Downloaded via KENNESAW STATE UNIV on November 8, 2019 at 03:08:44 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pubs.acs.org/joc

The Journal of Organic Chemist
OC‘ I f 18 Yy @& Cite This: J. Org. Chem. 2019, 84, 14217-14226

Ethylene-Bridged Hexadentate Bis(amidines) and Bis(amidinates)
with Variable Binding Sites

Connor O’Dea,’ Omar Ugarte Tre)o, Janet Arras,” Andreas Ehnbom, ® Nattamai Bhuvanesh,*
and Michael Stollenz*"

TDepartment of Chemistry and Biochemistry, Kennesaw State University, 370 Paulding Avenue NW, MD #1203, Kennesaw,
Georgia 30144, United States

J:Department of Chemistry, Texas A&M University, 580 Ross Street, P.O. Box 30012, College Station, Texas 77842-3012, United
States

O Supporting Information

ABSTRACT: Hexadentate bis(amidines) form versatile net-
works of hydrogen bonds both in solid state and solution, as
revealed by X-ray crystallography, IR, and NMR spectroscopy.
Moreover, the corresponding bis(amidinates) produce blue
and green emissions in THF solution. Tethered tetradentate
bis(amidines) have emerged in coordination chemistry,
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enantioselective catalysis, as building blocks for polyfunctional
heterocycles, and in photoluminescent materials. The next
generation of flexible bis(amidine)/bis(amidinate) platforms
with up to six N-donor sites has now been established.

he great versatility of amidines and bis(amidines) has

resulted in widespread applications as biochemical
reagents of pharmaceutical interest, precursors for heterocycles
serving as redox-switchable chromophores/fluorophores, and
also as important ligands in coordination chemistry.' ™ This is
because of their isoelectronic relation to carboxylic acids and
esters, although amidines are substantially more versatile than
their oxygen congeners, due to the fact that a large variety of
additional functional substituents and linking groups can be
attached to the basic amidine moiety.

Since their seminal discovery in the early 1950s,* alkylene-
bridged bis(amidines) have attracted considerable attention,
primarily as striking analogues to tethered bis-
(cyclopentadienyl) ligand scaffolds in “constrained” ansa
metallocenes’ which have revolutionized homogeneous
polymerization catalysis. In particular, bis(amidines) linked
to alkylene and arylene backbones have emerged in lanthanide
and in Group 4 complex chemistry, along with other related
demanding catalytic applications, including asymmetric
catalysis.”®” These polydentate ligands have also been found
to be suitable for embedding multinuclear transition-metal-ion
assemblies.*”> 57

We have recently reported on a new ethylene diamine-based
bis(amidine) 1 with bulky terminal mesityl substituents that
serves as a ligand of a rare luminescent homoleptic and
tetranuclear Cu' array.'® This complex was obtained from 1
and mesitylcopper, a powerful synthon for multiple Cu'
scaffolds (Figure 1)."!
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Figure 1. New ethylene-bridged N,N’-disubstituted bis(amidines) 1—
6.

Although related trans-1,2-diaminocyclohexane-linked tetra-
dentate (t-1,2-DACH-)bis(amidines) and their corresponding
alkali metal complexes have been in the focus of two earlier
studies, significantly less attention has been devoted to
bis(amidines) bearing additional terminal N-donor sites.*"
This is surprising, as these bis(amidines) are generally
interesting in terms of their potential as hexadentate ligands
and hydrogen bond donor—acceptor properties in feasible
supramolecular assemblies. This becomes obvious when the
large family of related nonaromatic 1,3,5-triazapentadienes and
pentaazadienes, their less explored N-analogues, is consid-
ered.”™"° In particular, 1,3,5-triazapentadiene anions have
been employed as versatile ligands for Groups 1—-2 and 7—13
element complexes as well as in accompanying catalytic
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applications.'”"* The corresponding BF,/BPh, complexes are
of significant interest as highly luminescent materials.'*"* Out
of this selection, linked bis- and tris( 1,3,5—triazaEentadienes)
have been described in the literature as well.'*&™” Among the
less prominent linked (t-1,2-DACH-)bis(amidines), only one
example with terminal pyridyl substituents has been reported
so far.”> Remarkably, closely related pyridylbenzamidines are
well-known for decades and have recently attracted consid-
erable attention as ligands in nickel- and palladium-catalyzed
cross coupling reactions and in olefin polymerization/
oligomerization.'® Only one example of a corresponding
pyridyl(tert-butyl)amidine has been published so far.'” In
contrast to these potentially tridendate monoamidines bearing
an additional pyridyl donor site, information on the molecular
structures of linked hexadentate bis(amidines), both in
solution and solid state, has remained fragmentary to date.
Solid-state structures of hexadentate bis(amidines) have not
been reported at all. Accompanying computational studies are
entirely missing.

Herein, we report the synthesis and molecular structures of
the new N,N’-disubstituted bis(amidines) 2—6, some of which
show a remarkable network of inter- and intramolecular NH---
N’ hydrogen bonds in the solid state (Figure 1). A
comprehensive computational study (gas phase and solution)
of 2—6 is provided as well. Moreover, we have discovered that
2—6 become highly emissive in THF solutions upon
deprotonation through "BuLi or NaN(SiMe;),. Thus, 2—6
and their dianions represent a series of unprecedented
photoluminescent bis(amidine)/bis(amidinate) light switches.

The synthesis of 2—6 followed a straightforward three-step
protocol that was accompanied by reasonable to good yields
(54—63%, Scheme 1).

Scheme 1. Three-Step Synthesis of 2—6“
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Bis(amide) A was easily obtained from ethylenediamine and
2 equiv of pivaloyl chloride in the presence of triethylamine,
similarly to earlier reported procedures.®”” Upon reaction with
PCl;, the corresponding bis(imidoyl chloride) B was isolated
as an air- and temperature-sensitive pale yellow oil. Exposure
to room temperature for more than about 24 h resulted in
decomposition that was indicated by an orange-brownish color
change. Subsequent aminolysis and basic workup yielded the
bis(amidines) 2—6 as colorless microcrystalline solids.

The 'H NMR spectra of 2—6 (both recorded in CDCl, and
in C¢Dg) show one set of sharp resonances for all C—H
protons and therefore suggest the presence of one symmetrical
stereoisomer in solution (see Table S6 and Figures S15—S34 in

the Supporting Information). The bulky tert-butyl groups

produce sharp singlets between 6 = 1.17 and 1.32 ppm, thus
indicating fast rotation. The molecular flexibility of 2—6 in
solution is also confirmed by the CH, signals (§ = 3.01—3.20
ppm) as no substantial line broadening is observed. This is in
striking contrast to our previously reported bis(amidine) 1 that
generally produces broad resonance si%nals in its CiDg 'H
NMR spectrum at room temperature.lo’ ®In addition, a series
of even more broadened signals at = 3.02, 5.72, and 7.89 ppm
was found. These additional signals suggest that C=N double-
bond stereoisomers (EE, EZ/ZE, and ZZ) and their syn/anti
rotational isomers exist in solution that interconvert through
tautomerism and C—N single-bond rotation at the amidine
moieties. Overall, eight distinct and four additional pairs of
identical stereoisomers are possible for ethylene-bridged N,N’-
disubstituted bis(amidines), if the predominant tautomer
retains the —NH(CH,),NH— diamine core motif, which is
confirmed for the solid state by the XRD structures of 1, 3, §,
and 6 (vide infra).

Substantial line broadening is only observed for the N—H
resonances in the 'H NMR Cg¢D4 spectra of 2—6 when
contrasted with the CDCl; data. This is most evident for 6 as
the corresponding N—H signal in C¢Dg is too broad to be
detected at ambient temperature. All N—H resonances of 2—5§
in C¢Dg are remarkably downfield shifted (IASl ~ 0.86—1.68
ppm) relative to the sterically crowded bis(amidine) 1 (Table
S6). Since the electronic effect of the more electron-
withdrawing pyridyl and quinolyl substituents of 2—6 on the
CH, proton shifts of the common —NH(CH,),NH— linking
core is less significant than on the N—H resonances (IASl =
0.03—0.70 relative to 1), sole electronic effects of the terminal
aryl substituents do not explain the magnitude of the N—H
shifts. Instead, there is strong evidence for hydrogen bonding
being present in solution for 2—6, which was confirmed for the
solid state (vide infra) and supported by DFT calculations
(Figure 2, Schemes S1 and S2, and Tables §7-59)."”%° The
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Figure 2. Calculated rotational isomers I-IV of 2—6.

deshielding effect of hydrogen bonds is more distinct in less
polar C¢D4 as CDCl, serves as a weak hydrogen bond donor/
acceptor. In addition, variable-temperature 'H NMR spectra of
2—6 in THF-d, reveal a notable downfield-shift by up to 0.83
ppm from 27 °C to —100 °C (Figure $35—S39).”" These
experimental observations are consistent with the calculated
gas-phase structures I-III that all show intramolecular
hydrogen bonding, thus suggesting intramolecular N—H---N
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hydrogen bonds being present in solution for 2—6. In contrast,
the two cases in which hydrogen bonding is absent (calculated
1 and IV) substantially upfield-shifted NH resonance signals
were found (Scheme S2).

The *C{'H} NMR spectra of 2—6 in CDCl; and C¢Dj are
very similar and show the diagnostic peaks of the common
—N=C(‘Bu)NH(CH,),NH(‘Bu)C=N-— core motif at § =
29.2-29.5, 39.0-39.2 (‘Bu), 43.4—43.5 (CH,), and 162.5—
164.6 ppm (amidine signal, Table S10). All peaks were
completely assigned by a series of 2D NMR experiments (see
the Experimental Section). Only for 4 and § in CDCl,, the
close proximity of the amidine carbon resonance to the
pyridyl-C-2 signal frustrates an unambiguous assignment of
both peaks.

Next, the solid-state structures of the hexadentate bis-
(amidines) were examined. Single crystals of 3, 5-C¢Dg, and 6
were obtained from mixtures of THF/diethyl ether, CsDy/
hexanes, and CH,Cl,/diethyl ether, respectively. X-ray
crystallography reveals ZZ(syn/syn) stereoisomers of 3 and 6
being exclusively present in the crystal lattice whereas §

features an EZ(syn/ syn) isomeric configuration (Figure 3 and
S1).>*
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Figure 3. XRD molecular structures of 3, 5, and 6.

As opposed to the sterically crowded bis(amidine) 1, its
hexadentate congeners 3, 5, and 6 form a versatile network of
intra- and intermolecular NH---N" hydrogen bonds that are,
according to Jeffery’s classification, weak to moderately strong
as evidenced by donor—acceptor distances of 2.93—3.35 A,
NH--N distances of 2.18—2.64 A and N—H:-N angles of
137—151° (Table S4).>* This is consistent with the IR v(N—
H) stretching frequencies of 2—6 which are red-shifted by 95—
152 cm™! relative to bis(amidine) 1 that does not show
evidence of hydrogen bonding in the solid state (Table S5).

A common feature of all bis(amidine) structures 1—6 is that
the N—H protons reside on the more basic N-donor sites of
the central —NH(CH,),NH— diamine linker. The molecular
structure of 3 reveals two intramolecular hydrogen bonds to
the pyridyl N-donor sites serving as hydrogen-bond acceptors.
This results in the formation of two nine-membered rings in
the bis(amidine) framework with an overall C, symmetry of 3.
Introducing additional methyl substituents in the 4-pyridyl
positions (5) gives rise to one intramolecular hydrogen bridge
with the amidine-N atom acting as hydrogen bond acceptor. As

a consequence, a seven-membered ring in the bis(amidine)
moiety is formed. In addition, intermolecular hydrogen bonds
to the pyridyl-N hydrogen bond acceptors of the next
neighbored ligand molecules in the crystal lattice are observed,
thus resulting in a polymeric chain of §. Similar to 3,
bis(amidine) 6 adopts C, symmetry, but in contrast, it shows
exclusively intermolecular hydrogen bonding that originates
from accepting two NH donors by the two quinolyl end groups
of the next neighbored molecule to form 14-membered rings
throughout the polymeric chain. There are no additional
intermolecular contacts in the crystal packings of 3, 5-C¢Dy,
and 6 (Figures S3, S6, and S10).

In consequence of the pronounced N—C single bond
character of the central -NH(CH,),NH— diamine bridge, a
large Acy parameter”” is observed for 1 (0.077) that indicates
only a low extent of delocalization within the —N=C—N-—
moieties. Electron-deficient pyridyl and quinolyl substituents in
3, 5, and 6 result in smaller Acy values (0.039—0.0624 A) and
thus increased delocalization which is most pronounced in 6
(Table S3).

E/Z isomerization tremendously impacts the N=C—NH
angles of 1, 3, S, and 6—they are significantly (up to about
12°) larger in ZZ isomers than in EE isomers, which is
consistent with the increased steric constraints on the amidine
moieties of the observed examples.

Remarkably, the XRD molecular structures of 3, S, and 6
also represent the three lowest energy structures as predicted
by density functional theory (DFT). We turned to computa-
tional tools to help us understand which rotational isomers
could be accessible in solution and if the internal hydrogen
bonding would give stability preferences for one species over
another. The relative stability (kcal/mol) for selected rotamers
of 2—6 (I-IV) was modeled both in the gas phase and in
solvents of different polarity (C¢Hg vs CHCL;) using DFT at
the B3LYP/6-311G(d) level (Schemes S3—S7). Rotamers I, I,
and IV (that are consistent with the XRD structures of 3, 5,
and 6, respectively) are all within the range of 3.9 kcal/mol (at
most) and thermodynamically accessible at room temperature,
as experimentally confirmed by X-ray crystallography. How-
ever, II and IV are in general more stable relative to I in polar
solvents (CHCl;), presumably due to their higher dipole
moments.

Our initial attempts to explore the potential of 2—6 as
ligands for multinuclear transition-metal complexes prompted
us to deprotonate the amidine moieties using "BuLi to
generate bis(amidinates) for subsequent salt metathesis
reactions (Scheme 2). We noted that THF solutions of 2
became substantially blue-emissive under exposure of UV light
upon treatment with "BuLi due to the formation of [2Li,]. The
steady-state photoluminescence (PL) spectra of [2—SLi,]
confirm emission maxima between 421—441 nm and moderate
Stokes shifts of 0.5—0.6 eV (Scheme 2, Table S11, and Figure
§51—856). The emission of the more conjugated bis-
(amidinate) [6Li,] is clearly red-shifted (4, = 485 nm).
For a selected example (2°7) the potential influence of the
alkali metal cation on the emission was tested, and no
significant effect observed. These results indicate that the
bis(amidinate) moiety is the origin of the emission in THF
solution, which is predominantly affected by the terminal aryl
substituents.

In conclusion, five new N,N’-disubstituted ethylene-bridged
bis(amidines) 2—6 with additional terminal N-donor sites were
reported. As opposed to the sterically crowded bis(amidine) 1,
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Scheme 2. Deprotonation of 2—6 and Steady-State Emission
Spectra of [2—6Li,] and [2Na,] in THF
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2—6 exhibit unprecedented networks of weak to moderately
strong inter- and intramolecular hydrogen bonds as demon-
strated by IR spectroscopy and the XRD molecular structures
of 3, §, and 6. Careful examination of NMR-spectroscopic data
revealed strong evidence for intramolecular hydrogen bonding
being preserved in solution for 2—6, which was also confirmed
by the calculated NH-"H NMR shifts. Upon deprotonation
with "BuLi or Na(NSiMe;),, blue- and green-luminescent
bis(amidinates) [2—6Li,] and [2Na,] were obtained. Present
and future studies are concerned with the isolation of [2—6Li, ]
and [2Na,] as well as the exploration of the coordination
behavior of 2—6 and their dianions toward late-transition-
metal precursors in comparison with the large family of closely
related 1,3,5-triazapentadienes/triazapentadienides to target
novel photoluminescent clusters.

B EXPERIMENTAL SECTION AND COMPUTATIONAL
DETAILS

General Procedures. All synthetic procedures involving air- and
moisture-sensitive compounds were carried out by using Schlenk
techniques under an atmosphere of dry argon. Glassware was heat-
sealed with a heat gun under vacuum. Solvents: Prior to use,
tetrahydrofuran (THF), diethyl ether, and toluene were freshly
distilled from sodium/benzophenone. CH,Cl, was distilled from
CaH,. Alternatively, the aforementioned solvents were purified using
a PPT Solvent Purification System. For noninert manipulations,
CH,Cl,, diethyl ether, and hexanes (mixture of isomers) were used as
received without further purification. Deuterated solvents: CDCl,
(Cambridge Isotope Laboratories, Inc, D, 99.8% + 0.03% v/v
tetramethylsilane, TMS), C4Dy (Cambridge Isotope Laboratories,
Inc., D, 99.5%), and THF-dg (Cambridge Isotope Laboratories, Inc.,
D, 99.5%) were used as received without further purification.
Reactants: triethylamine (Alfa Aesar, 99%) was distilled from sodium
before use; ethylenediamine (Alfa Aesar, >99%), pivaloyl chloride
(Acros, 99%), PCl (Alfa Aesar, 98%), mesitylamine (TCI, >99%), 4-
tert-butylaniline (Oakwood Chemicals, 98%), 2-aminopyridine (Alfa
Aesar, 99%), 2-amino-6-methylpyridine (Alfa Aesar, 99%), 2-amino-4-

methylpyridine (Alfa Aesar, 98%), 2-amino-4,6-dimethylpyridine
(Acros, 99%), 2-aminoquinoline (Ark Pharm, 98%), n-butyllithium
(Acros, 1.6 M in hexanes), and NaN(SiMe,), (Alfa Aesar, 1.0 M in
THF) were used as received without further purification. The
synthesis of 1 was previously described.'’ Elemental analyses were
performed by Atlantic Microlab, Inc. Melting points were determined
with an SRS (Stanford Research Systems) Digi Melt instrument using
open capillaries; values are uncorrected (the heating rate was 2 K/
min). NMR measurements were recorded on a Bruker DPX 300 and a
Bruker Avance III 400 spectrometer at ambient probe temperatures
unless otherwise noted. *C{'H} NMR resonances were obtained
with proton broadband decoupling and referenced to the solvent
signals of CDCl; at 77.0 ppm, and C¢Dg at 128.0 ppm ('H NMR:
7.24 ppm (CHCLy), 7.15 ppm (benzene), and 1.73 ppm (THF),
respectively). *C{'"H} NMR assignments are based on DEPT 135§
and the following 2D experiments: COSY, NOESY, HSQC, and
HMBC. Mass spectrometric analyses were performed on a VG70S
double-focusing magnetic sector mass spectrometer (EI), on a Bruker
Ultraflex IT Tof instrument (MALDI), on a Waters Q-Tof API US
quadrupole time-of-flight MS system (low resolution ESI), and on a
Thermo Obitrap Velos Pro MS system (high resolution ESI). IR
spectra were measured on a PerkinElmer Spectrum One FT-IR
Spectrometer equipped with a Universal ATR Sampling Accessory.
UV—vis spectra of solutions of 2—6, [2Li,]—[6Li,], and [2Na,] in
THF were measured with a Cary 60 spectrometer. Steady-state
photoluminescence excitation and emission spectra of solutions of
[2Li,]—[6Li,] and [2Na,] in THF were recorded on a PTI
Picomaster 1 fluorescence spectrometer system.

Synthesis of N,N’-1,2-Ethanediylbis(2,2-dimethylpropana-
mide), A. This compound was prepared in analogy to a literature
procedure, with modifications:** Pivaloyl chloride (15.4 mL, 15.1 g,
125 mmol) was added dropwise via syringe to a solution of
ethylenediamine (4.2 mL, 3.8 g, 63 mmol) and triethylamine (17.4
mL, 12.6 g, 125 mmol) in CH,Cl, (100 mL) at 0 °C with stirring to
form a colorless precipitate. The suspension was allowed to warm to
room temperature for 10 min, heated to reflux for 8 h, and
subsequently cooled to room temperature. The reaction mixture was
washed with water (2 X 150 mL). The organic phase was separated
and dried over anhydrous Na,SO,. Removal of the solvent by rotary
evaporation yielded a colorless powder that was recrystallized from
CH,Cl, (80 mL) and dried by oil pump vacuum (20 h). Yield: 10.794
g (47.27 mmol, 76%). Mp: 116.5—118.0 °C. "H NMR (300.1 MHz,
CDCLy): 6 1.14 (s, 18 H, CH;), 3.33-3.34 (m, 4 H, CH,), 6.62
(broad s, 2 H, NH). “*C{'H} NMR (75.5 MHz, CDCl,): § 27.5
(CH,), 38.5 (C, 'Bu), 404 (CH,), 180.1 (C, C=0). IR (neat,
cm™): 3295 (s, v(N—H)), 3067 (w), 2970, 2955 (m, v(C—H)),
2927, 2910, 2864 (w, v(C—H)), 1631 (vs, v(C=0)), 1542 (vs,
S(N—H)), 1478 (s), 1466 (m), 1443 (s), 1397 (m), 1362 (s), 1319
(m), 1297, 1243 (s), 1212 (vs), 1060, 1017 (w), 917 (m), 819, 788,
743 (w), 690 (vs).

Synthesis of N,N’-1,2-Ethanediylbis(2,2-dimethylpropani-
midoyl chloride), B. N,N’-1,2-Ethanediylbis(2,2-dimethylpropana-
mide) A (5.159 g, 22.59 mmol) and PCl; (9.46S g, 45.45 mmol) were
dissolved in CH,Cl, (60 mL) with stirring to give a pale yellow
solution under evolution of HCI. After 3 d, a clear yellow solution had
formed and all volatiles were removed in oil pump vacuum to leave a
pale yellow green solid. Hexanes (60 mL) and then triethylamine (6.3
mL, 4.6 g, 45 mmol) were added. The resulting colorless suspension
was stirred for 10 min and then filtered. The filter cake was washed
with hexanes (3 X 10 mL). The volatiles of the filtrate were removed
by oil pump vacuum to yield a pale yellow waxy oil. Yield: 5.148 g
(19.41 mmol, 86%). "H NMR (300.1 MHz, CDCL,): 6 1.19 (s, 18 H,
CH,), 3.67 (s, 4 H, CH,). '"H NMR (300.1 MHz, C(Dy): 6 1.18 (s,
18 H, CH;), 3.68 (s, 4 H, CH,). *C{'H} NMR (75.5 MHz, CDCl,):
5283 (CH,), 43.5 (C, 'Bu), 52.6 (CH,), 153.4 (C, C=N). BC{'H}
NMR (75.5 MHz, CsD): 6 28.4 (CH,), 43.8 (C, 'Bu), 53.1 (CH,),
152.9 (C, C=N). MS (CI in CH,): m/z (relative intensity) 263 (1)
[M — HJY, 249 (1) [M — CH,]", 229 (100) [M — CI]*. HRMS (CI
in CH,): m/z caled for C,H,;N,Cl, [M — H]* 263.1082, found
263.1077. IR (neat, cm™): 2973 (m, v(C—H)), 2933, 2912, 2872 (w,
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v(C—H)), 1689 (s, v(C=N)), 1606 (m), 1530 (w), 1478, 1459 (m),
1423, 1396 (w), 1365 (m), 1342 (w), 1276, 1246 (m), 1172 (w),
1100 (w), 1044 (m), 926 (vs), 872, 793 (s), 753 (w). Anal. Calcd for
C,H,,N,Cl,: C, 54.34; H, 8.36; N, 10.56. Found: C, 54.55; H, 8.60;
N, 10.47.

General Procedure for the Preparation of 2—6. A solution of
arylamine (19.42 mmol) in toluene (10—30 mL, a) was added
dropwise to a solution of N,N’-1,2-ethanediylbis(2,2-dimethylpropa-
nimidoyl chloride) B (9.80 mmol) in toluene (40 mL, b) with stirring
(5) or b was added dropwise to a (2—4, 6). The reaction mixture was
heated at 80 °C for 72 h (2—4) or to reflux for 24 h (§—6), cooled to
room temperature, and filtered. The filter cake was washed with cold
(0 °C) toluene (3—5 X 10 mL), then with diethyl ether (3 X S mL)
and finally suspended in a mixture of diethyl ether (4: 300 mL; 2: 150
mL; 3, 5, 6: 100 mL) and a saturated aqueous Na,COj solution (100
mL), which was stirred for 30 min. The organic phase was separated,
washed with water (3—5 X 100 mL), and dried over anhydrous
Na,SO, (2—5). Subsequent filtration and removal of all volatiles from
the filtrate by rotary evaporation resulted in a colorless solid that was
recrystallized from a mixture of hexanes and diethyl ether (5) and
dried in oil pump vacuum for 24 h (S). Alternatively, the filtrate was
concentrated to approximately 20 mL by rotary evaporation and then
layered with hexanes (40 mL) 2—4, which caused the formation of
colorless crystals (—S °C, 24 h) that were isolated by filtration,
washed with cold (0 °C) hexanes (3 X S mL), and dried in oil pump
vacuum for 48 h (2—4). For 6, the reduction of diethyl ether by 20
mL caused a precipitate to form which was isolated by filtration and
dried in oil pump vacuum for 24 h.

2. This bis(amidine) was obtained by slow crystallization from
diethyl ether/hexanes (=S °C, 24 h). Yield: 54%. Mp: 150.8—151.0
°C. 'H NMR (400.1 MHz, CDCl,): § 1.20 (s, 18 H, CH;, ‘Bu), 3.06
(s,4 H, CH,), 5.68 (broad s, 2 H, NH), 6.69 (d, *J;;; = 8.1 Hz, 2 H;
py H?), 6.73 (t, *Jyu = 6.0 Hz, 2 H; py H®), 7.44 (t, *Jyu = 6.9 Hz, 2
H; py HY), 821 (d, *Juy = 3.8 Hz, 2 H; py H). 'H NMR (400.1
MHz, C(Dq): 6 1.25 (s, 18 H, CH;, ‘Bu), 3.05 (s, 4 H, CH,), 6.44 (t,
Jun = 59 Hz, 2 H; py H®), 6.58 (broad s, 2 H, NH), 6.80 (d, *Jy =
7.6 Hz, 2 H; py H?), 7.10 (t, *Jy 5 = 7.0 Hz, 2 H; py H*), 8.23 (d, Jun
= 2.4 Hz, 2 H; py H). *C{*"H} NMR (100.6 MHz, CDCl,): § 29.2
(CH,), 39.1 (C, ‘Bu), 43.5 (CH,), 116.1 (CH, py C°), 116.9 (CH, py
C3), 136.8 (CH, py C*), 147.9 (CH, py C%), 162.9 (C, CN,), 163.3
(C, py C?). BC{"H} NMR (100.6 MHz, C(Dy): & 29.4 (CH;), 39.2
(C, Bu), 43.5 (CH,), 115.9 (CH, py C®), 117.8 (CH, py C?), 136.6
(CH, py C"), 147.7 (CH, py C%), 163.4 (C, CN,), 164.1 (C, py C?).
MS (ESI(+)): m/z (relative intensity): 381 (62) [M + H]J*, 191
(100) [M + 2 H]**. HRMS (ESI(+)): m/z calcd for C»,H;3Ng [M +
H]* 381.2767, found 381.2765. IR (neat, cm™"): 3266 (w, v(N—H)),
3044 (w), 2955 (m), 2918, 2906, 2871 (w, (v-C—H)), 1624 (vs),
1583, 1544, 1527, 1464, 1421 (vs), 1398 (m), 1365, 1356, 1334, 1303
(m), 1285, 1269 (s), 1225, 1203, 1191, 1146 (m), 1108, 1097, 1074,
1055, 1044, 1018 (w), 991, 907 (m), 868 (w), 827 (m), 788 (w), 766
(m), 740 (vs), 630, 614 (m). UV—vis (THF): A [nm] (¢ [L-mol™"
cm™]) 237, 1.80 X 10% %297, 9.56 X 10° (br shoulder). Anal. Calcd
for C,,Hy,Ng: C, 69.44; H, 8.48; N, 22.09. Found: C, 69.40; H, 8.58;
N, 21.88.

3. This bis(amidine) was obtained by slow crystallization from
diethyl ether/hexanes (—S °C, 24 h). Yield: 61%. Mp: 165.2—167.6
°C. 'H NMR (400.1 MHz, CDCL,): 6 1.18 (s, 18 H, CH;, 'Bu), 2.40
(s, 6 H, CH,, 6-py), 3.09 (s, 4 H, CH,), 5.57 (broad s, 2 H, NH), 6.44
(d, ¥Jqu = 7.3 Hz, 2 H, CH, py H%), 6.60 (d, %,y = 7.3 Hz, 2 H, CH,
py B®), 7.33 (t, ¥Jyyq = 7.7 Hz, 2 H, CH, py H*). '"H NMR (400.1
MHz, C(Dy): 6 1.25 (s, 18 H, CH,, Bu), 2.36 (s, 6 H, CH;, 6-py),
3.07—3.10 (m, 4 H, CH,), 6.39 (d, *Jy; = 7.3 Hz, 2 H, CH, py H°), »
6.60 (broad s, 2 H, NH), 6.69 (d, *Juy = 8.0 Hz, 2 H, CH, py H3),
7.10 (t, *Juy = 7.7 Hz, 2 H, CH, py H*). BC{'H} NMR (100.6 MHz,
CDCL): 5 24.4 (CH,, 6-py), 29.3 (CH,, Bu), 39.1 (C, ‘Bu), 43.5
(CH,), 113.4 (CH, py C%), 115.3 (CH, py C%), 136.9 (CH, py C*),
156.5 (C, py C°%), 162.7 (2 X C, py C% CN,). BC{'H} NMR (100.6
MHz, CeDg): 6 244 (CH,;, 6-py), 29.5 (CHs, Bu), 39.2 (C, ‘Bu),
43.5 (CH,), 114.7 (broad, CH, py C%), 115.0 (CH, py C*), 137.0
(CH, py CY, 156.1 (C, py C°), 163.2 (C, CN,), 163.5 (C, py C?).
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MS (ESI(+)): m/z (relative intensity): 409 (69) [M + H]*, 205
(100) [M + 2 H]**. HRMS (ESI(+)): m/z calcd for C,,H;,Ng [M +
H]* 409.3080, found 409.3074. IR (neat, cm™): 3308 (m, v(N—H)),
3058, 3042, 2966 (w, (v-C—H)), 2955 (m, (v-C—H)), 2922, 2904,
2870 (w, (v-C—H)), 1617 (vs), 1584 (s), 1556, 1522, 1437 (vs),
1397, 1368 (m), 1327 (s), 1305, 1277 (m), 1224, 1154 (s), 1111 (w),
1090 (m), 1070, 1048, 1033, 988, 940 (w), 878 (s), 860, 822 (m),
777 (s), 752 (m), 738 (s), 718, 627 (m). UV—vis (THF): A [nm] (e
[L-mol™"-cm™]) 239, 1.69 x 10% 293, 1.26 X 10* Anal. Calcd for
C,H;Ng: C, 70.55; H, 8.88; N, 20.57. Found: C, 70.27; H, 9.08; N,
20.45.

4, This bis(amidine) was obtained by slow crystallization from
diethyl ether/hexanes (—5 °C, 24 h). Yield: 56%. Mp: 184.6—185.9
°C.'H NMR (400 MHz, CDCl,): § 1.20 (s, 18 H, CH,, ‘Bu), 2.21 (s,
6 H, CH,, 6-py), 3.01 (s, 4 H, CH,), 5.69 (broad s, 2H, NH), 6.51 (s,
2 H, CH, py H?), 6.56 (d, *Ju = 4.6 Hz, 2 H, CH, py H°), 8.06 (d,
3Jun = 4.7 Hz, 2 H, CH, py H®). 'H NMR (400.1 MHz, C¢Dy): 6 1.31
(s, 18 H, CH;, ‘Bu), 1.89 (s, 6 H, CH,, 6-py), 3.07 (s, 4 H, CH,),
6.34 (d, 3Jyn = 5.0 Hz, 2 H, CH, py H°), 6.71 (s, 2 H, CH, py H%),
~6.71 (broad s, overlaid by py H® signal, 2H, NH), 8.17 (d, *Jyyy =
5.1 Hz, 2 H, CH, py H®). ®C{'H} NMR (100.6 MHz MHz, CDCl,):
5 209 (CHj;, 4-py), 292 (CH,, ‘Bu), 39.0 (C, Bu), 43.5 (CH,),
117.2 (CH, py C), 117.5 (CH, py C°), 147.4 (CH, py C°), 147.7 (C,
py C%), 162.7, 163.3 (C, CN,, py C?). *C{'H} NMR (100.6 MHz
MHz, C¢Dg): 6 20.7 (CH;, 4-py), 29.5 (CHs, Bu), 39.2 (C, ‘Bu),
43.5 (CH,), 117.3 (CH, py C°), 118.3 (CH, py C%), 147.4 (C, CH,
py C*%), 163.3 (C, CN,), 1642 (C, py C*). MS (ESI(+)): m/z
(relative intensity): 409 (79) [M + HJ*, 205 (100) [M + 2 H]*.
HRMS (ESI(+)): m/z caled for C,,H3,Ng [M + H]* 409.3080, found
409.3074. IR (neat, cm™'): 3283, 3267, 3252 (w, v(N—H)), 3046,
2961(m, (v-C—H)), 2924, 2867 (w, (v-C—H)), 1624 (vs), 1596,
1534 (vs), 1475, 1463, 1395 (s), 1363, 1330, 1303, 1226, 1210, 1159
(m), 1113, 1071, 1049, 1035, 1012, 990, 943 (w), 889, 866, 816 (m),
801 (s), 768, 736, 659 (w), 634 (m). UV—vis (THF): A [nm] (e [L-
mol~t-em™]) 242, 2.44 X 10% x276, 2.15 X 10* (br shoulder). Anal.
Calcd for C,,H;34Ng: C, 70.55; H, 8.88; N, 20.57. Found: C, 70.65; H,
8.95; N, 20.44.

5. This bis(amidine) was obtained by recrystallization from a
mixture of hexanes and diethyl ether (40 mL, 1:3 v/v) at —37 °C
within 3 days as a colorless crystalline solid. Yield: 63%. Mp: 148.2—
151.9 °C. '"H NMR (400.1 MHz, CDCL,): § 1.17 (s, 18 H, CH,, ‘Bu),
2.17 (s, 6 H, CH,, 4-py), 2.35 (s, 6 H, CH,, 6-py), 3.05 (s, 4 H, CH,),
5.58 (broad s, 2 H, NH), 6.29 (s, 2 H, CH, py H?), 6.45 (s, 2 H, CH,
py H®). '"H NMR (400.1 MHz, C(Dy): § 1.32 (s, 18 H, CH;, 'Bu),
1.92 (s, 6 H, CH,, 4-py), 2.37 (s, 6 H, CHj, 6-py), 3.09 (s, 4 H, CH,),
6.25 (s, 2 H, CH, py H%), 6.60 (s, 2 H, CH, py H?), 6.90 (broad s, 2
H, NH). *C{'H} NMR (100.6 MHz, CDCl,): § 20.8 (CH;, 4-py),
24.2 (CH;, 6-py), 29.3 (CH;, ‘Bu), 39.0 (C, Bu), 43.5 (CH,), 113.9
(CH, py C%), 116.7 (CH, py C°), 147.8 (C, py C*), 156.1 (C, py C°),
162.5, 162.8 (C, CN,, py C?). BC{'H} NMR (100.6 MHz, C¢Dy): &
20.7 (CH;, 4-py), 24.2 (CH,, 6-py), 29.5 (CH;, 'Bu), 39.2 (C, ‘Bu),
43.4 (CH,), 115.3 (CH, py C%), 116.5 (CH, py C°), 147.6 (C, py C*),
155.7 (C, py C%), 163.0 (C, CN,), 163.7 (C, py C*). MS (ESI(+)):
m/z (relative intensity): 437 (22) [M + H]*, 219 (100) [M + 2 H]*".
HRMS (ESI(+)): m/z caled for Co,gH, N [M + H]* 437.3393, found
437.3386. IR (neat, cm™): 3309 (w, v(N—H)), 3039 (w), 2960 (m,
(v-C—H)), 2924, 2870 (w, (v-C—H)), 1627 (vs), 1599, 1543, 1525
(vs), 1488, 1456 (m), 1399, 1344 (s), 1301 (w), 1222 (s), 1194 (m),
1154 (w), 1112, 1032, 989, 962, 942 (w), 878 (s), 855, 831, 808, 733,
657, 608 (m). UV—vis (THF): A [nm] (e [L-mol™"-cm™']) 240, 2.06
x 10% ~292, 1.58 X 10* (br shoulder). Anal. Calcd for C,qH,(Ng: C,
71.52; H, 9.23; N, 19.25. Found: C, 71.79; H, 9.31; N, 18.95.

6. This bis(amidine) was obtained by precipitation from diethyl
ether (80 mL) as a colorless powder. Yield: 58%. Mp: 222.1—-222.4
°C. 'H NMR (400.1 MHz, CDCL,): § 1.21 (s, 18 H, CH;, 'Bu), 3.20
(s, 4 H, CH,), 5.99 (broad s, 2 H, NH), 6.87 (d, /gy = 8.4 Hz, 2 H,
CH, quin H%), 7.30 (t, *Jyy = 7.4 Hz, 2 H, CH, quin H°), 7.55 (t, 3y
= 7.5 Hz, 2 H, CH, quin H’), 7.64 (d, *Jiz;; = 7.8 Hz, 2 H, CH, quin
H®), 7.80 (d, ¥y = 8.3 Hz, 2 H, CH, quin H*), 7.87 (d, *Juy = 8.6
Hz, 2 H, CH, quin H*). '"H NMR (400.1 MHz, C¢Dy): § 1.27 (s, 18
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H, CH,, 'Bu), 3.07 (s, 4 H, CH,), 7.03 (d, ¥Juy = 8.6 Hz, 2 H, CH,
quin H%), 7.10 (t, *Jyy = 7.4 Hz, 2 H, CH, quin H?), 7.37—7.41 (m, 4
H, CH, quin H%), 7.50 (d, *Jz;; = 8.7 Hz, 2 H, CH, quin H*), 8.02
(d, ¥y = 8.5 Hz, 2 H, CH, quin H®). *C{'H} NMR (100.6 MHg,
CDCl,): 6 29.2 (CH;, 'Bu), 39.2 (C, 'Bu), 43.4 (CH,), 118.8 (CH,
quin C%), 123.6 (CH, quin C°), 124.6 (C, quin C*'), 127.2 (CH, quin
C%), 1274 (CH, quin C*), 129.1 (CH, quin C’), 136.5 (CH, quin
C*), 1474 (C, quin C®), 162.4 (C, quin C?), 163.5 (C, CN,).
BC{'H} NMR (100.6 MHz, C¢Dg): 6 29.4 (CH;, ‘Bu), 39.2 (C, ‘Bu),
43.4 (CH,), 120.2 (CH, quin C*), 123.7 (CH, quin C°%), 125.1 (C,
quin C*), 127.6—129.4 (CH, overlaid by C¢Dy/C¢Hj signal, quin
C*"%), 136.5 (CH, quin C*), 148.1 (C, quin C*), 162.9 (C, quin C?),
164.6 (C, CN,). MS (ESI(+) in MeOH): m/z (relative intensity):
481 (24) [M + HJ*, 241 (100) [M + 2 H]**. HRMS (ESI(+)): m/z
caled for C;H;,Ng [M + H]* 481.3080, found 481.3072. IR (neat,
em™): 3275 (w, v(N=H)), 3040 (w), 2960 (m, (v-C—H)), 2925,
2903, 2868 (w, (v-C—H)), 1629 (m), 1596 (vs), 1551 (s), 1530 (vs),
1498 (m), 1464, 1417 (s), 1396 (w), 1377 (s), 1349 (m), 1302 (s),
1262 (m), 1246 (w), 1223, 1188 (m), 1143, 1120 (w), 1103, 1068,
1048, 1022, 962, 928, (w), 863, 831, 803, 782, 713 (m), 684 (w), 618
(s). UV—vis (THE): A [nm] (e [L-mol l-cm™]) 249, 449 x 10%
342, 1.37 x 10*. Anal. Caled for CyHyNg: C, 74.97; H, 7.55; N,
17.48. Found: C, 74.69; H, 7.36; N, 17.71.

Deprotonation Studies of 2—6. A 1.6 M solution of n-
butyllithium in hexanes (0.03 mL, 0.05S mmol) or a 1.0 M solution of
NaN(SiMe;), in THF (0.05 mL, 0.05S mmol) was added dropwise to
a solution of 2—6 (0.024 mmol) in THF (12 mL) at —78 °C with
stirring. After 15 min, the reaction mixture was allowed to warm to
room temperature for 2 h and then diluted if required (UV—vis: 1.0—
2.6 X 107 M, excitation and emission spectra: 5.2 X 107°—1.8 X 10~
M; see Table S11). UV—vis (THF): A [nm] (¢ [L-mol™-cm™])
[2Li,]: 257, 2.70 X 10% %295, 2.21 X 10* (br shoulder); [2Na,]: 258,
2.98 x 10% 2295, 2.48 x 10* (br shoulder); [3Li,]: 253, 2.82 X 10%
296, 2.79 x 10% [4Li,]: 249, 2.92 X 10% =274, 2.82 x 10* (br
shoulder); [SLi,]: UV—vis (THF): 253, 2.73 X 10% 280, 2.59 X 10%
[6Li,]: 250, 9.48 X 10% 342, 3.04 X 104

X-ray Crystallography. Single crystals of 3 were grown as
colorless blocks from a THF solution that was layered with hexanes
and stored at —35 °C. Colorless blocks of §-C¢Dg were obtained from
slowly concentrating C4D4/hexanes solutions at room temperature.
Colorless needles of 6 were obtained by allowing diethyl ether vapor
to slowly diffuse into a CH,ClI, solution at room temperature. X-ray
data for 3 were collected on a Bruker APEX diffractometer and for S-
C¢Dg and 6 on a Bruker Venture X-ray diffractometer (graphite-
monochromated Cu Ka radiation, 4 = 1.54178 A or graphite-
monochromated Mo Ka radiation, 4 = 0.71073 A) by using @ and ¢
scans at 110 K (3) or 100 K (5-C¢Dg and 6, Table S1). The integrated
intensities for each reflection were obtained by reduction of the data
frames with the program APEX2 (3) or APEX3 (5-C¢Dg, and 6).”
Cell parameters were obtained and refined with 13527 (5195 unique,
3), 19670 (3840 unique, 5:CcDg), and 5131 (2686 unique, 6)
reflections, respectively. The integrated intensity information for each
reflection was obtained by reduction of the data frames by using
APEX2 (3) or APEX3 (5-C¢Dg, and 6). The integrated data for 3 and
5-C4Dy were corrected for absorption by using SADABS.>® For 6,
TWINABS™ was used for integrated data correction as well as to
generate TWIN4.hk], reflections from the major twin component.
This data was used for structure solution as well as for final least-
squares refinement. The structures were solved by direct methods and
reﬁned (weighted least-squares refinement on F*) by using SHELXL-
97.%° The hydrogen atoms were placed in idealized positions and
refined by using a riding model. Non-hydrogen atoms were refined
with anisotropic thermal parameters. For 5-C4Dy, elongated thermal
ellipsoids on atoms C20 through C26, N6, C 1s through Cé6s
indicated disorder, which were modeled successfully between two
positions each with an occupancy ratio of 0.51:0.49. Appropriate
restraints and constraints were added to keep the bond distances,
angles, and thermal ellipsoids meaningful. For 6, extremely elongated
thermal ellipsoids on atoms C27, C28, and C29 indicated disorder
and were modeled successfully between two positions each with an

occupancy ratio of 0.70:0.30. Appropriate restraints and/or
constraints were added to keep the bond distances, angles, and
thermal ellipsoids meaningful. For all structures, the absence of
additional symmetry and void was confirmed using PLATON
(ADDSYM).*!

Computational Details. All structures (1—6) were fully
geometry-optimized using the Gaussian 09 software package (G09)
and employing an ultrafine grid (99590) for enhanced accuracy.32
Density functional theory was used with the B3LYP functional®® and a
triple-{ quahty basis set (6-311G(d)), including extra polarization
functions.** No symmetry constraints were imposed on any structures
during optimization. Frequency calculations were performed on the
B3LYP/6-311G(d)-optimized geometries for all species to establish
the nature of each structure. All isomers were local minima by
inspecting the number of imaginary frequencies (I, = 0). However, a
few species presented a very small imaginary mode(s) (<1—20 cm™")
which was caused by the rotation of the fert-butyl group(s). These
small frequencies did not significantly impact the relative stability. For
NMR computations, the gauge-independent atomlc orbital (GIAO)
method was used as implemented in the G09 suite® or in Turbomole
v7.2.% For Gaussian the CAM-B3LYP functional®® was used together
with a ba51s set incorporating more diffuse functions (6-311+
+G(d)),** whereas for Turbomole the B-P86****” and B3LYP*
functionals were used together with the RIDFT module®® and the
basis sets def-SV(P)** and def2-TZVP.* See Tables S7—S9 for
selected computed '"H NMR chemical shifts referenced to TMS.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on September 27, 2019. Due
to a production error, Figures 2 and 3 and Scheme 2 were in
incorrect positions. The corrected version was reposted on
September 30, 2019.
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