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Abstract

Toward the efficient solvolysis of phosphate esters and amides under mild conditions,
many small-molecule metal-containing catalysts have been designed to activate the
substrate toward metal-mediated nucleophilic addition. However, very few systems have
been designed to also employ a metal ion to activate the leaving group (LG) toward
departure. To this end, the following studies were undertaken to ascertain the magnitude

and mechanism of metal ion-promoted leaving group assistance.

The solvolysis of a specially-designed set of phosphate mono-, di-, and triesters, having a
Cu(Il)-complexed 2-phenanthrolyl group at the ortho-position of a departing phenoxide,
was studied in water and ethanol under pH-controlled conditions at 25 °C. A combination
of pH/rate profiles, solvent deuterium kinetic isotope effect (DKIE) values, and activation
parameters were collected and compared to the results in methanol. While a detailed
comparison of the activation parameters reveals complex trends due to changes in the
reaction medium, the rate-accelerating effects of the Cu(Il)-promoted leaving group
assistance in all three solvents are substantial, ranging from 10° to 10" relative to their

background reactions.

The methanolysis of the Cu(Ill) complexes of a series of substituted N,N-bis(2-
picolyl)benzamides was studied under {pH-controlled conditions at 25 °C. Hammett

reaction constants, solvent DKIE values, activation parameters, and computational results
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describe a mechanism where the metal ion, coordinated to the N,N-bis(2-picolyl)amide
unit, delivers a Cu(Il)-coordinated methoxide to the carbonyl group in the rate-limiting
transition state of the reaction. The metal ion appears to activate the substrate through
coordination to the amide nitrogen, activate and deliver the nucleophile, and subsequently
assist LG departure. Expanding upon this work revealed a common mechanism for the
methanolysis and ethanolysis of the Ni(Il), Zn(Il), and Cu(Il) complexes of
N,N-bis(2-picolyl)-p-nitrobenzamide and N,N-bis((1H-benzimidazol-2-yl)methyl)-p-
nitrobenzamide. Comparing the rate constants for the attack of alkoxide on the M(II)-
complexed 4-nitro-substituted benzamides to those for the uncomplexed forms reveals

accelerations ranging from 10'* to 10"

Finally, the palladacycle-promoted methanolysis of a series of thiobenzanilides with
different LGs was studied under ;pH-controlled conditions at 25 °C. The kinetic data

indicate that two mechanisms are operative wherein either one or two catalysts effect

cleavage depending on the nature of the LG.
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(73+04)x 10° s and ko = (2.5£0.3) x 100 8 2 =0.9907 ...ovoeeeeeeeeeeeeeen.

Figure 2-7. A plot of —TAS* vs AH* for the decomposition of [Cu(Il):2.1,2.2,2.3]
(m, v, @ respectively) in ethanol (leftmost vertical points), methanol (center vertical

points) and water (unmarked points) at 25 °C in the plateau regions where the active
forms are [Cu(Il):2.1b/c]’, [Cu(I):2.2b]" and [Cu(Il):2.3a]*". The various lines

connecting the three species are not fits, but aids for visualization...........c.ccceceeveruenneene.

Figure 2-8. Eyring plot of In(k/T) vs 1/T for the hydrolysis of Cu(Il):2.1 (0.02 mM
of Cu(Il) and 2.1) determined at pH 6.9 under aqueous buffered conditions (0.4 mM
2,6-lutidine, 0.2 mM HOTY). The data are fitted by NLLSQ methods to the linear
form of the Eyring equation to give AH* =22.9 + 0.2 kcal'-mol™ and AS* = 13.6 + 0.7

cal-mol'l-K'l; T2 20,9997 ettt et r e e n e rerns

Figure 2-9. Eyring plot of In(k/T) vs 1/T for the cleavage of Cu(I):2.1 (0.02 mM of
Cu(Il) and 2.1) determined at {pH 11.4 in anhydrous ethanol under buffered
conditions (0.4 mM 2,2,6,6-tetramethylpiperidine, 0.2 mM HOTY). The data are
fitted by NLLSQ methods to the linear form of the Eyring equation® to give

AH* =18.4 + 0.1 kcal'mol™ and AS* =5.8 £ 0.5 cal'mol "K', * = 0.9997......ooooo.......

Figure 2-10. Eyring plot of In(k/T) vs 1/T for the hydrolysis of Cu(II):2.2 (0.02 mM
of Cu(Il) and 2.2) determined at pH 3.0 (1.0 mM HOTY). The data are fitted by
NLLSQ methods to the linear form of the Eyring equation® to give AH* =23.0 + 0.2

kcal'mol™ and AS*=-5.8£0.5 cal-mol'l-K'l; 2 =0.9999 <.

Figure 2-11. Eyring plot of In(k/T) vs 1/T for the cleavage of Cu(II):2.2 (0.02 mM of
Cu(Il) and 2.2) determined at ;pH 3.0 (1.0 mM HOTY) in anhydrous ethanol. The
data are fitted by NLLSQ methods to the linear form of the Eyring equa‘[ion39 to give

AH* =183 + 0.2 kcal'mol™ and AS* = -8.5 + 0.6 cal'mol"K; > = 0.9995 ......oo.o........
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Figure 2-12. Eyring plot of In(k/T) vs 1/T for the hydrolysis of Cu(II):2.3 (0.02 mM
of Cu(Il) and 2.3) determined at pH 3.0 (1.0 mM HOTY). The data are fitted by
NLLSQ methods to the linear form of the Eyring equation®” to give AH* = 19.1 + 0.1
keal-mol” and AS* =-16.4+ 0.3 cal'mol™ K5 1 = 0.9999......ccoomrrrvorrrirrrrrirrriie 92

Figure 2-13. Eyring plot of In(k/T) vs 1/T for the cleavage of Cu(I):2.3 (0.02 mM of
Cu(Il) and 2.3) determined at ;pH 3.0 (1.0 mM HOTY) in anhydrous ethanol. The

data are fitted by NLLSQ methods to the linear form of the Eyring equa‘[ion39 to give
AH' = 18.4 £ 0.3 kcal'mol™ and AS* =-16.0 £ 0.9 cal-mol™-K™'; 1* = 0.9995 ................. 92

Figure 3-1. Hammett plot of log(ks) vs ox for the Cu(Il)-promoted cleavage of
34a-g (5 x 10* M) in methanol at 25 °C in the plateau region (7-8) of
the pH/log(ky) profile. The line through the data is generated from a linear
regression to provide p = 0.80 £ 0.05; 12 = 0.9844 ........oooerreeereeeeeeeeeeeeeeeeeeeeeeeeeeeeees 111

Figure 3-2. DFT-computed reaction pathway for the cleavage of the Cu(Il):
("OCHj3)(HOCH3;) complexes of 3.4a (————); 3.4b (—=—=—); and 3.4g ( = = ») in
methanol. All free energy values are to scale and are reported in kcal-mol™ at 298 K
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Figure 3-3. Eyring plot of In(k/T) vs 1/T for the Cu(Il)-promoted methanolysis of
3.4b:Cu(Il):("OCHs;). In methanol, 1.5 mM Cu(II), 0.5 mM 3.4b and 10 mM 2.4,6-

collidine buffer (;pH 7.0 £ 0.2). Activation parameters determined from the fits of
the data to the Eyring equation® are presented in Table 3-2 ..........oovveeveeeeeeeeeeeeeereeenens 126

Figure 3-4. Eyring plot of In(k/T) vs 1/T for the Cu(Il)-promoted methanolysis of
3.4g:Cu(Il):(OCHj3). In methanol, 1.5 mM Cu(Il), 0.5 mM 3.4g and 10 mM 2.4,6-

collidine buffer (;pH 7.1 £ 0.2). Activation parameters determined from the fits of
the data to the Eyring equation® are presented in Table 3-2..........oooveeveeveeeeeeeeeereeenens 126

Figure 4-1. Plot of kg, for the cleavage of 5 x 10° M 4.1 vs [Ni(ClOy),] buffered
at ;pH 8.5 (10 mM N-ethylmorpholine, 5 mM HOTY) in anhydrous methanol at 25
°C. The data are fitted to a linear regression computing k, = (0.301 + 0.003) M'-s™ ....142

Figure 4-2. Plot of log(keys ") for the cleavage of 4.1:Cu(Il):("OCH;)(HOCHj;),
(0.5 mM each of Cu(Il) and 4.1 and corrected for buffer and excess Cu(OTf),
effects) vs ;pH in anhydrous methanol under buffered conditions at 25 °C. The data

are fitted to equation 4-1 computing one macroscopic ;pK, value of 5.79 + 0.07 and a
maximum rate constant (Kmax) of (5.7 £ 0.4) X 107 s 17 = 0.9666 ......oeovevveeeeeereees 144

Figure 4-3. Plot of kg, for the cleavage of 5 x 10° M 4.1 vs [Ni(ClOy),] buffered
at ;pH 6.7 (10 mM 2,6-lutidine, 5 mM HOTY) in anhydrous ethanol at 25 °C. The
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Figure 4-4. Plots of log(kops ) (m) and log(k,) (o) for the Ni(IT)-promoted cleavage
of 4.1 vs {pH in anhydrous ethanol under buffered conditions (10 mM amine, various
concentrations of HOTY) at 25 °C. The lines through the data are generated from
linear regressions to provide slopes of 0.89 + 0.06 (r* = 0.9864) and 0.93 + 0.09
(17 = 0.9731), TESPECHIVELY ... 147

Figure 4-5. Plots of log(kebs ) (m) and log(ks) (o) for the Zn(II)-promoted cleavage
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Figure 4-10. "H NMR spectrum of 4.2 (400 MHz, CD;0D, 25 °C). Integration of the
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Chapter 1 — Introduction

1.1 — Acyl and phosphoryl transfer reactions

Nature chose acyl and phosphoryl units to construct and protect the most important
biomolecules, making acyl- and phosphoryl-transfer reactions central to life. In
particular, phosphate monoesters are essential to protein function, energy regulation,
metabolism, signal transduction, and several other vital cellular processes.1 Phosphate
diesters compose the stable backbone of DNA and RNA.? Phosphate triesters, while not
naturally-occurring, have been synthesized by humans for use as acetylcholinesterase

inhibitors.>

Nature found phosphate mono- and diesters well-suited in these roles for several reasons,
one of which is their ability to act as a robust structural link while retaining their ability
to ionize at physiological pH.* Anionic character retains it within a lipid membrane and
importantly, protects the structure from hydrolysis through the repulsion of anionic
nucleophiles. Under physiological conditions, the half-time for nonenzymatic hydrolytic
cleavage of monoester dianions’ has been estimated at 10" years and at 110 years (RNA)
and 10%'° years (DNA) for diesters.® To overcome these kinetic barriers on a viable
timescale, Nature developed enzymes capable of manipulating such barriers to accelerate

the rates of these hydrolytic pathways to bring their half-times into the range of seconds.

Amides form the backbone of proteins and peptides and play roles in intra- and

intermolecular association and recognition.” Not unlike phosphate esters, part of amide



suitability as linkages in biomolecules is due to its resistance to hydrolysis. The half-time

for hydrolysis of a peptide linkage is close to 500 years at neutral pH and 25 °C.?

Inspired by the efficiency exhibited by enzymes, scientists have set out to understand the
critical components of Nature’s design in order to produce effective small-molecule
catalysts. Given that many of the enzymes responsible for phosphate ester and amide
cleavages contain one or more metal ions in their solvent-excluded active site, two of the
critical steps toward harnessing enzyme efficiency have been to identify the roles played
by the metal ions in the mechanism as well as characterizing the environment in which

the reactions take place.

The employment of several modes of metallo-activation observed in enzymatic reactions
in combination with a reduced dielectric medium (relative to water) characteristic of an
enzyme active site produces significant rate enhancements in acyl- and phosphoryl-
transfer reactions.” Given the structural complexity of enzymes, small-molecule systems
are seldom able to accommodate all modes employed by enzymes. A key mode that has
received relatively little attention in the literature despite its importance in the enzymatic
cleavage of natural (nonactivated) substrates is metal ion-promoted leaving group
assistance (LGA). Mechanistic insights thus far hint at its potential as a general means to
accelerate cleavage reactions. The rates and mechanisms of the solvolyses of phosphate
esters and amides in the absence of metal ions serve as a reference point to which the

metal ion-promoted reactions may be compared and understood.



1.2 — Mechanistic details for phosphate ester solvolysis reactions
1.2.1 — Mechanistic possibilities for phosphoryl transfer
Substitution at phosphorus may occur by three limiting mechanisms: dissociative

(DntAN), associative (An+Dy), or concerted (ANDN).l’10

Dissociative mechanism
The dissociative mechanism is a two-step substitution where the leaving group

dissociates, forming a tricoordinate metaphosphate ion (PO;") that is subsequently

attacked by a nucleophile (Scheme 1-1).

Scheme 1-1. Dissociative (Dny+Ax) mechanism for phosphoryl transfer.
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Associative mechanism
The associative mechanism follows an addition-elimination pathway where the
nucleophile adds to the phosphate ester, forming a pentacoordinate phosphorane

intermediate from which the leaving group departs in a subsequent step (Scheme 1-2).

Scheme 1-2. Associative (Ax+Dy) mechanism for phosphoryl transfer.
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Concerted mechanism

The concerted mechanism is a one-step substitution involving simultaneous nucleophile-
phosphorus bond formation and phosphorus-leaving group bond fission (Scheme 1-3). A
spectrum of transition states exists in relation to the synchronicity between nucleophilic

attack and leaving group departure.

Scheme 1-3. Concerted (AxDy) mechanism for phosphoryl transfer.
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Intermediate and TS geometries

Upon departure of the LG (Dy), the ensuing metaphosphate ion takes on a trigonal-planar
geometry. Upon addition of a nucleophile to a tetrahedral ester (Ay), the intermediate or
TS structure assumes a trigonal-bipyramidal geometry where the nucleophile adds to, and

the leaving group departs from, the apical positions (steric constraints permitting).



Mechanistic spectrum: More O ’Ferrall-Jencks diagram

In light of a More O’Ferrall-Jencks plot (Figure 1-1), these three limiting mechanisms
can be viewed in the context of a continuum that is characterized by the synchronicity
between Nu—P bond formation and P-OLG bond fission. The mechanisms by which
phosphate esters react depend on their state of O-alkylation or O-arylation. Monoesters
react by either a dissociative mechanism or a concerted mechanism with a loose TS.
Diesters and triesters react through concerted mechanisms (activated leaving groups) with
progressively tighter TSs to the limit of an associative mechanism involving a

phosphorane intermediate (unactivated leaving groups).

o
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R0 OR, | Tight OR,
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A s ¥
- 5
Nus---P‘--OLG
RO OR,

_5 diester

T

< 1

—

RS,

©

c

(o}

o]

T

>

z

B P-OLG bond cleavage
Nu + R O—P—OLG > NG+ PY o+ OlG
R O/ \OR
OR, 1 2
metaphosphate

intermediate

Figure 1-1. More O’Ferrall-Jencks diagram illustrating the 2D free energy surface and
reaction pathways for phosphoryl transfer from phosphate mono-, di-, and triesters."



1.2.2 — Phosphoryl-transfer from phosphate monoesters

Phosphate monoesters may exist in three possible ionization states: neutral, monoanionic,
and dianionic. The first pK, of an alkyl phosphate monoester is ~2.0 and the second is
~6.8." Dianionic phosphoryl groups undergo phosphoryl transfer through a concerted
AnDy mechanism with a loose TS. This is evidenced by near-zero entropies of activation,
small dependences on nucleophile basicity (low Bronsted B values), large sensitivities
to leaving group basicity (large B, values),'' substantial P-O(LG) bond cleavage (large
0 kinetic isotope effect values for the scissile bond),'”” and complete inversion of
configuration for the solvolysis of a chiral (°0, 'O, 'O-labelled) phosphate
monoester.”” While hydrolysis of the alkyl phosphate dianion is thermodynamically
favourable, a significant barrier to attack is imposed by electrostatic repulsion between
the anionic phosphate and the anionic nucleophile, leading to a half-time for hydrolysis of
1.1 x 10" years (kops = 2 x 102° s7) at 25 °C.> Although loose TSs along a concerted
pathway are inferred from experimental data, only in the case of the weakly-nucleophilic
solvent tert-butanol has evidence been consistent with the formation of a metaphosphate
intermediate (formation of racemic ¢-butyl phosphate, large positive entropy of

activation).'*

In the absence of catalysts, the monoanionic form of the monoester also reacts through a
concerted process with a loose TS and tends to be more reactive than the corresponding
dianion (when pK, of HOLG > 5.5)."° Due to the small sensitivity of the rate to the
basicity of the leaving group (i, = -0.27), it has been proposed that the leaving group is
protonated in the TS for cleavage.11 Proton transfer may occur during leaving group

6



departure (less basic leaving groups) or prior to rate-limiting cleavage (more basic

leaving groups).

1.2.3 — Phosphoryl-transfer from phosphate diesters

Large sensitivities of rate to the basicity of both the nucleophile and the leaving group
indicate the cleavage of phosphate diesters is concerted.'® Further evidence is provided
by '®0 kinetic isotope effects, revealing Nu—P bond formation and P-O(LG) bond fission
occur simultaneously in the rate-limiting TS.!” Together, the LFER and KIE data suggest
that the TSs for phosphate diester cleavage lie toward the central area of the More
O’Ferrall-Jencks diagram (Figure 1-1). The half-time for hydrolysis of dialkyl phosphate

anions (25 °C, pH = 6.5-13) has been estimated to be 3.1 x 10’ years.'®

1.2.4 — Phosphoryl-transfer from phosphate triesters

Without an ionizable P-OH group to hinder the approach of anionic nucleophiles,
triesters are the most reactive of the three types of phosphate esters. In the case of
6-membered cyclic phosphate triesters, sufficient LFER,'® stereochemical,” and SKIE*
data have been accrued to suggest that a mechanistic continuum exists from concerted
with a loose TS to associative accompanied by the formation of a phosphorane
intermediate. In the case of acyclic (aryl diphenyl and aryl diethyl) phosphate triesters,
concerted mechanisms predominate but with TSs that vary depending on the LG as well
as other structural features.”' In particular, a loose TS is attributed to the attack of

phenolate ions on 2,4-dinitrophenyl diphenyl phosphate, a more synchronous mechanism



is observed for triphenyl phosphate, and evidence suggesting a tight TS exists for phenyl

diethyl phosphate.

1.3 — Mechanistic details for amide solvolysis reactions

1.3.1 — Amide hydrolysis reactions

Intermediates and products

Amide hydrolysis under basic conditions produces the parent carboxylate and the
corresponding amine. The generally-accepted mechanism (Scheme 1-4) is a two-step one
where attack of hydroxide leads to a tetrahedral intermediate (To-) followed by expulsion
of the amide anion leaving group in the form of an amine. Depending on structural
features as well as reaction conditions, leaving group departure may occur through

several possible transition states.*

Scheme 1-4. Simplified mechanism for the alkaline hydrolysis of amides; R, Ry, R3 =

alkyl or aryl.”
k, h
o PN
k; CI: k3[HOT]
I

I
R—C—NR4R -
12 kB [B] >' RC02 HNR1R2

é + HO"
R” NRR, k4

kya[HA]
e

Structural features contributing to kinetic stability

Two intrinsic features make amides highly resistant to hydrolysis. Delocalization of
n-electrons from the amide nitrogen into the adjacent n*(C=0O) orbital imparts
considerable ground state stabilization, diminishing the inherent electrophilicity of the

carbonyl group and increasing the barrier for attack relative to a comparable process such

8



as ester hydrolysis. The high pK, of the conjugate acid of the leaving group increases the
barrier of the second step, namely leaving group departure. Under neutral conditions, it

follows that amides are essentially inert to hydrolysis unless highly activated.*

Activation of amides toward hydrolysis

Activation can be built into the amide structure (intrinsic activation) or can come from
external sources (extrinsic activation). A common method for extrinsic activation is to
employ base (or acid) in the medium to promote hydrolysis. Provision of a more
powerful nucleophile than water assists in overcoming the barrier to nucleophilic attack
while hydrogen-bond donation has the potential to assist in overcoming both barriers
through activation of the substrate toward attack (and/or stabilization of intermediate
formation) and activation of the LG toward departure (and/or stabilization of LG
departure). The simplified rate law for alkaline hydrolysis of an amide is shown in

equation 1-1.7

v =k,[amide][HO ] (1-1)

Mechanistic studies of base-promoted amide hydrolysis
The current mechanistic picture of base-promoted amide hydrolysis reactions can be
understood in light of three sets of complementary experimental data:*

1. Rate dependence of hydrolysis on [HO].

2. Kinetics of carbonyl '®0-exchange.

3. Solvent kinetic isotope effects (SKIEs) on hydrolysis and exchange.



Stoichiometry

The dependence of rate on [HO] reveals information about the stoichiometry of the rate-
limiting transition state (TS) for hydrolysis. Aliphatic amides, benzamides, and
toluamides exhibit rates of hydrolysis that are first order in [HO]. That the rates of
hydrolysis of acetanilides®* and formanilides® are both first and second order in [HO ]
shows the requirement of a second hydroxide to effect breakdown of the corresponding
tetrahedral intermediates to products. At high enough [HO ], these intermediates become

trapped such that reversal essentially halts and the rate-limiting step becomes k;.**

80 Exchange

Concurrent oxygen exchange between the carbonyl group and water during alkaline
hydrolysis of benzamides (combined with buffer catalysis) provides evidence for the
existence of a tetrahedral intermediate along the hydrolytic pathway. Under the
assumptions that proton transfer is rapid between oxygen atoms in the intermediate, that
only half of the reversal from the tetrahedral intermediate results in '*O exchange, and
that the intermediates leading to hydrolysis and exchange are on the same pathway, the
rate constants for exchange (kex) and hydrolysis (k) are related to k.; and k; as shown in

equation 1-2.

k
@ =—L (1-2)

The observation that '*O-exchange is faster than hydrolysis implies that decomposition of
the intermediate is at least partially rate-limiting in alkaline hydrolysis. This is the case

for both benzamide and N-methylbenzamide; however, in the case of
10



N,N-dimethylbenzamide, kex/k, = 0.05,% signifying little '*O-exchange. The amount of
80-exchange for benzamides and toluamides follows the order primary > secondary >>
tertiary.”> It was eventually demonstrated that the leaving abilities of the amines
(secondary amine > primary amine > NH3) from the tetrahedral intermediate can account
for the observed differences in '*O-exchange in the corresponding amides.”’ It follows
that the transition from significant to negligible exchange is attributable to a sufficient
change in nucleofugality such that a change in rate-limiting step occurs from breakdown

to attack.

Solvent kinetic isotope effects (SKIEs)
SKIE data for hydrolysis and exchange provide information about the relative effects of
H and D on their respective rate-limiting TSs and whether proton transfer is involved.
Three scenarios have been observed:*

1. A near-unit (or slightly normal) SKIE is observed when a proton is fully installed
on the departing N prior to rate-limiting C—N cleavage. The SKIE value arises
from a compensatory effect of the desolvation of the attacking hydroxide by the
resolvation of the developing alkoxide in the intermediate.

2. The observation of an inverse SKIE for hydrolysis concurrent with '*O-exchange
reveals the mechanism involves rate-limiting expulsion of the amide anion from
the tetrahedral intermediate.

3. A large normal SKIE is observed when the mechanism is second order in
hydroxide where the second hydroxide is responsible for deprotonating the

anionic tetrahedral intermediate concurrent with C—N cleavage.
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1.3.2 — Amide alcoholysis reactions

Intermediates and products

Alkoxide-induced amide alcoholysis produces the corresponding alkyl ester and amine.
The generally-accepted mechanism for amide methanolysis (Scheme 1-5) is a two-step
one where attack of methoxide leads to a tetrahedral intermediate followed by expulsion
of the amide anion leaving group in the form of an amine. Departure of the LG may be
assisted through specific or general acid catalysis; the timing of proton transfer depends

heavily on the structure of the LG.?

Scheme 1-5. Simplified mechanism for alkaline methanolysis of amides; R = CHj; Ry,
R, R3 = alkyl, aryl.”

I + RO” al R C|; NR,R il
2~ O NNRER e T (TNRRs L HA] [ RICORR+HNROR;
1 23 -1 OR —_—
To-

Anilides: Stoichiometry and linear free energy relationships (LFERs)

Alkaline methanolysis of acet- and benzanilides (1.1) is first order in both methoxide ion
and anilide and tends to proceed by rate-limiting solvent-assisted departure of the LG
(p = 3).2%**" Exemplified by the Hammett data in Table 1-1, the mechanism appears
consistent among members of the group (where the substituent on the ring, X, varies) as
well as among anilide groups (where R; or R, varies). Exclusively in the case of
N-methyl-4-nitroacetanilide (R; = CHs; R, = CH3; X = 4-nitro), addition of methoxide to
the C=0 unit (k;) is rate-limiting (p = 1.3).*° An alternative mechanism also becomes

apparent in the case of N-methyl-2,2,2-trifluoroacetanilides bearing electron-donating

12



groups on the aniline which involves rate-limiting proton transfer with no concurrent

C—N cleavage (p ~ 0).

0 Z I
)J\ I "
R T ~
R,
1.1

Table 1-1. Summary of Hammett data for the alkaline methanolysis of anilides
(100 °C).*°

Anilide p

N-methylacetanilides +3.4

N-methylbenzanilides +2.8

Benzanilides +2.9

Acetanilides +3.1

Trifluoroacetanilides: Stoichiometry and SKIE data

The base-catalyzed methanolysis of N-methyl-2,2,2-trifluoroacetanilides® (Scheme 1-5;
R; = CF3; R, = CHjs; R3 = Ar) is first order in both methoxide ion and amide and exhibits
general base catalysis. Simple general base catalysis is observed as a consequence of
general acid catalysis in the decomposition of the intermediate and the methoxide
dependence of its formation. Normal SKIE data provide evidence that breakdown of the
tetrahedral intermediate is rate-limiting as this step could involve some degree of proton

transfer or H-bonding (electrophilic assistance by solvent). Conversely, an inverse SKIE
13



value would point to rate-limiting attack (since methoxide is a better nucleophile in
CH;0D than it is in CH30H), as is the case for the alkaline methanolysis of aryl

acetates.31

Trifluoroacetanilides: LFERs and SKIEs

Base-catalyzed methanolysis of substituted N-methyl-2,2,2-trifluoroacetanilides yields a
curved Hammett plot exhibiting small sensitivity to electron-donating substituents (p = 0)
and large sensitivity to electron-withdrawing substituents (p = 2.9). Such upward
curvature is indicative of a change in mechanism from one with rate-limiting proton
transfer (Mechanism 1; electron-donating groups; ¢ < 0) to one with rate-limiting heavy-
atom reorganization (Mechanism 2; electron-withdrawing groups; ¢ > 0). Mechanism 1
gives rise to a normal SKIE of 4.6 while Mechanism 2 gives rise to a smaller normal
SKIE of 2. These values support mechanisms involving proton transfer with no C-N
cleavage (proton transfer catalysis) and strong hydrogen-bond formation during C-N

cleavage (solvation catalysis) in their rate-limiting TSs, respectively.*

Table 1-2. Summary of kinetic data for the base-catalyzed methanolysis of substituted
N—methyl-Z,2,2-triﬂuoroacetanilides.28

' TS
Mechanism p SKIE Structure
1 0 4.6 1.2
2 +2.9 2 L3
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Benzanilides: Stoichiometry and LFERs

The base-catalyzed methanolysis of N-methylbenzanilides® is first order in both
methoxide ion and amide. A study of the base-catalyzed methanolysis of the diaryl-
substituted N-methylbenzanilides (1.4) revealed linear Hammett plots where px = 1.76
(100 °C) and py = 2.5 (100 "C).28 In contrast to the mechanistic variation as a
consequence of the anilide substituent in the N-methyl-2,2 2-trifluoroacetanilides, the
N-methylbenzanilides do not exhibit a change in mechanism or rate-limiting step within
the substrate scope of this study. The results are consistent with a mechanism involving
rate-limiting solvent-assisted C—N bond cleavage during the breakdown of the tetrahedral
intermediate. The observation of linear Hammett plots in the case of
N-methylbenzanilides compared with nonlinear plots for N-methylacetanilides can be
accounted for by the facilitation of leaving group departure via conjugation of the acid
ring with the developing carbonyl bond, rendering prior protonation of poor anilide

leaving groups an unnecessary component.

1.4

15



1.4 — Mechanistic details for thioamide solvolysis reactions

1.4.1 — Thioamide hydrolysis reactions

Intermediates, products, and stoichiometry

Thioamide hydrolysis produces some combination of the corresponding thionacid, amine,
carboxamide, and hydrogen sulfide.”® The thionacid may undergo subsequent hydrolysis
to form the corresponding carboxylic acid and hydrogen sulfide as could the carboxamide

to form the carboxylic acid and amine.

Scheme 1-6. Overall reaction pathways for hydrolysis of thioacetamides; R = alkyl.*®

i
S yR/C\NHZQi .
R/g\NHg S R/y:\OH+ o5 +NH;
/
- R/g\OH kra

Both acids®*** and bases®® catalyze hydrolysis and added salts (NaCl) enhance acid-
catalyzed, but not base-catalyzed, hydrolysis.” Alkaline hydrolysis of thioacetamide is
first order with respect to hydroxide ion activity and the amino-group hydrolysis is the
prevailing pathway. Approximately 11% proceeds via thioxo hydrolysis while 79%
proceeds via amino hydrolysis (10% discrepancy is attributed to sulfide oxidation or
uncertainty in molar absorption coefficient of thioacetic acid). The rate was not affected
by changes in salt concentrations, both pathways are first order in [HO | and they have
the same E, (20 kcal'mol™). Together, these data indicate ionic strength, pH, and

temperature have no significant effect on the relative importance of the parallel pathways.
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The ratio of intermediates shows 80% of hydrolyzed thioacetamide reacts via dipolar ion
Ts-o- (Scheme 1-7). Given that HS™ is a better LG than HNR;R3, the fact that the route
via Ts-o- predominates must be a consequence of the favourable equilibrium position
between Ts- and Ts-o-.36 Alternatively, this result would have to arise from ks being
much larger than k4. From these results, it was concluded that the proton transfer between

the tetrahedral intermediates may be rate-limiting.

Scheme 1-7. Simplified mechanism for the alkaline hydrolysis of thioacetamides; R; =
alkyl; Ry, R3 = H, alkyl.*

SH
| Ky i
R1—C—NR2R3 — /C\ + HS
(|)- R NR,R3
To-
kAA
k2 k2
S ]
g + HO™ il !
- Ri—C—NR,R3 C
R NRaR; K, | Ry o8
OH
Ts-
k
ks || s T TA
? S
Ri—C—NHR,Rs — > > I
1 23 R/C\O' + HNRoRj3
O' 1
Ts-o-
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1.4.2 — Thioamide alcoholysis reactions
In the basic alcoholysis of N-aryl-N-methylthiobenzamides,*® formation of the tetrahedral

intermediate or its breakdown can be rate-limiting.

Scheme 1-8. Simplified mechanism for the alkaline methanolysis of thiobenzanilides; R
= Me; R; = Ph; R, = Me; R = aryl.

.
ﬁ + RO" = R—z—NRR il
R C\NRst ko (I)R 7 kpalHA] (¢ RIC(S)OR + HNR;R;
Te- )

The identity of R, Ry, R3, and the solvent have been shown to influence the mechanistic
details. In the case of N-aryl-N-methylthiobenzamides (1.5), all substrates save for
Y =4-nitro exhibit rate-limiting solvent-assisted breakdown of the tetrahedral

intermediate while the 4-nitro analogue undergoes rate-limiting attack.

1.5
LFER data

The linear free energy relationships reveal similar p values to those obtained for C=0
analogues. Series A (varying substituent X) exhibits a px value of 1.46 using sigma.
Series B (varying substituent Y) exhibits a py value of 2.16 using sigma-minus. The C=S

series is less sensitive to substituent effects compared to its C=0O analogues (px = 1.73

and py = 2.83).%*
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Table 1-3. Summary of LFER data for the basic methanolysis of N-aryl-N-
methylbenzamides and and N-aryl-N-methylthiobenzamides.*®

C=X Series p

C=0 A 1.73
B 2.83
C=S A 1.46
B 2.16

Relative rates and activation parameters

In cases where attack (k;) is rate-limiting, such as alkaline ester hydrolysis, sulfur
compounds tend to be more reactive (within a factor of two).* In this study,” the C=S
substrates solvolyzed at slower rates than the C=0 substrates, providing evidence for
rate-limiting breakdown of the tetrahedral intermediate. The change from C=0 to C=S
does not alter the nature of the rate-limting step save for compounds containing
Y = 4-nitro. Broxton and Deady propose that the sulfur atom affects the partitioning of
the intermediate to make k; (loss of methoxide) faster than k, (loss of N-methyl-4-
nitroaniline). This is supported by a study of thionester aminolysis*® where it was shown
that the relative leaving abilities of amines and oxyanions from the tetrahedral
intermediate favour the amine more in the oxyester as compared with the thionester.
Activation parameters also support this mechanistic shift since thiobenzanilides exhibit

higher activation energies and more favourable entropies (rate-limiting breakdown).
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1.5 — How enzymes conduct acyl and phosphoryl transfer
1.5.1 — Phosphate ester-cleaving enzymes

Monoesterase

Alkaline phosphatase (AP) is found in bacteria, mammals, and plants and is responsible
for hydrolyzing phosphate monoesters to form inorganic phosphate. Given structural and
functional similarities between the active sites for eukaryotic and prokaryotic AP
enzymes, AP from E. coli has been studied extensively to probe the hydrolysis
mechanism.*! This enzyme is a homodimer that consists of two Zn(Il) ions and one
Mg(1Il) ion in the active site of each 47-kDa subunit. The mechanism can be generally
understood by the following steps:*

1. Substrate binding.

2. Delivery of a Zn(II)-bound Ser102 to the phosphorus.

3. Formation of a pentacoordinate phosphorane intermediate.

4. Zn(II)-promoted departure of the alkoxide LG.

5. Delivery of a Zn(II)-bound hydroxide to the phosphorus.

6. Formation of a pentacoordinate phosphorane intermediate.

7. Zn(Il)-promoted departure of Ser102.

Asp
O OH, OSerm'
\/ His
Hls'/Zn ------- 'ZQ{—ASP
"\ O
His . .
RN
H,0 ’~\'/ P
/|g\GIu
HO Thr

Figure 1-2. Schematic representation of the alkaline phosphatase active site.*!
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Isolation of a phosphoseryl enzyme-substrate intermediate” and the observation of
retention of configuration in the product™ provide evidence for a mechanism involving
consecutive nucleophilic attacks by Ser102 and solvent. Under conditions where pH > 7,
release of inorganic phosphate is rate-limiting; hydrolysis of the phosphoserine
intermediate is rate-limiting below pH 7.* When chemistry is rate-limiting, LFER data
(B = -0.85 £ 0.1)* indicate extensive bond fission to the LG, hinting at a loose TS
(direct evidence for the degree of nucleophile bond formation has not yet been obtained).
The roles of the metal ions are several-fold. The two Zn(II) ions are required for
phosphatase activity while the Mg(Il) strictly acts to enhance activity. The following
modes of catalysis are attributed to the two Zn(II) ions throughout the double-

displacement mechanism:*’

Direct, inner-sphere:°
1. Substrate binding and activation.
2. Nucleophile activation and delivery.
3. Intermediate stabilization.

4. Leaving group stabilization and release.

Indirect, outer sphere activation:

1. Metal-bound water or hydroxide acts as general acid or base, respectively.

Several characteristics contribute to the suitability of Zn(Il) as a catalytic metal ion

fulfilling the abovementioned roles including its unconstrained coordination geometry,
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facile ligand exchange, lack of redox chemistry, borderline hard-soft properties, relatively
high Lewis acidity, and high bioavailability.”> The role of Mg(II) has been debated and
discussed in terms of binding hydroxide to act as a general base to deprotonate the
Ser102 nucleophile,* induction of conformational changes to facilitate product release,*

and/or electrostatic stabilization of charge in the TSs.

Diesterase
Phospholipase C (PLC) is a phosphodiesterase with an active site bearing semblance to
that of AP (trimetal core with similar metal-metal distance and ligand orientation).”® PLC
can be isolated from Bacillus cereus™ and is responsible for hydrolyzing phosphodiesters
in phospholipids toward the generation of secondary messengers.” It contains three
Zn(1II) centres with trigonal bipyramidal geometries; each metal ion binds to a phosphate
diester oxygen.”' The mechanism of hydrolysis involves:

1. Substrate binding (concurrent with displacement of the bridging hydroxyl) and

activation.
2. Nucleophilic attack concurrent with LG departure.

3. Product release.
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Figure 1-3. Schematic representation of the phospholipase C active site.*!
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The proposed mechanism is a concerted, in-line displacement where proton transfer from
the nucleophile is rate-limiting.> The transition state structure is believed to be trigonal
bipyramidal;>® however, further stereochemical evidence is required. The primary role of
the Zn(II) ions is to activate the substrate toward attack and stabilize charge in the TS;
however, they have also been implicated in stabilizing the departing LG, either directly or
through a general acid mechanism involving an activated water molecule.”>* Activation
of the nucleophile has been suggested to involve Zn(Il) coordination™ (the singly-
displaced bridging hydroxide may act as a nucleophile or general base), but evidence

suggests Asp55 is the general base responsible for activating an external water.’®

Triesterase
The phosphotriesterase from Pseudomonas diminuta, like other phosphotriesterases,’’
possesses a di-Zn(Il) catalytic core that catalyzes the hydrolysis of phosphate triesters,
such as paraoxon.”® It is capable of accelerating this reaction ~10'*-fold over the
uncatalyzed reaction.
The mechanism of hydrolysis involves:
1. Substrate binding (concurrent with displacement of bridging hydroxyl) and
activation.
2. Nucleophilic attack by Zn(II)-bound, His254/Asp301-activated™ water, prior to or
concurrent with LG departure.

3. Product release.
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Figure 1-4. Schematic representation of the phosphotriesterase active site.*!

The stereochemical outcome of this reaction is inversion of configuration at phosphorus,
suggesting a single phosphoryl transfer event.”® Through modeling studies, it was
determined that, upon binding, the LG is oriented opposite the bridging hydroxide,
pointing to its potential role as the active nucleophile.®’ The Zn(II) ions are implicated in
activation of the substrate and nucleophile, however LFER data reveal they may not play
a significant role in stabilizing LG departure. A break exists in the B, plot at pK, = 7.5
For good LGs (pK, <7), i, = 0 and proton transfer, subsequent to phosphoryl transfer, is
the rate-limiting step. This is supported by a SKIE value of 2.0. For poor LGs (pK, > 7),
Bl = -1.8, indicating rate-limiting phosphoryl transfer; in this domain, the SKIE value
is 1.3." The large gradient observed under conditions where phosphoryl transfer is rate-
limiting indicates substantial charge accumulation on the LG heteroatom, signifying little

to no participation by a metal ion in its stabilization in the rate-limiting TS.

1.5.2 — Amide-cleaving enzymes

Aminopeptidase

The metalloaminopeptidase from A. proteolytica is a 32-kDa enzyme that preferentially
cleaves large hydrophobic N-terminal amino acids, such as Leucine.” The active site

contains two Zn(II) ions. The current understanding of the mechanism is as follows:
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1. Substrate binding via interaction between N-terminal peptide and hydrophobic
pocket®® and interactions between the acyl oxygen and a Zn(II) displaces the
bridging hydroxide to produce a terminal hydroxide.®’

2. Delivery of Zn(II)-bound hydroxide to the acyl carbon forming a tetrahedral
intermediate.

3. Leaving group departure is general acid-assisted by Glul51.

Asp,,;
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Zn Zn )
Asp,, & 2~07 " TTHisy

H

Figure 1-5. Schematic representation of the ApAP active site.*!

A SKIE of 2.75% accompanies activation parameters AH* = 8.1 kcal'-mol” and
AS* = 225 cal'mol™K'.® The enthalpy of activation may be a composite of
conformational changes upon substrate binding involving bond formation and cleavage
associated with nucleophilic addition to the carbonyl group® along with C-N cleavage;
the negative entropy of activation may be a consequence of greater restrictions in the
degrees of freedom due to binding events prior to cleavage and H-bond formation
between the LG and Glul51 during the rate-limiting step. Together, these data point to
departure of the LG concurrent with its protonation as the rate-limiting step.”®” The
metal ions are implicated in activating and delivering the nucleophile, activating the

substrate, and stabilizing TSs and intermediates on the pathway to cleavage.
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1.6 — Catalytic roles of metal ions and importance of medium effects
1.6.1 — Metal ion-catalysis in solvolysis reactions
In metal ion-catalyzed solvolytic reactions of esters, amides, and phosphate esters, the
metal ion may serve to:’
1. Activate the substrate toward nucleophilic attack through X=0--M*" (X = C, P)
coordination.
2. Decrease the pK, of the metal-associated ROH (R = H, Me, Et) to form
M*"("OR) near neutral pH.
3. Deliver the metal-bound nucleophile.
4. Stabilize intermediates and transition states along the reaction pathway.
5. Assist, if energetically required, the departure of the leaving group by stabilizing

the development of charge on the departing heteroanion through coordination.

The latter, namely metal ion-promoted leaving group assistance, is a central focus of this

work.

1.6.2 — Effect of solvent

Water as a reaction medium tends to heavily solvate ionic species, such as metal ions,
nucleophiles, and substrates, thereby reducing their association and impeding catalysis.
Importantly, the relatively large dielectric constant of water (e, = 78.5)% effectively
weakens the interaction between a metal ion and its transforming substrate, a key
component of metal ion catalysis. The Debye-Hiickel theory for the association of

spherical particles in solution predicts the potential energy of interaction between
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oppositely charged ions is inversely proportional to the dielectric constant of the medium

following Coulomb’s law.

1 . (z,e)(z_e)
4r-g,-¢ r

I

PE = (1-3)

In equation 1-3, g is the permittivity of a vacuum, &, is the dielectric constant (relative
permittivity) of the medium, z,e and z e are the charges in Coulombs (e = proton charge),
and r is the distance between the centres of the ions.”” It follows that media with lower
dielectric constants than water, but that retain similar structural and H-bonding features,
such as methanol (g, = 31.5)% and ethanol (g, = 24.3),® can enhance electrostatic ion-ion

and 1on-dipole interactions to promote catalysis.

Kinetic studies of metal ion-promoted hydrolytic reactions are plagued further by poor
solubility of metal-hydroxo complexes which also play a critical role in the catalysis of
solvolytic reactions. At pH values above the pK, of a metal-aquo complex (M*'(H,0),),
the metal-hydroxo complexes tend to form oligomers that precipitate out of solution.
Circumvention of this issue typically involves complexation of the M*" with ligands that
are not necessarily ideal for controlling geometry or enhancing the reactivity of the
complexes. In the context of specific solvent interactions, the use of light alcohols such as
methanol and ethanol is advantageous due to the improved solubility of metal ion

alkoxides enabling detailed mechanistic studies over a wide $pH range.”
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Additionally, given that enzyme active sites are inherently nonaqueous, it has been
postulated that their effective dielectric constant is closer to that of organic solvents.”' In
the absence of metal ions, it has been shown that differential solvation effects between
the ground and transition states translate into significant rate enhancements in the
cleavage of phosphate esters.”> Accelerations on the order of 10° (p-nitrophenylphosphate
in 95% DMSO0-5% H,0 and 95% hexamethylphosphoramide-5% H,0),” 10* (aryl
monoester dianions in fert-butyl and tert-amyl alcohols),” 10° (dineopentyl phosphate in
wet acetone),” 10° (dineopentyl phosphate in wet cyclohexane),”” and 10" (neopentyl
phosphate dianion in wet cyclohexane)’® have been reported and attributed to entropic
contributions associated with solvent effects on the GS compared with the TS. The use of
lower-polarity protic solvents is therefore suitable as a medium in which to capitalize on

the numerous acceleratory effects yielded by enzyme active sites.

Overall, moving from aqueous to alcohol media with lower dielectric constants than
water offers:’

1. Enhanced ion pairing between metal ions and anionic or dipolar substrates.

2. Larger Lewis acid interactions between metal ions and substrates.

3. Improved metal-lyoxide solubility and activity.

4. More favourable differential solvation effects.

5. Better organic substrate solubility.
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1.6.3 — Substrate

activation,

activation/departure

nucleophile

activation/delivery,

leaving group

Three direct, inner-sphere modes of activation provided by a metal can be dissected as

follows:

1. Substrate activation.
7 MX+
0 o
A =
R N/ R N/
| |

2. Nucleophile activation and delivery.

M
logl
)l\ HOR
—
/
R T H* R

3. Leaving group activation and departure.

X+
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X+
M
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Substrate activation involves the metal ion acting as a Lewis acid to polarize the X=0

(X = C, P) unit in order to enhance the electrophilicity at X. Nucleophile activation

involves the metal ion acting as a Lewis acid to polarize the O—H bond of a solvent

molecule, ROH (R = H, alkyl), acidifying the proton, and stabilizing formation of the

conjugate base of the solvent. By virtue of a given metal ion binding and activating both

the substrate and the nucleophile, the two are positioned in close proximity, permitting
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facile intramolecular addition of the nucleophile to the X=0O unit along the appropriate
trajectory. The metal ion also acts to mitigate the electrostatic repulsion between
electron-rich substrates and nucleophiles. Leaving group activation also involves the
metal ion acting as a Lewis acid to polarize the X-LG bond and stabilizing the

accumulation of negative charge on the departing heteroatom.

These three modes of activation have been quantitatively assessed in the context of
phosphate ester hydrolysis.® Substrate activation is expected to yield 10°-fold rate
acceleration, intramolecular nucleophile activation is thought to contribute 10°-fold rate
acceleration, and leaving group activation is estimated to impart 10°~fold rate acceleration
(but theoretically could be as large as 10*°).”” Additively, these effects can amount to
upwards of 10'°-fold acceleration and in cases of substantial cooperativity, larger
accelerations could be observed. Reactions taking place in lower-dielectric media such as
methanol and ethanol may bring on further accelerations due to the enhanced interactions
between the metal ion and the substrate/nucleophile/nucleofuge. Based on this analysis, it
seems clear that leaving group activation plays a critical role in achieving the substantial
accelerations brought on by particular enzymes and therefore has an enormous potential

for integration into small-molecule catalysts.

1.7 — Metal ion-promoted LGA in small-molecule systems
1.7.1 — Metal ion-promoted leaving group assistance
Metal ion-promoted LGA has received much less attention in the literature than the other

modes, likely due to the inherent challenge of positioning a metal ion in close proximity
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to the LG heteroatom. In spite of this, its role in accelerating cleavage reactions should
not be underestimated given that many natural substrates cleaved by enzymes contain
nonactivated leaving groups. The use of metal ions by enzymes to stabilize leaving group
departure from phosphate esters, for example, is crucial for achieving the rate

accelerations required to sustain vital functions in living organisms.”®"”

This mode of catalysis can take on at least two forms.” Firstly, acidification of a metal
ion-coordinated solvent provides a general acid-promoted pathway. Second, direct
coordination of the metal ion to the LG heteroatom, or possibly a distal site in electronic

communication with the LG heteroatom, provides a Lewis acid-promoted pathway.

1.7.2 — Metal ion-promoted general acid assistance to LG departure
Alkaline earth metals have been shown to enhance the base-promoted ethanolysis of
N-methyl-2,2 2-trifluoroacetanilide and its m-nitro analogue (Scheme 1-9).%

Scheme 1-9. Alkaline earth metal-promoted alkaline ethanolysis of N-methyl-2,2,2-
trifluoroacetanilides; X = H, 3-NO;,; M = Ba, Sr.%
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Rate enhancements of 15 and 19 times were observed in the presence of Ba*™ and Sr*",
respectively, and were augmented to 55 and 150 times in the presence of 18-crown-6.
The crown ether was proposed to reduce ion-pairing effects and the catalysis was
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attributed to the general acid assistance to LG departure provided by a transiently-

complexed metal ion-bound solvent as in 1.6.

1.7.3 — Metal ion-promoted direct assistance to LG departure from carboxylate
esters

One of the earliest accounts of the involvement of direct metal ion-promoted leaving
group assistance in acyl-transfer reactions was described by Wasmuth and Freiser in 1962
when they postulated two modes by which a Cu(Il) ion could accelerate hydrolysis of

8-acetoxyquinoline (1.7).%!

1.7
The Cu(Il)-promoted reaction was found to be first order in the concentrations of ester,
Cu(Il), and hydroxide. The study was subsequently expanded to encompass a larger pH
range as well a greater variety of di- and trivalent metal ions; the trends discovered were

not straightforward, nor was quantifying the optimum acceleration, given that the
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experiments were not carried out under saturating conditions for either metal ion or
hydroxide (assuming the metal ion may activate the nucleophile directly or through a
general base mechanism). It was proposed that the metal ion may play a dual role in
activating the substrate through the carbonyl oxygen and subsequently rearranging to
stabilize the departing phenoxy oxygen.** Alternatively, the metal ion may strictly bind in
a bidentate fashion to the quinolyl N and aryl O in order to activate the substrate,

mitigating the need for translocation in order to assist LG departure.

1.7.4 — Metal ion-promoted direct assistance to LG departure from carboxamides
Houghton and Puttner followed with the design of an amidic system, N,N-bis(2-
picolyl)amide (1.8; R = p-NO,C¢H4, (CH3);C, CH3;CH=CH), where the pyridine groups

encourage binding of a Cu(II) ion to the amide nitrogen.®
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IR data suggest binding interactions exist between the Cu(Il) and both pyridine nitrogens
as well as the amide nitrogen. While solubility of the chloride complexes is poor in cold
methanol, the authors noted that upon gentle heating, the reaction proceeds almost as
quickly as the complex dissolves. The reaction also proceeds in hot water, however the

Cu(II) complex is mostly dissociated, leading to a slower reaction.®
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Lectka provided further spectroscopic as well as the first crystallographic evidence of a
classical Werner-type complex involving coordination of a metal ion to a tertiary amide
nitrogen.®® The barrier to rotation was found to decrease (from 19.0 kcal'mol™ in the free
acetamide analogue to 16.3 kcal-mol” in the Cu(Il) complex (CDCls, 20 °C)) concurrent
with carbonyl bond strengthening (shift to 1540 cm™ higher frequency relative to the
uncoordinated amide). Also of note, the crystal structure reveals clear Cu(II)-Namige
coordination through a Cu—Ngniqe bond distance of 2.49 A. The geometry about Cu(Il) is
described as approximately trigonal-bipyramidal while the amide N is distinctly

pyramidalized as a consequence of metal coordination.

Alsfasser and co-workers investigated several peptide analogues noting that while metal-
coordination to the N,mige favours both cis-trans isomerization and bond cleavage, metal-
promoted isomerization occurs on a millisecond timescale, whereas cleavage occurs at a
considerably slower rate.* Studies on a family of similar peptidic compounds pointed to
a structure-function relationship.*® Firstly, a higher degree of Nymiqe pyramidalization (yx,
Winkler-Dunitz parameter measuring pyramidalization of Nymiqe) Was observed to
correspond with a higher Lewis acidity of the coordinated metal. Pyramidalization was
shown to either further augment or attenuate based on the electron-withdrawing
or -donating nature of the coordinated ligands, respectively. Higher Lewis acidity of the
complex also corresponds to a shorter Cu(I)~Nypige bond. Importantly, these structural
features translate into higher rates of cis-trans isomerization as well as C—N bond

cleavage.
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More recently, the Brown group carried out a preliminary mechanistic investigation of
the Cu(I)-promoted cleavage of N,N-bis(2-picolyl)acetamide (Scheme 1-10).*" The
kinetics for methanolytic decomposition of the Cu(Il) complex were studied as a function
of ;pH, revealing a kinetic {pK, of 6.5 and a SKIE of 0.90 in the ;pH-independent plateau
region. Together, these data are consistent with rate-limiting intramolecular delivery of a
Cu(Il)-bound methoxide to the C=0O unit. Complementary computational data show
binding of the Cu(Il) involves coordination to the Nymige lone pair concomitant with
delivery of a Cu(II)-bound methoxide to the C=O unit, forming a tetrahedral intermediate

from which Cu(Il) assists departure of the N,N-bis(2-picolyl)amide anion.

Scheme 1-10. Cu(Il)-promoted methanolysis of N,N-bis(2-picolyl)acetamide.®’
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The modes of activation employed by the metal ion in this reaction are summarized

H3C

below:
1. Activation of the substrate via association of Cu(Il) with the Nypmige lone pair,
effectively decreasing amidic resonance.
2. Activation and delivery of the nucleophile through binding, acidification, and
appropriate positioning of the metal-bound methoxide.
3. Stabilization of the TSs and tetrahedral intermediate through enhanced

interactions between the metal and N,miqe relative to those in the GS.
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4. Stabilization of charge development on the Nypmige through metal coordination,

reducing the energy of the cleavage TS.

Of particular interest is the unique manner by which Cu(Il) activates the substrate toward
solvolysis — through binding the Nymiqe lone pair rather than conventional Lewis acid
activation via the acyl oxygen. This form of activation nullifies the requirement to
translocate the metal ion in order to carry out its multiple roles in escorting the substrate

from reactant state to product state, making for highly efficient Lewis acid catalysis.

While direct coordination to the departing heteroatom of the LG leads to rate
enhancements, binding of a distal heteroatom, which is in electronic communication with
the departing atom, has also been shown to exert LGA. The second order rate constant for
methoxide attack on the (NH3)sCo(Ill) complex of acetyl imidazole (1.10) is 6000-fold
larger than that on acetyl imidazole (1.9).*® This degree of acceleration is afforded by a
combination of substrate and LG activation by the coordination of (NH3)sCo(III).
Divalent transition metal ions such as Zn®" and Co®" catalyze the methanolysis of acetyl
imidazole, but not its Co(IIl) complex, indicating these metal ions must act through

transient binding to the distal N.
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1.7.5 — Metal ion-promoted direct assistance to LG departure from phosphate esters
Early investigations into metal ion-promoted LGA in the context of phosphoryl-transfer
reactions were conducted by Murakami in 1969.% Part of these accounts focused on the
effect of divalent metal ions in promoting the hydrolysis of 2-, 3-, and 4-pyridylmethyl
phosphates. The only notable acceleration was observed in the specific case of
2-pyridylmethyl phosphate (1.11) in the presence of Cu(Il). The fact that Cu(Il) did not
enhance the cleavage to any significant extent for the other pyridylmethyl phosphates
indicates the requirement for the metal ion to be in close proximity to the departing
oxyanion in order to facilitate cleavage. Murakami delved further into the concept of
metal ion-promoted LGA through a similar mechanistic study of 8-quinolyl phosphate

(1.12).

Benkovic studied the hydrolysis of 2-(4(5)-imidazolyl)phenyl phosphate (1.13) in the
presence of Cu(Il) where it was observed that the imidazolyl nitrogen acts to position the
metal ion in such a way as to enhance coordination to the phenoxy oxygen and
subsequently stabilize the departing phenoxide oxyanion.” The pH/log(k) profile reveals
the participation by Cu(Il) increases upon conversion of the imidazolyl and phosphoryl
moieties to their basic forms, but decreases upon ionization of a metal-coordinated water
molecule. The acceleration obtained through metal ion participation is >10* compared to

the uncatalyzed cleavage reaction.
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Inspired by the large rate accelerations for phosphate monoester cleavage brought on by
Cu(Il) reported by Benkovic” and those brought on by intramolecular general acid
catalysis in the cleavage of salicyl phosphate reported by Kirby,”' Hay reinvestigated two
systems developed by Murakami’® where relatively small accelerations were reported.
Hay achieved rate accelerations on the order of 10® in the Cu(II)-promoted hydrolysis of
salicyl phosphate (1.14).”> Just as Benkovic had deduced from studying the Cu(Il)-
promoted cleavage of 1.13, Hay proposed that the active species is the dianionic form of
the phosphate monoester where the metal-coordinated water molecules remain
protonated. Expanding his study to include 8-quinolyl phosphate revealed another system
that anchors a Cu(Il) in close proximity to the leaving group such that an estimated rate

acceleration of >10° is achieved.”

Investigating the effect of La*" on the hydrolysis of adenosine 3’-O(PO,)-OCH,;R (R =
8-hydroxyquinol-2-yl and 8-(hydroxyquinolyl)-2-methylene) phosphate esters (1.15),
Bruice proposed that the metal ion coordinates in such a way that it associates with the
8-quinolyloxy group to facilitate LG departure concurrent with nucleophilic attack.
Along with Lewis acid activation, metal ion-promoted LGA by La’" was shown to

accelerate hydrolysis by 10°.%°
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Other investigations into the ability of lanthanide metal ions to provide LGA in the
methanolytic cleavage of ortho-methoxycarbonylphenyl phosphate di- and triesters
revealed rate enhancements over the estimated background solvolytic reaction of 10'%-

and 60-fold, respectively.”®” In the Yb(OTf);-promoted cleavage of phosphate diesters
in methanol at low $pH, rate accelerations on the order of 10'* were observed compared

to the background reactions.

Scheme 1-11. Yb(OTf);-promoted cleavage of phosphate diesters in methanol; M = Yb.”
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Given that methyl aryl phosphate diesters without the ortho-carboxymethyl (0-CM)
substituent do not react under these conditions, this study is particularly instructive in the
quantitation of the rate effect afforded by LGA as well as the degree of charge transfer
from the LG to the metal ion. The study demonstrates that while the ortho-
carboxymethyl-substituted phosphate diesters in the presence of Yb(OTf); react by a
rapid solvent-mediated process, the para-carboxymethyl (p-CM) analogue does not react
under the same conditions within 24 hours. It follows that Yb*" accelerates solvolysis by
strong binding to the TS for leaving group departure. Given that the kinetically-
determined binding constant for 1.16 (X = H) matches the one determined
spectrophotometrically for the p-CM analogue, the GS binding appears to be dominated
by the PO;-portion of the substrate and the acceleratory effect originates from TS
binding. Titration data of phenols with and without an 0-CM substituent enabled a
comparison that revealed a 3000-fold binding enhancement that translates into an added
TS stabilization of ~4.7 kcal-mol™.”°

Given the presence of two substituents on the LG, the Jaffé’® extension was employed,
determining that pphosphate and pcoame are +1.84 £ 0.11 and -0.85 £ 0.14, respectively. The
positive pphosphate 1ndicates electron-withdrawing substituents enhance reactivity by
stabilizing the formation of negative charge on the phenolic oxygen. The negative pcosme
reveals substituents capable of donating electron density toward the CM group enhance
reactivity. It was also determined, through conversion of Jaffé relationships to Brensted
relationships and its employment in determining the Leffler coefficient, that a = 0.51,

indicating P-OAr is halfway between the GS and the PS. Analysis of charge map”® data”
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reveals effective charge values of +0.79 on the phenoxy oxygen in the GS, +0.31 in the
TS, and -0.16 in the PS (compared to -1.0 in the PS in the absence of metal). The
reduction in charge on the metal-bound LG accounts for more effective LGA in poorer
LGs than better LGs relative to a comparison without LGA. The powerful effect of LGA
is made clear by its reduction in the need for a strong nucleophile, such as the lyoxide of
the solvent, to displace the LG. In this case, the weakest nucleophile in highest
concentration, namely solvent, is sufficiently nucleophilic to carry out solvolysis. The
reaction is thought to proceed through a concerted mechanism with minimal participation
of the nucleophile in the activated complex. The solvent DKIE for 1.16 is ky/kp = 1.10 +
0.15 and activation parameters are AH* = 16.1 kcal'mol™ and AS* = -15 cal-mol-K™".*®
The small SKIE value is consistent with a loose TS and the AS* is described as a
composite of a loose TS with advanced P-OAr bond cleavage as well as order associated

with the requirement for binding of the metal ion.

Charge map analysis was also applied to the (La’’("OCHs)),-catalyzed cleavage of
phosphate triesters without (1.17; R = Me, Et) and with (1.18) 0-CM substituents on the

LG, providing further insight into metal ion-promoted LGA and how it manifests in

LFER data.”’
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Scheme 1-12. La(OTf);-promoted cleavage of phosphate triesters in methanol; M = La.””
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In this study, it was noted that although the magnitude of the Bj, value may decrease from
a system lacking LGA (Big = -1.25) to one exhibiting LGA (Bjg = -0.82), that change is
not necessarily a consequence of reduced scission of the bond to the LG, but rather due to
a reduction in total charge development on the departing LG heteroatom rendered by
charge transfer to the metal ion. It was shown that, in fact, the cleavage had progressed

further, as assessed by the respective Leffler coefficients (o= 0.68 vs 0.88)."

In line with work performed by Murakami, Benkovic, and Hay, the Brown group
conducted a detailed kinetic investigation into the Cu(Il)-promoted cleavage of a
homologous set of phosphate mono-, di-, and triesters bearing a 2'-(2-phenoxy)-1,10-
phenanthroline leaving group (1.19a—c) that positions the metal ion within ~1.9 A of the

departing oxyanion (Scheme 1-13).'”
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Scheme 1-13. Cu(II)-promoted methanolysis of a homologous set of phosphate mono-,
di-, and triesters bearing a 2'-(2-phenoxy)-1,10-phenanthroline leaving group.100
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Substantial stabilization of the anionic form of the LG is demonstrated by the 15.6-unit
reduction in the {pK, of its conjugate acid relative to the uncomplexed form
(Scheme 1-14); accompanying this is an increase of 10" in the binding affinity of Cu(II)
for the anionic species relative to the neutral form. It follows that some portion of this
binding energy (23.3 kcal-mol™) must be realized in an analogous phosphoryl transfer

process where 1.20 is formed.
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Scheme 1-14. Thermodynamic cycle representing the acid dissociation constants (pK,)
for the Cu(Il)-complexed and uncomplexed LG as well as the related dissociation
constants (Kq) for Cu(Il)-coordination to the protonated and ionized forms of the LG.'"

The rates of methanolytic cleavage of these complexes at their ;pH maxima in the

neutral {pH region indicate that Cu(Il)-promoted LGA accelerates the cleavage of the
phosphate mono-, di-, and triesters by 10'* to 10'°, 10", and 10> (respectively) over the
estimated rates of the background reactions. This study afforded further insight into the
mechanistic implications of LGA as well as the energetic origins of its effects. In
complement to observations from the Yb(OTf);-promoted cleavage of phosphate diesters
in methanol,”® the SKIE data indicate the active nucleophile is solvent in all three cases.
Copper(II)-promoted solvolysis of the phosphate triester, whose TS requires the most
involvement of the nucleophile and therefore sheds the most light on its identity, exhibits

a SKIE of 2.2 + 0.1 which points toward solvent acting as a general base to promote
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nucleophilic attack of a second MeOH. Together, these studies suggest that sufficient
extrinsic activation of the LG can reduce the requirement for nucleophilic participation to
the point where the weakest nucleophile in greatest concentration is capable of ejecting

the LG.

While all three reactions are expected to be concerted, the activation parameters shed
light on the nature of the activated complexes. The enthalpies of activation for all three
esters are the same within experimental error and so the differences in reactivity originate
from the entropies of activation. The values can be interpreted in light of the tightness of
the cleavage TS — the triester has a relatively tight and therefore restrictive TS
(AS* = -7.4 + 1.7 cal'mol’'K™"), the diester (AS* = 2.3 + 1.1 cal'mol-K™") has a looser
TS than the triester, but a tighter one than the monoester (AS:c =18 + 2 cal'mol™ -K'l).mo
The effect of Cu(Il) on these TSs in the Hammond and anti-Hammond senses can be
understood in light of a More O’Ferrall-Jencks diagram (Figure 1-6). By stabilizing the
LG through Cu(Il)-coordination, the cleavage TSs shift so as to reduce the requirement
for nucleophilic participation in expelling the LG. Also contributing to these values is
differential solvation where, depending on the change in charge from the GS to the TS,

the restriction or release of solvent may augment or attenuate the abovementioned effects.
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Figure 1-6. More O’Ferrall-Jencks diagram illustrating the effect of Cu(Il)-coordination
to the LG on the 2D free energy surface and reaction pathways for phosphoryl transfer
from phosphate mono-, di-, and triesters.'’

1.7.6 — Metal ion-promoted LGA in cases involving small-molecule catalysts

The vast majority of the abovementioned systems were designed to enforce a metal ion to
interact with the LG. While such systems are instructive in assessing the magnitude and
mechanism of metal ion-promoted LGA, they do not demonstrate whether this mode of
catalysis is operative in small-molecule catalysts. The following examples typify systems
in which there is physical evidence alongside thorough computational analyses that
implicate LGA as a significant player in shaping the free energy surface on which the

reactions proceed.
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Phosphate ester cleavage
The dinuclear Zn(II)-containing catalyst (1.21) has been shown to provide enormous rate
accelerations for the cleavage of phosphate diester models of DNA and RNA in methanol

and ethanol,'01-10%103

In the case of the methanolysis of a series of O-aryl O-methyl phosphate diesters
(1.22),' the methoxide-promoted reaction exhibits a B, of -0.59, the di-Zn(II)-promoted
reaction (excluding diesters containing 0-NO, or 0-CM substituents on their LG) exhibits
a Pig of -0.57, and the di-Zn(II)-promoted reaction of diesters containing 0-NO, or 0-CM

substituents on their LG exhibits a B, of -0.34 (refer to Bronsted plots in Figure 1-7).
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Figure 1-7. Bronsted plots: 0-data represent log of the pseudo-first order rate constants

for the methoxide-promoted methanolysis of 1.22 ([CH;0 ] = 1 mM) vs ngaHOAr; m-data

represent log of ke for the 1.21-promoted methanolysis of 1.22 (excluding diesters

HOA
K, o

containing 0-NO, or 0-CM substituents on their LG) vs 3p ; 0-data represent log of

keat for the 1.21-promoted methanolysis of 1.22 which contain 0-NO, or o-CM
substituents on their LG.'%?

Given that the magnitude of such gradients reflects the amount of electron density
accumulating on the LG in the rate-limiting TS, the smaller magnitude of B, in the cases
where an 0-NO, or 0-CM substituent is available is a consequence of the interaction
between the catalyst and departing phenoxide. Support is found in the stable complexes
formed by the di-Zn(Il) catalyst and the 0-NO,- or o-CM-substituted phenoxides in

102
1

methanol'® as well as detailed computational analyses.'® The reaction was modelled

starting with the substrate doubly-bound to the catalyst through the phosphoryl and
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nonbridging oxygen atoms. Next, the bridging methoxide dissociates away from one
Zn(II) to become terminal leading to four energetically feasible pathways.'**

1. (Stepwise) Direct nucleophilic attack of a Zn;(II)-bound methoxide at phosphorus
leading to a phosphorane intermediate, followed by rate-limiting rearrangement of
the LG in order for the departing oxygen to bind Zn,(II) to provide LGA.

2. (Concerted) Direct nucleophilic attack of a Zn;(II)-bound methoxide at
phosphorus concurrent with Zn,(IT)-bound solvent-assisted LG departure.

3. (Enforced concerted) Attack of a methanol with assistance from a Zn,(II)-bound
methoxide concurrent with Zn,(II)-assisted LG departure.

4. (Concerted) Attack of a methanol with assistance from a Zn;(II)-bound methoxide

concurrent with Zn,(II)-bound solvent-assisted LG departure.

Mechanism 1 was considered the least feasible on the basis of a AG® that is ~4.8
kcal'mol™ higher than the others, which are close to one another and to the experimental
value of 19.3 kcal-mol™."" The mechanistic diversity represented here was noted to be a
consequence of conformational flexibility in the catalyst which can both escort the
transforming substrate from GS to PS and accommodate a variety of substrates.
Importantly, three of the four computed pathways involve some form of metal ion-
promoted LGA despite the intrinsic assistance from a 4-nitro substituent. It is anticipated,
based on the shallow gradient of pertinent Bronsted plots,” that such pathways would

become even more important for poorer LGs, such as those employed by Nature.
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Carboxylate ester cleavage

The mononuclear Zn(II)-containing catalyst 1.23 has been shown to provide substantial

rate accelerations for the cleavage of carboxylate esters (1.24).'%

H\N\ ] _H
i i
[Tl\/ \O\ /C
H R HsC”™ “OR
1.23 1.24

The Bronsted plot of the second-order rate constant for mono-Zn(Il)-promoted
methanolysis of esters 1.24 exhibits two domains which meet at a breakpoint of
SpK, O = 14.8. In the lower $pK,"°"“-domain, Big =~ 0; in the higher pK,°-domain,
B = -0.7."% Such downward curvature may be indicative of a change in rate-limiting
step where attack of the Zn(Il)-coordinated methoxide is rate-limiting in the

lower $pK,"°"“-domain and breakdown of the tetrahedral intermediate is rate-limiting in

the higher pK, °““-domain. Further insight into the mechanism was garnered through

computational analysis of a subset of substrates as well as some additional esters which
. s 1 HOLG 106

span a similar ;pK, range. =~ The computed Brensted plot reveals separate plots for

aryl and alkyl acetates, clarifying the position of the seemingly-arbitrary breakpoint in the

experimental data that is much lower than the symmetrical reaction of methyl acetate. In

the lower-szaHOLG domain (aryloxy LGs) where Bi, = 0.07, nucleophilic attack is rate-
limiting; in the mid-$pK,"°““ domain (alkoxy LGs) where Bie = -0.62, nucleophilic attack

is rate-limiting; in the higher-pK,"°"® domain (alkoxy LGs) where Big = -2.04, metal

106

ion-promoted LGA is rate-limiting.  The break in the alkoxy-LG plot occurs at methyl
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acetate, as expected on the basis of microscopic reversibility. In all cases, LGA appears
to be operative. In addition, this study provides evidence that while in many cases two
metal ions are implicated in mechanisms involving LGA, one metal ion may fulfill the
various modes of metallo-catalysis so long as the steps for requisite rearrangements are

sufficiently fast.

1.8 — Research outline

By combining several modes of metallo-activation with a reduced dielectric medium,
significant rate enhancements are observed in acyl- and phosphoryl-transfer
reactions.”’””” One of the more elusive modes, namely metal ion-promoted LGA, has

been studied only to a limited extent in terms of its magnitude and mechanism. The
ongoing collection of linear free energy relationships, {pH/log(k) profiles, activation

parameters, and SKIE data in a variety of systems contributes to the developing
mechanistic picture of LGA and hints at its potential as a general means to accelerate
cleavage reactions. As part of this evolving program, three separate yet connected

mechanistic studies are discussed.

1.8.1 — Metal ion-promoted LGA in the solvolysis of specially-designed phosphate
esters in aqueous and alcohol solvents'"’

Chapter 2 compares the energetic origins of Cu(Il)-promoted LGA in a homologous set
of mono-, di-, and triesters in different hydroxylic solvents to evaluate medium effects on

100" that

the mechanism and magnitude of LGA. This study builds on a previous one
established the enormous potential for LGA to accelerate the methanolysis of these

specially-designed complexes. Moving these systems into water and ethanol established
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the general nature of these effects and enabled the quantitative assessment of how the

medium influences this particular mode of catalysis.

1.8.2 — Metal ion-promoted LGA in the solvolysis of specially-designed tertiary
benzamides in alcohol solvents'”

Chapters 3 and 4 describe mechanistic studies of the Ni(II)-, Cu(Il)-, and Zn(II)-promoted
methanolysis and ethanolysis of substituted benzamides specially-designed to employ
LGA (phenyl-substituted benzamides with either N,N-bis(2-picolyl) or N,N-bis((1H-
benzimidazol-2-yl)methyl) binding groups). Building on a recent study,®’ as well as much
carlier work,” and further motivated by its successful application as a synthetic

methodology,'”’

the mechanism of this elusive mode of catalysis was more completely
elucidated using LFER, SKIE, Eyring, and computational data. The opportunity was also
taken to assess the accelerations provided by LGA in combination with the other modes
of metallo-catalysis relative to the background alkoxide-promoted reactions. The results

of these studies form the basis on which more recent investigations have characterized

similar effects in the solvolysis of specially-designed ureas''® and carbamates.'"'

1.8.3 — Metal ion-promoted LGA in the solvolysis of a series of thiobenzanilides in
methanol

Chapter 5 contributes more detail to the existing mechanistic picture''? of the
palladacycle-promoted methanolysis of a series of thiobenzanilides with leaving groups
bearing different substituents. The kinetic data collected thus far appear to indicate two
mechanisms are operating, depending on the nature of the leaving group, wherein either

one or two catalysts employ the following modes of metallo-catalysis to promote
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cleavage: substrate activation, nucleophile activation and delivery, and leaving group
assistance. This study seems to demonstrate that as the nucleofugality of a LG worsens,
Nature appears to recruit a second catalytic centre, seemingly to distribute the catalytic

requirements of the mechanism over two metal centres rather than one.

The theme of this work is establishing a fundamental understanding of the origin,
mechanism, and magnitude of the critical modes of catalysis employed by metal ions that
enable the facile cleavage of kinetically-inert substrates. As this level of understanding
improves, the capabilities of enzymes become ever more comprehensible and surpassing

the magnitude of their catalysis becomes increasingly feasible.
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Chapter 2 — Comparison of Cu(Il)-promoted leaving group stabilization
of the cleavage of a homologous set of phosphate mono-, di-, and tri-
esters in water, methanol and ethanol

2.1 — Preface

With minor formatting changes and the addition of Supporting Information 2-1, this
chapter is presented largely as it is published in Inorganic Chemistry (Raycroft, M. A. R.;
Liu, C. T.; Brown, R. S. Inorg. Chem. 2012, 51, 3846). The kinetic experiments were
performed by Mark Raycroft and the syntheses were performed by Dr. C. Tony Liu and
Mark Raycroft. The manuscript was written by Mark Raycroft and Dr. R. Stan Brown.

The published article is copyrighted by the American Chemical Society.

2.2 — Introduction

The monoesters and diesters of phosphoric acid participate in a variety of biologically
important phosphoryl transfer and hydrolysis reactions involving proteins, DNA, and
RNA. The ionization of mono- and diester derivatives of these under physiological
conditions is central to their suitability as biomolecules since it serves to prevent them
from crossing biological membranes as well as to resist hydrolytic cleavage by simple
nucleophilic means.! Triesters have no natural biological function, but man-made
versions are used commercially as acetylcholinesterase inhibitors.” Phosphatase enzymes,
some containing dinuclear active sites, have evolved to catalyze the cleavage of both
naturally-occurring and man-made phosphate esters with very large rate enhancements
over the uncatalyzed solvolysis reactions.” Various modes of metallo-catalysis* have been

discussed, such as: (1) Lewis acid activation of the substrate via M*"---O=P binding;
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(2) delivery of a metal-bound hydroxide or alkoxide that serves as a nucleophile or a
base; (3) electrostatic stabilization of the anionic substrate and nucleophile/base through
binding to the (+)-charged active site and subsequent lowering of the transition state
energy of the reaction;’ and (4) stabilization of the leaving group through metal ion
coordination. As important as the latter effect is believed to be, studies of systems
incorporating metal ions that provide leaving group assistance (LGA) in the reactions of

small-molecules is documented in only a few cases.®”*10-11:12.13.14

In the absence of catalysts, the mechanisms by which phosphate esters react depend on
their state of O-alkylation (R) or arylation (Ar)."”” Monoesters react either by a
dissociative mechanism (DntAy) or a concerted mechanism (AxDy) with a loose
transition state. Diesters and triesters tend to react through concerted AxDn mechanisms
(when containing an activated LG) with progressively tighter transition states to the limit
of an associative mechanism involving a phosphorane intermediate when substituted with
a poor LG. We have compared the rates and properties of the methanolysis reactions of
molecules 2.1-2.3 in the presence of Cu(Il) (Scheme 2-1) showing there is strong
assistance of the LG departure by a closely situated ortho-phenanthroline-bound Cu(II).'®
The methanolyses are greatly accelerated (10'* to 10'° for monoester, 10'* for diester, and
10° for triester) over the background reactions in methanol. In all these cases, the Cu(II)-
promoted LGA changes the reaction mechanism relative to the non-LGA process, with
solvent methanol, rather than methoxide, as the active nucleophile in transition states that

are more dissociative than are found for related processes in the absence of catalysts.
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Herein we report on an expanded study where the reaction medium changes from
methanol to both ethanol and water, and how these solvents affect the reaction

mechanisms and the acceleration provided by LGA.

Scheme 2-1. Cu(Il)-promoted methanolysis of phosphate esters 2.1-2.3.

2.1 OR;=0R;=0" 24
2.2 OR1 = O_; OR2 =0OMe
2.3 OR; =0R;=0Me

2.3 — Experimental

2.3.1 — Materials

Ethanol-OD (99 atom % D), trifluoromethanesulfonic acid (>99%), Cu(CF5S0O3), (98%),
2-picoline (98%), 2,6-lutidine (99+%), 2.,4,6-collidine (99%), 4-ethylmorpholine (99%),
I-methylpiperidine (>98%), 1-ethylpiperidine (99%), triethylamine (99%), 2.,2,6,6-
tetramethylpiperidine (99+%), were used as supplied from Aldrich. Tetrabutylammonium
ethoxide (40% in ethanol, titrated against N/2 certified standard aqueous HCI solution
and found to be 1.13 M) was purchased from Fluka. Absolute ethanol (anhydrous,
degassed and stored under argon, freshly dispensed between kinetic experiments) and
deuterium oxide (D, 99.9%) were purchase from Fisher and CIL, respectively. Reverse-

Osmosis (RO) purified water was further deionized to 18.2 MQecm using a Millipore
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filtration apparatus. The following phosphate esters O-(2-[2'-phenanthrolyl]phenyl)
phosphate (2.1), O-(2-[2'-phenanthrolyl]phenyl) O-methyl phosphate (2.2), and O-(2-[2'-
phenanthrolyl]phenyl) O, O-dimethyl phosphate (2.3) were synthesized and characterized

as previously reported.'®

2.3.2 — General methods

Concentrations of H;O" and CH;CH,OH," were determined potentiometrically using a
combination glass Fisher Scientific Accumet electrode calibrated with certified standard
aqueous buffers (pH 4.00 and 10.00) as described previously.'” The pH was determined

as -log[ROH,]. The autoprotolysis constant for ethanol was taken to be 10" M? and

the ;pH values'”” in ethanol were determined by subtracting a correction constant of -2.54

from the electrode readings.'”® The $pH values for the kinetic experiments were

measured at the end of the reactions in order to avoid any effects associated with KCl

leaching from the electrode.

2.3.3 — General UV-vis kinetics

The Cu(Il)-catalyzed hydrolyses and ethanolyses of 2.1, 2.2, and 2.3 were followed at
390 and 415 nm respectively to determine the rate of appearance of Cu(Il)-bound
phenoxide 2.4 using a UV-vis spectrophotometer with the cell thermostatted at 25.0 + 0.1
°C. Reactions were conducted in the presence of buffers composed of various ratios of
amines (2-picoline, 2,6-lutidine, 2,4,6-collidine, N-isopropylmorpholine, 1-methyl-
piperidine, 1-ethylpiperidine, triethylamine, 2,2,6,6-tetramethylpiperidine) and HOTT.
For reactions at pH 3 or lower, an appropriate amount of HOTf was added to achieve the
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required [ROH, "] in solution. Typical kinetic experiments involved preparing a solution
of buffer (0.4—1.2 mM) followed by addition of the phosphate substrate (0.02 mM) in a
I-cm path length UV cuvette. To this was added an aliquot of Cu(II) stock solution to
obtain a final concentration of 0.02 mM to initiate the reaction. In the case of reasonably
fast reactions (slower than stopped-flow time-scale) duplicate kinetic experiments were
carried out and the resulting Abs vs time traces were fitted to a standard first-order
exponential equation to obtain the observed first order rate constants (kops). For very slow
reactions, such as the Cu(Il)-promoted hydrolysis or ethanolysis of 2.2, initial rates of the
reactions were obtained by fitting the first 5-10% of the Abs vs time traces to a linear
regression. To obtain the ky,s values, the initial rates were then divided by the expected
absorbance change (AAbs) if the reaction were to reach 100% completion. Separate
pH/rate profiles were constructed for the Cu(Il)-catalyzed cleavages of 2.1-2.3 in the
presence of 20-fold excess buffer in water and ethanol. A typical solvent kinetic isotope
experiment involved the addition of 1 mM Cu(OTf), and 5 mM HOTT stock solutions in
ROD to UV cells containing either ROH or ROD so that the final concentrations of
Cu(OTY),, phosphate ester, and buffer were 0.02, 0.02, and 0.4 mM, respectively. The
kinetic competition experiments were carried out in duplicate and the pH and pD values
were measured after the reactions were complete. (The pD values measured at the end of
the reactions were recorded as the pH meter readings (+2.54 in the case of the ethanolysis
reactions) and are not corrected for the effect of the deuterated solvent on the reading or
on the pK, of the buffer. The actual pD value is less important since the experiments are

carried out in the extensive plateau regions of the pH/rate profiles.)
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2.3.4 — Stopped-flow kinetics

The Cu(Il)-promoted cleavage of 2.1 was monitored at 390 nm in water and 415 nm in
ethanol, obtaining the rate of appearance of product using a stopped-flow apparatus
thermostatted at 25.0 + 0.1 °C. One syringe of the stopped-flow instrument was loaded
with a 0.8 mM solution of the desired buffer in water or ethanol containing 0.04 mM 2.1.
The second syringe was loaded with 0.04 mM Cu(OTf), in water or ethanol. When
mixed, the final concentrations of Cu(OTfY),, 2.1, and buffer were 0.02, 0.02, and 0.4 mM,
respectively. At least five kinetic experiments were conducted at each pH and the
obtained Abs vs time traces were fitted to a standard first-order exponential equation to
give the kops values: these were averaged to give the reported values in the tables. Solvent
kinetic isotope experiments were performed in same way as those previously described

and the pH and pD values were measured after the reaction.

2.3.5 — Activation parameters

Kinetic experiments with Cu(Il):2.1 were performed at different temperatures using a
thermostattable stopped-flow analyzer, while those for substrates Cu(Il):2.2 and
Cu(II):2.3 were determined using a UV-vis spectrophotometer. The solution temperatures
were determined with a thermometer inserted into the cell at the end of the reaction. First
order rate constants were measured in at least duplicate at a minimum of six different
temperatures ranging from 15 to 40 °C for the Cu(I)-promoted hydrolysis or ethanolysis
of 2.1 (both at 0.02 mM) in the presence of 0.4 mM 2,6-lutidine buffer, pH 6.9 + 0.2, or
2,2,6,6-tetramethylpiperidine buffer, ;pH 11.4 + 0.2. Eyring plots of In(k/T) vs 1/T

provided the AH* and AS* values given in Table 2-1. The activation parameters given in

67



Table 2-2 for substrate 2.2 were determined using solutions containing 0.02 mM
Cu(OTf),, 0.02 mM 2.2, and 1.0 mM HOTT in water (pH 3.0 + 0.2) and ethanol (;pH 3.0
+ 0.2) at seven temperatures ranging from 15 to 45 °C. The activation parameters given
in Table 2-3 for substrate 2.3 were determined with solutions containing 0.02 mM
Cu(OTf),, 0.02 mM 2.3, and 1.0 mM HOTT in water (pH 3.0 £+ 0.2) and ethanol (;pH 3.0
+ (.2) at six temperatures ranging from 15 to 68 °C. The Eyring plots from which the
activation parameters were determined can be found in Figure 2-8 to Figure 2-13 of

Supporting Information 2-1.

2.4 — Results

2.4.1 — Cu(Il)-promoted hydrolysis and ethanolysis of 2.1

The pH/rate profile for hydrolysis of Cu(Il):2.1 in Figure 2-1 can be fitted by nonlinear
least-squares (NLLSQ) methods to equation 2-1, derived for the model given in Scheme
2-2 having two ionizable groups with pK, values of 4.33 and 9.17. Based on the {pH/rate
profile of Cu(I):2.1 observed earlier in methanol,'® in the lower pH regions
[Cu(II):2.1a]" (or a kinetically equivalent form where the non-bridging phosphate O~
binds to Cu(Il) displacing solvent) undergoes possible microscopic ionizations in water
to form two formally neutral forms, [Cu(Il):2.1b]° and [Cu(Il):2.1¢c]® which differ by
coordination of a non-bridging O™ to Cu(Il) with displacement of solvent. The relative
proportion of these may be influenced by solvent polarity and thus different in the three
media. However, due to the availability of both non-bridging oxyanions to assist in the
departure of the LG in [Cu(Il):2.1b]°, this is likely the more active of the two species.

Further ionization leads to a less active (or possibly inactive) species, [Cu(Il):2.1d] .
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Figure 2-1. The pH/rate profile for cleavage of Cu(Il):2.1 (0.02 mM each of Cu(Il) and
2.1) under aqueous buffered conditions (0.4 mM amine, 0.2 mM HOTY) at 25 °C. The
data are fitted by NLLSQ methods to equation 2-1 to give two macroscopic pK,> and
pKa3 values 0f 4.33 = 0.05 and 9.17 + 0.04 and a maximum rate constant (K ) of 0.115
+0.007 s™'; 17 = 0.9972.
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The solvent DKIE was determined to be ky/kp = 0.91 = 0.01 in the center of the pH 5-8

plateau region, at a measured pD = 6.8 + 0.2 (0.4 mM 2,6-lutidine buffer).

The {pH/rate profile data in Figure 2-2 for ethanolysis of Cu(II):2.1 can be fitted to

equation 2-2 derived for the model represented schematically in

Scheme 2-3 where [Cu(1l):2.1]* undergoes two sequential acid dissociations having
macroscopic pK,' and *pK,” values of 2.1 and 7.7. The [Cu(Il):2.1a]" formed at
lower $pH may undergo two possible microscopic ionizations to produce [Cu(Il):2.1b]°
and [Cu(Il):2.1¢]’. For similar reasoning as was described above for water,
[Cu(1]):2.1b]° probably represents the more active species. In the less polar ethanol,
further ionization of this to form [Cu(Il):2.1d] (see Scheme 2-2) is not observed up to at

least ;pH 12.

The solvent DKIE of ky/kp = 0.83 + 0.06 was determined in the plateau region at an

estimated {pD value of 11.4 + 0.2, uncorrected for D in the solvent (0.4 mM 2,2,6,6-

tetramethylpiperidine buffer).
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Figure 2-2. The {pH/rate profile for cleavage of Cu(Il):2.1 (0.02 mM each of Cu(Il) and
2.1) in anhydrous ethanol under buffered conditions (0.4 mM amine, 0.2 mM HOTY) at
25 °C. The data are fitted by NLLSQ methods to equation 2-2 to give two macro-
scopic $pK, values of 2.1 + 0.2 leading to a k; = (2.1 + 0.2) x 102 s and 7.7 + 0.2
leading to a maximum rate constant (K ) 0of 4.4 + 0.6 st 2 =0.9971.
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Scheme 2-3. Microscopic ionizations for ethanolysis of [Cu(II):2.1].

[Cu(l):2.1¢]°
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2.4.2 — Cu(Il)-promoted hydrolysis and ethanolysis of 2.2

In Figure 2-3, the pH/rate profile for hydrolysis of Cu(Il):2.2 is shown. At low pH,
[Cu(I]):2.2a]*" (Scheme 2-4) ionizes (not observed) to form the reactive species
[Cu(II):2.2b]" (or a chemically equivalent species where the non-bridging O is
displaced from the Cu(II) by solvent) with an extended pH-independent region followed
by its ionization (pK, 7.94) to some inactive form, suggested to be the dimer of
[Cu(I1)2.2¢]’. That the descending portion of the profile at higher pH has a gradient
of -2 may indicate involvement of two lyoxide molecules leading to a dimeric species
with lower activity such as was proposed previously.'® The solvent DKIE in the plateau

region is ky/kp = 1.22 + 0.01 at a measured pD value of 3.0 + 0.2 (1 mM DOTY).

q

log(Kobs, s'1)

iy

1
~

pH

Figure 2-3. The pH/rate profile for cleavage of Cu(Il):2.2 (0.02 mM of Cu(Il) and 2.2)
under aqueous buffered conditions (0.4 mM amine, 0.2 mM HOTY) at 25 °C. The data are
fitted by NLLSQ methods to equation 2-3 to give one macroscopic pK, value of 7.94 +
0.03 and a maximum rate constant (kea™) of (5.6 + 0.2) x 10° s™'; r* = 0.9009.

k(,bs=k:.1:f*[ _ T j (2-3)
KI/K,. +[H"]
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Scheme 2-4. Microscopic ionizations for hydrolysis and ethanolysis of [Cu(II):2.2].

[Cu(ll):2.2a]%*

[Cu(ll):2.2b]* [Cu(ll):2.2¢]°
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Figure 2-4. The pH/rate profile for cleavage of Cu(Il):2.2 (0.02 mM of Cu(Il) and 2.2)
in anhydrous ethanol under buffered conditions (0.4 mM amine, 0.2 mM HOTY) at 25 °C.
The data are fitted by NLLSQ methods to equation 2-4 to give one macroscopic ;pK,

value of 1.05 + 0.01 and a maximum rate constant (ke™) of (3.60 £ 0.02) x 107 s7; r* =
0.9984.

] SK]
kabv = k:;;‘x IS - (2-4)
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The ionization process and plateau region indicated by the {pH/rate profile for
ethanolysis of Cu(Il):2.2 (Figure 2-4) are represented mechanistically in Scheme 2-4. At
low SpH, [Cu(I):2.2a]*" ionizes to produce [Cu(Il):2.2b]" (or its similarly charged
chemical equivalent with a solvent incorporated on the Cu(Il)) which then reacts over a
pH-independent region. The solvent DKIE in the plateau region is ky/kp = 1.29 + 0.03 at

a measured ;pD value of 3.0, uncorrected for effect of D in solvent (1 mM DOTY).

2.4.3 — Cu(Il)-promoted hydrolysis and ethanolysis of 2.3

The important species in the pH/rate profile for hydrolysis of Cu(Il):2.3 (Figure 2-5) are
presented in Scheme 2-5. A broad pH-insensitive region exists between pH 2.5 and 7
where [Cu(Il):2.3a]*" is likely the most active species. The solvent DKIE is ky/kp = 1.94

+ 0.01 at an estimated pD value of 3.0 = 0.2 in the plateau region (1 mM DOTY).

pH

Figure 2-5. The pH/rate profile for cleavage of Cu(Il):2.3 (0.02 mM each of Cu(Il) and
2.3) under aqueous'® buffered conditions (0.4 mM amine, 0.2 mM HOTY) at 25 °C. The
data in the pH range 2.4—7.1 are averaged to give a rate constant of kgps = 1.7 x 107 57",
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Scheme 2-5. Microscopic ionizations for hydrolysis and ethanolysis of [Cu(II):2.3].

AT

[Cu(ll):2.3b]*

Figure 2-6 shows the ;pH/rate profile for the ethanolysis of Cu(Il):2.3 where a
broad {pH-insensitive region exists between ;pH 2.5 and 9.5 followed by an ionization
to produce [Cu(Il):2.3b]" (Scheme 2-5) which reacts with lower activity in the *pH-
insensitive region. The solvent DKIE was determined in the plateau region to be
ku/kp = 1.96 + 0.05 at an estimated ;pD value of 3.0, uncorrected for the effect of D
(1 mM DOTY).
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Figure 2-6. The ;pH/rate profile for the cleavage of Cu(Il):2.3 (0.02 mM of Cu(Il) and
2.3) in anhydrous ethanol under buffered conditions (0.4 mM amine, 0.2mM HOTY) at 25
°C. The data are fitted by NLLSQ methods to equation 2-5 to give one macroscopic ;pK,

value of 10.8 + 0.1 and a maximum rate constant (ke™) of (7.3 £ 0.4) x 10” s™ and k, =
(2.5+0.3) x 10°s™"; ¥ =0.9907.
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kobv=k:;f*(—[“ Jw[—, K j (2-5)
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2.4.4 — Activation parameters

Temperature dependent studies at the pH optima for the Cu(Il)-promoted solvolyses of

16
L,

2.1-2.3 in water, methanol, ” and ethanol afforded the activation parameters that appear

in Table 2-1 to Table 2-3.

Table 2-1. Activation parameters, rate constants, and SKIE values for cleavage of
Cu(I):2.1 in water, methanol,'® and ethanol (e, = 78, 31.5, 24.3 respectively) at their pH
optima in the plateau region where the reactive form is the formally neutral complex
[Cu(11):2.1b]° and/or [Cu(1):2.1¢]°.

max ¥ i i o
Phosphate Solvent Keat AH AS AG™ (25°C)

Complex (S_l) (kcal.mol‘l) (Cal,mol-l.K-l) (kcal,mol-l) kH/kD

[Cu(Il):2.1b/c] H,O 0.11 229+0.2 13.6 0.7 18.8+0.3 0.91+0.01

[Cu(1l):2.1b/c] MeOH 14.7 21.4+0.7 18+£2 16.0£0.9 0.95+0.05

[Cu(Il):2.1b/c] EtOH 44  184+0.1 58405 167+02 0.83+0.06

a. Data in methanol from reference 16.
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Table 2-2. Activation parameters, rate constants, and SKIE values for cleavage of
Cu(II):2.2 in water, methanol,'® and ethanol (e, = 78, 31.5, 24.3 respectively) at their pH
optima in the plateau region where the reactive form is the formally positively charged
complex [Cu(11):2.2b]".

max 3 3 + °
Phosphate Solvent Keat AH AS AG™ (25°C)

Complex (S'l) (kcal-mol'l) (cal-mol'l .K-l) (kcal~mol'1) ky/kp

[Cu(Il):2.2b]7 H,O0 5.6x10° 23.0+£02  -58+05 247+02 1.22+0.01
[Cu(I):2.2b]° MeOH 2.5x10° 21.6+£04  23+1.1  209+05 1.01+0.04

[Cu(I):2.2b]" EtOH 3.5x10° 183+0.2 -8.5+0.6 20.8+0.3 1.29+0.03

a. Data in methanol from reference 16.

Table 2-3. Activation parameters, rate constants, and SKIE values for cleavage of
Cu(II):2.3 in water, methanol,'® and ethanol (e, = 78, 31.5, 24.3 respectively) at their pH
optima in the plateau region where the reactive form is the formally doubly positive
charged complex [Cu(Il):2.3a]*"*

max ¥ k4 ks o
Phosphate Solvent Keat AH AS AG™ (25°C)

Complex (s (kcal'mol™) (cal'mol-K™) (kcal-mol™) Kn/kp

[Cu(ID):2.3a] H,0 1.7x10° 19.1+£0.1 -164+03 240+0.1 1.94+0.01
[Cu(Il):2.3a]*" MeOH 2.0x 10° 21.6+0.5 -74+17 238+0.7 22+0.1

[Cu(I):2.3a]*" EtOH 7.3 x10° 184+03 -16.0+£09 232+04 1.96=0.05

a. Data in methanol from reference 16.
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2.5 — Discussion

There are postulates that the effective dielectric constants inside the enzyme active site
resemble those of organic solvents rather than water.'® Organic solvents like methanol
and ethanol, with dielectric constants of 31.5 and 24.3 and properties and structures
closest to water,”” might be considered appropriate models for the media extant in the
active sites of some enzymes,'’ although this ignores specific solvation effects such as the
solvents” H-bond and electron accepting and donating properties. The large rate

accelerations'>!>16:2!

that we see for the transesterifications of phosphate di- and triesters
in methanol and ethanol are anomalous when compared with what is generally seen in

water,”> but, as will be seen, there are very large accelerations for the cleavages of

[Cu(II):2.1,2.2,2.3] in water as well.

According to X-ray diffraction studies of a close model for the metal-bound leaving
group ([Cu(I):2.47], Scheme 2-1), namely [(Cu(I);:2.4 ),:(u-MeCO,)][PF¢].> the
departing phenoxy oxygen is positioned within ~1.9 A of the Cu(Il) ion. This is expected
to be the situation in all solvents investigated. The proposed driving force for the
cleavage of the phosphates in methanol'® stems from progressively enhancing the metal
cation’s and departing phenoxy anion’s interactions during the transformation of
[Cu(Il):2.1,2.2,2.3] into Cu(Il):2.4". Thus, the endothermicity of the P—O(LG) bond
cleavage process is offset by an exothermic binding of the transition state attributable to
the progressively enhanced Cu(Il): O(LG) electrostatic interaction. The activation
parameters and rate constants in Table 2-1 to Table 2-3 refer to the reactions in the

plateau regions of the pH/rate profiles where the effective nucleophile is solvent, (either
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external or metal ion-coordinated in the case of attack on [Cu(I):2.1b]°, [Cu(Il):2.2b]",
and [Cu(II):2.3a]*") and the charges of the active forms of the three Cu(Il) complexes

vary by one unit each in passing from [Cu(II):2.1b]° to [Cu(II):2.2b]" and [Cu(II):2.3a]*".

2.5.1 — pH and pH/rate profiles for the cleavage of [Cu(II):2.1,2.2,2.3] in water,
methanol, and ethanol

General: The rate constants for the solvolysis of the three complexes were determined
under conditions similar to what was used previously for the study in methanol.'® The
kinetics were determined using 1:1 mixtures of Cu(Il)(triflate), and substrate under the
assumption that the Cu(Il):substrate binding is essentially complete. This assumption is
warranted since the rate constants obtained for this study are independent of increasing
total concentration of Cu(Il) + substrate, when these are introduced to the solution in a
1:1 mixture. In addition, Cu(II) binding to phenanthroline systems is known to be very
strong. For example, the binding constant of phenanthroline and Cu(Il) in water* is 1.6 x
10° M and we have previously determined that the dissociation constant of Cu(II):2.3 in
methanol is 2.8 x 10”7 M.'® While we have not determined the binding constants for the
mono- and diesters, these are also expected to be stronger than that for Cu(Il):2.3 due to
electrostatic interactions, particularly in ethanol. In all cases, the product of the
solvolyses is the corresponding 2(2’-phenanthrolyl)phenoxide:Cu(Il) complex which is
verified by the characteristic UV-vis spectrum as derived from authentic material.
Finally, as in the case in methanol, there is no effect of buffer as can be judged from the

pH/rate profiles which show no evidence of breaks between different buffers.
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2.5.1.1 = [Cu(I]):2.1]

The general pH-dependent species of [Cu(Il):2.1,2.2,2.3] and processes for the
decomposition of each ester are expected to be similar in the three solvents, although the
pH range over which each of their microscopic states of ionization exist is expected to be

different. The pH/rate profile from 2—12 for the hydrolysis of Cu(II):2.1 shown in Figure
2-1 is bell-shaped with a k™™ of 0.12 s™ and two acid dissociation constants of $pK,> =
4.33 and $pK,’> = 9.17 corresponding to the transition from [Cu(II):2.1a]" to two possible
neutral forms [Cu(Il):2.1b/c]’, and transformation of [Cu(I):2.1b/c]” into [Cu(Il):2.1d]
as in Scheme 2-2. In methanol, from {pH 2.5-12.5, the profile is also bell-shaped with
two $pK,” and $pK,’ values of 7.83 and 11.8, with plateaus from $pH 2.4-4, k; = 6.3 x
10* s, and from SpH 8-11, ko™ = 14.7 s7".'® However, in the lowest polarity solvent
ethanol, the $pH/rate profile (Figure 2-2) is sigmoidal with the hint of a $pK,' at 2.4, a
plateau from pH 3-5 (k; = 2.1 x 1072 s™), a $pK,” of 7.70 followed by a long plateau with
Kea™ = 4.4 s, There is no evidence of a :pKa3 value for ionization of [Cu(II):2.1] in
ethanol up to $pH 12. The difference in observed $pK,’ and $pK,’ values from water to
methanol and ethanol media might be a consequence of the poorer ability of the alcohol

to stabilize anion formation (as in [Cu(II):2.1d]"), and/or a change in the relative amounts
of [Cu(I):2.1b/c]’ in the three solvents. The autoprotolysis constants of the three solvents
increase (pKauo = 14, 16.77, and 19.1 respectively)'’ so that neutrality is at pH 7, $pH 8.4
and 9.55, respectively. Thus, in passing from methanol to ethanol, $pK,” ionization occurs
at substantially less than neutrality which is consistent with the lower polarity solvent
favoring the formation of the charge neutral species [Cu(1]):2.1b/c]".

80



The rate constants for decomposition of [Cu(II):2.1a]" can be compared only in methanol
and ethanol, since the {pH/rate profiles in these solvents exhibit plateaus in the low jpH
domain. The k; value in ethanol is about 30 times greater than in methanol
(2.1 x 107 s7/6.4 x 10 ), suggesting that ethanol favors a transition state where charge
is being dispersed relative to the mono-cationic ground state of the complex. The Kea
rate constants for the decomposition of the formally neutral complex [Cu(I):2.1b/c]"
varies by a factor of about 100 in the three solvents from 0.12 s in water to 14.7 s™ and
4.4 s in methanol and ethanol. There is not a simple rationalization for this apparently
inverted order as a function of solvent polarity; perhaps this is consistent with the
proportions of [Cu(Il):2.1b/c]’ being different in the two alcohol solvents and/or greater
stability of the ground state of the neutral species in water than in either alcohol since
pK.? in water is less than $pK,” in either methanol or ethanol, even accounting for the
differences in the autoprotolysis constants. Nevertheless, considerable ambiguity exists

due to trade-offs in dielectric constant effects and specific solvent interactions with the

ground and transition states, making any rationale highly speculative.

2.5.1.2 — [Cu(1):2.2,2.3]
With [Cu(II):2.2] in water, no pK,' value is observed down to pH 1 but there is a second

apparent pK,” value for ionization of [Cu(I):2.2b]" of 7.94 which is tied to a following

dimerization of [Cu(II):2.2]°. The latter value shifts to an apparent $pK,” value of 10.25 in

methanol. The only observed ionization of [Cu(II):2.2] in ethanol is $pK,' = 1.05 forming

[Cu(II):2.2b]". The rate constants for decomposition of [Cu(I):2.2b]" vary by about 2000
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in the three solvents, with the lowest in water being 5.6 X 10°¢ s'l, while those in

methanol and ethanol are 2.5 x 10~ and 3.5 x 107 s\,

With [Cu(II):2.3] there is no possible acid dissociation of the phosphate, so the only pH-
dependent change in charge on the complex results from formation of Cu(Il) hydroxides
or alkoxides. No process corresponding to the conversion of [Cu(I):2.3a]*" to the
Cu(Il):hydroxide form [Cu(II):2.3b]" is observed from pH 1-7 in water. In methanol,
the $pK,' value is 6.05 and shifts to a value of 10.75 in ethanol. The observed rate
constants for decomposition of [Cu(I):2.3a]*" in the three solvents are very similar,
being 1.7 x 10™ s™" in water and 2.0 x 10™ s in methanol and 7.3 x 10” s in ethanol. As
will be shown, this stems from a compensation of change in both the activation enthalpies

and entropies in the three solvents.

2.5.2 — Trends in enthalpies and entropies of activation for decomposition of Cu(Il)-
bound phosphate esters

The rates of solvolytic cleavage of complex molecules depend on the relative energy
levels of the ground and rate-limiting transition states. Thus, a change in reaction rate
brought on by a change in solvent relates to how the medium alters these relative
energies.” The relevant free energies for the processes and their transfer from one solvent
to another are shown in Scheme 2-6, where S1 and S2 are the two solvents in question

and AGO(SHsz)GS and AGi(sHsz) represent the free energies of transfer of the ground and

transition states between the two solvents. The latter values are determined®® by
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interactions of the solvent molecules with: (1) the ground state; (2) the transition state;

and (3) other solvent molecules.

Scheme 2-6. A scheme depicting the free energies for dissolution and reaction transition
state of [Cu(Il):2.1,2.2,2.3] and the change in free energies induced by changing the
solvent.

H
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Equation 2-6 gives an expression for the AAG" resulting from a solvent change on the
free energies of the transition and ground states, which is further broken into the effects

on AAH* and AAS? as in equations 2-7 and 2-8.

AAGic = AGi(Sjﬂgz) - AGO(sjﬁsz)GS (2-6)
AAH" = AH (5152) — AH (51552)0 (2-7)
AAS* = AS' (51252 — AS (5155206 (2-8)

For the three complexes in question, the change in free energies computed on the basis of
the changes in the activation parameters for the decomposition of [Cu(II):2.1b/c]’,

[Cu(I]):2.2b]", and [Cu(Il):2.3a]*" in passing from water to methanol and methanol to
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ethanol at 25 °C are given in Table 2-4. This can be more clearly seen in Figure 2-7
where —TAS' is plotted vs AH* for the decomposition of [Cu(II):2.1,2.2,2.3] in water,
methanol, and ethanol. The figure can be referred to using a compass, where moving
along the diagonal southeast (SE) in Figure 2-7 increases the activation AH* but reduces
the —TAS* contribution to AG*, resulting in little effect on the reaction rate. Moving NE
increases both the enthalpy and entropy contribution, slowing the reaction considerably.
In the case of cleavage of [Cu(I):2.3a]*", moving NW from MeOH to water leads to a
decrease in AH* and more positive —TAS*, compensating each other to an extent that the

reaction rate does not change appreciably.

Table 2-4. Listing of changes in activation parameters for the decomposition of
[Cu(Il):2.1,2.2,2.3] accompanying changes in solvent from methanol to water, and from
methanol to ethanol.

CH;0H — H,0O CH;0H — CH3;CH,OH

AAH™  AAS*  —TAAS® AAG™ AAH®  AAST —TAAS™ AAGH

Complex (ew) (25°C) (25°C) ()’ (25°C) (25°0)

[Cu(IT):2.1b/c]’ 1.5 -4.4 1.3 2.8 3.0 -122 3.6 0.6
[Cu(II):2.2b]" 1.4 -8.1 24 3.8 33 -10.8 32 -0.1

[Cu(ID):2.3a] 25 9.0 2.7 02 32 -86 2.6 0.6

a. In units of kcal'mol ™.
b. In units of cal-mol K.
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Figure 2-7. A plot of ~TAS* vs AH* for the decomposition of [Cu(Il):2.1,2.2,2.3]
(m, v, @ respectively) in ethanol (leftmost vertical points), methanol (center vertical
points) and water (unmarked points) at 25 °C in the plateau regions where the active
forms are [Cu(Il):2.1b/c]’, [Cu(I):2.2b]", and [Cu(Il):2.3a]*". The various lines
connecting the three species are not fits, but aids for visualization.

Pertinent to Figure 2-7 are Leffler’s and Lumry and Rajender’s treatises discussing the
enthalpy-entropy relationship for various solvolytic and other reactions where emphasis
was put on the possible linear relationships between the two activation parameters.ﬂ’28
These refer to related reactions or equilibria involving modest changes in substrate or
solvent, where it is often found that the AH and AS parameters vary in a dependent way.
The Figure 2-7 data indicate that, for the decomposition of [Cu(1I):2.1b/c]’,
[Cu(1I):2.2b]", and [Cu(II):2.3a]2+, moving from methanol (center vertical points) to
ethanol (leftmost vertical points), there is a decrease in the AH® of each reaction of
roughly 3.0-3.3 kcal'mol™, which is offset by a net increase in the —TAS* term of
2.6-3.6 kcal-mol™; thus the change in the overall free energy of reaction for all three

substrates does not vary appreciably at 25 °C. However, passing from methanol to water

causes wider variations of the activation parameters in the series, increasing both AH* and
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~TAS? by moving NE in Figure 2-7 for [Cu(H):Z.lb/c]O and [Cu(I):2.2b]" such that the
AG* for these two reactions is raised by 2.8 and 3.8 kcal-mol™. This accounts for the
10%-10° drop in the rates of these reactions in passing from methanol to water. By
contrast there is an approximate cancelation of these two terms for cleavage of
[Cu(1):2.3a]*" in passing from methanol to water moving NW, leading to a reduction of
2.5 keal'mol™ in AH* and an increase in —TAS* of 2.7 kcal-mol™ such that the net change

in AG* is only -0.2 kcal-mol ™.

Moving from alcohol to water induces irregular perturbations on AH* and ~TAS" in the
series for reasons that are not obvious. Winstein and Fainberg26 have pointed out how
exceedingly difficult it is to evaluate the effect of solvent changes such as MeOH - H,0
and EtOH = H,0 even on an apparently simple process like the solvolysis of zert-butyl
chloride. While not strictly comparable to the more complex situation of spontaneous
solvolysis of the Cu(Il) complexes here with their varying formal charges, it is clear that
changes in the free energy of solvation of the ground state (AAG®) are just as, or more,
important as those in the transition state, AAG*® Given the difficulties in separating the
effect of solvent changes on AAG’ into the individual AAH® and AAS® terms, it is
inappropriate to attempt further interpretations as to the origins of the solvent effect on

the activation parameters other than to say that water seems to be the outlier.
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2.5.3 — Mechanistic picture

Cleavage of phosphate esters in solution without catalysts

In water, the decomposition of phosphate monoester dianions containing aryloxy leaving
groups proceeds by an apparent unimolecular route involving a significant positive
entropy and unit solvent isotope effect that is consistent with a dissociative mechanism
with little involvement of a nucleophilic role for solvent.* There is a significantly more
positive entropy of activation for the solvolysis of p-nitrophenyl phosphate dianion in
tert-butyl alcohol which supports a dissociative (Dy + Ax) mechanism confirming that
racemization at phosphorus in this reaction is attributed to the direct formation of a

metaphosphate anion, with no nucleophilic role for the solvent in the P-OAr cleavage.’!

Kirby and Younas®® reported that the aqueous cleavage of phosphate diesters is
exceedingly slow and highly dependent on the LG basicity. The reaction is bimolecular
with hydroxide being the active nucleophile down to pH 5 where a water-promoted
reaction was observable with leaving groups as good as, or better than, 4-nitrophenoxy
but not with poorer ones like phenoxy or 4-methoxyphenoxy. Methanolysis of aryl
methyl phosphates involves methoxide attack on the monoanion, probably with a

concerted departure of the leaving group via an ANDy mechanism.™

Hydrolyses of dialkyl aryl phosphate triesters®® with good leaving groups in water is
subject to HO™, H30", and solvent promoted reactions. For the least reactive of the tested
esters (such as the 4-nitrophenyl derivative), the base and acid wings account for the

hydrolysis over almost all the investigated pH range except for a small deviation at
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pH = 4 that may result from a water reaction. The methanolysis of dimethyl aryl
phosphates is methoxide promoted.'**> Recent computational studies indicate that both
the hydroxide®® and methoxide®’ reactions are enforced concerted with good aryloxy
leaving groups having pK, (;pK,) values < 8 (m-nitrophenol in water) or < 12.3
(3,5-dichlorophenol in methanol), but stepwise with rate-limiting formation of an anionic

5-coordinate phosphorane intermediate when the phosphate has poorer leaving groups.

Decompositions of [Cu(ll):2.1,2.2,2.3] promoted by leaving group assistance

Rate data presented here and earlier'® support the idea that positioning the Cu(Il) ion
close to the leaving group’s developing oxyanion results in a loosening of the transition
state for P-O(LG) cleavage for [Cu(Il):2.1,2.2,2.3] by reducing the requirement for
nucleophilic participation in expelling the leaving group. Using More O’Ferrall-Jencks
diagrams, the effect of Cu(Il) on the cleavage relative to the uncatalyzed methanolysis of
mono-, di-, and triesters has been rationalized as moving the transition state earlier with
respect to P—nucleophile interaction with little change in the extent of P—O(LG)
cleavage,'® and the same is likely true in ethanol and water. The leaving group
acceleration provided by Cu(Il) coordination comes from converting the poor leaving
group, uncomplexed 2(2’-phenathrolyl)phenoxide, into a far better leaving group.’®
Extant data indicate that the By, for the attack of oxyanion nucleophiles on phosphate
triesters becomes smaller as the leaving group gets better,34 and also that the ko for
water attack on both phosphate diester anions®> and monoester dianions*’ increases as the
leaving group gets better. It follows that, in the limit when the leaving group is very

good, the effective nucleophile will be the one having the highest concentration in
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solution, namely solvent. For all three phosphate complexes in this study, this is the case

since the reactions in ethanol, methanol, or water involve only solvent attack on

[Cu(1):2.1b/c]’, [Cu(11):2.2b]", or [Cu(Il):2.3a]*".

The data herein also indicate that there is a very large acceleration of P-O(LG) cleavage
attributable to LGA relative to the background reactions in each solvent. While this is
quantified in only methanol'® as being 10'* to 10'® for the monoester, 10'* for the diester
and 10° for the triester, the fact that similar rate constants are observed in all solvents
(changes ranging from little effect to no more than 500-fold rate reduction in the case of
[Cu(II):2.2b]" in moving from methanol to water) suggests that the high degree of

acceleration obtained from LGA is attainable in all three media.

The synthetic difficulties in making appropriate small molecule systems that position the
metal ion optimally to assist in the departure of the leaving group impose serious
limitations in achieving significant LGA. Nevertheless, the present results seem to
suggest that in optimized cases, such as enzymes where the tertiary structure controls
the placement of the metal ion relative to the departing leaving group, this mode of

catalysis could provide a significant source of acceleration.
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2.6 — Supporting Information

2.6.1 — Supporting Information 2-1: Eyring plots
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Figure 2-8. Eyring plot of In(k/T) vs 1/T for the hydrolysis of Cu(Il):2.1 (0.02 mM of
Cu(Il) and 2.1) determined at pH 6.9 under aqueous buffered conditions (0.4 mM
2,6-lutidine, 0.2 mM HOTY). The data are fitted by NLLSQ methods to the linear form of
the Eyring equation® to give AH* = 22.9 + 0.2 kcal'mol” and AS* = 13.6 £ 0.7
cal-mol'l-K'l; > =0.9997.
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Figure 2-9. Eyring plot of In(k/T) vs 1/T for the cleavage of Cu(Il):2.1 (0.02 mM of
Cu(Il) and 2.1) determined at ;pH 11.4 in anhydrous ethanol under buffered conditions
(0.4 mM 2,2,6,6-tetramethylpiperidine, 0.2 mM HOTY). The data are fitted by NLLSQ

methods to the linear form of the Eyring equation®® to give AH* = 18.4 + 0.1 kcal-mol™
and AS* = 5.8+ 0.5 cal-mol-K''; I’ = 0.9997.
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Figure 2-10. Eyring plot of In(k/T) vs 1/T for the hydrolysis of Cu(Il):2.2 (0.02 mM of
Cu(Il) and 2.2) determined at pH 3.0 (1.0 mM HOTY). The data are fitted by NLLSQ

methods to the linear form of the Eyring equation®® to give AH* = 23.0 + 0.2 kcal-mol™
and AS* =-5.8 £ 0.5 cal-mol-K''; I’ = 0.9999.
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Figure 2-11. Eyring plot of In(k/T) vs 1/T for the cleavage of Cu(Il):2.2 (0.02 mM of
Cu(II) and 2.2) determined at ;pH 3.0 (1.0 mM HOTY) in anhydrous ethanol. The data are

fitted by NLLSQ methods to the linear form of the Eyring equation™ to give AH* = 18.3
+ 0.2 keal'mol” and AS* = -8.5 + 0.6 cal-mol™-K'; 1 = 0.9995.
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Figure 2-12. Eyring plot of In(k/T) vs 1/T for the hydrolysis of Cu(1l):2.3 (0.02 mM of
Cu(Il) and 2.3) determined at pH 3.0 (1.0 mM HOTY). The data are fitted by NLLSQ
methods to the linear form of the Eyring equation®® to give AH* = 19.1 + 0.1 kcal-mol™
and AS* =-16.4 £ 0.3 cal'‘mol™-K™'; r* = 0.9999.
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Figure 2-13. Eyring plot of In(k/T) vs 1/T for the cleavage of Cu(Il):2.3 (0.02 mM of
Cu(II) and 2.3) determined at ;pH 3.0 (1.0 mM HOTY) in anhydrous ethanol. The data are

fitted by NLLSQ methods to the linear form of the Eyring equation™ to give AH* = 18.4
+ 0.3 keal'mol” and AS* =-16.0 = 0.9 cal'-mol-K''; r* = 0.9995.
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Chapter 3 — Trifunctional metal ion-catalyzed solvolysis: Cu(Il)-
promoted methanolysis of /N,N-bis(2-picolyl)benzamides involves
unusual Lewis acid activation of substrate, delivery of coordinated
nucleophile, and powerful assistance of the leaving group departure

3.1 — Preface

With minor formatting changes, this chapter is presented largely as it is published in
Inorganic Chemistry (Raycroft, M. A. R.; Maxwell, C. 1.; Oldham, R. A. A.; Saffouri
Andrea, A.; Neverov, A. A.; Brown, R. S. Inorg. Chem. 2012, 51, 10325). The
corresponding Supporting Information is represented in part by Supporting Information
3-1 and can be found in its complete form via the Internet at http://pubs.acs.org.
The kinetic experiments were performed by Mark Raycroft and Ms. Robyn Oldham, the
syntheses were performed by Ms. Areen Saffouri Andrea, and the computations were
performed by Dr. Christopher I. Maxwell. The manuscript was written by Mark Raycroft
and Dr. R. Stan Brown with contributions from Dr. Christopher [. Maxwell.

The published article is copyrighted by the American Chemical Society.

3.2 — Introduction

The usual ways that metal ions promote solvolytic reactions of carboxylate esters
and amides, as well as neutral and anionic organophosphorus esters comprise:
(1) electrophilic Lewis acid activation of the substrate through X=0 or X=S coordination,
where X = C or P; (2) intramolecular delivery of metal-coordinated lyoxide nucleophiles;
(3) electrostatic stabilization of the transforming substrate-nucleophile species; and
(4) electrophilic assistance of the departure of the leaving group.'*>* The first three of

these roles have been demonstrated with several types of substrates, and particularly for
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the decomposition of poorly reactive anionic phosphate mono- and diesters or neutral
phosphate triesters as well as carboxylate esters and amides. In most of these cases, metal
binding ligands are attached to the substrate to position the metal ion close to the X=0 or
X=S unit to optimize Lewis acid activation. Metal ion catalysis for the decomposition of
amides, particularly peptides in metallo-peptidase enzymatic systems, is also of general
importance,” but less well-described are small molecule systems for the cleavage of
carboxamides® where the leaving group is not activated. These are notoriously inert to
solvolysis of the >N-C=0 due to the inherent resonance stability which shields the
substrate from nucleophilic attack, and also due to poor leaving group ability of the
amide anion from the subsequently formed tetrahedral intermediates.” Because the
interaction of neutral amides and positively charged metal ions or their complexes in
solution, particularly water, is weak, catalyzed solvolysis is depressed further® unless the
substrate possesses some mode of attraction such as a pronounced soft-soft interaction,® a
residue acting as an attractive site,” or attached ligands6b that position the metal ion close
to the scissile bond. Even so, amides with normal amine leaving groups are generally not
very active because of the reluctance of their departure from the tetrahedral intermediate
unless they have a low pK, (e.g. imidazole or anilide) or there is a physical effect such as

release of strain (as in distorted amides'® and lactams'").

Recently we communicated a mechanistic study'? of an unusual methanolysis reaction of
the Cu(Il)-complex of N, N-bis(2-picolyl)acetamide, 3.1, the products of which are methyl
acetate and Cu(Il):N,N-bis(2-picolyl)amine. This reaction was the subject of an early

report by Houghton and Puttner'® some 40 years ago describing the methanolysis of some
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N-acyl derivatives of N,N-bis(2-picolyl)amine in the presence of Cu(Il). Subsequent

14151 the demonstration of their synthetic utility'’

physical studies with such amides,
well as the recent reports on the methanolysis of metal complexes of secondary amides'®
and demonstration of mild methanolytic cleavage of a special class of amides, 3.2,"

prompted us to expand a program” investigating the scope and importance of metal ion-

promoted leaving group assistance (LGA) during the alcoholysis reactions.

Colll(NH3)s
x< Il o 3.4a X = 3 5.dinitro
\)J\ [ \> 3.4b X = 4-nitro
N~ N 3.4c X =3-nitro
74 \N N 3.4d X = 4-chloro
)Qo \ // 3.4e X=H
3.3

— 3.4f X = 4-methyl
3.4g X = 4-methoxy

Our initial observation® of where this effect might be operative was during the
methoxide reaction of the (H3;N)sCo(IlI)-complex of acetyl imidazole (3.3); there the
second order rate constant for methoxide attack (kmeo- = 4.69 x 10’ M's™) was four
orders of magnitude higher than that for acetyl imidazole itself (kyeo- = 7.9 x 10°
M™-s1). The large acceleration was surmised to result in part from (HsN)sCo(IID)-
activation of the acyl group by reducing the imidazole’s resonance donation, in part from
a methanolic medium induced electrostatic enhancement of the reaction of oppositely
charged substrate and nucleophile and partly from the reduction in pK, of the conjugate
acid of the leaving group (10 for H-Im-Co(II[)(NHs)s vs 14 for H-Im)*' as a consequence
of LGA. In the case of 3.1:Cu(Il), the metal ion enacted a trifunctional role'” (which we
term as trifunctional catalysis) to accelerate the methanolysis by: (1) positioning the
metal ion close to the amide N, binding to its lone pair to reduce amidic resonance;
(2) binding and intramolecularly delivering a coordinated methoxide to the C=O unit; and

(3) electrophilically assisting the departure of the leaving group amide anion.
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Herein we report experimental details of the Cu(Il)-promoted cleavage of a series of
N,N-bis(2-picolyl)benzamides 3.4a—g under SpH-controlled®® conditions along with
supporting DFT computations. This study complements and expands the communication
of the methanolysis of 3.1:Cu(Il),'* presenting additional details of the mechanism by
providing the Hammett linear free energy relationship of log(kyx) vs oy for cleavage of
various 3.4:Cu(Il), solvent kinetic isotope effect (SKIE) values, and activation parameters
for the cleavage of representative examples 3.4b:Cu(Il) and 3.4g:Cu(Il), as well as a
comparative DFT computational study for the cleavage of 3.4a:Cu(Il), 3.4b:Cu(Il), and

3.4g:Cu(Il).

3.3 — Experimental

3.3.1 — Materials

Methanol (99.8%, anhydrous) and acetonitrile (99.8%, anhydrous) were purchased from
EMD Chemicals. Trifluoromethanesulfonic acid (HOTf, >99%), methanol-OD
(99.5 atom % D), 2-pyridinecarboxaldehyde (99%), 2-aminomethylpyridine (98%),
4-nitrobenzoyl chloride (98%), benzoyl chloride (99%), 4-methoxybenzoyl chloride
(99%), 3,5-dinitrobenzoyl chloride (98+%), 4-chlorobenzoyl chloride (99%), 4-toluoyl
chloride (98%), 3-nitrobenzoyl chloride (98%), and triethylamine (99%) were obtained
from Aldrich. Chloroform-d (99.8% D), methylene chloride-d, (99.9% D), and Cu(OT¥),
(98%) were obtained from TCI America Laboratory Chemicals; 2,4,6-collidine (98%)

was obtained from BDH Laboratory Reagents.
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3.3.2 — General methods

All "H NMR spectra were determined at 400 MHz and >C NMR spectra at 100.58 MHz;
all chemical shift values were referenced internally to the solvent. All high-resolution
mass spectra were determined by EI-TOF. CH;0H," concentrations were determined
potentiometrically using a combination glass Fisher Scientific Accumet electrode model
no. 13-620-292 calibrated with certified standard aqueous buffers (pH 4.00 and 10.00) as
described previously.” The $pH values in methanol were determined by subtracting a
correction constant of -2.24 from the electrode readings and the autoprotolysis constant
for methanol was taken to be 107'%”7 M2.** The $pH values for the kinetic experiments
were measured at the end of the reactions to avoid the effect of KCI leaching from the

electrode.

3.3.3 — Synthesis of materials

3.3.3.1 — N,N-Bis(2-picolyl)amine or dipicolylamine (DPA)

A modification of the literature procedure was used.”* To a solution of
2-pyridinecarboxaldehyde (4.44 mL, 46 mmol) in dry MeOH (150 mL) was added
2-aminomethylpyridine (4.76 mL, 46 mmol) at RT after which the brown mixture was
stirred for 5 h. Sodium borohydride (3.5 g, 92 mmol) was added in small portions with
stirring, maintaining the reaction at 0 °C using an ice bath. The mixture changed colour
from brown to yellow and was stirred for 15 h at room temperature. Concentrated HCI
was added slowly to adjust the pH to 1 and the solution was stirred for 2 h. Next, a
saturated solution of NaOH was added to adjust the pH to 11. The reaction mixture was
filtered and the solvent was removed under vacuum. Water was added to the residue; the
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aqueous mixture was extracted twice with CH,Cl,, and the combined extracts dried over
anhydrous magnesium sulfate and filtered. The solvent was removed under vacuum. The
product was obtained as a brown oil in 85% yield (7.78 g, 39.1 mmol).

"H NMR (400 MHz, CD,Cl,, 25 °C): & 8.51 (d, J = 4.9 Hz, 2H), 7.63 (td, J, = 16.7 Hz,
Ja=7.7Hz,2H), 7.33 (d, J= 8.1 Hz, 2H), 7.13-7.16 (m, 2H), 3.91 (s, 4H), 2.37 (bs, 1H);
BC NMR (100.58 MHz, CD,Cl,, 25 °C): & 160.3, 149.5, 136.7, 122.5, 122.3, 55.0;

HRMS (EI+ TOF): calculated for C1,H;3N3199.1109 amu, found 199.1102 amu.

3.3.3.2 — 4-Nitro-N,N-bis(2-picolyl)benzamide (3.4b)

To a solution of dipicolylamine (1.5 g, 7.53 mmol) in CH,Cl, was slowly added
4-nitrobenzoyl chloride (1.7 g, 9.16 mmol) and triethylamine (1.27 mL, 9.16 mmol). The
mixture was refluxed for 3.5 hours then stirred for 2 hours at room temperature. The
reaction mixture was washed with water (2x), saturated sodium carbonate solution (2x)
and finally with water (2%), then dried over anhydrous MgSO,4. The CH,Cl, was removed
under vacuum and the crude product was purified by column chromatography on silica
gel using CH,Cl,/MeOH (90:10) as the eluent. The solvent was removed under vacuum
and the resulting solid was recrystallized in anhydrous ethyl ether and ethyl acetate. The
product was obtained as fine pale yellow needles in 75% yield (1.97 g, 5.65 mmol).

"H NMR (400 MHz, CD,Cl, 25 °C): & 8.60 (d, J = 4.7 Hz, 1H), 8.53 (d, J=4.7 Hz, 1H),
8.19 (d, /=9.0 Hz, 2H), 7.77 (d, J = 9.0 Hz, 2H), 7.64-7.72 (m, 2H), 7.36 (d, J= 7.8 Hz,
1H), 7.20-7.24 (m, 2H), 7.11 (d, J = 7.8 Hz, 1H), 4.80 (s, 2H), 4.59 (s, 2H); >*C NMR
(100.58 MHz, CDCl3, 25 °C): 8 170.4, 156.5, 155.6, 150.0, 149.4, 142.3, 136.8, 128.3,

123.6, 122.82, 122.78, 122.5, 121.9, 54.1, 50.4; HRMS (EI+ TOF): calculated for
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Ci9H16N4O3 348.1222 amu, found 348.1231 amu; Amax (CH30H): 260 nm (e = 14940 + 90

M™-cm™); melting point: 95 °C.

3.3.3.3 — 3,5-Dinitro-N,N-bis(2-picolyl)benzamide (3.4a)

This compound was synthesized from dipicolylamine (1 g, 5.02 mmol),
3,5-dinitrobenzoyl chloride (1.38 g, 6.02 mmol) and triethylamine (0.84 mL, 6.02 mmol)
using a procedure similar to that above for the preparation of 4-nitro-N,N-bis(2-
picolyl)benzamide. The compound was obtained as pale yellow needles in 68% yield
(1.34 g, 3.42 mmol).

"H NMR (400 MHz, CD,Cl,, 25 °C): § 9.02-9.04 (m, 3H), 8.70 (d, J= 3.9 Hz, 1H), 8.55
(d, J=3.9 Hz, 1H), 7.67-7.73 (m, 2H), 7.38 (d, /= 7.8 Hz, 1H), 7.22-7.29 (m, 2H), 7.15
(d, J=17.5 Hz, 1H), 4.78 (s, 2H), 4.61 (s, 2H); °C NMR (100.58 MHz, CD,Cl,, 25 °C):
o 168.1, 156.7, 155.5, 150.5, 149.8, 148.8, 140.3, 137.3, 137.2, 128.7, 123.6, 123.2,
123.1, 123.0, 119.8, 51.1; HRMS (EI+ TOF): calculated for C;9H;sNsOs 393.1073 amu,
found 393.1065 amu; Amsx (CH3OH): 235 nm (g = 20400 + 700 M -cm™); melting point:

120 °C.

3.3.3.4 — 3-Nitro-N,N-bis(2-picolyl)benzamide (3.4c)

This compound was synthesized from dipicolylamine (1 g, 5.02 mmol), 3-nitrobenzoyl
chloride (1.12 g, 6.02 mmol) and triethylamine (0.84 mL, 6.02 mmol) using a procedure
similar to that above for the preparation of 4-nitro-N,N-bis(2-picolyl)benzamide. The

compound was obtained as a brown oil in 80% yield (1.40 g, 4.02 mmol).
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"H NMR (400 MHz, CD,Cl,, 25 °C): & 8.62 (d, J= 3.8 Hz, 1H), 8.54 (d, J=4.0 Hz, 1H),
8.52 (t, 1H), 8.21-8.24 (m, 1H), 7.96 (td, J, = 7.6 Hz, J; = 1.6 Hz, 1H), 7.66-7.72
(m, 2H), 7.57 (t, 1H), 7.38 (d, J = 7.2 Hz, 1H), 7.21-7.25 (m, 2H), 7.13 (d, J = 7.5, 1H),
4.80 (s, 2H), 4.62 (s, 2H); *C NMR (100.58 MHz, CD,Cl,, 25 °C): & 170.2, 157.2, 156.3,
150.3, 149.7, 148.4, 138.4, 137.13, 137.07, 133.7, 130.0, 124.6, 123.2, 122.9, 122.8,
122.4, 54.6, 50.9; HRMS (EI+ TOF): calculated for C;9H;sN4O3 348.1222 amu, found

348.1231 amu; Amax (CH3OH): 260 nm (¢ = 9200 + 200 M -cm™).

3.3.3.5 — 4-Chloro-N,N-bis(2-picolyl)benzamide (3.4d)

This compound was synthesized from dipicolylamine (1 g, 5.02 mmol), 4-chlorobenzoyl
chloride (1.05 g, 6.02 mmol) and triethylamine (0.84 mL, 6.02 mmol) using a procedure
similar to that above for the preparation of 4-nitro-N,N-bis(2-picolyl)benzamide. The
compound was obtained as pale yellow needles in 45% yield (0.76 g, 2.26 mmol).

"H NMR (400 MHz, CD,Cl, 25 °C): & 8.58 (d, J=2.7 Hz, 1H), 8.52 (d, J=2.5 Hz, 1H),
7.68 (bs, 2H), 7.52 (d, J = 8.6 Hz, 2H), 7.37 (m, 1H), 7.33 (d, J = 8.6 Hz, 2H), 7.21 (bs,
2H), 7.14 (d, J=7.5 Hz, 1H), 4.78 (s, 2H), 4.63 (s, 2H); °C NMR (100.58 MHz, CD,Cl,,
25 °C): 6 171.6, 157.5, 156.8, 150.2, 149.6, 137.0, 135.9, 135.2, 129.0, 128.9, 122.9,
122.7, 122.1, 54.8, 50.7; HRMS (EI+ TOF): calculated for C,9H;csN3OCI 337.0982 amu,
found 337.0975 amu; Amax (CH3OH): 260 nm (g = 13500 + 200 M -cm™); melting point:

73 °C.
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3.3.3.6 — N,N-Bis(2-picolyl)benzamide (3.4¢)"*

This was synthesized from dipicolylamine (1.42 g, 7.13 mmol), benzoyl chloride (1.20 g,
8.56 mmol) and triethylamine (1.20 ml, 8.56 mmol) using a procedure similar to that
above for the preparation of 4-nitro-N,N-bis(picolyl)benzamide. The crude product was
purified by column chromatography on silica gel using EtOAc/MeOH (95:5) as the
eluent. The compound was obtained as a pale yellow solid in 65% yield (1.40 g, 4.63
mmol).

'H NMR (400 MHz, CD,Cl,, 25 °C): & 8.56 (d, 1H), 8.52 (d, 1H), 7.64-7.69 (m, 2H),
7.51-7.54 (m, 2H), 7.33-7.40 (m, 4H), 7.15-7.21 (m, 3H), 4.80 (s, 2H), 4.65 (s, 2H);
BC NMR (100.58 MHz, CD,Cl,, 25 °C): & 172.6, 157.7, 157.2, 150.2, 149.7, 137.0,
136.8, 129.9, 128.7, 127.3, 122.8, 122.6, 122.0, 54.9, 50.7; HRMS (EI+ TOF): calculated
for C19H;7N30 303.1372 amu, found 303.1359 amu; Amax (CH30H): 260 nm (g = 8300 +

100 M'-ecm™); melting point: 66 °C.

3.3.3.7 — 4-methyl-N,N-bis(2-picolyl)benzamide (3.4f)

This compound was synthesized from dipicolylamine (1 g, 5.02 mmol), p-toluoyl
chloride (0.93 g, 6.02 mmol) and triethylamine (0.84 mL, 6.02 mmol) using a procedure
similar to that above for the preparation of 4-nitro-N,N-bis(2-picolyl)benzamide. The
crude product was purified by column chromatography on silica gel using EtOAc/MeOH
(95:5) as the eluent. The compound was obtained as fine white needles in 76% yield
(1.21 g, 3.82 mmol).

'H NMR (400 MHz, CD,Cl,, 25 °C): & 8.56 (d, 1H), 8.52 (d, 1H), 7.68 (m, 2H), 7.41 (d,

J=8.1 Hz, 2H), 7.37 (d, J = 6.7 Hz, 1H), 7.16-7.21 (m, 5H), 4.79 (s, 2H), 4.67 (s, 2H),
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2.34 (s, 3H); BC NMR (100.58 MHz, CD,Cl,, 25 °C): 6 172.7, 150.1, 149.6, 140.3,
137.0, 133.7, 129.3, 127.3, 122.8, 122.5, 121.8, 54.9, 50.7, 21.5; HRMS (EI+ TOF):
calculated for C,0H9N3O 317.1528 amu, found 317.1519 amu; Am.x (CH30H): 255 nm

(e = 8900 + 40 M™"-cm™); melting point: 103 °C.

3.3.3.8 — 4-Methoxy-N,N-bis(2-picolyl)benzamide (3.4g)

This compound was synthesized from dipicolylamine (1.52 g, 7.63 mmol),
4-methoxybenzoyl chloride (1.56 g, 9.15 mmol) and triethylamine (1.27 ml, 9.15 mmol)
using a procedure similar to that above for the preparation of 4-nitro-N,N-
bis(picolyl)benzamide. The crude product was purified by column chromatography on
silica gel using EtOAc/MeOH (90:10) as the eluent. The compound was obtained as fine
white needles in 55% yield (1.4 g, 4.20 mmol).

"H NMR (400 MHz, CD,Cl,, 25 °C): & 8.55 (bs, 2H), 7.68 (m, 2H), 7.51 (d, J = 8.8 Hz,
2H), 7.36 (bs, 1H), 7.20 (m, 3H), 6.86 (d, J = 8.8 Hz, 2H), 4.75 (bs, 4H), 3.80 (s, 3H);
BC NMR (100.58 MHz, CD,Cl,, 25 °C): & 172.7, 161.2, 137.0, 129.3, 128.7, 122.6,
113.9, 55.7;, HRMS (EI+ TOF): calculated for C,yH;oN3O, 333.1477 amu, found

333.1471 amu; Amax (CH3OH): 255 nm (¢ = 15200 + 600 M -cm™); melting point: 83 °C.

3.3.4 — General UV-vis kinetics

The Cu(Il)-catalyzed methanolyses of the Cu(Il):("OCH;)(HOCH3) complexes of 3.4a—g
were followed at 360 nm for the disappearance of the 3.4:Cu(Il):("OCH;)(HOCHj3)
complex using a UV-vis spectrophotometer with the cell compartment thermostatted at

25.0 = 0.1 °C. The reactions were conducted in the presence of buffers composed of
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various ratios of 2,4,6-collidine and HOTf pH 7.2, 7.6, and 7.9) to maintain the {pH in
methanol. A typical kinetic experiment involved preparing a methanol solution
containing buffer (10-20 mM) and Cu(Il) (1.0-2.0 mM) in a 1-cm path length quartz
cuvette. Initiation of the reaction involved addition of an aliquot of the pre-formed
3.4:Cu(Il) complex (0.5 mM) in acetonitrile to the buffered methanol solution to achieve
the desired concentrations of the reaction components in a final volume of 2.5 mL. The
absorbance vs time traces were fitted to a standard first order exponential equation to
obtain the observed first order rate constants (kops). The rate constants for the
methanolysis of 3.4:Cu(Il):("OCH3) in the presence of excess Cu(Il), required to ensure
complete binding, exhibited small buffer and Cu(Il) concentration effects. The observed
kobs Values were extrapolated to zero buffer concentration for each [Cu(OTY);] using three
buffer concentrations (10 mM, 15 mM, 20 mM). These extrapolated values were then
extrapolated to zero excess Cu(Il) using two or three excess Cu(Il) concentrations
(1.0 mM, 1.5 mM, 2.0 mM) to provide corrected rate constants for a given ;pH. Averages

of the three rate constants for a given substrate (ky) are presented in Table 3-1.

3.3.5 — Product analysis

The methanolysis of 3.4b:Cu(Il):("OCH3)(HOCH3;) and 3.4g:Cu(Il):("OCH;3)(HOCH3)
were conducted at higher concentration in CH3;OH (10 mM 2.4,6-collidine buffer, 4 mM
Cu(ll), 3 mM 3.4b,g). After completion of the reaction (assessed by UV-vis
spectroscopy), the solvent was evaporated using a rotary evaporator, redissolved in
CDCls, and the '"H NMR spectrum at 400 MHz was collected. The only observable
product in each case was the corresponding methyl benzoate. The Cu(Il) complex of
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N,N-bis(2-picolyl)amine was not observed by 'H NMR due to Cu(Il)-induced

paramagnetic broadening.

3.3.6 — Solvent Kinetic isotope effect (SKIE) experiments

The SKIE experiments for Cu(Il)-assisted cleavage of 3.4b:Cu(Il):("OCH3)(HOCHj3) and
3.4b:Cu(Il):("OCHj3)(HOCHj;) involved the addition of 2,4,6-collidine buffer, Cu(Il), and
3.4b,g:Cu(Il) to UV cells containing either CH;OH or CH3;0OD so that the final

concentrations of buffer, Cu(Il), and substrate were 10 mM, 1.5 mM, and 0.5 mM,

respectively. Triplicate competition experiments were done and the ;pH and ;pD values
were measured at the end of the reactions (3.4b:Cu(Il) - {pH=7.1+0.2, ;pD=7.2+0.2;

3.4g:Cu(ll) - ;pH =7.4 £ 0.2, ;pD = 7.4 £ 0.2). (The {pD values measured at the end of
the reactions are not corrected for the effect of the deuterated solvent on the reading or on

the pK, of the buffer. The actual ;pD value is less important since the experiments are

carried out in the extensive plateau regions of the {pH/rate profiles.)

3.3.7 — Activation parameters

Kinetic experiments with 3.4b:Cu(Il):(OCH3)(HOCH3;) and 3.4g:Cu(Il):("OCHs)
(HOCH3) were conducted at five different temperatures from 15.0 to 55.1 °C using a UV-
vis spectrophotometer with a thermostatted cell holder. Solution temperatures were
determined using a dummy cell adjacent to the reaction cell into which a thermometer
was inserted before and after the reaction. First order rate constants were determined in

triplicate for 0.5 mM 3.4b:Cu(Il):("OCH3)(HOCHj3;) and 3.4g:Cu(Il):("OCH;3)(HOCH3)

along with 1.0 mM excess Cu(Il) in the presence of 10 mM collidine buffer, ;pH 7.0 +
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0.2. Eyring plots of In(k/T) vs 1/T shown in Figure 3-3 and Figure 3-4 of Supporting

Information 3-1 provided the AH* and AS* values given in Table 3-2.

3.4 — Results
3.4.1 — Kinetics

The Cu(Il)-promoted methanolysis of coordinated N,N-bis(2-picolyl) acetamide (3.1)
exhibits a kinetic {pK, of 6.5 leading to a broad pH-insensitive region from 7 to 10
where the complex is in its basic active form, 3.1:Cu(Il):(COCH;3)(HOCH3)."? With the

expectation that the reactivity of 3.4:Cu(II) has a similar sensitivity to ;pH as 3.1:Cu(II),
their methanolyses were studied at three (pH values in the 7-8 plateau region of

the {pH/log(ky) profile under buffered conditions (excess 2,4,6-collidine buffer) in the
presence of excess Cu(Il) (three concentrations of 1.0, 1.5, and 2.0 mM) to ensure that
3.4 is completely bound to Cu(Il) during the reaction. The three rate constants (kyps) for
unimolecular decomposition of each complex, corrected for buffer and excess Cu(Il)
effects were averaged to obtain ky values. According to the mechanism depicted in
Scheme 3-1, ionization of 3.4:Cu(Il):(HOCHs;), generates the active form 3.4:Cu(Il):
("OCH3)(HOCHj3) which spontaneously decomposes. Given in Table 3-1 are the various
ki rate constants for the decomposition of 3.4a—g:Cu(Il):(OCH;)(HOCHs) in
the pH/log(kyx) plateau region from which a linear free energy relationship was
constructed, correlating log(ky) with the Hammett substituent constants, oy, as shown in

Figure 3-1.
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Scheme 3-1. Simplified scheme for the ;pH-dependent decomposition of 3.4:Cu(Il):
("OCHj3)(HOCH3) to form Cu(Il):N,N-bis(2-picolyl)amine (Cu(Il):DPA, P) and the
corresponding methyl benzoate (MB).

g ]
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Q N(n)\\OMe sKa Q ll) \OMe
>—‘N—Cu‘\ _— N— u —m)
Ar N. OMe Ar ’CU O
X H | M O r
| o ht e OMe
3.4:Cu(ll):(HOCHs), 3.4:Cu(ll):(" OCH3)(HOCH3) u(ll):DPA (P) MB

Table 3-1. oy and average rate constants (ky) for the decomposition of 3.4a—g:Cu(Il):
("OCH;)(HOCH;) at 25 °C, determined from data at three {pH values between 7 and 8.

Substrate Ox 10% ke sH®
3.4a 1.42 193 £40
3.4b 0.78 53+2
3.4c 0.71 58+6
34d 0.23 248 +0.7
34e 0.0 11+1
3.4f -0.17 11+£2
3.4¢ 0.27 8.3+ 0.5

a. Determined as the average of three corrected rate constants (kgps) for
decomposition of 3.4a—g:Cu(Il):(OCH3)(HOCH3;) in the plateau in
the ;pH/log(ky) profile between 7 and 8.
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Figure 3-1. Hammett plot of log(ky) vs ox for the Cu(Il)-promoted cleavage of 3.4a—g
(5 x 10™* M) in methanol at 25 °C in the plateau region (7-8) of the $pH/log(ky) profile.

The line through the data is generated from a linear regression to provide p = 0.80 + 0.05;
2
r"=0.9844.

3.4.2 — Activation parameters and solvent Kinetic isotope effects

Experiments were carried out at five different temperatures in the plateau region of
the ;pH/log(kx) profile for substrates 3.4b:Cu(Il):("OCH;)(HOCH3) and 3.4g:Cu(Il):
("OCH;)(HOCHj3). The respective Eyring plots at pH 7.0 £ 0.2 and 7.1 + 0.2 are shown
in Figure 3-3 and Figure 3-4 (Supporting Information 3-1), while the corresponding
activation parameters are given in Table 3-2. Also included in Table 3-2 are solvent
deuterium kinetic isotope effect (SKIE) values determined in triplicate for cleavage of
3.4b:Cu(1l):("OCH3)(LOCHj3) and 3.4g:Cu(Il):("OCH3)(LOCH3) in CH3OL (L = H, D)
buffered with 2,4,6-collidine, 3.4b:Cu(Il):("OCH3)(LOCH;) ;pH=7.1 £0.2, ;pD=7.2 £+
0.2; 3.4g:Cu(Il):(OCHj3)(LOCH;) :pH = 7.4 £ 0.2, ;pD = 7.4 £ 0.2). The ;pD values
were measured at the end of the reactions in the same fashion as for ;pH; these are not
corrected for the effect of the deuterated solvent on the {pK, of the buffer or on the

electrode readings. Since we are dealing with an extended plateau region of
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the ;pH/log(ky) profiles, the actual {pD values are less important since the rate constants

in deuterated and proteated solvents are determined in the plateau region.

Table 3-2. Activation parameters, rate constants, and SKIE values for cleavage of
[3.4b:Cu(1I):("OCH3)(HOCH3)]" and [3.4g:Cu(Il):(COCH;)(HOCH3)]" in methanol at $pH
7.0 £0.2 and 7.1 £ 0.2 respectively, determined in the plateau region of their pH/log(ky)
profiles.

Ky AH? AS* AG* (25 °C)

Substrate (s'l) (kcal~mol'1) (cal~mol'1 -K'l) (kcal-mol'l)

kn/kp

[3.4b:Cu(Il):( OCH3)]" 3.9x10° 191402  -54+0.6  20.7+03 1.12+0.01

[3.4g:Cu(I]):( OCH;)]" 5.7 x 10* 21.3+0.3 241 218404 1.20+0.02

3.4.3 — DFT computations

The cleavage reactions of the Cu(Il):("OCH;3;)(HOCH;) complexes of 3.4a,b,g were
modeled using DFT to ascertain detailed mechanistic information and to correlate the
computed energies of the transition states with their kinetic data. The starting ground
state for each of the calculated pathways was the 5-coordinate monocationic complex
[3.4:Cu(IT):("OCH;)(HOCH3;)]". The primary goal of the calculations was to determine
differences in relative free energies of the various transition states for each of the three
substrates and their intermediates along the reaction pathway. Although the absolute
values of the free energies of activation will be affected by the omission of explicit
molecules of solvation, these were not included under the assumption that solvation
should be similar for each substrate, and thus not important in determining the differences
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in energies between the same states of the three substrates. Geometry optimizations and
energetic determinations for all intermediates and transition states were performed using
the unrestricted B3LYP? functional employing the IEFPCM* continuum solvation
model as implemented in the Gaussian 09 program.”’ The 6-31G(d,p) basis set was used
for C and H; the 6-31++G(d,p) basis set was used for O and N; and the LANL2DZ*®
pseudopotential was used for Cu(Il). Frequency calculations were conducted on
optimized structures to determine free energy values at 298 K as well as to characterize
intermediates and transition states. The lowest energy pathway for each amide is shown
in Figure 3-2 and relevant structural data and activation parameters are shown in Table

3-3 and Table 3-4.
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Table 3-3. Structural data for DFT-calculated structures for the Cu(Il):("OCH3)(HOCHj3)
complexes of 3.4a,b,g."

Cu(Il):(OCH3) (Py)N— Cu(Ill)-  Cu(Il)- CH3;0-  Nyig—
(HOCHs) Cul- 7 Nue  OCH; C(=0) C(=0)
complex of 3.4a,b,g  N(Py) (A) (A) (A) (A)
GS 3.4a 105.0° 150.1° 2.73 1.84 3.43 1.38
3.4b 105.8° 149.6° 2.76 1.84 3.52 1.38
34g 104.5° 154.1° 2.73 1.84 3.40 1.39
3.1:Cu(Il) 105.5° 152.6° 2.67 1.84 3.26 1.38
TSnu 3.4a 108.1° 132.9° 2.05 1.98 1.80 1.54
3.4b 108.1° 132.9° 2.05 1.99 1.78 1.56
34g 107.7° 132.6° 2.03 2.00 1.73 1.59
3.1:Cu(Il) 110.2° 136.5° 2.03 1.99 1.69 1.57
INT 3.4a 116.4° 133.1° 2.02 2.15 1.53 1.64
3.4b 116.7° 132.7° 2.01 2.12 1.54 1.66
34g 114.4° 132.6° 2.01 2.10 1.55 1.68
TScn 3.4a 129.0° 129.2° 1.99 2.27 1.45 1.91
3.4b 125.3° 130.1° 1.99 2.23 1.47 1.88
3.4g 120.9° 130.7° 1.99 2.16 1.50 1.83
3.1:Cu(Il) 158.7° 131.8° 2.01 2.38 1.47 1.82
P 161.6° 1.97
MB 3.4a 1.33
3.4b 1.34
3.4g 135

a. Structural information for 3.1:Cu(Il):("OCH3)(HOCH3) taken from reference 12.
b. y~ corresponds to the C—C—N-C(O) dihedral and is a measure of the trigonal
nitrogen’s pyramidalization that varies from 180° (sp® hybridization) to 120° (sp’
hybridization). (Winkler, F. K.; Dunitz, J. D. J. Mol. Biol. 1971, 59, 169.)
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Table 3-4. DFT-calculated activation parameters for the cleavage of the Cu(Il):
("OCHj3)(HOCHs;) complexes of 3.4a,b,g (298 K, 1 atm). All energies are relative to the

respective GiS structure.

Structure AG* AH' AS?
(kcal'-mol™) (kcal'mol™) (cal'mol™-K™)
3.4a 14.7 11.8 -9.8
TSNu
3.4b 15.8 12.5 -11.1
3.4g 16.7 13.2 -11.9
3.4a 13.5 11.2 -7.8
INT
3.4b 15.6 12.2 -11.3
3.4g 16.0 13.4 -8.7
3.4a 13.8 11.2 9.1
TSClv
3.4b 15.7 11.8 -13.0
3.4g 16.0 13.5 -8.2
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Figure 3-2. DFT-computed reaction pathway for the cleavage of the Cu(Il):
("OCHj3)(HOCH3) complexes of 3.4a (————); 3.4b (— =— =—); and 3.4g (===*) in
methanol. All free energy values are to scale and are reported in kcal'mol™ at 298 K
relative to the GiS structure.

3.5 — Discussion

3.5.1 — Lyoxide-promoted Kinetics of acyl transfer

We first consider what is known about base-promoted acyl transfer from amides to
solvent in the absence of metal-ion catalysts. The kinetics for alkaline hydrolysis of

72 and those for anilides® as well as the basic methanolysis

benzamides and toluamides
of anilides and benzamides®' have received attention. In Scheme 3-2* is the general
picture where there are two primary steps for acyl transfer involving nucleophilic attack
to form an anionic tetrahedral intermediate (To-), followed by its breakdown to form the
corresponding amine and carboxylate (if hydrolysis) or ester (if alcoholysis where R’ =

alkyl or aryl). The latter step poses most of the interesting kinetic behaviour since the

departure of the leaving group often requires assistance from specific or general acids and
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bases. Schowen™ reports that the kinetic rate law for basic hydrolysis of anilides has first
and second order terms in [ OH], and the rate-determining step changes with base
concentration. Some simplification of the kinetics is seen in the methanolysis of anilides
where the attacking CH3;O ™ group precludes lyoxide deprotonation of Tp- (R' = CHj3) so
the kinetics are simply first order in [ OCH;]. SKIE data for methanolysis indicate
general acid assistance by the solvent for departure of the leaving group and, in certain
cases, added buffers such as substituted phenols can also exert general assistance of the
departure of the poor leaving group. Substituent effects exerted by Y-groups on the
departing anilide (NRArY) show an increase in the amount of negative charge on the
leaving group in the transition state for its departure as the substituents become more
electron withdrawing (py = 0 for electron donors like p-OCH3 in the anilide ring, but py =

2.9 for withdrawers such as m-NO, or p-NO,).

Scheme 3-2. Generalized mechanism for the base-promoted acyl transfer of amides.

k,ROH )
>
| kROT
RN s > RCO,R'+ HNR,

OR' > (R'= (), alkyl, aryl)
(R' = H, alkyl, aryl) To-  KualHAL

I K
+ R'O
R™ NR, ki

As we deal here with the cleavage of benzamides, it is relevant that Meloche and
Laidler®™ reported a Hammett p = 0.7 for hydroxide attack on some substituted
benzamides at 100 °C in water. However, later '*0O=C exchange studies™* indicated that

the "OH-promoted hydrolyses of benzamide, and to a lesser extent, N-methyl benzamide,
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but apparently not the tertiary N,N-dimethyl benzamide, suffer reversible formation of
To- (Scheme 3-2). Thus, Meloche’s and Laidler’s Hammett p—value, and related
activation parameters, do not refer to a discrete kinetic step, but a complex term derived
from Scheme 3-2 where ky = k[ OHJky/(k.; + k). Particularly relevant to the present
work are the reports of Broxton and Deady on the basic methanolysis of

3¢ (3.5). Rate constants for the

N—methylbenzanilides31f and N-phenylbenzanilides
methanolysis of compounds substituted in the benzoyl ring (i.e. X; Y = H) correlate well
with ox (px = 1.76 (3.5a), 1.95 (3.5b)), indicative of a mechanism common to tertiary
benzamides in methanol where the rate-limiting step is a solvent-assisted departure of the
leaving group. This is generally confirmed by the Hammett plot of the rate constants for
compounds 3.5 substituted on the anilide ring (i.e. Y; X = H) which correlates well with
oy (py = 2.5 (3.5a), 2.82 (3.5b)) in methanol, the large value of p, being indicative of
rate-limiting solvent-assisted departure of the LG (kp(MeOH) in Scheme 3-2) where
negative charge is building up on the anilide. Additional data from Broxton, Deady and

Rowe’'® indicate that, as the amine leaving group gets better, k, increases and the rate-

limiting step becomes nucleophilic attack.

(0] 2
-—Y
X L ) ~
I/ R
3.5a R=Me

3.5b R=Ph
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3.5.2 — Kinetics of decomposition of 3.4:Cu(Il):(OCH3)(HOCH3)

The ky data in Table 3-1 for the reaction of 3.4a—g in the presence of Cu(Il) ion, refer to
the unimolecular decomposition of 3.4:Cu(Il):(OCH;3)(HOCH3;). The experimental
activation parameters for the p-nitro and p-methoxy derivatives, [3.4b:Cu(Il):
("OCH3):(HOCH;3)]" and [3.4g:Cu(Il):(OCH3)(HOCH3)]™ are, respectively, AH* = 19.1
and 21.3 kcal-mol™, and AS* = -5.4 and -2 cal-mol™-K"". The reactions proceed readily at
25 °C, t;p = ~2 minutes and 19 minutes respectively, indicating that the Cu(Il) has a
profound effect. A simple calculation indicates that the apparent second order rate
constant for the reaction of CH;0™ with 3.4b:Cu(I):(HOCH3), is 1 x 10°* M'-s™". This
value is at least 2.0 x 10" larger than the kyeo- for attack of methoxide on 3.4b in the

absence of the Cu(Il).*

As was the case for the previously reported reaction of 3.1:Cu(Il):("OCH;)(HOCHs),'?
the activation parameters and SKIE data (ki /ks>= 1.1-1.2) observed here for
decomposition of [3.4b:Cu(Il):("OCH3) (HOCH3)]" and [3.4g:Cu(II):("OCH;3)(HOCH3)]"
support a process involving rate-limiting intramolecular nucleophilic attack of a Cu(Il)-
coordinated methoxide on the N-bound >N—C=O(Ar) unit. The Hammett px of 0.80
suggests a transition state where some negative charge is building up on the aromatic
ring, but not as much as in the case of the methoxide-promoted methanolysis of the
tertiary benzanilides, 3.5. The fact that the plot in Figure 3-1 is linear, with no sign of an
upward or downward break, suggests that there is no change in mechanism or rate-
limiting step in passing through the members of series 3.4a—g. The Hammett value can be
35a

compared to the py for attack of hydroxide on substituted methyl benzoate esters (2.2),
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hydroxide on benzamides (0.7),29b

and methoxide on methyl aryl carbamates
(2.15, 1.7)35b or benzanilides (1.76, 1.95),31f’31c all of which show development of
negative charge on the benzoyl group in the transition states. However, in addition to the
solvent, nucleophile and substrate differences, none of the mechanisms operative in those
systems is directly comparable to the mechanism for the decomposition of 3.4:Cu(Il):
("OCHj3)(HOCHs;). This is made clearer by the additional information for the

decomposition of the Cu(Il) complexes derived from the computational data presented

below.

3.5.3 — DFT computational studies

The lowest energy pathways computed for the cleavage reactions of 3.4a,b,g:Cu(Il):
("OCHj3)(HOCH3) are shown in Figure 3-2 with the relevant structural data and activation
parameters given in Table 3-3 and Table 3-4. Several possible ground state structures
were calculated, and the lowest energy complex found was the trigonal bipyramidal
Cu(Il):("OCHjs)-containing structure labeled as GS having the pyridine moieties and
methoxide occupying equatorial positions. In G, the aryl ring is coplanar with the
adjacent C=0 bond. All free energy values are reported relative to the free energy of this
structure. The amide nitrogen geometry in this structure suggests a degree of Cu(Il)—
Namidic interaction, however to a lesser extent than is shown with the corresponding acyl
structure, 3.1:Cu(I):("OCH;3)(HOCH3), as judged from the Cu(Il)Nymigic distance'

(2.73-2.76 A vs 2.67 A).
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Nucleophilic attack proceeds via closure of the amidic O=C---("OCH3;):Cu(Il) bond
distance in TSy, and is associated with free energies of 14.7 kcal'mol” (3.4a), 15.8
kcal'mol™ (3.4b) and 16.7 kcal-mol” (3.4g). The O=C---(OCH3) interatomic distances
given in Table 3-3 for TSy, vary from 1.80 A (3.4a) to 1.73 A (3.4g), indicating tighter
transition states and higher transition state energies with more electron-donating aryl
substituents. For each 3.4 tested, there is a larger degree of Cu(Il)-Nymigic interaction
during nucleophilic attack, as indicated by a shortening of that bond (from 2.73-2.76 A to
2.03-2.05 A) and an increase in nitrogen pyramidalization (yx decreases from ~150—154°
to 132.6-132.9°; Table 3-3). The TSy, structure leads to a single tetrahedral intermediate
structure INT, which occupies a shallow minimum on the free energy surface. This can
be contrasted with the previously reported12 DFT-calculated mechanism for the
breakdown of the acetyl derivative 3.1:Cu(Il):("OCH;)(HOCH;) which was found to
involve two sequential tetrahedral intermediates separated by a transition state that
largely involved the rearrangement of the ligands about the Cu(II). Such a rearrangement
of the ligands around the Cu(Il) in 3.4 does not appear to be operative, as there is a single
INT that rapidly progresses to product through 7'S., where the latter involves departure
of the amide anion coordinated to Cu(Il). The INT breakdown is virtually barrierless,
involving a shortening of the Cu(II)-trigonal N bond distance by 0.02-0.03 A to 1.99 A
for 3.4b,g and 3.4a with concurrent planarization of the Cu(Il) (opening of the
(Py)N-Cu(II)-N(Py) angle). The trigonal N—C(=0) interatomic distance lengthens in
TS, varying from 1.91 A (3.4a) to 1.83 A (3.4g), indicative of later transition states for
benzamides containing more electron withdrawing groups. The square planar product

structure (P) follows this transition state; the (Py—CH;),N ---Cu(Il) departs without
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N-protonation, but having departed, is assumed to be rapidly protonated under the

reaction conditions.

3.5.4 — Computed Hammett plot

The computed mechanisms for all substrates reveal that the rate-determining process is
the intramolecular nucleophilic attack of the Cu(Il)-coordinated methoxide on the C=0
unit. Where a direct comparison can be made for [3.4b:Cu(Il):(OCH3)(HOCH3)]" and
[3.4g:Cu(1l):(OCH3)(HOCH3)]", the computed free energies (Table 3-4) are less than
those determined experimentally by 3.4 and 4.6 kcal-mol™. The differences are likely due
to the absence of explicit solvent-solute interactions in the calculated process, specifically
in desolvating the nucleophilic methoxide and resolvating the developing C—O™ in TS,
Since all the substrates should experience similar desolvation/resolvation, or ones that
change regularly with the electron withdrawing nature of the substituent on Ar, we
assume these can be omitted, leaving the differences in free energy of activation of the
three computed species as being more representative of the process at hand. Indeed, the
DFT calculated free energies for the structures are used to construct a Hammett Plot with

p =0.84 + 0.16, which is the same as the experimental value of 0.80 + 0.05.

3.6 — Conclusions

Together, the present and earlier studies'*"*"7

indicate that poorly reactive amides having
O=C-N(Lig), units that bind metal ions such as Cu?" become unusually reactive toward
methanolysis of their metal-complexes at room temperature and neutral ;pH. The close

positioning of Cu(Il) to the amidic N of a N—C=0 unit permits several catalytic roles for
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the metal ion. Some of these are common to metal ion-catalyzed solvolytic cleavage of
other systems, such as: (1) positioning a nucleophilic lyoxide and a bound substrate to a
metal ion closely enough for reaction; (2) reduction of the pK, of a metal-bound solvent
molecule so that it becomes the preferred nucleophile; and (3) electrostatic stabilization
by the metal ion of a developing anionic 7Su,. The present system exhibits unusual
modes of the Cu(Il) interaction with the 7Sy, that are rarely observed in metal ion-
catalyzed solvolyses, possibly due to the difficulty in positioning the metal ion, in small
molecule examples, to enable coordination with the amidic N. With substrates such as 3.1
and 3.4 there is an enforced Cu(II) interaction with the amidic N-lone pair that decouples
its conjugation with the adjacent C=0. This is an alternative to the usual Lewis acid
M(II)---O=C interaction; the present work shows that both types can activate the amide
toward nucleophilic attack. A referee®® has offered that this mode of binding of the Cu(II)
to the amidic N activates the substrate for the initial steps of the reaction because it
renders the system more like an acylammonium®’ than a regular amide. Because the
binding of the metal ion to amides 3.4 and 3.1 is relatively strong, the reduction of amidic
resonance stabilization (as measured by the decrease in the barrier to rotation®® or effects
on solvolytic reactivity) is brought about by utilizing the binding energy of the Cu(Il) to
the two 2-picolyl groups. However, according to the DFT-computed rotational barriers
for 3.4b and 3.4b:Cu(Il):( OMe)(HOMe) as well as 3.1 and 3.1:Cu(Il):("OMe)(HOMe),
there is only a 3.4 and 4.9 keal'mol™ reduction of the rotational barrier in the Cu(Il)
complexes.”® This is consistent with the experimental results for Lectka et al.*® and
suggests that the Cu(Il) binding to substrate does not reduce the amidic resonance nearly

as much as would be anticipated by an acylammonium analogue. Nevertheless, the very
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large acceleration of the methanolytic reaction provides a small-molecule example
supporting the hypothesis that, for enzyme-catalyzed acyl transfer reactions of peptides, a
portion of the exothermicity of substrate binding is utilized in a productive way by the
enzyme to destabilize and thereby activate the scissile substrate bond as the transition

state for the acyl transfer reaction is approached.*’

A subsequent important role of the metal ion in this system is to assist, through Lewis
acid coordination to the developing amide anion, the departure of the leaving group,
lowering the transition state energy for the cleavage of the tetrahedral intermediate. This
is a fundamentally important aspect for a two-step, metal ion-catalyzed process where the
metal ion must promote both the addition and breakdown steps, fulfilling a trifunctional
role. This sort of interaction is likely to be an important phenomenon in enzyme-
catalyzed hydrolytic or alcoholytic cleavage of substrates with poor leaving groups where
electrophilic assistance must be provided to enhance both nucleophilic attack and LG

departure.

According to the principles of enzyme catalysis first enunciated by Pauling,*' “the
enzyme has a configuration complementary to the activated complex, and accordingly
has the strongest power of attraction for the activated complex.” Extending this leads to
the widely held notion that good catalysts bind transition states stronger than they bind
ground states. Furthermore, for any catalyst promoting a multi-step reaction, each of the
steps must be lowered in energy to achieve the overall high rates for the catalytic

reaction. Zhang and Houk have recently analyzed a large number of enzymatic systems,
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concluding that the very best catalytic systems have a transition state binding energy well
in excess of what can be achieved by non-covalent interactions.* That proficiency arises
from additional covalent effects such as heavy atom- and H-bond formation, and strong
interactions of co-factors such as metal ions with transforming substrates that develop
between the enzyme (catalyst) and transition state, altering the mechanism from what is
seen in the absence of catalyst. It is an interesting observation that this sort of covalent
bonding is manifested in the way the Cu(Il) binds the transition states for the two-step
solvolysis reaction described herein, and in other systems we have reported for efficient
alcoholysis of phosphorothioates™ and thioamides* promoted by a simple palladacycle.
These types of interactions should be manifested in other systems where ligands are
bound to departing groups so that a metal ion can facilitate the solvolytic cleavage of
amides, esters, carbamates, phosphates, phosphoramidates and sulfates in such a way that

they may prove more generally useful in synthetic applications.
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3.7 — Supporting Information

3.7.1 — Supporting Information 3-1: Eyring plots
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Figure 3-3. Eyring plot of In(k/T) vs 1/T for the Cu(ll)-promoted methanolysis of
3.4b:Cu(Il):("OCH3). In methanol, 1.5 mM Cu(Il), 0.5 mM 3.4b and 10 mM 2,4,6-
collidine buffer CpH 7.0 + 0.2). Activation parameters determined from the fits of the
data to the Eyring equation®’ are presented in Table 3-2.
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Figure 3-4. Eyring plot of In(k/T) vs 1/T for the Cu(Il)-promoted methanolysis of
3.4g:Cu(Il):(OCHj3). In methanol, 1.5 mM Cu(Il), 0.5 mM 3.4g and 10 mM 2,4,6-
collidine buffer GpH 7.1 + 0.2). Activation parameters determined from the fits of the

data to the Eyring equation® are presented in Table 3-2.
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Chapter 4 — Rapid Ni, Zn, and Cu ion-promoted alcoholysis of
N,N-bis(2-picolyl)- and N,N-bis((1H-benzimidazol-2-yl)methyl)-p-nitro-
benzamides in methanol and ethanol

4.1 — Preface

With minor formatting changes, this chapter is presented largely as it is published in
Inorganic Chemistry (Raycroft, M. A. R.; Cimpean, L.; Neverov, A. A.; Brown, R. S.
Inorg. Chem. 2014, 53, 2211). The corresponding Supporting Information is represented
in part by Supporting Information 4-1 to 4-3 and can be found in its complete form via
the Internet at http://pubs.acs.org. The kinetic experiments were performed by Mark
Raycroft and Ms. Luana Cimpean and the syntheses were performed by Mark Raycroft.
The manuscript was written by Mark Raycroft and Dr. R. Stan Brown. The published

article is copyrighted by the American Chemical Society.

4.2 — Introduction

The ways by which metal ions promote acyl and phosphoryl transfer reactions include:
(1) Lewis acid activation of the substrate; (2) intramolecular delivery of a metal-
coordinated lyoxide nucleophile to an activated C=X or P=X unit, where X = O or S;
(3) electrostatic stabilization of the transforming activated complex; and (4) electrophilic
assistance of the departure of the leaving group (leaving group assistance, LGA).'*" The
latter role is particularly important for substrates having poor leaving groups with high
pK. values for their conjugate acids such as amides and phosphate or carboxylate esters
with scissile alkoxy groups. The catalytic cleavage of amides promoted by small

molecules presents a stringent challenge due to the amide's inherent resonance stability
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which retards nucleophilic addition to the C=O unit, and to poor leaving group ability of
the amide anion which hinders the breakdown of the tetrahedral addition intermediates.”
The latter case typifies departure of a poor leaving group that is facilitated by protonation

or coordination to a metal ion prior to, or concurrent with, its departure.

The catalytic mechanisms of several peptidase enzymes that employ transition metal ions
in their active sites have been discussed in the above terms.”® Nature uses Ni(II) ions in
the enzyme urease to cleave amide bonds in urea’ and Zn(II) ions in metallopeptidases
like thermolysin and carboxypeptidase® to cleave amide bonds in peptides. Considering
how effective the metal ions in these metallo-enzymes are, it is surprising that there are

P10 nless the

only a few small molecule systems capable of cleaving carboxamides
amide leaving group is activated in some way. Such modes of activation include the
release of strain or internal stabilization of the departing amide via resonance which

facilitates departure from the tetrahedral addition intermediates, thus obviating the need

for stabilization through LGA.

Metal ion-promoted LGA seems to be an extremely effective, but not-often-observed
phenomenon in small molecule examples unless there is some special structural character
that renders metal ion coordination to the amidic N possible. An interesting example first
described by Houghton and Puttner,'? and subsequently by the groups of Alsfasser'*"
and Bannwarth,"” concerned the Cu(Il)-promoted methanolysis of N-acyl derivatives of
N,N-bis(2-picolyl)amine. We have reported detailed kinetic studies of the latter

processm’17 with jpH control in methanol,'® and show that the reaction elicits a
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trifunctional role for the Cu(II) that involves its pre-equilibrium coordination to, or close
to, the amidic N, subsequent intramolecular attack of a Cu(II)-coordinated methoxide on
the C=0, and Cu(Il)-assisted C—N cleavage. The catalytically active form of the
Cu(II):bis(2-picolyl)amide complexes involves a substrate-coordinated Cu(Il):("OCHj3)
formed by acid dissociation of the Cu(Il):(HOCH;) which has a {pK, of <6.5 in
methanol. The catalytic effect of the Cu(Il) ion in this solvolysis is quantified to be at
least 10'® times faster than the rate constant for methoxide attack on N,N-bis(2-picolyl)-p-
nitrobenzamide (4.1)."” This suggests that, under optimized conditions, man-made
catalysts employing metal ion-promoted LGA alongside other modes of metallo-catalysis

might rival the rates for peptide (amide) cleavage achievable by enzymes.

The previous studies on the metal ion-promoted methanolysis of N,N-bis(2-picolyl)-

12-15 15b

carboxamides were performed mostly with Cu(Il) salts, but a recent report

discloses that other metal salts including FeCls, NiCl,, Fe(OTf);, AgOTf, and Zn(OTf),

facilitate the cleavage of N,N-bis(2-picolyl)amides in methanol. These experiments were
not ;pH-controlled, making it difficult to ascertain the relative reactivity of each metal ion

under conditions where their speciation was unknown. The importance of the M(II)- or
M(III)-methoxides for catalytic efficacy in these metal ion-promoted cleavage reactions
prompted us to undertake a more detailed kinetic study of the solvolytic cleavage of

N,N-bis(2-picolyl)-p-nitrobenzamide (4.1) in methanol and ethanol promoted by Ni(II),
Zn(II), and Cu(II) under {pH-controlled conditions. In addition, we have completed an

analogous study of the metal ion-promoted cleavage of N,N-bis((1H-benzimidazol-2-
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yl)methyl)-p-nitrobenzamide (4.2) where the amine ligand is readily available from an

casily scalable, one-step reaction.”

O,N
O,N o
o)
HN N NH
- N
7 N" = N N
NN Y
41 4.2

4.3 — Experimental

4.3.1 — Materials

Methanol (99.8%, anhydrous) and acetonitrile (99.8%, anhydrous) were purchased from
EMD Chemicals. Absolute ethanol (anhydrous, degassed, stored under argon, and freshly
dispensed for kinetic experiments) was purchased from Commercial Alcohols
(GreenField Ethanol Inc.). Acetone (99.5%) was purchased from ACP Chemicals.
Trifluoromethanesulfonic acid (HOTf, >99%), 1,2-phenylenediamine (99.5%),
p-nitrobenzoyl chloride (98%), 2-bromo-6-methylpyridine (98%), 2-picoline (98%),
2,6-lutidine  (>99%), N-ethylmorpholine (99%), N-methylpiperidine (99%), zinc
trifluoromethanesulfonate (98%), and sodium ethoxide (21 wt % in denatured ethanol)
were purchased from Aldrich and 2-methoxy-6-methylpyridine (98%) from AK
Scientific. 2,4,6-Collidine (98%) was purchased from BDH Laboratory Reagents.
Iminodiacetic acid (98%) was purchased from Alfa Aesar. Potassium carbonate (99%),
ethylene glycol (=99%), and sodium methoxide (0.5 M solution in methanol) were

purchased from Sigma-Aldrich. Copper(Il) trifluoromethanesulfonate (98%) was
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obtained from TCI America Laboratory Chemicals. Nickel(II) perchlorate hexahydrate

(reagent grade) was purchased from GFS Chemicals.

4.3.2 — General methods

"H NMR spectra were determined at 400 MHz and >C NMR spectra at 100.58 MHz; all
chemical shift values were referenced internally to the solvent. High-resolution mass
spectra were determined by EI-TOF. All CH;0H," and CH;CH,OH, concentrations
were determined potentiometrically using a combination glass Fisher Scientific Accumet
electrode (model no. 13-620-292) calibrated with certified standard aqueous buffers (pH
4.00 and 10.00) as described previously.?’ The .PH values in methanol were determined
by subtracting a correction constant of -2.24 from the electrode readings and the
autoprotolysis constant for methanol was taken to be 107%"" M%.'"® The $pH values in
ethanol were determined by subtracting a correction constant of -2.54 from the electrode
readings and the autoprotolysis constant for ethanol was taken to be 10™"*! M2."® The $pH
values for the kinetic experiments were measured at the end of the reactions to avoid the

effect of KCI leaching from the electrode.

4.3.3 — Synthesis of materials

N,N-Bis(2-picolyl)-p-nitrobenzamide (4.1) was synthesized and characterized as
previously reported."’

N,N-Bis((1H-benzimidazol-2-yl)methyl)-p-nitrobenzamide (4.2) was prepared by
acylation with p-nitrobenzoyl chloride, modelled on that for the acylation by acetyl

chloride.?! In a 50-mL round-bottom flask, N,N-bis((1H-benzimidazol-2-yl)methyl)amine
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(573.3 mg, 2.067 mmol) was dissolved in acetone (15 mL) by stirring for 10 minutes.
Excess potassium carbonate was added and the mixture was stirred for an additional 10
minutes at RT, and then placed in an ice-water bath. In a separate vial, p-nitrobenzoyl
chloride (728.3 mg, 3.924 mmol) was dissolved in acetone (5 mL), cooled in an ice-water
bath, and then added drop-wise to the reaction mixture. The solution was left to stir and
warm to RT overnight. The resulting orange solid was vacuum-filtered and dried under
vacuum. Column chromatographic separation was carried out using a MPLC apparatus
(silica stationary phase, EtOAc/MeOH mobile phase). The product was obtained as a
yellow solid in 65.8% yield (580.0 mg, 1.360 mmol).

'H NMR (400 MHz, CD;0D, 25 °C) & 7.98 (m, 2H; AP*™), 7.63 (m, 2H; B™™™"), 7.52
(m, 4H; APamidazolyly 7 18 (bm, 4H; BP™mid2olvh 15 06 (bs, 2H), 4.85 (bs, 2H). *C NMR
(100.58 MHz, CD5;0D, 25 °C) ¢ 172.5, [152.0, 151.7], 150.0, 142.2, 139.6 (br), 129.3,
124.8, [124.0, 123.9], 116.0 (br), [49.5 (br), 46.0 (br)] (square brackets are used to
designate pairs of "*C signals that are related by rotation). Both 'H and '*C NMR spectra
can be found in Supporting Information 4-2 (Figure 4-10 to Figure 4-14). HRMS (EI+
TOF): calculated for Cy3H gNO3; 426.1440 amu, found 426.1457 amu; Amax (CH30H):
274 nm (g = 26300 + 300 M'-cm™), 281 nm (g = 24700 + 300 M'-cm™); melting point:

202.8 °C (decomp.).

4.3.4 — General UV-vis kinetics
All kinetic experiments were conducted using a UV-vis spectrophotometer with the cell

compartment thermostatted at 25.0 + 0.1°C. The reactions were conducted in the

presence of buffers composed of various ratios of amine and HOT{ to maintain the {pH in
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methanol or ethanol (2-methoxy-6-methylpyridine $pH"" = 5.0, SpH*" = 4.2-4.5;
2-picoline $pHM®" = 5.3-6.6, SpH"" = 5.0-6.5; 2,6-lutidine SpH""" = 5.9-6.8; 2.4.,6-
collidine SpHM" = 7.0-8.0, $pH"°" = 7.0-7.9, N-ethylmorpholine SpH"*" = 8.5-9.2;
N-methylpiperidine $pH'*°" = 9.8-10.5). The upper limits on $pH were determined by

the {pK, values for the acid dissociation of the alcohol solvates of Ni(II), Zn(II), and
Cu(II) in methanol and ethanol (from their potentiometric titration profiles)** in order to
avoid oligomerization of metal ion alkoxides. A typical kinetic experiment for the
alcoholysis of 4.1 involved preparation of an alcohol solution containing buffer (10 mM),
4.1 (0.05 mM or 0.5 mM), and M (0.1-4.0 mM as the perchlorate or triflate) in a 1-cm
path length quartz cuvette. The reaction was initiated by the addition of an aliquot of the
M?*" stock solution to the buffered solution containing 4.1 to achieve the desired
concentrations of the reaction components at a final volume of 2.5 mL. A typical kinetic
experiment for the alcoholysis of 4.2 involved preparation of an alcohol solution
containing buffer (2 mM), 4.2 (0.02 mM), and M*" (0.02—0.2 mM as the perchlorate or
triflate) in a 1-cm path length quartz cuvette. The reaction was initiated by the addition of
an aliquot of the M*" stock solution to the buffered solution containing 4.2 to achieve the
desired concentrations of the reaction components at a final volume of 2.5 mL.
Experiments were performed in duplicate and the Abs vs time traces for the
disappearance of the starting complex were fitted with a standard first-order exponential

equation to a minimum of 5 half-life times to obtain the ks values.

The analogous Ni*", Cu®", and Zn*" promoted methanolyses and ethanolyses of 4.1 or 4.2

were conducted under (pH-controlled conditions using various buffers, and were
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monitored by observing, with UV-vis spectrophotometry at 25 °C, the rate of loss of
complex or formation of M(II)-coordinated amine at various wavelengths. The details for

each metal ion and complex are described in Supporting Information 4-1.

4.3.5 — Product analyses

The methanolysis and ethanolysis of M(II):4.1 and M(II):4.2 (M(II) = Ni(Il), Zn(II),
Cu(Il)) were conducted at higher concentration in ROH (R = CH3, CH3CH,) where [M*']
=4 mM, [4.1 or 4.2] = 2 mM, [NaOR] = 2 mM. After completion of the reaction
(assessed by UV-vis spectroscopy), the solvent was rotary-evaporated and the residue
was dissolved in CD;0D after which the '"H NMR spectrum (400 MHz) was collected. In
the cases of Ni(Il) and Cu(II), the only observable product was the corresponding methyl
or ethyl benzoate. The Ni(Il) or Cu(Il) complex of N,N-bis(2-picolyl)amine or
N,N-bis((1H-benzimidazol-2-yl)methyl)amine was not observed by 'H NMR due to
Ni(I)- or Cu(Il)-induced paramagnetic broadening. In the case of Zn(Il), sharp signals
corresponding to the methyl or ethyl benzoate were observed as well as broadened
signals corresponding to the Zn(II) complex of N,N-bis(2-picolyl)amine or N,N-bis((1H-

benzimidazol-2-yl)methyl)amine.

4.4 — Results

4.4.1 — M(1I)-promoted methanolysis of 4.1

4.4.1.1 — Kinetics of the Ni(II)-promoted methanolysis of 4.1

The Ni(Il)-promoted methanolysis of 5 x 10° M 4.1 was studied in the range of

7.2 < ipH < 10.5 under buffered conditions in the presence of variable, but excess
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[Ni(C10Oy),]. The effect of buffer inhibition was assessed at each ;pH by monitoring the
[M?]-dependence at two concentrations (10 mM and 20 mM) of buffer; in all cases the
two [M?"]-dependent second order rate constants were either very close to or within

experimental error. As the effect of [buffer] was found to be insignificant, only the data at
10 mM buffer are reported. The upper limit on the {pH range was limited by the ;pK,
((Ni(I);:(HOCH3) + HOCH; === Ni(Il);:(OCH;) + H,O'CH; (¢pK, = 11.24)*)
for the acid dissociation of the solvated metal in methanol to maintain the speciation of

Ni(II) reasonably constant in its neutral solvated form. Saturation binding of Ni(II) with

4.1 was not observed as evidenced by linear dependences of the kqps values on [Ni2+] at
each {pH over the range 0 < [Ni(ClOy);] < 4.0 mM; a representative example is shown in

Figure 4-1.

0.0012+

L L L L |
0.000 0.001 0.002 0.003 0.004 0.005
[Ni(ClO4)2], M

Figure 4-1. Plot of ko for the cleavage of 5 x 10”° M 4.1 vs [Ni(ClOy),] buffered at $pH
8.5 (10 mM N-ethylmorpholine, 5 mM HOTY) in anhydrous methanol at 25 °C. The data

are fitted to a linear regression computing k, = (0.301 + 0.003) M'-s™.
The lack of saturation kinetics for the decomposition of 4.1 with increasing [Ni*']
signifies that the metal ion is far from being completely bound under the experimental

conditions, a conclusion supported by 'H NMR experiments where the addition of
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1 equivalent of Ni(ClOy), resulted in only a small perturbation of the '"H NMR spectrum

of 4.1. The second order rate constants (k,) for the metal ion-promoted reactions are

given as the gradients of the Kqps vs [Ni(ClO4),] plots at each {pH. Shown in Figure 4-15

(Supporting Information 4-3) is a plot of log(ky) vs ;pH, which is linear with a slope of

0.89 = 0.03 which is considered as experimental support that one methoxide is involved

in the TS for the reaction, probably by way of its being coordinated to the Ni(II).

4.4.1.2 — Kinetics of the Zn(II)-promoted methanolysis of 4.1

The Zn(II)-promoted methanolysis of 4.1 was studied in the range of 8.5 < pH < 10.0
under buffered conditions in the presence of excess Zn(OTf),. Buffer concentration
dependence studies were conducted as described above for Ni(Il) and the effect of
[buffer] was found to be insignificant. As is the case of Ni(Il)-promoted cleavage of 4.1,
the kops values depend linearly on metal ion concentration, this time over a narrower
concentration range 0—2 mM of Zn(OTf),. As has been confirmed by experiments with
varying concentrations of 4.1 at the higher ;pH values, an observed downward curvature
of the concentration/rate profile at [Zn(OTf);] > 2 mM is not due to saturation binding
with 4.1, but rather due to dimerization or oligomerization of the Zn(II):("OCHj3) species.
Given in Figure 4-16 (Supporting Information 4-3) is a plot of log(ky) vs pH, which is

linear with a slope of 0.97 + 0.05.

4.4.1.3 — Kinetics of the Cu(II)-promoted methanolysis of 4.1
Our previous study'’ of the Cu(Il)-promoted methanolysis of 4.1 was expanded to

encompass a broader ;pH range of 5.0-8.0 under buffered conditions in the presence of
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excess Cu(OTf), (to ensure complete binding to 4.1). All kys values were corrected for

inhibitory effects of buffer and excess Cu(OTf),, and a plot of the log of the corrected

rate constants (log(kobs ")) vs spH is given in Figure 4-2. NLLSQ fitting of the data to

equation 4-1 yielded a kinetic {pK, value of 5.79 = 0.07 and a maximum rate constant

(Kmax) Of (5.7 £ 0.4) x 107 s™".

K
k, =k |—s—9 4-1
obs mdx(jKa +[H+]j ( )

-1.5-
-2.04
-2.5

-3.04

log(Kops™", s™)

-3.5

-4.0

sPH

Figure 4-2. Plot of log(keps ) for the cleavage of 4.1:Cu(II):("OCH3)(HOCHj;) (0.5 mM
each of Cu(Il) and 4.1 and corrected for buffer and excess Cu(OTf), effects) vs ipH in
anhydrous methanol under buffered conditions at 25 °C. The data are fitted to equation

4-1 computing one macroscopic ;pK, of 5.79 + 0.07 and a maximum rate constant (Kyax)
of (5.7 £ 0.4) x 107 s™'; 1* = 0.9666.

4.4.2 — M(II)-promoted ethanolysis of 4.1
4.4.2.1 — Kinetics of the Ni(II)-promoted ethanolysis of 4.1

Although saturation kinetics are not observed with Ni*" or Zn®" in methanol, the favored

process for the reaction of other divalent metal ion complexes should proceed via
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formation of the essential intermediate, 4.1:M(II):("OCHj3), with the metal ion bound to
the two pyridines and an alkoxide as in Scheme 4-1. Earlier studies™ have shown that a
change in medium to one with a lower dielectric constant, such as from methanol to
ethanol (e, = 31.5 to 24.3),** greatly increases the binding of anionic substrates and metal

ion complexes and a similar phenomenon should exist with the binding of M*" and 4.1.

Scheme 4-1. Proposed reaction scheme for the M(II)-promoted solvolysis of 4.1 (R =

Me, Et).
= =
< g
o} N Ky o} N
>\—-N + M(I);(HOR), ==—== —M'"-0OR
Ar N Ar H
» »
= =
4.1 M(11):4.1

Al
H OR | AN + H+
=
4.1:M(1l):(OR)

The Ni(IT)-promoted ethanolysis of 5 x 10° M 4.1 was studied in the range of 5.9 < $pH
< 7.9 under buffered conditions in the presence of excess Ni(ClO4),.>* At all *pH values

in this range, the plots of kops vs [Ni(ClO4),] exhibit a downward curvature consistent

with a saturation binding process; a representative example is shown in Figure 4-3.
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NLLSQ fitting of the data to a standard one-site binding model gives the metal binding
constant (K,) and maximal observed rate constant (kqs ) at each pH. Additional

kinetic experiments using increasing concentrations of tetrabutylammonium perchlorate

(020 mM) demonstrated that there is no significant effect of additional perchlorate

max

anions on the rate of the reaction. The linear plot of log(Kebs ) vs spH shown in Figure

4-4 has a slope of 0.89 + 0.06.

0.004+
0.003+

0.002+

-1
kobS! s

0.0014

0.000 T T T 1
0.000 0.002 0.004 0.006 0.008

[Ni(CIO),], M

Figure 4-3. Plot of ks for the cleavage of 5 x 10° M 4.1 vs [Ni(C10,),] buffered at SpH

6.7 (10 mM 2,6-lutidine, 5 mM HOTY) in anhydrous ethanol at 25 °C. The data were
fitted to a standard one site binding model to give K, = (360 + 30) M and kops™™ = (4.8
+0.2) x 10° s7; * = 0.9953.

max

Considering the error limits and the fact that kops ~ and Ky are heavily correlated, second

order rate constants for the metal ion-catalyzed reaction at each ;pH (k;) were calculated

max

as the product of the ko,s ~~ and Ky values. Figure 4-4 also presents a plot of log(ks)

vs ;pH that exhibits a linear dependence on [ OCH;] with a gradient of 0.93 + 0.09.
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Figure 4-4. Plots of log(kops ) (m) and log(k,) (o) for the Ni(II)-promoted cleavage of
4.1 vs ;pH in anhydrous ethanol under buffered conditions (10 mM amine, various
concentrations of HOTY) at 25 °C. The lines through the data are generated from linear
regressions to provide slopes of 0.89 + 0.06 (r* = 0.9864) and 0.93 + 0.09 (r* = 0.9731),
respectively.

4.4.2.2 — Kinetics of the Zn(II)-promoted ethanolysis of 4.1

The Zn(II)-promoted ethanolysis of 5 x 10° M 4.1 was studied in the range of
6.2 < ;pH < 7.2 under buffered conditions in the presence of excess Zn(OTf),. Over this

range, the plots of kgps vs [Zn(OTf),] exhibit a slight downward curvature indicative of a
weak, yet quantifiable, binding between Zn(II) and 4.1. Fits of the koys vs [Zn*] data to a

standard 1:1 binding expression gave the binding constants (Kp) and maximum rate

max

constants (Kops ) for the decomposition of the metal-bound complex at each ;pH. The

max

plot of log(kops ) vs ¢pH in Figure 4-5 has a slope of 1.19 + 0.07. Second-order rate

constants for the reaction of Zn(II)-promoted reaction of 4.1 at each ;pH were calculated

max

as the product of the kqps  and Ky, values. The plot of log(ky) vs ;pH (Figure 4-5) gives a

straight line with a gradient of 0.96 + 0.07.
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Figure 4-5. Plots of log(kes ) (m) and log(k,) (o) for the Zn(II)-promoted cleavage of
5 x 10° M 4.1 vs $pH in anhydrous ethanol under buffered conditions (10 mM amine,
various concentrations of HOTT) at 25 °C. The lines through the data are generated from
linear regressions to provide slopes of 1.19 + 0.07 (r* = 0.9890) and 0.96 + 0.07 (> =
0.9833), respectively.

4.4.2.3 — Kinetics of the Cu(II)-promoted ethanolysis of 4.1

The Cu(Il)-promoted ethanolysis of 5 x 10* M 4.1 was studied in the range of
3.3 < ipH < 7.6 under buffered conditions in the presence of excess Cu(OTf), (to ensure
complete binding to 4.1). All ks values were corrected for inhibitory buffer and excess
Cu(OTY), effects and the Kops " was plotted in logarithmic form as a function of {pH
(Figure 4-22, Supporting Information 4-3). NLLSQ fits of these data to equation 4-1

yield a kinetic ;pK, of 5.4 £ 0.1 and a maximum rate constant (kp,y) of (9 £ 1) X 107 s7.

4.4.3 — M(II)-promoted methanolysis of 4.2
4.4.3.1 — Kinetics of the Ni(II)-promoted methanolysis of 4.2

The Ni(Il)-promoted methanolysis of 2 x 10° M 4.2 was studied in the range of
7.2 <:pH < 10.2 in the presence of variable concentrations of excess Ni(ClO,),. Unlike
the Ni(Il)-catalyzed cleavage of 4.1 in methanol, a plot of the kg, values vs [Ni*'] in
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ethanol exhibits saturation metal binding which was analyzed to give K, and kops

max

values, The linear plot of log(kens =) vs ;pH shown in Figure 4-23 (Supporting

Information 4-3) has a slope of 0.94 + 0.02. Second-order rate constants were calculated

max

from the product of the kobs  and Ky, values and plotted as log(ky) vs ;pH (Figure 4-24,

Supporting Information 4-3), exhibiting a linear dependence with a gradient of

0.98 + 0.05.

4.4.3.2 — Kinetics of the Zn(II)-promoted methanolysis of 4.2

The Zn(I)-promoted methanolysis of 2 x 10° M 4.2 was studied in the range of
7.0 < pH < 9.2 in the presence of variable concentrations of excess Zn(OTf),. The plots
of the kops values for the cleavage of 4.2 vs [Zn2+] in ethanol exhibit saturation binding.

NLLSQ fitting of the log(kes ) and pH data (Figure 4-6) to equation 4-1 gives a

kinetic *pK, of 8.36 + 0.07 and a maximum rate constant (kmax) of (5.8 = 0.6) x 107 s,

Second-order rate constants for the metal ion-catalyzed reaction were calculated from the

max

product of the kys — and Ky values and plotted in the form of log(ky) as a function

of ;pH (Figure 4-6) exhibiting a linear dependence with a gradient of 0.97 £ 0.04. Of note
in Figure 4-6 is the fact that the log(k,) value is linear above the saturation ;pH for the

Kobs * plot, suggesting that the binding of the metal ion is strongest when it has an

attached methoxide.?®?’

149



1.5+ -1
- -2.54 -0 )
" S
o =
8 3.5 |, ®
xg 3.5 1 gl
g “
= 4.5 L2 =
-5.5 T T T -3
6.5 7.5 8.5 9.5 10.5
S
pH

Figure 4-6. Plots of log(keys ) (m) and log(k,) (o) for the Zn(II)-promoted cleavage of
4.2 vs {pH in anhydrous methanol under buffered conditions (10 mM amine, various
concentrations of HOTY) at 25 °C. The m-data are fitted using NLLSQ methods to

equation 4-1 to give a kinetic ;pK, of 8.36 + 0.07 and a maximum rate constant for the

decomposition of the 4.2:Zn(II):("OCHs) complex (Kmay) of (5.8  0.6) x 10* s™'; * =

0.9903. The linear regression fit of the o-data has a slope of 0.97 + 0.04; r* = 0.9912.

4.4.3.3 — Kinetics of the Cu(II)-promoted methanolysis of 4.2

The Cu(I)-promoted methanolysis of 2 x 10° M 4.2 was studied in the range of
4 < pH < 8.5 under buffered conditions. Cu(Il) is completely bound to 4.2 as evidenced
by a maximum in the kops vs [Cu2+] plot at a 1:1 ratio of metal ion to substrate, followed
by a slight decrease in cleavage rate with increasing [Cu(OTf);]. Such a decrease in rate
may be attributed to inhibition by triflate ions or minor changes in ionic strength.
The ;pH-independent plateau region depicted in Figure 4-27 (Supporting Information
4-3) arises from the decomposition of the 4.2:Cu(Il):("OMe) complex, the average of all

Kobs™™ values being (8.0 + 0.8) x 10 s,
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4.4.4 — M(II)-promoted ethanolysis of 4.2

4.4.4.1 — Kinetics of the Ni(II)-promoted ethanolysis of 4.2

The Ni(Il)-promoted ethanolysis of 2 x 10° M 4.2 was studied in the range of
5.2 < ipH < 8.7 under buffered conditions and in the presence of variable concentrations

of excess Ni(ClOy),. The kinetics also indicate saturation binding with increasing [Ni*']

which is analyzed to give a Kqgps - value at each {pH. The linear plot of log(keps )

vs ;pH shown in Figure 4-7 has a slope of 1.11 + 0.03. Second-order rate constants were

max

calculated from the product of the kops — and Ky, values and plotted in the form of log(k»)

as a function of ;pH (Figure 4-7) exhibiting a linear dependence with a gradient of
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Figure 4-7. Plots of log(kops ) (m) and log(k,) (o) for the Ni(II)-promoted cleavage of
4.2 vs ;pH in anhydrous ethanol under buffered conditions (10 mM amine, various
concentrations of HOTY) at 25 °C. The lines through the data are generated from linear
regressions to provide slopes of 1.11 + 0.03 (* = 0.9967) and 1.05 + 0.09 (r* = 0.9787),
respectively.

4.4.4.2 — Kinetics of the Zn(II)-promoted ethanolysis of 4.2
The Zn(Il)-promoted ethanolysis of 2 x 10° M 4.2 was studied in the range of

5.9 < ipH < 7.5 in the presence of three concentrations of excess Zn(OTf),. The Kps
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values for the cleavage of 4.2 exhibit a saturation phenomenon with increasing [Zn”'].
The linear plot of log(kebs ) vs SpH shown in Figure 4-8 has a slope of 1.00 + 0.04. The
second-order rate constants (k,“") were not calculated due to the large uncertainties in the
binding constants (Ky) which stem from strong interactions between the metal ion and the
substrate.”” The kinetically-determined K, values are large, being in the range of

10°-10° M™', which can only be determined kinetically with an appreciable error.

10g(Kmax» ™)

1
[=2]

<PH

Figure 4-8. Plot of log(keps ) for the Zn(II)-promoted cleavage of 4.2 vs {pH in
anhydrous ethanol under buffered conditions (2 mM amine, various concentrations of
HOTY) at 25 °C. The line through the data is generated from a linear regression with a
slope of 1.00 + 0.04; r* = 0.9914.

4.4.4.3 — Kinetics of the Cu(II)-promoted ethanolysis of 4.2

The Cu(II)-promoted ethanolysis of 2 x 10° M 4.2 was studied over a narrow range of
6.9 <:pH < 7.7 under buffered conditions where, at 1:1 concentrations, Cu(II) is expected
to be completely bound to 4.2 for the same reasons described for the reaction in
methanol. The plateau region depicted in Figure 4-31 (Supporting Information 4-3)

represents the maximum rate constant (ky.x) for the unimolecular decomposition

4.2:Cu(I):("OEY), the average value being (3.8 £ 0.2) x 104
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4.5 — Discussion

Previous studies examined the Cu(Il)-promoted solvolytic cleavage of N,N-bis(2-
picolyl)amides facilitated by its binding to the amidic nitrogen. These provided evidence
for the mechanism shown in Scheme 4-1 in truncated form which involves metal ion
complexation followed by formation of the metal-bound lyoxide, that then acts as the
nucleophile toward the closely-positioned C=0. Importantly, in a subsequent step, the
Cu(Il) acts to assist the departure of the leaving amide group.'®'” In those studies, the
experimental and computational data with 3,5-dinitro-, 4-nitro-, and 4-methoxy-
substituted benzoyl derivatives supported a mechanism where a Cu(II) ion is bound to the
N,N-bis(2-picolyl) amide unit and positioned so that it permits delivery of a metal-
coordinated methoxide nucleophile to the C=0 in the rate-limiting TS of the reaction.
This proceeds to a tetrahedral intermediate occupying a shallow minimum on the free
energy surface with the Cu(Il) coordinated to both the methoxide and amidic N.
Breakdown of the latter is virtually barrierless, involving a Cu(Il)-assisted departure of
the bis(2-picolyl)amide anion and a loosening of the Cu(I)-OCH; bond. Given the
shallowness of the potential surface subsequent to formation of the tetrahedral
intermediate, the latter is considered to have an insufficient lifetime to exist, so the
overall process is termed enforced-concerted.”® While we have not performed the
required computations with all metal ions, substrates, and solvents that form the subject
matter in the present study, the overall mechanism is likely similar with rate-limiting
nucleophilic attack of the metal-coordinated alkoxide, and subsequent fast, or barrierless,

breakdown of an unstable intermediate.
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Bannwarth and co-workers have reported a brief survey of the potential of some other
metal ions in a study of what were termed "chelating carboxylic acid amides as robust
relay protecting groups of carboxylic acids"."*® The latter study compared the
effectiveness of several metal ion salts on the cleavage of N,N-bis(2-picolyl)-p-
iodobenzamide in methanol containing a set amount of metal ion for 16 hours at room
temperature. Because this study was a comparative assessment of the utility of various
metal ions under a common condition, there was no determination of the relative
constants for metal binding to the substrates, nor was the {pH measured and controlled.
Given that the recent mechanistic work'®'” indicates the lyoxide form of the bound metal
complex is important for the Cu(Il)-promoted cleavage, the speciation of other analogous
metal ion complexes may also be important. In such cases, the complexes may only
exhibit their maximal activities when fully bound with metal ion methoxide and these
activities may well be far greater than what was reported to be the case at the set

condition."®

The observations in the present work indicate all the metal ions are active and suggest
that their various behaviors fall into three subsets of a common mechanism encompassed

by that shown in Scheme 4-1. These are controlled by the values of the substrate:M(II)
binding constant, Ky, and the substrate:M(II):(HOR) acid dissociation constant, ;K,,
leading to formation of the essential substrate:M(II):("OR) complex. In a given case one
can observe: (1) saturation binding of substrate with metal ion, as well as a low ;pK, for
formation of substrate:M(II):("OR) complex; (2) saturation of metal ion binding, but a

high enough pK, for proton dissociation from the substrate:M(II):(HOR) complex that
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the reaction appears first order in ("OR) throughout the pH range investigated; and
(3) no saturation of metal binding to substrate, and an observed first order dependence on

the reaction rate on both [M*] and [TOR] over the pH range investigated.

4.5.1 — Ni(Il)- and Zn(II)-promoted methanolysis of /N,N-bis(2-picolyl)-p-nitro-
benzamide (4.1)

Neither metal ion gives evidence of saturation binding to the substrate up to
concentrations of 4 mM (Ni*") or 2 mM (Zn?"). The near-unit value of the gradients of
the log(k,) vs ;pH plots in Figure 4-15 and Figure 4-16 (Supporting Information 4-3) is
consistent with a first order dependence of the reaction rate on [ OCHj] as expected for
the mechanism in Scheme 4-1. This is similar to what was previously proposed for the
Cu(II)-promoted cleavage of 4.1,"” which involves strong coordination of Cu?* followed
by nucleophilic attack by the Cu(II)-coordinated methoxide and metal-assisted departure
of the leaving group.®’ Strong binding of Cu®" to 4.1 was evident from the observation of

max)

a downward curvature in the Kqps VS [Cu2+] plots, and the plateau in its ;pH/log(Kebs

plot above ;pH 6 is consistent with the maximal activity being due to unimolecular
decomposition of the 4.1:Cu(Il):("OCHj3) form. The weaker binding of Ni(II) and Zn(II)
relative to Cu(Il) correlates well with their known binding constants with pyridine. For
example, the dissociation constant for the complex Ni(Il):Py, in water (1.48 x 10° M%; v
= 0.5 M) is approximately 40 times larger than that for Cu(Il):Py, (4.11 x 10° M% pn=0.5
M),* while the stability constants of the mono-pyridine complexes of Ni(Il) and Cu(II)
are 87 and 398 M respectively at p= 0.5 M.>> Weaker complexes are formed between

Zn(Il) and pyridine ligands relative to Ni(II). The dissociation constant for the complex
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Zn(ID):Py, in water is 7.8 x 107 M? (u = 0.1 M) vs 1.48 x 10° M? (u = 0.5 M) for
Ni(II):Py,** while the stability constants for the mono-pyridine complexes of Zn(Il) and

Ni(II) are 14 and 87 M respectively.*

The strong effect that pH has on the rate of the Ni(Il)-, Zn(II)- and other metal ion-

catalyzed processes'”"” gives a clear message that the activated complexes contain

methoxide, probably bound to the ligand-complexed metal ion prior to the rate-limiting
decomposition. In a given case, without confirmation of speciation and ;pH control, the

overall catalytic effect of different metal ions with different substrates may be
understated since the reactions may not have been investigated under conditions where
the 4.1:M(II):("OCH3) complex is fully formed. Due to the stronger binding of Cu(Il),

and its acidifying effect on coordinated solvent, the active form of 4.1:Cu(Il):("OCHj;) is
generated at a relatively low ;pH ((pK, = 6 or lower as found here) thereby spontaneously

forming an appreciable amount of the active form in methanol without adding additional

base. In fact, Ni(Il) is more catalytically active when fully present as 4.1:Ni(I1):("OCHs)
than is 4.1:Cu(I):("OCHj3). At a ;pH of 10.5, well below the ;pK, for the ionization of the

4.1:Ni(Il)-coordinated methanol, the maximum observed rate constant for the Ni(Il)-
catalyzed cleavage of 4.1 (kops = 0.07 s at 4 mM Ni(II), not saturating conditions) is 12

times larger than the Cu(Il)-catalyzed process (kops ~ 0.0057 s under saturation
conditions). At higher ;pH, and with full binding of the metal ion-methoxide to 4.1, the

kmax for the Ni(II)-promoted reaction would be far greater.
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4.5.2 — Ni(Il)- and Zn(II)-promoted ethanolysis of 4.1

The mechanism given in Scheme 4-1 is also favored for the Ni(I)- and Zn(II)-promoted
ethanolysis of 4.1. Due to the lower polarity of the medium, their binding to 4.1 in
ethanol is stronger than in methanol, leading to saturation of the koys vs [M>'] plots (see
Figure 4-3). The binding constants for Ni(II) to 4.1 in ethanol are consistently larger than
those for Zn(II) which correlates with the aforementioned trends in binding constants for
metal ion-pyridine complexes in water. From the data in Figure 4-18 and Figure 4-20 in

Supporting Information 4-3, one sees that that the kqps' - values for the Ni(II) and Zn(II)
complexes of 4.1 at respective ;pH values of 7.9 and 7.2 are 0.05 s'and 2.6 x 107 ™.
Because these ;pH values are below the {pK, for formation of their maximally active
4.1:M(II):("OEt) forms, both reactions would be faster at higher ;pH, and indeed faster

than the reaction of 4.1:Cu(II):("OEt) in ethanol, kpax " =9 x 107 s™".

4.5.3 — Cu(Il)-promoted methanolysis and ethanolysis of 4.1
The pH/log(kens ™) profile for the Cu(Il)-promoted methanolysis of 4.1 from our
previous study was extended in order to determine a kinetic ;pK, of 5.79. This is lower

than the value of 6.5 observed for the analogous N, N-bis(2-picolyl)acetamide-copper(Il)
complex and may be attributed to a greater stabilization of the conjugate base originating
from the more electron-withdrawing p-nitrobenzoyl group relative to the acetyl group.

The kinetic studies were also carried out in ethanol where the cleavage reaction has a
similar dependence on {pH as in methanol. The kinetic ;pK, in ethanol is 5.4, beyond

which the kmaxCu is9x 102! (1.5-fold larger than in methanol, 5 times less reactive than
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the Ni(Il) complex in ethanol at pH 7.9, and 3—4 times more reactive than the Zn(II)

complex at {pH 7.2 in ethanol).

4.5.4 — Ni(Il)- and Zn(IT)-promoted methanolysis of N,N-bis((1H-benzimidazol-2-
y)methyl)-p-nitrobenzamide (4.2)

The onset of saturation of ke with increasing [M**] for the cleavage of 4.2 indicates that
it binds Ni(II) and Zn(II) stronger than does 4.1 in methanol. The stability constants for
the 1:1 complexes formed between Ni*"or Zn** and benzimidazole in water at 25 °C and
p=0.5M (NaNOs3) are 100 M and 41 M™',** values larger than those found for the their
mono-pyridine complexes which mirrors the larger binding constants observed for M(II)
complexes of 4.2 relative to 4.1. A somewhat contrasting trend is seen in the order of
binding strength of 4.2 to Zn(II) being slightly stronger than Ni(Il) when compared to the
values reported for benzimidazole.®* This discrepancy may be attributable to the
differences in the preferred geometry of each metal ion on complexation with polydentate

ligands. A distinct characteristic of the 4.2:Zn(II) system is the {pH independence of

Kobs * beyond its kinetic pK, of 8.36 representing a plateau region with a Ky of

5.8 x 10 s (Figure 4-25, Supporting Information 4-3).

4.5.5 — Ni(II)- and Zn(II)-promoted ethanolysis of 4.2
The binding constants between Ni*™ or Zn®" and 4.2 in ethanol are larger than those
observed with 4.1 in ethanol. It is noteworthy that 4.2 appears to bind Zn*" more tightly

than Ni*" in ethanol, the opposite of what is seen with 4.1, but parallel to the trend

max

observed in methanol. In each case, plots of log(kobs ) vs ;pH do not show evidence of
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complete formation of 4.2:M(II):("OEt), the highest values attained for the respective
Ni(Il) and Zn(I) complexes being 0.3 s (CpH 8.7) and 2.3 x 10* s (pH 7.5) (see

Figure 4-28 and Figure 4-30, Supporting Information 4-3).

4.5.6 — Cu(Il)-promoted methanolysis and ethanolysis of 4.2

The kmax value for Cu(Il) mediated cleavage of 4.2 in methanol is about twice that in
ethanol ((3.8 + 0.2) x 10 s™) , the opposite of what is observed in the case of 4.1. These
values are almost an order of magnitude smaller than those observed for 4.1 in the
corresponding solvents suggesting a less desirable proximity, or more severe restriction
of access of the metal-bound ethoxide in the transition state for attack on the C=O unit of

the Cu(Il)-complex of 4.2.

4.5.7 — Comparison of relative activity

A convenient way to compare the relative activities of most of the systems considered
here assesses the apparent second order rate constant for the attack of alkoxide (k, °®) on
the fully formed substrate:M(II) complex as defined in equation 4-2. These are shown in
Table 4-1 along with other k., values which have been determined in various ways. The
binding of Cu®" with 4.2 in methanol and ethanol is sufficiently strong that only a value

of the maximum unimolecular rate constant kmaXM for decomposition of the

substrate:Cu(Il):("OR) complex at three different ;pH values could be obtained. In theory,
complete plots of the log(kmaXObS) values vs ;pH will show linear behavior with a gradient
of unity at values below the ;pK, for formation of the substrate:M(II):("OR) complex, and

a plateau with a zero gradient at greater ;pH values. The latter behavior with respect to
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increasing $pH was only realized with Cu®" and 4.1 in methanol and ethanol, and with
Zn”" and 4.2 in methanol. A complete analysis through NLLSQ fitting of the log(kmax"bs)

vs SpH values to equation 4-1 yields first order rate constants (kmax ") for decomposition

of the maximally active substrate:M(II):("OR) form and their kinetic {pK, values which
are given in Table 4-1. Plots of kops vs [M*'] show saturation for Cu®’, Zn**, and Ni*"
with 4.1 in ethanol, Cu®*" with 4.1 in methanol, and Zn*" and Ni*" with 4.2 in methanol

¥ rate constant for reaction of the

and ethanol which allow us to obtain the Kops
substrate:M(II) complex at each experimentally attainable ;pH. For these examples which
do not show a saturation in the log(keps ) vs :pH plots (due to the fact that the

experimentally accessible ;pH values are less than the ;pK,) one can obtain the apparent

k, ® rate constant for "OR attack on the substrate:M(II) complex by averaging the

individual k, °® values at each [TOR].*

@) O

I -OR
C ko /O _C
/\ — > M H + RO
M HOR
NO, 'OR NO

2 2 (4-2)
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Table 4-1. Second-order rate constants for attack of alkoxide on the fully-formed
substrate:M(II) complex under saturation conditions with respect to [M**], maximal rate

constants for selected substrate:M(II):("OR) complexes at 25 °C.

Ni k, O} Zn k, O} Kax " Cuk, O} K"
Sub - Solvent - \pig) M) h sy
a a

MeOH k3=44x10" k3=4.5x10° a 54x10% 5.7x103¢
il M2-g1P M2-g1P

EtOH 1.0 x 10" 1.7 x 10° a 45x 10" 9.0x103°

MeOH 6.3 x 10 1.5%x10° 5.8x10*° 7.6x10" 8.0x10*f
4.2

EtOH 7.3 % 10° 9.5 %10’ a 1.9x10" 3.8x10*f

a. Ky constants are not available due to the fact that saturation is not observed in the

Kobs VS [M*'] plots or kops  vs ;pH plots.

b. kj; is a third order rate constant calculated for the hypothetical process involving

substrate + M*" + "OR.
Kinetic {pK, 8.36.
Kinetic ;pK, 5.79.
Kinetic {pK, 5.4.

No observed kinetic ;pK,.

o oA o

The M k, °® constants given in Table 4-1 are large for all complexes in both solvents, and

in some cases approach, or even exceed, the diffusion limit in methanol (1-2 x 10"

M™s1),*® and ethanol (2 x 10" M™-s").37 The fact that the k, % value for 4.1:Cu(Il) in

ethanol (shaded in the Table 4-1 entry) is computed to exceed the diffusion limit in that

solvent by ~20 times can be taken as confirmation that the true reaction does not involve

the attack of external ethoxide on 4.1:Cu(Il), but rather decomposition of a

4.1:Cu(Il):("OEt) complex. By extension, it seems reasonable to propose that all of these

reactions occur through the metal-bound lyoxide form, as proposed previously.
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4.5.8 — Acceleration of amide cleavage provided by the presence of a metal ion

The acceleration of the alcoholysis of benzamides 4.1 and 4.2 provided by the metal ion
can be conveniently measured in three ways. The first involves comparing the k, °® rate
constant for alkoxide attack on the substrate:M(II) complex with that for attack of
alkoxide on the uncomplexed 4.1 or 4.2. Previously, we experimentally determined that
the methoxide-promoted reaction of 0.15 M 4.1 in 0.3 M KOCHj3; shows no indication of
product formation after 52.5 days.!” We have now extended the time to 250 days without
observing product formation. Assuming we could detect 1| mM of the product, the upper
limit for the second order rate constant is k—OMQ"'1 =1 x 107 M!s'. While we do not
have experimental data for the ethanolysis reaction of 4.1, Phan and Mayr have reported
that the k-ome values for nucleophilic addition of methoxide in methanol to trinitrotoluene
or benzhydrilium ions is five times less than the nucleophilic addition of ethoxide in

ethanol.*® In another comparison, methoxide attack on p-nitrophenyl acetate in methanol

d39a 1.39]2)

is reporte to be essentially the same as the attack of ethoxide in ethano If we are
allowed to use these comparisons, then the approximate upper limit for the k, °' reaction
with 4.1 would be ~1 x 10° M™-s™". Unfortunately experimental data corresponding to
the alkoxide reactions of 4.2 are not obtainable due to technical problems of

deprotonation of the benzimidazole N-H under strongly basic conditions.

The second methodology involves comparing the first order rate constant observed for
decomposition of substrate:M(II):(HOR) at the ;pK, for its acid dissociation, with the
pseudo-first order rate constant that would be observed for alkoxide attack on substrate at
a ;pH corresponding to that ;pK,. Using the above comparisons, the accelerations in
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methanol and ethanol for the various complexes of 4.1 compared with the background

methoxide reactions are given in Table 4-2.

Table 4-2. Acceleration of amide 4.1 alcoholysis provided by the presence of a divalent
metal ion at 25 °C.

Benzamide Solvent Ni(II) Zn(1I) Cu(II)
(3.5 x 10'")©
MeOH (13 x10"*  (4.9x10%)°
41 (3.0 x 10'")¢
EtOH (1.7 x 10" (2.5x10")® (9.0 x 10'%)f

a. Computed from kops value for decomposition of 4.1:Ni(Il) at pH 10.5 (kops = 0.07
s at 4 mM Ni(II), not saturating conditions). This provides a lower limit for the
acceleration since the Ni(Il) complex is not fully formed.

b. Computed from kops value for decomposition of 4.1:Zn(II) at {pH 9.6 (kobs = 3.3 %
10* s at 1 mM Zn(II), not saturating conditions). This provides a lower limit for
the acceleration since the Zn(II) complex is not fully formed.

c. Computed from comparison of the k, “™ value for attack of methoxide on
4.1:Cu(Il) given in Table 4-1 with the second order rate constant for attack of
methoxide on 4.1.

d. Computed from comparison of the first order rate constant for decomposition of
4.1:Cu(Il):(HOCHj3) at ;pH 5.79, corresponding to the kinetic ;pK,, with the
pseudo first order rate constant for reaction of methoxide with 4.1 at that {pH.

e. Computed from the k, ' values for the Ni(II) and Zn(Il) complexes of 4.1 from
Table 4-1 compared with the second order rate constant for attack of ethoxide on
4.1.

f. Computed from comparison of the first order rate constant for decomposition of
4.1:Cu(Il):(HOE) at ;pH 5.4, corresponding to the kinetic ;pK, in ethanol, with
the pseudo first order rate constant for reaction of ethoxide with 4.1 at that {pH.

A third and more informative method for judging the efficacy of the metal ion-promoted

reaction compares the AG® of binding of the metal ion to the transition state of the

presumed lyoxide-promoted reaction, namely [S:M(I):("OR)]* with that of the lyoxide
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reaction, [S:(COR)]*.***! The thermodynamic cycle is shown in Scheme 4-2 where M(II)
is represented as M and the various free energies for the kinetic and equilibrium terms
can be obtained from the rate constants for attack of alkoxide on the substrate or its

metal-complexed form (k, ™% and Mk, °*) and the metal binding constants (K).

Scheme 4-2. A thermodynamic cycle describing the free energies for various equilibrium
and kinetic steps for alkoxide attack on substrate S, equilibrium binding of the metal ion
to S and alkoxide attack on the S:M complex (metal ion charges omitted for clarity).
Products include the dipicolyl or dibenzimidazol-2-ylmethyl amine ligand.

t
AG
RO +S Non S:(OR)}
+M k2-OR
¥ + +M
Kb AAGstab
AGM
R methyl benzoate +
S:M [M:(RO"):S}—— DPA or DBMA + M

-m¥
AGcatS.M

AAGygy,' is computed from the expression given in equation 4-3 which is applicable for

the situations where Ni, Zn, and Cu bind with saturation to the substrate in ethanol.

AAG],

stab

=(AG) + AG3M") - AG},, = —RTIanM} (4-3)

cat “OR
k2

For the situation where no saturation binding of the metal ion to the substrate is observed,
in the cases of Zn and Ni in methanol, the hypothetical third order rate constant (ks) for
reaction of substrate + M(II) + "OR was computed,42 and the AAGSmb1E 1s obtained from

the expression given in equation 4-4.

AAG?,, =AG? —AG}, = —RTln{ kkgR } (4-4)
2
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The results at a standard state of 1 M and 298 K are shown graphically in Figure 4-9
using the value of 1 x 10° M™'-s™ as the upper limit for attack of methoxide or ethoxide
on substrate 4.1 in methanol or ethanol in the absence of catalytic metal ion. On the right
side of the diagram are included the numerical values obtained for the process in ethanol

where metal binding to 4.1 is sufficiently strong to obtain K, and a AG,™. It is of interest

4.1:M#

to note that the AG, values obtained from the large Mkz_OEt values in Table 4-1

nearly offset the AG,™ values such that the [4.1:"OEt:M]" transition states lie very close
in energy to the free energy of the non-associated substrate, metal ion and alkoxide
partners. This illustrates that, once the metal ion binds the ethoxide and substrate, their
transition states for reaction are stabilized by 27.7 and 29.3 kcal'mol” for Zn and Ni,
respectively. For these two metal ions in methanol, the transition state binding is not as
large, being 21.3 and 22.7 kcal-mol™ for Zn and Ni, respectively. That this is less than in
ethanol is a consequence of the reduced affinity of the metal ion for the substrate and
methoxide binding in the ground state, which is more largely manifested in binding the
transition state, although less so than in ethanol. This sort of effect is reminiscent of a
dinuclear Zn(II) catalyst that promotes the methanolytic and ethanolytic cleavage of
phosphate diesters where extremely large binding of the catalyst to the

[alkoxide:substrate] transition states leads to very large rate accelerations. '
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Figure 4-9. A free energy diagram obtained at a standard state of 1 M and 25 °C for the
alcoholysis of 4.1 in the presence of methoxide in methanol (left side) and ethoxide in
ethanol (right side), and in the presence of Zn and Ni in both solvents. The computed
stabilizations of the [1yoxide:4.1]1E by its binding to the metal ions, AAGSmbi, are given
numerically on the extreme left and right sides of the diagram and are computed as
described in the text.

4.6 — Conclusions

The results of this study in combination with related ones'*'” have established that large
accelerations for amide cleavage reactions over background base-promoted reactions can
be achieved by the multifunctional role of a single metal ion that is appropriately
positioned relative to the >N-C=0 moiety. To fully realize these effects in small
molecules requires a substrate design where the metal ion is forced into binding the lone
pair of the amidic N, concurrently positioning a metal-bound nucleophile in a favourable
trajectory for attack on the acyl group, with subsequent assistance of the departure of the

LG anion. In an optimized system, the metal ion seems to enact several catalytic roles
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such as was seen earlier in the methanolytic cleavage of a thiobenzanilide catalyzed by a
simple palladacycle catalyst.” In that case, the Pd enhances the electrophilicity of the
thioamide through favourable binding of the C=S unit, delivers the activated methoxide
nucleophile to form a tetrahedral intermediate which subsequently rearranges to allow
assisted leaving group departure through Pd—N-coordination. That this sort of tri-
functional role for three other transition metal ions is seen to provide catalytic
accelerations of 10" to 10" in the present systems dealing with alcoholysis of
benzamides 4.1 and 4.2 may imply that metal ion assistance of leaving group departure
plays a key role that may also be operative in metallo-enzyme promoted cleavage of

peptides.
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4.7 — Supporting Information

4.7.1 — Supporting Information 4-1: UV-vis Kinetics

The Ni(II)-catalyzed methanolyses and ethanolyses of 4.1 (5 x 10™ M) were monitored at
283 nm (with the exception of kinetic experiments using 2,4,6-collidine buffer, which
were followed at 290 nm), to determine the rate of disappearance of Ni(Il):4.1. The
reactions were conducted in the presence of buffers composed of various ratios of
2-picoline, 2,6-lutidine, 2,4,6-collidine, N-ethylmorpholine, or N-methylpiperidine and
HOTf{ to maintain the {pH in methanol (7.2 to 10.5) and ethanol (5.9 to 7.9).

The Zn(II)-catalyzed methanolyses and ethanolyses of 4.1 (5 x 10 M) were monitored at
283 nm (with the exception of kinetic experiments using 2,4,6-collidine buffer, which
were followed at 290 nm) to determine the disappearance of Zn(Il):4.1. The reactions
were conducted in the presence of buffers composed of various ratios of 2-picoline,
2,6-lutidine, 2,4,6-collidine, N-ethylmorpholine, or N-methylpiperidine and HOTf to
maintain the {pH in methanol (8.5 to 10.0) and ethanol (6.2 to 7.2).

The Cu(Il)-catalyzed methanolyses and ethanolyses of 4.1 (5 x 10™ M) were monitored at
360 nm for the disappearance of the 4.1:Cu(Il):( OR)(HOR) complex. The reactions were
conducted in the presence of buffers composed of various ratios of 2-bromo-6-
methylpyridine, 2-methoxy-6-methylpyridine, 2-picoline, 2,6-lutidine, or 2,4,6-collidine
and HOTf to maintain the {pH in methanol and ethanol. The rate constants for the
alcoholysis of 4.1:Cu(Il):(OR)(HOR) in the presence of excess Cu(ll) (required to
ensure complete binding) exhibited small buffer and Cu(OTf), concentration effects.
Thus, the kqps values were extrapolated to zero buffer concentration for each [Cu(OTf);]

using three buffer concentrations (10 mM, 15 mM, 20 mM). These extrapolated values
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were then extrapolated to zero excess Cu(OTf), using at least two excess Cu(OTf),
concentrations (typically 1.0 mM, 2.0 mM, 3.0 mM) to provide corrected rate constants
for a given ;pH.

The Ni(Il)-catalyzed methanolyses and ethanolyses of 4.2 (2 x 10™ M) were monitored at
281.0 nm and 282.5 nm, respectively, for the disappearance of Ni(Il):4.2. The reactions
were conducted in the presence of buffers composed of various ratios of 2-picoline, 2,4,6-
collidine, N-ethylmorpholine, N-methylpiperidine and HOTf to maintain the {pH.

The Zn(I)-catalyzed methanolyses and ethanolysis of 4.2 (2 x 10> M) were monitored at
281.5 nm and 281.0 nm or 290.0 nm, respectively, for the disappearance of Zn(Il):4.2.
The reactions were conducted in the presence of buffers composed of various ratios of
2,6-lutidine, 2,4,6-collidine, N-ethylmorpholine, or N-methylpiperidine and HOTf to
maintain the {pH.

The Cu(Il)-catalyzed methanolyses and ethanolyses of 4.2 (2 x 10 M) were monitored at
280.5 nm for the disappearance of Cu(ll):4.2. The reactions were conducted in the
presence of buffers composed of various ratios of 2,4,6-collidine and HOTf to maintain

the ;pH.
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4.7.2 — Supporting Information 4-2: NMR characterization of 4.2
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Figure 4-10. '"H NMR spectrum of 4.2 (400 MHz, CD;0D, 25 °C). Integration of the
methylene protons at 5.06 and 4.85 ppm is obscured by the water/methanol OH signal.
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Figure 4-11. Portion of the 'H NMR spectrum of 4.2 (400 MHz, CD;OD, 25 °C)
emphasizing additional splitting due to AA’BB’ spin systems present in the phenyl and
benzimidazole rings.
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Figure 4-12. *C NMR spectrum of 4.2 (400 MHz, CD;0D, 25 °C).
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Figure 4-13. Portion of the >C NMR spectrum of 4.2 (400 MHz, CD;0D, 25 °C).
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Figure 4-14. Portion of the ?C NMR spectrum of 4.2 (400 MHz, CD;OD, 25 °C). The
signal at 49.52 ppm is related to the signal at 46.01 ppm via slow rotation about the
amide bond.

4.7.3 — Supporting Information 4-3: Plots of log(k) vs ;pH

log (ky, M7's)
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Figure 4-15. Plot of log(k,) for the Ni(II)-promoted cleavage of 4.1 (5 x 10 M) vs SpH
in anhydrous methanol under buffered conditions (10 mM amine, various concentrations

of HOTY) at 25 °C. The line through the data is generated from a linear regression to
provide a slope of 0.89 + 0.03; r* = 0.9956.
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Figure 4-16. Plot of log(ks) for the Zn(II)-promoted cleavage of 4.1 (5 x 10 M) vs $pH
in anhydrous methanol under buffered conditions (10 mM amine, various concentrations

of HOTY) at 25 °C. The line through the data is generated from a linear regression to
provide a slope of 0.97 + 0.05; r* = 0.9937.
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log(kops™™, s)
e

Figure 4-17. Plot of log(kes ") for the cleavage of 4.1:Cu(Il):(OMe)(HOMe) (0.5 mM
each of Cu(Il) and 4.1 and corrected for buffer and excess Cu(OTf), effects) vs ;pH in
anhydrous methanol under buffered conditions at 25 °C. The data are fitted to equation

4-1 computing one macroscopic ;pK, value of 5.79 + 0.07 and a maximum rate constant
(kinax) Of (5.7 £ 0.4) x 107 s™'; ¥ = 0.9666.
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Figure 4-18. Plot of log(ko,s™™) for the Ni(Il)-promoted cleavage of 4.1 (5 x 10 M)
vs ;pH in anhydrous ethanol under buffered conditions (10 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 0.89 + 0.06; * = 0.9864.
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Figure 4-19. Plot of log(k,) for the Ni(II)-promoted cleavage of 4.1 (5 x 10° M) vs $pH
in anhydrous ethanol under buffered conditions (10 mM amine, various concentrations of

HOTY) at 25 °C. The line through the data is generated from a linear regression to provide
a slope of 0.93 + 0.09; r* = 0.9731.
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Figure 4-20. Plot of log(keps™) for the Zn(II)-promoted cleavage of 4.1 (5 x 10 M)
vs ;pH in anhydrous ethanol under buffered conditions (10 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.19 + 0.07; r* = 0.9890.
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Figure 4-21. Plot of log(ks) for the Zn(II)-promoted cleavage of 4.1 (5 x 10 M) vs $pH

in anhydrous ethanol under buffered conditions (10 mM amine, various concentrations of

HOTY) at 25 °C. The line through the data is generated from a linear regression to provide
a slope of 0.96 + 0.07; r* = 0.9833.
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Figure 4-22. Plot of log(kops ) for the cleavage of 4.1:Cu(Il):("OEt)(HOEt) (0.5 mM
cach of Cu(Il) and 4.1 and corrected for buffer and excess Cu(OTf), effects) vs ;pH in

anhydrous ethanol under buffered conditions at 25 °C. The data are fitted to equation 4-1

computing one macroscopic ;pK, value of 5.4 = 0.1 and a maximum rate constant (Kyax)
of 9+ 1)x 107 s r* = 0.9306.
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Figure 4-23. Plot of log(ko,s™™) for the Ni(Il)-promoted cleavage of 4.2 (2 x 10 M)
vs ;pH in anhydrous methanol under buffered conditions (2 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 0.94 + 0.02; r* = 0.9982.
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Figure 4-24. Plot of log(k,) for the Ni(II)-promoted cleavage of 4.2 (2 x 10 M) vs SpH
in anhydrous methanol under buffered conditions (2 mM amine, various concentrations

of HOTY) at 25 °C. The line through the data is generated from a linear regression to
provide a slope of 0.98 + 0.05; r* = 0.9936.
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Figure 4-25. Plot of log(keps™) for the Zn(II)-promoted cleavage of 4.2 (2 x 10 M)
vs :pH in anhydrous methanol under buffered conditions (2 mM amine, various
concentrations of HOTY) at 25 °C. The data are fitted to equation 4-1 computing one

macroscopic ;pK, value of 8.36 + 0.07 and a maximum rate constant (k) of (5.8 + 0.6)
x 10575 1 = 0.9903.
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Figure 4-26. Plot of log(ks) for the Zn(II)-promoted cleavage of 4.2 (2 x 10 M) vs $pH
in anhydrous methanol under buffered conditions (2 mM amine, various concentrations

of HOTY) at 25 °C. The line through the data is generated from a linear regression to
provide a slope of 0.97 + 0.04; r* = 0.9912.
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Figure 4-27. Plot of log(keys) for the cleavage of 4.2:Cu(Il):("OMe)(HOMe) (0.02 mM
each of Cu(Il) and 4.2) vs ;pH in anhydrous methanol under buffered conditions (2 mM

amine, various concentrations of HOTY) at 25 °C. The averaged maximum rate constant
(Kmay) 18 (8.0 + 0.8) x 107 57
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Figure 4-28. Plot of log(ko,s™™) for the Ni(Il)-promoted cleavage of 4.2 (2 x 10 M)
vs ¢pH in anhydrous ethanol under buffered conditions (2 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.11 + 0.03; > = 0.9967.
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Figure 4-29. Plot of log(k,) for the Ni(II)-promoted cleavage of 4.2 (2 x 10 M) vs SpH
in anhydrous ethanol under buffered conditions (2 mM amine, various concentrations of

HOTY) at 25 °C. The line through the data is generated from a linear regression to provide
a slope of 1.04 + 0.08; r* = 0.9802.
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Figure 4-30. Plot of log(keps™) for the Zn(II)-promoted cleavage of 4.2 (2 x 10 M)
vs ¢pH in anhydrous ethanol under buffered conditions (2 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.00 + 0.04; r* = 0.9914.
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Figure 4-31. Plot of log(koys) for the cleavage of 4.2:Cu(Il):("OEt)(HOE?t) (0.02 mM each
of Cu(Il) and 4.2) vs ;pH in anhydrous ethanol under buffered conditions (2 mM amine,

various concentrations of HOTY) at 25 °C. The data are averaged, indicating a maximum
rate constant (Kp,x) of (3.8 £0.2) x 10% s,
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Chapter 5 — Palladacycle-promoted methanolysis of a series of tertiary
thiobenzanilides: Involvement of a second catalyst facilitates leaving
group departure

5.1 — Preface
The kinetic experiments and spectrophotometric titrations for this chapter were
performed by Mark Raycroft. The syntheses were performed by Mark Raycroft,

Ms. Stephanie Pipe, and Dr. C. Tony Liu.

5.2 — Introduction

Metalloaminopeptidases employ one or two metal ions in their active sites in order to
cleave amide bonds, enabling protein modification and degradation.1 The considerable
rate accelerations of peptide bond cleavage provided by this as well as other classes of
metal-containing peptidases suggest several modes of metallo-catalysis are employed in a
highly-tuned, well-defined manner. In solution, on the other hand, small-molecule
catalysts suffer from poor binding affinities to amide substrates and scarcely provide
assistance to the departing group resulting in only modest rate accelerations for cleavage.
While La>" and Zn*" ions have been shown to efficiently catalyze the alcoholysis of
phosphate and carboxylate esters” as well as some highly-activated carboxamides,” they
fare poorly in the catalysis of unactivated amide bond cleavage. Especially in cases where
leaving group departure is rate-limiting, it may be critical for a Lewis or Brensted acid to
be strategically positioned in order to assist LG departure with only minor conformational
changes required of the catalyst. To gain insight into the necessity for LGA, employment

of a thioamide substrate may be useful given that, in the presence of a soft metal ion, the
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soft-soft interaction between substrate and catalyst could drastically enhance binding and
permit the investigation of the steps subsequent to binding. Compared to amides,
thioamides exhibit greater double-bond character between the C and N resulting in
additional hindrance to rotation (by ~5—7 kcal-mol™) about the C—N bond.* While the
addition of a nucleophile to the C=S group is generally more rapid than to C=0,
thioamides tend to be more resistant to solvolytic and enzymatic cleavage (unless the
enzyme is substituted with a metal ion of higher thiophilicity).®” Together, these

observations point to rate-limiting LG departure in the solvolysis of thioamides.

Palladacycle 5.2 was shown to efficiently cleave a series of phosphorothioate triesters
with different phenolic LGs.® Throughout the substrate series, the departing phenoxide is
sufficiently stabilized (intrinsically) to negate the requirement for assistance from the
metal ion. However in the solvolysis of thiobenzanilides, LG departure is rate-limiting”
and because the anilide LG is sufficiently unstable to depart on its own, LGA may be
requisite for efficient cleavage. In such a case, the hard/soft characteristics of the metal
ion as well as its azophilicity may be important considerations in catalyst design. Indeed,
the abovementioned palladacycle exhibits 10°-fold acceleration over the methoxide-
promoted cleavage of N-methyl-N-(4-nitrophenyl)-thiobenzamide 5.1b (Scheme 5-1).” A
combination of experimental and theoretical data reveals the important features exhibited

by the catalyst for promoting methanolysis are:
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1. Electrophilic activation of the C=S unit. AN

2. Nucleophile activation and delivery.
5.1a X = 3,5-diNO,

3. Stabilization of the tetrahedral intermediate. 5.1b X = 4-NO,
5.1¢ X = 3-NO,

4. Assistance to the departure of the anilide LG. 5.1d X = 4-Cl
5.1e X=H

Scheme 5-1. Overall reaction for the palladacycle-catalyzed methanolysis of N-methyl-
N-(4-nitrophenyl)thiobenzamide forming methyl thiobenzoate (MTB) and N-methyl-4-
nitroaniline (NMA-H).

TFO—Pd——N:ull
D 4

s N NCMe S NO,
5.2 /©/
— oMe  +
’\|l MeOH HN
25°C |
5.1b MTB NMA-H

The current study expands upon the abovementioned report through the kinetic analysis
of the palladacycle-promoted cleavage of thiobenzanilides 5.1a—e. The dependence of the
rate constants for cleavage on catalyst concentration, ;pH, and Hammett parameters
clarify the cleavage mechanism and identify changes in mechanism as a function of LG

structure.

5.3 — Experimental

5.3.1 — Materials

Triethylamine (99%), palladium chloride (>99.9%), silver trifluoromethanesulfonate
(299.9%), benzoyl chloride (=99%), phosphorus pentasulfide (99%), N-methyl-4-
nitroaniline (97%), 3-nitroaniline (98%), N-methylaniline (98%), potassium hydroxide
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(>90% flakes), iodomethane (99%), N-ethylmorpholine (97%), and 2,2,6,6-
tetramethylpiperidine (>99%) were obtained from Aldrich. Tetrabutylammonium
hydroxide (1.0 M solution in methanol, titrated against N/2 Fisher Certified standard
aqueous HCI solution and found to be 1.05 M) and trifluoromethanesulfonic acid (HOTT,
>99%) were also acquired from Aldrich. Sodium bicarbonate (>99.7%) was purchased
from Sigma, N,N-dimethylbenzylamine (99%) was purchased from Acros Organics, and
methanol-Ds (99.8% D) was obtained from Cambridge Isotope Laboratories.
I-Methylpiperidine (99%), 3,5-dinitroaniline (>98%), and 4-chloro-N-methylaniline
(297%) were purchased from TCI America Laboratory Chemicals. Methanol (99.8%,
anhydrous), acetonitrile (99.8%, anhydrous), and tetrahydrofuran (>99.9%, anhydrous)
were purchased from EMD Chemicals. Dichloromethane (>99.5%), ethyl acetate
(299.5%), and pentane (98%) were purchase from ACP Chemicals. Acetone (>99.5%)
and ethanol (95%) were purchased from Fisher Scientific and Commercial Alcohols,

respectively.

5.3.2 — General methods

All "H NMR spectra were determined at 400 MHz and >C NMR spectra at 100.66 MHz;
all chemical shift values were referenced internally to the solvent. All mass spectra were
determined by EI+ TOF. CH;OH," concentrations were determined potentiometrically
using a combination glass Fisher Scientific Accumet electrode model no. 13-620-292
calibrated with certified standard aqueous buffers (pH 4.00 and 10.00) as described

previously.'® The $pH values in methanol were determined by subtracting a correction

constant of -2.24 from the electrode readings and the autoprotolysis constant for
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methanol was taken to be 107'%77 M2.'! The $pH values for the kinetic experiments were

measured at the end of the reactions to avoid the effect of KCI leaching from the

electrode.

5.3.3 — Synthesis of materials

3.3.3.1 — Thiobenzanilides (5.1a—e)

All thiobenzanilides were prepared using several literature sources.>'> An exemplary
procedure is described below. In the cases of S.1b, 5.1d, and 5.1e, the substituted
N-methylanilines were commercially available, thus enabling circumvention of the

methylation step.

Thiobenzanilide 5.1¢ was synthesized by first mixing 3.81 g (27.6 mmol) of
3-nitroaniline with 3.53 mL (30.4 mmol) of benzoyl chloride in 50 mL dry THF. The
cloudy mixture was heated to reflux for 2 hours, at which point the solution turned light
brown. After the mixture cooled to room temperature, it was washed with 30 mL
saturated aqueous NaHCOj; solution (2x), 30 mL of 1 M aqueous HCI solution (2x), and
30 mL of DI H,O (2%). After removing all the organic solvent, the secondary amide was
recrystallized from 8:2 ethanol:water, yielding 5.8 g (23.9 mmol, 87% yield). In the next
step, 1.81 g (7.48 mmol) of the secondary amide, 1.4 mL (22.4 mmol) of iodomethane,
and 0.93 g (14.9 mmol) of crushed KOH were combined in 40 mL of HPLC grade
acetone and refluxed for 10 minutes. After the mixture cooled to room temperature, the
remaining solids were filtered off. The solvent was removed before purifying the product

by flash chromatography using a 3:7 ratio of ethyl acetate and pentane. The isolated
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product was further purified by recrystallization out of 6:4 ethanol:water to obtain the
methylated product in 1.81 g (7.06 mmol, 94% yield). In the final step, 1.51 g (5.87
mmol) of tertiary amide and 3.13 g (7.04 mmol) of phosphorus pentasulfide were mixed
in 30 mL dry THF and stirred at 35 °C for 1 hour and sonicated for 1 hour. The solid was
then filtered off and the solvent was removed under vacuum. After extracting the product
into dichloromethane, the concentrated solution was purified with flash chromatography
using an 8:2 ratio of dichloromethane and pentane. Recrystallization out of 6:4
ethanol:water yielded 0.40 g (1.47 mmol, 25% yield) of N-methyl-N-(3-

nitrophenyl)thiobenzamide S.1c¢.

Spectral data for 5.1a and 5.1c are listed below; those for 5.1b, 5.1d, 5.1e are consistent
with previous reports.®'

N-Methyl-N-(3,5-dinitrophenyl)thiobenzamide (5.1a)

'H NMR (400 MHz, CD;OD, 25 °C): & 8.77 (t, 1H, Ar-H, J = 2.5 Hz), 8.48 (d, 2H,
Ar-H, J = 1.8 Hz), 7.33 (m, 2H, Ph-H), 7.21 (m, 3H, Ph-H), 3.91 (s, 3H, CHz);
BC NMR (100.66 MHz, CD;0D, 25 °C): & 204.7, 149.53, 149.46, 144.0, 129.8, 128.8,
128.59, 128.56, 117.6, 45.8; HRMS(EI+ TOF): calculated for C;4H;N304S: 317.0470
amu, found 317.0467 amu; Amex (CH;OH): 232 nm (g = 24000 M -cm™), 290 nm (g =

12600 M™"-cm™); melting point: 169172 °C.

N-Methyl-N-(3-nitrophenyl)thiobenzamide (5.1¢)
'H NMR (400 MHz, CD;0D, 25 °C): & 8.04 (m, 2H, Ph-H), 7.55 (d, 1H, Ar-H, J = 7.8

Hz), 7.48 (m, 1H, Ar—H), 7.25 (m, 2H, Ar-H), 7.14 (m, 3H, Ph-H); >C NMR (100.66
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MHz, CD;0D, 25 °C): 6 205.0, 149.8, 148.9, 144.8, 134.0, 131.4, 129.9, 129.0, 128.8,
123.1, 122.9, 46.4; HRMS(EI+ TOF): calculated for C;4H,N,0O,S: 272.0620 amu, found
272.0611 amu; Amex (CH3;0H): 246 nm (¢ = 17065 M'-cm™), 280 nm (¢ = 15550

M™-cm™); melting point: 126128 °C.

3.3.3.2 — Pd(N,N-dimethylbenzylamine)(CH3;CN)(OSO,CF3) (5.2)
The palladacycle complex, Pd(N,N-dimethylbenzylamine)(CH3;CN)(OSO,CF;), was

synthesized and characterized as previously reported."

5.3.4 — General UV-vis titrations

All spectrophotometric titration experiments were conducted using a Cary Bio 100
UV-vis spectrophotometer with the cell compartment thermostatted at 25.0 = 0.1°C. A
typical titration experiment involved preparation of a methanol solution containing triflic
acid'* (0.1 mM), 5.1 (0.04 mM), followed by 10-uL additions of 5.2 (0.004—0.08 mM) in
a 1-cm path length quartz cuvette. A scan from 500 to 200 nm was recorded after each
addition. Absorbance values at the Ayax for the 5.2:5.1 complex were corrected for both
dilution and absorbance due to 5.2 and plotted as a function of [5.2]. The data were fitted

to a strong binding equation'” to yield Ky, in units of M.

5.3.5 — General UV-vis Kkinetics
All kinetic experiments were conducted using a Cary Bio 100 UV-vis spectrophotometer
with the cell compartment thermostatted at 25.0 + 0.1°C. The reactions were conducted in

the presence of buffers composed of various ratios of amine and HOTTf to maintain
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the pH in methanol (N-ethylmorpholine jpH 8.5, 9.2; N-methylpiperidine ;pH 9.6, 10.2,
10.6; N,N,N’,N -tetramethylpiperidine pH 11.1, 11.5, 11.7). In the high-pH domain,
excess tetrabutylammonium methoxide (0.6 mM {pH 13.5, 6 mM ;pH 14, 16 mM pH

14.5) was used to maintain the {pH in methanol. A typical kinetic experiment for the
methanolysis of 5.1 involved preparation of a methanol solution containing buffer
(4 mM), 5.1 (0.04 mM), and 5.2 (0.01-0.15 mM) in a 1-cm path length quartz cuvette.
The reaction was initiated by the addition of an aliquot of 5.2 to the buffered solution
containing 5.1 to achieve the desired concentrations of the reaction components at a final
volume of 2.5 mL. All experiments were performed in duplicate. The palladacycle-
promoted methanolyses of 5.1a, 5.1b, and S5.1¢ were monitored at 415 nm, 385 nm, and
400 nm, respectively, for the appearance of the corresponding N-methylaniline. Those of
5.1d and 5.1e were monitored at 260 nm for the appearance of the corresponding N-
methylaniline. Due to the occurrence of product inhibition, the data were treated using
the initial rates method wherein the first 5-10% of the absorbance versus time traces for
the appearance of product was fitted with a linear regression to generate an initial rate in
units of Abs-s'. To obtain the kobs values in units of s"l, the initial rate was divided by the

total absorbance change for the reaction.

5.3.6 — Product analysis
Formation of the substituted N-methylaniline product was confirmed by comparison of
the UV-vis or '"H NMR spectrum of the product mixture with those of the authentic

materials.
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5.4 — Results

5.4.1 — Binding constants

Binding constants were determined via spectrophotometric titration of 5.1 with 5.2 as
shown in Figure 5-1. All five thiobenzanilides bind to 5.2 in a 1:1 fashion and exhibit
tight binding (K, > 10° M™); their binding profiles can be found in Supporting
Information 5-1. The magnitude of the binding constants decreases with increasing
electron-withdrawing ability of the substituent on the aniline group, represented in the

form of a Hammett plot in Figure 5-2 and tabulated in Table 5-1.

330nm
Abscorrected

L] L] L] L] L)
0 2.0x10°° 4.0x10° 6.0x10°5 8.0x10-° 1.0x10
[palladacycle], M

Figure 5-1. Exemplary plot of absorbance (at 330 nm, corrected for dilution as well as
absorbance due to the added complex) for the 5.2:5.1¢ complex vs [5.2] where [5.1¢] =
0.04 mM and [HOTf] = 0.1 mM" in anhydrous methanol at 25 °C. The data are fitted to
a NLLSQ relationship'> computing K, = 10%*%% M™!; 1* = 0.9998.
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Table 5-1. Logarithm of the binding constants for 5.2:5.1 at [HOTf] = 0.1 mM" in
anhydrous methanol at 25 °C.

Substrate  log(Ky, M)

5.1a 5.38+£0.04
5.1b 6.14 £ 0.06
5.1c¢ 6.15+0.03
5.1d 6.8+0.1
5.1e 69+02
7.5+
< 6.54
s
X
S 5.5
45 T L} ]
1 0 1 2
(e}

Figure 5-2. Hammett plot of log(Ky) for 5.2:5.1a—e vs ¢ where [HOTf] = 0.1 mM" in
anhydrous methanol at 25 °C. The data are fitted to a linear regression computing
p=-1.10 + 0.04; r* = 0.9960.
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5.4.2 — Catalyst concentration-K,s profiles

Catalyst concentration-k,ps profiles for the 5.2-promoted methanolysis of 5.1a and 5.1b
The rate of the palladacycle-promoted methanolysis of 5.1a was studied in the ;pH range

of 7.8 to 10.0 (Figure 5-27 to Figure 5-31, Supporting Information 5-3). The dependence
of the observed rate constant on [catalyst] exhibits saturation kinetics (Figure 5-3) and
can therefore be modelled using a one-site universal binding equation'® computing values
for kmax and K. To maintain consistency in fitting among the different substrates, the

second order rate constant was derived from the linear relationship between the first four
data points. At higher concentrations of alkoxide (;pH > 10), a form of inhibition
becomes apparent through the downward curvature of the saturation profile and may also
affect the steepness of the plots observed at lower ;pH. Mass spectral data support the

formation of palladacycle dimers in the alkaline domain. Because 5.1a is the weakest

binding of the five substrates under investigation, it is anticipated that formation of the
1:1 catalyst-substrate complex at high {pH would be most highly affected by this

dimerization of the five substrates under investigation.

The palladacycle-promoted methanolysis of 5.1b was studied in the {pH range of 8.2 to

10.6 (Figure 5-32 to Figure 5-36, Supporting Information 5-3). Like 5.1a, the dependence
of the observed rate constant on [catalyst] exhibits saturation kinetics and can be

modelled using a one-site universal binding equation'® (Figure 5-3).
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Figure 5-3. (Left) Plot of ke for the cleavage of 5.1a (4 x 10° M) vs [5.2] buffered
at ;pH 7.8 (4 mM N-ethylmorpholine, 2.5 mM HOTY) in anhydrous methanol at 25 °C.
The data are fitted to a NLLSQ' relationship computing Kuax = (9.4 = 0.1) x 10° s and
Ky = 10%7° M™"; 1* = 0.9980. The data in the catalyst-dependent region are fitted to a
linear regression computing k, = (1.86 + 0.05) M's™". (Right) Plot of ke for the
cleavage of 5.1b (4 x 10° M) vs [5.2] buffered at $pH 8.3 (4 mM N-ethylmorpholine,
2mM HOT) in anhydrous methanol at 25 °C. The data are fitted to a NLLSQ'®

relationship computing kmax = (1.15 £ 0.01) x 10 s and Kp, = 10°*°* M™!; * = 0.9986.
The data in the catalyst-dependent region are fitted to a linear regression computing k, =
(2.80 +0.02) Mg

Catalyst concentration-keps profiles for the 5.2-promoted methanolysis of 5.1c-e

The 5.2-promoted methanolyses of 5.1c—e exhibit two domains that carry different
nonzero dependences on catalyst concentration (Figure 5-37 to Figure 5-54, Supporting
Information 5-3). In the domain where [catalyst] < [substrate], kops is second-order in
[catalyst] and can be fitted to equation 5-1. In the domain where [catalyst] > [substrate],
kobs 1s first-order in [catalyst] and can be fitted to equation 5-2. In the cases of 5.1d and
S.1e, backward extrapolation of the linear relationship intersects the horizontal axis at

[catalyst] = 4 x 10 M (exemplary plots shown in Figure 5-4). Conversely, in the case of

5.1¢, backward extrapolation of the linear domain intersects the vertical axis (Figure 5-5).

k, =k[52]+k[52] (5-1)

obs

k,, =k[52]+k,,, (5-2)
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Figure 5-4. (Left) Plot of ke for the cleavage of 5.1d (4 x 10° M) vs [5.2] buffered

at ;pH 8.2 (4 mM N-ethylmorpholine, 2 mM HOTY) in anhydrous methanol at 25 °C. The
m-data are fitted to a linear regression computing k, = (0.278 + 0.002) M's!; * =
0.9998. (Right) Plot of keps for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at $pH

8.2 (4 mM N-ethylmorpholine, 2 mM HOTY) in anhydrous methanol at 25 °C. The m-data
are fitted to a linear regression computing k, = (0.30 + 0.01) M™"s™"; r* = 0.9988. In both
plots, the ®-data represent the second-order dependence of kqps on [5.2].
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Figure 5-5. Plot of ks for the cleavage of 5.1¢ (4 x 10 M) vs [5.2] buffered at $pH 8.3
(4 mM N-ethylmorpholine, 2 mM HOTT) in anhydrous methanol at 25 °C. The m-data are
fitted to a linear regression computing k, = (0.156 + 0.004) M™"s™ and knex = (1.54 +
0.05) x 10° s > = 0.9984. The o-data represent the second-order dependence of kops on
[5.2]; the o-data represent the transition from second-order to first-order dependence of
kobs on [5.2].

Dependence of horizontal axis-intercept on [5.1]
The concentration of 5.2 at which the transition occurs from second-order to first-order

behaviour changes with corresponding changes in [S.1]. Catalyst concentration vs Kps
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plots produced with 5.1d reveal changes in the [5.2]-axis intercept as shown in Figure 5-6

with the values tabulated in Table 5-2.

1.6x104+
e [5.1d] =0.02 mM
. m [5.1d] = 0.04 mM
1.2x10-4 o [5.1d] = 0.08 mM
‘n
» 8.0x10-54
Qo
xO
4.0x10°54
0

L] L] L] L] L}
0 4.0x10° 8.0x10°° 1.2x10* 1.6x10* 2.0x10*
[palladacycle], M

Figure 5-6. Plot of kg for the cleavage of 5.1d vs [5.2] buffered at ;pH 9.1-9.2 (4 mM
N-ethylmorpholine, 0.5 mM HOTY) in anhydrous methanol at 25 °C. The e-data are fitted
to a linear regression computing k, = (1.18 + 0.01) M'-s! and [5.2]-axis intercept = (1.9
+0.1) x 10° M; r* = 0.9998. The m-data are fitted to a linear regression computing k, =
(1.226 + 0.006) M -s™ and [5.2]-axis intercept = (3.9 + 0.1) x 10° M; r* = 0.9999. The
o-data are fitted to a linear regression computing k, = (1.087 + 0.009) M™"s and [5.2]-
axis intercept = (8.2 £ 0.2) x 107 M; > = 0.9998.

Table 5-2. Second order rate constants and [5.2]-axis intercepts for the cleavage of 5.1d
vs [5.2] buffered at ;pH 9.1-9.2 in anhydrous methanol at 25 °C.

[5.1d] [5.2]-axis intercept ks s
(10° x M) (10° x M) s sPH
2.0 1.9+0.1 1.18£0.01 9.1
4.0 3.9+0.1 1.226 +£0.006 9.2
8.0 82+0.2 1.087 +0.009 9.1
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5.4.3 — ;pH-log(k,) profiles for the 5.2-promoted methanolysis of 5.1a—e
The gradient of the linear domains of each catalyst concentration-kqps plot represents the

second order rate constants (k) for cleavage. The logarithms of the k, values for the
5.2-promoted methanolyses of 5.1a—e exhibit linear dependences on ;pH (Figure 5-7).

All profiles have a gradient of approximately unity (Supporting Information 5-2).
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Figure 5-7. (Left) Plot of log(ky) for the palladacycle-promoted cleavage of 5.1b (4 X
10” M) vs $pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.03 + 0.03; r* = 0.9977. (Right) Plot of log(k,) for the

palladacycle-promoted cleavage of 5.1d (4 x 10° M) vs $pH in anhydrous methanol
under buffered conditions (4 mM amine, various concentrations of HOTY) at 25 °C. The
line through the data is generated from a linear regression to provide a slope of 1.03 +
0.04; r* = 0.9963.

5.4.4 — ;pH-log(k;) profiles for the 5.2-promoted methanolysis of 5.1c—e

Fitting the [catalyst] < [substrate] domains of the catalyst concentration-kops plots for
5.1c—e generates third order rate constants (ks) for cleavage. The logarithms of the kj
values for the 5.2-promoted methanolyses of 5.1c—e exhibit linear dependences on {pH

(Figure 5-8). All profiles have a gradient of approximately unity (Supporting Information

5-2).
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Figure 5-8. (Left) Exemplary plot of kg, for the cleavage of 5.1e in the [catalyst] <
[substrate] domain vs [5.2] buffered at {pH 10.0 (4 mM N,N,N’,N -tetramethylpiperidine,
2 mM HOTY) in anhydrous methanol at 25 °C. The data are fitted to equation 5-1
computing k3 = (9.5 + 0.3) x 10° M?'s™; ¥ = 0.9950. (Right) Plot of log(ks) for the
palladacycle-promoted cleavage of 5.1e (4 x 10° M) vs $pH in anhydrous methanol
under buffered conditions (4 mM amine, various concentrations of HOTY) at 25 °C. The
line through the data is generated from a linear regression to provide a slope of 1.05 +

0.02; r* = 0.9981.

5.4.5 — ;pH-log(Kmayx) profiles for the 5.2-promoted methanolysis of 5.1a—c

The kmax values for the cleavage of 5.1a and 5.1b are determined directly from the fitting.
In the case of S.1¢, k. 1s determined from the extrapolation of the linear dependence

back to the vertical axis. The logarithms of the maximum observed rate constants for the
palladacycle-promoted methanolyses of 5.1a—¢ exhibit linear dependences on pH. All

profiles have a slope of approximately unity (Supporting Information 5-2).

5.4.6 — Hammett plots

Hammett plot (k;"%")

The dependence of ky.x on [alkoxide] yields a linear relationship from which a second

order rate constant can be derived (kzMeO'

). The relationship between the logarithm of
kMO for the palladacycle-promoted methanolyses of 5.la—c and the substituent

constant, 6, is linear exhibiting a p value of 1.45 (Figure 5-9).
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Figure 5-9. Hammett plot of log(k,"*) for the palladacycle-promoted cleavage of

5.1a—c (4 x 10° M) vs o~ in anhydrous methanol under buffered conditions (4 mM amine,
various concentrations of HOTY) at 25 °C. The line through the data is generated from a
linear regression computing p = 1.45 + 0.04; * = 0.9991.

Hammett plot (k3"*%")

The dependence of k; on [alkoxide] yields a linear relationship from which a third order

MOy The relationship between the logarithm of k3" for

rate constant can be derived (ks
the palladacycle-promoted methanolyses of 5.1c—e and the substituent constant, ¢, is

linear exhibiting a p~ value of ~0 (Figure 5-10).
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Figure 5-10. Hammett plot of log(k;"'?") for the palladacycle-promoted cleavage of
5.1c—e (4 x 10° M) vs o in anhydrous methanol under buffered conditions (4 mM amine,
various concentrations of HOTY) at 25 °C. The line through the data is generated from a

linear regression computing p- =-0.01 + 0.03.
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5.5 — Discussion

In the previous study,’ the palladacycle-promoted methanolysis of 5.1b was shown to
involve the decomposition of the complex formed between 5.1b, palladacycle, and
methoxide. The computations reveal a stable tetrahedral intermediate is formed along the
cleavage pathway and that metal ion-promoted LGA plays a role in stabilizing the TS for
leaving group departure. Kinetic data collected as part of the current study suggest that as
the departing anilide becomes more basic, the dependence of the observed rate constant
on [catalyst] takes on a higher order with no changes in order with respect to either
substrate or methoxide. It is anticipated that the same modes of metallo-catalysis would
be operative in this mechanistic regime, however the various roles may be distributed
among the two metal ions in order to capitalize on the availability of additional Lewis
acidity. The following sections distinguish and examine the kinetic behaviours exhibited

by the system throughout the substrate scope of this study.

5.5.1 — Palladacycle-promoted cleavage of 5.1a and 5.1b

Both the palladacycle-promoted cleavages of 5.1a and 5.1b exhibit saturation behaviour
in their kops vs [catalyst] plots. The dependences of kyax and k, on {pH are linear and have
gradients of unity. Together, the data suggest a 1:1:1 substrate-catalyst-methoxide
complex is the active form leading to methanolytic cleavage. It is of note that in some
cases, the kinetically-determined binding constants appear greater than those determined
by spectrophotometric titration. This may be a consequence of enhanced binding due to
coordination of methoxide and/or dimerization of the palladacycle at higher [methoxide]

and [palladacycle] which is most evident in Figure 5-31 (Supporting Information 5-3).
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5.5.2 — Palladacycle-promoted cleavage of 5.1d and S.1e

In the domain where [catalyst] < [substrate], the dependence of ks on [catalyst] exhibits
upward curvature indicating the reaction is second order with respect to catalyst
concentration. The dependence of k3 on {pH is linear with a gradient of unity, suggesting
that, in this domain, the active species includes one substrate, two catalysts, and one
methoxide. In the domain where [catalyst] > [substrate], the dependence of kops on
[catalyst] transitions to a linear relationship. Given the large binding constants for
5.2:51d and 5.2:5.1e (determined via spectrophotometric titration, Supporting
Information 5-1), it is anticipated that one equivalent of catalyst is tightly bound to the
substrate at and beyond [catalyst] = [substrate]. The transition from second to first order
behaviour must therefore signal complete binding of one catalyst but not the other. The
linear behaviour of the second catalyst indicates that it does not become tightly associated
with the substrate. Upon backward extrapolation of the linear portion, the line intercepts
the horizontal axis at [catalyst] = 0.04 mM, in other words, where [catalyst] = [substrate].
This behaviour is found to be general — as the concentration of 5.1d is changed, the linear
extrapolation consistently meets the horizontal axis where [catalyst] = [substrate]. The
data thus indicate the 1:1:1 substrate-catalyst-methoxide complex has little or no activity

toward cleavage, the however participation of a second catalyst promotes methanolysis.

5.5.3 — Palladacycle-promoted cleavage of 5.1c
The dependence of ks on [catalyst] for 5.1¢ bears resemblance to that of 5.1d and S.1e
with the exception of the nature of the extrapolated intercept. Upon backward

extrapolation of the linear region for S.1¢, the line meets the vertical axis when
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[catalyst] = 0 M. The kqps at which this line intersects the vertical axis is thought to
represent the maximum achievable rate constant for cleavage of the 1:1:1 substrate-
catalyst-methoxide complex. Given the dependence of kops on two catalysts as well as the
activity of the 1:1:1 complex, the rate-limiting TSs for these two pathways must be
similar in energy, thereby permitting this substrate to undergo cleavage via two different

mechanistic pathways.

5.5.4 — Mechanistic considerations

The previous study’ involving 5.2 and 5.1b revealed that the solvolysis reaction elicits a
trifunctional role for the metal ion involving its pre-equilibrium coordination to and
activation of the C=S unit, subsequent intramolecular attack of a Pd(II)-coordinated
methoxide, and Pd(I)-assisted C—N cleavage. The catalyst concentration vs Kgps
and {pH-log(kmax) profiles reveal one catalyst, one substrate, and one methoxide are

involved in the rate-limiting transition state for cleavage.

The current study reveals thiobenzanilides S.1a and S.1b undergo methanolysis as
described in the previous study, requiring one catalyst and one methoxide to accomplish
cleavage (Scheme 5-2: Path A). In contrast, 5.1d and S.1e exhibit a higher-order
dependence on [palladacycle] in their catalyst concentration-kops profiles, pointing to the
requirement for two catalysts. Both the {pH-log(k,) and {pH-log(ks) profiles have unit
gradients, implying only one methoxide is required to promote methanolysis (Scheme
5-2: Path B or C). Substrate 5.1¢ appears to straddle the transition point between the two
mechanisms as both pathways appear operative in its cleavage reaction.
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At ;pH values higher than those reported here, the [catalyst]-kops plots for 5.1¢—e exhibit
downward curvature and appear square-root in nature. It is therefore neither possible to
accurately define the anticipated kinetic ;pK, nor to determine the domain where the
system attains saturation with respect to the concentration of the second catalyst. The
square-root nature of the curvature indicates that one species must dissociate into two in
order to produce the catalytically active form. In this context, it could reflect either the
dissociation of a palladacycle dimer (producing two MeO :5.2 species) or the dissociation
of MeO :5.2 to produce a free catalyst and methoxide, or possibly both if the dependence
is more complicated than a simple square-root. Defining reliable kinetic parameters from
a square-root relationship can be sufficiently challenging without the added complication
arising from a transition in kinetic order from a square to a square root. For this reason,
data were only collected and analyzed in the domains where the relationship between Kkops

and [5.2] is linear.

The [catalyst]-kops profiles highlight a change in order in [catalyst] from S.1a through to
5.1e, signaling a change in mechanism. The involvement of a second metal ion coincides
with a drastic reduction in the dependence of rate on the substituent (p~ = 1.45 to -0.01)
and therefore in the charge on the leaving group in the rate-limiting transition state.
Together, these can be interpreted as one of the two metal ions providing significant
stabilization to the developing charge on the LG concurrent with its departure. In the case
of substituents with less electron-withdrawing character, a greater degree of negative
charge is expected to accumulate on the departing N and the LG would require a greater
degree of stabilization by the metal ion in order to depart. A small p= value like -0.01
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suggests substantial involvement of a second metal ion such that the accumulation of
electron density on the departing N is very small. In this domain, two kinetically
indistinguishable pathways may be operating and are represented as B and C in Scheme
5-2. Path C describes a mechanism wherein one catalyst binds tightly to the substrate
followed by intermolecular nucleophilic attack by an externally-derived Pd(II)-bound
methoxide. Subsequent to delivering the nucleophile, the second catalyst may then
become associated with the N of the LG. In Path B, one catalyst binds tightly to the
substrate as well as a methoxide and intramolecularly delivers the nucleophile to the C=S
unit. Subsequent to formation of the tetrahedral intermediate, a second catalyst becomes
transiently coordinated to the lone pair on the N of the LG and stabilizes its departure. A
near-zero value for p could also arise from compensatory effects of the substituent on
steps leading up to and including the rate-limiting step. Path B is shown in greater detail
in Scheme 5-3 where it becomes clear that p is a composite of several equilibria and

chemical steps leading to cleavage.

Studies by Broxton, Deady, and Rowe indicate the
methoxide-catalyzed cleavage of 5.3a—g shows a S =
consistent mechanism throughout the substrate range N ~x

where leaving group departure is the rate-limiting step O,N
£ group €ep g Step Oz 5.3a X = 3,5-diNO,

- _ 6 . . 1 5.3b X=4-NO,
and p- = 2.16.” The magnitude of p~ in the methoxide 53¢ X = 3-NO,
. . 5.3d X=3-Cl
promoted reaction is larger than that of the palladacycle- 53e X = 4-Br
5.3f X=H
promoted reactions, substantiating the idea that the Pd 5.3g X = 4-CHj,

ion(s) stabilizes charge development in the steps up to
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and including the rate-limiting step. The reduction in the dependence of ks on the nature

of the LG due to metal ion-promoted LGA has been previously documented in cases

involving phosphate esters.'®"’

Scheme 5-2. Proposed reaction scheme for the palladacycle-promoted methanolysis of
5.1.

Path C
K MeO:5.2
MeOH:5.2 + 5.1 =—2—="~ MecOH:5.2:5.1 —— > MTB:5.2 W H'
k1 NMA"5.2 \
H+ K H+ K ] MTB:S.Z
a a Path B + NMA-H + 5.2
Ky' 5.2 H'
MeO:5.2 +5.1 =<——— Me07:5.2:51 ——> MTB:5.2 /
k1 NMA:5.2
Path A | k.«
H+
NMA":5.2:MTB MTB:5.2 + NMA-H

Scheme 5-3. Detailed representation of Path B illustrating the interaction of 5.2 with the
tetrahedral intermediate (Ts-) on the pathway to methanolysis.

Ky 5.2
MeO7:5.2 + 5.1 —== Me0:5.2:5.] —== Ts- ——= T-:5.2

Y
MTB:5.2 + NMA™:5.2

J
H*

MTB:5.2 + NMA-H + 5.2
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5.6 — Conclusions

Within the range of thiobenzanilides under investigation, the kinetic data suggest a
change in mechanism occurs from a domain where one catalyst and one methoxide are
necessary to promote methanolysis of the substrate, to a second domain where two
catalysts and one methoxide are required. Such kinetic studies provide evidence for the
stoichiometry of the rate-limiting transition state, but cannot distinguish between
different pathways involving the same stoichiometry. It appears that when the LG is
sufficiently basic, a second pathway becomes energetically available in which the roles of
the catalyst are redistributed over two metal ions (catalysts). With the additional positive
charge available for stabilization of the departing LG, the overall dependence of the

reaction rate on the nature of the LG becomes negligibly small.

Several experiments could be performed to further substantiate the existence of a
complex composed of one substrate, two catalysts, and one methoxide. Mass
spectrometric measurements could be carried out under conditions of excess catalyst;
both the mass and distinct isotopic pattern would provide definitive evidence for this
species. In order to distinguish this complex from a tetrahedral intermediate with a
second catalyst bound to it, MS-MS may also be employed. Evidence could also be
derived from a dinuclear catalyst that exhibits enhanced activity toward the methanolysis
of 5.1c—e relative to the mononuclear case by reducing the entropic component for
bringing two catalysts and a substrate together in solution. Finally, a set of experiments
could be performed in which a 1:1:1 mixture of palladacycle, substrate, and methoxide

are subjected to different concentrations of a second, different, metal ion. If these metal
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ions are also able to promote cleavage, this would provide evidence for a relatively
inactive MeO :5.2:5.1 complex that requires assistance from an external Lewis acid. Any
trends with respect to the identity of the metal ion may also be useful for assessing the

ability of particular metal ions to assist in the departure of nitrogen-based leaving groups.

Lastly, product analysis using "H NMR has provided evidence for some formation of the
C=0 analogue of the thionester product. This observation suggests that the palladacycle
catalyst may promote desulfurization of the thionester subsequent to thiobenzanilide
methanolysis. A full kinetic study of this adventitious reaction would be necessary to
ascertain whether it interferes in any way with the kinetic analysis of the reaction of

interest.
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5.7 — Supporting Information

5.7.1 — Supporting Information 5-1: Spectrophotometric titrations

337nm
Abscorrected

L) L) L) L) L}
0 2.0x10°° 4.0x10° 6.0x10°5 8.0x10-° 1.0x10
[palladacycle], M

Figure 5-11. Plot of absorbance (at 337 nm, corrected for dilution as well as absorbance
due to the added complex) for the 5.2:5.1a complex vs [5.2] where [S.1a] = 0.04 mM and
[HOTf] = 0.1 mM" in anhydrous methanol at 25 °C. The data are fitted to a NLLSQ
relationship"® computing Ky = 1070 M'; 1* = 0.9994.

295nm
Abscorrected

L] L] L] L] L)
0 2.0x10°° 4.0x10° 6.0x10°5 8.0x10-° 1.0x10
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Figure 5-12. Plot of absorbance (at 295 nm, corrected for dilution as well as absorbance
due to the added complex) for the 5.2:5.1b complex vs [5.2] where [5.1b] = 0.04 mM and
[HOTf] = 0.1 mM" in anhydrous methanol at 25 °C. The data are fitted to a NLLSQ
relationship"® computing Ky = 1009 M; 1* = 0.9996.
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Figure 5-13. Plot of absorbance (at 330 nm, corrected for dilution as well as absorbance
due to the added complex) for the 5.2:5.1¢ complex vs [5.2] where [5.1¢] = 0.04 mM and

[HOTf] = 0.1 mM" in anhydrous methanol at 25 °C. The data are fitted to a NLLSQ
relationship"® computing Ky = 1009 M; 1* = 0.9998.

333nm
Abscorrected

L] L] L] L] L)
0 2.0x10°° 4.0x10° 6.0x10°5 8.0x10-° 1.0x10
[palladacycle], M

Figure 5-14. Plot of absorbance (at 333 nm, corrected for dilution as well as absorbance
due to the added complex) for the 5.2:5.1d complex vs [5.2] where [5.1d] = 0.04 mM and

[HOTf] = 0.1 mM" in anhydrous methanol at 25 °C. The data are fitted to a NLLSQ
relationship"® computing Ky = 10*¥*! M™'; r* = 0.9990.
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Figure 5-15. Plot of absorbance (at 330 nm, corrected for dilution as well as absorbance
due to the added complex) for the 5.2:5.1e complex vs [5.2] where [5.1e] = 0.04 mM and
[HOTf] = 0.1 mM" in anhydrous methanol at 25 °C. The data are fitted to a NLLSQ
relationship"® computing Ky = 107> M™'; r* = 0.9988.

5.7.2 — Supporting Information 5-2: Plots of log(k) vs ;pH

Plots of log(k) vs pH
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Figure 5-16. Plot of log(k,) for the palladacycle-promoted cleavage of 5.1a (4 x 10” M)
vs :pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 0.97 + 0.03; 1* = 0.9965.
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Figure 5-17. Plot of log(k,) for the palladacycle-promoted cleavage of 5.1b (4 x 10° M)
vs ;pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.03 + 0.03; r* = 0.9977.
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Figure 5-18. Plot of log(ks) for the palladacycle-promoted cleavage of 5.1¢ (4 x 10 M)

vs ;pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.14 + 0.05; r* = 0.9951.
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Figure 5-19. Plot of log(k,) for the palladacycle-promoted cleavage of 5.1d (4 x 10° M)
vs ;pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.03 + 0.04; > = 0.9963.
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Figure 5-20. Plot of log(k,) for the palladacycle-promoted cleavage of 5.1e (4 x 10”° M)

vs :pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.00 + 0.02; > = 0.9981.
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Plots of log(kmax) vs spH
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Figure 5-21. Plot of log(kmay) for the palladacycle-promoted cleavage of 5.1a (4 x 107

M) vs pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.01 + 0.04; 1 = 0.9943.
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Figure 5-22. Plot of log(kmax) for the palladacycle-promoted cleavage of 5.1b (4 x 107

M) vs ;pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.13 + 0.03; r* = 0.9978.
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Figure 5-23. Plot of log(kmay) for the palladacycle-promoted cleavage of 5.1¢ (4 x 107
M) vs pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.1 + 0.1; r* = 0.9804.
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Figure 5-24. Plot of log(ks) for the palladacycle-promoted cleavage of 5.1¢ (4 x 10° M)

vs :pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.09 + 0.02; * = 0.9990.
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Figure 5-25. Plot of log(ks) for the palladacycle-promoted cleavage of 5.1d (4 x 10” M)
vs :pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.06 + 0.06; * = 0.9930.
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Figure 5-26. Plot of log(ks) for the palladacycle-promoted cleavage of 5.1e (4 x 10° M)

vs :pH in anhydrous methanol under buffered conditions (4 mM amine, various

concentrations of HOTY) at 25 °C. The line through the data is generated from a linear
regression to provide a slope of 1.05 + 0.02; r* = 0.9981.
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5.7.3 — Supporting Information 5-3: Plots of Kk, vs [catalyst]
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Figure 5-27. Plot of ks for the cleavage of 5.1a (4 x 10 M) vs [5.2] buffered at .pH 7.8

(4 mM N-ethylmorpholine, 2.5 mM HOTY) in anhydrous methanol at 25 °C. The data in
the catalyst-dependent region are fitted to a linear regression computing k, = (1.86 +
0.05) M-,
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Figure 5-28. Plot of kqps for the cleavage of 5.1a (4 x 10 M) vs [5.2] buffered at $pH 8.2

(4 mM N-ethylmorpholine, 2 mM HOTY) in anhydrous methanol at 25 °C. The data in the
catalyst-dependent region are fitted to a linear regression computing k, = (4.7 = 0.1)
Y
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Figure 5-29. Plot of kqps for the cleavage of 5.1a (4 x 10 M) vs [5.2] buffered at $pH 9.2
(4 mM N-ethylmorpholine, 0.5 mM HOTY) in anhydrous methanol at 25 °C. The data in

the catalyst-dependent region are fitted to a linear regression computing k, = (27 £ 1)
Mt
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Figure 5-30. Plot of kqps for the cleavage of 5.1a (4 x 10 M) vs [5.2] buffered at .pH 9.6

(4 mM N-methylpiperidine, 2.8 mM HOTY) in anhydrous methanol at 25 °C. The data in
the catalyst-dependent region are fitted to a linear regression computing k, = (118 £ 1)
Mg
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Figure 5-31. Plot of ko for the cleavage of 5.1a (4 x 10° M) vs [5.2] buffered at $pH
10.0 (4 mM N-methylpiperidine, 2 mM HOTY) in anhydrous methanol at 25 °C. The data

in the catalyst-dependent region are fitted to a linear regression computing k, = (260 +
16) M5,
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Figure 5-32. Plot of kg, for the cleavage of 5.1b (4 x 10 M) vs [5.2] buffered at $pH 8.3
(4 mM N-ethylmorpholine, 2 mM HOTY) in anhydrous methanol at 25 °C. The data in the

catalyst-dependent region are fitted to a linear regression computing k, = (2.80 £ 0.02)
Y
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Figure 5-33. Plot of kg, for the cleavage of 5.1b (4 x 10> M) vs [5.2] buffered at SpH 9.2
(4 mM N-ethylmorpholine, 0.5 mM HOTY) in anhydrous methanol at 25 °C. The data in

the catalyst-dependent region are fitted to a linear regression computing k, = (20.9 + 0.2)
M1t
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Figure 5-34. Plot of ke, for the cleavage of 5.1b (4 x 10 M) vs [5.2] buffered at $pH 9.6

(4 mM N-methylpiperidine, 2.8 mM HOTY) in anhydrous methanol at 25 °C. The data in
the catalyst-dependent region are fitted to a linear regression computing k, = (73 + 3)
Mgt
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Figure 5-35. Plot of ks for the cleavage of 5.1b (4 x 10 M) vs [5.2] buffered at SpH

10.0 (4 mM N-methylpiperidine, 2 mM HOTY) in anhydrous methanol at 25 °C. The data
in the catalyst-dependent region are fitted to a linear regression computing k, = (195 + 4)
Mg
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Figure 5-36. Plot of ko for the cleavage of 5.1b (4 x 10 M) vs [5.2] buffered at SpH

10.7 (4 mM N-methylpiperidine, 0.5 mM HOTY) in anhydrous methanol at 25 °C. The
data in the catalyst-dependent region are fitted to a linear regression computing k, =
(1050 + 10) M™"-s™".
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Figure 5-37. Plot of ks for the cleavage of 5.1¢ (4 x 10 M) vs [5.2] buffered at $pH 8.3
(4 mM N-ethylmorpholine, 2 mM HOTY) in anhydrous methanol at 25 °C. The m-data are
fitted to a linear regression computing k, = (0.156 + 0.004) M™"s™ and knex = (1.54 +
0.05) x 107 s”'. The e-data represent the second-order dependence of ks on [5.2]; the

o-data represent the transition from second-order to first-order dependence of kyps on
[5.2].
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Figure 5-38. Plot of ko for the cleavage of 5.1¢ (4 x 10 M) vs [5.2] buffered at $pH 9.1
(4 mM N-ethylmorpholine, 0.5 mM HOTY) in anhydrous methanol at 25 °C. The m-data
are fitted to a linear regression computing k, = (1.05 £ 0.03) M!s! and Kmax = (1.65 £
0.03) x 10™ s™. The e-data represent the second-order dependence of ks on [5.2]; the

o-data represent the transition from second-order to first-order dependence of kyps on
[5.2].

225



1.2x103+

- 8.0x1044

‘0

F:

< “

4.0x104 o
[ )
[ ]
0"'_' T T T 1
0 4.0x10° 8.0x105 1.2x10* 1.6x10*

[palladacycle], M

Figure 5-39. Plot of ko, for the cleavage of 5.1¢ (4 x 10 M) vs [5.2] buffered at SpH 9.7
(4 mM N-methylpiperidine, 2.8 mM HOTY) in anhydrous methanol at 25 °C. The m-data
are fitted to a linear regression computing k, = (4.8 + 0.2) M s and kpax = (4.0 + 0.2) x
10* s7'. The e-data represent the second-order dependence of ko on [5.2]; the o-data
represent the transition from second-order to first-order dependence of kqps on [5.2].
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Figure 5-40. Plot of ko for the cleavage of 5.1¢ (4 x 10 M) vs [5.2] buffered at $pH
10.0 (4 mM N-methylpiperidine, 2 mM HOTf) in anhydrous methanol at 25 °C. The
m-data are fitted to a linear regression computing k, = (9.4 £ 0.1) M™'*s™ and kpax = (1.32
+0.01) x 10 s™!. The e-data represent the second-order dependence of kos on [5.2]; the

o-data represent the transition from second-order to first-order dependence of kyps on
[5.2].
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Figure 5-41. Plot of ko for the cleavage of 5.1¢ (4 x 10 M) vs [5.2] buffered at $pH
10.8 (4 mM N-methylpiperidine, 0.5 mM HOTY) in anhydrous methanol at 25 °C. The
m-data are fitted to a linear regression computing k, = (115 + 5) Ms™ and kpax = (3.1
0.4) x 102 s, The e-data represent the second-order dependence of kyps on [5.2]; the
o-data signal changes in order of [5.2].
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Figure 5-42. Plot of kg, for the cleavage of 5.1d (4 x 10 M) vs [5.2] buffered at SpH 8.2

(4 mM N-ethylmorpholine, 2 mM HOTY) in anhydrous methanol at 25 °C. The m-data are
fitted to a linear regression computing k, = (0.278 + 0.002) M™'-s™. The e-data represent
the second-order dependence of ks on [5.2].
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Figure 5-43. Plot of kg, for the cleavage of 5.1d (4 x 10 M) vs [5.2] buffered at $pH 9.0
(4 mM N-ethylmorpholine, 0.5 mM HOTY) in anhydrous methanol at 25 °C. The m-data
are fitted to a linear regression computing k, = (1.226 + 0.006) M'-s™". The e-data
represent the second-order dependence of ks on [5.2].
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Figure 5-44. Plot of kg, for the cleavage of 5.1d (4 x 10> M) vs [5.2] buffered at SpH 9.7

(4 mM N-methylpiperidine, 2.8 mM HOTY) in anhydrous methanol at 25 °C. The m-data
are fitted to a linear regression computing k, = (8.42 + 0.03) M™"-s™'. The e-data represent
the second-order dependence of ks on [5.2].
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Figure 5-45. Plot of ko for the cleavage of 5.1d (4 x 10 M) vs [5.2] buffered at SpH
10.1 (4 mM N-methylpiperidine, 2 mM HOTf) in anhydrous methanol at 25 °C. The
m-data are fitted to a linear regression computing k, = (22.3 + 0.4) M"-s”". The e-data

represent the second-order dependence of ko,s on [5.2]; the o-data signal a change in
order of [5.2].
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Figure 5-46. Plot of ko for the cleavage of 5.1d (4 x 10 M) vs [5.2] buffered at SpH

10.8 (4 mM N-methylpiperidine, 0.5 mM HOTY) in anhydrous methanol at 25 °C. The
m-data are fitted to a linear regression computing k, = (111 + 2) M's”. The e-data
represent the second-order dependence of ko,s on [5.2]; the o-data signal a change in
order of [5.2].
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Figure 5-47. Plot of kops for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at $pH 8.2
(4 mM N-ethylmorpholine, 2 mM HOTY) in anhydrous methanol at 25 °C. The m-data are

fitted to a linear regression computing k, = (0.30 = 0.01) M -s™. The e-data represent the
second-order dependence of kys on [5.2].
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Figure 5-48. Plot of ko for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at $pH 8.8

(4 mM N-ethylmorpholine, 0.8 mM HOTY) in anhydrous methanol at 25 °C. The m-data
are fitted to a linear regression computing k, = (1.17 £ 0.03) M""-s™. The e-data represent
the second-order dependence of ks on [5.2].
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Figure 5-49. Plot of ko for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at $SpH 9.2
(4 mM N-methylpiperidine, 3.5 mM HOTY) in anhydrous methanol at 25 °C. The m-data
are fitted to a linear regression computing k, = (2.8 + 0.1) M"-s”. The e-data represent
the second-order dependence of ks on [5.2].
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Figure 5-50. Plot of ko for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at $pH

10.2 (4 mM N-methylpiperidine, 2 mM HOTY) in anhydrous methanol at 25 °C. The
m-data are fitted to a linear regression computing k, = (22.8 + 0.6) M™-s™. The e-data
represent the second-order dependence of kyps on [5.2].
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Figure 5-51. Plot of ko for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at $pH
10.8 (4 mM N-methylpiperidine, 2 mM HOTf) in anhydrous methanol at 25 °C. The
m-data are fitted to a linear regression computing k, = (118 + 2) M's”. The e-data

represent the second-order dependence of ko,s on [5.2]; the o-data signal a change in
order of [5.2].
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Figure 5-52. Plot of kg, for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at SpH
11.6 (4 mM N,N,N’,N’-tetramethylpiperidine, 3.5 mM HOTY) in anhydrous methanol at
25 °C. The e-data represent the second-order dependence of kg,s on [5.2]; the m-data
represent a nonlinear dependence of kg,s on [5.2].
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Figure 5-53. Plot of ko for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at $pH
12.0 (4 mM N,N,N’,N’-tetramethylpiperidine, 2 mM HOTY) in anhydrous methanol at
25 °C. The e-data represent the second-order dependence of kqps on [5.2]; the m-data
represent a nonlinear dependence of kg,s on [5.2].
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Figure 5-54. Plot of ko for the cleavage of 5.1e (4 x 10 M) vs [5.2] buffered at $pH

12.6 (4 mM N,N,N’,N’-tetramethylpiperidine, 0.5 mM HOTY) in anhydrous methanol at
25 °C. The e-data represent the second-order dependence of kyps on [5.2]; the m-data
represent a nonlinear dependence of kqps on [5.2].
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5.7.4 — Supporting Information 5-4: Hammett plots
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Figure 5-55. Hammett plot of log(k,x) for the palladacycle-promoted cleavage of 5.1a—¢

(4 x 10° M) vs ¢ in anhydrous methanol under buffered conditions (4 mM amine,
various concentrations of HOTY) at pH 8.4 and 25 °C. These kmax values are interpolated

from overlaid {pH-log(kmax) profiles for 5.1a—c. The line through the data is generated
from a linear regression computing p~ = 1.61 + 0.02; r* = 0.9998.
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Figure 5-56. Hammett plot of log(k;) for the palladacycle-promoted cleavage of 5.1a—¢
(4 x 10° M) vs ¢ in anhydrous methanol under buffered conditions (4 mM amine,
various concentrations of HOTY) at pH 8.4 and 25 °C. These k; values are interpolated
from overlaid ;pH-log(k,) profiles for 5.1a—c. The line through the data is generated from
a linear regression computing p_ = 2.0 = 0.2; 1* = 0.9920.
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Figure 5-57. Hammett plot of log(k,) for the palladacycle-promoted cleavage of S.1c—e
(4 x 10° M) vs ¢ in anhydrous methanol under buffered conditions (4 mM amine,
various concentrations of HOTY) at jpH 8.4 and 25 °C. These k; values are interpolated

from overlaid {pH-log(k;) profiles for 5.1c—e. The line through the data is generated from
a linear regression computing p_ = -0.31 + 0.07; r* = 0.9474.

Figure 5-58. Hammett plot of log(ks) for the palladacycle-promoted cleavage of S.1c—e
(4 x 10° M) vs ¢ in anhydrous methanol under buffered conditions (4 mM amine,

various concentrations of HOTY) at {pH 8.4 and 25 °C. These k; values are extrapolated

from overlaid {pH-log(ks) profiles for 5.1c—e.The line through the data is generated from
a linear regression computing p~ = 2.71 £ 0.01; r* = 1.000.
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Figure 5-59. Hammett plot of log(k,"*°") for the palladacycle-promoted cleavage of
5.1a—c (4 x 10° M) vs ¢~ in anhydrous methanol under buffered conditions (4 mM
amine, various concentrations of HOTY) at 25 °C. The line through the data is generated
from a linear regression computing p~ = 1.45 + 0.04; r* = 0.9991.
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Figure 5-60. Hammett plot of log(k;"'*?") for the palladacycle-promoted cleavage of
5.1c—e (4 x 10° M) vs o in anhydrous methanol under buffered conditions (4 mM amine,

various concentrations of HOTY) at 25 °C. The line through the data is generated from a
linear regression computing p- =-0.01 + 0.03.
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Figure 5-61. Hammett plot of log(ks"*®) for the palladacycle-promoted cleavage of
5.1a—e (4 x 10° M) vs ¢~ in anhydrous methanol under buffered conditions (4 mM
amine, various concentrations of HOTY) at 25 °C. The line through the data is generated
from a linear regression computing p~= 1.6 + 0.2; 1 = 0.9894.

237



5.8 — References and notes

! Wilcox, D. E. Chem. Rev. 1996, 96, 2435. Weston, J. Chem. Rev. 2005, 105, 2151.

2 Brown, R. S.; Neverov, A. A. Adv. Phys. Org. Chem. 2008, 42, 271.

3 (a) Neverov, A. A.; Brown, R. S. Org. Biomol. Chem. 2004, 2, 2245. (b) Brown, R.
S.; Neverov, A. A.; Tsang, J. S. W.; Gibson, G. T. T.; Montoya-Pelaez, P. J. Can. J.
Chem. 2004, 82, 1791.

% (a) Neuman, R. C., Jr.; Roark, D. N.; Jonas, V. J. Am. Chem. Soc. 1967, 89, 3412.
(b) Ramiah, K. V.; Chalapathi, V. V. Curr. Sci. India 1971, 14, 363. (c¢) Leopardi, C. P.;
Fabre, O.; Zimmerman, D.; Reisse, J.; Cornea, F.; Fulea, C. Can. J. Chem. 1977, 55,
2649. (d) Wiberg, K. B. Acc. Chem. Res. 1999, 32, 922. (e) Wiberg, K. B.; Rush, D. J. J.
Am. Chem. Soc. 2001, 123, 2038.

> (a) Smith, S. G.; O’Leary, M. J. Org. Chem. 1963, 28, 2825. (b) Powers, J. C.;
Westheimer, F. H. J. Am. Chem. Soc, 1960, 82, 5431.

% Broxton, T. I.; Deady, L. W.; Rowe, J. E. ust. J. Chem. 1978, 31, 1731.

7 (a) Campbell, P.; Nashed, N. T. J. Am. Chem. Soc. 1982, 104, 5221. (b) Bartlett, P.
A.; Spear,K. L.; Jacobsen,N. E. Biochemistry 1982, 21, 1608. (c) Mock, W. L.; Chen,
J.-T.; Tsang, J. W. Biochem. Biophys. Res. Commun. 1981, 102, 389. (d) Bond, M. D.;
Holmquist, B.; Vallee, B. L. J. Inorg. Biochem. 1986, 28, 97.

8 (a) Liu, C. T.; Maxwell, C. L.; Edwards, D. R.; Neverov, A. A.; Mosey, N. J.; Brown,
R. S. J. Am. Chem. Soc. 2010, 132, 16599. (b) Liu, C. T.; Neverov, A. A.; Brown, R. S.
Inorg. Chem. 2011, 50, 7852.

? Liu, C. T.; Maxwell, C. L; Pipe, S. G.; Neverov, A. A.; Mosey, N. J.; Brown, R. S. J.
Am. Chem. Soc. 2011, 133, 20068.

238



' Gibson, G.; Neverov, A. A.; Brown, R. S. Can. J. Chem. 2004, 81, 495.

""For the designation of pH in non-aqueous solvents we use the nomenclature
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1997 3rd ed., Blackwell, Oxford, U.K. 1998. The pH meter reading for an aqueous

solution determined with an electrode calibrated with aqueous buffers is designated

as ypH; if the electrode is calibrated in water and the ‘pH’ of the neat buffered methanol
solution then measured, the term §,pH is used; and if the electrode is calibrated in the
same solvent and the ‘pH’ reading is made, then the term {pH is used. In methanol,
SpH — (-2.24) = SpH and since the autoprotolysis constant of methanol is 107%",

neutral ;pH is 8.4.
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This universal binding equation was obtained from the equations for equilibrium binding
and for conservation of mass by using the commercially available MAPLE software:
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Chapter 6 — Summary and conclusions

Despite sustained effort by the research community, few accounts in the literature
describe catalysts exhibiting enzyme-like rate enhancements for phosphoryl- or acyl-
transfer reactions. In particular, those conducted in aqueous media have yielded only
modest acceleratory effects and most disappointingly, they rarely exceed the catalysis
provided by free hydroxide. The failure to produce mimics that rival natural systems
points out there are several missing pieces yet to be discovered. The inspiration for
conducting this body of work came from a desire to investigate the catalytic features that
may help bridge the acceleratory gap between enzymes and small-molecule catalysts.
Three significant barriers that cannot easily be overcome through minor modifications of
existing systems have to do with binding of the substrate to the catalyst, the microscopic
environment of the enzyme active site, and the orientation of catalytically-relevant
groups. Through their tertiary structure, enzymes are able to adopt a highly-tuned
conformation enabling many key interactions that recognize and bind their natural
substrates such that a bi- or trimolecular process occurs by an essentially unimolecular
one. The interior of the active site does not resemble bulk water and exhibits a much
lower effective dielectric constant, one that is closer to that of organic solvents. This
microenvironment greatly enhances interactions between oppositely-charged species
leading to considerable stabilization of TSs and intermediates along reaction pathways.
The tertiary structure also enables enzymes to finely-tune the positions of critical
catalytic groups, such as metal ions, so that the substrate may be escorted along the

reaction coordinate, having the necessary residues in the appropriate place at the
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appropriate time. By carrying out these investigations using highly-contrived systems in
low-dielectric media, it has been possible to employ several of these strategies to
exemplify their utility in achieving enzyme-like rate enhancements. In particular, systems
where the metal ion is placed in close proximity to the LG, and especially when that
metal ion is also capable of carrying out other modes of catalysis in conjunction with
LGA, consistently produce large effects that translate into accelerations on par with

enzymes.

Chapter 2 describes the mechanistic investigation into the solvolysis of a homologous set
of phosphate mono-, di-, and triesters designed to anchor a Cu(Il) ion in close proximity
to the departing phenoxide oxygen. In order to determine the mechanism by which these
complexes decompose and how this process is influenced by the medium, a series of
pH/rate profiles, solvent deuterium kinetic isotope effects, and activation parameters were
collected in water and ethanol and discussed in light of data obtained in methanol. The
pH/rate profile for each ester in a given solvent exhibits an extended plateau due to
solvent attack on the active form of the complex. The solvent DKIE values measured in
the plateau regions are slightly inverse for the monoester, near-unit for the diester, and
normal for the triester in all three solvents. Such values reflect a spectrum of TSs, from
loose in the case of the monoester to tight in the case of the triester, with the diester
falling somewhere in between. Notably, the large primary DKIE for cleavage of the
triester points to solvent-assisted delivery of ROH through a highly associative
mechanism. This outcome is of importance as it demonstrates that with adequate
assistance for the LG, the TSs for cleavage become sufficiently loose that the weakest
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nucleophile in solution is potent enough to induce solvolysis. Comparison of activation
parameters for each substrate in the solvents indicate that the transition from methanol to
ethanol for each substrate involves a near cancellation of the AAH* and —TAAS* values at
25 °C, translating into similar rate constants. The transition from alcohol to water
produces variable effects, with AAH* and —“TAAS* values canceling for cleavage of the
triester and being additive for the mono- and diesters, giving rise to a 100—500 rate
reduction in passing from methanol to water. While the trends are not straightforward, it
is clear that the acceleratory effects of the Cu(Il)-promoted leaving group assistance in all
three solvents are substantial and estimated at 10'* to 10" for the monoester, 10" to 10"
for the diester, and 10° for the triester relative to their background reactions. These results
suggest that with the appropriate positioning of a strong Lewis acid, large accelerations
can be accomplished in the solvolysis of phosphate esters under mild conditions and in a

variety of hydroxylic media.

Chapter 3 describes a similar phenomenon in the methanolytic decomposition of the
Cu(Il) complexes of N,N-bis(2-picolyl)benzamides. This series of benzamides, bearing
different substituents on the acid ring, are able to bind a Cu(Il) in a tridentate fashion,
thereby enforcing a metal-Nyyige interaction that decouples its conjugation with the
adjacent C=0O. A Hammett plot of the unimolecular decomposition of the alkoxide
complexes was determined experimentally and computationally, exhibiting p values of
0.80 and 0.84, respectively. Solvent DKIE values of 1.12 and 1.20 as well as AS* values
of -5.1 and -2 cal K™' mol™' were determined for decomposition of the Cu(Il) complexes

of the 4-nitro and 4-methoxy derivatives in the plateau region of the their ;pH/log(ky)
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profiles. The experimental and computational data support a mechanism where the metal
ion, coordinated to the N,N-bis(2-picolyl)amide unit, delivers a Cu(Il)-coordinated
methoxide to the C=0O in the rate-limiting transition state of the reaction. The
computations reveal a tetrahedral intermediate occupies a shallow minimum on the free
energy surface with the Cu(Il) coordinated to both the methoxide and the amidic N. Near-
barrierless breakdown involves Cu(Il)-assisted departure of the bis(2-picolyl)amide
anion. The metal ion appears to fulfill a trifunctional role where it activates the substrate
through coordination to the amide nitrogen, activates and delivers the nucleophile, and
subsequently assists leaving group departure in the second step. Comparing the rate
constant for the attack of methoxide on the 4-nitro derivative to its Cu(Il)-complex
reveals an acceleration attributable to Cu(Il)-coordination exceeding 10'®. This system
provides a small-molecule example of how an enzyme may couple highly endergonic
processes (in this case, C—N cleavage) with exergonic ones (such as LG binding) in order

to rapidly modify kinetically-inert substrates.

Chapter 4 expands upon the findings from Chapter 3 by addressing the methanolysis and
ethanolysis of the Ni(Il), Zn(Il), and Cu(Il) complexes of N,N-bis(2-picolyl)-p-
nitrobenzamide and N,N-bis((1H-benzimidazol-2-yl)methyl)-p-nitrobenzamide. The kops
values for the reaction under pseudo first order conditions as a function of [M*] give
saturation kinetics for the Cu(Il)-promoted reactions of 4.1 and 4.2 in both solvents, the
Zn(I)-promoted reaction of 4.1 in methanol, and the Zn(Il)- and Ni(Il)-promoted
reactions of 4.2 in methanol and ethanol. Due to limitations imposed by metal ion-

alkoxide oligomerization, the kinetic pK, values, as determined from that log of the
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maximal observed rate constants plotted versus ;pH, and the subsequent plateau regions
were only accessible for the Cu(Il) complexes of 4.1 and 4.2 in both solvents and the
Zn(IT) complex of 4.1 in methanol. Despite differences in the metal-binding abilities and
pK. values for formation of the active form, all systems appear to follow the mechanism
described in Chapter 2. Comparing the rate constant for the attack of methoxide or
ethoxide on the M(II)-complexed 4-nitro-substituted benzamides to the uncomplexed
form reveals accelerations ranging from 10'* to 10", attributable to the multifunctional

role of the metal ion.

Chapter 5 describes the kinetic study of the methanolysis of a set of tertiary
thiobenzanilides by a simple palladacycle catalyst which appears to employ metal ion-
promoted LGA in conjunction with other modes of metallo-catalysis. In general, metal
ion-catalyzed solvolysis of carboxamides suffers from weak interactions between the
metal ion and either the acyl oxygen or the leaving group nitrogen, precluding significant
stabilization of the transition states leading to cleavage. Previous work in this laboratory
has shown that a palladacycle complex interacts strongly with N-methyl-N-(4-
nitrophenyl)thiobenzamide in methanol, capitalizing on soft-soft interactions between the
substrate and catalyst as well as the lower dielectric constant of methanol (relative to
water), and in turn accelerates cleavage of the amide bond by 10°® relative to the alkoxide-
promoted reaction. The DFT-computed pathway demonstrates that leaving group
assistance by the metal ion is an important component in stabilizing the rate-limiting
transition state. Overall, the metal ion enacts a trifunctional role involving its pre-

equilibrium coordination to and activation of the C=S unit, subsequent intramolecular
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attack of a Pd(II)-coordinated methoxide, and Pd(II)-assisted C—N cleavage. The catalyst
concentration-kops and ;pH-log(kmax) profiles reveal one catalyst, one substrate, and one
methoxide are involved in the rate-limiting transition state for cleavage. By changing the
nature of the anilinyl LG, two mechanistic regimes are illuminated: a mechanism that
employs one equivalent of catalyst and another that recruits two. The [catalyst]-kops
profiles in the latter regime highlight a change in order in [catalyst], signaling a change in
mechanism. The involvement of a second metal ion coincides with a drastic reduction in
the dependence of rate on the substituent (p = 1.45 to -0.01) and therefore in the charge
on the leaving group in the rate-limiting transition state. It follows that one of the two
metal ions provides significant stabilization to the developing charge on the LG in the
rate-limiting TS. A two-step mechanism consistent with these data involves one catalyst
that binds tightly to the substrate as well as a methoxide and facilitates intramolecular
nucleophilic attack leading to a stabilized tetrahedral intermediate. Subsequently, a
second catalyst becomes transiently coordinated to the lone pair on the N of the LG and
stabilizes its departure during the rate-limiting step. In either mechanistic regime, it
appears as though the rate-limiting step is departure of the LG. This study suggests that
when Nature must cope with the departure of a reluctant LG, it may alter the cleavage

mechanism in order to employ available metal ions to facilitate leaving group departure.

Given the poor nucleofugality of LGs in natural substrates, it seems critical that such
groups be stabilized by some form of Lewis or Brensted acid. The ubiquity of metal ions
in the active sites of enzymes responsible for cleaving kinetically inert substrates points

to a metal ion-promoted means of LG stabilization. The impressive effects brought on by
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this mode of catalysis in highly-contrived systems suggest enzymes would have little
difficulty capitalizing on such an effect given access to a highly-tunable tertiary structure.
The aforementioned studies have provided further insight into the mechanism and
magnitude of metal ion-promoted LGA. Moving forward, the next generation of enzyme
mimics as well as catalysts in general may benefit from the incorporation of metal ion-
promoted LGA in combination with the other modes of metallo-catalysis and a low-

dielectric medium.
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