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Phosphorus chemical shift and spispin coupling tensors have been characterized for tetramethyldiphosphine
disulfide (TMPS) by analysis ofP CP NMR spectra obtained at 4.7 T for a single crystal. In addifién,

CP NMR spectra of stationary powder and magic angle spinning (MAS) samples have been acquired at two
applied magnetic fields (4.7 and 9.4 T) and analyzed independently using the dipolar-chemical shift method.
A 2D spin-echo NMR spectrum was also obtained to independently determine the efféetivéP dipolar
coupling constant. The crystal structure of TMPS (space g@im) consists of six molecules per unit cell.

For two of the six molecules, the two phosphorus nuclei are related by an inversion center (site 1), while the
remaining four molecules possess mirror planes containing #e-$—S bonds (site 2). The differences
between the two sites are very subtle, as revealed by a redetermination of the X-ray crystal structure. The
phosphorus chemical shift tensors obtained from both single-crystal and dipolar-chemical shift NMR methods
are in excellent agreement. For sitedd, = 91 ppm,d22 = 75 ppm, andsz = —63 ppm with an error of:=2
ppm for each component. The principal components of the phosphorus chemical shift tensor at site 2 are very
similar; 611 = 92 ppm,d2, = 74 ppm, anddzz; = -59 ppm, again with errors a2 ppm. The phosphorus
chemical shift tensors for both sites are oriented such that the direction of highest shielding is closest to the
P—S bond while the direction of least shielding is perpendicular to the plane containing-BeFR5-S bonds.

Ab initio (RHF and DFT) calculations of the phosphorus chemical shift tensors for both sites are in good
agreement with experiment.

Introduction orientation of the PAS of the chemical shift tensor is determined
Nuclear magnetic resonance studies of solids provide infor- relative to the dipolar tensor, which is axially symmetric with
the unique axis along the vector between the two nuclei of the

mation that is unavailable from solution studies. For example, "'~ X . X :
solid-state NMR studies offer the opportunity to characterize SPin pair. The details of this method have been well described

chemical shift, dipolar coupling, aniicoupling tensors as well I the literaturet™ In the absence of symmetfythe analysis
as quadrupolar coupling interactions for systems involving nuclei ©f 1D NMR spectra of stationary samples requires information
with | > 1/,. The presence of all these interactions, however, about t.he magnitude of the effecnye dipolar coupling constant,
makes the analysis of NMR spectra acquired from solids Ref It is well documented that reliable values R can be
challengingt The determination of the chemical shift tensor, ©btained independently from the 2D spin-echo experirfht.
both its principal components and the orientation of its principal ~ As a complement to experimental studies, ab initio molecular
axis system (PAS) with respect to the molecule, is particularly orbital calculations can be quite valuable for characterizing the
valuable due to its close relationship with the local structure chemical shift tensor, particularly for determining the tensor
and electronic properties of the molecél&Vhile isotropic orientation in the molecular frame of refere®®&:1° The
chemical shifts have been extensively investigated in solution, progress in first principles calculation of NMR parameters has
trends are often observed which defy simple explanations in been reviewed recentht.In order to evaluate the accuracy of
terms of local structure, particularly in the case of phosphorus these methods for characterizing chemical shift tensors, one can
chemical shifts. The characterization of the chemical shift compare calculated results with data obtained from single-crystal
tensor for model systems is valuable because it provides NMR studies®102b.13n principle, the latter experiments provide
essential data necessary for the successful interpretation ofthe principal components and orientations of the chemical shift
chemical shift trends. tensors, as well as dipolar and indirect spapin coupling
The majority of NMR experiments performed on crystalline tensors. Unfortunately, single crystals of sufficient size and
powder samples do not provide the orientation of the chemical qyality are not easily obtained for most compounds; hence, such
shift tensor; however, the presence of isolated spin pairs allows gata are relatively rare in the literature. Recent advances in

for the application of the dipolar-chemical shift method in order pargware and software have made the single-crystal NMR
to obtain some orientation informatidrin this technique, the  experiment more efficieri 13
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SCHEME 1: Structure of Tetramethyldiphosphine
Disulfide, TMPS
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crystalline powder samples and ab initio calculations is tetra-
methyldiphosphine disulfide, [(CHPSL, abbreviated as TMPS
(Scheme 1). It is straightforward to grow a large single crystal
of this compound. In addition, the molecule is sufficiently small,
allowing for ab initio calculations with acceptably large basis
sets and various levels of theory. There have been a few NMR
studies of alkyldiphosphine disulfides in the literature, many
solution studies stemming from an interest in the relationship
between conformation arid(3'P 31P) 14.15Tetraethyldiphosphine
disulfide®16 (TEPS) and tetrabutyldiphosphine disulfilETBPS)
have been a testing ground for the determination of anisotropy
in the indirect spiA-spin coupling tensors. For TEPS, the upper
limit for the anisotropy oftJ(31P 31P), AJ, is 462 Hz% However,
there are no extensive ab initio studies of phosphorus chemica

shielding tensors in the literature for these compounds. Some
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Figure 1. Labeling scheme for the TMPS X-ray structure (see
Table 1).

ITABLE 1: Selected Bond Lengths (A) and Bond Angles

(deg) for TMPS

experimental and ab initio investigations of related compounds,
the dithiaphosphetanes, [RSP(S$)@hd dithioxophosphoranes,
RPS, have been reportéd.For AgsP.Os, a significant anisot-
ropy in the3P 3P indirect coupling tensor has been reported,
AJ = 800 + 80 Hz?!®

In this work, we report the phosphorus chemical shift and
dipolar coupling tensors for TMPS as characterized3Hy
single-crystal NMR. These results are compared with those
obtained from an independent analysis’#f NMR spectra of
crystalline powder samples. In addition, the quality of ab initio
calculations of phosphorus chemical shift tensors is evaluated
by comparison with the experimental results. Finally, our
analysis leads to an upper limit of the anisotropy of the
1J(31P 31P) tensor for TMPS.

Experimental Section

A sample of TMPS was obtained from Johnson Matthey
Electronics.

Redetermination of X-ray Structure. For reasons discussed
below, the X-ray structure of TMPS was redetermined. A single
crystal of dimensions 0.02 mm 0.20 mmx 0.45 mm was
selected from a sample of TMPS recrystallized from,CH
and mounted on a glass fiber. X-ray diffraction experiments
were carried out on a Siemens P4RA diffractometer (Mg K
2 =0.710 69 A, graphite monochromator) at room temperature,
using thew and ¢ scan technique with a CCD area detector.
The maximum 2 value was 55.2 The parameters for the
monoclinic cell werea = 18.860(6) A,b = 10.693(6) A,c =
7.021(4) A, andp = 94.608(33, with Z = 6. With FW =
186.20, the calculated density is 1.311 gfcr@f the 5143

site 1 site 2
P(1)-P(1A) 2.2137(14) P(HP(3) 2.2144(10)
S(1)-P(1) 1.9569(11) S(P(2) 1.9596(10)
P(1)-C(1) 1.799(3) S(3yP(3) 1.9560(11)
P(1)-C(1A) 1.799(3) P(2}C(2) 1.796(2)
C(1)-P(1-C(1A) 105.7(2) P(2)C(2A) 1.796(2)
C(1A)-P(1)-S(1) 115.50(11) P(3)C(3) 1.803(3)
C(1)-P(1}-P(1A) 103.56(10) P(3)C(3A) 1.803(3)
S(1)-P(1-P(1A) 111.65(5) C(2rP(2}-S(2) 115.35(9)
C(3)-P(3-S(3) 115.25(10)
C(2)-P(2)-P(3) 103.90(9)
S(2)-P(2)-P(3) 111.58(4)
C(3)-P@B)-P(2) 104.02(10)
S(3)-P(3)-P(2) 111.11(5)
C(2)-P(2)-C(2A) 105.5(2)
C(3)-P(3-C(3A) 106.0(2)

TABLE 2: Direction Cosines to Orient the Monoclinic
Crystal Axes (a, b, c) with Respect to the Orthogonal NMR
Cube Frame (X, Y, Z) As Determined by X-ray Diffraction

X Y z
a 0.9972 0.0398 —0.0446
b —0.0525 0.9980 —0.0458
c —0.0268 0.0458 0.9983

calculations were performed with SHELXTR. Structural
parameters are given in Table 1 and the atom labeling scheme
is shown in Figure 1.

Phosphorus-31 Single-Crystal NMR A large single crystal
of TMPS, grown in CHCI, with dimensions of approximately
3 mmx 3mmx 3.7 mm, was glued into the corner of a hollow
three-sided crystal holder, made from aluminum oxide, measur-
ing 4 mm on each side. X-ray diffraction methods were used

reflections collected, 1686 were unique. The data were correctedto determine the orientation of the monoclinic crystal system
for Lorentz and polarization effects and for absorption using with respect to the cube axes (Table 2). The cell axes were
an empirical model® The structure was refined ©2/m,?! where orthogonalized using Rollett's conventi&tThe rotation matrix,

all atoms with the exception of hydrogen atoms were refined RAy)Ry(8)Rz(c),?* relates the orthogonalized crystal system and
anisotropically. Hydrogen atoms in their observed positions were the cube frame of reference. For our samples 120.33, =
refined isotropically. The final cycle of full-matrix least-squares 3.04, andy = 242.72. Phosphorus-31 NMR data from the
refinement, using all unique reflectionk ¥ 30(1)) with 101 single crystal were obtained on a Bruker MSL 200 spectrometer
variable parameters, converged with unweighted and weighted(4.7 T, corresponding to &P NMR frequency of 81.03 MHz),
agreement factors & = 0.0327 andR, = 0.0706, respectively.  using an automated single-crystal goniometer probe manufac-
On the final difference Fourier map, the maximum and minimum tured by Doty Scientific. Rotations were performed about each
peaks corresponded to 0.384 an@.260 electrons A3, All of the cube’sX, Y,andZ axes from 0 to 180 in 9° increments.
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All 3P NMR spectra were acquired using cross polarization x-rotation y-rotation z-rotation
(CP) under the HartmanrHahn match condition. AH 7/2 VAN AN 180° %
pulse width of 3.1us, contact time of 5.0 ms, and a recycle AN

delay d 6 s were used. For each spectrum, 64 transients were —

adequate to obtain a good signal-to-noise ratio. All spectra are % baiy o

referenced to 85% #POu(aq). The peaks in each spectrum were

fitted with a Gaussian function to obtain the frequencies of the /XA /A" A
90° 90°

peak maxima. The NMR data for each site were analyzed by
linear least-squares fit to
f(p) = A + B, cos 2 + C,sin 2y ) E

. . — N o ©
wheref; is the NMR parameter of interest angd tracks the — == — ———— L R
rotation angle of the crystal in the goniometer aboutithexis o om 00 0

D 1 : . .
(i . X Y, 2). For the®P chemical shift data of each site, the ._Figure 2. Phosphorus-31 CP NMR spectra of a single crystal of TMPS
position at the center of each doublet was plotted. In the analysis¢y; (otations of the crystal holder about X5 Y, andZ axes, acquired

of the31P—31P dipolar coupling interaction, the splitting between 4t 4.7 T.
the doublets was plotted for both sites. Phase angle®for
the X rotation,—3° for the Y rotation, and—6° for the Z rotation Results

were introduced in order to compensate for errors in the initial .
goniometer positions. The standard analysis of single-crystal .. - 0SPhorus-31 NMR of a Single Crystal of TMPS The

: . 31P NMR spectra obtained from a single crystal of TMPS are
NMR dat d bed elsewhéere?® S -
Ph as 'S egle:“\jR efs;w der S lesPhosph 31 shown in Figure 2. The X-ray structure of TMPS indicates the
cp I\(IJI\S/IFI)R orus-t f t?{. owader 3mp§ i OSFI’ oruszj ith presence of six molecules in the unit cell. In two of the six
. Ispec.ra'o sl\?pl\%nary powdere dsampées sn M\gIL molecules, the two phosphorus nuclei are related by inversion
ZmO%g';n%ng ecigmggge(tics él\‘;:’;r?nggg;';eo Oo(ljlaY Tr L;ofrboth symmetry; hence they are crystallographically and magnetically
. . ' equivalent, i.e., they form ansspin pair (site 1§2 In the single-
corresponding to a frequency of 81.03 MHz f8P) and a a y Zspin pair ( J g

) crystal NMR study, site 1 gives rise to a doublet where the
Bruker AI\/I3>1( 400 (94T, cprrequndmg to a frequency of 161.90 splitting is the3P—31p effective spir-spin coupling at that
MHz for *'p). Double-air bearing ,MAS probes were used particular orientation of the crystal in the applied magnetic field,
throughout. Samples were packed into 7 mm (MSL), 7.5 mm Bo. Since|XJ(EIP31P) is less than 20 HE the splitting is given

(Infinity)é and 4 ”&T (¢2MX)Io.d. ;(ijrt%onu:cm oxide r;)totr?_. Typic?l by 3Rei(3 cog ¢ — 1)/2 whereRe is the effective dipolar
parameters werl ﬂl pulse ;’V' S of 4is, lcon actumes ot ¢4 pling constantRop — sAJ, and¢ is the angle between the
e o e e e o5 EUGER e, andS, Th ol coupng consant
. 0, B 2 _ . .
. ) . ) . Rop, is (uol4m)(h/27)ysliee 30 where [Mpellis the motionally
Hﬁzgﬁaoqr)us)(/:hu;:?i%asloslﬂft’\loﬂzg% Wmi?orrl]aZS%ZPE)‘lo(t;m)m averaged PP separation; hence, one can obtain a good estimate
phosp 0% PP Q- of Rop from the X-ray structure. The anisotropy in the

Phosphorus-31 NMR spectra of stationary samples were simu- ;- . o . !
lated using WSOLIDS, a program developed in this laboratory jgggg::ggé‘;;ig' Jofor the case of an axially symmetric

\l/\lwl\]/ll(lzeh |nco:poraftel\7;\hse POWlDER routln? O]; ,?Icijerm_an ﬁ&lh The remaining four molecules in the unit cell of TMPS
Spectia o samples were calcuated using . possess mirror planes that include the-FS-P—S plane;

27 i
LAB,* which uses the Monte Carlo method to sample crystal however, thé!P nuclei are not related by a center of inversion;

orientations for powder averaging. In our calculations 10 OQO hence, the two phosphorus nuclei are not crystallographically

orientations were used for the powder averaging. The 2D Sp'n'equivalent. Such a spin pair may be labeled as an AB spin

echo NMR spectrum was acquired on the (?MX Infinity 200’. system. In general, AB spin systems give rise to four transitions
using a standard spin-echo pulse sequence with the phase cycllnﬂ1 the solid statd~634

of Rance and Byrd® The experimental parameters were similar
to those used for the 1D experiments. The data size for the 2D 1
FT was 512x 128. Gaussian line broadening of 100 Hz was V= E(VA +vw—A-D) P
applied to both dimensions; then the data were processed in
magnitude mode. The F1 projection of the 2D spectrum was 1
tS|mulated using SpinEcho, a program developed in this labora- v, = E(VA +vg+A—-D)
ory.

Computational Details. Ab initio calculations were per-
formed using the Gaussian 98 suite of progr@msnni.ng on vy = :‘L(VA +vg—A+D)
an IBM RISC/6000 computer. The phosphorus chemical shield- 2
ing was calculated using the atomic coordinates from the X-ray
structure determined in this work. Calculations were performed - 1(1/ +v,+A+D) P
at the restricted Hartregrock (RHF) level of theory as well 4 VA TB
as with density functional theory (DFT). The gauge-independent
atomic orbitals methdd (GIAO) was used throughout. To  where v, and vg depend on the Larmor frequencys, the
compare calculated results with experimental results, the principal components of the chemical shielding tenser, 022
calculated phosphorus chemical shielding was converted toandoss and the orientation of its principal axis system (PAS)
chemical shift using the absolute shielding of 328.35 ppm for with respect tdBy, given by the polar angle@ and¢ (i is the
the phosphorus nucleus in the reference, 85%®j(aq)3! label for the nucleus of interest):
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Figure 3. Example of &P NMR spectrum of the TMPS single crystal
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Figure 5. Dipolar splitting as a function of rotation angle for site 1
and site 2. The curves represent the linear least-squares best fit to the
experimental data.

Figure 6. Orientation of the phosphorus chemical shift tensor for
TMPS as determined by (a) a single-crystal NMR study and (b) ab
initio (RHF) calculations. The orientations are shown for site 1. The
plane of the page contains the-B—P—S moiety. In both case#;, is
approximately perpendicular to the plane of the page.

very few of the rotations produce NMR spectra where there is
any evidence of an AB quartet; one example is shown in Figure
3. Since there are insufficient data to analyze site 2 as an AB
spin system, it has been analyzed as arspin system. The

plots of the chemical shift and the dipolar splitting as a function

Flgure 4. Phosphorus chemical shift as a function of rotation angle Of crystal rotation are shown in Figures 4 and 5, respectively.
for site 1 and site 2. The curves represent the linear least-squares beskor the chemical shift tensors, the coefficients of the linear least-

fit to the experimental data.

vi(0.9) =
Vo[l — (0, SIMP 0 COS ¢ + 0, SINP O SINE ¢ + 035 COF 0)]
6
The termsA, B, andD are R
50~ Re(3 c0$ £ — 1) (7)
B=J,+ % R.¢(3 cogZ — 1) (8)
D = [(v, — vg)* + BY? )

In most of the NMR spectra of the TMPS single crystal

squares fit to eq 1 are given in Table 3. The principal
components of the chemical shift tensa¥g, d,,, anddss, and

their respective direction cosines relative to the orthogonalized
crystal frame of reference are given in Table 4. The principal
components are also summarized in Table 5. As is evident in
this table, the phosphorus chemical shift tensor principal
components for sites 1 and 2 are virtually identical. Besides
presenting the three principal components, the chemical shift
tensor is also described in terms of three derived parameters:
the isotropic chemical shifliso = (011 + 022 + 033)/3, the span,

Q = (311 633, and the SkeWK = 3((322 (5.50)/9.35 The
orientation of the tensor is illustrated in Figure 6a for site 1.
The direction of highest shielding is closest to theS’bond,
while 611, the direction of least shielding, is approximately
perpendicular to the plane containing the SPPS bonds, with a
P—P—611 angle of 83. The chemical shift tensor orientation at

(Figure 2), four peaks are evident. The two of lesser intensity the other phosphorus nucleus of site 1 is simply an inversion
are assigned to site 1 and the more intense set is assigned tof the one shown in Figure 6a. For site 2, the phosphorus
site 2 since the two sites are present in a 1:2 ratio. It is not chemical shift tensor is oriented in a similar fashion with respect
obvious in Figure 2 that site 2 is an AB spin system, since the to the molecule, withysz at 2.5 from the P-S bond and the
expected four transitions are not immediately apparent. In fact, P—P—d1; angle of 100. The presence of a mirror plane in site
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TABLE 3: Linear Least-Squares Coefficients for the Phosphorus Chemical Shift and SpirSpin Coupling Interactions in
TMPS as Functions of Crystal Rotation about the CubeX, Y, Z Axest

rotation A Bi Ci
Site 1 (A)
Cc® X 60.2(42) 26.9(59) 8.8(61)
Y 7.4(56) 25.8(77) 62.9(80)
z 34.7(51) —53.4(71) 17.8(74)
spin—spin coupling X —1369(49.0) 3539(67.7) 478.4(70.9)
Y —1147(16.7) —3499(23.1) —1208(24.2)
z 2410(7.3) —88.7(10.1) —65(10.5)
Site 2 (AB)
Cce® X 72.0(16) 17.7(22) —0.3(23)
Y 8.0(37) 47.5(51) —48(53)
z 27.4(25) —62.5(34) 11.8(36)
spin—spin coupling X —1449(44.0) 3615(60.8) 524(63.6)
Y —1112(22.4) —3701(30.9 —367(32.3)
z 2490(4.1) 13(5.7) —10(5.96)

a2The phase angles for the best fit to the experimental data-atefor X, —3° for Y, and —6° for Z. ® Units of ppm.¢ Units of Hz.

TABLE 5: Principal Components, €, and the Phosphorus
Chemical Shift Tensors for TMPS (Determined
Experimentally and by ab Initio Calculation)

disdPpm  O1/ppm  Oz2/ppm  dzg/ppm Q/ppn? - k2

TABLE 4: Principal Components and Orientations
(Direction Cosines) of the Phosphorus Chemical Shift and
Dipolar Coupling Tensors Relative to the Orthogonalized
Crystal Axes (@*bc) for TMPS

a* b c -
single crystal
Site 1 (A) site 1 34.3 91 75  —63 154 0.79
du/ppm 90.6  —0.1417 0.9836 0.1140 site 2 35.7 92 74  -59 151 0.76
O2dppm 749  —-05171  —0.1717 0.8385 stationary powder
d33/ppm ~63.2 0.8441 0.0598 0.5328 (47T,9.4T)
Du/Hz 2538 0.9805  —0.1405 0.1373 site 1 343 9175 —63 154 079
Dzo/Hz 2365 0.1430 0.9897  —0.0080 MASg% gwder 860 91 76 —59 150 0.80
Dsg/Hz 5008 0.1348 0.02753 0.9905 @7T 94Ty
Site 2 (AB) site 1 34.9
du/ppm 91.8 —0.1120 0.9795  —0.1621 site Z 37.0
O2ppm 74.4 0.3955 0.1964 0.8971 37.4
O33/ppm —58.8 0.9106 0.0435  —0.4110 RHF/6-311G**
Di/Hz 2566 0.9916  —0.1273 0.0236 site 1 -19 41 17 —114 155 0.69
DJ/Hz 2358 0.1280 0.9946  —0.0238 site 2 —19 41 18 —-115 156 0.71
Dsy/Hz —4994 —0.0204 0.0268 0.9994 RHE/ -17 42 17 -111 153 0.66
2 requires that the PP—4d11 angle be exactly 90 however, ° 3sliéGl(3df'3pd) 10 66 56 -93 159 0.88
the magnitudes a1 andd; are similar, and thus it is difficult site 2 10 67 58 -94 161 0.89
to determine their orientations independefitly. 11 67 57 —90 157 0.89
The dipolar coupling tensor principal components are given g%ﬂg’(d 0
in Table 4 with their respective direction cosines. The spin site 1 52 132 97  —74 206 066
spin coupling data for TMPS are summarized in Table 6. In  site 2 50 131 98 -79 210 0.69
52 132 97 —74 206 0.66

principle, the dipolar coupling tensor in its principal axis system,

D, is axially symmetric and traceless, with the unique axis along
the internuclear vector. For amApin system

aQ = 11 — 033, k = 3 (022 — Jiso)/ Q. ° Experimental error on the
principal components i&2 ppm.¢ Experimental error o, for site
1 is £0.03 ppm andt0.04 ppm for site 2¢ There are two crystallo-

3 graphically nonequivalent phosphorus nuclei in site 2, hence two sets
DOO IoRet :? 0 of principal components are given.
D=(0 DO |=]o /,Re O (10) . . :
0 0 —2D 0 0 —3R, TABLE 6: Spin —Spin Coupling Data for TMPS?2
method Diso Ret Rop [Jisol AJ
The nonzero trace and very slight nonaxial symmetry of our  single crystal
dipolar coupling tensors is likely a consequence of experimental  Site 1 (A) —35 1662 1818 18.7 447
errors in the single-crystal NMR experiment. In addition, site 2(AB) ~ —23 166 1816 453
2D spin echo 1690

molecular motion may contribuf8:3¢The experimental values
of Reft are 1.669+ 0.05 kHz for site 1 and 1.66% 0.05 kHz ) ! g
for site 2, determined by averagiys obtained from each of 1S +50 Hz.°From ref 15.9Experimental error ist80 Hz.

the diagonal components &f (Table 4). The rotation plot for From Rpp calculated using the PP bond lengths reported
the dipolar splitting (Figure 5) indicates that the unique axis of in the X-ray crystal structufé and R determined experimen-
the dipolar tensor, which is along the-P bond, is very close tally, one can estimat&J.®3 The most recently published crystal
to the Z-axis of the cube, since the dipolar splitting for both structure of TMP& reports a significant and unexplained dif-
sites is essentially invariant to rotation of the crystal about that ference in the PP bond lengths of sites 1 andr2s= 2.245(6)
axis. This implies that the internuclear vector aBg are Aandr =2.161(4) A, respectively, resulting Rop = 1.74+
approximately perpendiculat & 90°) during the rotation about ~ 0.04 kHz andAJ = 0.3+ 0.2 kHz for site 1, whileRpp = 1.95
the Z axis; hence, a splitting o¥;Res is observed. + 0.03 kHz andAJ = 0.9 + 0.2 kHz for site 2. This is clearly

a All quantities given in units of Hz? Estimated experimental error
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stationary powder samples of TMPS, acquired at (a) 4.7 T and (b) 9.4
T. The same experimental NMR parameters were used to simulate the
observed spectra at both fields.
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structure. From our investigation, the general features of the -
X-ray structure are similar to those previously reported; 40 ppm
however, the difference in the geometry between the two sites Figure 8. Experimental and calculate? MAS NMR spectra of

is much less dramatic. The-f® bond lengths from our X-ray =~ TMPS acquired at (a) 9.4 T with the sample spinning at 3.01 kHz. The
data are 2.2173(14) A and 2.2144(10) A, for site 1 and site 2 inset shows details of the isotropic region. The bottom spectrum (b)
respectively, resulting in more reasonable valueBgf (Table was obtained at 4.7 T with the sample spinning at 4.00 kHz.

6). For site 2, the major structural difference between the two
(CH3)PS moieties is the €P—C bond angle (106.0(2)vs

105.5(2y; see Table 1). Using our values Rfp for both sites, N Y%
the upper limit onAJ is approximately 450 Hz. In addition,
there may also be a contribution from librational motion of the
molecule, which results in a smaller observed value for the
dipolar coupling constarff:38 In the absence of an accurate
potential energy surface for theHP vector, a realistic correction
of Rpp for librational motion is difficult.
Phosphorus-31 NMR Spectra of Crystalline Powder

Samples.The 3P NMR spectra of powder samples of TMPS
were analyzed independently of the single-crystal work. Before
analyzing thé'P NMR spectra of stationary (Figure 7) and MAS i 2 6 5 =4
(Figure 8) crystalline powder samples of TMPS, the effective kHz
dipolar coupling constant can be measured independently usingrigure 9. Experimental and calculated F1 projection of the 2D spin-
the 2D spin echo experimehtErom simulations of the F1  echo®P NMR spectrum acquired at 4.7 T. The large center peak
projection (Figure 9) of the 2D spin echo NMR spectriRa (truncated in this figure) is an experimental artifact.
= 1.69+ 0.08 kHz, in good agreement with the single-crystal while for site 2, the two peaks evident at 9.4 T are at 37.4 and
data. In the simulations, it is assumed tHa(3'P 3P) = 18.7 37.0 ppm (Figure 8), giving a difference of 0.4 ppm between
Hz which is the value measured in previous solution NMR the two phosphorus chemical shifts. THE MAS NMR spectra
studiest® can be successfully simulated based on this information and
The NMR spectra of the stationary samples (Figure 7) are the data obtained from the simulation of the NMR spectra of
simulated using the above value Rfi to obtain the chemical  stationary samples. Since the single-crystal NMR spectra showed
shift tensor principal components given in Table 5 and tensor very little AB character, the subtle difference between the
orientation information discussed below. The NMR spectra of nonequivalent phosphorus environments in site 2 was not
MAS samples (Figure 8) were calculated using the same apparent from that analysis. While one can, in principle, fit the
parameters as obtained from the stationary samples, with the3lP MAS NMR spectra to obtain all the chemical shift and
exception of the isotropic phosphorus chemical shifts for both coupling information, these MAS spectra (Figure 8) are es-
site 1 and 2. More accurate isotropic chemical shifts are available sentially featureless, and hence it was necessary to also analyze
from the 3P MAS NMR spectra. For site Bjso = 34.9 ppm the NMR spectra of stationary samples, acquired at different
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applied magnetic fields (Figure 7). In addition, one cannot apply TABLE 7: Comparison of dis, and C—P—C Bond Angle for
the Herzfeld-Berger approadi to the spinning sideband [R2P(S)k

manifold of the MAS spectra due to the presence of strong Oisd 01l O 03  C—P-C/
dipolar coupling© R ppm  ppm  ppm  ppm deg

In addition to obtaining the principal components of the methyl (site 13 341 91 75 —63 105.7(2)
phosphorus chemical shift tensors, some tensor orientation ethyP 50.7 108 98 —54  107.52(9)
information is available from the analysis of NMR spectra of ~n-propyF 45.9 107.8(2)

powders containing isolated spin p&irs such as those in  "MPutyl (multiple sites] f{g'? igg"; 82'5 :ggz

TMPS. The orientations are commonly described in terms of ’ ' '

Euler anglesq, 3, andy.*! The angles gives the position of aThis work.? Reference 6¢ NMR data from ref 15, X-ray crystal

833 With respect to the PP bond, while the difference between structure from ref 449 NMR data from ref 17, no crystal structure
the o angles of each tensaka, gives the torsion angle between available.

the respectivés; components. Since the dipolar tensor is axially
symmetric, the NMR spectra are invariant to simultaneous ' g .
rotation of the two phosphorus chemical shift tensors about the site 2. From the analygls ,Of the NMR spectra of stationary

P—P bond: hence, onlyAa. is determined. The angle powd_er samples, the principal components of_ the p_hosphorus
determines whethed; or o, lies closest to the PP bond. chemical shift tensors are determined. The orientations of the

The 3P NMR spectra of stationary samples (Figure 7) were most shielded compon_ents relative to 'FheFPbond as well as
successfully simulated usingo. = 0° for both site 1 and 2, 0 €ach other are obtained. For both site 1 and site 2, the most
indicating that the most shielded components of the adjacentShielded components lie in the same plane and are closest to
phosphorus nuclei lie in the same plane. The angle betweenth® P—S bond. Unfortunately, the orientation of the tensor in
the most shielded component and thefPbond,3, is 63 + the molecular frame of reference cannot be determined by
3° for site 1 and 65+ 3° for site 2, equally well described by ~ Powder NMR methods. The full tensor orientation is available

the supplement angles, I17and 118, respectively. The  €xperimentally from the single-crystal NMR study (Figure 6a).
orientation of the principal Components of the phosphorus The orientation information obtained from the pOWdeI’ methods
shielding tensor obtained from a dipolar-chemical shift analysis IS consistent with the single-crystal results.
is clearly consistent with the single-crystal NMR results. The ab initio methods employed in this work produce line
Ab Initio Calculation of Chemical Shielding Tensors.The shapes that are in good agreement with experimental results.
calculated principal components of the phosphorus shielding In addition, the calculated chemical shielding tensor orientations
tensors for TMPS are given in Table 5, and the orientation for are almost identical to those obtained from the single-crystal
one phosphorus nucleus in site 1 is shown in Figure 6b. The NMR study (Figure 6). The invariance of the chemical shielding
calculated phosphorus chemical shift tensor orientations for site tensor orientation with method suggests that calculations at the
2 are similar. Using the 6-311G** basis set, the RHF results Hartree-Fock level with moderate-sized basis sets are adequate
for diso are about 53 ppm too shielded for both sites; however, for obtaining the tensor orientation. This is particularly useful
the line shapes, described &yandx, are remarkably accurate.  for large systems, where high-level calculations are very difficult
Increasing the size of the basis set to 6-8%1G(3df,3pd) due to limited computational resources.
improves the calculated value ofs;; however, it is sitill too It has been suggested that the isotropic chemical shielding at
shielded by about 24 ppm for both sites. The DFT values are the phosphorus nucleus is directly related to theRe-C bond
too deshielded by only 16 ppm, but the span is overestimated. gngle in alkyldiphosphine disulfidé&With the characterization
Differences between the isotropic chemical shift measured in sf the phosphorus chemical shift tensor in TMPS, this correlation
the solid state compared to ab initio calculations are expected 5 pe examined more rigorously. Table 7 lists the phosphorus

since the calculations are performed on an isolated molecule. amical shift data and the-<®—C bond angle for [?P(S)b
The intermolecular effects may be substantial. For example, the, here R= methy! (this work), ethy$, n-propyl#4 or n-butyl.17

pho_sphorus nucleus in RHb less sgeldgd_ by 28 ppm in the 4 s difficult to draw any definite conclusion based on the first
liquid state _compared to the gas st é—'h's IS a general trend  jhree compounds in the series, partly due to the experimental
that nuclei in the gas phase are |nv§r|ably shielded Cornpaeruncertainty in the &P—C bond angle; however, it appears that
to the conden_sed_ phaseThe flb |n|'_uo methods repr_oduce the isotropic shielding trend does not follow the bond angle,
phosphorus shielding tensor orientations quite well (Figure 6). i.e., increasing bond angle does not correlate directly with an

QfStﬁgec?hcéfnggglu'lsahtilglr:jsinontigrfszbrl?sdlr%?;?if/ é?aﬁrgzgr?sr:ﬁ\r/‘;a&o?he increase in the isotropic chemical shift. Attempts have also been
ab initio method? 9 y made to explain the difference between the phosphorus chemical
) shift for R = n-propyl and R= n-butyl by an effect similar to
the y-effect in 13C NMR .14 We maintain that trends in the
principal components of the phosphorus shift tensors must be
The phosphorus chemical shift and spspin coupling considered, as has been done, for example, in the case of the
tensors for TMPS obtained by analysis®® NMR spectra of  dithiaphosphetanes, [RSP(S)$R = alkyl or aryl)!8 For the
crystalline powder samples are in excellent agreement with the alkyldiphosphine disulfides, the limited data available on the
single-crystal NMR study. The value &g measured by both ~ phosphorus chemical shift tensors (Table 7) indicate that the
single-crystal NMR and the 2D spin echo experiment compared intermediate componend,,, changes the most (by about 23
to Rpp calculated from P-P bond lengths places an upper limit  ppm) upon going from R= methyl to R= ethyl. The least
on the anisotropy of thé tensor (about 450 Hz), substantially ~shielded component changes by about 17 ppm and the most
smaller than originally estimated for similar compou®&s.The shielded component by about 7 ppm. By contrast, all the
phosphorus chemical shift tensors obtained from both single- principal components are similar for R ethyl compared to
crystal and powder methods are virtually identical. In addition, R = n-butyl. Unfortunately, no data on the phosphorus chemical
studies of MAS samples at 9.4 T provide additional details shift tensor are available for R n-propyl.

regarding the chemically nonequivalent phosphorus nuclei of

Discussion
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Conclusions

The characterization of the phosphorus chemical shift and
spin—spin coupling tensors for TMPS presented in this paper

serves as a benchmark study for the evaluation of experimental

NMR powder methods as well as the reliability of ab initio
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