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direct homolytic cleavage R
—

Previous group meetings:
Boron catalysis [Kanda (2018)]

e Boryl Radical Boron [Farmer (20714)] . . . can be used in aq media
/ "BR" 2l Tin-mediated reactions (R3;SnH)
R :
Mechanism Homolytic Substitution Sy2 BEt;, O VS AIBN
T -78 °C 80 °C
Chain initiator Et) .
" > . Loy /B F~g_00 +Et Y
| 8 3 0-0'~ Etl Et/ higher
R 7 B yield —» Why?
B-centered radicals Halogen-transfer reactions (I >> Br Cis/tra(:]rs ratio
Boron . typically, minimum 1 €q. BEt; is usedl ERI S [V 111 {1 {14
10.81 i3 Gl ™S ™S Me Me
If / \SEYR e
. ACIE., 2000, 39: 944-945 | Et.B/O 3 H CF
- 10 ® | Ligated Boryl Radical (I — L1oA 3
_BZ _. Ligated Boryl Radica Oo_ N Me ——> 0_ N
—>» | B ? R —>» LB’? "LBR" o~ Yo o 0 \[r \‘(\ 2. CF3l Me
R R NO; MO . . o O Et;B(1.0eq) o O
tBu tBu . Me o M tBuOK Et + R —FEt+R ( )
! \ L4 e . i i
. —B” —_— S chain mechanism? No !
% @Y Nozaki :Me—FP B EtB + tBuOH " RT —» R l
. Sp2 ' iSNA: : - + =
4 Dipp” B” “Dipp 2012 Bourissou —— Tetrahedron Lett. 1993, 34, 2169
& F . 2015 NO; NeoCO)e(];gl;SeT!' Et most common for R-I : a-iodocarbonyl! Tetrahedron Asymm. 1994, 5, 961
E‘ Tetrahedron Lett.1989,30, 3155
[Y-----"""""""""--------cccc--- ST Ph N\ thN PhZN\ /R
g N,Mg) E P'PP Tetrahedron Lett.1998,39, 4835 JACS.1967,89, 5708 o 2 N| > j\H )N\
9o \ © Mes . N® oH Me I\ R CO.Et R CO,Et
© | B [ \>_B . o /\n/ 0, (cat.) Me CO,Et 2 2
2 N Mes ° \ Cu(+)/Pt(-) OH | (c-CeHy)B  +
= \ es . TN H |EB+ J_ t o THF, H,0
T Me : Dipp R” >R undivided RZ R @ / Etl, BEt;/0, 41% 43%
5 Gabbai © Walt -3.2vs SCE acceptor Maillard-Walton mechanism BEt3/0, 89% -
) ' altone Bu,NI i-Prl, BEt;/O, 68% -
& 2009 ' Lacote presense of water is crucial. Why? o -
. DMF tBul, BEt;/0, 82%
. Curran , )
: No proposed mechanism! Tetrahedron.1998, 54, 11431

2009, 2010
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Q: Are they really boron-centered radicals?
A: Spin density distribution depends on the Ligand.

computational BDE for boranes (kcal/mol) computational BDE for ligated boranes (kcal/mol) M0 ————————y -
43% 37% 66% 34% 92%  10%
o 20% 4l \ / O
H _ 7/ — N -
Hvé—c:o — H/d N ©:o’B H 1113 THF.BH, 103.5 5
H Me;N.BH; 102.6 £
Th in distribution on the LB f t [O\B H Me259-BHs 1995 £
e more spin distribution on the ragment, - 110.8
The more planar the BH, fragment o Me2S.BH, 95.5 §
HO, PH; BH5 93.9 o
B-H 108.6 MeCN.BH; 734
HO pyr.BH; 68.8 [ .
- BH,OCH
R . 108.6 Me,CO.BH, 655 N
-8 Rl LB: NHC, R2S, RsP F/B J. Am. Chem. Soc. 1996, 118, 19, 4648-4653 oo on o 8e o8 T
. Am. Chem. Soc. ; 19, — . .
Me, J. Am. Chem. Soc. 1997, 119, 35, 8350-8360 AIM Spin Density Delocalization
B—H 105.4
/ -
Ph The BDE for ligated boranes ng;tzilzgr;\:es
H falls in range of common H-donors| —— more promisin
B—H 105.5 in radical chemistry °p ISing
H/ than simple boranes
for HAT reaction
c-type LBR I-type LBR

trigonal geometry planar geometry
spin density on Boron lidelocalized spin densit
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o/eV

Lu studied the nucleophilicity and electrophilicity of 91 LBRs.
#1 Most of the NHC-LBRs are classified as nucleohilic radicals
#2 B-radicals are more reactive than C-radicals.

J. Org. Chem. 2017, 82, 6, 2898-2905
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For comparision, some common C-centered radicals
are shown in the diagram in pale blue.

o : global electrophilicity
N : global nucleophilicity

(0]
¥e NC\T/H\T/CN
\ _N__N< |, |
B. Me Y Me N\B,N
*BH, pyr
n=91 n=60 n=1
most most
nucleophilic electrophilic

Prof. B. Roberts was the first one who detected generation of LBR under photolysis
in presence of DTBP by E.S.R.

J. Chem. Soc., Chem. Commun., 1983, 1224-1226

h ° H °
tBuo), — ™Y o (BuO 5 — 3 2HB—NEt,
H,B—NEt, © ®
[CNC]

enriched "B (97.5%) [I=3/2]

Hyperfine splitting with "'B : 2(1)(3/2)+1=4
Hyperfine splitting W|th H:2(2)(1/2)+1=3

Prof. B. Roberts

UCL
25 G
—_—
2 [)VA (oW ELGCR ) g [ ST TR (-l ACIE, 50: 10294-10317
. . * white solid after evaporation of solvent
® PP dipp « yyrifiable by column or recrystalization
N 1. KO'Bu, THF
e - [ y—sn
N 2. BH3;.THF
o,
\ \ 60%
dipp

dipp
Me Me

N, (Me0),CO © BHgSMe
[N, — />_ #»[ ,>_BH3
@ \ @ \ 64%
Me

Organometallics, 2010, 29, 3987-3990
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How to make NHC-Boranes?

As mentioned earlier, the B-H bond strength depends on the ligand.

Me NHC-boranes have shown to be suitable candidates as H-donors.
OMe dipp Ph
B(OH), BHz(pyr) /> X Me N H MW: 402 g/mol I MW: 199 g/mol
! 20 BDE: 80 kcal/mol N-N. H0 BDE: 79 kcal/mol
1. LAH [N o | )—B —H
2. pyr N/ 2 58% @N\ .
' ChY dipp RsGe-H
e .
Et3Si-H NHC-BHj| (TMS)sSi-H Scale of rate constants for

JOC, 2010,75, 6983 — 6985

A library of NHC-boranes is synthesized by Curran et. al.
see: Org. Lett. 2010, 12, 13, 2998-3001

BusSn-H donations of hydrogen atoms

to alkyl radicals

k =1-8x10* M1 s

=0 10 1 1
0 ., 1 2 3 4 H- donation rate decreases
2 I"[l ulnld 11 IH]'I 1'111’lllllllll|l\l|l|l|l|l|l|l|l|l|lll|lll|l'
R R
o) hv z || Self-trapping N o)
elr-
R O/ k N
S rate constant [Self-trap pdt] HAT @\
S HAT S is known R
product
i : i ible 11! J. Am. Chem. Soc. 2005, 127, 36, 12513-12515 OH
Deoxygenation by water: Borane makes it possible !!! |!| BDE : 116 kcal/mol
© @  BDE: 86kcal/mol
i ° Me;BH—OH
R/O\H/S\M BMej , Air RH/D BMe; + O, —> Me,BOO + Me 3 |!|
s CeHs
H D -
20/D0 ~O0_ _S. © @ . |
R~Q(" "Me . Me;B—OH ~ .
How do authores rule out S R \\///»-\ P _B—OH —=—> Me
the intermediacy of Me®~ o H Me™ | e ® \'
thiol generated from decomposition M )]\ M R.H HO.® M
? e ~NMe - o Me
of byproduct (MeS),CO 7 S S Ii:' decomposition
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m Polar effects in radical reactions HAT site

J/ \T\ < DTBP hv_ DTBP hv O\ [HAT site
Nucleophilic radical: easy to be oxidized . " ) - J/ \L \l\
Electrophilic radical- easy to be reduced Ligated boranes have electron-rich B-H bonds (hydridic)

LBRs are nucleophilic radicals cN MegNBH,Thx NC

Electron-rich C-H HAT Nucleophilic radical BDE for R3NBHj3 is around 100 kcal/mol (cat.)
Chem. Soc. Rev. 1999, 28, 25-35 (Hype’ﬁ”e splitting with 14@
Electron-poor C-H Electrophilic radical
________________ HAT on alpha position of ester
CHO Y : '‘BuO* Electrophilic radical
5 ﬁ} : DTBP hv . OMe
Eiiniuteiuloteiniutinioteinlutol O'Bu HAT vs Addition
: H ! 0 N'(50 mol%) o
: H 2\ | DT8P v o + I BHs OH
: / : HAT vs Addition Me Me Me OMe —>Me "
N N7 ' Me DTBP (1eq.) Me e
DTBP, hv J. Chem. Soc., Perkin Trans. 1 1993, 891-898
D HAT vs Addition
Me3NBH, Thx Me [(+)-I0cBH,],.Me,NCH,CH,NMe, We
Ph” ~CO,M > pp” >
Polarity Reversal Catalysis 2ve DTBP, hv, -74 °C Ph COzMe
. . . (Kinetic Reso/utior)
BuO + MesNBH,Thx —— 'ByOH + MesNBHThx polarity match J. Chem. Soc., Chem. Commun., 1991, 150
o Me, H
polarity match
D + MesNBHThx  —— @ + MegNBH,Thx OTMS  Me-— OoTMS
Me 0 B,NEtz Me 5
Me{%:o H H, - Me)E>:0
(o] DTBP, hy, -74 °C (o}
N
00'Bu éHs (cat.) GOMe (Kinetic Reso/utioa
MeOZC/\COZMe + /\FMe _——— MeO,C Me J. Chem. Soc., Perkin Trans. 1, 1994, 1033
Me DTBP (1eq.)

Me
5 PhH, UV
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Halogen Atom Abstraction (XAT) NCTGOTRREIGENUR . Am. Chem. Soc. 2015, 137, 26, 8617-8622

Reduction of C(sp2)-X & C(sp3)-X (2° and 3°) (Unexpected observation)

N|,V|e J. Am. Chem. Soc. 2012, 134, 5669-5674 Me><o o '\i o AIBN (2eq [ >_BH oN N
—_—
© [ )—BH; g ) CN
N

1 [ BH H S NHC~
@N/>_ 3 /I/Me SN @\ \ o 51% B, O .
Me without 5 mol% PhSH 38% x= O Me R
— with 5 mol% PhSH ~ 99% €
CeHs NC_ CN  NHC-BH3 (1.2 eq.) NC><H only gem-dinitriles

P4 > give acceptable yields
R” "R DTBP (20 mol%) R™ 'R
- XAT . tBuOH
NHC-BH, * Ry-X ————— NHC-BH3 + R k>10% 120°C, 16 h

35
@ 0
. . 513 @
NHC-BH; + Ri — 3 NHC-BH, + Ry-H k<10 22 X=Br, |
I
R?SH+ Ry, ———» R2S + R-H k=108 o Me Dehalogenative Giese Addition J. Chem. Soc., Perkin Trans. 2 1988, 1195-1200.
X
A
) - R (0]
NHC-BH; + R2 —— 3= NHC-BH, + R2SH ks~10%|| © /@: I /\)Ol\ LB(2) (8 eq.) - LI
O/+ Me” X~ “oEt TBPB (20 mol%) Me OEt
. X=Br PhCI
Hydroxymethylat|0n| Org Lett. 2013, 15, 2144-2147 OR X 110 OC, 1_2 h
Me
CgH4, O OO ! Bu@ © '
! N\ BH,Ph
: p—Ph2 :
| />—BH3 © e o L
X=Br, | ' :
©A0H fast HAT from LB(2) slow HAT from LB(2) . LB !
AIBN(20 mol%) . Giese addition B Rl 4
CO (80 atm) 50-70% yield is preffered
MeCN
PhCHO + NHC-BH,I
(HAT between acyl radical and NHC-BHj is poIarity-matchecD
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Addition to C-C multiple bonds
ation of v SR TR
photopolymerization of vinylacetate(VAc) and methyl metacrylate(MMA) . oM : photoinitiation hv .
ACIE, 130(32), 10408-10413 : A oAc
1 1 0
Q: Is it possible to reverse polarity of NHC-LBRs? » VAc mMmA © ' )J\ excited
A: Yes R - Ph” “Ph benzophenone
Me
synthesis N electrophilic diradical
E >—B TBAF (2eq.) > [ ) G|;|.":2 reacts slower with
‘ 2 THF N NHC-diflouroborane
Me @ \ @ \
q.) Me Me
/ BH3 first electrophilic
E >_ DCM [NHC-Iigated borane
Me 15 min trans-hydroboration of alkynes | ACIE., 2018, 57, 9485
- Me X=F gives longer chain polymers relative to X=H (NMe Me
weaker chain transfer reagent (Why?) /Ar LB A )\BHZ Ar [ short reaction time: E/Z=9/1 ]
S —— ion time: E/Z=
[ />—B“Xz R DTBP p=/  \brolonged reaction fime: E/Z=1) E />—B“3
X=F reacts faster with VAc than MMA benzene R -_Iglp_e_tl_c_c_:c_)pgrp_lgg_t_rgr_1§_s_e_lg_c:uy1ty- @ \
Me A R: alkyl Me
NMe LB A
A CoEt A OEt :—<:> ( Az Ar
Me 2 SN /)\BHZ Arf 1. NCS, dioxane _ .
N - Me Y— 2. Ar%Br, H,0, Me> Z-olefine
[ )—BH, 3.8x107 < 1x10° 2? Me Na,COj3, PdCly(dppf)
@N\ Nucleophilic
Me | mixed tertiary alkynes from gem-borazirconocene | JOC, 1995, 60, 11, 3276-3277
IIVIe Boi
pin 1 . 1 i
N / HzrCp,Cl AT Bpin Ar-gr Ary__ jBpin
[/>—BF2 <1x10°  2.4x10° ?? Ar' — 5300 >—< , Suzuki
@Nu‘w Electrophilic HooarleCl T © W A with Mel
e
C-Zr(IV) is more active in transmetallation than C-B Ar' Me
E-olefine —
o 8 5 6
EtsNBH4 1.3x10 1.1x10 2.2x10 H> <Ar2
Nucleophilic
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Addition to C-C multiple bonds

| Wang's catalytic system for borylative cyclization |

Ar LBA (1.5€eq.) H LBA(1.5eq.)
AIBN (20 mol%) Me @BZ Ar R AIBN (20 mol%) AN | |
tert-dodecanethiol ®N tert-dodecanethiol

Ar
| | f\: (50 mol%) .~ @e z \] N | | (50 mol%)
N

X

MeCN N
A X X MeCN Which olefine is activated?
_ O NT A it will be attacked by LBR first
X: O, NTs JACS., 2017,139, 6050-6053 R- H, Mes JACS., 2017,139, 6050-6053
< LB A (1.2 eq.) LB A (1.2 eq.)
2 AIBN (20 mol%) oo R [ AIBN (20 mol%)
A tert-dodecanethiol  peN :(Ba‘ \L _N tert-dodecanethiol
///N (20 mol%) - «\/NMe NH N// (20 mol%) -
N MeCN N ) MeCN
R, A R, ! A

R4: Ts, Boc, Ph  Org. Lett. 2018, 20, 23, 7558-7562

LB A (1.2 eq.) General Mechanism

Ar Ri AIBN (20 mol%) Me © B' Y Rs?H
X = R, tert-zjzood(ranc;;e)thlol C‘/ i “*R, NHCH- ?52 /\\,3 H, (\(- NHCH- BH2
o > NMe )\/-\\ NHC— BH2 = —> NHC/B\/.\R quk\ NHC— BHZ
X MeCN X \/ A “ R ; ,
X: O, NTs A : H, 5
R1|k&| RH2 © Org. Lett. 2018, 20, 8, 2360-2364 MeXMe NHC” ENA"NR
a y ’ ' )
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Addition to C-C multiple bonds |

: . fo)
. . . ' (0] ' 5t
regioselective borylation of a,f- turated est ' '
| g y a,B-unsaturated esters : : /\)1\
' Me OEt ! R %2 °
Nat Commun 10, 1934 (2019) : BH 1 2: s )
: o:p= ' -
LB A (1.2 eq.) L ONHC p=1:2; He -
AIBN (20 mol%) e e ] 5
o tert-dodecanethiol o |
Ar/VI\OEt (20 mol%) Ar/\HI\OEt _ presence of aryl ring in B-position
MeCN is essential to get high regioselectivity
BH; a.:p= 99:1
A 4
NHC
T g B 0O _l? oc-RadilcaI hydroborat-|on pathway
= . B-Radical hydroboration pathway
ke Ph/\" OEt J energy barrier for LBR addition step is similar for both pathways
= 1a-TS-1’ 1a-Ts-22 g o —#
2 (+7.7) @78 A N o o . .
c /— o Ph ¢ OFEt ¢ stability of benzylic radical (c.-addition) is considerably higher than other
() 7" ' . . Ly
/s \ intermediate (B-addition)
g AT Ph)\ )J\OEt N HH e
& s “1a-Ts- 11‘ \ F SR o
P e T 1a Int-1 \ B=% \r\) ¢ B-addition is reversible
I”,/ /\\ )J\ ‘\\ (+0 2) : \\\
W Ph™ Sy OEt RSH ./ /(+0.6) N\
O o \\‘ 1a-TS-2 \‘\ RSH = PhSH J energy barrier for HAT is similar for both pathways
Ph/\ )J\OEt (1 a) O \\\ ,’// :SR _l:!: \\\\ \\\
y oo —" L T iy )B\ X RS’
S /\ H 2t \\\ +
&) P Y OBt (6.9) Ph/\l»/U\OEt o NEBS) P okt
B 1a-Int-1 B \ :

O
N(—12:2) + RS
— Ph/\l‘)J\OEt

| Radical addition | Hydrogen atom transfer | B
- il 3a
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Addition to C-C multiple bonds

| regioselective borylation of a,B-unsaturated esters | /8+\)lo
R \ \\
5
Light makes a difference 3H
= Ng-”

ACIE. 2020, 59, 12817

LBA(2eq.)
I
[1Ir'] (1 mol%) NHC_
o o 'BuSH (20 mol%) BH O O
o
R/\)LNJLPh NaH (20 mol/o)> R)\/U\NJJ\Ph
H MeCN H
R: alkyl rt

(low reduction potential) i
B O O v O RsH
o o ( R)\_/ILHJL% JL \ g )\/u\

NEREST YR

(high reduction potentia)
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Deheteroatomization through LBR-induced SCS
NMe,
AN
\ Y ~J ~ B
. ~ /
//B (_‘0 ~ o Scs - ~ o Z (radical trap) o lil
b] > . R. ~ ' R\ ~ V4
Rex LG R‘XJQ/bG Spin Center Shift \XJ\Y X BH;
D ® ®
LG=F, Cl, OAc, OMs
controllable mono and dihydrodefluorination
H
DMAP-BH; (3 eq) DMAP-BHj (1.5 eq) oMAp-B~ SOMO/LUMO gap AG?
TBHN(20 mol%) TBHN(20 mol%) ) o

PhSH(20 mol%) N PhSH(20 mol%) Ph. )\é NMe, Jj\

R/Y\n/CFHz Na,HPO, 12H,0 (2.4 eq) i NaH,PO,4 2H,0 (1.2 eq) Yo _CF,H NT PRHN"NCF, 4036V 79
(o) » R X

5 dioxane, 60 °C, 0.5-18 h MeCN, 60 °C, 0.5-18 h \[Or A | JL

Y=NR. O HC|>| ' @N/ PhHN” “CHF, 4.14 eV 9.2
o0 ) —p~__-Na |

50-94% 34-92% HO—P=o- ~ BH, j\

HO SOMOo PhHN” “CH,F 4.45eV 1.1
proposed TS -4.25 eV

sequential defluorinative coupling with alkenes

R Z (2.0-4.0 eq)

DMAP-BH; (2 eq)

DTBP (1.0-1.5 eq)

PhSH (20 mol%)
NaH2PO4.2H20 (1 2 eq)

MeCN, 120 °C, 17 h

10

Y , NaH,P0O, 2H,0 (3.0-4.0 eq)
R R >
MeCN, 120 °C, 12 h

R Z (3.0-4.0 eq)

DMAP-BH; (3.0-4.0 eq)
DTBP (1.5 eq)

E F PhSH (20 mol%)

o
35-84%

R3

F
R R2
R2, R3=(Het)Ar, Alk, OR

30-62%

ACIE. 2022, 61, No. 20220132

JACS. 2022, 144,15275-15285
Science, 2021, 371, 1232-1240
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Deheteroatomization through LBR-induced SCS
\ Y ~J ~ B
-7 o . _ 9 s o ~ o Z (radical trap) 0
R. IR LG R )Q/LG , ) R. 2 > R, Z
X X ¢ Spin Center Shift X
2 D ® ®
LG=F, Cl, OAc, OMs
sequential dechlorinative alkylation to access quat. centers
2 4
RF (2.0eq) R Z (2.0 eq) RLZ (8 eq)
DMAP-BH,CN (1.5 eq) DMAP-BH,CN (1.5 eq) DMAP-BH3 (1.5 eq) R2 NMe
DLP (50 mol%) DLP (50 mol%) DLP (50 mol%) 2
PhSH (20 mol%) PhSH (20 mol%) PhSH (20 mol%) X
N_ _ccl H,0 (10 eq) H,0 (10 eq) NaH,PO, 2H,0 (1.2 eq) H )
R \n/ > > R’N R3 N
o) PhCF3, 80 °C, 1.5-10 h PhCF3, 80 °C, 1.5-10 h PhCF3, 80 °C, 1.5-10 h 1 R4 L
3

11

dehydroxylative alkylation

R Z (2.0 eq)
DMAP-BHs; (2 eq)
TBHN (20 mol%)
PhSH (20 mol%)

Y: NH, O
R'=Ms, Ac

MeCN, 60 °C, 12 h

Me
Me
(o)
HO Me
OH OJH/Ph
(o) Me
OH
OH OH OH OH
HO HO 7 i
OH v
0 (o) OH OH

ACIE. 2022, 61, No. 20220132

JACS. 2022, 144,15275-15285
Science, 2021, 371, 1232-1240
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Addition-HAT-elimination cascade
M
A LB (3) (20 mol%)
ABVN (70 mol%) LB (3)
N > A\
, N 1,6-HAT -endo
\—Ar lsopr?pyl ether N H3B\</N\N
|| 60 °C, 24 h NN >_A_’ Q \_ 4
r B._~
COo,Me Z. u e
CO,Me 2 H \_/ B )
40-90% CO,Me CO,Me Jcoznne co2 e o
ee =>75%
1.2ZnCl, , LAH
2. pinacol , HCL (4N) \
) LB A (1.2 eq) \ \
N ABVN (50 mol%) 1.ZnCl,, LAH N N - N
RSH(30 mol%) 2. H,0 Ar
X 2™2 > Ar Ar
Ar isopropy! ether HZP co.M HO NHC-BH(OH)
CO,Me 60 °C, 24 h NHC 2ve OH Bpin
Ar
Ar 1 ]
LB (3) (20 mol%) ano YA :
Z ABVN (30 mol%) J 40-90% PN OH :
> -IIR1 E/Z = 95/5 : ? OH ' :
N R toluene N ee =81-90% Q---COZMe :
\ 90 °C, 12 h \ ! N :
R 1 1
R ' N k '
: H .
R': Ar, CO,Me e !

12

Science, 382(6674), 1056-1065
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