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ABSTRACT: A series of imidazolium-based synthetic routes
to imidazolium cyclopentadienides are reported. The 2:1
reaction of imidazolium (1) with [Cp,Ti"™Cl], gives
[NHCP*PH]*[Cp,Ti"Cl,]~ (NHCP*P = 2,6-diisopropylphen-
yl-substituted N-heterocyclic carbene) (2). The “inverse
sandwich” imidazolium cyclopentadienide (3) is obtained as
a crystalline solid via reaction of 1 with both [Cp,Ti"'Cl], and
cyclopentadienyllithium (CpLi) (in a molar ratio of 2:1:1) in
THEF/toluene at elevated temperature. Notably, the 1:1
reaction of 1 with CpLi leads to the isolation of “multidecker”
4 in the solid state, while the corresponding 1:2 reaction of 1
with CpLi gives the crystals of CpLi-bound cyclopentadienyl-
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imidazolium complex 5. While compounds 3, 4, and § have been structurally characterized using single-crystal X-ray diffraction,
in solution these complexes dissociate due to the conversion of [NHCP*PH]*[Cp]~ to both cyclopentadiene and NHCP*?
through intramolecular proton transfer. The equilibrium of the acid—base conversion between [NHCP*PH]*Cp~ and the 1:1
mixture of NHCP®P and cyclopentadiene is probed by theoretical methods.

H INTRODUCTION

Kealy and Pauson’s seminal synthesis of ferrocene nearly seven
decades ago,1 along with its iconic “sandwich” molecular
structure,” posited a new research vista for organometallic
chemistry.”~> Multitudes of metallocenes have subsequently
been synthesized and extensively utilized in a number of
disparate fields.”~® The metal—cyclopentadienyl ligand bond-
ing interactions in metallocenes usually possess both covalent
and electrostatic characteristics.””~"" In addition to its diverse
“spectator ligand” applications in transition-metal chemistry,
the cyclopentadienyl moiety has also been reported to exist as
an unbound, or loosely bound (via hydrogen bonds), anion in
a number of complexes.”””*> The formation of complexes
containing a Cp~ anion via the Cp-loss reactions of metal
cyclopentadienyl complexes has been well re-
ported.'>' @195 The cyclopentadienyl anion may also be
obtained by reactions of alkali-metal cyclopentadienides with
cationic metal complexes,14 ammonia,”> and ammonium and
phosphonium halides.”"”** Moreover, the Cp~ species can also
be produced from reactions of cyclopentadiene or its
derivatives with a tris(dimethylamino)sulfonium (TAS")
salt,”” the Wittig reagent,”” and an N-heterocyclic carbene
(NHC).**

The chemistry of imidazolium cyclopentadienides has
garnered only tepid attention.””*> Compounds 6 and 7 are
rare examples of imidazolium-Cp~ (ie, CsH;™) complexes
(Scheme 1). While 6 was prepared by direct combination of
NHC™ (ie, {(Me)CN(i-Pr)},C: with cyclopentadiene,”* 7
was unexpectedly prepared via a [NHCM*H]*CI™-mediated

-4 ACS Publications  © 2019 American Chemical Society

Scheme 1. Syntheses of Previously Reported Imidazolium
C;H;~ Complexes 6 and 7

s s
Ly - —Io §)
- .

6

Mes
\
N
H «* ] [Cp2YbClpl
N
/

Mes

Mes Mes
/ /
N N
CpsYb  + 2[0}»4 S [O}H
N r N
\ o \
Mes Mes
7

Cp-loss reaction of Cp;Yb.”> Notably, previous attempts to
synthesize sterically demanding imidazolium ([NHC*H]" or
[NHCP?PH]* (4)) cyclopentadienides at room temperature
were reportedly unsuccessful.”® Herein, we report the
syntheses,”® molecular structures,”® and computations™ of
“inverse sandwich” (3), “multidecker” (4), and CpLi-bound
(58) cyclopentadienyl imidazolium complexes. Interestingly,
while compounds 3, 4, and § can be isolated as crystalline
solids at room temperature,” these complexes dissociate in
solution (THF, toluene, or benzene) due to the conversion of
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[NHCPPH]*[Cp]~ to the 1:1 mixture of NHCP*? and
cyclopentadiene (through intramolecular proton transfer).*
This acid—base conversion is reversible. In contrast, the
recently reported imidazolium cyclopentadienide 6 (Scheme
1) does not demonstrate such labile behavior.”*

B RESULTS AND DISCUSSION

The anionic diisopropylphenyl-substituted N-heterocyclic
dicarbene NHDCP®P (Scheme 2), reported by this labora-

Scheme 2. Reaction of NHDC P with Cp,Ti'VCl,
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tory,”” has proven to be a versatile synthetic platform from
which a variety of abnormal carbene-based complexes, poly-
NHCs, NHDC-based binuclear complexes, main-group
dithiolene radicals,”*”” and C4-functionalized NHCs may be
accessed.’*** Notably, our synthetic efforts regarding the low-
temperature reaction of NHDCP® with Cp,Ti'VCl, in THF
and subsequent workup in toluene did not afford the expected
C4-titanocenyl-substituted N-heterocyclic carbene. Instead, 2,
3, and [Cp,Ti"'Cl], were isolated from the resulting mixture
(Scheme 2). The formation of 3 involves not only the
reduction of titanocene dichloride but also cyclopentadienyl
extrusion. Indeed, our fortuitous preparation of compound 3
from this system initiated our interest in the possibility of a
more targeted synthetic route to 3.

Combination of the imidazolium salt 1 with paramagnetic
[Cp,Ti™Cl1],* (in a 2:1 molar ratio) affords 2 (5.4% yield) as
amber crystals (Scheme 3), along with a considerable amount
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of unreacted 1. Compound 3 is isolated as pale green crystals
(49.3% yield) through the reaction of 1 with both
[Cp,Ti™Cl], and CpLi (in a molar ratio of 2:1:1) in THF/
toluene mixed solvent, which is heated until a homogeneous
solution is obtained (Scheme 3). While 7 was obtained via a
Cp-loss reaction (Scheme 1), the formation of 3 may involve
capturing the Cp~ anion and Li" cation by the cationic
imidazolium and anionic [Cp,Ti"'Cl,]™ moieties, respectively.
Our efforts to prepare the analogue of 3 containing a CI~
counterion, by combining 1 with CpLi (in 2:1 molar ratio) in
THE, were unsuccessful, affording a mixture containing both 1
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and 4—a consequence of the extremely poor solubility of both
1 and 4 in THF. The direct combination of 1 and 4 in CH,Cl,
did not give the expected “inverse sandwich” imidazolium
cyclopentadienide salt; instead, a complicated mixture resulted
due to decomposition. It appears that [Cp,Ti""Cl], plays a key
role in the synthesis of the “inverse sandwich” imidazolium
cyclopentadienide.

An X-ray structural analysis™® of 2 (Figure la) reveals that
the hydrogen atom at the C2 carbon of the imidazolium
fragment, located in the difference Fourier map, is oriented
toward the area between the two chlorine atoms of the anionic
[Cp,Ti"Cl,]~ moiety (which should be ascribed to the

(b)

Figure 1. Molecular structures of 2 (a) and 3 (b). Thermal ellipsoids
represent 30% probability; except for those residing at C2 carbons,
hydrogen atoms are omitted for clarity. Selected bond distances (A)
and angles (deg) for 2: C(1)—H(1) 0.919(17), C(1)—N(1) 1.329(3),
C(1)-N(2) 1.323(3), Ti(1)—CI(1) 2.5094(10), Ti(1)—CI(2)
2.5114(9), CI(1)—Ti(1)—Cl(2) 84.20(3). Selected bond distances
(A) and angles (deg) for 3: C(1)—H(1) 0.931(16), C(1)—N(1)
1.333(3), C(1)—N(2) 1.331(3) C(28)—C(28A) 1.407(5), C(28)—
C(29) 1.393(4), C(29)—C(30) 1.389(4), Ti(1)—ClI(1) 2.5336(8),
Ti(1)-CI(2) 2.5299(9), Li(1)—CI(1) 2.326(3), Li(1)—CI(2)
2.358(3); CI(1)-Ti(1)-CI(2) 84.19(3), CI(1)-Li(1)—CI(2)
92.89(2), Li(1)—Cl(1)-Ti(1) 89.37(11), CI(1)-Li(1)—CI(2A)
110.74(3).
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presence of C—H-:-Cl hydrogen bonds:* dy1y-cin) = 2.538 A,
Oc(y-n)-aa) = 159% duy.ciz) = 290 A, Oc)-—nay-c) =
125°). Notably, the anionic [Cp,Ti™Cl,]™ unit is usually
observed in bimetallic complexes such as [Cp,Ti'™"{u-
C1},1,Zn.”7*® In the solid state,® compound 3 (Figure 1b)
exists as an ion-separated salt. The anionic moiety of 3 reveals
that two [Cp,Ti"'Cl,]” anions are bridged by one four-
coordinate lithium cation in a distorted-tetrahedral geometry.
The Ti—Cl (2.532 A (av)) and Li—CI (2.342 A (av)) bond
distances in 3 compare well with those (dp;_c; = 2.543 A (av),
dii_c = 2325 A (av)( for neutral [Cp,Ti"{u-Cl},Li-
(THF),].” Similar to 7,”° the cationic fragment of 3
demonstrates an “inverse sandwich” structure: two cationic
imidazolium species residing on either side of a planar anionic
Cp™ ring and adopting a staggered orientation due to the steric
bulk (Figure 1). Similar to the interaction between the TAS*
cations and Cp~ anion in [(TAS)ZCP]+[Cp]_,20 the
interaction between two cationic imidazolium species and
the central Cp™ anion in 3 is largely dominated by electrostatic
forces. The C—C bond distances (1.389(4)—1.407(5) A) of
the Cp~ ring in 3 are similar to those in the model [3]*%¢
(1.413—-1.416 A) and in [(TAS),Cpl*[Cp]~ (1.385(3)—
1.396(4) A).”° Similar to that in 2, the H(1) atom in 3 (and
4 and S) was also located in the difference Fourier map. The
imidazolium protons (i.e, H(1) for 3 and $; both H(1) and
H(3AA) for 4), pointing to the Cp~ ring, may involve C—H:-
Cp~ hydrogen bonding.””** The H(1)-Cpeepuoia distance
(2.171 A) and C(1)—H(1)"*CPeentroia angle (172.98°) in 3 are
somewhat larger than those for the model [3]*
(dH(l)---Cpgcentroid) = 1.965 A} C(l)_H(l)"'CPcentroid angle =
160.74°).%° Compound 3 has a shorter H-Cp g distance
(2.171 A) but larger Cyye—HCPeenwroia angle (172.98°) in
comparison to those for 7 (dH...CPScemoid) =2.295(9) A, Cpc—
H--Cpeenuoid angle = 162.4(5)°).”

The 1:1 mixture of 1 with CpLi in THF was heated until a
homogeneous solution was obtained. The subsequent room-
temperature crystallization gives 4 as a crystalline solid
(Scheme 4). The crystallization rate depends on the
concentration of the reactants. The high concentration of the
reactants affords crystallization of 4 (from THF) at room
temperature (over hours). Low-temperature crystallization (at
—45 °C) gives a higher yield of 4 (84.1% yield). Alternatively,
4 may also be synthesized by the room-temperature reaction of
NHCPPP with freshly prepared cyclopentadiene® (Scheme 4).

Scheme 4. Syntheses of 4 and 5
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X-ray-quality single crystals of 4 can be obtained by
recrystallization in THF at room temperature. Essentially,
these experimental observations would appear to be at odds
with the conclusion drawn by Schifer et al. (ie., that
compound 4 cannot be synthesized by reacting NHC"'PP
with cyclopentadiene at room temperature).”* An X-ray
structural analysis™® reveals that the 1:1 adduct 4 does not
exist as an isolated “half-sandwich” molecule but rather as a
supramolecular “multidecker” polymeric chain (Figure 2a), in

C28). ¢(32) \& C(30A)

C(31A)

\ C(1) 1) C(29 C(29A)

(a)
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Figure 2. Molecular structures of 4 (a) and § (b). Thermal ellipsoids
represent 30% probability; except for those residing at imidazole
carbons (for 4) and the C2 carbon (for 5), hydrogen atoms are
omitted for clarity. Selected bond distances (A) for 4: C(1)—H(1)
0.930(13), C(1)—-N(1) 1.3266(18), C(1)-N(2) 1.3250(17),
C(28)—C(29) 1.380(9), C(29)—C(30) 1.392(12), C(30)—C(31)
1.366(12), C(31)—C(32) 1.409(8). Selected bond distances (A) and
angles (deg) for 5: C(1)—H(1) 0.938(18), C(1)—N(1) 1.326(4),
C(1)-N(2) 1.318(4), C—C(Cp rings) 1.42, Li—C(Cp rings)
2.217(9)—2.442(8); CPeentroid—Li(1)—CPeentroia 169.60.

which an imidazolium cation directs both the C2/proton unit
(ie, C(1)-H(1)) and the C4/proton unit (ie, C(3A)—
H(3AA)) toward two neighboring Cp~ rings, respectively. The
cyclopentadienyl rings in 4 are crystallographically disordered.
Consequently, for clarity, only one set of structural parameters
of the Cp~ ring is illustrated in Figure 2. In 4, the H(1)--
CPeentroia distance (2.210 A) is ca. 0.125 A shorter than the
H(3AA) - CPentroia distance (2.335 A). However, both of them
are shorter than the Cyyc-H:*CPeentroiad distance in 6 (2.387—
2.468 A).”* The C(1)—H(1)*CPeenroia angle (167.9°) in 4 is
between those for 3 (173.0°) and 6 (151.4—156.2°).”* By
comparison with the gas—ghase [3*] and solid-state 3, 4, and 6,
our DFT computations ¢ (M06-2X"/6-311G***?) suggest
that gas-phase monomeric 4 demonstrates the shortest H---

DOI: 10.1021/acs.organomet.9b00589
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CPeentroid distance (1.923—1.938 A) and most acute Cyyc—H-+
CPeentroid angle (143.2—146.4°).>° The 1:2 mixture of 1 with
CpLi in THF was heated until a homogeneous solution was
obtained. The resulting solution was stored in a dry ice/
acetone bath (—78 °C) over 2 h, giving 5 in 74.4% yield
(Scheme 4). Compound 5 may also be prepared (80.7% yield)
by combining 4 with CpLi in THF (in a 1:1 molar ratio). The
anionic [Cp,Li]~ fragment in the X-ray structure of § (Figure
2b) exhibits structural parameters similar to those in
R*[Cp,Li]~ (R* = Ph,P","” TAS* (tris(dimethylamino)-
sulfonium)**). For instance, while being somewhat longer
than that in polymeric CpLi (1.969 A),* the Li—Cpentoid
distances in 5 (1.998 and 2.017 A) are similar to those in
Ph,P*[Cp,Li]~ (2.008 A) and in TAS*[Cp,Li]~ (1.979 A,
av). Among 3-S5, compound § has the longest H(1)-
CPeentroia distance (2.223 A) and largest Cygc—H *Cpeentroid
angle (175.3°).

In contrast to 6, which is stable in benzene solution (as
confirmed by resonances at 6.17 ppm for imidazolium and 6.44
ppm for Cp~ proton),”* the "H NMR spectrum of 4 (in THE-
dg or C¢D4) shows that 4 is converted to a 1:1 mixture of
NHCP¥P and cyclopentadiene in solution due to Cp~ anion
mediated intramolecular degrotonation of the imidazolium
moiety in 4 (Scheme 4).*° Compound 5 displays similar
behavior in THF, giving a 1:1 mixture of cyclopentadiene and
NHCP?P:LiCp (due to NHCPPP in situ binding to LiCp)
(Scheme 4).”° The existence of the NHCP PP.LiCp complex in
a THF solution of § is confirmed by comparing both the 'H
and *C NMR spectra of § with those of NHCP*P:LiCp, which
is synthesized via a 1:1 reaction of NHCP*" with LiCp in
THE.*

The X-ray structure of NHCP*P:LiCp (Figure 3) shows that
the Cyyc—Li (2.104 A, av) and Li—Cp opuoiq (1.845 A, av)

Figure 3. Molecular structure of NHCP¥P:LiCp. Thermal ellipsoids
represent 30% probability, hydrogen atoms are omitted for clarity, and
bonding parameters of one of three molecules in one asymmetric unit
are shown in the caption. Selected bond distances (A) and angles
(deg): C(1)—Li(1) 2.094(4), Li(1)—C(Cp rings) 2.156(5)—
2.177(5), Li(1)—CpPeentroia 1-841; C(1)=Li(1)—Cpeentroig 171.51.

distances of NHCP®P:LiCp are shorter than those (denmc)ni =
2.155(4) A, di; cpr(centroia) = 1.90 A) of NHC™*LiCp* (Cp* =
1,2,4-tris(trimethylsilyl)cyclopentadienide).** The conversion
between this 1:1 mixture of NHC?P:LiCp and CsHg and 5 is
also reversible (Scheme 4). Crystals of 3 are insoluble in
toluene. The 'H NMR spectroscopic study of 3 in THF-dg
confirmed its dissociation by observing the resonances for both
NHCP#P and cyclopentadiene (1:1 ratio). Furthermore,
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addition of toluene to a THF solution of 3 (volume ratio of
toluene to THF 6:1) may result in the isolation of 2-toluene
crystals. It is noteworthy that 7 was also reported to
decompose rapidly in coordinating solvents.”’

To further study the reversible conversion between 4 and
the cyclopentadiene—NHCP*P (acid—base) pair, computations
related to the dissociation pathway of the monomeric model 4
(Figure 4) were probed using two different functionals
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Figure 4. Theoretical Gibbs free energy profiles (in kcal/mol) for the
proton-transfer in 4 predicted by two DFT methods (wB97X-D*” and
M06-2X""), along with 6-311G*** and cc-pVTZ"® basis sets. The
data in parentheses are based on the 6-311G** basis set.

THF

(wB97X-D*” and MO06-2X*") and two basis sets (6-
311G*** and cc-pVTZ™). This dissociation reaction involves
the intramolecular proton transfer from the C2 carbon of the
imidazolium moiety to the anionic Cp~ ring in 4 via a
transition state (TS) with an energy barrier of 10.4 or 11.2
kcal/mol, de(?ending upon the theoretical method utilized
(Figure 4).°° By comparison with those for 4 model*
(dcnic)-n = 1.089—1.093 A; the shortest CcpH distance
is 2.161-2.190 A), in the TS, the Cyyc-H' distance is
elongated to 1.449—1.490 A, while the corresponding C,,--H*
distance is shortened to 1.361—1.371 A. In contrast to the
strongly exergonic (AG*® = —83.5 kcal/mol) reaction of
NHC™ with CsHg (resulting in 6),”* the reaction Gibbs free
energy of 4 in the range of —3.7 to —5.5 kcal/mol somewhat
favors the conversion of 4 to the neutral NHCP*®? ligand and
cyclopentadiene in the gas phase. This is also consistent with
the behavior of 4 in organic solvents (i.e., THF, toluene, and
benzene). The absence of observable "H NMR resonances of 4
in a dilute THF-dg solution (Figure S1) suggests that the
equilibrium (in Figure 4) dramatically shifts to the right. By
comparison, the "H NMR spectrum of the saturated solution
of 4 in THF-dg (Figure S2) exhibits not only the resonances of
the 1:1 mixture of NHCP® and C;Hg but also a group of
broadened signals for 4. The integral ratio of CsHg to CsHy™
(ca. 5:1) suggests that 16.7% of 4 exists in the saturated THF
solution. While the '"H NMR resonance of C;H;™ in 4 is
observed as a broad singlet at 4.84 ppm (Figure S2), the
corresponding resonance for the imidazolium-H (ie., NC(H)-
N) is obscured due to the signal broadening caused by fast
proton transfer. Variable-temperature (VT) 'H NMR experi-
ments of 4 in THF-dg were also performed. However, a
substantial amount of 4, as a crystalline solid, deposited on the
walls of the NMR tube, obviously decreasing the resolution of

DOI: 10.1021/acs.organomet.9b00589
Organometallics 2019, 38, 4578—4584


http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00589/suppl_file/om9b00589_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00589/suppl_file/om9b00589_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.9b00589

Organometallics

the '"H NMR signals, when the temperature was decreased to
—20 °C. Consequently, the expected imidazolium proton
resonance of 4 was not observed. This may be partially
ascribed to the low solubility of 4 in THF, especially at low
temperature. Additional attempts to conduct VT-'H NMR
studies of 4 in CD,Cl, were unsuccessful due to decom-
position. On the basis of our experimental observations, both
low temperature and high concentration favor the formation of
4, due to an equilibrium shift to the left (Figure 4).

B CONCLUSION

Compounds 3, 4, and S were prepared at room temperature
and structurally characterized using single-crystal X-ray
diffraction studies. Notably, these complexes are inclined to
dissociate in solution due to the conversion of
[NHCP*PH]*[Cp]~ to both cyclopentadiene and NHCP*?
through intramolecular proton transfer. The small (—3.7 to
—5.5 kecal/mol) Gibbs free energy of 4, coupled with 10.4—
11.2 kcal/mol transition state energy, supports the existence of
an equilibrium between 4 and the 1:1 mixture of CpH and
NHCP¥P, Both low temperature and high concentration favor
the formation of 4 due to the equilibrium in Figure 4 shifting
to the left.

B EXPERIMENTAL SECTION

General Considerations. The syntheses of air-sensitive com-
pounds were performed under purified argon using Schlenk
techniques and an inert-atmosphere drybox (M-Braun LabMaster
SP). Chemicals were purchased from Aldrich and Strem and used as
received. The solvents were dried and distilled under argon from Na/
benzophenone prior to use. 'H and “C{'H}NMR spectra were
recorded on a Bruker Avance III HD 400 MHz spectrometer. The
VT-'H NMR experiments were conducted on a Varian Unity Inova
500 MHz spectrometer in a temperature range from +20 to —20 °C.
X-ray intensity data for 2+toluene, 4, 5*THF, and NHC#P:LiCp were
collected at room temperature on a Bruker D8 Quest PHOTON 100
CMOS X-ray diffractometer system with Incoatec Microfocus Source
(1uS) monochromated Mo Ka radiation (4 = 0.71073 A, sealed tube)
using ¢- and @-scan techniques. The X-ray intensity data for 3-
toluene were measured at 100 K on a Bruker SMART APEX II X-ray
diffractometer system with graphite-monochromated Mo Ka
radiation (4 = 0.71073 A) using the w-scan technique.

Compound 2. A 10 mL portion of THF was placed in a Schlenk
tube containing both 1 (1.991 g, 4.68 mmol) and [Cp,TiCl], (1.000
g, 2.34 mmol) at room temperature, and this mixture was then stirred
overnight. After the volatile materials were removed in vacuo, the
residue was extracted using 20 mL of toluene. After toluene was
removed from the filtrate in vacuo, the resulting residue was dissolved
in the THF/toluene (a volume ratio of 1/6) mixed solvent, inducing
the formation of 2-toluene as amber crystals (0.186 g, 5.4% yield).
Mp of 2-toluene: gradually decomposed (>128 °C) and melted
(>166 °C). Crystal data for 2-toluene: C,,H;CLN,Ti, fw = 730.70,
monoclinic, P2,/n, a 12.7334(5) A, b = 13.9889(5) A, ¢ =
24.0779(10) A, B = 100.837(1)°, V = 4212.4(3) A3, Z = 4, R1 =
0.0597 for 6280 data (I > 26(I)), wR2 = 0.1808 (all data).

Compound 3. A 10 mL portion of THF was placed in a Schlenk
tube containing both 1 (1.000 g, 2.35 mmol) and [Cp,TiCl], (0.502
g, 1.18 mmol), and this mixture was stirred at room temperature for 2
h. The addition of CpLi (0.085 g, 1.18 mmol) to the mixture in the
Schlenk tube resulted in an immediate color change from dark brown
to green. After this mixture was stirred for 1 h, S mL of toluene was
added and then the mixture was stirred another 1 h. The resulting
slurry was heated until a homogeneous solution was achieved. X-ray-
quality pale green crystals of 3-toluene were obtained through
concentrating the solution under reduced pressure, which was
collected and subsequently rinsed using toluene (0.835 g, 49.3%
yield). Mp of 3-toluene: decomposed (>123 °C) and melted (at 181
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°C). Crystal data for 3-toluene: CgH,,,CL,LiN,Ti,, fw = 1441.28,
monolinic, P2/n, a = 15.2148(10) A, b = 14.0833(9) A, ¢ =
19.2093(12) A, B = 96.7680(10)°, V = 4087.4(5) A3, Z = 2, Rl =
0.0454 for 4832 data (I > 26(I)), wR2 = 0.1077 (all data).

Compound 4. An 8 mL portion of THF was placed in a Schlenk
tube containing both 1 (1.000 g, 2.35 mmol) and CpLi (0.170 g, 2.36
mmol). The mixture was heated until a homogeneous solution was
achieved, which was then stored at —45 °C over 4 days. After
filtration, a crystalline solid of 4 (0.900 g, 84.1% yield) was collected.
X-ray-quality single crystals of 4 were obtained through recrystalliza-
tion of 4 in THF at room temperature. Mp: gradually decomposed
(>170 °C) and melted (215—216 °C). '"H NMR (400.14 MHz, THE-
dg) (note: the saturated solution of 4 in THF-dg gives an equilibrium
mixture containing 4, NHCP#?, and cyclopentadiene; see Figure S2):
for 4, 5 1.07 [bm, 12H, CH(CHj;),), 1.29 [bm, 12H, CH(CH;),],
231 [bm, 4H, CH(CH,),], 4.84 (bs, SH, Cp), 7.17—7.47 (bm, 8H,
Ar-H and NCH); for cyclopentadiene, § 2.93 (s, 10H), 6.40—6.42 (m,
10H), 6.51-6.52 (m, 10H); for NHCP®?, § 1.17 [d, 60H,
CH(CH,),], 1.20 [d, 60H, CH(CH,),], 2.82 [m, 20H,
CH(CH,),], 7.17 (s, 10H, NCH), 7.26 [d, 20H, Ar-H), 7.35 [t,
10H, Ar-H). Crystal data for 4: C;,H,,N,, fw = 454.67, monoclinic,
C2/c, a = 24.9929(10) A, b = 16.7920(6) A, c = 18.3899(13) A, =
129.3380(10)°, V = 5969.2(5) A%, Z = 8, R1 = 0.0563 for 3832 data (I
> 20(I)), wR, = 0.1593 (all data).

Compound 5. A 6 mL portion of THF was placed in a Schlenk
tube containing both 1 (1.000 g, 2.35 mmol) and CpLi (0.340 g, 4.72
mmol). The mixture was heated until a homogeneous solution was
achieved, which was then stored at —78 °C for 2 h. After filtration, a
crystalline solid of S*THF (1.049 g, 74.4% yield) was collected. X-ray-
quality single crystals of S*THF were obtained through recrystalliza-
tion of $*THF in THF at room temperature. Mp: gradually
decomposed (>187 °C) and melted (>286 °C). '"H NMR (400.14
MHz, THF-dg): (note: S*THF dissociates in THF-dj, resulting in a
1:1 mixture of NHCP*P:LiCp and cyclopentadiene) for cyclo-
pentadiene, § 2.93 (s, 2H), 6.40—6.41 (m, 2H), 6.51—6.52 (m,
2H); for NHCP*:LiCp, § 1.17 [d, 12H, CH(CH,),], 1.19 [d, 12H,
CH(CHs;),), 2.75 [m, 4H, CH(CHj,),], 5.54 (s, SH, Cp), 7.20 (s, 2H,
NCH), 7.26 [d, 4H, Ar-H), 7.37 [t, 2H, Ar-H). BC{'H} NMR
(100.63 MHz, THF-dy): for cyclopentadiene, & 42.3, 133.1, 133.8; for
NHCP#P.LiCp, 5 24.0, 25.0 [CH(CH,),], 29.4 [CH(CH,),], 103.6
(Cp), 1229, 124.1, 129.5, 139.4, 146.9 (Ar-C and imidazole-C).
Crystal data for S*THF: C,H;LiN,O, fw = 598.81, monoclinic, P2,/
m, a = 11.1108(6) A, b = 15.1463(8) A, ¢ = 12.5385(7) A, B =
114.491(2)°, V = 1920.22(18) A%, Z = 2, R1 = 0.0882 for 2868 data (I
> 20(I)), wR2 = 0.2276 (all data).

Compound NHCPPP:LiCp. A 5 mL portion of THF was placed in
a Schlenk tube containing both NHCP*? (0.400 g, 1.03 mmol) and
CpLi (0.074 g, 1.03 mmol). After the mixture was stirred for 1 h, the
volatiles were removed in vacuo, giving a raw material of
NHCP#P:LiCp in a quantitative yield. X-ray-quality single crystals of
NHCP#P:LiCp were obtained by recrystallization from THF/toluene
mixed solvent. Mp: gradually decomposed (>240 °C) and melted
(286—288 °C). 'H NMR (400.14 MHz, THF-d,): & 1.16 [d, 12H,
CH(CH,),], 1.18 [d, 12H, CH(CH,),], 2.77 [m, 4H, CH(CH,),],
5.64 (s, SH, Cp), 7.19 (s, 2H, NCH), 7.26 [d, 4H, Ar-H), 7.37 [t, 2H,
Ar-H). BC{'H} NMR (100.63 MHz, THF-dg): & 24.0, 25.0
[CH(CH,;),], 29.4 [CH(CH,),], 103.5 (Cp), 122.9, 124.1, 129.5,
139.5, 146.9 (Ar-C and imidazole-C). Crystal data for NHCP*P:LiCp:
C3,H,, LiN,, fw = 460.61, orthorhombic, Pbca, a = 19.0298(10) A, b =
18.3538(9) A, ¢ = 51.678(3) A, V = 18049.7(16) A3, Z = 24, R1 =
0.0729 for 9983 data (I > 26(I)), wR2 = 0.1917 (all data).
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