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ABSTRACT: Reported herein are the syntheses of mono- and bis-C,TPA
(HC,TPA = 4-ethynyl-N,N-bis(4-methoxyphenyl)aniline) complexes of
Co™(cyclam) (cyclam = 1,4,8,11-tetraazacyclotetradecane) complexes, and the
formation of 77%-adducts of Cu(I)/Ag(I) to the acetylenic bond of TPAC, ligand.
The reaction between trans-[Co(cyclam)CL,]Cl and HC,TPA in the presence of
Et,NH yielded trans-[Co(cyclam)(C,TPA)CI]Cl ([1]Cl) and subsequent
treatment of [1]Cl with CuCl or AgNO; afforded trans-[Co(cyclam)(C,TPA-
*-CuCL)Cl] (2a) or trans-[Co(cyclam)(C,TPA-n*-Ag(NO;),)(NO;)] (2b),
respectively. The reaction between [Co(cyclam)Cl,]Cl and 3 equiv of LiC,TPA
afforded trans-[Co(cyclam)(C,TPA),]Cl ([3]Cl). X-ray diffraction studies of
compounds [1]Cl, 2a/b, and [3]Cl established their molecular structures. All four
compounds display redox couples that are characteristic of TPA (reversible
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oxidation) and Co™ (irreversible reduction) center. The reversible TPA oxidation in compounds [1]Cl and [3]Cl enables further
UV—vis/near-IR spectroelectrochemical studies to elucidate the change of electronic structures upon oxidation. The electronic
spectra of both compounds [1]Cl and [3]Cl and their oxidized derivatives have been rationalized based on DFT and TD-DFT

analysis.

Bl INTRODUCTION

The chemistry of transition metal alkynyls has evolved
extensively since the early study of homoleptic complexes
[M(C=CR),,]"~ by Nast and co-workers." In addition to
continuous interest in new synthesis” " and understanding of
structures and bonding of metal alkynyls,”~” recent decades
have witnessed significant progress in areas such as molecular
electronic wires and devices® "* and optoelectronic materi-
als."* One of the peculiar attributes of metal alkynyl complexes
is the propensity to form an 5>-adduct of Cu(I)/Ag(I) at the
acetylenic unit that bonds to the metal center (Chart 1), and
it has been demonstrated that the n*-coordination of Cu(I)
attenuates the electronic coupling between two Ru(II) centers
linked by butadiynyl."®
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Our laboratory has become interested in 3d metal alkynyl
compounds supported by both cyclam (1,4,8,11-tetraazacyclo-
tetradecane) and its C-substituted derivatives.'”'® Though the
area is fairly young, Co(cyclam)-based compounds have been a
frequent target due to the possibility of high yield preparation
of trans-[Co(cyclam)(C,R)CI]* under mild conditions."” ™
Recent efforts led to the preparation of [Co(cyclam)-
(C,NAP®)CI]Cl (NAP® = N-R-1,8-naphthalimide with R as
isopropyl, NAP™, and mesityl, NAPM®) with a focus on the
NAP® moiety as an emissive electron acceptor.”*** Explored in
this study are the [Co(cyclam)(C,TPA)CI]* and [Co-
(cyclam)(C,TPA),]* type compounds with HC,TPA as 4-
ethynyl-N,N-bis(4-methoxyphenyl)aniline. Triarylamines
(Ar;N) are excellent electron donors and exhibit a reversible
one-electron oxidation that is accompanied by drastic changes
in electronic absorption spectra, the latter of which has been
frequently exploited in probing both organic®*™*® and
organometallic mixed valency through spectroelectrochemical
investigation.”” Hence, a key focus of the current study is the
spectral response of the Co compounds upon the oxidation of
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Scheme 1. Synthesis of Compounds [1]Cl, 2a, and 2b“
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2a: M =Cu; X=ClI
2b: M = Ag; X =NOj

“Conditions: (i) HC,TPA; Et,NH, MeOH/THEF; 60 °C, 12 h; (ii) [1]CL, M—X, MeOH/MeCN; 60 °C, 4—12 h.

TPA and theoretical insight based on TD-DFT analysis. In
addition, trans-[Co(cyclam)(C,TPA)CI]* species readily form
an n*-adduct of Cu(1)/Ag(1), which is unique for Co-alkynyl
species.

B RESULTS AND DISCUSSION

Synthesis. As shown in Scheme 1, [Co(cyclam)(C,TPA)-
CI]Cl ([1]Cl) was prepared under weak base conditions'
from the reaction between [Co(cyclam)CL]Cl and HC,TPA
in a MeOH/THF/Et,NH solution and isolated as a pink
crystalline solid (75% yield). The synthesis of [Co(cyclam)-
(C,TPA-#*-CuCl,)Cl] (2a) was achieved via reflux of [1]Cl
and CuCl in MeCN for 12 h in 74% yield. [Co(cyclam)-
(C,TPA-7*Ag(NO;),)(NO;)] (2b) was prepared similarly
from [1]Cl and AgNO; and isolated as a dark red solid in 70%
yield. Attempts to synthesize [Co(cyclam)(C,TPA-1>-Ag-
(Cl),)Cl] proved futile due to the low solubility of AgCl
Furthermore, compound 2b exhibited extremely low solubility,
preventing the study of physical properties such as absorption
spectra and voltammetry. [Co(cyclam)(C,TPA),]Cl ([3]Cl)
was prepared from the reaction of [Co(cyclam)CL]Cl with 3
equiv of LiC,TPA in THEF. After silica gel plug purification,
compound [3]Cl was isolated as a light brown solid in 84%
yield. Attempts to react CuCl or AgNO; with [3]Cl to form 7>
MX, type species (M = Cu or Ag; X = Cl or NOj) resulted in
formation of an insoluble yellow solid that could not be further
analyzed. All compounds presented herein are low spin
Co(III) species and are readily characterized using '"H NMR,
UV—vis—NIR, and FT-IR spectroscopies, ESI mass spectrom-
etry, and combustion analysis.

Structure Analysis. Single crystals of [1]Cl, 2a, 2b, and
[3]Cl were grown from slow diffusion of diethyl ether into a
concentrated solution of the respective compound. Molecular
structures of [1]* (Figure 1), 2a (Figure 2), 2b (Figure 3), and

* (Figure 4) were determined using single crystal X-ray
diffraction. In all structures, the Co center adopts a pseudo-
octahedral geometry with the alkynyl and chloro ligands in the
axial positions trans to each other. No additional counterion
was observed for 2a and 2b, suggesting that Cu(I) and Ag(I)
were coordinated, respectively. Selected bond lengths and
angles can be found in Table 1, and the details of data
collection and structure refinement can be found in the Table
S1.

The C=C and Co—C bond lengths for [1]* and [3]* follow
the canonical trend for mono- versus symmetric bis-
Co"(cyclam) acetylides,"”"® in which the C=C bond lengths
are identical within the experimental errors and the Co—C
bond in [1]* (1.879(3) A) is shorter than that in [3]*
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Figure 1. ORTEP plot of [1]" at 30% probability level. Hydrogen
atoms, solvent molecules, and the counterion are omitted for clarity.

Figure 2. ORTEP plot of 2a at 30% probability level. Hydrogen
atoms and solvent molecules are omitted for clarity.

(1.945(2) A) due to the trans influence in the latter.”® The
Co—C bond lengths are also comparable to those observed for
analogous Co"(cyclam) species with electron-rich acetylides,
[Co(cyclam)(C,C¢H,-4-NMe,) (NCMe)]* (1.874(2) A) and
[Co(cyclam)(C,C4H,-4-NMe,),]* (1.942(3) A).>"*
Comparison of [1]* to 2a and 2b reveals that the #*(x)-
coordination of MX, to the acetylide has resulted in an
appreciable elongation of the Co—C, C=C, and C2-C3
bonds (Table 1). Chen and co-workers also noted the
elongation of Ru—C and C=C bonds for Ru—C=C-C=

https://dx.doi.org/10.1021/acs.organomet.0c00454
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Figure 3. ORTEP plot of 2b at 30% probability level. Hydrogen
atoms, solvent molecules, and disorder are omitted for clarity.

Figure 4. ORTEP plot of [3]" at 30% probability level. Hydrogen
atoms and the counterion are omitted for clarity.

C—Ru systems when the alkynes were 7* coordinated to
Cu(I)."® The Cu—C bond lengths (average 2.027[2] A) were
consistent with literature reports for a Cu(I) species,16 as were
the Ag—C bond lengths (average 2.318[S] A) for a Ag(I)
species.30 Compared to [1]* (Figure Sl), signiﬁcant curvature
due to the nonlinearity of the Co—C1—C2 and C1-C2—-C3
bonds were noted for compounds 2a and 2b and were
attributed to 7*-coordination of Cu(I) and Ag(I), respectively.
Similar distortions were noted for Pt—C=C-— polymers

coordinated by Cu,Y, (Y = I, Br, or Cl) in which the Cu-
coordinated species had longer C=C bonds and bent C—C=
C bonds.”

Fourier Transform Infrared Spectra (FTIR). The ATR-
FTIR spectra shown in Figure 5 highlight the C=C stretching
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Figure S. ATR-FTIR of [1]C], 2a, 2b, and [3]Cl highlighting the C=
C stretches.

frequencies for [1]Cl, 2a, 2b, and [3]Cl Consistent with
previous work,”"** 1(C=C) of compound [3]Cl is lower than
that of [1]Cl due to the presence of a second alkynyl ligand in
place of a chloro ligand in the trans position, which results in
greater antibonding interactions between Co dz and filled
7(C=C) orbitals and hence weakened C=C bonds.*® In
agreement with the experimentally observed structure data,
compound 2b (1.234(4) A; 2030 cm™) has a longer C=C
bond and a lower v(C=C) compared to those of [1]Cl
(1.205(4) A; 2114 cm™"). However, compound 2a does not
follow this expected trend, with a C=C bond length of
1.232(3) A and v(C=C) of 2129 cm™. This experimental
anomaly could be attributed to a number of factors such as (i)
the lighter atomic mass of Cu(I) (compared to Ag(I)) and (ii)

Table 1. Selected Bond Lengths (A) and Bond Angles (deg) for [1]*, 2a, 2b, and [3]*

[1]* 2a 2b [3]*
Co—N2 1.969(2) 1.980(2) 1.962(2) 1.992(2)
Col—-N3 1.975(2) 1.984(2) 1.982(2) 1.987(2)
Col-N4 1.976(2) 1.975(2) 1.983(2)
Col—N5 1.980(2) 1.972(2) 1.968(2)
Col-Cl 1.879(3) 1.928(2) 1.891(3) 1.945(2)
Col—-Cl1/03/Cl1’ 2.3401(7) 2.3228(6) 1.984(2) 1.945(2)
Cu/Ag—C1 2.011(2) 2.317(2)
Cu/Ag—C2 2.042(2) 2.319(3)
Cu—Cl2/Ag—06 2.2670(6) 2.33(2)
Cu—Cl3/Ag—07 2.2728(6) 2.382(2)
C1-C2 1.205(4) 1.232(3) 1.234(4) 1.203(3)
C2-C3 1.434(4) 1.450(3) 1.442(3) 1.446(3)
Cl/03/C1’=Col-C1 177.26(8) 177.23(6) 172.99(9) 180.0
Col-C1-C2 172.6(2) 153.5(2) 158.5(2) 175.8(2)
C1-C2-C3 171.6(3) 165.8(2) 167.3(3) 177.5(3)
C1-Cu/Ag—C2 35.37(8) 30.89(9)
Col-C1-C2-C3 18.4(12) —2.0(17)
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the relative 7-donor character of the atom trans to the acetylide
ligand. Since the spectra were recorded on pure solids, the
dissociation of Cu(I)/Ag(I), a plausible solution process, is not
a contributing factor. The nitrato ligand (2b) is a better 7-
acceptor than the chloro (2a) and could influence the v(C=
C) more than the #*-coordinated metal.*>

UV-Vis and Florescent Spectroscopic Analysis.
Absorption spectra for compounds [1]Cl, 2a, and [3]Cl
were collected at room temperature in both CH,Cl, and
MeCN under ambient conditions. Emission spectra for
compounds [1]Cl and [3]Cl were collected at room
temperature in CH,Cl,. Table 2 lists absorption (4,,) and

Table 2. Absorption (4,,,) and Emission Maxima (4, nm),
Excitation Wavelength (i, nm), and Emission Quantum
Yields (®;) in CH,CI, at Room Temperature

Dy Aabs Aem Dex
TPAC,H 0.11 301 460 301
[1]C1 0.00058 327 459 305
[3]cl 0.018 333 462 305

emission maxima (A.,) in CH,Cl,, While the absorption
spectra recorded in CH,Cl, and MeCN are very similar,
emission was not detected in MeCN. The solubility of
compound 2b was too low to yield quality spectroscopic
(Figure S2) and voltammetric information, and these proper-
ties will not be discussed further. As shown in Figure 6,
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Figure 6. Absorption spectra of [1]Cl, 2a, and [3]Cl in CH,Cl,

compounds [1]Cl, 2a, and [3]Cl display a strong absorption
band at ca. 330 nm with an extinction coefficient around
48000 M™' cm™ for [3]Cl and ~25000 M™! ecm™ for
compounds [1]Cl and 2a. Both the peak positions and
intensities are very close to those of the (p-YCsH,);N (Y = Cl,
CH,, or OCHj) series studied by Lambert,®® suggesting this
transition is dominated by the 7 — 7* transition of the TPA
moiety. Furthermore, both inorganic and organic compounds
containing triaryl amine functional group, such as Ru(11)** and
Co(Il) complexes™ with a distal TPA pendant, (TPA),(u-
C,),*® and diruthenium bridged by TPA-diethynyl,”” exhibit
similar intense TPA-based 7 — 7* transitions under 400 nm,
illustrating the metal-independence of the TPA chromophore.
Though the broad nature of this peak partially obscures the d—
d (IAIg - lTlg, 0,,) band in [3]Cl, the d—d band is easily
identifiable for compounds [1]Cl and 2a (inset of Figure 6)
with peak positions comparable to those of previously reported
Co™(cyclam) monoacetylides.”********" Especially notewor-
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thy is the similarity in peak positions and extinction coefficients
for compounds [1]Cl and 2a, suggesting that #7*-coordination
by Cu(I) has a minimal effect on the electronic structures of
compounds 2.

Steady-state emission spectra of compounds [1]Cl and [3]
Cl were recorded, and the emission data are collected in Table
2. The spectra are provided in the Figure S3. Compounds 2a
and 2b are nonemissive under similar experimental conditions,
pointing to the quencher role of Cu(I)/Ag(I) centers. The
emission profiles of compounds [1]Cl and [3]Cl are very
similar to that of the TPAC,H, clearly indicating an origin of S,
— S, excitation of the TPA moiety.*** Consistent with
previous reports of Co™(cyclam) alkynyl species bearing
simple chromophores such as naphthalene®® and naphthali-
mide,”” the Co(IIl) center greatly reduces the emission
quantum yield of the fluorophore. Compound [3]Cl (1.8%)
has a @y significantly higher than that of compound [1]Cl
(0.058%), due to the presence of two TPA ligands.

Electrochemistry. Compounds [1]C], 2a, and [3]Cl were
studied electrochemically and their cyclic voltammograms
(CVs) are shown in Figure 7. The respective redox potentials

[1c1
2a
10 pAI
[3]Cl1
I T T T T T T T T T T T T T T T T
2.0 1.5 1.0 0.5 00 -05 -10 -15 20 -25
E/V vs Fc (+1/0)

Figure 7. Cyclic voltammogram of a 1.0 mM solution of [1]Cl, 2a,
and [3]Clin a 0.1 M solution of n-Bu,;NPF, in MeCN at scan rate =
0.1 V/s.

(all potential data in the ensuing discussion are referenced to
an external ferrocene standard) listed in Table 3. Within the
solvent window, Co™* undergoes one irreversible le™ reduction
(Co*>’*) and one irreversible le”™ oxidation (Co*/3*).
Although a second irreversible le~ reduction (Co**/'*) was
observed in previous studies of Co"(cyclam) alkynyl
complexes,'”'¥?°7** the electron-donating C,TPA ligand
cathodically shifts the Co**/!* couple to beyond the solvent

https://dx.doi.org/10.1021/acs.organomet.0c00454
Organometallics 2020, 39, 3250—-3259
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Table 3. Electrode Potentials of All Observed Redox
Couples (V) in TPA-Br, [1]Cl, 2a, and [3]CI?

EI/Z(TPA+1/O) EI/Z(TPA+Z/+1) EPa(C04+/3+) EPC(C03+/2+)

TPA-Br”  0.29 (0.08) 0.98 (0.07)

[1]cr 0.27 (0.06) 1.20 (0.10) 0.77 —1.55
2a° 0.28 (0.07) 1.05 0.82 -1.90
[3]cr 0.28 (0.08) 0.94 (0.10) 0.77 -2.03

“Electrode potentials vs Fc*/Fc with peak separation (AE,) for
reversible processes shown in brackets. Solutions contain 1.0 mM
analyte and 0.1 M n-Bu,NPF4 as the supporting electrolyte.
bCollected in CH,CL,. “Collected in MeCN solutions.

window. This is consistent with systems containing a similar
anilino donor studied in MeCN, in which the (Co*/?*) event
occurred at the edge of the solvent window for both
[Co(cyclam)(C,C4H,-4-NMe,),]" (—2.08 V) and [Co-
(cyclam)(C,C¢H,-4-NMe,)(C,C¢Fs)]* (—=1.86 V).>° All
three compounds exhibit two characteristic oxidations
attributed to the TPA ligand (Table 3), the first is a reversible
([1]Cl and [3]Cl)/quasi-reversible (2a) oxidation occurring at
~0.28 V (TPA*'?) and subsequently a quasi-reversible ([1]Cl
and [3]Cl)/irreversible (2a) oxidation at ~1.0 V (TPA>/*1),
Redox couples measured in CH,Cl, for TPA-Br occur at 0.29
V (le”) and 098 V (1le”). Literature examgples reported a
reversible le~ oxidation at 0.29 V for TPA-CL>* two reversible
1 e~ oxidations at 0.11 and 0.86 V for TPA-OMe,** and a
reversible 2e~ oxidation at 0.30 V for TPAC,TPA.*® While the
CVs indicate high stability of TPA cation(s) in both [1]Cl and
[3]Cl, no attempt was made to isolate the TPA cation
derivatives.

Comparison of the CVs for [1]Cl and 2a demonstrates that
1’-bonding of Cu(I) to —-C=C—TPA clearly has an impact on
the electronic interactions within the system. Compared to
[1]C], the Co oxidation in 2a is anodically shifted by 0.05 V,
and the Co reduction is cathodically shifted by 0.35 V along
with a significant increase in current. The former is likely due
to an overlapping oxidation event based on [CuCl,]™, and the
latter is due to increased electron density on Co provided by
n*-coordination of [CuCl,]™ to the alkyne, moving the Co
reduction to more negative potentials. Moreover, the current
of the TPA*/? couple in 2a is substantially less than that in
[1]Cl, while its E;/, remains the same. The latter is surprising
since the n*-coordination of Cu(I) should lead to an anodic
shift. We surmise that complex 2a partially dissociates Cu(I)
under electrochemical conditions, and the reversible TPA*Y/°
couple originates from the Cu-free species, while the TPA*/
couple of the Cu-bound species becomes lumped with the
large peak at ca. 900 mV. Alteration of redox behavior due to
*-Cu(I) coordination was demonstrated for [Cp(dppf)-
Ru],(u-C=C—-C=C) (dppf = 1,1'-bis(diphenylphosphino)-
ferrocene) type complexes: While reversible stepwise Ru-
centered le™ oxidations were observed for this compound due
to strong Ru—Ru couplinﬁ, these couples became irreversible
upon Cu(I) coordination.® Comparison of the TPA oxidation
peak current of [1]Cl to symmetric bis-alkynyl species [3]Cl
suggests that [3]Cl undergoes a reversible 2e” oxidation
(TPA™®) and a quasi-reversible 2e” oxidation (TPA*/*!),
implying the concurrent oxidation of both TPA units in [3]Cl;
hence, the absence of discernible electronic coupling between
them.

Spectroelectrochemistry. UV—vis—NIR spectroelectro-
chemistry was performed in an optically transparent thin-layer

electrochemical (OTTLE) cell*® with a CaF, window and a
path length of 0.2 mm. CVs of compounds [1]Cl and [3]Cl
were taken in the OTTLE cell and used to determine the
location of the first oxidation event (0.88 V for both species vs
Ag reference). On the basis of CV data listed above, it was
estimated to be a le” event for compound [1]Cl ([1]Cl —
{[1]Cl}*) and a 2e” event for compound [3]Cl ([3]Cl —
{[3]CI}*?). Spectroelectrochemical study of 2a was not
pursued due to its poor redox stability.
Spectroelectrochemical data for [1]Cl (Figure 8) shows that
upon oxidation the 7 — 7* (TPA) transition (330 nm, 30 000

20000 - : : : : .
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Figure 8. Absorption spectra in MeCN of [1]Cl in the neutral (blue)
and le -oxidized (red) states.

em™) is significantly weakened, and new transitions grow in
around 25000 cm™' (400 nm) and 12500 cm™ (800 nm).
These transitions are highly reminiscent in shape, and 4, of
literature examples that claim to undergo MLCT and LMCT
between metal center and ligand, like Ru"(TPA) species®* and
Fc-TPA species.27 For {[3]CI}** (Figure 9), the NIR peaks at
13000 and 11000 cm™" are in similar positions to the peaks
observed for the dication of tetraphenyl-p-phenylenediamine,
which were attributed to the localized radical cation.”**' The
natures of these electronic transitions have been investigated
using TD DFT calculations (see below). In both cases, the
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27000 |
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0l ! I L |
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Figure 9. Absorption spectra in MeCN of [3]Cl in the neutral (blue)
and 2e -oxidized (red) states.

https://dx.doi.org/10.1021/acs.organomet.0c00454
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Table 4. Molecular Orbital Diagrams®
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“Plotted at lisovaluel = 0.025 and corresponding orbital energies (in eV) for [1]*, [1]*2 [3], and [3]*® from DFT calculations. SOMO = singly

occupied MO.

emerging peaks in the vis—NIR region are broad and clearly
the results of overlapping peaks, which were deconvoluted
using Gaussian fit peak analysis (Table S2, Figures S4 and SS).

Density Functional Theory (DFT) Calculations. To
better understand the electronic structure of these compounds,
DFT calculations were carried out on [1]*, [1]*% [3]%, and
[3]". The frontier molecular orbitals and corresponding
energies are given in Table 4, and the comparison between
experimental and DFT-optimized metrical parameters is given
in Table S3. Computational details can be found in the
Supporting Information.

It is clear from Table 4 that the frontier molecular orbitals
are predominantly composed of the 7 system of the —-C=C—
TPA unit with minimal contribution from the d-orbitals of Co.
As suggested by the voltammetric analyses above, the HOMO
of [1]Cl and [3]Cl are indeed based on the TPA moiety with a
sizable contribution from the TPA-amino nitrogen lone pair.
Therefore, the first oxidation event (le” event in the case of
[1]* and 2e” event in the case of [3]") that occurs in these
complexes gives rise to a TPA®" radical cation, namely, [1]*
and [3]"3, respectively. [1]"> has a doublet ground state,
whereas [3]*3 is a triplet biradical (corroborated by DFT; see
the Supporting Information). The spin-density plots for these
species are given in Figure 10. Despite the fact that the
unpaired electron density is more or less delocalized over the
entire C=C—TPA moiety, Table S3 indicates that the distal
aryl rings (C9—C21, per Chart S1) take on more of a

3255

Figure 10. Mulliken spin-density plots for [1]** (top) and [3]*®
(bottom), plotted at lisovaluel = 0.001.

quinonoidal character than the central aryl ring (C3—C8, per
Chart S1) upon oxidation. The C6—N1 distances are barely
any different whereas there is a significant contraction (by

https://dx.doi.org/10.1021/acs.organomet.0c00454
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about 0.02 A) of the N1—C9 distances in both the oxidized
species. This offers preliminary insight into why the spectra of
[1]** and [3]" look similar, and there is likely minimal
contribution from the metal d-orbitals to these transitions. The
LUMO of both [1]" and [3]" are based solely on the
Co"™(cyclam) unit, reiterating the fact that the first reduction
event is localized at the Co center. Ground-state DFT
calculations were also carried out on 2a (Table S8). While
there is a sizable contribution from both Co and Cu to the
frontier MOs, the 7-system of the C=C—TPA ligand still
dominates the valence manifold, just as in the case of [1]*
(Table 4 below). As a result, the Franck—Condon excitations,
and by extension the electronic absorption spectra, of 2a and
2b are identical to that of [1]Cl (Figure S2).

TD-DFT analysis of [1]*, [1]*% [3]%, and [3]*® provides
insight into the nature of the spectroelectrochemical responses.
Since each excited state had contributions from multiple
canonical molecular orbitals, natural transition orbitals
(NTOs)*™ were calculated for those transitions with the
most significant oscillator strengths/extinction coefficients to
simplify the picture. The results of these analyses are provided
in Figures S10—S17 and Tables S4—S7. While some
quantitative differences exist between theory and experiment,
there is a general qualitative agreement between them. In the
case of [1]*, the most signiﬁcant transitions lie at energies
higher than 28 000 cm™, all of which are localized within the
—C=C-TPA moiety with no contribution from metal
orbitals. The d—d transitions, shown in the inset of Figure 6,
are reproduced in the TD-DFT-simulated spectra of [1]* and
[3]* (17 000—24 000 cm™', Figures S11 and S15). Since the
oscillator strengths of these transitions are very small (f,,q <
0.001), these low-intensity peaks are not discussed further.
Upon one-electron oxidation to [1]", new spectral features
arise that can be divided into five regions (Bands I-V, Figure
S13), which are reproduced by TD-DFT calculations. Bands I
and II (13 000—14 000 cm™') are transitions solely based on
the —C=C~—TPA part of the molecule from a ligand 7-orbital
to the now singly occupied orbital with significant N**
character. Band TII (ca. 24000—25000 cm™') has some
LMCT/MLCT character, with participation from the axial
chloro ligand, while band IV (ca. 28 500 cm™) is once again
mainly TPA based, either different 7 — 7% transitions or
others with a small amount of ligand-to-ligand charge transfer
(LLCT) character. Band V (ca. 33000 cm™') is unique to
[1]** and has significant contributions from the Co center and
the axial chloro ligand.

Both [3]" and its 2e” oxidized (1le~ each from the two TPA
moieties) derivative, [3]**, are composed of two symmetric
C=C-TPA axial ligands. As is the case for [1]* and [1]*?, all
the predicted peaks are shifted by roughly 2000 cm™" from the
experimental spectra, but the main characteristics of the UV—
vis spectra are reproduced by TD-DFT (Figures S14—S17).
The NTOs plotted in Tables S6 and S7 show that for both
[3]" and [3]* the electronic transitions are localized on these
ligands with almost no contribution from the metal center.

H CONCLUSION

This work demonstrates synthetic accessibility of both mono-
and bis-TPA-acetylide complexes based on Co™(cyclam) and
the ability of the former to form n*adducts of Cu(I) and
Ag(I). Coordination of Cu(I) to the alkyne altered the
electronic properties of compound [1]Cl, reducing electro-
chemical reversibility and quenching the observed emission.
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The electronic absorption spectra of both [1]* and [3]* and
their respective le™- and 2e™-oxidized forms were investigated,
and the results were analyzed with the aid of TD-DFT analysis.
The absorption features are dominated by transitions occurring
on the TPA ligand, with the HOMO having significant
contributions from the TPA—amino nitrogen lone pair. Upon
oxidation, the electron density is delocalized over the TPA
moiety to form a radical cation with no contribution from the
metal center, resulting in new transitions in the NIR region.
The strong spectroscopic features observed herein, suggest that
TPA can be leveraged as a spectroscopic tag for future work
investigating the electronic properties of metal alkynyl
compounds using spectroelectrochemistry. For instance, the
electronic coupling between two TPA groups in trans-
[Co(MPC)(C,TPA),]" is being studied, whereas Co™(MPC)
unit (MPC = §,12-methyl-7,14-phenyl-1,4,8,11-tetraazacyclo-
tetradecane) has been demonstrated to be an efficient
mediator for electronic interactions along the axial direction.*’

B EXPERIMENTAL SECTION

Materials. CuCl was purchased from Alfa Aesar. AgNO; and n-
butyl lithium were purchased from Sigma-Aldrich. Dry acetonitrile
was purchased from ACROS Chemical. All reagents were used as
received. [Co(cyclam)CL]Cl was prepared according to literature
procedures.** Also prepared according to literature procedures was 4-
ethynyl-N,N-bis(4-methoxyphenyl)aniline (HC,TPA).>**** THF was
distilled over Na/benzophenone under a N, atmosphere. Unless
otherwise noted, all reactions were carried out using standard Schlenk
techniques under N,.

Physical Measurements. UV—vis spectra were obtained with a
JASCO V-670 spectrophotometer. FT-IR spectra were measured as
neat samples using a JASCO FT/IR-6300 spectrometer equipped with
a ZnSe ATR accessory. ESI-MS were analyzed on an Advion LC/MS
spectrometer. Emission studies were performed on a Varian Cary
Eclipse fluorescence spectrophotometer. Fluorescent quantum yields
were determined using an anthracene standard. Elemental analysis
was carried out by Atlantic Micro Laboratories in Norcross, GA. 'H
NMR spectra were recorded on a Varian INOVA300 NMR.
Electrochemical analysis was done on a CHI620A voltammetric
analyzer with a glassy carbon working electrode (diameter = 2 mm), a
Pt-wire auxiliary electrode, and a Ag/AgClI reference electrode; the
analyte concentration was 1.0 mM in 4 mL of dry acetonitrile at a 0.1
M n-Bu,NPF; electrolyte concentration. Spectrochemical analysis was
performed using an OTTLE™ liquid-sample cell with a 0.2 mm
optical path length, 0.3 mL sample volume, and a CaF, window
procured from F. Hartl (Reading, U.K.). The cell was equipped with a
mesh Pt working electrode, a mesh Pt auxiliary electrode, and Ag
reference electrode. The analyte concentration was 1.0 mM in 4 mL
of dry acetonitrile at a 0.1 M n-Bu,NPF, electrolyte concentration.

Synthesis of trans-[Co(cyclam)(C,TPA)CIICI ([1]1Cl). [Co-
(cyclam)CL]Cl (127 mg, 0.35 mmol) was dissolved in 30 mL of
MeOH, to which was added 5 mL of a THF solution containing
TPAC,H (77 mg, 0.23 mmol), and the solution was purged with N,.
Upon addition of 0.5 mL of Et,NH (4.9 mmol) the solution turned
turquoise. It was then refluxed for 12 h, resulting in a red solution
which was then purified over silica, eluting [1]Cl as a dark red band
(1:6 MeCN/CH,ClL,). Recrystallization from MeCN, minimal
MeOH, and diethyl ether afforded microcrystalline pink solid.
Yield: 0.116 g (0.18 mmol; 75% based on HC,TPA). ESI-MS [M*]
622.3 m/z. UV—vis, Ayn/nm (¢/M™" em™): 327 (27200), 410
(820), 513 (300). FT-IR, v(C=C)/cm™": 2114 (w). '"H NMR (300
MHz, CD;0D) 6 7.23 (d, ] = 8.8 Hz, 2H), 6.98 (d, ] = 9.0 Hz, 4H),
6.86 (d, ] = 9.0 Hz, 4H), 6.75 (d, J = 8.7 Hz, 2H), 5.07 (br s, 4H),
3.77 (s, 6H), 2.91 (s, 2H), 2.73—2.64 (m, 8H), 2.56—2.45 (m, 6H),
1.95 (t, ] = 13.4 Hz, 2H), 1.68—1.58 (m, 2H). Elem. Anal. Found
(Caled) for C3sHgyNO; sCoCl, (1-2.5H,0-MeCN-MeOH): C, 54.16
(54.13); H, 7.41(7.01); N, 10.85(10.82).
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Synthesis of trans-[Co(cyclam)(C,TPA-#?-CuCl,)Cl] (2a). The
combination of [1]Cl (30 mg, 0.045 mmol) and CuCl (10 mg, 0.05
mmol) in 20 mL of MeCN yielded 2a after 12 h of refluxing. The
precipitate was discarded, and the reaction solution was concentrated
via rotary evaporation. The desired product was recrystallized from
MeCN with diethyl ether to yield a light pink solid. Yield: 0. 029 g
(0.034 mmol; 74% based on 1). ESI-MS [M*] 622.1 m/z. ESI-MS
[CuClL,]™ 132.7 m/z. UV—vis, A,,./nm (e/M™" cm™): 328 (25200),
410 (1310), 515 (523). FT-IR, v(C=C)/cm™': 2129 (w). '"H NMR
(300 MHz, CD,0D) 6 7.23 (d, J = 10.1 Hz, 2H), 6.99 (d, ] = 9.5 Hz,
4H), 6.86 (d, ] = 9.3 Hz, 4H), 6.75 (d, ] = 8.7 Hz, 2H), 5.09 (br s,
4H), 3.78 (s, 6H), 2.82 (s, 2H), 2.70—2.62 (m, 8H), 2.56—2.49 (m,
6H), 1.99—1.90 (m, 2H), 1.86—1.55 (m, 2H). Elem. Anal. Found
(Caled) for Cy3H,95NgOsCoCuCly (2a-:3H,0:0.5MeCN): C, 47.68
(47.63); H, 5.99 (5.99); N, 9.13 (9.26).

Synthesis of trans-[Co(cyclam)(C,TPA-#2-Ag(NOs),)(NO;)]
(2b). In a round-bottomed flask, [1]Cl (17 mg, 0.026 mmol) and
AgNO; (18 mg, 0.11 mmol) were stirred at room temperature in 10
mL of MeOH for 4 h. A gray precipitate formed and was filtered out
and rinsed until the filtrate ran clear. The filtrate was concentrated.
Recrystallization from CH,Cl, and ether afforded 2b as dark red
crystals. Yield: 0.016 g (0.018 mmol; 70% based on [1]Cl). ESI-MS
[M*] 649.2 m/z. ESI-MS [Ag(NO;),]™ 230.7 m/z. UV—vis, Ay,,/nm:
326, 410, 519. FT-IR, v(C=C)/cm™': 2030 (w). 'H NMR (300
MHz, CD;0D) & 7.21 (br s, 2H), 6.98 (br s, 4H), 6.87 (br s, 4H),
6.76 (br s, 2H), 5.17 (br s, 4H), 3.79 (s, 6H), 3.04—2.93 (m, 4H),
2.90—2.27 (m, 12H), 2.16—1.93 (m, 2H), 2.02—1.48 (m, 2H). Elem.
Anal. Found (Caled) for Cy3H,NgO,,CoAgCl, (2b-CH,CL): C,
41.01 (41.01); H, 4.45 (4.59); N, 11.90 (11.59).

Synthesis of trans-[Co(cyclam)(C,TPA),ICI ([3]Cl). A solution
of LiC,TPA (prepared from 1.88 mmol of HC,TPA, 2.5 mmol of n-
BuLi, and 20 mL of THF) was added to a flask containing
[Co(cyclam)CL]Cl (228 mg, 0.63 mmol). Upon addition, the
reaction turned from red to dark brown. After 3 h, the reaction was
quenched and purified over silica with [3]Cl eluting as a dark brown
band using 1:5 MeOH/CH,Cl,. Recrystallization from CH,Cl, with
ether yielded a light brown solid. Yield: 0.501 g (0.53 mmol; 84%
based on Co). ESI-MS [M*] 915.3 m/z. UV—vis, A,,/nm (e/M™*
cm™): 333 (47 600), 470 (406). FT-IR, v(C=C)/cm™": 2096 (m).
"H NMR (300 MHz, CDCl,) 6 7.38 (d, ] = 8.7 Hz, 4H), 7.02 (d, ] =
9.0 Hz, 8H), 6.86 (d, ] = 6.9 Hz, 4H), 6.81 (d, ] = 8.9 Hz, 8H), 4.40
(br s, 4H), 3.79 (s, 12H), 2.93 (s, 2H), 2.86—2.76 (m, 6H), 2.71—
2.60 (m, 8H), 1.91-1.86 (m, 2H), 1.65—1.60 (m, 2H). Elem. Anal.
Found (Calcd) for Cg, sHg3NOCoCl, (3-H,0:0.5CH,CL): C, 65.01
(64.69); H, 6.41 (6.27); N, 8.47 (8.30).

Attempted Synthesis of trans-[Co(cyclam)(C,TPA),ICI #?
Complexes. Compound [3]Cl was stirred in an acetonitrile solution
at room temperature in the presence of excess CuCl or AgNO; for 6
h. An insoluble yellow precipitate formed that could not be purified or
analyzed further. ESI-MS [M*] analysis of the solution suggested
degradation of [3]Cl to [1]CL

X-ray Crystallographic Analysis. Single crystals of compounds
[1]CL, 2a, 2b, and [3]Cl were grown via slow diffusion of diethyl
ether into a solution of MeOH/THEF (1:1) for [1]CI, 2a, or 2b and in
a solution of CH,Cl,/MeOH (1:1) for [3]Cl. X-ray diffraction data
was obtained on a Bruker Quest diffractometer with Mo Ka radiation
(A = 0.71073 A) at 150 K. Data were collected; reflections were
indexed and processed using APEX3.*® The space groups were
assigned, and the structures were solved by direct methods using
XPREP within the SHELXTL suite of programs*®*’ and refined using
Shelxl and Shelxle.**
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