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Phosphines are traditionally considered as Lewis bases or ligands in transition metal and main group complexes.
Despite their electron-rich (lone pair-bearing) nature, an extensive coordination chemistry for Lewis acidic phosphorus
centers is being developed; such chemistry provides a new synthetic approach for phosphorus—element bond
formation, leading to new types of structures and modes of bonding. Complexes of Ph,P* with a variety of donor
elements (P, N, C) give experimentally short donor—acceptor bond lengths, when compared to other cationic
phosphorus Lewis acid complexes. We have calculated that the energy of the lowest unoccupied molecular orbital
(LUMO) in PhyP* is lower than that of (Me,N),P*, which partially explains the greater exothermicity of reactions of
donors with the diaryl acceptor. Furthermore, the energies required to distort the diphenylphosphenium cation from
its ground-state geometry are significantly smaller than those of the diamido cations and, thus, enhance the
exothermicity of donor coordination. These computational data, in conjunction with evidence from experimental
solid-state structures, indicate that Ph,P* is a significantly better Lewis acid relative to the more common
diaminophosphenium analogues (RoN),P* and are used to elucidate the nature of the bonding in donor—phosphenium
complexes.

1. Introduction demonstrating the versatility of coordination chemistry for
The labels “donor” or “ligand” for electron-rich (defined ]Ehe iyntheSIS_olffneW phosp?oruslemeqt (P-E) .bonds andf
as “lone pair’-bearing) phosphines in coordination chemistry or the potential formation of new bonding environments for

is somewhat misleading in the context of the developing PNOSPhorus. _
series of compounds involving coordinatively unsaturated A féw general synthetic approaches have been used to
phosphorus compounds as Lewis acids. Complexes of@btain donofphosphenium complexes. For stable phosphe-
phosphorus catioAsvith arene? carbené, aminesimine nium salts (typically diaminophosphenium saltsthat -
phosphin€:;® and gallanediy ligands have been reported, contgm nonrgactlve anions, complexes. can be ;yntheszed
by simply mixing a solution of the salt with a Lewis ba<e.
*To whom correspondence should be addressed. E-mail: cmacd@ More recently, a new, and perhaps more general, protocol
”W{"Srfic\’/g‘r’;'ty of Windsor has been developed for the synthesis of adducts of unstable
+ Dalhousie University. dialkylphosphenium or diarylphosphenium salts by the halide
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Scheme 1. Ligand Exchange for the Synthesis of New Phosphorus- e) ..®
Element (P-E) Bonds; Replacement of PPhy a Stronger Donor (Do). P—Ph P—NMe,
| |
) + Do .® Ph NMe,
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Figure 1. Numbering scheme and drawings of the model compounds

. . examined in this work.
Lewis base, such as PPH?3 Although intramolecular donor-

stabilized phosphenium cations have been studied for morestydy of the influence of the donors and substituents in such
than 20 years} the intermolecular donor-stabilized salts complexes is warranted. Furthermore, the differences in the
allow for the study of the chemistry of phosphenium cations  structural features and reactivity?observed for analogous
with less-elaborate substitution. Furthermore, the Lewis basecomplexes of diphenylphosphenium and diaminophosphe-
in such donor-stabilized phosphenium complexes can benjum cations, in conjunction with the apparent generality of
readily displaced by substitution with a stronger donor; this their coordination chemistry, have prompted us to investigate
final approach has been used to synthesize numerous-€onor the relative acceptor strength of the diphenylphosphenium
phosphenium complexes (Scheme 1). cation to that of the more familiar and stable diaminophos-
Isolation of the free diphenylphosphenium cation has phenium cation. In this work, computational studies and
remained elusive but an extensive series of base—stabilizedcomparisons to experimentally isolated examples of systems
PhP" complexes have been isolated and comprehensively1—5 are presented (Figure 1) to provide bonding descriptions
characterized, whereas few complexes have been isolatedor appropriate model compounds and to compare the
and structurally characterized for other phosphenium accep-energetics of doneracceptor reactions of the two major

tors**In fact, the diphenylphosphenium cation has only been classes of experimentally isolated phosphenium cations.
isolated in the presence of a donor and, although such

complexes are sometimes considered to be phosphino2. Computational Details

phosphosphonium cation# (in Scheme 2), the reactivity All calculations were performed with the Gaussian 98 suite
shown in Scheme 1 suggegts that, in this context, it is perh_apsof programs The geometries and energies of products and
more reasonable to consider these ions to be phosphineteactants have been calculated using density functional theory
stabilized phosphenium cationB {n Scheme 2). (DFT). For the geometry optimizations, the B3PW91

In contrast to dialkylphosphe_nium or diarylphos_phenium method* 28 was used in conjunction with the 6-31G(d) basis
compounds, salts of base-free bis-amino phosphenium cationget, The geometries were restricted to the highest reasonable
are readily isolated! Because of the experimental observa- symmetry, and each stationary point was confirmed to be a
tions, most previous computational work has been centeredminimum on the potential energy surface by yielding zero

around bis-amino phosphenium cations and, thus, providesimaginary vibrational frequencies in the vibrational frequency
insight only toward the more electron-rich catidfis'® In

some computational studies, the complexation of hydride or (22) Kuhn, N.; Gohner, M.; Henkel, G. Anorg. Allg. Chem1999 625
_ . : 1415-1416.

halide donors tO. _phOSphemu_m cations has been used as ?23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

probe of the stability of the catio&!”1°although there have M. A.; Cheeseman, J. R.: Zakrzewski, V. G.; Montgomery, J. A., Jr.;

also been some studies of the acceptor chemistry of parent ~ Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
. . 20 A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,

phosphenium cation W)v and other selected complexes V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

have been reported. Given that complexes of tBpleave

been shown to be synthetic sources offPha more-detailed
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Figure 2. Selected optimized structures for cations, donors, and complexes.

analysis, unless otherwise indicated. The reported energieghe acceptor/acid chemistry of these compounds has remained
(Ewta) are the single-point energies calculated with the relatively underappreciated. The acceptor chemistry of
6-311+G(3df,2p) basis set and have been corrected by thetransient (generally triplet) carbenes has been exploited
zero-point vibrational energy (ZPVE) calculated with the extensively, because the complexes of donors with carbenes
6-31G(d) basis set, scaled by the factor of 0.9774 suggesteccomprise the ubiquitous and useful family of Wittig reagents
by Scott and Rador#’.Bond energies and fragment energies that are used in organic chemistry.

were determined by single-point calculations at the B3PW91/ In such isovalent carbenic systems, the P center has a
6-3114+-G(3df,2p) level of theory. Depictions of selected greater effective nuclear charge, a positive molecular charge,
optimized structures are found in Figure 2 and a complete and a larger size than carbon; thus, one would predict that
listing of the calculation results, including atomic coordinates, phosphenium cations should have a richer acceptor chemistry
is provided in the Supporting Information. Population than their diagonal relatives. In the case of singlet carbenes,
analyses were performed on the B3PW91/6-31G(d) structuresthis prediction is borne out experimentally, in that there are
using the Natural Bond Order (NB&)method implemented  virtually no structurally characterized examples of stable
in Gaussian 98, and drawings of orbitals were prepared usingcarbenes acting unambiguously as acceptof§ ,whereas
MOLDEN.3! The absolute electronegativity)@@and absolute  there is now a bourgeoning acceptor chemistry of phosphe-

hardnessif) values were calculated at the MP2/6+3%&(d) nium saltst®
level of theory, using the B3PW91/6-31G(d) geometries,  In this work, we wish to assess the acceptor ability of
following the method outlined by Gudét. phosphenium cations that are bonded to the two most

common types of functional groups studied experimentally.
Phosphenium cations bearing two alkyl or aryl substituents
Phosphenium cations are the isolobal and isovalent (weaklys-electron-donating ang-electron-donating), such
analogues of the more familiar singlet carbenes of organic as the diphenylphosphenium catidn are typically very
chemistry. In this light, each of these species has a formally reactive and have only been isolated through Lewis base
sp-hybridized central element and a lone pair of electrons stabilizatiort37-3° of the vacant 3porbital. In contrast, the
in a o-type orbital, as well as an unhybridized, empty vast majority of isolated base-free phosphenium cations
s-type orbital. Because of this electronic structure, such consists of the cationic"P center previously described,
species are expected to be both amphiphilic and amphoteric
Although the donor/base chemistry of stable carb&rawd (34) Buron, C.; Gornitzka, H.; Romanenko, V.; Bertrand Seience200Q
. . ; . . 288, 834-836.
phosphenium catio4®33has been investigated extensively, (35) Abernethy, C. D.: Codd, G. M.: Spicer, M. D.: Taylor, M. K.Am.
Chem. S0c2003 125 1128-1129.

3. Results and Discussion

(29) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502-16513. (36) Shukla, P.; Johnson, J. A.; Vidovic, D.; Cowley, A. H.; Abernethy,
(30) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899— C. D. Chem. Commur2004 360-361.

926. (37) Burford, N.; Ragogna, P. J.; McDonald, R.; Ferguson, MCHem.
(31) Schaftenaar, G.; Noordik, J. H. Comput.-Aided Mol. De200Q Commun2003 2066-2067.

14, 123-134. (38) Burford, N.; Losier, P.; Phillips, A. D.; Ragogna, P. J.; Cameron, T.
(32) Bourissou, D.; Guerret, O.; Gabbai, F. P.; BertrandCBem. Re. S. Inorg. Chem.2003 42, 1087-1091.

200Q 100, 39-91. (39) Burford, N.; Ragogna, P. J.; McDonald, R.; Ferguson, Ml. Am.
(33) Nakazawa, HJ. Organomet. Chen200Q 611, 349-363. Chem. Soc2003 125 14404-14410.
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Scheme 3. Canonical Structures Showing Possihielectron
Delocalization for the Diphenylphosphenium Cation and the
Bis(dimethylamino)phosphenium Cation Models Used in This Work.

oo ¥
| |

LT Y
| |

Figure 3. Generalized molecular orbital (MO) diagram emphasizing

P\ \..N’P\\Né important orbital interactions. The nature of the substituents at phosphorus
® | | alters the order of the MO energies.
1 2 phenyl groups with the 3porbital on the P atom. Second,

even if the phenyl groups were coplanar, delocalization of

flanked by two amido fragments (strongtydonating and the w-system would require the loss of aromaticity in the
o-withdrawing), such as the bis(dimethylamino)phosphenium phenyl substituents. A generalized diagram illustrating the
cation2. The stability of cations of that general description important ligand and P orbital interactions is shown in Figure
is attributable to the delocalization of the lone pairs on the 3 and depictions of the MOs formed from these combinations
N atoms into the formally vacant 3porbital to make a  (and their calculated energies) are compiled in Figure 4.
hetero-allylic 3-center #-electron system, in concert with Although there is clearly some interaction between the
the strong €)(+)(—) polarization of the N-P—N unit.1® m-system on the phenyl groups and the 8pbital on the P
Orbital interactions of this type populate the vacant 3p atom, as evidenced by MO 23b in Figure 4, overall, the
orbital (which should reduce the acceptor capability of the relatively small magnitude of the interaction leaves the
P atom) and favor the singlet ground stathis is the LUMO (MO 24b, which is the most antibonding-orbital
approach that has also been used typically to obtain stablecombination) at a lower energy than thatanThe smaller
carbenes and their analogues. Although the canonical strucimagnitude of ther-delocalization inl is also indicated by
tures in Scheme 3 seem to suggest that similar delocalizationthe NBO populations determined for the,3prbital on the
may be possible foll, the donation ofr electron density P atoms inl (0.569 €) and2 (0.690 €), which are both
from the phenyl substituents results in disruption of the significantly greater than those calculated forJ#e(0.209
aromaticz-system and is, thus, less favorable. The results ) and HP" (0.002 €) at the same level of theof.
detailed below allow us to quantify such a qualitative Overall, the presence of the more effectivedonor and
interpretation. o-withdrawing substituents ir2 significantly alters the

3.1. Free Cations.Calculated structural features for the ordering of the MOs; particularly noteworthy is the change
model cationsl and?2 are consistent with the experimental in the relative position of the “lone pair” orbital 164 ],
observations and, thus, the computed orbitals and energiesvhich is considerably more stable2rthan the corresponding
(see Table 1) provide insight into the features that determine orbital in 1 (23a). Although it is not the focus of the present
the relative acceptor abilities of such cations. study, note that the relative HOMO energies lofind 2

In the determination of acceptor properties, the most suggest that BR" should be a considerably better donor
important frontier orbital is the lowest unoccupied molecular than (MeN)P".

orbital (LUMO). The LUMO energy fod is lower than that In contrast, the dimethylamino substituents in caare
of 2, because of the ineffective interaction of the phenyl  almost coplanar (also i€, symmetry), which allows the
sr-orbitals with the vacant 3porbital on the P atom in BR*. formally filled 2p atomic orbitals on the N atoms to interact

First, as shown in Figure 2, the lowest energy structure is of more effectively with the 3porbital centered on the P atom,
C, symmetry and has phenyl substituents that are notas illustrated by the energy differences between the most
coplanar (the plana€,, structure is a transition state with bonding (23b forl, 15b for 2) and the most antibonding
one imaginary frequency)such an arrangement reduces the (24b for1, 16b for2) z-molecular orbitals. A consequence
effective overlap of the molecular orbitals (MOs) on the is that the LUMO (V) in 2is considerably destabilized, with

Table 1. Calculated Data for Uncomplexed Cations

corrected energy, Enowmo ELumo proton affinity,  absolute electronegativity, absolute hardness,
cation  symmetry Erotaf (AU) (eV) (eV) PA (kJ/mol) x (eV) n q(PYP (au)
1 C —804.13235 —11.370 —8.257 446.6 9.10 4.01 1.08
2 C —610.08047 —11.719 —6.910 305.0 9.20 5.63 1.34

@ Eyotal = Ecalculatea+ 0.9774(ZPVE) P Natural bond order (NBO) charge on the P atom.

7860 Inorganic Chemistry, Vol. 43, No. 24, 2004
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Figure 4. MO diagram for PBP™ and (MeN).P* illustrating the orbital energy levels. The orbital energies are reported in electron volts (eV) and are not
plotted to scale.

Table 2. Energies and Properties Calculated for the Uncomplexed Donor Molecules

corrected energy, Enomo ~ AHprepAdduct (kI/mol}  proton affinity, absolute electronegativity, absolute hardness,

donor symmetry Erotaf (AU) (eV) with 1 with 2 PA (kd/mol) x (eV) 7 pKa®

PMe; Cs —460.97236  —6.208 21.7 23.1 —963.3 3.70 5.29 8.65
DHAP Cs —303.52756  —6.536 10.3 9.5 —992.8 3.64 5.35 9.F1
NHC Co —226.09770 —6.116 8.3 8.9 —1060.1 3.48 5.38 274

2 Eqotal = Ecalculated 0.9774(ZPVE)? The preparation energy for the donor is calculated for the process “dertmnor*”: AHprep = Edonor* — Edonor,
where the asterisk (*) indicates that the donor fragment is in the exact same geometry observed in the coordination“gapie®,O at 25°C; the value
reported is for the carberld,N-dimethyl-imidazol-2-ylidened Data from Streul* € Data from Weast® f Data from Magill et al®

respect to that of, and renders the population of this orbital tion, several adducts of diaminophosphenium cations have
less energetically favorable; this prediction is consistent with been reporteds thus, we undertook a series of calculations

the relative stability of P#~ anions and paucity of (RI),P~ to determine the energetic and structural consequences

anions observed experimentally. attributable to the nature of the substituent groups in
Note that, despite the apparent similarity in the appearancephosphenium acceptor complexes.

of orbital I in 1 and 2, the difference in the amount of 3.2. Acceptor Complexes3.2.1. Reaction Energies and

mr-delocalization between diarylphosphenium and diamino- Energy Decomposition Analysis. To elucidate the acceptor

phosphenium cations is also clearly manifested in the metrical properties of phosphenium catiofisand 2, we performed

parameters, both calculated and experimentally determinedcalculations on models of acceptor complexes formed

of such species. For example, the-R bond lengths of  petween the cations and three different types of donors that

diaminophosphenium cations that have been characterizechave been studied experimentally. The model donors that

in the solid state are intermediate between single bondswere chosen are as follows: trimethylphosphine (as a model

(1.800(4) A for QPNHy)** and double bonds (1.495(4) for  for phosphine donors), para-aminopyridine (DHAP, as a

2,4,6-tritbutylphenyl-N=PCl),*? as one would expect for a  model for para-(dimethylamino)pyridine (DMAP) and pyr-

molecule that contains a delocalizedsystem. The PN idine donors), and imidazol-2-ylidene (NHC, as a model for

distance calculated fd2 is 1.6402 A and falls in the range  N-heterocyclic carbene donors). Pertinent calculated data

of those determined experimentally (1:5B69 A)!°and the  concerning the donor molecules are compiled in Table 2,

P—N bond has a bond order of 1.5, as determined by the

NBO analysis. In contrast, the calculated Gy, bond length (40) See Supporting Information for further details.

of 1.7604 A in PBP* is consistent with P-C single-bond (41) Cameron, T. S.; Chan, C.; Chute, W.Akta Crystallogr., Sect. B:

lengths found in the Cambridge Structural Database (€SD) ., ﬁtir:(flié?gfg%%;?’&znﬁlv_v?gai}n.Y Int. Ed. Engloo1, 30, 217

and has an NBO bond order of 1, emphasizing limited 237.

delocalization. (43) ?8”3%' F. H.Acta Crystallogr., Sect. B: Struct. S@002, 58, 380—
Overall, it is evident from the examination of the electronic (44 streuli, C. A.Anal. Chem196q 32, 985-987.

structure of the two types of phosphenium cations that (45) Weast, R. C., EACRC Handbook of Chemistry and Physidst

diphenylphosphenium cations should be better acceptors than,g fﬂtggﬁl?fi,'lt.'fﬂin%slgy"pg‘?scsj; 3;‘;25?%’1.' P é%se?ﬁ. S0@004

their diaminophosphenium analogues. Despite this observa- — 126 8717-8724.
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Table 3. Calculated Energies for Adducts foand 2

corrected energy, cationAHpre? P—E bond energy AHxd

model symmetry Erotaf (QU) (kJ/mol) (kJ/mol) (kJ/mol)
3-Ph Cy —1265.18877 39.1 295.7 —220.7
3-NMe; Cs —1071.08756 134.0 251.7 —91.2
4-Ph Ci —1107.74284 46.4 283.0 —=217.7
4-NMey Ci —913.65060 67.2 194.5 —111.8
5-Ph Cy —1030.34756 47.7 375.0 —308.5
5-NMe; Cs —836.25143 165.0 374.6 —192.3

2 Eqotal = Ecalculatea ™ 0.9774(ZPVE)P The preparation energy for the caton is calculated for the process “aceemoceptor*”; AHprep = Eacceptor —
Eacceptor, Where the asterisk (*) indicates that the acceptor fragment is in the exact same geometry observed in the coordinatiort Tomplessphorus
element (P-E) bond energy is calculated by “complexdonor* + acceptor*”; the bond energy (BE) is given as BEEdonor + Eacceptor) — Ecomplex’ FOr
the reaction “donor- acceptor— complex”, AHnn = Ecomplex — (Edonor T Eaccepto)-

. . Scheme 4. Energy Decomposition Analysis Scheme for the
and !mpor_tant CaICUIated. energ|es for the. mOdel Comple?(eSComplexation Reaction of a Donor (Do) to a Phosphenium Cation,
are listed in Table 3; depictions of the optimized geometries WhereAH, is the Reaction Energy, the TwiHrep Terms are the

i Energies Required to Distort the Donor and Acceptor to the Geometries
of the donors, acceptors, and complexes are presented ! bserved in the Complex (Indicated by Asterisks), and BE Is the

Figure 2. Energy of the PhosphorugElement (P-E) Bond in the Complex.
Several quantities that allow for the assessment of the L@

electron-donating ability of each of the donor molecules are [Do]* + | P-R

listed in Table 2. Although the calculated absolute hardness

(n) values for each of the molecules are virtually identical,
the proton affinity (PA), K, and absolute electronegativity

(x) values suggest that (i) DHAP might be a slightly better Aftpep PEBE.
donor than PMgand (ii) the NHC complex is significantly

more basic than both of the other molecules. The relative . .P.@R - Do—>i5(—BR
energies of the highest occupied molecular orbitals (HOMOS) R AHpn R

also indicate that NHC is the most effective donor; however,

these values suggest that donation from pP#f@uld be more  adduct formation and the strengths of the donor acceptor
favorable than donation from DHAP. The consequences of bonds; the approach to the energy decomposition analysis
the differing donor abilities of these molecules, in regard to is illustrated in Scheme 4. In regard to the reaction energies,
the formation and structural features of donacceptor  the most important difference between systems involving
complexes, are discussed later in this work. cationsl and2 is found in the preparation energiesHprep)

One of the most instructive quantities that we determined for the cations (note that the preparation energies for the
for these model systems is the reaction energy of complexdonors do not vary significantly from one complex to the
formation, because it provides a measure of the thermody-other and are minor in the case of the NHC and DHAP
namic favorability for donotracceptor complexes over the donors). The preparation energy provides a measure of the
free acid and base. Complex formation is found to be energy required to distort a given molecule or ion from its
exothermic in all cases. For a given donor molecule, the most stable structure to the geometry that is observed in the
reaction energies for complex formation are always signifi- complex. From the data in Table 3, two important observa-
cantly more exothermic for complexes of diphenyl phos- tions regardingAH,p Of the acceptors can be made. First,
phenium cations than those for the diamino analogues. Thisthe magnitude ofAHye, Of 1* remains virtually constant
observation is in agreement with the predictions based on(40-50 kJ/mol), regardless of the nature of the donor
the electronic structure of the phosphenium cations outlined molecule. Second, the amount of energy required to distort
previously and confirms that diphenylphosphenium cations the diaminophosphenium cation is always significantly
are better acceptors than diaminophosphenium species arggreater than that required for the diphenyl analogues. The

As one would predict on the basis of the PA #,palues, greater preparation energy requirement 2dris a direct
for a given phosphenium cation, the reaction with the carbene consequence of the greatedelocalization ir in the sense
model is significantly more exothermic (by100 kJ/mol) that the breaking of the-system on the diaminophosphe-
than are the reactions with either of the other donors. The nium cation is necessary to allow for all of the subsequent
reaction energies for the formation of complexes with BMe distortions.
and DHAP with a given cation are comparable to each other, In the case of the carbene addustPh and5-NMe,, the
with the phosphine being slightly more exothermic in the entire difference between the respective reaction energies can
complex with1 and the pyridine being more favorable in be attributed to the differences in the preparation energies
the complex with2. of the acceptor cations. It seems as if the strong NHC donor

A Ziegler-type Generalized Transition State Analsif provides sufficient electron density to the vacant 3p orbital
the donor and acceptor fragments has been performed to gaiio remove ther delocalization in2 completely and causes

insight into the differences between the reaction energies ofthe most distortion, whereas the weaker bases do not have
such a large effect. For the other complexes, the differences

(47) Ziegler, T.; Rauk, ATheor. Chim. Actal977, 46, 1—10. in AHyep Of the cations make a significant but lesser
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Figure 5. Top row, “lone pair” MO of the donor molecules; bottom row, selected MOs showing the fate of the donor lone pair MOs after complexation.
The lobe attributable to the lone pair in each MO is indicated by an arrow.

contribution toAHn. In the case 0B-NMe,, the relatively plex for comparison). The lobe corresponding to the lone
large value ofAH, is likely a consequence of the steric  pair on the DHAP fragment id-Ph seems almost identical
requirements of the PMelonor. Although the steric require-  to that of the free DHAP ligand, which seems to be the
ments of the other donor ligands could likewise influence weakest donor in this series and remains localized on the N
the magnitudes ofAH,e, Of the cations, the size and shape atom (as one would expect on the basis of electronegativity
of the model DHAP and NHC donors are essentially for a polar bond). In contrast, the lone pair lobe from the
identical; thus, the differences in the calculated enthalpies NHC fragment in5-NMe; is considerably distorted from its
seem to be more related to donor ability. original shape and the resultant lobe is distributed evenly
Given the large differences in reaction energies, it was between the P and C atoms, as one would expect for a
surprising to find that the energies of the donacceptor nonpolar covalent bond. The lone pair lobe3iPh has an
bonds are remarkably similar for both adducts of a particular appearance that is intermediate between those of the DHAP
donor molecule. The NHC adducts have identicalPoond and NHC ligands.
energies 0f~375 kJ/mol, which is significantly larger than The conclusions regarding the nature of the denor
the typical P-C single-bond energy 0f264 kJ/mof® There acceptor interactions based on the fate of the lone pair orbitals
are somewhat larger differences between the bond energie$, the MOs of the complex are supported by the analysis of
of each of the PMe adducts and the DHAP adducts; he | aplacians of the electron densiBp. Figure 6 shows
however, the energies do fall in the range typical effP contour maps ov2p calculated in the EP—R plane for
(209-239 kJ/molf&4°and P-N single bonds (279331 kJ/ each of the donor-P(NME* complexes: contour maps of
mol),>>>twith the exception ofi-NMe,. The strength of the V2p for the donor-PPH complexes exhibit similar features
donor—a_cce_ptor bonqls that are formed attest to the viability ;4 4re included in the Supporting Information. Examination
of coordination chemistry as a general method feEFbond ¢ 16 contour maps reveals significant differences in the

formation. _ . nature of the doneracceptor bonds in the three complexes.
The shapes of the molecular orbitals in compleS&8h |, complexes3-NMe, and 5-NMe,, there are significant

to 5-NMe; provide qualitative insight into the nature of the - qions of local electron density concentration (indicated by

donor—acceptc_)r interactions and seem to be_related t.o thehe solid contour lines) between the donor atoms and the P

gleqtronegahwty of the donor atom. T'he orbitals erlcted atoms. In fact, the appearance of each of these regions of

in Figure 5 are those that result primarily from the in-phase gyqciron density concentration resembles those in the region

combination of the 3,p(_)rbital on the phosphenium_acceptor between the P atom and the N atom of the covalently bonded
and the "lone pair” orbital on the d(_)nor molecule (illustrated NMe; substituent. In stark contrast, the region between the
above the MO from a corresponding don@cceptor com- N atom of the DHAP ligand and the P atom in tiiéo map
(48) Huheey, J. E.. Keiter, E. A Keiter, R. llnorganic Chemistry: of 4-NMe, shows virtually no shared concentration of
Principles of Structure and Reacity; 4th ed.; HarperCollins College  €lectron density. The electron density associated with the
Publishers: New York, 1993. , lone pair of the DHAP donor remains localized on the N
(49) Hlnchley_, S. L.; Morrison, C. A; Rankin, D. W. H.; Macdonald, C. atom and. thus. the doneaccentor interaction id-NMe.
L. B.; Wiacek, R. J.; Voigt, A.; Cowley, A. H.; Lappert, M. F; ’ ) p 2
Gundersen, G.; Clyburne, J. A. C.; Power, PJPAM. Chem. Soc.  seems to be significantly more ionic than thoseihMe,
2001, 123 9045-9053 or 5-NMe,. Overall, the mixture of covalent and ionic

(50) Mortimer, C. T.Pure Appl. Chem1961, 2, 71-76. " . Lo
(51) Fleig, H.; Beckegoe, MZ. Anorg. Allg. Chem197Q 376, 215. features in the electron density distribution 4fNMe;
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Figure 6. Contour maps of the Laplacians of the electron density for compl@tésle,, 4-NMe,, and5-NMe; calculated in the RP—E plane. Regions
of locally concentrated electron density are indicated by solid contours and regions of locally depleted electron density are indicated withtdotted

Table 4. Calculated Electronic Properties for Adductsltand 2

proton affinity,

model q(Py (au) Erowmo (V) ELr° (V) LP populatiof PAd (kJ/mol) Aq(P) (au)
3-Ph 0.69 —10.08 —10.08 1.911 —588.1 0.40
3-NMe, 1.05 —9.95 —10.37 1.915 —572.1 0.42
4-Ph 1.09 —9.77 —-9.77 1.938 —631.1 0.49
4-NMe, 1.40 —9.56 —9.56 1.964 —617.6 0.57
5-Ph 0.96 —10.03 —10.03 1.874 —592.1 0.43
5-NMe, 1.27 —9.98 —10.58 1.888 —578.1 0.48

aNatural bond order (NBO) charge on the phosphenium P atom in the comiji@ergy of the “lone pair” orbital localized on the P atom in the
complex.¢ NBO population of the lone pair on the P ato#Proton affinity for protonation of the P atom in the compléchange in NBO charge on the
former phosphenium P atom in the complex after protonation.

appears remarkably similar to that which was calculated for cation complexes provide values that may be compared to
the model P cation [(HsN).PENMe),] +.52 experimental observations to assess the accuracy of the
Several electronic properties of the model coordination computations. In addition, the metrical parameters provide
complexes, listed in Table 4, were calculated in an attempt significant insight into the nature of the bonding and
to gain further insight into the nature of the doracceptor complement the energetic and electronic analyses outlined
interaction. Although there is no obvious relationship in the previous section. Important calculated structural
between any of these values and the strength of the donor features are compiled in Table 5, and a selection of metrical
acceptor interaction (as measured by either thé&m®ond parameters from pertinent reported compounds are listed for
energy orAHyy), there are some features that are worthy of comparison.
mention. First, despite the relatively small changes in the As shown by the data in Table 5, the lengths of the
charge on the phosphenium P atoms upon coordination ofP—donor atom bonds and the other metrical parameters are
Lewis bases, the lone pair orbital on the P atoms are modeled well by our calculations (taking into account the
significantly destabilized upon formation of the complexes. differences between the model systems and the real systems
This destabilization, with respect to the corresponding orbitals and the differences between the gas phdse & and the
in 1 and 2, is manifested not only in the energies of the solid state at ambient temperature). For example, the
orbitals but also in the PAs of the complexes. Although it is calculated P-Ngypsiendistances are in the range of 1.665
evident that donor coordination of phosphenium cations 1.725 A and are consistent with the experimental distances
enhances the basicity of phosphenium cations, the lack of ashown in Table 5. Similarly, the computeé-Bsupstienfoond
simple relationship between the strength of the donor andlengths of 1.824-1.838 A are typical of those that one would
the magnitude of the change is consistent with the conclu- expect for a phosphorughenyl linkage. Furthermore, the
sions of Howard et al., regarding the nature of substituent lengths of the doneracceptor bonds are all typical of &
effects on the basicity of group 15 baseés. single bonds (e.g., the-FP distance is 2.212(1) A for Me
3.2.2. Donor-Acceptor Complex Structural Features. The PPMe),%¢ although there are some features to note. The
calculated geometrical features of the denphosphenium length of the bond between DHAP and the P atom is

(52) Blattner, M.; Nieger, M.; Ruban, A.; Schoeller, W. W.; Niecke, E. (54) Burford, N.; Losier, P.; Sereda, S. V.; Cameron, T. S.; Wu].Gm.

Angew. Chem., Int. EQ00Q 39, 2768-2771. Chem. Soc1994 116, 6474-6475.
(53) Howard, S. T.; Foreman, J. P.; Edwards, PGan. J. Chem1997, (55) Kuhn, N.; Fahl, J.; Blser, D.; Boese, RZ. Anorg. Allg. Chem1999
75, 60—67. 625 729-734.
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Table 5. Selected Calculated or Experimentally Determined Metrical Parameters for Model Comptexesid Comparable Reported Phosphenium

Complexed
Cation Anion P-R P-E R-P-R R-P-E Ref.
Me & 1.816(6) 100.86(18)
Me— P—>P Ph [OTf] 2.187(2) 107.9(3) ¥
Me Ph 1.833(6) 101.33(18)
Ph @ 1.831(3) 102.28(9) (
Ph—P—>P—Ph [OTf] 2.221(1) 102.78(12) o
Ph Ph 1.838(3) 106.55(9)
1.832 100.2 .
3-Ph Calc'd 2.224 109.1 \I/hll
1.836 101.0 or
Me, /. .® 1.81(1) 99.3(6)
N N—P-Ph  [OTf] 1.78(1) 104.0(7)
Mé = Ph 1.80(1) 104.4(6)
1.824 99.5 o
4-Ph Calc'd 1.858 105.7 VT/h‘?k
1.825 99.7 or
/iPr
Me N 1.810(8) 101.3(3)
:[ c—PF-Ph  [AICL] 1.813(7) 106.5(3) ”
Me” "N Ph 1.827(8) 102.3(3)
ipr
/iPr
Me N | 1.830(20) 100.6(10) This
I c—P-Ph  [GaCl,] 1.828(20) 106.2(9) Work
Me” N ph 1.833(20) 104.0(10) or
'Pr
1.829 97.7 s
5-Ph Calc'd 1.844 108.1 \;h‘?k
1.838 99.7 or
D
1.661(2) 99.74(8)
Me— P—’F’ ] [OTf] 2.3065(9) 92.3(1) !
1.696(2) 109.13(8)
D|p (a)
1.691 100.5 .
3-NMe, Calc'd 2253 115.6 s
1.691 100.5 or
{ /N—>i=’—N'Pr2 1.661(4) 99.0(2)
N NPr, [PE,] 1.796(3) 109.4(2) *
1.666(4) 101.6(2)
1.665 93.2 .
4-NMe, Calc'd 1.925 101.9 \;hli
1.725 104.2 or
Me Me
YN 1.717 95.9
c—»P ] Calc'd 1.910 95.8 B
N 1.718 102.1
Me Me
1.705 96.3 :
5-NMe, Calcd 1.844 117.9 \;hlj(
1.705 96.3 or

aBond lengths given in angstroms, bond angles given in degrees. Note that, for the diphenylphosphenium add@tdpiRdiaminophosphenium

adducts, R= N; and for PMg, DHAP, and NHC adducts, E P, N, and C, respectively.Dip = 2,6-di-isopropylphenyl.

considerably different when the substituent is phenyl (1.858 competitive electron donation to the P atom from the lone
A'in 4-Ph) than when the substituent is dimethylamido (1.925 pair of the amido substituent with a planar geometry at a
A in 4-NMey). Such variation is consistent with the weaker distance of 1.665 A. The distances in comple8eRh and

3-NMe; are consistent with a bonding situation intermediate

calculated bond energy iA-NMe, and is suggestive of

Inorganic Chemistry,
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Figure 7. Left: Solid-state structure of the cation 8§GaCly]. Ellipsoids are 30% probability, one (of two) crystallographically distinct molecules is
shown; two GHe solvate molecules, the anions, and the H atoms have been removed, for clarity. Right: Comparison of the structures of the 6eal cation
(solid structure) and the model cati®APh (dashed structure).

Scheme 5. Canonical Structures Showing a Typical “Planar” Scheme 6. Canonical Structures lllustrating the Geometry Adopted by
Guanidinium Cation (A), Possible Structures for a (A) a Typical Wittig Reagent, (B) the Unfavorable Phospha-Wittig
Mono-phosphaguanidinium Cation (B and C), the Denécceptor Structure (B), and (C) the Most-Stable Structural Isomer.
Complex (D), and a Methylenephosphonium Cation (E). R R R R R

4R /R ' , ' ,R ' \pzc/ \P=P/‘:‘ R)p-.p/:\
RNg R RNe F RNg X RN o R @R R R\ SONCR

.C=N C7R OB R C=R R R R R R R
RN R RN g RN R RN Rk R R A B c

R R R R

B c D E atom, is >120 kJ/mol higher in energy than the fully

optimized structure and it is not a minimum on the potential

between those of the other donors. For the strongest donorenergy surfacé Although such behavior is often attributed
(NHC), the length of the doneracceptor bond (1-844_/-\) simply to the higher planarization energy of phosphorus, with
seems to be virtually unaffected by the type of substituent respect to that of nitrogen, the existence of stable methyl-
present on the P center. Further evidence that the Strongenephosphonium (BR=CR,]*)%® salts that exhibit trigonal
donation of the NHC completely disrupts the—R—N planar phosphorus environments suggests that the overall
7-system in5-NMe; is provided by the strongly pyramidal- gty cture of5-Phis probably more accurately considered as
ized N atoms in the dimethylamido substituents; although gne of the most extreme examples of the distortion of a
no experimental analogue exists ®NMe,, the calculated potential multiple bond in terms of the CarteBoddard-
structure in Table 5 exhibits similar pyramidalized N atoms Malrieu—Trinquier (CGMT) modef? Instead of having a
adjacent to the P atof. C—P multiple bond, or even a distorted bis-doracceptor

The solid-state structure of the real salt {PANHC']- bond (typical of heavier carbene analogues), the bonding in
[GaCl)] (6]GaCl) is shown in Figure 7 and demonstrates 5 _pp s pest described as having the NHC fragment acting
that the calculations accurately predict the Econnectivity purely as a donor and the phosphenium fragment behaving
from the imidizole-2-ylidene ligand on diphenylphosphe-  excjusively as an acceptdd (n Scheme 5). Such a situation
nium. As shown in Figure 7, the-FCqonordistance of 1.853-  griges pecause of the strong preference of the singlet state
(2) A and other metrical parameters deviate only slightly for both the NHC and the phosphenium catiovE(.. = 127
from the calculated values; the only major differences are | 3ymol for1 and 193 kJ/mol fo);* the electronic preference
in the torsion angles, and these variations are attributable tof the system enforces the pyramidal geometry at phosphorus
the simplifications used in the model system. The metrical 5 eaves a stereochemically active “lone pair” of electrons
parameters of6[GaCl] compare well to the previously o the P atom. In this context, coordination of a carbene
reported AICL™ derivative® _ with a much smaller singlettriplet energy difference (or

The most notable structural feature in each of the complex th 4 triplet ground state) should result in the formation of

structures, as clearly shown in Figure 7, is the pyramidal P ¢4tions with structures such as thaoflepicted in Scheme
atom from the phosphenium fragment. This geometrical 5

feature is exhibited regardless of the nature of the substituents |, 5 similar vein. the pyramidal phosphorus cente3-4Rh

on th.e P atom (at least those that we have examined) and ityoes not conform to the geometry expected for a Wittig
highlights the difference between the doracceptor com-  reagent analogue. Virtually all of the structures of Wittig
plexes studied in this work and related molecules typical of reagents collected in the CSD exhibit a trigonal planar

organic chemistry. For example, the structured?h or geometry at the carbenic centék {n Scheme 6), in stark

. . 1t . :
the real catugn [PJP” NHC_] ~are clea_rly not analog7ous 10 contrast to the pyramidal geometry in the calculated and
those of the “planar” guanidinium cations (Schemé&™3je experimentally observed JR—PR,]* complexes. We have

putative structure, which has a planar geometry about the P

(58) Grutzmacher, H.; Marchand, C. Moord. Chem. Re 1997 163

(56) Mundt, O.; Riffel, H.; Becker, G.; Simon, &. Naturforsch., B: Chem. 287—-344.
Sci. 1988 43, 952-958. (59) Driess, M.; Grutzmacher, HAngew. Chem., Int. Ed. Endl996 35,
(57) Gobbi, A.; Frenking, GJ. Am. Chem. S0d.993 115 2362-2372. 829-856.
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found that the putative trigonal planar phosphenitiPiMe; Although the nature of donefacceptor interaction is
complexesB in Scheme 6) are more than 90 kJ/mol higher dependent on the composition of the donor molecule, the
in energy than are the pyramidal structures observedbond energies calculated for the donacceptor bonds
experimentally. In fact, such geometries are not true minima formed are comparable to or greater than the energies
on the potential energy surface, having a single imaginary reported for covalent phosphoruslement (P-E) bonds. The
frequency that corresponds to the pyramidalization of the P strength of these bonds attests to the viability of coordination
environment? The reason for the different structural prefer- chemistry as a general method for P bond formation and
ences between the carbon and phosphorus analogues is agaio the synthetic utility of the P+ fragment. Furthermore,
attributable to CGMT theory and the relative stabilities of the basicity of both types of phosphenium cations is
the singlet and triplet ground states. The singlet state of asignificantly enhanced by donor complexation, which may
phosphenium cation, even if it bears weaklonor substit- be of significant experimental utility.

uents, is significantly more favored than the singlet state of e structural features of the calculated deracceptor
diphenylcarbené The overwhelming preference for singlet  complexes are in excellent agreement with related examples
behavior in1 and2 precludes the adoption of a traditional  {hat have been observed experimentally. The structures of
Wittig-type geometry. the phosphenium cation complexes wiNrheterocyclic
carbene and trimethylphoshine do not resemble those of
typical guanidinium cations or Wittig reagents, respectively.
Calculations on related free phosphenium cations show The preference for donemcceptor complexes, in lieu of

that PhP" is a better Lewis acid, relative to a diaminophos- myltiple-bonded alternatives, is understood, in terms of the

phenium analogue, despite the greater positive charge on th‘CarteFGoddaraLMalrieu—Trinquier (CGMT) approach.
P atom of the latter cation. The differing acidity is largely

attributable to the ineffective delocalization of the phenyl  Acknowledgment. We thank the Natural Science and
m-system with the empty p-orbital on the P atom and is Engineering Research Council (NSERC) for funding and
reflected in a lower-energy LUMO. The effects of differing scholarships (P.J.R. and B.D.E.). We thank Prof. Neil
substitution have been quantified, especially in terms of the Burford and Dr. R. Tom Baker for valuable discussion and
energies of the frontier orbitals. Furthermore, the lack of an Dr. K. N. Robertson for crystallographic data.

effectively delocalizedz-system onl results in lower

preparation energies for the cation, in comparisor2to Supporting Information Available: Summaryofcomp_utational_
required for adduct formation with neutral Lewis bases and, "esults and crystallographic data (PDF and CIF). This information
thus, renders adduct formation even more energetically is available free of charge via the Internet at http://pubs.acs.org.
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