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The First Radical

« 1789: Lavoisier used the term radical to explain
single electron elements

« 1900: Gomberg isolated first organic free radical

Qe on
27Zn Bh PhO )<Ph
- > \I/ ~0” "Ph
O Ph

Gomberg. JACS. 1900, 22, 757.




The Radical Story

« 1933: Pfeiffer discovery of the metalloradical

+ Cobalt complex turned red to black through exposure
to air

R = 5'-deoxyadenosyl, Me, OH, CN

» 1959: Classification and study of V(CO), radicals

Kealy, T.; Pauson, P.. Nature. 1951, 168, 1039.
Ercoli, R.; Calderazzo, F.; Alberola, A. JACS, 1960, 82, 2966.




Transition Metal Reactions

R-ML,™2X |=

L,M™

\/
R+ ML XM

Hartwig, J. Organotransition metal chemistry: From bonding to catalysis. 2010,




Metal SET Potential

 First ionization potential (electron affinity)
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Radical Generation

« Oxidative: High Valent Oxo Compounds

n
n ( ML,
o/ Radical
4‘_< reactions

McGarrigle. Chem. Rev. 2005, 105, 1563.




Radical Generation

« Oxidative: High Valent Oxo Compounds

McGarrigle. Chem. Rev. 2005, 105, 1563.



P-450 Cycle

Chem. Rev. 2010, 110, 932.




Radical Generation

« Oxidative: Metal Salts or Mn/Fe/Cu/Ag Complexes

McGarrigle. Chem. Rev. 2005, 105, 1563.




Radical Generation

 Reductive:
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n

manifold at carbon
> X L,M™ SET.

X = Hal, OTf i Ti, Cr, Mn, Fe, Co,

6 )
6B Ni, Cu, Ru, Rh,
M= Fe, Co, Ni, Rh, Ir, Pd, Pt Pd, Ag. Or Pt
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Fu. Top Organomet. Chem. 2005, 14, 85.
Angew. Chem. Int. Ed, 2003, 42, 384.




Radical Generation

« What about a persistent radical?

. SR
X
: 9

M = Fe, Co, Ru, Rh, Ir
X =CR,, NR, N,, O

Science. 2010, 327, 794.




Example of Metal Initiation

CCLFG |

5mol % Mo(CO)g
Cl;C-FG, PhCN, 100°C

FG= Cl, CO,Et

5.5mol % 127, CgH, H
155-160°C

Ru(bipy);

Cl
"\CO,Et

CCI,FG

—

132 42-64 %

of
".CO,Et

Cl
136 10%

» 13450%

CO,Et
Cl

Cl 1377%

J. Organomet. Chem. 2003, 675, 77.




The Metalloradical

« Paramagnetic compounds can transfer electrons
to substrates or ligands

* Redox Noninnocent Ligands: high or low-metal oxidation
states allows ligand orbitals to increase and get oxidized

« Chemically Noninnocent Ligands: ligands play active
role in reaction

* Innocent Radical Ligands: Excludes nitrosyl groups and
large extended pi systems (such as fullerenes)

« Paramagnetic radicals have long lifetimes and
react often in low concentrations

Hoff, C. Coord. Chem. Rev. 2000, 206, 451.




Detecting Metal Radicals

« Mechanisms are often speculative

 EPR (Electron paramagnetic Resonance)

Hoff, C. Coord. Chem. Rev. 2000, 206, 451.



EPR Spectra

Electron Paramagnetic Resonance (EPR)
Definitive for resolving location of unpaired electron
Frequently use frozen solutions

Relies on microwave radiation to induce resonance of
electron spins in a magnetic field

Free electron in nondegenerate orbital with no mixing
with excited states only contributes to its angular
momemtum, which allows it to be distingushed by EPR

Metal radicals SOMO mix with empty d orbitals

Hoff, C. Coord. Chem. Rev. 2000, 206, 451.




Detecting Metal Radicals

« Mechanisms are often speculative

 EPR (Electron paramagnetic Resonance)

CH, radical CH,(OCHy) radical

e

Hoff, C. Coord. Chem. Rev. 2000, 206, 451.



Detecting Metal Radicals

Mechanisms are often speculative

EPR (Electron paramagnetic Resonance)
Metal oxidation state changes (color)
Paramagnetic metal centers

Radical traps (ex: TEMPO)

Probes V/\
-LM-

_Br ) LM 94

Hoff, C. Coord. Chem. Rev. 2000, 206, 451.




Key Characteristics

* Generation: through thermal, photochemical, or
electrochemical cleavage of metal-metal bonds

- M-M bonds BDE?

Stability: normally exist as dimer or with labile
ligand, inert atmosphere (not always required),
non reactive solvent

High Reactivity: low activation barriers

- Mo radical has only 1.2 kcal/mol barrier to H-
abstraction

JACS. 1977, 99, 5510.




(will not be graded)

BDE (kcal/mol)




M(CO), Radicals Analysis

V(CO),: thermally stable to dimerization, isolable, and
17 e

» Electron delocalized through CO 1 network

Studied radicals of V, Mn, Re, Rh, Os, Co, Cr, W, Fe,
and Ru

- 17 e metals go through associative and dissociative
reactions faster than 18 e~ counterparts through possible
19 e complexes

» The heavier the metal, the faster the radical reactivity
* Phosphines:

» Added electron density on metal increases reactivity
 Steric bulk hinders

Baird, M. Chem. Rev. 1988, 88, 1217.




Stabilizing the Rh/Co Radical

(TPP)M: R;=R,=R;=H;
(TXP)M: R,=R;=H, R,=CH;

R; (TMP)M: R,;=R;=CHj;, R,=H;
(TTEPP)M: R,=R;=CH,CHj; R,=H;
(TTiPP)M: R;=R;=i-Pr; R,=H;

M =Co, Rh, Ir

(OEP)M (TPP)'M




Stabilizing the Ru/Os Radical

[(SIPT 3 )M{PMe;)]
W =Ru, 3

[(SIPT7,M(=NAr]
M=Ru, Os
Ar = p*CEH,qCFa
Zanello. Gaaz. Chim. Ital. 1994, 124, 271.
Peters. Angew. Chem. 2007, 119, 5870.




Stabilizing the Ru Radical

[(N5™)RuLL]

LL" = {CyH4}o, (PMes)s,
(GO, (PMes{CO)

H
|
(NsYYRU—N=N—RuU(N,"')

RR = HH: {(N;"Rujz{n-Ng}] 5 " ’

R.R" = Me.H: [{{N:;"**)Ru}2{u-N>)] 6
R.R' = Me,Bu: [{{{BuN;™*)Ruls{u-No)] 7

Berry. JACS. 2010, 132, 4107.




Stabilizing the Radical

EPR Intensity (arb. units)

1 L 1 1 1
3000 3200 3400 300 3800 4000 420
Field[G]

Chen, K. Dalton Trans. 2010, 39, 9458.




Use In Synthesis




Radical Mn Cyclizations

an(CO)lo, hv

-
-

DCM, 83 %
Xe 300W lamp

Mn,(CO)19 (10% cat)

hv, DCM

an(CO)lo (10% Cat)

hv, DCM
TEMPO 1.1 eq

50% Mn had no effect Mn,(CO)4o (10% cat)
rt

hv, DCM
TEMPO 1.1 eq

Ryu. JACS. 1993, 115, 7543.




Manganese Radicals

5mol % Mn,(CO)4 153, hv, K,CO5, MeOH
or 4mol % 153A, hv, K,CO3, MeOH
or 4mol % 153, cathode, K,CO3, MeOH, THF, Et;,NOTs
or 4mol % 153A, r.t., K;CO3, MeOH, THF

R'—1
152
_*eKCOs i vinco),
cathode 153A
M= Li, Na, K

Mn,(CO)4
hv 153

2+ Mn(CO); 153B

M
or

IMn(CO
n(CO)s HMn(CO)s

R'-M(CO)s R «« Mn(CO)s
153C

y

1 ) *+ Mn(CO)s
153D

Kondo. Tetrahedron Lett. 1988, 29, 3833.
Ryu. Org. Lett. 2006, 8, 1383.
Ryu. Chem Soc. Rev. 2001, 30, 16.




Radical Carbonylative
Insertion

CO,Me Mn(OAc)s - 2H,0,CO  peo,c ,COMe  50%

/\/\)\ >
= COMe 600 psi, 70°C, 10 h, AcOH é/\ COOH

O

Mn(OACc)s - 2H,0, CO

600 psi, 70°C, 10 h, AcOH

~o

Mn(OAc); - 2H,0, CO

-
o

600 psi, 70°C, 10 h, AcOH

CO,Me
CcO,Me

COOH

Kondo. Tetrahedron Lett. 1988, 29, 3833.




Use In Synthesis
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Ru Asymmetric Reaction

OH

AN -
O air, hv, toluene/tBuOH 2:3

24-87%, 10-89%ee

Katsuki. Chem. Lett. 2002, 36.




Ru Salen Mechanism

racemic

ke ! kg = 11-20

R°. _R!
I

Katsuki. Chem. Lett. 2002, 36.




Oxidation of Cyclopropanol

Scheme 1

CITI{O-#Pr);
¢-CsHgMgCl HOKR‘ Pl
“R2 - base

1 g

a

L.XPd—0O_ .R’
[ 2 \RIJ

Ru(salen)

0., light

Cha. Org. Lett., 2000, 2, 147.
Katsuki. JACS. 2005, 127, 5396.




Use In Synthesis
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Regioselective
Dehydrohalogenation with Co

o mol% GeGly + IMes-HCL
2 equiv MezPhSIiCHLMgCI

Br
/?i\/ oo EBUOK . /L\/Fi 1 dicxane, 25 'C,1.2-34h ﬁ/ﬂ 2
T B
T LBYOH. 30 °C. 23 k

R 1 i 2%

CH,-1-naphthyl b 2 2b, 89
(CH,);08i(z-Bu)Me, 1c 15 2c, 867
CH,CH;N(CH,Ph)Ts 1d 2 2d, 79
CH,CH,0CsH,p-Cl 1e 12 2, 99
CH,0C(d O)Ph 114 34 21, 81
CH,0C{(d O)CyH-p-CF; 1g 18 2g. 70
CH,0C{d O)2-thienyl) 1h 3 2h, 80
CH(n-CsH,); 1i 12 2i, 80

1a 76% conversion
,’;.:“HJ,-H'CHHW + S OgHg 4 R/WCQH1Q (1)
28 58% (Fr3a 1% (2)-3a 7%

1
2
3
4
5
6
1
8

?(E)-CH;CH) CH(CH;)s0Si(+-Bu)Me; [(E)-3¢] was obtained in 4%
yield.

5 mol% CoCly + IMes=HCI
2 equiv Mg PhSICH.MgCl

NCi3H-
1-CigHyy ﬁ\}’ g
1 digxana, 100 "G, 3 h 2 78%

Oshima. JACS. 2011, 130, 11276.




Regioselective
Dehydrohalogenation with Co

Br
Br Co-catalyzed
)\/ 3 o +Cghy

1 Si=MePhSi n-CaHyy condtions \/\O
L =IMes 25h (E}-9 B9%
[SICH,(L)HCO**2] [LCo**']* § tBuok  Coth- rerHu\/\O

25°C, 26N E/Z = 59:41

8 DMSO 40% 10 54%
SiCH;MgCl 25°C,3.2h
. R +Br Co-catalyzed
/\Z/R N ) \—\\_<3h tBuOK Bh conditions — Ph
MgCl :
[SK:H L(L)Co**2 9 1265% N\ o MO m \ 2h 11_49% \

[SICH,(L)Co**1] 6
Ph

Co-catalyzed
r BuOK conditions
L,CoH L.CoH L.CoH \©
25 .24 h
H;R a e 14 68% o,
H, ﬁ\. 2 H; + rans-in 3% c.rs/rrans 95:5 :?mﬁ-;o;

7a (to 2) 7b (to (E)-3) 7c (to(2)-3) “ Co-catalyzed conditions: 5 mol% CoCl;, 5 mol% IMes HCI, 2 equiv
weakest repulsion strongest repulsion of Me,PhSiCH,MgCl, dioxane, 25 °C

Oshima. JACS. 2011, 130, 11276.




Cobalt Radicals

Table 1. Reaction Conditions for Cyclopropenation of
Phenylacetylene with 0.-Cyano(N,N-dimethyl)diazoacetamide
by Cobalt(II) Porphyrins”

(0]
7 Yo NG Mn’
+ N2=?_ A\ [Co(Pon)] (1 mol %) \
CN
1a 2a O 3aa

rt; 10 h

solvent yield (%) ee (%)?

_ [Co(P1)] [Co(P2)]
PhCF3 <5 (P1 = 3,5-Di'Bu-ChenPhyrin) (P2 = 3,5—Di|\:¢(as-()$henPhyﬁn)
PhCF; 10 71

PhCF; 95 82 igure 1. Structures of D,-symmetric chiral cobalt(Il) porphyrins.
PhC1 40 nd’

PhF 38 nd’

PhMe 26 nd*
PhH 45 nd’
CH,C1, <5 nd’
cCl, 70 77 Will discuss mechanism for problem 3!

“ Reactions were carried out at room temperature for 10 h in one-time

fashion without slow addition of the diazo reagent using 1 mol % Hint: porphyrin ligand plays role in mechanism
[Co(Por)] under N, with 1.0 equiv of a-cyanodiazo(N,N-dimethyl)

acetamide and 1.5 equiv of phenylacetylene. Concentration: 0.10 mmol

diazo/mL. * See Figure 1 for structure. ‘Isolated yields. 4 Enantiomeric

excess determined by chiral HPLC. ‘ Not determined.

Zhang. JACS. 2011, 133, 3304.




R // (6]
®/ " N2=2_ G [Co(P2)] (1 mol %)
& c

. PhCF,

1 2

NG \LN NG \LN

NC \LN
: ’)
Me

entry 1: 3bd? entry 2: 3cd? entry 3: 3dd?
80% yield; 90% ee 93% yield; 92% ee 83% yield; 97% ee

0 0 0
NG, Mp’ NC, \3\\0% NC, ‘§LN>‘
o :

o
entry 4: 3da® entry 5: 3dfed entry 6: 3ed®
97% yield; 83% ee 59% yield' 99% ee  75% yield; 98% ee

N NC \LN

CF3
entry 7: 3fd®? entry 8: 3gd? entry 9: 3hac

50% vyield; 98% ee 80% yield; 94% ee 84% yield; 91% ee

NG, \LN NG, \LN

CHO
entry 10: 3id® entry 11: 3jd® entry 12: 3ka’
71% yield; 88% ee

95% yield; 89% ee 85% vyield; 82% ee

NC \L

o
NC, )

T
entry 13: 31d?
62% yield; 92% ee  52% yield; 88% ee  42% yield; 95% ee

entry 14: 3le? entry 15: 3me?

DBU (10 mol %)

RSH —,,

0°C ->0°C
3af: 98% ee (1.5 €QUIV) PhMe, overnight

entry thiol product yield (%)°  ee (%)°

A~

NC, M.
HS™ " 25' 98
w g
4a

w0, A&
s A,L

o

L X‘j’%
¥ s J<
@)

Zhang. JACS. 2011, 133, 3304.
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sp3-sp3 Bond Formation
through Rh Radicals

2 mol % Rh*
OH

L.A.
~
+ EtOH Sol\{e‘rnt
Additive

55°C
Ar

C-C bond formation via C-H bond activation

Shi. JACS. 2005, 127, 10836.



Lewis Acid Promoted C-H
activation through Rh(l)

2 mol% Rh(PPhs);Cl 438
2.5 equiv. BF3eOEt; OH R?

0.5 equiv. BuBr, toluene, 55 °C' R1/K)ﬁR3

—PPh, 439 57-78%

Rh(PPhs),Cl
438A

H® O
H O-BFs

H- X
CIPPRS) R

:RS
436B

Chun-An. Org. Lett., 2004, 6, 1001.
Shi. JACS. 2005, 127, 10836.




Shi Substrates

TabEk 1. Coupling of Alcohols with Olefins®
2 mol % RhCI(PPh;),
Ry 2.5 equiv BFy OE(; RZ OH

; Toluene
R1)\ + R*RCHOH

R3

0.5 equiv BuBr R.

55°C

yeied
el B Seciab3FD e O3
R!) Ph,R2} H R3) CH;,R*) H 1a 70
R') PhR?) H R3) nPr,R') 1 ib 70
R') Ph,R?2) H R3) iPr,R*}Y H 1c 068
R ) Ph., R2 ) H R3 ) n—CBHZ',r, R ) H 74
R!) 2-MeCgH,,R2) H R3) CH; R*) le 65
R') 3-MeCH, R2) H R3) CH; R*) if 78
R!) 4MeCH, R2) H R3) CH; R*) 1g 63
R') 2-OMeC¢H,,R2)} H R3) CH; R*) c
R!) 3-OMeCgH,, R2)} H R3) CH;, R*) 1h 57
10 R') 40MeCéH,, B2} H R?) CH; R*) c
11 R!') 4(CH,CDC¢Hy, R2) H R®) CHs, R*) o7
12 R!) l-maphthyLR2) H  R3) CHj R*) j 7
13 R!') 2-CICsH,,R?)} H R3) CH;, R*) Ik 66
14 R') 2BrCH,,R2) H R3) CH;, R*) 11 o4
15 R') 2-NO,CJH,R%) H R3) CH; R*) d
16 R') PhR?) Ph R3) CH;, R*) Im 64
17 R') CH; R%) CH; R3) nCHy, RY) H In 31¢
18 R')Y PhR2} H R3) CH; R*) CH; c

ey
1

2

3

4

5

6

7

8

9

aaiizsflanfunQaniiusfiesfiasfan Junfanfas

9For detailed experimental operation, see Supporting Information.
bIsolated yiclds of expected products. ¢ Complicated products, and no
expected products were isolated. 4 No reaction. © With 1 equiv of alcohol,
20 equiv of olefin, room temperature.

Shi. JACS. 2005, 127, 10836.




Rhodium Radical Bergman
Cyclization

R

>

5 mol% Rh(PiPr3)>Cl 441 ©;2\10/_7:%
440 \\\\\j>//////
R= Alkyl, Ar
CZ
X Rh

\ (PiPr3),Cl

// 1.2 equiv. NEtg, benzene, 50 °C
%

440E

Rh
(PIPr3)20|
H 440D

m(\ R
c Rh(PlPr3)QCI

h(PiPrg).Cl
440A

\»

Rh(PiPr3),Cl
440B

Uemura. Organometallics. 1998, 17, 2942.




Difference in H-Shift

Alkyl Silyl

5 mol% RhCI(Pr3P), m 5 mol% RhCI(Pr4'P),
(1
EtsN, CgHg, 80 °C Sive, 2

A Et3N, CgHg, 80 °C
slow addition of 1b (8 h) 3b 39 % slow addition of 1¢ (8 h) 30 59 %

Uemura. Organometallics. 1998, 17, 2942.




Rh Bergman Substrates

Table 1. Formation of Silacycloalkane and
Vinylsilane via 1,6- and 1,7-Hydrogen Transfer

entry  enediyne products yield® (%)

1 1c 3c 71

0
1d SiBu'Me

1e: R = CHCH,SiMe, SiMe,
1d: R = CH,OSiBu'Me;
1a: R = CgHyg 1e: R = CH,CH,SiBnMe,
1b: R = CH,CH,BY'  1F R = CH,CH,SIPPMe, O
SiMe,

R
S 2¢: R = CH,GH,SiMe;
2g: R = CH,CH,0SiBu'Me,

- —_— i i ’O
i\ 2h: R = CH,CH,0SiPrMe, SiBu'Me

0 q
SiMe, 42921)

. S

Uemura. Organometallics. 1998, 17, 2942.




Rh(por) Radical

benzene-dy
Rhitip)X  + >  Rhittp) + "Hyp"
rt. No ]

X = Rhittp} 5 min guantitative
X=H 15 min guantitative

benzene-ds, 120 °C
Rh(ttp»—@ u Rhittp)Bn
1 kons(120°Cy=475x 108" 2 quantitative

tyo (120 °C) = 1.69 d
%3

Rhmp'—Q —M Rh'(lp) - + - Q
1
Rh'l(ttp)
Rh(ttp —— Rhltp —— Rhip
4

3
Rh(ttp) Rh{itp)
- Rh{ttpH : RhittpH

Rh(ttp)/@ anp/\© “RhD) R“mp’/\©
5 Rnittp) 6 2

Chan. Chem. Comm. 2011, 47, 4802.




Bimetalloradicals

 Ti(ll)-Rh(I)
« Cr(ID)-Co(ll)
* Mn(Il)-Co(ll)
* Mn(I)-Cu(l)
. Ru(Il)-Rh(IN)




Conclusions

Offers new alternatives to C-C, C-H and C-X bond
formation

With selective catalyst, mild conditions and fast
reactions can be employed for advanced products

Many common coupling and transformative metal
reactions should be tested for radical probes

Field of organometallic radical chemistry is still
young and widely unknown




Questions

1) nBuzMnLi

THF, 30min
2) PhCOCI Ru(salen), hv

RhCl; 165°C
cl >
Me (2 products)

CO,Me

air, rt

Co(TPP) (1mol %)
!

rt, 10h




Question 1

I _ .
1) nBuzMnLi
N

THF, 30min
’) 2) PhCOCI

J. Org. Chem., Vol. 62, No. 7, 1997 1911

RNCl3 165°C

Cl -
2
Me CO,Me (2 products)




Question 2

198 56%




Question 3

=

+

H. COOR

G
ol 2
e =

N\
>~N"" N
™

C

N>

Co(TPP) (1mol %)

rt, 10h

Fgure 15, Catalytic cycle for Co(por)-catalyzed cyclopropanation of

olefins.

t




[Co(TPP)]
(1.0eq)
+
TEMPO
(10.0 eq)

+

PhCH,
—T
80 °C
3h

3: o-radical

7: 74% yield




EPR For Metal Radicals

« Generally, electron-spin relaxation processes are
faster for metal-centered radicals compared to
organic (or ligand) radicals — EPR spectra then
are taked under 100K (see broadening at rt)

Small mixings of the metal SOMO will occur with
ligand orbitals

Metal spin-orbit coupling constants are much
larger than light weight organic atoms




