10654

Unusual 3P Chemical Shielding Tensors in
Terminal Phosphido Complexes Containing a
Phosphorus—Metal Triple Bond

Gang Wul* David Rovnyak!* Marc J. A. Johnso#,
Nadia C. Zanettf, Djamaladdin G. Musae¥,

Keiji Morokuma,*8 Richard R. Schrock;¥

Robert G. Griffin,*"* and Christopher C. Cumming*

Francis Bitter Magnet Laboratory
and Department of Chemistry
Massachusetts Institute of Technology
77 Massachusettsu&nue
Cambridge, Massachusetts 02139-4307
Cherry L. Emerson Center for Scientific

J. Am. Chem. S0d.996,118,10654-10655

Calc

(L

Exptl

n

L,

T T
1500 1000 500 0
Chemical Shift [ppm]

Figure 1. Observed and calculaté#® MAS NMR spectra of Mo(P)-
(NN3) (3) at 128.489 MHz. The sample spinning frequency was 6.16
kHz. The isotropic peak is indicated by an asterisk. Slight deviations
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between the experimental and calculated spectra are noticeable in the
wings of the spectra because the excitation pulse does not uniformly
excite the 300 kHz wide powder spectrum.
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y Table 1. Experimental Phosphorus Chemical Shift Tensors for

Phosphorus-31 NMR data for one-coordinate phosphorus Compgunds Containing Terminal Phosphorus Involved a Triple

compounds are extremely scarce in the literatdreUntil

recently, the only stable compounds with a terminal phosphorus ~ compd Jiso 011(0n) 022(0n) a3 (d)  Q°
atom involved in a triple bond were phosphaalkynes=R¢ 1 1217 (1224) 1987 1987 —324 2311
and the isoelectronic iminophosphenium cations, Fy".5 2 1208 (1216) 1978 1978 —330 2308
The isotropic3P chemical shift range for these compounds 3 1328 (1346) 2125 2125 —267 2392
extends from 96 te-207 ppm. In general, phosphaalkynes and 4 1059 (1080) 1728 1728 -—280 2008
iminophosphenium ions are found to have thé® chemical =N . 205 734 734 —642 1376
shifts at lower frequency (more shielded) compared to phos- [P=N(Mesw)]™ 77 308 196 —273  S8%
P=C(Mes*) 31 229 140 —274 503

phaalkenes and iminophosphines, respectively. This trend is
analogous to the relationship betwe¥@ chemical shifts in a All 3P chemical shifts are in ppm with respect to 85% aqueous
alkynes and alkenes. Recently, the first terminal phosphido HaPOu. > Chemical shifts observed in solutions aredgiven in parentheses.
(P*) complexes containing a phosphorus-metal triple bond were ; SPa0 Cf>f the Cheglcalf shift tensd®, = 411 — d3s. @ References 12
successfully synthesizéd. Surprisingly,3P NMR signals in 14.¢Reference 15.Reference 16.

these complexes were found above 1000 ppm. Observation of,

. e tensor®10 For complexesl—4, orientations of the principal
l )
such unusug¥'P chemical shieldings suggests that phospherus components of th&!P chemical shielding tensor are constrained
metal triple-bonding schemes may differ substantially when by crystallographic symmetry. For example, compleorystal-
compared to phosphorasarbon and phosphorasitrogen 7055 the space groug3d with its Mo=P bond lying along
triple-bonding schemes.

. . he cr llographi xis1l Therefore, the3P chemical
Here we report théP chemical shielding tensors for the the crystallographicCs axis erefore, thed chemica

- . shielding tensor il must be axially symmetric with the unique
terminal phosphido (¥P) complexes Mo(P)[NBu)Ar]s (1, e Ivi N o
Ar = CeHs, 2. Ar = 3,5-GHaMes) and M(P)(NN) (NN3 = axis lying along the M&P direction. Similarly, complexe2

. > and4 crystallize in the space group§; andPa3, respectively;
anisotropies are all in excess of 2000 ppm, which is by far the cach comp ex has its veclol ying along a cysiatiographic

i A ) Cs axis®’ The structure o8, although not yet determined, is
31 y ’
largest”P chemical shielding anisotropy (CSA) ever observed. oyhacted to be identical # Our NMR results also confirmed
A typical solid-state3’P NMR spectrurh of the terminal

X . . ) = that the3'P chemical shielding tensor Bis axially symmetric,
phosphido complexes obtained with magic-angle-spinning (MAS) gyggesting the presence of an axis v@Yor greater symmetry.
is shown in Figure 1. In addition to the isotropic peak, a large

number of rotational sidebands extend over a range of ca. 2000 f C
NMR spectrometer operating at 317 MHz fét nuclei. MAS probe was

ppm. From the .rOte.monal sideband intensities, it .IS posslblg to equipped with a 5-mm spinner assembly (Doty Scientific, Inc.). Typically
compute the principal components of the chemical shielding the samples were spun at%0 kHz. Solid NHH.PO, was used as a
secondary chemical shift reference sample, which 4B &IMR signal at
0.8 ppm with respect to 85% aqueousPid,. For each samplélP MAS
NMR spectra were obtained at several different sample spinning speeds in
order to identify isotropic peaks. As expected, the extremely large CSA in
1-4 makes the MAS NMR spectra of them very sensitive to the setting of
the magic angle. It was noted that a deviation of 0.6dm the magic
angle can cause observable broadenings or even splittings of the peaks in
the MAS spectra.
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(11) Crystal data pertaining tbare as follows:a=b = ¢ = 22.8595-
(9) A,V = 11945.4(8) A, space group43d, Z = 16. M, = 571.58, and
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Table 2. TheoreticaPP Chemical Shift Tensors, HOMO and LUMO Energies;**Bond Length, and Binding Energies of Some

Compounds Having a Terminal Phosphorus Triple Bond

property B PN PCH PMo(NH)3
NMR shielding (ppm) Oiso 586 (635) 278 (344) —74 (—20) 1463
011 =02 1200 (1273) 736 (835) 209 (290) 2228
033 —641 (—642) —638 (—638) —639 (—640) —67
Q 1841 (1915) 1374 (1473) 848 (930) 2295
orbital energy:e; (au) HOMO-1,0 —-0.301 —0.329 —0.368 —0.248
HOMO, = —0.293 —0.339 —0.291 —0.231
LUMO, 7" —0.105 —0.087 —0.056 —0.061
r(P—X) (A) calcd 1.904 1.489 1.539 2.108
exptF 1.8937 1.4909 1.5421
Ae(P—X) (kcal/mol) calcd 109.9 141.6 188.1 81.1
exptP 117.0+ 2.5 1475+ 5.0

2 Defined in the same way as in Table"Values in parentheses are results of the previous ab initio studies from reR28&rence 249 Zero-

point correction includec® Reference 25.

The experimentally determined principal values of #e
chemical shielding tensors far-4 are given in Table 1. Also
listed in Table 1 aré'P chemical shielding tensors for other
compounds containing terminal phosphorus involved in a triple
bond. From Table 1, three major trends are immediately
apparent. First, thé'P chemical shielding tensors far4 are
significantly anisotropic. To our knowledge, tR#¥ CSA of
2392 ppm in3 is the largest value reported in the literature.
Second, the least shielded component of e chemical
shielding tensor), 1, varies dramatically, from 229 ppm irFfC-
(Mes*) to 2125 ppm in3. To fully appreciate the magnitude

in Table 1. Results given in Table 2 also confirm much larger
paramagnetic shielding in both perpendicular and parallel
components fob, compared to those for other compounds with
a terminal phosphorus triple bond. The highest occupied MOs
(HOMOs) of these systems are nearly degeneratX B and

ot bonding orbitals and the lowest unoccupied MOs (LUMOS)
are P-X antibondingz* orbitals?® Therefore, when the applied
magnetic field is oriented along directions perpendicular to the
the P=X bond, g(P—X) — a*(P—X) MO mixing should make
the primary contribution to théP paramagnetic shieldings.
Interestingly, the perpendicular component of $He chemical

of this chemical shielding range, one should consider that the shielding tensors; > P, > PN > PCH, correlates very well

entire3!P chemical shielding range for all phosphorus-containing
compounds is approximately 2000 ppm. Third, the most
shielded componentjss, remains similar for all compounds

listed in Table 1. This last trend can be understood readily.

with the calculated—xa* energy gap. Concerning the spatial
distribution of the MOs, thex(P—X) HOMO for 5 is found to

be more localized on the P atom than on the other atoms. One
should also note in Table 2 that the decrease in the HGMO

For linear molecules paramagnetic shielding vanishes along theLUMO energy gap is associated with the decrease in the

molecular axis, so thé'P chemical shielding along=FN and
P=P is close to the shielding found for a free phosphorus atom,
0 = —633 ppmt’ However, breaking th€., symmetry by the
ligands in other compounds listed in Table 1 introduces an
additional paramagnetic shift of 36@00 ppm. Nevertheless,
the variation of the most shielded componedds, is much
smaller than that of the least shielded componént,

The most striking observation for complexés-4 is the
enormous paramagnetic shielding at #@ nucleus when the
external magnetic field is oriented perpendicular to the phos-
phorus-metal triple bond (i.e., théy component of the’lP
chemical shielding tensor.

on the model complex PMo(Nb% (5) as well as on R PN,
and PCH with the B3LYP density functional methtd.As
shown in Table 2, the calculaté&P chemical shielding tensor
and CSA for5 agree well with the experimental values for4

(17) Flygare, W. HChem. Re. 1974 74, 653-687.

(18) We used the B3LYP3 density functioffalvith the lanl2dz-f and
6-311G** basis sets for Mo and the other atoms, respectively, for geomet
optimization and the GIAO methétiwith the (17s13p9d3f/8s7p5d#Hand
6—311G** basis sets, respectively, for NMR chemical shift calculation using
the GAUSSIAN94 packagé.
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1993 32, 4218.
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H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheesemen, J. R.;
Keith, T. A.; Petersson, J. A.; Montgomery, J. A.; Raghavachari, K.; Al-
Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski,
J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
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calculated B=X binding energy.

In summary, the extrem&pP deshielding and CSA effects
found for compounds containing a phosphoerosetal triple
bond have been investigated by both experimental and quantum
chemical methods. Both effects arise from the significant
paramagnetic shielding at directions perpendicular to the
phosphorusmetal triple bond. This paramagnetic shielding is
interpreted as primarily due to the field-induced mixing between
o(M—P) andz*(M —P) MOs. The energy gap betwee(M—

P) andz*(M —P) is remarkably small in the present terminal
phosphido complexes, consistent with the predicted |c#wRVI

In order to assess the electronicbinding energy.
structures of the present systems, we performed MO calculations
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