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Catalyst Screening by Electrospray Ionization Tandem Mass Spectrometry:
Hofmann Carbenes for Olefin Metathesis

Martin August Otfried Volland,®! Christian Adlhart,?! Christoph Alexander Kiener,"!
Peter Chen,*?! and Peter Hofmann*"!

Abstract: A new screening methodolo-
gy, which combines in situ synthesis of
complexes with an assay by electrospray
ionization tandem mass spectrometry
(ESI-MS), is introduced in order to
investigate highly active, cationic ruthe-
nium - carbene catalysts in ring-opening
metathesis polymerization (ROMP).
The parameter space, whic is defined

ligand) and the variation of the meta-
thesis substrate, is mapped out. Chloride
as the anionic ligand X, a small chelating
angle (n=1), and reduced steric de-
mand of the substituents R (Cy versus
Bu) lead to the most reactive complex
in acyclic olefin metathesis, whereas
variation of the carbene moiety CHR'
has only a modest influence. The overall

rate in the gas phase depends on the n-
complex preequilibrium and metallacy-
clobutane formation, which was found
to be the rate-determining step. In
ROMP reactions backbiting has a pro-
found influence on the overall rate.
Moreover, we were able to establish
that the reactivity trends determined in
the gas phase parallel solution-phase

by systematic variation of four structural
features of the catalyst [{R,P(CH,),PR,-
kK?P}XRu=CHR']* (the halogen ligand,
the diphosphane bite-angle, the steric
bulk of the phosphane, and the carbene

Introduction

The rapid or high-throughput screening of homogenous
organometallic catalysts produced by variation of a lead
structure is a much-desired goal, which, however, has been
hampered by gaps in the needed technology.l! Existing
methodology for the screening of homogenous catalysts
suffers from a two-fold limitation. Firstly, because parallel
synthesis in microtiter plates,) microreactor arrays,?! or on
beads!*! (by split-pool methods) encodes catalyst identity
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reactivity. The overall rate in solution
is also determined by a favorable dimer/
monomer preequilibrium providing the
active catalyst by facile dissociation of
dicationic, dinuclear catalyst precursors.

high-

ruthenium

spatially, that is, one well/one catalyst, one reactor/one
catalyst, one bead/one catalyst, a multistep catalyst synthesis
without intermediate purifications steps produces an identi-
fiable product only when each step is quantitative and
selective. The constraint upon the synthesis limits the
structural types that can be screened to a small subset of
possible catalysts, among which organometallic catalysts are
especially poorly represented. Secondly, the high-throughput
screen itself is usually based on the measurement of a simple
physical indicator, for example, heat release,’! color ! vis-
cosity, refractive index,/! etc., which may or may not have a
direct connection to the activity or selectivity of the catalyst in
question. Circumvention of the two-fold limitation requires
the introduction of a new methodology. Recently we have
shown that electrospray ionization tandem mass spectrometry
is an excellent tool to test reactivity of organometallic
catalysts.®'!] We report here screening of structural variants
of Hofmann’s [{R,P(CH,),PR,-x*P}XRu=CHR'[* ionic ring-
opening metathesis polymerization (ROMP) catalysts'2l—the
fastest homogenous ROMP catalysts in solution for olefins
such as cyclooctene—by means of in situ synthesis of
complexes combined with an assay by electrospray ionization
tandem mass spectrometry. In situ synthesis combined with
online “purification”, reaction, and analysis in the mass
spectrometer is an extremely fast method for assessment of
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catalytic activity relative to conventional studies on the
activity of Grubbs type ruthenium carbenes, which rely on
preparative isolation and careful purification of every single
compound.l*?4 The present work, in which 180 reactions
(repeated 10 times each) were carried out in two weeks, maps
out the parameter space defined by systematic variation of
four structural features of the catalyst [{R,P(CH,),PR,-x?P}-
XRu=CHR'|" (the halogen ligand, the diphosphane bite-
angle, the steric bulk of the phosphane, and carbene ligand
(Figure 1)), and the variation of the metathesis substrate.

Substituent R Carbene moiety

rR®

o [

Bite angle———> CFP;RU X
Ry

Halides
l Substrate

Figure 1. Screening of structural variants of Hofmann’s [{R,P(CH,),PR,-
k?P}XRu=CHR']* cationic ROMP catalysts

The reactivity data show systematic trends, which, more-
over, upon quantitative analysis provide key mechanistic
details regarding the metathesis reaction.

For specific examples, we were able to confirm by
independent synthesis and evaluation of selected compounds
that reactivity trends determined in this gas phase study are
paralleled in solution. In the solid state, as well as in solution,
the [{R,P(CH,),PR,-x*P}CIRu=CHR'[* ions dimerize to form
dicationic, dinuclear complexes [{{R,P(CH,),PR,-x*P}CIRu=
CHR'},]**. By crossover and trapping experiments it was
shown that monomeric species are formed in solution.!'? 251 Tn
a second preequilibrium step these monomeric, cationic,
ruthenium — carbene complexes are believed to form an olefin
7t complex. Product formation presumably proceeds via the
metallacyclobutane according to the Chauvin metathesis
mechanism (Scheme 1).2

Results and Discussion

General results: In order to determine the factors responsible
for intrinsic reactivities of the non-coordinated catalyst
monomers, electrospray ionization tandem mass spectrometry
was employed. This allows us to select the monomeric cations
and examine their specific reactivities towards olefins, apart
from the monomer—dimer preequilibrium that is present in
solution.['% 12271 Baseline-resolved spectra on a Finnigan
LCQ DECA ion trap were taken to ensure the absence of
the dicationic dimer, nominally at the same mass-to-charge
ratio, by means of isotope distribution. The effects of the
variations of these compounds will be discussed below.
Preparing the complexes with cyclohexyl-substituted phos-
phanes in situ by addition of the phosphane to the Grubbs
complex, and mass-selecting the desired monomeric cations in
the first quadrupole prior to the collision cell, we assessed the
reactivity of these complexes. A direct comparison of in situ
prepared [(dcpe-x*P)CLRu=CHPh] (dcpe = bis(dicyclohex-
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Scheme 1. Proposed mechanism for olefin metathesis by dicationic
dinuclear complexes [{{R,P(CH,),PR,-x*P}CIRu=CHR'},]**.

ylphosphino)ethane) and isolated [(dcpe-x?P)ClL,Ru=CHPh]
(characterized by NMR) showed the same behavior of the
[(depe-x?P)CIRu=CHPh]* ion within error bounds. This was
taken as validation of the in situ preparation of desired
complexes.

Different test reactions for olefin metathesis with acyclic
(ethyl vinyl ether, propyl vinyl ether, and 1-butene) and cyclic
substrates (norbornene and cyclopentene) were carried out
(Scheme 2).
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Scheme 2. Examples for olefin metathesis with acyclic or cyclic substrates
in the gas phase

Figure 2 shows a daughter-ion spectrum of [(dcpm-x?P)
CIRu=CH(p-C,H,Me)]", (dcpm = bis(dicyclohexylphosphino)-
methane) m/z 649, after reaction with ethyl vinyl ether in the
collision cell. The metathesis product, m/z 603, the ethyl vinyl
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® was observed. The absence of
1007 6493 Me any metathesis cross products
] in both cases indicates that the
® s | species formed is the m-adduct
0o |/ {jf‘;Ru"'““C' complex rather than the metal-
0 Cys lacyclobutane.

%yz (,.u-CI A low-resolution daughter
\Cl;”RLr @ ion spectrum of [(dtbpm-x2P)-

60" 2 r CIRu=CH-CH=CPh,],
1% 603.2 o ® (dtbpm = bis(di-zert-butylphos-
”chR!r cl Me phino)methane) m/z 633, and
201 \pr: = AN sub§equent collision vx./ith prop-
Che | yl vinyl ether was carried out to
wrPrpyCl confirm formation of the de-
o2 CF;IZ = o7 N sired product [(dtbpm-x2P)-
207 o1 1 CIRu=CH-OGC;H,]*, m/z 513
' (Figure 3). Analysis of the iso-
tope patterns proves that a
o .I'---.----IJ-L-A‘--.----jl---m-v-:p . ,‘_I_ product with the expected mo-

550 600 650 700 750 lecular formula is formed.
m/z

Figure 2. Daughter-ion spectrum of [(dcpm-x?P)CIRu=CH(p-C,H,Me)]*, m/z 649, and collision with ethyl vinyl

ether in the collision octopole at low energy (nominal 1 eV).

ether adduct, m/z 721, as well as the ethyl vinyl ether adduct to
the product (thus at least two collisions), m/z 675, are formed.
In order to examine the nature of the adduct complex with
vinyl ethers, control experiments with diethyl ether were
carried out. [(depm-x?P)CIRu=CHOEL]|* was prepared in situ
and allowed to collide with diethyl ether at 180 mTorr in the
atmospheric pressure ionization (API) region. The possible
diethyl ether adduct [(dcpm-k*P)CIRu=CHOEt(OEt,-x'0)]*
was not observed under these conditions. However, if
[(depm-x?P)CIRu=CHOPr]*
collides with ethyl vinyl ether
instead of diethyl ether under
identical conditions, formation
of the adduct [(dcpm-k*P)-
CIRu=CHOPr(H,C=CHO-
Et)]* is observed. While this
suggests that the vinyl ethers
do not coordinate through the
oxygen atom, the assumend -
adduct complex still cannot be
differentiated from the metal-
lacyclobutane on the bases of
m/z alone. Therefore, in a
cross experiment, the com-
plexes [(depm-x?P)CIRu=
CHOPr(H,C=CHOE?)]" and
[(depm-x*P)CIRu=CHOEt-
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Anionic ligand variation: The
results of the reaction of
[(1Bu,PCH,PrBu,-x?P)(X)Ru=
CH—CH=C(CH,),]* (X=Cl,
Br, I, OTY) with 1-butene are summarized in Table 1.2 2
As has been reported for the Grubbs system[** the chloride
ligand leads to the most active compound. Reactivity in the
Hofmann system is reduced by the factor of 20 when chloride
is replaced by iodide. We were unable to synthesize the
expectedly more reactive fluoride complex, neither by
replacement of a chloride by fluoride starting from the
dinuclear [{(tBu,PCH,P:Bu,-1>P)(Cl)Ru=CH—CH=C(CH,),},]-
[OTf], nor by replacement of a triflate by fluoride starting

513.5

6335 Ph_ _Ph@

fBUz |

tBu,

Z0c4H, .
-—

633.5

Ad

207
(H,C=CHOPr)|* were pre- ]
pared in the API region and
fragmented with Ar in the

calcuiated

calculated

second octopole. Under mild
conditions (1.4 mTorr Ar, 5 eV
nominal kinetic energy) only
loss of the added vinyl ether

Chem. Eur. J. 2001, 7, No. 21

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

800
m/z

Figure 3. Low-resolution daughter-ion spectrum of [(dtbpm-x?P)CIRu=CH—CH=CPh,]*, m/z 633, collision with
ethyl vinyl ether in the collision octopole at low energy (nominal 1 eV) and high-resolution Q2 scan.
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Table 1. Variation of halogen substituent X.

Table 2. Comparison of the tBu versus Cy phosphane ligands.

X k. 1-butenel®!

not available

| al 1.00 (0.46 % )2
Br 0.4
Bl x I 0.046
By OTt 0.000
® .
| from the mononuclear bistri-
" flate complex [(rBu,PCH,P-
u; | . . .
\Fﬁ Ru:--OjSOCFB Bu,-k?P)OTf),Ru=CH—CH=C-
tBu, (CH3),].

No reactivity towards the
substrate 1-butene can be ob-
served for triflate (OTf") under
the outlined conditions. It is
conceivable that bidentate co-
ordination of the triflate
ligand blocks the reactive coordination site as shown in
Figure 4.5

With these results in hand, chloride was chosen as the most
suitable anionic ligand for the following studies.

Figure 4. Proposed bidentate
coordination of the triflate li-
gand in the gas phase that
blocks the reactive site of
[(dtbpm-x?P)(OTf)Ru=CH—
CH=C(CH,),]*.

Variation of phoshane ligands

Steric influence of phosphane ligands: Comparison of the
reactivity of [(dcpe-k?P)CIRu=CHPh]* and [(dtbpe-x*P)-
CIRu=CHPh|* (dtbpe = bis(di-tert-butylphosphino)ethane)
allows the direct investigation of the effect of steric differ-
ences between phosphane ligands. This comparison is free of
electronic differences, due to the similarity of dcpe and dtbpe
in donor strength and chelating angle. Our results reveal that
the catalyst with the less bulky
dcpe ligand reacts 55 times
faster with ethyl vinyl ether

krel Krel
norbor- ethyl vinyl ethyl vinyl
nenel®! ether® ether®!
Cyo
P
o [ 1.00 (0.01%)2 1.0 (32%) 1.0 (0.0059)2)
Ph P
HPZ ( Cl {gyz
CEJRU """ B2
2 ( 0.00038 0.018 0.020
P
Bw,

Influence of the chelating angle (bite angle): Variation of the
ligand bite angle (P-Ru-P angle) from 74° to ~180° has a
profound effect on the reactivity towards different olefinic
substrates as can be seen for [{tBu,P(CH,),PrBu,-x*?P}XRu=
CH—CH=C(CH,),]* (n=1,2), [{Cy,P(CH,),PCy,-x*P}CIRu=
CHPh]* (n=1, 2, 3), and [(PCy;),CIRuCHC¢H;]" (Table 3)
(Cy = cyclohexane).

For the /Bu ligands, enlarging the bite angle from 74° to 86°
decreases the rate by a factor of five for 1-butene up to a
factor of 100 for ethyl vinyl ether.>»] The same trend was
observed in the case of the Cy ligands. The extreme case with
a P-Ru-P angle of ~180° is realized in [(PCy;),CIRuCH-
CeHs]*,P! which shows no reactivity (neither formation of
adduct nor metathesis product) towards olefinic substrates
under these conditions.

Furthermore, the adduct to reactant ratio was determined
for acyclic olefinic substrates (Table 3). With the exception of
the two entries (1-butene: dtbpm vs dtbpe) for the adduct to
reactant ratio, all complexes show a reduced tendency to form

Table 3. Influence of rBu and Cy phosphane ligands.

than the catalyst with the more ki K.
; . norbornene®  1-butene®! ethyl vinyl ether® 1-butene®! ethyl vinyl ether®!
bulky dtbpe ligand (Ta
ble 2);5! this underlines the B
rofound influence of steric ® 1.00 1.00 1.00 10 10
gemand on metathesis | <P (0.4%)[29] (0.5%)[29] (19%)[29] (0'009%)[29] (0.002)[29]
. Buw,
Additionally, the equilibri- By, |i 1B,
CPrpy~C! 5
um constant for the adduct tBS: 0.034 020 0oLl 300 o2
complex of [(L-x?P)CIRu= ‘ : ‘ ’
CHPh]* and ethyl vinyl ether fBEuz
is considerably larger in case of
. _ . Cy2
the stenca'lly lesg demanding 2 1,00 10 1.00 1.00 10
dcpe. We find a difference of <P (88 %) (0.07%)2  (42%)) (1.9)2 (0.04)2
a factor of 50 for the preequi- Cy
libria constants K,; between ® Cy
dcpe and dtbpe (Table 2 and Ph P
S Crf” 0.080 0.09 0.020 0.01 02
Scheme 1). The significance of CheRu—C!
this increased formation of Cyw CF;Z
adduct will be discussed below. Cy
P
In sgmmary,.the'overall meta- < 3 0.01 0.003 0.001 0.04
thesis rate is higher for the p
sterically less demanding Oy
phosphane [(PCy;),CIRu(CHPh)]*  0.000 0.000 0.000 0.000 0.000
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adducts with an increased ligand bite angle. It should be noted
that a second—and for some reactants even a third—insertion
of norbornene was only observed for dtbpm systems, although
dcpm is much more reactive towards norbornene in the first
step. Moreover, no second insertion was detectable for any
complex upon reaction with cyclopentene. In summary, the
overall metathesis rate is reduced drastically for increased
ligand bite angles.

Variation of the carbene moiety: Varying the carbene moiety
has only a slight effect on reaction rates, relative to the large
phosphane ligand influence. Interestingly for the Grubbs
system, the benzylidene complexes are more reactive than the
alkenylidene carbenes in the gas phase. However, in the
cationic cis systems, this trend is reversed (Table 4).

The influence of the carbene moiety was investigated for
the readily available rBu systems. The reactivity of [(dtbpm-
k*P)CIRu=CHR]* (R = CH=CPh,, CH=C(CH,);, CH=CMe,
and CHMe,) shows an increase in rate with an increased
unsaturation in the carbene moiety (Table 5). In summary,
changes in the carbene moiety have only a modest influence
on the overall metathesis rate.

Linear free-energy relationships (LFERs): Reactivity studies
with para-substituted benzylidene carbene moieties allowed
the systematic investigation of electronic effects on rate and
adduct to reactant ratio devoid of steric influence. Using the
technique to prepare these complexes in situ by addition of
the corresponding styrene to the Grubbs complex, subsequent
treatment with either dcpm or dcpe and mass-selecting the
desired product in the first quadrupole prior to the collision
cell, the reactivity of these complexes was also easily assessed.

Table 4. Influence of carbene substituents.

Linear free-energy relationship fits were performed accord-
ing to Hammett with ¢ parameters®? for the substituted
carbene ligands (Figure 5). The corresponding p values are
shown in Table 6. A positive p value is found for both the
dcpm and the dcpe system. However, electron-withdrawing
groups accelerate olefin metathesis more in the dcpe systems,
which are also overall slower. The LFERs for the adduct to
reactant ratio show that s-complex formation (adduct) occurs
to a greater extent for electron-withdrawing groups. In
summary, electron withdrawing groups on the carbene moiety
slightly accelerate metathesis.

Secondary isotope effects: In order to examine possible
secondary isotope effects, a deuterium label was introduced
on the carbene carbon atom which changes hybridization
during the metathesis reaction.®® An inverse secondary
isotope effect for the reaction of [(dcpm-x*P)CIRu=CHPh]*
and [(depm-x2P)CIRu=CDCD;]* with ethyl vinyl ether of
kyu/kp =0.92 £0.02 was found. The inverse secondary isotope
effect for the reaction of [(dcpe-x?P)CIRu=CHPh]* and
[(dcpe-k2P)CIRu=CDC¢Ds]* with ethyl vinyl ether was
ky/kp =0.68 +£0.08.

ROMP with norbornene: Norbornene was polymerized in the
gas phase by Hofmann-type carbenes [{R,P(CH,),PR,-x>P}-
CIRu=CHR’]*. For the Hofmann catalyst [(dtbpm-k*P)-
CIRu=CH—CH(CHs;),]*, up to three norbornene insertions
were observable. Notably, the rate of the initiation and
propagation step are identical within error bounds (ki =
1.00; Kpropre = 1.06).

Reversibility of ROMP: In a previous report we showed that
we can directly test reversibility of ring-opening metathesis in
the gas phase by using bifunc-
tional substrates. These provide
the product of a ring-opening

R’ k
norbornenel?

rel

ethyl vinyl etherl?]

K metathesis reaction the chance
i sy
ethyl vinyl ether to undergo a nondegenerate

. @ CH=CMe, 1.00 (0.01 % )2 - - ring-closing metathesis to an
B . . . Ny
C&FE ..... o - 020 ) ) isotopically or oth.erfmse.substl
tBP/ ) tuted complex distinguishable
* ® ) from the original complex by
Cr rF{' CH=CMe, - 100 22%) 0.070 mass.®!  Along these lines,
| K2 = +
C,':iRu Cl Ph _ 037 1.0 (0.017)2 [(dtbpm-x>P)CIRu=CHR]
Cyo (R =CH=CPh, and CH=CMe,)
_1c2 = +
o r? CH=CMe, B 141 03 and [(depm-« I.’)ClRu CHPh]
M Oy were treated with 4-[(Z)-2-pen-
Cl Ph B 27 03 teny1-§,4,4,5,5,5,-.21.{(,]-cyclopen-
Ru=\ tene in the collision cell. The
c R . .
control experiment with 4-[(Z)-
2-pentenyl-3,4,4,5,5,5,->Hg]-cy-
Table 5. Influence of carbene substituents. clopentane was also carried out.
R k. K. In contrast to the Grubbs sys-
norbornenel®!  propyl vinyl ethyl vinyl propyl vinyl  ethyl vinyl  tem  [{Me;N(CH,),Cy,P}Cl,-
ether(! ether(l ether(® ether(! Ru=CHPh]* there is no indica-
R ® CH=CPh, 0013 1.00 (54%)  1.00 (46%))  0.043 _ tion for reversibility of ROMP
By, |j CH=CMe, 0.284 0.499 0.48 0.064 0.12 (ROM-RCM reaction path-
<wPeru-Cl CH=CH,, 0026 0.153 0.121 0.083 0.15 way) for the dtbpm and depm
tBup CHMe, 1.00 (0.4%)P 0020 0.039 1.0 (0.024)% 1 (0.01)P

systems.
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Table 6. Influence of carbene substituents.

Comparison of gas-phase and

Ky Kl solution-phase results: In ad-
R’ R ) R R dition to the reactivity studies
. (©/ ] p/ of [{(dtbpm-x2P)CIRu=CH—
Yo Y _
Ploc  rlloa  Pleo  rlea CH=C(CH,);LJ[OT], ~ and
~p=Ru p—Ru ~p=Ru p~RU dtb 2P)\CIRu=CH—
Cy Cy Cy Cy [{(dtbpe-x>P) u=
- CH=C(CH,),},][OTf], in the
ethyl vinyl ethert®) OMe 0.371 0.0076 0.0281 0.0021 . .
Me 0.380 0.0081 0.0881 0.0027 gas phase, solution-phase ki-
H 0455 0.0098 0.0404 0.017 netics of the desired com-
F 0573 0.020 0.0317 0.066 plexes were carried out.
CF; 0538 0.026 0.100 0.12 These complexes were syn-
Hammett p parameter!®) 0.23+0.17 0.69 +0.39 - - .
LFERM N N 05408 20410 thesized and fully character-

ized. Their ROMP activity in

[a] Each rate (or adduct to reactant ratio) is the average of 10 measurements; the last representative digit at 95 %
confidence bounds based on a ¢ distribution is given. [b] Hammett p and LFER parameters are given at 90 %

confidence bounds based on a ¢ distribution.

0.6 1

0.4 1

0.2

*CF3
0.0

log(kR/kH)

1 =ToMe *Me

-0.2 1

T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6

Hammett o parameter

0.6 5

log(kR/kH)

T T T T
0.0 0.2 0.4 0.6

Hammett o parameter
Figure 5. Top: Hammett plot for the relative rate data for [(dcpm-
k?P)CIRu=CH(p-C¢H,R)]* (R'=0OMe, Me, H, F, and CF;) in Table 6.
Bottom: Hammett plot for the relative rate data for [(dcpe-x?P)CIRu=
CH(p-CH,R')]* (R"=0Me, Me, H, F, and CF;) in Table 6. Least-squares
fits constrained to go through the origin are shown.
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CD,Cl, at ambient temper-
ature with cyclooctene as a
substrate was determined by
'H NMR spectroscopy in analogy to our previous report
(Figure 6).112]

From the solution-phase kinetics we can derive that
[{(dtbpm-x?P)CIRu=CH—CH=C(CH,),},][OTf], is at least
15 times  faster than [{(dtbpe-x*P)CIRu=CH—CH=C-
(CH;),},][OTTf], and the second-generation Grubbs catalyst
tricyclohexylphosphane[1,3-bis(2,4,6-trimethylphenyl)-4,5-di-
hydroimidazol-2-ylidene](benzylidene)ruthenium dichloride
3).

In summary, cationic ruthenium—carbene complexes with
small chelating angles prove to be the fastest ROMP catalysts
for cyclooctene in solution.

Screening results: In this work we have introduced a new
methodology for catalyst screening. The problem of the two-
fold limitation encountered in typical catalyst screening
methods, that is, limited synthetic access and lack of a direct
analytical probe for catalyst activity, has been solved by
combination of in situ synthesis with online “purification”,
reaction, and analysis in the mass spectrometer. First, the
synthesis of the complexes—necessary only in micromolar
amounts—has neither to be clean nor quantitative; even if the
desired complex is only a side product, a complete study of
reactivity can be carried out. Secondly, the mass spectrometer
enables us to directly monitor intensities (= concentration) of
reactants and products with different m/z. Given the time
needed to work out a clean synthesis, purification, and
crystallization of a single compound, the screening offers a
tremendous strategic advantage. In practice, this means that
screening of libraries generated in situ can be done prior to
the targeted synthesis of any particular structure in pure form.

With 180 experiments (repeated 10 times each) we were
able to map out in two weeks the parameter space defined by
systematic variation of four structural features of the catalyst,
[{R,P(CH,),PR,-x’P}XRu=CHR']* (the halogen ligand, the
diphosphane bite-angle, the steric bulk of the phosphane, and
carbene ligand) and the variation of the metathesis substrate.
A pitfall of the in situ synthesis is the possible formation of
structural isomers that can not be distinguished on the basis of
m/z alone. Therefore, we synthesized, isolated, and charac-
terized [(dcpe-x?P)ClL,Ru=CHPh] independently by NMR
spectroscopy and compared its reactivity with the reactivity of
the in situ synthesized [(dcpe-x*P)CLLRu=CHPh] in our
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Figure 6. ROMP of cyclooctene in solution. Comparison of polycyclooctenamer production as followed by 'H NMR spectroscopy. 7=298 K; 0.5 mL

CD,Cl,; c(cyclooctene):c(Ru) =12500:1.

experimental setup. Within error bounds the [(dcpe-«?P)-
CIRu=CHPh]" ions derived from both sources showed the
same behavior upon reaction with olefins in the mass
spectrometer; this validates the in situ library formation.

The gas-phase screening results are significant for catalyst
tuning if the observed trends correlate to catalysis in solution.
We find experimentally that the influence of the bite angle on
reactivity in the gas phase is paralleled in solution. Also, in
other reports, comparability of gas- and solution-phase
reactivity trends in organometallic reactions was shown.[® %34 A
The reactivity trends can be summarized as follows: The
chloride complexes are more reactive relative to bromide and
iodide complexes. We can also state that, in general, a
decrease in steric bulk (Cy ligand versus ¢Bu ligand), a small
bite angle, and electron-withdrawing groups on the carbene
substituents, accelerate the metathesis reaction.

Key mechanistic details: The advantage using mass spectrom-
etry for investigation of key mechanistic details is the explicit
exclusion of solution-phase preequilibria in the gas phase, in
which the catalytically active species is directly examined.?”!
In addition, we can observe certain intermediates, such as the
7t complex or the transient metathesis products. For mecha-
nistic discussion we only take into account the exothermic
metathesis reactions!®! with either ethyl vinyl ether or propyl
vinyl ether for two reasons: first of all, in case of norbornene,
with mass spectrometry as our analytical technique we cannot
distinguish between a m-adduct complex and a ROM product.
Secondly, for the nearly thermoneutral metathesis reaction of
our catalysts with 1-butene, we cannot exclude reverse
reaction after passing through the metallacyclobutane. The
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim,

possible reversibility makes the 1-butene results unsuitable
for the following mechanistic considerations.

The proposed reaction path in Scheme 1 implies a free
energy profile for strongly exergonic reactions such as in the
case of ethyl vinyl ether as shown in Figure 7.5

From the observed preequilibrium for the formation of the
nt complex B, we can deduce that B is slightly higher in energy

c
,_\
ky )
B .
A K=
- R ®
R @ Rz
R, [ CSLFE&"C'
Chora-© 0kt
R,
+
e 2
— E
R ® —
CPP/RU\ Ro
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OFt 2
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.
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Figure 7. Proposed free-energy profile for the olefin metathesis with ethyl
vinyl ether.
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than A. We assume the preequilibrium to be fast because it is
just a coordination or dissociation of an olefin to a low-
coordinate metal center with a small barrier. Whether the
metallacyclobutane C is a transition state or an intermediate is
not decisive for our kinetic interpretation, as long as the step
from B to C is rate determining. Since the reaction is strongly
exergonic, ring opening to the m-complex D is irreversible and
subsequent olefin dissociation to E is fast.

Steric effects: Comparison of the data for [(dcpe-k*P)CIRu=
CHPh]* and [(dtbpe-x?P)CIRu=CHPh]* (Table 2) allows the
separation of electronic and steric influences, since these two
complexes differ only in the steric demand of the ligand.F1 A
factor of 50 for the metathesis rate as well as for the fast
olefin-binding preequilibrium K; (A =B) is observed. As-
suming a rate-determining step k,, the ratio of the constant K,
accounts for essentially all of the difference in rate for the
metathesis reaction [Eq. (1)].

d[P)/dt = k,[adduct] = (k\/k_,)(k,)[reactant][olefin] = K, k,[reactant][olefin]
@

Interestingly this means that the activation energy for step
B to C must be nearly the same for these two systems
(Figure 8). From the olefin complexation constant K| it can be
derived that the olefin binds ~2.7 kcalmol~! more tightly to
the sterically less-demanding dcpe complex than to the dtpbe
complex.

Stereoelectronic effects: Changing the bite angle of the
phosphane ligand by increasing chelate ring size changes
both the electronic and steric properties of the complex.
Enlarging the P-Ru-P angle from ~74° (four-membered
chelate ring)l'? to ~86° (five-membered chelate ring),!'”
and then further to the six-membered chelate ring reduces
the reaction rate by a factor of 300.°! The extreme case with a

Ph @
Cyz
CP;RU \-Cl
Cy2
OFEt

P-Ru-P angle of ~180° is achieved in [(PCy;),CIRu=
CHC¢Hs]*, for which we detect no reactivity towards olefins.
Two different explanations for this observation are possible.
Either, as we have outlined in a previous communication, in
the extreme case of a~180° a ruthenium carbyne hydride
rather than a ruthenium carbene may be present in the gas
phase, as has been demonstrated for the Werner systems in
solution.’”l In order to become a metathesis-active rutheni-
um-carbene catalyst, the carbyne hydride must undergo a
1,2-hydride shift, adding an unfavorable preequilibrium to the
observed gas-phase rate. Reduction of the bite angle from
~180° to ~74° may shift the carbyne hydride to carbene
preequilibrium towards the carbene. However, it has to be
pointed out that Werner could not observe the formation of
the ruthenium carbyne hydride in solution upon attempted
abstraction of a chloride with a Lewis acid from the Grubbs
catalyst.’”] Alternatively, the large rate deceleration may be
due to an increase of the energy barrier for the rate-
determining metathesis step upon enlargement of the chelat-
ing angle, which is supported by DFT calculations. Use of a
model system with H,P(CH,),PH, ligands allows assessment
of electronic influences without considerable steric influences.
Density functional theory (DFT) calculations at the B3LYP/
LANL2DZ level on the model systems [(H,PCH,PH,-
k*P)CIRu=CH,]* and [{H,P(CH,),PH,-x*P}CIRu=CH,|* in-
deed show an increase of the energy barrier for the formation
of the metallacyclobutane, starting from the olefin &t complex,
of 2.0 kcal mol~L.¥ Within an Arrhenius model this difference
in activation energy results in a rate acceleration by a factor of
20 for the smaller chelate ring.

From [(dtbpm-x?P)CIRu=CH—CH=CMe,|* to [(dtbpe-x>P)-
CIRu=CH—CH=CMe,|" the experimental rate of metathesis
with ethyl vinyl ether is decreased by a factor of ~100,
whereas the 7t complexation is decreased by a factor of ~5
(Table 3). The missing factor of ~20 is readily explained by
the different energies of activation for the metathesis step B to

Ph @
£ tBuy
/:pP;Ru \.Cl
Buy
OEt
e
k2(tBu),
®
Ph
ﬂ':;Uz( N Ea2(tBu)
Eacbs(Bu) prRu=_ !
Bu, / OEt
K1(tBu)
®
Ph
tBuzﬁ
C:;Ru -Cl
tBuy

Figure 8. Preequilibrium constant K, is decisive for the difference of the overall rate olefin metathesis rate for [(dcpe-x?P)CIRu=CHPh]* and

[(dtbpe-x2P)CIRu=CHPh]".
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C for different P-Ru-P angles. Analogously, for [(dcpm-«2P)-
CIRu=CHPh]* and [(dcpe-x?>P)CIRu=CHPh]*, the reaction
rate decreases by a factor of ~50, whereas ; complexation
decreases by a factor of ~5. Through enlargement of the
P-Ru-P angle from 74° to 86° the rate for the metathesis step
B to C is decreased by a factor of 10 to 20.

Electronic effects, Hammett parameters, and isotope effects:
Varying substituents R’ (R"=OMe, Me, H, F, and CF5;) in the
para position of the benzylidene moiety allows the direct
assessment of electronic effects without steric influences.
From Hammett plots, a positive p value of 0.23+0.17 for
[(depm-x2P)CIRuv=CH(p-C¢H,R’)]* and a p value of 0.69 +
0.39 for [(dcpe-k?P)CIRu=CH(p-CsH,R')]* are found. The
faster dcpm systems with a lower activation barrier are
influenced less by electronic effects than dcpe systems. This is
consistent with an earlier transition state for the faster
reaction according to Hammond postulate arguments. The
positive p value indicates that electron-releasing groups slow
down the reaction. The low-coordinate 14-electron complex B
is stabilized more by electron-releasing groups than the
metallacyclobutane C, in which the aryl group is no longer in
direct conjugation to the ruthenium. This leads to a higher
overall energy barrier and therefore lower rate. Furthermore
the olefin m-complexation preequilibrium constant K; de-
creases for electron-releasing groups.

Inverse secondary kinetic isotope effects are found for both
[(depm-k?P)CIRu=CDC,D;]* with ky/kp,=0.92+0.02 and
[(depe-k?*P)CIRu=CDC,Ds]* with ky/kp,=0.68 +£0.08 when
reacting with ethyl vinyl ether. This is—according to an
admittedly simple model—consistent with a rate-determining

\P/Ru """
tBu,
1.06l dl
®
X
Y

Bu (|
{"g;Ru ..... Cl
tBu,

step in which the hybridization of a carbon is changed from sp?
to sp?, which means that formation of the metallacyclobutane
C is the rate-determining step.®*! The smaller inverse
secondary kinetic isotope effects for the faster reaction is
again consistent with an earlier transition state.

Backbiting: In ROMP with Grubbs-type catalysts, intramo-
lecular m complexation of the growing polymer chain
competes with propagation, which was deduced in solution
phasel'*l and observed for gas phase by a faster initiation than
propagation (Kiyre = 1.00; Kprop 1 = 0.011).) In the Hofmann
dtbpm system on the other hand, initiation and propagation
rates in the gas phase are the same (ki1 = 1.00; Kproprer =
1.06). From these results we can deduce that, in this type of
catalyst, intramolecular m complexation of the growing
polymer chain does not compete significantly with propaga-
tion (Scheme 3).

This interpretation is consistent with large PDIs (polydis-
persity index) of norbornene ROM polymers!'? 3 obtained by
using [{(dtbpm-x?P)CIRu=CH—CH=CMe,},][OTf],. Along
these lines, this catalyst is not well suited for RCM in solution
phasel'> ! due to lack of backbiting, which is the prerequisite
for RCM.

Notably, in the gas phase, the sterically less demanding
[(depm-x*P)CIRu=CHPh]*, ®
though reacting at a very high Cyo %{
rate in the first step in compar- <Py =S Y
ison to that of [(dtbpm-«x2P)- Cy2
CIRu=CH—CMe,]*, shows no
second insertion of norbornene
(Figure 9).

Ph

Figure 9. Backbiting of the
growing polymer chain in the
dcpm system.
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Scheme 3. Backbiting of the growing polymer chain in the Grubbs system slows down insertion of additional norbornene, whereas backbiting seems to be

absent in the Hofmann dtbpm systems.
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This may be due to higher tendency for backbiting, which is
underlined by the extremely high complexation constant K;
for 1-butene (Table 3).

ROMP activity in solution—Grubbs versus Hofmann car-

benes: The Grubbs complex is a less active ROMP catalyst in

solution compared to the dtbpm carbenes. The overall

solution phase rate is mainly governed by three factors: 1)

concentration of the active species, 2) backbiting of the

growing polymer chain, and 3) intrinsic reactivity of the active
species.

1) In the Hofmann system formation of the catalytically
active monomer by dissociation of the dinuclear dicationic
dtbpm complexes is more facile than formation of the
catalytically active complex [(PCy;)ClL,Ru=CHPh] by loss
of one PCy; in the Grubbs system.””) Therefore the
concentration of the active species is presumably higher
in the dtbpm system.

2) As shown previously for the Grubbs system, the propaga-
tion rate is reduced by a factor of 90 relative to the
initiation rate due to backbiting. In the dtbpm systems, on
the other hand, backbiting is absent.

3) The intrinsic reactivity of the active species of the Grubbs
system is higher than for the Hofmann system (k. is ~=40:1
for [{Cy,P(CH,),NMe;}CL,Ru=CH-CH=CMe,]* and
[(dtbpm-x2P)CIRu=CH—CH=CMe,]|*).?"!

All three factors enter into the observed solution-phase
reactivity, with the net result that, although the active species
of the Grubbs system is intrinsically more reactive in the gas
phase than the active species of the Hofmann system, the
higher concentration of active species and lack of backbiting
in the latter system makes it the more potent ROMP catalyst
in solution.

It should be emphasized that the overall metathesis rate of
the Hofmann carbenes in solution is proportional to the
dimer/monomer preequilibrium (Kj,,) as well as to the olefin-
binding preequilibrium K;. Given that k, is rate determining,
the overall metathesis rate in solution is described by
Equation (2) (cf. Scheme 1).

d[P]/dt = k,[adduct] = (k,) K [monomer][olefin] = k, K, K ,[dimer]"*[olefin]
@

As a consequence, further ROMP catalyst development
also has to focus on shifting the preequilibrium K, towards
the monomer; this should also lead to a narrower PDI.
Enhanced olefin binding, for example, by reduction in steric
demand of the phosphane ligand, although increasing the rate
by enlarging K,;, will decrease the ROMP rate, since the
second insertion is hampered by backbiting. Evidently,
reduction of the energy barrier of the rate-determining step,
for example, by decreasing the P-Ru-P chelating angle, leads
to a larger rate due to an increased k,. From these results, one
can predict that the broad PDI of ROM polymers made with
[{(tBu,PCH,PBu,-x?*P)CIRu=CH—CH=C(CHs),},][OTf], can
be narrowed by using a more electron-deficient initial carbene
for which the initiation, but not the subsequent propagation,
would be accelerated.
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Conclusion

In situ synthesis of complexes combined with an assay by
electrospray ionization tandem mass spectrometry, excluding
solvent effects and solution-phase preequilibria, was used to
systematically investigate the influence of four structural
features of catalysts [{R,P(CH,),PR,-x?P}XRu=CHR']*, that
is, the halogen ligand, the diphosphane bite-angle, the steric
bulk of the phosphane, and carbene ligand, as well as the
variation of the metathesis substrate. Moreover, we were able
to establish that the reactivity trends determined in the gas
phase parallel solution-phase reactivity. Chloride as the
anionic ligand X, a small chelating angle (n=1), and reduced
steric demand of the substituents R (Cy versus rBu) lead to
the most reactive complex in acyclic olefin metathesis,
whereas variation of the carbene moiety CHR' has only
modest influence. The overall rate for the monocations in the
gas phase depends on the m-complex preequilibrium and
metallacyclobutane formation, which was found to be the
rate-determining step. In ROMP reactions backbiting has a
profound influence on the overall rate. The overall rate in
solution is also determined by a favorable dimer/monomer
preequilibrium, which provides a high concentration of active
monocations from dicationic precursors.

The rapid assay of a variety of structural effects on
metathesis rate, combined with mechanistic analysis, leads
to predictions for optimized catalysts for given applications.
As was already shown, the experimental assay for backbiting
leads to the rapid determination of catalysts suitable for
ROMP or RCM. Optimizations of a given catalyst structure
for a given reaction ordinarily requires independent synthesis
of each individual candidate complex, followed by testing.
Given that, for typical organometallic complexes in homoge-
neous catalysis, the synthesis consumes the greatest fraction of
expended time, the methodology described here—screening
before synthesis—offers great savings in time and effort.

Experimental Section

Instrumental: Gas-phase experiments with norbornene and with 1-butene
were performed on a slightly modified Finnigan MAT TSQ-7000 tandem
mass spectrometer. In case of ethyl vinyl ether, propyl vinyl ether, and
cyclopentene a modified Finnigan MAT TSQ-700 tandem mass spectrom-
eter equipped with an electrospray ionization source as described
previously was used.*'!] Typically 10°m solutions of the complex in
CH,Cl, were electrosprayed at a flow-rate of 5 uLmin~!' with nitrogen as
sheath gas at 5kV and a capillary temperature of 423 K. The tube lens
potential was varied between 70 V and 190 V depending on the complex. In
a typical collision experiment, the principal isotope peak of a cationic
complex was thermalized to 343 K in the atmospheric pressure ionization
(API) octopole (O1) (or API24-pole in TSQ-700), then mass-selected with
the first quadrupole (Q1) and collided with the reactants at a nominal
kinetic energy of 1 eV (laboratory frame) in an octopole (O2) collision cell.
The width of the energy distribution of the ions after mass selection in Q1
was approximately 1 -2 eV. The pressure in the collision cell was taken with
a Pirani gauge without further correction and maintained constant for each
series of experiments to within 5 %. The products were mass-analyzed with
the second quadrupole (Q2) and detected with an electron multiplier at
1400 V (TSQ-7000) or 1100 V (TSQ-700). Every spectrum consists of
60 averaged scans of 1 s to give a signal to noise ratio of more than 10000 to
1. The product distributions were taken from the integrated peak intensities
without further intensity correction depending on the mass.

0947-6539/01/0721-4630 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 21



Ruthenium - Carbene Catalysts

4621-4632

From previous Monte Carlo simulations we know that the ions in the
collision cell at a pressure in the mTorr range undergo a total of up to
~5000 collisions.®) We assume that under these multiple-collision con-
ditions, all reactants and intermediates are approximately thermalized and
that fast preequilibria are reached, in contrast to typical gas phase
experiments under single collision conditions.’!

Each experiment was repeated 10 times. Error bounds on the relative rates
were determined from a ¢ distribution by standard statistical methods and
represent 95 % confidence limit. Rates were calculated from Equation (3)
and equilibrium constants from Equation (4).

r=p?/p(av)?([prod] — baseline)/([prod] + [reactant] + [adduct] — baseline)
3

K.,=plp(av) ([adduct] — baseline)/([reactant] — baseline) 4)

For each given reactant, equilibrium constants were linearly normalized to
one pressure. For each given reactant, pseudo-first-order reaction rates
were normalized by the square of the pressure, because the rates depend
linearly on the concentration (pressure) of the reactant, and at low
conversion linearly on reaction time in O2 (foxk ' and k x p~' = tx p; kK =
diffusion coefficient; these assumptions agree with our Monte Carlo
simulations!®!). Baseline resolved spectra of several reactants were taken on
a Finnigan LCQ DECA ion trap.

Organometallic complex chemistry: The CH,Cl, was dried over CaH, and
saturated with argon prior to use. All reactions were carried out in a dry box
(H,O <1 ppm and O, < 1 ppm). The cationic ruthenium compounds used
in this study were prepared as follows: cationic ruthenium carbene
complexes with the tert-butyl-substituted phosphanes [i.e., bis(di-ters-
butylphosphino)methane (dtbpm)®#) and bis(di-ters-butylphosphino)-
ethane (dtbpe)]*’ were prepared according to literature procedures!'?!
and electrosprayed from a 10~°m solution of the triflate salts in CH,Cl,.
To study the halogen substituent effect, chloride was exchanged in situ by
treatment of complex [{(1Bu,PCH,PtBu,-x2P)CIRu=CH—CH=
C(CH,),},][OTf], with an excess of [Bu,N][Br] or [Bu,N][I] in CH,Cl,.
Complexes with cyclohexyl-substituted phosphane ligands [LCl,Ru=
CHPh] or [LCLRu=CH—CH=C(CHj;),], with L =bis(dicyclohexylphos-
phino)methane (dcpm),* bis(dicyclohexylphosphino)ethane (dcpe),***!
and bis(dicyclohexylphosphino)propane (dcpp),***! were prepared in situ
by adding a 10->m CH,Cl, solution of the corresponding ligand to a 10 m
solution of commercially available [(PCy;),CL,Ru=CHPh]*d  or
[(PCy3),CLRu=CH—CH=C(CH,),],* respectively, in CH,Cl, (reaction
conditions: r.t., 15min). The derivatives [LCL,Ru=CHAr] ([LCLRu=
CDCDs]) were also prepared in situ by adding an excess of the substituted
styrene H,C=CHAr (D,C=CDC,Djs) to a 10~>m solution of [(PCys;),C,Ru=
CHPh] in CH,Cl, (r.t., 30 min) and subsequent treatment with the ligand L
(rt., 15min). All corresponding cations [LCIRu=CHR]* ([LCIRu=
CDC,Ds]*) were formed under electrospray conditions.

Attempted in situ preparation of [(fBu,PCH,PBu,-x*P)Cl,Ru=CHPh] by
addition of dtbpm to [(PCy;),Cl,Ru=CHPh] in CH,Cl, in order to generate
the desired [(1Bu,PCH,PtBu,-«x*P)CIRu=CHPh]* ion did not show the
desired product peak in ESI-MS. As reported, a dinuclear ylide rather than
the cationic carbene complex [(1Bu,PCH,PrBu,-x?P)CIRu=CHPh]* is
formed for this rBu-substituted diphosphinomethane ligand under these
conditions.!

The cyclooctene (>99.5% (GC)) for the NMR ROMP kinetics in CD,Cl,
was obtained from Fluka, degassed and used without further purification.
NMR spectra were recorded on a Bruker DRX 500 spectrometer.
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