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ABSTRACT: This report describes a combined experimental
and computational investigation of the mechanism of C(sp*)—
N bond-forming reductive elimination from sulfonamide-
ligated Pd" complexes. After an initial experimental assess-
ment of reactivity, we used ZStruct, a computational
combinatorial reaction finding method, to analyze a large
number of multistep mechanisms for this process. This study
reveals two facile isomerization pathways connecting the
experimentally observed Pd'" isomers, along with two
competing Sy2 pathways for C(sp’)—N coupling. One of
these pathways involves an unanticipated oxygen—nitrogen
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exchange of the sulfonamide ligand prior to an inner-sphere Sy2-type reductive elimination. The calculated AG¥ values for
isomerization and reductive elimination with a series of sulfonamide derivatives are in good agreement with experimental data.
Furthermore, the simulations predict relative reaction rates with different sulfonamides, which is successful only after considering
competition between the proposed operating mechanisms. Overall, this work shows that the combination of experimental studies
and new computational tools can provide fundamental mechanistic insights into complex organometallic reaction pathways.

B INTRODUCTION

Over the past decade, Pd-catalyzed C(sp®)—N bond forming
reactions (involving both C—H amination and oxidative
amination of alkenes) have emerged as valuable methods in
organic synthesis."””> Although high-valent palladium complexes
have been proposed as intermediates in these transformations, a
detailed mechanistic understanding of the key C(sp®)—N bond-
forming step has remained largely elusive.”* Recently, we
isolated a Pd™ model complex, 1y, that undergoes selective
C(sp®)—N coupling (Scheme 1).° This work was the first
example of C(sp’)—N bond-forming reductive elimination
from a well-defined Pd™ complex.®

Scheme 1. C(sp*)—N Bond-Forming Reductive Elimination
from 1y
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A detailed mechanistic understanding of this C(sp*)—N
coupling process would provide valuable information about
relative rates, ligand design, and stereochemistry that could
ultimately inform new catalyst design and optimization.
However, experimental mechanistic studies of reductive
elimination from 1y, are hampered by the complexity of this
system. For example, two different isomers of this octahedral
Pd"Y complex (1p.-a and 15-b) are detectable, and others could
be kinetically accessible under the reaction conditions.
Furthermore, multiple kinetically indistinguishable reductive
elimination pathways are possible from each of these isomers
(vide infra).

The complexity of these competing reductive elimination
pathways motivated us to pursue computational studies to gain
a greater understanding of this transformation. We reasoned
that this system would serve as an attractive test case for the
ZStruct program, a new reaction-finding tool developed in the
Zimmerman lab.” ZStruct enables a combinatorial exploration
of reaction pathways originating from an initial species (Figure
1) and uses quantum chemistry to provide accurate analysis of
the thermodynamic and kinetic factors that govern each path.
The entire set of ZStruct-discovered reaction pathways are
automatically characterized at the full level of detail and
accuracy available to modern quantum chemical simulations of
reaction mechanism. In comparison to a traditional DFT
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Figure 1. ZStruct mediated mechanism discovery incorporates known
and nonintuitive chemical pathways.

investigation, this method significantly expands the scope of
reactivity and can reveal previously unknown mechanistic
pathways. Importantly, the advantages of this method must be
balanced by its high computational cost relative to traditional
DFT.® However, with the rapidly expanding availability of
computational power, ZStruct and other modern reaction
network discovery tools” are expected to become more and
more economical for mechanistic investigations in years to
come.

We report herein that combining experimental studies with
ZStruct allowed us to unravel competing pathways for carbon—
nitrogen bond-forming reductive elimination from complex 1,
and derivatives thereof. During these studies, ZStruct unveiled
an unanticipated, alternative pathway for C(sp*)—N coupling at
Pd"Y alkyl sulfonamide complexes. This pathway, shown in
Scheme 2, is an inner-sphere, concerted reductive elimination

Scheme 2. New Pathway for C(sp®>)—N Reductive
Elimination of Sulfonamide Substrates Discovered by
ZStruct
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via a S-membered transition state that does not require
predissociation of the sulfonamide. Prior literature reports have
shown that C(sp>)—C(sp?)'® and C(sp®>)—X reductive
elimination processes from high-valent group 10 complexes
occur through concerted inner-sphere mechanisms, while
C(sp*)—heteroatom'' ™" couplings generally favor outer-
sphere Sy2-type mechanisms. To our knowledge, concerted
inner-sphere paths have not been previously implicated for
C(sp®)—N coupllng. ® However, as detailed below, in our
system, it is necessary to invoke competing inner and outer-
sphere C(sp®)—N reductive elimination mechanisms to fully
explain the experimental data. Overall, this work leverages a
synergistic combination of experimental studies and ZStruct to
obtain a detailed mechanistic picture of C(sp’)—N bond-
forming reductive elimination from 1y, and its analogues.

B RESULTS AND DISCUSSION

1. Possible Mechanisms for C(sp®)—N Reductive
Elimination from Pd" Complexes. We initially considered

4 mechanisms for reductive elimination from Pd" complexes of
general structure 1. All of these mechanisms have significant
precedent in the literature for other carbon-heteroatom bond-
forming reductive elimination processes.'” >

The first possibility (pathway Ia/b) involves direct
nucleophilic attack by exogeneous RNH™ on the six-coordinate
Pd" starting complex. As shown in Scheme 3, this encompasses
two distinct processes, as it could occur from either isomer 1a
or isomer 1b. The rate expression for each is expected to be
similar and is shown in Scheme 3.

Scheme 3. Pathway I: Direct Nucleophilic Attack
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Pathway II involves the dissociation of one arm of the
bipyridine ligand to generate a neutral S-coordinate inter-
mediate, followed by concerted C—N reductive elimination via
a traditional 3-membered transition state. This pathway is only
possible for isomer 1b, since the sulfonamide and o-alkyl
ligands are trans to one another in la. Because Pd" complex 1b
is unsymmetrical, this pathway could involve two different
neutral pentacoordinate Pd" intermediates. In these two-step
mechanisms, either the ligand dissociation or C—N coupling
could be the rate-determining step. The rate expression for each
possibility is shown in Scheme 4.

Pathway III proceeds via concerted C(sp®>)—N bond-forming
reductive elimination (via a traditional 3-membered transition
state) from the octahedral palladium center of 1b. This pathway
is not possible for 1a, since the sulfonamide and o-alkyl ligands

Scheme 4. Pathway II: Bipyridine Ligand Dissociation
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are frans to one another in this isomer. This mechanism and the
corresponding rate expression are shown in Scheme 5.

Scheme 5. Pathway III: Concerted Reductive Elimination

Pathway il

Rate = k4,1b[1 b]

Finally, pathway IVa/b involves two-steps: pre-equilibrium
dissociation of RNH™ to afford a S-coordinate cationic
intermediate followed by Sy2-type attack of RNH™ on the
Pd-c-alkyl intermediate. As in the previous two-step mecha-
nisms, either the ligand dissociation or the C—N coupling could
be the rate-determining step. The rate expressions for each of
these possibilities are shown in Scheme 6.

Scheme 6. Pathway IV: Sy2 Pathway
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1.1. Previous Studies of 1y, Our initial communication
provided preliminary mechanistic insights into C(sp®)—N
bond-forming reductive elimination from 1y.° These studies
showed that the reaction exhibits a first-order dependence on
[11,] and zero-order dependence on [NMe,NHTs]. These data
unambiguously rule out pathway I, but do not allow us to
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differentiate between pathways II-IV. We also observed rapid
exchange between free and Pd-bound TsNH™ at temperatures
significantly lower than those required for C(sp®)—N
coupling.” This indicates that the sulfonamide dissociation
step of pathway IV is fast under our reaction conditions.

2. Experimental Studies of C(sp®)—N Coupling.
2.1. Initial Screen of Sulfonamide Nucleophiles. Using the
results with Ly, as starting point, we first studied C(sp*)—N
bond-forming reductive elimination as a function of nucleophile
with a series of sulfonamides.”” The sulfonamides CF;SO,NH,
CF,HSO,NH", and CH;SO,NH"™ were selected to represent a
range of electronic properties (i.e, pK, values). A fourth
sulfonamide, TsMeN~ was selected to alter the steric properties
and hydrogen bond donor ability of the nucleophile, while
maintaining similar pK, to TsNH".

The concentrations of the Pd" starting materials and of the
reductive elimination products were monitored via 'H NMR
spectroscopy. The rate constant (kc_y) with each sulfonamide
was determined by fitting the concentration versus time data to
the kinetic model proposed in Figure 2 (rate = kc_y[1g])

-13.54

_ ) 2_
In(k__/m) y=11.936 - 8959.6x R°=0.99297

14

-14.5+4

-15-

-15.5+4

-16

T T T 1
0.00285 0.00295 0.003 0.00305 0.0031

T-',K-|

T
0.0029

Figure 2. Eyring plot for determination of AH* and AS¥ for the
C(sp®)—N reductive elimination from I,y

During the fitting of the kinetic data, the concentrations of 1z-a
and 1p-b were added together and treated as a single Pd"
complex. As summarized in Table 1, changing the steric and
electronic properties of the sulfonamide had a significant
impact on kc_y. The fastest reaction was observed with the
most electron deficient sulfonamide CF;SO,NH™ (kq_y = 6.59
X 107* s7%; entry 1). The slowest reactions were observed with
CH;SO,NH™ and TsNH~, which react approximately 5-fold
slower than CF;SO,NH™ (1.65 X 107* and 1.43 X 107* 57/,
respectively). Previous studies of related C(sp®>)—O coupling
reactions from Pt" complexes showed that electron deficient
benzoate derivatives react significantly faster than electron rich
derivatives (Hammett p value = +1.44 for this system). On the
basis of this prior work, we anticipated that we might observe
faster rates with more electron deficient sulfonamides (i.e.,
sulfonamides with lower pK, values).'”® While this general
trend is observed in Table 1, entries 1—4, the disubstituted
sulfonamide (TsMeN~, entry S) is a clear outlier. This latter
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Table 1. Reductive Elimination Reaction Rate Constant for
C(sp*)—N Coupling Using Different Sulfonamides
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1 CF,S0, (Tf) H 637 6.59
2 CF,HSO, H 7.46 3.87
3 CH,S0, (Ms) H 10.87 1.65
4 p-tolylSO, (Ts) H 10.26 1.43
S p-tolylSO, (Ts) Me 11.67 4.75

database of ACD/Laboratories
reported pK, values are for the

“pK, values from the literature
Software version 11.02. All of the
neutral sulfonamide (R,NH).

sulfonamide has the highest pK, value, but shows an
unexpectedly fast rate.

2.2. C(sp’)—N Reductive Elimination from 14, 14, and
Trsumee We next pursued more detailed investigations of the
complexes containing TINH™, MsNH™, and TsMeN™. These
were selected because: (1) they encompass the largest range of
steric and electronic properties of the sulfonamides examined;
(2) they are also among the fastest and slowest reacting; (3)
they include the key outlier with respect to the initially
expected pK, trend (TsMeN~); and (4) computational results
suggest that a change in mechanism occurs between these
nucleophiles (vide infra).

We established the kinetic orders of the C—N reductive
elimination process in [Pd"] and [sulfonamide] for 1y Ly
and lpgyme In all cases, these reactions exhibited a first-order
dependence on [Pd"V]** and a zero-order dependence on
[sulfonamide].”* As discussed above for 1, this data allows us
to definitively rule out a direct Sy2 mechanism (pathway I in
Scheme 3), since this would exhibit a first-order dependence on
sulfonamide.”

We next explored the feasibility of pathway II, which involves
pre-equilibrium dechelation of the bipyridine ligand prior to
C—N bond-formation. If dissociation of one of the nitrogen
arms of the ligand were occurring, we would expect to see a
large rate difference as a function of the rigidity of the bidentate
ligand. To test this possibility, we synthesized complex 1" in
which the bipyridine is replaced with electronically similar but
more rigid phenanthroline. As shown in Scheme 7, the rate of
reductive elimination from these two complexes under our
optimal conditions was essentially identical (k’l,bpy =6.59%x107*
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Scheme 7. Ligand Effects on the Rate of C(sp*)—

Reductive Elimination
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s™! and Ky phen = 6.88 X 107* s7'). This experiment provides
preliminary evidence against the dechelation mechanism.*®
Notably, the computational studies also strongly indicate
against this mechanism (vide infra).

Eyring plots for C(sp®)—N bond-forming reductive elimi-
nation from lyg lp,, and lpge were obtained by monitoring
the reaction rate over the temperature range of 50—75 °C. A
representative plot is shown in Figure 2, and the activation
parameters obtained from this analysis are provided in Table 2.

Table 2. Activation Parameters for the C(sp*)—N Bond
Forming Reaction

TINH- MsNH™ TsMeN~
AH¥ 232 17.8 23.8
ASH —4.9 —23.5 —34
AGHgec” 24.8 25.7 25.0

“keal-mol . ®cal/(mol-K).

The most noteworthy aspect of this data is the large differences
in the entropy of activation between 1y, and 1p¢/lrenme
Specifically, the AS* values for 1p¢ and 1y are comparable
to one another (—4.9 and —3.4 cal-K™"mol ™, respectively) and
are approximately 20 eu more positive than that for the
reductive elimination from 1. This preliminarily suggests that
different reductive elimination pathways might be operating
upon variation of the sulfonamide (a proposal that is supported
by computation, vide infra).

2.3. Lability of the Sulfonamide Ligand in 14 14, and
T1snme- We next examined the lability of the sulfonamide ligand
in these complexes. The treatment of 1y,-a/ly-b with 1.2
equiv of NMe,NHTSs at room temperature resulted in fast
sulfonamide exchange to form an equilibrium mixture of 1y
and 1, (see Supporting Information for full details). Similar
fast exchange was observed upon treatment of 1pgye-a/ I ronme-
b with 1.2 equiv of NMe,NHTSs at room temperature. For a
solution of 1pra and 3.0 equiv of NMe,TfNH, EXSY NMR
studies at 20 °C show fast exchange between free and bound
TENH™. Overall, these results are similar to those obtained with
1, and they demonstrate that (1) sulfonamide dissociation
pathways (e.g, pathway IV) are kinetically feasible and (2)
sulfonamide dissociation is not the rate-limiting step of the C—
N coupling process.

2.4. 1-a/1-b Isomerization Process. We hypothesized that
the differences in reductive elimination rates/mechanism
between lpg 1y, and lpgye might be related to the

DOI: 10.1021/jacs.6b02714
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accessibility and/or reactivity of different Pd" isomers. As such,
we conducted a detailed study of the isomerization process.
Under our reaction conditions, all of these complexes exist as a
mixture of two isomers: 1z-a and 1g-b.> However, isomer 1g-a
can be formed in quantitative yield via the room temperature
reaction of complex 3 with NMe,NR in CD;CN, and it then
undergoes slow isomerization to form an equilibrium mixture
of lg-a/lg-b at room temperature (Scheme 8).*” This
isomerization is significantly faster than reductive elimination,
and none of the C—N coupled product is detected over the
time frame of isomer equilibration.

Scheme 8. 1z-a/1z-b Isomerization
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We obtained the rate and equilibrium constant for the
isomerization of each complex over a range of temperatures
using NMR spectroscopic analysis. Figure 3 shows the data for
1y as a representative example. The data were fit to the kinetic
model shown in Figure 3, by nonlinear least-squares (NLLS)
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Figure 3. 1p,-a/1y,-b isomerization process at 45 °C. Solid lines are
the best fit using GEPASL
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regression.”” The thermodynamic and activation parameters for
these equilibrium processes were determined using the van’t
Hoft and Eyring equations, respectively. As summarized in
Table 3, both the rate and equilibrium constant for isomer-

Table 3. Thermodynamic and Activation Parameters for the
Isomerization Process Using Different Sulfonamide
Substrates

TENH™ MsNH™ TsMeN~
AH* 1.08 0.21 0.06
AS? —0.45 -2.16 —1.17
AG 0" 123 0.94 0.46
Keges °c 0.16 0.24 0.51
AH¥ 18.5 19.4 213
AS¥ —6.6 —14.8 —6.1
AGHFge” 20.7 24.4 234

“keal-mol . ®cal/(mol-K).

ization vary as a function of sulfonamide. However, neither of
these values correlates with the observed rate of C(sp®)—N
coupling.

2.5. Summary and Conclusions from Experimental
Studies. Overall, the experimental mechanistic studies provide
several mechanistic insights into this C(sp’)—N reductive
elimination process. First, sulfonamide structure has a
significant influence on the rate of reductive elimination.
Second, there is not a clear trend with respect to electronic
effect (pK,) of the sulfonamide and the rate of C(sp*)—N
coupling (with sterically larger TsNMe~ being the key outlier).
Third, reductive elimination is first order in [Pd] and zero
order in sulfonamide for all of the systems examined. Fourth,
two Pd" isomers, connected by a facile isomerization step, are
observed in the reaction mixture during the course of the
reaction. Fifth, both isomerization and sulfonamide exchange
are faster than reductive elimination.

Although the experimental studies do not provide a satisfying
explanation for all these data, they allow us to rule out a direct
Sx2 mechanism (pathway I). Furthermore, the observation of
similar rates with bpy versus phen ligands suggests against the
bipyridine dechelation mechanism (pathway II). However,
these studies do not provide data to distinguish between
pathways III and IV. In addition, other undetectable isomers
might also be accessible (for example, 1c, 1d, and 1e in Figure
4) and could potentially be involved in C(sp®)—N coupling via

1c

Figure 4. Possible unobserved PdY isomers.

related mechanisms. In combination with the possibility of at
least two pathways and five different Pd" isomers, there are a
minimum of 14 kinetically indistiguishable mechanisms that
could be operating in this system. In addition, many of these
pathways could have similar barriers (and thus be operating
simultaneously), further complicating experimental mechanistic
analysis. As such, we turned to ZStruct to obtain a more

DOI: 10.1021/jacs.6b02714
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detailed mechanistic understanding of this reductive elimi-
nation reaction.

3. Identification of Isomerization Mechanism Using
Computational Combinatorial Reaction Finding. 3.7. In-
troduction to ZStruct. On the basis of the complexity of this
system, we viewed it as an ideal test case for the computational
mechanism discovery program, ZStruct.”*" ZStruct is a reaction
exploration tool designed to interrogate complex chemical
transformations using only minimal user input. The method is
able to (1) generate a large number of chemically reasonable
reaction intermediates in a multistep mechanism through
combinations of bond “break” and “form” operations; (2)
evaluate relevant thermodynamic and kinetic parameters using
DFT; and (3) utilize state-of-the-art reaction path finding
methods to efficiently locate minimum energy paths and
transition states.”“”® ZStruct differentiates axial and equatorial
bonding positions of octahedral transition metal complexes and
interrogates pseudorotation and axial/equatorial ligand isomer-
izations as well as bond-changing events. As such, it enables a
full search of potentially reactive Pd" species. In comparison to
a traditional DFT investigation, this method proposes and
evaluates a combinatorial set of reactions in silico without
substantial user intervention. This process does not require
input of a predetermined set of hypothetical reaction steps, so
the mechanistic pathways that are evaluated by ZStruct can be
completely unexpected. ZStruct was initially developed and
tested for reactions of main group compounds,7 and the current
work represents the first application to transition metal
complexes.”® A summary of these steps is shown in Scheme
9, and a full description of the method is given in the
Supporting Information.

Scheme 9. Overview of the ZStruct Combinatorial Reaction
Finding Tool
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3.2. Computational Details. 1y-a/ly-b were selected as
chemically relevant and computationally tractable starting
complexes for the ZStruct analysis. Application of ZStruct to
1y-a/b generated 9482 chemical structures and 794 individual
elementary steps, as well as all 794 associated transition states.
During the initial assessment of reaction paths, we used the
B3LYP density functional’’ in a spin restricted formalism with
the LANL2DZ" basis set.”> The cost of the search was
approximately 80 000 computing hours, which corresponds to
less than 1 week of computational time on 1000 CPUs. To
narrow these pathways down to the most plausible reaction

Filter High Energy
Paths

Desired
Product(s)?
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mechanisms, screening and higher-level evaluations were
performed, as shown in Figure 5.

9,482 Structures

ZStruct 794 Elementary Steps

Hybrid Density Functional, Moderate Basis Set, Gas Phase
Cutoff: 40 kcal-mol-!

101 Structures !81 Elementary Steps

Added Implicit CH;CN (SMD)
35 kcal-mol-!

40 Structures ! 38 Elementary Steps

Improved Density Functional*
Better Basis Set
30 kcal-mol-

29 Structures'v 14 Elementary Steps

Increasing
Computational Cost
Per Structure

Added Explicit CH;CN
Lowest Paths

Figure S. Screening and activation energy cutoffs (AG¥) used for
finding the lowest energy pathways from 1y, *Improved density
functional incorporating long-range and dispersion corrections.

The energy cutoffs were selected based on the experimentally
measured barriers for isomerization and reductive elimination
from 1y-a. The experimental barriers, which are all less than 28
kcal-mol ™}, suggested that barriers more than a few kcal-mol ™
higher would be uncompetitive. Taking into account
corrections from solvent,”* we set the first screening cutoff at
40 kcal'mol™. After removing pathways with activation
energies of >40 kcal'mol™, 81 elementary steps (~10% of
the total generated) remained for further analysis (first filter,
Figure 5). For these elementary steps, the energies were
evaluated at an implicit solvent corrected level of theory
[SMD]*** and were subjected to a stricter energy filter of 35
kcal'mol™. This second filter reduced the key reactions to
include 38 elementary steps.

The lowest energy pathways for isomerization and C(sp®)—
N reductive elimination were then analyzed using the
dispersion and long-range corrected wB97X-D density func-
tional’” with 6-311++G** basis set for hydrogen through sulfur
and LANL2TZ(f) for Pd to provide accurate energetics.”® For
the 14 lowest barrier elementary steps (third filter), the
geometries were reoptimized after adding a single explicit
acetonitrile as a reagent to account for solvent binding to the
palladium center (fourth filter).”> For a more detailed
description of the ZStruct method, selection of level of theory,
as well as the development and application of energy cutofs,
see the Supporting Information.

3.3. Overview of ZStruct Results. As summarized in Figure
6, the ZStruct studies predicted two different, energetically
viable pathways for isomerization between 1y-a and 1y-b as
well as for C(sp*)—N bond-forming reductive elimination. A
first low energy mechanism involves the proposed sulfonamide
dissociation/Sy2 pathway involving intermediate 4y, (pathway
IV in Figure 6). However, ZStruct also identified previously
unanticipated pathways for both isomerization and C(sp*)—N
coupling, which proceed via an oxygen-bound sulfonamide
intermediate (Sp;). As described in detail below, this

DOI: 10.1021/jacs.6b02714
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Figure 6. Overview of ZStruct search of the reactivity of 1y-a involving multiple unproductive search paths as well as known and unknown chemical
reactivity. Shown in blue are expected chemical reactivity, while red highlights the nonintuitive reaction paths.

unanticipated pathway is critical to explain the observed trends
in rate as a function of sulfonamide substitution. A complete
discussion of the computational results is provided below.

3.4. ZStruct Pathways for Isomerization. ZStruct generated
two low barrier mechanisms for the isomerization of 1,-a to
1y-b (Figure 7). In the first elementary step, TS7y, the Pd—
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Figure 7. Two pathways for isomerization of 1yg-a to Iyy-b.

NHSO,CH; bond of 1y a is exchanged for a PA-NCCH,
bond to generate intermediate 4y =~ Complex 4y then
undergoes sulfonamide binding and concomitant reorganiza-
tion of the aryl backbone to afford isomer 1y-b through
TS8ys. The computed AG® was 1.0 kcal‘mol™', which agrees
with the experimentally measured 0.94 + 0.0S kcal-mol™" at 65
°C.

The second isomerization pathway proceeds via displace-
ment of MsNH™ by CH;CN to form 4, but then follows a
unique path compared to the first isomerization mechanism.
From 4y, coordination of the sulfonamide through one of its
oxygen atoms leads to Sy, via TS9yp, This O-bound
sulfonamide intermediate then undergoes a concerted exchange
of the sulfonamide oxygen with nitrogen at the palladium
center via TS10y, to form the product 1y,-b. Notably, the x*-
coordination seen in TS10y, resembles that of bidentate
sulfonamide-ligated Pd" intermediates proposed by Ritter and
co-workers."* The similarity in the activation barriers for the
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two mechanisms in Figure 7 (AAG* = 0.2 kcal-mol ') suggests
that they likely occur competitively.

The experimental value of AG* for isomerization (24.4 kcal-
mol™" at 65 °C) is in close agreement with the computed
barriers of 24.0 and 23.8 kcal'‘mol™ for the mechanisms in
Figure 7. The computation is also consistent with the
experimental observation that the isomerization process is
zero order in sulfonamide. Furthermore, the ordered
conformation of the sulfonamide approach as well as the
presence of a stabilizing CH;CN ligand in TS8y;, and TS89
are both consistent with the experimentally measured AS*
value of —14.8 + 3.4 cal-K '-mol ™.

While searching for reaction pathways connecting the
observable isomers (1y,-a to 1y,b), three additional pathways
were found leading to experimentally unobserved isomers
(Figure 8). All three of these isomers (1y,-c, Ly-d, and 1p-e)

AG (wB97X-D) kcal-mol-!

Iﬁ\TS“M,-e)
SN I TS () TS(1s0) 202
~P |Q/ "I 305 Ms s ‘:
L

B \
= NH § ! \ g"

050 ! ’ ! 238

H P TS(eb) | =\

1
! \
» f \
1
"
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Figure 8. Energy barriers for pathways leading to the formation of 1y
isomers (see Supporting Information for full reaction pathways).

were calculated to be more thermodynamically stable than 1y-
a and 1y-b. However, the only kinetically viable pathway for
isomerization connects 1y-a and 1y,-b.*" Overall, these results
are consistent with the observation that 1y,-a and 1-b are the
only isomers detected experimentally (Scheme 1 and Figure 4),
and indicate that the other isomers are not kinetically relevant
intermediates.
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3.5. ZStruct Evaluation of C(sp®)—N Bond-Forming

Reductive Elimination. After ruling out the participation of

other Pd" isomers, we analyzed possible pathways leading from

Iyea and lyeb to C(sp’)—N bond-forming reductive

elimination.”* ZStruct identified the proposed pathways II—

IV as well as an unanticipated pathway, V. ZStruct predicts that

pathway II is energetically inaccessible (AG* > 32.0 kcal/mol;

see Supporting Information for complete details). This is
consistent with the experimental results, which provided
evidence against this mechanism. In addition, the direct
reductive elimination pathway (III) did not pass the screening
criteria of Figure §, as it has a calculated AG¥ of 51.7 keal-mol ™!
(see Supporting Information for details). As such, the
discussion below focuses on pathway IV as well as the new
mechanism identified by ZStruct (pathway V).

3.5.1. Pathway IV. ZStruct found that the lowest energy
route for C(sp®)—N coupling starting from 1y,-a is a two-step
sequence (pathway IV in Scheme 6). The first step involves the
pre-equilibrium exchange of MsNH™ for CH;CN (TS7y,) to
generate an octahedral Pd" acetonitrile complex, 4y (Figure
9). Rate- limiting C(sp®>)—N bond-formation then proceeds via

outer sphere Sy2-type attack of MsNH™ on the axial sp*-carbon
ligand (TS11y, Figure 10).

The nucleophile has an approach angle of 143.3° (compared
to the ideal 180° in a traditional Sy2 reaction), highlighting the
steric constraints of this transition state. The calculated value of
AG* (26.5 kcal'mol™ at 65 °C) matches well with that
observed experimentally (25.7 kcal-mol™"). Importantly, related
Sx2-like mechanisms for C(sp®)—heteroatom reductive elimi-
nation have been proposed at platinum,3 palladium,4 and

rhodium.”> However, the Sy2-nature of TS11y; is particularly
noteworthy considering that the Iparticipating carbon is a highly
hindered neopentyl-type center.'”

3.5.2. Pathway V. A second low energy pathway for C—N
bond formation was identified by ZStruct and originates from
1,-b. Interestingly, this mechanism (pathway V) is not among
those initially hypothesized above, and has much less precedent
in the literature. > As shown in Scheme 10, pathway V involves

Scheme 10. Pathway V from 1,-b

Pathway V

general expression
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Figure 9. Pathway IV. C(sp*)—N reductive elimination pathway from
1y,

@

the highest energy transition state of pathway IV (26.7 kcal:
mol™! at 65 °C) is very similar to that for pathway V (26.5 kcal-
mol ™" at 65 °C). This suggests that the two pathways occur at
comparable rates in this system.

As shown in Figure 11, the inner sphere C(sp*)—N coupling
in pathway V proceeds via backside attack, analogous to the

(b) TS12)¢

i

N,

\
N
E
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& Y A 3.85A 327A
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Figure 10. (a) C(sp®)—N reductive elimination transition state TS11y from 1y-a (in Pathway IV). (b) C(sp®)—N reductive elimination transition
state TS12y;, from 1y b (in Pathway V).
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Figure 11. Pathway V. C(sp®)—N reductive elimination from 1,-b.
All energies are referenced to 1y-a.

outer-sphere Sy2-type mechanism of pathway IV. As such,
stereochemical labeling studies would not be effective for
experimentally distinguishing between pathways IV and V.
However, the bond angle for approach of the sulfonamide in
TS12, is much shallower than that in pathway V (101.4° in
comparison to 143.3°). This is due to a sustained stabilizing
Pd—O interaction in the transition state, where the Pd—O
distance is 3.27 A for TS12y,, compared to 3.85 A in TS11,;
(Figure 10). Other key bond lengths and angle comparisons are
given in Figure 10, and these values are summarized for all of
sulfonamides in the Supporting Information.

Because they are both Sy2 reactions with similar rate
expressions, TS11y, and TS12y; might be initially considered
chemically indistinguishable. However, in practice, there are a
number of key differences including transition state structure
(quantitatively different angles and bond lengths, Figure 10),
inner vs outer sphere mechanism, and activation barriers. As
will be shown below, the differences in reaction mechanism
lead to changes in mechanism (pathway IV vs V) as a function
of sulfonamide structure.

3.6. Computational Sulfonamide Screen and Experimen-
tal Verification. To further assess the feasibility of the proposed
pathways, we computationally analyzed reductive elimination
through pathways IV and V for the sulfonamides TINH-,
CF,HSO,NH™, TsNH™, and TsMeN~. As summarized in
Table 4 and Figure 12, the lowest calculated barriers and
experimental AG¥ values for the five sulfonamides are in
excellent agreement (R* = 0.90).

The predicted lowest energy pathway (i.e., IV versus V) was
found to vary as a function of sulfonamide structure. For the
sulfonamides CF,HSO,NH™ and CH;SO,NH", pathways IV
and V have similar values of AG¥, while TsNH™ favors pathway
IV. In contrast, TsMeN~ and TfNH™ favor pathway V. For all
five sulfonamides, the calculated AG* for pathway IV generally
correlates with pK,, with hi §her pK.’s affording higher barriers.
(A linear regression of AG* for pathway IV versus pK, has an
R* = 0.77).

This trend is consistent with results from Goldberg’s group
studying C(sp*)—O coupling at Pt'"". Specifically, they showed a
linear Hammett plot (p = +1.44) upon varying the substituents
on the benzoate nucleophile.'” A key consequence of this pK,
trend is that the most basic sulfonamide (TsMeN~) has a
prohibitively high barrier for reductive elimination via pathway
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Table 4. Comparison of Lowest Barrier Calculated C(sp*)—
N Reductive Elimination and Experimentally Measured AG*
Values for Various Sulfonamides

1 equiv NMe,NHR
dIV Pd'V ( 2 equiv bpy ~ @
=N’ . MeCN, 65 °C ) '
1b
Path. IV®  Path. V°
R pK.” AGper  AGFer  AGH,
CF;S0, (Tf) 6.37 25.3 24.4 24.8
CEF,HSO, 7.46 24.7 25.1 25.1
p-Tol-SO,NH (Ts) 10.26 26.1 28.5 25.7
CH;SO, (Ms) 10.87 26.5 26.7 25.7
p-Tol-SO,NCH;, (TsNMe) 11.67 27.8 25.2 25.0

“pK, values from the literature database of ACD/Laboratories
Software version 11.02. “From 1y-a. “From 1y-b.

N
0
0

p-Tol-SO,NHm CH,SO,NH

N
o
)}

N
o
EN

N
o
N

- CF,HSO,NH
n

Experimental AG* (kcal-mol)

25 M p-Tol-SO,N(CH3)
24.8 CF,SO,NH y =0.4387x + 14.127
R2=0.8976
24.6
24 24.5 25 25.5 26 26.5 27 27.5

Computational AG* (kcal-mol)

Figure 12. Comparison between computational and experimental
AG* for C(sp®)—N reductive elimination. The point computation
predicted prior to experiment is highlighted in red.

IV. As such, the relatively fast rate of reductive elimination with
this nucleophile is due to the accessibility of pathway V, which
does not trend with pK, (a linear regression for the five
sulfonamides has R* = 0.28).

The factors controlling the relative barriers for pathway V as
a function of sulfonamide appear to be complex, and we have
not been able to identify clear trends in AG* as a function of
pK, or bond lengths/bond angles that fit for all of the
sulfonamides. Nonetheless, one instructive comparison for
pathway V is between TsHN™ and TsMeN~, which differ only
by substitution of a hydrogen for a methyl group on the
sulfonamide. As shown in Table 4, this change results in a 3.3
kcal'mol™ decrease in AGY for pathway V, thereby enabling
fast reductive elimination from the TsMeN~ complex via this
pathway. A carefully comparison of these systems shows that,
with TsNH™, the transition state for C—N bond formation via
pathway V requires breaking a TsN—H:--F—Pd hydrogen bond.
This hydrogen-bond breaking is clearly reflected in the
increasing H--F distance moving from Sp, (2.01 A) to
transition state TS12y, (3.05 A) to the product 6, (4.80 A).
Importantly, a similar hydrogen bond is not possible in the
analogous intermediate Sy since the hydrogen bond donor
has been replaced with a methyl group. The magnitude of
AAG? between the two sulfonamides for pathway V (3.3 kcal/
mol) is fully consistent with the penalty associated with
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breaking a hydrogen bond. As such, we propose that the lack of
a H-bond donor in TsMeN~ is likely responsible for the
preferred mechanism for C(sp*)—N reductive elimination, and
enables fast C—N bond-formation despite the high pK, of this
sulfonamide.

Overall, the computational activation barriers for the five
sulfonamides agree well with experiment (Figure 12), but only
when taking into account two distinct mechanistic routes,
pathways IV and V. Furthermore, while pathway IV is
computed to be the lowest (or approximately equal) barrier
mechanism for 3 of the $ sulfonamides, 1ygne has a much
lower barrier for pathway V. Pathway V is also favored for 1
but in this case, the energy difference between pathways IV and
V is less significant (AAGY < 1 kcal'mol ™). These observations
are consistent with the experimental activation entropies. The
AS* values for C(sp*)—N coupling from 1y and Lypggye are
similar (—4.9 and —3.4 cal-K™"mol™") and clearly distinct from
AS* for 1y, (=23.5 cal-K™'mol™"). The higher AS* likely
reflects the increased order associated with solvation of the
charged intermediates/transition state in pathway IV versus the
neutral compounds in pathway V. This demonstrates that both
predicted mechanisms are critical for understanding the
observed rates.

3.7. Additional Predictions Based on Thermodynamic
Considerations. We next sought to computationally examine
the impact of moving to the sulfonamide Tf,N~, which has an
even lower pK, than that of TINH™. The studies described
above suggest that the Pd" complex of this sulfonamide (1p;yre)
should react at a fast rate via pathway IV. Consistent with this
hypothesis, the AG¥ for C(sp*)—N coupling from 1y via
pathway IV is calculated to be 23.7 kcal-mol™". A significantly
higher value (26.9 kcal'mol™) is calculated for pathway V.
However, the simulations also predict that the C(sp*)—N
coupling product 6y r¢ is 5.5 keal-mol™" uphill from the starting
material, g Therefore, C(sp’)—N coupling from 1y is
predicted to be kinetically fast, but thermodynamically
unfavorable (Figure 13).

The ZStruct assessment of lgre suggested that alternative,
more thermodynamically favorable reductive elimination path-
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Figure 13. C(sp®)—N versus C(sp®)-C(sp?) reductive elimination
from common pentacoordinate intermediate 4p;rr. All energies
referenced to 1lgrea.
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ways are likely to occur with this complex. As such, we also
computationally evaluated the pathway for C(sp®)—C(sp?)
bond-forming reductive elimination from 1g;¢ This process is
predicted to be thermodynamically downhill (—4.4 kcal-mol™"
to generate the initial intermediate 14g; ), with a computed
activation barrier of 23.3 kcal-mol™" (Figure 13). To test these
computational predictions, we conducted the thermolysis of a
mixture of 3 with 2 equiv of NMe,NTf, in CD;CN at 65 °C. As
anticipated, none of the thermodynamically disfavored product
of C(sp®>)—N bond-forming reductive elimination (6g;y¢) was
detected. Instead, the C(sp?)—C(sp®) bond-forming reductive
elimination product, cyclobutane 15, was obtained in
quantitative yield (Scheme 11). The activation barrier for the

Scheme 11. Thermolysis of 3 in the Presence of NMe,NTf,

g Pd(b o ©:|L

NCMe 15

quantitative
(BgisTs NOt detected)

2 equiv NMeyNTf,
MeCN, 65 °C

AG' = 23.8 kcal mol-!

formation of 15 was measured experimentally as 23.8 kcal-
mol™". This is in excellent agreement with the computational
prediction of 23.3 kcal-mol ™.

B CONCLUSIONS

Detailed mechanistic investigations of reductive elimination
from octahedral Pd™ complexes are challenging due to the
presence of multiple isomers and the feasibility of multiple
kinetically indistinguishable pathways. In this report, we
disclose a combined experimental and simulation investigation
of competing isomerization and C(sp’)—N bond-forming
reductive elimination from a series of Pd" complexes. Several
possible pathways could be ruled out through experimental
investigations, but numerous plausible mechanisms proved to
be experimentally indistinguishable.

These challenges were addressed by using ZStruct, a
computational reaction discovery method, to explore this
complicated chemical landscape. ZStruct enabled us to rapidly
rule out pathways involving unobservable isomers and to
establish an isomerization mechanism within 1 kcal'mol™ of
the experimentally determined AG*.

In addition, two low energy mechanisms for C(sp®)—N
bond-formation were identified: an Sy2-type outer sphere C—N
coupling (pathway IV) and a concerted inner sphere C—N
bond formation that proceeds via a S-membered transition state
from an O-bound sulfonamide intermediate (pathway V).
Pathway V appears to be the major pathway for reductive
elimination for some sulfonamides. This hitherto unreported
pathway therefore merits consideration in any future studies of
C(sp’)—N reductive elimination reactions of sulfonamide
derivatives.

Taking into account competition between these two
mechanisms, ZStruct results showed good agreement with the
experimentally measured values of AG¥ for C(sp*)—N bond-
forming reductive elimination with stereoelectronically varied
sulfonamides. Across a variety of substrates, competition
between pathways IV and V needs to be accounted for to
accurately predict and explain experimental outcomes. In one
case, computation also predicted that C(sp*)—C(sp®) reductive
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elimination would occur instead of the kinetically facile, yet
thermodynamically disfavored C(sp*)—N coupling from 1p;re

This study contributes to a growing body of work
demonstrating the advantages of a combined simulation and
experimental approach to mechanistic investigations, especially
those pertaining to organometallic complexes.”® Moving
forward, we plan to use this approach to evaluate the full
suite of possible reductive elimination reactions from 1, and
its analogues (i.e, competing C(sp®>)—N, C(sp?)—N, C(sp*)—
F, C(sp®)—F, and C(sp’)—C(sp*) reductive elimination).
Overall, this work demonstrates that the combination of
experimental mechanistic studies with ZStruct holds great
promise for the detailed evaluation of complex reaction
mechanisms.
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