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ABSTRACT: Monoligated and bis-ligated CCC-NHC pincer Fe /B“

complexes with n-butyl substituents have been synthesized by the Zr
metalation/transmetalation route. Both the direct metalation/trans-
metalation and transmetalation from the isolated (®'C'C'CP")-
ZrNMe,Cl,, 3, yielded the octahedrally coordinated Fe(III) bis-ligated
complex [(®“C'C'C™),Fe]Cl, 2a. Transmetalation from in situ and @
isolated (®"C'C'C®")ZrCl,, 5, in the presence of excess TMSCI and 1
equiv of the Fe source yielded the monoligated (*"C'C'C")FeCl,, 4
2, to (B"C'C'C®")FeCl,, 4,

Conditions that convert [(®*C'C'C®"),Fe]",

——<;> 7T
.
C% S o
N=( Bu™ B BuU ClI cl Bu
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X=Cl, |

complex have been found. Characterization included 'H NMR, UV—visible, femtosecond transient absorption spectroscopies, TD-
DFT computations, and mass spectroscopy along with X-ray crystallographic structure determinations.

Bl INTRODUCTION

Ligands that chelate metals in a tridentate and primarily
meridional geometry “pincer ligands” have recently become
ubiquitous in organometallic chemistry.”” The three donors
offer multiple sites for electronic and steric tuning of the
central metal. Additionally, the terdentate binding mode of
pincer hgands enhances the robustness of the corresponding
complexes.” Many of these complexes have been used in
catalytic processes such as cross couphng reactions,””*
asymmetric hydrogenation of alkenes,” and hydroamination
reactions.” A pervasive problem in pincer chemistry has been
the formation of bis-ligated, octahedrally coordinated, robust
complexes (Chart 1A,C,E,F,H,J) which are highly stable and
lack open coordination sites.”*"” "¢

The aforementioned properties of pincer ligands coupled
with the strong 6-donation of N-heterocyclic carbenes (NHC)
make NHC-based pincers more robust, stable, and relatively
nondissociative compared to their phosphine counterparts.””’
These properties of NHCs have opened interesting prospects
for NHC-based pincer complexes.”' ~>* The consensus has
been that NHCs are nondissociative hgands,224 25 therefore,
incorporating them in the pincer ligand architecture is
perceived to make NHC-based pincers even more robust
especially when complexed with mid to late first row transition
metals.”*> >’

Pincer complexes of mid to late first-row transition metals
have recently become the subject of much interest due to the
natural abundance and nontoxicity of these metals.>*°>>
Special attention has been given to iron because it is the most
abundant metal’” and the role it plays in the nitrogenase
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enzyme that catalyzes dinitrogen activation at atmospheric
conditions.>*>* The scarcity of pincer iron complexes is due
to the difficulty in controlling the propensity of the ligand to
readily rearrange into an octahedral geometry around the
metal; especially in the absence of bulky groups.10’15’18’35’36
Bulky groups such as DIPP, mesitylene, adamantly, and
tertbutyl have been used to sterically hinder monoligated
complexes rearranging into bis-ligated complexes (Chart 1A —
B, C - D, E or F > G, H - I and J —
K)7’9’35_44’m’45’11_13’15‘17_19; however, the use of these bulky
substituents does not always prevent the problem of bis-
ligation. In a report by Danopoulos and co-workers, it was
established that the introduction of a DIPP groups sometimes
did not prevent bis-ligation as the NHC flipped around
eliminating the steric hindrance hence enabling the formation
of a bis-ligated complex (Chart 1F).*

Interestingly, there has been no report of any synthetic route
to convert the bis-ligated pincer complexes to the monoligated
complexes of these mid to late first-row transition met-
als. /B4 11719364346 praviously, conditions for the synthesis of
several CCC-NHC pincer complexes via metalation with
Zr(NMe,), followed by transmetalation to other metals such
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Chart 1. (A—K) Selected Bis-Ligated Complexes and Bulky Substituents Used in Their Mono-Ligated Complexes

Bis-ligated Mono-ligated Bis-ligated

Mono-ligated Bis-ligated Mono-ligated
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Co, Rh, Pt and Ni have been reported.”**™>* A few groups
have reported CNC-NHC pincer complexes of iron,””%*>**
Only one group has reported a monoligated CCC-NHC pincer
iron complex.””*?

In this report, we present the first synthetic route for a
monoligated CCC-NHC pincer Fe complex without bulky
groups and the synthesis and characterization of the bis-ligated
CCC-NHC pincer Fe complexes that were previously included
in part in the published patent filed in 2018.>* Conditions for
converting between the monoligated and bis-ligated CCC-
NHC pincer Fe complexes are also reported as outlined
(Scheme 1).

B RESULTS AND DISCUSSION

Synthesis and Characterization. In an attempt to
synthesize the pincer iron complex via the in situ metalation/
transmetalation method, the proligand 1a was activated using
Zr(NMe,),. The "H NMR spectrum was monitored to ensure
the metalation process was complete before the addition of
FeCl, as reported freviously for Co, Rh, Pt, and Ni (Scheme 1,
la — 2a)."*7% The 'H NMR spectrum of the reaction
between the white proligand salt and the white crystalline
Zr(NMe,), in CD,Cl, was monitored for 1 h until the
imidazolium C—H proton signal at 11.3 ppm disappeared and
the diastereotopic peaks of the CCC-NHC Zr intermediate
appeared at 4.3—4.6 ppm. The yellow solution was reacted
with FeCl; and maintained at room temperature for 8 h (Route
la). The '"H NMR spectrum became broadened consistent
with the formation of a paramagnetic CCC-NHC Fe complex
(Scheme 1, 1a — 2a). In the ESI-MS of an aliquot of the
reaction mixture, a peak with m/z = 698.3539 was observed.
When compared with the calculated m/z = 698.3503 for two
ligands on one Fe, it established by exact mass and isotope
pattern that it was the bis-ligated complex [(**C'C'C™),Fe]",
2a (see SI, Figure S1).>°

In the 'H NMR spectrum of complex 2a, singlet peaks that
lacked coupling were observed between 25 and —3S ppm
consistent with a paramagnetic Fe center. The peak at —34.42
ppm (2H) was assigned as resonance for the protons para to
the Fe center (H,) because those protons were expected to
have the strongest interaction with the Fe center and hence

Scheme 1. General Reaction Conditions for Synthesizing
the (B*CC'CP")FeCl,, 4, and [(®*C'C'C®"),Fe]Cl], 2a, or
[(®*C'C'CP"),Fe]l, 2b, and Conditions for Converting
between 2a or 2b «— 4°

O

1(a); X = Cl, ®N=Z o

N 7 ® e
N o @), iy _J| Buw X
1(b); X = | B{J X X EN N,‘\ NS

2(a); X = CI,
N~g, 2(b);x=1

(i) (a) Zr(NMe,),, DCM, rt, 1 h; (i) (b) FeX;, 8 h (1a — 2a) and
(1b — 2b); (ii) Zr(NMe,)4, Tol, 160 °C, 16 h (1a — 4); (iii) FeXs, 8
h (1a = 4); (iv) —=TMSC, FeX; (4 — 2a); (v) 10 equiv TMSC], 1.1
equiv FeCly, THF, 0 °C—rt, 8 h (2a — 4); (vi) Zr(NMe,),, Tol, 160
°C, 16 h (la — 3); (vii) 1.1 equiv FeX;, DCM, rt, 8 h (3 — 2a);
(viii) 10 equiv TMSC], 1.1 equiv FeX;, DCM, rt, 8 h (3 — 4); (ix)
TMSCL DCM, rt, 2 h (3 — §); (x) Tol, 160 °C, 15 min (3—5); (xi)
1.1 equiv FeCl;, DCM, rt, 8 h (3 — §); (xii) 10 equiv TMSC], 1.1
equiv FeX;, DCM, rt, 8 h (5 — 4); FeX; = FeCl;, Fe(TMHD),,
Fe(acac)s; chemical shorthand: C = atom bound to metal, ®* — is the
substituents, ' — is the imidazolium-based NHC (see ref 55).

will be the most shifted and the peak at —24.52 ppm (4H) was
assigned as resonance for the other phenylene protons ortho to
the Fe center (H,). The observed number of resonances and
integrals were consistent with the anticipated (see SI, Figure
S2a,b). Room temperature solution magnetic moment of i =
2.32 py consistent with a low spin Fe** was found for complex
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2a.%° Crystals of complex 2a suitable for X-ray diffraction were
grown via vapor diffusion of hexane into a concentrated DCM
solution. An ORTEP representation of complex 2a is shown in
Figure 1. The crystallographic data confirmed two CCC-NHC

Figure 1. ORTEP representation (50% ellipsoid) of the core
molecular structure of [(®*C'C'CP"),Fe]Cl, 2a. Hydrogen atoms and
butyl chains are omitted for clarity. Selected bond lengths (A): Fe—
C(18), 1.947(6); Fe—C(10), 1.976(6); Fe—C(21), 1.998(6); Fe—
C(1), 1.947(6); Fe—C(9), 2.012(6); Fe—C(24), 2.005(6); and angles
(deg): C(1)—Fe—C(9) = 77.5(2); C(1)—Fe—C(24) = 77.3(2);
C(9)—Fe—C(24) = 154.7(2); C(10)—Fe—C(18) = 78.0(3); C(18)—
Fe—C(21) = 76.9(3); C(10)—Fe—C(21) = 154.9(3); C(18)—Fe—
C(1) = 179.4(2).

ligands bound to an Fe center in a distorted octahedral
coordination sphere with the two ligands oriented perpendic-
ular to each other. A counteranion chloride was observed in
the lattice. The closely related structural analogue bis-ligated
CNC-NHC Fe of complex 2a reported had a shorter CN"“—Fe
bond distance of 1.952(2) A compared to the 2.005(6) and
2.012(6) A observed in complex 2a. The C™"—Fe bond
length was 1.947(6) A were slightly longer than N*—Fe bond
lengths of 1.9235(17) A reported for the CNC-NHC Fe (II).
The reported 79.29(8)° and 79.07(8)° N”—Fe—CN"¢ bond
angles were found to be slightly larger than the C*"*"—Fe—
CNHC bond angles of 77.3(2)° and 77.5(2)° found in complex
2a. The N”—Fe—N"" angle of 177.22° of the CNC-NHC was
smaller than the C™"*"—Fe—C™" angle of 179.4(2)° found in
complex 2a.” The internal angles were all distorted from the
idealized 90° and 180°.'>'°” The deviations of the angles
from a perfect octahedral can be attributed to the rigid
structure of the ligand backbone that constricts the internal
angles.*® The absorption (UV—visible) spectra of complex 2a
were taken in acetonitrile. The solution of complex 2a had a
deep purple color. Two major peaks were observed in the
absorption spectra of complex 2a. The regions of observation
of these peaks can be divided into two parts: the ultraviolet
(100 nm < A < 400 nm) and visible (400 nm < 1 < 800
nm).***° A broadband between 450 nm < 1 < 680 nm which
had a 4, at 622 nm (¢ = 222 M~ cm™!) that was attributed
to d-to-d transitions and a relatively narrower band between
310 nm < A < 450 nm with a 4, at 352 nm (& = 2907 M™*
cm™") that was attributed to z-to-7* transitions were observed
for complex 2a (see SI, Figure S15a).>® No emission was
observable with the naked eye upon irradiation of complex 2a
at 365 or 254 nm. When the samples were irradiated at 410 nm
in the fluorimeter, a very weak signal was observed in the
visible range with A, at ~470 and ~672 nm (see SI, Figure
S15b).

Having established the identity of complex 2a, other
conditions to synthesize the monoligated complex were
examined. In an attempt to prevent bis-ligation of the Fe
with the CCC-NHC ligand, the less readily displaced TMHD
(2,2,6,6-tetramethyl-3,5-heptanedionate) and acac (acetylacet-
onate) ligands using Fe(TMHD); (Route 1b) and Fe(acac),
(Route 1c) were investigated as the Fe source (Scheme 1, 1a —
2a). Peaks similar to the ones in the "H NMR spectrum and
ESI-MS of complex 2a were observed. Due to the poor
solubility of the FeCl; in DCM, the solvent was changed to
THEF. The proligand salt la and the Zr(NMe,), reacted in
THF for 2 h. The FeCl; was then added to the solution and
maintained at room temperature for 8 h. After workup,
complex 2a was isolated as a dark purple powder (69% yield)
(Scheme 1, 1a — 2a).

In a previous report, it was found that transmetalating from
the isolated CCC-NHC-Zr dichloro amido complex often gave
different results than the in situ metalation/transmetalation
reaction route; " therefore, the transmetalation from isolated
CCC-NHC Zr amido chloride complex, 3, obtained starting
with 1a,> using different Fe sources—FeCl; (Route 2a),
Fe(TMHD), (Route 2b), and Fe(acac); (Route 2c) were
examined. However, in each case. transmetalation using these
conditions also yielded complex 2a (Scheme 1, diagonal 3 —
2a). The next set of experiment produced a mixture of 2a and
4 illuminating a pathway that will potentially allow the
isolation of pure complex 4. The coordination sphere of the
CCC-NHC-Zr complex 3 was modified in situ to generate the
trichloride analogue by the addition of TMSCL® After addition
of FeCl; (Route 1), the '"H NMR spectrum was observed to be
broadened as typical of paramagnetic species and to be
significantly different from that of 2a (see SI, Figure S4;
Scheme 1, 3 — 4). An aliquot was taken for ESI-MS, and the
spectrum contained a new base peak at m/z = 522.0401 that
on simulation and comparison of the isotope pattern was
found to be consistent with the proposed structural moiety
[CyoH,5CLFeN,] with one ligand and one Fe center (see SI,
Figure S$4). The characteristic peak of 2a at m/z = 698.5 was
not observed (see SI, Figure S5). The reaction was then
worked up by removing the volatiles to provide a solid. A
portion was taken for ESI-MS analysis and the base peak m/z =
698.5 of complex 2a was observed. Additionally, a new m/z =
412.1 with an isotope pattern that matched the pattern
predicted for [(®"C'C'C"")FeCl]* that was consistent with the
loss of a chloride from complex 4. Another peak was observed
with a m/z = 861.1969 consistent with a chloride bridging two
monoligated Fe centers, [((®*C'C'C"")ClIFe)-Cl-(FeCl-
(BeCICICPY)) 1%, (caled m/z = 861.1921, A = 6.1 ppm) and
an isotope pattern that matched the theoretical prediction for
the chloro-bridge dimer (see SI, Figure S6). These
observations were consistent with the proposed moiety
C,oH,3CL,FeN, (m/z = 522) converting to a mixture of the
bis-ligated complex 2a (major species) and the monoligated
species 4 (minor species) during the removal of the volatiles
(Scheme 1, 4 — 2a) (see SI, Figure SS).

These results indicated that the desired monoligated
complex 4 was accessible, but conditions for isolation had
yet to be identified. Since the trichloride complex
[(BC'CICP*)ZrCly], 5, seemed to be the best transmetalation
agent it was prepared and purified according to the reported
procedure for the Ti analogue (see SI, Figure $5).° Direct
reaction of [(*'C'C'C™)ZrClL], S, with FeCl; (Route 4),
however, gave a mixture of complex 2a and complex 4 based
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on the MS observation of peaks with m/z = 698.3579,
412.1190 and 861.1969 corresponding to the bis-ligated and
the monoligated species as described above (see SI, Figure SS).
Thus, it was hypothesized that in addition to the [(**C'C'C"")-
ZrCly], 5, TMSCI was required for efficient production of
complex 4. The reaction of the isolated [(**C'C'C"*)ZrClL,], 5,
10 equiv TMSC], 1 equiv of FeCly (Route 1a) and stirring for 8
h in DCM yielded a thick red paste (Scheme 2). DCM was

Scheme 2. Best Synthesis of (**C'C'C®")FeCl,, 4

10 equiv TMSCI;

1)

7 N/©\N N\ 1.1 equiv FeX3 7 NQ\N N\

Iy el Py
(|3| cl CI/ \CI

N \ / \
cl Bu X = acacyCly Bu Bu

Bl
5 TMHD 4

added to the paste, and it was filtered through celite. The
volatiles were removed producing a dark red sticky
concentrate. An aliquot of this sticky concentrate was analyzed
by ESI-MS. The peaks observed at the m/z = 412
[(B*C'CICP*)FeCl]* and the m/z = 861 [((®*C'C'C®")CIFe)-
Cl-(FeCI(®*CICICP")) ]**° were consistent with complex 4 (see
SI, Figure S7). The characteristic m/z = 698 peak of the bis-
ligated complex 2a was not observed. Upon addition of MeOH,
complex 4 precipitated out of the sticky concentrate and was
isolated as a bright red-orange powder 77% yield. Analogous
transmetalation reactions using Fe(TMHD), (Route 1b)
yielded 60% and when Fe(acac); (Route Ic) yielded 37% of
complex 4 (Scheme 2). The absence of either a “TMHD” and
“acac” in the crystal structure was likely due to the silylation of
these two species by the TMSCL

A combination of 'H NMR, solution magnetic moment
measurement (Evans method), elemental analysis, ESI-MS,
UV—visible, and XRD spectroscopies were used to complete
the characterization. In the '"H NMR spectrum, broadened
peaks due to lack of coupling which was characteristic of a
paramagnetic Fe center were observed between 33.56 ppm and
—27.64 ppm (see SI, Figure S8). The peak at 33.56 ppm was
assigned as the protons para to the Fe center because those
protons were expected to have the strongest interaction with
the Fe center and hence will be the most shifted and the peak
at —27.64 ppm was assigned as the other phenylene protons
ortho to each NHC ring. Magnetic moment of p g4 = 5.7
consistent with a high spin Fe* was found for complex 4.°° In
the absorption spectra of complex 4, a relatively sharp band
around 320 nm < 4 < 400 nm with a A_,_at 360 nm (& = 1368
M™ ecm™) which was attributed to z-to-7* transitions was
observed (see SI, Figure S17a).>® No emission was observable
with the naked eye upon irradiation of complex 4 at 365 or 254
nm. When the samples were irradiated at 350 nm in the
fluorimeter, a very weak signal was observed in the visible
range with A, at ~ 390 and ~ 640 nm (see SI, Figure S17b).

Crystals suitable for X-ray diffraction were grown via vapor
diffusion of hexane into a saturated DCM solution. The X-ray
crystallographic data were consistent with complex 4 (Figure
2). The NHC donor carbenes occupied positions trans to each
other and the two chlorides were directed out of the plane of
the CCC-NHC ligand moiety. The butyl chains were oriented
trans to each other giving the complex a C,y symmetry. The
geometry index (75) around the CCC-NHC Fe was calculated
as 0.99 which is consistent with a trigonal bipyramidal

Figure 2. ORTEP representation (50% ellipsoid) of the core
molecular structure of (*'C'C'C™)FeCl, 4. Hydrogen atoms are
omitted, and butyl chains truncated for clarity. Bond lenghts (A):
Fe(1)—C(1) 1.96(1), Fe(1)—C(9) 2.04(1), Fe(1)—C(12) 2.03(1),
Fe(1)—ClI(1) 2.276(4), Fe(1)—Cl(2) 2.311(3) and angles (deg):
C(1)=Fe(1)—C(9) 75.3(5), C(1)—Fe(1)—C(12) 76.9(5), C(9)—
Fe(1)—C(12) 152.1(5), C(1)—Fe(1)—CI(1) 138.0(3), C(1)-
Fe(1)—ClI(2) 119.6(3), CI(1)—Fe(1)—CI(2) 110.3(1).

coordination around the Fe center.”’ The Cl—Fe—Cl bond
angle was 110.3°. The metric data of complex 4 was compared
to the other octahedrally coordinated CCC-NHC Fe(III)
complex reported.’® The C™*—Fe bond length in complex 4
was found to be 1.960(1) A compared to the reported
1.920(6) A. The CNC—Fe bonds in complex 4 were 2.04(1)
and 2.03 (1) A compared to 1.999(7) and 1.994(7) A
reported. The Fe—Cl bonds in complex 4 were 2.311(3) and
2.276(4) A compared to the 2.363(2) and 2.259(2) A
reported. The CNHC—Fe—CNHC bond angle in complex, 4,
was found to be 152.1(5)° which was slightly smaller
compared to the reported 158.3(3)°. The CN*C—Fe—Chen
bond angles in complex, 4, 75.3(5)° and 76.9(5)°, were found
to be slightly smaller compared to the 79.8(3)° and 79.3(3)°
in the previously reported structure.*’

As illustrated in Scheme 1 (4 — 2a), the monoligated
complex 4 will undergo ligand exchange to generate bis-ligated
complex 2a. The possibility of reversing this process was
investigated (Scheme 3). First, treatment of bis-ligated

Scheme 3. Synthesis of (**C'C'C®*)FeCl,, 4

)
N Bu j ® '
y X 1) 10 equiv TMSCI
N 1.1 equiv FeCl3

o
= THF, 0°C—>rt fN NN\
_NZ2 VRN \
N= Bu BU/ cl Cl Bu
K\/N\Bu 4
2a, X =Cl
2b, X =

complexes (2a or 2b) with another equivalent of FeCl; alone
did not reverse the process. As TMSCI was required in the
successful synthesis of complex 4, treatment of bis-ligated
complexes with FeCl; and TMSCI was evaluated. Thus, a THF
solution of the bis-ligated complexes (2a or 2b) was cooled to
0 °C, excess TMSCI was added dropwise, and after warming to
room temperature, FeCly (1 equiv) was added. The reaction
was monitored by MS for disappearance of the m/z = 698 peak
[M—X]* (where X = Cl or I) of the starting material complexes
2a or 2b. The mysterious m/z = 522 peak appeared again;
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however, all efforts to isolate, crystallize, or further characterize
the m/z = 522 species provided no further insight. The process
was repeated at scale, and the volatiles were removed. Upon
addition of MeOH a bright red-orange powder precipitated.
The 'H NMR spectrum and mass spectra of the isolated
powder were consistent with the previously isolated
(B'C'C'CP*)FeCl, (Scheme 3). Thus, an efficient method for
decomplexing the bis-ligated complex, 4, was obtained.

It is appropriate to comment that at present, the exact
function of the TMSCI as the effective reagent for
decomplexing is not fully understood or experimentally
elaborated. However, two facts regarding NHC-TMS (NHC-
SiMe,) adducts are well-established in the literature. First,
metal NHC complexes will react with TMSCI to produce the
NHC-TMS adduct.®* Further, the NHC-TMS adducts have
been used as carbene transfer reagent to metals such as Ce, Y,
Pd, Ni, and Au®""® The utilization of these two pieces of
information was demonstrated in a report by Turner and co-
workers. In their study, they applied TMSCI to break a bond
between a metal and a NHC creating the NHC-TMS species.
This bond was subsequently employed to transfer the NHC to
the metal once the TMS group was eliminated.** Based on
these reports, we hypothesize that the NHC-TMS adduct is
first formed by partial decomplexation, then with FeCl; present
the ligand is transferred.’ " As the MS were collected in
acetonitrile under ambient (wet solvents, humid conditions),
the TMS groups were cleaved from the partially bound ligand
leading to the observation of the m/z = 522 in the ESI-MS (see
SI, Figures S10 and S11).°* Upon working up the reaction by
the addition of MeOH, the TMS group is cleaved from the
NHC-TMS species by forming the strong Si—O bond,
producing the monoligated compound 4. It has been
previously reported that the NHC-TMS bonds undergo facile,
essentially immediate, hydrolysis in the presence of water
supporting the MS observations herein.”® A similar observation
was reported for the reactivity of NHC-TMS species with
MeOH that is expected to produce TMSOMe as the other
product.®*

Transient Absorption Studies. Development of tran-
sition metal complexes as photosensitizers in photocatalytic
applications®® has been ongoing for several years. The most
commonly used metal for such applications is ruthenium®”%®
because of the long charge transfer state lifetimes that occur
from the large orbital splitting for second and third row
metals.”” However, more earth-abundant metals such as iron
are desired due to their low cost and lower toxicity. Though
there are several investigations into this,"®"°" there is still a
challenge” to obtain complexes with excited state (ES)
lifetimes longer than a few tens of picoseconds (ps).”*
Recently, it has been shown that one of the most promising
ways to achieve longer ES lifetimes is by increasing the number
of N-heterocyclic carbene (NHC) ligands coordinated to a
metal center;’””> however, solubility in organic solvents
becomes an issue when dealing with multiply charged
complexes. Excited-state dynamics of complex 2b was studied
using transient absorption spectroscopy featuring instrument
response function of 150 fs.”® The sample was excited at 400
nm and probed in a wide range of wavelengths ranging from
450 to 1050 nm. The transient spectra feature a broad excited-
state absorption band with the maximum at about 500 nm.
The transient spectrum changes little with the delay time
between the pump and probe, suggesting that a single excited
state is formed upon excitation (Figure 3ab). Transient
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Figure 3. (a) Transient absorption spectrum of 2b at time delays
indicated as the inset. (b) Transient kinetics of 2b at 500 nm
integrated within + 2 nm window. The characteristic times are shown
as the inset. The amplitudes of the decay components are given in
parentheses.

kinetics recorded at ca. 500 nm can be well fitted with a three-
exponential function with characteristic times of 0.8, 8, and 54
ps. The fast component of 0.8 ps is associated with a rise of
transient absorption across the spectrum and is likely due to
vibronic relaxation of the excited state. The two decay
components, 8 and 54 ps, feature similar amplitudes (Figure
3b, inset). Because the two components are associated with
similar transient spectra, they can be assigned to different
conformations of 2b. The mean lifetime of 30.1 ps was
obtained.

TD-DFT computations were also performed to simulate
these spectra and attain a greater understanding of the
excitations involved. The feature present at ~ 410 nm in the
simulated GS absorption spectrum (Figure 4) arises from two
separate transitions. The 419 nm transition corresponds to an
excitation of a 8 electron, with an expectation value reflective
of a quartet state (S* = 2.753) The 403 nm transition
corresponds to an excitation of an a electron with an
expectation value reflective of a doublet state (S* = 0.871).
Both transitions have a similar oscillator strength and are near
to the pump wavelength of 400 nm used prior to measurement
of the transient absorption spectra. Because the ES kinetics
indicate that only a single species is present, we believe that
population of the doublet state is more likely. Thus, to obtain
the ES geometry, TD-DFT optimizations were carried out with
the 403 nm transition selected as target state. Before simulating
the transient absorption spectrum for the optimized ES
geometry, the best approximation of the ES wave function is
needed. Inspection of the target transition at the optimized ES
geometry showed that it is predominantly a result of a single
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Figure 4. Simulated ground state absorption spectrum and NTOs.

excitation. Performing a swap of these two orbitals provides a
reference wave function that is analogous to the result of that o
excitation. A TD-DFT single-point computation on this new
reference wave function produced the spectrum shown in
Figure S. Indeed, the features present in this spectrum are
highly reminiscent of the experimental transient absorption
spectrum (see SI, Figure S16). The natural transition orbitals
(NTOs) in Figure S demonstrate that the ~600 nm band
appears to be from a combination of an Fe d—d and a LLCT
excitation. Meanwhile, the ~440 nm band is due to a 7—7*
excitation in one of the phenyl rings (Figure 5) which also
results in some back-bonding character to the Fe center.

B CONCLUSIONS

A route for synthesizing air and moisture-stable CCC-NHC bis
and monoligated Pincer Fe complexes [(®“C'C'C®"),Fe]Cl], 2a,
and (®*C'C'C™)FeCl,, 4, taking advantage of the Zr(NMe,),
metalation/trans metalation approach has been developed. In
situ metalation/ transmetalation yielded complex 2a. Trans-
metalation from isolated complex Zr amido complex 3 yielded
2a. A combination of TMSCI, Zr amido complex 3 and an iron
source produced an intermediate which on removing volatiles
yielded a mixture of 2a and 4. Transmetalating from isolated
complex S only also yielded a mixture of 2a and 4. TMSCI,
complex § and an iron source, yielded 4 that was isolated in
good yield. The intermediate with m/z = 522 has so far eluded
further structural characterization. A new method for
converting [(®*C'C'C™),Fe]Cl, 2a, or [(**C'C'C""),Fe]l, 2b,
back to (P"C'C'CP*)FeCl,, 4, has been reported. This method
may open a path for the decomplexation of other bis-ligated
tridentate metal complexes.

The UV-pump/Vis-probe spectra show that the excited
states decay nearly concomitantly at all wavelengths while
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Figure 5. Simulated excited state transient absorption spectrum and
NTOs.

featuring two decay constants (8 and 54 ps) with almost the
same amplitudes. The mean lifetime of the excited state is ca.
30 ps, offering a promise. The simulated spectra from TD-DFT
computations cleanly reproduce both the GS absorption and
ES transient absorption of 2b and offer insight into the nature
of the long-lived ES and its transient absorption spectrum.

B EXPERIMENTAL DETAILS

General Details. Reagents and starting materials were purchased
from commercial sources and used without further purification. All
experiments were conducted under nitrogen unless otherwise noted.
The proligand imidazolium salts ([(**C'C'C™)H;]>*Cl,) la and
((*C'C'C®)Zr(NMe,)Cl,) 3 were prepared according to previously
reported literature procedures.*””” The (®*CIC'CP*)ZrCl, 5 was
synthesized according to previously reported procedure for the Ti
analogue.’ The "H NMR spectra were referenced against the residual
solvent peak in DMSO-D4, CDCl;, CD,CL,, or CD;CN. Elemental
analyses were carried out on a Unicube Elementar. The UV—visible
spectra were collected on a Shimadzu UV-2600i spectrophotometer.
A suitable single-crystal was selected and analyzed on a Bruker APEX-
II CCD diffractometer. The crystal was kept at 100 K during data
collection. Using Olex2, the structure was solved with the ShelXT
structure solution program using direct methods and refined with the
ShelXL refinement package using least-squares minimization. Nano-
second transient absorption data in the UV and visible spectral
regions were recorded with an LKS 60 spectrometer (Applied
Photophysics) using a Nd3+:YAG laser (Brilliant, Quantel) equipped
with second and third harmonic generation units and an optical
parametric oscillator (OPOTEK, 420—670 nm) for tunable excitation.
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Transient absorption spectra were constructed from transient decays
collected at 10 ns intervals following pulsed laser excitation. The
excitation wavelength used for these complexes was 400 nm. Samples
were bubbled with N,(g) for 20 min prior to the measurements.

Computational Methods. All computations were carried out
using Revision C.01 of the Gaussian 16”° suite of programs with
default (10—8) SCF convergence criteria. The LC-whPBE”’ method
was used for all computations with the PCM implicit solvation model
using parameters consistent with acetonitrile as the solvent. The basis
set and ECP combination used throughout employed the def2-
TZVP® basis set and ECP for the Fe center and the def2-SV(P)*
basis and ECP for all other atoms. The Fe complex was optimized
with a doublet wave function in D,d symmetry and confirmed to be a
minimum by an analytical frequency computation at the same level of
theory resulting in 0 imaginary modes. To simulate spectra, the first
S0 vertical excitation energies solved iteratively [TD(ROOT =
1,NSTATES = 50)] using TD-DFT single-point computation at the
same level of theory. Excited state geometries were obtained from
TD-DFT optimizations, again solving the first 50 vertical excitation
energies. NTOs of the relevant transition densities were rendered
using Chemcraft.®'

Synthetic Details Synthesis of Bis[1,3-bis(n-butyl-imidazol-2'-
ylidene) phenylene) iron (Ill)] Chloride, [(®*C'C'C®"),Fe]Cl, 2a. Route
Ta. Salt 1a (0.0795 g 0.200 mmol), Zr(NMe,), (0.0697g, 0.260
mmol), and THF (15.0 mL) were combined under an inert
atmosphere yielding a clear golden solution. After 2 h, FeCl; (41.3
mg, 0.250 mmol) and stirred for about 10 min producing a clear
purple solution. The purple solution was left to stir overnight yielding
an opaque black solution. Water (40 yL, 2.2 mmol) was added,
producing a white precipitate. The black supernatant was filtered, and
the volatiles were removed. The solid was then washed with hexanes
(3 X 2 mL). Volatiles were removed followed by dissolving in S mL
DCM andADDINg S mL water and shaken vigorously and left to
settle. The colorless aqueous layer became red, and the organic layer
became a dark purple. The organic layer was separated, and the
volatiles were removed yielding a dark purple powder (51.0 mg,
69.2%). X-ray quality crystals were grown by vapor diffusion with
hexane and DCM. Anal. calcd for C,Hg,ClFeNg00.45 CH,Cl,; C,
62.90; H, 6.64; N, 14.51; found C, 62.74; H, 6.87; N, 14.85. 'H NMR
(500 MHz, CDCL,): § 24.50, 9.17, 1.93, 0.95, —0.97, —2.62, —34.43
ppm. feg = 2.32 pg. HRMS (ESI-TOF) caled for C,oHgoFeNg [M—
Cl]* = 698.3503, obs m/z = 698.3539.

Route 1b. Salt la (0.0140 g, 0.0234 mmol) and Zr(NMe,),
(0.0960 g, 0.359 mmol) were combined in CD,Cl, under an inert
atmosphere yielding a clear golden solution. After 2 h, Fe(TMHD),
(0.00120 g, 0.0184 mmol) was added and stirred for about 10 min
producing a clear purple solution. The purple solution was left to stir
overnight yielding an opaque black solution. An aliquot gave ESI and
'"H NMR spectra as observed in route 1a (see SI, Figures S1 and S2).

Route Tc. Salt 1a (0.0156 g, 0.0394 mmol) and Zr(NMe,),
(0.0106 g, 0.0397 mmol) were combined in CD,Cl, under an inert
atmosphere yielding a clear golden solution. After 2 h, Fe(acac),
(0.0065 g, 0.0184 mmol) was added and stirred for about 10 min
producing a clear purple solution. The purple solution was left to stir
overnight yielding an opaque black solution. Analysis of an aliquot
gave ESI and 'H NMR spectra as observed in route la (see SI, Figures
S1 and S2).

Route 2a. Complex 3 ((*"C'C'C*")ZrCl,NMe,) (0.0134 mg, 0.250
mmol) and FeCl; (0.0064 g, 0.039 mmol) were combined in DCM
under an inert atmosphere and stirred for 8 h yielding an opaque
black mixture. Water (40 L, 2.2 mmol) was added, producing a
white precipitate. The black supernatant was filtered through celite,
and the volatiles were removed. The solid was then washed with
hexanes (2 X 0.5 mL). Volatiles were removed followed by dissolving
in 5 mL DCM and adding 5 mL water and shaken vigorously and
leaving to settle. The colorless aqueous layer became red, and the
organic layer became a dark purple. The organic layer was separated,
and the volatiles were removed yielding a dark purple powder (5.3
mg, 57.8%) 'H NMR (500 MHz, CD;CN): § 24.50, 9.17, 1.93, 0.95,
—0.97, —2.62, —34.43 ppm. HRMS (ESI-TOF) calcd for C,oHgoFeNg

[M—CI]* = 698.3503, obs m/z = 698.3539 (see SI, Figures S1 and
S2).

Route 2b. ((**C'C'C®)ZrCl,NMe,) (10.6 mg, 0.0201 mmol) and
Fe(acac); (8.80 mg, 0.025 mmol) were combined in CD,Cl, under an
inert atmosphere yielding and stirred for 2 h producing a clear purple
solution. An aliquot gave ESI and 'H NMR spectra as observed in
route 2a (see SI, Figures S1 and S2).

Route 2¢. ((**C'C'C™")ZrCl,NMe,) (11.3 mg, 0.021 mmol) and
Fe(TMHD); (17.6 mg, 0.029 mmol) were combined in CD,Cl,
under an inert atmosphere yielding and stirred for 2 h producing a
clear purple solution. An aliquot gave ESI-MS and 'H NMR spectra as
observed in route 2a (see SI, Figures S1 and S2).

Synthesis of Bis(1,3-bis(n-butyl-imidazol-2’-ylidene) phenylene)
iron(Ill)] lodide, [(**CC'C*),Fe]l, 2b. Route 1a. 1,3-bis(1-butylimidi-
zol-3-yl) benzene diiodide, 1b (0.1154 g, 0.20 mmol) and Zr(NMe,),
(0.0724 g, 0.27 mmol) were combined in THF (1S mL) under an
inert atmosphere and stirred for 2 h. FeCl; (0.046 g, 0.28 mmol) was
added and stirred overnight. Water (40 uL, 2.2 mmol) was added,
producing a precipitate that was removed and washed with MeCN (3
X 5 mL) and concentrated and dried under vacaum. The product was
isolated via silica column chromatography. DCM was used to remove
impurities, then MeCN to collect a dark blue band which was
concentrated giving the product as a dark blue glassy solid (0.0504 g,
61.2%). X-ray quality crystals were obtained by vapor diffusion of
hexane with a CH,Cl, solution. Anal. caled for C,H; FeNsl; C,
$8.19; H, 6.10; N, 13.57; O, 3.15; found C, 58.40; H, 5.79; N, 11.61.
'"H NMR (CD,Cl,, 500 MHz): § 24.66 (s, 4H), 9.21 (s, 8H), 1.90 (s,
12H), 0.95 (s, 12H), —0.98 (s, 8H), —2.55 (s, 4H), —36.52 (s, 2H).
HRMS (ESI-TOF) calcd for CyHgoFeNg [M—I]" = 698.3503, obs m/
z = 698.3486 (see SI, Figures S1 and S2).

Route 1b. Salt 1b, 3-bis(1-butylimidizol-3-yl)benzene diiodide, 1b
(0.0961 g, 0.1671 mmol) and Zr(NMe,), (0.0614 g, 0.2390 mmol)
were combined in THF (15 mL) under an inert atmosphere and
stirred for 2 h. FeCl, (0.046 g, 0.28 mmol) was added and stirred
overnight. Water (40 uL, 2.2 mmol) was added, producing a
precipitate that was removed and washed with MeCN (3 X S mL)
and concentrated and dried under vacuum. The product was isolated
via silica column chromatography. DCM was used to remove
impurities, then MeCN to collect a dark blue band which was
concentrated giving the product as a dark blue glassy solid (0.0344 g,
50.2%).

Synthesis of a Mixture of [(Bis-1,3-bis(n-butyl-imidazol-2’-
ylidene) phenylene) iron (lll)] Chloride, [(®“CC'C®),Fe]Cl, 2a and
[1,3-Bis (n-butyl-imidazol-2-ylidene phenylene iron (lll) dichloride]
[B“C'C'C®)FeCl,], 4. Route Ta. Complex 3 ((**CIC'CP*)ZrCl,NMe,)
(30.6 mg, 0.06 mmol), FeCl; (12.4 mg, 0.077 mmol), TMSCI (100
uL, 0.790 mmol), and DCM were combined under an inert
atmosphere and stirred for 8 h yielding a pale red mixture after 8 h.
In a HRMS (ESI-TOF) of crude reaction caled for C,,H,,Cl,FeN,
[M]" = 522.038S, obs m/z = 522.0401 was observed (see SI, Figure
S4). The reaction mixture was filtered through celite and the volatiles
were removed yielding a brown powder. HRMS (ESI-TOF) calcd for
C,HsoFeNg [M—CI]* = 698.3503, obs m/z = 698.3506, calcd for
C,oH,sFeN,Cl [M—CI]* = 412.1112, obs m/z = 412.1124, calcd for
C4oHsoCl3Fe,Ng [2M—Cl]*" = 859.1921, obs m/z = 859.1955.

Route 2. Complex 5 ((*C'C'C*)ZrCly) (22.6 g, 0.044 mmol),
FeCl; (9.09 mg, 0.0561 mmol), and DCM were combined under an
inert atmosphere and stirred for 8 h yielding a pale red mixture. In a
HRMS (ESI-TOF) of crude reaction calcd for C,,H,5Cl,FeN, [M]* =
522.0385, obs m/z = 522.0401 was observed (see SI, Figure SS). The
reaction mixture was then filtered through celite. Volatiles were
removed yielding a brown powder. ESI-MS shows a mixture of
complex 2 and complex 4. HRMS (ESI-TOF) caled for C,H FeNy
[M—CI]* = 698.3503, obs m/z = 698.3506, calcd for C,oH,;FeN,Cl
[M—CI]* = 412.1112, obs m/z = 412.1124, calcd for C,,H;,Cl;Fe,Nj
[2M—CI]* = 859.1921, obs m/z = 859.1958.

Synthesis of [1,3-Bis(n-butyl-imidazol-2-ylidene) phenylene
trichloro zirconium (IV)] [(B“C'C'C®“)ZrCl,], 5. Under an inert
atmosphere, complex 3 (255 mg, 0.484 mmol), TMSCI (0.600 mL,
4.74 mmol), and dichloromethane (25.0 mL) were combined in a
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flask. The resulting mixture was stirred at room temperature for 2 h.
Volatiles were removed under reduced pressure to obtain white solid.
Toluene (25.0 mL) was added to the residue and the resulting
mixture was heated for 15 min at 160 °C. The mixture was cooled to
room temperature during which white solid precipitated. The solids
were dried in a vacuo to give § as a colorless crystal (180 mg, 74.2%):
"H NMR spectrum (300 MHz, CD,Cl,) 6 8 7.51 (d, J = 1.9 Hz, 2H),
7.35 (dd, J, = 8.3 Hz, ] = 7.3 Hz, 1H), 7.16 (s, 1H), 7.13 (s, 1H), 7.11
(d,J = 1.9 Hz, 2H), 4.42 (t, ] = 7.4 Hz, 4H), 2.03 (q, ] = 7.5 Hz, 4H),
1.49 (s, ] = 7.4 Hz, 4H), 1.01 (t, ] = 7.4 Hz, 6H). Anal. calcd for C,,
H,,Cl ;N,ZreH,0: C, 44.73; H, 5.07; N, 10.43; found C, 44.43; H,
4.71; N, 10.50.

Synthesis of [1,3-Bis (n-butyl-imidazol-2-ylidene phenylene iron
(Ill) dichloride] [(**C'C'C®)FeCl,], 4. Route 1a. FeCl, (36.3 mg, 0.220
mmol) was suspended in DCM (6 mL) in a flask. Separately,
compound 5 (86.0 mg, 0.170 mmol), TMSCI (120 uL, 0.950 mmol),
and DCM (6 mL) were added and stirred for S min. The content of
the latter was added to the FeCl;/DCM suspension. The resulting
mixture was left to stir for 8 h yielding a red paste. DCM (200 mL X
2) was added to the paste, shaken vigorously, and allowed to settle.
The supernatant was filtered through celite followed by concentrating
to dryness. The concentrate was then dissolved in minimum DCM
and then hexanes added to precipitate out the product. The product
was collected over frit and then dried. MeOH was added to the brick
red powder to precipitating out a bright red-orange powder which was
collected over frit and dried (57.5 mg, 77.18%). Single crystals for
XRD were grown via vapor diffusion with DCM and hexanes. Anal.
caled for C,y H,;Cl ,N,Fe: C, 53.60; H, 5.62; N, 12.50; found C,
53.58; H, 5.64; N, 12.57. '"H NMR (500 MHz, DMSO-Dy): § 33.56,
7.89, 3.39, 1.97, —1.55, —4.08, —27.64. p.s = S.7 py. HRMS (ESI-
TOF) caled for C,oH,sFeN,Cl [M—CI]* = 412.1112, obs m/z =
412.1192, calcd for C,0HgoCliFe,Ng [2M—CI]* = 859.1921, obs m/z
= 859.1969.

Route 1b. Complex 5 (0.0119 g, 0.0230 mmol) was dissolved in
CD,Cl, and TMSCI (60 pL, 0.474 mmol) was added dropwise to the
CD,Cl-5 solution. Fe(TMHD); (0.0138 g, 0.0230 mmol) was added
to the content of the NMR tube and sonicated for 15 min. The
resulting solution was left to stir for 8 h and then filtered through
celite. The red filtrate was concentrated down and layered with
hexanes and left in a freezer at —35 °C freezer overnight. Red crystals
(6.20 mg, 60.3%) were collected for XRD measurement. An aliquot
gave ESI and "H NMR spectra as observed in route 1 above (see SI,
Figures S7 and S8).

Route 1c. Complex 5 (0.0121 mg, 0.0230 mmol) was dissolved in
CD,Cl, and TMSCI (60.0 L, 0.474 mmol) was added dropwise to
the CD,CL-S solution. Fe(acac); (15.3 mg, 0.043 mmol) was added
to the content of the NMR tube and sonicated for 15 min. The
resulting solution was left to stir for 8 h and then filtered through
celite. The red filtrate was concentrated down and layered with
hexanes and left in a freezer at =35 C freezer overnight. Red crystals
(3.8 mg, 37.1%) were collected. An aliquot gave ESI and '"H NMR
spectra as observed in route 1 above (see SI, Figures S7 and S8).

Converting from [(B“CIC'CBY),Fe]Cl, 2a or [(*“C'C'CBY),Fe]l, 2b to
[B“C'C'CBY)FeCl,], 4. In a 5 mL scintillation vial, 2a (25.8 mg, 0.035
mmol) or 2b (23.3 mg, 0.031 mmol) was dissolved in 3 mL of THF.
The solution was cooled to 0 °C and TMSCI (90 uL, 0.63 mmol) was
added dropwise. The solution was stirred until it reached room
temperature. FeCl; (9.4 mg, 0.058 mmol) was added and stirred for 8
h, resulting in a brick red mixture. The mixture was filtered through
celite. The filtrate was concentrated to dryness. The concentrate was
dissolved in minimum DCM and then hexanes were added to
precipitate out the red solid. The product was collected over frit as a
red powder and then dried (11.8 mg, 41%).
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