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Contents - HAT (Hydrogen Atom Transfer)
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HAT part is according to Baran’s group meeting 4/12/14 :
https://www.scripps.edu/baran/images/grpmtgpdf/Lo_Apr_14.pdf



Concept of HAT

HAT: Hydrogen Atom Transfer
A concerted movement of a proton and an electron (e-
+ H+ = He) in a single kinetic step from one group to

another.
A—H+B*"— A+ H—B

M M Me, Me
vemi-Br W mBusSMH 0 I\ A
—_— —
B PhH, 80 °C B >

Me H Me H Me H
ey My, ey My, |||
nBus;SnH ol ;
HAT /1
Me  H Me  H

example of HAT between alkenyl radical and nBu;SnH

Physical chemistry:

1. Bell-Evans—Polanyi equation :
E,=E,+ adH

2. Arrhenius equation (f4% & & &7 7 18) -
k = Ae -E,/RT

3. BDE (Bond Dissociation Enthalpy) :
AH = BDE(AH) - BDE(AH)

(nBu,SnH - BDE = 78 kcal / mol
CH;-H - BDE = 104 kcal / mol CH;0-H — BDE = 105 kcal / mol)

Mayer et al., J. Am. Chem. Soc. 2007, 129, 5153-5166



Radical Polarity & Polarity Reversal Catalysis (PRC)

Factors influencing HAT :

_ _ If A* is more stable, A® is a nucleophilic radical
Steric effects / Reaction enthalpy / Polar effects

because it wants to lose an e-.

If A~ is more stable, A* is an electrophilic radical

Radical Polarity : because it wants to gain an e-.
Despite being uncharged species, radicals can have . p o
. . i BuO —>» BuO
nucleophilic or electrophilic tendancies. e/eggl?é?g”'c more stable
- e_ .
Bu” ~Sucleophiic M
® -e- . + e o more Stable radical

A
nucleophilic electrophilic
radicals radicals EtSi

more stable

® - €
-« —

nucleophilic
radical

Et,Si

Lopata et al., J. Org. Chem. 1998, 63, 8646-8653



Radical Polarity & Polarity Reversal Catalysis (PRC)

HAT transition state :

RO H-X —» RO-H X
e + + e :I:
RO™ H'X RO HX"”
Polarity match / mismatch
El' + NuccH —> EI-H + Nuc' ]
+ favored
Nuc' + E-H —>» Nuc-H + EI
El"* + EI2-H —> El'-H + EI ]
+ disfavored
Nuc!* + Nuc?-H —3 Nuc'-H + Nuc?

Roberts et al., J. Chem.

Et,Si-H — BDE = 90 kcal / mol; MeS-H — BDE = 92 kcal / mol

_ fast )
EtSSl. + R—X —_— Et3S|—X + R*

) _ unfavorable N
R* + EtSi—H It> R-H  + Et3SI' | Replace with two steps
Nuc? Nuc?-H m’?g ,gg tg h Nuc! —H Nuc? | that are polarity matched?

R + RSSH ——>» R-H + R'S Favorable polar effects in
Nuc’ El-H favorable Nuc—H Er the transition states for the
two PRCed steps Ilowers

RS + EtsS-H —— 3 R'S-H + EtsSi° the E, of the ove{fall
EF Nuc—H favorable El—H Nuc unfavorable transformation

Polarity Reversal Catalysis (PRC) :
Adding a catalyst that replaces the polarity mismatched step with

two polarity matched ones should yield a net favorable reaction.

Soc., Chem. Commun., 1989, 1387



Radical Polarity & Polarity Reversal Catalysis (PRC)

character

PCA

@
strong 2-hydroxyprop-2-yl 2-hydroxyprop-2-yl
T tert-butyl tert-butyl
hydroxymethyl hydroxymethyl
p-methoxybenzyl p-methoxybenzyl
moderate p-fluorobenzyl p-methylbenzyl
nucleophile p-methylbenzyl methyl
benzyl benzyl
methyl p-fluorobenzyl
p-cyanobenzyl 2-cyanoprop-2-yl
weak 2-cyanoprop-2-yl p-cyanobenzyl
nucleophile tert- tert-
utoxycarbonylmethyl butoxycarbonylmethyl
cyanomethyl cyanomethyl
moderate tosyl tosyl

electroihile ihenilsulfonil ihenilsulfonil

Classification of 15 Radicals According to Electrophilicity /
Nucleophilicity: Comparison between PCA and the Global
Electrophilicity Index

2-hydroxyprop-2-yl

29

J

L)
strong et
nucleophile * 3

Proft et al., Org. Lett. 2007, 9, 2721-2724

fluorine

J

strong
electrophile



Radical Polarity & Polarity Reversal Catalysis (PRC)

using R,SiH in Barton-McCombie reactions proceeds efficiently

0 Me N Me
Me
j‘Q, H Ph,SiH ~N-o
— d) 2050 TBHN o. = 90
uncataiyze . 0 Te)
O y O Mem, JMe 1 4-dioxane Me
tBuO" S)‘ O O Me 60°C 90% 0" ve
O
O MeSN"' BHZThX) In situ formation of polarity reversal catalyst:
catalyzed Q -MeSSiPh . Phgsit o O
" N ——>o0css —> U M.
eS SSiPhj Ph3SiS : MeS SSiPhg

O

polarity
reversal cat.

Roberts et al., J. Chem. Soc., Chem. Commun. 1987, 1322

_ Ph,SiH _
PhsSiS—H <€————  PhSiS'

R e

MeSH or Ph3SiSH
' polarity reversal cat.

Roberts et al., Tetrahedron Lett. 2001, 42, 763



HAT from Unlikely Sources

Cp,TiCl
«Me " ryE
3 4
anhydrous 97 3
with H,O (28 eq.) 15 85

with D,O (28 eq.) 25 75 (70% D)

Oltra et al., J. Org. Chem. 2002, 67, 2566

«Me The BDE of H,O was proposed to decrease upon complexation with Tilll

Ch. Cp._Cl
Cp, HO_ i) /RTJ\FW HR2 O

Cp TI Cl % Cp O«H + Cp/ e

1 3 1
R'" R b

BDE 41c = 49.4 kcal/mol

Oltra et al., Angew. Chem. Int. Ed. 2006, 45, 5522



Contents - MHAT (Metal Hydride Hydrogen Atom Transfer)

-0

1. Introduction of MHAT ALKENE ()~ wm* ()

/K H—M Q Q

2. Mechanism of MHAT hydrogen () )'VH O
trzzosrper Q

3. \ersatile applications of MHAT QQQ




Introduction - Classification of MHAT

Classification of MHAT :

» bearing strong-field (SF) ligands --- SF systems
Mo, W, V, Cr, Mn, Fe, Co / strong-field ligands (carbonyls)
Metal hydride often isolable / hydrogen atom source often H,

/ rates of catalysis generally slow

» bearing weak-field (WF) ligands --- WF systems
Mn, Fe, Co / weak-field ligands (based on N or O donors) /
Metal hydride often inseparable / hydrogen atom source

often PhSiH,; or NaBH, / rates of catalysis rapid

AG

AG

Strong field (SF) MHAT

HCrCp(CO)4, HMn(CO)s etc.
50 - 60 kcal/mol BDFE

Reaction coordinate

Weak field (WF) MHAT

HFe(acac),, HMn(acac); etc.

< 35 kcal/mol BDFE

Reaction coordinate

Shenvi et al., Chem. Sci.,2020, 11,12401-12422



Mechanism of MHAT

Mechanism of MHAT :

solvent-caged solvent-separated
radical pair radicals
M—_H 5 H 1,
— k escC & e k .
- AL R/‘\) N VR P LS trapped MHAT Formation ---
" KHAT e M |freentry T products
i \ » Carbon-Metal bond ?
kiso ": 1L kcollapse l
| - ical ?
“cage” ~_ _Me [M] Cyclization / > Free radical °
products R X~ )\/H =) Coupling Hydrogepation/
M—H R Coupling /
l Hydration

Olefin Isomerization

Shenvi et al., Chem. Sci.,2020, 11,12401-12422



Complete catalytic cycle :

Mechanism of MHAT

ALKENE
INPUT

A

isomerization
pathway

Why M3+-H ? 1,
¥ i M3*—H

2 Mm%

(acac),Fe-H H_]

BDE = 17-20 kcal / mol

‘\
/Ro Py \ {3//
start here Mm3* NEY e N R .o
\ / .
R—X—Y
[(acac),Fe—H] \\\ OUTPUT R—H hydrogenation
Ro_m3+ P = radical
BDE = 66 kcal / mol 2+ ;
i y—m* M v® propagation
ROH “sigma
radicalophile”
OUTPUT R—X
m3*
SECVAE |
Rouﬁp:: REX=Y ol
e R—X-Y pi radicalophile



Mechanism of MHAT — Formation of Metal Hydride

M?3*-H : low BDE / active species

LM—Z o+

Z=0R,F,
OOR, OTf

Ph
\
SiH;
OMe

O—Fe
-0
o\

H—SiR; —»

hydride precursor
70-95 kcal/mol

H
N

H

.0
oo,
e
o~ | ™o
0

/
i

LM—H  +

weak bond
provides
high reactivity

Ph
H

IMe

105-150 kcal/mol

Z—SiR;

strong bond
provides
driving force

:t Ph
¥
stl\
OMe
—_— H
Fe—

o
O/

Transition State: AG* 25 kcal/mol

r

Potential mechanisms of metal-hydride formation.

Shenvi et al., Chem.

A1:2-19-30

Sci.,2020, 11,12401-12422

1-10 mol% H
Co(SalBu.Bu)CJ /\H\
»> 17 3
2.50 mol% PhSiHa, L
PhH, 22 °C R”

10 mol% Mn(dpm)s,
PhSiH3, TBHP,

>
i-PrOH, 22 °C

Co-1 (5 mol%)
PhSiH3, F1 (2.5 equiv.)

>
PhH 90%
16
Me Me
HMG Me
o
o° O By Me” NZ “Me
1 ®
t-Bu t-Bu F
Co-1 F1



Mechanism of MHAT — Trends in alkene selectivity

Strong-Field systems:

a. Influence of M-H Sterics on MHAT rate b. Influence of Olefin Sterics and Electronics on MHAT rate
Ph Rs > MHAT k "
Poz CO .CO = Me "
(<): / \H _\ - | :< @ slowest fastest
co CO - CO,Me COzMe e Ph
P 2 A oc” CI’\H CO-M )\ )\
e
. . CO,Me Ph
4 4. M-HBDE = 4. M-HBDE
n ku(M7S7)  (kcal/mol) ki (M7S™) (kcalimol)
kqy M1s) 11x107 32x107 1.6x 105 14x 103 460 x 103
1 17 x 1073 57.9 H 40x102% 615
2 9.0x103 57.5 Me 06x10°% 623
3 75x103 56.0 Ph 0.5x103 59.6
4 50x1073 54.9

Shenvi et al., Chem. Sci.,2020, 11,12401-12422



Mechanism of MHAT — Trends in alkene selectivity

Weak-Field systems:

" Fe(acac); (30 mol%) R
R o) PhSiH, (1.5 equiv) ,'-\NMe
] + -
x\d,l]/ \/lLMe EtOH/(CH,OH), (5:1)  *.__ .
Me = Me ] Me (1.0 equiv) (3.0 equiv) 60 °C
/ Me cat. / Me cat. / Me
Co(SalBuBuyC| Co(SalButBuyC Baran et al., J. Am. Chem. Soc., 2014, 136, 1304-1307
X —_—| A Y — X
cat. cat.
PhSiH3 . PhSiH; \ MeO->C, Me Ph
Me Me Me
M M CpCr(CO)sH 4 + Ph
L » _ o x-PP 7mol%  81%
_ MGOQC . 9 (8)
X = C(CO4Et), . L CaDe 50 N
4d Me
* Ph
MeOQCM
10

11% PN

Shenvi et al., Chem. Sci.,2020, 11,12401-12422 Norton et al., J. Am. Chem. Soc., 2007, 129, 770771



Versatile applications of MHAT

A H-M
/J//\ S kHAT ; |so
KeHAT Versatile applications of MHAT :
H

|somer|zat|0n

> Olefin Isomerization

X X
KP ~ khyd KI/\ kcyc
by H ; W= » Thermodynamic Hydrogenation

H
hydrogenation - -
+ |V| Kre- entry khyd M-H
- a » Cyclization
x  M-H X_ e X
KeHaT
L]
H H H
cycloisomerized B - reductive

product cyclization



Versatile applications of MHAT - Olefin Isomerization

H 1-10 mol% H
Co(SalBu.Bu)C| /\H\
>
1 3 17 3
i Z "R 5 50mol% PhSiH,,  ° -
R2 PhH, 22 °C R2
entry substrate product yield E/Z
. _Me
1 H17Cs/\( H17ca/\|/ 91%¢ -
Me Me

Me
%?¢ 45
9 TBSO\)I\/OTBS TBso\)\/mBs . 2

(0] 0
10 l
Me =N, _N=
Me Me Co
O/ \O
Cat-7

MeO Me Me OMe

AN /

~N
J

Shenvi et al., J. Am. Chem. Soc. 2014, 136, 16788—16791

Semisynthesis of (—) - Bufospirostenin A

o Co-cat, PhSiH;
solvent, temp.

(AG°=0) (AG® = - 0.2 kcal/mol)
‘”' + [Co]-H ﬂ - [Co]-H
M
Me H € Me + Me H Me 1 Me i
momo—+H 0—=x¢ MOMO o
MOMO . o
S "
R/‘—C-' Co |

Catalyst (0.2 equiv), PhSiH, (0.8 equiv), acetone (degassed)

Zhen Yang et al., J. Am. Chem. Soc. 2022, 144, 24792483



Versatile applications of MHAT - Hydrogenation

H Ir, H2
AcOH
-
98:2 d.r.
H [Ref. 26]
42a
Ir, H2,
wMe i-PrOH
-
“'Me 99:1d.r.
[Ref. 27]
44a
0]
Me
Pd/C, H,
-
. 97%, 11 : 1
- H [Ref. 28]
Me Me
46a

Shenvi et al., J. Am. Chem. Soc. 2014, 136, 1300—1303

10 mol%
O:j Mn(dpm)s,
i-PrOH, PhSiH3,
TBHP
41 66%, 10 : 1 d.r.
10 mol%
(IM" Mn(dpm)s,
_—
i-PrOH, PhSiH3,
e TBHP
43 69%, 2 : 1 d.r.t
(o)
Me 10 mol%
Mn(dpm)s,
i-PrOH, PhSiH3,
~ TBHP
Me Me 68%, 4 : 1 d.r.
45

g 74
J\x
OH  1BHP (2 equiv)

17

Mn(dpm)3, PhSiH3
TBHP, /-PrOH

Mn(dpm),
(10 mol %)
PhSiH;
(1.5 equiv)

Me

'PrOH, rt

Me
MOMO \ _#

"y H
Me 0

Me

[1,5]-HAT Me'1 A
— =

single
diastereomer

X =H, 56% yield
X =D, 47% yield
>98% D transfer

Reisman et al., J. Am. Chem. Soc. 2018, 140, 1267—1270



Versatile applications of MHAT - Cyclization

. 3 2 1 ] R H
HsW 5 17
' 4] 5 :
] 6 y/ TIG/ 1
: 19 81D |12 : )\
: N)zo\ . N~z
: 14 13 : H
: : H
: hetisine skeleton E R = H: (+)-davisinol (7)
------------------- R = Bz: (+)-18-benzoyldavisinol (8)
k. Co(acac), D=0
[ Q H\ TMDSO, 0,, 4A MS C |
VL 0 H OMe
g ‘7 i-PrOH, 25 °C 5 W AR EOMeo 0%1'@’1 0
“ " 83% (from 22) 0" g §0 o
| oacr R Me ve
O>/O C [gram scale] H H
Me’ ‘Me 5 24 _

Hanfeng Ding et al., J. Am. Chem. Soc. 2021, 143, 10576—10581



NH Me

paxilline (1)

NH Me

11-ketopaspaline (2)

Me

4

B

Me

13
12
- /0

—0
7

[Felll-H]

-
hydrogen atom
transfer

PhSiH,(Oi-Pr), Fe(acac),

(CH,CI)o/(CH0OH),,
ca. 58%, d.r. 1:1.1

0°C

intramolecular
aldol

Pronin et al., J. Am. Chem. Soc. 2015, 137, 15410—15413

o)

Versatile applications of MHAT - Cyclization

H

Me

Mi\g\¢°

Me

v/
-0

1

radical

cyclization/

reduction

H
Me

l [Fe'l]




Versatile applications of MHAT - Cyclization

5 mol% Fe(acac); ,
1) 3 equiv. 2

/o 3 equiv. PhSiH,(Oi-Pr) Me 10 mol% Fe(acac)
i OH o) ° 3
Me o 3 equiv. (CH,OH),, CH,Cl, Me /o Me PhSiH,(Oi-Pr)
' /\’7 g >
0 -4C .
Me 54%, d.r. >10:1 wd H H Me 39% of 16
e slow addition of 3 and silane € o H (+ 34% of 15)
2 3 e excess of 2 4
14 15
[Fell-H] l hydrogen atom transfer intramolecular aldol T
M o e
e/ radical addition/ reduction Me
g \/ /\ > PSS 7
[Fell
Me

forskolin

Pronin et al., J. Am. Chem. Soc. 2019, 141, 12246—12250
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