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Lewis Base -Boryl Radical Enabled Reactions
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Classic Uses of Boron as a Lewis Acid
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Why Care about Boryl Radicals?

Cross-Electrophile Coupling
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Outline

l. Initial Discovery of Stable BorylRadicals, Structural Features, and Early Reaction Rationalization
.  NHC-Borane complexes and Extension into Modern Applications

1. Non-NHC Borane Reactivities and other Modern Advances
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Initial Amine and Phosphine Boryl Radical Investigation

Roberts Studies 3 bond, 7 electron Boryl Radicals EPR Result Suggested:
4 - UV light - )
tBuO+ + BH,4 > tBuOH + *BHj; -
“TNEt;  HiIB-PPh B-NEt;  NC.H:B—PEt
W ‘ 3 ||'- —_ ||'- — R —
+ - UV light s Hoh H 3N ° o~ °
tBuO- + R3Y_BH3 tBUuOH + R3Y_BH2 pyramidal planar planal’ planar
Y =N,P
R = Et, Ph
- /
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1. If 9, =19, energy minimized when bonding orbitals have the greatest energy (B(sp3))
2. If O, <9, energy minimized with more s character to the bonding orbitals (B(sp?))
3. If 9,>19,, energy minimized with more s character to the odd electron orbital (B(sp?))

Some Key MO Interactions:

O

Filled B(SOMO) with Filled N( ), Filled B(SOMO) with lower energy P[ *), Filled B(SOMO) with lower energy CNJf *)
Reduced interaction when pyramidal Better interaction when planar Better interaction when planar

Linus Pauling

J. Chem. Soc., CheBommurn 1983 12241226
J. Chem. Phy4969 51, 2767



Reactivity of Amine and Phosphine Boryl Radicals

X
X

Halogen Atom Abstraction

P
+ - + -
Et3N—I.3HR — Et3N—E|3HR + .
X
R = Me, tBu, thexyl
\ X = Br,CI /

Occurs at 173 K readily with substitution on borane
Higher reactivity, close to 1:1 rate constant between
tertiary and primary alkyl halide

4 )
X
+ - + -
Y3P—BHR —  Y3N-BHR + _\,
X
R = Me, tBu
Y = OMe,Et, Bu
\ X =Br, CI /
x  Significantly lower reactivity with Cl, even with
borane substitution
x  Higher selectivity for tertiary alkyl halides

Nitrile Reactivity and Polarity Reversal
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x Radical addition can occur with unsubstituted boranes
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Addition of Alkyl Radicals into ¢.J -Unsaturated Esters
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59% vyield (X =1) 25% vyield (X =Br)

44% yield (X

J. Chem. Soc., CheBommun 1983 12241226
J.Chem. Soc., Perkin Trat®88 2, 1183193
J.Chem. Soc., Perkin Trat®88 2, 1194200
Chem. Soc. Re%999 28, 2535
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Why did Boryl Radicals Receive So Little Attention?

1. Ligated and non-ligated boranes had much higher BDEs than Sn and Si for radical hydrogen donors

|
~ .
. \ Sy
H,B HsN—BH, —Si-Si-Si—
|

I“| H >> / |l| \ \/\/Sln\/\/
H
106.6 kcal/mol 101 kcal/mol 79 kcal/mol 74 kcal/mol

2. Calculations of structures with lower BDEs involved transitory compounds and reaction incompatibility

H + - + - + -
)=0-BH, H—=N-BH, H-N=C—BH,
H H H H
56.1 kcal/mol 72.8 kcal/mol 75.2 kcal/mol

3. Most work focused on boryl radicals from materials and computational perspectives

.
(610)

J. Am. Chem. Sa200§ 130, 31, 10080083 Coord. Chem. R&017 352, 34878

Angew. Chem. Int. 2009 48, 28, 5082091 J. Am. Chem. Sa201Q 132, 2352358

J. Am. Chem. Sat997 119, 35, 835B60 7



Expanding Boryl Radical Chemistry through NHCs

Calculation of B-H BDEs Curran Applies NHC-Borane to Xanthates
H O:N NN NHC-BH5 (1-2 eq)
. e 7 AIBN (0.5-2 eq)
Ph\/NYS\ NYN\Ph QHZB \/© R,O\H/SMe eq . o H
benzene, reflux, 2 h

H,B H,B iProyy iPr S

f f
74 kcal/mol 79 kcal/mol 80 kcal/mol 0o o H
Et iPr /k { P
BnO BnO O

UB3LYP/LACVP* level

70% vyield 64% yield 61% yield
Radical Clock Experiment
M conditions ano e oo MET U NHC-Boranes are competent radical
S — y hydrogen atom donors
\[S]/ 57% yield (3:1 E:Z ratio)
U Tunable ligands may be able to affect
various reactivities
Bno by S _conditions BnoﬂiQ - Bnoﬂp
o SMe

hig ' {
S H

67% yield

J. Am. Chem. Sd2008§ 130, 31, 10080083



Evidence to Support a Radical Chain Mechanism

|solated Compounds

j\ BEtg/air, rt N N
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9% yield

Representative SOMO for NHC

U Planar NHCboryl radical observed by EPR

U Xanthate Reduction determined tobec&8 p T1t-
x (TMS),SikH=08 prm- O
x Bu;SntH=w pm- O
x Et,SiH=¢8 pm- O

pe

O

J. Am. Chem. Sd2008§ 130, 31, 10080083
J. Am. Chem. Sd2009 131, 31, 11286262



Extend Reactivity to Simple Alkyl and Aryl Halides

Curran Utilizes Thiol Additives Spin Trapping For Hydrogen Transfer
[\ PhS* +  NHC—BH, PhSH + NHC—BH;
diMe-Imd-BHj _ Nt N
R-X R—H b
=B | _initiator (20 mol%) BH3
s th";'e?]‘ii';';’eég?sgq?(':/")' diMe-Imd-BH o tBu\L,O_ tBu\;l,o'
’ NHC—BH; + | |
initiators = TBHN, DTBP, BEts/air Ph)\H Ph)\BHz-NHC
K thiol = PhSH, TDT / PBN detected by EPR

Suggested Propagation Steps

H
[[ I .o, ky > 10° .-
NHC—BH, *+ R=X NHC-BH, * R
97% yield (X=Br) _ ; X
92% yield (X=I) 96% ylgld (X=Br) . ky < 10 .o
95% yield (X=I) NHC-BH; + R* ——————> NHC-BH, + R-H
ks~ 108
PhSH - —> Phs R—H
C8H17\O H + R +
+ - ky=1.2 x108 + -
PhS* + NHC—BH; PhSH + NHC—BH;
x Thiol accelerates radical HAT
96% yield (X=Br) 96% yield (X=Br) 86% yield (X=Br) x  This is still however a thermodynamically

82% vyield (X=I)
unfavorable process

J. Am. Chem. Sd201Q 132, 2350
Angew. Chen2008 120, 7538542
J. Am. Chem. Sd2012 134, 5668674



Wang Utilizes Thiol Catalysis for Borylation/Cyclization
~

R? R diMe-Imd-BHj; (1.2-1.5 eq) R? R R2 R N/:\ N/:\N
AIBN (20 mol% N B B N NN
| | = ( °) K(j/[ ] or [ ]\ﬁj) - Y+\ Y
CgH1gC(CH3)28H (50 mOl%) X X HZ? BH3
X CH4CN, 80 °C, 2-12 h E\g} diMe-Imd-BH,
\_ X = NTs, O, C(CO,Et), /

Alkene Radical Initiated Alkyne Radical Initiated

X
= ® O
=
H NT
~ Bl : :
Ts ? g Et0,C” CO,Et
S
92% yield (R=4-Cl) _ o i o 0
63% yield (R=4-OMe) 64% yield 46% yield 55% vyield 41% yield 81% yield
29% yield (R = 4-Br)
O+__OEt O+__OEt O+__OEt
Me :: @
N o [Bl : H H "
N N
Ts Ts b b h
0% yield 0% yield Ts T T
. yie yie
51% yield ° ’ 70% yield 35% yield 0% yield

J. Am. Chem. Sd2017 139,

6056053
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Borylation/Cyclization Mechanism

O.__OEt
I /j
N
Ts

Radical Clock Experiments

diMe-Imd-BH3 (1 eq)
AIBN (20 mol%)

CgH19C(CH3),SH (50 mol%)
CH4CN, 80 °C, 16 h

diMe-Imd-BH3 (1 eq)
AIBN (40 mol%)

CgH1gC(CH3)28H (50 mOl%)
CH3CN, 80°C,7.5h

57% yield (1.07:1 d.r.)

(@) OEt
[B]\%/\VB
N
Ts

44% yield

Proposed Mechanism

aw.
/@[B]

J. Am. Chem. Sd2017 139, 6056053
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a-borylation of unsaturated esters

Comparing ¢ vs. . borylation
Oestrich 1 -borylation

0] 0O

ﬁR [Cu'], BoPiny ﬁR
LiOtBu, DMSO, rt
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C to O-boron isomerization in ¢-borylation
0 _BY,
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\Hkx T m%/\x
BY,
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é/&o unctionalization _ o é//oto
/\/ \O 0) )J\( \O (o)

Rh,Cu, I, Au O
+  LB-BH; - R’

:gz o
|

Py

N

R2
N, H,B <
LB = NHC, R3N, RsP LB

O-Boron enolates occur due to 1,3-boron
shift and are thermodynamically driven
Existing methodology still relies on multi

step synthesis rather than direct conversion

Wang Utilizes a Boryl Radical to promote a C-bound Boron

-

\

, diMe-Imd-BH5 (1.2-1.5 eq) N e
R 3 —N N~ Ny N
AIBN (20 mol%) R* O Y Y
P ) H,B BH
R R o R‘l R2 7 =
R TDT (50 mol%) g4 [B] S diMe-Imd-BH;
CH,CN, 80 °C, 12 h [B]
0 0 0
OEt H/\/\
[B] (B] [B]
78% yield 89% vield 94% yield
0 0 0
Moa OEt OEt
o) [B] [B] [B]
95% yield 56% yield 39% yield

Nat.Commun2019 10, 1934
Chem. Sci2019 10, 1439144
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Defining a Mechanism for Selective  a-Borylation

Limitations of the Method

DFT Investigation

diMe-Imd-BH3 (1.2-1.5 eq)

[ Competitive a vs. borylation] Q AIBN (20 mol%) Q
Ph/\)J\OEt Ph/\HJ\OEt
o (B] PhSH (20 mol%)
o />%J\ CH4CN, 80 °C, 12 h (B
Ph/\HJ\OEt ———» Ph [B]OEt T Gibbs energy (kcal/mol) o-Radical hydroboration pathway
920, i 539 Id (95:5 dr) B O —l.i —— [3-Radical hydroboration pathway
ie () y|e r Ise
°Y Ph/\%)J\OEt
1a-TS-1’ 1aTs2 g o —t H H M
0 0] )[Uj\ (+7.7) (+7.5) M E/ \r e
F B O ——. Ph" " “OEt B=
—_— M /\Hj\ E Ph E /II/—\ \\\ ’/ \\\ H \)
Me/\)J\OEt © Ot . OFt /7 (+6.4) ‘\Ph)\ﬁ/kOEt v
[B] LSRN P SR
41% yield 26% yield //N)Ok LAY \\1?;'(;“2')1 K RSH = PhSH
== PhYTTOEt N T RSH_,(+0.6) N\
(0. )o B 7 1a-TS-2
‘ Competitive Cyclization J Ph/\f‘*)\ OEt(1a) % SR ¥ %

o)
+ : % A B O .
J| J| Ph B() PhA«;)kOEt Ph/\f/”\OEt N(=85) p MOB *RS
o .

~_-[B] B 1a Int 1 '
OEt

Ts Ts | | Radical addition | Hydrogen atom transfer
Ts -
29% yield 42% yield al10) =522, 07MT s RiBIIPSH) 30 < 10°M 5

U ¢ c p f-Bounylation are differentiated through
t g x gt uk eadddiidnieliminagidn”

Nat.Commun2019 10, 1934

Chem. Sci2019 10, 1439144
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A Hypothesis about Moving from 1,3 to 1,2 borylation

Xie and Zhu form a Mechanistic Hypothesis

NHC—BH,
)lN/Ph _Ph
" R-S*
hv, Ar Ar)\I:BHZ
q\ *NHC (!
i
NHC—BH
[organocatalyms] [ir]"
[|r]lll
H
NHC
© R—-SH
R-S
[lr]” ¥ /
.Ph (\
N O N +E:2C
Ar A" Ar)
Path A Path B
SET reduction of imine with a reductive Ir'"" could NHC-boryl radical addition occurs then SET
be followed by radical-radical C-B cross-coupling reduction of the nitrogen -centered radical

Angew Chem. Int. EA018 57, 39903994
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