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Olefin Metathesis

A valuable Synthetic Tool for The Construction of Carbon-Carbon Bonds

The Nobel Prize in
Chemistry 2005

Photo: U. Montan Photo: R. Paz Pl

hoto: L.B. Hetherington

Yves Chauvin Robert H. Grubbs Richard R. Schroé_lk

The Nobel Prize in Chemistry 2005 was awarded jointly to Yves Chauvin,

Robert H. Grubbs and Richard R. Schrock “for the development of the
metathesis method in organic synthesis”". 3
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. A variety of olefin metathesis reactions.
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Grubbs, R. H. et al., Acc. Chem. Res. 2001, 34, 18.



Yves Chauvin

He was born on October 10, 1930 in Menin.
He joined Institut Francais du Pétrole in 1960.
Motto

}4 A “If you want to find something new, look for something new!”

« Dimersol Process (nickel-based catalyst): for gasoline

v' Dimerization of propylene into isohexenes: additive in gasoline as octane number
booster.

v" One of the first examples of application of homogeneous catalysts in refining
« Dimersol Process: for chemistry

v' Dimerizing n-butenes to isooctenes

v Isooctenes are used as starting material for PVC plasticizer

« Alphabutol process (titanium based catalyst)

v’ Dimerization of ethylene into 1-butene

v" 1-butene is used as comonomer for polyethylene manufacture

« Difasol Process (improved Dimersol Process)



Non-Pair-Wise Mechanism

Heterogeneous catalysis...

M(CO)g/Al,O5 (M = Mo, W)
2 N sl N T
90 °C-315 °C
Propylene Ethylene 2-Butene
(trans + cis)

R. L. Banks, G. C. Bailey (Phillips Petroleum Co.)
I. & E. C. Product Research and Development

1964, 3 170.173.

Homogeneous catalysis

MoClI/AlEt, ,.-(\=/\/\)=/~.~
/ n

G. Natta Angew. Chem. Int. Ed. Engl. 1964, 3, 723

Metallocarbene

'7O—CH3
E. O. Fischer

Wir glauben daher fur W(CO)s(COCH,)(CH,)
eine Struktur folgender Art annehmen zu durfen.

(CO)s W=C_
CH, Angew. Chem. 1964, 76, 645

a new metal-carbon bond

1964:
a magic year...

)

MECHANISM
Olefin metathesis is a chain reaction

Overall reaction

A B X
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Carbene mechanism

Chauvin,Y. et al. Makromol. Chem. 19715141, 161.

Chauvin,Y. Angew. Chem. Int. Ed. 2006, 45, 3740.




Consideration of the Mechanism of the Olefin
Metathesis Reaction

Calculated by an iterative procedure using the following equations:

D D\ /D
D C I EQ, E2, E4 = ethylene ratios produced
—=
¥ p ™ —M—] RO, R2, R4 = metal-ethylene complex ratios at start
ﬂ C
D D/ \D Z0, Z2, Z4 = metal—-ethylene complex ratios produced
D\ /D D\ /D A0, A4 = 1,7-octadiene ratio
G o ¢ E0 = RO(A0 + BA4) + R240B
_M_(Q *— “—M_cll A4 + D+ R2( ) 4+ A0
/ E2 = B+ R0+ A4 + D+ R2(A0 + A4) + B+ R4»
I | D/ N H(lf (‘3 H/ \H
: / \ E4 = C+R2+ A4 + R4(A4 + B+ AQ)
k”l D Dk Z0 = AO(RO + D+ R2 + B+ R4)
* Z2 = AO(C +R2 + B+R4) + A4(B+ RO + C+ R2)
D
/ Z4 = A4(B+ RO + D+R2 + R4)
Yo T C.D ¥ —H * CHD: The 8, C, and D factors represent the probabilities of the combination
- .\H of the A and R factor producing the desired £ or Z under.consideration.

The Z values became the R factors for the next iteration. After approxi-
mately 20-30 iterations the calculated ratios become constant and are
independent of the assumed starting ratios. Very large isotope effects
have a small effect on the calculated values. Only those equilibration
steps indicated in the scheme were allowed.

Grubbs, R. H. et al., J. Am. Chem. Soc. 1975, 97, 3265.



Pair-Wise Mechanism

“Olefin Metathesis™ was coined in this paper

s WRONG TURNS
WCI¢/EtOH/ELAICI,=5:5:2 ” Unusual intermediates proposed initially have
e T AN 2 : )
> . Since been rejected
AN~ 1
A B
Transalkylation ="M \""/
R,—CH=CH--R ——= Ry—CH—CH R h /- =
1 - E 2_ ~ ™ - | |2 C/;D C |\II|
Ry—~TCH=CH—R; R, CH=CH—R,
Transalkvllidenaiton &t’::_z]beu;;::
Ri—CHS=CH—R,; — Ry—CH CH—R; _ -
- —~— I 1
Ri—CH==CH—R, Ri—CH CH—R, A B & 3 A 5
: \— +M -M
Calderon, N. et al. Tetrahedron Lett. 1967, 34, 3327 . = || + |
¢ b ¢
C D
“Pairwise” mechanism Tetramethylene
complex
A B c A
Transalkylidenation A ® +M M A
- “T* “?" = + ——— C M - D M T J + E
ire ;rl- /; C D
¢ ({;\ /& ; c D - -
Ck T T jC Rearranging metallacyclopentane
C == {C, '  «=> N —— P yclop
c\{ o O C C Lo

Chauvin,Y. Angew. Chem. Int. Ed. 2006, 45, 3740.



Evidence for Chauvin’s Mechanism

Co-reaction of cyclopentene with 2-pentene

homogeneous R! R! R2
R’ W catalyst —/ =/ =/ _ —
Q- = CCECErmeas
cyclopentene 2-pentene C
@ P 10 Cg Cn

2 . 1 : 1 (Statistical distribution)
Chauvin,Y. et al. Makromol. Chem. 1971, 141, 161. Chauvin,Y. Angew. Chem. Int. Ed. 2006, 45, 3740.

2LiCH,CMes tBuCH, H
[Ta(CH,CMe;);Cl;] > \
-CMe, tBuCHz““‘/" a
tBuCH, tBu

The first stable transition metal M=CHR species.
Schrock, R. R., J. Am. Chem. Soc. 1974, 96, 6796.

BDs Predicted Ratio
Chauvin Pair-wise
“CDz2  metathesis D,C=CD, 1 1
- catalyst *
/CH2 .- H2C:CD2 2 O '1 6
+
QCHQ H,C=CH, 1 1

Scheme 1. Ring-closing metathesis of 1,7-octadiene.
Grubbs, R. H. et al., J. Am. Chem. Soc. 1975, 97, 3265. Grubbs, R. H. et al., Acc. Chem. Res. 2001 34, 18.
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Ruthenium(Ill) Salt for ROMP
At that time...

Oxophilic alkylidene ROMP catalyst Heteroatoms

In an effort to further the development of the polymerization of heterocyclic monomers...

0
OR Auc . ©
7-0xa-norbornene 4 OR — —3.887C N
derivative GatlaGl. CHsGHaOH Yield : 95%>
R=H, I RO OR m.w. : 1 x 105

R =CHs. I1 in dry organic solvents
RuCl;(hydrate) and OsCl,(hydrate) were successful.
Grubbs, R. H. et al., J. Am. Chem. Soc., 1988, 110, 960.

Lengthy initiation period (on the order of hours to days) limited their usefulness.
(Once initiated, the polymerization proceeded at a very high rate.)

—~ 7 1[I was used as a monomer.

v Water dramatically decreased the initiation period. (yield was nearly quantitative)
22-24 h/organic solvents—30-35 min/ageous solution
v" The used aqueous Ru solution was recyclable and became more active.
37.5min—10-12s

Grubbs, R. H. et al., J. Am. Chem. Soc. 1988, 110, 7452.



Ruthenium( I ) Complex for ROMP

first recycled
Ru(H,0)4(tos), was far more active. (initiation time: 50-55 s—10-12 s)

0O

OMe  gu(H,016(t08),
f
\ OMe Hao

II

2+

0]
0] = OMe
MeO OM

e I
(n—1)equiv

v" The active solution from Ru3* salts (RuCl;, K,RuCl;) showed the identical olefin resonances
of adduct III.

v Ru®* does not form stable olefin complexes.
v" Ru** (as Ru Red) and Ru?* olefin complex are formed when I was polymerized by

Ru(NH;)s(H,0)%".
Proposed Mechanism
Ru®*-Olefin Complex ———— Ru?*'Olefin Complex + Ru** spieces (trapped by Ru®*)

Grubbs, R. H. et al., J. Am. Chem. Soc. 1988, 110, 7452.
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ROMP by a Ruthenium Carbene Complex in Protic Media

Ph
PPh
cl, | pen,  PRER P"a
’ o 3 i CHzC|2JCGH5 C'm
+ >_\ + 2 PPhy (1)

f' -
o [ PPh 53°C. 11 h ar ]
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QC26 €25 y o .
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32 C27 c19
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0 W vz C17 ’ cn = o " ;@ T (Phap)acbﬁuw
€0 28 8- 5 c1 H' Ph
@ Ru' AC1 silelap, 815

N y D H
7YY
S0 ey ' C2 Yy C3 (PhaP),ClaRu y e [T QO °
oA C28° [Prr YOI c4 m
S ' Cgp n
031' g.ci6’ 55 ~ P s 0 H Ph
€32 cas” 0, A ,:l p "‘ 0
"l. C19' ;; ‘ S S, M H D H

\./ ‘, O dcp L7
c27’ P, ™ Ph
. @ \
D c24 |C20 (PhsP)2ClaRu [ Zh ~
FC2e g c2s H D H Ph

Figure 1. ORTEP diagram of 1. The thermal ellipsoids are drawn at the
50% probability level.

v' Complex 1 was stable under inert atmosphere and several minutes in air.
v" 1 was also stable for several days in C,Cl,/C4H, in the presence of

water, alcohol, or a diethyl ether solution of HCI. Functional-Group
v" 1 did not undergo Wittig-type reactions with either ketone or an aldehyde. Tolerance
14

Grubbs, R. H. et al., J. Am. Chem. Soc. 1992, 114, 3974.



ROMP by a Ruthenium Carbene Complex in Protic Media

OMe
OC""..l\r.»“CO g WCH;3 high oxidation state

low oxidation state

late transition metal C/Vlv\ co Ta\\CH early transition metal
m-accepter ligands co % 2 nucleophilic
electrophilic w(l), d*, 18e Ta(V), d°, 18e
Fischer carbene complex Schrock carbene complex
Ph;P
\ H
cl Ph
u
c17y :S=<
Ph;P
H Ph

4 *x BALBUIE DA%
Ru(lV), d%, 16e AETFHREKRERLLIEE
Ruthenaolefin

“Typically, high oxidation state metallaolefins are called alkylidene complexes while low

oxidation state analogues are referred to as carbene complexes. The new complex described here

does not show all of the characteristics of either of these two classes of complexes.”

Grubbs, R. H. et al., J. Am. Chem. Soc. 1992, 114, 3974.



Figure 18. Schematic representations of (a) donor—
acceptor bonding in Fischer carbene complexes and (b)
covalent bonding in Schrock carbene complexes.

Fischer complexes are generally formed with a low-
valent metal fragment and a carbene bearing at least
a m-donor group, whereas Schrock complexes are
usually formed with metals in a high oxidation state
and carbene ligands bearing alkyl substituents.

16
Chem. Rev. 2000, 100, 39
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1/28% 1/28*

A
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Z—C—Z = Z=C==
1/28°  1/28

Pr
Z
& R
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G
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X
- 8" &

X—C—2Z =~ X=—=C==Z

X: n-electron-donating substituents; Z: n-electron-withdrawing substituents

17

Chem. Rev. 2000, 100, 39



Ph
PPh,
clf.,,é =°/_<ph
¥]
c” |
PPh,

New Catalysts with high metathesis activity

_\F'h
PRy .—oei
C‘.Ie..,"q 3 & LY
U P
i | "
PR,
+ 2PRy =™ .
CH.Clz, RT Ph
PRy e
RaPﬁ,l l 2 ..-"-‘ ‘
/HU-:' Ph
cl” !
Cl
2a: A=Cy
2b: R = FPr

0
cone angle 4
M

. 9 p P(i-Pr)3

2

+ 2 PPhy trans:cis=78:16 (2a)
(1) 67:20 (2b)
2a and 2b were moderately stable to air (=1)

Ligand Cone Angle Metathesis of
cis-2-penten
PPh, 145 ° not active
160 ° active electron-rich
165 ° not active
PCy, 170 ° active electron-rich

Table . Turnover Numbers!® and Conditions for the Metathesis of cis-2-Pentene Catalyzed by 2a and 2b

entry catalyst solvent and catalyst concentration turnover number!$ (equiv/h)
1 (Cy3P)2Cl1;Ru=CHCH=CPh, (2a) 6.06 mM in CgD¢? 26
2 (CyiP)2Cl,Ru=CHCH==CPh; (2a) 6.06 mM in THF-dy? 11
3 (CyiP),Cl,Ru=CHCH==CPh;, (2a) 6.06 mM in CD,Cl,% 103
4 (Cy3P)2Cl:Ru=CHCH==CPh; (2a) 5.19 mM in (0.29:1) CD3;0D/CD,Cly? 67
5 [(i-Pr)3P]2Cl.Ru=CHCH=CPh;, (2b)

6.06 mM in C¢D¢?

@ Conditions: 0.5 mL of solution, 100 equiv of cis-2-pentene, room temperature. The reaction is carried out in an NMR tube with mesitylene as
an internal standard. # Conditions: 0.59 mL of solution, 100 equiv of cis-2-pentene, room temperature. The turnover number is obtained by monitoring

the first part of the cis-2-pentene metathesis reaction where the rate of metathesis is approximately pseudo-first-order; it is taken as the point at which
40% of the initial cis-2-pentene is consumed.

the first metathesis of acyclic olefin with well-defined Ru carbene complexes

Grubbs, R. H. et al., J. Am. Chem. Soc. 1993, 115, 9858.



Application to RCM

Table I. Catalytic Ring-Closing Metathesis of Dienes (2—4 mol % 1,
CgHg, 20 °C)

time yield
entry substrate product (k) (%)
0 o
1 X=CFs _‘\__/\NJ\X NJ\X 193
2 Ot-Bu @ 1 91
/
/
i /:\>
3 \/\N/Uﬁ‘/“‘\/\ CNj\n/N 189
//——-/ O \ O
I A
: n=0 ANJ\(CHzln P SN NCH, 2 ?3
1
6 2 R Z 40 81

PCYa
Clmpy— o
cl X—<
pr:g Ph

v" insensitivity to atmospheric oxygen and moisture
v" functional-group tolerance

x X 2 mol% 1 X
20°C,1h @
— '

X = COH 87%
CH,OH 88%
CHO 82%
Cl
PhCH2\+ G
4 mol% 1 NaOH N
. - ( 7 (3)
20 °C —
/ \ 36h
CH,Cl, 79%
Boc Boc
2 ITIOI % 1 N
(4)
20 °C _
/ \ air
88-93%

solvents: reagent-grade, undistilled
CeHs. CHzC'g. THF, -BuOH

19

Grubbs, R. H. et al., J. Am. Chem. Soc. 1993, 115, 9856.



First-Generation Grubbs Catalyst

[RUC‘Q(PPha)a]
PPh le\ CHCla Mo PPh
: ~78°C 3
CI%"F! —C/ H ~H P-CeHaX HAR N CI"""-- HIU"—C/H
a1 @\ B —PPhg, -N, T oo T Mg
PPh, X PPhg
X =H 3 R =Me 5
Cl 4 Et 6
CHzClz TCYS
ca.20°C 2 PCy Cl., H
- Ru=c”
-2 PPh, cI \©\
PCY3 X
X =H 7 crystal structure of 8
cl 8

Scheme 1. Synthesis of alkylidene complexes from diazoalkanes and subsequent phosphane

exchange. Cy = cyclohexyl.
Ph

Ph
v' 3-6 decomposed in solution(3 and 4 faster than 5 and 6) in several hours. Clm.,_i =°/=<ph

v However, 3-6 were efficient catalysts of living ROMP. ci” iu
(The initiation rate for 3 is about 1000 times greater than for 1). "hs 1
v' 7 and 8 were air-stable. -

Grubbs, R. H. et al., Angew. Chem. Int. Ed. 1995, 34, 2039.



Isolable Methylidene Complex

9 was the first isolable methylidene complex
which is an active metathesis catalyst.

PCy,
Cla,, | H  thermodynamic product
o Rf”= ~
PCys
g 20 h
quantitative
~|*+ C2H,4
- PhCH=CH;
PCy, PCy,
L.
qoRmo=0l) S 1 S Sme=ol, kinetc produc
PCy, PCy,
13 +H,C=CH-CH=CH; Rk _ Me 10
— PhCH=CH, Bt 11
PC
Clu,_ | " H>C=C:H
o R|u=C\H H
PCys
12

Scheme 2. Methathesis of acyclic alkenes with 7 as catalyst.

Grubbs, R. H. et al., Angew. Chem. Int. Ed. 1995, 34, 2039.
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EtOzC aCOZEt

S
RSP

3

Table 1.

[Ru] Catalyst

EtO.C

CD,Cl,

2a: PR3=PCyj, X=Cl 4a:
2b: PR3=PCyj;, X=Br 4b
2c: PR3=PCyj;, X=I 4c

PR 3a:

PR3=PCy2F’h, X=CI| 5a:
3b: PR3=PCyoPh, X=Br 5b:
3c: PR3=PCy2Ph, X=I  5¢

Igand Effect on Activity

CO,Et
@ H,C=CH, Inactive
‘ Ph

PR3=P}‘PI’3, X=Cl Phy

. PR3=PPF3, X=Br c"n,__ U= -

. PR3=P’PI’3, X=| Cl’ Ph
PR3=P'PrPh, X=Ci Phy
PRz=PProPh, X=Br 1

Relative Activities of the Catalysts

(PR3),X;Ru=CH—CH=CPh; in the Ring-Closing Metathesis of
Diethyl Diallylmalonate®

catalyst PR; X activity (turnovers/h)?

2a PCy; Cl 19.0
2b Br 15.4
2¢ I 1.4
3a PCy,Ph Cl 8.0
3b Br 4.5
3¢ I c

4a P'Pr; Cl 17.5
4b Br 13.9
4c I 1.1
5a P’Pr>Ph Cl 5.5
5b Br 2.3
Sc I c

X=1<Br<Cl

: PR3=P'PryPh, X=I

v more electron withdrawing

. > v smaller
activity

PR;=PPh; < <P'Pr,Ph<PCy,Ph<PPr,<PCy,
I

activity v more electron-donating

7 Conditions: [diethyl diallylmalonate], = 0.2 M; [catalyst] = 0.010
M; temperature = 20 °C. ®» Turnover numbers were obtained by fitting
data of [product] vs time to a double-exponential expression (see Figure
1) and using the product concentration from the 1-h time point of the
curve fit. © Catalyst showed no activity in the metathesis reaction over

several hours.

Grubbs, R. H. et al.,

v’ larger

23

J. Am. Chem. Soc. 1997, 119, 3887.



(44 ° b 29 (44 bt b b 29
Associative” VS “Dissociative
— = H,C=CHR’
Associative C— %\ ) =
(PR3)2x29u=CHR'+R (PF{a)gleJ!u:CHR'—-» (PR3)oX5Ru . (PR3)2X5R Q
166 18e 16e ) :
' _ ) 16e :
(PRs)QXgL_LIQ (PR3)2X2RU=CH R E
(PRg)sXoRu— <«——— (PRg),X,Ru=CH,
e o ABe L rPRN
16e
16e , !
HQC=CH2/\{ lf\ﬂ
C o=
(PR4)X,Ru
Grubbs, R. H. et al., J. Am. Chem. Soc. 1997, 119, 3887.

R 18e =
? ,
HQC=CH2/\{
[
C H,C=CHR"
Dissociative —
s o D) == O
(PR3)2X5Ru=CHR "+ =—— (PR3)XpRu=CHR" — > (PRg)X;Ru R (PRg)X2R —
Iy ) e 16e
(PR3)X2R + PRy (PR3)2X>Ru=CH,
(PR3)X2Ru=CH, ;



Kinetics

EtO,C,_~CO2Et E10,C,_CO:E!

[Ru Catalyst _ @ «  HC=CH
2 & CD,Cl,

pr,P CVST'
r3 | CI “\CI
Ri— Ph A= CH2
(a) CI/ I — 1 CI PC
0.20 . Ph ys
P'Pr3 4a 6

Kinetics did not exhibit first-order
behavior with respect to diene.

[Diene] (M)
T

0.05— Dashed line: first order fit

0.00 T T | I *
0 50 100 150 200 250 300

Time (min)

Figure 1. (a) Representative plot of diene concentrations vs time for
catalyst 4a. The reaction was carried out with [diene]o = 0.2 M and
[catalyst (4a)] = 0.01 M in CD,Cl, at 20 °C. The filled diamonds are
the data points, and the solid line 1s the double-exponential fit: [diene]-
(1) = Ko + K exp(—Kat) + K5 exp(—Kat). The dashed line 1s the best
tirst-order fit [diene](f) = Ky + K; exp(—Kzf). The constants K, are
generic constants that are calculated by the curve-fitting procedure. (b)

addition of phosphine
(0.25-1.0 equiv)

0.0 | |
0.5
— slower rate
¥ -1.04 .
5 pseudo first order
;" -1.5-
.g“:_: -2.0-
g-z.sa
E'S.O"‘
-3.5-
1 B | | |
0 500 1000 1500 2000

Time (min)

Figure 2. Log plot of diene concentration vs time for the ring-closing
metathesis of diethyl diallylmalonate in the presence of 0.02 M PCy;,
where [Ru]y(6) = 0.02 M and [diene], = 0.2 M. The reactions were
carried out in CD,Cl, at 30 °C. K, and K, are the constants from the
first-order fit [diene](r) = Ky + K, exp(—K1), and K; is the slope of
the line, where the constants K, are generic constants calculated by
the curve-fitting procedure. The boxes are the data points and the line
is the linear fit. Intercept = (6.45 & 7.64) x 107%; slope = (—1.88 &
0.01) x 1073 linear correlation coefficient = 1.00.

25
Grubbs, R. H. et al., J. Am. Chem. Soc. 1997, 119, 3887.



Pseudo-First-Order

Et0,C,_ ~CO2Et

[Ru] Catalyst "

Et0,C, ~CO:Et

/ \ CDzClz

@ + H,C=CH,

In the presence of additional PCy,

6
slope: (2.73 + 0.01) x 107>
5
%‘ 4
5 intercept:
I

.z (5.27 £0.13) x 1074

0 I e L} T Ll l L L] I T 1 B L) l L) Ll LE L I
0 50 100 150 200
1
1/PCys] (M)

Figure 3. Plot of ks vs reciprocal phosphine concentration for the
ring closing metathesis of diethyl diallylmalonate at varying phosphine
concentrations, with [diene], = 0.2 M and [Ru], (6) = 0.02 M. The
reactions were carried out in CD»Cl, at 30 °C. The filled diamonds are
the data points, the solid line 1s the linear fit kos = Ko + K(1/[PCys],
where the constants K, are generic constants calculated by the curve-
fitting procedure, and the dashed line is the extrapolation of the linear
fit to the intercept. Intercept = (5.27 £ 0.13) x 107*; slope = (2.73 £
0.01) x 1077; linear correlation coefficient = 1.00.

kobs = K0 + Kl(ll[PCyB])

6 slope: 0.323 + 0.005

Kee (x10° min™)

2 - Intercept:
14 ..~ (242 +0.72) x 10~*
0 ' 1 ] T L I T T L L] I Ll L] L] L] j’ L] L] L] L} I
0 5 10 15 20
[Rul, (x10° M)
Figure 5. Plot of kg, vs catalyst concentration for the ring-closing

metathesis of diethyl diallylmalonate at varying catalyst concentrations
in the presence of 0.005M PCys, with [diene]o = 0.2 M. The reactions
were carried out in CD-Cl, at 30 °C. The filled circles are the data
points, the solid line 1s the linear fit ks = Ko + Ki([Ru]p) where the
constants K, are generic constants calculated by the curve-fitting
procedure, and the dashed line is the extrapolation of the linear fit to
the intercept. Intercept = (2.42 £ 0.72) x 1074; slope = 0.323 £ 0.005;
linear correlation coefficient = 1.00.

kobs = KO’ + Kl’ ([RU]O)
26

Grubbs, R. H. et al., J. Am. Chem. Soc. 1997, 119, 3887.



“Associative” VS “Dissociative”

C . C . C

K1 A Pcyg ka
(PCy3)2CloRu=CH; + ~—— (PCyj3).Cl,Ru=CH, POy (PCy3)Cl,Ru=CHy ——2—» (PCy;
3
6 ¢ 3 : . 29 I
. S dissociative”
pathway ka + PCy,
d[diene
_d T ]:(Pg +B)[Ru]0[diene] (1) "HlO=CH, m v
, [PCy] (PCya)oClR ~ (__) *(PCya)CloRu=CH,
d[diene] 6
T q GILI T AL (2)

By solving the equilibria for the concentrations of [I;] and [I2],
one easily obtains:

[I,] = K,[6][diene] and
Ll [6][dicne]

——=KK
[PCy;]

L1=K S
L= "7 [PCy;)

3)

Substituting eq 3 into eq 2 yields the final rate expression:

d[diene]
dt

KK, .
kS[P?}A] + k4K1)[6][dlene] (4)

By comparing eq 4 with the empirical rate expression in eq 1,
where [6] = [Ru]y, we find that the constants 4 and B are:

A=kKK, and B=kK, (5)

A— “dissociative” pathway
B—*‘associative” pathway

In the absence of excess phosphine,
A/[PCy,] »>B (>90-95%, Figure 3)

“dissociative” pathway >>“associative” pathway

27
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Low Concentration of Active Species

Scheme 4
R
(PCy3);ClRU=CH, + T\ e \_l_: + PC
(PCys)CloRu=CH, 73
Concentration at time t: [Rulo [Diene], X X

x =[PCy,]= 4K, [Ru],[Diene],

Table 2.

Ratios of Rates for Ring-Closing Metathesis with

—~ 57 5 Varying Catalyst Concentrations
E 10— Catalyst Concentratio ! ratio of catalyst concns
"o - (0.010 M)/ (0.015 M)/ (0.020 M)/
x =157 ®:0.005 M (0.005 M) (0.005 M) (0.005 M)
g <:0.010 M _
S -20- _ average’ 1.33 1.61 1.81
A:0.015M 1o® 0.0741 0.111 0.185
.25 . 20? 0.148 0.222 0.370
b O'OZIO M 1 T | 30? 0.222 0.333 0.555
0.05 0.10 0.15 0.20
28
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Stereochemistry of Intermediate

H-P coupling = 0
Cy3P ‘\
CI,,\ «H

..

H-P coupling = 11-12Hz

Ru
Phsp “TX c177 _\©\
A C¥aP cl
(';|(/Ru _ Ph carbene moiety lies in
Ph.P Cl-Ru-ClI plane
3 L. M A T NALl 0 .0 eeeecccccccccccccccccansa
H Ph
carbene moiety lies in H-P coupling =0
P-Ru-P plane CysP, “X
Cl.,\ _ \H
CI’RU_\H
Figure 1. ORTEP diagram of 1. The thermal ellipsoids are drawn at the Cy3P
50% probability level.
carbene moiety should lie in
Cl-Ru-ClI plane
Pathway 1
Ky K2
Cy,P Cy,P v R ~ H.C=
| Ol H o+ =— ol q POy Pl Wk [ o] ~HeC=CH.
PCys S PCy, Cys PCy; + PCys
6 Iy I
Pathway 2
Ky K2
CysP CysP yaP CysP =
|.Cl H += | .Cl 4 - PCys | \CI . k3 | Cl mz
P U=C. . Cl—;F?U::C' —_— C|—/-Ru=c\ —_— Cl'—RU-—CHz _— PRODUCTS
ci H = "W +PCys = H S~ ——
PCy3 - = R PCys R R + PCy3
6 |‘ u
rotation -

Grubbs, R. H. et al., J. Am. Chem. Soc. 1997, 119, 3887.



Stereochemistry of Intermediate

CvSf ol PhMe,P
—Cco | = RU=CH, +
pam=g CHRi—CO0 |
R PCys —— Ru— e
PMesPh
7a: olefin = acrylonitrile ]
by 1 2 dioyangethylens 8 at the second step in RCM....

v" Only cis coordination is possible. (small ring)
v' trans coordination: strain energy

Phab Phop " )

Al H

3 = C+HR&CI . .

o C H% |:> Rotation would be possible.
PPha f PPng

9 45°
degenerate metathesis reaction
Pathway 1 g
H, H
CysP C CysP
yalﬂcl H o+ = 'Jf +Cl_H ‘ufi:lH ”L:E + PCy; |u=C::: H
U=G _—
cl"Ff W -PCys cr" cl"'Fz 2 cn"'ﬂ - = cl""Fi| "H
PC)‘:] F'Cyg PCYa PC?B
6 I lp” 6
Paty 2 Pathway 2 was more likely
Cy4P CysP Cy3F‘ Cy,P CyaP
|,.~C::,.H t=_ g— ﬁl_(-:.lc’H . GH ol ’F{u 5'_?* + PCy, U=G
cl” i *'H - PCy, P *\H 2/ 2 H-Cf"' Cl):r
PCys ; PCys
6 I I, 6

30
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Summary of First Mechanistic Study

Ky Ky rate determining step
CysP R CysP CysP Cy,P ~ H,C=CHR,
F'?ﬁg,\.m, + =/ C|——/F|rt£|\*“ﬁ‘ i T ¥V N S robuCTS
CI,PCV:; A— R”~ PCy, H +PC¥s R Ry A Ry JTCy:
6 h 18e 2 16e 14e
16e
lm
CyaP “associative” pathway can be ignored
—_ — H,C=CHR
CI,LVR, ——_" PRODUCTS
R PCy, T
_dldiene] _ (, KK, .
= (kB—[P Cy3])[6][dlene] (7)
Effect of Ha|ogen3 Effect of Phosphines
v’ trans influence: CI<Br<I v’ cone angle: ol _
Ru-olefin bond strength: CI>Br> | dissociation of phosphine:
K;: CI>Br>| Ky A Kt N KKy ad
v size: CI<Br<li v electr_on donating ability: ¥
steric repulsion(cis halogen): CI<Br<I trans influence: AV
K. CI>Br>1 stabilization of I, and

metallacyclobutane intermediate: /V
Halogen: smaller and more electron withdrawing

Phosphine: larger and more electron donating 31

Grubbs, R. H. et al., J. Am. Chem. Soc. 1997, 119, 3887.



~Toplics~

 Evolution of Ruthenium Catalysts
~from ill-defined catalysts to well-defined catalysts~

v'well-defined Ruthenium catalysts

» Second-Generation Grubbs Catalyst



Herrmann

/ _\ |/N N~ '
!——N N- ] R R
R ~ R 1
»- Cl>Ru=CH-p-C6H4X (1a)
Rl\N N’Rl

1:R'=iPr, X=H

RuCly(PR3),(=CH-p-CHs X 2:R'=Cy,X=H

[ 2(PR3)a( p-CeHy X)) SR-PrX=Cl
R = Ph, Cy

X=H,(

H3C /A Ar
AI‘M/‘N N-—..MCH:;

Y

Cl_
c1 “>Ru=CH-Cg¢H; (1b)
H:C  [—\  Ar

AI'N/N N‘\A‘CH3 Ar- ]\N -
N
- H3C \—/ /\ CH3

Y

(R,R)-3: Ar=Ph
(R,R)-4: Ar = Naph

O i T T -
0 1 2 3 4

t/h —»

Figure 2. ROMP of cyclooctene. NMR-monitored comparison of 1 and a
known ruthenium phosphane catalyst.’¢ 19 7=25°C, 2.50 umol catalyst in
0.50 mL of CD,Cl,; [cyclooctene]/[catalyst] =250/1.

33
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Nolan

anaerobic solution calorimetry showed

[Cp*RuCl]s + 4L — 4Cp*Ru(L)Cl
L=PPr,;, AH=—37.4(0.3)

PCy,: AH=—41.9(0.2)

»

Q:«"\g}
!
H H

[Mes
Ru-L stability (—AH (kcal/mol):

IMes: AH = —62.6(0.2) IMes (15.6) > PCy, (10.5)
PCy, IMes
\CI l .“\CI W PC
RU="" + IMes RuU=" +PCy;
| Yph a1’ 1., Ph
PCy3 Pcy3
1 2: air-stable
PPh; IMes
\\CI H \CI
o at o \H
/Rlu:\ + |IMes —>» le—“‘ + PPh3
PPh; Ph C|/ ||’Ph3 Ph RCM test
3 1020, COaEt Et02C _CO,Et
RCM activity: 3>2=1 ﬁ
thermal stability (60°C): 2>>3>1 i s

34
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Scheme 1
_ NaH
==\, Cl - —
R-N__N-R  lig. NH3/THF  R-N_ N-R
A -40°C, 2 hrs el
5
J - l
PCy; R—N\/N—H
C‘h,.. | Ph s \r
Cl'Ruy - Ci ‘e, Ph
l 0.02 M Ph-CHa C..—
PCys; RT, 1.5 hrs
PCV;;
2

R = CgH»-2,4,6-(CH3)3
3

The complex 3 is less reactive than
the parent 2 at rt for RCM.

Grubbs

Table 1. Results of the RCM with 5 mol% 2 or 3 in 0.05M CD,Cl; at reflux

Entry Substrate Product Time Yield Yield
(min) with 2 (%)?  with 3 (%)°
E E
E E
T X 30 100 100
= S
E = CO2Et
E E

30 82 100

E E tBu
60 N.R. 100

Q.
é

Me E E
90 N.R. 95

\/\o/\/o
6 o j [ j 60 390 55 (45)°
NN 0o o
/

2 Yields represent the conversion to product as determined by 'H NMR. P E:Z = ~1.6:1
¢ Isolated yield in parentesis; E:2~2:1, 35

Grubbs, R. H. et al., Tetrahedron Lett. 1999, 40, 2247.



Second-Generation Grubbs Catalyst

- -®
Mes
N—Mes N o
c
— E )> BF,
N—Mes N
Mes |
7a
H M i Mes_@
_ I
es N
c
— > ) |,
N—Mes N
H \
Mes
L __—

(a): (i) 2,4,6-(CH3)3-CcH,-NH,, acetone/water, (ii)H,, Pd/C, EtOH
(b): 2,4,6-(CH3);-CgH,-Br, Pd,dbas, (+)BINAP, NaO'Bu, Ph-CH3, 100 °C
(c): HC(OEt)3;, NH,BF,4, 120 °C

1. tBuOK
7a THF, minutes

or ——————3» Mes—N N—Mes :
7b 2. complex 2 clI Ph Mes—N_ _N—Mes
60-80 °C “Ru=" Ph
Ph-H or 7 | Cl.,, _/
Cl ‘Ru=
Ph-CH,/THF PCy; o |
5-30 min PCys
9a 9b

air- and water- tolerant

P rQ\ Pr

(CF3),MeCO 1, \k Vo

(CF3)MeCC " 1

PCys
Cls, | ph

Cl'HlI]Z/

PCy
3

Table 1.

Results of Ring—ClosiI'lg Metathesis at 45 °C Utilizing
S mol % of Catalysts 1, 2, and 9a,b

Yield of product (%) using:

Entry Substrate Product Time
1 2 7a 7b
EE E E
1. W 10 min  quant. quant. quant. quant
= RS
E E
E E Me ,
2. /\M 10min  quant. 20 quant. quant
=
10 Me
OH OH
3. /\)\/\ 10min | NP. N.P. quant. quant
= S
E E
E E HBu ,
4, /\M 60 min 37 N.P. quant. quant.
=
" tBu
ANV 0o o
5. o j E _W 60min (157 (39® (35)° (45
/’\/ \/\o () O
_/
E
Me E E E
6. /\W 90 min 52 N.P. 90 87
Me
Me Me
E E
MeE E Me
7. M 24 hrs 93 N.P. 31 55
Me Me
E=CO,Et, 2E:Z=1.6:1, "E:Z=2.0:1 36

Grubbs, R. H. et al., Org. Lett. 1999, 1, 953.



First-Generation Hoveyda-Grubbs Catalyst

Scheme 4
OF-Pr RuCly(PPhg)s
N ; Gl
=2 CHQC'Q, -78 C Me ‘_:‘
16 (90%) O—ITu—PPhs
Me C‘I cl Me CQCI Ho
Me O—F'{u-PF’hs PCys (2 equiv) Me O—Fliu—PCys - _ 13
H - H inactive
a CH,Cl, e
17 (75%) 8

» Excellent stability to air and moisture
» High recyclability

A
CysP—Ru—PCy, Me Clg
. \s
Kinetic Study oh H,, 1 Me™ "O—Hu-PCYs
Complex 8 shows Ha y POy

. e el s a .wCl
v ca. 30 times slower initiation 8 5 mol % “Rus=c
(less facile dissociation of the smaller ligand) —
v" 4 times faster propagation CDCly, 22°C, 1h

: . : 30 31
(without rate-retarding excess phosphine)
Hoveyda, A. H. et al., J. Am. Chem. Soc. 1999, 121, 791.



First-Generation Hoveyda-Grubbs Catalyst

N\ Z 1. Initiation
)M\e C‘l cl OTBS C" cl
Me” ~O—Ru-PCyj, 18 |-=Ru-PCys,
| = l Z::LH
He ~ T I1BSO H, OTBS

8 Me 28 19

-
-

M @]
’ i J‘ CQCA
Cl g 18 — s
\: .——Ru-PCy
) 6 Ru-PCy, \j /@\ 3
> TBSO

Hy

3. Termination 29 28

J 2. Propagation |
19

Hoveyda, A. H. et al., J. Am. Chem. Soc. 1999, 121, 791.



Second-Generation Hoveyda-Grubbs Catalyst

Me
Me Me
A LN 1.0 equiv CuCl /lM\e =/ N
CygF’-Ru—(j > Me O——F‘U—<j
J o CH,Cl, N
PR o Me 40°C,1h
Me
3 Me)\o |
Me
g
PCYg
Clug,— IHMesCl / KOBu__
C]’k\ THF / toluene
o 80°C, 1h

Me

Me

Hoveyda, A. H. et al., J. Am. Chem. Soc. 2000, 122, 8168.
Publication Date: August 12, 2000

PCy3 t, 2h
I - ———— CI’ /
Ru 75% "Ru"_'

o (overall Cl¥
Mes—N N-Mes yield) Mes—N~ N—-Mes
—/
Received: September 8, 2000 39
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Second-Generation Hoveyda-Grubbs Catalyst

Table 2. Ring-Closing Metathesis of Acyclic Dienes by Ru @ Conditions: 5 mol % 5 for entries 1 and 3—7, 1 mol % 5 for entry
Complex 5° 2, 22 °C, CHxCl, (entries 1—5); 24 h at 22 °C and 20 h at 40 °C,
e - CH,Cl, for entry 6; toluene, 80 °C for entry 7. ? Isolated yields after
entry  substrate product time  conv (%) y?;cl)d ‘(’;) b recii:;s(%) tsilica gel chromatography.
\ Me\/ ’=(Mr . . - . .
S ey o e [ s  Complex 5 showed S|r.n|-lar reactivity with
;% g Me Complex 3(high reactivity) in RCM.
.
S A T e momn s 87 98 Hoveyda, A. H. et al., J. Am. Chem. Soc. 2000, 122, 8168.
g M 10
OH OH
Me Me Me ¢ Cl [\ PCys
3 2h >98 75 95 %) . Mes—N_ _N—-Mes C!u,Hlu_
11 [ 12 15% with Complex 1 Me™ 0 Ff“ Y3 CI:,\r Ph o\ 0\|/
IRU_./
OAc OAc cl” | Mes—N  N—-Mes
Me Me 1 PCy _/
4 15h  >98 82 >98 3 3 5
13 | 14
= Me _ Me O O
5 II o ah  >98 98 95 Q Q9 3eq Z“CN o
‘rl\"s © ¥s OM - O
15 T 1 ’ 5 mol-% 3 (0%) |
e
N 5 mol-% 5 (33%)
6 Me L 44 h 42 a8 81 CN
17 18 5 seems to be a promising catalyst
Ve e Me | especially for CM.
7 N o 30min 70 65 60
o
" o 20 Blechert, S. et al., Tetrahedron. Lett. 2000,°41, 9973.




~Toplics~

 Evolution of Ruthenium Catalysts
~from ill-defined catalysts to well-defined catalysts~

v'well-defined Ruthenium catalysts

» Mechanistic Study(2001)



14-Electron, Mono-Phosphine Intermediate

Decomposition of (PCy3).Cl,Ru=CHCH,CH3

O-DZSl The rate of decomposition slowed significantly
0.023 : )
e m . . In the presence of excess phosphine.
014 & . .

= 0.019 - .
- ' a
g 00171 . .
S 0.015 -
§ 00131 X N * . Scheme 2. Proposed Pathway for Alkylidene
8 0011 - X A o . Decomposition

0.009 X & A * CysP K Cl

A . R
0.0071 X & a RG=CHR RG=CHR + PCys
0.005 T ‘ - . , ; - , CI/ | CllFl)C
0 500 1000 1500 2000 2500 3000 3500 4000 PCys ¥
time / min
Cl .
| m0.018M PCy3 initial #0.009M PCy3 initial & 0.004M PCy3 initial X no added PCy3 | > RU=CHR RHC=CHR + Inorganic Products
‘|

Figure 1. Phosphine dependence of decomposition at 55 °C. Cl PCys

Grubbs, R. H. et al., J. Org. Chem. 1999, 64, 7202.

Pathway 2
CysP CysP CysP Cy4P Cy,P
| Cl H + — “Cl _H e d ~Cl + PCys | «Cl H
u=C" — Cl—Ru=C_ CI—RU—CH, ——— | ClJhu—=% (F?U:C'
c” |l *"y “_pcy; == *H il H-c= - =+ Cl H
PCy; & PCys
6 3 lp” 6

Simulations (Car-Parrinello dynamics simulations) reveal and lend support to the mechanism
proposed by Grubbs.
Their results showed that mono-phosphine complex was the active species.

42
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14-Electron, Mono-Phosphine Intermediate

CyaP
ysl Ph & CysP

Cl"'Ru:/ Clo |

I \Cl H Ru_ﬂ
CysP 'V'O—/ g Ph
VK RO" \ Cl

1 OR 2

Figure 1. Olefin metathesis catalysts and the proposed intermediate 2.

Cyng> Cy3F’
Ph
Clp, =" excess KOtBu - Ru
| ¢ —2 KCl; —PCys A\
Cy3P A\
1 3 Structure of 3 _ _
rotation of carbene moiety
Cy3P CY3P
Ru—\ excess HOR ?""Ru\:\ Table 1. Ring-closing metathesis reactions of diethyl diallylmalonate with
A\ R o Ph complexes 1 and 3-5.[4

|
A\ R Catalyst

g Additive T [°C] ¢ |h] Yield [% ]
3 R = C(CF3)2(CHs) 4
R=C(CF3); 5 3 none 60 96 <5
CvaP 4 none 60 96 70
& 5 none 60 12 40
HCI Clrin, ) 4 HCIb! 25 0.65 > 96
AN =\__ Was generated: ~ o
34,5 CI Ph J 1 none 25 1.5 > 96l
a| Reactions of five equivalents ot substrate in (gDyg; [catalyst|=0.01—-
2 R I f fi quival t sub in CD ly 0.01
0.02wm; vields were estimated by integration of the '"H NMR spectrum;
HCI Cy3T Ph Support unless indicated catalyst decomposition terminated the reaction. [b] Two

4 + PCy; —» Cl"ry="

Cy3p
1

atalyst remains at the end of the reaction.

equivalents of HCl were added as a 2w solution in diethyl ether.
| ~cl [c] C

Grubbs, R. H. et al., Angew. Chem. Int. Ed. 2000, 39, 3451.



Phosphine Exchange

Scheme 1
|l_ k1 ||. R kz |‘- =
R + olefin -PC
ClthUi’ Th C|2—Ruf\/ “=_y.3 Clz—Ru:/ [18} 3 . . .,
| ¢l - olefin | =\_ +PCys | associative” pathway
Cy,P K4 PCy, R Ko R~
® 18e
el i L
R -PCy; Cls, + olefin . e
Clug =t 8 ‘R~ ———— cp-r=’ [ “{issociative” pathway
| ¢ + PCys N - dlefin |
CyP K @ 14e ke R

Model Study for the Phosphine/Olefin Substitution

L L CYs'T Bh Mes—N_ N—Mes
Ph . Ph Cli,.p -/ Ph
C"'"'Flui/ PCYs GI""'Fluf%/ <o G pu=~
| ~o PCys | ~c OyaP | e
Cysp CVBP CysP

(1) @)

exchange rate constants (kg) at 80 C |:> 060251 > 01300151 It

(per coordinated phosphine ligand)

44
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Eyring Plot

.. L L
v" kg is independent of [PCy,] N » Chf PN POy Clh'”ltu P PO i P
v' AH* and AS*are large and positive b o Lpoy, N oy )
Table 1. Activation Parameters for Phosphine Exchange dissociative pathway
kg (s™) AH? AS* (cal AG* (298 K)
catalyst 80 °C (kcal mol™") mol™'K™!) (kcal mol™)
1 96+ 0.2 23.6 £ 0.5 1242 19.88 + 0.06
2z 0.13 £ 0.01 212 13 £ 6 23.0+04
« Eyring plot
; ; A certain chemical reaction is performed at different
X _ e _AH LA temperatures and the reaction rate is determined.
h  RT R The plot of In(k/T) versus 1/T gives a straight line
e ARt Ag? with slope -AH*/ R from which the enthalpy of
— In—B — 4 activation can be derived and
h  RT R - -
(rr=1) with intercept In(kg/h) + AS?/ R from which the
- entropy of activation is derived.
wikipedia

*Here, kg is Boltzmann's constant
45
Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 749.



Model for the Initial Event

extremely rapid
» L(PCy3)(Cl);Ru=CHOELt

quantitative Fischer carbene
essentially irreversible

1or2+ _/OEt

Table S3. Rate Constants for Reaction of Complexes 1 (at 35 °C) and 2 (at 10 °C) with

Vinyl Ether Substrates ("H NMR Spectroscopy) - 4
' ' o o Mes—N__N-Mes
Complex Substrate (Eq) ke ) O o Lo
o ‘ CysP | e
CysP
1 Ethyl vinyl ether (30 eq) 12x10° ?
1 Ethyl vinyl ether (45 eq) 1.5x 107 l;‘ig?:z gg?}iggterr:ti?;
1 Ethyl vinyl ether (60 eq) 1.7 x 102
1 Ethyl vinyl ether (120 eq) 2.2x 107
2 Ethyl vinyl ether (5 eq) 4.5x 10"
2 Ethyl vinyl ether (15 eq) 4.5x%x10% Ko IS independent of
: olefin concentration.
2 Ethyl vinyl ether (30 eq) 4.6 x 10 k., .= (4.6+0.3) X 10 5
2 Ethyl vinyl ether (45 eq) | 4.6 x 10™
2 Ethyl vinyl ether (60 eq) 4.8 x 10*

46
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In(k/T)

Complex 2

Observed Rate Constants

even at low olefin concentration... for Phosphine Exchange

Figure S4. Eyring Plot for Complex 2 Complex  kp/s1 eq PR, T/K
5.5

2 0.04+0.01 1.5 eq 343
P 2 0.126+0.006  15eq | 353
2 0.355£0.016 1.5eq 363
s 2 1.0240.06 1.5 eq 373
Ty 2 0.121+0.08 5eq 353
Py ol 30 5sell 2 0.12+0.02 10 eq 353

M1 -13491

R2| 0.99991

N

-7.5

-8.5 -
ol predicted kg at 35°C
(4+3) X 104 5= k. (4.6+0.3) x 10 s
.95 ; L ! 1 I l
0.00265 0.0Q27 0.00275 0.0028 0.00285 0.0029  0.00295

T

Rate-determining step of the reaction is phosphine dissociation.

47
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Complex 1

at much higher olefin concentration...

Table S4. Rate Constants for Reaction of Complex l (20 °C) with Emyl Vinyl Ether
(UV-Vis Spectroscopy)

Observed Rate Constants

C lex Su = -
o oubsse (0 o ) for Phosphine Exchange
Ethyl vinyl ether (755 eq) 0.016+0.001 Complex kB/S-l ea PR T/K
1 Ethyl vinyl ether (1880 eq) 0.018+0.001 155
‘ Ethyl vinyl ether (5300 eq) 0.018+0.001
1 0.116x0.006 3eq 313
Figure S3. Eyring Plot for Complex 1 1 0.381+0.01 3 eq 323
3 1 1.21£0.02 3 eq | 333
1 3.56x0.06 3eq 343
9 1 9.5710.06 3eq - 353
1 1.22+0.04 1.5 eq 333
1 1.13+0.04 10eq 333
s Y = MO + MT°X__ 1 1.1140.03 20 eq 333

MO 30.022
M1 -11871

r?| 0.99996

§ predicted kg at 20°C

0.016+0.002 s1= k. 0.01840.001 s?

In(k/T)

48
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Il |

.8 1 ! 1 !
0.0028 0.00285 0.0029 0.00295 0.003 0.00305 0.0031 0.00315 0.0032 -



Suggested Mechanism

L ki L K L
clr F|{ A PO C"""F|m:/H toefin FI:‘ _R
- — —rHu
I ~o + PCys N - olefin ’
OveP - @ ko e
[Ru]
ko || k2 Ka || Ka
[Ru]>>[(4)]
L L
| R B | R
Ch-Ru=" 2 . Ch-Ru
| ks
= R

R
Steady-state approximation: k, >K_,, [(4)] is constant, kons[Ru]=k,[(4)][Olefin]

ki[Ru]=k[(4)][Olefin]+k ; [(4)][PCy;]
=[(H]k;[Olefin]+k ,[PCy;])

. k1[Ru] . k_1[PCys]
" k2[(4)][Olefin] k:[Olefin]
o= kz[(4)][Olefin] _ . [P’él ] |:> k, and k ,/k, can be obtained from
-1 NE! i
[Ru] m+1 k,ps and [PCy,]/[Olefin].

49
Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 749.



1/Kops Versus [PCys]/[Olefin]

Table S6. [PCy,)/[Olefin] Experiments for 2.

Table S5. [PCy,]/[Olefin] Experiments for 1.

Complex mmol PCy, [PCy,)/[olefin] Uk,
1 0.0014 0.0044 421
1 0.0027 0.0085 800
1 0.0053 0.017 1582
1 0.0080 0.025 2398
Figure S7. LfkmJs versus {PCy_,‘]/{OIeﬁn] for Complex 1
2500
2000
1500
33 Y = MO + M1*X
‘-'f-; MO
1000 M1
R2
500
0 i 1 1 ! ! )
0.005 0.01 0.015 0.02 0.025 0.03
[PCy3]/[ulefin]

Complex mmo] PCy, - [PCy,)/[olefin] 1k,
2 0.0178 0.112 353
2 0.0571 0.391 534
2 0.107 0.733 629
2 0.232 1.59 959
2 0.335 2.29 1300
Figure S8. lfkm versus [PCy’]![nleﬂn! for Complex 2

1400 ~

1200 |-

1000 +

800

1/k ; (8)

600

Y = MO + M1*X

MO 327.21
M1 417.3
2 0.98318
400 R
200 ! 1 1 ]
0 0.5 1 1.5 2.5
[PCyl]![oleﬁn]
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What This Mechanistic Study Indicated

Table 2. Values for the k- /k; Ratio in Catalysts 1 and 2
catalyst T (°C) ky(intercept) (s™!) kp(predicted) (s™!)  k—i/k>

1 37 0.6 0.16 15300 : Olefin Metathesis Activity
2 50 0.0031 0.003 1.25 Catalyst 2>>Catalyst 1

Catalyst 1: Relatively rapid initiation; Relatively few turnovers of 14-electron intermediate
Catalyst 2: Relatively slow initiation; Relatively many turnovers of 14-electron intermediate

Summary
L k1 L kg L . ] ]
Gl R PV Cln L R _roein | _R Dissociative pathway
‘Ru —_— o™ - -
| e PO 140 Mg - olefin | 14-electron intermediate
CysP K4 4) Ko S

rate-determining step

The high activity of N-heterocyclic carbene-coordinated catalyst 2 is due to...

v' Its improved selectivity for binding n-acidic olefinic substrates in the presence of phospnine
—decreasing k_,/k,

v" Not its ability to promote phosphine dissociation (increasing k;, previous assumption)
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Phospnine Exchange

PCys
X, ‘\\Ph PC vt /__\ teoy
?u:__ ol | Y3 — N_N —< N NS —
X ‘Ru=" —= > cl.,
PCys | ¢ T Ph BRuz CH,
PG X, b | i
Y3 Ru= PCV;;
X=Cl(1) | “x
X =Br (2) (8 PRy (13)
X=I(@3
) PR3 X=CLR=Cy(8) - P\
oc cl, | =< X =Br;R =Cy (9) — =N NS
o, [ g X =1, R = Cy (10) o] e
"Ru=CH, bR X =Cl;R=Ph (11) S
|]=c\c' : X =Cl; R =Bn (12) PCya
Y3
) R=Cp(7)
Table 1. Rate Constants and Activation Parameters for Phosphine
Exchangel?
AH! AGH(298 K) L L
catalyst |kg (s7!) 80 °C?| (kcal/mol™') AS*(eu) (kcal/mol™!) X, | \\Fi1 kp X, | R’
1 96+02 | 236+£05 12+£2 19884006 *PR3 + '?Uf' DE— T“T' + PR;
2 30+2 23.1+03 13+1 19.11 +0.03 X X
3 1660 4+ 220° 190+ 0.5 10+2 16.12 4+ 0.01 PRs RgP*
4d
5 194+ 08 243 + 0.6 16 +£2 19.6 +£ 0.1
6 0.33 £0.02 244+ 1 8+£3 220+£02
7 1.42 + 0.06 24 +1 11+3 21.1+0.1 @ Reactions were carried out in toluene-ds with 1 equiv of Ru ([Ru]
8 0.13 £0.01 27+2 1346 23.0+ 04 = 0.04 M) and 1.5 equiv of free PR; (relative to bound PR3). ? Values
9 0.524+0.02 27+2 156 220+0.4  for kg are reported per coordinated PR; ligand. < Values for kg at 80
10 29 +3 23+4 124+ 11 19.0+05  °C were extrapolated from Eyring plots. ¢ Values for kg in complexes
11 7.5 £0.5¢ 21 +3 SE9 196 £ 0.3 4 and 13 could not be determined due to catalyst decomposition at the
g p 0.165 = 0.006 27+ 1 13+4 227£03  elevated temperatures required for these experiments.
14 0.03 = 0.01° 25x4 6x11 24£1 Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 6543.




Initiation Kinetics (Reaction with Ethyl Vinyl Ether)

Table 2. 'H NMR Initiation Kinetics®
catalyst T (°C) Fiie (s kg(predicted) (s—1)°

1 10 (1.0£0.1) x 1073 (3.8+0.6) x 1073
2 0 (1.1 £0.1) x 1073 (3.1 £04) x 1073
3¢ 5 (24 +04) x 1073 1.7+ 0.1

4 40 (8.5+0.3) x 107*

5 0 (54 £05) x 1074 (1.1 £0.2) x 103
6 25 (1.0 £0.1) x 1073 (9+3) x 107

7 25 (1.5+0.3) x 1073 (4.0 +0.8) x 1073
8 35 (4.6 £04) x 1074 (4L£3) x 104

9 35 (20+£0.1) x 1073 (1.8 £0.8) x 1073
10 0 (2.8 £0.2) x 1073 2=x1)x 103
11 10 (3.3£02) x 1073 (4L£2)x 1073
12 50 (5.4 +£0.5) x 1073 4=£1)x 1073
13¢ 85 <1 x 1073
14 50 (5+£2) x 107 (1.0 £0.6) x 1073

“ Reactions were carried out in toluene-ds, [Ru] = 0.017 M and
[olefin] = 0.50 M (30 equiv). ? kp(predicted) was determined by
extrapolation of Eyring plots from the magnetization transfer data to
the temperature of the initiation experiment for each catalyst.  Com-
plexes 3 and 13 did not show clean first-order kinetics.

Table 3. UV—vis Initiation Kinetics?

T wavelength  ky(saturation) kg(predicted)
complex (°C) (nm) (s7h (s hH
1 20 484 0.016 £ 0.001 0.016 £ 0.002
2 20 486 0.057 £0.002  0.060 = 0.005
5 20 354 0.028 £0.002  0.026 = 0.003
7 30 468 0.074 £0.002  0.079 = 0.003

“ Reactions carried out in toluene; [Ru] = 0.77 mM and [olefin] =

0.58 M.

at low [ethyl vinyl ether],
1,2,3,5 and 7 showed
kgoc[ethyl vinyl ether] (approximately)

\ 4

0.018 .

0.02

0.016 |-

. saturation

0014 e

-1
ki 6

0.012 |

0.01 |le

0.008 |

[olefin] (mol/L)
Figure 3. /gy vs [olefin] for catalyst 1.
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1/k_, =K [PR4]Kk,[Olefin]+1/k,

Complex k, (s : | k, (predicted) (s™)
1 22x10" 7.7 x 107
2 ~7.0 x 107 2.6
3 ~1.0x 10™ 24 x10°
6 2.7 x 1072 2.3x 107
§  mistake?3.1x 107 (3.1x 10%) ?32x10™ (3.2Xx107)
10 1.7 x 102 1.4
11 13 x 107 25x 102 (50°C: 4.2 x 107)
12 50x 107 43 x 107

Table 5. Values for the k—,/k> Ratio for Selected Catalysts”

catalyst T (°C) k—1/ky

1 50 1.3 x 10*
2 50 8.2 x 10*
3 50 2.6 x 10°
6 50 8.1 x 10?
8 50 1.25

10 50 3.3 x 10?

11 25 2.3

12 50 2.2

@ Reaction kinetics measured by 'H NMR spectroscopy with [Ru]

= 0.017 M 1n toluene-ds. ca

Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 6543.



Solvent Effects on Initiation

Table 4. Solvent Effects on Initiation

PCys
catalyst solvent dielectric constant (€) ke (s71) Xn.gu:.s‘Ph
1° pentane 1.84 0.013 = 0.001 LC;;(
1° toluene 2.38 0.016 &= 0.001
1 diethyl ether 4.34 0.022 4+ 0.004 X=Cl(1)
1¢ CH,Cl, 8.9 0.021 £+ 0.001 .
1° THF 7.32 0.032 £+ 0.004 —Q— N N—@—
8  toluene-ds 238 4.6+ 04) x 10~ s
8 CD-Cl 8.9 (6.1 +£0.2) x 107* Ty
8? THF-dj 7.32 (1.0+£0.1) x 1073 PR3

“ Reactions kinetics measured by UV —vis spectroscopy (484 nm) X=CLR=Cy (@)

at 20 °C with [Ru] = 0.77 mM and [olefin] = 0.58 M. ? Reaction
kinetics measured by 'H NMR spectroscopy at 35 °C with [Ru] =
0.017 M and [olefin] = 0.50 M. Lo o

v" K, « dielectric constant X

v" Increased stabilization of the 4-coordinate B intermediate and/or free PCy;? (g,
(Both are expected to be more polar than the Ru starting material.)

v The stabilization of B may involve coordination of solvent to the electron-deficient Ru(1I)
center. (THF, diethyl ether, however no evidence)

Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 6543.



Relative Catalyst Activities
Table 6. Values of k&, for ROMP of COD by Selected Catalysts® —QNTN—@—
\Ph
catalyst [Ru] (mM) COD:Ru kel X"'||:1u="°

X
8 5 300 1.0 PR3
9 5 300 1.4 X =CI: R = Cy (8)
10 5 300 1.4 X =Br; R=Cy (9)
11 0.05 30 000 0.5 X =1;R=Cy (10)
13 5 300 6 x 1074 X =CI; R = Ph (11)
@ Reaction kinetics measured by 'H NMR spectroscopy in CD,Cl, Q NmN@_""
at 20 °C. o1
"Ru=CH,
COD: serve as a benchmark for comparing the relative activities LC:GI
3
(13)

Initiation (k,): 8<9<10 (10 initiates almost quantitatively)
Propagation (k_,/k,): 8>9>10

Comparison of 8 and11 showed that
11 initiates more than 50 times faster than 8. (8 and 11 generate the same propagating species)
—The loading of catalyst can be reduced significantly.

13 reacts especially slowly because of the slow rate of phosphine dissociation.

(13 1s a crucial intermediate during RCM and CM...) e
Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 6543.



Mechanism of Ru-Catalyzed Olefin Metathesis

k
L i ks 1
X R R! - _\R
o éu —_ - PR3 o [Ru]=_s‘ _ + Olef]n ~ [RU] —
L _7X + PR, — olefin L (©
B <
PR3 k—l (J ) k_2 - |
-2 . ks || ks
— olefin || + olefin
R1 R1
f.,_|__ 1 k3
1 A= = [Ru > (E)
Cl,, I \\Ph [Ru}— k_3
Ru=" 1
| \c| (C) R
s [Ru] = X,LRu
(1) L=PCy; (8) L=H,IMes
k4(rel)=~102 kq(rel)=1
k_4/k,(rel)=~104 k_4/ko(rel)=1

v" Bis-phosphine system (1-7): k; is large, but k_,/k,>>1 (few catalytic turnover)
v NHC-complex (8-14): k, is small, but k ,/k,~1 (many catalytic turnover)

Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 6543.



Ligand Effects

» L-Type Ligand

» Selectivity for binding m-acidic olefinic substrates over o-donating phosphine (k,/k )
NHC-substituted Ru center > phosphine-substituted Ru center

» As a electron donor ligand

R’ Al
NHC(IMesH, > IMes) > P(alkyl), [—II;]:‘\W :_=-3 [Ru]> (E)
» Electron donation of NHC’s is expected to... ©) - B
stabilize the olefin complex C [Ru] = X,LRu

accelerate the oxidative addition for matallacyclobutane formation
» Phosphine Ligand

H,oIMes
Cla, | _ \Ph

Ru=- _ .
| Yci pKa’s of the conjugate acids
PR PCy,: 9.7

(8) R=Cy (11) R=Ph Pphg: 273

kq(rel)=1 k4 (rel)=~102 . . :
k.4k,=1.25 K yfky=2.3 —the lower basicity, the higher k;

((12)PBny: 6.0, k,(rel)=~102)?7?

Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 6543.



Phosphine Ligand

Table 2. Rate Constants for Phosphine Exchange?

Kk 0
complex PR; k (s77) at 80 °CP (relative to 2) | (deg)® | pK.“
4 P(n-Bu); [8.1+0.1] x 107*¢/ 0.006 132 |8.43
2 PCys 0.13£0.012 1.0 170 |9.70
5 P(Ph)>(OMe) 1.7+04 13 132 |2.69
9 PPh; 7540672 58 145 12.73
Table 3. Parameters for para-Substituted Phosphines
[P(p-XCgH4)s](H2IMes)(Cl);Ru=CHPh?
complex X k; (s77) at 80 °C ki (rel to 2)° o, PK,?
6 CF; 48 £ 2 369 0.53 e
7 Cl 1794+ 04 138 0.23 1.03
8 F 8.5+£0.2 65 0.06 1.97
9 H 75+£0.67¢ 58 0 2.73
10 CH; 41+£0.2 32 —0.17 3.84
11 CH;0 1.8 + 0.1 14 —0.27 4.57
Table 4. k_1/k, Ratios for Complexes 6—112
complex k_+lk, k_ (rel to 2)°
6 7.3 7.0
7 45 36
8 7.9 6.4
9 2.3 1.8
10 2.8 2.2
11 7.5 6.0

9 Reactions were carried out at 25 °C 1n toluene-ds with [Ru] = 0.017
M. © For complex 2, k—1/k; = 1.25 at 50 °C (ref 7b).

log(k x)

1.8 ¢
*
16 F p-CF3
14 |
12 +
y=17x+08
1 F R?2=0.98
08 |
p-CHs
06 |
04 |
02 1 1 1 1 ]
0.4 -02 0 0.2 04 06
Gp
Hammett constant

the more electron-poor,
the faster dissociation
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Ligand Effects

« Halide Ligand
» Cl—I: 250-fold increase in initiation (1—3, 8—10)
v" This would be due to the increase in steric bulk.
lonic radii: ClI- 167pm, I- 206pm, Covalent radii: Cl- 99pm, |- 133pm

the larger size of I —steric crowding—promotion of PR, dissociation
v Electronics may play a role, but cis electronic effect on dissociative ligand substitution is

generally relatively small.
» Cl—1: 100-fold increase in k_,/k, (poorly understood)
» Olefin metathesis activities: Cl—I, comparable or even lower

« Carbene Ligand
» ki H (4)<CHCHC(Me), (6) <Ph (1) <CH,CHj; (5)
v’ sterically bulky and electron-donating—effective promotion of phosphine dissociation

» Complex 4 and especially 13 are extremely poor initiators. ol Iillees
v/ Phosphine-free 13 is an active olefin metathesis catalyst. "'Il?u\=
: : (of
—The formation of these complex should be avoided.(substrate design) PR;
13

Grubbs, R. H. et al., J. Am. Chem. Soc. 2001, 123, 6543.



Improved Catalysts Rush

[\

IVIesNYNMes Mest \NMes
CI/"Ru \[/
oldinm s
_ Ci” !
iPrO L o o
' Activity in RCM iPro Activity in RCM
iPro >2nd generation >complex A
O Grubbs catalyst
() b )
A
Blechert, S. et al., Angew. Chem. Int. Ed. 2002, 41, 794. Blechert, S. et al., Angew. Chem. Int. Ed. 2002, 41, 2403.
IVIes""N N"‘IVIes MesN NMes
g N LGl @50 [x 1073571 Cluvg,.
_ NZRUS 4000 e e Activity in RCM
cl? | Ph (2nd generation Grubbs cat. | >2nd generation

Br Z 0.0032) O NO, Hoveyda-Grubbs

~ | \< catalyst
Br 9
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