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A comprehensive investigation of selenium chemical shift tensors is presented. Experimentally determined
chemical shift tensors were obtained from solid-std8& NMR spectra for several organic, organometallic,

or inorganic selenium-containing compounds. The first reported indirect spin coupling between selenium

and chlorine is observed for FBeCh whereJ("’SeCl);, is 110 Hz. Selenium magnetic shielding tensors
were calculated for all of the molecules investigated using zeroth-order regular approximation density functional
theory, ZORA DFT. The computations provide the orientations of the chemical shift tensors, as well as a test
of the theory for calculating the magnetic shielding interaction for heavier elements. The ZORA DFT
calculations were performed with nonrelativistic, scalar relativistic, and scalar with-sfiit relativistic

levels of theory. Relativistic contributions to the magnetic shielding tensor were found to be significant for
(NH,),WSe, and of less importance for organoselenium, organophosphine selenide, and inorganic selenium

compounds containing lighter elements.

Introduction

Selenium is playing an increasingly important role in
chemistry, particularly in materials chemistry. For example,
selenium has been utilized in the structure of various nanopar-
ticles, nanowires, and nanotubufed. Applications have also
been reported where selenium is incorporated within the
channels of porous materi&istC Interest in selenium chemistry
has not seen such growth since it was recognized that seleniu
is an essential nutrient in mammalian systé#iBhe discovery
that the TGA codon directs the incorporation of selenium has

ultimately led to the acceptance of selenocysteine as the 21st

amino acidt?13

Nuclear magnetic resonance (NMR) has been utilized to
investigate a limited number of selenium-containing nano-
composites*17 however, fewer studies have focused on the
selenium nucleus itself:l” Selenium-77 NMR is an ideal
technique for investigating selenium-containing materials as the
7’Se chemical shift ranges over 3000 gAfand is extremely
sensitive to changes in molecular structure. Clearly, it is
desirable to have a sound understanding of the structural feature
that influence’’Se NMR parameters.

Theoretical calculation of NMR parameters, particularly for
selenium where empirical interpretations are more difficult than
those extracted fromH or 13C NMR spectra, has become
increasingly useful for spectroscopidésSelenium-77 NMR
studies of isotropic liquids, specifically isotropic chemical shifts
and indirect spir-spin coupling constants, are a well-developed
area of research¥:1°2%24 The comparison of calculated isotropic
chemical shifts with experimental values has recently been
criticized as a poor method for determining the accuracy of a
given quantum chemical approach given that the fundamental

m

versus the single value obtained from NMR studies of isotropic
solutions?® Solid-state NMR, which can yield the symmetric
part of the chemical shift tensor, is potentially more informative
than its solution counterpat®2” however, the literature and
scope of solid-stat€'Se NMR investigations has been relatively
limited.181° Magnetic resonance experiments on heavier nuclei
are known to present challenges both experimentally and
theoretically?® and the question of whether relativistic effects
are important for the calculation offSe NMR parameters
remains a topic of some debafe!

The aim of the present investigation is to probe a wide variety
of selenium-containing solid compounds, covering the known
isotropic chemical shift range of selenium, using solid-state
NMR spectroscopy and computational chemistry. Specifically,
we have used solid-statéSe NMR spectroscopy to provide
the principal components of the chemical shift tensor for several
organic, organophosphorus, and inorganic selenium compounds.
Because of the inherent ability and success of density functional
theory (DFT) in addressing electron correlation, which allows
the investigation of larger systems or those containing heavy
séltoms, DFT was employed to calculate the corresponding
selenium magnetic shielding tensors. The DFT calculations were
performed at varying levels of inclusion of both scalar and-spin
orbit relativistic effects via the zeroth-order regular approxima-
tion (ZORA) formalism*?~45 The calculated magnetic shielding
tensors obtained when transformed into chemical shift tensors
and compared with the experimental values allow insight into
the level of relativistic theory required to accurately describe
the observed magnetic shielding.

Background Theory

parameter, the magnetic shielding interaction, is characterized 1N€ magnetic shielding experienced by a nucleus in a

by a second-rank tensor containing nine components in genera
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jmolecule generally depends on the orientation of that molecule
with respect to the external magnetic fieBd, This results from
induced magnetic fields about the nucleus because of the
circulation of electrons, which slightly alter the NMR resonance
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condition. To completely describe this shielding, a second-rank se s

tensor, containing up to nine unique components, may be cl

required. In the magnetic shielding tensor’s principal axis system u,c Se | Ph

(PAS), the symmetric part of the tensor is diagonal, and only \T NH, Te\
C

three orthogonal components{ < 02, < 033), and three Euler

angles §, 3, y), which relate the orientation of the PAS to the CHy
molecular frame, are required to properly describe the interaction 1
tensor. The span of the shielding tensor is define@as o33 0

— o011 and represents the maximum orientation dependence of e HsC Se se. CHz
the shielding experienced by the nucleus in a given molecule. ¢ o >=<
The isotropic shieldingoiso, is one-third the trace of the N

Se Se

N

CHs; 3

shielding tensorgiso = (011 + 022 + 033)/3. The NMR spectrum NH; HyC CHs
of a powdered sample containing an “isolated spin” yields the
principal components of the chemical shift tensor, whose values 4 2
are related to the magnetic shielding tensor by R,PSe:
/Se\ /Ph
oi.o(ref) — o;(sample) PH se R;= Me; (), Bus(8), Cyc; (9),
0;i(sample)= 1) Ph, (10), Ph-dibenzyl (11),
1= oied(re) 6 p-Toly (12), [CaH,(OMe)s]; (13)

whereoiso(ref) is the isotropic shielding of a standard reference oc ¢co
and d11 = 922 = J33 Solid-state NMR can also provide the Q
Euler angles; however, single crystals of sufficient size and (NH,),SeQ,  (NH,),WSe, fr ST
quality are usually required for their determinatifn° and as ot %o
a consequence, Euler angles are less commonly reported than
the principal components which are readily obtained from 14 15 16
powdered samples. Figure 1. Compoundsl—16 investigated in this study.

The nonrelativistic theory of nuclear magnetic shielding was

developed by Rams&y*>and is recognized as among the most o the chemical shift tensor principal components in powder
influential papers in 20th century quantum chemisthe samples containing an isolated spin pair.
significance of relativistic effects in the calculation of nuclear

magnetic shieldings for heavy nuclei has attracted great interes
since its initial descriptiof{>” and a few representative
references of its discussion are given Heré? Representations of compouritis16 investigated in this study
Specifically for the organophosphine selenides, because ofare given in Figure 1. The following samples were acquired
the presence oF'P (100% natural abundance), it is prudent to from commercial sources and were used without further
discuss the theory of spirspin coupling. The concept of direct  prification: N,N-dimethylselenouredlf and diphenylselenium
(_jipolar and indirect _sp'rﬂsp_in coupling is W_eII covered inthe  {ichloride @) from Strem;N-methylbenzothiazole-2-selon2)(
literature?*-°° The direct dipolarD, tensor is of second-rank  tetramethyltetraselenafulvaler®)(and dipheny! diselenidey
and is traceless, while the indirect spispin, J, tensor is a from Aldrich; selenosL-methionine 4) from Sigma; and
general second-rank tensor with a nonzero trace. The averageymmonium selenatel4) and ammonium selenotungstatsy
of the principal components af (Ji1, J2, Js3) provides the  from Alfa. The organophosphine selenidds-.3) were pre-
isotropic indirect spir-spin coupling constand;s,. For directly pared from the appropriate phosphine and KSeCN, according
bonded selenium-77 and phosphorus-31 spin peifg§Se3'P) to the procedure outlined in the literatufe.
values are known to be negati%e’® The anisotropy of the Selenium-77 NMR spectra were obtained at 38.154 and
J-tensor is defined a8J = Js3 — (Ju + Jp)/2 andis inherently o000 o 00 BHker MSL-200 and AMX-400 NMR spec-
linked with the direct dipolar coupling constafgo; Rop and tro.meters Bo = 4.7 and 9.4 T), respectively. The samples were
AJ cannot be .separa.ted and an effective direct dipolar coupling packed into 7 m}n od. iircoﬁium oxide ro.tors and were spun
constantRer, is obtained experimentally: at magic-angle spinning (MAS) frequenciesf) between 1.5
— _ and 6.2 kHz. Standard cross polarization (CP), or ramped-
Rer = Rop = AJ/3 2) amplitude CP (RACP), and high-powé&d decoupling were
employed in acquiring all NMR spectra, except for cases where
CP was so inefficient that improved results were obtained after

PAYERYIZA a single pulse \_/vitth _decoupling and long recycle d_elays.
Rop = ym 3) Selenium chemical shifts were referenced to a neat liquid of
7 dimethyl selenide (MgSe) at 23C by setting the isotropic NMR
peak of solid (NH),SeQ to +1040.2 ppn'37* Isotropic
wherey is the permeability of a vacuumy, and ys are the chemical shifts were identified by varying the spinning fre-
magnetogyric ratios of the coupled spihsand S, and mf’SDis quency. The principal components of the chemical shift tensors,
the motionally averaged cube of the distance between thedj, were determined via the method of Herzfeld and Befger
coupled nuclei. When the value Bfx can be determined from  except those for (Ni.SeQ, which were determined from the
an experimental spectrun®J can be estimated from eq 2 discontinuities in the spectrum of a stationary sample, and all
providedrs is known (eq 3). Previously, we have shown that spectra were simulated using the determined values with the

the dipolar-splitting-ratio method can provide information program WSOLID® to assess the quality of the obtained
on the orientation of the internuclear vector with respect parameters. This procedure results in errorst6f2 ppm in

tExperimental Section

and

21
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the isotropic chemical shifts and errors in the principal 3000
components about-13% of the span of the respective chemical
shift tensor.

Quantum chemistry calculations of magnetic shielding tensors g |
were carried out using the NMR modtie’® of the Amsterdam
Density Functional (ADF) program packagfe* The Vosko-
Wilk —Nusaif® local density approximation with the Becke88
Perdew885-88 generalized gradient approximation was used for
the exchange-correlation functional. Nonrelativistic (NR), scalar «
relativistic (SC), and scalar with spirorbit relativistic (SO) ®
calculations were performed to gauge the importance of 0 1 ° 22
relativistic effects for the calculation of NMR parameters v SO
involving selenium. The relativistic corrections carried out are ' . . — Perfedt
based on the implementation of the ZORA formali&nt> 0 1000 2000 3000
Triple-¢ doubly polarized, TZ2P, Slater-type ZORA basis sets 8, (Expt.) / ppm
were used for all atoms except for hydrogen, which received Figure 2. Experimental vs calculated isotropic chemical shiftss,

double< quality, DZ, basis functions. The calculations were o1 the selenium-containing compounds investigated16; the solid
performed on a Linux-based cluster with either dual AMD MP  diagonal line indicates perfect agreement between calculated and

1800+ Athlon processor nodes or two AMD XP 1880Athlon experimental results.
processors operating in parallel.

The crystal structures for compountis 16 have previously
been determined by X-ray diffraction (XRBY.1%4 The atomic Comparison of Observed and Calculated Selenium Chemi-
coordinates for compount could not be generated from the cal Shift Tensors. Experimental and computational results
report in the literatur®® and were determined from a nonrela- obtained in this investigation are summarized in TableS.1
tivistic geometry optimization using ADF basis sets of similar The successes of the DFT computations in reproducing the
quality to those used in the magnetic shielding tensor calcula- experimental results obtained are illustrated in Figured4.2A
tions. All DFT calculations were carried out on isolated plot of calculated versus experimental isotropic chemical shifts
molecules using the non-hydrogen atomic coordinates, deter-for all of the compounds investigated is given in Figure 2. All
mined from the crystal structures where possible. For the ionic theoretical methods employed perform very well in reproducing
compoundd4and15, NH4* cations within 5.0 A of the central ~ diso @s evidenced by the small deviation of the individual points
atom in the anionic tetrahedron, SEO or WSe?~, were from the solid line that represents perfect agreement between
included in the calculations. Hydrogen atoms were placed at experiment and theory. The agreement was expected as numer-
idealized positionsrey = 1.09 A (alkyl) or 1.08 A (aryl) ran ous approaches have been successful in reproducing isotropic
= 1.02 A). Herein, we use the labels “a”, “b”, and so forth to  Selenium chemical shiff.26.39-33.35.3741.110 The largest dis-
designate the difference between multiple sites, and a calculatectepancy observed appears for the valuesgi\NR) calculated
value was assigned to the site that minimized the difference for two of the isotropic chemical shifts for ammonium seleno-
between the calculated and experimental values. The moleculedUngstate15aand 15b. .
were translated so that the selenium atoms were located at the Plots of theoretical versus experimental values for the
origin to minimize a gauge variance for the calculation of the ndividual principal components};i, of the selenium chemical
off-diagonal components of the magnetic shielding tensors shift tensors investigated are given in Figure 3. From Figure

within ADF 2004.01 and earlier versiof&Since the calcula- 5@ it is clear that the calculated values &g reproduce the
tions were performed on isolated molecules, intermolecular tren_d qb_served n the value:_:, é{l_(expt_.). The deviations of
interactions were not included. Solvent effects are known to the |nd|\_/|dual points fro_m the |d§allzed line of perfect agreement
affect the chemical shift for selenium compouHe2105106nd are not!ceably .Iarger in magnitude than those fqund for the
have been observed to vary by up to 50 ppm in organoseleniumcompf"Irlson of Isotropic values. The plot e_mpha3|zes tha'_[ the
specieg2197 Changes of phase are also known to influence majority of the calculations tends to underestimate the magnitude
selenium magnetic shielding tensors; for examgig(’’Se) for of the .Sh'e.ld'ng forthis  component, V_Vh'Ch leads to an
H,Se decreases by 12646 0.5 ppm when gaseous hydrogen overestlmzyon of thg valuel Cﬁlll (calr::.) with reﬁpe.ct i[o Fhe f
selenide (5 atm) undergoes liquefaction and decreases furthercolrrgs_po_n ';g expl)ergwentat\) value, (I)we_ver, the ||nc usion o
by 11.44 0.2 ppm when liquid KSe freezed% These potential relativistic effects leads to better results in general.

. . Figure 3b displays a plot of calculated versus experimental
effects must be cons!dered Whe.“ comparing calculated Valuesvalues ofd,,. The trend observed in all of the experimentally
to experimental solution and solid-state parameters.

determined intermediate principal components is well repro-
The chemical shift tensors were determined from the calcu- duced byd,, (calc.). Unlike thed,; component, there exists

lated magnetic shielding tensors, and the valueigMe;Se), more balance in the instances of over- and underestimation of

calculated at the same level of theory, according to eq 1. Becausehe calculated shielding inz, throughout the chemical shift

of the lack of an experimentally determined structure, the tensors investigated, and relativistic effects do not appear to

geometry of MgSe was optimized and converged with a improve the agreement with experiment. The differences in

staggeree staggered orientation of the molecule consistent with magnitude between the individual points and the line of perfect

previous investigation®:30-32 The calculated NR, SC, and SO  agreement are generally larger than those observegifcalc.)

values used for the isotropic shielding of dimethyl selenide were in Figure 2.

1627.8, 1580.0, and 1745.2 ppm, respectively. These values are When the experimental and calculated valuesogf are

in agreement with those previously reported by other plotted against each other (Figure 3c), there are a couple points

authors?8:30-33,35,38,41,109112 worth noting. First, the largest single deviation of aiy(calc.)

1000 -

o (Calc.) / ppm

Results and Discussion
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= Figure 4. Experimental vs calculated spar8,= d1; — 33, for the
b) selenium-containing compounds investigated15; the solid diagonal
1500 s : line indicates perfect agreement between calculated and experimental
results.
E 1000 '
g with their theoretical counterparts in Figure 4. For the most part,
= ® the spans are overestimated except for the nonrelativistic
8 50 v calculation of the three chemical shift tensors of @\Se;.
) This observation was expected given the generally observed
04 overestimation ofdi; and underestimation o33 by the
calculations (Figure 3). On the other hand, these errors cancel
500 - each other in their combined effect 6n,, leading to apparent
¢ agreement between theoretical and calculated values (Figure 2).

Q ; - )

o z = aoin . 2iion The results presented, and illustrated in Flgures,anlcate_
that the overall agreement between all of the DFT calculations
and experiment is good, given the fact that the computations

1500 are performed on isolated molecules and that the experiments
C) E are performed on solid materials. In the following subsections,
L ] . . . .
1000 % we shall focus, highlighting the exceptions to the general trends
g observed for the calculations, on the three classes of compounds
e &2 investigated: (1) organoselenium compourdss, (2) orga-
& 5001 Yo nophosphine selenide$—13, and (3) inorganic selenium
= S compoundsl4—16.
g i [ (1) Organoselenium CompoundsThe range of molecular
o 8 environments that selenium can be found in for organoselenium
® compounds is vast. The diversity of selenium environments in
-500 - ® 3 ® NR the representative compounds investigated provides a good test
o 2 = of the theoretical methods employed.
. 8 — Perfect 1. N,N-Dimethylselenourea is a r_elatively simp_le selt_anogar-
= e 0 . 00 a bonyl, or selone, compound for solid-state NMR investigation.
The experimental and simulated spectralfare given in Figure
SuRCiL o 5. The experimental spect imulated using th -
. perimental spectrum was simulated using the param
Figure 3. Experimental vs calculated values for (@), (b) 022, and eters obtained from a Herzfel®erger analysis and given
(c) dsafor the selenium-containing compounds investigaledl5; the in Table 1. The chemical shift tensor for selenium in this

solid diagonal line indicates perfect agreement between calculated and

experimental results. compound has not previously been reported; however, some

solution 77Se NMR has been performét The isotropic
from its corresponding experimental value is observed in the chemical shift obtained for the solid, 211 ppm, is somewhat
calculation ofd33 for one of the three sites of (NJ3WSe, 15a deshielded relative to the solution value of 147 pp#hoth of
The values 0b33(NR) for each of the three crystallographically which are common values obtained for selenocarbonyls pos-
nonequivalent selenium environments of ammonium seleno- sessing nitrogen substituents. The difference between the two
tungstate 15, display substantially large deviations from their shifts is not surprising given the effect of intermolecular
corresponding experimentally determined principal component. interactions'®
Second, aside from thé;s (calc.) values for (NH),;WSe, and The calculated isotropic selenium chemical shiftsifaising
a few other exceptions, the majority of the; components are  the NR, SC, and SO methods are in reasonable agreement with
calculated to be more shielded, resulting in smaller values of each other (Table 1); however, all three methods overestimate
033, than is found experimentally. the experimental value of 211 ppm. Unlike the majority of the
Magnifying the accuracy of the calculations for the most and compounds investigated herein, the valuedgf (calc.) is not
least shielded principal components, the experimentally deter- underestimated by the calculations but is one of the few that
mined spans of all of the compounds investigated are comparedslightly overestimates this component. The span of the chemical
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PR TABLE 1. Experimental and Theoretical Chemical Shift
- /“ib_' Tensorg for Organoselenium Compounds
H“C\" ::2 Jiso 011 022 033 Q
1
L‘s expt? 211 527 279 —173 700
expte 147
NR 384 787 407 —42 829
SC 392 808 425 —56 864
SO 383 715 442 =7 722
2a
expt? 368 786 368 —50 836
| | Calc 357 767 377 —72 839
! . NR 438 1022 594 —301 1323
SC 455 1040 602 —278 1318
" SO 449 997 576 —225 1222
2b
exptP 396 817 435 —64 881
392 785 430 —42 827
NR 496 1128 645 —285 1413
SC 508 1131 668 —274 1405
SO 501 1102 655 —253 1355
3
exptP 584 635 635 475 160
exptd 574.9
Expt. NR 588 773 654 338 435
SC 605 773 675 368 405
LN BN S B e B Sum Sume S B S S Sun BEm mmn S Sem Sume Se Seme S B e e S S mmm s ma So 640 791 723 405 386
800 600 400 200 0 200 -400 4
5/ ppm expt’ 109 361 192 —226 587
_ _ _ expte 112 369 202 —236 605
Figure 5. Simulated and experimental CPMASe NMR spectra of NR 26 312 221 —454 766
N,N-dimethylselenourealf, acquired at 9.4 T, after 48 transients, sC 23 325 224 —480 805
spinning at 4.0 kHz, with 50 Hz of line broadening, a contact time of 5O 21 287 176 —399 686
10.0 ms, and a 30 s pulse delay. The isotropic peak is labeled with an a
asterisk (*). Inset is a schematic of compounshowing the orientation b
of the selenium chemical shift tensor calculated at the scalar with-spin expt.f 657 73 811 187 786
orbit relativistic level of theory expt: 657.5 969.5 817.5 1855 784
' NR 621 934 898 32 902
_ _ _ o sc 639 934 916 66 868
shift tensor is overestimated at both the nonrelativistic and scalar so 653 1009 864 86 923
relativistic levels of theory; however, the spiarbit relativistic 5b
calculation accurately reproduces the experimental val&e. of exptP 669 930 835 193 787
Thus, the value od33 (calc.) does not balance the corresponding  expt! 669.7 981.7 829.7 197.7 784
overestimated value @f;; (calc.) to obtain a calculated isotropic NR 636 956 909 42 914
chemical shift that is in good agreement with the experimental 28 ggg 1%22 g?f; gg ggg
value ofl, as with the majority of the compounds investigated. 5
. . . a
The orientations of the prlnglpal cgmponent; palculated at expt? 350 524 516 11 513
all levels of theory are consistent in determining that the  gypto 350 537 510 2 535
direction of greatest shieldingas, lies approximately along the NR 333 742 308 —50 792
C—Se vector, the intermediate principal componeht, is SC 385 803 345 8 795
directed nearly perpendicular to the-lC—Se plane, and, SO 352 661 412 —16 677
orthogonal to the others, is slightly removed from coinciding  6b
with the N-C—Se plane (inset Figure 5). For comparison eXPt-‘; 425 586 505 183 403
purposes, the orientation of th& chemical shift tensor in urea expt: 425 565 527 183 382
S . NR 449 916 385 46 870
hasdi1 within the N—=C—0 plane, perpendicular to the-© sC 507 094 444 83 011
vector which is similar to the selenium homologue; however, go 474 701 505 215 486

itis the 02, and not thalss component that is oriented parallel aChemical shifts in ppm with respect to external8e.® This work.

. 4 .
to the chalcogeﬁcar'bon vector in ure#® The difference ¢ Reference 113!Reference 13(C:Reference 131'Reference 73.
between the two orientations is likely a result of a larger ¢Reference 111.

paramagnetic (deshielding) effect in the-B—Se plane ofL
than in the N-C—O plane of urea. This results in a larger four isotropic peaks, and four uniqéi&se chemical shift tensors
principal component directed perpendicular to the respective are recorded for the as-received sample in Table 1. The crystal
plane than parallel to the carbeohalcogen vector in the  structure foN-methylbenzothiazole-2-selone suggests that only
selenium species. two nonequivalent selenium atoms are present in the uniftell.
2. N-Methylbenzothiazole-2-selone is a nearly planar mol- The XRD identification was performed on only one of the two
ecule containing an aromatic ring with a selenocarbonyl crystalline forms obtained from a methylene chloride recrys-
functional group (see Figure 1). This appears to be the first tallization of the sample, stating that the other form was not
reported’’Se NMR investigation of this compound. Th&Se suitable for X-ray investigatioff, The isotropic chemical shifts
NMR spectrum o, Figure 6, acquired with MAS clearly shows  for all four of the tensors obtained for this sample are very
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o/ ppm Figure 7. Selenium-77 RACPMAS NMR center band (spinning

sidebands summed in) spectrum of compo8ndéhSeC} (9.4 T, 972
scansyrt = 4.0 kHz, 50 Hz line broadening, 10.0 ms contact time,
60 s pulse delay), and its simulation. Inset is a schematic of compound
3 showing the orientation of the selenium chemical shift tensor
calculated at the scalar with sptorbit relativistic level of theory.

Figure 6. RACPMAS7’Se NMR spectrum and the simulated spectrum
of N-methylbenzothiazole-2-selon®)( Experimental parameters: 9.4
T, 1868 scans, 5.2 kHz MAS, with line broadening of 50 Hz applied,
a 10.0 ms contact time, and a 20 s recycle delay. The isotropic peaks
are labeled with an asterisk (*). Inset is a schematic of comp@und
showing the orientation of the selenium chemical shift tensor calculated
at the scalar with spinorbit relativistic level of theory. the level of theory employed. The direction &f; lies nearly
coincident with the & Se vector, ands; is perpendicular to
similar and are in agreement with related compounds containingthe molecular plane, as illustrated inset within Figure 6. The
the C=Se moiety in which the carbon is bonded to one or more orientations obtained fa are different from both the orienta-
nitrogen atomd? A study of ”’Se T, relaxation mechanisms of  tions obtained fof’Se in1 and for*’O in urea;** however, the
several selones in solution indicated chemical shift anisotropies calculated’’Se chemical shift tensors f@rare oriented nearly
of about 3006-6000 ppmt15which appear overestimated given identically to the’O chemical shift tensor determined for
the data forl and 2. However, the same study reported a benzamidél® The similarities and differences between the
chemical shift anisotropy of 400 ppm f&; which is in line orientations oft’0O and’’Se chemical shift tensors in ketones
with our findings (vide infra). and selones suggest that the shielding interaction in selenocar-
There are a pair of chemical shift tensors, however, that might bonyl compounds is at least as complicated as their oxygen
be distinguishable from the other via calculation of their counterparts and is very sensitive to the environment of this
respective magnetic shielding tensors, and these pairs have beefuinctional group.
identified as2a and 2b corresponding to the tensors with the 3. Diphenylselenium dichloride provides a four-coordinate
two smallest and the two largest isotropic chemical shifts, environment around the selenium in which the molecule adopts
respectively. Each of the two selenium magnetic shielding a seesaw configuration with a-€6e—Cl angle of approximately
tensors calculated from the crystal structure2a§ compared 180(5).°1 The calculated and experimental isotropie NMR
with the pair of experimental selenium chemical shift tensors spectra for3 are given in Figure 7. The selenium nucleus
that each corresponds most closely with. While this assignmentexperiences residual dipolar coupltg12® from the quadru-
is arbitrary, it is noted that for all calculations the site with the polar chlorine nuclei¥®/3"Cl), with a residual dipolar coupling
smaller isotropic’’Se chemical shift also has a smaller span, constant of 41 Hz at 9.4 T. On the basis of ff€l NQR
and the largediso (calc.) was obtained from the trace of a tensor frequency of 23.076 MHz provided by an NQR study 336127
with a broader extent of shielding. The attributes of these and the Se-Cl distance of 2.30 &R a residual dipolar coupling
calculated chemical shift tensors are mimicked in the distinctions constant of 65 Hz was anticipated. An indirect spépin
between the pairs of experimental tensors lab@adnd 2b. coupling constant.J ("’Se%Cl);so, of 110 Hz is observed and
The differences between the calculated isotropic values of sitesappears to be the first reported coupling between selenium and
2a and2b at all levels of theory are similar to those between chlorine. Indirect spirspin coupling has previously been
the pairs of experimental tensors. The general trends observedeported between tellurium-125 and chlorine-35 in sMe
for the majority of the calculations in Figures-2 hold for TeCl-H,0,128in which the!?5Te is coupled to twd°Cl nuclei
both calculated chemical shift tensors2inidentical orientations  similar to the environment observed B Scaling of 1J
for the calculated shielding tensors are obtained, regardless of(*?5Te 35Cl)iso by 47%/hyteyci to yield the reduced coupling
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constant,’K (Te,Cl), 283 x 10 T2 J! indicates that the = TABLE 2: Experimental and Theoretical Chemical Shift

corresponding value of 48% 101 T2 J-1 for 1K (Se,Cl) in3 is Tensors for Tris-organophosphine Selenides
of an appropriate magnitude. The principal componedjs, diso O11 022 033 Q
(Table 1), determined in the simulation indicate an axially —
symmetric chemical shift tensor. There are, however, no exptd —204 ~116 ~130 —365 249
symmetry reasons for the chemical shift tensor to attain this expt®  —-199.6 —-117.7 —131.7 —349.3 2316
axial symmetry. It is known that methods for obtaining the NR —207 35 —219 —437 472
principal components of the chemical shift tensor from spectra 28 :;gg Ig :%g? :ggé ?13%
of MAS samples have the greatest difficulty with axially or near
axially symmetric specie’¥® The isotropic chemical shift)iso 8 .
= 584 ppm, agrees well with the value obtained ®m a Zipi'd :3(1)25 —386 —419 —419 33
chloroform SOlUtion,(Sigo =575 ppm1.30 NRp ' —485 —401 —486 —568 167
All of the calculated principal components of tHéSe SC —475 —381 —455 —589 208
chemical shift tensor, given in Table 1, fail to reproduce the SO —481 —410 —493 —541 131
observed axial symmetry and the small span obtained fer Ph 9
SeC} experimentally. The orientations determined from each expt’  —437 —150 —580 —580 430
of the calculations were in agreement with each other. The &XPt° ~ —466.4
direction ofd1; is predicted to bisect theys—Se—C'ipso angle NR 808 —213 —ras —850 637
. . . ' SC —598 —193 —732 —868 675
that is, corresponds to the direction of the formal “lone pair”. go —602 —208 —776 —823 615
The intermediate principal componem,, is parallel to the 10a
approximately linear CtSe—ClI vector, anddss perpendicular exptt  —257 —124 ~300 —345 221
to the other two components lies in thg—Se—C'iyso plane expte —2575 —1225 —2884 —3615 239.0
(inset Figure 7). NR —286 —59 —288 —512 453
4. SelenoeL-methionine is a seleno-amino acid in which the gg :g?; —_138 :ggg :igi ggi
sulfur in.methior;ine has b_een rgplgced With selenium (Figure 10b
e esigslon e compourles e e w  w  w o
4 ! ki did expts  —242.6 -86.2 —264.1 —377.4 2912
agree very well with those obtained in their investigation (Table NR —249 22 —270 —498 520
1). For selenium in a similar dialkyl environment, a selenium SC —228 63 —281 —467 530
coronand, Batchelor et al. reported isotropic chemical shifts from SO —239 —20 —220 —476 456
173 to 737 ppm for the four crystallographically nonequivalent 11a
selenium atoms, with spans ranging from less than 370 to 771 expt®  —316 —-161 —292 —494 333
ppm 132 expt! —364.7
The NR, SC, and SO calculations of the chemical shift tensor gg _g?g _ﬂg _ggg _gg; 332
principal components for selem-methionine are in very good SO —379 —191 —334 —611 420
agreement with the experimental results (Table 1). Deviating 44y
from the general trend observed for the calculations in Figure exptP —403 —224 —438 —548 324
3a, the shielding along thé;; direction is in reasonable expt! —364.7
agreement with the experimental value, if not slightly overes- NR —576 —363 —646 —720 357
timated. The magnetic shielding tensor's calculated orientation, 35 Ty Twr Ty 7S 3t
by all methods, is such thak; lies approximately along the 12
Se—Cierminatbond axis g, is directed perpendicular to the €
Se—CierminaPlane, and the smallest principal component of the gi"ﬁi :ggi —155 —2al —s3l 176
chemical shift tensordss, is nearly parallel to the bond axis NF’;' —277 —49 —322 —460 411
between the-carbon and selenium. Potrzebowski et al. did not  sc —256 —4 —306 —458 454
perform any theoretical calculation of the selenium chemical SO —267 —57 -297 —448 391
shift tensor ind;131 however, the orientation that they assumed 13
is in accord with those determined by our DFT calculations.  expt®? -30 253 —98 —245 498
5. Similar to the sulfur analogué& tetraselenafulvalenes are expt? —28.4
. . NR —70 260 —42 —428 688
precursors for conducting :_;md sup_ercon_ductlng mateg_ﬁa'_lbe sc _37 318 12 417 735
crystal structure ob contains an inversion center within the  go —46 273 ~163 —249 522

molecule such that only two of the selenium atoms within the 2 Chemical shifts in ppm with respect to externaldge.? This work
molecule are expected to give rise to unique chemical shift ten- Reference 27 Refefgnce 140 Rpeference 141 Reference 143
sors?® The values obtained for the two sets of principal cOmpo- ¢ Reference 145. ' ' '
nents observed are in very good agreement with a previous solid-
state’’Se NMR investigation of this compound by Collins et  5p (Table 1). The calculated orientations of the chemical shift
al. (Table 1)3 The chemical shift tensors are nearly identical tensors are predicted to be the same for tsatand5b and are
indicating that the electronic environments of the magnetically consistent across all of the methods employed. The direction
nonequivalent selenium atoms are very similar. Comparable iso-of ¢4, is predicted to bisect the-€Se—C angle 0,2 is oriented
tropic chemical shifts, 408624 ppm, and spans, 55687 ppm, perpendicular to the molecular plane, ahg is calculated to
have been reported for a series of 1,3-selenazoles which possesse within the skeletal molecular plane, directed close to the
selenium in a similar environment to the tetraselenafulval&éiies. se—C vector of the SeC—Se component of the molecule.

All theoretical methods perform equally well in reproducing 6. Diselenides, the selenium equivalent of organic peroxides,
the experimentally determined principal component&iand are an intriguing functional group as they possess glutathione
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Figure 8. (a) CPMAS"’Se NMR spectrum and its simulation &us;PSe 8) at 9.4 T, after 88 scans, 1.5 kHz MAS, 30 Hz of line broadening, a
contact time of 4.0 ms, and a recycle delay of 4 s. FHoeeupled isotropic peaks are labeled with asterisks (*). (b) Experimental and simulated CP
7Se NMR spectra of stationaB Experimental conditions: 9.4 T, 6116 transients, 200 Hz line broadening, a 4.0 ms contact time, and a 10 s pulse
delay. Inset is a Newman projection along theS$e bond of compoun8 showing the orientation of the selenium chemical shift tensor calculated

at the scalar with spinorbit relativistic level of theory.

peroxidase-like activity35-13° The Bloch decay spectrum (not  spectrum (not shown), and indirect spispin coupling param-
shown) indicates two selenium environments with distinct eters,Jis, and AJ, are in good agreement with those of an
chemical shift tensors. The number of sites and their parametersinvestigation by Grossmann et al. on 73%e enriched (see

agree well with a previous solid-statt6e CPMAS investigation
of compounds,!1! specifically in the large difference in the most
shielded componentss, of the two tensor§a and6b (Table
1).

Table 2)27 There exists a single selenium environment that is
coupled to the phosphorus with an indirect spapin coupling
constant,1J ("’Se3'P)s, of —656 Hz, and a direct dipolar
coupling constant of 990 Hz (calculated fram.se = 2.111

The spin-orbit calculation produces a more accurate value A%), which results in a value of 700 Hz faxJ (eq 2).

of the span fo6b because of an increased accuracy in the values

for both 611 and d33. The more accurate values 6f (calc.)
from the SO calculation indicate a contribution from sparbit

The crystal structure for does not possess@ symmetry
axis along the P-Se bond® and thus three distinct principal
components are calculated consistent with the nonaxially

coupling, likely in part from the presence of the directly bonded symmetric chemical shift tensor observed experimentally. The
selenium. The calculated orientations for the two selenium calculated chemical shift tensors at the NR, SC, and SO levels
shielding tensors in diphenyl diselenide are nearly identical. The of theory are compared in Table 2 with the experimental values

direction of greatest shieldinggs, most closely approaches a
parallel direction to the SeSe bond vectom, bisects the Se

obtained herein and by Grossmann et’dor solid MePSe.
The deviation in the calculations of the individual principal

Se-Cipso angle, and the largest principal component of the components manifests itself in larger spans. All of the calcula-

chemical shift tensor13, is oriented perpendicular to the Se
Se—Cipso plane. Theoretical studi€s indicated that the differ-

tions produce similarly oriented tensors, predicting thaties
approximately along the-PSe vector. This is in agreement with

ences in the chemical shift anisotropy mainly result from a the simulation of thé’Se NMR spectrum of a stationary sample
p-effect of the torsional angle for the phenyl group at the next (not shown) and with a dipolar-splitting-ratio method investiga-

selenium, not the directly bonded phenyl group.
The chemical shift tensors investigated for compouhe§

tion of this compound?
8. Figure 8 shows the calculated and experimental spectra

are shown to represent the chemical diversity of these orga-gbtained for tris4ert-butyl)phosphine selenidéBusPSe) under
noselenium species and are calculated similarly with and without \AS and stationary conditions. The MAS spectrum yields the

the consideration of relativistic effects.
(2) Organophosphine SelenidesThe organophosphine se-

components of the selenium chemical shift tensor as well as
the isotropic spir-spin coupling constant] ("7Se3!P)so, —693

lenides, RPSe, provide an opportunity to investigate many Hz. The principal components of the chemical shift tensor given

peripheral modifications to one specific functional group.

in Table 2 are the first to be reported for compouidThe

7. The selenium chemical shift tensor principal components solid-state values afis, andJ ("’Se3!P), agree well with the

of MesPSe, from HerzfeldBerger analysis of the MAS

values obtained from?P and 7’Se solution NMR4? The
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Figure 9. Selenium-77 RACPMAS NMR and calculated spectra for -100 -200 -300 -400 -500 -600 -700
CycsPSe 0). Experimental conditions: 9.4 T, 4912 scans, spinning at 5/ ppm

4.0 kHz, 300 Hz of line broadening, a 1.0 ms contact time, and a 20 ) _ ) )
s recycle delay. Thé-coupled isotropic peaks are labeled with asterisks Figure 10. 5-Phenyldibenzophosphine 5-selenidé)(simulated and

(*). Inset is a schematic of compouSdshowing the orientation of the ~ €xperimental RACPMAS’Se spectra obtained at 9.4 T, 2906 scans,
selenium chemical shift tensor calculated at the scalar with-syibit 4.2 kHz MAS, line broadened by 80 Hz, a 15.0 ms contact time, and
relativistic level of theory. a pulse delay of 60 s. Th&coupled isotropic peaks are labeled with
asterisks (*). Insets are schematics of compouridsand11b showing

the orientation of the selenium chemical shift tensors calculated at the

spectrum of a stationary sample, together with the information scalar with spir-orbit relativistic level of theory.

obtained from the MAS spectrum, yields the effective dipolar
coupling constanRe, of 660 Hz. The dipolar coupling constant, overestimated compared to the experimentally determined value.
Rop, is calculated to be 960 Hzdse= 2.133 &%) requiring a Despite this, the larger than experimentally observed values of
AJ of 900 Hz (eq 2). Q (calc.) are a result of the small calculated valuesff All

The J; values obtained from the ZORA DFT calculations calculations predict that thiss component is closest to the-Se

for ‘BusPSe do not reproduce the experimental values or their vector, as shown inset in Figure 9.

orientations, which is not surprising considering the extremely
small span observed? (expt.), of 33 ppm. From the dipolar-
splitting-ratio analysis of the spectrum of a stationary sample
(Figure 8b) and the known molecular environment, the unique
component of shielding)11, should lie along the direction of
the P-Se bond. The NR and SC calculations incorrectly predict
that ds3 is closest to the PSe vector, and the SO calculation
determines that all of the principal components are ap-
proximately equidistant from the internuclear vector (inset
Figure 8).

10. There are two nonequivalent f#8e molecules in the
unit cell®® The chemical shift tensors have been labeled in the
same manner as in a previous investigatioh@ly Grossmann
et al.2” and our values obtained at natural abundance agree well
with those obtained from their investigation on 70%se
enriched10. The isotropic spifspin coupling constants ob-
tained, —733 and —736 Hz for 10a and 10b, are also in
agreement with values reported earlier.

The calculations for the two nonequivalent selenium environ-
ments,10a and 10b, given in Table 2 show slight variation

9. The calculated and experimental spectra of MAS samples between the computational methods employed and adhere to

for tricyclohexylphosphine selenide (GJRSe) are given in

the general trends shown in Figures-2 The calculated

Figure 9. Because of the length of time required to obtain the orientations for the chemical shift tensors for the selenium atoms
MAS spectrum, the corresponding spectrum of a stationary in 10a and 10b are unique to the organophosphine selenides
sample for9 was not acquired. The principal components of investigated in that it i%),, that lies approximately along the
the chemical shift tensor are given in Table 2, and the isotropic P—Se direction, and this is consistent with the orientation
chemical shift agrees well with the solution value previously obtained from a dipolar-splitting-ratio method investigation of
reportedi*! A value of —682 Hz forl] ("’Se?'P)s, was obtained,  70% enriched P#P"’Se?” The orientation shows some parallels
which compares very well with the values obtained from a with the 7O chemical shift tensors in the monoclinic and
solution and solid-stat&’® NMR investigatior? orthorhombic forms of P#O, where both crystallographic
The majority of the observed trends for the calculations are forms have),; oriented along thePO vectorl42With 64, along

upheld in the calculation of the chemical shift tensor oA the P-O direction in PBPO, it was inferred from the value of
specific exception occurs far; (calc.) where the shielding is  the shielding that the bonding environment is more appropriately
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¥ v v v r T r . . o/ ppm
-0 100 -150 -200 -250 -300 -350 400 450 Figure 12. Experimental’Se CPMAS NMR and calculated spectra
5/ ppm for TTMPSe (3) at 9.4 T. Experimental parameters: 15212 scans,

. - spinning at 2.4 kHz, 100 Hz of line broadening, a 10.0 ms contact
Figure 11. CPMAS"Se NMR spectrum and the calculated spectrum time ard a 4 spulse delay. Thd-coupled isotropic peaks are labeled
for p-TolsPSe (2). Experimental parameters: 9.4 T, 642 transients, \yith asterisks (*). Inset is a schematic of compour&ishowing the

1.5 kHz MAS, 30 Hz line broadening, a contact time of 15.0 ms, and qientation of the selenium chemical shift tensor calculated at the scalar
a 30 s recycle delay. Th&coupled isotropic peaks are labeled with  \yiih spin—orbit relativistic level of theory.

asterisks (*). Inset is a schematic of compoub®? showing the
orientation of the selenium chemical shift tensor calculated at the scalar

with spin—orbit relativistic level of theory. differences between the two selenium environmelrita and

11b. All DFT calculations indicate that the selenium chemical

represented by RR*—O~ according to Ramsey’s theory of shift tensor forllais oriented_ such thail_l is perpendicular to
nuclear magnetic shieldifg:52 In both chemical shift tensors ~ the Se-P vector and that this vector bisects #@—Se-d33
for 10, 02, lies along the P-Se vector and indicates that a angle. While similar to that determined g 02, for 11bis
similarly small deshielding occurs along this direction consistent Perpendicular to the Se> bond, and itis thé,;—Se-dss angle
with a polarized, P§P*—Se, description of the phosphoras ~ that is bisected by the bond vector. As fhig the calculated
selenium bond. orientations forllb are consistent regardless of the level of

11 The spectrum of an MAS sample for 5-phenyldibenzo- theory employed.
phosphine 5-selenide and its best-fit simulation are given in 12 The calculated and experimental spectra obtained for tri-
Figure 10. While similar in skeletal structure and number of Paratolylphosphine selenidg{TolsPSe) under MAS conditions
molecules in the asymmetric unit td0, 11 possesses a are given in Figure 11. A spectrum of a stationary sample was
dibenzophosphole moiety (inset of Figure 10). A spectrum of a hot recorded. The experimental valuesogf, —242 ppm, and
stationary sample could not be obtained in a reasonable amountJ(’’Se?'P)so, =732 Hz, compare well with the corresponding
of time to afford sufficient analysis. The isotropic chemical Solution’’Se NMR values previously reporté#. The principal
shifts, —316 and—403 ppm, and indirect spirspin coupling components of the chemical shift tensor drare reported in
constants;-733 and—768 Hz, forllaand11b, respectively,  Table 2.
are in reasonable agreement with the corresponding motionally The calculated chemical shift tensor for seleniunpimols-
averaged values found in a CDQlolution}*® as well as the ~ PSe was obtained with the NR, SC, and SO calculations. The
1J(""Sed'P)s, values obtained from a solid-state phosphorus- value of diso (expt.) is well reproduced, and the individual
31 NMR investigatiori#* principal components achieve slightly poorer agreement by all

The values ob; (calc.) forllaand11lb are compared with methods, as expected. Each of the calculations arrives at
the experimentally determined values in Table 2. The relatively similarly oriented selenium chemical shift tensors. The-Be
accurate values d® (calc.) by all methods result from the lack  vector is directed perpendicular d@; and bisects thé,,—Se-
of overestimation for the values af;; (calc.) as generally  d33angle (inset Figure 11). Despite structural similarities with
observed for the chemical shift tensors calculated in this 10, the orientation of the chemical shift tensor PAS 1&is
investigation. The orientations calculated for compotithcre different; however, orientations can differ when relatively small
the only ones investigated in this study that display significant spans are encountered.
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TABLE 3: Experimental and Theoretical Chemical Shift
Tensors for Inorganic Selenium Compounds

(Siso 611 622 633 Q

14

exptt 10402 1076 1038 1008 68

expt®  1040.2  1074.8  1037.8  1008.0 66.8

NR 941 973 959 891 82

sc 952 985 973 899 86

o) 981 1015 1001 928 87

15a

expt® 1338 1815 1787 412 1403

NR 1742 2306 1567 1353 953

sc 1430 2092 1488 710 1382

o) 1367 2030 1468 602 1428

15b

exptt 1256 1842 1561 364 1478

NR 1525 2049 1533 992 1057

sc 1254 1882 1423 456 1426

SO 1188 1808 1410 347 1461

15¢

exptt 1155 1591 1584 291 1300

NR 1449 2016 1177 1153 863

sc 1204 1866 1107 638 1228

SO 1139 1793 1114 509 1284

16

expt? 2572.3

NR 2789 4273 3951 142 4131
Expt. sc 2828 4331 4045 108 4223

o) 2817 4254 4204 -8 4262

r v v v v aChemical shifts in ppm with respect to externalge.® This work.
1140 1120 1100 1080 1060 1040 1020 1000 980 ¢ Reference 739 Reference 147.
&/ ppm o ) ) )
Figure 13. CP static’’'Se NMR and calculated spectra for (H P-Se b'ond |ndlcat!ng that the bqndlng environment is most
SeQ (14) acquired at 9.4 T, requiring 188 transients, 100 Hz of line @PPropriately described by a polarizedPR—Se’, representa-
broadening, a contact time of 10.0 ms, and a recycle delay of 4 s. Insettion. In general the computations perform well regardless of
is a schematic of compourigt showing the orientation of the selenium  the level of inclusion of relativistic effects.
chemical shift tensor calculated at the scalar with sjoirbit relativistic (3) Inorganic Selenium CompoundsWhile selenium will
level of theory. likely find itself in as many, if not more, different inorganic
) ) _ molecular environments as found in organoselenium compounds,

13. The experimental and simulated spectra for tris-2,4,6- the most likely to occur include selenium in a highly coordinated
trimethoxyphenylphosphine selenide (TTMPSe) are given in gnyironment, selenium as a terminal moiety, and selenium as a
Figure 12. A spectrum for stationafy8 was not acquired. The  pyridging nucleus between inorganic nuclei. Thus, we investi-
principal components of the chemical shift tensot8&re given gated compound&4—16 as representative examples.
in Table 2. The span of the tensor is the largest observed of the” 14 selenate anions are common oxidation products obtained
organophosphine selenides investigated. The isotropic chemicaly selenium chemistry. Figure 13 shows fi8e NMR spectrum
shift, —30 ppm, and indirect spinspin coupling constant; 735 of stationary (NH),SeQ, along with its simulation. The
Hz, are in excellent agreement with previously reported solution principal components of the chemical shift tensor are compared
'Se NMR values® with the earlier values of Collins et &.in Table 3. The

It is apparent from Table 2 that the NR and SC calculations agreement is excellent for all components noting that as
have the greatest difficulty in reproducing the experimental value ammonium selenate was employed as the secondary reference,
of d33. However, the SO calculation accurately reproduces the its isotropic shift was set to that reported previously, and perfect
experimental value af33 and subsequently reproduces the entire agreement imis, is obviously achieved®
chemical shift tensor for selenium to a greater exted3nThis The agreement between the calculated and experimental
improvement in calculating the entire chemical shift tensor is chemical shift tensors results in well-reproduced valuedgf
reflected in a more accurate value @f(calc.) with respect to and Q (Table 3). The orientations calculated by all of the
Q (expt.) (Table 2); however, the origin of the spiorbit theoretical methods employed agree in their determination and
coupling effect forl3is unclear in relation to the apparent lack  thatdss is parallel with a Se-O vector, as shown inset within
of such a contribution for compound@s-12. All levels of theory Figure 13.
predict thatss lies closest to the PSe bond, as depicted inset 15. Selenotungstates have recently been utilized as selenium
in Figure 12. transfer agents in the preparation of organic diseleniitfeEhe

Upon review of compound3—13, it is apparent that even  calculated and experimental spectra for (}V/Se, are given
minor peripheral modifications to the phosphine selenide in Figure 14. The tungsten sits on a mirror plane that contains
functional group can produce differences in the magnitude and two of the selenium atom&€2 This yields three distinct chemical
orientation of the principal components of the selenium chemical shift tensors for the four selenium atoms, whose principal
shift tensor. All of the selenium chemical shift tensor principal components are given in Table 3, whel®a corresponds to
components for the organophosphine selenides investigatedhe two crystallographically equivalent selenium atoms. All of
show relatively small deshieldings along the direction of the the chemical shift tensors for the selenium nuclei of gNH
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5. Se 12 calculations in the previous compounds investigated, the

e i magnetic shielding tensor was calculated. The crystal structure

w of this compound has previously been reported and indicates
/ \53 the presence of a single selenium atom in the asymmetrié%nit.

Se Thus, only one magnetic shielding tensor was calculated, and

the isotropic shift of the corresponding chemical shift tensor
could then be compared with a solution value determined by
Dean and co-workers (see Table'$).The calculated values
of 011 and d,, are approximately of the same magnitude and
are extremely deshielded with respect to the referencedThe
(calc.) direction is significantly more shielded than the previous
Calc. two principal components. The large difference betw&grand
033 yields a tensor with the largest value ©f calculated in
this study. The large span may be the cause of the difficulty in
observing the chemical shift tensor experimentally. Because of
the lack of experimental values afj, the only point of
comparison available is with the solution valuedgf. The large
deshielded isotropic resonance observed experimentally is
adequately reproduced considering the potential of solvent
effects and solid-to-solution shifts that may affect the bridging
selenium in this compound. The calculated orientation of the
chemical shift tensors are in agreement, regardless of the method
employed, andsz is parallel with the approximately linear €r
Se—Cr vector. The plane normal to this vector containing the

| Expt. selenium is composed by the two extremely deshielded com-
u W | - ' ponentsd11 and dp.
2000 1500 1000 500 Summary
5/ppm Selenium chemical shift tensors for a wide variety of
Figure 14. Experimental”’Se CPMAS and simulated spectra for compounds were investigated representing the entire known
(NH4):WSe, (15). Experimental conditions at 9.4 T: 1868 scans, isotropic chemical shift range of selenium. ZORA DFT calcula-

= 5.0 kHz, line broadened by 200 Hz, a contact time of 15.0 ms, and 4; ;
a 16 s pulse delay. Isotropic peaks are labeled with asterisks (*). InsettIons complement the experimental work and suggest that the

is a schematic of compourid showing the orientation of the selenium orlen.tgtlon of the .Sel'enlum chemical shift tensolr is not only
chemical shift tensor calculated at the scalar with sjirbit relativistic sensitive to what is directly bonded to the selenium atom but

level of theory. also to the next nearest neighbors and beyond. The calculations
were carried out with varying degrees of relativistic corrections
WSe have very large spans, ardbb has the largest experi- applied in an effort to assess the importance of relativistic
mental span observed for all of the compounds investigated in effects. Isotropic chemical shifts were found to be calculated
this study. approximately equally well by all methods. Generally, the values
Several distinctions occur for compouiBifrom the general ~ of d33 were underestimated by the calculations, and coupled
observations in the calculations of the chemical shift tensors with the overestimations obtained fér1 (calc.), overestimated
for the majority of the compounds investigated herein. While calculated spans often resulted. The large underestimation of
the 611 (calc.) values from all three methods fbBa and 15¢ Q(NR) for (NH4)WSe is unique out of all of the spans
overestimate the corresponding experimental values, the calcula-obtained. This results from the failure of the NR calculation to
tions do not underestimaties. The nonrelativistic calculations  reproducess (expt.), noting that the direction of this principal
for all three chemical shift tensors fab significantly overes- component is predicted by the calculations to coincide with the
timate the value 033 (Table 3). Both relativistic calculations  direction of the Se'W bond. Tungsten is the heaviest element
come much closer to reproducindss (expt), and as a (Z = 74) in all of the compounds investigated, and it is not
consequence of this achieve more accurate values of the spasurprising that relativistic calculations are required to properly
than the NR calculations (Table 3 and Figure 4). Thus, a describe the magnetic shielding interaction for selenium in
significant difference between the computation methods em- ammonium selenotungstate. Considering all of the selenium
ployed on the compounds investigated in this study occurs chemical shift tensors investigated in this study, the scalar with
between the nonrelativistic and the two relativistic calculations spin—orbit relativistic calculations generally performed better,
for all of the chemical shift tensors fdis. All levels of theory if only slightly, than the nonrelativistic and scalar relativistic
indicate that the orientation of the chemical shift tensors for calculations. The size of a given selenium-containing system
15a, 15b, and15care such that the direction o3 is directed will determine whether the additional computational time
along the Se'W vector (inset Figure 14). required for the relativistic calculations is feasible. Should the
16. The molecular environment within [CpCr(C&ySe selenium atom find itself bonded to a heavier element, such as
possesses a bridging selenium between the two chromiumtungsten, the need for the inclusion of relativistic effects
centers. Such an environment, similar to the organic dialkyl becomes warranted.
selenides, can be found commonly in inorganic selenium
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