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Liu, Z., etal. J. Am. Chem. Soc. 2001, 123(45), 11193-11207

Wm IR Study of 1-Hexene Polymerization

Reaction conditions:
[(EBI)Zr(CH,),]=|B(C4F5);]=8.33x10*M
[1-hexene]=1.0 M

T=0°C

0.18 |

0.16
0.14
0.12

0.1 +

0.08

0.06
0.04

0.02

Log plot
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Clark Landis - Modern Methods ....



®Measuring Catalytic Rates- Mass Spectrometry

WISCONSIN

ElectroSpray lonization (ESI) and Matrix Assisted Laser Desorption
lonization (MALDI) are “Soft” lonization Methods

Interfacing with a glovebox enables clean spectra

100 425.2 35633 353.3
ESI-MS with glovebox ...and without
100 inert-atmosphere 100+ 80 (a) out of (b) out of {c) out of
glovebox glovebox, glovebox, glovebox,
80 B0 60 t=1min t=2min f=5min

P = 353.3
electrospray ionization %

mass spectrometer g 40

80
%

40 syringe pump
=

425.2

%
404 20

u l I m 425.2
204 0 [hd Rl .-'-l \.ll .ll.l

300 350 400 450 500 300 350 400 450 500 300 350 400 450 500

20

PEEK tubing, feedthrough

l i miz miz miz
200 300 400 500 o 200 300 400 500 100 4252
i1 d miz i
PPry |+
A 801  (d)in
_Rh glovebox,
H 'L'_Pr 601 t=5min
3 o
ling an Electrospray lonization M rometer ®
Ct?up g an Electrosp ay onizatio ass Spectromete 4252 m/2 H,0/0, w0l
with a Glovebox: A Straightforward, Powerful, and
. . . . . o 0 . 204
Convenient Cc?mbmatlon for Analysis of Air-Sensitive [H(OPPr,),* 353-3J
Organometallics 3533 mrz ol "
Lubben, A. T.; MclIndoe, J. S.; Weller, A. S. S00 950 A0% 480 900

Organometallics; (Note); 2008; 27(13); 3303-3306.



0 Measuring Catalytic Rates - MALDI

WISCONSIN

MAD =0

C){.Q

{ :

-1

i"hc 3) o APT P

[+
£ N
FA Q i@ / | miz 565.3
\N N N \N/TI-\--Cp

Pr AA 1@ — .-..H.J.,

|miz 565.1
n-Cpl-
5003 gaglol. |1 [l |
[ 5902 (5309 ‘ WU
" L PO : :
a10 460 510 560 610
miz
b) 21
*
PCys | |miz 769.3
M |( 1 L‘l'ﬂ
OS;F‘U--"C' e AU L
cl , BFE;F,1 — | ‘ rfz 7695
Figure 1. a) Inert-atmosphere MALDI-TOF mass spectrometer; b) open ¢ \,_J-.E WAL
$ * 5 2 " nm m i o — s
loading chamber projecting into the glovebox; c) target plate. oo s poos o0 1500
miz
c) 1+
2) G - - N N T HTTH v
["L_,_/Fih" LN : {binap) ARh _Rh v CyaPr o) wCl mle 7463
. 7 TaT A TEEL T Tl P R l
[Hh[F‘ \p}].; | miz 15221 Gl 3 PCys :> .lﬁJuh._!. iUy Ji!_!JLA_H_
7247 — l I [ miz 746.2
(725.1)| | [RACKF  PI L ‘
|| 7587 (780.1) M '\h i
) o, NV
llcod)RRCI(P P | |’ miz 1522.7 . -
10060 (1006.0) | | 600 700 800
1..||_! miz
JUTHR
Figure 2. MALDI mass spectra of isolated complexes. a) An oxophilic
l ] l | Ti" complex!™ (pyrene matrix); b) the Piers metathesis catalyst
N F Lol Pk L. - , - - 2.BF,™ (pyrene); c) a first-generation Grubbs catalyst'® (anthracene).
500 800 1000 1200 1400 Labels give found (calculated) m/z values. Insets show isotope

patterns for the molecular ions (top: simulated, bottom: observed).
Cp=CsH;, IMes= N,N'-bis(mesityl)imidazol-2-ylidene, Cy = cyclohexyl.

Fogg et al. Angew. Chem. Int. Ed. 2008, 47, 303 —306



odern Methods — ESI-MS & ROMP

Walr a

CysP o1 H
A Gas Phase MS Reactor /Flr;J:w\--“H@ roatoned ” 2
Cl PCys cl \
1 Ph
ot Q2
parent mass daughter mass o000 X’“@
n-1

rf24-pole  analyser rf octopole  analyser

. electron + -
heated {:aplllan_.r reaction cell collision cell (multiplier 2 X=CHzPPhz CI
‘ Scheme 1. Derivitization of ruthenium catalysts with cationic norborene species enables
E = = detection by ESI-MS.
j}'ﬁ = &

a' L i
{ion source < I i

i drag ™., turbo turbo ly [ ||i |

pump . pump pump )i i
{05-1.0Tor) ™. (10 Tor) (10 Torr) A it

i >-,_~" I I!_ A WU

sample from — Al heated capillary | il

&L 'I:,Il:.

syfinge pump s ¥ — Q-1 | I Ay o
e O igh voliage)  SectosPra 905910015920 905 910 915920
miz (exp.)— miz (exp.)—=

il LN —

Figure 1. Schematic representation of the modified Finnigan MAT
TSQ-700 ESI tandem mass spectrometer. Catalyst ions are sprayed
from dilute solution in the ion source, desolvated, and transferred into

the vacuum system through the heated capillary, after which the final

desolvation or fragmentation occurs at the skimmer. The two radio-fre- M\ l u [ “'I H| “"m\] .Iﬂujlr"i i / |I A ]LL

quency (rf) multipoles serve as reaction “vessels” for collisions of the e "J ’l W ™ VIR o g h-.JL.,JL..r’L..'._.LJh,u._;_L e

ions with neutral gaseous reagents. After each stage of reaction, prod-

uct identification and/or selection is carried out in a quadrupole mass 200 1000 1500 2000 2500 3000 3500 4000
analyzer.

miz(exp) —=

Figure 4. ESI-MS of the catalyst-bound ROMP oligomers obtained by
reaction of [(Cy;P),CLRu=CHPh] with norbornene and a covalently
functionalized norbornene derivative. Complexes that incorporated the
functionalized norbornene are visible in the ESI-MS. The inset

P. Chen Angew. Chem. Int. Ed. compares the isotope pattern of one oligomer against a computed
2003, 42, 2832 — 2847 distribution.



0 Measuring Catalytic Rates - NMR

WISCONSIN

NMR is an Information-Rich Technique

but we must consider time-scales collect series of spectra

Traditional Rate Regime following single “shot”

—t,/, 230 sec, k<0.01s? multiple “shots” with
— Limited by mixing outside NMR probe incremented prepulse delay
— Very minor linebroadening effects (> for faster reactions

0.01 Hz) _ 90 degree

' . . trigger pulse

Intermediate Rate Regime from stop
—0.1<ty,<30sec,0.01<k<105s™ — data
— Requires mixing in or very near NMR pdzay acquisition

probe
—Some linebroadening expected
Millisecond Rate Regime
—t,/,<0.1sec, k=105
— Requires very short dead times
— Dispersive product signals expected
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® Measuring Catalytic Kinetics- NMR Methods

General Attributes

® Many useful nuclei (H, P, C, Si, Li, B, F, Co, etc.)
® Resonance intensity generally proportional to concentration
® Chemical shift related to structure

® Many methods for assignments
NMR at High Pressures

Sapphire Tubes

(also PEEK)
iig 1 ‘ 1

| l
I.T. Horvath and J.M. Millar. Chem. Rev. 91 (1991), p. 1339

C. Roe, J. Mag. Res. 63, 388 (1985)

Flow Cell Toroidal Cavity Autoclave

sealing nut and conversion
fitting 10 1/2 in swagelok
s elastomer O-rings and ptte
[:' O_ washer

e —

% i

titanium alioy nut

pp! pressure tube and
micro reactor

i |— = rf coils
E T é —— titanium alloy tie bar

(r—— — - J —— fitanium alloy pressure
= bulkhead
T sealing nut and conversion
fitting to 1/8 in swagelok . .
shl— Niessen, H.G.; Trautner, P.; Wiemann, S.; Bargon, J.; Woelk,

K. Rev. Sci. Instrum. 2002, 73, 1259-1266.
Figure 7.3 Exploded view of the high pressure
in situ NMR flow cell. (From J. A. Iggo,
D. Shirley, N. C. Tong, New J. Chem. 1998,

Clark Landis - Modern Methods .... 6
1043.)



«0ing Further - Rapid Injection NMR
\ :
/: E & ,
- IE: v A \c
! \W|
W] 4’:} ey ] E
C
I E
- WOl ke E
C P K Li K Li
. = R C=C-X - X-C=C__ 0=0-X
: ; 3 4
; <, (D)H-C=C-SiMe, (a)1a
: ™  H-c=C-siPh; 1b
’ 4 : H-C=C-SPh 1c i o~
: e— 8§ oD R=nBu H-C=C-S(0,)Ph  1d J,

v g S ts 4a
v Li NMR 5
|j[ J INSERT 11'0‘i3_/\’_/—k
Spaciromate
5,514

(n-BuLi),

113 f
) of

6.0 3a 20
"a -

2.0 g
O

1.0 20
N\ E

oo ) onn |

(nBuli
G’/MO'O [N N |

T T P P T
Reactivity of the Triple lon and Separated lon Pair of 20 15 10 05 00 0.0 50 10'0” 215'0 200 25.0

Tris(trimethylsilyl)methyllithium with Aldehydes: A RINMR Study
Jones, A. C.; Sanders, A. W.; Sikorski, W. H.; Jansen, K. L.; Reich, H. J. .
J. Am. Chem. Soc.; (Communication); 2008; 130(19); 6060-6061. Clark Landis - Modern Methods....




j Stopped-Flow NMR Spectroscopy
|  —

Background | inert atmosphere

e Stopped-flow methods monitor very fast pneu matic driver
reactions

e NMR can monitor multiple species in
solution simultaneously

superconducting

magnet
e Ernst explored the effect of fast reactions o

NMR lineshapes in 1979

e SF-NMR has not become a routine
experiment

flow probe with
stopped-flow

insert /_‘\
/ \

| |
e For very fast reactions, can kinetics be I » # |

determined from a single NMR spectrum? | !

o N _,I./;

Kihne, R. O.; Schaffhouser, T.; Wokaun, A.;
Ernst R. R. J. Mag. Res. 1979, 35, 39.

Our Project Goals

e Focus on developing practical
instrumentation from commercially
available parts




0 Stopped-Flow NMR: Mixer

WISCONSIN
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Mixer placed in Mixing Tests with
Disassembled Mixer NMR Flow Probe :

| Continuous
ow Flow

U l ixed Mixed
Solution Solution
hasic) (acidic)




m Current Instrumentation

W[SCONS]N
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Ethene Polymerization 20 ms after Mixing

Experimental setup:
Line 1: zirconocene, internal standard, ethene

Line 2: B(C4F<),

| Reaction initiated by mixing of S0 g, guslj‘gfe

internal  yrepylse delay = 20 ms from stop

standard data

& % prepulse acquisition
\ @ \Me delay
Me28| r @
MeB(CGF5)3
/.// \ CoHg
| | I | I I | I I | I | | I | | I | | I | | I I I | I I I | I I ] |

6.6 6.4 6.2 6.0 5.8 56 54 5.2 5.0 ppm

room temperature, single scan spectrum



Direct Observation of Catalyst Speciation at Room
wiscosn T emperature

' B L B
8- ﬁ

Mg'*Si _ Mel"Si \ Me Me i IVIe HB(Cer)a
(CsF5)3BMe'§r"'Me - Me” E% geB(Cst)s Me” E MeB(Cst)s §§
M\__M e N, \-wwm-l‘ls'ss

Y . =

0.6 0.4 0.2 ol.o -0.2 -0.4 PPM
[Zr], = 15 mM, [1-hexene], = 0.5 M, single-scan *H NMR spectra



9 SF-NMR with H and

W[SCONS]N
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Concentration /M

Concentration / M

19F Detection (Room T)

15

@z

0.25
s b Y e 38
0.20 = : :
= - o o
% 0.15 -
£ 010
g / Poly(hexene)
s 0.05 i
Q
0.00 -
0 5 10 15 0 5 10
Time /s Time /s
0.008 -
0.006 X
0.004
0.002
0 4
0 5 10 15 0 5 10 15
Time /s Time /s
=4 [A
X \Z ~Me AQCZ\
K “MeB(CeFe)s X_ z Bu
Q{ MeB(CFs)s
1a,b
X =CoH, (a) 2ab |
SiMe, (b)

Concentration/ M

10 15
Time /s

0.004 -
0.003
0.002

0.001

Concentration/ M

0.000
10 15

MEB(CGF5)3
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O Analyzing Kinetic Data

WISCONSIN

e Fit Concentration vs. Time plots to Kinetic
Model

e Reaction Progress Kinetics Analysis

e Variable Time Normalization Analysis

13



@ Methods Based on Numerical Integration of Rate Equations

WISCONSIN

Hoops S., Sahle S., Gauges R., Lee C., Pahle J., Simus N., Singhal M., Xu L.,
Mendes P. and Kummer U. (2006). COPASI: a COmplex PAthway
Simulator. Bioinformatics 22, 3067-74.

Matlab, Mathematica, Kinsim, many others

Example Kinetic Model: Metallocene-Catalyzed Polymerization

(EBI)ZrMe, + B(CgFs5)3 ——> CatMe activation (ignored)

ki
CatMe + 2SR » CatPol, initiation

ko .
CatPol.¢) + Z R » CatPol, propagation

k

CatPol, 1.2 » CatH + TermPol, (vinylidene) 1 2-termination
CatPol; + 2SR k2.1 » CatH + TermPol; (vinylene) 2.1-termination

kr T
CatH + 2 R » CatPol, re-initiation

14
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THE UNIVERSITY
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WISCONSIN

Numerical Integration of Differential Equations

Fit the rate constants to the observed data

1.

o
o

2
o)

o

[Monomer] (M)

o
o

0.16 -

0.14
0.12

0.1
0.08
0.06
0.04
0.02

2

=

o

@ Vinylidene_Data

- 0.0035 - nyll : 0.0025 -
OVinylidene_Fit ?
& 0.0030 - lVinerne_Datau 0.0020
i i = 0.0020 A o
] ? ® Data __0.0025 - I:ImeIene_ﬁt é é ? %I 5 O n
* CIFit = 0.0020 ? E, 0.0015
- U [ @ Data
< 0.0015 - 1~ I i
[ g : .
? 0.0010 A » ® 3]
< i
y O - 0.0005 - E s 0.0005
8
. . 0.0000 E3 . - 0.0000 3 . .
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time (s) time (s) time (s)
_ : ——120s Fi
. —— 120s Fit 0.16 - ——180s Fit
| —180s Fit 0.14 - ——240s Fit
1 ——60s Data 0.12 1 —+—120s Data
——120s Data 0.1 - ——180s Data
T ——180s Data
i ——240s Data 0.08 1 240s Data
0.06 A
0.04 -
] 0.02 1
O -
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Ret. Vol. Ret. Vol
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® Reaction Pro

gress Kinetic Analysis
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Blackmond, D. G., Reaction Progress Kinetic Analysis: A Powerful

Methodology for Mechanistic Studies of Complex Catalytic Reactions. Angew.

Chem. Int. Ed., 2005,44, 4302-4320.
A kinetic rate law gives a relationship between reaction rate and

substrate concentration.
- Time appears only implicitly in this expression.

We need to combine our integral and differential forms of data

collection to product a graphical rate equation.

»  Rate vs. substrate concentration

0.004
| c
1 [ 2=l
Eu- ] K e +[5]
E | , Fpropanc
o o
n ] U, = 0.00E 20 33% M. E1in
= o.00z ] o = 008420 50% 34
@ |
0,007 toluens
1 v, =0 002 +0.07% M -min ]
] v = 0-DE3 0.23% M
o — T
0.1 0z 03 0.4 05

[S], substrate concentration (M)

os

Inverted form gives a straight line

1000 tolusne d
U, =0.002 = 0.12% B - mnm |
—
=0.081=0.34% M
‘el
Em-
E
I_Em-
= Fpropano
s v, =0007=0.90% M-min-
= 400 1
-E e = 060021 32% M
g
= 2p0
| 1 Koo 1
— —
U Ve Ve [5]

[=]

[substratej’ (M)




©® RPKA, "excess”, and overlay

WISCONSIN
& mioks Mijacac),
20 moks (-|-MBE
+EL.7n
I:H-ﬁ
ot K
s -
Doy
O [chalcons] =0.15M; [Et Zn] =0.24 M
0UD0E

© [ehaicone], =0.10 M; [Et _Zn] =0.30 M
¢ [ehaicone] = 0.05M; [E_Zn] =026 M

- N "excess” = 0.1 M
‘_.'-“"--f,'e;n::azs' =0.2 M

"Bxcess” =02 M

reaction rate (M/min)
.

:

00001

0 5 10 15
time (min)

3 reactions ..... 3 data sets



@ RPKA, "excess’, and overlay

— The overlay demonstrates that the rate
T @j\i@ Is 1St order in [Et,Zn]
e E%'I? The curvature suggests saturation
behavior in [Chalcone]

el A

O [ehalcons] =0.15 M [St Zn] =0.24 M
© [ehaicone], =0.10 M; [Et _Zn] =0.30 M

Rate/[2] vs. [1] - o M:*"“'Hq”
....Overlay! § oo | hu\
G €} "excess" -0.2M LT
This is a visual way to s - e
fease mechanistic 0001 fitto eq. 18
gtif?rmaﬁan out of the T orsererm
ata. % glacaannan

obse =~ obe = o1
[chalcone] (M)




0 variable Time Normalization Analysis

WISCONSIN
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J. Burés, Variable Time Normalization Analysis: General Graphical Elucidation of
Reaction Orders from Concentration Profiles Angew. Chem. Int. Ed. 2016, 55, 16084.

cat

A+B > P
[A],=1.0M[B],=16 M
[Al,=1.0M[B],=3.0M
3 < %o o
[A] | <° . char‘_lge cf} [A] ﬂnﬂ cﬂahge c:-f} [A] ° ., R
» o variable °¢¢ variable * 5
© 4 9 _o0,.g °2 046 neo e oq‘*n
t f(t) a(t)
dA dA dA
—— = k[A]*[B]® - —— = k[A]* - =
ac = KAI¥[B] df(t) [A] dg(t)
—dA = k[A]“[B]Pdv  ~__ - —dA = k[A]"df(t) o~ —dA = kdg(1)
e Y _F,__--""-- H“"“-q.q__ __.-"'-F
H%"‘a-. Hd_,,-* S L
J g
df(t) = [B]Fdt dg(t) = |A]“[B]Pdt
b In
ft,) = | [B]Pdt g(t,) = | [A]“[B]Pdt

0 0

n . . B n N (1. _ [
Experimentally: f(t) = Z (L‘EH]H) (t;—t;_41) g(t) = Z (MJ: :2[-'1]4—1) (LHJL—gBI"_i) (E — 1)




® RPKA and VTNA are Complementary

WISCONSIN

T mapisan

A+B 2L p

Reaction Progress Kinetic Analysis

Rate profiles Concentration profiles
(obtained by ITC) (obtained by NMR, IR, UV, HPLC, GC,...)
a) same excess!'! d) time adjustment!?
4 -3
» {e]= |[AL-{BL*05SM h
AL=1OMI[AL=06M
iate < (Al (Al A [
catalyst deactivation °q°°°
product inhibition Bog
(A] t
b) different catalyst loading!"! e) normalized time scale
1 mel% cot
order in catalyst :
Y
[A] t{cat);

f) this work

(o] = [A),~ (B],= 0.5 M
le] = [AL-[BL=10M  [A]

order in reagents

I[B)*At

20



® Phospholanes and BisDiazaphospholanes

W[SCONS]N

OH R R FE€ — R
/k/\rR \W Q /\5
. R —» 0 0O —>» p =
DuPhos Synthesis oH 25,
R R

R = Me, Et, i-Pr, t-Bu DuPHOS
Burk, M. J.; Feaster, J. E.; Harlow, R. L. \ :
Organometallics 1990, 9, 2653. ? Php\b
Burk, M. J. J. Am. Chem. Soc. 1991, 113, Q
8518. R R
BPE

DiazaPhos Synthesis
HOOC/® COOH
@)
* Q . — N/\Q N
@) 9] N

H,P  PH
CI Cl 2 2
HOOC
H
Landis, Clark R.; Jin, Wiechang C.; Owen, J. S.; Clark, Thomas P. Angew. OOC O/COOH
Chem. Int. Ed. Engl., 2000, 40, 3432-3434.

‘Diazaphosphacycles’ Clark R. Landis, Wiechang Jin, Jonathon Owen,

Thomas Clark, US Patent Office, 2003/0055254 A1l. . .
‘Diazaphosphacycles’ Landis, Clark R.; Jin, Wiechang, W.; Owen, J. S.; Tetraca rboxyllc Acid
Clark, T. P. WO Patent 2003/010174 Al .

40% vyield

Tom Clark Classical Resolution



0 Enantioselective Hydroformylation

WISCONSIN

o
[RhH(CO),(PP)] CHO
N ? ~_-CHO
R B CO/H, R/k R
a B

Substrate:catalyst loadings as high as 150,000:1
Turnover frequencies as high as 20,000 per hour

X 64:1 a:f 2:1 a:f
94% ee

B
SO\//\\}\ 96% ee

Precursor to Roche
Aldehyde

O\(%
371 a: 4.2:1 Cl:|3
ACO//:\\\ 96% EEB </O 92% ee
J\/\ 95:5 E:Z X 50:1 a:
EtO,C” X7 X  95%ee 96% ee
MeO

Precursor to Fragment
in Lejimalide Total
Synthesis

Precursor to
Naproxen

Gene Wong, Avery Watkins, Tom Clark, Jerzy Klosin

Ph Ph
)—N@ HN—/
OO0 ¢ 2 O o
NKPQP l}l
N \—N
00 § 00
K NH @TZ-I(N
Ph/_ _(Ph
j\ 51:1 a:
94% ee
B0~ “NTX ’
H
Eloc 4:1 a:p
@ 89% ee
Boc

N 10.4:1 a:B
{ /7 97% ee

Precursor to
Proline

22



0O Making Tetrasubstituted Stereogenic Centers

W[SCONSIN
1% Rh(acac)(CO),
JJ\ BisDiazaPhospholane or (S S)-BPE X“'
R X 150 psi 4:1 CO/HZ X""-

40°C, 2-24 hours

90% conversion >99% conversion
35:1 (b:l) JJ\ >50:1 (b:l) 87% conversion
0 0 20:1 (bl
FsC OAc 91% ee (b) NC OAC66/0 ee (b) F.C - (b:l)

94% conversion 79% conversion >99% conversion
>50:1 (b:l) >50:1 (b:l) 16:1 (b:l)
85% ee (b) 88% ee (b) OMe89% ee (b)

MeO,C OAC MeO,C F MeO,C

38% conversion 78% conversion _
43:1 (b:l) 5:1 (b:l) JJ\ >90% conversion
MeO,C CF, 15% ee (b) MeO,C Ph 13% ee (b) MeO,C Ve >50:1 (b:l)

. 23
Floriana Foarta



0 Hydroacylation of Aldehydes with Ethene

WISCONSIN

0 Rh(nbd),BF,4, dcpm 5 mol%

acetone/THF (5:1) .~
)J\ 1) H2, 80 psi, 30 s )-k/
R H R

2) 150 psi ethylene, aldehyde

1a 60 °C, 20 h 1b
0 O 7
H
O O H
O O
1a 2a 3a
>99% 26% 97%
O O
)( L H n
O H H /\)I\H
O
4a 5a 6a
>99% 16% >999%2

Enantiopure aldehydes give complete enantiospecificity

Brad Jones Willis, Weller, Jun, Dong, etc.
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0 Oligoester and Oligopeptide Synthesis?

WISCONSIN

Is it possible to make short, chiral polyesters

e with control of sequence,

e catalytic introduction of all stereocenters (R or S),

e without using coupling agents,
e and with 100% atom economy ?

MAYBE....
Asymmetric Aldehyde
Hydroformylation Oxidation

Q ] H,, CO 0 [O]
J == I —
FsC~ O CHO o

R
O lj\
)J\ OH
C 0 c”

[
O

Floriana Foarta

Alkyne
Hydroacetoxylation

R, o
F,.c” Yo7 c”
cat Ru |(|) |
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