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Electronic Structure of Aryl- and Alkylphosphines
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The electronic structure of tertiary arylphosphines and methylphosphines are exploredbuisiitio calculations

and a detailed analysis of properties based on the electron distrituitionThe comparison concentrates on the
topology of p and V?p in the vicinity of the phosphorus atom, and the integrated atomic properties (energies,
multipole moments) of this atom. Some trends are revealed which are consistent with the known relative basicities
of these compounds, whereas others are unexpected. In particular (i) neither methyl nor aryl substituents
substantially alter the charge on phosphorus, (ii) and the phosphphasyl P-C bond of triarylphosphines,
phenylphosphabicyclo[3.3.1]Jnonane and its [4.2.1] analogue indicate a significant conjugative effect, unlike in
phenyl or pyridylphosphine.

Introduction

PPh PPh
The application of tertiary arylphosphines as ligands in =
homogeneous transition metal catalysis is well-known. Func-
tionalized arylphosphines have been investigated for a variety

of reasons including the modification of solubilities.d; in

water) and the immobilizatione(g. upon a silica support) of (a) (b)
the complexes that exhibit catalytic activity. Modification of  Figyre 1.

the functions attached to phosphorus may influence both the

steric properties of the ligand as a whole, as well as the gjgnjficant difference in activity between complexes of the two
electronic nature of the metaphosphine interaction. The  isomers such that [4.2.1]-PPBN generates the more active
variation in steric and electronic properties is probably more catalyst by a several-fold rate enhancement under the same
evident for tertiary alkylphosphines where there is greater ¢gngitions.
freedom to vary the nature of the function directly bonded 0 | aqgdition there is a marked difference of reactivity between
phosph_orus. As the mflueng:es of both steric and eIectromc triphenylphosphine complexes in comparison with 2-pyridyl-
properties are both known to influence rates and stereochemicaljiphenylphosphine complexes in similar reactions. For example,
pontrol of reactions, it is of interest to _e_valuate the relative i the carbonylation of acetylenes, pyridylphosphines have been
importance of these two factors in specific cases. claimed to increase rates by two orders of magnitude in
Triphenylphosphine is probably the most commonly-used comparison to analogous phenylphosphifies.
tertiary phosphine in homogeneous catalysis due to its ready Clearly there may be subtle influences of both steric and
availability, air-stability and ease with which it complexes metals electronic factors on these reactions. One way to explore these
associated with catalytic activity. Trialkyl- or mixed alkyl-/ influences is through quantum mechanical calculations. Only
arylphosphines are less-commonly associated with homogeneougecently has it become feasible to apply suitably high-level
catalysis. Although this may in part be due to a reluctance to methods to such compounds; hence, there are few such studies
study them as ligands in this application since they are typically of arylphosphines and pyridylphosphines reported in the litera-
air sensitive and relatively more expensive, there are examplestyre3 While the most useful studies would probably involve
where they generate less active, or even inactive, analogues ofyhole metat-phosphine catalysts, for reasons of computational
arylphosphine-based catalysts. An exception to this is in the expediency the quantum-chemical literature on mepéios-
carbonylation of unsaturated hydrocarbons catalyzed by pal-phines is essentially limited to RHmetal complexe$. Such
ladium phenylphosphabicyclonane (PPBN) complexes. Here calculations give useful insight into the nature of the metal
the ligand is a dialkylphenylphosphine where the dialkyl phosphorus bon®l,but they also indicate that the effect of
function is a cycloalkane with the phosphorus atom in a electron correlation is crucial for reliable predictions of both
bridgehead position. Due to its method of synthesis, it is structures and charge distributions in such compléxetigh-
prepared as a mixture of two isomers (Figure 1), phenylphos-

phabicyclo[3.3.1]nonane (a) and phenylphosphabicyclo[4.2.1]- (2) Shell, European Patent Applications, EP 186228, 1985; EP 190473,
nonane (b). 1985; EP 271144, 1987.
. . . (3) (a) Ikuta, S.; Kebarle, RCan J. Chem 1983 61, 97. (b) Jolly, C.
Some observations concerning palladium PPBN complexes ™ A" chan, F.: Marynick, D. SChem Phys Lett 1999 174 320.

are of interest. First, they are more active catalysts for the (4) (a) Blomberg, M. R. A.; Brandemark, U. B.; Siegbahn, P. E. M.;

carbonylation of alkynes than are the corresponding triph- E\)/Igthiseg, 'f(-_tB-; Ka}z'stf,amy (k33 Phxs iherghl985889, 12918741-1 0(g)
H H ara, S>.; Kitaura, K.; Morokuma, . Am em SoC
enylphosphine complexésyr the analogous model dialkylphe- 7482. (c) Kitaura, K. Obara, S.. Morokuma, hem Phys Lett

nylphosphine (PMgPh), which forms complexes that are far 1981, 77, 452. (d) Kitaura, K.; Obara, S.; Morokuma, K Am Chem
less active under the same conditions. Secondly, there is a  Soc 1981 103 2891. (e) Low, J. J.; Goddard, W. 8. Am Chem
Soc 1984 106, 6928. (f) Noell, J. O.; Hay, P. J. Am Chem Soc
1982 104, 4578. (g) Noell, J. O.; Hay, P. horg. Chem 1982 21,

® Abstract published iAdvance ACS Abstract#ugust 15, 1996. 14. (h) Ziegler, TInorg. Chem 1985 24, 1547. (i) Braga, MInorg.
(1) Tooze, R. P. International Patent Application, PCT/GB94/02667, 1995. Chem 1985 24, 2702.
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level calculations on model complexes with more “realistic”

Howard et al.

structure of [3.3.1]-PPB™ the molecules are very close to having an

ligands such as those studied here are therefore currently ougffective point-group symmetry of;, with the phenyl ring perpen-

of range (except perhaps for density functional methods).

dicular to the mirror plane. Hence oab initio geometry optimization
of this compound impose@s symmetry. In the case of [4.2.1]-PPBN,

Until now, there appears to have been no systematic analysisihe geometry was essentially unknown and no symmetry constraints

of the electronic charge distribution in the free bases, which
should be instructive. This is now facilitated by the application
of more “rigorous” tools for analysis of quantum-mechanical

were applied (the optimized geometry had no symmetry).

Separate optimizations on phenylphosphine with the mirror plane
(i) in the plane of the ring and (ii) perpendicular to the plane of the

densities and wave functions, such as those developed by Badering indicated that (i) is the lowest energy form, although the difference

and co-workersor Cioslowski®® The recent study by Howard
and Platt¥ concentrated on the link between alkyl- and
halophosphine basicity and the charge distribution around
phosphorus, particularly the lone pair (LP) properties. Here,
we report an analysis of aryl- and alkylphosphines along the
lines of Howard and Platts, including the two PPBN ligands
described earlier. We will pay particular attention to character-
izing the phosphorus lone pair and the extent of its delocalization

in energy (ignoring vibrational energy changes) is small at this level
(= 5 kJ mol). Nyulasziet al.*?found this difference to be even lower

at the MP2 level of theory~1.5 kJ mot?). We also carried out a
similar analysis on dimethylphenylphosphine which again showed that
conformer i is preferred, b7 kJ molt. However, the structure and
charge distribution analysis reported shortly for dimethylphenylphos-
phine corresponds to conformer ii because this more closely resembles
the conformation of the PPBNs (see Figure 1).

The set of stationary or “critical” points (CP$pct were located

as a function of the number of substituents present, which hasand analyzed using the program SADDLE, part of the AIMPAC suite

been reviewed in the context of spectroscopic data.

Computational Details

The geometries of PRHz-n (n = 0—3), PM@Hz-» (n = 0-3),
n-PyPH (n =2, 3, 4), [3.3.1]-PPBN, [4.2.1]-PPBN and PpRh were
optimized at the restricted Hartre€ock (RHF) level with the 6-31G-
(d,p) basis set? These calculations, and the determinations of the
electron distributions at the same HF/6-31G(d,p) level, employed direct
SCF techniques with GAMESS running on DEC Alpha RISC
workstations. Geometries were optimized to tolerances &f 10~*
au (maximum force on any nucleus) an@®.3 x 1075 au (rms force
for all nuclei). The following point group symmetries were assumed:
C: (PPhH and [4.2.1]-PPBN)C;, (PHs;, PMe;), Cs (PH,Ph, PHMe,
PHMe, n-PyPH, [3.3.1]-PPBN and PM#£h), andCs; for PPh. The
X-ray crystal structure of PBH contains molecules with conformations
somewhat distorted fron€; symmetry; nevertheless, this symmetry
was imposed for computational expediency. In the X-ray crystal

(5) (a) Pacchioni, G.; Bagus, P.l80org. Chem 1992 31, 4391. (b) Xiao,
S.; Trogler, W. C.; Ellis, D. E.; Berkovitch-Yellin, ZJ. Am Chem
Soc 1983 105 7033. (c) Orpen, A. G.; Connelly, N. G. Chem
Soc, Chem Commun1985 1310. (d) Golovin, M. N.; Rahman, M.;
Belmonte, J. E.; Giering, W. FOrganometallics1985 4, 1981. (e)
Rahman, M.; Liu, H. Y.; Prock, A.; Giering, W. PDrganometallics
1987, 6, 650. (f) Marynick, D. SJ. Am Chem Soc 1984 106, 4064.

(6) See, for example: (a) Koga, N.; Morokuma, XPhys Chem 1990
94, 5454. (b) Sakaki, S.; Koga, N.; Morokuma, IKorg. Chem 199Q
29, 3110. (c) Sakaki, S.; Ohkubo, K. Phys Chem 1989 93, 5655.
(d) Sakaki, S.; Ogawa, M.; Musashi, Y.; Arai, horg. Chem 1994
33, 1660.

(7) Bader, R. F. WAtoms In Molecules; A Quantum Thep®xford
University Press: Oxford, U.K., 1990.

(8) Cioslowski, J.;J. Am Chem Soc 1989 111, 8333.

(9) Cioslowski, J.; Surjan, P. RJ, Mol. Struct 1992 255, 9.

(10) Howard, S. T.; Platts, J. AJ, Phys Chem 1995 99, 9027.

(11) The Chemistry of Organophosphorus Compouliditey: New York,
1990; Vol. 1 Chapter 2, p 41.

(12) Nyulaszi, L.; Szieberth, D.; Csonka, G. |.; Reffy, J.; Heinicke, J.;
Veszpremi, T.Struct Chem 1995 6, 1.

(13) Hariharan, P. C.; Pople, J. Aheor Chim Acta 1973 28, 213.

(14) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su,
S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J. A.Comput Chem
1993 14, 1347.

(15) Herzberg, G.Electronic Spectra of Polyatomic Molecuje¥an
Nostrand: New York, 1966.

(16) Naumov, V. A.; Kataeva, O. Al Struct Chem USSR (EnglTransl)
1983 24, 312;Zh. Strukt Khim 1983 24, 160.

(17) Naumov, V. A.; Kataeva, O. AL Struct Chem USSR (EnglTransl)
1984 25, 642; Zh. Strukt Khim 1984 25, 140.

(18) Novikov, V. I.; Kolomeets, Yu. N.; Syshchikov, L. V.; Vilkov, L. V;
Yarkov, A. V.; Tsvetkov, E. N.; Raevskii, O. Al. Struct Chem USSR
(Engl. Transl) 1984 25, 688; Zh. Strukt Khim. 1984 25, 27.

(19) Bartell, L. S.J. Chem Phys 196Q 32, 832.

(20) Bartell, L. S.; Brockway, L. OJ. Chem Phys 196Q 32, 512.

(21) Dunne, B. J.; Orpen, A. QActa Crystallogr. 1991, C47, 345.

of programg* The analogous CP analyses ¥p were carried out
using Laidig’s program BUFFALO, a recent addition to this package.
The program PROAIMY¥* was used to compute integrated atomic
properties (energies, charges, dipoles, and quadrupoles) for the
phosphorus atom in all molecules.

Results and Discussion

Structures. The main structural parameters (and associated
electronic energies) at the optimized geometries are shown in
Figure 2. Gas-phase structures are available for'PRAPhH,16
PPhH,'” PMePh® PMeH, and PMeH® and PMg.2° X-Ray
crystal structures are available for RPhand [3.3.1]-PPBN?

In the series PRK5_, (n = 0—3), P—H distances vary
between 1.402 and 1.403 A and-B distances between only
1.842 and 1.848 A, so both parameters are quite insensitive to
the number of phenyl rings. In the pyridylphosphine series,
the 3-position gives the lowest energy, but the difference relative
to 2- and 4-pyridylphosphine is smak{ kJ moll). Where
comparable, bond lengths and angles around phosphorus also
vary negligibly with the position of the heteroatom. In the series
PMeHs-, (n = 0—3), P—H distances vary between 1.406 and
1.407 A and P-C distances between 1.852 and 1.859 A, so as
above both parameters are insensitive to the number of methyl
groups.

By including dimethylphenylphosphine (PPhMen our
study, we are able to establish, in the case of the PPBN
compounds, whether any results depend on having a phosphorus
atom bridging an octane ring, or whether two nonbridging alkyl
groups could reproduce the same effect. Th&Roctane ring)
bond lengths in the PPBNs are slightly longer than the
comparable PC(methyl) bond length found in PMEh, sug-
gesting that the molecule is somewhat strained around phos-
phorus. The P-C bond lengths vary by 0.026 A across all of
the compounds (including the PPBNs), which is perhaps
surprisingly small given the widely-varying nature of the
substituents being studied.

The C(octane ringyP—C(octane ring) bond angle in the
PPBNs is 9 smaller than the typical C(alkyhP—C(alkyl) angle
(in PMe&Ph), which is also suggestive of strain around phos-
phorus. The HF/6-31G(d,p) optimized geometry of [3.3.1]-
PPBN is in good agreement with the corresponding X-ray crystal
structure??

(22) Thick, J. L.; Edwards, P. G.; Coles, S. J.; Hursthouse, M. B., Touze,
R. P. Manuscript in preparation.

(23) Nyulaszi, L.; Veszpremi, T.; Reffy, J. Phys Chem 1995 99, 10142.

(24) Biegler-Kmig, F. W.; Bader, R. F. W.; Tang, T. Comput Chem
1982 3, 317.
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Figure 2. Optimized geometries (A, deg) and energies (au).

Topology of the Charge Distributions. (i) Bonds to
Phosphorus. Following Baderet al.” we use the following
nomenclature to classify CPs jnand V2p: (n, m), wheren is

Inorganic Chemistry, Vol. 35, No. 20, 1996807

DI=PPhMe,
+DI(P-Ph) 331=3,3,1-PPBN
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Figure 3. Relationship between-RC bond ellipticity and the number
of substituents (solid= phenyl; dotted= methyl).

the number of nondegenerate Hessian eigenvalues at the CP
andm is the sum of the eigenvalues signs. The results of the
CP analysis op for bonds to phosphorus are presented in Table
1. The ellipticity e measures the asymmetry between the two
principal curvaturesiy, 1,) of p perpendicular to the bond (

= 221 — 1). In a “perfect” single bond, such as theC
bond in ethanes = 0. Higher values oé can be found for the
C=C bond in ethanes(~ 0.4) or the P=C bond in PH=CH,23

(e = 0.480). The exact values found depend on the level of
the calculation. The use of in measuring double bond
character is well-establish&#:2° Nyulasziet al?3 reported the
length of the P=C bond to be 1.65 A and the density at its CP
to be 0.188 au with the 6-31G(d) basis set. If the@Pbonds

in the compounds studidterewere “classical” double bonds,
we would expect them to have similar values.

The P-C bonde values (Table 1 and Figure 3) suggest a
double bond character for PPWwhich is almost twice as large
as in PHPh, despite having almost identicatE bond lengths.
This is in contrast to the general behavior seen+#0honds?®
in which the bond length is very closely related to the ellipticity.
Even more noteworthy is that the two PPBN compounds have
highere values than PRhdespite having only one phenyl ring.
Comparing thee results for the PPBNs and PMRh reveals
that the orientation of the phosphorus LP relative to the aromatic
ring is the decisive factor in imparting the largevalue to the
P—C(phenyl) bond. The ellipticity of the PC(phenyl) bond
in the lower energy conformer of Pieh, where the ring is in
the symmetry plane (not shown in Table 1), is 0.132, ap-
proximately half the value reported in Table 1 where the ring
is perpendicular to the symmetry plane and the LP can delocalize
into the ring. Neither the PC bond length nor the density at

(25) Bader, R. F. W.; Slee, T. S.; Cremer, D.; Kraka,JEAm Chem
Soc 1983 105 5061.

(26) Cremer, D.; Kraka, E.; Slee, T. S.; Bader, R. F. W.; Lau, C. D. H.;
Nguyen-Dang, T. T.; MacDougall, P.J.Am Chem Soc 1983 105,
5069.

(27) Cremer, D.; Kraka, EJ. Am Chem Soc 1985 107, 3800.

(28) Cremer, D.; Kraka, EJ. Am Chem Soc 1985 107, 3811.

(29) Howard, S. T.; Krygowski, T. M. Submitted tb Phys Org. Chem
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Table 1. Critical Point Analysis for Bonds to Phosphorus in Arylphosphines?(au)

bond Pc V2pc € e (deg) %riNG (deg)

PH; P—H 0.1628 0.087 0.136

PPhH P—H 0.1633 0.097 0.152

PPhH P—H 0.1644 0.107 0.157

PMeH, P—H 0.1627 0.099 0.148

PMeH P—H 0.1625 0.109 0.152

PPhH P-C 0.1557 0.051 0.107 0.0 0.0

PPhH P-C 0.1563, 0.1553 0.071, 0.043 0.173, 0.143 29,88 46.4,22.3

PPh P-C 0.1557 0.051 0.191 7.6 47.0

PMeH, pP-C 0.1538 —0.020 0.146 0.0

PMeH P-C 0.1545 0.009 0.158 1.8

PMe; P-C 0.1550 0.032 0.162 0.0

3,3,1-PPBN P-C(Ph) 0.1536 0.078 0.211 0.0 90.0
P—C(Oct) 0.1570 —0.031 0.175 12.5

4,2,1-PPBN P-C(Ph) 0.1519 0.063 0.211 10.5 87.6
P—C(Oct) 0.1556, 0.1561 —0.036,—0.040 0.163, 0.158 14.9

PPhMe P—C(Ph) 0.1544 0.070 0.224 0.0 90.0
P—C(Me) 0.1555 0.013 0.173 2.6

a(Oct) refers to carbon atoms in the octane ring of PPBN.

the CP varies significantly with the number of phenyl rings on Table 2. Bond Path Anglefor Bonds to Phosphorus

the phosphorus. The density at the critical point is due almost bond ap — O (deg)
entirely to theo electron framework, since it invariably occurs PH; H—P—H 3.4
close to the nodal plane of theorbitals. An increase in the PPhH 3.1
character of the bond (as measuredsppeed not therefore be PMetH, 3.3
accompanied by a change in the CP density—CPbond PPhH C-P-H 19
o . - PPhH 23,16
ellipticities for the series PMgl;—, (n = 0—3) vary almost PMek o1
negligibly. PMeH 2.2
The scalar functiorv2p measures the local concentration of PPhH C-P-C 0.4
charge (a negative value of the function at some point implies ~ PM&H 13
a higher value of the density compared to the immediate ghp/lh g'g
surroundings, andvice versa for positive values ofV?p). 313’?_PPBN C(OctyP—C(Ph) —09
Covalent bonds imply a build-up of charge at the bond CP, and C(Oct-P—C(Oct) 45
therefore have “large” |¥%p| = 1) negative values of/?p, 4,2,1-PPBN C(OctyP—C(Ph) 0.8
whereas large positive values at the bond CP are characteristic C(Oct)-P—C(Oct) 4.6
of ionic bonds. The results in Table 1 for the-A bond series PPhMe C(Me)—~P—C(Ph) 0.7

shows a regular (but essentially negligible) change in the bond C(Me)-P-C(Me) 25
CP properties with increasing number of substituents, so the 2Given as differences between the limiting bond path angles and
character of this bond is not significantly affected by substitution the “geometrical” bond angle, as described in the text.
of hydrogen by phenyl or methyl. Neithgrnor V2p registers ) ) _ )
significant change in the PC bond on phenyl or methyl  slightly from the line between the nuclei. The one exception
substitution. is [3.3.1]-PPBN, whereo — a.) is negative for the C(Oct)

V2 values in the P-C bonds are all rather small in P—C(Ph) bonds. )
magpnitude, indicating a bond of “intermediate” (ionic/covalent) !N the n-pyridylphosphines, the EN—C (o, — a.) values,
character. In the-pyridylphosphine compounds, a bond CP NOt tabulated, arel4.1,—1.3.6, and-13.6 respectively TO’”
analysis (not tabulated) shows a near-negligible effect on the = 2—4, S0 the bonds to nitrogen are markedly “bent” into the
P—C bond character of the position of the nitrogen atom in the fing. Such large and negative values af, (- ag) in azines
ring. Onlye changes slightly, from 0.087 (2-PyPhHo 0.113 were first reported by Wiber§. This indicates the much weaker
and 0.116 (3- and 4-PyPhH Thus the double bond character nature of I__P—BP repulsion in phosphines as compared with
is most like that of PhPh € = 0.0106) when the heteroatom —azines/amines. _ o _ _
is furthest from the 1- position. Finally in this section, we use the critical point analysis to

The “bond path” is defined as the line of maximum charge 9N further insight into the shape of the charge dls_trlbutloq in
density between two nucléiand this generally will not coincide ~ the P~C bonds and, in particular, the degree of interaction
with the “geometrical bond path?a straight line drawn between ~ Petween the phosphorus LP and theystem in the aryl rings.
the nuclei. The difference between the geometrical bond angle(The next section deals with the definition of the phosphorus
0 at some nucleus and the limting anglgbetween tangents P direction). At the bond critical point, two eigenvectors, (
to the bond path at that nucleus may be used to quantify &train v2) Of the Hessian op point in directions perpendicular to the
or the degree of lone pair-bonded pair (:BP) repulsiors0:3. bond, and the 'Fhlrdv.é) points a[ong the bond.. Thg veptor Wlth
Values of fw — o) are given for the €P—C arylphosphine the Ieast n_egatlve elggnvalua, |nd|_cates the direction in which
bonds in Table 2. Nearly all the values are positive, so the n_densny in the bqnd is preferen_tlally concentrated. Hence the
bond path angles are consistently bigger than the geometric bondlinedral angle whiclv, makes with the phosphorus LP and/or
anglesi.e, the path of maximum charge density bows outward the aromatic ring is |nd'|cat|ve of the phosphorus LP/aromatic
ring interaction. We will denote these two anglesyp$ and

(30) Wiberg, K. B.; Hadad, C. M.; LePage, T. J.. Breneman, C. M. Frisch, XRING: respectively (see Figure 4), and these values are tabulated
M. J. J. Phys Chem 1992 96, 671.

(31) Howard, S. T.; Platts, J. A.; Alder, R. W. Org. Chem 1995 60, (32) Wiberg, K. B.; Nakaji, D.; Breneman, C. M. Am Chem Soc 1989
6085. 111 4178.
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in Table 1. In some cases the valuesypf or yrinG are 0.0

or 90.0 by symmetry. It is clear thgtring ande are almost
linearly related (see Figure 5). Furthermorg, and the
phosphorus LP make essentially the same dihedral angle with
the ring in all compounds (the biggest discrepancy beiny 15
in [4.2.1]-PPBN). It follows that the dihedral angle between
the phosphorus LP and the ring can be considered as th
controlling parameter for the-RC(phenyl) double bond char-
acter.

(i) The Phosphorus Lone Pair. The V2 function reveals
the electronic shell structure of atoms in moleculesd the
local maxima in—V?p, or (3,—3) CPs, effectively characterize
the centroids of LP and BP electrofs3> Moreover, the values
of p andV?p at these points associated with basic nitrogen and
phosphorus atoms often correlate with (for example) proton
affinity (PA),10.36 lithiation energy?” and the bond strength in
hydrogen-bonded complex&s.Hence this type of analysis may
show how the phosphorus LP responds to aryl and alkyl
substituents.

(33) Bader, R. F. W.; MacDougall, P. J.; Lau, C. D.HAm Chem Soc
1984 106, 1594.

(34) Bader, R. F. W.; MacDougall, P. J. Am Chem Soc 1985 107,
6788.

(35) Gillespie, R. J.; Hargittai, The VSEPR model of Molecular Geometry
Allyn and Bacon: Boston, MA, 1991.

(36) Tang, T.-H.; Hu, W.-J.; Yan, D.-Y.; Cui, Y.-PJ. Mol. Struct
(THEOHEM)199Q 207, 327.

(37) Howard, S. T. Unpublished calculations.
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Figure 6. Relationship between the lone pair density and the number
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Table 3. V2o Lone Pair Analyses for Phosphorus (au)

P VZp Ha, Mo, U3
PHs 0.1309  —0.319  —0.40,—0.40,—8.85
PPhH 0.1348  —0.341  —0.44,—0.46,—9.26
PPBH 0.1376  —0.357  —0.47,—0.50,—9.54
PPh 0.1401  —0.370  —0.51,-0.51,-9.75
PMeh, 0.1345  —0.339  —0.44,—0.46,—9.18
PMeH 0.1375  —0.357  —0.48,—0.49,—9.46
PMe; 0.1398  —0.371  —0.52,—0.52,—9.67
2-PyPH 0.1344  —0.337  —0.42,-0.44,—9.34
3-PyPH 0.1348  —0.341  —0.44,—0.46,—9.29
4-PyPH 0.1348  —0.341  —0.44,-0.45,-9.31
3,3,1-PPBN 0.1380 —0.358  —0.47,-0.52,—9.39
4,2,1-PPBN 0.1369 —0.352  —0.45,-0.50,—9.32
PPhMe 0.1390 —0.365  —0.50,—0.51,—9.60

The results of this analysis for all compounds are reported
in Table 3. There are significant and regular enhancements of

ePe and|V2p.| with respect to phenyl substitution in the series

PPhHs-, (n = 0—3) (see Figure 6 and 7). This is suggestive
of a cumulative ‘donation’ effect from successive phenyl groups,
and it mirrors the effect shown here (and previously in ref 10)
for alkylphosphines. Near-linear relationships are found for the
variation of p and V%o with respect to the number of phenyl
groups present (Figures 6 and 7). Since the PA/basicity of these
compounds is known to increase across this sepiesd V2p

at the LP CP should also correlate with these thermodynamic
guantities. The two PPBN compounds do not show exceptional
behavior with respect to these LP parameters: the valugs of
and VZp at the LP CP are similar to those of Pp. In the
n-pyridylphosphines, again there is little measurable effect at
the phosphorus LP from this type of analysis when the
heteroatom changes position.

Further insight is gained into the shape of the LP density
distribution from the Hessian eigenvalugs} of —V?p at the
(3,—3) CP10:33 The largest and most negative eigenvalize
corresponds to the curvature @p in a direction approximately
radially outward, on a line through the phosphorus nucleus and
the (3;-3) CP. The magnitude of this curvature therefore
effectively measures the radial extent of this concentration in
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Figure 7. Relationship betweeW?p at the lone pair and the number  Figure 8. Relationship between the charge on phosphorus and the
of substituents (solie= phenyl; dotted= methyl). number of substituents (soli¢ phenyl; dotted= methyl).

V2o. Theseu values are listed in Table 3. In their study of Table 4. Phosphorus Atom Energy, Charge, Dipole, and Principal
alkylphosphines, Howard and Platts found a small (but regular) Quadrupole Moments (au)

increase inuz across the series PMé;_, (n = 0—3), and similar quadrupoles
results are found here for the RPR-, (n = 0—3) series. Thus T
in both types of substituted phosphine, the LP becomes “sharper”

energy charge dipole aa bb cc

(i.e. thinner in radial extent) with increasing numbers of alkyl EF‘%H :ggg-ggg? 1'3‘7152-, ggg 15‘7‘ igg :g-g
or pheny! substituents. PPhH ~339.9949 1901 234 +19 +0.7 —2.6
Atoms-in-Molecules Analyses for Phosphorus.We now PPh —339.9762 1.876 2.31 4+3.2 +32 —6.3
turn to integrated properties to provide insight into the shape PMeH —339.9518 1.839 237 +1.7 +24 —-41
of the charge distribution around phosphorus. There are of PMeH —339.9428 1.850 2.40 +03 +3.1 -3.3
course a number of practical schemes for deriving atomic S’\S%P _gzg-giﬁ 1-22‘13 ggi Iig ig% _g-(li
charges and multipole momerifs The two most soundly-based 3'Py H e : ‘ ' sy
. ool -PyPH 340.0213 1.887 2.34 +1.8 +22 —4.1
would appear to be those due to Bader Cioslowski®® since 4-PyPH —340.0340 1.876 234 +1.6 +2.2 —38

both utilize a density-based physical constraint to define the [3.3.1]-PPBN —340.0057 1.833 2.33 +2.4 +3.9 —6.3
participating (as opposed to nonphysical partitioning of atomic [4.2.1]-PPBN —340.0141 1.792 2.36 +1.9 +3.3 -5.2
orbital products). Here we apply Bader’s scheme, which utilizes PM&Ph —339.9627 1.873 237 -01 +25 -24

nonoverlapping atomic surfaces with normal vectonglaced (the overlap). Comparing the charge, dipole, and principle

such that guadrupole moments of atoms gives more detailed information
Vi =0 (1) and is computationally simpler.
The energies and moments for the phosphorus atom in the
yielding “atoms” which individually obey the virial theoreff. various phosphines are reported in Table 4. In most compounds,
Atomic moments (populations, dipoles, quadrupoi¢geterd the phosphorus atom is stabilized with respect to the phosphorus

may be found from integration qf(r) over this volume with atom in phosphine (the exceptions being dimethylphosphine and
appropriate operators. The atomic eneEf§2) may also be trimethylphosphine). The phosphorus atom energy shows no
obtained by integration of the kinetic energy density opefator monotonic trend across the phenyl- or methylphosphine series.
over the same region, and application of the atomic virial Interestingly, the energies of the phosphorus atoms in the PPBNs
theorem. are lower than the corresponding energies in the phenyl or
We note that an alternative procedure to comparing the methyl series, but the most stable phosphorus atoms are found
phosphorus atom charge distribution in a series of phosphinesin the pyridylphosphines, irrespective of the position of the
would be to compute various types of overlap density, as nitrogen atom in the ring.
recently proposed by Cioslows¥. Although this could cer- On the basis of these atomic charges, neither phenyl nor
tainly provide useful information, its drawback is perhaps that methyl substituents strongly donate or withdraw charge to or
it measures similarity of atoms-in-molecules by a single number from phosphorus (Figure 8). This appears at odds with the
results of the LP analysis, but it is in fact consistent with the

(38) Wiberg, K. B.; Rablen, P. Rl. Comput Chem 1993 14, 1504. analysis reported by Howard and Platts previotfs(a ratio-
g’lgg gg’dsé?"";k"l:JWfiﬁg't‘ggﬁAE'Amm; %h%ﬁsr?ti}ng%:ihéﬁgéél;- nalization for how the phosphorus atom may even lower its
307. R ) ' electron population on substitution and yet show increased

(41) Bader, R. F. W.; Beddall, P. M. Chem Phys 1972 36, 3320. density in the LP is offered in this reference). If this slight
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Figure 9. Relationship between the dipole moment of phosphorus and Figure 10. Relationship between the principal quadrupole moment,
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dotted= methyl).
trend in the phenyl series could be considered significant, it
would identify the phenyl group as a weak charge acceptor (via to the dipole moment results. The PPBN compounds show
the v orbital system of the PPh fragments) when bonded to  significantly larger principal atomic quadrupole moments than
phosphorus. However, at the 6-311G(d,p) level the atomic Phenylphosphine or dimethylphenylphosphine.
charges of phosphorus in REnd PMg respectively are 1.884
and 1.885¢.f. 1.842 and 1.866 at the 6-31G(d,p) level, reporte
in Table 4). It therefore seems likely that this trend disappears The key characteristics of the electron distribution around
at the HF-limit. the phosphorus atom have been compared in a number of aryl-
The PPBNs are weakly electron-donating with respect to and alkylphosphines. Substitution of hydrogen by successive
phenylphosphine (see Figure 8) which also has only one phenylphenyl or methyl groups produces regular enhancements in lone
ring. From the values in Table 4, timepyridyl groups have a  pair properties, which would be expected to correlate with gas
similar (slight) electron-withdrawing power to phenylphosphine, phase proton affinities across this series. @hénitio optimized
with little dependence on the heteroatom position. structures obtained provide a useful basis for further study.
The dipole moment of the phosphorus atom is generally found We find no evidence in any of the one-electron properties
to point within a few degrees of the LP direction. (In £H  studied that the phosphorus atom electronic structure is much
PPh, and PMg it points exactly along this direction by perturbed by the presence of a nitrogen heteroatom in an
symmetry). This atomic dipole is invariably oriented so that aromatic ring, nor that the position of this heteroatom has any
the positive pole lies in the LP regione. this moment reflects  significant consequence for the phosphorus atom. Where
the overall (dipolar) polarization of charge into this region. As pyridylphosphines are superior to the analogous phenylphos-
an integrated quantity it is perhaps a better indicator of how phines as ligands in metal phosphine catalysts, the reason surely
much charge is contained the LP region as a whole, than thelies in the ability of the nitrogen heteroatoms to provide extra
(3,—3) V2p CP properties which are evaluated at just one point electron donation or basic centers, rather than any through-bond
(the LP centroid). Interestingly, like the latter {3) V%o CP electronic influence.
properties described in the previous section, the phosphorus The electron distribution analysis yields several key results.
dipole (Table 4 and Figure 9) indicates nothing exceptional about (i) P—C double bond character in arylphosphines (measured
the LP region in the PPBNs. The phenyl series shows a very via bond ellipticity) increases across the seriesPRh, (n =
slight weak decreasein phosphorus dipole moment with 0—3) arylphosphines, despite the fact that the bond length
increasing number of substituents while the methyl series showsremains essentially constant. This could be rationalized in terms
the opposite. However, the range of atomic dipoles across all of a larger number of “resonance” structures for PPhhese
compounds studies is so small (2-31.43 au) that we attach  results suggest that it is misleading to look only at theCP
little sigificance to these trends. bond length as a measure of thecharacter, as some previous
The eigenvectors of the phosphorus quadrupole tensor arestudies have dong. A previous study of phenylphosphite
one LP-directed vector with an associated (negative) eigenvalue,concluded that conjugative effects are of “minor importance”.
and two perpendicular vectors with approximately equal positive By considering a wider series of compounds we have revealed
values (they may be exactly equal by symmetry). The trends a more substantial conjugative effect, especially in [3.3.1]-PPBN
in the LP-associated eigenvalue with the number of substituentsand [4.2.1]-PPBN in comparison with simpler aryl- and alky-
are illustrated in Figure 10. Curiously, the trends for the phenyl- Iphosphines. Further studies are in progress on these ligands
and methylphosphine series closely mirror each other in contrastwhich include a determination of their basicity and an investiga-

d Conclusions
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tion of their catalytic properties in complexes with group 10 large P-C(phenyl) bond ellipticities found in the PPBN
transition metal4? compounds and in the analogous conformation of dimethylphe-

(i) Two of the three indicators for the lone pair (the lone nylphosphine. In other words, the octane ring in the PPBNs
pair critical point properties, and the axial atomic quadrupole imparts the high double PC(phenyl) double bond character
moment) show an increase of density in this region for the by forcing the molecule to adopt the conformation where the
PPBNSs, triphenylandtrimethylphosphine relative to RHThe phosphorus lone pair is normal to the ring. This conformation
third indicator, the phosphorus atomic dipole moment, actually is disfavored in phenylphosphine and dimethylphenylphosphine.
shows opposite trends for the methyl and phenyl series, althoughThis suggests a possible electronic basis for the high catalytic
the variation in the phosphorus dipole across all compounds isactivity of the PPBNSs.
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