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1. General Features

. . Common oxo/peroxo-metal species
Some representative metal-oxo species
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What's NOT covered in this group meeting hvdrat bi 2.2 1.2
- Solid supported metal oxides and polyoxometalates perhydrate H-oxo 1$-p-o0xo0 H-nm -peroxo p-1,2-peroxo
(see Metal Clusters, Smith, 2017)
The oxo wall

- Copper oxo-chemistr
y - Tetragonal metal complexes bearing 5 d-electrons or greater cannot form stable metal oxo

Useful resources complexes due to a lack of metal-oxygen n-bonding

- Metal-Oxo and Metal-Peroxo Species in Catalytic - Some exceptions (orange H He

Oxidations, B. Meunier, Springer, 2000 . N |ine) for complexes with different Li |Be d B(C|N|O]|F|Ne
tal Ki TiO ground state d electron count

- Pfaff, Eur. J. Inorg. Chem. 2013, 3784 crystal packing 112 coordination geometries Na|Mg d5 df d7 98 d® g alsile]s]c|ar

- Groves, Biol. Inorg. Chem. 2017, 22, 185
- Nam, ACS Cent. Sci. 2019, 5, 13
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- bond order of metal-oxo species has significant implications for reactivity




Kyle . McClymont Transition Metal Oxo Chemistry Baran Group Meeting

09/28/19

1. Oxo/peroxo-metal species formation

comprehensive review: Drago, Coord. Chem. Rev. 1992, 117, 185

Reaction with molecular oxygen

- metals can react with triplet oxygen to form various oxo/peroxo species fo)

- more common for mid-late transition metals M"*1-0-OH » 2 IUI“*Z
n'-peroxo oxo

e, H*
n+2 O n+4

M" + 30, —= M™'-0-0~ Ml —> 0=M=0
super-oxo 5 o dioxo
n“-peroxo
Conte, Phys. Chem. Chem.
Phys. 2015, 17,715 MP1-0—0-M" — 3 2 M"*2
0x0
Reaction with homogeneous oxidants
- hydrogen peroxide most common, oxygen transfer agents also work
0
M" + RO-OH ————> Mn+1 -0-OR ————3» M2 R = H, alkyl, acid
—-H* n'-peroxo - ROH oxo
(o} .
MR+ O=X ——— 0l o+ X common oxygen transfer agents:
M PhlO, N-oxides, bleach, DMSO
0x0
OH 0 _H
+1 +2 O 2.0 n+2 0
Mn + HO-OH ——>» M" e M | e
“oH - H,0 ol - H*
2 “H
perhydrate 17%-peroxy n%-peroxo
Electron transfer to metal-aquo species
- works with CAN, hv + photocatalyst or electrochemistry
1]
H,0 —> M™2  Coord. Chem. Rev. 2017, 333, 44
-2e ,-2H 0xo
- recent example conditions:
| 10 mol% Fe-TAML, 0.1 M K,HPOy,,
_ y Me 1:1 H,O/CH4CN,
| 2e II\;\;M‘* O ve divided cell, C(+)/Pt(=), 1.5 V
N~ Me
2 BH*
H
2B 0 ‘o’ Me
‘\"Me O 7% 31%
©i ||| N
N~ Me o Me Me
R’ R Me
° Me R, R' = alkyl 0

Stahl, Chem. Sci. 2019, 10, 7542 85% 84%

2. General Reactivity

Inner-sphere oxygen transfer (not covered)

- involves formation of discrete organometalic intermediate via direct substrate—metal bond
formation followed by substrate oxidation event

c-bond
metathesis R‘—kH van Bokhoven, Angew. Chem.
M=X Int. Ed. 2017, 56, 16464
oxidative
addition R
R-H + M- X ———m H/M_X ——>» R-M-X ——M> R-X
X =0, N, halogen | electrophilic
substitution l?\M* Generally for later TMs (Rh, Ir,
H™ Xx- Pd, Pt, Cu)

Outer-sphere oxygen transfer

- Reaction of a high oxidation state metal species with reactive ligand (oxo/peroxo) which
undergoes transfer to substrate

- two possible paths: concerted or radical rebound

IRTEL:
Example - C—H oxidation concerted R\ ,H
ALl </ -
0] _n20 0 i
M — M 1 or IUI"*Z + R-H — —» R-OH*+ M"
o radical H
rebound o”
ﬁn+1 + R. —
Types of reactions
- alkene epoxidation - C—H oxidation
R R R Me Me Me
] — }o or \Do (I — (:E’OH or (/VEOH
R' R’ R Me Me Me
radical radical
concerted rebound concerted rebound
- dehydrogenation - oxygen atom transfer
P ~ _ - -
R X —» R X X=0,N,CH, X —» X=0 X=8S,P, etc.
Radical rebound in C-H oxidation (also relevant to epoxidation) Shaik, Chem. Soc.
solvent caged cage escaped ~ Rev. 2016, 45,1197
9 HAT OH ?H . 3

R — 0, -
M2 + H-CR; ——— | ™! CR;| =~—— m™!® CR; —=>» 00-CR,

/ 0 Y;LG
Mn+2
OH OH

] + ] X-CR;
M" + CR, - M+
HO-CR; <«——— M"™1-0-CR,
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Two state reactivity effects in metal-oxo species
- After initial HAT event, radical lifetime dependent on rate of rebound event
- Fast radical rebound reactions can proceed with retention of configuration
- If a lower energy spin state exists and is sufficiently close in energy the system can change

spin states to accelerate radical rebound

Example: Fe(V)porphine catalyzed C—H oxidation of methane

*TSg,
. . . eb
spin inversion  syg, 201
‘/—\&\\ 23.6 \
/265 O \
f e \
frem ()
/ P \
/ L AN \
E (kcal/mol) ’ - ] -\
Q N \
/ . \\’ i
/ _'I:e_ HaC. \
/ HS ; ot N
0.09 —/ : (IJ N
0.0 — : o N —
L —Fe— N\ 369
Cpd | + CH, : | \-36.
: HS _—
-42.4
PorFe(CH3;0H)

C-H bond activation Rebound

A

see: Shaik, Curr. Opin. Chem. Biol. 2002, 6, 556; Shaik, J. Am. Chem.

Soc. 2006, 128, 8590; Groves, J. Biol. Inorg. Chem. 2017, 22, 185

3A. Group lll transition metals

Scandium and Yttrium

- few examples of oxo/peroxo species

- most experiments done with MO species
in gas phase (Schwarz, J. Am. Chem.
Soc. 1994, 116, 9565)

Lanthanides - Cerium

sc3t
/\
0-0 0-0
\/ — \/
Fell i

Que, J. Am. Chem. Soc. 2013, 135, 10198

- several examples of stabalized cerium oxo-species
- highly reactive oxo due to poor orbital overlap with f orbitals of metal

[Li(2,2,2-cryptand)]

Hayton, Chem. Sci. 2017, 8, 7873

N
RoN = HMDS LINO, o o
R2Nll;celll_NR2 Mj» R2N”'>Cé"|—NR2 hv
RN THF R,N -NO;

- cerium dioxide shown to promote C—H oxidation in the gas phase

laser

R = alkyl, aryl

o 1

R N,
2V CeV—NR,

R,N

decomposes in
THF, CH3CN

0 0, + NO; + R-H +
Ce” —>» CeO" —>» 0=Ce=0 —>» Ce=0 + R-OH

NO,

Schwarz, Inorg.
Chem. 1996, 35, 2463

3B. Group IV tranistion metals
Titanium and zirconium oxo complexes

- metal-ligand multiple bonding rare for group IV metals
- Ti and Zr metal-oxo species are highly basic with electrophilic metal center and are prone to

dimerization and oligomerization

- no examples of C—H bond activation from Ti/Zr-oxo speices known

Titanium-oxo

Me Me
NH N
TiCl, + j:j _EtN
N HN CH3CN
Me Me

N
F
N
NaZ Y O~F N
CN/~‘ N F-T F
N\\ o CF3 F3C F
F

n.r. using propylene oxide

Zirconium-oxo

Iv_ClI 1. AgOTf I
* C Zr (o)
Cr22r, T2 KHMDS P2
unstable
trap in situ

Bergman, Organometalics,
1992, 11, 761

Titanium-peroxo

o o o
xSl

Ph————

Ladd, J. Chem. Soc. Chem. Commun. 1982, 142

v el NH,OH V.
N\' 4 N\
Til Tiz0
CN’ SClI - CH4CN CN’
N N
(,:i VO PhyP ) Q
CN/J'\I ——>LTiO + Ph,P

Me (o] Me

Geoffroy, Inorg. Chem. 1992, 31, 4453

Me Hzo

5

Ph/\n/Me

(0}
cpZr{ D>—Me

Ph
R

RCN| 0-(
Cp’ ZZr (o)

N_< R = t+-Bu, Ph

- Peroxo-titanium species readily transfers oxygen to olefins, heteroatoms

- Sharpless asymmetric epoxidation

- bridging oxy substituents allows Ti to
exist in 5/6-coordinate configurations

Sharpless, J. Am. Chem. Soc. 1991, 113, 113

- Ti-salan catalyzed olefin epoxidation

H,0,
A o
(N (AN
NH— T|— —> NH- T|—0
o\ d’
W
/—/\ O
R! R?
R? R?

Bryliakov, Chem. Eur. J. 2014, 20, 14329
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3C. Group V tranistion metals

Vanadium

(o]
O, u VaL
L~ o
precatalyst

Epoxidation

- Directed epoxidation - Sharpless mechanism

0
Ol:.v \\L)

precatalyst

see: Delfero, Chem. Rev. 2019, 119, 2128
- capable of accessing four adjacent oxidation states +2 (reducing) to +5 (oxidizing) in

aqueous solution
- structures of common vanadium oxo/peroxo-species

0.1} ¥uo O, uoH

L o} ™" “NOH
arene C—H [O] phenol
hydroxylation coupling

0
ROOH o:..U".’.\OH ROOH
TOH _h0

2
precatalyst

Dehydrogenative coupling

()

-0’ ‘Me

VO(acac), NN
20 mol% Ph

1,4-dioxane,

]
R

= alkyl, H

(o] OH
O}U.H\OH (O/,.v..nOH
L

o‘R 1
epoxidation

H,0

Sharpless, J. Am. Chem. Soc. 1977, 99, 1990

0
On, .\\O/\\\ Ol,,” Y\\O/E\
v — OV
VS R CAYSor R
o

Lkvo\r\\VL

HO” “OH

120 °C, 12 hrs. "
) 80% (\ N P o/ “OH [ j
\)_ o b
DeBoef, Org. Lett. 2015, 17, 5208 B [ ]
Deoxydehydration of vicinal diols | N T
Nicholas, Chem. Commun. 2013, 49, 8199 H,0 (o) / O PPh;y
cat. [V] |
(10 mol%) R v o
PPh or OH O/o ° PPh,
R Na,SOj P OH AR
—— >R -
Y O e NP N TR Y |
(o] or PhCl | \ o | _
150-170 °C o N/ o _ N o
Me oy v [retro 3+2] o\\lllbo
X _Me \ / \\ - |\O
Me 87"/ ¢"% NN
85% Me ° A o R
PPh; bll H,0
1]}
Meozc/\/COZMe O\V/O "o OH
85% 15% Bph3 I \)\R

3D. Group VI tranistion metals
Chromium
- common oxidation states comprise +2 (reductive) to +6 (oxidative)

blue
- often used as stoichiometric oxidant, poor catalytic efficientcy (messy reactions) perchromic
- structures of common chromium oxo/peroxo-species /[ acid
g 0 Sl Bu B o
IV OII, IXI\L OII'C .\\\L OI:.C ||\ c vi C\'""o OII.C ‘ﬂ\O
Ho % on (it~ |Cimb~e> (o 0% No o7 N 670

precatalysts
C-H OX|dation, epoxidation, alcohol oxidation B = Lewis base

chromium V reactivity
- chromium (V) = relatively weak C—H atom abstractor (high oxo bond order)

- e.g. much less reactive than analogous Mn-oxo (Goldberg, J. Am. Chem. Soc. 2015,
137,10874) . .
' cage escape
O~ M PhlO or H,0, ; 0H
@ c “'- Muzart, Chem. Rev. 1992, 92,113 | L :
X : ( Il.cr-n\ ) + R :
0 0 OH / R= O<J
0/:. \\L PhIO On, ..\\L 0/:. .n\ J :
<L,C \0 < CI' ( CI’ + R| teeemmmmmmmmeaaaaall
X X \ radical rebound
]
o / \ COI"CI'"“
<o,,.(‘:'r..n S OH A y X+ R-OH
L’ I‘ COI"CF\L\ f)v
epoxidation X ZZ~ R charge L O RPY 1,0 Liconol oxidation
transfer X \
0 Coll,c .|\\
On, ..L on. gl ..L R™ "Ph
< I Cr . < SCrQ bond scission X
O

o) alkene 0/.. ..\
>~R ;r \ Cror< + Ph)I\H * R
A o

radical chain products

CO;C ;“L - rearrangement products

cat. alcohol ox.: Eur. J. Org. Chem. 2002, 941
cat. epoxidation: Inorg. Chem. 2003, 42, 7258

chromium VI reactivity

- Mostly used stoichiometrically

- CrO3 catalyzed C~H oxidations with ROOR/O, generally mediated by autooxidation ( OH)
- CrY"HAT has slow rebound (cage-escape), tendency to oxidize to cation
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- Selective C—H oxidation using Cr(VI) reagent (Fuchs, Org. Lett. 2004, 6, 1437)

Me
CrO;3 (3eq.)
NBu4lO4 (3eq.)

CH4CN, CH,Cly,”

—40 °C, 10 min
AcO 84% AcO
H
N H

o 9 o=\ oM H,0
proposed ~ _dwi I o >0~ Clr\O R o 0=Cr”' R —> R-OH +CrO
mechanism =1 ~07| 1o’ ?

lo} o

0
Cr peroxy stretch by IR

- Stereoretention observed in unbiased substrates (Fuchs, J. Am. Chem. Soc. 2002, 124, 13978)

- also works with 5 mol% [Cr] and anhydrous H5IOg as oxidant

Q 73%
(cat. [Cr])
OH
H

s Q'OH
|§| 69% (3 eq. [Cr])
51% (cat. [Cr])

Me 7
. O’ OH
6% 84% . o "M
54 /
(cat. [Cr]) (3 eq. [Cr]) (cat. [ér]
Molybdenum
- Most common oxidation states +4 to +6 (oxidative)
- Generally used in epoxidation chemistry
i il i i i
OI: “.I\L ) ST A V nX XiignVHhO Xiigg VI O vio
( Mo:' X* Mo—O- “x X'Mo‘é X,Mo\\0 e Io‘(')
L

Mimoun complex
C—H oxidation

- generally Mo¥! is not a competent C—H oxidation catalyst (Mo"")-oxo groups unreactive
- exception: Arzoumanian, J. Chem. Soc. Chem. Commun. 1995, 655)

R-H R=0 (o}
t'BU }« t-Bu
I 3 x T 1 X
=N_TVLo ZN_Tw
Mo Mo=0 )
I <N’ )I( o I <N’ | teLraIlneGS(r)]Ivent
= — v, rt, rs.
t-Bu t-Bu 314% relative to cat.
X = NCS »{
DMS DMSO

poxidation (also sulfide/phosphine oxidation)
- most active element for oxygen atom transfer (Kochi, Metal Catalyzed Oxidations of

Organic Compounds, 1981)

- key feature: works in highest attainable oxidation state (+6) without readily accessible lower
oxidation state, prevents Haber-Weiss type peroxide decomp

- epoxidation proceeds via Sharpless concerted mechanism (stereoretentive)

- hydroperoxide mechanism (more active):

||VI ROOH [lv) (“VI \"/ vy
// \OR — = _Mo WOR ,/Mo"OR _M6—-OR —>» _Mo' \OR
0" Nor RoH 97 g0, O 070+ o+ “or
R/§) R/Q (o}
- hydrogen peroxide mechanism R/Q
(0]
M ”VI\OR HZOZ 01,, \’D OﬁMOK\I H202 o;l\hl .-\0
0” \OR 0~ 07 |70 om T

L LR L [><g

ceqeceseccccccccccccccccecccccceceeccccceeeanan~

recent perspective: Ryu, ACS Catal. 2018, 8, 701
see also: Metal Clusters (Smith, 2017)

. Tungsten TBADT

- simi!ar .reactivity to Mo with respect to oxidation state and oxygen transfer o —NnBuN),
. chemistries W

' 0=0'%-0

' - some unique features of tungsten oxo-complexes: Qw18
" Zoo oyl
' TBADT hv 0,9 0%

' [ow—]o.|

: CHsCN 43% 18% °="‘§~oﬁwg))”=°
' L OX

; t-Bu t-Bu 0LQy=0

' o

3E. Group VIl tranistion metals

Manganese

- common oxidation states +2 to +7 (oxidative)

- catalytic species in several metalloenzymes (PS Il, superoxide dismutase, arginase)

- for an extensive review of reactivity see Organomanganese Chemistry (McClymont, 2017)

- structures of common manganese oxo/peroxo-species _
517 el

0
+ + Mn Vil X/.Mn.\\L
Chod o Con oy @0 ST
—L7 —L =L ~L 0
~—li iy, iy, Iy
L—Mnlil_) L—Mn/—l_) L—Mn/—L) L—Mn{X)
ol O//I O//Il o// (I)l ﬁ
(] OH (o] Cx,, 'V.\L (x"MnY“L)
C—H oxidation g éH‘X

- examples using porphyrin and non-porphrin based ligand systems
- reactions proceed via HAT-radical rebound, ligand effects dictate rate of reboud and fate of
radical intermediate

5 »




Kyle S. McClymont

Transition Metal Oxo Chemistry

Baran Group Meeting
09/28/19

General reactivity (porphyrin)
see: Nam, ACS Cent. Sci. 2019, 5, 13

—>(N\ rf"N) R > R-oH
|_2 L2 0/—\\ "‘ N (stereoretentive)
<N mIN> PhlO <N"’||‘N> R-H
nJ{
I_Z/NL_|_TN\L2 N q_,N B :\ slow rebound = X
L —>(N\ ,nIVN> R —>» R-X
- strongly donating axial ligands (L") or meso- N N\Lz (sometimes stereoretentive)

substituents (L2) slows rate of radical rebound
H
Groves, ACS Catal. 2017, 7, 4182 o
H Mn(por)OAc,
L" additive A
mMCPBA, CH4CN, t
rt
OH B
porphyrin (2 additive(L") (equiv.) ratio A/B
CGFS - >20:1
CeFs TBAH (2) >20:1
CsFs TBAH (5) 111
CsFs TBAH (10) 0.7:1
mesityl - 10:1
mesityl TBAF (5) 1.1:1
mesityl TBAF (10) 0.8:1

Epoxidation
- identiy of oxidant, axial counterion can influence selectivity of Mn-salen catalyzed epoxidation

Seebach, J. Am. Chem. Soc. 2002, 124, 5068 X =Cl X =PFg
v Ar Ar
PhlO A LMn—-0O 1}
S ey A T
~Mn_ Ar Ar
N2} =0 [NaOCl LmnY O</ A
X »
Le
- recent example using aminopyridine ligand
o Mn" complex, o o
| A = oxidant, EHA _
Ao OO ERE-O T
~
N catalyst  oxidant EHA (eq.) yield (%) ee (%) -----=------- ,
N,"'Mln ~"OTf 1 H,0, 0 <1 - 0o :
N | YoTs 1 H,0, 5 71 89 IEt ;
N 2 H202 0 <1 - E OH :
-~ I 2 H202 5 <1 - ' n-Bu .
NS 2 PhlO 0 37 25 EHA :
- 1 H,0, 0 85* 31 .
X CH (1)7 N (2) 1 PhIO 5 97 89 """"""
Sun, ACS Catal. 2018, 8, 4528 * TFE instead of CH3;CN

o(\

fast rebound = OH

X =F, N3, Cl, OH
Groves, Biol. Inorg. Chem. 2017, 22, 185

Orbital rationalization
A donating

o T 0'*22_)1‘\

E 1 ; 1

xy

- electron donating substituents
raise energy of ¢ 2 and reduce
rate of radical rebound

- longer lived radical = cage escape

+ epimerization

- carboxylic acid assisted heterolytic O—O bond cleavage

(Que, J. Am. Chem. Soc. 2007, 129,15964)

H0  tmio |
LM'(OTH), _H
—2omt 16 (0 Tho
Je~ii
R ~O”
Rhenium

- common oxidation states +5 to +7

- availability of cis-
binding site required for
oxo formation with H,O,
- PhlO = oxo transfer,
rescues catalysis for 2
- EHA ligand boosts ee

fj

- useful for both oxidative and reductive processes

- structures of common rhenium species

i T X 1 | | 0 0
=~ | <~ v VII vu -
L—Re-L O3Re-X _Rel O3Re-x X-Re—O—relX O= "EO Q11:Re!11Q
’I’ “1 07 lINo 07| II II\ I o | o
X L o) X (o]
Oxidative chemistry
- reactivity studies dominated by MTO (methyl trioxorhenium) (see Hudson,
methyltrioxorhenium, e-eros page)
- reacts with hydrogen peroxide to form rhenium peroxo-species (active catalyst)
H,0, H,O H,0, H,O
I\'Ile }4‘ (I)I }-4‘ ﬂ Y
Vil
Re "\0 Q1. O
0% 11, R~ 07 | YO
o ‘?-( Mo ‘>_< Me
MTO
R—OH or R-Hor R-OHor R-H or
S=0 s $=0 S
Epoxidation C-H oxidation
Me MTO (0.5 mol%) MTO (15 mol%)
H,O,, pyridine ,I 202
Me | — o o m ‘\(0
CH,Cly, rt AcOH/t BuOH
90% 40 °C, 72 hrs.
Jacobs, Tet. Lett. 1998, 39, 8521 90%

- stereoretentive process
- amine additive essential for epoxidation

4
:\ |:
N

Sharpless, J. Org. Chem. 1998, 63, 1740

- selective epoxidation in the presence of
pyridine motif

MTO (0.5 mol%)
H20,

CHyCly, rt, 4 hrs
80%

Murray, Tet. Lett. 1995, 36, 6415

- stereoretentive process
- yields highly substrate variable

N- Ox1dat/on

Cl
CI MTO (0.5 mol%) | clI
| H50,, pyridine‘ z |
CH,Cly, 1t, 41 hrs. S
89% |-
(o)

Sharpless, J. Org. Chem. 1998, 63, 1740
- N-oxidation of electron defficient pyridines
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Olefin isomerization o, O o, 0O
N72 NIR72
_Re Re<
OH  ;at. Re,O; o~ o - 0" S0  _|[Re] )oi/\
R/\/LR R/\/LR R N\ZAR R7 N R
- solvent/temperatrue affect mechanism )
CH,Cl, = stereoretentive [3,3] see: Hansen, J. Am. Chem.
Et,0 = stereooblative (allyl cation) Soc. 2006, 128, 8142
- applicaiton Me
We = H OMe
R9207 T
0,
. (10 moi%) RQ oR

Et,0, rt
69%

o

OH

A\

leucascandrolide A

R = CH,CF;
Floreancig, Angew. Chem. Int. Ed. 2007, 46, 8464

Reductive transformations
- ReV catalysts can deoxygenate compounds in the presence of a sacrificial reductant
PhMe,SiH

Ioe;
Ar—NH, /©/ X =Br(94%) HaN
PhMe, reflux

CO,Me (97%) 78% ©O
Fernandes, J. Org. Chem. 2009, 74, 6960

Nitro reduction

RelO,(PPhs), (5 mol%)

-
v

Ar—N02
SO,Me (84%)

Deoxydehydration of diols

Me Me Me
HO 0)< Cp*ReO3 (2 mol%) 0)<
PPhg /\N\/
o) PhCI, 125 °C, 80 hrs o)
>ro o 86% o Andrews, J. Am. Chem.
Me” e Me” o Soc. 1996, 118, 9448

3E. Group VIl tranistion metals

Iron

- Arguably the most studied category of metal-oxo/peroxo species

- iron oxo most common reactive group, reaction with organic substrates generally proceeds
via HAT/radical rebound mechanism

- signifcant efforts have been made to mimic the enzymatic oxidative processes of iron
synthetically using heme and non-heme based ligand systems

Biologically relevant Iron-oxo/peroxo species reactivity Nam, ACS Cent. Sci. 2019, 5, 13

non-heme diiron hydroxylase
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Biomimetic iron catalysis i Catalyst activation mechanisms H.0 H
- can be broadly divided into heme and non-heme ligated iron catalysts . 2 o/O\
- challenge: replicate nature's use of oxygen for catalysis, currently limited to peroxides and ! I;I >/’ I ,H H,0
oxygen transfer agents (e.g. PhlO) (Goldberg, J. Am. Chem. Soc. 2016, 138,11410 : Que, J. Am. Chem. Soc. _0 LFe™-O
- for recent reviews see: Nam, ACS Cent. Sci. 2019, 5, 13; ! 2013, 135, 6438 ?m H
L . . LFe— .
Reactivity - heme based ligand systems ‘ water-assisted
- Most reactive oxo-species for C—H abstraction (highly basic, low bond order) . H.O mechanism e—OH R R
- Undergo fast radical rebound, good for hydroxylations, not heteroatom trapping (manganese) 2 R—H —
- Evolution of Fe-porphyrin catalysis + ligand effects: ) H20,, H R R
1st generation 2nd/3rd generation synthetic Fe porphyrin scope : N IS \ H20, - ?m
; Qs o oo o, &Y Pk
“R_RR L (N H,0, S ¢ H0 0 >t
o ; R AR R,Q,,R R® R
\ ~ E S CHSCN R-OH R\‘\ '/R l H202
R"OH ! R R LFe"OAc
- decompose under , R-H —
reaction conditions _ I - A : R R
G J Am. Ch R = EWG, 7T oxidative stability, RS0 . o carboxylic acid H
roves, J. Am. Chem. - . .
Soc. 1979 101. 1032 T reactivity (ex: CsFy) for a recent review see: Costas, LII=I<¥—0A assisted o‘*H.
Y L = EDG, lengthen oxo-bond,  Coor. Chem. Rev. 2011, 255, 2912 ¢ mechanism
7T reactivity (ex: CI~, F~, AcO7) : k LFe"'—OJ\
. LFe"'
Reactivity - non-heme based ligand systems J\ /
review articles: Costas, JBIC, 2017, 22, 425; Nam, ACS Cent. Sci. 2019, 5, 13 ' Epoxidation
- Main area of active research in current iron-oxo chemistry ! Costas, J. Am. Chem. Soc. lo)
- less reactive for C—H abstraction relative to porphyrin ligated Fe . 0 2016, 138, 2732 TIPS
- tuning ligand architecture has dramatic effects on reactivity ! M o Me | N
: e [Fe] (3 mol%) o N
Representative ligand scaffolds ; O Hy0;(2eq) o /,,\\N | \OTf
4 4 : Ph™ X Alkyl-CORH S)‘?"E/3 " e : /"Fe"‘\‘
. ee v
P P 4 oM | CH4CN, "o 92% N7 | o
| | 5 | 3 X ! Me ~30 °C Me 94% ee \\(,
2 2 —l '
Me, [ °N NN N 2 ‘N N’ : Me (o WeN
wN, WX, N, WX N\t /e ' n-Bu
N _Fel CFel N, | wX M\ JFel /*Me ' 74% n-B [Fe] cat.
“ I N “ I\ ‘Fel | SN : 95% ee By
N | X N I X e \ Mef \ , vM N (]
7\ N N SNT | X : € -
"N a M X ! C-H oxidation
N\ S . I N R
, Me Me 7
: wOH /[ \ N
- Two cis-labile ligands required for H,O, based catalyst activation, if these are : [Fe] (25 mol%) X 1, N, |
blocked catalyst will promote Fenton chemistry (PhlO does not require this) ! OAc  H,0, (5eq.) OAc (’Fe”\
- Fe(ll) pre-catalysts are stable/isolable, Fe(lll) are too oxophillic and tend to : AcOH N ’L X
dimerize (inactive) CHCN Tt + 2
- Substitution at C-2 weakens the Fe—NPy bond = transition from intermediate spin S = 1 to ! Me: 3CNL T Me: S |
high spin S = 2, results in more reactive HAT catalyst but tends to deactivate rapidly ¢ Me Me R
- Substitution at C-3 to C-5 tolerated, generally EWG lead to weaker oxidation catalysts ' White, J. Am. Chem. Soc.  [Fe]-1 29% [Fe]-1 R=H
; 2013, 135, 14052 [Fe]-2 9% [Fe]-2 R=2,6-CF3-Ph
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Reactivity - non-heme based ligand systems (diiron species)
- mostly fundamental work modeling monooxygenases
- review article: Que, Chem. Rev. 2018, 118, 2554

Osmium general reactivity

- relatively little exploration with Os(1V)—(VI)-oxo species (cost, toxicity)

- Os(VIIl) catalyzed alkene dihydroxylation most useful application (see: Sharpless, Chem.
Rev. 1994, 94, 2483; Sharpless, Angew. Chem. Int. Ed. 1995, 34, 1059)

Olefin cis-dihydroxylation Ruthenium general reactivity
[Fe] cat, (1 mol%) /N_\ TIPS + - see Organoruthenium Chemistry (Xu, 2019)
H.0 '(1 5 eq )Q \/"Fe"‘\\ - Ru(IV)—(VI) review: Kojima, Dalton Trans. 2016, 45, 16727
R R Mgz(02IO4.)2xH2.O HO OH S NT | oty via o_ _R © - Ru (V) is useful for selective alcohol oxidation (Ley-Griffith)
— . R§ eR N .
R> <R CH4CN,0°C ¥ R = | N LFefll I + Ruthenium (VIIl) C-H oxidation CO;Me  PivO ~OPiv
. . y/ \ :
30 m|n1syr|ng<|a pump TIPS o R : 57% m
[1 mmol] [Fe] cat. : RUClaxH,0 (5 mol%), 41%
' cat. pyr, KBrO3 BocHN OH
‘ R-H » R-OH
a OH \ig additive : CH3CN/H,0, 60 °C Me OMMe
N/\l) complexed diol : ) ) \n/ 26% Me
H to prevent catalyst | " stergoretentlve rea.ctlo.n . (o] o
OH Mé Me OH deactivation D oloeflns undergo oxidative cleavage zR H----0 R OH
99% ' - 3° selective R k\ Il R§|\ |
94% 37% 90% ' , R3 \o//Ru\Qo —> g3 O/Ru\to
Costas, J. Am. Chem. Soc. 2017 1397 12821 E DUBOIS, J. Am. Chem. Soc. 2010, 132, 10202 \o 0

OMe o-H o o) T
Me Me Me_ OMe Ui 3F. Group VIl tranisti tti
‘ . p ranistion metals - hitting the wall
N Me” | "Me Me” | 'Me —>» Me~ Me ! . ) i
Me | I N\ pMe OMe Me Me « - recall oxo wall: as the d electron count climbs and the n* orbitals get filled the M—O bond
MeO—~ ) N N={ [ _0_ . order decreases, leading to an unstable metal oxo
AN~ I v/ /N NZ~Me LFei ,Fe'VL H* . _this phenomenon makes metal-oxo formation with octahedral geometry nearly impossible
Me | e\ e\ 00 :
‘ N\ + for group IX and above
N_( O . © ! Cobalt
Me Me H ) - Only a few examples of cobalt oxo-species known in the literatrure (highly unstable)
- potent C—H abstraction reagent, 100-1000 fold i Co'V-oxo MO diagram Example 3+
Que, Nat. Chem. 2009, 7, 145 more reactive than related monoiron-oxo complexes . o* _ Sc Me |
- diiron(IV) complex synthesis - o oxygen rebound observed _,"':dzzwz'\ NN | SCP(r;)I(_?f,) NM—\“Me (o] Me
EtN, L =~ m __0-1MKPFg v~ v P44 iyt N._c| _,I"N acetone ©: /COIZ M
Fe(OTf),(CH3CN), ———— LFe e _FellL CDCN. —20 °C LFel_ _FeL dZy2 a2 T Ty T4\ 5°C N meN e
CH4CN 00 3CN, 00 ; . b . o
~ 1.7V, std. cell ‘ \ s AT
. \ . N Nam, Angew. (o] Me
85% stable ~ 1 hr. h N N \
at —40 °C ! N Chem. Int. Ed. ti/o = 20 mins
--------------------------------------------------------------------------------------- 1 1 1 ey 1 B | A | 2014, 53, 10403 o
Ruthenium and Osmium C Ty Tdy TN P Py P I PhOH
- common oxidation states +4, +6, +8 D ot i o- C—H oxidation “Me Ph)<Ph
- Common structures of Ru/Os oxo-species ! ° dxz’yz+px;~:‘_L i n products
2 - ' . e 0,
o 0 /'l' L_l ' e Q ﬁ_l " : A EXAMPIE o Sk 5%
X, 'YnL XtV - X, V'\\L X111 VI Vi Vil . | rBondorder| dp
M: M LD gnv| M~ M~ z "Pz y m y Anderson, J. Am. Chem. Soc.
CMS0 x#Mso Lo//ﬂ el i ~x? x” "o 07 N 0% WO i |=8=5=05 : B”~N col N't BUT 2019, 141, 4051
: 5 , ,
- - - - s N _N. ,N_ " -able to dehydrogenate
- [Ru]-oxo/[Os]-oxo reactivity very simillar to Fe-[oxo] (epoxidation, C—H oxidation, S/P oxidation) . ‘B* various biased substrates

unstable above -35 °C |

- reactivity of osmium oxo complexes generally less developed (exception OsO,) Ph - reactivity tracked w/ pKa, not BDE







