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Abstract

Fourier transform ion cyclotron resonance mass spectrometry was used to study the gas-phase reactions of thri
zirconium(lV) hydroxide ions, CfZrOH™ (Cp = n°-cyclopentadienyl), CizrOD*, and CgZr*®0OH™". Product distributions
were determined for reactions with alcohols, amines, ethers, esters, and amides. Reactions with alcohols lead to O—H bo
activation with formation of alkoxide complexes £Z@OR™ and elimination of water. Equilibrium constants for the reactions
were used to determine the relative energetics of Zr—OR bonds, and the affinities of hydroxide and alkoxides toward th
zirconium(lV) center in CgZr?>" decrease (OH > MeO™ > EtO™ ~ iso-PrO~ ~ secBuO~ ~ tert-BuO~) in the same order
as the proton affinities of RQ Adducts of the alkoxide complex ion with alcohols are formed at long reaction times. Reaction
with acetic acid leads to formation of the carboxylate complex iogZ@p,CCH; and elimination of water. Amines, ethers,
esters, and amides all form adducts with,Df©H"*, but no other reaction pathways, such as hydrolysis, are observed. The
unsolvated zirconium(lV) hydroxide species can coordinate substrates and activate O—H bonds, but it does not efficientl
cleave esters and amides despite its reactive, bound hydroxide and coordinative unsaturation. The relationship of these rest
to solution reactions of metal—hydroxides is discussed. (Int J Mass Spectrom 204 (2001) 255-266) © 2001 Elsevier Scienc
B.V.
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1. Introduction DNA, amides, and carboxylic and phosphate esters

[3-8]. These small complexes can serve as models for

Metal-bound hydroxides are found in a variety of
biological catalysts [1,2] that are active in the hydro-
lysis of carboxylic acid and phosphoric acid deriva-
tives. A number of transition-metal complexes have
been investigated in the catalytic cleavage of RNA,

* Corresponding author. E-mail: der@chem.ufl.edu.

metalloenzymes such as zinc carboxypeptidase and
zinc alkaline phosphatase, which cleave peptide
bonds and phosphoester bonds, respectively.

In general, the pH dependence of catalysis can be
used to show that a hydroxo complex kl—OH"") or
its kinetic equivalent is responsible for observed
reactivity with electrophilic substrates. Kinetic studies
of substitution inert cobalt(lll) complexes have led to
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detailed mechanisms for their hydrolytic reactions [7], Scheme 2.

and kinetic studies with labile metal complexes such

as zinc(ll) chelates indicate similar mechanisms are gy studying the reactions dfand isotopically labeled
operative [4]. The generally accepted mechanisms usu-analogs with substrates in the absence of solvent, we
ally involve nucleophilic attack of the metal-bound gypstantially reduce the complexity of proton inven-
hydroxide to form a tetrahedral intermediate, which can tory in the chemistry. Coordinative unsaturationlin

decompose to products. As in purely organic catalysis, & can lead to rapid binding of Lewis basic substrates
large number of intermediates can be invoked for the gjnce ligand displacement need not occur. e

reaction pathways due to the multitude of possible zjrconium(lv) center serves as a model for bifunc-
acid-base reactions. The mechanistic complexity is tional electrophilic metal complexes based on later

compounded by the presence of a protic solvent such transition elementsd”) and lanthanidesd?f"). The
as water. In addition, the metal center may act as a reactivity of 1 is a useful model for the intrinsic

Lewis acid and bind the various intermediates and chemistry of metal hydroxides in the binding and
products by monodentate or bidentate interactions.  5ctivation of polar substrates.

In reactions with activated esters (those with good  Reactions ofl with alcohols are shown here to
leaving groups), metal hydroxides act as typical O- proceed by O-H activation, most likely by way of a
donor nucleophiles, and the reactivity is generally mechanism that can be considered proton transfer or
predictable from the pKa of the metal-bound water ;.pond metathesis (the latter analogous to C—H acti-
[9]. With unactivated substrates (which are better yation reactions known for related alkyl complexes in
models for biological substrates such as peptide the gas phase and solution). It will also be shown that
bonds), rates of hydrolysis can be unusually high, and {he simple metal—hydroxide compléxis inadequate
metal binding of substrate and intermediates can be g cleave esters and amides rapidly in the gas phase,
used to rationalize this special reactivity [4]. The concept gnd this absence of observable activity can be ex-
of bifunctional catalysis can be invoked, in which a plained by barriers associated with likely mechanisms
nucleophile (hydroxide) and an electrophile (the metal for such hypothetical reactions. The role of solvation

center) are in close proximity and can act in tandem to i, reducing these barriers or opening other pathways
increase the catalytic reaction rate, e.g. by means of ayj| pe discussed briefly.

zinc bound intermediate as shown in Scheme 1. It is
this bifunctional catalysis that we are interested in
understanding in greater detail via gas-phase studies.2. Experimental

In view of the general interest in metal hydroxide
catalysts and the more specific problem of developing 2.1. Mass spectrometer
gas-phase methods for protein and polynucleic acid
cleavage, we have investigated the intrinsic reactivity ~ All experiments studied in this project were done
of a 14-electron zirconium(IV)—hydroxo complex in using a Fourier transform ion cyclotron resonance
which the metal center is not coordinatively saturated mass spectrometer (FTICR/MS), which consists of a
and is strongly electrophiliclj, see Scheme 2. 3.0 tesla Oxford superconducting magnet (Oxford
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Fig. 1. Schematic of external source FTICR/MS.

Instruments, Cryomagnetic Systems, Abingdon, Ox-
ford, UK), a Bruker Apex external source vacuum
chamber (BioAPEX, Bruker Analytical Systems, Inc.,
Billerica, MA), and a Bruker Aspect 3000 data

system. The spectrometer operates in both high reso-

lution and broadband FT modes. A schematic diagram
of the instrument is given in Fig. 1. The vacuum
system of the instrument is divided into three pump-
ing regions. The source region contains various types
of the ionization techniques such as the external
electron ionization (El) and chemical ionization and is
evacuated to~10 ° mbar with a 330 L/s Edwards
turbopump (BOC Edwards Co., Wilmington, MA).
The ion-transfer region contains the electrostatic
lenses which guide ions into the analyzing chamber
and is pumped by a 70 L/s Edwards turbopump. The
analyzer region contains the rf-shimmed Infinity cell
and is evacuated to a base pressure in the low’ 10
mbar by using a 330 L/s Edwards turbopump. The
source chamber is connected to the main vacuum with
a small orifice that is controlled by a manual gate
valve. All sample inlet valves and the solids probe
loading ports are pumped by an Edwards mechanical

pump.
2.2. Sample handling
The precursor complex GBr(CH.), (Cp = n° —

cyclopentadienyl) is air sensitive, so it was kept in an
inert atmosphere box until it was ready to be trans-

257

ferred to the external source ionization chamber. A
small quantity of CpZr(CH,), solid was placed in a
melting point capillary, which was sealed with grease
before it was taken out of the glove box to prevent
moisture contamination. Prior to loading the sample
capillary on a solids probe tip, the capillary was cut
down to the proper length so it would fit securely in
the probe tip. The air exposure time of the sample was
kept as short as possible to reduce the amount of
decomposition. After the sample tube was secured on
the solids probe tip, the probe was inserted into the
first region of the probe loading port, which was
rapidly evacuated by a mechanical pump~+8.0 X
10 2 mbar. The valve separating the solids probe port
from the source chamber was then opened to allow the
probe to be inserted into the source chamber, so the
sample would be near the filament assembly of the
external El source.

The temperature of the solids probe was main-
tained around 40-60 °C to ensure sufficient sample
vapor in the source region and to provide the maxi-
mum signals for the ions of interest. The ions were
produced with an appropriate El energy to maximize
the signals of the parent ions ¢CH; and to
minimize the formation of the fragment ion ¢gr™;

a typical value was~30 eV. HO, D,O, and the
organic reagents were introduced into the high vac-
uum region through two Varian precision leak valves,
and the amount of vapor leaked into the vacuum was
adjusted to provide maximum signals for the ions of
interest. Formation of CZrOH™ by reaction of water
with Cp,ZrCH3 in the ion trap proved to be more
reliable than production in the El source.

2.3. Equilibrium studies

By introducing two alcohols or an alcohol and
water to the ion trap, equilibrium reactions can be
observed if the equilibrium constant is not too large or
too small. The equilibrium constantk () of alcohol
exchange reactions were determined by using the
expression

licp,zror+ o
K — [Cp,ZrOR1* PROHAROH 1)

licp,zror]* PrrOHR OH
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wherel is the normalized intensity of the two ions, Table 1

_ _ . .

is the pressure of a neutral gas, anés the pressure ~ Reactions of CEZIOH™ with selected alcohols
correction factor for the neutrals in the cell based on Neutral
polarizability. Absolute errors in pressure measure- Alcohol Product m/Z lost
ment are expected to have a small impact on the CH;OH Cp,ZrOCH; 251 HO
accuracy of equilibrium constant determination due to CHsCH-0H Cp,ZrOCH,CH, 265 RO

he chemical and phvsical similarit of the alcohol CsH<OH Cp,ZrOCgH¢ 313 HO
the chemical an | physical simi arity of the alcohols i) cHon  cpzrocH(cCHy: 279 HO
and the cancellation of errors in Eq (1). C,HgOH® Cp,ZrOC,Hg 293 H0

20Only the main product isotope ion is listed here.
P Includes tert-, sec-, and-butyl alcohols.
3. Results and discussion

H;C—H bond energies require that the Zr—O BDE
exceed the Zr—C BDE bg15 kcal mol ™.

Cp,ZrOH" reacts rapidly with the precursor cem
plex CpZr(CH), to form binuclear zirconocenes.
This side reaction can be a complicating issue when
the EIl ionization of CpZr(CH,), and reaction with
water are both done in an ion trap. However, in this
work external EI on the precursor followed by ion
injection into the trap [which has virtually no
Cp,ZrCH; + H,0 — Cp,ZrOH* + CH, (2) Cp,Zr(CHjy), present] is used to remove this pathway.

3.1. Preparation of CgZrOH"

Precursor CgZrCH; ions were produced in the
external source region by using electron ionization of
Cp,Zr(CHs), and were then transferred into the ana
lyzer cell. Reaction with water in the high vacuum
region produces GZrOH™ by means of the reaction
in Eq. 2.

By using appropriately labeled water, Zp*%0H" _ _ .
and CpZrOD* were produced for isotope label 3-2- Reactions of alcohols with ¢ZrOH

studies. Analogous reactions occur with alcohols to _ . o
produce CpZrOR" ions. Results for the reactions with alcohols are given in

After Cp,ZrOH" ions were prepared, they were Table 1. Alkoxide complexes GBrOR™ are formed
isolated in the trap by ejection of all other ions and exclusively by elimination of water for all the alcohol

were allowed to react with organic reagents that were Ompounds studied

also .introduced into the analyzer cell. A vgriable Cp,ZIOH* + ROH — Cp,ZrOR* + H,0 3)
reaction delay controlled the amount of reaction that
occurred prior to detection. At longer reaction times an alcohol adduct is observed
All seven major isotopes of zirconium were ob-
served in the spectra, witin/z235 and 237 being the
most abundant isotopes for ¢HCH; and The adducts are 16-electron complexes and are for-
Cp,ZrOH™, respectively. In the sections to follow, the mally coordinatively unsaturated; however, 18-elec-
Cp,Zr metallocene fragment is assumed to remain tron adducts with two bound alcohols are not ob-
intact for all reactions. Collision induced dissociation served under our conditions.
experiments of CjZrOH™ lead to the loss of OH as Mass spectra obtained for the reactions of
indicated by the formation of GZr™. Cp,ZrOH" with alcohols are exemplified by the
The thermochemistry of Eqg. (2) provides some reaction with ethanol shown in Fig. 2. Fig. 2(A) is a
insight into relative Zr-O and Zr—C bond dissociation spectrum of isolated GErOH™" ions, and Fig. 2(B)
energies (BDEs). For the reaction to be observed at shows formation of the gas-phase product
near collisional rate constant, the reaction must be Cp,ZrOCH,CH; following a 2.5 s reaction delay
ergoneutral or exoergic. The relative HO-H and after isolation of CpZrOH™.

Cp,ZrOR" + ROH — Cp,Zr(OR)(ROH)"  (4)
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Fig. 2. (A) Spectrum of isolated GBErOH" ions. A small amount
of the product ion aim/z 265 has formed following the ejection
pulse. (B) Formation of the gas-phase productZA@CH,CH5
following a 2.5 s reaction delay after isolation of ZpOH*. The
adduct product ion CZrOCH,CH4(C,H;OH)* at m/z311 is also
observed.

The reaction of Eq. (3) is formally a proton transfer
from the alcohol to bound hydroxide. Based on the
ready formation of adducts [Eq. (4)] and the coordi-
natively unsaturated nature of ZOH", it is rea
sonable to suggest that an intramolecular proton
transfer occurs following initial formation of an un-
detected CgZrOH(ROH)" adduct. From an alterna
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Table 2
Reactions of CgZr*®0H" with selected substrates
Neutral
Substrate Product lost
CH,CH,OH Cp,ZrOC,H; H,%0
CgH-OH Cp.ZrOCHZ H,'®0
CH.CO,CH; {Cp,Zr*®OH + CH,CO,CHg} * ...
(methyl acetate)
CH,CO,C,Hs (Cp,Zr*80H + CH,CO,C,Hy)*
(ethyl acetate)
CH.COH Cp,ZrO,CCHY H,0

(acetic acid)

tive but equivalent point of view, the mechanism of
the alcohol reaction with GZrOH* may be consid
ered to proceed by an O-H activation mechanism,
which is isoelectronic to the activation of C—H bonds
by the complex CgZrCH3 (Scheme 3]10,11]. This
four-center/four-electroro-bond metathesis mecha-
nism is well documented fod® alkyl complexes in
general and has been shown to be appropriate in the
case of gas-phase reactions ob2yCH; with hydro-
carbons [10]. In this model, the reaction of Eq. (2) is
an example of an O-H activation reaction by
Cp,ZrCH;.

Isotopic labeling studies were performed for se-
lected alcohols reacting with Gpr*®OH* and
Cp,ZrOD" to investigate the reaction mechanism in
more detail, and some of the results obtained are
summarized in Table 2. In all cases tH®© and D
labels are lost with water elimination. This result is
consistent with a four-center/four-electron transition
state for the reaction as illustrated in Fig. 3. In the
reaction scheme of Fig. 3, we illustrate the formation
of precursor and successor adducts of alcohol and
water, respectively. Such adducts are observed at
longer reaction times, and the stabilization of the

+ N '|_| H—I +F ﬁ, +
é i —/CH é /C-{—H - CH4 @
Z—CH, er\ M Zr\C/__
C_
@ < @

Scheme 3.
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Zr _* + ROH Zr
—~OH
@\O/H
|
R
T"i /
ot
Zr:" \‘:H
Ry
L\
+ +
] H
. e
Zr\OR + H2*O Zr\ H
OR

S

Fig. 3. Proposed mechanism for RO-H activation of alcohols by
Cp,ZrOH*. The proton transfer from alcohol to bound hydroxide is
shown to occur in a four-center/four-electron transition state.

adducts arises from either collisional thermalization
of the collision complex or radiative cooling of the
complex, or both.

3.3. Determination of relative Zr—O bond energies
for selected CfZrOR" complexes

Alcohol/water exchange equilibrium reactions can
be described by using

Cp,ZrOR"+ R'OH = Cp,ZrOR' " + ROH AGe,

(5)

where R, R = H, methyl, ethyl, iso-propyl, sec-
butyl, or tert-butyl. Fig. 4 summarizes thAG;q
values for the equilibrium reactions studied in this
work [determined fromAG,, = —RT 1n K, with
Keq determined by using Eg. (1)]. As seen in Fig. 4,
the value ofAG;q is negative for the reaction of all
alcohols with CpZrOH" [i.e. Eq. (5) with R=H
and R = Me, Et, iso-Pr, sec-Bu, or tert-Bu). In
addition, theAG;q values become increasingly nega
tive as the size of Rincreases.

Typical equilibrium reaction data obtained for the

D.E. Richardson et al./International Journal of Mass Spectrometry 204 (2001) 255-266

0 HO-
29
29 MeO-
1.4 0.75
3.7 EtO-
0.76
14 1.6
4.4 i-PrO-
1.0

4.4 s-BuO-
4.6 t-BuO-

Fig. 4. Equilibrium ladder for reactions [Eq. (5)]. Derived free
energy changes from experimental equilibria are shown adjacent to
arrows (diagram is not to scale). Estimated free energy changes for
Eq. (5) with R= H are shown to the left of the ladder.

the reaction of CgZr(tert-OGHy)" with ethanol
given in Fig. 5. After ~3 s reaction time, both
Cp,ZrOC,Hg and CpZrOC,H: intensities decrease
due to the formation of three new adduct products,
Cp,ZrOC,Hg(C,HgOH)", Cp,ZrOC,H5(C,H:OH)",
and CpZrOC,Hg(C,HsOH)". However, as the Ki
netic plot shows in Fig. 5, a reaction equilibrium
between the C@ZrOC,Hg complex and the
Cp,ZrOC,HZ complex was established aftef5 s of
reaction delay (indicated by a constant intensity ratio
or parallel lines on the logarithmic plot). This reaction
equilibrium is used to calculate th€,, value of the

, Cp,ZrOC(CH,),"

21
Cp,ZrOC,H*

6 4 5 & & & 6§ 7 & ¢ 10

Reaction delay (s)

Fig. 5. Reaction of CgZr(tert-OC,Hg)* with ethanol. Variable

reactions described in Eq. (5) are illustrated by using reaction delay.



D.E. Richardson et al./International Journal of Mass Spectrometry 204 (2001) 255-266

reaction via Eq. (1). It was confirmed that the derived
equilibrium constants were independent of relative
neutral pressures.

The thermochemistry of Eq. (5) with R H can be
defined by the sum of the three following equations:

AGy o (Zr—OH)

(6)
— AGpom (Zr-OR)
@)
(8)

Cp,ZrOH" = Cp,Zr* + -OH
CpZr* + ‘OR = Cp,ZrOR'*

‘OH + ROH="OR' + H,0  AG, 4

The value ofAG;q is then given by
AG.y = AGpom (Zr-OH)
- AG:wm (ZT—OR,) + AG‘:ad (9)

Letting AG,, (ZI-OR) — AG,, (Zr-OH)=
AAG/om

AAGhom = (10)

can be used to calculate the homolytic Zr-OR bond
dissociation energies relative to Zr—OH. For calcula-
tions using Eq. (10)AG,,4is estimated as the value of
AH, .4 by assuming that the contribution S/, is
insignificant under the experimental conditions.
AH,.4 can be calculated from standard enthalpy of
formation data. A negative value &fAG;,,, means
the Zr—OR bond is weaker than Zr—OH, and this is
the case for all Zr—alkoxides (Table 3). The reactions
of Eq. (3) are driven by the formation of the strong
HO-H bond.

Although the absolute Zr-O bond energies of
Cp,ZrOR" complexes cannot be determined from this
study, the relative Zr—O bond energies of ZOR"

- AG;q + AG g
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hydroxide and alkoxide ligands in these zirconi-
um(lV) ionic and neutral organometallics.

The thermochemistry of Eq. (5) with R H can
also be defined by the sum of four equations based on
heterolytic bond dissociations:

Cp,ZrOH* = Cp,Zr** + OH~

AGh e, (Zr-OH) (11)
Cp,Zr** + OR'™ = Cp,ZrOR’™*

— AG;(ZI-OR) (12)
OH™ + H" =H,0 — AGgiq (H20) (13)
ROH=OR™ + H"  AG,4(ROH)  (14)

Egs. (13) and (14) are the gas-phase acid dissociation
reactions of water and alcohols. The vaIueA@}"eq is
then given by

AGeq = AGye(Zr-OH) — AGpe( (Zr-OR)

— AGggia(H20) + AG,q(R'OH)  (15)
Letting AGj (Zr-OR) — AG,., (Zr-OH) =
AAG e,
AAGpey = — AGeq — AGggiq(H20)
+ AGgiq (R'OH) (16)

can be used to calculate the relative heterolytic Zr-O
bond dissociation energies.

A negative value ofAAG,,, means the Zr—OR
bond is weaker than Zr—OH, and values are given in
Table 3. The affinities of hydroxide and alkoxides
toward the zirconium(IV) center in GAr?* therefore
decrease (OH > MeO™ > EtO iso-PrO" ~

complexes can be estimated. The difference betweensec-BuO ~ tert-BuO") in the same order as the

the Zr—OH and Zr—(OtBu) bond energies in this
work (13 =+ 2 kcal mol'?) is comparable to that
obtained for the related neutral §4r(X)(OR) com-

plexes (Cp*= pentamethylcyclopentadienyl and X is

another monodentate ligand) by Schock and Marks

(11 kcal mol'?) [12]. Although the absolute bond
dissociation energies may be quite different for the

neutral complexes compared to the gas-phase ions,
the relative energies are essentially unchanged for — Cp,ZrO,C,H; + H,*®0

proton affinities of RO.
3.4. Reaction of CZrOH™ with acetic acid

The reaction of CgZr'®0H™ with acetic acid is
illustrated in

Cp,Zr*®0H* + CH,COOH
(7)
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Table 3

Equilibrium data for CeZrOH* + ROH = Cp,ZrOR+ + H,O and derived Zr-O bond energefics

R AG;q AAG o AAGy g, AG,. P AG/ 4 D(RO-HY
H 0 0 0 384 0 119.2
Me -29 —-12.1 -7 374 —-15.0 104.2

Et -3.7 -11.3 -9 371 —15.0 104.2
i-Pr -4.4 —(10) -10 369 14) (105)
s-Bu —-4.4 —(10) -12 368 14) (105)
t-Bu -4.6 -12.8 -11 368 -14.1 105.1

aAll values in kcal mol*. Estimated error limits are-1 kcal mol™* on values in first three columns, except values in parentheses are
estimates. See text for definitions of free energy changes at the top of the columns.
b Values compiled from [16]. Some values are averages from compiled data. Estimated values are in parentheses.

The product ion is most likely a bidentate carboxylate acetate were done, and the results are summarized in
complex. The proposed-bond metathesis reaction Table 2. For methyl acetate and ethyl acetate, the
mechanism of the acetic acid reaction (Fig. 6) is adducts were observed as the main products without
similar to the one proposed above for alcohols. The loss of label.
key step in this mechanism is the migration of It is noted that initial experiments showed the
hydrogen (formally as a proton) from bound acetic formation of the acetate complex fO,C,H3
acid to the bound hydroxide. when CpZrOH"* was allowed to react with a methyl
Observation of a facile reaction indicates the Eq. acetate sample, suggesting that hydrolytic cleavage of
(17) is exoergic or ergoneutral. The formation of a the ester had occurred with elimination of methanol.
strong HO-H bond from the weaker AcO-H bond However, careful purification of the ester to remove
means that the Zr—acetate bond can be weaker thanthe acetic acid impurity resulted in the disappearance
the Zr—OH bond. The homolytic bond dissociation of this product ion, which had been formed via the
energy of the Zr—acetate bond is no more that2 reaction of Eq. (17).
kcal mol * lower than the Zr—OH value and is likely

to be much stronger. . _
3.6. Absence of hydrolysis by theZr—hydroxide

3.5. Reactions of GZrOH" with other organic cation

substrates . .
Neither esters nor amides are cleaved by an ob-

servable reaction with GErOH™ in the gas phase.
Plausible reaction pathways are available for additio-
n—elimination reactions, as described below. Possible
origins of kinetic barriers to these reactions will be
discussed with a focus on esters.

The Zr—OH unit in CpZrOH" does not undergo
facile group exchange reactions with esters to elimi-
nate either acid or alcohol

Reactions of CgZzrOH™ with four other classes of
the organic compounds were investigated by using the
same method as for the studies of alcohols. Adduct
products for CpZrOH* with RCOR’, ROR,
NRR'R”, or RCONRR"” were produced exclusively
from reactions of CgZrOH™* with esters, ethers, amines,
or amides, respectively. Substrates investigated includ-
ed: methyl acetate, ethyl acetate, methyl butyrate, ethyl
benzoate, ethyl trifluoroacetate, 4-nitrophenyl acetate, Cp,zZrOH" + MeC(=0)OR
diethyl ether, di-iso-propyl ether, di-propylamine,
triethylamine, N,N-dimethylformamide, N-methyl- % Cp,Zr(OR)" + MeC(=0)OH (18)
acetamid_e, and_N,N—dimethylac_etamide. - Cp,ZrOH* + MeC(=0)OR

Isotopic studies of the reactions of £Zp~"OH
with selected esters such as methyl acetate and ethyl %> Cp,Zr(O,CMe)" + ROH (19)
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Scheme 4.

(for acetate esters). In the agueous solution reactivity would probably proceed by means of the intermediate
of metal-hydroxide complexes, either of these reac- Intl shown in Scheme 5, in which the coordinated
tions can be the basis for catalytic hydrolysis of esters hydroxyl group dissociateslntl could be a true
if the resulting metal-alkoxide or metal—carboxylate intermediate or a transition state for interconversion
bonds are labile toward hydrolysis. The absence of the of Td1 and Td2.
pathways in the gas-phase reaction of,Z@H" The formation of the tetrahedral intermediate from
with esters can be understood by consideration of the OH™ + CH,C(O)OMe has an exoergicity from
reaction thermodynamics and likely intermediates in ~—27 to —31 kcal mol'* [13,14]. Therefore, the
the mechanisms. formation of Intl would also be exothermic, with a
The thermochemistry of Eq. (18) is readily esti- correction for the difference in bond energies between
mated from the data in Table 3 and the enthalpy Cp,Zr?* and OH versus the tetrahedral intermediate
change (5 kcal mol* for R = methyl) for ester alkoxide ofIntl. Assuming this difference amounts to
hydrolysis in the gas phase. The hypothetical reaction ~10 kcal mol'* (estimated from results for other
in Eq. (18) is thereby estimated to be near thermon- alkoxides in Table 3), the energy of formationlofl
eutral. A possible mechanism for the transformation is from the reactants [CZrOH" + CH,C(O)OMe] is
shown in Scheme 4, which is based on solution estimated to be~—20 kcal mol'l. However, the
mechanisms often invoked [4] (ancillary Cp ligands

not shown). The reaction could plausibly proceed via \ OH
formation of the experimentally observed adduct Zr\O
(Ad1) followed by intramolecular attack of the bound / \\ OMe

hydroxide at the electrophilic carbonyl to form a
bound tetrahedral intermediaiall.
In the mechanism of Scheme 4, the interconversion Int1
of tetrahedral intermediates in the stédl — Td2 Scheme 5.
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alkoxide ofIntl is probably a weaker Lewis base than

other simple RO species such as those in Table 3. @j /U\OH @/OH
\OH

Thus, the formation ofntl from reactants could be \
far less exoergic than the estimate given. The transi- O#
tion state forintl formation fromTd1 is expected to /

be late because a heterolytic bond cleavage is in- A

volved. Although probably lower in energy than the @ZrOH

reactants, the formation ¢fitl from Td1 can present @O

a significant kinetic barrier in the gas phase due to )\ \
tightness of the transition state relative to the disso- ° R

ciation pathway reforming the reactants. The major “OH *
kinetic barrier to the reaction of Eq. (18) could be the @ @er//o
formation of Intl, but the conversion from adduct @‘\ /o\ @'\

Ad1 to Td1 might instead be rate determining.

Turning to Eq. (19), the organic part is essentially Fig. 6. Proposed mechanism for reaction ot OH* with acetic
displacement of acetate from methyl acetate by hy- acid.
droxide to form methanol. This type of displacement
reaction is well known [15] for gas-phase reactions of This is essentially the B2 mechanism for acetate
OH™ and can proceed by either anZSattack by displacement with all intermediates bound to zirconi-
hydroxide at thea-methyl carbon or via a B2 um(lV). A significant barrier to this pathway and
pathway, with the latter being somewhat preferred others must prevent the displacement from occurring
based on a recent theoretical study [14]. Given the at an observable rate in the gas phase.
apparent strength of the Zr-acetate bond relative to ~ An analogous analysis can be carried out for
Zr—OH noted earlier, the overall transformation of Eq. amides by replacing OR with NHR, and the mecha-
(29) is likely to be exoergic. nism of Scheme 4 can be transformed to that of

Direct, linear-transition state \@ displacement  Scheme 7 for N-methylacetamide. The absence of a
cannot occur readily because it would lead to signif- facile reaction such as that shown in Scheme 7
icant charge separation and, in the dissociated limit, presumably results from considerations similar to
production of CpZr(CH;OH)** and CHCO, (cat those for esters, modified by relative preference of
ion—anion separation is electrostatically prohibitive in  zirconium(IV) for oxygen versus nitrogen donors.
the gas phase). The electrostatic problem can be A mechanism for the hypothetical reaction of
resolved if the carboxylate remains bound and meth- N-methylacetamide to eliminate,® and produce the
anol is eliminated. Such a mechanism would parallel N-methylacetamide complex could involve proton
that for the acetic acid reaction in Fig. 6, except the transfer from the substrate to bound hydroxide (anal-
migrating group would be a methyl group instead of ogous to the mechanism in Fig. 6 for acetic acid). The
hydrogen. Substantial barriers must be present for this absence of an observable reaction of this type is
mechanism compared to the O—H activation reactions
observed, and this is consistent with the strong pref-
erence for migration of hydrogen relative to alkyls in
4-center/4-electron transition states (e.g. Scheme 3)
[10].

Formation of Td1l of Scheme 4 could lead to
formation of the carboxylate complex by way of the
hydrogen migration transition stat€S1, shown in TS1
Scheme 6. Scheme 6.
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o
. /U\NHMe Zr+—0H \Zr+4/OH
Zr—OH - /N ) — \
OYNHMG o NHMe
H20 -NHzMe
(0]

/U\ \ .
\. o ATNHMe N\ o NHMe
e \o\[/OH — /Zr\;:wi!

Scheme 7.

consistent with the lower acidity of the amide relative Ancillary acidic and basic groups are widely invoked
to acetic acid and the oxophilicity of the zirconi- in mechanisms for peptidases and esterases [3].
um(lV) complex. Lewis basic solvents such as water can also serve
to lower barriers to transformations such Bsl to
3.7. Solvation effects on metal—hydroxide reactivity Td2 in Scheme 4. The intermediat@tl can be
stabilized by coordination of water, and its formation
Despite plausible mechanisms (e.g. Schemes 4 andcould be accelerated by water.
7) for ester and amide “hydrolysis” by GprOH™,
such reactions are not observed our gas phase exper-
iments and they must have rate constants approxi- Acknowledgments
mately three orders of magnitude or more lower than
ion-molecule collision rate constants (the approximate  This work was supported by a grant from the
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