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1. Introduction



Boron Chemistry

@s acidic boron-mediated chem@

Hydroboration chemistry Boron
Chemistry

Boron-enolate chemistry

Suzuki-Miyaura cross-coupling chemistry

The boron atom is electrophilic in all cases shown above.

!

A boron-centered nucleophile has been a challenging target.



Early Attempts to Prepare the Boryl Anion

Three examples had been reported asserting the existence of alkali metal
salts of anionic organoboron compounds as reactive intermediates.

1) Reduction of dialkylchloroborane

Mel
Na/K o @
(n-Bu),B—Cl (n-Bu)>,B~ M // > (n-Bu),.B—Me R. W. Auten, C. A. Kraus,
1 Et,O 2 3 J. Am. Chem. Soc. 1952, 74, 3398.
deprotonation l
n-Bu, fH
Pro @ n-PrH_B.H_n-Pr
n PI’\CH M %3 o g (|: | |
B nBu—B-H.BZ g, K- Smith, K. Swaminathan,
n-Bu”"H H ¢ H J. Chem. Soc., Dalfon Trans. 1976, 2297

4 n-Pr 5



Early Attempts to Prepare the Boryl Anion

2) Photolysis of sodium tetraphenylborate

Ph Ph 7
hv PhC=CPh =/ AcOH Ph Ph
Ph,B° Na® ~|| Ph,B® Na® - O @
6 DME} 7 P PhC H H
Ph—Ph L 8 - cis-stilbene
" Ph. Ph 1O Ph, Ph 7© [ Ph_ Ph 1O
hv . N VAN i
‘O .‘ Ph i Ph—< >—Ph :
_NE(\%) L \ / Na@ : B _Na(.-D:
9 10a | 10b (X-ray) ‘

J. J. Eisch, et al. J. Org. Chem. 1989, 54, 1627 .
G. B. Schuster, etal J. Am. Chem. Soc. 1991, 773 2149.

3) Reduction of bromoborane

t-Bu | t-Bu t-Bu ] t-Bu t-Bu
N, Na/K N, No N N,
[ B—Br — [ B or [ B: - [ B-D+ [ B—CD,CgDs
N tol-dg N N v®|| tokds N N
\ \ \ \ \
t-Bu | t-Bu -Bu | t-Bu t-Bu
11 12 13 14 15

L. Weber, et al. J. Chem. Soc., Dalfon Trans. 2001, 3459.



Base-Stabilized Boryl Anion

Filling the vacant p-orbital of boron with Lewis base makes the boron atom
sp3, similar to carbon, to provide a good strategy for preparation of
nucleophilic boryl anions as carbanion can be made from haloalkanes.

1) NEt;-stabilized boryl anion

BN Nak = | CFal EtsN
(n-Bu),B—Cl (n-Bu),B—Cl (n-Bu),B° K (n-Bu) ,B—CF ;———> (n-Bu),B—CF4
1 3 16 17 NE 18

T. D. Parsons, et al. J. Am. Chem. Soc. 1967, 89, 3446.

2) Cy,P-stabilized boryl anion

ClsiMe;  ©¥sh

|_| > HgB_S”VIes

CYSFl) DTBB Cy3|?® @ 21 (20%)
H.B—I = HoB~ Li™ [——
THF

> = PhCRO | CHySE—El—Ph
DTBB = 4,4'-di-tert-butylbiphenyl 2 CI)H
first examples of 22 (79%)

nucleophilic boron reagent  H. Schmidbaur, et al. J. Organomet. Chem. 1993, 462, 107.
T. lwamoto, T. Hikosaka, J. Org. Chem. 1994, 59, 6753. 7



Borylcopper

1) Borylcopper intermediate generated from diboron
The catalyst system Cu(l)/diborane(4) could mediate nucleophilic borylation.

CuOTf (10mol%) O. O

S s

Q >~ 0 O~ nBuP(timol%) B O
/\)I\ + BB, > )\/lL
Ph™ ™ Ph —~=—0 0~ DMF Ph Ph
32 rt. 10 h 96%
A. Hosomi, et al. Tetrahedron left. 2000, 47, 6821.
O
%)k 7
> InB/\_)J\ 86%
CuCl P
LiCl
KOAc A,—«-’O\ n CSH‘I?—: n_CSH‘ﬁ' n_CBH1L
32 — B—CusKCl - )=+ =
DMF 1 ~7~0 pinB 919, (91/9)  Bpin
33 _~_C n
- N~y 53%

N. Miyaura, et al. Chem. Leftt. 2000, 982.
J. Organomet. Chem. 2001, 625, 47.



Borylcopper

2) Isolated borylcopper spiecies

Borylcopper possessing NHC ligand was isolated.
32 [ 1 i"TTTToTmoIDsm-ooh

IPrCu—0t-Bu > | IPrCu—Bpin|(1) [\ :
n-pentane 34 ' IPr = D|p"N\CfN"‘D|p:
rt, 20 min ! oo !
! 1
1 1
= |Pr or ICy : [ !
: I
:

pinBOBpin X‘LCU—Bpm ><002 = c |
________________ I
BE'”'”? LCu—0—-Bpin

32 (1 equiv) ,
Q' Icycu-0t-Bu OBpin
8]
H (1 mol%) Bpin (3)
CgHe, rt, 22 h
97%

Borylcopper have opened a new area of organoboron chemistry.
However the application of the boron nucleophile was still limited.

J. P. Sadighi, ef al. J. Am. Chem. Soc. 2005, 727, 17196.
J. Am. Chem. Soc. 2006, 728, 11036. 9



Lithium Salts of Second-Row p-Block Elements

For most of the p-block elements in the second row of the periodic table,
anions can be prepared as lithium salts, such as LiF, LiOH, LiNH, and H;CLi.
However, there had been no direct observations of the lithium salt of anionic
boron atom, boryllithium.

o e
5%L| @ @
) H@O%E? @@F%‘BJ

6 valence electrons

Y

satisfy the Octet (8 electrons) rule
! Pauling's electronegativity
B: 2.04, C: 2.55, N: 3.04, O: 3.44, F398

10



Isolated Nucleophilic Boryl Anions

Dm’N\B/N‘Dm

|
Li

M. Yamashita, K. Nozaki, et al.
Science 2006, 3714, 113.

Kyoko Nozaki

Makoto Yamashita, born in 1974 in Hiroshima, received his Ph.D. from Hiroshima University in
2002 under the guidance of Professor Yohsuke Yamamoto and Professor Kin-ya Akiba. He spent
two years as a JSPS research fellow under the supervision of Professor John F. Hartwig at Yale
University and Professor Takayuki Kawashima at the University of Tokyo. He started his
academic carrier appointment as a research associate, an assistant professor, and a lecturer with
Professor Kyoko Nozaki at the University of Tokyo in 2004. Then he moved to Chuo University
in April 2011 to manage his own research group as an associate professor. His current research
interests are organometallic chemistry, molecular catalysts for petrochemistry, and main group
chemistry. He has been awarded the Inoue Research Award for Young Scientist (2005), the
Chemical Society of Japan Award for Young Chemists (2008), The Young Scientists’” Prize from
the Minister of Education, Culture, Sports, Science and Technology (2009), and Banyu Chemist
Award (2010).

vy

Makoto Yamashita
11



Other Isolated Nucleophilic Boryl Anions

R
'~
\ © CO
Mn=B=Mn/

oc” | /\@
CO

R

H. Braumschweig, et al.
Angew. Chem. Int. Ed. 2008, 47, 5650.

Ph Ph
@
Dot
Ph Ph
oB Dip~
Mes < i ~Mes
NN NC-E~CN
_/ ©
H. Braumschweig, et al. G. Bertrand, et al.

Angew. Chem. Int. Ed. 2010, 49, 2041. Angew. Chem. Int. Ed. 2013, 52, 7590.



2. Boryllithium
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What is the Ground State of Boryllithium?

The H,B- anion is isoelectronic with CH,:, which has a triplet ground state.
What is the ground state of H,B-?

0 X0

H
H 0 9.05 kcal/mol H 0

singlet triplet
H H
H . H \
S o B° SB—Li = B—Li
7 / v /
H 0.92 kcal/mol H 20.0 kcal/mol
H H
singlet triplet singlet triplet

R. Schleyer, /norg. Chem. 1995, 34, 607.



Rational Design for Boryllithium

NBO charges X? -0.61 -1.13, -1.00 -1.20

boron p, occ? 0.18 0.19 0.30

ax = central atom of substituent. POccupacy of the boron p, orbital.

push 1T

O @
<
/ stabilization effect of nitrogen atoms through
their Tr-donor and o-acceptor characters

R. Schleyer, /norg. Chem. 1995, 34, 607.



Strategy for Generating a Boryllithium

1) Deprotonation of hydroborane with base

base O
// ,
77 ’EQIN\I;B%
O 2
RzN/,, 6+ 6_ O
RQN"B_H T boryl anion
base
hydroborane base RoN,..
R,N™ Y

2) Reductive dehalogenation of haloborane with alkali metal

FazN,,,O e®

R2N—5—X —_—
haloborane

(X = halogen)

= O
Fﬁ‘;ﬁ‘: B

0

Boryl radical

| & R,N
%’REN;;

s
0

boryl anion

‘ X2 _RoN, ~NR;

R2N P’ B_B"‘ NR2
diborane(4)

16



Strategy for Generating a Boryllithium

3) Reductive cleavage of a B-B single bond of diborane(4)

Synthesis of gallyl anion 25 was performed by reductive cleavage of the
Ga-Ga single bond of digallane(4) 24.

tBu tBu " t[Bu
18-crown-6 N, ©
[ Ga Ga j > [ Ga<®
THF N
BU By 25
24 [K(18-crown-6)(thf),]

However the reduction of the diborane(4) 26 led to the formation of
isolable diborane(4) dianion 27, having a B=B double bond character with
mm-coordination to lithium cations

OEt,
Ph  Mes L Ph, ,Li Mes
BB - ©Op=gd

26 27

OFEt,

17



Synthesis of Boryllithium

/ \ aromatic stabilization by the five-memberd ring
. N N<..
Dip \B/ Dip
| large substituents on the nitrogen atoms

Li (prevent the dimer formation via boryl radical)

Dip = 2,6-('Pr),CgH;

7B\ 1) Mg -.-—N_Nn .
16 56% Br
34a-Br
L [\ [\
naphthalene | = N No~. | X0 . N
» | Di “n7 " Dip—== Di “n " Di
THF. a5°c | =~ B P -
6 h Li X
35a 38a : X = H {quant)

38a-d, : X =D (97%)

M. Yamashita, K. Nozaki, et al. Science 2006, 374, 113.
J. Am. Chem. Soc. 2008, 730, 16069.

18



Crystallographic Study: Solid State Structures

/—\ —'N_N“Dlp D .aN—NaD [\

____O__ . |_ Dip~ ‘B’N“Dip
I |
BR80T e

opt-46a (35a DME), 35a-(THF), 38a
B—Li (A) 2.291(6) 2.276(5)
1.465(4 1.474(3 1.418(3
B-N (A) 1.496 1 .467%4% 1 .430243 1.42 3§3;
N=B-N (°) 97.79 99.2(2) 98.7(2) 105.25(16)

N. _Nepy Lo}
Dip~™~g-" ~Dip Dip"N\(ng“Dip

A iocr

47 48
=
(35a- DME), N-C-N ()  101.4(2) 107.6(3) 35a-(THF),
Sl e s et M. Yamashita, K. Nozaki, ef al. Science 2006, 374, 113.

B atom has a lone pair J. Am. Chem. Soc. 2008, 730, 16069.

19



NMR Spectroscopic Study: Structure in Solution

To clarify the solution structure of boryllithium, several spectroscopic studies
were performed.

1) Comparison with carbene 47 and imidazolium salt 48

[\ [\ N New NN
Dip’N‘B’N“‘Dip Dip"N‘B“N"Dip Dip~™"“~c~"" " Dip Dip \(I:f %p
Ili Il-l @ H CI
35a 38a 47 48
58 _45.4 ppm _22.9 ppm 5c 22_0.6 ppm _139.9 ppm
in THF'ds In THF'ds in C6D6 in DMSO'ds

B-Li bond is ionic

low-field shift low-field shift

B atom has a lone pair

2) 'Li-NMR spectroscopic study

The large half-width may originate from the interaction

35a+(THF), LiCl of the Li atom with the quadrupolar B nucleus.

V1/2=36 Hz V1/2=1.2 Hz

] ] B-Li bond remains in solution
v4,2 = half-width of the signal

M. Yamashita, K. Nozaki, et al. Science 2006, 374, 113.
J. Am. Chem. Soc. 2008, 730, 16069.




DFT Study

Table 2. Structural Parameters (A and deg), NPA Charges of B,
Li, and N Atoms, and Calculated ''B NMR Chemical Shift (ppm)
for Optimized Boryllithium and Related Compounds

opt-46a opt-35a

opt-35a¢(THF),  opt-35a¢(THF); opt-38a

B—Li 2.159 2.268 2.363
B—N 1.495 1.467 1.481 1.491 1.436
1.487
N—B—N 97.74 101.02 00.22 08.77 105.28
B 0.104 0.032 0.072 0.084 0.656
Li 0.769 0.755 0.768
N —0.770  —0.712 —0.728 —0.742 —0.663
—0.739
Op 51.3 36.1 41.4 56.9 19.6
[\ [\ [\
Dip~N-8-N~pip Dip~N+g-N~Dip Dip~N~g-N~Dip
@ |

G’“‘D H

M. Yamashita, K. Nozaki, et al. Science 2006, 374, 113.
J. Am. Chem. Soc. 2008, 730, 16069.

21



DFT Study: Lone Pair Character in the HOMO Orbital

opt-46a opt-35a:(THF), opt-38a
Fa . ,N—N-. - /7
Di -"N..e,N‘-Di > " Dlp ~N N-
P B P Dip~ "~g~" " Dip

A @L(D ;

B-Li bond is ionic

B atom has a lone pair

M. Yamashita, K. Nozaki, et al. Science 2006, 374, 113.
J. Am. Chem. Soc. 2008, 730, 16069. 22



Reactions of Boryllithium

Reaction of boryllithium with various electrophiles

Table 3. Carbonyl Vibrations (cm™") and the C=0 Bond Distances ? ? ? Fi ?
%&gfg:eiggyggm)ggxlnggmpounds Compared with Those of l\gg négu g; 34ClCI
compd  KBr disk QHC\g soln Cc=0 compd KBr.disk C=0 (85%) (78%) (13%) (73(%)
60a 1618 1628 1.241(2) PhCOPh 1655 1.223(3)
61 1690 1680 1.213(2) PhCOyBu 1713
62 1719 1713 1.204(2) PhCOPh 1720  1.194(6) g
63a 1666 1672, 1709 PhCOH 1689  1.252(2) MeOTF\ n-BuCl BnClI ]
n-BuBr Br
B e BnBr_» 34a-Br
i ALE 07 s o 2T (100%)
Ar = ‘" ;
65: Ar = Ph (10%) (12 h) R i B 1 FROHD (Teg) B
66: Ar = CqFs (55%) ) Li;_2) H S
Li 35a : Ph OH
1)092 Dip = 2,6-(i-Pr),CgH3! 58
2)H e s B A =
B . B o 1) PhACHO (3eq)  &1%)
O)\OH OH - PhCOX 2) H*
64a (PhO),CO
63a (85%) (11%) . -
BnOH
Ro’go Ph)*o Ph/ko * (50%)*
61: R = t-Bu (73%) 60a J\ *GC yield
62:R=Ph(59%) X=Cl (74%) O Ph
OPh (71%) 59

OBz (76%) (51%)
M. Yamashita, K. Nozaki, et al. J. Am. Chem. Soc. 2008, 730, 16069. 23



3. Other Borylmetals

24



Transmetallation of Boryllithium to Other Metals

Based on the high reactivity of boryllithium, transmetallation to other metals
enables synthesis of a series of borylmetals.

Dip Dip
/ /
1 N\ MI—n N\
E /B—Li - - ,B—MLn
\ \
Dip Dip

M = Mg, Zn, Cu, Ag, Au, Ti, Hf



Borylmagnecium

Synthesis of borylmagnecium compounds

The discovery of boryllithium prompted them to synthesize new anionic
boron nucleophile, borylmagnecium species.

1.0 eq 0.5 eq ! B =Ar’N~BIN““Ar:
I A~ s . B . | : - _' :
oMl e wicthmg o tOFte B OBl peyiggnr 1 ATZ 267ProCefts)
i E o thf” B Ttf THE I;:I THF 5
3 4 rt, 10 min. t, 12 h 5
17% (isolated) 11% (isolated) 19% (isolated)
90% generated in THF-dg 32% generated
in THF-dg

Structure of 3, 4, and 5 in the crystals and solutions indicated the ionic character of
the B-Mg bond.

M. Yamashita, K. Nozaki, et al. J. Am. Chem. Soc. 2007, 729, 9570.

26



Borylmagnecium

Reaction of borylmagnecium bromide to benzaldehyde

B
Mlg 1) 1-3 eq No a-borylbenzyl alcohol 10 was formed.
Br=,"~thf PhCHO o T
thf THF, rt, 3 h /=
3 - e I v BHE) g, NN,
(in THF) 2)HClaq. B , Ph B> 'O "Ph+BnOH (9) ! B !
8 : e
1.0 eq - H 9t Ar=26-ProCgHs
MQBFQ'OEtz oH | T
o | ehcHO Ph—7~|:0- - MIBr
rt, 10 min OH ,
B » THF, rt, 3 h /L +8 H O
] B i
1 2)HClagg B~ "Ph+6
| (nTHF) 2 AClaa. B 0 g TS for 7
PhCHO
run reactant (equiv) 7 (%)2 8 (%)? 6 (%)2 9 (%)° 10 (%)7
| 3 | 18 18 56 27 0
2 3 2 34 24 32 47 0
3 3 3 22 40 16 55 0
4 2 | 0 0 6 0 81
5 2 3 0 51 10 50 0

a1H NMR vyield. ® GC yield.
The counter metal cation affects the reactivity of a-borylbenzyloxide intermediated.
M. Yamashita, K. Nozaki, ef al. J. Am. Chem. Soc. 2007, 729, 9570. 27



Borylcopper (and Borylzinc)

Synthesis of borylcopper and borylzinc compounds

previous borylcopper

[(RCu),]

conventional organocopper
A — > =2l
N N : analogue
\ : ] [R,CulLi]

N/ Gilman-type cuprates
\ /
Ar R
NHC CuBr Dip  thf, ,thf
(1 equiv) N, fl—i“thf
» [ B—Cu—Br
THF N
Dip Dip P'p CuBr Plp B Dlp
N 7b (2 equiv) Cu Cu
\B_Li— (52%) |: B Li |: B j
; TH -
N N CtaB,Cu N
Di . Dlp Dip Br Dip
Dlp ZnBr2 Plp thf 2b 10b
2b (1 equiv) N, Br Ll_thf (32%)
- B Zn Br
8b
(51%)

M. Yamashita, K. Nozaki, et al. Angew. Chem. Int. Ed. 2008, 47, 6606. 28



Borylcopper (and Borylzinc)

1) Conjugate addition of borylcopper and borylzinc

Dip
IDip Br Dip\ N, the reaction of boryllithium
N C/ (\: N I: B=Li led only protonation to form
E ‘g W Iu’B/ ] N the hydroborane
~ . ’ \ Dlp
(A, : -
. Br _.
10b Dip Dip C>=O (\N,Dip (\N—Dip
or /N~B' /N~B'
/ / toluene
N Br-Li—thf oM 0
‘8-Zn-B
N'© thf 74% from 10b
8b Dip 41% from 8b

Trapping the copper enolate intermediate with TMSCI

Dip thf ©= (\N —Dip transition-metal-catalyzed
1 thf\

N N~B silaboration of a,B-unsaturated
E ‘B-Cu- Br TMSCI (- ketone affords complementary
N/ THE OTMS products, y-boroxylallylsilane

\
7b Dip
80%

M. Yamashita, K. Nozaki, et al. Angew. Chem. Int. Ed. 2008, 47, 6606.



Borylcopper (and Borylzinc)

2) One-pot carboboration of alkyne using borylcyanocuprate

Li
—\ Pip borylcyanocuprate
Dip’N~B/N*Dip CuCN*2L|CI
| 2a e e E B-Cu-C= N——Ll(thf)
Li
' \ a1 60% isolated yield from 2a
Dip 99% NMR vyield from 2a
(ﬁ\NaDm fﬁ\N#Dm
;g ZI t_h'lzj g E N-B R+ N-B 7 E B Cu(CN)Li 5
electrophile, i i ' 41 — 44-syn
» P _ Dip /\:< Dip >:< 5 —> >—< —» 44-syn :
42-syn. R = H 42-anti. R=H ;
43-syn: R =PhCO  43-anti: R=PhCO | Cu(CN)Li
44-syn: R = allyl 44-anti: R = allyl 5 B j
Entry Electrophile Temp/°C Products (Yield? /%) syn/anti 7 ’_\OEt
1 PhCOCI —78  42-syn (48), 42-anti (32) 60/40 ”
2 PhCOCI RT 43-anti (71) 1/99=> B Z '
3 allylBr ~78  44-syn (93) 99> /1 : Y= > 4ani;
4 allylBr RT 44-syn (36), 44-anti (60) 38/62 VA Cu(CN)Li ;

a) Isolated yield based on the added DEAD.

M. Yamashita, K. Nozaki, ef al. Angew. Chem. Int. Ed. 2011, 50, 920.
Eur. J. Org. Chem. 2011, 3951.

30



Boryltitanium and Borylhafnium

Synthesis of boryltitanium and borylhafnium

Ti(Oi-P N/ —\ M. Yamashita, K. Nozaki, ef al.
OFPs . Dip=Nag-N~pip v Am. Chem. Soc. 2009, 137, 14162.
THF Tli
29% (i-Pr)0~y —O(-Pr)
N/ —\ O(i-Pr) <\
Dip~— ‘B/N‘Dip _
|
LI 1 ﬁ Ph3CB C6F5)4
Dip = 2,6-(i-Pr),CgH5 1) Cp*HfCl3 Dip
2) PhCH,K vaPh R
> r  “—Ph
THF @N
“Dip n
30% 3 R =H, "Bu

The nature of the group-4 transition metal-boron bond

=\ o o
H-N-g-N-H ' » B-Ti bonds have
y O,;i-i oM covalent character
e - OMe 2 a """ 3

HOMO HOMO—1 1



4. PBP Pincer Ligands



Background

Transition metal boryl complexes have been widely synthesized and

applied to catalytic borylation reactions.

Lo o

Fn

via H....Rh..anin
B—B d N
7\0/ \O/r pinB Bpin
e Ve U U NN .0
- B
Cp*Rh(n*-C¢Meg) (cat.) (\)
or
Cp*RhCI t.

[Cp 22 (cat) J. F. Hartwig, et al. Science 2000, 287, 1995.

J. Am. Chem. Soc. 2005, 727, 2538.

_N/O\ /O\L_
/B—B\ o
0 o\ ! COE
R H R 5.
7 \ o No,, | wBpin
- via <N’.:|r;
[Ir(cod)(OMe)], (cat.) l Bpin
R’ ‘Bu ‘Bu R Bpin
N/ \ // [(cat) T. Ishiyama, N. Miyaura, J. F. Hartwig, ef al.
N N J. Am. Chem. Soc. 2002, 724, 390.

boryl ligands act as “reactive” ligands



Background

It is known that the boryl ligand has a greater g-donor ability than other
monoanionic ligand of carbon, nitrogen and oxygen.

!

If the boryl ligand is stabilized and acts as “supporting” ligand, the strong
electron-releasing property of the boryl ligand would be applied to

functionalization other than borylation.

PXP pincer ligands
PR2 PR QPRz
PR2 PR2 PR2
PNP PCP PSiP

* retain highly reactive anionic lignads on metal center
* provide remarkable thermodynamic stability

PBP-Pincer
Ligand

34




Synthesis of PBP Pincer Iridium Complexes

NH
" PH@: 2 —P'Bu, 1) BHz-SMe, —P'Bu,
oo S ER or
CH,0 NH N
) \pBU, )
1 68%

[Ir(cod)CI]2 @: B rf-—CI
N H/

M. Yamashita, K. Nozaki, ef al. J. Am. Chem. Soc. 2009, 737, 9201.

35



Synthesis of PBP Pincer Iridium Complexes

Carbonyl complex

N PrBUZ /_PtBél;z(b) \
co '
B—ir—Cl @: =
\—PBu, “PBu, J stronger o-donor ability
3 92% 7 45% :

Ir-Cl: 2.5307(13) A Ir-Cl: 2.475(2) A

Ethylene complex

I\/l_l:’\!‘BUZ - N/_PtBUZ
B—Cl ——TMP @: B—r—]|
N \l_l / ethylene N\_
PrBU;_» PtBUZ
3 92% 9 61%

Applications of these easily prepared PBP pincer complexes to catalytic
reactions are under investigation.

M. Yamashita, K. Nozaki, ef al. J. Am. Chem. Soc. 2009, 737, 9201. 36



Other Metal Complexes Possessing PBP Pincer Ligand

/_PR2 /_PR2
N\

@[ Bt - @[ B,
N
\—PR2 PR2

M =Ir, Rh, Ru, Pt, Co, Ni

Ir complex: M. Yamashita, K. Nozaki, ef al. Organometallics 2009, 28, 6234.
Ru complex: M. Yamashita, ef al. Organometallics 2014, 33, 6760.
Pt complex: M. Yamashita, ef al. Dalton Trans. 2013, 42, 625.



PBP Rhodium Complex

Synthesis of PBP rhodium complex

/_PfBUE I'_PIBUE

N [Rh(cod)Cl], N\ AgOT

B—H - B-Rh-Cl

N THF N H/ THF
\—PBu, \pmBu,

1 2 60% B

i i N

FPEUE /_PfBng

N\ LiCH,SiMeg N\

,B _EhKOTf - JB‘HI'I' - -H

N H / CeHe  Rh [y N /

\—PBu, \—PiBu, i
3 33% (PBP)Rh

4 78% (97% by 'H NMR)

M. Yamashita, K. Nozaki, ef al. Angew. Chem. Int. Ed. 2012, 57, 6956.
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PBP Rhodium Complex

Oxidative addition of a strained C-C bond at room temperature

@)
at Room Temperature
T §§

|—! N\ \ -1 \
B—Rh
Rh \©:N/ y, N - ©: B—Rh-CO + >_<
\—p \B CgDg, 1t / Ph® Ph

" P=P(tBu), - N~ 72h

Plausible Mechanism
B— Rh—
~
| B be( (I

Ph VPh

An analogous decarbonylation reaction of cyclobutanone mediated by
Rh(l) complexes bearing PPh; or NHC ligands generally requires reflux
conditions even when a stoichiometric amount of Rh(l) complex is used.

M. Yamashita, K. Nozaki, M. Murakami, et al. J. Am. Chem. Soc. 2013, 7135, 7142.
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PBP Rhodium Complex

Reaction with sec-Alcohols

[ ,—P{rau},2 —FH
N__A\
FK@:“‘ B-Rh~~ - @: SB-Rh-0
Rh N/ CgDg, rt, 5 min N~ /
] —P(t-Bu),| - CPhy) J
1 X = NTs) 9 (X = CPh,)
= - - 2
_ P=P(tBU):2 19'x = NT)
H
I Me
: N [Hh] [Rh] '"\x , [Rh] W
80 °C, 16 h I
X O
L D E
— N-'_P\(\f-BLI)E
_ ~B-Rh—CO
II_I_/X Me ©:N/ / + Me .. .Me
— [Flflﬂ — —P(#-Bu)s, X
3 11 (X = CPhy) 10%
Co - 16% Srom 7 12 (X = NTs) 65%

_ 75% from 8

PBP Rh(l) complexes possesses a high propensity for oxidative addition
of nonpolar C-C o-bonds as well as polar O-H bonds

M. Yamashita, K. Nozaki, M. Murakami, ef al. J. Am. Chem. Soc. 2013, 135, 7142
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PBP Cobalt Complex

New approaches toward the generation of late first-row metal catalysts
that facilitate two-electron reductive transformations (e.g., hydrogenation)
more typical of noble-metal catalysts is important goal.

| H-. - H, | enhanced
;_'j,:’ 8" "M—H ;,’,’-‘-’B: » M catalytic
+ H, activity

boryl-metal
cooperativity

increased
o-donation

Synthesis of PBP cobalt complex and reversible H, activation

N
]
N

H, H

| 'I
Bu,P —C0 —PBu,

BuP H PBu  BupP—C0—PBuy, oS
ey A
LN,B\NJ 1) CoBr, L /B\NJ LN/B\NJ
2) 2 Na/Hg T atm H;
—> —)"
S —
IS e o,
1 2 RT 3

J. C. Peters, efal. J. Am. Chem. Soc. 2013, 735, 15310.
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PBP Cobalt Complex

1) Hydrogenation of styrene with H,

catalyst TOF (h™") catalyst TOF (h™")

2 1000" (MesDPB™)Ni 207

(“PNP)CoR 25" ("'TPB)Fe(N,) 0.27°

1 atm H, \)\ ("'PDI)Fe(N,), 1344° (PPh;);RhCl 100"

/\ Ph | —>» H Ph Cond1t1ons RT, 1 atm H,, orgamc solvents. Catalyst loading: “0.3%

mol; 72% mol; “3.3% mol; 5% mol. PNP = bis-phosphino-amido;
PDI = pyridyl-diimine; DPB = bis-phosphino-borane; TPB = tris-

phosphino-borane. 1
09 ﬁ’ —— HMe,N-BH,
08 - ~#- HMe,N-BH,-Me,N-BH,
2) Amine-b dehyd tioj gos | wens
) AMine-porane aenydrogenatiojn 2 gg
500 |1
N =031
02 -
| I\Ill H\B/H 01 ]
& 0 .
CI H \H , H H 0 100 200 300 400
[BUZP____-- I['_j-—--_.__l:)EBu2 ., / : | [ Time (min)
L s | fBuzP"“"COC;‘_l‘“PfBuz | Me,N—BH, 0.5
N7 N B2 J | Me,N—BH
I\N/ SN ! 2% mol 2 or 4 92| | 2
2 HMezN-BHi i 1 atm N, ~ H;B—NMe;,
pentane < > | CgDg, RT, 6 h +
9 4 | 66 H2

equilibrium between 2 and 4
in the presence of excess Et;N J. C. Peters, etal J. Am. Chem. Soc. 2013, 7135, 15310. 42



PBP Cobalt Complex

3) Transfer hydrogenation reaction Control experiments in the absence

o of 2 showed no reactivity.
1H NMR | 2%ma2 »
= 1atm N, =
| + —_— +
‘ " Il' HH  CDeRT.24n !IBHy g | *
) g 0.5 ! I '\ “I A
N I\ [, |/ |LMe“N BH, 2 H,B NMeQJ; NN L i
t=0 s =
! | Ib
|
/ x\ [ 1
| |
Lh I ,
Vi \ ] li[ y \ \ '.‘H
o | |' e
’ il \na \ )
|'| -‘l“\. WA »
‘V. ‘!. o &
Jy ki | Wpoad
r | o A M ANV WA
[ |
| l |
\
1 'l ‘ I
A\ W '.‘ \
t=24h’ “—— = — A SE—
7.'0 6.5 6.0 5'.5 5.0 4.'5 ‘fO 3.'5 310 2;5 2?0 ltS IjO

J. C. Peters, efal. J. Am. Chem. Soc. 2013, 735, 15310.



PBP Nickel Complex

Synthesis of PBP nickel complex

‘Bu,P rli P'Bu,
|\ B ) Cl OTf

N" N | |
1Bu2P-""""i|"“"-F’tBu2 tBuzP"""r‘f""“‘PtBuz
kNKB\.NJ AgOTf kN”B“NJ
tBupB(H)P THE
ey ) O
THF (tBupgP)NiCI | (tBUPBP)NiOTS
5 Pr.Mg 5 6
toluene
! 3
tBuzP"'"'hi""‘“‘PtBuz tauzpﬂ-ﬂ“hfi“'-ﬁptauz
Loy tamco, L oo )
oD
(BUPBP)NiH (BUPBP)NIiOC(H)O
7 8

J. C. Peters, efal. J. Am. Chem. Soc. 2014, 136, 13672.
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PBP Nickel Complex

Turnover frequency (TOF) of catalytic olefin hydrogenation

Conditions:

=

o

|

‘BugP-""hi""‘“PtBuz

B
N* N

O

(B“PBP)NiH
1 atm Hy, RT

25h!
(100%)*

25h!
(64%)°

Sh!
(100% )

0.6h
(100%)

'Bu,P—Ni—P'Bu,

T H o

|
Cy,P —hll i—PCy,

N
H
(*BYPCP)NiH (YPNHP)NiH*
latm Hy, RT 4 atm H», 80 °C
0.7 ht 0.4h'
(100%)* (100%)*
Oh' 0.4h'
= (70%)"
Oh' 0.2h'!
- (97%)"
Oh' not
= reported

“Conditions: 2 mol % catalyst relative to olefin, C4Dg. The yield (given
in parentheses) was determined by 'H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard. The turnover frequency
(h™") was calculated at the end of the reaction when the starting olefin
was not detectable. “As reported by Hanson:>° 10 mol % catalyst
relative to olefin, THF-dj.

PBP Nickel complex 7 is a more active
olefin hydrogenation catalyst compared
with its isoelectronic/isostructural phenyl
and amino analogues.

J. C. Peters, efal. J. Am. Chem. Soc. 2014, 136, 13672. 45



PBP Nickel Complex

Proposed mechanism

Mechanism A Mechanism B
k4 k4
Ni-H + S -;‘— Ni-H-S Ni-H + S -;‘— Ni* + HS-
7 1 Ni-H = catalyst 7

K k — .
NRHS + H, —Z> NiH+ P ||| NiH+ HS: —2= Ni- + p | O =olefin

P = hydrogenated product

2Ni* + H, — 2 Ni-H

“The catalyst resting state is highlighted in blue.

Why PBP Nickel complex 7 is a more active olefin hydrogenation catalyst
compared with phenyl and amino analogues?

strong frans influence of the boryl group destabilizes the Ni-H and Ni-alkyl bond

!

kinetically more favorable migratory insertion (k,) and ag-bond metathesis (4.) step

J. C. Peters, efal. J. Am. Chem. Soc. 2014, 136, 13672. 46



5. Summary
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Summary

Boryllithium
-First isolation and structural analysis of boryllithium was performed.
-Boryllithium reacts with various electrophile as alkyllithium does.

Borylmetals other than lithium
- Transmetallation of boryllithium to other metals enables synthesis of a series of
borylmetals.
-However useful reactions taking advantage of isolable borylmetals were under
development.

PBP pincer ligand
-PBP ligand has higher a-donor ability than PCP and PNP ligand.
-Some useful reactions taking advantage of higher a-donor ability were developed.

Borylmetals PBP pincer ligands

Di PR
I'P [ "2
N\ N\ \
E B—ML, B—ML,
\ .
Dip PR,

M = Li, Mg, Zn, Cu, Ag, Au, Ti, Hf M =Ir, Rh, Ru, Pt, Co, Ni



