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A range of13-phosphaalkynes=PC—R (R = F,

Cl, O, OLi, OH, OSiMg, S, SLi, SH, Me, SiMg, H)! has

been geometry-optimized at the HF, MP2, and CCSD(T) level of theory. Vibrational frequencies as #®ll as
and*C NMR chemical shifts were calculated and compared to experimental values of the large vaiigty of

phosphaalkynes prepared over several years via differing synthetic routes. With a few obvious exceptions, a good
agreement of calculated and experimental parameters was found. This also opens up the possibility to make

predictions on spectroscopic data of compounds not yet synthesized or fully characterized, e.g., RG&iMe
PCSH. The bonding situation especially of the negatively charged speeies ©~ and P=C—S~ was studied

via NBO analyses to determine the degree of phosphaalkyne and heterocumulene contributions to the mesomeric

anions.

Introduction

The first compound containing a triple bond between
phosphorus and carbon, phosphaethyrel=EP, was observed

by Gier in 1961 by passing phosphine through a rotating arc

struck between graphite electrodehis phosphaalkyne is

highly unstable and polymerizes readily even at temperatures

below —120°C. 20 years later, with the synthesis of the first
thermally stable compound with a=f triple bond, 2,2-
dimethylpropylidynephosphane, by BecKes, rapid develop-
ment in this as yet scarcely studied fieldA$fphosphaalkynes

began. The results of these investigations on derivatives typically

with bulky substituents are summarized in several reviews.
Present research is being focused on the chemistry o
heteroatom-substituteid-phosphaalkynes, specifically with the
preparation and properties dfl,N-substituted aminometh-
ylidynephosphanek.l! Whereas relatively unstable fluoro-,
chloro-, or (trimethylsilyl)ymethylidynephosphane have been
obtained via elimination of hydrogen halide or chlorotrimeth-
ylsilane by Nixon2 Denis!® Appel* and others, Becker et al.
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published the syntheses of the surprisingly stable anions
P=C—-O- and P=C—S  from lithium bis(trimethylsilyl)-
phosphanide and the esters of carbonic or thiocarbonic acid,
respectivelyt>-17 The preparation of a cationic, phosphonium
substitutedA3-phosphaalkyne has recently been achieved by
Gritzmacher8

Only a few chemical properties of th&-phosphaalkyne
(dme)Li—O—C=P have been studied in detail so far. In solid
bis(1,2-dimethoxyethan®, O)lithoxymethylidynephosphane
monomers, molecules with almost linear€—-0O—Li fragments
are present, with the lithium atom in this neutral complex
coordinated to two chelating 1,2-dimethoxyethane ligdhdsie

fthio derivative, however, has an ionic structure with triply

chelated [(dmelLi]* cations and isolated, linearsfC—S~
anions!® The two structures are shown in Figure 1. Compared
to the 3P NMR data of most of the othérf-phosphaalkynes,
with chemical shifts ranging betweer6 for the trimethylsily}*

and —207 ppm for the fluoro derivativ¥, the 3P nucleus in
lithoxymethylidynephosphane shows an extreme high-field
resonance at = —384.2 ppmt° It is still unresolved whether

(11) Becker, G.; Bbringer, M.; Gleiter, R.; Pfeifer, K.-H.; Grobe, J.; Le
Van, D.; Hegemann, MChem. Ber1994 127, 1041. Grobe, J.; Le
Van, D.; Hegemann, M.; Krebs, B.;"ba, M. Chem Ber1993 126,
63. Grobe, J.; Le Van, D.; lth, B.; Hegemann, MChem. Ber199Q
123 2317.

(1) Note that R in PCR (e.g. PCOH) stands for the entire substituent (OH) (12) (a) Eshtiagh-Hosseini, H.; Kroto, H. W.; Nixon, J. F.; Brownstein,

whereas X denotes only the atom directly bonded to carbon (O).

(2) Gier, T. E.J. Am. Chem. S0d.961, 83, 1769.

(3) Becker, G.; Gresser, G.; Uhl, V¥. Naturforsch.1981, 36B, 16.
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(5) Nixon, J. F.Chem. Re. 1988 88, 1327.
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Phosphorus Chemistryrhieme: Stuttgart, 1990.
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1912;Zh. Obshch. Khim1989 59, 2133.

S.; Morton, J. R.; Preston, K. B. Chem. Soc., Chem. Comm879
653. (b) Kroto, H. W.; Nixon, J. F.; Simmons, N. P. C. Mol.
Spectrosc198Q 82, 185.
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Angew. Chem199], 103 191.
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. Me, SiMe;, H) with linear PCR fragments using gradient techniques.
‘“\ < The less important geometric parameters in the peripheral methyl groups
of R = OSiMe; and SiMg were not refined and kept in locdls,
symmetry (the geometry optimization and frequency analysis of PCMe
required several months of CPU runtime on a 16-processor SGI/R10000
super computer). Stationary points were confirmed by frequency
analysis. Starting at the HF level, electron correlation was introduced
by second-order MgllerPlesset (MP2) perturbati$hand coupled
cluster (CCSD(T)) theor$ keeping the orbital space fully active. For
the compounds PCSiMeand PCOSiMgCCSD calculations were not

()

J

Figure 1. Comparison of X-ray structures for PCOLi(dmegnd

i +
PCS[Li(dme)]*. feasible due to the high computational demands. For PCOH, PCOLI,
Scheme 1 PCSH, and PCSLi the geometries were also optimized without
restriction to a linear PCR fragment at the MP2 level of theory starting
Ox-c=p «—> X=C= p@ X=0,S at a nonplanar geometry. The geometries were optimized using valence-
modified triple{ basis sets (AUG-CC-PVTZ) with the following
A B contractions: (6s,3p,1dy [5s,3p,1d] for hydrogen, (11s,6p,26)[7s,-

4p,2d] for carbon, (11s,6p,2dy [6s,4p,2d] for oxygen and fluorine,
the protonation of the®C—O~ anion leads to hydroxymeth-  (16s,10p,3d)— [9s,6p,3d] for silicon, and (16s,10p,3d) [7s,6p,3d]
ylidynephosphane with a different, but very simité chemical for phosphorus, sulfur, and chlorine. GIAO-S€Rnd GIAO-MP2
shift of —392.8 ppmt> PCOH could neither be isolated nor be NMR chemical shiftd! were calculated using the ACE®lIprogram
characterized by proton NMR spectroscépy. system together with the AUG-CC-PVTZ basis set with and without f
The striking stability of some heteroatom-substituted phos- functions for the second- and third-row elements, i.e., the following
phaalkynes such as PCOLi and PCSLi is mostly explained contractions were used: (6s,3p,2d)4s,3p,2d] for hydroAQeﬁ%(lls,-
through an electronic effect rather than steric hindrance of 5P:3d:2— [55,4p,3d,2f] for the second-row elemeftS;and (16s,-
- - 10p,3d,2f)— [6s,5p,3d,2f] for the third-row elementsFor lithium a
nucleophilic or electrophilic attack to phosphorus or carbon,

. ; L . modified Widmark-Malmqvist-Roos general contraction scheihe
respectively, as described for the analogous derivatives Wlth{(l4sy4p‘1d)_, [8s,4p,1d} was used in the geometry optimizations

bulky alkyl or aryl substituents. This effect would be more ang a standard 6-331+G(2D,2P) bas® was used in all NMR
important if in solution the compounds are mostly dissociated calculations. All NMR chemical shifts are listed in ppm downfield from
into solvated lithium cations and=FC—O~ or P=C—S™ anions. tetramethylsilanefC) or 85% phosphoric acicP) on thed scale.
Furthermore, these anions could be formulated as mesomerid-or converting absolute shieldings into NMR chemical shiftsvalues
species between heteroalkynes or pseudohdfdegA) and of 328.4% and 188.1 pprif are used for 85% phosphoric acittR)
heterocumulenes] as proposed by ger and Kdler?22 Along and tetramethylsilané3C), respectively. In Table 5 PCH was used as
with the study of the chemical behavior of such compounds, Standard at-32 ppm. _ _
theoretical calculations should be able to decide which of the _ Potential energy diagrams for the bending of the PCX angle in PCF,

structures are preferable when discussing these svstems PCCI, PCO, and PCS were calculated at the MP2 level of theory
P 9 Yy " using GAUSSIAN94 and the valence-modified trifildasis sets. The

On the basis of quantum chemical calculations, both anions PCX angle was varied between 120 and°&dile all other parameters

have been predicted to be stable gas-phase species by Pyykk@ere kept at the values obtained through the geometry optimizations
and Zhaé?® before being synthesized as stable solidgarlier with linear PCX fragments.

theoretical work on the bonding situation claim that for some  To study the bonding situation in more detail natural localized
neutral compounds PCGRe.g. R= H, CHs, NH,, F, Cl) the molecular orbitals (NLMOY based on natural bond orbitals (NED)
system is best described as a phosphaalkyne wits@ ®iple

24 i (26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
bond#* Only a weak sensitivity of thesPC bond length to the B. G Robb. M. A.. Cheeseman. J. R Keith. T.. Petersson. G. A

subs}ituent at the carbon atom.is foldidn a m.icroreview,. Montgomery, J. A.; Raghavachari, K. Al-Laham, M. A.: Zakrzewski,
Klapotke compared the PCSanion to several isoelectronic V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
species of C@and C$ and concluded that although the CS Nanayakkara, A.; Challacombe, M.; Peng, C.Y.; Ayala, P.Y.; Chen,

. . . . W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
bond is rather short, the anion is still best formulated as a Martin, R. L.. Fox. D. J.. Binkley, J. S.; Defrees, D. J.: Baker, J.

phosphaalkyne rather than as a cumuRne. Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaissian
In this paper we describe ab initio calculations on a series of 94, Revision D.3; Gaussian, Inc.: Pittsburgh, PA, 1995.
model compounds=C—R including analyses concerned with ~ (27) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholtB0,

. . . : - Version 3.1.
the bonding situation, NMR as well as vibrational spectra and, (28) mgller, C.; Plesset, M. Shys. Re. 1934 46, 618.

if available, comparisons with experimental data. (29) Bartlett, R. J.; Watts, J. D.; Kucharski, S. A.; NogaChem. Phys.
Lett. 199Q 165 513.
Computational Details (30) Ditchfield, R.Mol. Phys.1974 27, 789. Wolinski, K.; Hinton, J. F.;
Pulay, P.J. Am. Chem. Sod99Q 112 8251. Haer, M.; Ahlrichs,
Unless stated otherwise, all calculations were performed with the R.; Baron, H. P.; Weis, P.; Horn, Htheor. Chim. Actal992 83,
GAUSSIAN946 program series including the built-in NBOroutines. 455.

(31) Gauss, JChem. Phys. Lettl992 191, 614;1993 99, 3629.

(32) ACES Il program seriesRelease 1.0; Quantum Theory Project,
Department of Chemistry and Physics: Gainesville, FL, 1995.

(33) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

Geometry optimizations were performed on each of the model
compounds #C—R (R=F, Cl, O, OLi, OH, OSiMe, S, SLi, SH,

(19) Becker, G.; Kraft, H. Private communication. (34) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.Jl. Chem. Phys.

(20) Klapdke, T. M. Angew. Chem1994 106, 1651. 1992 96, 6769.

(21) Lappert, M. F.; Pyszora, HAdv. Inorg. Radiochem1966 9, 133. (35) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.
Thayer, J. S.; West, RAdv. Organomet. Cheml 967, 5, 169. (36) Widmark, P. O.; Malmaqvist, P. A.; Roos, B. @heor. Chim. Acta

(22) Jaer, L.; Kanler, H. Sulfur Rep.1992 12, 159. 199Q 77, 291;1991, 79, 419.

(23) PyykKg P.Phys. Ser199Q T33 52. Pyykkq P.; Zhao, Y Mol. Phys. (37) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.
199Q 70, 701. 198Q 72, 650. Frisch, M. J.; Pople, J. A.; Binkley, J. &. Chem.

(24) Nguyen, M. T.; Ruelle, PJ. Chem. Soc., Faraday Trans.1®84 Phys.1984 80, 3265. Clark, T.; Chandrasekhar, J.; v. R. Schleyer, P.
1225. J. Comput. Chenil983 4, 294.

(25) Jayasuriya, KJ. Mol. Struct. (THEOCHEMY1992 257, 405; Int. J. (38) Jameson, C. Nucl. Magn. Resorl991, 20, 48.

Quantum Chem1992 44, 327. (39) Jameson, A. K.; Jameson, C.Chem. Phys. Lettl987, 134, 461.
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Table 1. Experimental and Calculated Bond Lengths (pmi&Phosphaalkynés

P=C C—X

compound HF MP2 CCSD(T) exp. HF MP2 CCSD(T) exp.
P=C—-F 151.7 156.9 156.1 1541 125.4 128.2 128.4 1285
P=C-ClI 151.8 157.4 156.3 15584 165.2 165.8 166.7 1635
P=C-0O~ 162.3 163.4 163.9 155.5 116.5 1211 120.4 119.8
P=C-0O-Li® 157.5 161.1 160.7 ) 120.5 123.8 123.8 :
P=C—O—H' 152.5 157.1 156.7 - 128.6 131.4 1315 -
P=C—-0O-SiMey? 153.3 158.1 h - 126.3 128.8 h -
P=C-S 157.0 161.7 161.0 155.5 163.9 164.0 164.9 162.0
P=C-S-Lil 155.5 161.0 159.9 ’ 165.8 164.9 166.5 '
P=C—S—H« 152.4 157.2 156.7 - 170.2 171.2 171.6 -
P=C—M¢ 152.1 156.9 156.2 15474 146.5 146.6 147.3 1465
P=C-SiMesn 152.5 157.8 h - 187.5 186.3 h -
P=C—H 151.4 156.2 155.6 1542 106.0 106.8 106.7 1087

aThe P=C—R angle is 180. Experimental data are from X-ray structure analysis (X-ray), electron diffraction (ED), or microwave spectroscopy
(MW). ° See ref 12b (MW)¢ See ref 41 (MW) 4 P=C—-0, 178.5; see ref 15 (X-ray)¢ OLi, 184.5 (HF), 194.6 (MP2), and 189.1 pm (CCSD(T));
COLi, 79.6 (HF), 72.6 (MP2), 74%(CCSD(T)).f OH, 94.5 (HF), 96.2 (MP2), and 95.9 pm (CCSD(T)); COH, 111.6 (HF), 109.1 (MP2), and
109.2 (CCSD(T)).¢ 0Si, 170.6 (HF) and 174.1pm (MP2); COSi, 127.0 (HF) and I’18/8P2). " Not performed due to high computational demands.
P=C-S, 178.9; see ref 16 (X-ray)! SLi, 230.3 (HF), 239.2 (MP2), and 232.9 pm (CCSD(T)); CSLi, 60.7 (HF), 56.6 (MP2), and 88CSD(T)).
K'SH, 133.2 (HF), 133.3 (MP2), and 133.3 pm (CCSD(T)); CSH, 97.4 (HF), 95.2 (MP2), ant(@%$D(T)).' CH, 108.2 (HF), 108.7 (MP2), and
108.8 pm (CCSD(T)); CCH, 110.4 (HF), 110.6 (MP2), and 11QG&GCSD(T)).™ See ref 42 (MW)" SiC, 189.0 (HF) and 188.9 pm (MP2); CSiC,
108.0 (HF) and 1074(MP2).° See ref 43 (MW).

Table 2. Comparison of Bond Lengths (pm) and Angles (deg) as Well as Absolute Shieldings for Structures Optimized with and without (nl:
Nonlinear) Restriction to a Linear PCR Fragnfent

compound PC PCX CX  CXH/Li XHLi tors. o(P)HF o(P)MP2 o(C)HF  o(*C) MP2

P=C—O—Li 161.1 1800  123.8 726 1946 — 699.2 754.6 1.7 33.2
P=C-O-Li(nl) 161.9 167.0  123.2 70.9 197.3 0.0 698.2 746.5 -37 30.2
P=C—O—H 157.1  180.0 1314  109.1 %2 — 600.7 678.6 316 46.7
P=C-O-H(nl) 157.0 1765 131.2  109.6 96.1  180.0 601.4 679.8 32.2 47.0
P=C—S-Li 161.0 180.0  164.9 56.6 2392 - 405.6 510.9 —456 14.6
P=C-S-Li(nl) 161.3 170.7  164.8 57.9 234.8 0.0 406.8 5050  —53.1 13.3
P=C—S—H 157.2 1800  171.2 95.2 1333 - 2776 481.0 236 32.8
P=C-S—-H(l)  157.0 1757  170.9 95.5 133.0  180.0 276.0 481.2 24.1 32.9

a All values in ppm. NMR chemical shifts can be calculated according to the instructions given in Tal@p#mized torsion angle PCXH or
PCXLi for the nonlinear structures.
analyses were computed for all species with the structures optimized species PCOLI and PCSLi features a four membered PCXLi
at the coupled cluster level. The set of NBOs automatically found by ring with PCX angles of 165 and 170espectively*’ However,
the NBO program for alk*-phosphaalkynes include oweand twoz in solution we expect that the lithium cation is only weakly
bonds between phosphorus and carbon and a single bond from carbon., o dinated to the corresponding phosphaalkyne anion and the
to the group R. In a second step the systems were allowed to deIocaIize.PCX angle should be close to 180When comparing the
Results and Discussion influence of the lithium cation being coordinated to the

] i phosphaalkyne anion PC@r PCS it is obvious that PC and

A comparison between measured and theoretical structuralcx pond lengths are significantly more affected for=X0O

data is shown in Table 1. Except for the negatively charged {han they are for %= S. This can be explained by a particularly

species the coupled cluster values are in good agreement withyoo( interaction of the negatively charged oxygen atom in PCO
experimental results. For the species PGRCOLI and PCS/ yith the twoz(CP) bonds while in PCOLI, according to the
PCSLi the gas phase structures are not directly comparable withygap concept® the hard oxygen anion should interact well
the solid state results because of the additional solvent moleculesyith the similarly hard lithium cation. For the sulfur analogues
present when looking at the experl'mental data. In these casesyoth interactions should be expected to be much weaker and
the calculated PC and CO bond distances are well below thetnys, the effect on all bonding parameters will be smaller (see
measured values, suggesting that interaction with other ions org1s9 NBO analysis).

solvent molecules in the solid state will cause a widening of  \yhen the geometries of PCOH, PCOLi, PCSH, and PCSLi
the interatomic d|_stances. The influence of basis sets and theyyere refined without any restrictions, the structures stayed
applied computational method on bond lengths and angles hassgsentially planar with PCX angles converging to 176.5, 167.0,
been extensively studied for the parent compound HCP and for175 7 and 1707 (Table 2, Figure 2). Furthermore, the
some substituted phosphaalkyriés'® . difference in bond lengths between linear and bent structures
Veszpfeni et al. showed that if one would not constrain the  5re mostly less than 0.3 pm (less than 0.8 pm for PCOLI) with
PCX angle to 189 the structure of minimum energy for the  the exception of the more ionic interactions between lithium

and the two chalcogene atoms O and S which increase by 2.7

(40) Reed, A. E.; Weinhold, Rl. Chem. Phys1985 83, 1736. Reed, A.

E.. v. R. Schleyer, PJ. Am. Chem. Sod99Q 112 1434. (LiO) and decrease by 4.4 (LiS) to 197.3 and 234.8 pm,
(41) Firth, S.; Khalaf, S.; Kroto, H. Wl. Chem. Soc., Farady Trank992
88, 3393. (45) Thomson, C.; Ellam, Pfheo. Chim. Actd 982 62, 81.
(42) Kroto, H. W.; Nixon, J. F.; Simmons, N. P. Q. Mol. Spectrosc. (46) Schmidt, H. M.; Stoll, H.; Preuss, H.; Becker, G.; Mundt,JOMol.
1979 77, 270. Struct. (THEOCHEM)992 262 171.
(43) Tyler, J. K.J. Chem. Phys1964 40, 1170. (47) Veszpteni, T.; Pasinszki, T.; FeligM. Inorg. Chem1996 35, 2132.

(44) Nguyen, M. TZ. Naturforsch1984 39A 169 and references therein.  (48) Pearson, R. Gl. Am. Chem. S0d.963 85, 3533.
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Table 3. Vibrational Data ofA3-Phosphaalkynés

O0(PCX) v(CX) v(PC)

compound HF MP2 CCSD(T) exp. HF MP2 CCSD(T) exp. HF MP2 CCSD(T) exp.
P=C-F 453.4 361.8(8) 347.0 375 884.0 754.2(39) 768.2 780 1850.8 1665.1(313) 1669.6 1671
P=C-ClI 3455 227.4(9) 267.2 303 611.7 550.5(17) 550.4 574 1648.0 1427.9(117) 1458.8 1477
P=C-0O" 568.5 477.7(8) 4745 0o 8425 798.3(2) 7862 19549 1827.8(1077) 1803.7 ;. cn
P=C-0O-Li 545.1 446.7(8) 444.6 927.5 816.8(34) 824.6 1831.4 1767.4(713) 172(?]';
P=C-O—-H 479.9 378.0(4) 376.1 - 898.7 779.3(38) 786.7 — 1802.3 1674.9(287) 1651.0 -
P=C—0O-SiMe; 494.3" 429.9(29) g — 1008.9 857.9(339) g — 1792.1 1676.7(721) g -
P=C-S" 4037 338.6(14) 3349 ., 6294 586.4(22) 579.9 o4 14337 1374.3(626) 13411
P=C—-S—Li 381.3 318.0(14) 313.1 625.1 605.4(123) 579.2 1478.1 1370.6(399) 1353. g
P=C-S—H 351.6 277.0(11) 2803 — 589.3 537.4(2) 535.4 — 1594.8 1463.2(40) 1426.1 -
P=C—-Me 351.8 289.5(12) 280.0 316 790.3 727.9(0.3) 729.7 750 1714.8 1536.1(16) 1553.2 1543
P=C-SiMe; 361.0 304.5(17) g - 470.1 441.2(18) g 1615.5 1370.5(31) g 1572
P=C-H 824.3 660.1(74) 642.2 672 3525.0 3392.3(15) 3387.9 32&‘7 1458.5 1236.4(0) 1271.7 1278

a2 All bending ) and stretchingy) frequencies in cm; intensities at the MP2 level in km mdlare given in parenthesesSee ref 51¢ See
ref 52;v(PC)= 1460%% 9 Not assigned due to overlap with solvent barfd3ee refs 15 and 17Value of the more intense of two nondegenerate
deformations? Not performed due to high computational demaridzarlier published frequencies!(CS)= 747 andv(PC)= 17621617 i See ref
53; ¥»(PC) = 1559135 | See ref 13X 9(PCH) = 671, »(CH) = 3180,v(PC) = 12652 ' »(PC)= 12673

agreement with the experiment, without the values being
multiplied with an additional scaling factor. The remaining small
differences can be attributed to effects of anharmonicity, basis
set incompleteness, insufficient treatment of electron correlation,
and solvation. However, the PC stretching frequency for PCF,
PCCI, PCMe, and PCH is in very close agreement with the
experimental values. We may therefore predict if the solvated
PCOLi or PCSLi species measured by IR spectroscopy as Nujol
mulls were present in their dissociated ionic forms, PGDd
PCS, or not. The calculated CCSD(T) results show that the
experimental PC stretching frequency for PCOLI lies between
the two extreme cases, PC@nd PCOLi. Hence we predict
some interaction betweentand PCO. It would therefore be
interesting to study the influence of solvent effects to the PC
stretching frequency. For PCSLi a comparison with experimental
data is not possible because the PC stretching frequency at
Figure 2. Comparison of geometries for PCOH, PCOLi, PCSH, and around 1350 cm! overlaps with solvent bands. Furthermore,
PCSLi at CCSD(T) (a) and without any geometry restrictions at the according to our calculations neither the PC or CS stretching
MP2 level (b). nor the PCS deformation frequency seem to be very sensitive
to the lithium atom being coordinated or not, which makes a
respectively. Starting with the linear optimized geometry, decision between PCSLi and PC8ased on vibrational data
energies for a variety of PCX angles were calculated for PCO  jmpossible.
PCS, PCF, and PCCI to finally result in potential energy  The IR intensities at the MP2 level of theory are also listed
diagrams with minima at 180Curves were fitted via 6th-order  in Table 3. There is a good quantitative agreement with the
polynomial regression and the second energy derivatives with measured IR intensities of PCMgi.e., the dominating bands
respect to the deviation of the bending angles from linearity in the experimental spectruf(PC) 1543 vsp(CHs) 1440 s
were calculated to be 109, 85, 67, and 56 JThdeg 2 at 180. and 6(PCC) 316 cm? vs} are also calculated to be the most
This confirms that these species are linear in the gas phase asntense frequencidsl536.1(16), 1485.8(10) 289.5 cif12 km
expected, and only coordination leads to bent structures. Themol-1)} whereas the weak experimental band for the CC
potential curves also show that the ability to bend is PECI  stretching at 750 crmt matches the calculation of a correspond-
PCF> PCS > PCO. This trend correlates nicely with what  ing band at 727.9 cri(0.3 km mot?).
one would expect from the ability of the X ligand to donate NMR. The3!P and"3C absolute shieldings are listed in Table
electrons. As earlier work shows the potential energy surface 4 at the HF and MP2 level of theory. TH& and3C NMR
of FCP can have several energy minima depending on the chemical shifts can easily be calculated thereof (see footnotes
method applied?>°However, the species of absolutely lowest b andc in Table 4). Again, electron correlation is important,
energy is always the linear one. particularly for theo(3%P) values of compounds with small
In most cases electron correlation contributions to bond absolute shielding values (positive or small negative chemical
distances cannot be neglected and the MP2 approximation oftershifts) such as PCSiMeor PCSH, for which HF and MP2
performs well compared to the more computer time-demanding calculations differ by up to 200 ppm. An analogous observation
coupled cluster method. can be made for!3C absolute shieldings where electron
Frequency Analysis.The vibrational data are shown in Table correlation mostly effects species with highly negative values,
3. Again, the coupled cluster method yields results in very good e.g. the PCS anion for which results from HF and MP2

(49) Cheung Y.-S.; Li, W.-KJ. Mol. Struct. (THEOCHEM)L995 339, (51) Ohno, K.; Matsuura, H.; Murata, H.; Kroto, H. .. Mol. Spectrosc.
1983 100, 403.
(50) Nguyen M. T.; Ha, T.-KJ. Mol. Struct. (THEOCHEM}1986 139, (52) McNaughton, D.; Bruget, D. NI. Mol Spectrosc1993 161, 336.

145. (53) Ohno, K.; Matsuura, H.; Murata, H. Phys. Chem1984 88, 342.
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Table 4. 3P and'3C Absolute Shieldings of®-Phosphaalkynes without and with f Functions; Calculations Were Carried out for MP2
Optimized Geometries at HF and MP2 Levels of Théory

31P absolute shieldings 13C absolute shieldings

compound HFnof MP2nof HFincl.f MP2incl.f eXp. HFnof MP2nof HFincl.f MP2incl.f exp.
P=C-F 675.8 715.5 678.6 703.1 585 42.9 58.9 42.3 58.7 -
P=C-ClI 436.3 507.6 432.8 485.5 494 30.5 70.8 29.0 69.8 6187
P=C-0O~ 772.9 806.6 775.6 793.4 712.6' —-12.2 29.6 —14.2 28.2 21 5
P=C—-O-—Li 699.2 754.6 701.3 741.5 ’ 1.7 33.2 -0.3 31.9 :
P=C—-0O—H 600.7 678.6 601.7 663.7 721.2 31.6 46.7 30.6 46.2 170
P=C—-0-SiMe; 632.0 682.3 g g - 24.5 49.5 g g —
P=C-S 475.5 541.5 470.9 520.8 449 —67.5 15.6 —70.6 14.1 o1
P=C—-S—Li 405.6 510.9 400.0 487.6 ) —45.6 14.6 —48.8 12.8 :
P=C—-S—H 277.6 481.0 269.9 458.5 - 23.6 32.8 22.2 31.4 -
P=C—-Me 364.1 472.6 353.6 450.5 388.4 —0.9 22.2 —-2.6 19.9 17.8
P=C—-SiMe; 165.7 352.3 g g 232i —37.6 —-16.3 g g —13.2
P=C—H 351.9 420.0 349.4 403.4 3606.4 13.7 50.2 12.2 47.7 301

2 All values in ppm. The total shielding consists of the diamagnetic and paramagnetic contribuiiBrabsolute shieldings were calculated by
addingAo = 328.4 to—4.38 ©13C absolute shieldings were calculated by addiag= 188.1 to—0.3° 9 See ref 12a¢ See ref 13f See ref 15.Not
performed due to high computational demaritSee ref 16! See ref 551 See ref 14k See refs 7, 55, and 56.

EHF (nof) BOMP2(nof) NHF (incl. f) BEMP2 (incl. f)

N/

-100+

-150+

PCF PCCI PCH PCMe PCSiMe; PCO™ PCOLi PCOH PCS™ PCSLi

b /
) 407/ EHF (no f) COMP2 (nof) NHF (incl. f) BAMP2 (incl. f)

Ad/ppm
20

PCCl1 PCH PCMe PCSiMe; PCO~ PCOLi PCOH PCS™ PCSLi

Figure 3. Differences between calculated and experimefita(a) and3C (b) absolute shieldings. Values for PCSiMecluding f functions were
not calculated.

calculations differ by more than 80 ppm. This is due to the at an even higher level of theory would be expected to partly
presence of a large and negative paramagnetic term at the HFcompensate the effects brought in through simple electron
level, on which the contribution from electron correlation is correlation at MP2 as this can also be seen for the geometry
mostly dependent, for the most deshielded atoms suéhPas optimizations at the CCSD(T) level (see Table 1).

PCSiMeg or 13C in PCS'. Also shown in Table 4 are results For calculating chemical shifts a suitable reference system
with and without f functions for the second- and third-row is required. Although 85% ¥PCO, is usually used as a reference
elements. For the absolute shielding tensors f functions are alsdfor 3P NMR chemical shift, from a theoretical point of view
important, particularly at the MP2 level of theory, as one would this is not a suitable system because of important interactions
expect, but they are not as relevant as electron correlation. Thewith other PO, molecules and kD. We therefore decided to
differences between the theoretical and experimetigaland use PCH as a standard, where an accurate experim@rtal
13C absolute shielding values are compared in Figure 3a andNMR chemical shift is available. Hence, tA# chemical shift

3b, respectively. As one can see from these figures, the values for PCH are set to the experimental value-82 ppm
experimental shieldings arevith a few exceptions discussed (Table 5). On one hand, this means that all calculations will
later—between the HF and the MP2 values. Further calculations also include the PCH characteristics. On the other hand, at least
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Table 5. 3P NMR Chemical Shifts of3-Phosphaalkynés
31P NMR chemical shifts

compound HFnof MP2nof HFincl.f MP2incl. f exp.
P=C-F -356.0 —327.5 -—-361.2 —331.7 -—20F
P=C-CI —116.4 -—119.6 —1154 -114.0 -11¢
P=C-0O~ —453.0 —418.6 —458.2 —421.9 _384.2
P=C—-O-—Li —379.4 —-366.6 —383.9 —370.0 :
P=C—-O—-H —280.8 —290.6 —2844 —292.2 —392.&
P=C-0O-SiMe; —312.1 —294.3 f f -
P=C-S- —155.6 —153.5 —1535 —149.4 _121.30
P=C—S—Li —-858 —1229 -827 —116.2 :
P=C—-S—H 42.3 —93.0 47.4 —87.0 -
P=C—Me —442 —84.6 —36.2 —=79.1 —60.0"
P=C-SiMe; 154.2 35.7 f f 96
P=C—H -32.0 -320 -32.0 -32.0 -32.0

a All values in ppm were calculated from the absolute shieldings of

Table 4 with PCH as an internal standard for every basis set and method

set to —32.0 ppm.L. See ref 12a¢See ref 13¢See ref 15fNot
performed due to high computational demartdiSee ref 16" See ref
55.1 See ref 141 See ref 7, 55, and 56.

for the 3P chemical shifts, most of the differences between

calculated and experimental values that are due to an incomplete

Hubler and Schwerdtfeger

0

description of the PC triple bond by the chosen basis sets andrigure 4. Contour plot of the natural localized molecular orbital

the methods applied are likely to be eliminated that way.
Except for a few compounds which we will discuss in detail,

(NLMO) for the delocalization of an oxygen lone pair in the anion
PCO™ generated with the program MOLDER Full lines designate

the deviations are what one expects for the theoretical methodpos't"’e and dotted lines negative values of the orbital changing in steps

applied. However, the error in ti#éP chemical shift of PCF is
too large to be attributed to basis set effects or the electron
correlation procedure applied. For PCF the HF and M2
chemical shifts are not too different, suggesting that the MP2
method converges well and therefore a coupled cluster treatmen
would not lead to significantly different results. IGLO calcula-
tions of phosphorus chemical shifts by Kutzelnigg et al. have
already resulted ind values of —43 and —344 ppm for
HP=CF, and PCF, respectivef/. Although there is no doubt
about the existence of PCF, since this compound is sufficiently
characterized by other spectroscopic metHddsin agreement
with the author of the experimental work we can see a certain
likelihood of the3P chemical shift being assigned wrongfy,

most likely due to a peak fold back, and suggest the experiment

be repeated. This would also explain the assignment of the
correct PF coupling constant in agreement with tffe NMR
spectrum. To confirm the theoretical results we have calculated
the 3'P NMR chemical shift of HR-CF, and HP—CFs, two
compounds also present in the origif#® NMR spectrum of
PCEF. At the MP2 level of theory (no f functions) chemical shifts
of —78 and—114 ppm are in very good agreement with the
experimental values of 62 and—122 ppm, respectively, and
indicate the high reliability of the calculaté&P shift for PCF

at about—350 ppm.

For PCOLi and PCSLi the measur@@ chemical shift values
are between the two extreme cases of the completely dissociate
species PCX and PCXLi (X= O, S) (Table 5). This again
suggests some interaction of the Li atom with oxygen in PCO
or sulfur in PCS in the solvent. If one compares the
experimental value with the absolute shieldings (Table 4, Figure

(54) Ohno, K.; Yamamoto, Y.; Matsuura, H.; Murata, Ehem. Lett1984
413. Ohno, K.; Matsuura, H.; McNaughton, D.; Kroto, H. W.Mol.
Spectrosc1987 124, 82.

(55) Pellerin, B.; Denis, J.-M.; Perrocheau, J.; Carrie] &rahedron Lett
1986 27, 5723.

(56) Anderson, S. P.; Goldwhite, H.; Ko, D.; Letsou, A.; Esparzal.F.
Chem. Soc., Chem. Commui@75 744.

(57) Kutzelnigg, W.; Fleischer, U.; Schindler M. In Diehl, P., Fluck, E.,
Gunther, H., Kosfeld, R., Seelig, J., EddMR: Basic Principles and
Progress;Springer: Heidelberg, 1990; Vol. 23, pp 165ff.

(58) Nixon, J. F. Private communication; see also ref 12a.

0.02.

3a) it is likely that in solution PCOLi is the preferred species,
whereas PCSand PCSLi seem to be similarly favored.

t The 3P chemical shift of PCOH is (beside that of PCF) the
other value in disagreement with the experimentally obtained
data. This compound has been tentatively assigned an experi-
mental 5(3'P) value 0of—392.8 ppmt> which is only 8.6 ppm
different from the chemical shift recorded for PCOLI. Since
PCOH is not well characteriz&tand, as shown in this paper,
coordination of lithium to the PCOanion changes the chemical
shift by about 50 ppm, we propose that due to influence of the
solvent the lithium compound PCOLi and not PCOH has
actually been detected at392.8 ppm and suggest further
experimental work? PCOH itself or the probably more stable
silylated derivative PCOSiMeshould be expected to hav#®
absolute shieldings (between the values calculated at HF and
MP?2 level of theory) of approximately 630 and 660 ppm (Table
4) converting to chemical shifts of300 and—330 ppm,
respectively. The only other compound shown in Table 5 for
which there are no published NMR shifts available, PCSH, is
predicted to have a(3!P) value of about-30 ppm.

As for the geometrical parameters discussed earlier, the
differences between the NMR chemical shifts calculated for the
fully optimized structures and the species optimized with
Jestriction to a linear PCX fragment are only minor (Table 2).
For PCOH and PCSH the values yielded by the different
methods are almost identical, and the differencesy{éiP) at
the MP2 level of theory are only 8.1 and 5.9 ppm for PCOLI
and PCSLI, respectively. Even smaller deviations can be found
with 2.9 and 1.3 ppm for the analogon®(13C) values. Since
the phosphorus and carbon chemical shifts discussed in this
paper are spread over a total area of more than 500 and 100
ppm, respectively, these differences can be viewed as minor.

NBO Analysis. The NBO analysis is summarized in Table
6. The NBO charges basically reflect the Pauling electronega-
tivities of the elements (H, 2.20; C, 2.55; N, 3.04; O, 3.44; P,
2.19; S, 2.58%° However, the cumulene-type structiBedoes

(59) Allred, A. L. J. Inorg. Nucl. Chem1961, 17, 215.
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Table 6. Results of the NBO Analyses fde-phosphaalkyness2C—R Based on SCF Densities at CCSD(T) Geometries

compound q(Py g(C)y q(X)2 s pop. at P BO(PC¥ BO(CX)° % at P! % at C %datC
P=C-F 0.37 —0.02 —-0.34 5.699 2.57 0.60 1.59 1.64 4.39
P=C-ClI 0.56 —0.67 0.11 5.658 2.32 1.02 2.33 1.92 4.84
P=C-0O~ —0.51 0.29 —0.78 5.720 1.83 1.03 4.64 9.83 1.00
P=C-0O-Li —0.04 —0.05 —0.86 5.704 2.28 0.91 5.23/4.65 5.39/7.39 2.94/1.83
P=C—-0O—H 0.33 —0.12 —-0.72 5.684 2.43 0.72 2.53 3.11 2.81
P=C-0-SiMes® 0.25 —0.07 —0.89 5.682 2.48 0.72 2.73 3.33 2.42
P=C-S —0.04 —0.62 —-0.34 5.649 2.28 1.12 5.95 7.02 1.61
P=C-S—Li 0.26 —0.89 —0.32 5.660 2.28 1.05 6.16/6.11 5.21/6.38 4.33/2.64
P=C—-S—H 0.56 —0.81 0.15 5.652 2.31 0.97 3.44 3.38 2.46
P=C—Me 0.51 —0.52 —0.62 5.646 2.47 1.03 f f f
P=C-SiMes® 0.57 —-1.07 1.75 5.457 2.42 0.52 f f f
P=C—H 0.53 —0.73 0.20 5.668 2.48 0.78 - - -

aChargegy. ® Population of s orbital at phosphorifsdAtom—atom net linear bond order$Percentage from parent NBO after delocalization of
the lone pairs with mostly p character of group R based on the NLMO/NPA analyses and participation of d orbitals at the central cafbon atom.
€ CCSD(T) calculations were not performed due to high computational effort; MP2 geometries were used ibstkadlization of CH and SiC
bonds can be neglected.

s-electron population

572 4 T B e
O calculated MP2 (no f) @ experimental
570 e By VL e O —
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SUB8 L e B e
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Figure 5. Correlation of s electron population (Table 6) at P atom with experimental and calcélat&tMR chemical shifts (Table 5).

play an important role when discussing the bonding situation nicely the formation of ar(CO) bond due to the interaction
of the anionicl3-phosphaalkynes PCGand PCS. Even though with a 7*(CP) NBO.
the oxygen is more electronegative than sulfur, the phosphorus Unfortunately, no simple correlation can be found between
NPA charge is significantly more negative in PCQ-0.51) PC bond orders and PC stretching frequencies. This is certainly
compared to PCS(—0.04) indicating largerr donation by the due to the effect, that the energy of the PC stretching mode not
oxygen atom and thus a shift from resonance struciute B. only depends on the covalent bond order but also on the ionic
Indeed, in PCXLi and PCXH (X= O, S) this effect is contribution as well as on the masses of the involved fragments.
diminished as the charges show. This is also evident in the PCThe extend of coupling betweer(PC) andv(CX) which in
bond order (BO) of PCO which is significantly lower than some cases should rather be describee asdv,sof the PCX
the one in PCOLi or PCOH. This bond order effect is less moiety must also be taken into account.
significant in PCS. As expected, the decrease in the PC bond  Figure 5 shows the experimental and the calculatl
order is accompanied by an increase in the CX bond order. chemical shifts at the MP2 level plotted against the s population
The same effect can also be seen when NLMOs are formedat phosphorus (Table 6). As expected there is a good correlation.
from NBOs (Table 6). Here, the lone pairs at oxygen in PCO  Again, it is obvious that the experlmenté(_31_P) values of
delocalize into hybrids on carbon more extensively (9.82) than PCOH, and even more so for PCF, do not fit into that scheme.
the lone pairs of sulfur in PCS(7.02%), while this effect is Furthermore, the chemical shift of_ PCH cannot be explained
significantly smaller for PCOLi (5.39/7.39%) and PCSLi (5.21/ DY looking at the s electron density at the phosphorus atom
6.38%) and smaller again for the corresponding hydrogen alone. An explanation of this puzzling effect has not yet been
compounds (3.11 and 3.38%). With less than 5% participation found.
in the hybrids involved at carbon, d orbitals do not play an
important role in this delocalization process. Figure 4 shows
an electron isodensity contour map for the delocalization of one The NMR chemical shifts and vibrational frequencies cal-
of the lone pairs on oxygen for the PC@nion. It illustrates culated for our series df-phosphaalkynessC—R are in good
agreement with experimentally obtained data. Notably the
(60) Schaftenaar, G2rogram MOLDEN 3.2CAOS/CAMM Center: The ~ CCSD(T) values for the PC stretching frequency match within
Netherlands, 1996. a few wavenumbers the parameters gained through spectroscopic

Conclusions
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methods, without the values being multiplied with an additional most species are best described®phosphaalkynes. However,
scaling factor. There is also a good quantitative agreement withthe cumulene-type structur@ does play an important role
the measured IR intensities at MP2 level. The calculated CCSD- especially when discussing the bonding situation of the anionic
(T) results show that the experimental PC stretching frequency PCS- and even more so for PCOThe phosphorus NPA charge

for PCOLI lies between the two extreme cases, PGid is significantly more negative in PCOcompared to PCS
PCOLI. A similar observation can be seen for #@ chemical indicating |arger_7-[ donation by the oxygen atom and thus a

shifts of PCOLi and PCSLI, for which the measured values are ghift from resonance structure to B.

between the two extreme cases of the completely dissociated
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