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The calculation of the spin-spin coupling constants 1J(31P,=13C) of A3-1-phosphaalkynes P=C-R
(R = H, Me, 'Bu, Ph, SiMez and NMey) using density functional theory (DFT) have revealed a pos-
itive sign of this coupling constant in agreement with the experiment for P=C-Bu. The calculations
have shown that the Fermi contact (FC) contribution to this coupling is negative [in contrast to FC
for LJ(**N,=13C) in the corresponding nitriles], and that the positive sign of 1J(31P,=13C) is the re-
sult of significant contributions arising from spin-dipole (SD) and paramagnetic spin-orbital (PSO)
terms. Coupling constants were also calculated for some representative A2-phosphorus compounds
containing two- and three-coordinate phosphorus, indicating the strong dependence of the FC term

on the geometry at the phosphorus atom.
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Introduction

The convenient synthesis of tert-butylphospha-
alkyne P=C-'Bu [1] and of kinetically unstabilized
phosphaalkynes [2] has opened an amazingly fruitful
field of phosphorus chemistry [3, 4]. Although numer-
ous NMR parameters of phosphaalkynes have been re-
ported [1, 2, 5], the interpretation of the data, especially
of the coupling constants 1J(31P,=13C), is not straight-
forward. The comparison of chemical shifts of phos-
phaalkynes (813C, §%'P) and alkynes (613C) reveals
similar trends [4b, 6], and there is a crudely linear cor-
relation between §31P of phosphaalkynes and §1°N of
analogous nitriles [7]. It appears that there is also a
correlation between coupling constants 1J(1P,=13C)
and 1J(**N,=13C) for these compounds [7]. A posi-
tive sign of 1J('P,=13C) in P=C-'Bu has been de-
termined experimentally [8]. This is an intriguing re-
sult, since the experimental evidence available for al-
most all other organophosphorus compounds shows
that LJ(31P, 13C) possesses a negative sign if a lone pair
of electrons is present at the phosphorus atom [9, 10].
In the present work, we report on non-empirical calcu-
lations of 1J(®'P,=13C) of phosphaalkynes in compar-
ison with calculated data 1 J(**N,=13C) of correspond-
ing nitriles.

The theory of electron-mediated (indirect) nuclear
spin-spin coupling (J-coupling) [11] shows that three

mechanisms have to be considered: the Fermi contact
term (FC), the spin-dipole term (SD) and the spin-
orbital term (SO). The latter is the sum of diamag-
netic (DSO) and paramagnetic (PSO) contributions, of
which the DSO contribution is very small and can be
neglected for the present purpose. Dealing with sin-
gle bonds, the contribution of the FC term is gener-
ally assumed to dominate, with the exception of cou-
plings in which °F is involved [12]. In the case of
multiple bonding, it is expected that the importance
of both the SD and SO terms increases [10,11, 13].
Multiple bonding involving heavy elements, includ-
ing phosphorus, has been in the centre of interest for
the last three decades. Since there is no way to de-
termine the relative contributions to J-coupling by ex-
periments, all discussions have to be based on calcu-
lations. The improving performance of MO calcula-
tions, in particular those using DFT methods, raises the
hope that J-couplings can be calculated to yield mag-
nitude and sign in close agreement with experimen-
tal data [14, 15]. This has been shown for 1J(11B,1H),
1J*1B,11B) and 1J(*3C,1!B) of polyhedral boron hy-
drides and carboranes [16] and for 1J(*3C,'3C) of nu-
merous cyclic compounds [17,18], to name just a
few successful applications. For J-coupling involv-
ing 31P the accuracy of the calculated data will cer-
tainly be lower than for lighter nuclei. Nevertheless
the calculations can provide information on trends, in
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Table 1. Calculated and experimental 31P NMR parametersl@ of phosphaalkynes and 14N NMR parameters®! of nitriles(l.

8%tp/ 8%p/ LyEp =3¢y LEtp =8¢y Slp=13cy 8lp=13¢cy 8lp=13¢cy

SN SN 13(14N,513C) 1J(14N,513C) 14N513C 14N513C 14N513C

(exp.) (calc.) (exp.) (calc.) FC (calc.) SD (calc.) PSO (calc.)
H-C=P —320 —15.0 ()54.0 +64.0 —210 +63.0 +22.0
H-C=N —120.0 -101.7 +13.2 +16.3 +115 +4.4 +0.4
Me-C=Plel —60.0 —38.0 (+)49.0 +54.1 —26.8 +59.7 +21.1
Me-C=N —136.0 —122.3 +12.5 +14.6 +10.1 +4.2 +0.3
tBu-C=Pplfl —69.0 —41.3 +38.5 +41.1 —35.2 +58.1 +18.0
tBu-C=N —139.0 —1275 +10.7 +12.5 +8.3 +4.1 +0.1
Ph-C=P -320 +8.6 (+)48.3 +51.4 —246 +58.1 +17.8
Ph-C=N —1215 —97.9 - +14.1 +9.88 +4.2 +0.1
Me3Si-C=P +96.0 +140.8 (+)13.9 +20.0 —36.8 +55.9 +0.8
Me3Si-C=N -77.7 —675 +8.3 +10.3 +7.4 +4.0 -1.0
Me;N-C=Pll 1376 —108.4 (+)18.2 +8.1 —67.5 +50.1 +25.4
Me;N-C=N —176.3M —162.6 - +13.2 +8.4 +3.9 +0.8

[ Calculated o(3P) data are converted to 83!P data by §3LP = ¢(31P) [PH3]—o(3!P) — 266.1, with o(31P) [PH3] = +563.2, 63LP[PH3]=
—266.1 and &3P [H3PO4 (aq, 85%)] = 0 [24]; [ calculated o(N) data are converted to SN data by SN= o (N)[NH;] — o(N) —399.3, with
o(N) [NH3] = 259.4, 8N [NH3]= —399.3 and 8N [neat MeNO,]= 0 [25]; [] experimental data: see [7] and references cited therein, if not
stated otherwise; [ 2J(31P,1H) (exp.) = 44.0 [2]; (calc.) + 47.8 Hz (FC: +18.6; SD: +4.4; PSO: +25.8); 1 23(31p,13C) (exp.) = 20.0 [2]; (calc.)
—21.1 Hz (FC: —18.5; SD: +0.7; PSO: —3.2); 3J(1P,1H) (exp.) = 15.0 [2]; (calc.) +8.8 Hz; [ 23(31P13C) (exp.) = 18.2 [1]; (calc.) —19.4 Hz
(FC: —17.3; SD: +0.9; PSO: —2.9); there is a misprint in ref. [8]: the experimental sign of2J(®'P,23C) is negative; 3J(3'P,3C) (exp.) = 6.0
[1]; (calc.) +3.1 Hz; “I(IPLH) (exp.) = +0.9 [8]; (calc.) +0.5 Hz; [9) experimental data for MesSi( Pr)N-C=P [5a, d]; calculated data depend
on substituents at nitrogen: e.g. Me(H)N-C=P: §°'P —105.7; 1J(3'P,=13C) +17.3 Hz (FC: —61.7; SD: +51.5; PSO: +27.3); and H,N-C=P:
§%1p —120.9; LJ(3Lp,=13C) +26.8 Hz (FC: —58.1; SD: +54.3; PSO: +31.2); " M. Witanowski, W. Sicinska, Z. Biedrzycka, G. A. Webb, J.
Mol. Struct. 380, 133 (1996).

Table 2. Calculated@ and experimental 3:P NMR parameters of two- and three-coordinate A3-phosphorus and corresponding
nitrogen compounds®!.

§31p/ §31p/ 13(31P,13C)/ 1\](31P,13C)/ 31pl3cy 31pl3cy 31pl3cy
SN SN lJ(14N,13C) 1J(14N,13C) l4Nl3C l4Nl3C l4Nl3C
(exp.) (calc.) (exp.) (calc.) FC (calc.) SD (calc.) PSO (calc.)
Me3zP —63.3 —60.0 —136 —375 —493 +6.2 —28
Me;N —363.1 —360.3 (+)2.1 +2.1 +2.0 +0.4 —-0.3
PH3 —266.1 —266.1 +186.4 (P—H) +136.5 +131.6 -1.0 +5.8
NH3 (gas phase) —399.3 —399.3 +43.6 (N—H) +42.1 +39.8 +0.2 +2.0
Phosphabenzeneld! +211.0 +243.2 (-)53.0 —84.6 —49.3 +6.2 —41.7
Pyridine —63.2 —39.1 —05 -08 +3.0 +0.4 —4.2
1-Me-1-phospholel  —8.7 —32.3 (-)7.0 (P-C=) —15.2 -03 +1.7 —14.2
1-Me-pyrrole —230.1 —224.8 +9.3 (N-C=) +10.0 +12.6 +0.2 —25
1,3-Me;-1,2,5- +231.0 (P-5) 268.5 —34.8 —59.0 —25.1 +6.5 —40.7
diazaphospholelf —146.7 (N-1)  —118.7 —55.7(P-N(1)) —69.8 —54.7 +2.0 —17.2
—13.7 (N-2) +19.6 —63(P-N-N(2)) -75 —22 +4.2 -95
P4 (gas phase) —553.1 —569.9 - —192.8 (P-P) —167.3 -59 —19.9

ee footnotes [a] an in Table 1; ' experimental data taken from S. Berger, S. Braun, H.-O.Kalinowski, pectroscopy of the Non-
[ See f d [b] in Table 1; ! [ | data taken from S. B S. Braun, H.-O.Kalinowski, NMR S fthe N
Metallic Elements, Wiley, Chichester, 1997 if not noted otherwise;®! data taken for quinuclidine; [ other coupling constants in Hz: exp. [26]
(calc.) 23(P,13C) = 14.0 (—13.3), 3J(IP,13C) = 22.0 (+20.5), 2I(3LP,IH) = 38.0 (+42.0); 3J(3LP,1H) = 8.0 (+5.0); *J(IP,IH) = 3.5 (—2.3);
el the calculated coupling constant 1 J(31P,13C=) is extremely sensitive to the geometry at the phosphorus atom; a planar phosphole structure
gives the following calculated data:1J(31P,13C=) +102.3 Hz (FC: +122.6; SD: +1.6; PSO: —22.3); [l coupling constants and signs [27].

particular with respect to contributions arising from  ble 2 contains calculated data for some other rep-
the different coupling mechanisms. The results for resentative two- and three-coordinate A phosphorus
phosphaalkynes and nitriles are listed in Table 1. Ta- compounds.
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The correlation between calculated shielding o (3'P)
([19] GIAO-RB3LYP/6-311+G(d,p)) and experimen-
tal chemical shifts 831P is close to linear with a slope
of about —1 and an intercept of about 280 ppm (data
for compounds in Tables 1 and 2 and others, not in-
cluded in this work). This indicates that the optimised
gas phase geometries (RB3LYP/6-311+G(d,p) [20])
are approximately correct and agree with the molecular
structures in solution. The calculated magnitudes of the
coupling constants 1J(31P,=13C) and LJ(**N,=13C) are
in reasonable agreement with the experimental data,
and the experimentally determined coupling signs are
reproduced quite well (Table 1). It is important to note
that the FC contribution to 1J(3'P,=13C) is negative
as in most other organophosphorus compounds bear-
ing a lone pair of electrons at the phosphorus atom.
The positive sign of 1J(31P,=13C) results mainly from
significant positive SD contributions. The PSO con-
tribution is smaller in each case and also positive, at
least for H-C=P, Me-C=P and 'Bu-C=P, whereas the
PSO contribution for Me3Si-C=P becomes close to
zero. The same trend of the SD and PSO contribu-
tions can be seen by inspecting the data for the ni-
triles. The magnitude of these contributions is much
reduced when compared with the phosphaalkynes be-
cause of the smaller magnetic moment of the “N
nucleus [y(3'P)/y(**N) = 5.61], and because of the
differences in the electronic structures of nitriles and
phosphaalkynes [21]. The latter influence becomes ap-
parent by comparing the signs of the FC contributions:
in the case of the phosphaalkynes, the FC contribution
is negative as the result of the high s-character of the
lone pair of electrons, in contrast to the nitriles where
the FC contribution is still positive in spite of the pres-
ence of the lone pair of electrons at the nitrogen atom.

The sensitivity of the FC term to molecular structure
and the nature of the lone pair is demonstrated by the
data in Table 2. The agreement between calculated and
experimental data is less convincing for MesP, phos-
phabenzene, or phosphole. In contrast to the situation
of the linear phosphaalkynes, any change in the CPC
bond angle has a fairly large effect on the FC contri-
bution. An extreme case is the structure of phospholes
which are non-planar in the ground state and planar in

the excited state [22]. The calculated data in Table 2
(see also footnote [d]) for both geometries indicate a
large positive FC contribution to 1J(3'P,13C) for the
planar structure in contrast to the small and negative
FC contribution for the non-planar structure. In the pla-
nar structure, the lone pair of electrons at the phospho-
rus atom has lost most of its s character and is part of
the heteroaromatic system.

The PSO term results from Bg-induced paramag-
netic electron currents in the valence orbitals, and it
may become significant if occupied and virtual orbitals
(those which have marked p or d character) are close in
energy. The sign of the PSO contribution can be pos-
itive, as for most couplings between nuclei participat-
ing in triple bonds (see HC=CH [15a], and Table 1) or
negative as for nuclei in double bonds (see H,C=CH,
[15a], and Table 2).

The SD term may become important (similar to
PSO) if occupied and virtual p orbitals, close in energy,
are present, typical of multiple bonds, in particular of
triple bonds, as shown by the calculated SD contribu-
tions in the Tables 1 and 2.

Experimental Section

All calculations were performed using the Gaussian 03
package [23]. The gas phase geometries were optimised with
DFT methods (B3LYP) [20a] and the 6-311+G(d,p) basis set
[20b, c]. As expected [12, 14, 15], HF calculations of the cou-
pling constants gave poor results when compared with the
B3LYP method. The calculations provide the magnitude of
the spin-spin coupling constants in Hz as well as the con-
tributions from the FC, SD and SO terms for the 1H, 13C,
14N and 3P nuclei which all possess a positive gyromag-
netic ratio y. Coupling constants involving 1N [y(**N) =
—2.7126] can be compared if the respective data in the Ta-
bles 1 and 2 are multiplied by the factor —1.403 correspond-
ing to Y(*N)/7(**N). Tables 1 and 2 list the paramagnetic
spin-orbital (PSO) contribution; the diamagnetic spin-orbital
(DSO) contribution was < 1 Hz in all cases studied.

Acknowl edgements

Support of this work by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie is gratefully
acknowledged.

[1] G. Becker, G. Gresser, W. Uhl, Z. Naturforsch. 36b, 16
(1981).

[2] J.C. Guillemin, T. Janati, J.-M. Denis, J. Org. Chem.
66, 7864 (2001).

[3] a) M. Regitz, Chem. Rev. 90, 191 (1990); b) M. Re-
gitz, A. Hoffmann, U. Bergstraesser, in P.J. Stang,
F. Diederich (eds): Modern Acetylene Chemistry, pp.
173-201, VCH, Weinheim (1995); c) M. Regitz,



1044

B. Wrackmeyer - DFT Calculations of Indirect Nuclear Spin-Spin Coupling Constants

(4]

(5]

(6]

[7]
(8]
(9]
[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

P. Binger, Angew. Chem. 100, 1541 (1988); Angew.
Chem. Int. Ed. 27, 1484 (1988).

a) M.J. Maah, J. F. Nixon, in F. R. Hartley (ed): Chem-
istry of Organophosphorus Compounds, pp. 255-294,
Wiley, Chichester (1990); b) R. Appel, F. Knoll, I. Rup-
pert, Angew. Chem. 93, 771 (1981); Angew. Chem. Int.
Ed. 20, 731 (1981); c) J.F. Nixon, Coord. Chem. Rev.
145, 201 (1995); d) A.J.L. Pombeiro, J. Organomet.
Chem. 632, 215 (2001); e) J.-M. Denis, A. Benie, A.-
C. Gaumont, J.-F. Pilard, Phosphorus, Sulfur, Silicon
144-148, 97 (1999).

a) R. Appel, M. Poppe, Angew. Chem. 101, 70 (1989);
Angew. Chem. Int. Ed. 28, 53 (1989); b) W. Rdsch,
U. Vogelbacher, T. Allspach, M. Regitz, J. Organomet.
Chem. 306, 39 (1986); c) G. Heckmann, G. Becker,
H. Kraft, Magn. Reson. Chem. 37, 667 (1999);
d) G. Heckmann, G. Becker, S. Herner, H. Richard,
H. Kraft, P. Dvortsak, Z. Naturforsch. 56b, 146 (2001).
E. Fluck, G. Heckmann, in J.G. Verkade (ed):
Phosphorus-31 NMR Spectroscopy in Stereochemi-
cal Analysis, pp. 61-113, VCH Publishers, Deerfield
Beach (1987).

B. Wrackmeyer, Z. Naturforsch. 43b, 923 (1988).

B. Wrackmeyer, Z. Naturforsch. 47b, 437 (1992).
V.M. S. Gil, W. von Philipsborn, Magn. Reson. Chem.
27, 409 (1989).

C.J. Jameson, in J. Mason (ed): Multinuclear NMR,
pp. 89— 131, Plenum Press, New York (1987).

N. F. Ramsey, Phys. Rev. 91, 303 (1953).

a) J.E. Peralta; V. Barone, M.C.R. De Azua, R.H.
Contreras, Mol. Phys. 99, 655 (2001); b) V. Barone,
J.E. Peralta, R.H. Contreras, J.P. Snyder, J. Phys.
Chem. A 106, 5607 (2002).

a) A.D.C. Towl, K. Schaumburg, Mol. Phys. 22, 49
(1971); b) A.C. Blizzard, D.P. Santry, J. Chem. Phys.
55, 950 (1971).

J.E. Peralta, G.E. Scuseria, J.R. Cheeseman, M.J.
Frisch, Chem. Phys. Lett. 375, 452 (2003).

a) V. Sychrovsky, J. Gréfenstein, D. Cremer, J. Chem
Phys. 113, 3530 (2000); b) A. Wu, J. Gréfenstein,
D. Cremer, J. Phys. Chem. A 107, 7043 (2003).

T. Onak, J. Jaballas, M. Barfield, J. Am. Chem. Soc.
121, 2850 (1999).

L. B. Krivdin, S.P. A. Sauer, J. E. Peralta, R. H. Contr-
eras, Magn. Reson. Chem. 40, 187 (2002).

[18]
[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]

L. B. Krivdin, Magn. Reson. Chem. 41, 157 (2003).
K. Wolinski, J. F. Hilton, P. Pulay, J. Am. Chem. Soc.
112, 8251 (1990), and references cited therein.

a) A.D. Becke, J. Chem. Phys. 98, 5648 (1993); b) D.
McLean, G.S. Chandler, J. Chem. Phys. 72, 5639
(1980); ¢) R. Krishnan, J.S. Binkley, R. Seeger, J. A.
Pople, J. Chem. Phys. 72, 650 (1980).

a) J.C.T.R. Burckett, St. Laurent, A. King, H.W.
Kroto, J.F. Nixon, J. Chem. Soc. Dalton Trans. 755
(1983); b) B. Solouki, H. Bock, R. Appel, A. West-
ermann, G. Becker, G. Uhl, Chem. Ber. 115, 3747
(1982).

M. N. Glukhovtsev, A. Dransfeld, P.v.R. Schleyer, J.
Phys. Chem. 100, 13447 (1996), and references cited
therein.

Gaussian 03, Revision B.02, M.J. Frisch, G.W.
Trucks, H.B. Schlegel, G.E. Scuseria, M. A. Robb,
J.R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,
K.N. Kudin, J.C. Burant, J.M. Millam, S.S. lyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi,
G. Scalmani, N. Rega, G.A. Petersson, H. Nakat-
suji, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J.+Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
0. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox,
H. P. Hratchian, J.B. Cross, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, P.Y. Ayala,
K. Morokuma, G.A. Voth, P. Salvador, J.J. Dannen-
berg, V.G. Zakrzewski, S. Dapprich, A.D. Daniels,
M. C. Strain, O. Farkas, D. K. Malick, A.D. Rabuck,
K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Ste-
fanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill,
B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and
J. A. Pople, Gaussian, Inc., Pittsburgh PA (2003).

C. van Willlen, Phys. Chem. Chem. Phys. 2, 2137
(2000).

J. Mason, in J. Mason (ed): Multinuclear NMR, p. 336,
Plenum Press, New York, (1977).

A.J. Ashe, lll, R.R. Sharp, J. W. Tolan, J. Am. Chem.
Soc. 98, 5451 (1976).

B. Wrackmeyer, E. Kup€e, A. Schmidpeter, Magn. Re-
son. Chem. 29, 1045 (1991).



