8 9 10 11 12
VIlI B VIilI B Vil B IB B
26 +3,2| 27 +2,3|1 28 +2,31 29 +2,11 30 +2
Fe Co Ni Cu Zn
iron cobalt nickel copper zinc
55.85 58.93 58.69 63.55 65.41
44 14363845 +3,4,6M i| - r
-
Ru Rh aln; chp 5
ruthenium rhodium palladium silver cadmium
101.1 102% 1064
76 +4,6,8| 77
Os Ir Pt Au Hg
osmium iridium platinum gold mercury
190.2 192.2 195.1 197.0 200.6

2p

5 +3| 6 -4 7 -3|8 -2|9 -1
carbon nitrogen oxygen fluorine
12.01 14.01 16.00 19.00
-4{15 -3(16 -2|17 -1
Si P S Cl
aluminum silicon phosphorus sulfur chlorine
26.98 28.09 30.97 32.07 35.45
32 +4,2033 -3|34 -2|35 -1
Ga Ge As Se Br
gallium germanium arsenic selenium bromine
69.72 72.64 74.92 78.96 79.90
El emen T
Te I
indium tin antimony tellurium iodine
1 1 7.6 126.9
85
Po At
thallium bismuth polonium astatine
204 .4 207.2 209.0 209 210

Joshua Sacher
Frontiers of Chemistry
23 Nov 2013



Transition Metals in Synthetic
Chemistry: Nobel Prizes

1912 — Catalytic 2005 — Metathesis (Ru,
Hydrogenation (Ni) 1963 — Polymers (Ti, V) Mo, W) — Chauvin/
— Sabatier — Ziegler/Natta Grubbs/Schrock
1918 — Ammonia 2001 — Chiral 2010 — Cross Coupling
Synthesis (Os, Fe) — Hydrogenation (Rh, Ru) (Pd) — Heck/Negishi/
Haber — Knowles/Noyori; Suzuki

Chiral Oxidation (Os) —
Sharpless



Transition Metals: Pros and Cons

Emerging solutions via 1%t row transition metals
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Catalytic Hydrogenation

* Industrial processes

— Food industry
— Hydrocarbons (Fischer-Tropsch, hydrocracking, etc.)
— Production of alcohols and amines

* Fine Chemicals

e Catalysts
— Fe, Co, Ni, Ru, Rh, Pd, Ir, Pt
— Solid supported often preferred (purification)



Carbenes as TM equivalents

O . O
M%—»%@

Frey, G. D.; Lavallo, V.; Donnadieu, B.; Schoeller, W. W.; Bertrand, G. Science, 2007, 316, 439.
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Carbene Activation of H,

/\ H2 (1 atm)
r—~N_ N< > no reaction
EBUTTN T BU THF/PhMe, 35 °C, 2 h
NHC
) . H, (1 atm)
(-Pr)oN(_N(i-Pr), > no reaction
. THF/PhMe, 35 °C, 2 h
aBAC
Dipp~ > Dipp~ ,
S R' THF/PhMe, 35 °C, 2 h W R
CAAC R, R‘ = H, 320/0

= j- ' = o,
Dipp = 2,6-(/-Pr),CeH3 R =i-Pr, R"=Me, 29%

Hs, (1 atm) .
(i-Pr)2N\)< ° > (I-Pr)zN>g<

. THF/PhMe, 35 °C, 2 h

aAAC

Frey, G. D.; Lavallo, V.; Donnadieu, B.; Schoeller, W. W.; Bertrand, G. Science, 2007, 316, 439.



Amino-Alkyl vs. Bis-Amine

189 180

' NH
HN. HN._~  HN

HaN_NH;
AE(H,) (kJ/mol) -121 -106 212
AE(H,)* (kJ/mol) 148 150 93 99 108
AE(NH,) (kJ/mol) 71 -73 -162 -139
AE(NH;)* (kJ/mol) 141 138 87 95
BDE:

H, = 436 ki/mol
NH; = 460 kJ/mol

Frey, G. D.; Lavallo, V.; Donnadieu, B.; Schoeller, W. W.; Bertrand, G. Science, 2007, 316, 439



Better than Metals: Ammonia

o
9 NH5 9 @20
AR Seg :gc L. :gi)b

R NH; gas N/ SR\ ;\
P\ %é »—  Dipp~ .
Dipp~" THF, rt R

i R, R'=H, 95% "N
cAAC R = ,'_’pr, R' =’Me, 99%

NH (liq.) _
(i-Pr)gN\)< ° > (I-Pr)zN%

-60°Ctort
92% H NH,

aAAC

Frey, G. D.; Lavallo, V.; Donnadieu, B.; Schoeller, W. W.; Bertrand, G. Science, 2007, 316, 439
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Metal-Like Interactions

i-Pr
. N
Dipp~—
pp | Me
H  SiH,Ph
Dipp |
N Py / H3SiPh i-Pr
, Me
I-Pr H  Si(OEt);
Me HSi(OEt)4
I-Pr
Dipp~—
I pp : <%Me
_ - HBPin
Dipp }V \
] ’P
N Pln ,
—p’ P H,PPh N i-Pr
j-Pr Dipp Me
H BPin
Me
B - Qi—Pr;
Dipp~—
PP Me
H  PHPh

Frey, G. D.; Masuda, J. D.; Donnadieu, B.; Bertrand, G. Angew. Chem. Int. Ed. 2010, 49, 9444
Masuda, J. D.I Schoeller, W. W.; Donnadieu, B.; Bertrand, G. 2007, 46, 7052



Reactions of Heavier Analogs

Arg Hz (1 atm) Ar_ H Ar_ H
_Ge: >  Ge{ or  Ge{ + Ar—H
Ar 70 °C Ar H H
Arg H, (1 atm) H,
,Sn: —————» Ar—Sn_ Sn—Ar + 2 Ar—H
Ar 70 °C H
Ho
Arg NH3 N,
,Snt —— @ Ar—=Sn_ Sn—Ar + 2 Ar—H
Ar H
2
Dipp Dipp Dipp
N NH N NH, N NH,
3 ., ,
AT = N C Ge.
N\ N\ H N\
Dipp Dipp Dipp

Martin, D.; Soleilhavoup, M.; Bertrand, G. Chem. Sci. 2011, 2, 389
Power, P. P. Nature 2010, 463, 171



Carbene Summary

Orbitals similar to TMs

Inserts into wide variety of bonds

Irreversible addition

Limited application to further transformations



Frustrated Lewis Pairs

Brown, 1942:
<\_/N + BMez —> \_/I\]—éMe3

+
BM -
N N es —/A— { ,N-BMes

Wittig, 1959:

+
F Mg© ~PPha

> ||
Br PPhs, BPhg ZBPh,

Brown, H. C.; Schlesinger, H. I.; Cardon, S. Z. J. Am. Chem. Soc. 1942, 64, 325
Wittig, G.; Benz, E. Chem. Ber. 1959, 92, 1999



H, Activation by FLPs

+ -
R3P + B(C6F5)3 //// r R3P_B(CGF5)3
R = t-Bu, Mes
H, (1 atm)
R3P + B(CgF5)3 PhMVe. 1t 12 h »— [R3PH]* [HB(CgF5)3]

90%
not reversible (150 °C)

Mechanism:
RBP'/\V not seen via NMR

TN
N

Welch, G. C.; Stephan, D. W. J. Am. Chem. Soc. 2007, 129, 1880

R3P + B(CgFs)s [R3PH]* [HB(CgF5)5]



Reversible Metal-Free H, Activation

E F E F
P-H F B(CgFs) > (Mes),P EE(CF)
“H o+ es
o572 PhMe, 100 °C, 8 h ZH = e s
(o)
2 FE F 75% F

F
air/moisture stable

FE F FE F
Me,SiHCI . H >100 °C
> (Mes),P B(CeFs)y —— (Mes).P B(CeFs)
CH,Cl, 1t, 12 h i - e ez -H, 2 oo
96% e

F
air/moisture stable H, (1 atm), rt

Welch, G. C.; San Juan, R. R.; Masuda, J. D.; Stephan, D. W. Science, 2006, 314, 1124



FLP-Catalyzed Hydrogenation

-t-Bu
NI 5% cat., H, (1 atm)
>
©)\H PhMe, 80 °C ©/\
A:1h, 79%
B: 1 h, 98%
.S0O.Ph

N| 5% cat., H, (5 atm) N-S02Ph
H > H
PhMe, 120 °C

A:10.5 h, 97%

B: 16 h, 87%
.Bn
NI 5% cat., H, (5 atm)
>
©)\H PhMe, 120 °C O/\
A: 48 h, 5%

FF FF
H H
+ 1 + !
(Mes) P B(CeFs)2 t“-”“f‘@’@(ceﬂzs)z
H H
£ F FF

Chase, P. A.; Welch, G. C.; Jurca, T.; Stephan, D. W. Angew. Chem. Int. Ed. 2007, 8050



FLP Catalytic Cycle

,R'
+
(Mes), B(Can)z
/ |
\+
N=
P —(R
F
(Mes) P B(CeFs)2 H
(Mes),P B(CeFs)2
HN- T
o
dissociation favored (Mes) P (CeFs)2
with larger R’ ;
8 F F R,/NQ/R

Chase, P. A.; Welch, G. C.; Jurca, T.; Stephan, D. W. Angew. Chem. Int. Ed. 2007, 8050



Improving the Substrate Scope

(CeFs)sB.. -Bn

I 5% cat. A, H, (5 atm)
>
H PhMe, 120 °C, 46 h C6F

57%

.B(C&F
P N° ( 6 5)3 5% cat. A, H2 5 atm C6F
7 -
©/ PhMe, 120 °C, 24 h @
84%
Ph 10% cat. A, H, (5 atm) H
N » Ph “Ph
A PhMe, 120 °C, 1.5 h /Y
Ph Ph 98% Ph

+
(MeS)QP
H

Chase, P. A.; Welch, G. C.; Jurca, T.; Stephan, D. W. Angew. Chem. Int. Ed. 2007, 8050



Room Temp FLP Hydrogenation

H
H-B(C¢Fs)s H, (1.5 atm) !
X 7N * B(CeF
(Mes)zP™ pentane (Mes)oP=----B(CqFs)2 pentane, 15 min > (MeS)ZP./\/ 2(Cere)
75% 60% H
~t-Bu

R
NI H, (2.5 bar), rt 5
- - N~ BU
R =H: 20% cat., 87% H
R =Me: 5% cat., 70%
0 H, (2.5 bar), rt (Nj

N

>
@ 10% cat., quant. ©)\
/\ H, (2.5 bar), rt /\
OO 2050
/ X = CHy: 5% cat., 88% /

X=0:3% cat., 78%

Spies, P.; Erker, G.; Kehr, G.; Bergander, K.; Fréhlich, R.; Grimme, S.; Stephan, D. W. Chem. Commun. 2007, 5072
Spies, P.; Schwendemann, S.; Lange, S.; Kehr, G.; Frohlich, R.; Erker, G. Angew. Chem. Int. Ed. 2008, 47, 7543



Growing Hydrogenation Scope

+ H
Ph,P”  PPh,
| X HB(CeF5)3
OSiMe OSiMe
8 Z 20 mol% ®
AN >
| H, (2 bar), PhH
Z rt, 20 h

N NM62
| 5 mol%
=
B(CgF5)2
>
H, (2.2 bar), PhH
80°C, 3h

Wang, H.; Frohlich, R.; Kehr, G.; Erker, G. Chem. Commun. 2008, 5966
Chernichenko, K.; Madardsz, A.; Papai, |.; Nieger, M.; Leskeld, M.; Repo, T. Nat. Chem. 2013, 5, 718



FLP Activation of Other Systems

o/ N\ - /\
(Mes)2P>_dB(CsF5)2 (Mes),P.  B(CgFs)s
/

{ e

(Mes) QP\/\

— 5)2
l + <— —>
,N\ (Mes)P----- B(Cer)z | |
Cy C¢N,Cy
R
(0]0) n-Bu—N=C
p-Tol CeFs
+/ \ - pre—
(MGS)QP\C,B(Cer)z Pth\C,B(Cer)z
11
o) N
~n-Bu

Review: Stephan, D. W.; Erker, G. Agew. Chem. Int. Ed. 2010, 49, 46
R-NC: Chem. Sci. 2013, 4, 2657; CO: J. Am. Chem. Soc. ASAP DOI: 10.1021/ja408815k



Limitations of FLPs

Oxygen-containing substrates:

Ph
N w J N o
(Mes),P B(CeFs) AP 3 :
2|L| 65)2 (Mes) P B(CeFs)2
F F H2 " F F
0 Ph
H
+/\/é(Cer)2 HJ\Ph O)
(Mes),P = -y + B(CeFs)
] o BP\el5)2
] 0, (MeS)ZPH
Water sensitivity:
H
Mes),P -
HO (Mes) P MEIEN B,
(Mes) P ----BCeFs)y ~— > PNSBHCEs) T or
OH (MeS)QP/\/ _( 6 5)2
H

References



FLP Summary

Activate H, under mild conditions
Reversible reactions possible

Application to catalytic hydrogenation
Limited Scope to date, but expanding
Great potential for further transformations

Stephan, D. W. Dalton Trans. 2009, 3129
Stephan, D. W.; Erker, G. Angew. Chem. Int. Ed. 2010, 49, 46
Stephan, D. W. Org. Biomol. Chem. 2012, 10, 5740



Ligand Coupling

Reductive elimination with metals

H
L,PdO

o )
Z
- O

\ 7

Non-metal “reductive elimination”

Gl KF, H>0, OH

R\réi\-"CI 1

Cl R™ R

Mader, M. M.; Norrby, P.-O. J. Am. Chem. Soc. 2001, 123, 1970
Akiba, K. Y. Chemistry of Hypervalent Compounds. Wiley VCH: New York, 1999



Ligand Coupling @ Phosphorus

| X

PhLi QL I\ X

ZN
20 \

IN\ P N THF, 66 °C, 20 h Py =N N NG

S N 65% 29%

t-Bu t-Bu t-Bu t-Bu .
O O O =0
/ | Cl LiAIH, 2/7 H 2/7| 272\
N-P{ N-P{ N-P =3 +N—P .
\ | Cl \ | H Ho \ | \ ,
O (@) O O

t-Bu t-Bu t-Bu t-Bu

“ADPOeH, can be prepared from the reduction of ADPOeCl, with LiAlH,.
However, it is unstable and slowly decomposes with reductive
elimination to give ADPO.”

Uchida, Y.; Onoue, K.; Tada, N.; Nagao, F. Tetrahedron Lett. 1989, 30, 567
Arduengo, A. J., lll; Stewart, C. A. Chem. Rev. 1994, 94, 1215



P-based “Oxidative Addition?”

Dunn, N. L.; Ha, M.; Radosevich, A. T. J. Am. Chem. Soc. 2012, 134, 11330



Preparation and Test Reaction

t-Bu

0
27 \Cl NaBH,CN 27 | HaNBH;
‘

—_ P\

|‘C| THF, -35 °C | H MeCN, 40 °C
59% 75%

Stoichiometric reduction:

t-Bu t-Bu
0 0
ar % |
N-Py  + PhseNog > N-P +
\ | TH MeCN, 40 °C \ |
0 0
t-Bu

Dunn, N. L.; Ha, M.; Radosevich, A. T. J. Am. Chem. Soc. 2012, 134, 11330
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Catalytic Transfer Hydrogenation

x mol% PR3 H
Ph<, N, » Pho N,
N™Ph 4 eq. H;NBH, H Ph
MeCN
Entry PR, mol% Time(h) T(°C) Yield
1 none -- 24 80 <5%
2 A 10 24 40 80%
3 A 10 48 40 94%
4 B 10 24 40 63%
5 B 10 48 40 81%
6 PPh, 100 24 80 <5%
7 P(OMe); 100 24 80 <5%
8 P(NMe,); 100 24 80 24%
t-Bu t-Bu
@) 0]
e 4
N-P N-P
\_| .
o) o)
t-Bu t-Bu
A B

Dunn, N. L.; Ha, M.; Radosevich, A. T. J. Am. Chem. Soc. 2012, 134, 11330



Other Metal-Like Reactions

NMel%' MezN\ ,NMez
O O P(NMe,)s MeZN\ ,N €2 +R=NMe,
Y —— OO0 ~«=—>» 0 0
R R y={ =
R R R R
RPN
Oﬁ 20, P(NMez)s Owcozm
Ph Ph /\COZMG Ph Ph
/ ‘XHMPA
NMe'%l MezN\ INMez
MezN\ «N €2 + R—NMe; J OMe
0" O ~— /0O O r

— < JN

)= P(NM
ph”  Ph Ph \Ph\/ COMe  ph N U e2)s

Osman, F. H.; EI-Samahy, F. A. Chem. Rev. 2002, 102, 629
Fauduet, H.; Burgada, R. Synthesis, 1980, 642



Metal-Free Carbene Equivalents

O
i Hon <= Ty on
OR N
N e ° l
2
N
o) HoX o)
_—
Hon Vo
X H
O
R Q PR3 R OR' J
oo "
o) “PRy

Pitfalls of diazo compounds:

e Hazardous

* N, onscale
e TM catalysts
e Extra synthetic steps

Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. Angew. Chem. Int. Ed. 2012, 51, 10605



Mechanistic Hypothesis

Q PR o
R
(m)LOR' ™ X om
o) R H
RSF,/A RsP=0
.-
RP—Q RsP+ O RP+ O RP+ | O
0] ' -
Por == Ohon == Oon (02 o
H R
R

Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. Angew. Chem. Int. Ed. 2012, 51, 10605



Possible Carbene Intermediate

RsP+ O 2 O o
C/WJLOR' T "HLOR' * PR,
R R
=z
1 ( ] conditions X l f Z \
NTs 9]
—_—
o) TsHN Ph ~X 5
O
X =0, P(NMey)s, THF,-78 °C tort 82%, 0%
X= N2. RhZ(OAC)4, CHQClz, rt 0% 64%

Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. Angew. Chem. Int. Ed. 2012, 51, 10605



Reductive N—H “Insertion”

o Ro R
P(NMe.)
Ph)H(OMe 22 OMe
THF, -78 °C to rt Ph
O 1h 0O
Sulfonamides
TS\NH TS\N/\/OTBS TS\N/\/
Ph)\n/OMe Ph)ﬁ(OMe Ph OMe
o) o) o)
70% 85% 85%
Heterocycles
y 7\
— N
I\
O=™N""0 N
Ph)}(OMe Ph)\[(OMe
o) o)
83% 81%

Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. Angew. Chem. Int. Ed. 2012, 51, 10605



O-H Addition

O O/R
Ph)H(OMe Tk OMe
THF, -78 °C to rt Ph
O 1h o)
Phenols : OMe : NO, Br
0 0 o: :
Ph)ﬁ(OMe on OMe o )\NOMe
0 0 0O
91% 60% 99%
Acids o o
oJ \ oJ L Ph
Ph)\n/owle Ph)\n/owle
0 0
63% 89%
Aliphatics
P a FsC” 0 e
OMe
O 0 0
60% 60% R = OMe, <5%

Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. Angew.

EtOH solv. R = OEt, 57%

Chem. Int. Ed. 2012, 51, 10605



o-Ketoester Substrates

0 o R
P(NM62)3
RJ\[(OMG OMe
THF, -78 °C to rt R
O 1h 0

: _OMe /©/0Me
O O
OMe /©)\'(0Me
O
MeO 8 © F3C

5% 95%

X0 o
0 0 0
OMe )\H/OMe WOMe
O 0

O
78% 50% 84%

Ph

Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. Angew. Chem. Int. Ed. 2012, 51, 10605



Cyp—C

Bond Formation

YEWG P(NMey);
R' CH20|2, -78°Ctort
1h
Ph
s
P(NMey);5 N
CH,Cl,, -78 °C tort, 1 h Bn
90%, 1.4:1 dr Ph H CO,Me
Bn
P(NMe)s NC CO,Et
>
CHQCIQ, -78 °C to rt, 1 h Ph”: CO.-Me
91%, 2.2:1 dr H 2

Zhao, W.; Fink, D. M.; Labutta, C. A.; Radosevich, A. T. Org. Lett.

RI
EWG EWG
OM
R e
0]
Bn
T™MSCI BzHN  :_CO,Me
MeOH H
83% Ph 9 CO,Me
Bn
H,, Raney Ni SUSFING
> J:(\NH
MeOH :
92% Ph H o

2013, 15,3090



Enantioselective X—H Addition

y PVB
©_N,
o @ P-NMe,
o) O.N N 0
2 H ¢
o )H(OMe . OH PMB > Ar)l\c_)
PhMe, -78 °C tort, 1 h /I‘{S)
o 74% (98% ee) Ph”{ "COMe

NO,

Miller, E. J.; Zhao, W.; Herr, J. D.; Radosevich, A. T. Angew. Chem. Int. Ed. 2012, 51, 10605



Toward a Catalytic Variant?

Catalytic Wittig

s

/P\\ 10 mol%

O A COzMe
.+ B cOMe — 0 >
Ph” ~H 1.1 eq. Ph,SiH,

75%

No practical reduction of HMPA to HMPT is known

O’Brien, C. J.; Tellez, J. L.; Nixon, Z. S.; Kang, L. J.; Carter, A. L.; Kunkel, S. R.; Przeworski, K. C.; Chass, G. A.
Angew. Chem. Int. Ed. 2009, 48, 6836



Phosphine Summary

e Metal-free transfer hydrogenation
e Easy to prepare, use
e Air/moisture sensitive
e Very limited reaction scope

e Metal-free carbene equivalents
e Easily accessible SM
e Reasonably broad substrate scope
e Generally good yields
e Asymmetric reaction possible
e Stoichiometric HMPT/HMPA

e Need other source of chirality



o-Bond Metathesis

R3 R3

) HB(CBF5)2 (20 mOIOAJ) ] H
SN -~ kD,
H2 (6 bal’), CGD6 H

Rz 140 °C, 72-120 h R2
R i-BusAlH (5 mol%)
. or i-BuzAl (10 mol%) R

N > Ar/\H'

H, (100 atm), 100 °C, 24 h
At H 0-100%
DIBAL-H l — DIBAL-H

/I}\l\ "o-bond metathesis" H '/'}\l\*“

Ar H H Ar H H

Wang, Y.; Chen, W.; Lu, Z,; Li, Z. H.; Wang, H. Angew. Chem. Int. Ed. 2013, 52, 7496
Hatnean, J. A.; Thomson, J. W.; Chase, P. A.; Stephan, D. W. Chem. Commun. ASAP DOI: 10.1039/C3CC47889K
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