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ABSTRACT: High-quality density functional theory calculations underscore a nearly 6
eV range for the ionization potentials (IPs) of neutral, low-valent carbon compounds,
including carbenes, ylides, and zero-valent carbon compounds (carbones) such as
carbodiphosphoranes (CDPs) and carbodicarbenes. Thus, adiabatic IPs as low as 5.5 ± 0.1
eV are predicted for CDPs, which are about 0.7−1.2 eV lower than those of simple
phosphorus and sulfur ylides. In contrast, the corresponding values for N-heterocyclic
carbenes are about 8.0 eV while those for simple singlet carbenes such as dichlorocarbene
and difluorocarbene range from about 9.0 eV to well over 11.0 eV.
KEYWORDS: carbene, ylide, carbodiphosphorane, carbodicarbene, carbone

■ INTRODUCTION
Core ionization potentials (IPs), as measured by X-ray
photoelectron spectroscopy, provide exquisitely sensitive
measures of local electrostatic potential and thereby of the
oxidation state and substituent effects.1−3 Valence IPs, for
highly localized orbitals, in principle can provide similar
information. Classic singlet carbenes4−6 and stabilized
Arduengo-type nucleophilic carbenes,7−9 with localized carbon
lone pairs, are understandably attractive targets for gas-phase
photoelectron spectroscopy (PES). Thus, difluorocarbene,10,11

dichlorocarbene,12,13 and an N,N′-dialkylimidazol-2-ylidene14
have all been studied, and the IPs for the carbene lone pair
have been found to be 11.37, 9.27, and 7.68 eV, respectively.
Moreover, in our early work on PES on porphyrins15−20 (and
other recent work21,22), we established that density functional
theory (DFT) calculations are able to reproduce the lowest
gas-phase IPs with near-quantitative accuracy. The latter
finding has encouraged us to conduct a theoretical survey of
key low-valent carbon species with emphasis on species that
have yet to be experimentally studied with gas-phase PES.
Our aim here has been to determine the lowest IPs of

carbodiphosphoranes (CDPs), which resemble carbenes in
being dicoordinate but, unlike carbenes (which contain
divalent carbon), feature zero-valent carbon.23,24 The CDP
carbon accordingly has two lone pairs and a formal charge of
−2, as depicted in the general formula R3P+−C2−−P+R3. The
valence of 0 follows from the rule “valence = no. of bonds +
formal charge”, that is, 2 + (−2) = 0.25 Although the first CDP
was reported over half a century ago, the CDP field has
recently undergone a renaissance.26 Thus, CDPs have been
recognized as superbases,27,28 as superbase catalysts,29 and as
potentially doubly dative ligands toward main-group,30−33 d-
block,34 and f-block35,36 complexes. Recently, a second class of

zero-valent carbon compounds (also called carbones) has
emerged�the carbodicarbenes (CDCs)37−40�in which nu-
cleophilic carbenes take the place of phosphines in CDPs. As
of today, no CDP or CDC has been examined with gas-phase
PES. Accordingly, the present calculations include three CDPs
and one CDC, and the resulting IPs are viewed against a
backdrop of experimental and DFT results for classic carbenes
and ylides.

■ RESULTS AND DISCUSSION
Table 1 lists vertical and adiabatic scalar-relativistic41 DFT IPs
calculated with two different exchange−correlation functionals,
OLYP42,43 and B3LYP,44,45 each augmented with D346

dispersion corrections, and scalar-relativistic all-electron
ZORA STO-TZ2P basis sets, all as implemented in the ADF
2019 program system.47 Point-group symmetry was used as
appropriate (while all structures were confirmed as minima via
frequency analyses). Figure 1 depicts the relevant molecular
orbitals (MOs) and spin density plots for key ionized states.
For purposes of discussion, dichlorocarbene, the first singlet
carbene to be studied in detail,13 provides an apt starting point
for our discussion. As shown in Table 1, a B3LYP-D3 adiabatic
IP of 8.98 eV has been calculated for CCl2, in rather good
agreement with the corresponding experimental value (9.27
eV).12 The stabilized, nucleophilic carbene N,N′-dimethylimi-
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dazol-2-ylidene has a significantly lower, calculated B3LYP
vertical IP of 7.99 eV for the carbene lone pair; the slightly

higher second IP of 8.42 eV corresponds to ionization of the
imidazole π-system. These too are in good agreement with
experimental PES values of 7.68 and 8.22 eV, respectively,
measured for N,N′-di(tbutyl)imidazole-2-ylidene.14 In contrast,
a dramatically higher adiabatic IP of 11.26 eV has been
calculated for difluorocarbene, again in essentially perfect
agreement with the experimental value,10 underscoring the
powerful electron-withdrawing effect of the two fluorines.
In contrast to the above, the lowest B3LYP-D3 vertical IP of

hexamethyl-CDP, C(PMe3)2, is found to be 6.22 eV,
corresponding to ionization of a π (i.e., b1 under C2v) lone
pair�approximately 3 eV lower than that of dichlorocarbene.
Ionization of the σ lone pair corresponds to a slightly higher IP
of 6.35 eV. A substantial relaxation energy is associated with
these ionizations; the lowest adiabatic IP (B3LYP-D3) is found
to be 5.84, about 0.4 eV lower than the vertical value,
suggesting a significant geometrical change upon ionization. As
in an earlier study of C(PPh3)2 by Quinlivan et al.,

31 our DFT
calculations confirm a bent minimum for C(PMe3)2 with a
PCP angle of 156.4° (Figure 2). However, linearization is
energetically cheap, costing no more than ∼1 kcal/mol. The
calculated potential energy surfaces are even flatter for the two
lowest cationic states of C(PMe3)2.
For the more electron-rich hexaphenyl-CDP21 and hexakis-

(dimethylamino)-CDP,48 B3LYP-D3 calculations predict even
lower vertical IPs of about 6.0 eV or adiabatic IPs of around
5.5 ± 0.1 eV. The very lowest IP, a B3LYP-D3 adiabatic value
of 5.39 eV, has been found for the CDC carbodi(imidazole-2-
ylidene), CIm2 (Table 1). To help contextualize these values,
they are even lower than those calculated for extended π-
systems such as simple porphyrins and corroles (∼6.5 eV),
which yield air-stable π-cation radicals.16−20
The calculated IPs of the CDP and CDC derivatives are also

lower than those experimentally observed for ylides such as
methylenetrimethylphosphorane, CH2PMe3

49 and CH2SF4,
50

which are zwitterionic, divalent carbon species with a formal
charge of −1 on the ylidic carbon. In the case of CH2PMe3, the
vertical B3LYP-D3 value is in excellent agreement (6.68 eV)
with the He I PES value (6.81 eV). The calculated (B3LYP-
D3, vertical) IP of CH2SMe2 (7.02 eV) is somewhat higher,
but as far as we have been able to determine, an experimental
value is not available for comparison. In contrast, the
experimentally reported IP of CH2SF4 (10.65 eV) is very
much higher, reflecting the extreme electron-withdrawing
character of the cationic SF4+ substituent. Qualitatively, these
trends in IPs “make sense”, given that CDPs are double ylides
and are expected to be more electron-rich than regular ylides.

Table 1. DFT Calculations of Ionization Potentials for Selected Low-Valent Carbon Species

OLYP-D3 B3LYP-D3

molecule Pt. group IP1 IP2 adiabatic IP IP1 IP2 adiabatic IP

C(PMe3)2 C2v 6.20 6.47 5.84 6.22 6.35 5.84
C(PPh3)2 C2 5.92 5.59 5.98 5.57
C{P(NMe2)3}2 C1 5.85 5.33 6.03 5.44
CIm2 C2 5.46 6.09 5.30 5.55 6.12 5.39
Me2Im C2v 7.87 8.29 7.46 7.99 8.42 8.10
CF2 C2v 11.82 15.83 11.02 12.11 16.31 11.26
CCl2 C2v 9.82 11.47 8.82 9.92 11.81 8.98
CH2PMe3 Cs 6.66 6.23 6.68 6.27
CH2SMe2 Cs 7.02 6.72 7.02 6.71

Figure 1. Selected B3LYP-D3/STO-TZ2P results in the graphical
form: spin density plots of the lowest (and in two cases the second-
lowest) vertically ionized states and the HOMO and HOMO − 1 of
the neutral molecules.
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■ CONCLUSIONS
DFT calculations predict a nearly 6 eV range for IPs for low-
valent carbon compounds, from well under 6.0 eV for the
adiabatic IPs of CDPs and CDCs to above 11.0 eV for
difluorocarbene. We harbor the hope that the “theoretical
photoelectron spectra” predicted here will soon be exper-
imentally confirmed and that the IPs will serve as useful
correlates for chemically interesting properties such as basicity,
nucleophilicity, and the ability to act as ligands toward a variety
of elements.

■ COMPUTATIONAL METHODS
DFT calculations were carried out with two different exchange−
correlation functionals, OLYP40,41 and B3LYP,42,43 each augmented
with D344 dispersion corrections, and scalar-relativistic all-electron
ZORA STO-TZ2P basis sets, all as implemented in the ADF 2019
program system.45 Point-group symmetry was used as appropriate,
while all optimized structures were confirmed as minima via frequency
analyses.
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I.; Jahn, U. Design of Novel Uncharged Organic Superbases: Merging
Basicity and Functionality. Acc. Chem. Res. 2021, 54, 3108−3123.
(29) Aversa-Fleener, C. R.; Chang, D. K.; Liberman-Martin, A. L.
Carbodiphosphorane-Catalyzed Hydroboration of Ketones and
Imines. Organometallics 2021, 40, 4050−4054.
(30) Petz, W. Addition compounds between carbones, CL2, and
main group Lewis acids: A new glance at old and new compounds.
Coord. Chem. Rev. 2015, 291, 1−27.
(31) Quinlivan, P. J.; Shlian, D. G.; Amemiya, E.; Parkin, G.
Reactivity of the carbodiphosphorane, (Ph3P)2C, towards main group
metal alkyl compounds: coordination and cyclometalation. Dalton
Trans. 2019, 48, 9139−9151.
(32) Klein, M.; Xie, X.; Burghaus, O.; Sundermeyer, J. Synthesis and
Characterization of a N,C,N-Carbodiphosphorane Pincer Ligand and
Its Complexes. Organometallics 2019, 38, 3768−3777.

(33) Buchner, M. R.; Pan, S.; Poggel, C.; Spang, N.; Müller, M.;
Frenking, G.; Sundermeyer, J. Di-ortho-beryllated Carbodiphosphor-
ane: A Compound with a Metal-Carbon Double Bond to an Element
of the s-Block. Organometallics 2020, 39, 3224−3231.
(34) Kneusels, N. J. H.; Münzer, J. E.; Flosdorf, K.; Jiang, D.;
Neumüller, B.; Zhao, L.; Eichhöfer, A.; Frenking, G.; Kuzu, I. Double
donation in trigonal planar iron-carbodiphosphorane complexes - a
concise study on their spectroscopic and electronic properties. Dalton
Trans. 2020, 49, 2537−2546.
(35) Su, W.; Pan, S.; Sun, X.; Zhao, L.; Frenking, G.; Zhu, C.
Cerium-carbon dative interactions supported by carbodiphosphorane.
Dalton Trans. 2019, 48, 16108−16114.
(36) Fang, W.; Pan, S.; Su, W.; Wang, S.; Zhao, L.; Frenking, G.;
Zhu, C. Complex Featuring Two Double Dative Bonds Between
Carbon(0) and Uranium. CCS Chem. 2022, 4, 1921−1929.
(37) Dyker, C. A.; Lavallo, V.; Donnadieu, B.; Bertrand, G. Synthesis
of an extremely bent acyclic allene (a “carbodicarbene”): a strong
donor ligand. Angew. Chem., Int. Ed. 2008, 47, 3206−3209.
(38) Fürstner, A.; Alcarazo, M.; Goddard, R.; Lehmann, C. W.
Coordination chemistry of ene-1, 1-diamines and a prototype
“carbodicarbene”. Angew. Chem., Int. Ed. 2008, 47, 3210−3214.
(39) Liu, S.-K.; Shih, W.-C.; Chen, W.-C.; Ong, T.-G.
Carbodicarbenes and their Captodative Behavior in Catalysis.
ChemCatChem 2018, 10, 1483−1498.
(40) Modern Ylide Chemistry: Applications in Ligand Design, Organic
and Catalytic Transformations; Gessner, V. H., Ed.; Springer, 2018; p
160.
(41) van Lenthe, E.; Ehlers, A.; Baerends, E. J. Geometry
optimizations in the zero order regular approximation for relativistic
effects. J. Chem. Phys. 1999, 110, 8943−8953. . and references therein
(42) Handy, N. C.; Cohen, A. J. Left-right correlation energy. Mol.
Phys. 2001, 99, 403−412.
(43) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785−789.
(44) Becke, A. D. Density-functional exchange-energy approxima-
tion with correct asymptotic behavior. Phys. Rev. A 1988, 38, 3098−
3100.
(45) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results Obtained
with the Correlation Energy Density Functionals of Becke and Lee,
Yang and Parr. Chem. Phys. Lett. 1989, 157, 200−206.
(46) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.
(47) Velde, G. t.; Bickelhaupt, F. M.; Baerends, E. J.; Guerra, C. F.;
van Gisbergen, S. J. A.; Snijders, J. G.; Ziegler, T. Chemistry with
ADF. J. Comput. Chem. 2001, 22, 931−967.
(48) Appel, R.; Baumeister, U.; Knoch, F. Darstellung und
Molekülstruktur aminosubstituierter Carbodiphosphorane. Chem.
Ber. 1983, 116, 2275−2284.
(49) Starzewski, K. A. O.; Dieck, H. T.; Bock, H. Photoelectron
spectra and molecular properties. 57. Electronic structure and
reactivity of ylidic systems. 7. Phosphorus ylides: gas phase ionization
potentials and charge distribution. J. Am. Chem. Soc. 1976, 98, 8486−
8494.
(50) Bock, H.; Boggs, J. E.; Kleemann, G.; Lentz, D.; Oberhammer,
H.; Peters, E. M.; Seppelt, K.; Simon, A.; Solouki, B. Structure and
Reactions of Methylenesulfur Tetrafluoride. Angew. Chem., Int. Ed.
1979, 18, 944−945.

ACS Organic & Inorganic Au pubs.acs.org/orginorgau Article

https://doi.org/10.1021/acsorginorgau.2c00045
ACS Org. Inorg. Au 2023, 3, 92−95

95

https://doi.org/10.1039/d1cc04029d
https://doi.org/10.1021/j100121a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100121a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00468a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00094a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0009-2614(80)80549-5
https://doi.org/10.1016/0009-2614(80)80549-5
https://doi.org/10.1016/0009-2614(80)80549-5
https://doi.org/10.1016/0009-2614(93)89152-8
https://doi.org/10.1016/0009-2614(93)89152-8
https://doi.org/10.1016/0009-2614(93)89152-8
https://doi.org/10.1021/ja00121a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00121a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp964069y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp964069y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp964069y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp964069y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s002140050247
https://doi.org/10.1007/s002140050247
https://doi.org/10.1007/s002140050247
https://doi.org/10.1021/ar950033x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar950033x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c05074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c05074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c05199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01477a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed083p791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed083p791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2022.01.010
https://doi.org/10.1039/c9sc03565f
https://doi.org/10.1039/c9sc03565f
https://doi.org/10.1021/acs.accounts.1c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.1c00628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.1c00628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2015.01.007
https://doi.org/10.1016/j.ccr.2015.01.007
https://doi.org/10.1039/c9dt00678h
https://doi.org/10.1039/c9dt00678h
https://doi.org/10.1021/acs.organomet.9b00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.0c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.0c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.0c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9dt04725e
https://doi.org/10.1039/c9dt04725e
https://doi.org/10.1039/c9dt04725e
https://doi.org/10.1039/c9dt03770e
https://doi.org/10.31635/ccschem.021.202101124
https://doi.org/10.31635/ccschem.021.202101124
https://doi.org/10.1002/anie.200705620
https://doi.org/10.1002/anie.200705620
https://doi.org/10.1002/anie.200705620
https://doi.org/10.1002/anie.200705798
https://doi.org/10.1002/anie.200705798
https://doi.org/10.1002/cctc.201701577
https://doi.org/10.1063/1.478813
https://doi.org/10.1063/1.478813
https://doi.org/10.1063/1.478813
https://doi.org/10.1080/00268970010018431
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1103/physreva.38.3098
https://doi.org/10.1103/physreva.38.3098
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1002/jcc.1056
https://doi.org/10.1002/cber.19831160618
https://doi.org/10.1002/cber.19831160618
https://doi.org/10.1021/ja00442a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00442a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00442a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00442a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.197909441
https://doi.org/10.1002/anie.197909441
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.2c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

