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Phosphorus-31 CP/MAS NMR spectra of two linear bis(triben-
zylphosphine)cuprate(l) salts reveal significant anisotropy in the
one-bond 3P, 53%5Cu J tensors. The parallel and perpendicular
components of *J(3'P, ®3Cu), for example, are +2.0 and +1.3 kHz,
respectively. The well-characterized space group and point sym-
metry in one of these compounds greatly simplifies the 3P line-
shape analysis, thus dispensing with the need to make assump-
tions about the interaction tensors involved. This offers an unique
opportunity to study AJ by calculating dipolar coupling constants
from known internuclear distances, and by using zero-field nu-
clear quadrupole resonance spectroscopy to obtain the magnitudes
of the ®***Cu nuclear quadrupole coupling constants, Co,. Cop-
per-63 C, values in these complexes exceed 80 MHz, proving to be
the largest reported for copper(l) phosphines. Phosphorus-31
NMR spectra of non-spinning samples at three applied magnetic
fields are also presented, along with lineshape calculations based
on full-matrix Zeeman-quadrupolar Hamiltonian diagonalization.
It is shown that exact 3'P lineshape calculations provide the
relative signs of C, the isotropic J-coupling, and the effective
dipolar coupling constant. This appears to be the first unambigu-
ous determination of A*J(®*P, 5¥%5Cu). © 1998 Academic Press

Key Words: copper(l) phosphines; anisotropic J tensor; line-
shape calculations; 5¥%°Cu NQR; solid-state 3P NMR.

INTRODUCTION

relative orientation of the electric field gradient (EFG) anc
dipolar coupling tensors. In principle, this multivariate depen
dence offers information on the coupled quadrupolar nuclet
not normally available from NMR studies of spin 1/2 nuclei;
practically, however, this complexity usually necessitates a
estimate or assumption about the molecular structure or syt
metry.

As a case in point, attempts have been made to identi
anisotropy intJ(3P, 63%%Cu) by analyses ot'P NMR spectra
(2). Lacking independent knowledge of the EFG at the coppe
nucleus and*P, ¥6%Cu dipolar coupling constants, some work-
ers have assumed an axially symmetric EFG tensor which
coincident with the dipolar tensor. In still other casegpaa-
ticular value of AJ has been chosen and fixed, in order tc
obtain other parameters of intere@b( 29d. While these as-
sumptions may indeed be justified in certain cases, it is curiol
that no reports oA*J(3'P, 53/6%Cu) have appeared in which the
local symmetry and structure are known to support the the
retical model. Herein, we repoftP NMR spectra of spinning
and non-spinning powder samples of two bis(tribenzylphos
phine)cuprate(l) salts, [(PBgCu][CuBr,] (1) and [(PBz),Cu][PR]

(2), which exhibit a two-coordinate, linear P—-Cu—P geometn
(7, 8. In 1, a three-fold rotation axis coincides with the
P—Cu-P bond, thereby guaranteeing axial symmetry of tt
interaction tensors. By contrast, this rotational axis is log in

A great many solid copper(l) phosphine complexes haygie to minor distortions of the benzyl groups, leaving only th

been examined bY'P cross-polarization magic-angle spinningnyersion centre at the copper nucleus. Perfect linearity is a ra
(CP/MAS) NMR spectroscopyl1{5). Common to all such stryctural occurrence in copper(l) phosphing} these sys-

spectra are peak patterns distorted with respect to the symmgins generally experience competitive demands from the |
ric quartet expected from pugecoupling to a spin 3/2%°Cu  gand donor strength and steric packing constraints in the d
nucleus. The origin of this phenomenon has been thoroughd¢mination of the resultant coordination number and spac
investigated and shown to arise from spin—spin coupling tOgoup symmetry. In combination with zero-fiefd’®<Cu nu-

quadrupolar nucleus possessing a quadrupolar interact98ar quadrupole resonance (NQR) data, exact lineshape ¢
which is not negligible relative to its Zeeman interacti@h (2, cuylations present a convincing demonstration of a substanti

6). Such spin—spin interactions are incompletely averaged Whisotropic component in tH&P, 836%Cu J tensor.
der magic-angle spinning, and introduce field-dependent spec-

tral distortions. The complete lineshape analysis in these cases
can be complicated, relying as it does on the magnitudes and

1To whom correspondence should be addressed. E-mail: john.hanna@?Ithough the general theory relating to this work has bee
syd.dcet.csiro.au and rodw@is.dal.ca. discusseddc, 6d, 10, it is important to highlight some prop-
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erties of the various energy interactions pertinent to this invesase arises wheré¢S is negligible with respect to¥3,
tigation. Considering an isolated “spin pair’ comprising theneasured in terms of the quadrupole frequency,
spin 1/2 nucleusl under NMR observation and a neighbour-

ing quadrupolar nucleusS|, the total Hamiltonian operator 3(eqQrh) n?\ Y2
can be written as the sum of the constituent Hamiltonians: Vo= 5a5a | 1L+ 3 (2]
@ 25(2S5-1) 3
H o= HE+ HE+ HS+ KD+ Hs. [1] and the Larmor frequency of the nucleus,vs, respectively.

The | spectrum under fast magic-angle spinning consists ¢
S + 1) peaks spaced equally By, As vq increases, the

adrupolar nucleus is no longer solely quantized by the a
plied magnetic field, and th® eigenstates can be expressed a
Iaﬁear combinations of Zeeman states. For small values
volvs, the influence ofS can be treated as a perturbation tc

direct dipolar and indirect spin—spin coupling interactions. Tthe Zeeman states, the spectral implications of which incluc

EFG is not, in general, axially symmetric, and its orientation iﬂeak spr?%mgsb that dlfflerdfrorﬂiso. Th|sd S|mp|>I§:t fc|jr_st-order
the molecular frame is unknovenpriori. Likewise, the indirect approach has been amply discus) @nd exploited in many

spin—spin coupling interaction is generally non-axially Syni[?portar?: Eases. Beyond the “T'ts of f;rst—?rt?]er ]E)e”rt;rbatlm
metric, and its orientation is also unknown. The direct dipol heory, 1t bécomes necessary fo construct the 1ull zeema

dipole coupling interaction, on the other haiglaxially sym- guadrupolar Hamiltonian and compute the eigenvalues nume

metric, and (ignoring motional effects) is known to be situate'ﬁa"y' This has been done recently for the case of sampl

with the unique component along the internuclear veactar, Spinning at the magic angldl§, 2c, 19, but its application to

In general, therefore, the most rigourous analysis must consi%%tr'%r(')"’r‘;ﬁseirpp|eS—th0U9h conceptually simpler—merits fu

two components for the (traceless) EFG tensor, three princi;g he computational implementation developed herein i

components for thd tensor, and a dipolar coupling constant,
P P Ping tgased on the theory presented by Menger and Veertign (

as well astwo sets of Euler angles describing the relativ d be d ibed litativelv in the followi Th
orientations of these three interactions. Clearly, the superpo%ril can be described qualitatively In the following way. The

tion of multiple spin interactions with general orientaﬂonguadrupole—perturbed Zeeman eigenstates can be expresse

dependences can generate a convoluted scenario for the sé war .combmatlong, of the pure Zeer_nan_ states, the coef_f|C|er
troscopist. which are obtained by diagonalization of the f@spin

Given the complexity of this situation, it is no wonder that yamntoman matrix:
few basic assumptions are often invoked to render the problem
tractable. It is plausible, for example, that theensor is axially Hs= 5+ HS. (3]
symmetric, with its unique component directed along the in-
ternuclear vector. Under this condition, the tensors associatedce theS-spin coefficients have been obtained for a giver
with % and %;s are coincident and can be described bgrientation of the magnetic field in the EFG principal axis
three parameters: the direct dipole—dipole coupling constasystem, the direct and indirettS dipolar interactions can be
Rpp, and the isotropic and anisotropic contributions to th&mply calculated as frequency shifts which add to the shielc
indirect spin—spin coupling tensad,,, and AJ. Further sim- ing. These frequencies are based on the expectation values
plifications result from assumptions abo#fy: if the EFG the spin angular momentum operat@s and S, which, in
tensor is known to be both axially symmetric and along turn, are functions of th&-spin coefficients and the orientation
then it is characterized by a single quadrupole coupling coof the magnetic field with respect to the dipolar vector. In thi
stant, Cq (=e?qQ/h), the asymmetry parametef;, being manner, the stationary powder spectrum can be computed
zero. Consequently, the original 10-variable problem reducegaluating these terms for a sufficient number of orientations
to a problem in four variables. Faced with a typical experthe spin pair with respect to the applied magnetic field. Th
mental scenario, it may be tempting to blindly introduce theseterested reader may refer to the cited literature for more det:
assumptions in order to obtain at least something of inter¢sb, 2c, 6a, 1D
from the spectral analysis, but it is important to expose the
assumptions to which a model is subject, and to consider RESULTS AND DISCUSSION
whether these are, in fact, valid. Fortunately, many practical
circumstances are encountered in which symmetry argument3he 3P CP/MAS spectra of compoundsand?2 obtained at
justify some of these simplifications. 2.1, 4.7, and 9.4 T are presented, along with the best-
The relative magnitudes of the interactions in Eq. [1] dictatalculations, in Fig. 1. The excellent agreement observed
the appropriate theoretical framework. The purely “high-fieldthese figures was achieved by employing full-matrix diagona

The first two terms,#7 and %%, represent the combined(?
shielding/Zeeman Hamiltonian operators, accounting for t
interaction ofl and S with the applied magnetic field. The
interaction of the quadrupolar nucleus with the electric fiel
gradient (EFG) is represented Y. %2 and %5 are the
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[(PBZ3)2CU] [CuBr2 (PBZG)ZCU] [PF, orienting the dipolgr vecto_r in the EFG principal a>§is syste_n
(20). Clearly, this information can be hard to obtain, and ir

] ]
many applications, assumptions are invoked to make linesha
calculations possiblevide suprd. The attractiveness of com-
poundl is that single-crystal X-ray diffraction results indicate
94T a perfectly linear P-Cu—P centre, located on a three-fold rot
tion axis with an accompanying inversion centre at the copp
nucleus 7). This symmetry arrangement requires that the cor
40 30 20 10 O

-
0 30 20 10 0 per EFG tensor be axially symmetric, with the largest compc
ppm ppm nent directed along the P—Cu bond. Since the dipolar vector

always understood to be collinear with the internuclear axi

the dipolar and EFG tensors are coincident. In terms of th

aforementioned parameters, the space group symmetry in tl

\\:.7 T system ensures that = 0, and the Euler angles and 8 are
zero. In addition, this symmetry guarantees thatXhensor is
L/\ axially symmetric with the unique axis being alongc, (11).
B T e e s As such, many of the assumptions commonly made to rend
60 40 20 0 -20 60 40 2 m 0 2 lineshape calculations tractable are justified in this case.
. PP . Moreover, axial symmetry in the EFG tensor justifies the us

of NQR spectroscopy to determine independently the quadr
\ pole coupling constants. For a spin 3/2 nucleus subject to «
axially symmetric EFG|Cy| is simply twice the measured
\jtT//v quadrupole frequencyy, (see Eq. [2]). These values, given in
Table 1, are 84.6 and 78.3 MHz for th&Cu and®®*Cu isotopes
of 1. These couplings appear to be the largest reported f
120 80 40 0 40 80 120 80 40 0 40 <0 copper(l) phosphine complexeb?j, and their magnitudes are
ppm ppm reflected in the marked field-dependence demonstrated by t

3P CP/MAS spectra of Fig. 1. On the basis of the X-ray

FIG. 1. Experimental (bottom traces) and calculated (top tracéB) . . . .
CP/MAS spectra of the phosphine resonanceisand?2; see Table 1 for fitting _d|ffract|%|;/§md NQR data, all the relevant mformatlon re_gard
parameters. Each displayed spectral region spans 8 kHz. Rotation rates, 1866b the Cu EFG tensors, except for the sign O, is
Hz, 3000 Hz, and 3800 Hz for 9.4, 4.7, and 2.1 T, respectively. Number of
transients: 1724, 138, 1428 for [(P§zCu][CuBr,], and 2248, 60, 6740 for TABLE 1

[(PBz;),Cu][PR], for 9.4, 4.7, and 2.1 T, respectively. Regions containing < g -
overlapping spinning sidebands are marked with asterisks (see Experimental).NNIR and NQR Data for bis(tribenzylphosphine)cuprates,

1and 2

ization of the®¥%%Cu Zeeman-quadrupolar Hamiltonian. At- [(PBz),Cu][CuBr;] [(PBZy),Cu][PF
tempts to rgproduce the expe_rimental data_ using an _approggha 4406 (2) +38.4(2)
based on first-order perturbation theory failed, implying th@ﬁa.b —21.2(2) ~20.6 (2)
the magnitude of the quadrupole interaction is too large to bg?c +19.8 (2) +18.9 (2)
considered simply a perturbation on the Zeeman wavefurﬁbD(ZiPyz%U)"*‘: +1223 +1230
tions. Indeed, the strong field-dependence exhibited in Fig,J P, *Cu)” 1535 (10) +1550 (10)

flects the importance of the relative magnitudes of the Zeak .+ Cur 2085 (30) +2030(30)
re p . relat gnitu 5 (3P, sicuy! +1285 (50) +1310 (50)
man and quadrupolar interaction in determining spectral ag;©cuy +84.60 (57.06) +82.96
pearance. The ratioy(®°Cu)ivg(®°Cu), for example, ranges cq(*°cuy +78.30 (52.80) +76.76

from 0.4 to 1.8 on going from 9.4 T to 2.1 T, with the o
associated lineshapes becoming correspondingly more dis- - chemical shifts, in ppm, relative to external 85%,(aq).
torted from the purely “high-field” case of a quartet with equal Obtained front’p CP NMR of stationary powder samples.

o 1 38 65y 9 q aq ¢ Obtained from®P CP/MAS.
splittings of “J(*P, >Cu). 4 parameters fo¥'P, ®°Cu spin pairs were varied according to their relative

Spin 1/2 lineshape calculations involving coupled quadruragnetogyric ratios, e.gtJ(3*P, ®5Cu)J(3*P, 53Cu) = 1.071.
polar nuclei are influenced by the magnitude of the electric” Dipolar coupling constants, in Hz, calculated from known values:Qf,
field gradient (EFG) tensor and its orientation with respect to, SPin-spin coupling parameters, in Hz, determined fiBM CP/MAS.

: . ... 9Nuclear quadrupole coupling constants, in MHz; magnitudes obtaine

the dipolar tensor. In the most general case, this necessitgjes NOR
knowledge of the nuclear quadrupole coupling constagj, " Nuclear quadrupole coupling constants, in MHz, obtained from NQR fo
the EFG asymmetry parametef, and the angles¢ and 8, the linear [Br-Cu-Br] anion.
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provided at the outset, thereby eliminating the need for approx-
imations. AJ
Since X-ray crystallography also provides bond lengths, the
P—Cu dipolar coupling constan®,, can be calculated ac-
cording to (L3
—750 Hz

Mo h -
RDD(31P:63CU) = <4ﬂ_> (217) V(SlP)Y(GSCU)<rP,3cU>a (4]

where(rp 2, represents a time average over the internuclear
distance, cubed. This leaves only the isotropiie chemical

shift and theJ tensor as variable parameters in the fitting
procedure. The indirect spin—spin coupling tensor is commonly
separated into an isotropicoupling constant, and an orien-
tation-dependent anisotropic component representing the dif-
ference between the parallel and perpendicular components of
an axially symmetric tensodJ = J; — J. (13, 14. Due to

this orientation-dependence being identical to that offihect
dipolar interaction, areffectivedipolar coupling constant is
usually defined which incorporates the effects of this anisot-
ropy: Ry = Rpp — AJ/3. In practice, it is impossible to
separate these two contributions, with the consequence that the
dipolar coupling constant measured in solid-state NMR exper- T T T T T T T 1T T —T—T" 1
iments is alway®R ¢ This can be used to advantage if one is 60 40 20 0 20 -40

H

+750 Hz

==

interested in determiningJ, as in the present case: sirRgy ppm
'S_ known mdependently, the difference betwaér?f and Rop FIG. 2. Sensitivity of3*P MAS calculations to the sign and magnitude of
yields AJ/3. AYJ(3*P, 5%/%%Cu) for 1 at 4.7 T. Other simulation parameters can be found ir

In the NMR spectral analysis df, the 3'P CP/MAS line- Table 1.
shapes could not be reproduced without introducing a sizeable,
positiveAJ. Figure 2 depicts simulated spectra at 4.7 T with no .
J anisotropy, and with positive and negative valueaaf By following componentss, = +40.6 ppm and = —21.2 ppm
comparison with Fig. 1, it is clear that only the spectrurﬁTable 1). Shielding anisotropy is |n_d|cated by the span (_)f th
calculated using\*J('P, 53Cu) = +750 Hz agrees with the €NsOrQ = 8. — § = 62 ppm, with the largest shielding
experimental spectrufThat the same parameters accuratef§{€Cts observed when the P—Cul—P core is aligned with tr
fit 3P CP/MAS spectra at three applied fields serves to C@rpplled magnetic f_|eld. Althougﬁ P shu_e!dlng anlsotroples_
roborate this conclusion (see Table 1). Under the conditions§V€é been determined for many transition metal phosphir
first-order perturbation theory, multiple field data may onlg@mMPIexes, there are very few examples involving group 1
make the phenomenon more or less apparent, but offeeno Metals £5). In fact, this appears to be the first report oP _
information since the parameters are linearly correlated wigieémical shift tensor components in a copper(l) phosphir
the applied field strength. On the other hand, where the qu&@MPlex. Qualitatively, the span of the chemical shielding
rupole and Zeeman interactions are of comparable magnitd88S°r in1 is significantly smaller than those generally ob-
and the full-matrix diagonalization method is used, analyses $#ved In phosphine complexes of transition metals fror

NMR spectra collected at different fields enhance confidencedfPuPs 6 to 10 16), but is comparable to those of mercury
the NMR parameters obtained therefrom. phosphine complexed.7) and free phosphine ligand&sg).

Information regarding the anisotropitP chemical shielding A sécond bis(tribenzylphosphine)cuprate, [(BBZu][PFd],
is available from cross-polarization spectra of non-spinnirg) Was also investigated by these means. The crystal belon
samples (Fig. 3). Again utilizing the symmetry constraint® the space group2/c (8). This symmetry guarantees that the
provided by X-ray diffraction to guarantee an axially symmefOPPEr in any given cation is situated on a centre of inversio

ric shielding tensor iri, exact lineshape calculations yield théf@nsequently ensuring that the P-Cu—P bond angle is 180°, 2
that the two phosphorus nuclei are magnetically equivalen

I , _ _ , However, the crystal symmetgoes nodemand that the EFG
All simulated spectra include coupling effects to both spin-active copp?r t the Cu(l) site i iall tri d it dictat
nuclei according to the ratio of their respective natural abundafficy/ ensor a _e u(l) site is axially Symme e, ”_Or _oes ! _IC al
65Cu = 69.1/30.9. Dipolar and-couplings were varied according to their that the unique components of the direct and indirect spin—sp
relative magnetogyric ratiosy(®3Cu)/y(°Cu) = 0.93353. coupling tensors be coincident). A further implication of
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[(PBz,),Cu][CuBr,] [(PBz,),Cu][PF,] anisotropic] tensors in powder samples depends critically ol
sufficiently high crystal symmetry.

An unigue feature of these spectral analyses is that relati

sign information is available from the exact calculations. Givel
that one-bond reduced coupling constaf®) petweer?'P and
transition metals are known to be positivied), only positive
94T values ofCq and Ry reproduce the experimental spectra. A
positive nuclear quadrupole coupling constant is consiste

with sign predictions for linearsp-hybridized” atoms based on
.............................. symmetry and hybridization consideratio2b( 20, as well as
% Y 0 40 8 LY 0 40 with microwave spectroscopic measurements in copper(

i e halides 21, 22. Since the magnetogyric ratiog(**P) and
v(83'%%Cu), possess the same sifa,, must also be positive. A
positive value oR 4 then, demands thatJ/3 be smaller than
Rpp, @ criterion satisfied by the values listed in Table 1. In fact

47T two sets of parameters produce identical spectra, the secc

involving the correspondingegativequantities forCq, Jis,,
andR.. Were this latter solution valid, theanisotropy would
v H H I |
8 400 40 %8 4 0 40 have_ to be+6588 Hz_||_11 to yield Rgg 973 Hz! _
ppm ppm It is worth emphasizing that what emerge from this type o

analysis are theelative signs of Cq, Jiso, andRey (2C, 23.

. Unless one of these is knowan priori, it is not possible to
distinguish absolutely between these two solutions. Early ca
culations by Menger and Veeman claiming to have determine

21T the absolutesign of XJ(3'P, ®3Cu) were based on purely iso-
tropic J-coupling (i.e.,Re = Rpp > 0), thereby inadvertently
overlooking the possibility of aegativeeffective dipolar cou-

............ — SRR RN pling constant Ib). Subsequent workers have elected instea
10 8 0 80 w0 & 0 80 to assume the sign @&, in order to determine the sign df;,
(20). An alternate approach, as employed here, is to accept t
FIG. 3. Experimental (bottom traces) and calculated (top trad#)cp POSitive sign of the reduced coupling consta#t(P, Cu) (9),
spectra of the phosphine resonances in stationary samplesnal; see Table as a reference for the other signs. Although the end result is t
1 for fitting parameters. Spectra collected at 9.4 and 4.7 T result from betwegame in this case, it is important to have a clear understandi
200 and 309 transients,_ whereas 2.1 T spectra are from the cogdditiorbﬁafwhat is actuall}knownin order to avoid circular reasoning.
11,400 transients. A portion Qf Fhe_hexafluorophosphate resonance in the 2.1 'Ef internuclear distances were not known independently or
spectrum of [(PBg),Cu][PFR] is indicated by an asterisk. . - - ] ’
might be tempted to use the effective dipolar coupling consta
in the calculation ofrp -, i.e., assuming purely isotropic
J-coupling. In the present cases, this would result in an ove
Sg'gimation of the bond length. Specifically, the actual phospht

the lowered symmetry is that tiEP NMR analysis of non-

s sanpes ot 1 o e et et e clcun) 21385
p g y y sy ' Yielding Rop(PP, %3Cu) = +1223 Hz {). Accounting for

Local fhnvwonfmetntthabm;t Itge rih;).sphlorus 'S d'tStortf?g sgmew aJ(31P,63Cu) = +750(50) Hz, the effective dipolar coupling
rom the perfect three-fold rotational symmetry Ifthe Cu-— constant is 972 Hz, leading to apparent g, of 2.37 A.

P—C bond angles are 110.5°% 114.0%, and 11585° ( Similarly for [(PBz),CUl[PF, fpcq = 2.1909(14) A from

In spite of these qualifications, excellent simulations of ﬂ'@rystallography g), whereas the NMR result neglecting the
P NMR spectra of magic-angle spinning and non-spinningnyribution ofAJ is 2.36 A. In each case, a naive interpreta:
samples of could be obtained by invoking the above assumpyn of the solid-state NMR spectra would indicate bonc
tions (Figs. 1 and 3). Moreover, the spectral parameters gfgths 8%longer than those determined from X-ray crystal-
within experimental error of those obtained fbr(Table 1). |ography. Clearly, this observation underscores the importan:
Nevertheless, without having carefully examined compolind of considering whether anisotropiecoupling may be opera-
for which symmetry-dictated tensor orientations can be religige in the analysis and subsequent interpretation of solid-sta
upon, it would be impossible to have any confidence in th¢MR spectra 24).
J(*P, 8%/%%Cu) anisotropy obtained foR. A clear message It is necessary to point out that the comparison of bon
emerging from this work is that the reliable characterization ¢éngths obtained from solid-state NMR and diffraction tech

31
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nigues is subject to some qualifications. In particular, ttechemes. In particular, the potential utility of solid-state NMF
measurement of dipolar couplings depends on the vibrationaltystructural characterization is not ultimately aided by “quick:
averaged valué —3), so that the internuclear distances derivednd-dirty” spectral analyses which account insufficiently fol
therefrom are actually(t ~ %)) ~/®. Diffraction techniques, by the tensorial complexity of nuclear coupling interactions, bu
contrast, measure the time average. It is well known, will be furthered only by detailed investigations of well-char-
therefore, that molecular libration decreases the observed aliterized molecular systems.

pole coupling constant, thereliycreasingthe apparent bond

length @5). Could motional averaging masquerade as indirect EXPERIMENTAL

spin—spin coupling anisotropy? Recent research utilizing the- ] o
oretical calculations and molecular dynamics simulations to S@mple preparation and characterizatior|(PBzy),Cu][CuBr],

assess vibrational effects on internuclear distances obtaide&PZ = benzyl) was prepared according o the literature metho
from solid-state NMR concluded that for directly bonded norf2f Akrivos et al. (7). The synthesis of [(PBgCUl[PF], 2,
proton nuclei in glycine, molecular librations are responsibfglly described in Ref. §), involved the addition of solid
for a 2-3% increase in bond lengths with respect to tho§#€nzylphosphine to a solution of [Cu(GEN),[PFe in
obtained from single crystal diffraction techniqu@s@. The dichloromethane/ethanol (1:1) under nitrogen atmospher
same study suggests that intramolecular vibrations induce n&§is reaction mixture was heated under reflux for five minute
ligible changes between nonproton nuclei. On the basis ¥fd allowed to stand at room temperature for one hour, wher
these resullts, it is highly unlikely that motional effects are fullifPon colourless crystals & were filtered, washed with ice-
responsible for the observed 8% increase in the P—Cu bdifid ethanol and driedn vacuo. The single-crystal X-ray
length; AJ must be operative. structures.ofl (7) and 2 (8) cqnﬁrm 'Fhat' these complexgs
The existence of anisotropiecoupling in metal phosphines POSsess discrete [(P%QJ]+ cations with linear, two-coordi-
has been thoroughly discussed in the literat@el(, 23, 26, nate P—-Cu-P local environments for j[he 'Cu(l) atom. In bot
27), and is understood to imply that mechanisms other than thgmplexes, the copper atom of the cation is located on a cen

orientationindependent Fermi contact term play a significarftf Symmetry such that the P-Cu-P angle is exactly 180° ar
role in indirect spin—spin coupling. In view of this, it is notth® two ligands are perfectly staggered and of opposite chire
surprising that schemes correlatifg(3'P, 6%Cu) with the ¥Y- In 1, the E—Cu—P axis lies on a three-fold prystallographn
number of bound phosphine liganda8] fail in the present SYmmetry axis, gene(atlnggGymmetry for the I|gand§ anqﬁs
case, as they are implicitly based on the dominance of tR¢mmetry for the cation; the entire system crystalllges in th
Fermi contact mechanism. Whereas this assumption appear¥osPace group?. In 2, the three-fold symmetry axis along
be valid for first-row elements such € and™H, its extension P—Cu-P is perturbed, as the F(3) and'J-¢8oms of the [PF -
to heavier elements is dubious given the results contain@@ion interact with thertho hydrogens of one phenyl group on
herein. each of the PBgzligands; this system crystallizes in ti@2/c
space group§).
CONCLUSIONS 63/6%Cu nuclear quadrupole resonance spectroscogfCu
and ®°Cu quadrupole frequencies were obtained at ambiel

The analysis of*P NMR spectra of compountlis simpli- temperature using a Bruker CXP console pulsing into a prot
fied by the space group symmetry which, when combined wigiirangement that was well-removed from the magnei (n)
single-crystal X-ray diffraction and powder NQR data, permi@nd shielded from extraneous magnetic and radiofrequen
an unambiguous measurementAdf)(31P, ®¥6%Cu). The cor- interference by a mumetal container. Solid-echo experimen
responding analysis o2, subject to the same assumptiongllvith extended phase cycle29) to eliminate baseline distor-
yields NMR parameters that are within experimental errdk,of tions and echo tails were employed in these measuremen
in spite of the loss of strict three-fold symmetry. The spectrésing hard pulses of gs duration and recycle delays of 0.5 s.
calculation of2 can be considered successful only because itT§€ quadrupole frequency range scanned was determined frt
accompanied by the parallel successl pfor which the inter- previous NQR studies of Cu(l) systents2[. The location of
action tensors are completely determined by crystal symmet@th ®*Cu and®°Cu isotope resonances (related by the rati
Though sometimes ignored, the contribution &3 to the vo(®*Cu)ivg(®*Cu) = 1.081) verified that true copper NQR
effective dipolar coupling constant can be substantial, and ftgquencies were being observed. For [(BBZu][CuBr,], the
neglect may yield misleading structural information. TheS¥QR frequencies for the [CuB™ anion were measured and
results are in qualitative agreement with conclusions fropfoved to be well-separated from the cationic P-Cu—P core
previous studies which were based on questionable assuffigerest. The values reported for [CyBr are in close agree-
tions @). Clearly it is of paramount importance to establisment with previous**Cu NQR studies involving this anion
simple methods for understanding NMR spectra in terms G¥20.
molecular structure, but it is difficult to overemphasize the *'P nuclear magnetic resonance spectroscopyP CP/
need to maintain scientific rigour in the presentation of SUdMAS spectra were acquired at three fields using Bruker CXF
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90, MSL-200, MSL-400, and AMX-400 spectrometers opera@SlRO North Ryde NMR Facility. Thanks also to Dr. Klaus Eichele for many
ing at 36.44, 81.03, and 161.98 MHz, respectively. Sampl@@pf‘“ discussions, and to Prof. Peter Healy for critical comments.
were packed into 4 mm or 7 mm zirconia rotors and all spectra
were collected at 298 K. Chemical shifts are reported relative REFERENCES
to 85% H,PO,(aq). Standard cross-polarization schemes weria LW, Diesfeld. £. M. M LT Ed G SV

H H ) . . . DI . . nger 0 V4 n L. man
used, typlcally employlng .prOton 90 pUIseS of 33 and f]e.l)Am. Che?ns.eSO,c. 102, 7333(9(1,980); (b) E?T\}I.aMenger angeW.aSi
contact times of 10 ms, W|th_ 60 s recycle _delays. For MAS Veeman, J. Magn. Reson. 46, 257 (1982).
spectra, data tables of 2K points were acquired and zero-filled ) o ¢ ojivieri, 3. Magn. Reson. 81, 201 (1989); (b) A. C. Olivieri,
to 4K prior to exponential multiplication with 30 Hz Lorent- 3 am. Chem. Soc. 114, 5758 (1992); (c) S. H. Alarcén, A. C. Olivieri,
zian line-broadening and Fourier transformation. Spectra of and R. K. Harris, Solid State NMR 2, 325 (1993); (d) F. Asaro, A.
Stationary Samp|es typ|ca||y involved the acquisition of 1K Camus, R. Gobetto, A. C. Olivieri, and G. Pellizer, Solid State NMR

points, 2x zero-filling, and exponential multiplication of 100 & 81 (1997).
Hz, prior to Fourier transformation. The spectral width ranged E’éﬁoaggi') E. Brooks, N. Rath, and E. Deutsch, Inorg. Chem. 30,

from 50 to 80 kHz. 4. G. Wu and R. E. Wasylishen, Inorg. Chem. 35, 3113 (1996)
In order to establish meaningful comparisons between ex- "' T y o g Y '
(@) J. V. Hanna, M. E. Smith, S. N. Stuart, and P. C. Healy, J. Phys.

perimental an_d calcqlated MAS lineshapes, it is necessary fo Chem. 96, 7560 (1992): (b) G. A. Bowmaker, J. V. Hanna, R. D. Hart,
construct an “isotropic MAS powder spectrum” by adding the p_ . Healy, and A. H. White, J. Chem. Soc. Dalton Trans., 2621
spinning sidebands (ssbs) to the centreb&t). (For spectra (1994); (c) G. A. Bowmaker, J. D. Cotton, P. C. Healy, J. D. Kildea,
collected at 9.4 T, this was achieved by summing the minor S.bin Silong, B. W. Skelton, and A. H. White, Inorg. Chem. 28, 1462
intensity (<5%) located in thet1 order ssbs, well-separated (1989

from the centreband. At 4.7 T, however, the rotation rate wa% (& P- A. Casabella, J. Chem. Phys. 41, 3793 (1964); (b) D. L.
insufficient to fully separate the ssbs from the centreband, and /2"derHart. H. S. Gutowsky, and T. C. Farrar, J. Am. Chem. Soc.

. ! - . 89, 5056 (1967); (c) M. E. Stoll, R. W. Vaughan, R. B. Saillant, and
consequently, intensity from flrst-orQer ssbs was interleaved 1 cole, 3. Chem. Phys. 61, 2896 (1974); (d) R. K. Harris and A. C.
between centreband peaks. Summation ofttieand*2 ssbs Olivieri, Prog. NMR Spectrosc. 24, 435 (1992); (e) C. A. McDowell,
in this case therefore, yielded peak artifacts which, though in “Encyclopedia of Nuclear Magnetic Resonance” (D. M. Grant
unsightly, do not interfere with the spectral analysis; these have E"l”g%g-(f*;-RHz”': Eds.), “FI’EP- 29|01‘i|908'f m"'ely' C&'Chestt_er'R UK

ipe - . _ ) . K. Harris, In ncyciopedia o uclear ivlagnetic Res-
been artl_f|0|ally removed for _aesthetlc purposes. In MAS Spec- | -nce” (D. M. Grant and R. K. Harris, Eds.), pp. 2909-2914, Wiley,
tra acquired at 2.1 T, spinning sidebands overlap with peaks chichester, Uk (1996); (g) S. Ding and C. A. McDowell, J. Chem.

from the centreband, and it was impossible to generate an phys. 107, 7762 (1997’).

“isotropic MAS powder spectrum.” Although these constitute &. p. D. Akrivos, P. P. Karagiannidis, C. P. Raptopoulou, A. Terzis, and
small percentage of the total signal intensitz10%), this S. Stoyanov, Inorg. Chem. 35, 4082 (1996).

spectral overlap is probably responsible for minor discrepers. E. W. Ainscough, A. M. Brodie, A. K. Burrell, J. V. Hanna, P. C.

cies observed between calculated and experimental spectra atiealy. and J. M. Waters, unpublished results.
this field (see Fig. 1). 9. F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemistry,”

NMR | calculati Calculati f thé™P NMR 4th ed., Wiley-Interscience, Toronto (1980).
spectral calculations. Calculations of t 0. K. E. Eichele, R. E. Wasylishen, J. S. Grossert, and A. C. Olivieri, J.

lineshapes utilized WSolids and QUADSPIN, both C programs. ppys. chem. 99, 10,110 (1995).

developed in this laboratory incorporating full-matrix diago1y. (5) 3. B. Robert and L. Wiesenfeld, Phys. Rep. 86, 363 (1982); (b)
nalization of the Zeeman-quadrupolar Hamiltonian for the di- A. D. Buckingham, P. Pyykko, J. B. Robert, and L. Wiesenfeld, Mol.
polar-coupled quadrupolar nucleusd). For calculating spec- Phys. 46, 177 (1982).

tra of stationary powder samples, the formgXAspin system 12. (a) E. A. C. Lucken, Z. Naturforsch. A 49, 155 (1994); (b) S. Rama-
was treated as an AX system, since incorporation of the small Prabhu, N. Amstutz, and E. A. C. Lucken, Z. Naturforsch. A 49, 199
31P,31P dipolar coupling constant (230 HZ) simply introduced (1994); (c) G. A. Bowmaker, L. D. Brockliss, C. D. Earp, and R.

additional broadening of the peaks. Powder averagin Whiting, Aust. J. Chem. 26, 29 (1973).
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Chichester, UK (1996).
ACKNOWLEDGMENTS 14. (a) C. J. Jameson, in “Multinuclear NMR” (J. Mason, Ed.), pp.

89-131, Plenum, New York (1987); (b) C. J. Jameson, in “Phos-
We are grateful to the Natural Sciences and Engineering Research Council Phorus-31 NMR Spectroscopy in Stereochemical Analysis: Or-
(NSERC) of Canada for supporting this work through research and equipment 9anic Compounds and Metal Complexes” (J. G. Verkade and L. D.
grants. S.K. thanks NSERC, the Walter C. Sumner Foundation, and the Izaak Quin, Eds.), pp. 205-230, Methods in Stereochemical Analysis 8,
Walton Killam Trust for postgraduate scholarships. R.E.W. is grateful to the VCH, Deerfield, FL (1987).
Canada Council for a Killam Research Fellowship. Some spectra were ds. (a) G. Wu, R. E. Wasylishen, H. Pan, C. W. Liu, J. P. Fackler, Jr., and
tained at the Atlantic Region Magnetic Resonance Centre, generously sup- M. Shang, Magn. Reson. Chem. 33, 734 (1995); (b) C. W. Liu, H.
ported by NSERC of Canada. J.V.H. thanks the CRC for Molecular Engineer- Pan, J. P. Fackler, Jr., G. Wu, R. E. Wasylishen, and M. Shang,
ing and the National Nanofabrication Facility for continued funding of the J. Chem. Soc. Dalton Trans., 3691 (1995).



16

17.

18.

19.

20.
21.
22.

23.

24.

25.

ANISOTROPIC J-COUPLING IN COPPER(I) PHOSPHINES

. K. Eichele, R. E. Wasylishen, J. M. Kessler, L. Soluji¢, and J. H.
Nelson, Inorg. Chem. 35, 3904 (1996).

W. P. Power, M. D. Lumsden, and R. E. Wasylishen, J. Am. Chem.
Soc. 113, 8257 (1991).

G. H. Penner and R. E. Wasylishen, Can. J. Chem. 67, 1909
(1989).

The reduced coupling constant, K(N,N’), is useful for comparing
signs and magnitudes of couplings between various nuclei, as it
incorporates the respective magnetogyric ratios, K(N,N') =
472I(N,N")/ Ny vn-

S. Vega, J. Chem. Phys. 60, 3884 (1974).

J. Hoeft and K. P. R. Nair, Z. Naturforsch. A 34, 1290 (1979).

K. D. Hensel, C. Styger, W. Jager, A. J. Merer, and M. C. L. Gerry,
J. Chem. Phys. 99, 3320 (1993).

R. Gobetto, R. K. Harris, and D. C. Apperley, J. Magn. Reson. 96,
119 (1992).

P.-J. Chu, J. H. Lunsford, and D. J. Zalewski, J. Magn. Reson. 87,
68 (1990).

(@) E. R. Henry and A. Szabo, J. Chem. Phys. 82, 4753 (1985);
(b) T. Nakai, J. Ashida, and T. Terao, Mol. Phys. 67, 839 (1989);

26.

27.

28.

29.

30.
31.

215

(c) Y. Ishii, T. Terao, and S. Hayashi, J. Chem. Phys. 107, 2760
(1997).

(@) G. H. Penner, W. P. Power, and R. E. Wasylishen, Can. J. Chem.
66, 1821 (1988); (b) W. P. Power, M. D. Lumsden, and R. E.
Wasylishen, Inorg. Chem. 30, 2997 (1991); (c) W. P. Power and
R. E. Wasylishen, Inorg. Chem. 31, 2176 (1992); (d) M. D. Lumsden,
K. E. Eichele, R. E. Wasylishen, T. S. Cameron, and J. F. Britten,
J. Am. Chem. Soc. 116, 11,129 (1994); (e) R. E. Wasylishen, K. C.
Wright, K. E. Eichele, and T. S. Cameron, Inorg. Chem. 33, 407
(1994); (f) M. D. Lumsden, R. E. Wasylishen, and J. F. Britten, J.
Phys. Chem. 99, 16,602 (1995).

D. Christendat, R. D. Markwell, D. F. R. Gilson, I. S. Butler, and J. D.
Cotton, Inorg. Chem. 36, 320 (1997).

G. A. Bowmaker, A. Camus, P. C. Healy, B. W. Skelton, and A. H.
White, Inorg. Chem. 28, 3883 (1989).

A. C. Kunwar, G. L. Turner, and E. Oldfield, J. Magn. Reson. 69, 124
(1986).

G. Wu and R. E. Wasylishen, J. Phys. Chem. 97, 7863 (1993).

D. W. Alderman, M. S. Solum, and D. M. Grant, J. Chem. Phys. 84,
3717 (1986).



