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ABSTRACT: In recent years, carbones (CL,) have established
themselves to be reliable ligands in organometallic and catalytic
reactions. With its superb donating ability as well as a second lone
pair for extra coordination, it distinguishes itself from the widely
used carbenes and phosphines. However, a lack of modular
structural diversity in carbones has limited its use. A carbophos-
phinocarbene (CPC), a subclass of carbones containing a carbene
and phosphine as flanking groups, offers an easy structural
modification. In this work, we report a new modular synthetic
procedure for CPCs by using readily available starting materials. In
addition, the phosphine moiety can be easily exchanged and
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directly used out of the bottle. The resulting CPCs offer a strong donating ability. Their electronic properties have been determined

using Ga and Au complexes.

B INTRODUCTION

Carbodicarbenes A (CDCs) are classified in the family of
carbones (CL,) that feature a dicoordinated central carbon
(C%. This C° bears two lone electron pairs with N-
heterocyclic carbenes (NHCs) as flanking ligands (L) (Scheme
1). Due to the two lone pairs on the central carbon, CDCs

Scheme 1. General Structures of CDC (A), CDP (B), and
CPC (C) and Reported CPCs
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have been regarded as ligands with strong o-donation." Despite
sharing some similarities to NHCs as electron-rich scaffolds,
CDC:s possess low-lying empty p orbitals adjacent to the center
carbon containing lone pairs, rendering these two reactive sites
capable of undergoing 1,2-addition reactions with a series of
organic molecules. This unique property distinguishes CDCs
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from NHCs in terms of chemical reactivity.” Other unique
features of CDCs have also been unraveled by the works of
England and our laboratory, demonstrating redox and
photoactive properties that NHCs are lacking.’ Definitely,
these complementary features should permit CDCs to define
their own kind of new conceptual reactivity as opposed to
traditional ligands such as NHCs and phosphines.

The origin of carbones can be historically traced back to the
discovery of carbodiphosphorane B ((PPh,),C or CDP) by
Ramirez around 1965." However, it was Bertrand,” Petz,’
Roesky,” Driess,” Kira” and Frenking'’ who are responsible for
putting this octet-defying carbogenic species including
silylones and germylones on the map of contemporary
chemistry with interest spanning almost all the conventional
disciplines of chemistry. Of those carbones, carbodicarbenes
and bisylides by Ong,>"" Stephan,'” Meek,"* Gessner'* and
Fiirstner'” emerged as notable models in their supporting role
for main-group chemistry, transition-metal complexes, and
catalysis. The success of these cases can be attributed to the
presence of framework diversity in these carbone classes,
enabling the possibility of modulating the steric and electronic
of these ligands for specific reaction conditions.
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Slightly different from A and B, the carbophosphinocarbenes
C (CPCs) are another subset of the C(0) class with their
center carbons flanked by NHC and phosphine. The chemical
implication invoked by this ligand framework is promising. The
two different flanking pendants of CPCs could interplay
synergistically, bringing new distinct properties manifested
between those of the known CDC and CDP. Most
importantly, this platform would allow chemists a great
flexibility to tune the electronic and steric environment of
this ligand. Unfortunately, the CPC scaffold has been
overlooked so far, and only a few known CPCs have been
reported, as illustrated in Scheme 1."'*"> The lack of a sound
synthetic strategy has hampered the expansion of the CPC
class. Current known procedures of synthesizing CPCs are
ineffective, due to the involvement of overly reactive
phosphorus ylide intermediates.'® In this report, we aim to
address the framework diversity of CPCs by creating a simple
synthetic strategy based on commercially available starting
materials. At the same time, we also investigate and evaluate
the donating strength of CPCs by preparing Ga and Au
complexes.

B RESULTS AND DISCUSSION

There is no library of ligands concerning scaffolds related to
the CPC moiety, and thus we began our plan to synthesize
ligands. Commercially available N-methylphenylenediamine
hydrochloride salt and glycolic acid were chosen as starting
materials and allowed to react to afford the benzimidazole
derivative 1 in excellent yield of 90% (Scheme 2). Chloroacetic
acid could also be used as an alternative for making 1, albeit in
lower yield (30%)."” Subsequently, the highly hygroscopic
phosphonium salt 2a was prepared in 90% yield via refluxing 1
with PPh; in 1,4-dioxane solution. An anion exchange with
sodium triflate is used to reduce hydromancy and to increase
its solubility in organic solvents. A direct methylation using
methyl trifluoromethanesulfonate effectively transformed 2a to
the CPC precursor 3a. As illustrated at the bottom of Scheme
2, a total of 10 different CPC precursors (3a—j) were
successfully obtained in good yields using similar preparation
steps (for further details see the Supporting Information). Aryl,
alkyl, or a combination of those (a—d) with certain degrees of
steric modulation and electronic variants (e—j) are possible. As
expected, this new preparation route offered a tremendous
improvement in the overall yield of the reaction (77%) with
step reduction in comparison to our previously reported
method (36%)."'* The key strategy underlying the present
achievement is the absence of any formation of a reactive
phosphine ylide. In the previous method the phosphine moiety
was introduced via a nucleophilic attack of the ylide at the N-
heterocyclic thioether derivative to form the precursor. The
ylide’s absence in combination with the direct use of the
phosphine allows the use of alkylated species, which are
sensitive to transylidation.'® In addition, the product
purification for more soluble phosphines (e.g., d—g) can be
more effectively carried out.

The free carbone of CPC 4a in 70% yield could be isolated
through a double-deprotonation process using 2 equiv of
sodium amide base (Scheme 2). Other analogous precursors 3
could also be converted to free carbone 4 except for 3ij (vide
infra). A *'P NMR study of 4a shows a large upfield shift,
moving from 22.2 to —18.9 ppm with respect to its precursor
3a. Similarly, the *C NMR shift of the center carbon of 4a
appears at 64 ppm, substantially upfield with respect to the

Scheme 2. Synthetic Route of CPC and Other Known
Derivatives
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carbodicarbene (~110 ppm)'c but downfield with respect to
the carbodiphosphorane B (~15 ppm).'** We attributed these
large NMR shift differences to the z-accepting ability of the
flanking ligands embedded within the carbone. The CDC
contained two flanking NHCs with vacant p orbitals capable of
delocalizing electron density away from the center carbon. This
generates a weak shielding effect and thus leads to a downfield
shift in ">C resonances. As expected, CPC has a more upfield
shift in com}g)arlson to CDC, as its flanking phosphine is a poor
T-acceptor.

Further closer examination of *C NMR of CPCs 4e—h
containing PAr; revealed signals at around 64—6S5 ppm for the
center carbon. The upfield trend of *C NMR in the CPCs was
consistently observed with an increase in number of the alkyl
group. For example, 4b containing one cyclohexyl substituent
has a signal at 55.6 ppm, while that of 4d appears at 43.3 ppm
with three cyclohexyl groups (Scheme 2). This upfield
phenomenon may be correlated directly to the higher o-
donating strength of PCy; in comparison to PPh;. In contrast
to C NMR, the phosphine resonance moves oppositely
toward the downfield region as the number of alkyl
substituents of CPCs increased (4a (—18.9 ppm) > 4b
(=10.3 ppm) > 4c (=49 ppm) > 4d (—4.0 ppm)). This
phenomenon in *'P NMR could be rationalized by an electron-
withdrawing effect invoked by the aryl group that had pulled
the electron density away from the C(0) center to the
phosphorus center, generating a stronger shielding effect over
the P atom for an upfield shift. This trend of correlation is
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further exemplified by 4h. Bearing fluorine within the moiety,
4h has the most upfield signal of all CPCs at —23.9 ppm. In
that sense, results obtained from *'P NMR studies could be
used to quantify the 7-back-bonding ability of the carbones.
X-ray crystal analyses have been carried out for 4c,df,
obtained from a slow evaporation of fluorobenzene at —20 °C
or benzene at room temperature (Figure 1). The pertinent

-]

Figure 1. X-ray crystal structures of CPC 4cdf with thermal
ellipsoids drawn at the 30% probability level and hydrogen atoms
omitted for clarity.

crystal structure of 4a was reported previously by Ong’s
laboratory.''* We note that the structure of 4c flanked with
PPhCy, features two chemically different molecules in a unit
cell. Thus, we have averaged the structural parameters for the
following discussion. The C1—C2 and C1—P1 bond lengths in
4a,c,d f are consistently the same with average values of ~1.33
and ~1.65 A, respectively, suggesting a minimum steric
influence of substituents on the topology of the structures.
Among these structures, steric bulk invoked by three
cyclohexyl groups has resulted in 4d having the largest C2—
C1—P1 angle of 149.25° (Table 1).

Table 1. Overview of Specific Bond Lengths of CDP, CDC,
and CPCs

C1-C2 (A) C1-P1 (A) C2-C1-C3/C2-C1-P1 (deg)
CDP'*® 1.629(3) 143.8(6)
CDC'®  1.318-1.346 134.8—146.1
4a'"* 1.3378(17) 1.6435(12) 143.04(10)
4c? 1.3392(19) 1.6629(14) 137.94(11)
4d 1.3262(18) 1.6441(13) 149.25(12)
4f 1.345(2) 1.6454(19) 144.09(15)

“There are two chemically distinct molecules in the unit cell; average
values are given.

It should be noted that we failed to obtain free carbones 4i,j,
in spite of attempts using various kinds of bases for
deprotonation. We could not identify products associated
with the deprotonation reaction of 3i, but we successfully
isolated the air-stable bright orange compound Sj (60% yield),
which is attributed to the decomposition of the carbone as an
intermediate. 5j is a phosphorine heteroarene, as confirmed by
a single-crystal X-ray diffraction experiment and NMR
spectroscopy (see the Supporting Information). On the basis

of a similar cyclization via carbene CH insertion observed by
Bertrand,”® we propose that the transformation of this reaction
occurred via generation of the unstable carbone 4j as depicted
in Scheme 3. Since the methyl group at the ortho position of

Scheme 3. Proposed Mechanism of the Phosphorine 5j from
3j
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the tolyl substituent was in close range with the reactive site of
the carbone, a facile intramolecular abstraction occurred to
form a six-membered cyclic transition state to give II-4j.
Rearrangement and concomitant C—N bond cleavage
proceeded to generate product §j.

To evaluate the electronic properties of the CPC ligands, the
synthesis of metal complexes bearing CPCs is necessary. We
selected gallium and gold complexes as our target of
investigation, because of the experimental simplicity and
literature precedent of using these complexes for measuring
the donating strength. The CPC-ligated gallium complexes
(6a—h, Scheme 4) were prepared by reacting equimolar

Scheme 4. Formation of Ga-CPC Complex 6: Overview of
Y cigacy the Resulting TEP(GaCl,), and the TEP* of PR,
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amounts of the ligand and GaCl; in pentane solution. The
target main-group complexes precipitated readily out of the
solution and were fully characterized by NMR and MS
analysis. Single-crystal X-ray structural analyses confirmed the
coordination of the CPC 4a—f to GaCl;. Unfortunately, we
were unable to get suitable crystals of the complexes with
CPCs 4gh. As expected, GaCl; changes its geometry from
trigonal planar to a trigonal-pyramidal-like geometry. The C1—
Gal bond length varies from 1.9369(13) to 1.964(2) A for the
CPCs (6a—f). These bond lengths are shorter in comparison
to CAACs (~2.0463 A)*' or NHCs (~1.994 A).”> The
electronic variation had no dramatic consequence over the
Ga—carbone bond length of the CPC. Because of a decrease in
the electron density due to the GaCl; coordination, the average
C1—C2 (~1.431 A) and C1-P1 (1.707 A) bond distances of
all these CPCs were lengthened in comparison to the free CPC
(1.337 and 1.65 A). Notably, the C2—C1—P1 angle became
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more acute, an indication of a change of the CPC from sp*
toward sp® hybridization.

Another important structural feature of these Ga complexes
of 6 is the sum of the Cl-Ga—Cl angles (Y cig.ci)- The
Gandon group recently reported that the degree of the
pyramidalization of the L—GaCl; complex correlated with the
TEP (Tolman electronic parameter) donating strength over a
wide range of ligands such as phosphines, carbenes (NHC/
CAAC), and several CDC/CDPs. It was found that a stronger
donor will concentrate the z-character of the gallium orbitals
toward the chlorine atoms. This effect leads to the compacting
of the three CI—Ga—Cl angles. As a result, the sum of angles
around Cl—Ga provides useful information about the donor
strength of CPC lig:mds.21 In Scheme 4, the Y ¢iga values and
their calculated TEP values are given for each CPC-Ga
complex. In view of these structural parameters, the complex 6f
(313.3°) bearing the 4f ligand has the smallest value of
> cigacy While 6a bearing the 4a ligand has the largest value
(320.0°). Subsequent conversion of the Y cig.ci values gives
TEP values of 2031.7 and 2043.3 cm™" on the basis of Gandon
protocol, respectively (see the Supporting Information).
Importantly, the donor strength predicted by the Gandon
method showed that the CPCs are more strongly donating
ligands (2043—2031 cm™') in comparison to NHCs and
CAACs (2051-2046 cm™). As shown in Scheme 4, the
donation ability strength of CPC is ranked in order of weakest
to strongest as 4a < 4e < 4d < 4b < 4c¢ < 4f on the basis of the
Gandon protocol. Notwithstanding its accuracy in predicting
electronic features for common ligands, we observed an
anomaly within the carbone system in this method. For
example, 4d flanked by PCys; is supposed to be more electron
rich than 4b (PPh,Cy), 4c (PPhCy,), and 4f (p-PTol;) but the
Gandon method predicted otherwise. This is counterintuitive
to our conventional chemical electronic knowledge of these
ligands, as flanking phosphine fragments should account for
most of the donor strength of CPCs.

Gandon and co-workers briefly noted that noncovalent
interactions and crystal forces influence the conformation of
structures, which might affect the accuracy of the measure-
ment. A detailed examination of these structures revealed a
noncovalent interaction between the electronegative chloride
atoms and flanking NHC containing an empty p orbital. The
nonbonding interaction varies from 3.281 A (6¢) to 3.415 A
(6f; see Figure 2), which is within the combined van der Waals

Figure 2. X-ray crystal structures of Ga-CPCs 6e,f with thermal
ellipsoids drawn at the 30% probability level. Solvent and hydrogen
atoms are omitted for clarity. Selected bond lengths (A) and angles
(deg): 6e, Gal—Cl 1.9425(15), C1-C2 1.4352(29), C1-PI1
1.7017(15), C2—C1-P1 117.03(11); 6f, Gal—C1 1.964(2), Cl1—
C2 1.419(3), C1-P1 1.715(2), C2—C1-P1 121.96(15), C2--CI3
3.41S.

radii of 345 A. Interestingly, we could not find such a
noncovalent interaction in complex 6e (see Figure 2). This
interaction seems to widen the angle of Y ¢g.c;, Which can
cause a deception of the true geometry angle. On the basis of
this observation, we concluded that the presence of this
noncovalent interaction negatively affects the Gandon method
and makes predicting the donor strength of the CPC in a more
precise manner harder.

To avoid the problem associated with nonbonding
interactions in the Gandon method, we needed to find a
more effective alternate to quantify each CPC. More
importantly, we needed a method that is not dependent on
the single-crystal X-ray structures. The Huynh electronic
parameter (HEP) seems to be the perfect choice to measure
the donating ability of the carbones. Huynh et al. reported a
parameter based on the *C NMR chemical shift of the carbene
carbon atom of the complexes trans-[PdBr,(iPr,-bimy)(L)]
and [(iPr,-bimy)Au-L]* as a probe for gauging the donating
strength of the ligand L.** Similar to Gandon’s method, this
method mainly measures the o-donating ability of the ligand.
The preparation of [(iPr,-bimy)Au-L][BF,] complexes (7)
was needed, in which L was our CPC ligand. A previously
reported synthetic protocol based on the starting compound
(iPr,-bimy)Au-Cl was not suitable, as it was plagued by a facile
ligand redistribution process leading to the unwanted by-
product [(iPr,-bimy),Au]*, which made the purification step
unmanageable (Scheme $). Therefore, an alternative route was
developed to prepare [(iPr,-bimy)Au-L][BF,].

Scheme S. Formation of Complexes 7 and 8 and Their
Resulting HEPs
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The isolable [(iPr,-bimy)Au-py][BF,] (9; see the Support-
ing Information for further information) is used as an
intermediate in the synthesis step, the desirable complexes 7
were obtained in good yield with full characterization via NMR
and MS experiments. Crystals of 7a suitable for X-ray analyses
were grown by diffusion of pentane into a saturated
dichloromethane solution at —30 °C. The Au—C bond of 7a
(2.052(2) A) is slightly long, warranting no further detailed
discussion. On the basis of ?*C NMR studies of complexes 7,
the HEP revealed the following order of the weakest to the
strongest carbone ligands: 4h < 4a < 4e < 4f < 4g < 4b < 4c <
4d. Similarly to Gandon’s method with GaCl; we observed 4a
to be the most weakly donating ligand, while 4d is now seen as
the most strongly donating ligand. We were also able to
analyze CPCs 4h (p-P(PhF);) and 4g (p-P(Anisyl);) with this
method. These two were missing in the Gandon method due
to a lack of crystal structures. Again, the anomaly occurring in
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Gandon’s method with alkylated phosphines is not observed
here. The more electron rich phosphine PCy; in 4d is the
strongest donor among the CPCs, in line with our intuitive
thoughts. In addition, the HEP was measured with our
previously reported CDCs as well with the following ranking:
CDC1 < CDC2 < CDC3. The result is also in line with our
expectation that CDC3 is the most strongly donating ligand
followed by CDC2 and CDC1, which have approximately
equal donating strengths. On comparison of the results of
CPCs and CDCs, the HEP reveals that CDC3 is more strongly
donating than CPC 4d. CDC1 and CDC2 are ranked in the
lower midrange, showing that most of the newly synthesized
CPCs are more strongly donating ligands. The reason may be
the donating strength of the free ligand itself. Imidazolylidene
is known to be a stronger donor than the phosphines and
therefore makes CDC3 the strongest member. On the other
hand, the benzimidazolylidene strength is similar to that of the
phosphines, leading to a lower rank.

B CONCLUSION

In conclusion, we have shown a new, convenient, and efficient
synthetic pathway for the gram-scale synthesis of CPCs. This
short and highly modular synthesis allows the use of most
commercially available alkyl and aryl phosphines out of the
bottle without involving the reactive phosphorus ylide. In
addition, it can be considered the most customizable ligand
next to the current NHCs and phosphines. TEP(GaCl,) and
the HEP studies reveal the excellent donating ability of CPCs,
easily surpassing those of CAACs and NHCs. A majority of the
presented CPCs are more strongly donating than previously
reported CDCs. Our group is currently conducting further
research and analysis of the properties of the CPCs and their
application.
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