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Abstract: Inspired by the cooperativity displayed by
metalloenzymes, bifunctional organometallic complexes
featuring pendant basic functional groups are designed
and evaluated as catalysts in reactions for which en-
zymes are not suited. Anti-Markovnikov hydration of
terminal alkynes is the focus, as are hydrogen bonding
and proton transfer facilitated by the pendant groups.
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Introduction

In 1823 Dobereiner ignited more than curiosity, when he
discovered the ability of platinum black to cause a stream of
hydrogen gas to catch fire.'! Berzelius considered this ex-
periment when he coined the term catalysis in 1835. Cataly-
sis is a field that inspires wonder: reactions impossible in
the absence of catalyst are made possible as if by magic.
Catalysis is now also of tremendous practical importance
and financial value, by one account™ at the core of 90% of
current chemical processes and producing more than half of
today’s chemical products. The development of new cata-
lysts for making important organic compounds, especially
those operating by new mechanisms, has not only intellectu-
al appeal and excitement, but also far-reaching practical and
political importance.

The fascination with elemental metals and hydrogen con-
tinued with the discovery of heterogeneous hydrogenation
catalysts in the latter part of the 19th century.!! In the
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middle of the 20th century, early structure and bonding stud-
ies of organometallic complexes were followed in the
1960s"! by the development of practical homogeneous hy-
drogenation catalysis by Wilkinson! and the discovery of
enantioselective catalysis by Noyoril”! and Knowles.”!

In the ensuing 40 years, most efforts to improve organo-
metallic catalysts have focused on variations in the metal
used and the steric and electronic properties of the ligands
attached. These three factors have tremendous influence on
the affinity of the potential catalyst for reactants, intermedi-
ates, and products and on the rates of reactant conversion to
products. For example, the original Rh and Ir hydrogenation
catalysts discovered by Wilkinson and Osborn featured two
or three triphenylphosphine ligands, of which generally two
stay on the metal. However, by changing to one large and
strongly-binding phosphine, Crabtree and co-workers creat-
ed a catalyst with high affinity for existing polar groups in
the hydrogenation substrate, allowing precise directing of
the catalyst by temporary coordination to the substrate
(Scheme 1).5%

From Enzymes to Organometallics

In general, organometallic studies have focused on a single
metal, or small cluster of metals, and its steric and electronic
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Scheme 1. Precise delivery of hydrogen by catalyst.
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environment. In contrast, natural enzymatic catalysts often
use a number of interactions to achieve efficiency and selec-
tivity. One class of metalloenzymes features a single metal
center along with various acidic and basic organic functional
groups.'”! Scheme 2 illustrates this class, with interactions
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Scheme 2. Proposed cooperativity in the active site of carboxypeptidase.
Hydrogen bonds are indicated by dashed lines.

proposed for the active site of the amide hydrolysis catalyst
carboxypeptidase. The Zn" center is coordinated to the
enzyme active site through two histidine imidazole groups
and one carboxylate group, leaving it to act as a Lewis acid
toward the amide carbonyl to be hydrolyzed and the water
molecule that performs the hydrolysis. Other hydrogen-
bonding interactions are thought to help the carboxy termi-
nus of the substrate to bind to the active site, and proton
transfer from bound water to the carboxylate of Glu-143 is
thought to facilitate an attack of water on the amide bond.
Fortunately for protein-based life, in the absence of catalyst,
amide-bond hydrolysis at ambient temperatures has a half-
life of 350 to 500 years."'? Remarkably, carboxypeptidase
completes the task in seconds, achieving an acceleration of
more than 10", What can we learn from this? Can we apply
some of the design principles of nature to organometallic
catalysis, for reactions to which enzymes are not suited?
Attempts to improve organometallic catalysis by using a
variety of secondary interactions have been increasingly
studied in the past 25 years.'*"* In enzymatic catalysis, hy-
drogen bonding and proton transfer are common themes.
Hydrogen bonding helps determine the structure and func-
tion of nature’s polymers (DNA, RNA, and proteins). In the
serine proteases, a proposed role of the basic imidazole of a
histidine side-chain is to deprotonate water during amide
hydrolysis.'” Fascinating studies, especially in the past 10
years,”! have focused mostly on structural aspects of or-
ganometallic hydrogen bonding, revealing new hydrogen-
bonding interactions, such as M—H--H—D and M--H-D
(D =hydrogen bond donor). As for catalysis, a few studies
on hydrogen-bonding interactions have illustrated both the
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promise and difficulty of harnessing this type of secondary
interaction.?*2!

Thus, my group initiated a program to look at the cooper-
ative effects of a transition-metal center and nearby organic
moieties capable of proton transfer or hydrogen bonding,
using structures schematically illustrated in Scheme 3. Start-

LM—L X LM——L L,M—L

P — N
ACh H - ©)» oR )
X N/ X N/
chelate polar substrate \Hx" ‘\/\Hk/"

1

hydrogen bonding proton transfer

~

desired bifunctional interactions

Scheme 3. Schematic of bifunctional substrate activation.

ing from chelate 1, a polar substrate, such as water (X=
OH), could bind reversibly to the single central metal M,
while also donating a hydrogen bond or a proton to a pend-
ant basic nitrogen atom, forming 2. The X—H bond could
also be an activated C—H bond in a hydrocarbon, such as an
alkyne. Because transition-metal-chelate complexes with
five- and six-membered rings are generally the most stable,
we wanted to restrict our attention to ligand systems
L(C),N with one carbon atom (i.e., n=1, not 2 or 3), as we
imagined that the resulting four-membered chelates would
either not form at all, or be prone to opening by a polar
ligand, as shown in Scheme 3, for the desired bifunctional
interactions. The presence of the imidazole ring in histidine
suggested to us that we examine ligands such as 3.

PPh,

N= 3

N—cH, aR=H
== b R ={Bu

R

Catalysts with two different functional groups, such as 1
or 2 with its metal M and pendant base, are often called bi-
functional. Other research groups are investigating such spe-
cies, and it is worth noting how our systems compare. Bi-
functional catalysts can be divided into three types: 1)
metal-free organocatalysts, featuring moieties capable of hy-
drogen bonding or proton transfer or perhaps other interac-
tions (e.g., m stacking); 2) those with a Lewis acidic metal
and Brgnsted-Lowry base; and 3) those with a transition
metal (capable of fundamental organometallic reactions,
unlike a simple Lewis acid) and an internal base or acid.

Examples of the first type of organocatalysts,”>?" are pep-
tides®?! or other small molecules with hydrogen-bonding
or proton-transferring groups®” in proximity. The second
catalyst type includes AI"™, In"™, or Ti'"V centers held by li-
gands containing Brgnsted-Lowry bases near enough to act
on intermediates, but far enough from the metal to prevent

Chem. Eur. J. 2005, 11, 7146—7153
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coordination. For examples, see the work of Shibasaki,

Saa,*34 Leckta,?*! Snapper and Hoveyda,F”l and Kozlow-
ski.®® In some systems, even a transition metal (for example,
Ru™%h) may act simply as a Lewis acid, not forming
metal-carbon bonds.

Finally, the most relevant type of bifunctional catalyst for
this article are organometallic complexes. Early examples
were provided in 1982 by Kumadal*! (directed attack of nu-
cleophiles on allyl-palladium intermediates) and in 1986 by
Ito, Sawamura, and Hayashi (gold-templated aldol reac-
tions).?! Perhaps now the most famous examples are the
transfer hydrogenation catalysts developed extensively by
Noyori and co-workers,***! and some related MCp* systems
(M=Ru, Rh, Ir; Cp*=n’-C;Me;)."**! These complexes
(schematically illustrated by 4; Scheme 4) appear to transfer
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Scheme 4. Some key steps proposed in bifunctional organometallic catal-
ysis.

hydrogen by a new, outer-sphere mechanism featuring coop-
erativity of metal and the N—H moiety of an amine ligand.
Other notable examples are 1) the Shvo catalyst recently
studied by Casey’s group;¥’* 2) Sigman’s alcohol oxidation
catalyst, for which he proposes alcohol binding involving
proton transfer;*” 3) nitrile hydration by [Pt(L),(R,P—OH)]
complexes (6; Scheme 4),°** which are proposed to act by
attack of the pendant hydroxyl on coordinated and activated
nitrile functionality (forming 7 as an intermediate); and 4)
nitrile hydration by [Ru—H(L),] complexes, in which the hy-
dride ligand may activate attacking water through hydrogen
bonding.”

One particularly exciting precedent for some of our re-
search is shown schematically by the proposed conversion of
8 to 9 (Scheme 4). The 2-pyridyl group on a phosphine
moiety, as shown in 8, enables a highly selective alkoxycar-
bonylation of terminal alkynes, increasing reaction rates by
factors of over 1000 times those obtained with only phenyl
groups on the ligand.®*>*! Although several roles of the pyri-
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dine nitrogen atom and added acid have been discussed, the
most recent evidence suggests® that a pyridinium moiety
may help protonate a m-bound alkyne (in 8) to form a cat-
ionic vinyl complex (9).

Thus, there are some very promising literature examples
of the importance of proton transfer in organometallic catal-
ysis. A variety of investigations showing the effectiveness of
hydrogen bonding or proton transfer are underway in our
laboratory; below, the focus is on alkyne hydration.

Anti-Markovnikov Alkyne Hydration

In 1998 our attention was drawn to the first report of cata-
lytic anti-Markonikov hydration of terminal alkynes to give
aldehydes (Scheme 5).5"! Prior to this advance, aldehyde for-

Catalyst A=

I
10mol % CIrRY
Cl PPh,(CeFs)

+  PPhy(C4Fs)
30 mol %

Catalyst B = |

10 mol % C|\"‘RU\ ? (u)
cl  PPh, H—C-.p:R 3 H_’C:,C-.R
H H HH
H—C=C-CH o RIS g 75% 4.5%
R ol o
" 2.propanol, 12 h, 85 °C z :
catalyst B 8% 66%
14 h, 100 °C
H—C=C-Ph EatyatA 0.7% 0.7%

2-propanol, 20 h, 80 °C

Scheme 5. Phosphine alters regiochemistry of alkyne hydration.

mation from terminal alkynes demanded stoichiometric con-
versions by using boranes or silanes, followed by oxidation.
In addition, previous attempts to catalyze addition of water
to terminal alkynes by using transition metals or strong acid
resulted in Markovnikov hydration, giving a methyl ketone.

Intriguingly, the Tokunaga and Wakatsuki catalyst could
be tuned to give either aldehyde or ketone as the major
product, with most ratios on the order of 10:1 or 20:1 in
either direction (the highest being 67:1), and the reason for
change in regiochemistry was not entirely clear. Moreover,
because the best catalyst for aldehyde formation required
added phosphine, in order to hydrate a gram of 1-octyne,
over 0.5 g of catalyst would be needed. In addition, phenyla-
cetylene gave less than 2% of a 1:1 mixture of aldehyde and
ketone.

Tokunaga and Wakatsuki presented evidence that the
benzene ligand was soon lost during the catalysis. We rea-
soned that an anionic Cp ligand (Cp=-cyclopentadienyl)-
would resist displacement, resulting in a more robust cata-
lyst. A promising literature precedent in this regard was that
[Ru(Cp){bis(phosphine)}] species, such as 10 (Scheme 6),
react in high yields with terminal alkynes to give vinylidene
complexes 11, key intermediates proposed by Tokunaga
and Wakatsuki. Moreover, the carbon atom attached to the
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H/JF\Ph ’ //C\ v /C\_H H (schematically illustrated in 18,
H H o e Scheme 8) would promote for-
13 33% yield . .
mation of a more reactive nu-
o e cleophile, leading ultimately to
10 (0.3 equiv) 2 X L H R . 'L alkyne hydration.

H—Cc=c-R ——— > H ¢~ e ~\""'pph i
AR = d \H oF ¢\ 3 Thus, as shown in Schem@ 9,
(R=CgH13) 12 h, 100°C H H 14 ¢ two moles of known phosphines
l 35% 18% 65% (of 0.3 equiv) 32" and 192" were used to
l +H@ / +H® \ / + c\@ displace the acetonitrile ligands
= ~ from 20, forming 21 and 22 in
HO_ | o\\ I I high yield. Interestingly, in each

/c’R{-uPPhS % ,&T}R("'F’F’ha OC/RL{"fppha product 21 and 22 the same
HC,_  PPhs -H HoC, (PPh; /CH2 ligand is coordinated in two dif-

R 15 PPhy 16 ferent environments, one che-

Scheme 6. Elusive alkyne hydration on [Ru(Cp)(PPhs),] complexes.

metal in 11 reacted even with the poor nucleophile metha-
nol, forming a methoxycarbene complex (12) in high yield.
However, reaction with water was not so simple (or encour-
aging), affording 33% of the stable complex 13®¥ rather
than an aldehyde, though the latter may have escaped detec-
tion.

Our initial investigations using 1-hexyne reaffirmed that
in acetone containing five equivalents of water, 10 (2
mol %) “catalyzed” the formation of 1% of hexanal, not
even one mole of aldehyde per mole of metal complex.
While our own investigations were in progress (as described
below), in 2001 Suzuki et al. reported™ that under slightly
different conditions, 10 (30 mol %) reacted with 1-octyne to
give 35% of aldehyde and 18% of alkane, not quite two
turnovers (Scheme 6). Significantly, 65% of the ruthenium
was recovered as stable complex 14, isolation of which (like
that of related complex 13 by Bruce and co-workers) sug-
gested that catalyst instability was due to loss of phosphine
(15, 16). Two simple and effective remedies applied by the
Japanese team were 1) to use smaller, more donating phos-
phines such as Me,PPh, since these are less likely to dissoci-
ate, or 2) to use chelating phosphines, since in that case if
one end of the ligand dissociated it would still be attached
at the other end. Indeed,® at 100°C, chelating phosphine
complex 17 (2 mol %, Scheme 7) catalyzed formation of al-
dehyde in over 90% yield in many cases, and ketones were
not detected. Phenylacetylene was still somewhat problem-
atic, requiring higher catalyst loading (10%). Though this
was a significant advance, as shown below, use of ligands ca-
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(0.02 equiv) _c
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R =CgH
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Scheme 7. Phosphine loss problem solved.
of the two ligand nitrogen = ]
atoms and, hence, fluxionality is |
a process t.oo slow tol see in i C¢Ru-‘-u..,-,,,;.h2
these particular species by ~e? PPh,D
normal NMR techniques, but it I N
R 4
. . o4 N
is a phenomenon seen in our H/ N

work with other metals. Hun-
dreds of pyridylphosphine com-
plexes have been made and
their chemistry reviewed,/®%%)
with most of the attention fo-
cused on the ability of the PN ligand to bridge two different
metal centers. Fewer imidazolylphosphine complexes have
been made,”® usually for similar purposes, the one impor-
tant exception being tris(imidazolyl)phosphines used as
model ligands for bioinorganic chemistry.*”

In aqueous acetone, the two complexes reacted with 1-
hexyne readily, but hexanal was not formed. Rather, each

Scheme 8. One proposed bi-
functional role.
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Scheme 9. Coordination chemistry and trapping of vinylidene by heterocycle.

complex was converted to a new species (23, 24) incorporat-
ing all the atoms of hexyne and of the starting complexes.
Though two-dimensional NMR spectroscopy results led to
the formulation shown, ultimately X-ray diffraction® con-
firmed that indeed the heterocyclic nitrogen atom had
added to C1 of hexyne, presumably at the stage of putative
vinylidene complex 25.

To hinder the direct attack of nitrogen at vinylidene C1 as
suggested by 25, it was decided to add a bulky heterocyclic
ring substituent adjacent to the basic nitrogen atom.*” Thus,
reaction of two moles of 3b (Scheme 10) with 20 in the pres-
ence of water (5 equiv) was used to create 26 (98 % yield)
within an hour. The crystal structure of 26" shows a water
molecule in a binding pocket formed by the metal as Lewis
acid and the two basic imidazole nitrogen atoms as hydro-
gen-bond acceptors, a picture conforming to 2 in Scheme 3,

oPhy i

Me S ) i &
N \N P2 S an st
20 + 2 + Hy0 ——= 09 con )
= CDCl3, v(zw‘}, S v: N \‘{
3b g 25°C, 1h crm&%m i3 )cm
= 98% a0 T
- S ke
cnz&f/h\ccm Em U‘?‘\C Tio
o o
26

27 X = TfO or PFg

Scheme 10. Formation of alkyne hydration catalysts.
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and not unlike the proposed role of Zn" in the carboxypep-
tidase active site (Scheme 2). Complex 26 (2 mol %) catalyz-
es aldehyde formation from a variety of terminal alkynes, in
the case of 1-nonyne at 90 times the rate of 17. Alkylacety-
lenes work the best, whereas phenylacetylene requires addi-
tional catalyst (10%). Significantly, for application to fine-
chemical synthesis, the acid-sensitive alcohol protecting
groups fert-butyldimethylsilyl and tetrahydropyranyl are tol-
erated, showing that reaction conditions are remarkably
neutral. Under the conditions employed (5 equiv of water,
70°C, 1 to 2 days), even acids as mild as pyridinium or
acetic acid would catalyze removal of the protecting groups
tested. Significantly for catalyst design, the presence of a po-
tentially coordinating nitrile group does not alter perfor-
mance of 26, probably because the resting state of the cata-
lyst (as determined by NMR spectroscopy of the reaction
mixtures) is 26, in which nitrile is excluded.

Though the crystal structure of 26 validates the model
presented by 2 in Scheme 3 and is aesthetically pleasing, it
may be that 26 creates too good a binding pocket for water.
For one thing, in monitoring reactions by NMR spectrosco-
py, the resting state of the catalyst appeared to be 26, not
some intermediate in the alkyne hydration. For another,
added phosphine (3b) did not change the hydration rate,
suggesting that both phosphines stayed on the metal and
that water dissociation was necessary to open the catalytical-
ly active site for alkyne binding. Thus, reduction in hydro-
gen-bonding strength was attempted by changing the basici-
ty of the heterocyclic nitrogen atom. Related pyridylphos-
phine 19b! was used to displace two nitriles from 20,
giving 27.1%1 This species proved to be 12.8 times as active as
26, and 1100 times more active than 17. With 27, not only al-
kylacetylenes but also aryl and electron-rich arylacetylenes
were hydrated effectively by only 2 mol % of catalyst. In ad-
dition, using 5 mol% of catalyst, alkylacetylenes could be
hydrated within two days at room temperature, the first
such possibility.[*)

Given these encouraging results, rates and selectivity of
aldehyde formation from a terminal alkyne, with catalyst 27
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and without, were experimentally determined (Scheme 11),
giving results within the realm of enzymatic performance.

i
R _CHs
R—C=C—H + H,0 —> R_ _C._ =+ C
70°C C H I
H, o]
R=nC:H;s aldehyde ketone
(anti-Markovnikov (Markovnikov
product) product)

Scheme 11. Enzyme-like rate and selectivity changes: 1) By using protic
acid (10 % HNTHY,), ratio of aldehyde/ketone of 1:33; 2) by using bifunc-
tional catalyst 27, ratio >10000:1; 3) without catalyst, rate of aldehyde
formation <1x107"" molh™ (half-life >600000 years!); and 4) with 27,
rate of aldehyde formation 23.8 molh™" per mol of catalyst—changes in
rate and selectivity >2x 10" and >300000, respectively.

Proton Transfer or Hydrogen Bonding?

The mechanism of the heterocycle-assisted alkyne hydration
is under examination by a combination of experimental and
computational methods. There are several mechanistic possi-
bilities (for a review, see reference [70]), but two key steps
during which a basic nitrogen may help catalysis are the for-
mation of the vinylidene ligand from alkyne, and subse-
quently the addition of water to C1 of the vinylidene.
Computational studies’® of the alkyne-to-vinylidene
transformation suggest bifunctional activation of the alkyne,
as seen in Scheme 12. Following the important revelations

,;f ‘- ,,‘i
Ui? \(7

28.1 keal mol!
23.6 keal mor 2

29

0.0 keal mol™

28

Scheme 12. Calculated structures in the reaction of propyne on CpRu[H,P(CsH,N)],*.

from Tokunaga et al.,'” protonation of bound propyne by
H, in 28 was considered. As H, migrates, its movement ap-
pears to be assisted by the metal in the transition state (29),
which features a three-point interaction between pyridine N,
Ru, and alkyne carbon to which H, is migrating in forming
vinyl derivative 30. The role of the hydrogen-bonding inter-
action in 28 between the terminal alkyne hydrogen H, and
the other pyridine is also under scrutiny. On the experimen-
tal side, one highlight of the work in progress includes the

www.chemeurj.org
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recent isolation of vinylidene complex 31 and the observa-
tion that it is sensitive to water at ambient temperatures
(Scheme 13). This contrasts sharply with the literature

©] &)
= © < O
| B(CeFs)s | PFg
Ru-«
H N c“ '\ 'PPh,
] Ph,P
Ph

wRu
Ph,P™ 1 =pph,

32

reacts with water at 25 °C
(half-life 50 min in presence
of 10 equiv water in [Dg] THF)

recovered unchanged
after 12 h at 100 °C
in iPrOH-H,0

Scheme 13. Contrasting reactivity of vinylidene complexes derived from
catalysts 27 and 17.

report™ that vinylidene complex 32 was recovered un-
changed after 12 h at 100°C in isopropanol/water! In short,
efforts continue to answer the question posed above.

Conclusion

Regardless of mechanistic effect, polar pendant groups suit-
ably placed near a transition-metal center show great prom-
ise for activation and function-
alization of nonpolar substrates.
New mechanisms that use both
the capabilities of the transition
metal to change its d-electron
count and the movement of
protons during the catalytic
cycle are expected to open fur-
ther possibilities in catalysis.

(Ilp

H H

N R N

UP‘- 3 ’P"@
| |
H H

/Hn ‘(/Lﬁb /
Me

13.1 keal mol™
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