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ABSTRACT: We computationally studied the roles of the (a) Side Chain N-Protecting Group

protecting group (PG), (b) side chain (R), and (c) length of amino R=H,Pr,Bu PG =H, COMe, Boc, Ac, TFA
acid backbone of the mono-N-protected amino acid (MPAA) ligand as R

well as (d) the nature of the substrate (DG-SUB) and directing group Pd(OAc),

(DG) on the following elementary steps of the “‘N—H bond cleavage PG\N’eL)n\COZH "N-H bond cleavage

and subsequent C—H bond activation” mechanism for [MPAA]— Ho o an: S:bsec_lue(ﬂ C-H SZZacZﬁ}/ityo?ng
Pd(II)-catalyzed C—H activation: (i) formation of the prereaction MPAA Ligand ond activation Functiontairllization

complex, [MPAA]—Pd(I1)—[DG-SUB], with a weakly coordinated —~ -
monoanionic amino acid ligand; (ii) N—H bond cleavage and formation DG C—H E
of the catalytically active intermediate, [MPAA']—Pd(11)—[DG-SUB], C-H Substrate ’
with a bidentately coordinated dianionic amino acid ligand, and (iii) C— Directing Grou
H bond activation in [MPAA’]—Pd(II)—[DG-SUB] occurring via the MPAA Backbone DG = P g.d. %0 K

. . n = 1(a-MPAA), 2(3-MPAA) yridine, CO,
concerted metalation/deprotonation pathways A (outer-sphere) and B
(inner-sphere). For the prereaction complex, we find that weak
coordination of the MPAA ligand to Pd(II) is affected by (a) the strong electron-withdrawing ability of the PG, (b) longer
amino acid backbone, and (c) a strong Pd-DG interaction. For the N—H bond-cleavage step, we find that facile N—H cleavage is
affected by (a) the strong electron-withdrawing ability of the PG, (b) the existence of stabilizing noncovalent interactions, and
(c) a weak Pd—DG interaction. For the C—H activation step, we report that (a) the increase in the electron-withdrawing ability
of the PG stabilizes both pathways A and B, whereas proton affinity of the PG impacts only pathway B; (b) the geometrical
features of the substrate—ligand motif in [MPAA']—Pd(II)—[DG-SUB] and the existence of stabilizing noncovalent interactions
can alter the reaction mechanism; and (c) the enantioselectivity of the reaction is reported to be controlled by either steric
congestion around the substrate (in pathway A) or cooperative ligand-substrate geometrical constraints (in pathway B).

KEYWORDS: C—H functionalization, protecting group, directing group, Pd catalyst, mono-N-protected amino acid ligand,
weak interactions, computational study

1. INTRODUCTION bond activation) and promotes Pd(OAc),-catalyzed C—H
functionalization of 2-benzhydrylpyridine (referred to as
PYR), 2-(2-(trifluoromethyl)phenyl)acetic acid (referred to as
PAA) and N,N-bis(2-cyanophenyl)-3-phenylpropanamide (re-
ferred to as MCN) (see Scheme 1).

Currently, MPAAs represent an important class of ligand
scaffold that stabilize the [MPAA]—Pd(I1)—[DG-SUB] struc-

An emerging appreciation for the synthetic utility of C—H
bonds as functional groups and their ubiquitous nature have led
to the development of transition-metal-catalyzed C—H
functionalization as a powerful strategy to expand access to
important pharmaceutical compounds and novel materials.'
However, it remains a challenge to develop highly eflicient ! - : L
catalysts with excellent stereo-, regio-, and chemoselectivity. tural motif and facilitate selective functionalization of the

One of the incipient approaches to meet these challenges is the C(SPZZ_H and. C(5P3)._H bonds of numerous substrat.es (DG
use of a directing group (DG) strategy that brings the targeted SUB)." Extensive studies on the role of the MPAA ligand in

C—H bond in greater proximity to the transition metal center these systems have allowed for the expansion of the scope of
so that it can activate the C—H bond and form the reactive DGs (and consequently, the scope of the substrates, SUB) to
metal—alkyl/aryl intermediate.” However, suitable ligand carbonyLs, ethers, nitriles, and other synthetically useful
scaffolds are required to stabilize the resulting metal—alkyl/ groups.>™ Furthermore, these studies have demonstrated that
aryl intermediates and make them synthetically useful. Recently, the nature of the side chain (R), length of amino acid backbone,
Yu and co-workers made the seminal discovery that the
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Scheme 1. Relevant Examples of the MPAA-Assisted and DG-Mediated C—H Bond Functionalization Catalyzed by Pd(OAc),
That Illustrate the Effect of the N-Protecting Group on the Reaction
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and N-protecting group (PG) (see Scheme 1) of the MPAA
ligand play a crucial role in determining the reactivity and
selectivity of the [MPAA]—Pd(Il)-catalyzed C—H bond
functionalization and subsequent C—C and C-heteroatom
formation. Gratifyingly, these parameters of the inexpensive
MPAA ligand scaffold are extensively modifiable. For example,
Yu and co-workers have shown that substitution of a -Boc
protecting group with -Ac enhances C—H bond functionaliza-
tion in PYR, PAA, and MCN substrates (for example, see
Scheme 1). Other reported alterations to the MPAA ligand
scaffold include cyclopropane derivatives and replacing the
carboxy terminus with an O-methyl hydroxamic acid
(MPAHA).° The available experiments also show that the
nature of the activated C—H bond (sp® vs sp®) and Pd—DG
interaction are other vital factors impacting the reactivity and
selectivity of C—H bond in the [MPAA]—Pd(II)—[DG-SUB]
complex.

Recently, Musaev, Yu, and co-workers have studied the
mechanism of the enantioselective C—H bond activation in
[Boc-Val-O]—Pd(II)—[PYR] using both computational and
experimental approaches and have predicted the “N—H bond
cleavage and subsequent C—H bond activation” mechanism for
this reaction (see Scheme 2).” These studies have demon-
strated that the MPAA ligand, that is, Boc-Val-O—, plays
multiple roles during the reaction. It acts as (i) a weakly
coordinated monoanionic ligand that stabilizes the [MPAA]—
Pd(II)—[PYR] precatalyst, I1; and (ii) a soft electron donor
(from the N-terminus) and bidentately coordinated dianionic
ligand that forms the catalytically active [MPAA']—Pd(II)—
[DG-SUB] intermediate, 12 (or 13), where MPAA’ stands for
the deprotonated MPAA ligand. The resulting intermediate can
then undergo arene C—H bond activation via the outer-sphere
(or external-acetate-assisted) concerted metalation—deprotona-
tion (CMD) mechanism to form a new Pd-aryl bond in the
product palladacycle, P (see Scheme 2, pathway A). .
Ensuing studies by Wu, Houk, Yu and co-workers9 as well as
Musaev and co-workers’® showed that the bidentately
coordinated dianionic ligand (MPAA’) can also act as the
proton acceptor for arene C—H bond activation via the inner-
sphere (or internal-acetate-assisted) CMD mechanism (see
Scheme 2, pathway B). For PYR, the formation of the
experimentally observed R product is reported to be kinetically
favored by 1.8 and 6.3 kcal/mol for the outer-sphere (A) and
inner-sphere (B) pathways, respectively.” Interestingly, during
the C—H activation, the Pd-center acts as a coordinatively
flexible metal center that holds the substrate and amino acid
ligand in close vicinity to promote the chemical transformation.

These computational findings are consistent with the
competition experiments by Yu and co-workers suggesting
that the amino acid ligands are not merely enhancing the TON
(turnover number) but also are generating a more reactive
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Scheme 2. Schematic Presentation of the “N—H Bond
Cleavage and Subsequent C—H Bond Activation”
Mechanism of the MPAA-Assisted and Directing-Group-
Mediated C—H Activation Catalyzed by Pd(OAc), Complex
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catalyst.* Furthermore, these findings were supported by (1)
the detailed kinetic analysis of the Pd(OAc),-catalyzed C—H
bond olefination in the presence of MPAA ligands (such as Ac-
Ile-O—, Ac-Val-O—, Boc-Val-O—, and Boc-Ile-O—) showing
that the determined overall kinetic rate law holds if the
formation of two kinetically indistinguishable species, I1 and 12,
is assumed;'® (2) mass-spectrometry and isotope pattern and
fragmentation analysis via collision-induced dissociation detect-
ing the bidentate [MPAA']—Pd(II) complex in a mixture of
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Pd(OAc), and N-acetyl-glycine (or N-Boc-glycine);’ (3) DFT
studies by Wu, Houk, Yu, and co-workers utilizing Pd(OAc),
and N-acetyl-glycine (i.e,, MPAA) that show that deprotonation
of the N—H bond of the MPAA ligand (i.e,, MPAA — MPAA’
transformation) is highly favored and leads to the formation of
a stable [MPAA']-Pd(I1)~[DG-SUB] complex;” and (4)
other experimental and computational studies that find that
N—H activation likely occurs prior to C—H activation, notably
C—H functionalization utilizing an acidic amide DG.M

Comparison of the computational findings of Wu, Houk, Yu,
and co-workers’ with that of Musaev and co-workers’
demonstrates, once again, the importance of the nature of the
MPAA ligand and substrate on the mechanism of C—H
activation in the [MPAA’]—Pd(I1)—[DG-SUB] complex.
Indeed, by utilizing Pd(OAc), (as the catalyst), N-acetyl-
glycine (as the MPAA ligand) and MCN (as the substrate)
Houk and co-workers have found the inner-sphere C—H
activation pathway (pathway B in Scheme 2) to be kinetically
more favored than the outer-sphere C—H activation pathway
(pathway A in Scheme 2) by 12.3 kcal/mol.” On the other
hand, studies by Musaev and co-workers of the Pd(OAc), (as a
catalyst), N-Boc-valine (as a MPAA ligand) and PYR (as a
substrate) have shown that the formation of the experimentally
reported R product via the inner-sphere C—H activation
pathway requires only 4.8 kcal/mol less energy barrier than the
outer-sphere C—H activation pathway.”* One should mention
that operation of the outer-sphere pathway A is expected to
heavily rely on the reaction conditions such as base
concentration, solvent, counterion, etc, whereas the inner-
sphere pathway B depends more on the electronic and steric
properties of the MPAA ligand (ie., protecting group) and
substrate (including Pd-DG interaction).

Thus, the existing studies point to the vast potential for the
development of more efficient C—H functionalization reactions
through more extensive alterations of both the MPAA scaffold
and scope of DG-SUB. As such, a better understanding of the
roles of each of the aforementioned factors will be crucial for
the optimization of the reactivity and selectivity of DG-
mediated [MPAA]—Pd(1I)-catalyzed C—H bond functionaliza-
tion. Because only limited mechanistic information can be
obtained from experiments, it is imperative to utilize a
complementary computational approach to gain more detailed
insights into the aforementioned issues. In this paper, we
elucidate the impact of the protecting group (PG = —H,
—CO,Me, —Boc, —Ac, and —TFA), side chain [R = H (ie,
Gly), 'Pr (ie., Val), and Bu (i.e, Leu)], and length of amino
acid backbone [n = 1 (a-amino acid) and 2 (f-amino acid)] of
the MPAA ligand, as well as the nature of substrate (SUB =
PYR and PAA) and the strength of the Pd—DG interaction
(DG = pyridine and CO,K), as summarized in Scheme 3, on
the mechanisms of the following important elementary steps of
the overall C—H activation reaction: (1) coordination of the
MPAA ligand to Pd(II), leading to formation of prereaction
complex I1; (2) N—H bond cleavage, leading to the formation
of catalytically active intermediate 12 (or I3); and (3) C—H
bond activation via the pathways A (outer-sphere or external-
acetate-assisted CMD) and B (inner-sphere or internal-acetate-
assisted CMD), as shown in Scheme 2.'* The obtained
fundamental knowledge is expected to aid the development of
novel MPAA—substrate combinations and strategies for the
selective functionalization of C—H bonds of DG-SUB by
utilizing Pd(OAc), as a catalyst. It is important to note that the
full catalytic C—H functionalization reactions also include
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Scheme 3. Schematic Presentation of Important Variables,
Computationally Investigated in This Paper, That May
Impact C—H Functionalization within the [MPAA]—
Pd(11)-[DG-SUB] Structural Motif
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several other elementary steps (for example, C—C and C—
heteroatom bond coupling and catalyst regeneration), which
are not studied here. Therefore, one should compare our
findings with experimental observations with caution.

2. COMPUTATIONAL DETAILS

All calculations were performed with the Gaussian 09 (G09)
program.”® Reported geometries and energies were obtained
(without geometry constraint) by using of the (B3LYP+D3)
method'* with the Lanl2dz basis set and corresponding Hay—
Wadt effective core potential (ECP)" for Pd and standard 6-
31G(d,p) basis set for all other atoms. The reported energetics
and geometries incorporate solvent effects (THF is used as a
solvent) calculated at the self-consistent reaction field IEF-
PCM level of theory.'® Below, this method is referred to as
[B3LYP+D3]/[Lanl2dz+6-31G(d,p)] or [B3LYP+D3]/BSI.
Frequency calculations are performed at the same level of
theory to confirm the nature (equilibrium structure or
transition state) of the reported structures and calculate
enthalpy and entropy corrections to the reported energies.
Intrinsic reaction coordinate (IRC) calculations were per-
formed for representative transition states to ensure that they
connect the appropriate reactant and product. Relative free
energies and enthalpies, calculated under standard conditions
(1 atm and 298.15 K), are reported as AG/AH (in kcal/mol),
whereas in the text, we discuss mostly relative free energies.

For specific cases indicated below, we also applied a hybrid
two-layer ONIOM method, ONIOM(B3LYP:UFF)/BS1 to
identify the steric (from the MM energy, Eyn) and electronic
(from the QM energy, Eqy) contributions to the reported
energetics.'” For these cases, the calculated energies and
optimized Cartesian coordinates at the B3LYP/BS1, ONIOM-
(B3LYP:UFF)/BS1 and ONIOM(B3LYP/BS1:HF/3-21g*)
levels of theory are provided in the Supporting Information
as well as the employed ONIOM partitioning scheme. NBO
analysis was performed for selected stationary points with the
NBO program implemented in G09.'® The strengths of donor
(i)/acceptor (j) interactions are analyzed with the contributions
of the second order NBO perturbation theory (E(z)i_)}-).

3. RESULTS AND DISCUSSION

The discussion presented in this paper is organized as follows:
First, we discuss the various factors affecting the coordination
of MPAA ligand to Pd(II)-[DG-SUB], followed by an
extensive analysis of the factors affecting the N—H bond
cleavage and formation of reactive intermediate 12 (or I3). At
the next stage, we discuss the impact of the same factors on C—

DOI: 10.1021/cs5014706
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Figure 1. Protecting group (PG) effect on the potential energy surfaces for the “N—H bond cleavage and subsequent C—H bond activation”
mechanism proceeding through either pathway A or B in the [MPAA']—Pd(II)—-[PYR] complex.

H bond activation in intermediate 12 (or I3), and in the final
section, we make several general conclusions and predictions.

3.1. MPAA Binding to Pd(ll)-[DG-SUB] (i.e., the
Formation of the Prereaction Complex I1). The formation
of I1 is likely a complex process that involves DG coordination,
protonation of the acetate ligand by C-terminal protonated
MPAA (MPAA-H), and ligand substitution. On the basis of the
difference in aqueous pK, values for the valine C-terminus
(2.32) and acetic acid (4.75), the protonation event is likely
favorable."” Furthermore, there exists literature precedence for
the formation of transition metal complexes with amino acid
ligands.20 However, to account for all of the factors associated
with MPAA coordination to Pd(II)—[DG-SUB], we calculated
the Gibbs free energy (AGg,,) of the substitution reaction
Pd(OAc),[DG-SUB] + MPAA-H — [MPAA]—Pd(OAc)[DG-
SUB] + AcOH.

In all examined cases, changing side chain (R) of a-MPAA
via R = H, Pr, and ‘Bu has an insignificant effect on AG,, (see
the SI). For the PYR substrate, AG,,, decreases via [MPAA-H]
= H-Val-OH (17.7 kcal/mol) > CO,Me-Val-OH (6.2 kcal/
mol) > Boc-Val-OH (5.4 kcal/mol) > Ac-Val-OH (4.1 kcal/
mol) > TFA-Val-OH (—1.4 kcal/mol). This trend correlates
with the increase in electron-withdrawing ability of the PG (H
< CO,Me ~ Boc < Ac < TFA) and decreases the electron
donating ability of the MPAA N center (N'). In addition, the
increase in length of the amino acid backbone by one carbon,
that is, going from PG-(a-Val)-OH to PG-(#*-Val)-OH,
reduces AG,, from 4.1 to 1.8 kcal/mol (for PG = Ac),
which is consistent with the expected stability of the resulting
five- and six-membered ring chelates, respectively.”'

The aforementioned trends in the calculated AG,, for SUB
= PAA are the same as those reported for SUB = PYR. It
decreases with the electron-withdrawing ability of the PG via
[MPAA-H] = H-Val-OH (24.2 kcal/mol) > CO,Me-Val-OH
(12.8 kcal/mol) > Boc-Val-OH (12.0 kcal/mol) > Ac-Val-OH
(6.8 kcal/mol) > TFA-Val-OH (2.2 kcal/mol). However, the
magnitude of AG, is significantly higher for SUB = PAA
compared with SUB = PYR because weaker coordination of the
carboxylate DG of PAA (vs pyridine DG of PYR) imposes less
of a trans influence. One should note that in PAA, the
counterion (K") associated with the carboxylate DG is
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implicated in mediating effective carboxylate k'-coordination
to the Pd center.”” Therefore, it is included in our models of
the PAA substrate, but the reaction conditions could dictate
that it is remotely coordinated or highly solvated and
dissociated from the Pd(II) complex.

Thus, the three major factors elucidated here that weaken
coordination of the MPAA ligand to Pd(II)—[DG-SUB] to
form prereaction complex I1 are (1) a strong electron-
withdrawing ability of the N-protecting group, (2) a longer
length of the amino acid backbone of the MPAA ligand, and
(3) a strong Pd—DG bonding located trans to the Pd—
N'(MPAA) bond.

3.2. N-H Bond Cleavage and Catalytic Active Pd(ll)
Intermediate 12 (or 13) Formation. The reactive species for
C—H activation is proposed to be the [MPAA’]—Pd(Il)—[DG-
SUB] complex, 12 (or I3).” As mentioned previously,
deprotonation of the PG—=NH group of MPAA in prereaction
complex 11, that is, I1 — I2’ through NH-TS (see Scheme 2),
requires a small to moderate energy barrier. However, our
extensive calculations show that the N—H cleavage transition
state cannot be unambiguously isolated because of the
extremely small value of the barrier for the reverse reaction,
that is, 12" — Il1. Therefore, below, we report the N—H
cleavage barrier as an energy difference between the prereaction
complex I1 and intermediate I2.

MPAA Side Chain (R-group) Effect. Changing the amino
acid side chain (R group) via H—'Pr—'Bu has only a marginal
impact on the estimated N—H bond cleavage energy: the
calculated free energy difference for different R groups is within
0.3—1.6 kcal/mol. This is mostly because of little steric
congestion around the a-carbon (see the SI).

Protecting Group Effect. As shown in Figure 1, increasing
the electron-withdrawing ability of the PG (via H < CO,Me »
Boc < Ac < TFA) increases the acidity of the leaving hydrogen,
that is, it decreases the energy required for the N—H bond
cleavage. This finding can be explained by the complex
electronic and structural changes induced by deprotonation of
the PG—N"H group. Cleavage of the N'—H bond introduces a
n-donor interaction from the N' center to the Pd center (see
Scheme 4). The Pd center is a better acceptor of this 7 density
when the concomitant ¢ donation from the N' center is

DOI: 10.1021/cs5014706
ACS Catal. 2015, 5, 830—840


http://pubs.acs.org/doi/suppl/10.1021/cs5014706/suppl_file/cs5014706_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs5014706/suppl_file/cs5014706_si_001.pdf
http://dx.doi.org/10.1021/cs5014706

ACS Catalysis

Research Article

Scheme 4. Structural Changes That Occur during
Deprotonation of the PG—=NH Group of the MPAA Ligand
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n-bond
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decreased as modulated by the electron-withdrawing ability of
the PG. Therefore, the stability of I2 is dependent on the
stability of the nitrogen lone pair following deprotonation.

Structurally, this hypothesis is supported by (a) a rotation of
the PG group around the N'=X(PG) bond, which aligns the
PG p orbitals with the N* lone pair (Pd—N'-C*-O' ~ 10—
15°), and (b) the Pd—N'—C? angle becomes closer to 120°
(see Table 1) as the electron-withdrawing ability of the PG
increases, which indicates that the nitrogen has more sp
character.

In the case of PG = H, which has no electron-withdrawing
capability or p orbitals, the formation of [MPAA’]—Pd(II)—
[PYR] is highly unfavorable: the calculated N—H bond cleavage
energy is 27.5 kcal/mol, and the N! center is in a near—sp3
configuration with a PdA—N'—H? angle of 102.6° in 12. Thus,
the N—H bond cleavage barrier (ie., stability of the active
catalyst I12) is determined by the joint ability of the protecting
group (PG) and Pd center to delocalize the electrons on the N'
center of the deprotonated MPAA ligand.

Length of Amino Acid Backbone. Next, we examined the
effect of the length of the amino acid backbone on the N—H
cleavage step. Mono-N-protected f-amino acids (f-MPAA)
contain an extra methylene group in the backbone chain
between the N- and C-termini. This increases the number of
possible isomers of the ligand to four. Here, to maintain
consistency in the comparison of the calculated data for (f3-
MPAA) and (a-MPAA), we chose to study the R isomer of
mono-N-protected f*valine, (R)-PG—(f#*-Val)—OH. This

ligand places its side chain, Pr, in a position similar to that
of the a-amino acid PG—(a-Val)—OH.

The PG effect on the N—H cleavage in the S-MPAA ligands
is the same as that found for a-MPAA ligands (i.e., stronger
electron-withdrawing PG leads to lower N—H cleavage energy).
For the sake of simplicity, here, we discuss only the PG = Ac
case (for reaction energies with other PGs, see the SI). As
previously mentioned, the B-MPAA ligands form a six-
membered ring chelate, which assumes a boatlike conformation
(see Scheme S). In this conformation, the side chain, ‘Pr, is in

Scheme 5. Illustration of the Boatlike Conformation (shown
in red) Assumed by the PG—(f#*-Val)—OH Ligands and the
Stabilizing C—H (of 'Pr of ligand)/z (Ph of substrate)
Interaction Formed in the Active Catalyst 12

(S)-PG-(B?-Val)-OH
Equatorial Pr

(R)-PG-(B2-Val)-OH
Axial Pr

“Where SUB = PYR.

an axial conformation, which is closer to the metal center (and
consequently, to the substrate) than the a-MPAA ligands. This
allows the formation of a stabilizing C—H (‘Pr of ligand)/z (Ph
of substrate) interaction in I2 (see Scheme 5).*

To further investigate the impact of the C—H (of Pr of
ligand)/7 (Ph of substrate) interaction on the reaction, we also
studied the ligand (S)-PG—(f*-Val)—OH. In contrast to the R
isomer, the S isomer places the Pr group in an equatorial
position, pointed away from the substrate and, thus, is unable to
form the stabilizing C—H (‘Pr of ligand)/z (Ph of substrate)
interaction. Consistent with this hypothesis, the I2 intermediate

Table 1. Calculated Important Geometry Parameters of the 12 Intermediate of the N'—H Bond Cleavage Step”

12, PG =Ac; SUB=PYR

12, PG = Ac; SUB=PAA

SUB = PYR SUB = PAA
param. H CO,Me Boc Ac TFA H CO,Me Boc Ac TFA
Pd—-N! 2.00 2.00 2.01 2.01 2.03 2.01 2.00 2.00 2.01 2.01
Pd-DG 2.13 2.15 2.15 2.16 2.14 2.15 2.08 2.08 2.09 2.07
N'-X(PG) 1.02 1.35 1.34 1.35 133 1.03 1.34 1.34 1.3 1.33
[Pd, N', X(PG)] 102.6 122.7 122.3 1224 1209 101.2 121.8 122.1 121.5 120.1

“Distances are in angstroms, and angles are in degrees. For the sake of simplicity, here, we present structures only for PG = Ac; geometry parameters

for all studied PGs are provided.
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is found to be higher in energy by 1.8 kcal/mol for the S isomer
of the -MPAA ligand compared with its R isomer (see Table
2).

Table 2. Comparison of the Energies for Pathways A and B
of the “N—H Bond Cleavage and Subsequent C—H Bond
Activation” Mechanism for the @- and f-MPAA Ligands with
the PYR Substrate

MPAA 11 2 I3 TS-A TS-B TS-A® TS-BY
Ac-(a-Va)-OH 00 120 101 174 183 7.3 6.3
(R)-Ac-(f* 00 115 118 176 165 5.8 5.0

Val)-OH
132 104 157 188 5.3 5.6

(S)-Ac-(f-Val)— 0.0
OH

“Relative to intermediate I3 “Relative to intermediate I2

One should note that the a-MPAA-to--MPAA substitution
provides an opportunity to introduce weak, attractive, non-
bonding interactions that could modulate the reactivity of the
[MPAA]—Pd(I1)-[DG-SUB] complex. Such weak interactions
are vital but underappreciated in organic and organometallic
chemistry. We will highlight the occurrence and implications of
these interactions where they arise throughout the rest of the
discussion.

Substrate and Directing Group Effects. Comparison of the
N—H cleavage step for PAA (see Figure 2) and PYR (see
Figure 1) reveals that, for a given PG, the substrate and its DG
have a significant impact on the energy required for N—H
cleavage. The DG of PAA (x'-coordinated carboxylate)
imposes a weaker trans influence than that of PYR (pyridine)
because it is a weaker donor. This results in an increase in the
Pd—N' (ligand) bond energy and, consequently, an increase in
the stability of I2 for PAA compared with PYR. As seen in
Figures 1 and 2, with the exception of PG = Boc, the N—H
cleavage requires, in general, 3—5 kcal/mol less energy for SUB
= PAA than for PYR; however, this effect is potentially limited
by a steric interaction between the PG and R groups, which
prevents the PG from adopting the desired planar geometry

(for better interaction between N' and Pd). Case in point,
although the PG = CO,Me and Boc have similar electronic
properties, the latter requires 2.5 kcal/mol more energy for N—
H cleavage.

Thus, the data presented above show that important factors
impacting the N—H cleavage step are (1) the electron-
withdrawing ability of the PG; (2) the length of the amino
acid backbone and the ability of the ligand and substrate to
form weak, attractive interactions; and (3) the magnitude of the
substrate and Pd—DG interaction through the trans influence
mechanism.

3.3. The C—H Activation. As mentioned above, the C—H
bond activation in the proposed “N—H bond cleavage and
subsequent C—H bond activation” mechanism may proceed via
two distinct pathways, A and B, starting from intermediates I3
and I2, respectively. Pathway A corresponds to the outer-
sphere C—H activation, where coordinated or free acetate
(external) acts as a base. In contrast, pathway B corresponds to
the inner-sphere C—H activation mechanisms, where the
carbonyl oxygen of the PG acts as the base (see Scheme 2).
For the sake of simplicity, below we discuss the transition states
leading to the formation of the experimentally reported R
stereoisomer for SUB = PYR before commenting on the source
of enantioselectivity for each pathway. Representative transition
state structures for PG = Ac and their geometry parameters for
all PGs studied are provided in Table 3.

MPAA Side Chain (R Group) Effect. Similar to the results
presented above for the N—H bond cleavage step, altering the
R group via H—'Pr—'Bu has only minor effects on the C—H
activation barriers. For pathway A, the energy of TS-A increases
by 1—2 kcal/mol upon going from R = 'Pr to R = ‘Bu, which
can be attributed to a slight increase in steric hindrance around
the substrate. However, for pathway B, energies of TS-B for all
three studied R groups are equivalent (see the SI for energies
and conformational analysis). Although these results were
expected, much larger R groups may have a significant effect on
the energy of the transition state of pathway A through the
formation of repulsive steric or attractive noncovalent
interactions (see section below).

SUB = PAA
A 42.5/15.9 PG=H
AG (in kcal/mol) Inner-Sphere 25.5/17.0 CO,Me
Pathway B TS-A 27.8/14.5 Boc
- N 22.0/16.2 Ac
TS-B ‘\\ 13.6/15.6 TFA
23.5/13.4 \
24.4/11.8 -
29.5/0.0 12.0/1.90
15.8/8.70
10.1/0.0 14.0/13.7 12.7/-0.1
12.6/0.0 26.6/0.0 o 1.80/-5.3
7.10/0.0 8.50/0.0 3.20/2.90
13.3/0.0
0.30/0.0 5.80/0.0 Outer-Sphere A -2.7/-29.3
2.0/0.0 Pathway A \— 11.7/3.2
0.0 o P-A 14.6/1.3
10.2/4.4
-0.4/1.6
12 + AcO"+ AcOH TS_A + AcOH P B+ AcO-
| | | I T Structurg
I1 + AcO" 13 + AcOH TS_B + AcO” P_A+ AcOH
| - N-H bond —>|<—— C-H activation step —>|

cleavage

Figure 2. Protecting group (PG) effect on the potential energy surfaces for the “N—H bond cleavage and subsequent C—H bond activation”
mechanism proceeding through either pathway A or B in the [MPAA']—Pd(II)—[PAA] complex.
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Table 3. Calculated Important Geometry Parameters®
PYR and PAA”

TS-A, PG = Ac; SUB = PAA

of the C—H Activation Transition States TS-A and TS-B in Substrates

" TS-B, PG = Ac; SUB = PAA

SUB = PYR SUB = PAA
param. H CO,Me Boc Ac TFA H CO,Me Boc Ac TFA
outer-sphere C—H activation, TS-A
Pd-C3 2.18 2.19 2.19 2.19 2.19 2.11 2.14 2.15 213 2.14
C3-H? 1.29 123 1.24 1.24 1.23 1.42 1.36 1.38 1.39 1.38
O’-H? 1.39 1.47 1.46 1.46 1.48 1.30 1.34 131 1.30 1.30
inner-sphere C—H activation, TS-B
Pd—N! 2.00 2.00 2.00 2.02 2.00 2.00 2.00 2.01
Pd—C3 2.15 2.16 2.17 2.15 2.14 2.14 2.15 2.13
Pd—H? 2.20 2.18 2.16 2.20 2.20 2.19 2.17 2.20
C*-H? 1.34 1.33 1.30 1.34 1.36 1.36 132 1.37
O'-H? 1.34 1.34 1.39 1.34 131 132 1.36 131

“Distances in angstroms, and angles are in degrees. YFor the sake of simplicity, here, we present structures only for PG = Ac; geometry parameters

for all studied PG are provided.

Protecting Group Effect. As shown in Figure 1, for SUB =
PYR and R = Pr, transition state TS-A is lower in energy than
TS-B for all studied protecting groups: the calculated free
energy differences AAG[(TS-B) — (TS-A)] are 5.9, 3.7, 0.9,
and 7.6 kcal/mol for PG = CO,Me, Boc, Ac, and TFA,
respectively. In general, for pathway A, the overall barrier
decreases with the increase in the electron-withdrawing ability
of the PG, which indicates that delocalization of the nitrogen
lone pair remains important throughout the C—H activation
reaction. One should note that a contributing factor to the
stability of I3 and TS-A is the weak anion—z interaction
between the incoming acetate base and pyridine DG. It was
shown previously that metal coordination increases the 7-
acidity of pyridine.** For PG = H, both the N—H cleavage and
outer-sphere C—H activation (TS-A) require very high energy
(27.5 and 35.3 kcal/mol, respectively), which is consistent with
experiments showing no C—H functionalization for the H—N-
Val-OH and CH;—N-Ala—OH amino acid ligands.*

Examination of the C—H activation barriers for pathway A,
calculated from I3, indicates that the PG has only a minor effect
on the C—H activation barriers. The energy barrier for pathway
B, calculated from intermediate 12, correlates with the expected
proton affinity of the protecting group (Ac > CO,Me, Boc,
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TFA). This is consistent with the direct participation of the PG
in TS-B as a base. Furthermore, for all studied PGs, TS-B and
TS-A are higher in energy than the N—H cleavage step. Thus,
the C—H activation is expected to be a rate-limiting step of the
proposed “N—H bond cleavage and subsequent C—H bond
activation” mechanism for substrate PYR.

Enantioselectivity. Consistent with the above presented
discussion, the C—H activation barriers at the transition states
TS-A and TS-B are expected to control enantioselectivity of the
entire C—H functionalization reaction.” As was shown
previously for the PYR substrate, the pathway leading to R
isomer formation is more favorable than that leading to S
isomer formation for the both A and B pathways.”> This
computational finding is consistent with available experiments
reporting the R isomer as the dominant product.®® Close
examination of the transition state structures (for schematic
presentations, see Scheme 6) shows that enantioselectivity
achieved via pathway A is the result of steric congestion at the
C—H activation transition state leading to the S isomer, where
the amino acid side chain and the second phenyl group of the
substrate can hinder the coordination of the external base. In
the transition state leading to the R isomer, the second phenyl
group of the substrate is oriented away from the incoming base
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Scheme 6. Stereoselectivity Models Proposed for the
Pathways A and B of the C—H Activation in [MPAA']—
Pd(I1)—[PYR]

Pathway A:
i-Pr
(0]
N
1
PG
Pathway B:
Pyr
....... &= (HPh)
"SPd. N
—_—N - ' c4 |C! — '
) L*"C8 _pd--C3
PG---H (Ph,H) /

C4-C' Perspective

and avoids this unfavorable interaction and steric congestion.
As a result, the R isomer formation is found to be favored (by
1.9—2.9 kcal/mol) in pathway A for all studied PG’s (see Table
4), which is consistent with the experimentally observed
enantioselectivity of ~70—90% ee.**

Table 4. Differences in Free Energies (in kcal/mol) of the R
and S C—H activation transition states in [MPAA’]—Pd(I1)—
[PYR] of Pathways A and B

AAG(R — CO,Me- Boc- Ac- TFA- (R)-Ac-(f-  (S)-Ac-(f~
S) Val Val Val Val Val) Val)
A 1.9 2.8 2.9 2.4 2.0 4.5
B 6.2 6.8 5.3 64 5.1 5.0

In contrast, the source of enantioselectivity in pathway B
arises from the conformational preferences of the substrate.
Upon formation of the new Pd—C bond in the S isomer, the
phenyl group of the substrate must rotate, which cannot be
achieved because of the near-planar coordination of the
pyridine (DG), as shown in Scheme 6 (bottom). This creates
unfavorable torsional strain and prevents an ideal interaction
between the hydrogen of the activated C—H bond and the
carbonyl oxygen of the protecting group. This is not the case
for the transition state leading to formation of the R isomer, in
which the hydrogen of the activated C—H bond occupies a
more suitable position to interact with carbonyl oxygen of the
protecting group. As a result, for pathway B, the R isomer
formation becomes favored by 5.3—6.8 kcal/mol for all studied
PGs (see Table 4). These energy values are a few times larger
than that reported for pathway A (see above), and one should
expect much higher ee values if the C—H activation proceeds
via pathway B. Therefore, on the basis of the above presented
analysis, we propose a cooperative ligand—substrate geo-
metrical constraint model to explain chiral induction for
pathway B.

Thus, for pathway A, enantioselectivity of the reaction arises
from interactions between the amino acid R group, the
substrate, and the incoming external base. In contrast, for
pathway B, a cooperative ligand—substrate geometrical
constraint model that is based on the lowest energy substrate
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conformation and torsional strain in the corresponding TS-B
explains the observed enantioselectivity.

Length of Amino Acid Backbone. Above, we have shown
that the change in length of amino acid backbone, that is,
replacing a-MPAA with -MPAA, leads to the generation of the
weak, attractive, noncovalent C—H (Pr of ligand)—7z (Ph of
substrate) interaction with the R stereoisomer of the S-MPAA
ligand, that is, (R)-PG—(f>-Val)-OH (see Scheme 3).
Existence of this noncovalent interaction results in the increase
in steric congestion around the substrate and metal center and
leads to an increase in the barrier for pathway A relative to
pathway B (see Table 2).

We also studied the S stereoisomer of this ligand, (S)-PG—
(p*Val)-OH, which cannot form the aforementioned
stabilizing C—H (Pr of ligand)—7 (Ph of substrate) interaction
(see Scheme 5). It is expected that the S stereoisomer of 5-Val
will create a more sterically accessible environment around the
substrate. Indeed, calculations show a trade-off between steric
crowding around the substrate and the existence of the
stabilizing noncovalent C—H (‘Pr of ligand)—z (Ph of
substrate) interaction. This results in a switch of the more
favorable pathway from pathway B for (R)-Ac-(*-Val)—OH to
pathway A for (S)-Ac-(f*-Val)-OH. The calculated energy
barriers (relative to reactants I1 + AcO~) are 17.6 and 16.5
kcal/mol for ligand (R)-Ac-(*-Val)—OH, and 15.7 and 18.8
kcal/mol for ligand (S)-PG—(f*-Val)—OH at the transition
states TS-A and TS-B respectively.

The performed ONIOM calculations, including 'Pr group in
the lower layer and treating it at the MM level (see the SI),
provide additional support to the above presented hypothesis:
The calculated MM component of the activation energy
(AE*y) for the ((R)-Ac-(f*-Val)—OH and (S)-Ac-(f*Val)—
OH ligands are 0.5 and —3.6 kcal/mol, respectively, indicating
that without proper description of the noncovalent interactions,
steric effects will dominate in the calculated transition state
energies.

On the basis of these findings, we predict f-MPAA ligand to
be a suitable and potentially advantageous ligand for C—H
functionalization reactions. The design of weak, attractive,
noncovalent interactions within the substrate and ligand
architecture could be a powerful strategy to control reactivity
and selectivity of the MPAA-assisted and DG-mediated C—H
bond functionalization catalyzed by Pd(OAc),. One should
emphasize that CH—7x and other aromatic interactions have
been previously shown to have a great influence the
stereoselectivity of various organic reactions.”®

Substrate and Directing Group Effects. An in-depth
analysis of the previous findings”” as well as data presented
above demonstrate not only the importance of the nature of the
MPAA ligand but also the nature of the substrate, strength of
the Pd-DG interaction, and geometry of the ligand—substrate
motif on the reactivity and selectivity of C—H activation in the
[MPAA]—-Pd(I1)-[DG-SUB] complex.

As proposed by Wu, Houk, Yu, and co-workers, the ideal
geometry for the (inner-sphere) transition state TS-B consists
of (a) its planarity, that is, Pd—N'=C>*~0"' = 0°, and (b)
perpendicularity of the aromatic ring of the substrate relative to
the coordination plane of the Pd atom.” The authors used this
structural concept to explain the observed regioselectivity in the
MCN C—H bond activation. The substrate—ligand (MCN/Ac-
Gly—OH) combination used by Houk and co-workers features
a linear DG (CN), a small MPAA R-group (H), and a long
linkage between the DG and substrate C—H bond and appears

DOI: 10.1021/cs5014706
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Scheme 7. Systematic Comparison of the Effect of (a) the PG—R Group Interaction and (b) the Substrate-Directing Group

Linker on the Geometry of TS-B“

Ac-Val-OH/PYR Ac-Val-OH/benzene
AN O \} V O
— H < H. .«
H3C~C2..-N_1 ::O HiC. wN! O
1 w ¢ 1
o'--H Pd o'-H PAQ
\NI X ’\Il N
C1NF © KH =
X
Ph
Pd-N'-C2-0' = 14.0° 10.1°

Ac-Val-OH/PYR Ac-Val-OH/benzene
H, } O H. ! O
H3C‘C2 ‘..N‘l io H3C\C2 ,.N:' ::O
N Pd NP
- 1..
TN O H TN
! H
1 INF @ K =
EAY
Ph H
11.6° 3.5°

“PG, shown in blue; R group, shown in orange; R = iPr — H; SUB = PYR and benzene, shown in brown.

to be particularly well-suited to enable the ideal TS geometry
required for the inner-sphere C—H bond activation (e,
pathway B).

In contrast, for PYR substrate and PG—Val-OH ligand
(used previously,” as well as in this paper), the substrate—ligand
geometry criteria for the transition state TS-B presented above
are poorly fulfilled (Scheme 7). Indeed, the existing interaction
between the side chain (Pr, ie., larger R group) and PG
distorts the favorable planarity of TS-B. Replacing PG—Val—
OH with the relatively smaller ligand PG—Gly—OH (ie, R =
Pr — H substitution) slightly increases the planarity of the TS
(Pd—N'-C*-0" = 14.0° — 10.1°). It is expected that the
angle imposed by the short, one-sp’-carbon linker (C')
between the DG and substrate also distorts the planarity of
the TS-B and the perpendicular relationship between the
substrate aromatic ring and the Pd coordination plane. To
elaborate on this issue further, we also calculated the C—H
activation transition state for the benzene substrate (by
removing the C' linker). As seen in Scheme 7, the removing
of the C' linker increases the planarity of the TS-B (SUB =
PYR — benzene, PA-N'—C?>-0' = 14.0° — 11.6°). As might
be expected, reducing the size of the R group via R = Pr > H
substitution further increases the planarity of TS-B with Pd—
N!—C2—0! = 3.5° for the benzene substrate. However, in all
studied cases, the substrate aromatic ring cannot adopt the
desired perpendicular binding orientation because of the width
of the strongly bound pyridine DG. Thus, the shape of the DG
is also a vital determining factor for the operative pathway of
the C—H activation reaction with the [MPAA’]—Pd(II)—[DG-
SUB] catalyst. In short, when DG = CN (linear), pathway A is
favored,” and when DG = pyridine (planar), pathway B is
favored.

The electron-donating ability of the DG is another factor
influencing the C—H activation step. In general, the calculated
C—H activation barriers (for both A and B pathways) are large
for substrate PAA compared with PYR. The lower C—H
activation barriers for PYR can be rationalized by the
coordination mode of the pyridine DG that produces a more
electrophilic Pd through increased back-bonding. This is
directly in competition with the trans influence observed in
the active catalyst formation step and indicates an opposing
effect of the DG on the N—H and C—H activation steps. Thus,
the shape, interactions of the substrate and ligand, and the
donating character of the DG can bias the reactivity toward
either pathway and are important factors to consider in the
design of enantioselective MPAA-assisted and DG-mediated
C—H bond functionalization reactions catalyzed by Pd(OAc),.
It should also be noted that the experimental base for the
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reaction with PAA is KHCOj;. The formation of a cation—=
interaction between the base (K*) and the substrate aryl ring
may assist with association of the external base. The results with
both substrates suggest that weak interactions will be important
for describing the approach of the external base and therefore
will have an impact on the favored pathway.

4. CONCLUSIONS

Above, we presented a computational study on the impact of
experimentally relevant reaction variables, such as (a) the
protecting group (PG), (b) the side chain (R), (c) the length of
the amino acid backbone (- and $-amino acid) of the MPAA
ligand, as well as (d) the nature of the substrate (DG-SUB) and
(e) the strength of the Pd-DG interaction on the “N—H bond
cleavage and subsequent C—H bond activation” mechanism for
C—H functionalization with the [MPAA]—Pd(1I)—[DG-SUB]
complex. Results of these studies can be summarized as follows:

(1) The major factors that lower the stability of the
prereaction complex [MPAA]—-Pd(II)-[DG-SUB], 11,
are (a) the strong electron-withdrawing ability of the PG,
(b) a longer amino acid backbone, and (c) a strong Pd—
DG interaction.

For the N—H bond cleavage and active catalyst
formation, (a) alteration of the R-group via H—"Pr—'Bu
has little impact, (b) the increase in the electron-
withdrawing ability of the PG manifests in smaller N—H
bond cleavage energy, (c) a change in the length of the
amino acid backbone introduces the noncovalent C—H
(R of ligand)—z (Ph of substrate) interaction and
reduces the energy required for formation of the active
catalyst, and (d) the strong Pd—DG interaction reduces
the N—H cleavage energy.

For C—H activation in [MPAA’]-Pd(1I)-[DG-SUB],
(a) alteration of the R group of MPAA has little impact,
(b) the increase in the electron-withdrawing ability of PG
stabilizes both pathway A (external-acetate-assisted) and
pathway B (internal-acetate-assisted), (c) the existence of
the weak and noncovalent C—H—7 interaction between
the f-MPAA ligand and substrate may alter the reaction
mechanism, (d) the geometrical features (such as shape
of the DG, conformational preferences of the substrate,
planarity of the transition state, and the perpendicular
relationship between the aromatic ring of the substrate
and the coordination plane of the Pd atom) of the
substrate—ligand motif provides an additional control
mechanism for the reaction pathways.
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(4) Enantioselectivity of the reaction is controlled either
through steric congestion around the substrate in
pathway A or cooperative ligand—substrate geometrical
constraints in pathway B.

The fundamental knowledge provided above is expected to
aid the development of novel MPAA/substrate combinations
and, consequently, novel synthetic strategies for the MPAA-
assisted and directing group-mediated selective C—H function-
alization by Pd(II) catalysts. We also wish to stress the
importance of weak noncovalent interactions in the mono-N-
protected amino acid ligand-assisted and directing group-
mediated C—H activation catalyzed by the Pd(II) complex.
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