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ABSTRACT: Reported herein are the synthesis and characterization of mono- and bis- A’% Ar A"S_ z
alkenyl Co™(TIM) (TIM = 2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10- CN;’COEND CNS%D CNECOEND
tetraene) complexes along with products containing a 1-aza-2-cobalt-cyclopropane unit. N‘él’N N N)/—I\\N
The trans-[Co(TIM)(C(CH,)Ar)Cl]*-type (Ar = phenyl (Ph, 1a), —C4H,-4-Bu (1b), and D e R
_C.F; (1c)), trans-[Co(TIM)(C(CH,)Ar),]*-type (Ar = Ph (2a) and —C/F; (2¢)), and - -
trans-[ Co(TIM")(C(CH;)Ar)Cl]*-type complexes (Ar = Ph (3a) and —C¢H,-4-Bu (3b); L 5

TIM” is the resultant derivative of TIM) were prepared from the reaction between trans- HGRCES R NaBH,@

[Co(TIM)CL]PF, and the corresponding terminal aryl alkyne in the presence of NaBH,. oo

Molecular structures of 1a/c, 2a/c, and 3a were established via single-crystal X-ray diffraction

studies. Characterization using '"H NMR further confirmed the occurrence of either an alkenyl (1 and 2) or l-aza-2-cobalt-
cyclopropane (3). The absorption spectra of 1 and 3 reveal differences in the optical HOMO—LUMO gaps with well-defined d—d
bands at 477 and 512 nm for 1a and 3a, respectively. Cyclic voltammograms of 1 and 2 consist of an irreversible oxidation and an
irreversible reduction characteristic of the Co™ center, while those of 3 display two reduction events. Density functional theory
calculations were performed to investigate the bonding and electronic structures of 1a—3a. Natural bonding orbital calculations on
3a suggest significant stabilization in donor — acceptor resonance-type interactions afforded by the 1-aza-2-cobalt-cyclopropane
unit.

Bl INTRODUCTION tetra-imine macrocycle significantly enhanced dz—z*(C=N)
interactions, yielding a record-long metal-to-ligand charge
transfer lifetime (1.25 ns) for Fe(II) complexes.'”'> While
these reports did not directly invoke the redox noninnocence

The desire for a more sustainable chemical technology and
cost concerns surrounding noble metals have led to increased
efforts in developing catalysts based on earth-abundant

elements, especially 3d metals, across academic and industrial of the macrocycle, studies on Fe(TIM) complexes (TIM =
settings.l’2 Achieving this goal is complicated by the tendency 2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10-
of 3d metals to favor one-electron redox chemistry over the tetraene) demonstrated the ability of the tetra-imine macro-
canonical two-electron redox processes mediated by the noble cycle to undergo multiple one-electron reductions and to
metals.® In this regard, redox noninnocent ligands offer a behave as an electron storage unit; therefore, the potential for
means to overcome such a complication by enabling two- noninnocent behavior."'*
electron redox events in 3d metal complexes.” Various Fe- and Recently, our laboratory carried out a series of studies based
Co- pincer complexes have been demonstrated to catalyze a on the reactions between trans-[Co(TIM)CL]" and alkynes
variety of organic transformations, such as alkene hydro- (HC,R). Under weak base conditions, trans-[Co(TIM)Cl,]*
genation5’6 and the asymmetric hydrofunctionalization of reacts with HC,R in the presence of NEt; to afford trans-
alkenes and alkynes,” as a testament to the success of [Co(TIM)(C,R)CI]*, which is subsequently converted to
employing redox active ligands. trans-[Co(TIM)(C,R)(C,R")]* under similar conditions via a
Macrocyclic ligands consisting of multiple imine bonds trans-[Co(TIM)(C,R)(NCMe)]** intermediate (Path A in
represent another class of promising redox noninnocent Scheme 1).">'® Surprisingly, the reactions with more electron

scaffolds, and several examples of 3d metal complexes rich terminal alkynes, HC,R (R = 4-N,N-dimethylaniline and

support.ed by such'r.n?crocycles have exhﬁ)ited rerTlarkable ferrocene) under weak or strong base conditions afford both
properties and reactivities. For example, Co"-porphyrins have

been utilized to promote carbene transfer reactions.” Addi- -
tionally, the Hess laboratory reported the electrochemical Rec?we‘l: Mar_Ch 21, 2024
production of hydrogen promoted by Co™(Mabiq)?**,” while Revised: Apr¥1 1, 2024
Co"(Mabiq)Cl, was capable of mediating the C3- and N- Acce.Pted’ Apr}l 4, 2024
alkylation of indoles and indazoles via photoinduced Co—Cl Published: April 16, 2024
homolysis.'” A collaborative study by the laboratory of Vura-

Weis and us revealed that an Fe-CN complex supported by a
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Scheme 1. Previously Studied Reaction Pathways between trans-[ Co(TIM)Cl,]* and Terminal Alkynes”
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Scheme 2. Synthesis of 1-3; Ar = —Ph (a);
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Scheme 3. Plausible Pathways for the Formation of 1la—3a“
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the expected trans-[Co(TIM)(C,R)Cl]* and an unexpected
trans-[Co(TIM')((HC = C)R)CI]" species bearing a 1-aza-2-
cobalt-cyclobutene unit (Path B in Scheme 1)."”'® The unique
coordination of the alkynes in trans-[Co(TIM’)((HC
C)R)CI]* was attributed to an unexpected reactivity involving
the TIM ligand, which could be accessed upon the
deprotonation of a TIM methyl group to trigger an
intramolecular rearrangement generating the four-membered
ring. Notably, the resulting products in these reactions were
constitutional isomers of the anticipated a-alkynyl complexes,
trans-[Co(TIM)(C,R)Cl]*."> Contemporary to our work, Fe
azametallacyclobutene complexes were studied by the group of
Neely, where the Fe species underwent interesting insertion
reactions with nitrile and terminal alkyne.'”*°

Inspired by recent efforts on the catalytic application of
vitamin B, and related model complexes in cobalt-mediated
radical reactions” and hydrogen atom transfer reactions,” we
sought to generate Co(TIM) organometallic compounds
featuring Co—C,,, bonds instead of Co—C,, bonds. Thus,
the reactions between rans- [Co(TIM)CL]* and HC,R in the
presence of NaBH, result in new mono- (1 in Scheme 2) and
bis-alkenyl (2) Co™(TIM) compounds. Intriguingly, a third
product bearing a 1-aza-2-cobalt-cyclopropane (3) was also
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identified and isolated, and its formation revealed a new
noninnocent behavior of the TIM ring that differs from the
previously reported reactivities. Described in this contribution
are the syntheses of these products and their structural,
spectroscopic, and electrochemical characterizations.

B RESULTS AND DISCUSSION

Synthesis. The reaction between trans-[Co(TIM)Cl,]PF
and 2 equiv of NaBH, in the presence of excess phenyl-
acetylene leads to the formation of three unique species: trans-
[Co(TIM)(C(CH,)Ph)CI]PF4 (la), trans-[Co(TIM)(C-
(CH,)Ph),]PF, (2a), and trans-[Co(TIM”)(C(CH,;)Ph)Cl]-
PF (3a) (TIM” is the resulting derivative of TIM). Separation
of the products could be achieved through column
chromatography using a gradient of CH;OH/CH,Cl,;
however, their gradual degradation on silica makes bulk
purification via this method limiting. To overcome these
purification difficulties, the selective formation of each product
was attempted by altering the molar equivalents of the reagents
used. It was found that the use of 1.5 mol equiv of NaBH, led
to an improved selectivity for la. Increasing the molar
equivalence of NaBH, led to an increase in formation of 3a,
while a large excess of phenylacetylene (>10 mol equiv)

https://doi.org/10.1021/acs.organomet.4c00113
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favored the formation of the bis-alkenyl product, 2a. Full
details of these conditions can be found in the Supporting
Information. In all three product types, the complexes are
stable in the solid state and in solution; however, in the latter
phase, care was taken to avoid extended exposure to ambient
light as some degradation was observed after several hours
unless kept in the dark.

Insights into the plausible pathways for the formation of
product 1a can be gleaned from previous studies detailing the
reaction between structurally analogous or§anocobalt(III)
systems like cobalamins®® and Co-porphyrins”* with phenyl-
acetylene. As shown in Scheme 3, the reaction between
[Co(TIM)CL]PF,s and NaBH, is postulated to generate a
Co™—H species. Subsequently, the transient [H-Co™(TIM)]*
intermediate undergoes a cis-addition of the hydrogen to the
terminal alkyne at the a-carbon to yield the Markovnikov
product, la. Interestingly, in the case of cobaloximes,
Schrauzer et al. also report the formation of a trans-addition
product resulting from a nucleophilic attack at the S-carbon of
the alkyne by a Co' intermediate.”® Ensuing studies suggested
that the Co' and Co™—H species exist in a highly pH-sensitive
equilibrium wherein alkaline conditions could be employed to
shift the equilibrium toward the Co' intermediate.”® However,
the lack of an observable trans-[Co(TIM)(CHCHPh)CI]*-
type product, even under basic conditions, suggests that a
Co'(TIM) intermediate is not present in the TIM-based
system.

The formation of compound 2a is expected to follow a
pathway similar to that of 1a. Excess NaBH, in solution further
reacts with la to generate a [H-Co™(TIM)(C(CH,)Ph)]*
intermediate, which reacts with excess HC,Ph to yield the bis-
alkenyl product. Such a pathway is supported by the reported
synthesis of trans-[Co(TIM)(CH,),]BPh, by Farmery and
Busch in which trans-[Co(TIM)(CH,)I|BPh, was reduced via
sodium amalgam to obtain an isolable neutral Co'(TIM)-
(CH;) species as an intermediate.”” Notably, with the
exception of trans-[R,Co((DO)(DOH)pn)]*-type complexes
(R = alkyl; (DO)(DOH)pn = 2,2’-(1,3-diaminopropanebis(2-
methyl—3—butan0ne)oxime)),28 other vitamin B,,-model orga-
nocobalt complexes bearing dialkyls have not been reported.

In product 3a, the unusual coordination reveals a unique
reactivity and an alternative reaction pathway than proposed
for 2a. Organocobalt complexes supported by imino/oxime
ligands which bear a N—Co—C three-membered ring have
been reported.”” > However, the aza-cobalt-cyclopropane
moiety for these complexes is formed through the deprotona-
tion of an imine methyl group to yield a deprotonated enamine
intermediate, which undergoes ring closure upon reaction with
an axially coordinated halogenated alkyl ligand.”* Other aza-
cobalt-cyclopropanes have been synthetically obtained via the
photoinduced decarbmgylation of amino acids coordinated to
cobalt(III) centers.**™”

Instead, the reaction conditions employed (i.e., the use of
NaBH,) can lead to the reduction of an imine unit within the
TIM ring, as shown in Scheme 3. The resulting nucleophilic
nitrogen is capable of attacking at the axially coordinated
alkenyl ligand to generate the titular three-membered ring. The
transient carbanion intermediate readily deprotonates a
methanol molecule to complete the formation of 3a. The
detection of a trace amount of a tri-imine/monoamine
derivative of 1a ([Co(TIM")(C(CH,)Ph)CI]PF; 1a’) using
"H NMR (see the Nuclear Magnetic Resonance section below)
suggests that the intermediate bearing the nucleophilic amine
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can also deprotonate a methanol molecule to inhibit the
formation of 3a. Also, it is plausible that a cobalt carbene
intermediate is formed from the protonation of the Co-vinyl,
and undergoes migratory insertion to form 3a, analogous to
the established literature precedents of metal carbene
insertions.”” ~’

To test the electronic influence of the —Ar moiety, the
reaction between [Co(TIM)CL]PF; and 3 mol equiv of
HC,Ar (Ar = —C4H,-4-Bu or —CF;) in the presence of 2 mol
equiv of NaBH, was performed. Upon the introduction of a
para-tert-butyl group, the mono-alkenyl product, trans-[Co-
(TIM)(C(CH,)C4H,-4-Bu)CI]PF4 (1b), and trans-[Co-
(TIM")(C(CH,)C4H,-4-Bu)Cl]PF; (3b) were exclusively
observed. The formation of a bis-alkenyl analogue of 2a was
not observed despite employing either 5 mol equiv of the
terminal alkyne or longer reaction times. The slightly increased
electron donating capabilities of the ‘Bu group favor the
reduction of a TIM imine group, and subsequent formation of
3b, over the formation of a [H-Co™(TIM)(C(CH,)CH,-
4-Bu)]* intermediate. In the case of the electron-withdrawing
terminal alkyne HC,CFs, the dominant products are trans-
[Co(TIM)(C(CH,)C¢F;)CI|PF¢ (1c) and trans-[Co(TIM)-
(C(CH,)C¢Fs),]PF4 (2¢). The lack of an observed aza-cobalt-
cyclopropane-bearing analogue reveals the favorability of a
transient [H-Co™(TIM)(C(CH,)C4F)]" intermediate over
the reduction of the TIM ligand. Interestingly, trans-[Co-
(TIM")(C(CH,)C4F;)CI]PF, (1c’, see Figure S1), in which
an iminyl group is hydrogenated to yield the tri-imine/
monoamine system, has been identified as a minor product and
further supports the proposed reaction pathway for the
formation of the metallacycle (3) discussed above. Seemingly,
the electron-withdrawing nature of the aryl results in increased
electron donation from the Co(IIl) center to the bonded
carbon such that the latter is a weaker electrophile than when
Ar = —Ph or —C¢H,-4-Bu; thus, the formation of the tri-
imine/monoimine species, 1¢’, is preferred over an analogue of
3. Unfortunately, extensive efforts to cleanly isolate 1c from
1c” have proven unsuccessful due to nearly identical R; values
in a variety of solvent mobile phases.

An effort to study the reaction using HC,C¢H,-4-NO, as an
alternative electron-deficient alkyne was unsuccessful, likely
because the nitro group is a strong electrophile and capable of
reacting with borohydride. Other reaction attempts with
HC,Fc (Fc = ferrocene) and HC,C4H,-4-NMe, as electron-
rich terminal alkynes did not yield any identifiable products.
Attempts to use zinc as a reducing agent milder than NaBH,
also proved to be ineffective. Unlike the success of using
granulated Zn that has been observed with cobaloximes and
cobalamins,” the reduction of [Co(TIM)CL]* with Zn is
sluggish and ultimately results only in the degradation of the
starting material. The reactivity of [Co(TIM)CL]PF, with
internal alkynes, namely, 3-propyne and diphenylacetylene, was
also tested. The reaction between 2 mol equiv of NaBH, and
[Co(TIM)CL]* generated the blue reaction mixture described
above. However, there was no further color change to suggest
reaction with alkyne. Analysis of the reaction mixture via ESI-
MS did not identify any expected product from the reaction
between [Co(TIM)CL,]PF4 and the internal alkynes. Exper-
imental details of the attempted reactions are provided in the
Supporting Information.

Structural Characterization. The molecular structures of
la/c, 2a/c, and 3a (shown in Figures 1—3) were determined
by using single-crystal X-ray diffraction, and selected bond
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Figure 1. ORTEP plot of la (top) and lc (bottom) at the 30%
probability level. H atoms, solvates, disorder, and counteranions are
omitted for clarity.

lengths and angles are given in Table 1. Additional details
regarding data collection and structure refinement can be
found in the Supporting Information (Tables S1 and S2). In all
structures, the Co(IIl) centers adopt a pseudo-octahedral
geometry with the nitrogen atoms occupying the equatorial
ligands and either chloro, alkenyl, or alkyl ligands occupying
the axial positions. In the structures of 1a and 1c (Figure 1),
the alkenes (C=C bond lengths of 1.305(3) and 1.272(8),
respectively) are coordinated to the cobalt center at the a-
carbon, in accordance with a trans addition of the H—
Co™(TIM) to the terminal alkyne, as described above.”® The
Co—C bond in 1a has a bond length of 2.044(2) A, which is
elongated compared to the Co—C bond of analogous
cobalamin®® (2.004(8) A) and Co"™(TAP)** (TAP =
5,10,15,20-tetrakis(p-methoxyphenyl)porphyrin) (1.969(5)
A) complexes. Additionally, while the structure of an analogous
a-styrenyl derivative of cobaloximes has not been reported, the
related (4-Bu-py)Co"(DMG), bearing an axial a-bonded
diene has a Co—C bond length of 1.954(15) A* The
significant elongation in the Co—C bond length for 1a is most
likely a direct result of the trans axial chloro ligand, since the
Co"(porphyrin) complexes lack a trans coordinated ligand to
the alkenyl and the cobaloximes and cobalamins bear neutral,
m-accepting bases in the trans axial position. In complex 1c, a
contraction of the Co—C bond (1.999(6) A) is also observed;
however, this may be attributed to the electron-withdrawing
nature of —CgF;. The electronic influences are further
illustrated by the increased Co—Cl bond distances in 1la
(2.3541(8) A) relative to 1c (2.3073(9) A), which is a result of
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N
SO
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Figure 2. ORTEP plot of 2a (top) and 2c (bottom) at the 30%
probability level. H atoms, solvates, disorder, and counteranions are
omitted for the sake of clarity.

Figure 3. ORTEP plot of 3a at the 30% probability level. H atoms,
solvates, disorder, and the counterion are omitted for the sake of
clarity.

the more electron-rich phenyl group exerting a greater trans
influence across the Co center in la.

Upon the coordination of a second alkenyl moiety in 2a
(Figure 2), the Co—C bond distance is elongated to 2.12' A
(averaged over two independent moieties) due to an increased
trans influence. A similar elongation is observed for that of 2¢
(2.074(2) A) (Figure 2). Interestingly, both 2a and 2c possess
a center of inversion at the Co' site, which results from the
aryl moiety being positioned toward one of the di-imine
moieties of the TIM macrocycle. It is known for cobaloximes
that alkyl ligands bearing bulkier substituents are less stable
due to steric hindrance from the macrocycle;42 therefore, it is
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Table 1. Selected Bond Lengths (A) and Bond Angles (°) for [1a]*, [1c]*, [2a]*, [2c]*, and [3a]*

[1a] [1c]*
Co—Cl 2.3541(8) 2.3073(9)
Co—-C2 2.044(2) 1.999(6)
C1-C2 1.305(3) 1.272(8)
NI1-C2
Co—N1” 1.916[3] 1.916[6]
N1-Co—C2° 90.9[1] 90.5[4]
Co—C2—-N1
C2—-N1-Co
Cl-Co—C2 179.24(5) 176.9(2)

[2a]7 [2¢]* [3a]*

2.3648(8)

2.177[9] 2.075(4) 1.967(2)
1.253[10] 1.324(4) 1.518(3)
1.496(3)

1.89[1] 1.905[3] 1.927(2)
89.8[6] 90.4(1] 45.19(9)

66.0(1)

68.8(1)
149.74(7)

“Averaged over two independent moieties. YFor 1 and 2, Co—N,, is reported. “N,,—Co—C2 is reported for 1 and 2.

possible that the fluxional propylene bridges on the TIM
macrocycle™ lead to the locked positions of the aryl moieties
observed in the solid state.

The coordination of the axial ligand in 3a (Figure 3) is
starkly different than those in 1a and 2a. The formation of the
three-membered moiety results in a Co—C bond length of
1.967(2) A and a new C—N bond with a bond length of
1.496(3) A. The latter bond, coupled with the reduction of the
imine unit to an amine at N1—C9 (1.460(3) A), leads to a loss
of planarity of the TIM ring with N1 laying above the
equatorial plane and toward the axial ligand. The Co—C bond
length is slightly elongated relative to other known aza-cobalt-
cyclopropane bearing complexes.””*>*® Similarly, the C—N
bond is elongated, while the Co—N (1.927(2) A) bond is
contracted. Noteworthy, the previously reported analogous
structures typically possess a neutral-type ligand in the trans
coordination site and an unsubstituted carbon atom within the
macrocycle. Plausibly, a combination of the trans influence
exerted by the chloride ligand and the steric hindrance of the
phenyl ring in 3a leads to the observed variations.

Nuclear Magnetic Resonance. 'H NMR studies were
employed to aid in the identification of the complexes based
on diagnostic signals afforded by the varying coordination
modes (for spectra, see Figures $2—S7). The NMR spectrum
of 3a in CD;CN is indicative of a compound possessing low
symmetry and has a highly identifiable 5(—CHj,) signal at 1.07
ppm, which is assigned to the methyl group of the reduced
alkenyl moiety. In the tert-butyl functionalized complex, 3b,
the corresponding signal appears at 1.06 ppm, suggesting a
negligible electronic influence of the tert-butyl group on the
methyl. Moreover, the reduction of an imine unit in the TIM
ligand leads to a considerable upfield shift in the protons of the
adjacent methyl group, and the spectra of 3a and 3b display a
well-resolved doublet signal at 1.73 ppm. Definitive assignment
of this signal enables the identification of the tri-imine/
monoamine byproducts, 1a” and 1c’, which bear an analogous
signal at 1.57 and 1.59 ppm, respectively (see Figure S8).

For complex 1, two alkenyl proton signals can be observed at
3.88 and 4.23 ppm. Likewise, these signals appear at 3.86 and
4.24 ppm for 1b. The NMR spectra for la and 1b feature
splitting of the propylene proton signals (3.60—3.90 ppm).
This is expected for species bearing two different trans ligands,
in which the —CH,CH;CH,— moieties can fluctuate above or
below the plane of the TIM ligand. In contrast, in complex 2a,
which possesses higher symmetry, these protons are equally
influenced by the alkenyl ligands. As a result, splitting of the
propylene proton signals is not observed, and a well-defined
triplet can be identified at 3.50 ppm. In 2c, the corresponding
signal is slightly shifted downfield to 3.56 ppm. The alkenyl
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protons in the latter experience a pronounced effect from the
electron-withdrawing influence of the —CFs evident by the
5(CH,) signals at 4.34 and 5.21 ppm while these appear at
3.81 and 4.97 ppm, respectively, for 2a.

Electronic Absorption Spectra. Absorption spectra of
la—3a were collected in CH3;CN and are shown in Figure 4.

20000

15000 A

10000 A

e/ M'ecm™

5000

600

400 500
A/nm

200 300 700

Figure 4. Absorption spectra of complexes 1a—3a in CH;CN. The
d—d bands are shown in the inset.

Compound 2a displays an intense ligand-based z(Ar) —
7*(Ar) transition at 300 nm. While analogous transitions are
absent for la and 3a in the UV region, these compounds
exhibit well-defined d—d transitions ('A;; = 'T), Oy) at 477
and 512 nm, respectively. In compound 2a, the transition at
406 nm is tentatively assigned as a d—d band, which is
substantially blue-shifted from that of la due to a greatly
enhanced ligand field with a second alkenyl ligand. The
relatively high molar absorptivity (5400 M~ cm™') suggests
that this transition may have significant charge transfer
character. The —C4F; analogue, 2¢, displays a broad, ligand-
based 7(Ar) — 7z*(Ar) transition at 272 nm (Figure S9) with
no transition at lower energy levels. It is likely that the
electron-withdrawing nature of the ligand in 2c leads to a
substantial blue-shift of the corresponding charge transfer band
in 2a causing it to become obscured by the more intense z(Ar)
— 7*(Ar) transition. Due to the minimal influence of the tert-
butyl group, the spectra of 1a and 1b are nearly identical, as are
those of 3a and 3b (see Figure S10).

Electrochemical Studies. Voltammetric studies of the
Co(III) complexes were conducted in CH;CN, and their
electrode potentials (vs Fc*'/°) are listed in Table 2. Within the
solvent window, an irreversible 1 e~ oxidation (Co**/3*) can be
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Table 2. Electrode Potentials of All Observed Redox
Couples (V vs Fc*/Fc) in 1la—3a“

E,, (Co*7*) Eyj (Co™™) Eypp (TIMYTY)

la 1.32 -1.01(0.17)"

1b 1.35 -1.01(0.16)"

2a 0.78 —1.83°

2 1.34 -1.61° —2.11°

3a 1.14 —1.42(0.10)" —1.56(0.06)
3b L12 —1.43(0.15)" -1.57(0.07)

“Solutions contain 1.0 mM analyte and 0.1 M n-Bu,NPF, as the
supporting electrolyte in CH;CN. Peak separation (AE,) for
reversible processes shown in parentheses. Quasi-reversible couple.
“Irreversible couple, E,, is reported.

observed for 1a and 2a, as shown in Figure 5. The oxidation in
2a (0.78 V) is cathodically shifted relative to the same couple

1a
——p
—

2a

3a T10uA

15 10 05 00 -05 10 -15 20
E/V vs Fc''°

Figure S. Cyclic voltammogram scans of 1.0 mM solutions of la
(top), 2a (middle), and 3a (bottom) in a 0.1 M solution of n-
Bu,NPF; in CH;CN at scan rate = 0.1 V/s.

in 1a (1.32 V) due to the replacement of the chloro ligand with
a more electron donating alkenyl ligand. The use of a highly
electron-withdrawing alkenyl ligand in 2c significantly shifts
the Co™/?" oxidation to 1.34 V, in agreement with the
stabilizing effects of the —CgFs moieties discussed in the
electron absorption studies above. In the case of 3a,
irreversible oxidation (Co*/3*) occurs at 1.14 V.

In the cathodic window, compounds la and 3a exhibit a
quasi-reversible 1 e~ reduction (Co>*/?*), while compound 2a
displays only an irreversible event. The reduction for 1a occurs
at —1.01 V, while the reduction of the bis-alkenyl compound
2a is cathodically shifted to —1.83 V, in agreement with the
trend observed in the Co*/3* events. The application of more
negative potentials results in several ill-defined reductions for
both la and 2a. This is in contrast to previously studied
Co(TIM) alkynyl complexes,”> in which either two or one
TIM ligand-based reductions were observed within the solvent
window. This suggests that the Co(TIM) alkenyl complexes
are less stable than their alkynyl counterparts. The redox
potentials for the mono-alkenyl complexes also appear to be
sensitive to the electronic properties of the Ar moieties. As
discussed above, such an influence is minimal in the fert-butyl
substituted complex, 1b (Figure S11). However, as shown in
Figure S12, the —C4F; bis-alkenyl analogue, 2c, exhibits a
significantly shifted Co>"/** potential at —1.61 V. Moreover, a
TIM-based reduction can be observed for 2¢ at —2.11 V.
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In compound 3a, the Co>*/?" reduction is displayed at —1.42

V. The near 0.40 V cathodic shift relative to la can be
attributed to the increased electron density around the cobalt
center imbued by the aza-cobalt-cyclopropane. Interestingly, a
second reversible event can be observed in the case of 3a at
—1.56 V, which can be tentatively assigned as a TIM"-based
reduction. The corresponding reductions occur at —1.43 and
—1.57 V for 3b, as shown in Figure S11. Notably, the TIM-
based reductions in previously reported aza-cobalt-cyclo-
butene-bearing Co(TIM) complexes occur at highly negative
potentials (ca. —2.4 V),'® indicating that the electronic
influences imbued by the four-membered ring on the
macrocycle are significantly different than those imparted on
the macrocycle by the three-membered ring in 3a.

Computational Studies. The bonding and electronic
structures of la, 2a, and 3a were investigated using density
functional theory (DFT) calculations, and individual atomic
contributions to the canonical MOs on the natural atomic
orbital (NAO) basis were assessed through natural bonding
orbital (NBO) calculations. The frontier MO diagrams (Figure
S15) show that the five 3d orbitals mix significantly with both
the axial and equatorial ligands in all three complexes. In view
of the rarity of the three-membered cobalt aza-cyclopropane
unit, a more localized description of the bonding situation in
all three complexes (la—3a) is provided. NBO calculations
revealed that the Co—C bonding in 1a—3a is clearly of o-type
(Tables S3—SS), and stronger o-bonding axial ligands
(alkenyl) in 2a result in a greater trans influence than the
chloro ligand in 1a, as seen from the differences in the Mayer
Bond Order (MBO) of the Co—C bond (0.81 in 1a vs 0.62 in
2a).%

Turning to the NBOs relevant to the metallacycle, the most
significant donor — acceptor resonance-type interactions and
their stabilization energies calculated from second order
perturbation theory (SOPT; E®) for 3a are shown in Figure
6, wherein the metal hybrid orbitals are written as sd”, and C
and N hybrids are written as sp* (4, > 0). At 106 kcal/mol,
the largest resonance stabilization in 3a lies within the
metallacycle in the form of a geminal 6c,_c;, = 6%con1
interaction, while the corresponding interactions in 1a and 2a
are roughly half this value, at 45 and 53 kcal/mol, respectively
(Table S9). Similarly, the stabilization energy derived from
Ocomn1 — O%*co_cy interaction in 3a (53 kcal/mol) is more
than twice the energy of the corresponding interactions in la
(21 kcal/mol) and 2a (23 kcal/mol). Going from 1a to 3a, the
pyramidalization of the axial carbon C2 and the formerly
iminyl nitrogen N1 causes a drastic change in the hybridization
of the orbitals involved in Co—C2 and Co—N1 NBOs; both
C2 and N1 orbitals gain a significant amount of p-character.
For the Co—C2 NBO, whereas in 1la, Co and C2 employ
~sd*® and carbon ~sp*' hybrids, in 3a they respectively
employ ~sd®* and sp> hybrids (Table S9 and Figure 6).
Similarly, in la, Co and NI orbitals are sd"® and sp**
hybridized whereas in 3a, they are respectively ~sd*> and
sp’® hybrids. The large deviation from the nominal “sp>”
hybridization in 3a is consistent with the extremely acute Co—
C2—N1 and Co—N1-C2 angles of 69° and 66°, respectively.
Furthermore, N3 (trans to Co—N1) and the axial chloride also
participate in significant delocalization interactions, as shown
in Figure 6.
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Figure 6. Most significant donor — acceptor NBO interactions in 3a are relevant to the (C2—Co—N1) metallacycle. Orbitals are plotted at |

isovaluel = 0.035 au.

B CONCLUSIONS

The reaction between [Co™(TIM)Cl,]* and terminal aryl
alkynes in the presence of NaBH, generated the first examples
of Co™(TIM) based mono- (1) and bis- (2) alkenyl
complexes. Moreover, the addition of a hydride to the TIM
macrocycle enables the formation of a 1-aza-2cobalt-cyclo-
propane-bearing species (3). Among the three unique classes
of products, significant differences in the structural and
electronic properties were revealed via X-ray diffraction
studies, UV—vis and 'H NMR spectroscopies, and cyclic
voltammetry. The photophysical properties, reactivity and
catalytic activities of these novel organocobalt(III) complexes
will be evaluated in future studies inspired by organic
transformations mediated by vitamin B;, and its model
complexes.*

B EXPERIMENTAL SECTION

Materials. Phenylacetylene and sodium borohydride were
purchased from Oakwood Chemical. Dry acetonitrile used in the
electrochemical studies was purchased from Thermo Scientific. All of
the reagents were used as received. The starting complex, [Co-
(TIM)CL,]PF,, was prepared according to literature reports.*® Also
synthesized according to literature were 1-ethynyl-4-tert-butylbenzene
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(HC,C¢H,-4-Bu)***" and 1-ethynyl-2,3,4,5,6-pentafluorobenzene
(HC,CFy).*

Physical Measurements. Electronic absorption spectra were
recorded on a JASCO V-780 UV—vis—NIR spectrophotometer. 'H
NMR spectra were collected by using a Varian INOVA300 MHz
spectrometer or Bruker NEO300 MHz. Cyclic voltammograms were
collected on a CHI620A voltammetric analyzer, with a Pt-wire
auxiliary electrode, glassy carbon working electrode (diameter = 2
mm; area = 3.14 mm?), and a Ag/AgCl pseudoreference electrode.
The working electrode was polished with alumina (0.05 gm) as
needed. Voltammograms were collected on 1.0 mM solutions of the
appropriate complex in dry acetonitrile at a 0.1 M electrolyte (n-
Bu,PF) concentration. An Advion Mass Spectrometer was used for
the ESI-MS analysis. Elemental analyses were performed by Atlantic
Microlabs, Inc. in Norcross, GA. All air-sensitive reactions were
performed using standard Schlenk line techniques using a dry N,
atmosphere.

Computational Details. DFT calculations were performed using
Gaussian16 rev C.01.* Orbitals were plotted and visualized using
either Gaussview 6°° or Chemcraft.>’ Input geometries for la—3a
were obtained from their respective crystal structures. The functionals
B3LYP,>>™° BP86,°>>” PBE0,"** CAM-B3LYP,” and MO06-L°
were tested for geometry optimization and frequency analyses. The
best agreement with experimental bond metrics were obtained with
the B3LYP functional along with Grimme’s GD3-BJ** dispersion
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correction. The def2tzvp basis set®>** was used for Co, C, N, and Cl
atoms, and the 6-31G* basis set for H atoms. All calculations were
done applying a polarizable continuum solvent model (CpPCM;*>%°
acetonitrile) to compare to experimental spectra obtained in the same
solvent. Single point energy calculations were then repeated using the
MO6-L functional, which gave better agreement with the optical and
electrochemical HOMO—LUMO gaps. In all cases, time dependent
DFT (TDDFT) calculations were performed to validate our
computational methodology. UV—vis spectra calculated using the
MO6-L functional were found to be in excellent agreement with
experiment (see Figures S17—S19). This functional was thus used in
all further calculations.

Natural bond orbital calculations were carried out using the NBO7
packageé7 as implemented in Gaussian16 rev. C.01. The default Lewis
structures generated by NBO were found to be unsatisfactory, so all
NBO calculations were “guided” using chemically reasonable Lewis
structures provided using the $CHOOSE keylist. The keylists and
atom numbering schemes are provided in the Supporting Information.
Individual atom contributions to canonical MOs were calculated in
the natural atomic orbital (NAO) basis using the NAOMO keyword,
and the output was analyzed using Multiwfn v.3.8.%

Syntheses. Synthesis of [Co(TIM)(C(CH,)Ph)CIIPF,; (1a), [Co-
(TIM(C(CH,)Ph),IPFs; (2a), and [Co(TIM")(C(CH;)Ph)CIIPFs (3a).
[Co(TIM)CL,]PF, (421.1 mg g, 0.803 mmol) was dissolved in 100
mL of a 4/1 acetone/CH;OH solution. The blue-green solution was
purged with N, prior to the addition of HC,Ph (0.45 mL, 4.1 mmol).
Upon the addition of NaBH, (69.0 mg, 1.82 mmol), the reaction
mixture immediately turned purple and then blue before a green color
persisted. After S h, the reaction was opened to air resulting in a color
change to red-brown. This was filtered through a fritted funnel to
remove precipitated Na® salts. The filtrate was collected and the
solvent was removed. The remaining sludge was taken up in CH,Cl,
and loaded onto a silica gel column. A 1/49 CH;OH/CH,Cl, solvent
mixture was used to elute the three fractions. The fractions were
collected, and the solvent was removed. Independent recrystallization
of each fraction using CH;CN and diethyl ether afforded the products
as a light yellow-orange (fraction 1; 2a), orange (fraction 2; la), or
red-orange (fraction 3; 3a) powder.

Yield of 1a. 67.0 mg (0.113 mmol; 14%). ESI-MS (positive ions,
formula C,,H;,CICoN,PF,, MW 590.87): m/z (%) = 445.2 (100,
caled for [1a]* 445.9). Visible spectrum, A, (nm, & (M™! cm™)):
477 (1310), 371 (2550). '"H NMR (300 MHz, CD;CN) § 7.24—7.13
(m, 3H), 6.66—6.61 (m, 2H), 4.25 (d, 1H, J = 1.7 Hz), 3.86 (dd, 5H,
J=17.6,4.7 Hz), 3.72—3.61 (m, 4H), 2.39 (dtd, 2H, ] = 8.6, 6.0, 3.2
Hz), 2.30—2.21 (m, 14H). Elem. Anal. Found (calcd) for
CoC,, sH33N,PF,CLLOg5 (1a-:0.5CH,ClL,-0.5H,0): C 42.17 (42.07);
H 5.22 (5.18); N 9.03 (8.72).

Yield of 2a. 20.3 mg (0.031 mmol, 4%). ESI-MS (positive ions,
formula C;,H;3CoF¢N,P, MW 658.56): m/z (%) = 513.2 (100, calcd
for [2a]* 513.2). Visible spectrum, 4., (nm, ¢ (M~ cm™)): 406
(5430), 300 (18,700). '"H NMR (300 MHz, CD,CN) § 7.10 (m, 6H),
6.45—6.36 (m, 4H), 4.97 (s, 2H), 3.81 (s, 2H), 3.54—3.47 (m, 8H),
2.08 (t, 4H, J = 3.5 Hz), 1.98 (t, 12H, J = 1.0 Hz). Elem. Anal. Found
(caled) for CoCyysH,4N,PF,ClO, s (22:0.5CH,ClL,-0.5H,0): C 51.58
(51.59); H 5.60 (5.68); N 8.07 (7.89).

Yield of 3a. 47.0 mg (0.079 mmol, 10%). ESI-MS (positive ions,
formula C,,H;;CICoF¢N,P, MW 592.88): m/z (%) = 447.2 (100,
caled for [3a]* 447.2). Visible spectrum, A, (nm, & (M™! cm™)):
512 (1470). '"H NMR (300 MHz, CD,CN) § 7.21 (d, SH, J = 27.6
Hz), 4.65 (s, 1H), 423 (d, 1H, J = 15.7 Hz), 4.04 (t, 1H, ] = 13.8
Hz), 3.92-3.79 (m, 2H), 3.49—3.36 (m, 3H), 3.18—2.98 (m, 3H),
2.49 (t, 3H, J = 1.4 Hz), 2.27 (s, 2H), 2.04 (s, 6H), 1.73 (d, 3H, ] =
7.3 Hz), 1.07 (s, 3H). Elem. Anal. Found (calcd) for
CoCy,HyN,PE,CIO,s (32:0.5H,0): C 43.99 (43.90); H, 5.57
(5.69); N, 9.44 (9.31).

Synthesis of [Co(TIM)(C(CH,)CsH,~4-'Bu)CIIPF; (1b) and [Co-
(TIM")(C(CH3)C4H ;-4-'Bu)ClIPF5 (3b). [Co(TIM)CL,]PF, (350.1 mg,
0.673 mmol) and HC,C4H,-4-Bu (1.98 mmol) were combined in
100 mL of a 4/1 acetone/CH;OH solution. The blue-green solution
was purged with N, prior to the addition of NaBH, (51.2 mg, 1.35
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mmol). The reaction mixture turned dark brown within 1 min before
turning dark red. The reaction was stirred for 6 h before opening to
air and filtering through a fritted funnel to remove the excess Na*
salts. The red filtrate was collected, and the solvent was removed in
vacuo. The sludge was taken up in CH;CN, and the addition of
diethyl ether produced a brown solid. The solid was collected and
washed with diethyl ether. Purification over a silica column plug using
a 24/1 CH,Cl,/CH;0H mixture eluted a brown-orange fraction.
Increasing the polarity to 9/1 CH,Cl,/CH;OH eluted a red band.
The fractions were collected and concentrated. The addition of
diethyl ether afforded 1b as a pale orange solid (fraction 1) and 3b as
a red microcrystalline solid (fraction 2).

Yield of 1b. 25.2 mg (0.039 mmol, 5.7%). ESI-MS (positive ions,
formula C,;H;,CICoF¢N,P, MW 646.97): m/z (%) = 501.2 (100,
caled for [1b]* 501.2). Visible spectrum, A, (nm, e (M™! cm™)):
478 (1010), 380 (2700), 270 (16,000). 'H NMR (300 MHz,
CD,CN) § 7.24—7.16 (m, 2H), 6.56 (d, 2H, ] = 8.1 Hz), 4.24 (d, 1H,
J = 1.6 Hz), 4.06 (s, SH), 3.84 (dd, 4H, J = 15.0, 4.3 Hz), 3.67 (s,
2H), 2.70 (s, 3H), 2.51 (s, 3H), 2.26 (s, 6H), 2.06 (s, 1H), 1.61 (s,
1H), 1.28 (s, 9H). Elem. Anal. Found (calcd) for
CoCyoH,oNPF,CL,0, s (1b-2.5H,0-CH,CN-CH,CL,): C 43.45
(43.41); H, 5.90 (5.95); N, 8.76 (8.44).

Yield of 3b. 113.0 mg (0.174 mmol, 26%). ESI-MS (positive ions,
formula C,sH,;CICoF¢N,P, MW 648.99): m/z (%) = 503.2 (100,
caled for [3b]* 503.2). Visible spectrum, A, (nm, & (M™! cm™)):
513 (1720). 'H NMR (300 MHz, CDsCN) § 7.38—7.17 (m, 3H),
6.56 (d, 1H, J = 8.3 Hz), 4.64 (s, 1H), 4.22 (d, 1H, ] = 14.8 Hz),
4.11-3.98 (m, 1H), 3.90—3.78 (m, 2H), 3.50—3.30 (m, 4H), 3.10 (t,
2H, J = 14.1 Hz), 2.49 (d, 3H, ] = 1.5 Hz), 2.26 (s, 2H), 2.02 (d, 6H,
] =63 Hz), 1.73 (dd, 3H, ] = 7.3, 2.1 Hz), 1.28 (d, 9H, ] = 2.9 Hz),
1.06 (s, 3H). Elem. Anal. Found (calcd) for CoC,¢H,;N,PF,CIO (3b-
H,0): C 46.67 (46.82); H, 6.24 (6.50); N, 8.55 (8.40).

Synthesis of [Co(TIM)(C(CH,)C4F5)CIIPFs (1c) and [Co(TIM)(C-
(CH,)C4F5),lPFs (2¢). In a 100 mL flask, [Co(TIM)CL,]PF, (173.7
mg, 0.333 mmol) and HC,C4Fs (1.00 mmol) were combined in SO
mL of a 4/1 acetone/CH;OH solution. The blue-green solution was
purged with N, for 15 min prior to the addition of NaBH, (25.0 mg,
0.667 mmol). The reaction mixture immediately turned purple before
rapidly turning blue within a minute. The reaction mixture began
turning dark green over the next hour and was stirred for 2 h before
opening to air. The solution became a red-orange color and was
filtered through a fritted funnel to remove the excess Na* salts. The
filtrate was collected, and the solvent was removed in vacuo. The
sludge was taken up in CH;CN, and the addition of diethyl ether
produced a brown solid. The solid was collected and washed with
diethyl ether.

Separation of 2¢ was achieved by using a silica gel column. The
crude product was loaded using minimal CH,Cl, and eluted with a 9/
1 CH,Cl,/acetone mixture as a light-yellow fraction. Once this band
was collected, the mobile phase was changed to CH;OH to elute a
yellow-orange fraction. Concentration of the first yellow fraction
followed by the addition of diethyl ether afforded 2c as a pale yellow
solid. Yield of 2¢: 12.4 mg (0.015 mmol, 4.5%). ESI-MS (positive
ions, formula C3,H,3CoF(N,P, MW 838.46): m/z (%) = 693.2 (100,
caled for [2¢]* = 693.1). Visible spectrum, 4, (nm, ¢ (M~ cm™)):
275 (24,000). '"H NMR (300 MHz, CD;CN) 6 5.21 (s, 2H), 4.34 (s,
2H), 3.56 (t, J = 5.4 Hz, 8H), 2.52—2.41 (m, 4H), 2.29 (s, 12H).
Elem. Anal. Found (caled) for CoCsH;oN(PF (ClsO (2¢-H,0-
CH;CN-3CH,Cl,): C 38.41 (38.41); H 3.24 (3.31); N 6.17 (5.89).

Concentration of the yellow-orange fraction followed by the
addition of diethyl ether afforded 1c and trans-[Co(TIM")(C(CH,)-
CgF;)Cl]PF; (1c) in a mixture. Further purification over silica was
unsuccessful at separating 1c from 1¢” due to their near identical R¢
values across numerous mobile phases.

X-ray Crystallographic Analysis. Single crystals were grown
from the slow diffusion of diethyl ether into concentrated solutions of
the appropriate compound in CH;CN (1a, 1c’, and 3a), CH,Cl,
(1c), or 1:1 acetone/CH,Cl, (2c). Single crystals of 2a were grown
from the slow evaporation of a concentrated CH;CN solution. X-ray
diffraction data were obtained on a Bruker Quest diffractometer with
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Mo Ka radiation (1 = 0.71073 A) at 150 K for 1a, 1¢’, and 3a and
with Cu Ka radiation (4 = 1.54178 A) at 150 K for Ic, 2a, and 2c.
Data were collected; reflections were indexed and processed using
APEX4* and reduced using SAINT. The space groups were assigned,
and the structures were solved by direct methods using XPREP within
the SHELXTL suite of programs,70 solved using ShelXT,”" and
refined using Shelxl’>”* and Shelxle.”*
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