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Abstract: Tripodal ligands that can encapsulate single or multiple metal sites in Cs-symmetric
geometric configurations constitute valuable targets for novel catalysts. Of particular interest in
ligand development are efforts toward incorporating apical elements that exhibit little if any
electron donicity, to enhance the electrophilic nature of a trans positioned active oxidant (e.g.,
metal-oxo, -nitrene). The tripodal ligand TMGatrphen-Arene has been synthesized, featuring an
arene platform 1,3,5-substituted with phenylene arms possessing tetramethylguanidinyl (TMG)
residues. Compound [(TMGstrphen-Arene)Cus(u-Cl)s] has been subsequently synthesized by
extracting a Cus(u-Cl)z cluster from anhydrous CuCl and shown to encapsulate a crown-shaped
Cus(u-Cl)s fragment, supported by Cu—Ntmc bonds and modest Cusarene long-range contacts.
Energy decomposition analysis (EDA) indicates that electrostatic contributions to the total
interaction energy far exceed those due to orbital interactions. The latter involve orbital pairings
largely associated with the Ntme stabilization of the Cuz(u-Cl)s cluster. The independent gradient
model based on the Hirshfeld partition (IGMH) corroborates that contacts between the arene
platform and the Cus triangle are noncovalent in nature. Catalyst [(TMGstrphen-Arene)Cus(p-
Cl)3] enables amination of sec-benzylic and tert-C—H bonds of a panel of substrates by pre-
synthesized PhINTces in solvent matrices that incorporate small amounts of HFIP. The
involvement of an electrophilic aminating agent is evidenced by the better yields obtained for
electron-rich benzylic sites and is further supported by Hammett analysis that reveals the
development of a small positive charge during C—H bond activation. A rather modest KIE effect
(2.1) is obtained from intramolecular H(D) competition in the amination of ethylbenzene, at the
borderline of reported values for concerted and stepwise C—H amination systems. DFT analysis of

the putative copper-nitrene oxidant indicates that the nitrene N atom is bridging between two
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copper sites in closely spaced triplet (ground state) and broken-symmetry singlet electronic
configurations.
Introduction

Amines constitute a class of compounds that finds extensive applications in several chemical
industries, such as in the production of pharmaceuticals, agrochemicals, dyes, plastics,
semiconductors, solvents and many other materials essential to societal needs.! The construction
of a key C—N bond can be achieved by cross-coupling methodologies requiring an energetic C—X
precursor (X = halide, pseudohalide, boronic acids, stannanes, siloxanes) to influence reactivity
and guide selectivity.? An alternative, potentially more atom- and energy-economical approach
involves activated or non-activated C—H/C=C feedstock, to which a nitrene/nitrenoid can insert
with the assistance of metal-catalyzed or organocatalytic methodologies.® Naturally, the issue of
C—H bond reactivity/selectivity and mode of nitrene/nitrenoid insertion become more challenging
in these approaches,* hence the science of catalyst development plays a crucial role in enabling
pathways that, on occasion, could even circumvent substrate predilections.®

Figure 1. Catalysts supported by axial Namine coordination and TMG residues
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Recent work in our laboratories has emphasized the use of superbasic tetramethylguanidinyl
(TMG) residues® in stabilizing tripodal NsN (TMGgstrphen) and bipodal N2N (TMGzbiphen) ligand
scaffolds that are analogs of the TMGstren and TMGzdien ligand frameworks,” respectively
(Figure 1). The phenylene linkers tend to provide more rigidity and stability (lack of B-hydride
cleavage pathways), as well as a weaker equatorial ligand field, resulting in metal reagents that are
on average more reactive in nitrene-transfer chemistry. Indeed, monocationic Cu(l) catalysts have
been employed in C—H aminations and amidinations (in the presence of nitriles),® whereas
dicationic base-metal congeners (M = Mn", Fe!", Co'") have found use in the synthesis of three-
and five-membered N-heterocycles from C=C feedstocks.®

Whereas in all cases noted above the axial coordination is occupied by a hard donor (Namine),
more recent efforts have been targeting weaker electron donors in the apical position, such as the
heavier pnictogens Sb(lll) and Bi(lll), in attempts to increase the electrophilicity of any trans-
positioned metal nitrene.® However, these elements enlarge the ligand cavity significantly, and
facilitate the synthesis of polynuclear species [(TMGatrphen-E)Cuz(u-X)3] and [(TMGstrphen-
E).Cuz](PFe)2 (E = Sh, Bi) from CuX (X = ClI, Br, I) and [Cu(NCMe)s](PFes), respectively (Figure
2).1! These species are capable of mediating C—H aminations (especially for benzylic substrates)
and C=C aziridinations, but are less reactive than the mononuclear Namine-Supported Cu(l) sites.

Figure 2. Reagents supported by heavier pnictogens (Sb, Bi) and TMG residues
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In the present manuscript, we are exploring the limits of the ligand cavity enlargement by
selecting an arene plane, in lieu of a pnictogen element, to occupy the apical position and further
weaken the electron-donicity offered by ligand residues along the axial dimension. Arene
platforms have attracted special attention in ligand construction methodologies.!? Given their
ability to capture both single and multiple-metal sites and assemblies, they provide an opportunity
to study metal isolation and/or synergism in coordination and catalytic chemistry. We examine the
nitrene-transfer chemistry mediated by a trinuclear copper(l) catalyst, encapsulated by an arene-
and TMG-supported scaffold, and place its reactivity in a mechanistic context with the assistance
of experimental and computational probes. As opposed to the Namine-coordinated mononuclear
Cu(l) sites that give rise to triplet 3[Cu=NR] oxidants, the present systems are best understood by
the action of bridging Cux(u-NR) units with closely spaced triplet (ground state) and singlet

manifolds.

Results and Discussion

Synthesis of Ligand and Tricopper(l) Compound. The tripodal ligand TMGgstrphen-Arene
(1), featuring an 1,3,5-trisubstituted benzene platform and TMG arms (Scheme 1), is synthetically
approached by first constructing the known trianiline!® via standard Pd-coupling of 1,3,5-
tribromobenzene and 2-aminophenylboronic acid pinacol ester, followed by installation of the
TMG groups with the assistance of chlorotetramethylformamidinium chloride (prepared from
tetramethylurea and oxalyl chloride).® The ligand is obtained as colorless crystals from slowly
crystallizing (initially oily) dichloromethane solutions. X-ray quality crystals can be obtained from

layering pentane over dichloromethane solutions to afford (TMGstrphen-Arene)«1.5DCM.
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Scheme 1. Synthesis of Ligand 1
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The reaction of ligand 1 with anhydrous CuCl (3 equiv.) in dichloromethane affords a yellow
solution, from which light yellow-brown crystals of [(TMGatrphen-Arene)Cus(p-
Cl)3]+2.56CH2Cl> (2) can be obtained upon layering with pentane (Scheme 2). Attempts to use 1
or 2 equiv. of CuCl still afford complex 2, but in lower yields. By way of contrast, Itoh’s TMGstach
ligand, which features three TMG residues attached to a cyclohexane platform, has the capacity to
capture only one Cu(ll) site due to the narrower ligand cavity.'* Ligand 1 extracts a crown-shaped
Cus(u-Cl)s cluster in a similar manner to that noted above for the analogous Sh/Bi-containing
ligands. Two other cases previously reporting Cus(u-Cl)s extraction make use of triphosphino-
stibene/bismuthine (0-('Pr2P)CsHa)sE (E = Sh, Bi)¥® and tris(2-(2-pyridyl)ethyl)phosphine
ligands.’® Incidentally, the gas-phase structure of CuCl exhibits planar, Dsn-symmetric CuzCls
rings (Cu-Cu = 2.627 + 0.012, Cu-Cl = 2.166 + 0.008 A, Cu-CI-Cu = 73.9 + 0.6°, at 689 K).Y’

Scheme 2. Synthesis of Trinuclear Cu(l) Reagent [(TMGatrphen-Arene)Cusz(u-Cl)3] (2)
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Solid-state Structures. Ligand TMGatrphen-Arene (1) exhibits a solid-state conformation
(Figure 3, Table S1) that is not unlike others that have been recently observed with Sb(lll) and
Bi(l11) apical elements in lieu of the arene platform.!1® An approximate Cs axis relates the three
TMG arms, which are positioned on the same side of the benzene ring, generating a well pre-
organized cavity for metal complexation. By comparison to the analogous Sh/Bi-containing
complexes, the cavity of 1 is significantly enlarged, as indicated by the average interatomic
distances between the N(1)/N(4)/N(7) superbasic guanidinyl residues (6.403 + 0.241 (1) vs 5.436
(Sh), 5.483 (Bi) A)).

For compound 2 (Figure 4, Table S1), the unit cell is composed of two independent molecules,
featuring left-hand (M) and right-hand (P) propeller conformations, associated with the 1,3,5-
triarylbenzene blades.® The Cus(u-Cl)s unit is supported by three guanidinyl residues (Cu-N =
2.024 +0.007 (M), 2.022 + 0.005 (P) A) in a similar manner and almost identical strength to that
encountered with the aforementioned [(TMGstrphen-E)Cus(u-Cl)s] compounds (E = Sh, Bi),*
despite the fact that the ligand cavity in 2 is considerably larger (N-*N = 6.200 = 0.062 (M), 6.212
+0.046 (P) A)). As a result, the crown-shaped Cus(pi-Cl)s unit exhibits longer Cu—Cu edges (Cu—
Cu = 3.134 + 0.064 (M), 3.174 + 0.067 (P) A), slightly shorter Cu—Cl bonds (Cu-Cl = 2.263 *
0.011 (M), 2.264 + 0.014 (P) A) and wider Cu—Cl-Cu angles (Cu—-Cl-Cu = 87.66 + 1.96 (M),
89.02 + 2.35 (P)°). The Cu—ClI bond distances reflect the degree of electron-donation of the apical
element toward the Cus triangle (Sb > Bi > Arene). Weak cuprophilic d*°-d° interactions are still
possible in 2, given the recently reassessed van-der-Waals radius of the Cu atom (=1.96A),%° even
at distances more typical for intermolecular Cu'Cu' contacts (2.6 — 3.6 A).%

The strong donicity of the TMG residues in 2 is depicted by the degree of charge delocalization

within the CNz triangle, evaluated by the structural parameter p = 2a/(b+c), where a is the C=N
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bond distance and b and ¢ are the two C-NMe; bond distances.?? For ligand 1 the length of the
C=N bond is 94% of the average C-NMez bonds (o = 0.94), whereas for complex 2 the three C—
N bonds are almost equivalent (p = 0.97)

The Cusz(u-Cl)s cluster is located above the arene platform at a distance (Ce cent—CU3z cent =
2.7054(2) (M), 2.7221(3) (P) A) that rather precludes any strong Cu—arene interactions, although
the distances between each Cu and two adjacent aromatic carbons (av. Cu(1)-C(5)/C(6) = 2.965 +
0.074, Cu(2)-C(3)/C(4) = 2.894 + 0.044, Cu(3)-C(1)/C(2) = 2.730 + 0.043 A) can still signify
weak Cu-arene contacts within the van-der-Waals limit (Cu—C = 3.10 A). Bona fide Cu(l)-7*-arene
interactions (x = 1 - 3, 6) with ligand-untethered arenes are usually characterized by short Cu—C
bond distances (2.06 —2.48 A),23 but tethered versions can give rise to a wide range of Cu—C bonds
or contacts (2.13 — 3.31 A).?* Long range Cu-arene interactions (2.7 — 3.2 A) can also be found
occasionally with solvated arene molecules.? Finally, the corresponding C—C bond distances of
the coordinated arene in 2 (1.399 + 0.004 A) are only slightly longer than those exhibited by the
free arene in 1 (1.397 + 0.003 A), adding another challenge in determining genuine Cu—C
interactions at longer distances.

Solution Behavior. For [(TMGstrphen-Arene)Cus(u-Cl)s] (2) only a single methyl peak of the
TMG arm is observed by *H NMR at room temperature (& (ppm, CD2Clz, 298 K) = 2.78 (2.47, for
ligand 1). As opposed to the [(TMGstrphen-E)Cus(u-Cl)z] compounds (E = Sb, Bi) that show broad
TMG related peaks at room temperature,* the rotational restrictions for the TMG arms are
significantly relaxed, by virtue of the more sizeable ligand cavity of 2. The coordination of the
superbasic Ntwvc residues is also depicted by the downfield shift of the central CN3 carbon atom
in *C NMR (166.6 ppm in 2 vs 158.3 ppm in 1) and the equivalence of C—N3 bond distances in 2

(SCXRD data). Otherwise, no significant NMR shifts are observed between 1 and 2 with regards
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to the C, H atoms of the arene platform (for instance, the *H NMR peak for the arene C—H is at

7.50 ppm for 1 and 2).

Figure 3. ORTEP Diagram (TMGstrphen-Arene)e1.5CH2Cl> (1) drawn with 40% thermal
ellipsoids. Selective interatomic distances [A] and angles [°] for 1: N(1)-C(8) = 1.408(3), N(1)-
C(13) = 1.293(3), N(2)-C(13) = 1.380(3), N(3)-C(13) = 1.373(3), N(4)-C(19) = 1.397(4), N(4)-
C(24) = 1.292(4), N(5)-C(24) = 1.375(4), N(6)—-C(24) = 1.383(4), N(7)—C(30) = 1.406(3), N(7)-
C(35) = 1.289(3), N(8)—C(35) = 1.380(3), N(9)-C(35) = 1.383(3), C(8)-N(1)-C(13) = 122.2(2),
N(1)-C(13)-N(2) = 119.0(2), N(1)-C(13)-N(3) = 126.5(2), N(2)-C(13)-N(3) = 114.5(2), C(19)-
N(4)-C(24) = 121.2(2), N(4)-C(24)-N(5) = 126.6(3), N(4)-C(24)-N(6) = 118.9(3), N(5)-C(24)-
N(6) = 114.5(3), C(30)-N(7)-C(35) = 120.3(2), N(7)-C(35)-N(8) = 119.8(2), N(7)-C(35)-N(9)
=126.6(2), N(8)-C(35)-N(9) = 113.6(2).
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Figure 4. ORTEP diagram of [(TMGstrphen-Arene)Cus(u-Cl)3]+2.56CH2Cl, (left-hand (M), and
right-hand (P) propeller) (2) drawn with 40% thermal ellipsoids. Selective interatomic distances
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[A] and angles [°]: Cu(1)-Cu(2) = 3.0532(7), Cu(1)-Cu(3) = 3.1411(10), Cu(2)-Cu(3) =
3.2085(10), Cu(1)-Cl(1) = 2.2766(10), Cu(1)-Cl(3) = 2.2449(11), Cu(1)-N(7) =2.016(3), Cu(2)-
Cl(2) =2.2686(10), Cu(2)—CI(3) = 2.2669(10), Cu(2)-N(4) = 2.023(3), Cu(3)-CI(1) = 2.2509(11),
Cu(3)-CI(2) = 2.2703(10), Cu(3)-N(1) = 2.032(3), Cu(4)-Cu(5) = 3.097(7), Cu(4)-Cu(6) =
3.261(3), Cu(5)-Cu(6) = 3.163(2), Cu(4)-Cl(4) = 2.2834(11), Cu(4)-CI(5) = 2.2544(11), Cu(4)-
N(10) = 2.018(3), Cu(5)-CI(5) = 2.2654(10), Cu(5)-CI(6) = 2.2594(11), Cu(5)-N(13) = 2.028(3),
Cu(6)-Cl(4) = 2.2432(11), Cu(6)-Cl(6) = 2.2776(11), Cu(6)-N(16) = 2.018(3), Cu(2)—Cu(1)-
Cu(3) = 62.373(19), Cu(1)-Cu(2)—Cu(3) = 60.156(18), Cu(1)-Cu(3)-Cu(2) =57.471(19), Cu(1)-
Cl(1)-Cu(3) = 87.86(4), Cu(2)-CI(2)-Cu(3) = 89.96(4), Cu(1)-CI(3)-Cu(2) = 85.17(4), Cu(5)-
Cu(4)—Cu(6) = 56.60(2), Cu(4)—Cu(5)—Cu(6) = 62.78(2), Cu(4)—Cu(6)-Cu(5) = 57.62(2), Cu(4)-
Cl(4)-Cu(6) = 92.17(4), Cu(4)-CI(5)—Cu(5) = 86.50(4), Cu(5)-CI(6)—Cu(6) = 88.39(4).
Computational Studies. The structure of [(TMGatrphen-Arene)Cus(u-Cl)3] (2) was optimized
and found to agree with experimental data. The energy decomposition analysis (EDA)?
decomposes the total interaction energy (AEint) into four components: electrostatic attraction
(AEeistat), Pauli repulsion (AEpauii), orbital interaction (AEorint), and dispersion energy (AEdisp). The
energetic pattern (Table 1) closely matches that previously observed for [(TMGatrphen-E)Cus(p-
Cl)3] (E = Sh, Bi),!* as evidenced by the similar percentage contributions to attractive interactions,
with electrostatic being the most prominent. However, the magnitude of energy is significantly
smaller here for both repulsive and attractive interactions (except for AEgisp) and the total

interaction energy (AEint) is also smaller (-109.4 (Sb), -111.2 (Bi) kcal/mol), presumably due to

the diminished interactions of the arene platform in 2 versus those of the apical Sb or Bi elements.

The cleavage of the Cu—N coordination bonds during fragmentation means that the total AEint
does not directly indicate the interaction strengths between the crown-shaped Cus(u2-Cl)s and the
rest of the complex. To address this issue, we divide the AEomint into pairwise interactions to
provide a more detailed bonding picture between the fragments within the ETS-NOCYV theoretical
framework.2® The AEomint contributions are denoted as AEominti (i = integer) in order of energy
strength. NOCV results show that there are no significant orbital interactions between the arene

platform and the Cus(u2-Cl)s cluster; however, there are significant interactions associated with
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the formation of the Cu—N coordination bond. NOCV pairs 1 - 3 have an energy of -37.58 kcal/mol
associated with the Cu-N coordination bond with electrons flowing from both Cu and N
contributing to the bond (Figure 5a), while the remaining NOCV pairs have an energy of less than
3 kcal/mol. Negligible electron flow is seen in the rest of the NOCV pairs from the copper atoms
to the nitrogen atoms (Figure 5b). The independent gradient model based on the Hirshfeld partition
(IGMH),?" which analyzes noncovalent interactions, shows that there is a moderate interaction
between the Cus triangle and the = electrons of the arene platform. In Figure 5c/d, a green region
is observed between the arene platform and Cu atoms, suggesting a pseudo #? binding mode
between each copper and two arene carbon atoms with van der Waals interaction strength rather
than that of traditional chemical bonds. The DFT calculations reveal that the Cus(u2-Cl)s unit has
an average Cu—Cl distance of 2.289 + 0.004 A, which is slightly shorter than that observed with
apical Sb(l11) and Bi(l11) elements in lieu of the arene platform.!! However, this is still longer than
the average Cu—Cl distances of 2.166 + 0.008 A found in gas-phase Cus(u2-Cl)s cluster (planar).’
The short distance may be due to a lack of trans influence?® in comparison to that exerted by
Sh/Bi.!! The average Cu—Cu distance of 2.863 + 0.038 A (shorter than the experimental value) is
also known in systems with cuprophilicity and is associated with a very low bond order.16%
Overall, EDA and IGMH results suggest the major destabilization between Cus(ue-Cl)3 and the
arene platform arises from three pairs of Cu-N coordination bonds, with negligible interactions

between Cu atoms and = electrons of arene.
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Figure 5. Deformation density maps (a) AEormint,1,23 (b) AEommtrest and Independent gradient
model based on Hirshfeld partition (IGMH) (c) side view and (d) top view of 2, respectively.

Table 1. Energy decomposition analysis (EDA) contributions of electrostatic attraction (AEelstat),
Pauli repulsion (AEpaui), orbital interaction (AEorbint) and dispersion energy (AEdisp) to the total
binding energy AEint (energies in kcal/mol)

Model AEeistat AEpauii AEorbint AEdisp AEint
[(TMGstrphen-Arene)Cus(u-Cl)s]  -172.7 2009  -80.0 -27.0 -78.8
(2) (61.7%) (28.6%) (9.7%)

Catalytic C-H Amination Studies. A preliminary evaluation of the nitrene-transfer
capabilities of [(TMGstrphen-Arene)Cus(u-Cl)s] (2) was conducted with styrene (8 equiv.) and
PhI=NTs (1 equiv.) in the presence of 5 mol% catalyst 2 and molecular sieves (5 A) in CHzCl3, to
afford the corresponding aziridine in good yields (82%). The more challenging catalytic C-H
amination of several substrates was subsequently pursued. Initial efforts to effect the catalytic
amination of the benchmark substrate ethylbenzene (1 equiv.) by PhI=NTs (2 equiv.), mediated
by 2 (5 mol %) in various solvents, afforded the benzylic amination product in less than 10% vyield

(Table S3). The more electrophilic PhI=NTces (Tces = 2,2,2-trichloroethoxysulfonyl) was then
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selected for further exploration and proved to be significantly more productive if delivered as pre-
synthesized PhI=NTces® (in lieu of being generated in situ from TcesNH. and PhI(O2CR)2 (R =
Me, 'Bu). PhI=NTces has good solubility in many solvents (it can be crystallized from MeCN or
acetone),®! but can be unstable in halogenated solvents. Among several solvent systems explored
for the catalytic amination, chlorobenzene, o,a,a-trifluorotoluene and 1,2-difluorobenzene were
most beneficial, especially in the presence of a small amount of HFIP (10% in volume, Table S3).
PhCF3/HFIP (10:1 v/v) was selected for investigating the reaction scope, since PhINTces has
prolonged stability in this solvent mixture (30 °C) in the absence of light. Attempts to aminate
ethylbenzene with 2.5 or 10 mol% of catalyst, or in a substrate/PhINTces ratio of 1:1 or 2:1, lead
to lower yields (Table S3).

Table 2 summarizes product yields for the amination of several substrates (mostly benzylic)
by employing the substrate as limiting reagent (1 equiv.) and PhI=NTces (2 equiv.) in the presence
of 2 (5 mol%) and molecular sieves (5 A), in PhCFs/HFIP (10:1 v/v). The catalytic reactions are
allowed to run for 24 hours in a No-filled dry box (30 °C). The products are purified on a silica
column to remove the remaining substrate and catalyst components and quantified by *H NMR
with the assistance of an internal standard. Good mass balances are obtained with respect to the
substrate (> 90%) and excess TcesNH> is observed in all cases. Under the optimum conditions, a
panel of para-substituted ethylbenzenes (entries 1 - 9) provide the corresponding products of
benzylic amination in modest to good yields. Ethylbenzene itself is aminated in a 42% yield, which
drops to 18% if HFIP is not used. Higher yields (~50%) are obtained for electron-donating para-
substituents (entries 2, 3), but also for halides F and Cl that tend to provide good resonance polar-
and spin-delocalization effects, respectively.®> Other typical electron-withdrawing para-

substituents (entries 8, 9) give very low yields, which in the case of p-NO; also include chlorinated
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rather than aminated products. Primary and tertiary benzylic C—H bonds (entries 10, 11) afford
amination products in low yields, presumably due to the high C—H bond energy® and steric
protection, respectively. The electronic effect of a strong electron-donating substituent is also
evident in the benzylic amination of 1,2,3,4-tetrahydronaphthalene and derivative (entries 12, 13).
Competition between benzylic and tert-C—H bonds favor benzylic amination exclusively, but
yields are low due to steric encumbrance (entries 14, 15). On the other hand, adamantane is
functionalized in good overall yields (49%). Interestingly, the product profile (entry 16) includes
three products of tert-C—H functionalization, with 1-Ad-NHTces being the major product (ORTEP
for the disubstituted adamantanes, Figure S1; crystallographic data, Table S2), as well as a single,
minor product of sec-C—H amination (2-Ad-NHTces). The mechanistically diagnostic cis- and
trans-1,4-dimethylcyclohexane (entries 17, 18) provide moderate to low yields of cis- and trans-
tert-C—H amination products (ORTEP, Figure S1; crystallographic data, Table S2), along with
minor unidentified sec-amination products. Importantly, partial retention of stereochemistry is
observed upon amination of the tert-C—H sites (cis/trans = 4.5 for cis substrate; trans/cis = 5.0 for
trans substrate). Computational studies (BP86 functional) indicate that a trans conformer of the
amination product is the most energetically stable, lying 1.4 kcal/mol underneath a low-energy cis
conformer (Figure S2). The selectivity of 2 with this substrate lies between that of [Rha(esp)2]
(retention of stereochemistry)®* and that of a bulky S-diketimato-Cu catalyst (complete erosion of
stereochemistry).® These tert-C—H aminations also confirm that catalyst 2 is more effective than

the Sb/Bi analogs (Figure 2).
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Table 2. Yields of Catalytic Aminations of Substrates Mediated by [(TMGstrphen-Arene)Cus(u-Cl)s] (2)

Entry No. Substrate Product Yield (%)
NHTces
1. oh @2\ 42
NHTces
2 jou Q)\ 47
NHTces
. o .
Meo©/\ MeO
NHTces
4. @2\ 53
AT :
NHTces
5 J@)\ 45
CID/\ Cl
NHTces
6. @/\ 27
Br/©/\ Br
NHTces
LT .
NHTces
FaC FsC
NHTces Cl
9. /@/\ /@)\ /@/\ 2,10
O,N OaN T o
NHTces
10. 17
11. ©/ @NHTces 14
NHTces
CO CO o
NHTces
13, C@ 49
MeO/CO MeO
NHTces
14, (j\)\ @/L/L 26
NHTces
15, oY ©)\( 21
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16. ' el rous T e 25,14,7,3

17. AV AV 25 (cis/trans = 4.5)
' " WHTces

18. ~ N N 16 (trans/cis = 5.0)

4 “hHTces

aConditions: Catalyst 2, 0.0125 mmol (5 mol %); PHINTces, 0.50 mmol; substrate, 0.25 mmol,
MS 5 A, 20 mg; solvent (PhCFs/HFIP 10:1 v/v), 0.500 g; 30 °C; 24 h.

Mechanistic Studies. (a) Hammett Plots. To gain insights in the mode of operation of catalyst
2, Hammett plots were constructed for the competitive amination (PhI=NTces, 2 equiv.) of several
p-X-ethylbenzenes (X = MeO, Me, F, Cl, Br, I, CFz3) versus ethylbenzene (1 equiv. each) catalyzed
by 2 (5 mol%) in PhCFz/HFIP (10:1 v/v) at 30 °C (6 h). Linear free-energy correlations of log
(kx/kn) versus the polar substituent parameter op can be obtained with satisfactory fit (pp = -1.22,
R? = 0.93), which can be further improved by employing the resonance-sensitive parameter &* (p*
= -0.88, R? = 0.96) (Figure 6 and Table S4). The negative p, and p* coefficients suggest that
significant positive charge develops at the benzylic carbon because of progressive C—H bond
elongation en route to the transition state and eventual H-atom abstraction by an electrophilic
amination entity. The p* value is less negative than that obtained for the Sb(lll) analog
[(TMGgtrphen-Sh)Cus(u-Cl)s] (p* = -1.22 (NTces))!* and comparable to those evaluated in other
copper-catalyzed aminations of benzylic substrates (ethylbenzene, toluene) in our lab by
mononuclear Cu sites (p* = -1.16 (NTs), -0.91 (NNs), -0.89 (NTces)).2*! These Cu- and analogous
Ru-mediated (p* = -0.90, -1.49)% C—H aminations are perceived to operate via stepwise amination
steps (H-atom abstraction, radical recombination). More modest negative p* values are obtained in

bona fide concerted (asynchronous) amination mechanisms mediated by Rh reagents (-0.47, -0.55,
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-0.66, -0.73, -0.90).3437-40 From this perspective, the activity of catalyst 2 is more consistent with

stepwise operation but lies at the borderline with concerted paths.

07 kyky

o K

Figure 6. Linear free energy correlation of log(kx/kw) as a function of oy (left) (pp = -1.22, R? =
0.93) and ¢* (right) (p* = -0.88, R? = 0.96) for the competitive amination of para-substituted
ethylbenzenes versus ethylbenzene catalyzed by [(TMGstrphen-Arene)Cus(u-Cl)z] (2).

(b) Kinetic Isotope Effects (KIE). An experimental H(D) kinetic isotope effect was evaluated
by means of a competitive H(D) amination (PhN=Tces, 1 equiv.) of the benzylic position of (S)-
(+)-1-d-ethylbenzene (D1 >99%, 1.5 equiv.) in the presence of catalyst 2 (5 mol%) in PhCFs/HFIP
(10: 1 v/v) under the conditions noted above. The substrate was prepared by a recently reported
benzylic deuteration protocol* that proceeds with excellent deuterium incorporation. The KIE
value was determined from the H/D content of the benzylic position of the amination products
(Scheme 3), as evaluated by *H NMR integration. The observed KIE value of kna/kon = 2.1 +0.1
(lower case letters denote the spectator element) is a composite of primary and secondary effects
for the abstraction of a hydrogen atom (Kobs = (Ku.n/Kp.n)prim(Kn.a/km.n)sec),* therefore, the primary
KIE value is most likely higher than the observed value (~2.4 for an average secondary KIE value
of 1.15). Although the possibility of a turnover-limiting C—H bond activation step cannot be
secured from these experiments, the KIE value obtained is on the low side of similar KIE values

reported for intramolecular benzylic aminations (Phl=NTces) of PhC(H/D)(CH2).0Ac, such as
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with catalysts [Mn"'(CIPc)](SbFe) (kn/kp = 3.00 * 0.08 (intramolecular), 2.5 * 0.2
(intermolecular)*® and [Rhz(esp)2] (kn/ko = 2.60 + 0.03).3* The Mn catalyst is reported to operate
via a stepwise mechanism, whereas the Rh catalyst via concerted (asynchronous) activation of the
benzylic C—H bond. The low primary KIE value observed with catalyst 2 may also be due to a
bent transition-state structure, enforced by the narrow confinements in the accommodation of the

active metal nitrene (vide infra).

Scheme 3. H(D) Competition Reaction in the Amination of (S)-(+)-1-d-ethylbenzene

b, H D, NHTces Tces(H)N H
A 2/PhiNTces - 2 e NE
R +
U\_,// PhCF/HFIP (10:1) E) “\/]

Computational Cus-Nitrene Interaction Studies. To further specify the geometric and
electronic properties of the active Cu=NR active species, copper nitrenes (for convenience, R =
SO2Ph) were optimized with the ORCA 4 program, using the TPSSh functional* with the def2-
TZVP* basis set with auxiliary basis def2/J* and a dispersion correction that included Becke-
Johnson damping.*” The singlet, triplet and broken symmetry (BS) open-shell singlet (2,1) were
each geometry optimized. Non-orthogonal magnetic orbitals of the broken symmetry solution

show that a broken symmetry singlet solution exists.

The TPSSh/def2-TZVP level of theory is known to give accurate results with copper systems.*
Equilibria may be assumed since the various states and configurations were close in energy. In all
cases, the tricopper complexes feature a nitrene bridging two copper sites (Figures 7 (triplet) and

S3 (singlet, BS singlet). Dicopper nitrenes are known to exist in solid state and liquid media.354®
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Figure 7. Optimized [(TMGatrphen-Arene)Cus(u-Cl)s] with nitrene docked, optimized in a triplet
S[CuJNR. Hydrogens are omitted from the figure for clarity. Selected bond lengths (A) and bond
angles (deg): Cu(1)-N(106) = 1.827, Cu(3)-N(106) = 1.937, Cu(1)—-Cu(3) = 2.968, Cu(3)-Cl(4) =
2.293, Cu(1)-N(106)—Cu(3) = 104.06, Cu(3)-N(106)-S(109) = 118.98, Cu(1)-N(106)-S(109) =
136.78, Cl(4)-Cu(3)-N(106) = 93.24.

The intact [(TMG)atrphen-Arene)Cus(u-Cl)s] (TPSSh optimized for direct comparison, Figure
S4) has an average Mayer bond order of 0.179 for Cu—Cu, which is typical for complexes with
cuprophilic interactions.'® However, a deviation from the Cs symmetry of the Cus(u-Cl)s is noticed
with the nitrene-docked systems. The most stable calculated nitrene is the triplet state with the spin
density distributed mostly on the nitrene’s N and the two copper atoms that are bridged by the
nitrene nitrogen. The spin population shows about +0.82 unpaired e” on both copper atoms and
approximately +0.60 e on the bridging nitrene nitrogen (Figure 8). The remaining spin density is

localized on the neighboring Cl atom, which assumes a terminal rather than bridging coordination.
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Figure 8. (a) Front and (b) side view of spin density profile for triplet state 3{Cu]NR (TPSSh/def2-
TZVP; Isovalue = 0.002). The blue surface indicates excess a-electron density.

As expected, the 3[CU]NR (Figure 7) features the shortest Cu—(u-NR) bonds in the complex
with distances of 1.827 and 1.937 A (the latter Cu carries the terminal Cl atom) and a Cu—Cu
distance of 2.968 A (Table 3), not unlike those reported previously for dicopper nitrenes.®>4 The
Cu-N-R angles are 136.7 and 118.9° for the ligating copper atoms. The closed-shell singlet
CU]NR (Figure S3) is destabilized relative to the triplet ground state by 12.5 kcal/mol, while the
broken symmetry open-shell singlet BS[Cu]NR (Figure S3) is only slightly destabilized by 1.0
kcal/mol versus the triplet (Table 4). The broken symmetry singlet solution has similar angles and
distances to the ground state triplet (Table 3). For instance, the short Cu—NR bond distances at
1.826 and 1.941 A are almost identical to those noted for 3[Cu]NR (Table 3). One copper atom
and bridging nitrene nitrogen have positive spin that sums to approximately 0.34 e", while the
second copper atom and the terminal CI carry the negative spin density summing to ~ -0.32 e
(Figure S5). The destabilized closed-shell singlet *[Cu]NR has Cu-NR distances at 2.013 and
1.989 A, which are longer than the corresponding values for the ground-state triplet and broken-

symmetry singlet solutions. The Cu—N-R values for both copper atoms are 126.5° and 113.1°.
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Table 3. The coordination core of the optimized ![Cu]NR, BS[CU]NR, and 3[Cu]NR showing
selected bond length (A) and bond angles (°) (R = SO2Ph).

Bond length CuINR BS[CUINR S[CulNR
Cu(3)-CI(5) 2.272 2.391 2.396
Cu(3)-N(106)(NR)  2.012 1.941 1.937
Cu(3)-N(7) 2.127 1.990 1.994
Cu(1)-N(106)(NR)  1.990 1.826 1.827
Cu(3)-Cl(4) 3.271 2.297 2.293
Cu(1)-N(13) 2.113 1.965 1.968
Cu(1)-CI(6) 2.312 2.277 2.277
Cu(2)-N(10) 2.146 2.078 2.080
Cu(2)-CI(6) 2.281 2.352 2.350
Cu(2)-CI(5) 2278 2.273 2,267
Cu(L)-Cu(3) 2.751 2.962 2.968
Cu(1)-N(106)-Cu(3) 86.9 103.6 104.1
Cu(1)-N(106)-R 126.6 136.8 136.8
Cu(3)-N(106)-R 113.2 119.3 118.9

Table 4. Energy of the singlet, triplet, and broken symmetry relative to the triplet ground state

Spin State kcal/mol (Tpssh/def2tzvp)
Singlet, [CulNR 12.5
Triplet, 3[CulNR 0

Broken-symmetry singlet, BS[Cu]NR 1.0
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Summary and Conclusions

The following are the major findings and insights garnered from the present investigation:

(i)

(i)

A new tripodal ligand has been constructed featuring a benzene platform and phenylene arms
decorated with superbasic tetramethylguanidinyl arms residing on the same side of the
benzene ring. This pre-organized ligand framework extracts a Cusz(u2-Cl)z cluster from
anhydrous CuCl, to generate a compound with (TMGstrphen-Arene)Cus(u-Cl)s] stoichiometry.
Single-crystal X-ray structural analysis reveals that a crown-shaped Cus(u2-Cl)z unit is
supported by three guanidinyl moieties, each coordinated to a single Cu(l) site, and via long-
distant contacts with the benzene platform. Both left- and right-hand propeller conformations
are noted in the unit cell of the compound. A relaxed version of this structure is retained in
solution, featuring equivalent phenylene and TMG moieties on the NMR timescale.

Energy decomposition analysis (EDA) applied to [(TMGstrphen-Arene)Cus(u-Cl)s] (2)
suggests that the electrostatic component (62%) is a dominant contributor among attractive
interactions, followed by orbital interactions (28%) and dispersion energy (10%)
contributions. The natural orbitals for chemical valence (NOCV) analysis indicate that the
dominant orbital interactions are associated with the Cu(l)-Ntmc bonds. Very little, if any,
orbital engagement is observed between the Cus triangle and the benzene platform.
Nevertheless, the independent gradient model based on Hirshfeld partition (IGMH) method
supports weak noncovalent interactions of the Cu/7?-benzene type, as well as long-range

cuprophilic contacts.

(iii) An initial evaluation of catalytic C—H aminations mediated by [(TMGstrphen-Arene)Cus(p-

Cl)s] demonstrates that common electrophilic N-donor partners (such as NTs) are rather
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(iv)

(v)
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unproductive. The more electrophilic nitrene source Phl=NTces provides modest to good
yields for the C—H amination of a panel of benzylic substrates, especially in the presence of
low amounts of HFIP in the solvent matrix (PhCFs/HFIP, 10:1 v/v). Electron-rich benzylic
substrates are naturally more reactive than electron-deficient congeners, and steric
encumbrance is usually detrimental. Tert-C—H bonds are also undergoing amination, with
partial retention of stereochemistry for the diagnostic cis- and trans-1,4-dimethylcyclohexane.
Hammett plots for the competitive p-X-ethylbenzene/ethylbenzene amination (PhINTces)
mediated by catalyst 2, provide small negative pp and p* coefficients. An intramolecular
competition for the amination of the benzylic C—H(D) site of monodeuterated ethylbenzene
furnish rather modest primary KIE values. The observed Hammett parameters and KIE values
lie at the borderline with respect to analogous values reported for concerted (asynchronous)
and stepwise (H-atom abstraction/radical recombination) C—H aminations pathways.
Computational (DFT) exploration of nitrene docking to the Cus cluster suggests that the
nitrene is bridging via the N atom between two copper sites with concomitant relocation of
the bridging chloride to a terminal position, giving rise to a triplet ground state and a closely
spaced broken-symmetry singlet state. The small energy difference indicates that both states
may contribute to the observed reactivity in agreement with the borderline mechanistic
indicators noted above.

Future studies will address chlorinated-free versions of the present reagent and explore C—H

bond aminations with a wider range of C—H substrates. Moreover, the mechanistic intricacies

unraveled in the present study will be further investigated with an arsenal of diagnostic probes and

computational assistance.
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