. C.; Barriault, L., Catal. Sci. Technol. 2016, 6 (1), 201-207.
Che, C.-M.; Kwong, H.-L.; Poon, C.-K.; Yam, V. W.-W., J. Chem. Soc., Dalton_Trans. 1990, (11), 3215-3219.
Che, C.-M.; Kwong, H.-L.; Yam, V. W.-W.; Cho, K.-C., J. Chem. Soc, Chem."Comm. 1989, (13), 885-886.



Gold complex as photosensitizer

B [nner-sphere electron transfer

X [Ru(bpy);]Cl; fac-Ir(ppy);
Eqy2™*™ (vs SCE) -0.81V 71 73V

HE G

Outer-Sphere MLCT

[Auz(dppm),ICl,
-1.63V

-1.9~-25V

Ph_ _~__.Phl2CI
Ph"l’ T“"‘Ph
Au----Au+

Phep F',,..Ph
Ph” N p

Inner-Sphere PeT

« Upon excitation, an exciplex forms which facilitates the PeT.

— - *

Ph Ph
ph—p~ SpLph

I R
Au*---Au*---Br

i Ph/ \/P\ h 1

@ - ) 6pz L\‘

*[Au) s

ol

Zidan, M.; Rohe, S.; McCallum, T.; Barriault, L., Catal. Sci. Technol. 2018, 8 (23), 6019-6028.
McCallum, T.; Rohe, S.; Barriault, L., Synlett. 2017, 28 (03), 289-305.



Gold complex as photosensitizer

B Reductive debromination radical cyclization

Br Br [Auz(p- dppm) 1X; . Br
\L f f ~ Barriault 2013
@éh:;..gm arriault

Ts Et0,C
Eaoc | BBoE etooc AcCOOEtg ¢ Nco,Et
yield 60~90%
I:[ILI)( \.deI)lbL LIg[IL SouUIrCe e l70]
HO
1
2 [Auz(u—~dppm)2]CI
uz(u—dppm
3 PN N = 2(1 mol%)2 ?
HO Br + — >

4 ' ProNEt, MeCN

5 EtO,.C CO;Et UVA, 16 h EtO,C COqEt

6 (77%, d.r. 5:1)

7

8 PhtN 1.

9 / [Auy( p;—dp[lael;n)g]CIg 1.
10 N_/ . mole) .
11 ProNEt, MeCN 1.
19 EtOzc CO,Et UVA, 16 h Et0,C° 'CO,Et

)

- (38%, d.r. 5:1)

Revol, G.; McCallum, T.; Morin, M.; Gagosz, F.; Barriault, L., Angew. Chem. Int. Ed. 2013, 52 (50), 13342-13345.



Gold complex as photosensitizer

B Mechanism studies

» Reductive or oxidative quenching?

50 - 4
40 |- §’2
E*,.=-1.63V vs. SCE and E*,= 0.70 V vs. SCE 30 |- £,
@ 20 | 0.4
-CE, 10 300 31.0 32lO 3(;0 3;0 3;0
Wavelength
E~y=-1.90 V vs. SCE and Eppga= 0.50 V vs. SCE = e
O -10 Au,(DPPM).CI,
20 L Chiral Br
-30 r Auz(DF’PM)zCI2+ Chiral Br
. 1 | 1 L
Quenching rate constant: 260 280 300 320 340
Auy(dppm),Cl, Wavelength (nm)
Quencher kg M s™) 18% quenched by RBr;
ButylBr 2.9 x 10° 78% by DIPEA (excess).
RBr 3.1 x 107
DIPEA 2.7 x 107

McTiernan, C. D.: Morin, M.: McCallum, T.: Scaiano. ) & Bamadit 1~ Cafal, Sei. Technol. 2016, 6 (1), 201-207. 40



Gold complex as photosensitizer

B Mechanism studies

« Reductive or oxidative quenching?
« Sequences of the steps?

« Chain process or not? >|
‘Auy®t + NiPrEt + Auy éo%?ﬁltprz

/\\ Et0OOC~ COOEt

ocC

"Au®*  NiPr,Et RBr /
N~ 3.4 P)\ j Br Y
00 .=~ . ~/ a
—2N + Ni r2Et N b +  NiPryEt
-
v Et00c” “COOEt EtOOC - CROBE
v Au” RBr COOEt .
‘i +
¥ NiPrEt
% 285 TN NzPrzEt + —> NiPr t(CBrMe,) +
202 288 %
N, EtOOC oc” “COOEt
\
AuBr2* NiPrLEt ‘4 COOE
N " 508 COOEt

R +
AuBr* R+ NiPr,Et

Yu, H.; Zhang, X.; Zhang, S., Organomet. 2018, 37 (11), 1725-1733.



Gold complex as photosensitizer

B Scope

[Aua(p-dppm),]Cl R3

Hashmi 2014

[Au-AU k—.'-,"‘ FG
" wul_AUIII]2+ ) IPr _\

Ph
. +. H
iPraNMe |- 4 jPr,NMe —<>1 iPRN”

H+

L
-
etc.

O

Xie, J.; Shi, S.; Zhang, T.; Mehrkens, N.; Rudolph, M.; Hashmi, A. S. K., Arigew. Chem. Int. Ed. 2015, 54 (20), 6046-6050.



Gold complex as photosensitizer

B Scope

[Aua(u-dppm),ICl (5 mol%)
DABCO (20 mol%) o
Na>CO5 (3.0 equiv
O + + Br—R 2505 W) O O
~ - ~
N*‘C MeCN, Ar, rt NT R _
UVA LED via PY
N "R

[Aus(u-dppm);ICl (5 mol%)

DABCO (20 mol%) 0
1 Na,COj; (3.0 equiv 1
"N+ R2Er 20 (5.0 2auly) R“N)LRz
ol H,0 (21 equiv) H
MeCN, Ar, rt via R1‘N4:“R2
UVA LED

1 equiv. TFA
R"'-H + g#B" [Auy(dppm),]Cl, 5 mol%, R"'R

X 3 EQUiV. MeOH (05M), Ar degas - X
7 UVA LED, 15-24 h 8.22
0 Me Cy
X
m ©\/\S_CV |
O =
N Me on \ o
R=Cy, 86%
R =Ph(CH,)3, 84% 98% 98%

Rohe, S.; McCallum, T.; Morris, A. O.; Barriault, L., J. org. chem., 20 83 %}7F)’K1UO)015_10024'

McCallum, T.; Barriault, L., Chem. Sci. 2016, 7 }7”27%49%9%%“”9 CCME

Addition to isonitriles

Addition to heteroarene
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Gold complex as photosensitizer

B Scope
R R
N [Auz(i-dppm)](OT, o N.
N~ "R (2 mol %) |
+ Br—R
Ar/”\H o Imidazole (3 equiv) A Re
MeCN, room temperature
Addition to hydrazones
R FFR F R FRF N N F F
3
FFFFFF FFFFFF FFFF
83% 75% 91%
R1_ H - [Aua(u-dppm),ICla (3 Mol%) R" R
— + -Br L. —
RZ2 RS Na-ascorbate (0.5 equiv) RZ2 R?
NaHCO; (1.5 equiv)
MeCN, UVA, RT .
. A Addition to alkenes
Al ArZJW\COOEt
Ar' = CgHs Ar? = CgHy(2-OH) 81%
= CgHs, Ar? = CgHy(2-OTBS) 77%
65%

Ar" = CgHs, Ar? = CgH3(3,4-diCl)

Xie, J.; Li, J.; Weingand, V.; Rudolph, M.; Hashmi, A. S. K., Chem.—Eur. J. 2016, 22 (36), 12646-12650.
Xie, J.; Zhang, T.; Chen, F.; Mehrkens, N.; Hashmi, A. S. K., Angew. Chem."Int. Ed. 2016, 55 (8), 2934-2938.



Gold complex as photosensitizer

B Dimeric Au(l) photocatalysis via energy transfer

Bpin R?
Blue LEDs (465 nm) Bpin

1.0 mol% [Au,(u-dppm)2](OTH),

(\/\r J\ 82P|n2 (1 2 GQS)

Na,CO3; (0.5 eq.)
MeCN (1.0 M)

Simple, easily accessible high functional groups tolerance
substrates valuable building block

X=0; S; NBoc

* New absorption peak arises in [Au,(u-dppm),](OTf), + Na,CO;, solution;
* Aryl bromide resulted in no conversion;
* Quantum yield ~ 0.34

Zhang L, Si X, Rominger F, et al., J. Am. Chem. guo 65858 '\423}%(%{\@?@&&”
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Gold complex as photosensitizer

B Dimeric Au(l) catalysis via energy transfer

Bpin
! P Bpin
| ~ standard condition _ AN N\

Direct irradiation Bpin

Bpin
hv = 254 nm
A\

/ N82C03 (@)
I (30%, 72 h)
|
@:J +  B,Pin,
__________________ 0

Yy

Bpin LT
hv =465 nm Bpin

1.0 mol% [Au,(u-dppm),(OTH),] N

- n
Na2CO3 @)

@ Photosensitization (90%, 15 h)
15 h
not detectable

with B,Pin, 70% conv. 72%
without B,Pin, 52% conv. 55%

Zhang L, Si X, Rominger F, et al., J. Am. Chem. Soc., 2020, 142(23), 10485-10493.



Gold complex as photosensitizer

B Proposed mechanism

[Au,(1—dppm),](OTH),
N32C03
| o= (o]
[Au] [Au]
Blue LED BP'"—BP'" Blue LED
EnT EnT N
Bpin
[AuT* | || ©f/§ [Au]*
©i J\ o ©j§
0~ “HID
KIE=1.5 ' Bpin

Bpin

Bpin
O

Zhang L, Si X, Rominger F, et al., J. Am. Chem. Soc., 2020, 142(23), 10485-10493.



Gold complex as photosensitizer

B \ariation

[Au,(g—dppm),](OTH),
0] 4-iodoanisole ( 2.0 eq)
2 ;

0
NaHCO5 (1.0 eq) &o

Blue LED
[Auz(1-dppm),](OTH),
NaHCO;
\ 07 Ar H
[Au] [Arl]* \\> -

Blue LED r r combination
EnT SET
* OR
[Au] Arl 07

Si X, Zhang L, Wu Z, et al. Org. Lett., 2020, 22(15), 5844-5849.



Gold complex as photosensitizer

B Reductive desulfurizing C-C coupling

1) [Aua(1-dppm),]Cly, DIPEA, UVA
2) [Ir(ppy)2(dtbbpy)]PF s, DIPEA, Blue LEDs

3) [Ir(ppy).(dtbbpy)]PFg, DIPEA, Blue LEDS
Hantzsch ester Ph/\/\COOMe
4) [Ru(bpy);]PFs, DIPEA, Blue LEDs

5) [Ru(bpy)s]PFs, DIPEA, Blue LEDs

Hantzsch ester 2\)\’\
! R
6) AIBN, n-BuzSnH, 80 °C ; X
; R?—Se tBUNC
0, Ph,P=0 R*—SH AIBN \<
- TR o, i Y ’
L = PhyP yield: 100% | R? Bu. . _R?
- | oy N~ 'S
. .

[Auy(;-dppm),ICl;  + L

Blue LEDs | 4.isdoanisole
N - | Y
PhaP" - i }\x RZe tBUNCS

yield: 80%

Blue LEDs 0

0o O
> S Ph
o) Phk/" Ph)LH % ph)‘ﬁ’ S/Lf(
L= O

SH
Ph

Benati L, Leardini R, Minozzi M, et al., Angew. Chem. Int. Ed., 2004, 43(27), 3598-3601.
Zhang, L. Si, X Yang, Y. Witzel, S Sekine, K" Rudoibh 1. Hashmi A%S. K Acs. Catal. 2019, 9 (7), 6118-6123.



Gold complex as photosensitizer

Reductive desulfurizing C-C coupling

S--'Au-Ad'

R—SH Blue LED
Blue LEDs
[Auy(z-dppm)],Cl,
“coo (h ~  Ar” " COOMe
\

Ph;r" MeCN
I
COOMe
S=PPhjs

92%

Ph

R R—sH

Zhang, L.; Si, X.; Yang, Y.; Witzel, S.; Sekine, K.; Rudolph, M.; Hashmi, A"S. K., Acs. Catal. 2019, 9 (7), 6118-6123.



Gold complex as photosensitizer

B Multiple role of dimeric Au(l) catalyst

R,Br

R® Br
1o
, [Au,(dppm),ICl, (5 mol %) | N EtN - pau-au?) .
R‘-..__/ I TEA (1 equiv), K;HPO, (1 equiv) p P R Reductive Il [Au-Au R
N = R | Quench |
\

MeCN:MeOH 1:1 (0.5 M)
______________________ ALISSIMLED TSN w7
CO,Me ! [Au-AuT
I MeO,C ! | ! s65nm  [Au-AulR]
n
NC //_ -
365 nm

(o]
% ) 14% % 1A u-Au'
! GM " o R (AR
R v
Reductive
[Auz(dppm);]Cl; (5 mol%) | I . R=R Elimination
e Na,CO, (3 equiv) 0 Br-R [Au-Au--Br-R]

TMS0 _Br DABCO (40 mol%) R
¥R > Ph R-
MeCN (0.1 M)

(4 equiv) UVA LEDs, 18-24 h

[Au-Au'l [Au-Au'-R]

Ph” >"pr EIOG"" B E_Br
32% 88%
50%
['Au--Au'

Tran, H.; McCallum, T.; Morin, M.; Barriault, L., Org. let. 2016, 18 (17), 4308-4311.
Zidan, M., McCallum, T.; Thai-Savard, L.; Barriault, L., Org. Chem. Front. 20617, 4 (11), 2092-2096.



Gold complex as photosensitizer

B Mononuclear gold(l) complex as photosensitizer

O o
Ph%\/\ —— photocatalyst, light . PhJﬁ/\/\ . Ph)k/\/\
[Au], MeOH Ph
1 2 3 3
Photocatalyst (5 mol %) Light source Au (10 mol %) Additive Yield of 3 Ratio 3/3’
[Ru(bpy)]Cl,6 H,0 UVA Ph,PAUCI - 27% 5:1
Ir[dF (CF;) ppy]2 (dtbbpy) PF UVA Ph;PAuCI - 57% 9:1
[Au, (L-dppm),] (NTF,), UVA Ph;PAuCI - 65 % 11:1
- UVA - - - -
[Au, (L-dppm),] (NTF,), UVA - - trace -
- UVA Ph,PAuCI - 76% 14:1
- - Ph,PAuCI - - -
- 20 W CFL Ph,PAuCI - 9% 6:1
- blue LEDs Ph,PAuCI - 79% > 20:1
- blue LEDs Pd(OAc), - - -
- blue LEDs Cu(OAc), - - -
e DluelEDs @CHCHYPAC = 7% 131
.. blueLEDs (4-CFGeHy)sPAuCT - 87% (81%) 151
- blue LEDs AuCl - trace -
Ph,1OTf was used instead of 2 blue LEDs Ph,PAuCl - - -
Witzel, S.; Xie, J.; Rudolph, M.; Hashmi, A. S. K., Adv. Synth. Cat. , ,.1522-1528.
Huang, L.; Rudolph, M.; Rominger, F. Hashmi,@f%%,“ﬁggﬁﬁ'%i%vg%%@g 16, 55 (15), 4808-4813. o2



Gold complex as photosensitizer

B Proposed mechanism

* No absorption of Au(l) or PhN,*in the region of 400-500 nm (blue LED).

PhN,BF,
LAu'CI
| A .

+ . *
LAU'CI + PhNy  hvans,

® Y
I Ladel]”
i LA | '
|u ¢ | PhN,BF, ; R R
i NPh LAu'CI
S ’o. |
LAu"'CI + Ph Ph
. B F I: single electron transfer (SET)
N, R Il: radical addition
LAu™CI_ ... lll: coordination
| v IV: nucleophilic addition
Ph m R ==R V: reductive elimination
D 1 2 VI: hydrolysis
LAu"'CI
1a | MeOH
Ph
E

Liu, Y;; Yang, Y.; Zhu, R.; Liu, C.; Zhang, D., Chem. Eur. J. 2018,24 (53), 14119-14126.



Gold complex as photosensitizer

B Other examples

PhsPAUNTH, (10 moi%) @

1
T ; : SiMe; | N,BF, !
@ i NzBF4 | (4-CF3CgH.)sPAUCI (10 mol%) i O + !
O .| @ : @ | | MeCN, rt, blue LEDs @
: ! MeOH, rt, blue LEDs [ i
"""""""" ' 15-18 h ! ¥
+ E -ﬁ—N 0
NN HNEt - B 0 \
BN . e ] ; _ 00 B--- >{ B-—-
@ = 4o 4BF,K  £Si(OMe)s —§—s< b\ ; = ﬁ g g
(@] 2 E (@]
00 ' BMIDA BPin Bnep
VT i :
! N,BF, ! PhsPAUNTf, (10 mol%) By ; N
_SiMe3 i i - _ E ! iR.  PhsPAUCI (10 mol% Lo
R T i MeCN, rt, blue LEDs R i Pt /SI : : ( i NN
e i 15-18 h i N i Ar MeCN, blue LEDs —
R = Ar, alkynyl E ________ ':J_EEE__: No, t, 16 h Ar R
R: Me, Et

Cao, Z.; Bassani, D. M.; Bibal, B., In Photochem/stry, 5%% M4%et|ng4%C%E@PKU o4



Gold complex as photosensitizer

B Computational study

* Au(l) associates with PhN,* to form a charge-transfer (CT) complex

Species E./eV iAinm  E.ovo E umo Eqgap
(4-CF,C¢H,)sPAuCl 486 255 —743  —156  5.87
PhN,BF, 400 310 —842  —341 501
(4-CF,CH,);PAuCI-PhN,BF, 283 439 —7.16  —356  3.60
electron density difference

Species HOMO LUMO EDD (e)

(4'CF3C5H4)3PAUC'
PhN,BF,

TD-MO06/LANL2DZ(f)/6-31G(d,p) level

Liu, Y.: Yang,Y: Zhu, R: Liu, C.: Zhang, D.. Cherm Ear'y 501824 (53) ~1%119-14126. o9



Gold complex as photosensitizer

B Calculated mechanism

PhN,BF,
P
Cycle '—AU'C' Cycle |
LAu'CI -PhN,BF,4
hv
Lll\u“Cl _______________________________
Ph |LAu Cl- PthBF4I
| Pth :
. PhN> : PhN, j’ Ph !
1a “_‘\ ",—‘ 2 R1 \ R2 i 2 i
\ . i i
N\ PhN; Lu~d | LAU'CI-PhN,BF,
- Ph e
LAU“ICI F PthBF4
+
Ri—==R, F|,h LAuU'CI
I B
L?U C D 1a
| ph \ MeOH Ph
J L LAu"'CI
Sg s |
¥ R—=——R; Ph
PhN; D
LAu'"CI
. | 1a
PhN; Ph
E

Liu, Y.: Yang,Y: Zhu, R: Liu, C.: Zhang, D.. Cherm Ear' 5061824 (53) ~%119-14126.



A Brief Conclusion

B Characteristics

I Readily activation of unactivated alkenes and alkynes.

I Readily generation of C-centered radical from unactivated R-Br and R-l.
I Au(lll) readily undergoes reductive elimination.

I Better stability (than Pd, etc) when exposed to moisture and oxygen.

I Circumventing £-H elimination to achieve difunctionalization.

I Multiple catalytic mechanism at multiple conditions.



A Brief Conclusion

B More to be developed...
. UVA s generally requisite for excitation of [Au,(dppm),]X..
. Dual photoredox/Au catalysis mainly relies on diazonium salt as substrates.
. Some mechanisms remain elusive and unpredicable.
. Asymmetric transformations largely unexplored.
. Au photocatalyst limited to several compounds.

. Utilizing LMCT in Au(lll) complexes?



Outline

O Application in Synthesis



The Application in Synthesis

B Formal synthesis of (+)-Triptolide:

MeO OMe

MeO OMe

OH
| allyiMgBr, THF Grubbs I (1 mol %)
thgn N?egsod Cul (2.5 mol %) - X R Cy:BH, THF - x
70 °C, 12 h Acrolein, Et,0, 40 °C, 4 h then NaBO 5-4H,0, 4 h OH
72% 99%

79%

PhsPMel, KHMDS R=
THF, 2h R =CH,
89%

MeO OMe
1(10 mol %) Mo  OMe LiBr, THF

Na,CO;, 365 nm 70°C,12 h

oTf
MeCN, 12 h B 89% (3 steps) Z

> 4l o

0 0

RuCl;(PPhs)4 (30 mol %)

DIPEA, PhMe 120 °C, 4 d
79%

DMP
CH.Cl,
L-proline (5 mol %) MeO OMe
tetronic acid, Hantzch ester
CHQC'Q, then D|PEA,
Tf,0, -78 °C P

(£)-Triptolide (0]

Cannillo, A Schwantje, T, R.: Begin, M.: Barabe. F Batiauit L 90y lof 901618 (11), 2592-2595. o0



