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Introduction

Mechanistic Postulates for Li-Halogen Exchange

?
R—X + Li—R2 =—— Li—R' + R2—X

Electron transfer (radical) process

RILi " R
| |

Nucleophilic mechanism via halogen "ate"-type intermediate

[R—x—R2[ o

Four—centered transition state model
Li—R?
<~
R1—X
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Single Electron Transfer Mechanism

> First evidence for radical mechanism in 1956

Me
P Me  Ph
P “Me . HM
nBuBr  + n-BulLi - ePh o © + nCgHig + nCsHyg +  CyHs
95°C, 18 hr
18% 43% 19.5% 3.5%
» Proposed mechanism
radical ions caged species
. SET - —
RILI + R2X —— R'L™  R2X — >  R-utm2. x"
solvent "free" radicals disproportionation/
R'H + R2H < combination
R+, R?-, LiX products
l SET

solvent  rearranged products RLI

R'H + R¥H —-—

Y

RIR"T,RZTRYT

R~ + R2-

J. Chem. Soc. 1956, 1603.
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Electron-Spin Resonance Spectroscopy

‘“ |

D P Wwﬂ WWW’W‘J||(* ler/w,_.-/w H

Y ,qv-»‘v

N N ,|-h

isopropyllithium (1.86 M in n-pentane)
with isopropyl bromide (0.66 M in a 6:1
benzene-diethyl ether mixture)

isopropyllithium with cyclopentyl
bromide (second derivative presentation)

Fischer, H. J. Phys. Chem. 1969, 73, 3834.
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Radical Clock Experiments

TABLE 1
PREPARATION OF | BY METAL-HALOGEN EXCHANGE AT —70°

=70° CH: _.CH
[>—cHal + RLi =% [>-CHLI —— & O
(+RI) |
i ] 0
lcsmcn lCeHsCH . ngH;.EH
H H
R— C— CeHs GEHEQCHEQ CeHsCCH;CH:CH=CH_
|
OH OH OH
III,R=C:H; v VI
IV, R = SC{Hg
Ex-
change
mmoles mmoles time, o 111 9% al-
Run RLi CiH7I min. (IV) oV 9% VI  cohols
A. RLi = ethyllithium in ether®
1 1.0 1.0 5 35 49 16
2 1.0 1.0 30 11 51 38
3 1.0 1.0 120 3 17 80 .
4 10.0 10.0 5 686 22 12 82
B. RLi = sec-butyllithium in 10:1 petroleum ether—ether
5 1.0 1.2 2 1 95 4 &9
68 1.0 1.2 2 1 93 6 83
i 1.0 1.2 2 <1 094 6 82
8 1.0 1.2 60 0 84 16 60
] 1.0 1.2 240 0 oo 45 33
104 1.0 1.2 240 0 53 47 41
11° 1.0 1.2 2 0.5 71 28.5

J. Am. Chem. Soc. 1964, 86, 2247, \eeting (CCI

L hexanes - THF
TMEDA, 62:31:7
-25° 1h

7dLl 7d(r)Li

FPrCHO FPrCHO
-78° -78°

19, 82% (74:26) 20, 75% (54:46)

Li 1. (a)=78° 5 min or
(b) hexanes-THF-TMEDA
4:1:1,0%1h .

7cLl 2. MeQOH
trans-7cH cls-7cH
(a) 0 5 95 (85%)
(b) 70 17 13 (63%)

/IE@PKté)Am' Chem. Soc. 1993, 115, 3855.



Is SET Mechanism the Only Pathway?

Retention of configuration at the carbon
center connected to the halogen atom

TaBLE I
' CH; ' CH3 ' CH;
BuLz
)-(S) )-(R)
Opti-
cal
[a]p of Temp., Time, Yield, purity,?
Run bromide Solvent °C. min, LA 7
1 106.0 Ether-benzene—petr. 3 6 30 43 60°
2 106 . 2% 2:1:1 35 10 44 77
3 107.1 Ether 35 10 61 84
4 107 .1 Ether —3t00 30 T3¢ 76
5 91.9 Petr—-DME/ 28-33 10 69 85

@ The maximum rotation of the bromide is taken to be 111.6°

and of the hydrocarbon!® 128° ! Enantiomer used. ¢ Low
value!® due to contamination with (4 )-bromiide. ¢ Petroleum
ether (30-60°). ¢ Yield based on recovered bromide. 7/ 1,2-

Dimethoxyethane,

J. Am. Chem. Soc. 1964, 86, 3283.

Proposed other mechanism

» Nucleophilic ("ate—complex") mechanism

R—Li

+ —_—

[R%R|Li*
XR' 8

Angew. Chem. 1958, 70, 65.

> four-center transition state

1 i 1
lll Li R.:\ {Li‘ jR "
e (j‘th + | - — - o Ty "“‘"C\ . +
R F x R R R’C“‘X"R R R Li X
T

Tetrahedron 1958, 3, 91.
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X-ray Structure of Ate—Complex

CoFsLi + CeFsl —zmme™ [ CeFs—I—CgFs | Li*

unstable above -78 °C

2 TMEDA -4
20 > [ CeFs—I-CeFs] Lit « 2TMEDA

stable up to room temperature

Table I. Selected Bond Distances (A) and Angles (deg) for 2

C(N-1(1) 2.403 (6) C(3)-C(4) 1.367 (7)
C(1)-I(1) 2.331 (5) C(2)-F(2) 1.366 (3)
C(1)-C(2) 1.375 (7) C(3)-F(3) 1.348 (6)
C(2)-C(3) 1.370 (7) C(4)-F(4) 1.340 (6)

C()-I()-C(7) 1752 (2) | CQ)-C(1)-C(6) 114.8 (5)
(-C(D-C) 1236 (3)  C(3)-C(2)-F(2) 116.6 (5)
C(1)-C(2)-F(2)  119.5 (5)

"ate-complexes” favor linear geometries

J. Am. Chem. Soc. 1986, 108, 2449
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Does Four—centered Transition State Exist?

> "ate-complexes" favor linear geometries, which has also been suggested
to be favored in nucleophilic substitution reaction at the halogen center

» intermolecular reaction requires a TS geometry TS geometry is dependent
on the tether length

Probing the Transition Structure Geometry

X X
——
Br Br Br

A B

@/H\/ Br ROH (j’?\/ Br m
® - % .
v ' L—I
Li ~ :-

D C

J. Am. Chem. Soc. 1992, 114, 3420.



Double-Double Labelling Experiments

Reactants
z. 1
CLgBr Expectation based on reactant labeling
1-Br
isotopic reactant intramolecular intermolecular
il composition? 11 reaction? reaction?
D
il "Br 45 45 25
Br ®Br and "°BrD, 10 10 50
1-¥'BiD, $1BrD, 45 45 25
Intermolecular Products ' Intramolecular Products
79 2 79 8] 7
z. PBr Z-.‘h,,IBr Z _Br z P rAlgt:
+ +
Li Li
4-"Br 4-*'Br sl Y 3-%Br 4-"Br
g1 81 79 "
79
27(131- 7 Br z\,‘(Br ZYBT 7 ElBr
O/ By o O/ ];(D oipl D D O ]37([)
Li Li
4-*'BrD, 4-"BrD, 3-*1BD, 3-"BiD, 4-"'BD,

J. Am. Chem. Soc. 1992, 114, 3420.
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Double-Double Labelling Experiments

Table I. Composition of 15 from Isotopic Labeled 11

*H *H isotopic reactant product intramolecular intermolecular
composition? 11 15 reaction? reaction?
I Br 45 24 45 25
n ®1Br and "°BrD, 10 52 10 50
*Br $'BrD, 45 24 45 25
“Error is £5%. ®Expectation based on reactant labeling.
11-"Br,n=1, Br="Br *H=H Table II. Composition of 20 from Isotopic Labeled 12
11-YBiD..n<1. Br="Br ‘H =D isotopic reactant product intramolecular intermolecular
. BE 2 composition® 12 20 reaction? reaction?
12-"Br,n=3, Br= "Br *H=H "By 45 28 45 25
81 _a %m.  Blp,ti ®1Br and ’BrD, 10 50 10 50
12-""BrD,,n=3, Br ="Br H=D $1B:D, 45 9 45 25

?Error is £5%. ?Expectation based on reactant labeling.

Table III. Composition of 26 from Isotopic Labeled 13

WLT
H *H isotopic reactant Pro9Uct iniramolecular intermolecular
0 ,{A}\I composition? 13 26° 26° reaction® reaction?

i "Br 48 34 47 48 28

*B 8.Br and BrD, 11 32 13 11 50

r 38D, 42 34 41 42 22
13-Br "Br= °Br *H = H @Error is £5%. ®The values expected for a reaction at 0.02 M which
51 T, " . is 45% intramolecular and 55% intramolecular are Br, 8!Br and
13- BrD,, Br="Br H=D BrD,, and *'BrD, 36:33:30. At 0.001 M. 9Expectation based on

reactant labeling.
J. Am. Chem. Soc. 1992, 114, 3420.
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Transition Structure Geometry

» Intermolecular reactions are observed for systems that would have a 6 or 8

membered endocyclic transition structure

@\/\I
Br intermolecular
only
|
o

Four—centered transition state mechanism and
SET mechanism are not observed in two cases

e n
Li®

proposed fransition state

L

L] -
A -
- -
; i
[ 1Y

1t T

Br'

Br

» Intramolecular reactions is allowed in 18 membered endocyclic transition state

intermolecular (55%)
intramolecular (45%)

co
Br

©
Li®
proposed transition state

J. Am. Chem. Soc. 1992, 114, 3420.
Luo Group Meeting (CCME@PKU)
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Halogenophilic Reaction

—> NuR + Hal~ (Sx20) Nucleophilic reaction
Nu~ + HalR —

—> NuHal + R~ (Sn2Hal) Halogenophilic reaction

» the general susceptibility for halogenophilic processes increases in the order
C(sp3)<C(sp2)<C(sp)

» The carbanion forming in the halogenophilic reaction may also be stabilized
by electron-withdrawing substituents in the molecule of organic halide.

Compound RH (bond) pK. Compound RH pK,
Alkane [C(sp?)—H], CH4 =45 CH;S0O-X ~26
Alkene (C(sp?)—H), CH.=CH> 36 CHCls 15
Arene (C(sp?)—H), PhH 37 CH F; 26
Alkyne (C(sp)—H), CH=CH 25 CF>-=CFH ~25
Toluene (C(sp?) —H), PhCH; 35 CeFsH 24
CH-COOEt ~27 (CF3):CH 7
CH-CN 29 (NO»)sCH < —1
fBr (O2N);C erBr
| \
/7N BrC(NOz); / \ — / \
Chem. Rev. 1982, 82, 615. ¢ ) ~ ( ) T CENOzs —> \ )
N/ N\ ___/

Luo Group Meeting (CCME@PKU) 13



Reactivity of Nucleophiles

Hard nucleophile

e

=" \

{;.

ﬁr.

+ ﬁl—m

Soft nucleophile

o —
- '

-

0'-: F) —— \

\ = =

+ L—H—Nu

» A general trend is higher reactivity of soft, easily polarizable nucleophiles.

Kobs
©—| R—Li - @—Li R—I
R Kobs PKa Kobs PKa R Kobs  PKa
A 0.004  36.5 Me._-Li 3200 42 tBus_Li  SX1 0° 42
Ph—Li 1.0 37 Et._-Li 7600 42 <}Li 1x10% 43
[>~—Li 9.5 39 (HsC)HO LI 4x10° 42 D—Li 8x107 44

Russ. Chem. Rev. 2012, 81, 317.
J. Am. Chem. Soc. 1962, 85, 743.
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Nucleophiles for Halogenophilic Reactions

Group 13 elements: R,B-;

Group 14 elements: carbanions, R;Si-, R;Sn-;
Group 15 elements: trivalent phosphorus, R,P-, R,As-;

Group 16 elements: RS-, RSe-, RTe-;
Transition metal carbonyl anions: [CpFe(CO),]- and so on

HI

N
AN
E /B—Li + RX (1.5 equiv.)

N
I

R' R'=2,6-PrsCgHs
1 (1 equiv.)

RT, 10 min

RX = "BuCl
RX = "BuBr
RX = PhCH.ClI
RX = PhCHoBr

HI
|

N\
E B—R +
/
|
R
2

78%
not observed
13%
not observed

Organometallics 2011, 30, 3018

Luo Group Meeting (CCME@PKU)

not observed
100%
79%
100%
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Silicon Anions as Nucleophiles

» S\2 reaction on carbon results in retention of configuration on silicon
» Halide—lithium exchange and a subsequent Sy 2 reaction on silicon
leads to inversion of configuration on silicon

?iMEPhg
l“‘Si
Me:
SN )
(R
er = 99:1
-78°C
2 Li thf
RETENTION — LiSiMePh, INVERSION
Ph L' Ph
BnCl BnBr .
Sr: Si
Me™; “—N —78 °C Me 1 LN -78 °C Ph*, “—N
Ph — LiCl :> — LiBr Me :>
(R)-3 (S)—2
er =946 er = 99:1 er = 5:95

Eur. J. Inorg. Chem. 2011, 1454.

Luo Group Meeting (CCME@PKU)

16



Competition Between S,2C and S,2Hal

Sy2 mechanism: RETENTION on silicon

t
L 31 R*CH,CI R1 i H N 81
2 2. —_— S|
st Si —=" |;3 Sl C4‘\E:I L| i RR?'SILR“
R R
(S)-2 (R)-15 (R)-3
(R)-5-7

Halide-lithium exchange via an ate complex: INVERSION on silicon

back side attack
t

B
1 4 1 Li" R4
L® R R" R* P9 m' R

| 4 @ .
R S R'CHZBr R2wS| Br— C Li —-R2;v;8|_\

RE O N, R Br @Y
(S)-2 (R)-16 (R)-17 l 18
&
R'=Ph N W I
R?= Me __Simp2* g [R*HC— Sl—Br
R® = HsCN_ ) R* "‘Rqul i R2 \R[?
4=
R*= Ph/SiMe/SPh/CMe; (S)-3 19
(S)-5-7

Eur. J. Inorg. Chem. 2011, 1454.
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Calculated Transition State Energy

reaction with
H;SiCH,CI

ate-Cl

Eml

34 kJ-mol-!

Sy2-Cl

0 kJ-mol?

reaction with
H;SiCH,Br

Sp2-Br

2 kJ-mol-!

ate-Br

H Br
.?— o

0 kJ-mol-1

Elel

Figure 2. Calculated stationary points for the studied model sys-
tems H;S1/Me;SiCH,Cl (left) and H;Si/MesSiCH,Br (right)
[B3LYP/6-31+G(d), CPCM]: in both cases. an ate complex (ate-X,
X = Cl, Br) and the Sy2 mechanism (Sy2-X, X = CI, Br) were

optimized; Molekel plots.3°

reaction with reaction with
PhCI PhBr
3 PhCI-Mei PhBr-Mei ts
W W
Si
ol (..J Br
27 kJ-mol-1 66 kJ-mol-1
PhCl-ate PhBr-ate
HC . Cl & |H C Br o
= anan g
Si Si
0 kJ-mol-" 0 kJ-mol-?

Figure 3. Calculated stationary points for the studied model sys-
tems H;Si/PhCl (left) and H;Si/PhBr (right) [B3LYP/6-31+G(d),
CPCM]: in both cases, an ate complex and a reaction via an inter-
mediate analogous to a Meisenheimer complex were optimized:
Molekel plots.3°]

Eur. J. Inorg. Chem. 2011, 1454.
Luo Group Meeting (CCME@PKU) 18



Comparison of Group 14 Elements

15-25 °C

N\/L /\/\)N Mhs
Br + PhzMLi — . MPhz +

yvield,? %
order of VENs  ee ©
entry M additn /\/\/Lw:'hs kES\ % ref
1 C normal >99 94 b
Inverse >99 < 1 97 b
2 Si normal 11 89 24 b
inverse 37 63 50 b
3 Ge normal 66 34 85 b
inverse 84 16 99 b
4 Ge  normal 68 (18) 32 (9) 7
5 Sn normal >99 <1 98 b
6 Sn normal >99 (83) <1 7

@ Relative yields; absolute yields are in parentheses.
b This work: see also ref 16. ¢ Reference 16. ee =
entantiometric excess.

Organometallics, 1983, 2, 906.
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Ate Complexes of Other Elements

> Besides halogens, Se, Te, Sb and Sn also formed easily detectable
ate complexes in the more polar ethereal solvents

| / Te Li* Se Li*

Figure 5. Some of the spectroscopically characterized ate complexes.

J. Org. Chem. 2012, 77, 5471.
Luo Group Meeting (CCME@PKU) 20



NMR Spectrum of Ate Complexes

Li NMR
@ K _ THF, -105 °C
b= Li @—Te' e J
@ @ Li*(THF), @
D

30 31

E Ph,Te

2/3 eq. Ph,Te

1 eq. Ph-|
L_k

2/3 eq. Ph-l

Figure 6. 'Li NMR study of the exchange of PhLi with Phl and Ph,Te
at —105 °C in THF. At this temperature K. is large, and only the ate
complexes 30 and 31 (no PhLi) can be detected when a full equivalent

of Phl or Ph,Te is added.**

Lotk @G SR A2 A1 lely
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Reactivity of Lithium/Metalloid Exchange

s For Cl, Br, S, Se, P, As, Pb:

:"

M(Ph), + p-Tolli
Ky “ 0 =C:
L p-Tol-M(Ph), + Ph-Li
As

Br Si Forl, Te, Sh, Sn:

| DNMR studies of PhLi + Ph M
Ge degenerate exchange (extrapolated
from < -90 °C)

For Sn:
Extrapolated from rate of
SRR o ArLi + ArgSn — RsSnLi by
LA L.l L Ll LA L 1 Ll Ll Ll L L Ll L 1 Ll Ll Ll Ll Ll Ll L Ll RINMR at-gﬂ GC
10 8 6 4 2 0 -2 4 -6 -8
For Si and Ge:

: o
Log k (Ph,M + PhLi) THF, 0 °C No exchange detected

n
|
Q

Se P

-
Lh
[

AE (kcal/mol) Boche
ho
[&,}
|
Hy

€2
&
|

Te Sh Pb

Sn

A
o
T

Figure 7. Rates of lithium/metalloid exchange reactions, compared
with calculated ate complex energies.

J. Org. Chem. 2012, 77, 5471.

Luo Group Meeting (CCME@PKU)
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Structure of Organolithium Reagents

» Most organolithium reagents are aggregated in solution
» Degree of aggregation is strongly dependent on carbanion structure,
solvent polarity, and the presence of donor ligands like TMEDA, PMDTA,

HMPA and so on.

f | Li
:H .__. I
2 (4-center)
6 (hex prism) 4 (cubic)
o J/ Li"
o—|j 1 (separated ion pair)
o /il Li*
1 (CIP) 1 (separated ion)

CIP: contact ion pair
SIP: separated ion pair

Some structural types of
organolithium reagents

NMe,
o & o= _ O’
‘NMe, Y ~ TN /

DME THF HMPA DMPU TMEDA

(Ni AR (\/ﬁ
@) @E ]E/\ﬁ

PMDTA [2.1.1] Crypt

TMCDA

Sparteine TMTAN 12-Crown-4

Coordination solvents or cosolvents

J. Org. Chem. 2012, 77, 5471
Chem. Rev. 2013, 113, 7130
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HMPA Titrations of a SIP and CIP

Li NMR (I = 3/2) 3/2 THF fether
a) SIP " cip NMe ih,*
@) Li () _-NMe, s M
PhS.___SPh s, O=P =T
>—Li NMe, S
SiMe,Ph S 111 i
. R/I"Lih
37 38 R-Lih, J&° g .
Equiv.
-135°C HMPA -130 °C
6.0 A~
R/I"Lih, R-Lih,
3.0/4.0
AN
R/I"Lih, R-['-R
2.0 }
.
R/I"Lih, R-Lih,
1.0
A
JJL 09 LJL.
R-Lih
R'H"Lilﬂk
0
P I T T S AN T SN T T B RE T N T NN T NN N N N R A N AN A A R A A A
0.0 -0.5 -1.0 15 1.0 0.5 0.0 -0.5
pPpm ppm

J. Org. Chem. 2012, 77, 5471.
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Equivalents of HMPA for 1:1 CIP/SIP

—iiiiiines Ph=C=C=Lj OLi
>10 . Iph Q_Li -ﬂ\ ; /@\ :
{-BuOLi Me™ “g” ~Li Me™ “Ng” L
PhS Li
S 6 <. L H ~
=l 42::<
e
E S iMe,Ph
iMe
B 5 "'_'_-‘}.{55.{-'.-'.3}.3_-‘.5.{:.:.7.-’.-'.3.:373:” SC'HE @[ >_Li o 2
- E [ S >~ _N----Li
o
— :
= |-Licl )d"
E 4 -"'"“""MBSLl C LI
)
8 Y
< Ph™> '
o oY )
s 3T Li --=N
= O
-
=]
: LBI' MeSeLl
2, - gt (T Ph _
S e s <: )<Sir‘.|lllze3 o Nemmm L eeeeeeeebensdens ths SiMe,
® _ Li -
=
5 _
(=2
w 1
0

J. Org. Chem. 2012, 77, 5471.
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S\2 Reactivity of Chelated Reagents

» When the S\ 2 reactivity of chelated and nonchelated reagents was compared,

the chelated ones were typically 1-3 orders of magnitude less reactive.

» Chelation may reduce the equilibrium concentration of the SIP, which we
believe is the reactive nucleophile in most such reactions.

SiMe, S|M33

______ Q/

S|M53

\I/

63 64
k. (Mel/THF) 1 1/26 <1/100
k.o (Mel/HMPA) 1 0.5 0.5

J. Org. Chem. 2012, 77, 5471.
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Summary

» Mechanism of lithium—halogen exchange includes at least radical
mechanism and nucleophilic ("ate—complex") mechanism

Electron transfer (radical) process

R'Li " R
| |

Nucleophilic mechanism via halogen "ate"-type intermediate

|Ri—x—R?] Wt

» Halogenophilic reactions are possible for many organic halides, in
the presence of sufficiently active halogenophilic reagent

» ate complexes of many main group elements are key intermediates
in halogen-(metalloid)-lithium exchange reactions

R—X + Li—R2 == Li—R!' + R2—X

X=Br, |, TeR, SbR,, SnR; and so on
R?=R-, R,B-, R;Si-, R;Sn-, R;P and so on
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