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In the present study, one-boAtP 3P indirect nuclear spinspin coupling tensors]J(3*P 3'P), are calculated

using nonrelativistic and relativistic zeroth-order regular approximation (ZORA) density functional theory
(DFT) methods for the following model molecules and iong; ds-MeP=PMe,transRP=PR (R= H, Me,

Ph), cis#*-PhP=PPh)Cr(COj, (cis- andtrans#-MeP=PMe)Cr(CO3, H,P—PH,, H,P—PF,, cis- andtrans-
diphosphetes, a phosphole tetramersHOPGs)*~, [HOsP—PO;H]?~, [FO.P—POF]?~, Mex(S)P-P(S)Me,
[MeN=P—PMe;]*, and MeP—PFs. These compounds have been chosen because the vaki¢EmR$P)s,

in these systems vary from approximateh480 to +770 Hz, thereby spanning the known range of
experimentally measured one-boti 3P indirect nuclear spinspin coupling constants. However, in many
cases, the sign di(°*P 3'P)s, has not been determined by experiment. Our DFT resulty){&P 3'P)s, and

the anisotropy od are in qualitative agreement with experimental values; furthermore, our calculations provide
the absolute sign dfI(3'P 3'P), in cases where it is unknown experimentally. A number of empirical trends
betweentJ(3'P 3'P)s, and various structural parameters have been reproduced by our calculations. Inspection
of the mechanisms which contributef®'P 3'P)s, indicates that the Fermi contact (FC) mechanism dominates

in all cases where formal single P,P bonds exist and that the paramagnetiodpirmechanism is of equal

or greater importance in comparison with the FC mechanism in cases where formal multiple P,P bonds exist.
Results from relativistic ZORA DFT calculations differ from the nonrelativistic calculations by less than
10%, indicating that inclusion of relativistic effects is not crucial, as anticipated, given that the systems
investigated herein contain relatively light atonzs<£ 24).

1. Introduction Recognizing simple relationships between NMR parameters

. . . and molecular structure based on empirical observations is a
Thousands of solution and solid-st&® nuclear magnetic goal of the experimentalist. One of the first established and well-

resonance (NMR) studies have been carried out, and many onexpiqed relationships involveé$C,13C spin pairs and the cor-

bond *!P 1P indirect nuclear spinspin coupling constants,  ojation betweeRJ(*3C 13C)is, and the hybridization of the two

(3P 31P)so, have been measurétt General empirical trends

in (P 31P)s, have been identified and are often used to
elucidate structures of inorganic or organometallic compounds.
On the basis of the known dependence &P 31P)s, on
parameters such as oxidation state, coordination number,

substituent electronegativity, the presence or absence of Iocalizecﬁ

electron lone pairs, and stereochemistry, valués@P 3'P)s,
in new systems may be qualitatively predictellor example,
the reduction in the magnitude &f(3'P 31P)s, in a ligand upon
coordination to a metal center is often used as a diagnostic tool
to verify complexatior?. Also, the sensitivity ofJ(31P 31P)g, to
various arrangements of ligands about the coupled phosphoru

nuclei may be used to distinguish between stereoisomers: are
the substituents bonded to phosphorus in a cis or a trans
)
isomers have been investigated, experimental evidence indicated"

arrangement? For compounds where both the cis and tran

that 1J(3'P 3'P)s, values are generally larger in magnitude for
the cis isomer, e.gcisMeP=PMe (297.5 Hz) véransMeP=
PMe (219.8 Hz} In many cases, however, the sign of
(P 31P)s, is unknown, thereby hampering attempts to de-
finitively establish trends irJ(3'P 31P)s,.

*To whom correspondence may be addressed. Tel.: (780) 492-4336.
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carbon atoms forming the C,C bond. To a first approximation,
1J(13C13C),so increases with the s character of the C,C bond:
34.6 Hz for ethane, 67.6 Hz for ethene, 171.5 Hz for ethyne,
and 57.0 Hz for benzend In 1963, Frei and Bernstéin
roposed a formalism correlating)(*3C 13C),s, values for
nsubstituted hydrocarbons with the product of the s character
of the coupled carbon atoms, C anét GJ(13C 13C')isd/Hz =
576%sc — 3.4. Variations of this empirical equation exist with
slightly different coefficientd%-12 Moreover, a number of trends
correlatingtJ(*3C 13C)iso with substituent electronegativities have

%Jeen establishett!3 Although these relationships seem to work

or directly bonded3C13C spin pairs, they cannot generally
be extended to other spin pairs. For example, attempts at
correlating 1J(3'P3'P)s, and the P,P bond order have been
ade! however, the sign ofJ(3P3'P)s, was not considered.
These arguments are therefore invalid sitifé'P 31P)s, values
may be of either sign (vide infra). While definite trends
involving the s character of the P,P bond and various mecha-
nisms forlJ(3'P 31P)s, have been identified and will be discussed
herein, no simple, general relationship has been found between
(P #P)s, and P,P bond order.

The known range ofJ(3*P 31P)s, values covers approximately
1400 Hz, as shown in Table 1, with MessPC[Si(CH)3]3
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TABLE 1: Survey of Experimental Values of 1J(3!P 31P),, and the P—P Bond Length for Some Phosphorus-Containing

Compoundg
molecule 1ICP 3P)so/Hz ref () redA ref (rep)
HoP—PH, —108.0+ 0.2 115 2.2191 131
MeP—PMe, —179.9 132 2.1212 133
MeP—P(t-Bu), —318+5 134
EtzP*P(C—CGHll)z +282 135
(t-Bu)o.P—P(-Bu), —451+3 136
MePhP-PPhMe —21542° 109
—234+2
PhP—PPh —200+ 10C¢° 137 2.217 138
H.P—PR +211 117 2.218 118
FP—PR —227.¢ 108
Me:P—P(CR), +252 139
—256 140
—226.5t0—230.3 108
[PhsP—PPh][GaCly] +34C° 141 2.220 141
—323+ 2 24
[Mes*N=P—PPh][SOsCF] —405 16 2.625 17
Me:P—P(S)Me —220 124
Mex(S)P-P(S)Me (TMPS) —-18.7 124,125 2.214 22
Et(S)P-P(S)E$ (TEPS) +309 126
(MeO),(0O)P—P(0)(MeO)» ca.200 142
(EtO)(S)P—P(O)(EtO) +583 143
[HOP—PO;]3~ +465 119
Ko[FOP—POF] +7664+ 1 15
Ag4[OsP—PO; +500 21
MesP—PFs +715,4+720" 123
Me;HP—PR +714,4+723 123
Mes*P=PMes* +(580+ 20) 101 2.034 86
Mes*P=PC[Si(CH)3]3 —620 14
(75-CsHs)(CO)Fe—P=PMes* +600 144
cis-(7*-Mes*P=PMes)M(CO} (M=Cr, Mo, W) +(603.0, 585.9, 576.8) 88 2.089 88
trans-(;7:-Mes*P=PMes)M(CO} +(517.6, 518.8, 528.8) 88
(M=Cr, Mo, W)
ArP=PAr-Mo(CO) +510 105
ArP=PAr-W(CO) +478 105
EtsP=P(CQ:EL)-W(CO)s +361.3 106
cis- andtrans-diphosphetes +(44 and 63) 107 2.218 and 2.202 127
phosphole tetramer —362m 129 2.191 and 2.198 128

a Abbreviations used: Me= CHg; Et = CH,CHg; t-Bu = C(CHg)s; Ph= CgHs; Mes= 2,4,6-trimethylphenyl; Mes* 2,4,6-tritert-butylphenyl;
Ar = 2,4,6-(CR):CeH>. P Values are for the two diastereomers of MeP#PhMe.c Ph,P—PPh in the solid state, sign relative ®. ¢ F,P—PFR
at —1 °C in 5 mol % CFC4. See reference for data obtained at other temperatu8sution data, [P¥P—PPh][GaCls] dissolved in CHCl..
f Solid-state date? Solution data, solvent not specifietiSolution data, MgP—PF; dissolved in CHCN at 37°C. ' Solution data, MgHP—PFs
dissolved in CHCI, at —10 °C. 1 Solid-state dataiM = Cr.' Solution data, ArB=PAr-Mo(CO) dissolved in CDG. ™ The sign oftJ(3'P 31P)s, is

relative toRes, which is assumed to be positive.

(Mes* = 2,4,6-tritert-butyl phenyl) at one extrem&](3P 31P)so
= —620 Hz! and [FQP—POF]%~ at the otherlJ(3P3P)s,
= +766 Hz!® Of particular note is the large magnitude of
(1P 31P)s, for [Mes*N=P—PPh]*, —405 Hz16 even though
the P,P bond is unusually long, 2.6251?&compared to the
typical P,P single bond, 2.20 ®1°Clearly, no simple relation-
ship exists betweek)(3P 3!P)s, and P,P bond length.
Reports of reliable measurements &ftensors are very
limited.2° The anisotropy ofJ, AJ, is difficult to measure
accurately due to its inherent association with the dipolar
coupling constanRpp (vide infra); as a result, very few reliable
experimentalAJ(31P 31P) values are known. A large value of
AJ, +800 Hz, for the one-bond3P3P J-tensor for
Ag4[O3P—PQ;] has been reportelt, while upper bounds of
+450 Hz and+460 Hz have been set faxJ in tetramethyl-

and tetraethyldiphosphine disulfide (TMPS and TEPS), respec-

tively.2223Similarly, a recent solid-staféP NMR study of the
pentaphenylphosphinophosphonium cationgfPtPPh] ™, in-
dicated thatJ(®P 31P)s, = —323 Hz andAJ < 300 Hz2*

these systems are representative of the rangg(®P 3'P)so
values which has been observed experimentally (Table 1) and
thus are ideal candidates for a computational investigation of
1J(3P 31P). Furthermore, the phosphorus nuclei exist in several
different formal oxidation states and participate in a variety of
bonding arrangements, thereby allowing potential trends in
L3P 3P)s, and AJ(RP3IP), as well as in the mechanisms
which contribute talJ(3'P 31P)s,, to be identified.

2. Background and Theory

Ramsey® 2 first described the theory of indirect nuclear
spin—spin coupling in 1953 using second-order perturbation
theory in terms of three mechanisms, which together account
for the interaction of the coupled nuclei with the electronic
network of the molecule. These mechanisms are generally
denoted as the spitrorbit (SO), Fermi contact (FC), and spin
dipolar (SD) mechanisms and have been described in numerous
review articles and textbooks (see ref 20 for a recent review).

The objectives of the present study are to provide the absoluteFor any given spirspin coupling tensor, all three of these

sign of LJ(3'P 31P)s, in cases where it is unknown experimen-
tally, to investigate the significance @&J, and to establish a
preliminary basis for understanding tR&(3'P 31P)-tensor in
terms of molecular structure. Both nonrelativistic and relativistic
zeroth-order regular approximation density functional theory
(ZORA DFT) calculations oftJ(3!P21P) are presented for a
number of molecules (Figure 1). The valuesd{fP 3!P)s, for

mechanisms may be important, and in general, none may a priori
be considered negligibRs; however, in the early literature, it
was common practice to assume the FC mechanism was the
most important contributor tds,. The FC mechanism accounts
for the interaction between a nuclear spin and an electron spin
which has a finite probability of being at the nucleus (i.e., s
electrons); this term is purely isotropic and, hence, does not
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Figure 1. Molecules investigated in this study: (a) diphosphorus,c{) andtrans-diphosphene, (c§is- and trans#!-diphosphene chromium
pentacarbonyl, (d) biphosphine, (e) phosphinodifluorophosphineci¢f) and (g) trans1,2-dihydro-1-methyl-2-phenyl-3,4-bteft-butyl)-1,2-
diphosphete, (h) a phosphole tetramer, (i) dihydrogen hypophosphate, (j) hypodiphosphate, (k) difluorohypophosphate, (I) tetrametinydiphosph
disulfide, (m) trimethylphosphine phosphadiazonium cation, (n) trimethylpentafluorophosphine.

contribute toAJ. The SO mechanism describes the interaction according to|Jsz — Jisol = [J11 — Jisol = [J22 — Jiso|. Often, it
between the nuclear magnetic moment and the orbital magneticis convenient to expres§N,N') in terms of areducedcoupling
moment arising from the motion of the electrons and can be tensor, K(N,N'), which is independent of the magnetogyric
further divided into diamagnetic SO (DSO) and paramagnetic ratios,yn and yn of the two coupled nucleiN and N’
SO (PSO) contributions; the DSO mechanism depends on the
ground electronic state and the PSO mechanism involves
allowed excitations between the ground and singlet excited
states. The PSO mechanism has been shown to contribute
significantly to bothJis, and AJ in the presence of formal K is expressed in Sl units of kg Ths2 A=2 (equivalently,
multiple bonds2° The third mechanism, SD, is the interaction N A=2 m=3 or T2 J°Y).
between the nuclear magnetic moment and the magnetic field
arising from the spin of the electrons not located at the nucleus.
There also exists a purely anisotropic SDFC cross term,
which contributes largely tahJ but does not contribute tds,.

In 1977, PyykK&® extended Ramsey’s nonrelativistic theory R.¢ = Rop — AJ (5)
to include relativistic effects; other relativistic theories have since ff D 3
been presented:3?

TheJ-tensor may be characterized &y, AJ, and asymmetry

K(N,N') = 4723(N,N')/hyyyy (4)

The anisotropy ofl, AJ, contributes to theffectve dipolar
coupling constant

where the dipolar coupling constampp, is given by

parametery?9-33.34
. = Uo (R -3
Jso = Qi1 t Jpp + 339/3 1) Rop = ym (E)yNYN’mNN’ O (6)
A= _Iut 2
Vs 2 @ In the above equation is the vacuum permeability constant,
47t x 1077 H m~1, andiyy—30s the motionally averaged value
_ oy 3 of the inverse cube of the distance between the two coupled
n _333— Jeo ®) nuclei. This dependence on internuclear distance makes the

measurement dRes an attractive means of determining the bond

where the principal componentd,;, J,,, andJss, are ordered length if the structure is not knowii:353¢ However, the
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TABLE 2: Structural Data for the Molecules Investigated in This Study283

molecule structure source ref
P=P electronic spectroscopy(PP)= 1.8934 A 84
cisMeP=PMe idealized structure usim¢PP)= 2.034 A r(CH) = 1.08 A, JPPC= 120.0, JCPPC= 0.0°, JHCP= 109.5
transHP=PH optimized using RHF/6-311G(3df,3pd)
transRP=PR, R= Me, Ph based on the structure of Mes*PMes* from an X-ray diffraction study; Mes* groups were replaced by 86
Ph or CH with r(CaryiH) = 1.08 A, r(CyeH) = 1.08 A, IHCyeP = 109.5
cis-(n*-RP=PR)Cr(CO}, R= Me, Ph based on the structureai$-(Mes*P=PMes)Cr(COj from an X-ray diffraction study; Mes* and Mes 88

groups were replaced l¥=Me, Ph withr(CyeH) = 1.08 A, THCyeP = 109.5 andr(CaryH) = 1.08 A,
OHCaniC = 120.0

trans-('-MesP=PMe;)Cr(CO) based on the structure of [PCH(Sipig.Cr(CO) from an X-ray diffraction study; SiMggroups were 145
replaced by H withr(CyeH) = 1.08 A, OHCyeP = 109.5

cis- andtrans-diphosphetes based on the structuresi®fandtrans-diphosphetes from an X-ray diffraction studgrt-butyl groups 127
were replaced by H with(CH) = 1.08 A

phosphole tetramer based on the structure of the phosphole tetramer from an X-ray diffraction study; Ph and Me groups wE28
replaced by H witfr(CaryH) = 1.08 A, IHCayiC = 120.0

HoP—PH, microwave spectroscopy 131

H.P—PR microwave spectroscopy 118

M3[HO3sP—PQOsH] X-ray diffraction data
M = Na 120
M = NH4 121

[OsP—POs]4~ idealized structure usingPP)= 2.329 A r(PO)= 1.544 A,0OPO= 110.7, JOPP= 108.2

[FOP—POF]2~ optimized using RHF/6-311G**

[MeN=P-PMe;]* based on the structure of [Mes=:P—PPh][SOsCF;] from an X-ray diffraction study; Mes* and Ph groups 17
were replaced by Ckwith r(CyeH) = 1.08 A andJHCyeP = 109.44

Mey(S)P-P(S)Me X-ray diffraction data 22

MesP—PFs optimized using RHF/6-311G**

aMe = CHjs; Ph= Cg¢Hs; Mes = 2,4,6-trimethylphenyl; Mes*= 2,4,6-tritert-butylphenyl.

reliability of any NMR-based bond-length determination de- 3. Computation Details and Methods
pends critically on knowing the significance of the contribution 3.1. Atomic Coordinates. The molecular structures used to

of AJ t0 Rer. . .
) . generate the nuclear coordinates for dttensor calculations

~ There are a number of experimental approaches for determin-5e described in Table 2. In some cases, structures were modified
ing AJ, discussed in detail in the literatu#2°Briefly, AJ may by replacing bulky ligands with less computationally demanding
be measured viRer for solid sample¥3*40 or samples  gypstituents. Where X-ray diffraction data are unavailable,
dissolved in liquid crystalline media using NMR spectro- computationally optimized structures, obtained from calculations
scopy*!~4® For small molecules, precise valuesRyf may be  using Gaussian 98,or idealized models were employed in the
obtained from hyperfine coupling constants measured in mo- J calculation.
lecular beam or high-resolution microwave spectroscopy 3.2 13(31P 31P) Calculations.DFT calculations otJ(31P 31P)
experiment$%-48 The anisotropy of] is exceedingly difficult were performed using the CPL modtié*657%f the Amster-
to quantify experimentally due mainly to uncertainties in the dam density functional (ADF) prograf’2The Voskoe-Wilk —
motional averaging corrections foRpp, especially if the Nusair (VWN) local density approximatioiiwith the Becké*—
difference betweelRe and Rpp is small (i.e.,<10%). Perdew® generalized gradient approximations (GGA), was used

Another approach to investigatitensors is via modern  for the exchange-correlation functional. Relativistic calculations
computational techniques. However, the reliable and accurateincluded spir-orbit and/or scalar corrections and were carried
calculation of J-tensors presents a major theoretical chal- Out using the ZORA formahsrf‘ﬁ79 In some cases, pecause
lenge2049-51 Only recently have reliable and computationally the ZORA DFT methoql overt_estlmates the contribution from
feasible methods for calculatingrtensors become available. the PSO mechanisndJ is dominated by the PSO tertiThe

Two different approaches have had success: an ab initio multi- FC, SD.’ PS.O’ and .D.SO mechanisms were mcluded i all
configurational self-consistent field approach and DFT. The ap- _calculat|ons, a descr_lptlon of these mech_amsms, as implemented
plication of these methods to the calculationJaéensors as well in the ZOR_A formallsm, has peen previously preseﬁf’ed..
as nuclear magnetic shielding tensors has been reviéiéd? The basis sets available with the ADF program consist of
To obtain near-quantitative agreement with experiment, the useS[ater-type functlong. The TZpP pa5|s setis of trlplquallty

- ; L with one set of polarization functions while the TZ2P basis set
of large basis sets that describe the electron density in the o - e
vicinity of the coupled nuclei particularly well is essenfia#*57 has two sets of pola_nzatlon furjct_lons. For relativistic calc_:ula-
In addition, electron correlation, vibrational averagig tions, the. TZ2P basis set, optimized for ZORA calculations,

; Soang o f ining “h * o was con5|§tently used on the phosphorus nuclei. In the case of
solvent effectsy and, in the case of systems containing “heavy” na chromium pentacarbonyl diphosphene complexes, the TZ2P
nuclei, .relat|V|st|c effects remain important issues in the p,qis set was used for phosphorus while TZP basis sets were
calculation ofJ-tensors. used for all remaining atoms.

In this study, we focus on the ZORA DFT approach because  3.3. Conformational Energy Barrier Calculations. Calcula-
of its versatility and applicability to relatively large systems, tions of energy barriers for ##—PH, and HP—PF, were carried
as opposed to ab initio methods, which are currently limited to out using Gaussian 98at the restricted HartreeFock (RHF)
small molecules containing relatively light atoms. Also, the |evel employing Dunning'’s correlation-consistent cc-pVTZ basis
recent successes of DFT calculationgwénsors are particularly  set$° on all nuclei.

encouraging*54698  For example, in the case of 3.4. ComputersAll calculations were carried out using either
[PheP—PPR] ", wherelJ(P3P)s, = —323 Hz, DFT results  an IBM RS/6000 workstation, a Linux-based PC with an AMD
on a model compound, [ME—PMe)] ™, yield (1P 31P)g, = Athlon microprocessor, or a Linux-based cluster with dual AMD

—427 Hz, in qualitative agreement with experiméht. 1800+ Athlon processor nodes.
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Figure 2. Contributions of the FC, PSO, and SD mechanisms to the nonrelativistic calculated vahi¢3RyfP)s.. The DSO contribution is
negligible compared to contributions from the other coupling mechanisms and has not been included here. Resktt$tdr d&hd HP—PF; are

for the conformation where = 180°; see insets of Figure 3 and 5 for definition @f The structure assumed for [HB-PQ;H]%" is that given

in ref 121. In all cases, the magnitude of the contribution from the FC mechanism exceeds that from the SD mechanism.

4. Results and Discussion of YCPP)s, = —497.8 Hz and'K(P,P), = —252 x 10%°

kg m2 s72 A=2, The negative sign ofK(P,P)s, for P, arises

due to the large negative contributions from the FC and PSO
mechanisms, shown in Figure 2, indicating the importance of
the relative signs of the various mechanisms3J@!P 31P)so.28

For multiply bonded P,P systems, the phosphorus 3p orbitals
play a dominant role in P,P bonding and the s character tends
to concentrate in the lone electron pairs on phosphétus a
result, the noncontact terms, which are controlled by orbitals
of higher orbital angular momentum (i.e., orbitals other than s

Calculated indirec8P 3P spin-spin coupling tensors for
each of the molecules (see Figure 1) will be presented and
compared with available experimental data. A discussion of the
general trends observed féd(3P3P) and factors affecting
L3P 31P)s, for the above systems will follow. The importance
of relativistic effects otJ(3P 3'P) was investigated by carrying
out relativistic spir-orbit and/or scalar ZORA DFT calculations
on most of the molecules in this study. Relativistic corrections

o ) : i
:’;’e;itle;f’rtr:?s?nlo /Oi\?gr? ?k?a?o'[i:,(v) irrﬁgggrgze; drlsl(;tji?/irllo nii Tr:]t'sorbitals), make significant contributions #K(P,P)s,.>¢ The
p_ 9. givel phosp . y ght magnitude ofK(P,P)s, for P, compared tad*K(N,N)iso for N2
nucleus Z = 15) and, in most cases examined, phosphorus is . X : .
increases due to the increase in atomic number. The dependence

not bonded to a heavy atom. i X . .

) of Kiso 0n atomic number is a well-known trend which can be
4.1. Model Systems(a) P=P. The simplest molecule on

; 17310 31, A explained, to a first approximation, in terms of the s electron
which to perform alJ(*'P”P) calculation is diphosphorus.  gensity at the nucleus for ground-state atoppsg0)12 and the
Although 1J(3'P 3'P)s, cannot be determined easily by NMR

. for thi lecule. d h . val atomic averages of the distance between the nucleus and the
experiments for this molecule, due to the magnetic equivalence, ;1ace p electron§f 3L, both of which are known to increase
of the nuclei, one can compare theducedcoupling constant,

K(P P 2 10 other diatomi lecul h with atomic number down a group and across a row in the
.(. Pko (see &q ), 10 other dialomic mo ecgzis, SUCh aS periodic Tablé. For example, in a theoretical investigation of
dinitrogen, for which experimentland theoreticab#283values

1K for a series of interhalogen diatomic molecules, the
of 1J(*°N,“N)iso are known. Our ZORA DFT result for 23 - _ ; '
employing ro(N,N) = 1.09769 A% yielded K(N,N)so = magnitudes ofKis, and AK were shown to depend linearly on

117 x 101 kg m-2 52 A~2 however, further calculations of the product of the atomic numbers of the coupled niiélei.

1IK(N,N)iso for N indicate thatiK(N,N)is, is highly sensitive to A large, positive value of\J, 2287 Hz, was obtained for,P
bond-length variation, in agreement with a report in the Which is an order of magnitude larger thad(*'P*'P)so
literature82° and that *K(N,N)/101° kg m2 s2 A~2 = However, the ZORA DFT method has been known to overes-

—908.12(N,N) + 1015.8, resulting in a change in the sign of timateAJ in cases where the PSO term_ is _Ia?@as found here
IK(N,N)iso at r(N,N) =~ 1.119 A. The experimental value of for P.. The largest and smallest principal components of
K(N,N)iso is (£)20 + 7 x 109 kg m 2 s2 A~2 (calculated L3P 3'P) lie perpendicular and parallel to the P,P bond axis,
from LI(35N,1“N)iso = ()1.8 + 0.7 Hz)®! the absolute sign of ~ respectively; this orientation is consistent with that obtained by
1J(15N,1N)is cannot be conclusively determined from our Bryce etal. in a study ofK for a series of diatomic halidés.
calculations, given the strong dependence!fN,N)is, on (b) RP=PR’ (R= H, CHs, Ph).While the only experimental
r(N,N). Our nonrelativistic DFT calculations fop Rield values evidence for the existence of diphosphene=#P, is as a
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TABLE 3: Calculated? and Experimental Values of1J(3P31P) for Substituted Diphosphenes and Diphosphene Chromium
Pentacarbonyl Complexes

contributions tals/Hz?

method PSO Sb FC totalJiso/Hz AJHz
Free Ligand
transHP=PH nonrel —418 21 —245 —642 —1105
scalar rel —417 -219 —637 —1097
SOS-Ct —498 22 —76 —552
Cis-CH;P=PCH; nonrel —254 50 —587 —791 —988
transCH;P=PCH; nonrel —403 29 —345 —719 —-1162
transPhP=PPh nonrel —401 26 —381 —756 —1147
scalar rel —401 —346! —747 —1139
transRP=PR’ exp +(519-670)
Cr(CO) Complex
(cis-CH3sP=PCH;)Cr(CO) nonrel —239 42 —607 —804 —917
(cissPhP=PPh)Cr(COy nonrel —231 44 —646 —833 —890
scalar rel -231 —587 —818 —888
spin—orbit rel —231 —586! —817 —880
(cisMes*P=PMes)Cr(COy exp +603
(trans:CH3P=PCH)Cr(CO) nonrel —265 —38 —454 —681 —940
(transMes*P=PMes)Cr(COy exp +518

2By use of DFT and employing ZORA TZ2P basis sets on all atoms, unless otherwise indicEedDSO contribution for all systems is less
than 1 Hz.¢ Includes contributions from both the SD and the {F€D) cross termd SD and FC contributions cannot be separated in this formalism.
e From ref 104.f Basis set TZ2P was used for phosphorus atoms and TZP for all remaining &t8oistion3'P NMR data; ref 88.

product of the thermal decomposition ofP+PH,,8> many Table 3 summarizes our calculated resultsftfP 31P) in
substituted diphosphenes have been isolated, the first beingseveral diphosphenes, literature results for=t 194 and
trans-Mes*P=PMes*86 The synthesis of asymmetrically sub- experimental values for substituted diphosphenes. These results
stituted diphosphenes has subsequently been regdiSederal strongly support the contention tHal(®'P 31P)g, is negative in
cis-diphosphenes are known, although in each case, #2 P these compounds and consistently predict thatis large in
moiety serves as a ligand bonded to a metal center (vide infra). magnitude (i.e., on the order of 36iz). The DFT results for
Theoretical investigations of the P,P double bond have beendiphosphenes from this work are in excellent agreement with
carried out, with diphosphene used as a model comp&tndd. the experimental range &3(31P 31P)s, values for diphosphenes,
Reviews of this chemistry have been publisf&?f. predicting a value ofJ(3¥P 31P)s, that is in the upper range of
Before presenting our calculated results'a¢!P31P) for experimental results.
diphosphenes, it is instructive to review previous work on related ~ Contributions to"J(3'P 3!P)s, from each coupling mechanism
systems. The first!P NMR spectra fotransMes*P=PMes* are listed in Table 3 and depicted in Figure 2. The PSO
in the solid state were reported by Zilm et'®.The two mechanism dominates for HPH (65% contribution), making
phosphorus nuclei have the same isotropic chemical shift (CS)a large negative contribution (3P 31P)s,, Which is consistent
and apparent coincident CS tensor orientations, suggesting arwith predictions from the literatur€®* however, the FC con-
A, spin system for the phosphorus spin pair. As a result of the tribution is also significant. For PEFPPh, the PSO and FC
assumed magnetic equivalence of the two phosphorus nucleimechanisms make approximately equal contributions to
1J(3P 31P)s, was not determined. A reinvestigation and close 1J(3'P3P)s, (53 and 50% contribution, respectively). Again,
examination of the spinning sideband fine structure of this these results illustrate the importance of the noncontact terms,
system by McDowell et &% revealed that, while the phos- particularly the PSO mechanism, in systems containing formal
phorus nuclei have the same isotropic chemical shifts, their CS P,P double bonds.
tensor orientations are not exactly coincident, thereby allowing The only experimental report otJ(PP3P)s, for cis-
the measurement &3(3P 31P)s.. This study represents the first ~ diphosphenes is  for complexes of the type
measurement ofJ(3'P3P)s, for a coupled spin pair with  (cisy'-Mes*P=PMes)M(CO3}, where one phosphorus nucleus
identical isotropic shiftd®* The intrinsic anisotropic CS and is coordinated to a metal center @ Cr, Mo, W) 88 Values of
dipolar interactions, which lead to recoupling of thateraction, (P 3P)s, have also been reported for the analogous trans
ultimately allow for the determination of the magnitude of metal complexes tansn'-Mes*P=PMes)M(CO} (M = Cr,
1P 31P)s0.101 Values of 1J(3P 31P)s, were obtained from a Mo, W).88 Here, the terms cis and trans describe the relative
2D J-resolved NMR experimentJ(31P 31P), = £580 & 20 orientation of the substituents bonded to the phosphorus nuclei.
Hz,101 and using average Hamiltonian theory (in conjunction Comparison of experiment&l(3'P 31P)g, values for the cis and
with 3P NMR data),}J(3'P 31P)so = £577 £ 15 Hz1%1 More trans isomers of y-Mes*P=PMes)M(CO} indicates that
recently, a number of asymmetrically substituted diphosphenestJ(*P 31P)s, is consistently larger in magnitude for the cis isomer
have been investigated usifi® NMR spectroscopif2103The by 85, 67, and 48 Hz for the Cr, Mo, and W metal complexes,
values oftJ(31P 31P)s, in substituted diphosphenes range from respectively (see Table 1 féd(3'P 31P)s, values). Values of
+510 to£670 Hz. Although the absolute sign &3P 31P)s, (3P 3P)s, (Table 1) have also been reported for APATr-
is not known for these systems, results from early ab initio M(CO)s (Ar = 2,4,6-(Ck)3CeHz; M = Mo, W), where the
calculations, for example, the sum-over-states configuration diphosphene ligand is coordinated in gh fashion to the
interaction (SOS-CI) metho#% suggest thatJ(31P 31P)s, is M(CO)s moiety via the lone electron pair on one of the
negative as a consequence of a large negative contribution fromphosphorus atonm€> Other examples of phosphorus-containing
the PSO mechanism. The FC contribution is negative and of ligands coordinated to a metal center are complexes of the
comparable magnitude to that from the PSO mechanism (Figuretype: RP=PR-M(CO)s (M = Mo, W).1%6 The Mo complex
2). exhibits definite zwitterionic behavior with a P,P bond (2.156
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A) that is closer in length to a single P,P bond (2.24 A) than
that of a double P,P bofti(2.03 A). For a variety of alkyl and
aryl R,R groups, values otJ(3P 31P)g, range from=+361 to
+444 Hz. Last, values dfJ(3'P 3P)s,, determined from &'P
NMR study in solution, have been reported for bets and
trans-diphosphetes, where the phosphorus nuclei are directly
bonded in a four-membered ring (see Figuré®l).

To examine the effects of coordination on the sign and
magnitude of-J(3P 31P)s, and AJ for various isomers, calcula-
tions were carried out on botts- andtrans+-CHsP=PCH;,
as well as CHP=PCH; bound to a metal centegié- andtrans
n*-CH3P=PCH)Cr(CO). Further calculations otJ(®'P3IP)
were performed on the more computationally demanding
molecule, ¢is#1-PhP=PPh)Cr(COy, to verify the adequacy of
our simplified dimethyl model as well as to investigate the
importance of relativistic effects in a system containing a
transition metal. Results fotJ(3P 31P)s, and AJ, as well as
the contributions of the various mechanismsLi¢*P 31P ),
for the diphosphene chromium complexes and free ligands are
summarized in Table 3. Qualitative agreement between our
calculations and experimental results is met, even for the Cr
pentacarbonyl complexes. Although the calculations slightly
overestimate the magnitude 88(3P31P)s, they correctly
predict thatJ(3'P 3'P)s, for the free diphosphene ligand is
slightly larger in magnitude for the cis isomer than that for the
trans isomer, in agreement with experimental regoRsr both

isomers, the PSO and FC mechanisms make significant con-

tributions toXJ(3'P 31P)s,, in fact, together these mechanisms
make up 94% of-J(3P31P)s, for cis-CHsP=PCH; and 99%
for trans-CH3P=PCH;. The calculations also predict thad is
larger for transCHsP=PCH; compared to that for
cis-CH3P=PCH;, due to a larger contribution from the PSO
mechanism.

Results obtained for the diphosphene chromium pentacarbonyl
complexes are compared with those determined experimentally

for (cis- andtrans4+*-Mes*P=PMes)Cr(CQ) (Table 3)%8 Again,

the calculations slightly overestimatd(3P 31P), for the cis-
andtrans-diphosphene Cr(C@romplexes compared to values
determined experimentally; however, they correctly predict
that 1JBP3P), is larger in  magnitude for
(cis#1-CH3P=PCH;)Cr(CO) compared with that for
(trans4y1-CH3P=PCH)Cr(CO). Further, the results consistently
indicate that the sign otJ(3'P3'P)s, which has not been
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Figure 3. Dependence of (&)(3*P 3'P)so and AJ(3*P 3'P) and (b) the
principal components dfl(3*P 3P), Ji1, Jz2, Ja3, on the dihedral angle,
@, for H,P—PH, using nonrelativistic DFT.

related system%!19The general trend for biphosphines appears
to be as follows: a large negatiV@(3!P 31P)s, value is observed
for the conformation whep = 0° while 2J(3P 3P)s, is small
and positive forp =~ 18C°.2 Since biphosphines are not fixed
in a particular conformation, observations &I(31P31P)s,

determined experimentally, is negative for diphosphene in both represent conformationally averaged values.
the free ligand and the Cr complexes. In the diphosphene cases Taple 4 summarizes odd(3P3P) results for HP—PH,
investigated herein, the FC term is the dominant mechanism including contributions of the various coupling mechanisms to

for LJ(3IP 31P)s,; however, the PSO mechanism is also important.
Note that the calculations suggest th¥gP 31P)s, andAJ are
on the same order of magnitude for each of ¢fe andtrans
diphosphenes, as well as for their Cr(G@palogues. Differ-
ences betweell(31P 31P) results for ¢is#1-PhP=PPh)Cr(CO)
compared to the simplified modelgi§#*-CHsP=PCH;)Cr-
(COJs, are slight (Table 3). In addition, inclusion of relativistic
effects is not important in determinidg(®'P 31P), even with a
first-row transition metal coordinated to a phosphorus atom.
(c) HP—PH,. Considerable experimental and theoretical
attention has been given t&Q(3'P3P)s, in biphosphines
R,P—PR>, due to the marked dependence 13¢P23P) on
molecular conformatio®1%8-114The conformation is described
by a dihedral anglep, between the bisectors of the tweR—H
angles (see inset of Figure 3 for definition @f. Indirect
experimental evidence th&l(3P 3'P)s, is dependent on con-
formation was first reported in 1970 in a variable-temperature
NMR study of RP—PF,1% and later for PhMePPMePR% and

1J(3P 31P)s,. The FC mechanism dominatek3!P 31P)s,, mak-

ing a substantial negative contribution #J(3P 3P)so, in
agreement with previous theoretical studitst12113Consider-
able variation in the magnitude of the FC contribution is
observed upon rotation @f, decreasing significantly from°0
(—235 Hz) to 180 (—96 Hz). The SD mechanism is positive
and sizable for all conformations and remains at a value
relatively independent of the dihedral angle, while the PSO term
is positive and varies considerably with dihedral angle.

The data fortJ(31P 3!P)s, and AJ, as well as the principal
components ofJ(3!P3P), are plotted as a function @f in
Figure 3. The experimental value &J(3'P3P)s, for liquid
H,P—PH, is —108.0 & 0.2 Hz at room temperatufé® To
estimate the calculated value'd{3'P 3P)s, at room temperature
(298 K), an average over all conformations, weighted according
to the Boltzmann distribution, must be determined. The energy
for rotation of a PH group about the PP bond in HP—PH,
is plotted in Figure 4. Our calculations (RHF/cc-pVTZ) indicate
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TABLE 4: Experimental and Calculated Values of TABLE 5: Experimental and Calculated 1J(3'P3P) Tensors
1J(3P 21P) for H,P—PH,; for H,P—PF;
contributions talis/HZ? contributions talis/HZ?
PSO Sh FC totalds/Hz  AJHz PSO SB FC totalJs/Hz AJHz
experimentél —108.0+ 0.2 experimentél +211
calculated calculated
@=0° 49 48 —235 —137 —134 @=0° —44 36 —=175 —183 217
@ =30° 32 44 —238 -—161 —134 @ =30° —49 35 —189 —203 218
@ =60 11 40 —230 —180 —122 @ =60 —59 32 —217 —243 212
@ =90° 8 39 —202 -—155 —78 @ =90° —60 32 —239 —267 177
@ =120° 11 40 -161 -—110 36 @ =12C° —-50 34 —242 —258 —126
@ = 150° 9 41 117 —67 —-73 @ = 150° —44 36 —228 —236 91
@ =180 7 41 —96 —49 —-91 @ =180 —44 36 —219 —227 79
average —96 average —231
cal(;fuzla})egd 50 —176 125 ~130 2The DSO contribution is 0.2 Hz for all values ¢f. ® Includes

contributions from both the SD and the (FSD) cross term¢ From
aDSO contribution is 0.06 Hz for all values ap. ”Includes ref 117.9 Nonrelativistic DFT results using TZ2P basis sété/eighted
contributions from both the SD and the (FSD) cross term¢ From over all conformations at 233 K according to the Boltzmann distribution;
ref 115.9 Nonrelativistic DFT results using TZ2P basis sété/eighted see text.
over all conformations at 298 K according to the Boltzmann distribution;
see text! Spin—orbit relativistic ZORA DFT results using TZ2P basis a) 300
sets; SD and FC contributions cannot be separated in this formalism. l
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Figure 4. Energy barrier to internal rotation for,A—PH, calculated A
at the RHF level of theory using cc-pVTZ basis sets. All energies are A o Jy
with respect to that ap = 18C°, and the dashed line represents the -100 1 A A J
product of the gas constant and 298.15R<; = 2.4790 kJ mot™. 33
A
that the lowest energy is obtained fgr= 180° and that the ::[Nj o A A
energy profile is relatively flat for rotation about the P,P bond . -200 7
betweenp = 60 and 180; these conclusions are in qualitative ~ . *
agreement with a theoretical report in the literattfeThe ® ¢ . . * d
weighted, calculated average f&(31P 3'P)so, —96 Hz, agrees 2300 - PY °
well with the experimental value;108.0 Hz15
The anisotropy otJ(31P 31P) for H,P—PH, is comparable in . . 4
magnitude toJ(®P3P)s, for all orientations considered; 400
however, the dependencesd on dihedral angle is not smooth, ) ' ' ! ' i :
) ) S . 0 30 60 90 120 150 180
as is evident in Figure 3. The anomalous behavioAdfat ¢ / de
= 120C arises from the definition oAJ (eq 2) and the need to _ ¢/ deg
order the principal components relative 43P 3P)s,. The Figure 5. Dependence of (&(3'P 3'P)s, and AJ(3'P 3P) and (b) the

principal components dfl(3*P 3'P), Ji1, Jz2, Jas, 0N the dihedral angle,

distinct decrease idsz and increase iy is responsible for . for HoP—PF, Using nonrelativistic DFT.

the sudden, dramatic increaseAd at ¢ = 120°.

(d) HoP—PF,. The experimental value ofJ(3'P 3'P)s, for contributions are of similar magnitude but opposite sign, to a
liquid phosphinodifluorophosphine .A—PF,, measured at 233 |arge extent, they cancel.
K is £211 Hz!'” Experimentally, the conformation witlh = Analogous to HP—PH,, (3P 3P)s, must be weighted ac-

180" is the most stablé'® Results from DFT calculations of  cording to the Boltzmann distribution at 233 K over all the
1J(3P 3'P) as a function of dihedral angle are given in Table 5 conformations when comparing the calculated value of
and plotted in Figure 5. The calculated contributions of the 1J(3!P31P), with the experimental value. The rotational energy
various mechanisms td(3P 3'P)s, indicate that, while the FC  as a function ofp (see Figure 6) indicates that = 180 is
mechanism is largest in magnitude, the PSO and SD contribu-significantly more stable than any other rotamer, in agreement
tions are also significant. However, since the SD and PSO with experiment!® The weighted average &i(3!P 31P)s, over
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Figure 6. Energy barrier to internal rotation for,A—PF, calculated

at the RHF level of theory using cc-pVTZ basis sets on all atoms. All
energies are with respect to thagat= 180°; the dashed line represents
the product of the gas constant and temperatlires 233 K), RT =
1.9385 kJ moit.

all conformations,—231 Hz, is in good agreement with the
magnitude of the experimental value211 Hz7 and indicates
that the sign of this coupling constant is negative.

The behavior ofAJ for H,P—PF, is similar to that for
H.P—PH, with an anomalous datum point@t= 12C, arising
from the definition of AJ (eq 2) and the need to order the
principal components relative t&J(3P3P)s,. The distinct
increase inJ;; and decrease idsz is responsible for the
discontinuity inAJ atg = 120°. The magnitudes d(3'P 31P)s,
and AJ are comparable for #—PF,.

In contrast to both WP—PH, and HP—PF, a recent
theoretical investigation 38(3'P 3'P)s, using DFT for the model
compound, [HP—PH,]*, indicates thatJ(31P 31P)s, andAJ vary
only slightly, by approximatelyt15 Hz, upon changing the
dihedral angle? The weighted, calculated value B{31P 31P)s,
for [HaP—PH,]™, —341 Hz, is in qualitative agreement with
that determined experimentally for [ff-PPh]*, —323 Hz.
The FC term is the dominant contributor (3P 3¥P)s, for
[HsP—PH,]*, HoP—PH,, and HP—PF.

(e) [HOsP—PO3H]%~. The diphosphate family is an interest-
ing series of compounds on which to perforki(3P 31P)
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TABLE 6: Calculated 1J(3'P3'P) Tensors for
[HO 3P—PO;H] %~ and [OsP—POs]* Compared to the
Experimental Results for Ag[O:P—POs] and [HO ,P—PO;]3~

Jisd/HZ AJHz
Experimental
Ag4[OsP-PG)2 +500 +800+ 80
[HO.P—PGs)3~ 46510
Calculated

[OsP—PQs)4¢ +408 +386
[NH]2[(HO)O.P—PQO,(OH)]¢ +399 +394
[NH4]2[(HO)O.P—PO,(OH)J® +347 +376

a Experimental value from ref 22.Nonrelativistic DFT calculations
employing the TZ2P basis sétldealized structure; see Table 2.
d Calculated using the structure for [M{HOsP—PQ;H]; from ref 121.

e Calculated using the structure for ldOsP—PO;H]; from ref 120.

accurate determination of the error is difficult to obtain
experimentally; hence, the error i is probably significantly
larger than the quoted value, 88080 Hz2! Any experimental
determination ofAJ requires knowledge dRpp and therefore

rep (See eqs 5 and 6); however, any motion of the P,P bond
vector in the solid state will decreas®p from what one
calculates assuming a rigid, stationary P,P bond. Therefore,
neglect of vibrational and librational averaging in our model
may also explain discrepancies between calculated and experi-
mental values for\J.

Inspection of the mechanisms f&i(3'P 31P)s, (Figure 2)
indicates that contributions from the noncontact terms, SD and
PSO, are negligible compared to the FC mechanism. This is
expected for [HGP—PQ;])®~ based on the dominant P®
bonding in this moleculéé123 Also, a large contribution to
LJ(3P 31P)s, from the FC mechanism has been observed in cases
where the substituents on phosphorus have large electronega-
tivities. The use of phosphorus 3s electrons in phospherus
substituent bonds is reduced when the substituents have high
electronegativities, thereby increasing the s character of the P,P
bond and resulting in a larger contribution from the FC
mechanism taJ(31P 31P)s0. 119

(f) [FOP—PO,F]2". The largest positive experimental value
for 1J(31P 31P)s, is that reported for potassium difluorodiphos-
phate, K[FO,P—PO,F], +766 Hz15 a comparable value was
observed for the related compound gJR&@.P—PQ;], 1J(P 31P)so
= +650 Hz!% Both measurements were carried out in neutral
aqueous solutions. The ZORA DFD(?P2P) calculations

calculations particularly because of the large reported value of indicate that the sign otJ(3'P3P)s, is positive, +421 Hz;

AJ for Ag4[O3sP—PQ;], +800+ 80 Hz?! Since the magnitude
of AJ is substantial, it is desirable to test the performance of

however, the magnitude is underestimated compared to the
experimental value+766 Hz. The largest contribution to

theJ calculations for these systems. The experimental value of *J('P 3'P)s, is from the FC mechanism;416 Hz, which again

VP P)s, for AgyOsP—PQ;] is estimated to be 500 HZ.
The magnitude and sign ofJ(3P3P)s, have also been
determined for the related system, sodium diphosphite,
[HO,P—PQ;)%-, dissolved in RO, +465.54+ 1.0 Hz!19

Several structures have been reported feiHD;P—PO;H],
(M Na, NH; H30).120-122 We carried outXJ(3'P3'P)
calculations on the [HgP—PO;H]2~ framework of the diso-
diumt?°and diammoniurit! hypophosphate complexes and also
on an idealized model for [{P—PQs]*~ (see Table 2 for
structure details). OulJ(31P 31P) results for [@QP—PQGs)*~ and
[HOsP—PQO;H]2~ are compared to experimental results for the
related systems, AfOsP—PQ;] and [HO,P—PG;)%-, in Table
6. The calculations correctly predict that the sign&J6EP 31P)so

may be qualitatively rationalized in terms of the increased s
character of the P,P bond due to the reduced participation of
phosphorus 3s electrons in the P,F and P,0 bonds. The
magnitudes ofAJ, +385.3 Hz, andJ(3!P 31P)s,, +421 Hz, are
comparable. Disagreement between experimental and calculated
results fortJ(31P3P)s, may be due to the use of a structure
which does not accurately represent POPO,F]?~ in aqueous
solution; recall that the structure used was computationally
optimized since an experimental geometry for POPO,F]2~

is unavailable in the literature (see Table 2). In addition, our
calculation of 1J(3'P3P) is carried out on an isolated ion,
neglecting the effects of solvent and hydrogen bonding, which
likely play important roles in the determination &f(31P 31P)

andAJ are positive in these systems. Agreement between thefor this anion.

magnitudes of experimental and calculated values is good for

(3P 31P)so but poor forAJ; in both cases, the magnitudes are
underestimated by the calculations. With regardAd, an

(9) MesP—PFs. The experimental value di(3*P 31P)s, for
MesP—PFs, measured in liquid acetonitrile at 3T, is +715
Hz 23 which is comparable to the largest positive value of
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1P 31P)s, observed for K[FO,P—PQOF].1® The calculated
value of (3P 31P)s,, +414 Hz, is underestimated compared
to the experimental value, but the positive sigritdffP 31P)so

is correctly reproduced. The FC mechanism domiridg® 3P)so

and the noncontact terms are negligible (Figure 2) due to the
absence of P, bonds in this moleculé®1?3 The calculated
value of AJ is +425 Hz, comparable t&J(3P 31P)s.. Again,

the use of an optimized geometry and neglect of solvent effects
in our calculation oflJ(31P2P) may, in part, be responsible
for the unsatisfactory agreement with experiment.

(h) [MeN=P—PMes] . The trimethylphosphine phosphadi-
azonium cation, [MeEEP—PMes]*, is a model for the cationic
complex, [Mes*N=P—PPh][SOsCF;], for which a large nega-
tive value offJ(3'P 31P)s,, —405 Hz16is observed in the solid
state, despite an unusually long P,P bond, 2.625 Ahe
difference betweeRpp andRes is slight, indicating tha\J is
small (eq 5). The calculated value &3P 3'P)s,, —170 Hz,
for [MeN=P—PMe]* is significantly smaller than the experi-
mental value for [Mes*I=P—PPhR][SOsCFj, likely due to the
use of an oversimplified model in the calculation. The largest
contribution to'J(3P 3P)s, comes from the FC term;-175
Hz (Figure 2). The calculated value Af), +178 Hz, is similar
in magnitude totJ(31P 31P)so.

(i) Mex(S)P-P(S)Me. Tetramethyldiphosphine disulfide
(TMPS), Me(S)P-P(S)Me, and a similar compound, tetra-
ethyldiphosphine disulfide (TEPS),£8)P-P(S)E%, have been
investigated by3!P NMR of single crystals as well as of
powdered crystalline samplé&23 In both caseslJ(3P 31P)s,
is small: —18.7 Hz for TMP$24125and +30 Hz for TEPS-26
The solid-staté’P NMR experiments indicate that the upper
limits of AJ are approximately 450 and 460 Hz, respectively,
for TMPS and TEP$%230ur1J(3'P 21P) calculation for TMPS
yields a value of—158 Hz for LJ(P3P)s, an order of
magnitude larger compared with experiment, &6 Hz for
AJ. Clearly, agreement with experimental results is not achieved
in this case.

() DiphosphetesDiphosphetes are an interesting class of
compounds where the phosphorus nuclei participate in a four-
membered heterocyclic environment (see Figure 1). The X-ray
crystal structuréd” of cis- andtrans-diphosphete indicate that
the P,P and C,C bond lengths are within the range of similar
acyclic compounds, suggesting that the phosphorus lone electro
pairs are localized in these diphosphéf&sSolution and solid-
state3’P NMR studies have been carried out on both ¢ise
andtrans-diphosphete?” Although1J(31P 31P)s, was too small
to be detected in thé'P NMR spectra acquired in the solid
state,}J(31P 31P)s, values were determined for the cis and trans
isomers in solution:4+44 and+-63 Hz!%7 respectively.

The ZORA DFT calculations ofJ(31P31P),, for both cis-
and trans-diphosphete agree well with the values determined
using solutior?P NMR spectroscopy (see Table 7). The relative
magnitudes ofJ(3'P31P)g, for the cis and trans isomers are
correct withJ(3!P 31P)s, being larger foris-diphosphete than
that for the trans isomer. Also, the calculations predict that the
sign of LJ(3P31P),, is negative for both isomers. Calculated
values ofAJ for the cis and trans isomers were found to be
—209 and—174 Hz, respectively. SincAJ manifests itself in
an NMR spectrum adJ/3, this gives—70 and—60 Hz forcis-
andtrans-diphosphete, respectively. In the experimental study
of the diphosphete®¥7 AJ was assumed to be negligible and
Retf = Rop = 1.8 kHz for both isomers. Hence, sindd/3 <
Rop, neglect ofAJ in the analysis of thé'P NMR spectra is
reasonable in this cad®’

n
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TABLE 7: Experimental and Calculated Values of
1J(3'P 3'P), for the Molecules Containing P,P Bonds
Considered in This Study

P 3 P)so/HZ
molecule experimental calculafed
(cis#*-PhP=PPh)Cr(COy +603F —833
(cis#7*-CH3P=PCH;)Cr(CO)P +60F —804
cis-CHsP=PCH; —791
transPhP=PPh —580 —756
transCHsP=PCH; —718
(transn*-PhP=PPh)Cr(CO¥ +518 —681
transHP=PH —590 —642
P, —498
phosphole tetramer —362 —411
H.P—PF, —211 —23%°
[MeN=P—PMegj]* —405 —-170
TMPS -19 —158
cis-diphosphete +63 -123
HoP—PH; —108 -96
trans-diphosphete +44 —63
[HOsP—PQsH]?~ +500 +399
[OsP—PGs]* +500 +408
MesP—PFK +717 +414
[FOP—POF]2- +766 +421

aResults from nonrelativistic DFT calculations using TZ2P basis
sets, unless otherwise indicatéd\onrelativistic DFT results using the
TZ2P basis set on phosphorus and TZP on all other atohdS™P 31P)s,
determined for (cis#-Mes*P=PMes)Cr(CO). 41J(3'P 3'P)s, deter-
mined for [PCH(SiMeg)].Cr(CO}. ¢ Weighted over all conformations
at 233 K according to the Boltzmann distribution; see té¥eighted
over all conformations at 298 K according to the Boltzmann distribution;
see text9 Structure from ref 121.

Figure 2 indicates that each of the PSO, SD, and FC
mechanisms make significant contributions %{31P 31P)g,
although the FC mechanism dominates. Compared to other
molecules containing P,P single bonds, the diphosphetes have
an unexpectedly large contribution from the PSO mechanism.
A large contribution from the PSO mechanism is typical of
molecules containing formal P,P double-bonds, thus hinting that
there may indeed be some double-bond character in the
diphosphetes.

(k) Phosphole tetramefThe phosphole tetramer was first
synthesized in 1982, and the X-ray crystal structifrevas
subsequently reported. A solid-stdt® NMR investigation was
carried outi?® revealing that the four phosphorus atoms consist
of two magnetically equivalent spin pairs and may be treated
as an AB spin system (see Figure 1). The phosphorus CS tensors
were characterized using various solid-state NMR techniques
and high-level ab initio calculations. In addition, the magnitude
and relative signs of the indirect and diré#? 3P nuclear spin
interactions were determinetd(31P 3P)s, = —362 Hz andRop
= +1,800 Hz, respectively. In the analysis of thi® NMR
spectra, the difference betwe®3p and Rer was found to be
small, 73+ 50 Hz, and was attributed to either vibrational
averaging or the small value &J.

The ZORA DFT calculations dfJ(3'P 3'P) for the phosphole
tetramer are in excellent agreement with experiment. The
negative sign oftJ(3'P31P)s, is reproduced, and there is less
than a 15% difference between the calculated11 Hz, and
experimental,—362 Hz, values ofJ(3'P3'P)s, (see Table 7).
The anisotropy o is relatively small in magnitudet178 Hz,
indicating that the difference betwe®3p andRes may indeed
be attributed ta\J. From our calculationAJ/3 &~ 60 Hz, which
agrees well with the value observed experiment&y — Res
= 73 Hz.

Examination of the mechanisms fad(3P3P)s, for the
phosphole tetramer indicates that the FC mechanism is the chief
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900 - 4.3. Factors AffectingJ(3P 3P)iso. In the spirit of earlier
studies? we discuss variations H(3IP 3%P)s, in terms of formal
600 - oxidation state of phosphorus atoms, electronegativity of sub-
14“15 stituents bonded to phosphorus, stereospecific arrangement of
E 3001 12“13 4 ligands, and phosphorus coordination number. As well, we
ay e eICHCO)s comment on the role that vibrational averaging and solvent
% oA & (P MeP=PMEYCHCO), effects might have in comparing calculated and experimentally
S 6 104811 $ phorpholetramer observedtJ(31P 31P);s, values.
:2 3004 * &98 ;%;'(gf;_P(S)M% (a) Phosphorus oxidation state: Experimental observations
— A 7 f(’)g;jg}hgsphm have led to the conclusion that negative valuesJoiP 21P)s,
3 5 ey are typically observed for P(lIl),P(ll1) or P(Ill),P(V) spin pairs,
-600 1 (X 0o whereas positive, or small negative, valuedJgtlP 31P)s, are
1,02 15 [FOLP-POFP- observed for P(V),P(V) spin paits These observations are
-900 T . . . T . reproduced by our theoretical results. Compounds 12, 13, and
-900 -600 -300 0 300 600 900 15 represent systems where both phosphorus nuclei are in the

U (Exp)/ Hz +5 oxidation state and large positi‘&d(31P,3lP)so values are .

iso observed for these systems both computationally and experi-
Figure 7. Experimental vs nonrelativistic calculat&f®'P 3'P)s, values mentally. Compound 14 is a P(IV)P(VI)~ system; hence, on
for the phosphorus-containing molecules considered in this study; the the hasis of the formal oxidation state of phosphorus, a positive,
dlago_nal line indicates perfect a_greemer}t_betvyeen calculated andor small negative, value is anticipated fd(31P31P) as given
experimental results. The correlation coefficiet, is 0.86. ! . . o ASo &

by our calculations. Likewise, compounds-11, with the

exception of 8, represent systems where both phosphorus nuclei
are in the+3 oxidation state and a range of negafid@P 3P)s,
values is observed. Compound 8, TMPS, has an experimental
. . value of 1J(3P3'P)s, of —18.7 Hz, a small, negative value
4.2. Trends in*J(*'P,*'P). The calculated and experimental  characteristic of a P(V),P(V) system; our calculated value,

values of'J(*'P 3P)s, for the molecules consideredin this study _157.5 Hz, significantly overestimates the magnitude of
are summarized in Table 7 and plotted in Figure 7. The diagonal 1j31p 31py,_

line with slope= 1 in Figure 7 |nd|ca§e331perfect agreement (b) Electronegativity: The electronegativify;, of substituents
between calculated and experimeritiF'P *'P)so values; any  giractiy honded to phosphorus also plays a role in determining
dewa‘qon from this line m;alllcg}es a discrepancy between LJ(31P 31P),, 236,130 An increase iny results in an increase in
experimental and calculatéd(®'P **P)so values. In cases where 0 magnitude ofJ(31P 31P)s,.236.130n fact, a linear relationship
the sign ofLJ(3P 3P)so is unknown experimentally, the sign a5 found forJ(3%P 31P)s, vs x for directly bonded phosphorus
of the calculated valu_e is assumed to be correct. le_en the 1y cleil3oc A specific example of the dependenced(fP 31P)s,
success of the theoretical approach at cprrectly calcqlat_mg thegn 4 was observed for [RR—PPh]* and [Ph(Cl)P—PPh]*
sign of XJ(P #P)so when known experimentally, this is a  \yherelJ(3P 31P)e, was found to increase from 323 to 406z
reasonable assumption. upon replacing one phenyl group with a chlorine atom. This
Figure 7 illustrates the qualitative agreement between calcu-experimental trend has been explaihéd terms of the s
lated and experimental values &f(3'P 3P)s,. The range of character of the P,P bond, which increases with an increase in
observed values is reproduced, with the largest disagreemeniy and is evident in our data when the results for compounds
for large, positive values ofJ(3'P3P)s,. In these cases, the H,P—PH, and HP—PF, as well as [H@QP—PQ:H]2~ and
calculations consistently underestimate the magnitude of [FO,P—PQ,F]%-, are considered (see Table 7). In both cases,
L3P 31P)so. For molecules wher&l(31P 31P),, is found to be replacing hydrogen with a more electronegative element, i.e.,
large and negative, the calculated results overestimate thefluorine, results in an increase M(3'P3'P)s,. Furthermore,
magnitude oftJ(3'P 31P)s,. This discrepancy may be due to the Figure 2 indicates that there is an increased contribution from
fact that a more accurate description of the nuclear region is the FC mechanism for the fluorine-substituted systems, sup-
required for these FC-dominaté#(3'P 31P)s, values. Also note porting the simple argument of an increase in s character of the
that, for all the model systems considered herein, excluding the P,P bond.
diphosphenes, the value Afl is on the same order of magnitude (c) Stereoisomers of ligands (cis vs trans): The use of
as NP 3P)s,. For systems containing formal multiple P,P  1J(3P 31P), values to distinguish between various isomers is
bonds,AJ is typically on the order of 1000 Hz. AlthoughkJ/3 common practice in inorganic and organometallic chemistry
is relatively small compared to th&P 3P dipolar coupling, given that largetJ(3'P 31P)s, values are generally observed for
~2000 Hz, in these systems, the experimentalist should be awarecis isomers compared to the analogous trans isomers. In this
that Ret may differ from Rpp by as much as 15%. Last, report, three examples reproduce this trend, #¥EPRle,
examination of the contributions of the individual mechanisms (7-MeP=PMe)Cr(CO}, and the diphosphetes. In each case,
to 1J(3P 3!P)s, indicates that although the FC mechanism is J(3!P 3'P)s, is greater for the cis isomer compared to the trans
the principal contributor in most cases, the PSO contribution is isomer due to a greater contribution from the FC mechanism
also significant, even dominant, where formal multiple P,P bonds for the cis isomer (Figure 2). Overall, the results agree
exist28 This is intuitive from the physical description of the qualitatively with experiment.
(3P 3P)s, mechanisms. The FC mechanism dominates  (d) Coordination numbertJ(3P 31P);, values are often used
LGP 3P)s, for systems where bonding is prevalent, while  as diagnostic tools for confirming coordination of a phosphorus-
the “noncontact” mechanisms are important for R,Bonding containing ligand to a metdl The general observation is a
systems. Our calculations support this rationale, as evidencedreduction in the magnitude (3P 3!P)s, in the free ligand
by Figure 2. upon coordination; however, exceptions do occur when atoms

contributor (Figure 2). The PSO and SD mechanisms make
contributions of equal magnitude but opposite sign, resulting
in a net cancellation.
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with high electronegativities are involvéd.We investigated
1P 31P)s, for the diphosphene ligand in its free form as well
as coordinated to a metal center, i.g-{leP=PMe)Cr(CO}).

For the trans isomet]J(3'P 31P)s, decreased in magnitude from
—718 to —681 Hz upon coordination to Cr, while, for the cis
isomer, 1 J(31P 31P), increased slightly in magnitude from791

Hz to —804 Hz upon coordination. Although o33P 31P)s,
results for the cis isomer do not follow experimental observa-
tions upon coordination, they are still satisfactory in that they
qualitatively reproduce experiment&)(3'P 3P)s, values for
these computationally challenging transition metal-containing
systems.

(e) Molecular structure and environment: The structure
employed in the calculation is a critical factor in obtaining
reliable results fotJ(31P 31P). However, an ideal representation
of the true experimental system is often difficult or impossible
to obtain due to lack of structural data, the inability to replicate
the actual environment of the molecule of interest, or simply
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