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Closed-Shell Borane Species

X
. «R « Empty p orbital | * Negatively charged
R_B\ — Electron deficient By — Electron rich
R (Lewis acid) R \X (Lewis base)
Trivalent boron Tetravalent boron
Examples Examples
1. CBS reduction 2. Radical initiation 1. Matteson reaction 2. Radical precursors
(activation of carbonyls) (source of Re)
R Et OR
H 3 R B+ O RO R(:)B:--LB@)
{ g0 Et™ Et Bpin OR [0] .
@N—BI-R (* or R
i . @® SH2 Et . R/
B2 (1 — B F RLE R-BF;K
H R )\R Et” "O-0
s L

B-based closed-shell species are well studied
and utilized many kinds of reactions.

Ravelli, D. et al. Chem Catalysis, 2022, 2, 957.
Huang, Y. Y. et al. Adv. Synth. Catal. 2020, 362, 2778. 3



Opened-Shell Borane Species

-----------------------

4 )
E Boryl Radicals : Ligated Boryl Radicals (LBRs)
E “\\R E @ e ° @ @ . ‘\\\R
: . BK : LB—B, or LB—B"‘\
: R ' \"R R
: . R
Tmmmmmmmmmmnmmneenes ' o-type m-type
(LB = R3N) (LB = R3P, NHC, pyridine etc.)
\. J

* In the 1980s, Roberts and co-workers discovered relatively stable 4-center—
7-electron type Lewis base—boryl radicals (LBRs).

* In 2008, Curran and co-workers achieved a breakthrough with the discovery
of N-heterocyclic carbene (NHC)-boryl radicals.

* Due to their unique reactivity, they are currently being studied extensively.

Ravelli, D. et al. Chem Catalysis, 2022, 2, 957.



Boryl Radicals

--------------------------------------------------------

;  Boryl Radicals - Low energy level SOMO & Empty p-orbital

: «R 5 — unstable (electron deficient)

‘B 3-center-5-electron spiecies .

\R : » Synthetic application is limited. (Detected in MS)

-------------------------------------------------------

Fehlner, T. P., & Koski, W. S. J. Am. Chem. Soc, 1964, 86, 2733.

R A H° «R ] « High BDE ... difficult to generate (high reactivity)
H_B\R —_— . B“\ + H o
R * Few delocalization effect
Entry Bond BDE,oqr(kcal/mol) (Orbitals are orthogonal to each other.)
1 H.B-H 105.5 ) .
2 BHCH;-H 104.6 ‘X_ . “““\\“X_ Due to the electronic repulsion,
3 B(CH;),-H 103.8 *BY B unpaired electron cannot exist
4 PhBCH;-H 105.4 \X— >|<X— in the p, orbital of B.
5 CH;CH,-H 101.7
BDE calculated by CBS-4
Rablen, P. R., & Hartwig, J. F. J. Am. Chem. Soc, 1996, 118, 4648. 5

Zipse, H. et al. Chem. Eur. J, 2010, 16, 6861.



Ligated Boryl Radicals (LBRs)

Ligated Boryl Radicals (LBRs)

R

@ @ p @ e. “‘\\\R N' e. “‘\\\R \ @. “‘\\\R
R;N—B., R;P—B. | )—B: 7, "N—B: L
\ Sy N® g ~/® | g 4-center-7-electron spiecies
R R ‘R R
o-type (pyramidal) m-type (planar)
Entry Bond BDEk(kcal/mol) By coordination of LB, BDE is decreased.
1 H,B-H 105.5 — Synergistic Effects of Lewis Bases and Substituents
2 NH3;BH,-H 102.1
3 PH3;BH,-H 92.4 .)(.
4 pyridine-BH,-H 70.9 —, #—— e .
“x* —» B Lewis base
H [ ]
N o 80.0 _ 7 \ 3 — 0 donor & 1T acceptor
> [N?G)_EHZ ' X— (“push-pull”)

H

Lewis Base

at G3(MP2)-RAD level

Zipse, H. et al. Chem. Eur. J, 2010, 16, 6861.
Rablen, P. R. J. Am. Chem. Soc, 1997, 119, 8350. 6
Li, P. et al. Chem. Eur. J, 2014, 20, 1630.



Geometry of LBRs and Localization of Spin Density

R O*p.H
® O H
H3P—B\ %[ )o- R
R Hep< —p"
@ N

m-type (planar)

BHZ2PH3

Spin denisity by AIM ... BH, 0.658, PH; 0.342
Cf. hyperfine splitting(G) ... EtsP-BH, a(''B) = 17.6 at 183 K

ON.-
® O. y N-H
H3N_B' % [] \\R
\",R H — S B o
R ©) N\
o-type (pyramidal) H R

BHZNH3

SOMO stabilized by 6*p_y (and d orbital)

“Anti” P-H bond 0.02 A longer than
other P-H bonds.

Higher energy level of m* (o*\.4) orbital

& electron negativity N>H>P

— Less stabilization effect

& strong distabilization by hyperconjugation
(plannar geometry — unfavorable)

Spin denisity by AIM ... BH, 0.898, NH; 0.102 (more localized at B atom )

Cf. hyperfine splitting(G) ... EtsN-BH, a(''B) =47.5 at 193 K

Rablen, P. R. J. Am. Chem. Soc, 1997, 119, 8350. 7
Baban, J. A., & Roberts, B. P. J. Chem. Soc, Perkin. Trans. 2, 1984, 10, 1717.



Reactivity of LBRs

Index of Radical Polarity W= "5 ==

¥2 1[I +A)?

... SN @, ionization
easier if N\ energy, |
o nucleophilic
optimize
. geometry 0.
S O {
< N N
| rhod - Q. electron
easier if N\ affinity, A
electrophilic

Figure 3. Computational workflow (B3LYP-D3/6-311 + G**).

Nagib, D. A. et al. J. Am. Chem. Soc, 2024, 146, 28034.

nucleophilic electrophilic
- '
+ - +N
- .
H,B-NMe; HB— ] H,B—POMe,
041 066N 092
N - — - — -
0.83 096 1.13 1.58 o
/B\ Ph,B\Ph BH2 . B‘O
benzyl
1.03/@/ 1.67/@/
MeO F3C
a-0Xy a-carbonyl
OH .
0.58 1.55 MeO,C~ >
I I I I | | | I
0.5 1.0 1.5 2.0
w (eV)



Reaction Examples

* Radical chain reactions
Ex1. HAT from a- position of carbonyls
(Polarity reversal)

Ex2. XAT from R - X

Bu.P-BH,Ph
RsN-BH; (0.75 mmol) tBu;P=BH,

(o) R e R (6.88 mmol)
)]\ 008 TDBP (initiator, 1.5 mmol) - 0 o TBPB (0.17 mmol)
s + u _ | /\ . t
(0] )>< benzene (1 5 M), hv, 30 °C M NN * CO,Et \/\/\/COZE
(0] PhCI (0.3 M), rtto 110 °C, 3 h 0
6.3 mmol 1.5 mmol 61% 0.87 mmol 6.88 mmol 59%
® O
>L R3N_BH3 o o
0-0 >  tBuO’ » R3;N-BH, o heat . .
7< - — 5 tBuO + CO, + Ph
benzene, hV, 30 °C “ (o) \tBU 2
-
DTBP R o TBPB
(0]
0 ® 0O . ® O ®0O-
R;N-BH,3 tBu0" + Bu;P-BH,Ph —>  tBu;P-BHPh + (BuOH
o

CASK ® O
tBusP-BHPh + ~_~_| —> "\ + BuP-BH,Ph -
propagation

NNt CoEt — NN COE

\

o
Efx
o
o
o
c

A
‘o
(o]
\

@ 0O ®0O-
NN COE gy p-BH P > N NCOEL + BuP-BHPh

Roberts, B. P. Chem. Soc. Rev, 1999, 28, 25.
Dang, H. S., & Roberts, B. P. J. Chem. Soc. Perkin Trans 1, 1993, 8, 891. 9
Baban, J. A., & Roberts, B. P. J. Chem. Soc. Perkin Trans. 2, 1988, 7, 1195.



Ex 3. Radical addition

= aryl, CO,R 2 RY N
R1 R2 R' NHC
Ex 3-1 R2=H, alkyl _BH,
2 M initiation ZJ
R R1 +N/ € AIBN (cat.) from alkene oh Me
Ao, e N N o
+ || >—BH;
J N CH4CN, 80 °C )| + | /> BH,
z Me R12 =H, alkyl NHC R2 R! Ar N\ ®
(NHC-BH,) R HoB f\ Me
initiation
ZJ (2 eq)
alkyne alkene Ph
addition addition
P“ L il |
(‘ N [B]
/>_BH2

[B]

Ts
init.
Ph
B 3 2 B
y - )

Ph
Bl

N
|

Ts

Reaction Examples

/

Ar r

Wang, Y. F. et al. J. Am. Chem. Soc, 2017, 139, 6050.

Zhu, C. et al. Angew. Chem, 2018, 130, 4054.

Ex 3-2 (Inverse Hydroboration)

Bn-SH (20 mol%), NaH (20 mol%)

MeCN, rt, blue LED, 24 h

*lrll
Photocatalysis Organocatalysis
I

Ir(ppy)2(dtbbpy)PFg (1 mol%) HN’Ph
- NHC
> Ar B~
S ®
N,Ph o N,Ph
A Ar)\B,rggc
Path B eHz Ir!
|r|||
NHC BH2 o ph
1
NHC
Ar B~
Path A of, ®
HN %R_SH
HC
P Ar @B R_s@
10



Summery of LBRs Reactivity (Synthetic Applications)

------------------------------------------------------------------------

HAT XAT ::;lt?g:‘ i * Reactivity also changes depending on R.
(Tunable by Lewis bases and substituents)

.................................................................................................

® o. W W

R;N—B, W . . _ i Ex1. effect of Lewis bases (Nucleophilicity)
\"'R . Ex. Alkyl - Cl, Br, 1 : Ex. Michael acceptor :
R : Aryl - Br : imine, Het-Ar ! H
. N o- y
R Et;N-BH, > [ )—BH; > ¢ ,CN BH,
RsPR - 2 : v : v : N® —
3 1 H ' 1 '
\R : ! Ex.Alkyl-Br,1 :Ex. Barton-MaCombie : H
e ..+ type deoxygenation .
R Ex2. effect of substituents (Nucleophilicity)

N O+ R | i
[ />_@B,‘ : 2 : ‘/ , ¢

- . : C/\@ ClS)
N ® \R 5 (weak BDE) : Ex. Alkyl - F, Br, | : Ex. Michael acceptor :l > N— BH2 / \N—B N
R : Aryl -1 : imine < : : — :

...............................................................................................

: . WR i : :
¢ g ? : :
Q@ N, | (weak BDE) : v : v/

: , Ex. Ar-SO,-F Ex. Carbonyls . _ _
e e e e iy e Stterric effects also exist.

(New types of reactions are being found constantly.
This table is just a guide. There are some examples in Appendix.)

Lu, D. et al. J. Org. Chem, 2017, 82, 2898. 11



Short Summary

-------------------------------------------------------

Boryl Radicals

Cleavage of R-B bond ~R 3-center-5-electron spiecies

> ‘B (highly electron deficient)
\R — unstable
R B"“‘\\R + Lewis Base (LB)
\R
p
Ligated Boryl Radicals (LBRs)
+ Lewis Base (LB) ®
IE_B ® . ® O “‘\\“R stabilized by LB
- R—I:3"“‘R LB_B’.,' or '—B_B\ 4-center-7-electron spiecies
© \R'R R The reactivity is relatively easy to tune.
R
o-type m-type
(LB =R3N) (LB =R3P, NHC, pyridine etc.)
\.

Ravelli, D. et al. Chem Catalysis, 2022, 2, 957

Lu, D. et al. J. Org. Chem, 2017, 82, 2898. Lz
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Ammonia Synthesis (N, Fixation)

» Harber — Bosch process Metal cat

N, + 3H, > 2NH,

High temperature & High pressure i o _
1.4% of the world’s CO, emissions 400-500 °C, 150-250 bar

 Transition metal approach  This work
/‘Pr [ L] [ [ L] 1]
Ph\ th% O N o High energy boryl radical can mimic transition
2N 2 ipr Pr i N .
( / \ j N Q ipr (iFSr')Dzr)zr'F{e— (‘Pr)2 metaIS?
HIPT )
_thX Ph, HIPT\/,\T,NTQ—N 'Pr iPr B
M = Mo, W; X = Cl, Br < T\) h R Py k—\
Chatt, 1972_ N Peters, 2013 — /., —
Protonation of Ny Ilgari S?ch, 2005 N2-to|:-(lil-|3§izct‘alyst M ‘ ' N=N v B ‘ ' N=N
Bortels, 1930 \ N2-tg/-|lc\)l-lf|): izttjalyst \\ // 1T* R Tr*
Mo required for BNF \ \ / /\ /_\\
\ /
\\\ // ' R °
1930 1940 1950 19 1970 1980 1990 2000 2010 2020 M‘ N=N I‘B N=N
N, oo oy A R”
N. Yo, - @ @ (=]
H3N... | «NH3 Mo— N—Mo—N
I :u - jQ 5
Alln & Senoft, 1965 N 4 B2 2012020 (weaken the strong N=N bond by back donation?)
First N, complex 1s hif;géfmo Ti, V, Ru, Os, Co...

N,-to-NH, catalyst No-to-NHj catalysts

Mézailles, N. et al. Angew. Chem. Int. Ed, 2023, 62, €202209102. 14
Peters, J. C. et al. Chem. Rev. 2020, 120, 5582.



Predictive DFT and Selection of B Radical Source

 DFT calculation

, . Cy-., . . .
g#B—NENj G = y/'B—NEN DFT — B radicals are promising
o_. . Cy candidates for N, activation.
B
AH° = -16.9 kcal/mol O/B Cy2 (' AH° = -32.1 kcal/mol
AG® = -7.5 kcal/mol AG® =-22.1 kcal/mol

* They chose R,B-CI + reductant for generating corresponding boryl radicals.

N2 Cy., ] . N(BCyz)s; xsHCI —
Cy,BCl - B—N=N S + 4 : .
sred  SOlvent cy” x Cy,BCI  NH(BCys) ConS|qurat|on |
rt., 6h + X red. * B radicals are highly unstable.
Activation Functionalization and N-N splitting  B-B bond formation is favorable especially
when B substituents have donor atom.
R .
Cf. R ! — They decided to use Cy,B-Cl as precursor.
° R1 O O R2
Rz 0, Na/Hg, 90°C L o)
2 BCI o’B—B‘o
Rs o Toluene R, Rs
Ra

Mézailles, N. et al. Angew. Chem. Int. Ed, 2023, 62, €202209102.

Ri. Rz, Ry=H, Me, tBu.  Under Ny gas Hartwig, J. F. et al. Organometallics, 2003, 22, 365



Optimization

Reducing reagent  excess HCI

Cy,B-Cl - > NH,CI
N, rt,6h
Entry [R,B-CI] (mol/L) Solvent Reducing agent Stoich. Red PN, (bar) Yield

1 0.04 THF K 1,25 ! 74 « THF was the best.
2 0.04 ToILnlneen-I;aHll:-:,tzgntDaigi,a e K 2.50r3.3 1 0 (dioxane — Trace)

Na, Na/Hg, « Reducing reagents other than K failed
3 0.04 THF Na/naphtalene, 25 1 0 . .

KCg, Sml, while B-H bond formation was observed.
42 0.04 THF K 2.5 1 56
5 0.04 THF K 2.5 20, 40, 80 60, 76, 94 * 25 eq Of K was needed'
6> 0.08 THF K 2.5 1 38 High N . d vield
. 008 e . )5 1 . igh N, pressure improved yield.
8 CatB-Cl 0.04 THF K 2.5 1 0 * Alkyl substituents — subsequent study

a ... Kwas cut into 5 pieces.
b ... 100 times scale
c...60°Cor-70°C

* Yields were calculated by 3 X (NH4*)/Cy,BCI x 100.

Mézalilles, N. et al. Angew. Chem. Int. Ed, 2023, 62, €202209102. 16
Hartwig, J. F. et al. Organometallics, 2003, 22, 365



NMR analysis and EPR Monitoring

* NMR analysis (prior to hydrolysis)

(D "B NMR — Side products (Cy,BH, and Cy,BH) could be observed.
(Cf. B-N bond containing species were not observed. Due to peak broadening by B-N coupling ?)

2 1H, BN, 5N-"H HMBC — NH(BCys,), was observed. N(BCy,); was not detected. Considering NH,CI yield,
NH(chZ)Z . N(ch2)3 = 7:93.

| |
* EPR analysis
o Cy28, Cy,B,. . ..
r At least 2 kinds of radicals were detected. N- or C B,'N=N.,BC
% | CyzB Y2 Y2
£ 01 b A M |

Ty (D Triplet (1:1:1) at g = 2.0036
o [twnrccimerrama A emmonmin o — 14N (I = 1) - centered radical. ay = 11.8 G and unresolved interaction(< 1 G) with
3250 3300 3350 3400 3450 | SurrOunding H atoms.

@ Singlet at g = 2.0034
— CorB ("Bl =23/2o0r 0B | =5/2) centered radical (hypothetical) with unresolved
hyperfine constant. (Cf. This peak was also detected under Ar atmosphere.)

Intensity [a.u)
o

04 -

08

| 17
80 3090 209 s Mézailles, N. et al. Angew. Chem. Int. Ed, 2023, 62, e202209102.

Magnetic field [G]



DFT Calculations

Lowest energy pathway leading to N(BCy,);

Cy/: -
AG lB
kcal/mol ©
cal/mol Cy b TSpc oy 20/ B.Cy
”, ~,
+ 1 B=N=N""_ "Cy
o5 N, — 4 —
Cl 8.9 Cy . 1.2 BCy:.
== 19 o / ; z 2
0 cl - /,N‘;N
- Ts“ \\\ J A CYZB’ LS
2 ~-8.2
+ ==L 132
B c - O
A -58.1 Cl s,
o, o / / 22 Blovea
“R— C] E F |
48 cl ’C| " < 832 Cy,BCI
Cy Cyu,, B’ Cy,‘ . ~ ~— -\r, -95.6
~a—nt B—N=N 1 G = —
o [ N=N 4 oy, gy - H
6 Cy [1.41 (B:N:N:B‘ cy
2
? c Cy —B \BCy2
TSas TSp.c C W y cl 1, zz=N
oY e
. ™, [1.09] \ CyB)
T L) 224 ,
64 : ‘ [ Y 2
FI ?

Figure 3. Computed pathway: the energies are relative to “6 A+ N,”". Addition of A (Cy,BCI*") to N, up to the formation of three N—B bonds

(compound H, three-electron reduction of N,). Note that the energy positioning of the various species does not take into account any potential
stabilizing interactions developing between K™ and Cl~ in the experimental situation.

 Boryl radical generating pathway is reasonable.

- Radical anion B indicates boryl radical weakens N-N bond. (1.097A— 1.174A)
 C was kinetically and thermodynamically preferred.

But C - centered radical is lower energy than B. Kinetic control is important.

Qadical

e 16.8
kcal/mol e Sy
a® TSoc ™,
) 8.9 /.-~ %
27
N + \ ‘\
5 N> ( \\—\ \
A Cy, Cy/,,' 9.6 3
B B—H “13.2
Cy, © 4
B—Cl Cy . (o3
4
Cy /
C —centered], U [°

/o .
J BfNEN
o

1.41

Figure S33. Comparison between the calculated pathways for N2 coordination to Cy.B" and

intramolecular HAT between the ipso-carbon and boron.

Cf.

Mézailles, N. et al. Angew. Chem. Int. Ed, 2023, 62, €202209102.

N=N:

CY2B—C|

18



DFT Calculations

Lowest energy pathway leading to N(BCy,);

AG cy:B,, [1:32], Wb
keal/mol /”'N:___N,,U I e oy 3 TSLuen
y BCy, 1@ L, ¢
Cy.B / ¢35 'éf:f,” Y
/ B oo A
@ ¥ AG TSg
-95.6 Cl 1 <' ) keal/mol
—ict 1028 | A TS;
-~ 27 L Cy:B | \BCy, N /o = S 23.0
H i Cy,BCI N—N T 21.2 CV/, H
| ~ 7/ ggy s A - R
- Cy:BCl  Cy,B 2 X o 0% L : B—N—BCy;
et J ( / Sy J‘”‘”: — a /
BT PR X ) =,
1404 TN K L Tvwem f&aj‘!‘) By o
The— s 628" e S T
-162.6 ’ 6.4 —
/ o 724 () 64 . S 5.4
cr 3 : cy,
A | cyBCI \ A 7,
1 i < M+N .
Cy:B,, BCyz \ ' B—N—BCy, 20
‘N—N" | °Q — Cy,BCI 0.0
CyzB = WECy2 2114 N~ ” Al %
: NN Py MEN o, “B—N—BCy
BCy; " — ‘B—N—BCy, 2
— CyB . CyB o
N 4+ N -260.8 /
\
BCy, BCy2 cy,B . : . :
N© Figure S34. Comparison between the calculated pathways for H migration (HAT) from
BCy, radical M (Cy2B)2N"to C centered radicals rationalizing the formation of (Cy2B)>NH.

Figure 4. Computed pathway: the energies are relative to “6 A+ N,.. Functionalization to the hydrazine (Cy,B),NN(BCy,), derivative (K) followed by

reductive NN bond splitting process leading to bis-borylamide N.

* N-N bond (46.1 kcal/mol) cleavage — endoergic (8.0 kcal/mol)

* M+N — N+N strongly exoergic (- 49.7 kcal/mol)
* N-H product might be formed by HAT from solvent.

Mézailles, N. et al. Angew. Chem. Int. Ed, 2023, 62, €202209102.
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Short Summery

R e B:)d})' =N 1) Cy,BCl,
Cy,BCl N2 'B==N=N red.
— |R ” E =~ NH.CI
+ red. R, (*)
3 e interaction ) xs HCI
2c+1m R D

A new strategy for N, fixation utilizing boryl radical was developed.

O At room temperature (& at atmospheric pressure)
O No use of transition metals

/\ Scalability (0.16 mmol scale reaction.)
/\ Not catalytic, use of strong reducing agent

Mézailles, N. et al. Angew. Chem. Int. Ed, 2023, 62, €202209102.
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Synthesis of Boryl Aromatics

Borylayted aromatics are used for many kinds of reactions.
And this is synthesized by O borylation of Ar — X and @ C-H activation

/
R |
N
N
Azines
EX. Q
N
= dib
(N copy
e ) Complex 17 (0.5-2.0 mol %)Me\(ﬁ/Bpm (N"{ ~Bpin
) .
- = B
N THF, 65 °C N 15‘”
16 18

(D High activation barrier

ion

Borylation of azines via C-H activation — functionalize distal from nitrogen atoms

2 Instability
Bpin
Bopin, 1.0 equiv  Bpin
a) (\)_dw@ 1710mol % \(\)—dnl \—d4
N’ N”  Bpin THF-dg, 80 °C, 21h N7 NP
5 equiv. 28 ~3% ~2%
0.25 equiv.

Full conversion of 28

Bopin, 1.0 equiv  Bpin
T i 3 1710 mol % WF
2 2 R
N Bpm THF'ds, 80 °C, 1h

5 equiv. 28 24%
0.25 equiv. Full conversion of 28

22

Larsen, M. A., & Hartwig, J. F. J. Am. Chem. Soc, 2014, 136, 4287 .



Minisci Reaction by Amine - Boryl Radical

 Direct azine borylation * Minisci approach by boryl radical.

R@ E This approach needs
| N | 1 (D Stability of borylating reagent
Azines ' (2 Boryl radical with nucleophilicity
' (3 Borylated product is stable while amenable to
- ! further functionalization.

= Ir< | X
R X | R_Ik ~ /3 . .
N N~ . They chose amine - boryl radical.
C-H activation Minisci approach _
(Ir/Rh catalyzed) (This work) @ Highly nucleophilic 2 Stable 3 Inexpensive
Cf.
| N | N in high pH | N
Orthogonal reactivity can be realized? Q -
N” “B(OH), N B(OH);, - BIOH); N7
H

Leonori, D. et al. Nature, 2021, 595, 677.
Larsen, M. A., & Hartwig, J. F. J. Am. Chem. Soc, 2014, 136, 4287 . 23
Willis, M. C. et al. Angew. Chem, 2021, 133, 11168.



Reaction Design

* HAT by electrophilic radical

® O  Bronsted acid is required.

I
I
I
I
I

I . i

Me;N—BH; i (D Facilitate the SET reduction of A
° @ '@
B SO,% + ‘0-SO, Me;N—BH M '
) 3 3 2 © : (NH4)28208 - E1/2red =-2.85V vs SCE
HSO, N c : (NH4)28208 +TFA ... E;ped=-1.29 V vs SCE
I
A S,0% N” . . .
2 : D @ Amplify the electrophilic character of B
PC* H I
I
* Me +0 =d
PC : @) Me3N—|I;:—H 0-S05~ ——» |\/|e3r\1—§---w|---(g—so;]I — Me3N—$- HO-SO4~
H 2
N @ A : /A A\ - polarised HAT transition state "
o 9. NMe; ! dydido  eledtuphi;
@N EZ | AG¥ = 11.9 kcal mol-1
’ H I
Me (b) MeaN-g-H *0-8O3H ——> [MegN:Ig---H---_g—SO?,H i —_ Me3N—g- HO-SO3H
2 H

Ll L 5
strongly polarised HAT transition state

hydridic increasingly
B—H bond electrophilic AG° = —4.8 kcal mol™!
radical AGH=—

(3® Activation of azines C by protonation
& prevent undesired HAT from product

.U
(@]
Zg\ /;
0)
2
=
s
uy)

24
Leonori, D. et al. Nature, 2021, 595, 677 .



Optimization

PC (2 mol%) ®
persulfate (2 eq) Me '
X @ O Bronsted acid (10 eq) N Y o ; Py %o e
+ Me3N—BH3 ' @ W ER = W .
N (4 eq) CH5CN - H,0 (1:1) (0.05 M), rt, o/n N5 NMe; B\ NP ”
blue LEDs H2 Crystalline and stable solid stl)'(L;cr:?Zre @
Entry PC Persulfate Brensted acid Yield , _ _ .
» Without PC, reaction proceeded. But this condition
1 — K,S,0g TFA 45 cannot be improved and be applied to most of the
substrates.
2 4CzIPN K2S20s TFA 74
3 [Ir(ppy)s(dtbbpy)]PFs  K,S,04 TFA 61 « Amine — borane was the best boryl radical source.
4 fac-Ir(ppy)s K5S,0g TFA 62 Me 4CzIPN (2 mol%) _ Me
@ . HB-PPh (NH,4),S,04 (2.0 eqlﬂx), TFA (10 equiv.) X i BN
’ -3 eCN-H, /\ , r.t., o/n - i PPhs
5 RU(bpy)3(PF6)2 K28208 TFA 60 (1.0 glquiv,) (4.0 equiv) MechH Obl(le:L(I)ngs) M.t of N H,
6 MGS-ACI’(C|04) KzSzOg TFA 54 Me 4CzIPN (2 mol%) Me
@ HBNHC (NH,4),S,05 (2.0 te{iX), TFA (10 equiv.) ©|\)j
P N > A __NHC
7 4CzIPN (NH,),S20g TFA 88 ooy o MO e R
Scheme S1.
8 4CzIPN (NH,)2S204 AcOH 78

25
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Substrates Scope

4CzIPN (2 mol%)
(NH4)2S,05 (2 eq)

N ® O TFA (10 eq) A
R—II\ P + Me3N—BH3 > R_||\ J o NMe
N (4 eq) CH5CN - H,0 (1:1) (0.05 M), rt, o/n N~ B S
blue LEDs H,

. F
AN AN S
; Moo ey
_NM Cil O
2 2 @
88% 50% 63% (3:1) cl N7 EZNMea

(Gram-scale) K2S,05 was used. )
H,N Quinoxyfen Cinchonidine
OH Me 44% 35% (Gram scale)
N SN o EtOZle\)i ® K2S,05 was used. Ru(bpy)s;PF¢ was used.
©) ©_NM
N N/)\B’NMe3 Me” N7 B8 (N\7 © Nve,
I-F)B ® H, H, \ N H,B
2 \NMe3 91% 63% N~ N)ﬁ:N
A\
0,
67% © . M N> OAc
© NMe N e " K)/\/
, 3
ME3N\9 S N/ .
H,N X Cl B® 'N H Voriconazole Famciclovir
| H> 46% (Gram scale) 51%
N”N 61% (1.7:1) AcOH and Ru(bpy);PFg were used. AcOH was used.
0 (n-BuyN),S,0g was used.
31% 26

Leonori, D. et al. Nature, 2021, 595, 677 .



Synthetic Applications

_______________________________________________________________________________________________________________________________________________________________________________________________________________

: | Oxidation to phenol Oxone (8 eq) Suzuki-Miyaura Ar-l (2 eq) . .
. (oxidation to phenol THF - H,S0, (1:3) (0.025 M) ; [cross-couplingJ Pd(dppf)Cl; (10 mol%) Cf. Amine ... H|gh RSE p. 41
40 °C, air, o/n ; : Na,CO3 (5 eq)

: E R MeOH (0.05 M), 40 °C, o/n

; ' Me
OH O OH : : O o
: : “Me
O\)j O SN : R=HT74% Ph
: ! R = C(O)Me 68%
/ '
N" Me N” “OH A : - R = CN 62% '

X

_______________________________________________________________________________________

[Chan-Lam amination] Amine (4 eq)
Cu(OACc) (1 eq) , Et3N (10.0 eq) : E
4 AMsS, 0,,DCM (0.05 M), 50 °C, o/n '

: HN- T i
Hoo! -
P S
: N~ 'Me : :
; 24% : i
(chan-Lam etherification) Cu(OAc) (1 eq) , 4 A MS, air, P
Me allyl - OH or allyl amine (solv. 0.05 M), 55 °C, o/n :
X F i
N/ 0/\/ o o For a - N - borylated azines
Ph o~ | | Ar-Br (4 eq) Ar-Br (2 eq) Ar-Br/l (2 eq)
72% X | N N i : A Pd(dppf)Cl, (10 mol%) B Pd,(dba);Cl; (2.5 mol%) c Pd,(dba); (2.5 mol%)
Me N~ N\N/ cl ' 5 NaOH (6 eq, 10 M in H,0) dpp-pent (5 mol%), LiOH (5 eq) XPhos (12 mol%), LiOH (5 eq)
N Ci N~ O E 5 EtOH (0.05 M), 45 °C, 16 h THF-H,0 (5.5:1, 0.05 M), 55 °C, 18 h THF-H,0 (5.5:1, 0.05 M), 55 °C, 24 h
65% 41% E .
— /\/ : i
N H R LR hbhhbs
19% :

Leonori, D. et al. Nature, 2021, 595, 677. 21



Short Summery

a C-H activation approach

Functionalization . R—/ | . By ut|||z|ng am|ne - boryl
N . . . . .
N radical, Minisci reactivity was
R——/ | Orthogonal reallzed
K\N site-selectivity
Azine
N _ (O Gram scale
L. O Further functionalization
Cf D) This work: synthesis and cross-couplings of alkyl amine boranes
A - A SNAT
Me3N B‘ l
Ar\/\ .NMe; <> <>
B novel & stable NMe ; ..
alkyl organoborons Ar HBH . ~— Michael aCCeptorS, Imines
no protodeboronation
< efficient Suzuki-Miyaura Ar1‘NH
At~ p(D cross-couplings G(D
Ar Ar)\Ar
Leonori, D. et al. Nature, 2021, 595, 677. -

Leonori, D. et al. J. Am. Chem. Soc, 2024, 146, 24042.
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4. Utilizing pyridine — boryl radical for construction

of bicyclic ring
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Pyridine — Boryl Radical

» Generated by B-B cleavage by pyridine derivatives High spin density at C4 atom

Spin density
(pin)B—B(pin) | '.NO/CN (pin)B—NC>~ e B 0.048
+ (pln)Sj) \ N1 0.139
N CN \_ cleavage
\_/ g e ‘“li'l’ rl’ '“" 3 -0.084
Cooperative
activation I c4 0.448
 Ketyl radical formation by pyridine — boryl radical
L OH
) dimerization Aryl
ketyl radical - > Aryl/)\f/ Aryl
diboron up to 99% yield  Aryl OH
(o) idi OB(OR in1h . . :
e )\( k2| T hour « Electrophilic pyridine - boryl radical
Aryl : - | Ayl R '
ry Py—B(OR), ry eliat OH can generate ketyl radical from carbonyls.
. J yclization :
N -
up to 65% yield ©:>—\
>20:1 dr R
Li, S. et al. Angew. Chem, 2016, 128, 6089.
Li, S. et al J. Am. Chem. Soc, 2017, 139, 3904. 30

Chung, W. J. et al. Org. Chem, 2024, 89, 8985.



[31 + 20] Cycloaddition for the Synthesis of Pyridine Isosteres

Reaction design

o o ,N"«N B cat y . . _ -
J\v& )\ » N Bicyclo[1,1,0]butane (20) + vinyl azide (311) cycloaddition
______________________________________________ * Points
bioisostere (D Bicyclo[1,1,0]butane — significant strain a@f
TN (behave like biradical)

bicyclo[1.1.0]butanes

5 R\© _| NZ N%
(g — Sy 3 10
O\K<

A

63.9 kcal/mol

2 vinyl azide — 31T radical acceptor strain energy

 2-azabicyclo[3.1.1]heptene
— bioisostere of pyridine
(similar basicity of pyridine and geometry)

7~
cat.

C R - Pyridine - boryl radical
o SN R - Pyridine

bioisostere
Y )\ vinyl azides
[Bl< [Bl<q [Bl<o N g
e s
2 ------- > ~€------ >
5.04 A 475 A

Structural Simmilarity

Wang, H. et al. Chem, 2024, 10, 3699. 31
Molander, G. A. et al. J. Am. Chem. Soc, 2022, 144, 23685.



Optimization

v N
| |
A
diboron (20 mol%) )
. N pyridine (30 mol%) N7 (Y
Vx L\ solvent (0.1 M), T, Ar, 24 h tanl //}”/“7\
. A ' x-ray for 1
s-1 2a, 2.0 equiv. 1 (CCDC: 2312366)
entry solvent boron T (°C) pyridine  Yield diboron:

- The combination of B2/P2 gave the highest
yield (entry 6).

1 toluene B  25°C P1 50% o 0 e b B o
B—B B—B >< B—B :><
/ N\ / \ / \
2 toluene B1  25°C  P2-P6 0 o} o} o} o} o} o}

3 toluene B3  25°C P1 70% B1 B2 B3
4  toluene B4,B5 25°C P1 0 . .
0. Me  Me Me e * Anisol was optimal solvent.
5 toluene B2 25:°C P4 75% \ / Me ; O\ /O Me 1
B8 B8 (n-hexane, DMF, THF, DCM — 0% yield)
6 toluene B2 25°C P2 83% o} 0 : 0 o
H H
7 anisole B2 25°C P2 91%/96%" B4 B5
g  anisole B2  45°C P2 84% pyridine:
9  anisole - 25% P2 0 P COR p2:R=tBy; N X CFs
| | P3:R = Me; | |
10  anisole B2  25°C - 0 N A N =~ P4:R=3pentyl N__~ N A
119 anisole B2  25°C ) 0 P1 P5 P6

Figure 1. Reaction optimization

#Reaction conditions: S-1 (0.1 mmol), 2a (0.2 mmol), B,pin, (20 mol %), 4-CO,t-Bu-pyridine (30 mol %), solvent (1.0 mL), Ar atmosphere, and 30 h.
PYield of isolated product.

°Bypin, (10 mol %), 4-CO,t-Bu-pyridine (15 mol %) and 48 h.

9Reaction as in entry 7 but in the presence of 3.0 equiv of TEMPO.

32
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R R=

R =

R=

R =

R=

R=

N* R=

R=

Naph Ph Ro-

o) R=

76%

Naph
ap Ph

Substrates Scope

Ph Ph
szinz (20 mOlo/o) N“ R=F75% A
R = CF3 85% N 35%b
- C02tBu Naph Naph =
|
o CJ,')N'»N r\©/(30 mol%) 0 R o]
)N\ > N* bCondition ... Bopin, (30 mol%)
. nan 2 2
anisole (0.1 M), rt, Ar, 30 h J<);L 4-CO,-tBu-pyridine (40 mol%)
(2 eq) 40 °C,48 h
H 96%
Cl191% Ph Ph
Br 92% R R=H 75% R R = OMe 72%
F 89% NZ R=F 93% NZ R = Cl 74%
CF3 8:::% R R=cCl34% R = OCF; 69% R = CF3 59%
Me 92% z R = Br 42% Ph Ph
CO,Me 99% N R=F 77% o
SO,Ph 85% Naph Naph 0 Ph
CH,OH 92% Ph
OMe 93% o
¢ N N7 39%
COan IN Ph
N= Bn lo)
Naph pp  50%°
o}
¢Condition ... B,pin, (30 mol%)
4-CO,-tBu-pyridine (40 mol%)
25°C,36 h
33
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Mechanistic Studies

« Competition experiment ... azide — activating role

N3
(o) Ph Ph standard Ph
)Kvg condition N7Z
Naph + >
Naph Ph Naph\r(@\Ph
ZPh o) o)
81% 9%
« 2H-azirine is not an intermediate
Ph
standard @ =N .
’Nf . .
0 Ph N condition NZ oN restorfiant N == ')NLO
\ -
Naph% + L\Ph Naph Ph )\Ph Ph Ph
O ND

34
Wang, H. et al. Chem, 2024, 10, 3699.



Isostere Analysis

NaH (1.5 eq)
Ph 1. Baeyer-Villiger
2 oxidation X/\/\
N Br (2 ec|)
Naph Ph 2. hydrolysis
DMF, rt, 3.5 h
O 80%
Ph

TMSN; (10 eq)

Ph
NZ TBAF+3H,0 (10 eq) NZ H |
></\/\ >~ H N 0" Ph
NC o Ph  DMF, 140°C N~ o Ph N, K
N N RP 69698
60, 45% (Leukotriene B4 antagonist)

B 46 RP 69698 C
468 R

4.75 R
2334 2.30A N
\ /\ / \ /\ / N /\ / -
| l

2 \ >
2408 @2 L 9 - / \ ‘
5.09 & \/210A 228 ‘. 37A NS — \
(P1=115.9° ({’1—11560 ' /‘\'
(p =120.6° (p =123.2° =
- p3=124.1° p3=121.3° 35

Wang, H. et al. Chem, 2024, 10, 3699.



Isostere Analysis

» Metabolic stability in human liver microsomes « Stability of 2-azabicyclo[3.1.1]heptenes

In acidic conditions

|
|
1
D I
Ph Ph 1
: E X
Me Me Me Me ‘ S : NZ HN ™~
/N Z N ~ | -
N 07 N TPh 0o~ "N~ “Ph ! K/; \<;
‘N-N W —N I
60 N RP 69698 !
! S
Compound cpK, cLogP LogD (7.4) CLint ti2 : ; )5
<
RP 69698 7.34 6.28 4.97 0.0146 949 : T g0 +1 : 48
©
60 6.09 5.01 3.14 0.0072 >120 : - 50 1: 0.1 MHCI, r.t.
I e 2: 2.0 MHCI, r.t.
: E‘ 10 3: conc. HCI, r.t.
» Replacing pyridine with the scaffold decreases the : § 4: conc. HC, 60 °C
compound lipophilicity (clogP, LogD(7.4)). : &
! ! 2 ‘ 4 For 24 h
* Introducing a 3D scaffold enhances the metabolic : A°'°"°P°:“d"°“ Ph
Stablllty (CLinta t1/2) : 1 48
| N~ N*
: Naph Naph
» Binding affinity to the receptor was not observed. | Ph Ph
! o]
36
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5. Summary

Contents
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Summery

-----------------------

Ligated Boryl Radicals (LBRs)

® O. ® 0: R
LB—B. or LB—B_
\r \R
R
o-type m-type

(LB = R3N) (LB = R3P, NHC, pyridine etc.)

J

* Various unique transformations were realized utilizing

reactivity of boryl radicals

Perspectives
(D Selectivity control (Ex.

Radical addition or XAT,

regioselectivity, asymmetric reaction etc ...)

(2) Investigation of new reactivity (including new ligands)
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EPR spectrum

Hyperfine splittings (G)®
Radical Solvent*? T/K g-Factor® a(''B) a(2H,) a(N) Others
Me,N—BH, A 280 2.0022 51.3 9.6 1.4 14 (9H,)
. B 260 2.002 574 9.5
Me,N-BD, A 280 2.0022 51.2 1.5¢ 1.4 1.4 (9H,)
MesN-BH; B 260 2,002 57.6

(CD,);N—>BH, A 265 2.0022 513 9.6 d d
Et,N-BH, C 193 2.0023 475 129 22 2.2 (6H,)
C 226 2.0022 4715 13.0 22 22 (6H,)

A 251 2.0022 47.1 12,5 e e
106, Et,;N-BD, C 193 2.0023 48.2 2.0¢ 22 22(6H,)

1 -

Figure 1. Lowest-field [/(*'B) + 3/2] multiplet from the e.s.r. spectrum CH,[CH,];N(Me)—-BH, D 206 2.0023 50.7 11.3 1.6 1.6 (4Hy)

of the trimethylamine-boryl radical (1, R = Me) in Bu'OH-Me,O (4:1
v/v) at 280 K

Hyperfine splittings® (G)

X T/K g-Factor® a(*'P) a(''B) a(2H) Others
MeO 175 20019 441 145 166
- 205 20019 439 147 166
. ) 255 20019 434 151 166
| | MeO 175 20020 444 134 2.55 (2D)
(MeO)sP-BH, Nl 215 20020 442 139 2.55 (2D)
255 20019 440 142 2.55 (2D)
CF,CH,0 174 20023  422° 138 163¢
Me,N* 211 20020 425 167 163 20 (3N)
Et¢ 183 20020  436° 17.6° 168
Bu" 168 20020  438° 174° 17.2¢
06 Bu' 181 20021 402 205 162
Ph/ ca.293 20016 414 193 153

Baban, J. A., & Roberts, B. P. J. Chem. Soc, Perkin. Trans. 2, 1984, 10, 1717.
Roberts, B. P. et al. J. Chem. Soc, Perkin Trans. 2, 1985, 11, 1723. 40



Calculation of BDEs

) RSE (H,8"-LB)
BDE(X-H) H,B—NMes
A MeH.Be—SMe; ..... 2 . *
© ® O ® o R
RSE H,B—NH, . 1
- . e, 0- = i ._‘:‘:‘ - ScMe
H,B" + H;B—-LB = BH; + HB-LB < §N©—822 _____ 4 ] T v
1 1H o d - 6 SiMe,
= - SiH
. i L. . © 8 O O/’ 3
BDE(LB - BH,; - H) = =F.(LB — BHjy) L 400 HB—PMey |40 “25""\3::‘
. .
+BDE(BH, — H) + E.(LB — BH.*) - w8 [ ey 6: 0/
. 380 9 L .80 ,'HZB—N\\/NH H.IB;N\\,/N.SiMo’
; 10
RSE(LB - BH.*) = FE.(LB - BH.*) — E.(LB — BH;) - vty _e [ i oy
-2 T B I P
14 o p
- 340 Me N-Cng—éﬁ """""" . - -1002"6- en @Me
2 =/ 2 o -.“ -__. P H28—</N] H%_-(N]
- [H- —— ® N, [ —— 5
@ @ BDE(LB‘BHz‘H) @ e !H Sﬂ&l;] IN\)_és L ':::_:_._._.’:._._}.1.‘: ---------- 16 s‘e
LB—BH; > LB-BH,” * H - 320 s 8 . 0 e, e/ "
- Ph - HzB-N\\/ b O N
s gy
~ 300 BH, =7 [T @. @y 19
-LB | -E(LB-BH;) -LB | -E((LB-BH;) SN 2 ‘ S HQB_N:)j !
~ ST o2
- OB Lo g %307
— —=BH;  |-- ® N
N s o 0= s
. BDEGHA) e e L e
5 g - 28 F\e o ®
1H 1 - 260 N . N—BH; — -180 ‘9/0=(H
N 27 L oeeueeesusrrences H,B 28
41

Zipse, H. et al. Chemistry—A European Journal, 2010, 16, 6861.



Supplemental Information

="
L(BI]
oy C 4 . _*K. 1 Frwarmen
_L/RU Zaees L n - 7
\( ) /’
V'

/“\ H e,
s B, B/\ J + Uy Callgy By
o\

Boryl radical

Low concentration — cannot react with N, and dimerize?
(reducing reagent other than K)

Koester, R., & Benedikt, G. Angew. Chem, 1963, 75, 346.

2.1

1.8

1.5

I (x 10% A)

0.6 1

0.3 1]

0.3

85

65

I(x 108 A)

25 1

1.2 7

0.9 1

45

Reduction potential

i P

Laaadaoalaa,
/

oo b e b by da s laay i
o 0 ,

1 IB—B\ III'"
0 0 /

/

T

-0.8 -1.2

T

potential / V

T

-

0
o8

1

O

A 1 1 1

-0.90

-1.10

-1.30  -1.50

-1.70

potential / V

1
-1.90

210 /s Ag/AgCl

42

Hartwig, J. F. et al. Organometallics, 2003, 22, 365.



NHC - Boryl Radical for Suzuki Miyaura Coupling

 Boronic acid equivalent synthesis from NHC — borane.

Me Me
N Selectfluor N Suzuki
[ S>—BH,Ar — || >—BF,Ar — Ar-Ar
N N Ar'Br
Me Me
NHC-Arylboranes NHC-Difluoro(aryl)boranes

neutral, stable

Cf. LB — Borane can reduce Ar-X as hydryde doner.

_N Pd(OAc),
N—Ph dppf
Ar—I| + C"'l/\(@ » Ar—H
OBHj THF, reflux
(1 eq)

Lacote, E. et al. Chem. Eur. J, 2009, 15, 12937
Nerkar, S., & Curran, D. P. Org. Lett, 2015, 17, 3394.



DFT Calculations

8.5 Activation Energy (AG*) and Reaction Energy (AG®) for HAT Reactions

8.2 Bond Dissociation Enthalpies (BDE
pies ( ) DFT Method: UB3LYP/6-31+G(d) [values are in Kcal mol ']
DFT Method: UB3LYP/6-31+G(d) Solvent: CH3CN and values in parenthesis are related to the corresponding gaseous phase
Reaction BDE (Kcal mol™) caleulations
H
Me3N_éH2 Me3N BH2 + ¥ 100.7
HAT Reactions AG} AG®
H H H
l NMe3 NMe3 ' H H * H 7.8 4.8
Et;N- 2 H + *0-SOH —— Et,N- B -H---0-SOH | —> EtsNE *  HO=SO.H (:3:9) (:0:5)
S
L. A, = sosser — A L L s towsep | 104 | <153
. W . m S L R a2y | @
- NMe - 5 -NM ; 80.6 <
3 63 * S
(:(Nj\g NMe, *+ *O-SOH —— —I - mé,NMea * HO-SOsH 2.5 5o
B -H-0-SOH " B (-19.9)
H H NMeg H H
44

Leonori, D. et al. Nature, 2021, 595, 677 .



Spin Center Shift (SCS) by Pyridine — Boryl Radical

..............................................

. PPO
' p-C-0O cleavage PPO

O R
—— scs — W
H—(S O’H\ - H0

(Int-)

R pB-C-Z cleavage R
H S"X‘%’z—\ — Nepey > } 8

! /X=0.NR ~HZ
+ | z=Br.Cl, OR’

______________________________________________

» C-F activation (DMAP — boryl radical) » C-O activation (DMAP — boryl radical)

c DMAP-BH,
(0] TBHN (cat.) 0
§— X F : radical process §— X)—_: radical process §— X : §— X : Y JK(OZ + N R PhSH (cat) Y J\V/\/ R
— bl F b
O> <F stage A d stage B d ¥ " d % 50 CH4CN, 60 °C o
peems | J From cehydrosy
carboxylic acids C-0 bond scission via an SCS process
v radical trap —@) /+ H,0 7 radical trap —@) [ | n,0 .
e or radical trap —»/ _ yoH ; DMAP DMAP
Jirst second ; B’H éH
F/‘\ p-C-Fcleavage &_x* F - p-C-Fcleavage  §_x* o o
Y- O% — s \>—& SCS < \>_% o o ey (oY4 SCS +

Y-O F y-& E ’ Y % o = Y ~

(Int-) (Int-111) (lm IV) (Int-V) i ~0Z = 1

Wang, Y. F. et al. Science, 2021, 371, 1232. Wang, Y. F. et al. Angew. Chem. Int. Ed, 2022, 61, e202201329.



Asymmetric Reactions

M W
Me sH<—NCH-C - I
o —COuMe S S | Using 47, (R) — 45 is 2.4 times
¥ : more reactive than (S) — 45.
45 46 X =H :

47 X = unpaired electron

Mok, P. L., & Roberts, B. P. J. Chem. Soc., Chem. Commun, 1991, 3, 150.
Roberts, B. P. Chem. Soc. Rev, 1999, 28, 25.

C =
b R \(> ¥ R® O O
N “NHC—BH, (cat.) R! N “NHC—BH, (cat.) N> ﬁ-_—_—( )
—_— = 7/ H a R*
H X g
)\ initiated from C, L_f:z b ‘ | H initiated from C,, H R* I:I NS N .
2 Z @ = T 7 For cycle A
, Cycle A \ 4 Cycle B . " /T Yy
RS -3
*B R %)
—/ . 1 3 N B-1
— PY N / \ 7 B2 H>\ p
1,6-H shift zZ7R? C.-addition C-addition 1,5- H shlft
/ 0 N 7
R‘
B /\\) H ) N O N
*NHC—BH, —
l CyCIe A : Cycle B ¢) P\\RA \ M e
z R2 (=*B*) e N N
m ‘B _ ),
(V)
\ / \ b
cyclization elimination elimination eycl zat ion F O r CyCI e B
R! > e 3
U8 Q Me
enantio-gtzijermining 27 R? 2 4 H ROCB R* enantio:sdtzifrmining '
(1) (V1)

46
Wang, Y. F. et al. Science, 2023, 382, 1056.



N, Fixation by Bolyrene

A Boryl N |
Metal N, complex D e ek

(this work)

A - Dianionic N, compound 7 (or 7-15N) - ] ,
5 B o)

o donation
from N = - N=
T Lo el
: emp! occupie
empty occupied A 5
d orbital o orbital sp© orital. g orbital
n backdonation < \J
toN; M === N=N
occupied empty
d orbital x* orbital occupied empty

p orbital x* orbital

64% isolated yield

Braunschweig, H. et al. Science, 2018, 359, 896. 47



FAT

« Excited NHC — boryl radical . /—\ RI = Radica it

QI

Fluorine Atom Transfer _ [ e H \)—& propagaton [ >—e :
e . I Q B RI_H \ Int-l 28 *+hv \ Int-1l
& Me @
N/\> Q RI— CF,y
N HHJ — g &
© Me
C-centered
H H rackcal ol F < 0"
. o N\ /! \>—BHF
photo-excited collinear allignment of C--F--B L )—\ ” Hm ¢
boryl! radical "{Me " Ve Intv

2e

Lee, H. G. etal. J. Am. Chem. Soc, 2024, 146, 22874.

D) proposed mechanism

* Pyridine — boryl radical

7o o =R

ArSO; /\/sozAr%> R N SOAr
pa
XAT radical hydrosulfonylation ’ pam";l\
> Py BH2
4CzIPN XAT SET
0 0O . o e W \< SOAr
Y + P aky PyridineBH; 0\\,9 R«Ww 2

RNSOzAI’
Py-BH, /

Eqp=+1.30 (vs. SCE)  Eqp = +1.35 (vs. SCE)

Wu, X., & Gao, B. Org. Lett, 2023, 25, 8722. 48



Other Examples

« C-Cl bond cleavage by amine — boryl radical

XAT reagent  photoredox catalysis  HAT reagent B) Proposed mechanisms
: {3 CF,H
‘ ' . 1 ©/\/\/

CFH
\ » Me3N-E';H2 Phs;\ -
CICFH (A PC / \, HAT ©/\/\/ 2
\-ﬂ SET PhSSPh 2
s PhSH

B
Me3N-BH,CI pc T
58 E
v-__r
M63N BH3
from sclareol from (+)-nootakone from pregnenolone

Wu, J. et al. J. Am. Chem. Soc, 2022, 144, 14288.

& hv B
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