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This group meeting will focus on the properties and
applications of ligands for transition metal catalyzed
reactions. In an attempt to provide better focus for this
group meeting, only ligands which are utilized in
reactions which undergo one of the 4 principle
organometallic steps (oxidative addition, reductive
elimination, insertion, and elimination) will be
discussed. Particular emphasis will be dedicated to
ligands which are thought provoking in design or
appication. Furthermore, it is intended that this group
meeting will serve as a reference sheet for state of the
art ligands which are useful in organic synthesis.

Topics this group meeting will discuss

-Phosphine ligands

-N-heterocyclic carbene ligands (see Eastman, K. J. "N-hetero-
cyclic carbenes" 2007)

-Sp? and sp? nitrogen based ligands

-Alkene based ligands

-Pincer ligands

-Z-type ligands

-Bifunctional ligands

: Topics this group meeting will NOT discuss
-Ligands which primarily tune lewis acidity of a metal complex

-Ligands which do not behave in a sub-stoichiometric manner

-Redox active ligands (see Q. Michaudel "redox active
. ligands", 2013)

Terminology

: X-type = Anionic ligand

: L-type = neutral ligand

i Z-type = sigma-accepting ligand

: O.A. = oxidative addition

¢ R.E. = reductive elimination

: 1,2-ins. = 1,2-migratory insertion

1,1-ins. = 1,1-migrartory insertion

. beta-X = beta elimination of X (X = H, Hal, Alk, etc)

Trans Effect
i F", HyO, OH < NH3 < py < CI' < Br < I, Ph" < SO4%

{ <PRj, AsRg, SR,, CHy < H, CO, CN", C,H,
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Wilkinson J. Chem. Soc. A, 1966, 1711 O O OH O

: ((R)-Binap)Ru(CO,R), O
6x PPhy Jj\/U\OMe Ph,, R)\/U\OMG
RhC|3-(H20)3 ] RhCl(PPh3)3 + OPPh3 Ph > ! (') OH
EtOH, reflux  "red-brown o H, Me R O’
" E CH
RhCI(PPhy), VSl : 2R >95% ce Y
Olefins , : Me . e
or —»1 (atm) H2 parafﬂn RUC|2(PPh3)3 IS E e Nl\/|62 [Rh((s)-Blnap)]+Me NS NM62
Alkynes  "exceedingly rapid also a "rapid" catalyst : W > W\z/\/
catalyst" Nature, 1965, 209, 1203 5 Me Me > 7 ton scale Me Me
HO,C MeO BF, HO,C OH
Z~NHAG NHAC W — e i
MeO R P,,, ; Me Me
Ph Noyon Acc. Chem Res 1990, 23, 345
0.05 mol%(COD
MeO

oo v,
OAc 3.5 atm H,, i- PrOH OAc 94% ee : PAT, PAr2 . PAr,
Knowles J. Am. Chem. Soc., 1975, 97, 2567 (see Rosen) MeO PAr2 F’Ar2 '@ PAr,

Shimizu, H. Acc. Chem. Me
Res., 2007, 40, 1385 Me, Duphos (R)-Segphos (R)-SDP
'V'e'N\ All three are extrememly good ligands for asymmetric reactions
Oe 1) Cj|°d ) OO : wherein a hydride is added to an olefin and sometimes carbonyl
PPh, )’H}H - PPh 10.4 million tons of various aldehydes are produced annually by
PPh, 2) NaB(CeHe)s: PPh, hydroformylation reactions. Industry only uses Rh and Co.
OO 6 54 Base hydroformylation reactivity: Rh>>Co>Ir, Ru>Os>Pt>Pd>Fe>Ni
recrystallize : o CO o, CO
3) LiAIH : 2 2
HAT, (R)-Binap i M CoH o Me ANF e M CoH
1) (S,S,)-DBTA; : YR JlCol-
Oe crystallize Oe ; PRj3: increase activity, PR3: decrease activity,
P(O)Ph,  2)NaOH - PPh, i ivi increase selectivity

: increase selectivity _
P(O)th 3) C|38|H, Et3N PPhZ E (@);P RL(J.P;CPh.?én)Ie Franke, R. Chem. ReV.,
OO DTBA = Dibenzoyl tartaric acid OO E NaOsS 2012, 712, 5675
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P Ph — Ph, Ph Ph. Ph )
‘P'\ /H - \Ni,H
Ni / /I; Ni
o o’ >7 Y ?7 W_
f slow
n+2
R = AIk(CG C18)
Ph. Ph Ph, Ph Ph, ,Ph
\ .
Ni-Et ——— Ni< Ni
/l; /l; >7 slow g7~ :}
M?.tt. D. .L??!t.Qf.'Ifész.S...29.0.7..?.1.5. 528 . AL Mevn io
I\l/le li-Pr @
o-Tol{__N._,o0-Tol Ph_ /N\P'Ph
o-Tol” \C{ Yo-Tol PH \ / SAr
(1 (I)
1-hexene =& —» 1-octene
trimerization tetramerization
Ar=2-EtC6H4

> 60% octene
98% 1-octene

> 90% hexene
99.7% 1-hexene
324,110 g/(g Cr)h

Chem. Comm. 2005, 620
ACS Catal., 2015, 5, 4152

®
L\C/L _ O
t
N7 -
T/—A MeW l
L ® L\
Cr~ —f
L/ /H L/Cr

159,300 g/(g Cr)h' hindrance

. previously, stoichiometric

C
metal required forn =7 P
MeCN‘RU\ P

t'BU‘Q’W/ Ni-Pr

n=7,5 mol% cat.
97% vyield, 4h

n = 28, 30 mol% cat.
81% vyield, 3d

o]
Me”(\’)JnL Me

OH

MMe

acetone, 70 °C

: Grotjahn, D. B. J. Am. Chem Soc., 2007, 129, 9592

P M Ru----l_ Me CHO | Me
E H\/ 2O~y m°|% 99% PPN mie
: HZO Acetone ° L
: Grotjahn, D. B. J. Am. Chem. Soc., 2004, 126,12232 ... .............
: Tang, W. Chem. Eur. J., 2013, 19, 2261
: Tang, W. Angew. Chem., Int. Ed. 2015, 54, 3792
: i-Pr = (X-Phos)
: Br 1 mol% Pd(OAc),
V- - o
E/ Pr i-Pr 2 mol A) PP i Pr P;RR
5 i-Pr- I-Pr Ar
E -Pr j P : L1
: i-P i-Pr ! R=Cy
i Record steric i-Pr : i Ar=TRIP

) L2 =48% @)

I-Pr :

NaOt-Bu, 130°c ~ L1=<10% ; p>
t—Bu
Me_Me

Br L2 Ar = 2,60MePh

1 mol% Pd(0)

2 mol% -Bu
B mF'”t-BU
(OH)2 \(\)
tBU L3

K3PO4, Yoo °CL1<10%, L3 92%
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+ Buchwald, S. L. J. Am. Chem. Soc., 2015, 137, 13433
Ph Br Br : OMe
5% PdCl, 5% PdCl, : 4% Pd/L Ad
LiBr, PhMgBr LiBr, PhMgBr : N/ cl room tem i-Pr. i-Pr
OTf OTf Ph ; P 4%
Oe X=Broo F'>/\I|3Ph : oTf 2% Pd/L Ar
OMe 2 2 : CsF 98% -Pr
PPh, § — ° L
OO 5 OPh  90°C OPh A= 4-n-BuCLF,
Hayashi, T. Tetrahedron Lett. 1997, 38, 7087 : FsC
------------------------------------------------------------------ e £ 5 mol% LAUC o O Ad
Me 50 ppm Pd(OAc), Me y 10 mol% NaBAr4 P<ag
Br 50 ppmL NHootyl =X ~PtBu; © 77 PRCF>, 60 °C, 8n_ /—/;(;/ MeO
—_— o Fe PCY2 ' Ph 3
NHsoctyl 99% | L : Me
NaOt-Bu, DME = ; L I\Q/
100 °C, 48 h :
"I-.lgft.vyi.q,.:J;.lf..:l. Am. Chem. Soc. 2008, 130,6586 + Zhang, L. J. Am. Chem. Soc., 2014, 136, 8887 Me
Ph 0008%Pd 0.01% Pd A T N R
0.005% L1 “NH 0.01% L2  Me.,.Ph
PhBr PhCI \ e
-—— © y PCyZ Me
R Me R H ® ©
Me = Me : 1.5 mol% Pd 1 mol% Pd
99% Me R 98% ! - Me — Ma
0.2% Pd R 4. NH206H4 i OMe \=<( S PIMN\=( OMe
0.2% L1 Cy ' 67% 98:2 Me Me  81% 99:1
o) /’ .
0.2% L2 3 To|Br + PhCl P~Cy: .......... Buchwald, S. L. J. Am. Chem. Soc., 2013, 135, 10842 ______.........
/-Pr i- Pr 3-tol 3.t0l i-PrO Oi-Pr: OBoc 2-5mol% 449 O
OOE T A ek s (T
L1 : 10 mol% L ZN O. I
' —_—— Z -
i-Pr BrettPhOS 98% L2’ RuPhos . Q 30 [° H PN
: N mol%
Reaction conditions: NaOt-Bu, Dioxane, 110 °C, 24h :
Buchwald, S. L. J. Am. Chem. Soc., 2010, 132, 15914

_ O
N citric acid @A/ L O
) Carreira, E. M. J. Am. Chem. Soc., 2015, 137, 5296
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Pincer Ligands

O

R2 P_l r_P R2

M

RZP—Ir PR2

O

100 °C, TOF = 20.5 TON/h
150 °C, TOF = 82 TON/h

Sawamura, M. J. Am. Chem. Soc., 2009, 131, 5058

: O

: 0.5 mol% |
: ©)LNMe2 O5molelr
: 50 °C, 3h

Me/\ﬁM : Smith, M.R.III, J. Am. Chem. Soc., 2014, 136, 14345

: @)

: 2.5mol% Ir
NMe;, ——— 3

: 80 °C, 16h

Q

y

NMGz
Bpin 79 %

NMe TO|)2 SI(I-PI'
Bpin 75% @

200 °C, TOF =12 TON/MIN i oo M. Nature Chemistry, 2015, 7, 712 t-Bu
v > No loss of activity @ 200°C : 0 N
-2 for 1 week of reaction ; 3.0 mol% Ir Z
R = i-Pr, TOF = 97 TON/h ©)L NMe, 2550 1on L] NMe;
R = t-Bu, TOF = 11 TON/h , Bpif<H 76% N% I
Crabtree, TOF = 1.41 TON/h m'p ~ 21 XNy
0
(o)
_ Alk + Alk NMe 3.0 mol% Ir NMe B
e -~ : 25 °C, 16h 48% mono
RoP—Ir—PR> + Ak R,P—Ir—PR, - Alk RZP—Ir—PRQ: 22% di
H { Bpin  mip~ A7:1 N~
H P I
L| P. J. Am. Chem. Soc., 2015, 137, 8058 H N
t-Bu Alk : Smith J. Am. Chem. Soc., 2013, 135, 7572 Cy’N N
“Hy || +H2 MeZN 2 mol% Ir Bpin 77’
92 mol% L1: 93
100 °C, 8h L2: 49
NM e
- ZNtBu Aak KA Y O
T~ R,P—I HPR .
— Ro,P—Ir—PR P—Ir<= 2: Key Ir(lll) -=> Ir(V) O.A. in borylation
R2P |r PR2 2 2 _ /
N ||4 2 NLBUY d Y Ak N\ . o h
. r
Mo Alk L " WX Ar-H Ll"'\l r/““ X
. 09 | (W —> "
me Me |_/| L/)|<\X

Kaska, W. C., Jensen, C. M. Chem. Commun. 1996, 2083
Goldman, A. S. Chem. Commun. 1999, 655
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Yu, J.-Q. Angew. (13’7‘9’"- ’I’Zf- ’T_:‘j’- 202’ 55,785 OMe ' Noyori J. Am. Chem. Soc., 1995, 117, 10417
o) 0 n;% QO&(IO_ C)2 (@) X CA _0 0.2 mol% OH
NN\ NN
NHAr- > nHare ML L ive RUCL(PPhy)y, H,  Me
0,, MeCN, 80 °C MeO ‘B -
KZI,-|CO ACOH Bpin L ; ~rA/rB = 1,500 w/diamine Me AN Me
3 70% dr 1:1 :Me rB/rA = 250 without
Pd(OAc CF ; Ph H
CFs (OAC) 3 air, 1% Pd: 78% ' o OO L_Ph Gl 2
Ac-lle-OH CO-H ; /s P\ |/N Ph
COH ——— 2"70,, 0.2% Pd: 83%: Ru
ethyl acrylate — : + ‘k P\/ |\ »
[0], 90 °C O~ 5 [H] I pn &N
YU JoQ. A Chen. S06..2010, 18214137 oo : [H]90% ee H>
— @ 2 O e
Me OH F3C—@—<\ Me =0 Fujita, K. Yamaguchi, R. J. Am. Chem. Soc., 2012, 134, 3643—-3646
2 N N™"r “ + Fujita, K. Yamaguchi, R. Angew. Chem. Int. Ed. 2012, 51, 12790
Pd(MeCN),(OTs), 44% : OH o)
0 93.6d :
\ %ee CuoTh, oPh rE J@)\ Me _Cat.2(1mol%) /©)LMe
Me OTBS O,, Ph-B(OH), Me OTBS 0 H,0, Reflux O
...... Sigman, M. .?..N?.t‘.’f?.z.?l“..?95.349.?4.4..............................E Me Catalyst recycled 10X  Me
: First run = 98%
: OH 10th run = 94% 0O
- . Cat. 1
 : ©)\Me o ©)LMe
: Tol or Xyl,
Ar : Reflux
: R =H, TON =47,500
= MAO, Chlorobenzene : R =Me, TON = 275,000
Ar = 4-CF3-CgHg /_ 77% Linear . Suggested as a
.Daugulis, O, Coates, G. W. J. Am. Chem. Soc., 2014, 136, .7..2.1.3.. hydrogen storage Me Me 2+] 0T
. prototype Me Me MeﬁMe
Noyori, J. Am. Chem. Soc., 1995, 117, 2675 : ﬁ’
O OH :';' : Me— | ~Me Me™ | ~Me
TS IPA -> Acetone 0

0, : ‘\\\|I’ )
Me 0.2% Ru Me R Uz Ph: > 95% conversion N | OHy =N | OH,
y Cl Nu-z_ . 1.5% talvst I _ N (@) ~ N OH
KOH, IPA, RT 95% yield H oo cEys <

: 1 Z
97% ee 2 . Cycled 8x Cat. 1 Cat. 2
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Williams, T. J. Chem. Rev., 2010, 110, 2294
Shvo, Y. Tetrahedron Lett. 1981, 22, 1541

0.67 mol% RU3CO12

+ Grubbs, R. H. J. Am. Chem. Soc., 2012, 134, 693
(@) : Hoveyda, A. H. J. Am. Chem. Soc., 2013, 135, 10258
: (See Eastman, 2007)

Ph—=—Ph : PCy, NON-Mes ~ Mes~ N N-Mes
Acetone, 145 °C 0. 0 : C|,,,"||? 'luu,l I wS
. : 'Ru=\ ——Ru= =RuU;
O ROH Ph4ﬂ/ H \%Pm; c” F|>C Ph @O/CI) O/ s—@
RusCOy, — > Ru, Ru, ; ys O jpf Yi-Pr
Ru(CO), oct 1 H™ {"co
oC CO Grubbs | Grubbs Z Hoveyda Z
(O\~H O H catalyst
rat K1) ~ s
\\\Ru\ Il\R «~Ru R
oc" | U ocVIA\H, R T T PP P R P P PP PP PP EP PP EPRPRPPS
OoC oC + Nozaki, K. Angew. Chem. Int. Ed. Early View
1) FeCOs TMS ALY
— TMS 2) NaOH OH = Me
= TMs 3) HgPO, oc® | H Y Ar
............................................................... OC O”\‘”\Ph Ar
: EE
. 3 (o] . .
3mol% Rh(l) A ij B: L1 97% oo | N Ar = 3,5-i-+BuCgHy M
0 i .
3.3 mol% diene “bh B: L2, 96% ee 5 Mn = 84kg/mol n
50 mol% KOH S T A P L L LT L LI E R LR PR
j\% Dioxarr?ec;H/oO (10-1) B/[U 7 BN Mukai, C. Angew. Chem. Int. Ed. 2015, 54, 818
Me R ZmT Me Ph B |5 : Ph
Me 1) Me,AICI, 0 °C Py Me B MeO,C A
MeO,C A
Me 2) MeLi Me 7200 L2 15 m'gé&1 AB

Hayashi, T. J. Am. Chem. Soc., 2003, 125, 1508
Hayashi, T. Rawal, V. Org. Lett., 2008, 10, 4387

over 2 steps

|v|e02c:><j'/§ o
MeOZC



