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In industry

¢ In 1926, Sabatier (1912 Nobel Prize winner in
chemistry) discovered amorphous metals can

catalyze hydrogenations.
Ind. Eng. Chem. 1926, 18, 1005

+ From that time on, tremendous delevopment of

homogeneous hydrogenation.

Representative paper:

J. Am. Chem. Soc. 1939, 61, 2330. Nature, 1965, 208, 1203.

Angew. Chem., Int. Ed. 2002, 41, 1998
Angew. Chem., Int. Ed. 2002, 41, 2008

+ Recently, earth abundant
metals can perform hydrogenation.

(Fe, Co) Science, 2013, 342, 1054.

+ From 2005, main group elements. First paper: JACS, 2005, 127, 12232.

R

cleavage of dihydrogen

In biological system

J. Am. Chem. Soc. 1976, 98, 2143.

PhsP—RH——ClI

asymmetric hydrogenation

Wilkinson catalyst

Y

Frustrated Lewis Pairs main-group element compounds
(in low oxidation states)

(FLPS) (Not covered in this review)

group 13, 14, 15
elements: C(ll), Si(ll), Ge(l),
Sn(l), P(ll), B(0), B(ll), Al(l),

(Focus on this review)

e like an “encounter complex” stabilized by
noncovalent interactions and dispersion forces
that creates an electric field in the pocket;

e This electric field polarizes H,, leading to
cleavage of the H-H bond.

ACIE, 2015, 54, 6400.
Acc. Chem. Res. 2015, 48, 306.

ferececcccccccccncccnscnscccscccnanana

Transition-metal compounds VS

Main-group compounds

Usually have partially occupied
valence d orbitals that are often
relatively close in energy.

Often coloured as a consequence of
small orbital energy separations.

Often interact with small molecules
such as CO, C;H, or Hs.

Often paramagnetic.

Stereochemical electron pair
character less pronounced.

Antiferromagnetic coupling is common.

The valence s or p orbitals are either
fully occupied or empty and are
far apart energetically.

Usually colourless.

Generally do not interact strongly
with CO, C;H,4 or Ha.

Usually diamagnetic.

Have stereochemically active
electron pairs which form the
basis of VSEPR theory.

Antiferromagnetic coupling in
stable compounds not common.

Group 13 Compounds (B, Al, Ga, )
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a: H, adduct formation

b: addition of H, across B-C bond (rds)

c: 1,2-hydride migration

d: ring opening to 1-bora-2,4-pentadienes
e: bond rotation

f. conrotatory ring closure
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JACS, 2013, 135, 941.
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Dipp E : : PP tBu 2Li
h Dipp = 2,6-diisopropylphenyl + Reversible Dihydrogen Activation — <Ll
N 0 ® '
B=N(SiMe;3), ‘—> N ' | |
N(SIMe3)2 ' B
H, (4 atm) . SN
(linear allenic geometry) (bent structure) toluene, rt : y
singlet carbene—borylene adduct E ||3 B/
Pipp Pipp '
H ]
3a N __H N I_H : Il
BJ 1,2-hydride migration B e :
 N(SiMeg), & N(SiMe3),| . tBu -
: 10
4 & ' stationary state  9:10 = 2:1, 8 days, 100 °C

ACIE, 2014, 53, 13159
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/
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DFT calculations showed an overall

exothermic (AG=19.4 kcalmol™") two-step
asynchronous H, addition mechanism

proceeding via a bridging hydride

intermediate. H

H’ ’, / \
B—B,

i “L

Chem. Eur. J. 2016, 22, 17169.

H 2L
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U
B™ S —
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Quantum-chemical calculations suggest a concerted, homolytic addition of
H, across both boron atoms.
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ACIE, 2016, 55, 14067
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Ar, HH . £ Aluminium hydride: a reversible material for hydrogen storage
M AT ' e high energy density e release hydrogen easily e can be recharged
Ar‘B_E‘;‘.A, rate-determining step + coordination of the H-H bond to one of the Further reading: Chem. Commun. 2009, 3717.
A’ Ar TSse H vacant p-orbitals of one of the boron atoms 1 J. Alloys Compd. 2011, 509, S517.
TS5 198 Ar g g H to afford intermediate 5; : Dipp Dipp Dipp
17.1 ) A B h Ar, H H
(8.8) i Arg/ o A o . (1 atm) /' \.-
; —'F’ Ar” *H'B‘Ar + a proton-migrating H.-H bond cleavage,: 2 Gal ~———— Ga=Ga toluene , a\ /Ga\
Ha (8.7) : TSe; TS74 B-B o-bond cleavage via TSs.g; : H H Ar
| R N e :
Ar, Ty : (-15.3) (~12.7) + dissociation; . D'PP Dipp Dlpp
E Boar ' 23
0.0 AF \ . A 150 -
(0.0) 5 Ar ! ; ' simorization .
AN Ar bond (H-H, B-B): elongated —3-3 i ! O CISEZIET, .
AI'/B B‘Ar geometry: pyramidal (-2 I—c|] .7) m \ : excess H2 100 4
1 Ar g goH (-13.7) -20.1 '
A B ar 2 H_;B.Arz (731.1) ! no reaction 50
6 A g g A : E
e bridging ligands: a hydride e B-C-B three-center, Ar 2 \H/ Ar : —E, 2 &
and an o-tolyl group two-electron bond hydride-bridged dimer JA Cs’ 201 7’ 139’ 2593. : é no transition state could be identified
........................................................................ - 3 -50-
IDlpp Dipp Ar ! -100
N (4 atm) H Ar, & :
\ - R '
Al: 2—> )\|‘~ ﬂ; N ' -150 - -
/ benzene H Alll AI—Al\ ) ! Reaction coordinate
L T70ec | - Al H ; ACIE, 2009, 48, 2031. JACS, 2013, 135, 1952.
Dipp Dipp Ar R s o ieieteleleleftelefiede ettt ettt ettt ittt
Ar . Dipp Dipp
16. Al(l) 17. AI(Il) 18. AI(ll) ‘ H, (1 atm) / » very reactive, not stable in solution
: ' \ 2 (1 atm H
JACS, 2014, 136, 9195. E /G T> (\33‘: o left alone or after addition of traces
""""""""""""""""""""""""""""""""""""""""" : X oluene H of water, [LGa(OH),, LGaH(OH),] can
AI/Ar Y : Dipp Dipp  beabserved.
/ ,
Ar—LAb H, (1 atm) A ' ;o 25.Gall) 26.Ga(ll)  Chem. Eur. J. 2009, 15, 12114,
71/ hexane, rt H \H/ “Ar e bt
19|  rmmmmmmmmmmmees N 21 . . .
' (Messl)zHC ! A : Pirp Dipp
! : Ar=Bbo. R = H 57% ! N\ N\ H, (4 atm)
y Ar= Ri a.Ar=Bbp,R=H, 57% . Ga—tBu '® "Ga—
; ; b. Ar = Tbb, R = tBu, 80% \ > (@, 8a—tBu| penzene
*(Me3Si),HC ) ' \ \ 70°C
S | ' Dipp Dipp
Arg 2 H, : 27 ambiphilic reactivity 28
retro [4+2] AIFAI \Ar E DFT calculations revealed the HOMO resides primarily on the
cycloaddition 20 ' terminal carbon of the exocyclic alkene moiety ,the LUMO is dominated by

ACIE, 2016, 55, 12877.

the Ga 4p character ACIE, 2015, 54, 5098.
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) . Di Dipp
Group 14 Compounds (C, Si, Ge, Sn) ' Dipp ,PP "“/\> fitati
: / j— uantitative
'Me;Si—N Hy(1atm) MeS—N ' 4 a ER =B~y 9 p
H ' \s' . Si % \ yie
Dipp~ 2 . ' CgDg or hexane / “H Dipp
N (1 atm) : R.E 6-e . RaE .
' n 20°C b.ER, = Si(SiMe3); , 62%
toluene b 34 - 35
35 °C te first experimentally observed activation of H, by a silylene;
30 ! # single-site activation of dihydrogen by a well-defined Main Group compound below room temperature
H, H H ' (even at 0 °C);
. (1 atm) %, 1 « Thermodynamically, this H, activation reaction is calculated to be strongly exergonic (AG =
('Pr)ZN/\K —_— (iPr),N 1-122.2 kJ mol™"), in line with the experimental observation of irreversibility;
toluene/THF ~30% : ¢+ Mechanistically, a concerted bimolecular process is suggested not only by DFT calculations, but also by
32 35°C 33 ' the analogous reaction with HD, which yields H(D)Si{B(NDippCH),}N(Dipp)SiMes} as the sole product.
)
)

+ a singlet carbene has a vacant orbital and a filled nonbonding orbital and in that respect resembles
transition metal centers. lececcecccccccceaaccaaaaaann !A_Q‘?*_%Q!g'_ ‘."?4’.(.5?99. -- .'.A.C.I.E.’ .2.0.1.3.’ .5.2.’ .5.6.8. R,

+ in contrast to transition metals that act as electrophiles toward dihydrogen, these carbenes primarily
behave as nucleophiles, creating a hydride-like hydrogen, which then attacks the positively polarized

Dipp 7z

amido-type ligand and a donating main-group substituent (silyl), resulting in a decreased
HOMO-LUMO gap sufficient for the activation of strong bonds.

® @

Science, 2007, 316, 439 JACS, 2017, 139, 8134.

)
' .
carbon center. : / ‘
[ N SiBI’3 . C~
purely o-bonded H, transition metal : | _N/ 2 KSITM83 (\N/ \C
B 100 w complexes (1.0-1.2 A) ' > N
(-0.068) ' N _
sy i Q0199 ! \ 2 KBI’. < )\
% 1.071 ' Dipp - TMS;SiBr N\
E 2204 (+0.047) 1924 3 ! -78 °C Si:
F] 667 +0.178) ' /
£ 0 ' e f 206 ; 36 toluene (TMS),Si
W en C-\t/ o A9 o\t 7+0.021) ‘ 37. si(ll)
' intermolecular C=C insertion 4L
-150 '
® : _
200 : @ n—oiep A N\
greater hydridic character : N N—C\
@ (0249 ' / ‘« H, N\l\ .
4 . Si_ =~
‘-‘ 1.38g /-H bond elongated (00N Stereochemical inversion : Dipp N H (1 bar) N/ , \C
1.807 % (+0.263) - (+0.147) ' \Si.\\ R S |
= ' /4 CgDg, 50 °C, 2d (TMS);Si
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)
Bu : Dipp Dipp
/ i I‘BuN ' : i
N siBr, 2KSTMSs (TMS),81% Bu } Dipp xH, DWPP H
[ >=N -2 KBr VESIESIINIBY N ; Ge=Ge e Ge—G%H biop
. ¢ = ' i X
- TMS;SiBr 41 Si(TMS); I'BuN = E =ni| Dipp " ipp
\ 78 °Ctort b4 N ' . :
Bu h /tol Bu ! Dipp Dipp
40 n-nexane/toluene H2 hexane ' 43 44
)
10 min . PP Dipp
BN o ! x =1, 43:44:45:46 = 60:21:10:9 Dipp H\"__'
TMSLSin%. | | X = 2, 44:45:46 = 2:85:13 Ge—Gé + GeH,
(TMS), '=8i-Si.iNiBy \ x =3, 45:46 = 65:35 =~ Dipp
. ' H
"'42 Si(TMS);  trans ! JACS, 2005, 127, 12232. Dipp 45 s DiPP
Otlefin: : o the digermene 44 exists in equilibrium with either monomeric
# ' g q
A H-H H ' o possible singlet diradical character of the Ge-Ge bonding of 43.
Ry R - . R C2CoR - . N\ - / Y e e e e
r—C—C~g R Sk Ryc C-\Q,R '
. R R ' .
Syn-addition ' Ar. SiMe; Ar. SiMe; Ar =
lit. 90-110 keal'mol™! , \r H, \r
Disilene: R, = SiTMS '
R - NItBL ' .Ge (1 atm, excess) .Ge H e, % Ph
2 N TS Ph
[ . —_—— S
BR i H-H S# y " ; Ge toluene, rt Ge=H
2. ’ .
Rimiai o Ry Si——Six Ry | ——— S—sl : i i
s._sli.’.;R2 R \Rf Rzys- S-Q,R2 : Me;Si a7 Ar Me;Si 48 Ar
Ri - Syn-addition Ri Ri '
0.0 kealmol™ 243 kealmol™! -34.7 keal'mol™ 1 o In solution: -10 °C, solid state: 20 °C (>95% yield, 1h)

C + * Unlike 43, compound 47 did not further react with H, even at elevated temperatures (up to 100 °C).
R - @H-HE | # R H \ * addition of H, to 47 gave the singly bridged species L1Ge(p—H)GeHL1, which then rearranged via a low
Rf:-._ . 22:;_ s Rf:«'l" ) / 1 activation pathway to the symmetrically hydrogenated compound L'HGe-GeHL" followed by rearrangemen

S|_8|-\.’.;,’R2 _— 1 g'_@"'{% /S'_S'{'\'-Rz * to the most stable isomer 48
Ry L Ry H Ry 4IC the second addition of H, would result in cleavage of the Ge-Ge bond, giving L'GeH and L'GeHs.
0.0 kcal'mol™ Stepwise-addition cis: -34.7 keal'mol™ ' However, this reaction was calculated to be thermodynamically unfavorable, consistent with the observed
. Fmol-! . S .

D 38.2 kecalmol trans: -41.9 kcal'mol E reactivity. JACS, 2011, 133, 18622.

22 [ R, ..  H. Ry Ry, /H E Mes Mes
l""--Si:Si-\.;:Rz - . R,-.H-s.i.'_:;-'_‘si'\ R,-’—"Si—Si-{,Rz !
Ry i H R, H R : H, (1 atm) H
0.0 keat mol-! Anti-addition » v Mes Ge: _2 Mes Ge{
! 15.6 keat ol -41.9 kecal'mol ! Mes Mes H
. ' toluene
' 65 °C
: Mes Mes
JACS, 2017, 139, 9156. ' 49 50
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iPr
i iPr
Dipp !
Tripp Tripp
i Tripp i .

. H, (1 atm) Dipp iPr Tri ;
D . 2 —_— pp iPr
Dibp, e » Dipp Dipp iPr Sn—Sn . Hp (1atm) Sn—sn

toluene GeH \©/ Tripp —— iPr =N, Tripp
65°C 3o toluene = "H
Dipp Tripp rt TrippH
Dipp iPr 51 -
51 46 iPr 52

o reaction of 49 and 51 with H, likely proceeded via interaction of the o orbital of H, with the empty 4p
orbital at the germanium atom with concomitant back donation from the germanium lone pair to the Hy &
orbital.

o With 49, H-H bond cleavage gave the energetically favored product 50.

« In the case of 51, the initial steps are identical; however, the bulky ArPPP groups introduced sufficient
strain such that the preferred pathway is elimination of HArDiep along with production of monomeric

. Dipp ; ; ; 1

:GeHAr=PP which then reacted with H, to give the final product 46. JACS. 2009, 131, 16272.

Dipp

*

65 °C
Dlpp

Dlpp
Dipp Dipp
Dlpp Sn: H2 (1 atm) D|pp
2 Dipp toluene D|pp
Dipp

Mes Mes 53 (\N/D'PP (\N,Dlpp
H, (4 atm) N—B \ BI
. —_— o -

Mes S!Ge- toluene Mes Ge‘H Dlpp/ \Sn. H2 (1 atm) Dlpp/ \s “\\H
i—Si,, _Si, P n
MesSi— ™ siMe, t MesSi— Pl ssime, Dlpp / hexane,rt  Dipp, /M

Meas‘lw Me;Si ,q N—B
N— N—p;
Chem. - Eur. J. 2016, 22, 11685, k/ Dipp K/ Dipp
----------------------------------------------------------------------- 56
ArMes
Mes H H
Dipp Dipp Ar \Sn -Sn—g= Sn H, (1 atm) ArMes | é /ArMes
n
Dipp H —_—>
= Hy (1atm)  Dipp RN Sn—/ —=Sn_, mes  toluene Ar"”e‘“"/ | _ Arwes
Sn—Sn 2 Sn Sn Ar ° Sn
- Dipp ~—— > ~ bi . 60 °C smo S
Et,0, rt H PP Arlfes 57 H 5g H
bi .
'pp49 Dipp 0 Chem. Commun. 2008, 6042.  JACS. 2008, 130, 12268.
JACS, 2016,138, 4555 ACIE, 2015, 54, 3802.

A

Why the Mechanisms of Digermyne and Distannyne Reactions with
H, Differ So Greatly?

Further Reading: JACS, 2012,134, 8856.

----------------------L-------------------------------------
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Group 15 Compounds (P) Reversible Activation of H,

{Bu tBu, H
(4 atm) \'_/‘I p-P,
H, H.I 2—tBu
tBu P
/ tBu
tBu
)\ -H; 60 tBu g4
)\ )\ 1,4-addition ) )
Pinversion  syprafacial hydride shift
59 H
‘. tB
H—P tBu te,
>\'=: P tB >— B
=P u ~>—tBu
tBu j"
tBu M
60’ 62

JACS. 2014, 136, 13453.

Mes Mes, Mes H Mes
P, H
AN 2
N_ N = 'P\
B
P -Hz \f/
Mes Mes Mes H Mes

¢ 64 was not stable, slowly releasing H, to regenerate 63
(6 months, 90% 64 and 10% 63, by 3'P NMR)
e The rate of dihydrogen elimination can be increased by heating a solution of 64 above 60 °C
« DFT calculations: The activation barrier of H, addition step: 17.9 kcalmol™, the reverse reaction:
25.7 kcal mol ™.

ACIE. 2016, 55, 12214

Ph

Catalytic Reaction

alkaline metals

0-7-K
o 9 1"
)j\ KOtBu (20 mol%) Ph (4\ 0_ tBu >\
Ph H2 (135 bar), tBuOH ph H—
210 °C

JACS, 1964, 86, 3750.  JACS, 2002, 124, 8693.

>99% conv.

H
1(2. 9
J\ cat 1(2.5 mol%) . j<H
Me,;N SiMe;

j i\\ |
N

~ S

Z Me;Si—€H  “NMe,

thf—Ca--thf

CaL Cat1
+H, (hydridic) H
LCa-R—3 LCa-H . oligomers
-RH (pro IC)H |—> or/ and
polymers
/j o -Bond /&
“l metathesis l
SO ACIE, 2008, 47, 9434.
gl ACIE, 2018, 57, 15177.
R’ '’
\IN cat 1(10 mol%) R\N’H
H
R™ >y  H2(6bar), CeDg R)<H >99% conv.

Conversion rates increase with metal size:

Mg < Ca < Sr<Ba
(for Ba, quantitative conversion is reached within
15 min).

Nat. Catal. 2018, 1, 40.
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N \NIS 2+ (N\N y; H\ ’5 + ' can not be reproduced !!!
3" SO / ” 2 \‘\\ / : -
[ ,,C Ca~ | ] (BAr,T [ |;E:a\—|-| |Ca: | ] [BAr,I . Correction: ACIE, 2017, 56, 9266.
4 s ]
2 ,Ng 2N , NN : LiN(SiMes),
' R= 2,6-Me,Ph
65a. Ar = CgH,-4-tBu 66a. Ar = CgH,-4-tBu ' R._~R P
65b. = CgHs-3,5-Me, 66b. = CgH3-3,5-Me, : . R . )\N\
L} - o
65b (5 mol%) : HH o N H Fic”  Ph
H, + D —— 2 HD ' N Mes  OT H-H 20
rt, 5 min ' 18 Mes
R’ 65a or 66a R : A //\ Phoy U
- 9 4 : +.2
RzJﬁ/R“ (2.5-10.0 mol%) RZJa/R 15 | ' A 3 > LiOTf FaCi\Ph
H, (1 bar), dg-THF, 25-80°C ~ H examples ' ) es
R3 2( ), ds R3 0-98% conv. ' 2
' (SiMe;)
ACIE, 2012, 51, 4452. ACIE, 2016, 55, 4794. ACIE, 2017, 56, 12367. E
" N,Rz H\N,Rz
Ph R R :
NI’ Cat 1(5-20 mol%) -Ph a ! | LIHMDS (0.15-1.5 equiv.)
Ph)\CF H, (50 bar), LIHMDS (0.3-1.0 eq. ) )<"' % | R H 1, (100 bar), toluene, 80 °C R! b
3 toluene, 50-80 °C Mes : > 20 examples
R = 2,6Me,CeHa| 60 - 93% yield
Cat 1 69-100% yield o1 :
LIN SIMeS)Z H‘f“"ﬁ I— ™ R‘H'\TR 10bar 71% E TMS\ /TMS \ /
SIMe3)2 " :;s o (1w in tolusne) 5::.[?"; . L\"H 50bar:  100% :
Z :
~ : \ /
-Ph T;l + LiOTf Important !!! :
blank reacton (2.25 equiv. | LiHMDS
BN LiHDMS, without catalyst)
\(j; can not work I!! '
+ LiOTf : a. Concerted mechanism
_Ph E RZ _m_/MS ¢ R2 "
R / N [ N\ or N
\ N | ' | “"TMS
| / no ewdence)\ : J{\ H J{\ H M
OTf H Ph CF CFs : R |-||-| R |-||'I oNC
s HO® ; T™S” “TMS
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b. Stepwise mechanism

Li H—H
R/N\R — "LiH" + R’N‘R (1)
" 1 " R2 hi
R2 N\R1 LiH Y \R1 (2)

Fullerene, UV light

H, (1 atm), rt

O,N Y ad
O @ C.

Fullerene, dark

2

4-6 MPa H,, 140-160 °C
JACS, 2009, 131, 16380.
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