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Bulky trialkylphosphane selenides tBusPSe (1a), iPrzPSe (1b),
tBu,(iPr)PSe (1c) and tBu(iPr),PSe (1d) react with one equiv.
of bromine providing “T-shaped” products R,R'P-SeBr, (2a-
d), which contain three-coordinate selenium atoms (10-Se-
3). The solid compounds 2b (bimorphic), 2c and 2d exhibit
different extents of distortions of the PSeBr, moieties and dif-
ferent patterns of intermolecular soft-soft interactions. In
mixtures containing 1 and 2, exemplified by the “NMR-
titration" of 1c with molecular bromine, averaged 3!P NMR
singlets and their 77Se satellites indicate rapid intermolecular
bromine exchange reactions (kinetic lability of the Se-Br
bonds). Calculations modelling such bromine transfer sup-
port nucleophilic attack of R;PSe (Se — Br) on an electro-
philic Br atom of R3PSeBr,. Among the phosphane selenides
la-d, {Bu(iPr),PSe (1d) gives the largest 77Se NMR upfield
shift and {Bu,(iPr)PSe (1c) the lowest, that is, 77Se NMR shifts

do not correlate with increasing numbers of tert-butyl
groups. GIAO-HF/962+(d) calculations on the 77Se NMR
shifts of compounds 1 allow correlation of surprising relative
deshielding of 1¢, compared with 1b and 1d, with its particu-
lar population of rotamers (excluding a rotamer with anti ar-
rangement of the SePCH moiety in 1c). Bromine addition to
compounds 1 leads to line broadening and extreme deshield-
ing in the 7”Se NMR spectroscopy. Reaction of 2b with bro-
mine leads —inter alia — to P-Se cleavage with P-bromination.
The structures of 1b, 2b—d and tBu,(iPr)PBr, (3c) were deter-
mined by X-ray crystallography. In compounds 2b-d, intra-
molecular C-H---Br interactions determine the conformation
to a large extent.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Phosphane chalcogenides R,R'P=Y (Y = S, Se) are
known to act as donors towards dihalogen molecules.l!#
From phosphane selenides, which are stronger donors than
the sulfides, a considerable number of 1:1 adducts
R,R’PSeX, have been isolated.’® Molecular structures
have recently been determined for R,R'PSel, (type A, [10-
I-2], R, R’ = C¢Hs, NMe,, NEt,,[° and R = tBu, R’ = I)I”]
and for RsPSeBr, (type B, [10-Se-3] R, R’ = NMe,,
CeHy1).®! Tonic structures of solid 1:1 adducts of phos-
phane selenides with iodine involve (R;PSe),I* cations with
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I; (type C, [10-1-2]),>%1% whereas R;PSel™* cations (type
D) are formed as polyiodide salts (Scheme 1).13-%11]
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Scheme 1. Various structures of halogen adducts of phosphane sel-
enides.
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Averaged 'H-, 13C- and 3'P-solution NMR singlet signals
(including their 7’Se satellite doublets) and spectra, how-
ever, suggest that equilibrium mixtures of several species are
present in solutions of such 1:1 adducts.l>7-*1 Until now, no
reports on ’Se NMR spectra of phosphane selenide halo-
gen adducts have appeared in the literature. It was observed
that addition of a few percent of iodine to a phosphane
selenide solution leads to extreme broadening of the 7’Se
NMR doublet signal and after further addition of iodine,
the 7’Se NMR signal is no longer resolvable. In the context
of the present discussion on theoretical descriptions of the
addition of halogens and interhalogens to P=Se or C=Se
bonds, it would be desirable to study hypervalent selenium
products and their dynamics in solution by 77Se NMR spec-
troscopy. The present study was undertaken to follow for
the first time the course of stepwise bromination of three
related bulky trialkylphosphane selenides in solution by 3'P
and 7’Se NMR spectroscopy and to elucidate the role of
steric effects that might determine the nature of the prod-
ucts. In the case of phosphane selenide—iodine reactions,
slight variations of the substituents attached to phosphorus
determined — in an surprising way — the nature of the 1:1
adducts (molecular vs. ionic)>%°1 and the particular supra-
molecular structures of polyiodide salts from [R,R’'PSel]*
cations.-!1]

Reactions

Formation of “1:1 Adducts”

Adding Br, in titration-like fashion to solutions of phos-
phane selenides R,R'P=Se (1a: R, R’ = (Bu; 1b: R, R’ =
iPr; 1c: R = tBu, R’ = iPr; 1d: R = iPr, R’ = tBu) in dichlo-
romethane leads to only one averaged 3'P NMR signal,
with a pair of 7’Se satellites, in all 3'P NMR spectra of such
solutions. The magnitude of 'J(7’Se,3'P) decreases with in-
creasing amounts of Br,; in CD,Cl, the magnitudes of
1J(""Se,?'P) are smaller than in comparable C4Dg solutions.
77Se NMR resonances of bromination products cannot be
resolved as easily as those of the parent phosphane selen-
ides. Adding less than 5% Br, to the solution of any of the
trialkylphosphane selenides 1 leads to severe broadening of
the 77Se NMR doublet signal, which is shifted slightly to a
lower field compared with pure 1. With larger amounts of
Br, the 77Se NMR signal becomes too broad to be resolved.
CD,Cl, solutions of pure iPr;PSeBr, (2b) and 7Bu(iPr),-
PSeBr, (2d), however, allow resolution of 7’Se NMR doub-

let signals, and Bu,iPrPSeBr, (2¢) gives a single broad 7’Se
resonance (all about 900-1000 ppm downfield from the par-
ent phosphane selenides) (Table 1). These observations sug-
gest kinetic lability of R;PSe/Br, systems, involving ex-
change reactions that are fast at the 'H, '*C and 3'P NMR
timescales (and medium at the 7’Se NMR timescale). Crys-
tallisation of products from 1 with Br, provides solids
R,R'PSeBr; (2a-d). In each of these compounds, bromine
has been oxidatively added to selenium, which becomes
“hypervalent” (structure type B, 10-Se-3) (vide infra).

R—P—=Se + Bryj —> R-—P—=Se
R R Br

1la: R, R'=7Bu; 1b: R, R'=iPr;

l¢: R=1Bu, R'=iPr; 1d: R =/Pr, R'=1Bu

2a-d

Reactions with Excess Bromine

Addition of another equivalent of molecular bromine to
the dibromides 2b and 2c led to their complete consump-
tion in favour of unselective formation of new species. >'P
NMR spectra of such a reaction mixture recorded immedi-
ately after addition of Br, to solutions of 2b allowed the
detection of a singlet (53'P = 72.7 ppm) with satellites exhi-
biting a coupling constant 'J(7’Se,*'P) of +499 Hz (5%
smaller than that of 2b). Isolating crystals from such a solu-
tion led, however, to a second polymorph of compound 2b,
and to crystals that apparently contain iPrsPBr* cations,
accompanied by severely disordered cationic P-Se species,
and by bromoselenato(1v) anions (SeBr¢>~ and Se,Brgy).
The CH,CI, solution from these crystals gives a *'P NMR
signal (0 = 71 ppm) with 'J("’Se,’'P) = %506 Hz, ac-
companied by the singlet signal of iPr;sPBr* (6 = 113.9, no
77Se satellites).['>13] As reference compounds for the bromi-
nation products, iPr;PBr, (3b)l'2131 and rBu,(iPr)PBr, (3¢)
were prepared and characterised. Solid 3¢ consists of ion
pairs with weak Br--Br interactions. An attempt to generate
the iPr;PSeBr™ cation from 2b by bromide abstraction with
HgBr, in CH,Cl, solution led after two days to a mixture
of products (53'P 75 [very broad, W, about 85 Hz], §3'P
= 80.0 [satellite doublet J = +430 Hz], 94.2 and 113.8).
From this solution a single crystal of [iPr;PSe;PiPrs]**
[Hg,Brg]* (4) was obtained.!'3®]

Table 1. Addition of bromine to 1b and to ¢ followed by NMR (J values are in italics).

077Se [ppm]
1J(77Se,3'P) [Hz]

Solution (CD,Cl,) &3P [ppm]
1J(7"Se,*'P) [Hz]
iPr;P=Se 70.6
iPr;P=Se + Br, 69.8
iPr;P=Se + 5Br, 72.7
tBu,iPrP=Se 84.4
tBu,iPrP=Se + 0.05 Br, 83.7
tBu,iPrP=Se + 0.10 Br, 83.6
tBu,iPrP=Se + Br, 82.9

692 —481.5 690
521 409.0 521
499 -

696 -399 692
687 -381 689
682 -358, — (broad, =700 %40)
520 -
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31P and 77Se NMR Spectra

Trialkylphosphane selenides (R3;P=Se) exhibit increasing
3P downfield shifts with increasing a-branching of the
alkyl groups to a lesser extent than do their parent trialkyl-
phosphanes (R5P) (Table 2).['51 As expected, the 3'P signal
of the mixed-substituted compounds Bu,(iPr)PSe (lc)
[63'P = 79.2 and rBu(iPr),PSe (1d) (5 = 85.8 ppm)] appears
downfield from 1b (6 = 72.2 ppm) but upfield from la (6 =
94.7 ppm). Compared with their parent phosphanes R,R'P,
the 3'P resonances of phosphane selenides 1a—d appear 30—
50 ppm downfield, but the bromine addition products
R,R'PSeBr, (2a-d) appear slightly upfield from their re-
spective selenides 1. Stepwise addition of bromine to la-d
does not lead to new *'P NMR signals of reaction products;
the singlet signals are only shifted slightly upfield towards
those of pure 2a—d.

More indicative of the reaction course of phosphane sele-
nides with electrophiles are coupling constants 'J(?’Se,’'P),
which are determined from satellite doublets in the 3'P
NMR spectra. The magnitudes of 7’Se,’'P coupling con-
stants of la-c¢ are comparable to those of MesP=Se or
Et;P=Se.['*15%] These couplings are solvent-dependent, be-
ing about 2-3% smaller in polar solvents (e.g. acetonitrile,
dichloromethane) than in benzene.['6-17]

With increasing amounts of added bromine, the 'J values
decrease continuously from about 700% 15 Hz (in the start-
ing materials) to about 525 Hz in the 1:1 products with bro-
mine.

In the 77Se NMR spectra (Table 3), a straightforward
correlation (like that of §3'P) between chemical shifts of

R;P=Se and increasing a-branching of the alkyl groups in
1a-d does not exist. From comparison of Me;P=Se (577Se
= 23514 via Et;P=Se (677Se = —428[!°%]) to iPr;P=Se (1b,
077Se = —484l158]) ypfield shifts may be correlated with in-
creasing a-branching. However, exchanging two iPr groups
of 1b for two tBu groups (in 1¢) does not lead to a further
monotonic increase of 67’Se (see Table 1). A comparable
unexpected '2°Te NMR deshielding of tBu;P=Te,!'*3 com-
pared with iPr;P=Te, has already been recognised,!'>>!°l but
a conclusive explanation has not yet been given; as in the
above R;P=Se series, the '>°Te resonance of /Bu(iPr),P=Te
appears further upfield than that of /Pr;P=Te, whereas the
125Te signals of the following members of the series (1Bu,.
iPrP=Te and BusP=Te) appear at significantly lower
fields.['81

Calculations of 77Se NMR Shifts

For a deeper understanding of the unexpected variation
of magnitudes of 67’Se and of §'>Te in these sterically
crowded phosphane chalcogenides, we carried out GIAO-
HF/962+(d) ab initio calculations on various conformers of
the known symmetric phosphane selenides 1a and 1b and
of the new mixed-substituted compounds 1¢ and 1d.1'-22!

Qualitatively, the experimentally observed range of 7’Se
NMR shieldings (1e¢ < 1a << 1b < 1d) reflects fairly well
the calculated shift values of their energetically most
favourable rotamers (IcA < la << 1bA < 1dA)
(Scheme 2). The range is similar (le, a << 1b, d) when the
77Se NMR shifts are averaged according to a Boltzmann

Table 2. 3'P NMR shifts [ppm] and coupling constants 'J (7’Se,?'P) [Hz] (J values are in italics) of phosphane selenides R,R'PSe (R, R’

= iPr or tBu) 1a-d and of phosphane selenide dibromides 2a-d.

R,R'P R,R"PSe (1) R,RPSeBr; (2)
53113 (531P |'J(77Se,31P)| ()‘BIP |1J(77Se,31P)|
tBusP a 62.014 93.81a 70911 83.001 514kl
93.3(®! 6930
tBu,(iPr)P c 46.9Mal 84.614 706(1 82.91®I 5201°]
70.6°! 692001
tBu(iPr),P d 33.3M 79.91a1 7130 77.41°] 526°]
84,401 688
iPr;P b 19.38 71.10 70921 69.8[l 5211l
79.5101 69601
[a] C6D6~ [b] CD2C12 [C] CH2C12/C6D6.
Table 3. 77Se NMR shifts [ppm] of phosphane selenides 7Bu,,(iPr);_,PSe.
n=73 n=2 n=1 n=20
tBusPSe tBu,(iPr)PSe tBu(iPr),PSe iPr;PSe
la 1d 1b
Experimental
In C¢Dg —-420 —400 -499 -490
In CH,Cl, -417 -394 -493 482
In CH;CN —421 —398 —-497 485
Calculated (see Scheme 2)
Most stable rotamer —427 —408 -567 —-480
Second most stable rotamer (E) -391 (0.5) -492 (0.3) -568 (0.7)
Boltzmann-averaged -403 =500 =519
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distribution of the respective rotamers at 298 K (1c: —403,
la: —427, 1b: 519, 1d: -500). Compound 1¢, showing the
“abnormally deshielded” 7’Se signal (compared with naive
expectations from linear interpolation between 1a and 1b)
is apparently the only compound among the isopropyl de-
rivatives in which no rotamer with anti arrangement of the
SePCH moiety (which would be 1¢C) contributes to the rot-
amer-population averaged 7’Se NMR shift. Our theoretic-
ally determined energies and shifts may still involve signifi-
cant inaccuracies because of the approximate nature of the
methods used.?'>?] Nevertheless, the good qualitative ac-
cord between the current computational and experimental
results is encouraging. In addition, the MP2/962(d) relative
stabilities of rotamers of 1c¢ correlate fairly well with those
calculated previously by an empirical force field (MM?2) on
the parent phosphane rBu,/PrP?? It was confirmed by
NMR studies on Bu,iPrP and its Rh' and Ir' complexes
that the preferred “GA conformation” (gauchelanti CH;
groups, corresponding to 1¢A/1e¢B)?3! of tBu,iPrP is essen-
tially retained in its metal complexes.l**>*! Another interest-
ing result from the calculated 7’Se NMR shifts is the obser-
vation that the shieldings relative to la increase with in-
creasing number of anti hydrogen atoms (anti arrangement
of the SePCH moieties [1cC < 1dB < 1bC]) and decrease
with increasing number of gauche hydrogen atoms (1cA >
1dC > 1bD) in the isopropylphosphorus groups. Direct evi-
dence on these questions can be expected from structure
determinations (vide infra) combined with forthcoming so-
lid state 7’Se NMR studies.

Ta

[ | om
leA Ic.B
(e fih 3}
o[=e
TdA 1dB
(i (i3}
(']) ~568
ThA 1bB ThC bl

(L .7 2.2 (3.7

Scheme 2. Optimised rotamer structures of 1a-1d (in italics: MP2-
based relative energies [kcal/mol]; in boxes: GIAO-HF computed
77Se chemical shifts).

Eur. J. Inorg. Chem. 2006, 88-100

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Structure Determinations

Phosphane Selenide Structures

The molecular structure of /BusPSe (1a) has been deter-
mined recently,’*®! but the structures of iPr;PSe (1b) and of
the mixed substituted compounds 1c¢c and 1d were not yet
known. Differently from 1a, which displays crystallographic
C; symmetry implying twisted tert-butyl groups,?! both
crystallographically independent molecules of solid 1b ex-
hibit C, symmetry (Figure 1). Se,P and the C-H bond of
one of the isopropyl groups lie within the mirror plane, and
the H-C-P-Se moiety is in a trans arrangement. This struc-
ture is related to that of the telluride iPr;PTe.['>?! The fact
that only one of the C-H bonds of the three isopropyl
groups is in a transoid arrangement with respect to the PSe
bond, and the two other groups display gauche type confor-
mations, is in agreement with the calculated lowest-energy
gas phase structures (1bA and 1bB), but the symmetric ori-
entation of the two twisted isopropyl groups with respect
to the mirror plane is not in agreement with calculation.
The increase of “1,3 dimethyl strain”, also shown by the
short contacts H(2A)---H(2A') 224, H3C)---H(3C') 215,
H(7A)--H(7A") 220, H(8C)---H(8C") 217 pm between the
two symmetry-equivalent isopropyl groups in solid 1b, is
reflected by the expanded angle C(1)P(1)C(1") 112° and
C(6)P(1)C(6") 113° compared with C(1)P(1)C(4) 105° and
C(6)P(2)C(9) 105°. The P-C and C-C distances, however,
are apparently not affected by this distortion. The related
cell constants of 1b and iPr;PTe (7.630, 11.856, 13.750 A, I3
= 100.29°) would suggest some similarity of packing. Fig-
ure 2 (a and b) shows the packing projected down the short-
est axis in each case. Within the horizontal rows of mole-
cules, the heights are however different; for 1b, consecutive
molecules lie at about 0, Y4, Y, Y, 0... and for iPr;PTe at
0, %2, 0, %... (in both cases for the upper row within the
cell). One short methine C-H---Se interaction is observed
for 1b, namely H9---Sel 294 pm (within the asymmetric
unit).

Figure 1. Structure of 1b, molecule 1 (molecule 2 is very similar),
selected bond lengths [pm] and angles [°]: P(1)-Se(1) 212.44(9),
C(H#1-P(1)-C(1) 112.20(15), C(1)#1-P(1)-C(4) 105.56(9), C(1)-
P(1)-C(4) 105.56(9). Carbon atoms numbered 6-10 (see text) refer
to molecule 2.

Single crystals of suitable quality for structure determi-
nations have not yet been obtained from the mixed-substi-
tuted phosphane selenides 1c¢ and 1d. A crystalline sample
of tBu(iPr),PSe (1d) was investigated, but poor crystal qual-
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Figure 2. (a) Packing diagram in projection of iPr;PSe (1b). (b)

Packing diagram in projection of iPr;PTe. & @ )
b
. . .. AL Ve ¥
ity precluded a satisfactory refinement. The data indicate © \) I—o
qualitatively that one of the isopropyl groups adopts a con- 4!
formation with a transoid H-C-P-Se arrangement (as in
caled. structures 1dA, 1dB). Figure 4. (a) Packing diagrams of the individual formula units of

The crystalline bromophosphonium salt 7Bu,(iPr)-  3cat y = 0. (b) Packing diagrams of the individual formula units

PBr*Br (3¢) contains a cation that is isoelectronic with 1c.  of 3caty = .

Figure 3. Structure of two ion pairs of 3¢. Selected bond lengths [pm] and angles [°]: P(1)-Br(1) 218.55(7), Br(1)-Br(2) 342.27(4), P(2)-
Br(3) 218.62(6), Br(3)-Br(4) 336.79(4), P(1)-Br(1)-Br(2) 175.146(18), P(2)-Br(3)-Br(4) 174.451(18).
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Within the asymmetric unit are two independent cation—
anion pairs tBu,(iPr)PBr* Br~ (Figure 3). Both pairs display
approximately linear P-Br---Br moieties (175.5+1°) with
weak (n — o*) Br---Br interactions (336.8 and 342.3 pm).
Br(1)---Br(2) is roughly parallel to the ¢ and Br(3)---Br(4) to
the a axis. Within both #Bu,(iPr)PBr* cations, the H-C-P—
Br moiety involving the C-H bond of the isopropyl group
is in a gauche conformation, as predicted for selenide l¢
(calcd. structures 1cA, 1¢B) and for the parent phosphane
and its Rh and Ir complexes.>*? The ion pairs /Bu,(iPr)-
PBr* Br~ exhibit intermolecular C-H---Br contacts involv-
ing the bromide ions. Considering only contacts H--Br <
300 pm, Br(2) exhibits three and Br(4) four contacts, of
which the shortest by far involve the methine protons [C(1)-
H(1)--Br(2) 277 pm; C(12)-H(12)-*Br(4) 273 pm]. Packing
diagrams of the individual formula units (Figure 4, a and
b) show that they occupy different regions of the cell at y
~ 0 and y = % respectively.

Phosphane Selenide Dibromides

The discussion in the sequence 2b, 2d, 2¢ follows the in-
creasing steric strain with an increasing number of fert-bu-
tyl groups in the molecules.

From iPr;PSeBr, (2b), two different crystalline phases
were isolated. The intended preparation of 2b led by
recrystallisation of the crude product from dichlorometh-
ane/pentane (vapour diffusion method) to monoclinic crys-
tals (P2y/n, Z = 4; 2b#1). Bromination of 1b with an excess
of bromine led to a mixture of products from which two
types of single crystals were collected by crystallisation
from dichloromethane: about 50% of a complex material
that is apparently [(iPrsPSeH"),(iPr;PSeBr*)(SeBrs>)-
(Se,Bro) ] (partially disordered),l'3*! and a few single crys-
tals of 2b#2 (monoclinic, P2,/n, Z = 8).

All molecules in both phases of 2b contain iPr;P coordi-
nated to the central selenium atoms of approximately linear
BrSeBr groups (“10-Se-3” according to the J. C. Martin
count).['% The T structures around Se are distorted by un-
equal Se-Br bond lengths and by PSeBr angles that are
larger than 90° (in the opposite sense to the distortion of
the “classic” CIF; structure). The latter distortion, as in
previously known R;PSeBr, structures, is attributed to ste-
ric repulsion between the PR; substituent and the bromine
atoms.

In the monomeric molecule 2b#1 (Figure 5, a and b) the
BrSeBr group differs from linearity by nearly 13° (angles
PSeBr 95.5 and 96.8°) and from Se-Br equidistance by
about 12 pm (252.52 and 264.35 pm). The PSe bond length
is extended from 212.2 pm (1b) to 226.8 pm, which is very
similar to that of known R;PSeBr, structures.[® The confor-
mation of the /Pr;PSe group differs from that of solid free
1b by lacking the formal mirror plane, but the mirror sym-
metry is maintained to a good approximation (r.m.s. devia-
tion of molecular halves: 0.08 A). One of the isopropyl
groups adopts a conformation with a transoid H-C(1)-P-
Se arrangement (as in the calculated structure 1bA); the

Eur. J. Inorg. Chem. 2006, 88-100
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other two are twisted, leading to gauche type H-C-P-Se
conformations. The orientation of the P-C(1) bond is or-
thogonal to the BrSeBr vector; the approximate mirror
symmetry is also shown by the torsion angles [Br(1)
SePC(7) —28.46(7)° and Br(2)SePC(4) 29.90(8)°]. As in solid
1b, CPC angles involving the C atom of the transoid HCPSe
moiety are significantly smaller (107.8, 108.7°) than that of
the two other isopropyl groups [C(4)PC(7) 114.7°]. An ex-
planation for this phenomena is the C—H-**Br intramolecu-
lar interactions (see below; Figure 6, a). Three short H--*Br
(296-305 pm) and one short H-+Se (3.02 A) from H(1) link
the molecules to form layers parallel to the ac plane.

(@)

Br

(b)

Figure 5. (a) Structure of 2b#1, Z = 4, selected bond lengths [pm]
and angles [°]: P-Se 226.81(5), Se-Br(1) 264.35(3), Se-Br(2)
252.52(3), P-Se-Br(1) 96.734(16), P—Se—Br(2) 95.485(16), Br(1)-
Se-Br(2) 167.209(11), C(1)-P-C(7) 107.77(10), C(1)-P-C(4)
108.66(10), C(7)-P-C(4) 114.73(10). (b) Intermolecular interac-
tions (CH++Se and CH-Br) in the packing diagram of 2b#1.

Molecule 2b#2 (Figure 7, a and b) involves two crystallo-
graphically independent molecules that are similar to each
other (r.m.s. deviation 0.14 A) and again display approxi-
mate mirror symmetry. The SeBr, moieties are more regular
than in 2b#1, with Se-Br 257.56, 260.18 and 254.23,
260.55 pm. In contrast to 2b#1, which has no significant
short contacts of the type Se-*Br and Br---Br, there are two
such contacts in 2b#2; Se(1)---Br(3) 346.23(8) within the

www.eurjic.org 93



FULL PAPER

W.-W. du Mont et al.

(a)

& b

Figure 6. (a) Structure of iPr;PSeBr,, 2b#1, Z = 4; H---Br intramo-
lecular interactions: H(4)--Br(2) 272, H(7)--Br(1) 280 pm. (b)
Structure of 7Bu(iPr),PSeBr, (2d); H+Br intramolecular interac-
tions: H(5)-Br(1) 299, H(8)-Br(2) 267 pm. (c¢) Structure of Bu,-
(iPr)PSeBr, (2¢); H--Br intramolecular interactions: H(1)--Br(1)
262, H(9C)---Br(2) 271 pm.
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asymmetric unit and Br(4)--Br(4') 361.22(15) pm. The
packing also involves the contact H(1)-+-Se(2) 303 pm and
eight H--Br contacts under 315 pm. The net effect is to
form layers parallel to 101.

Figure 7. (a) Structure of 2b#2, Z = 8, selected bond lengths [pm]
and angles [°]: P(1)-Se(1) 227.34(14), Se(1)-Br(1) 257.56(9), Se(1)-
Br(2) 260.18(9), P(1)-Se(1)-Br(1) 94.36(4), P(1)-Se(1)-Br(2)
95.49(4), Br(1)-Se(1)-Br(2) 169.18(3), P(2)-Se(2) 227.15(14), Se(2)—
Br(3) 260.55(9), Se(2)-Br(4) 254.23(9), P(2)-Se(2)-Br(3) 96.59(5),
P(2)-Se(2)-Br(4) 95.10(5), Br(3)-Se(2)-Br(4) 168.19(3), C(4)-P(1)-
C(1) 108.6(3), C(4)-P(1)-C(7) 113.2(2), C(1)-P(1)-C(7) 107.1(3),
C(13)-P(2)-C(10) 109.1(3), C(13)-P(2)-C(16) 107.5(3), C(10)-
P(2)-C(16) 114.8(2). (b) Intermolecular contacts involving the two
types of molecules of 2b#2.

Formal exchange of one isopropyl group by one fert-bu-
tyl group in 2b affords 2d. Compound 2d crystallises as cen-
trosymmetric Se-Br--Se-bridged dimers. Two T-shaped
PSeBr, groups associate so that the bridging Br atom of
one molecule exhibits contacts to the Se atom (382 pm) and
to the bridging Br atom (388 pm) of the neighbouring mole-
cule (Figure 8, a and b). The shorter Se-Br bond is involved
in these intermolecular interactions (253.64, cf. 264.95 pm).
Compound 2d deviates significantly from mirror symmetry
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[e.g. torsion angles C(5)-P-Se-Br(1) -36.9, C(8)-P-Se-
Br(2) 24.3°]. The conformation of the tBu(iPr),PSe group
within 2d differs from that calculated for 2d in the gas
phase. The additional methyl group in 2d formally replaces
the H atom that was part of the trans-H-C—P-Se moiety of
2b; that is, both remaining isopropyl group methine protons
are part of synclinal H-C-P-Se conformations [H(5)C(5)
PSe, © = 73.3°; H(8)C(8)PSe, ® = —49°] (Figure 6, b). Com-
pared with 2b, the additional methyl group at C(1) [transoid
C(4)-C(1)-P-Se] enhances the 1,3-dimethyl strain towards
C(6) and C(9) of the isopropyl groups leading to approxi-
mately equal CPC bond angles (110.6, 111.24, 112.9°), com-
pared with 105/112° in 1b and 108/115 in 2b#1. In case of
1d, such a conformation is expected to be about 1.2 kcal
above ground state (1dC in Scheme 2). Compounds 2d and
2b#1 are not isostructural, despite the similarity of cell con-
stants; 2d displays four H-Br contacts <315 pm but no
H---Se contacts.

(@)

Figure 8. (a) Structure of 2d, selected bond lengths [pm] and angles
[°]: P-Se 228.67(4), Se-Br(1) 253.64(3), Se-Br(2) 264.95(3), P-Se—
Br(l) 95.032(12), P-Se-Br(2) 97.462(12), Br(1)-Se-Br(2)
167.104(9), C(8)-P-C(5) 112.93(7), C(8)-P-C(1) 110.60(7), C(5)-
P-C(1) 111.24(7). (b) Intermolecular interactions in the packing
diagram of 2d, selected contact distances [pm]: H(5)-Br(2) 305.3,
H(2)-Br(1) 298.2, Se-Br(1) 381.68(3), Br(1)-Br(1) 388.02(4).
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The structure of ¢Bu,(iPr)PSeBr, is imprecisely deter-
mined for reasons given in the experimental section; the
heavy atoms correspond closely to crystallographic mirror
(pseudo)symmetry, but the light atoms do not (Figure 9, a).
The reason is clearly the intramolecular hydrogen bond
H(1)-+-Br(1) of 262 pm, cf. H(9C)---Br(2) 271 pm, from a
methyl hydrogen of a butyl group (Figure 6, c). This leads
to torsion angles [°] H(1)-C(1)-P-Se 42, C(1)-P-Se-Br(1)
—-15.8, cf. C(8)-P-Se-Br(2) 49.2; the bromine Br(1) is thus
approximately synperiplanar with the isopropyl carbon
C(1). The tert-butyl carbon C(6) is antiperiplanar to the
selenium, with C(6)-C(4)-P-Se 168.2°.

Figure 9. (a) Structure of 2¢, selected bond lengths [pm] and angles
[°]: P-Se 230.39(19), Se-Br(1) 262.93(11), Se-Br(2) 255.49(11), P-
Se-Br(1) 101.57(6), P-Se-Br(2) 99.22(6), Br(1)-Se-Br(2) 159.16(4),
C(4)-P-C(1) 110.6(5), C(4)-P-C(8) 115.2(5), C(1)-P-C(8) 109.0(5).
(b) Intermolecular interactions in the packing diagram of 2c, array
of molecules with Br++-Br contacts, selected contact distances [pmy]:
Br(1)-Br(2) 358.90(11).

In view of inaccuracies associated with the pseudosym-
metry, it would be unwise to regard light atom bond lengths
and angles as reliable in detail. Among the heavy-atom di-
mensions, Se-Br(1) is appreciably longer than Se-Br(2)
[262.93(11), 255.49(11) pm], but the angles BrSeP are al-
most equal [Br(2)-Se-P 99.22(6)°, Br(1)-Se-P 101.57(6)°],
if rather wide.

The PSe bond is longer (230.39 pm) and the deviation of
the BrSeBr group from linearity (BrSeBr 159.16°) larger
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Table 4. Intramolecular interactions C—H-**Br and important torsion angles in solid phosphane selenide dibromides [pm, °].

(2b#1) iPryPSeBr, H(4)-Br(2) 272
H(7)Br(1) 280
(2b#2) iPryPSeBr, (moll) H(4)-Br(1) 283
H(7)~Br(2) 267
(2b#2) iPryPSeBr, (mol2) H(10)-Br(3) 276
H(16)-Br(4) 274
(2¢) tBu,iPrPSeBr, H(1)~Br(1) 262
H(9C)~+Br(2) 271
(2d) (BuiPr,PSeBr, H(5)-Br(1) 299
H(8)-Br(2) 267

C(4)-P-Se-Br(2) 29.9
C(7)-P-Se-Br(1) 285
C(4)-P-Se-Br(1) 332
C(7)-P-Se-Br(2) 26.8
C(10)-P-Se-Br(3) -28.6
C(16)-P-Se-Br(4) 27.4
C(1)-P-Se-Br(1) 158
C(8)-P-Se-Br(2) 49.2
C(5)-P-Se-Br(1) -36.9
C(8)-P-Se-Br(2) 24.3

than in any other R3PSeBr, structure. Intermolecular
Br+*Br contacts (358.90 pm) between T-shaped moieties of
2¢ lead, as in solid c-Hex;PSeBr,,®! to wave-like chains
(Figure 9, b) that are packed into layers in the crystal. Ad-
ditionally, the contact H(7b)-*Se 302 pm and four H-Br
contacts <315 pm lead to a complex three-dimensional
packing.

The observation of the intramolecular C—H-Br interac-
tion in 2¢ prompted us to re-assess the other structures; in
most cases, the isopropyl C-H groups, the most effective
donors available, form a short intramolecular contact to the
bromine. Compounds with two such donors thus tend to
display exact or approximate mirror symmetry (Figure 6, a
and b, Table 4). Hydrogen bonds of the type C—H---halogen
have previously been adduced by us as conformation-de-
termining factors.?”]

In summary, steric strain from tert-butyl groups corre-
lates with increasing deviation from linearity of the Br-Se—
Br groups and with increasing P—Se distances (Table 5). We
do not observe, however, a straightforward correlation of
intermolecular Se-*Br and Br-*Br interactions, steric effects
and nonequidistance of Se-Br bonds in our series of related
trialkylphosphane selenide dibromides. Intramolecular hy-
drogen bonds of the type C-H--Br determine, to a large
extent, the local molecular symmetry.

Table 5. Important bond lengths (P-Se, Se-Br) and intermolecular
contacts (Br-+Br, Se-*Br) in solid phosphane selenide dibromides.

P-Se Se-Br BrBr Se--Br
(1a) tBu,PSel>’! 213.3 - - -
(1b) iPr;PSe 212.4 - - -
(2b) iPr;PSeBr,#1 226.8 252.5,2644 - -
iPr;PSeBr,#2 (moll) 227.3 257.6,260.2  361.2 346.2
iPr;PSeBr,#2 (mol2) 227.2 254.2,260.6  361.2 346.2
(2¢) tBu,iPrPSeBr, 230.4 255.5,262.9  358.9 -
(2d) 7BuiPr,PSeBr, 228.7 253.6,264.9  388.0 381.7

Bromine Exchange Reactions

The NMR phenomena in solutions containing selenides
1 together with the dibromides 2 can be explained by bro-
mine exchange reactions (rapid on the *'P NMR timescale,
however in coalescence on the 7’Se timescale) that involve
Se-Br bond breaking, but do not involve P-Se bond break-

96 www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ing, because 'J(7’Se,>'P) can be observed at all times from
the 3'P NMR satellites.

Bromine exchange between selenium atoms has been ob-
served in bromine adducts of bis(arylselanyl)benzenes,*%!
but the kinetic lability (bromine exchange) of phosphane
chalcogenide dibromides has apparently not yet been recog-
nised in the literature. We suppose that the mode of halogen
exchange will be related to that in phosphane-dihalogen
equilibrium systems (R;PX,/R;P; X = Br, 1).?l The latter
involve nucleophilic attack at halogen atoms in a position
(R3PX*<—PRj3), whereas for the phosphane selenides the
same should occur in B position (R;PSeX*«-SePR3) from
the onium centres. As shown previously, [R;PSelSePR;]*
cations can be stable species in such equilibria.”’! Cations
[R5PSeBrSePR;]*, however, have not yet been observed as
ground state species.

Support for these interpretations is provided by compu-
tations for the model compound Me;PSe and its bromi-
nated derivatives. Both types of “1:1 adducts” with Br, are
minima on the potential energy surface, namely the weak
donor-acceptor complex 5A and T-shaped 5B, the oxidative
addition product (Scheme 3). The latter is computed to be
more stable than the former by 13.6 kcal/mol and is charac-
terised by a 7’Se resonance (Jzq1c = 454) downfield from that
of free MesPSe. The large stabilisation of 5B over 5A is
consistent with the exclusive occurrence of type B adducts
with Br, (see above). Heterolytical cleavage of SA or 5B into
Me;PSeBr* (6) and Br is highly unfavourable in the gas
phase (109.3 and 123.2 kcal/mol, respectively), but may well
be facilitated by polar solvents. The halogen transfer dis-
cussed above can proceed via complex 7A. On the HF/
641(d) potential energy surface (PES), 7A, with its asym-
metrical Se-Br--Se arrangement (distances 2.37 and
3.17 A), is a shallow minimum, about 2 kcal/mol below the
C,, symmetric transition state 7B with equal Se-Br dis-
tances (2.65 A). Inclusion of electron correlation effects by
the MP2 single-point energies stabilises 7B, to 8.7 kcal/mol
below the apparent minimum 7A. It is thus very likely that
the symmetrical form is the actual minimum on the true
PES (a notion which is supported by an MP2/962+(d) op-
timisation of 7A, which afforded symmetrical 7B); in any
event, the proposed halogen transfer reaction by the se-
quence 7A = 7B = 7A’ (Scheme 3) is indicated to be a
facile process.
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Scheme 3. Bromine transfer between Me;PSe molecules.

Vibrational Spectra

It is well known that “T-shaped” adducts featuring a lin-
ear and symmetric Br—E-Br group (E = S, Se) show in their
Raman spectra only one strong peak at around 160 cm™!,
because of the symmetric stretching vibration of the Br—E-
Br system. A second lower peak at around 190 cm™', be-
cause of the antisymmetric vibration, appears when the Br—
E-Br system is asymmetric.*%-3!1 This vibrational behaviour
strictly resembles that observed for [Br—X-Br] (X = I, Br)
anions,?%31 which are characterised by a very strong Ra-
man peak at around 160 cm™' accompanied by a weaker
one at 190 cm~' when these anions are slightly asymmetric.
The FT-Raman spectra of 2b and 2c¢ confirm the vi-
brational analogy between the aforementioned trihalides
and the hypervalent Se adducts with Br,. In fact, they are
dominated by very strong peaks, at 169 and 163 cm™' for
2b and 2c, respectively, accompanied by weaker peaks at
about 190 cm™!, agreeing with the slight asymmetry of the
Br-Se-Br groups observed for the two compounds by X-
ray analysis. The Raman spectrum of 2d also shows a peak
at 163.9 cm™!' accompanied by a weaker one at 190 cm™!
with the difference that compared to 2b and 2¢ the intensity
of the peak at 163.9 is much lower. In the FTIR spectra of
2b and 2¢ two broad bands at about the same frequencies
of those observed in the Raman spectra are present with an
increased intensity for the band because of the antisymmet-
ric stretching of the Br—Se—Br group. For 2d, the quality of
the FTIR spectra does not provide any additional infor-
mation.

The Raman spectrum of the ionic pair 3¢ show a very
weak peak at 180 cm™!, which cannot be attributable to a
Br-Br stretching vibration, the Br-+Br distance being very
long. Therefore, we think that this peak might be originated
by vibration modes involving the P-Br bond and the re-
maining organic framework of the cation in the ionic pair.

Discussion

GIAO-HF/962+(d) calculations on the 7’Se NMR shifts
of related trialkylphosphane selenides 2a-d allow an expla-
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nation of the differences between their 7’Se NMR shifts on
the basis of particular conformations of their Se-P-C-H
groups. The surprising '>>Te deshielding of rBusPTe relative
to iPr;PTel!] can be explained in a similar way.

All known phosphane selenide dibromides contain three-
coordinate selenium in distorted T-shaped environments.
Similar to related bromine adducts from precursors with
C=Se bonds,*" solid phosphane selenide dibromides tend
to exhibit intermolecular Se-*Br and/or Br+Br “soft—soft
interactions”. Small variations in the alkyl groups at phos-
phorus lead to large differences in the pattern of intermo-
lecular contacts. In solution, phosphane selenide dibro-
mides 2a-d are kinetically labile with respect to reversible
bromine transfer to their parent phosphane selenides
(averaged 'H, '3C and 3'P NMR signals, coalescing 7’Se
signals in R;PSeBr,/R;PSe mixtures). Calculations show
that nucleophilic attack of R;PSe at the Br atom of a
R;PSeBr* cation (Br* transfer) is a low-energy pathway for
bromine exchange. 7’Se NMR signals of pure compounds
R;PSeBr, appear about 900-1000 ppm downfield from
R;PSe, and their 'J(7’Se,?!P) coupling constants are 30%
smaller than those of R3;PSe. Addition of electrophiles to
dissolved compounds R;PSeBr, led to a further decrease of
1J(77Se,'P) to less than 500 Hz, but isolation of salts with
R;PSeBr™ cations was not achieved.

Experimental Section

NMR Spectra: NMR spectra were recorded using Bruker spec-
trometers AC 200, Avance 200, Avance 400 and AMX 300, with
85% H3POy4, (CH3),Se and SiMe, as external or internal standards.
For the measurements of 1la—d compounds we used 10% solution
of (CHj3),Se in C¢Dg and CD,Cl, as standards.

FT-Raman Spectra: FT-Raman spectra in the range 500-50 cm™!
were recorded with a resolution of 2cm™ on a Bruker RFS100
FT-Raman spectrometer, fitted with an In-Ga-As detector (room
temperature) operating with a Nd-YAG laser (excitation wave-
length 1064 nm; 100 mW), with a 180° scattering geometry. Infra-
red spectra were recorded with a Bruker IFS55 spectrometer at
room temperature, purging the sample cell with a flow of dried air.
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Polythene pellets with a mylar beam-splitter and polythene win-
dows (500-50 cm™!, resolution 2 cm™!) were used.

2a: Bromine (330 mg, 2.1 mmol) was added slowly through a drop-
ping funnel to a solution of 7BusPSe (1b) (590 mg, 2.1 mmol) in
dichloromethane (10 mL) in a Schlenk tube. The red-orange solu-
tion was stirred for a further 2 h at room temperature, whereafter
the crude product 2a was isolated by vacuum evaporation of the
solvent and purified by washing with pentane, drying by vacuum
evaporation. Yield: approx. 89%; m.p. 92 °C; elemental analysis:
C,H,;Br,PSe (281.28): caled. C 32.68, H 6.17; found C 30.62, H
5.94. MS (FAB, o-nitrobenzylamine matrix): m/z, pos. (%) = 57
[100, (1Bu)*], 361 [78, (rBusPSeBr)*], 226 [17, (rBu,PSe)*], 282 [33,
(1BusPSe)*], 305 [31, (rBu,PSeBr)*], 169 [28, (rBuPSe)*], 89 [25,
(tBuP)*]; miz, neg. (%) = 294 [100, {(NBA — NH,) + SeBr}], 375
[85, {(NBA — NH,) + SeBr,}], 234 [36, (NBA + Br)], 79 [34,
(Br)]; EI-MS: m/z (%) = 57 [100, (tBu)*], 170 [43, (BuPSe)*], 282
[17, (1BusPSe)*], 226 [17, (1Bu,PSe)*], 160 [10, (Bry)*], 111 [3,
(PSe)*]. 3P NMR (CH,Cl,/C¢Dg): & = 83.0 (s, 'Jpse = 514 Hz)
ppm.

2b: Bromine (330 mg, 2.1 mmol) was added slowly through a drop-
ping funnel to a solution of iPr;PSe (1b) (500 mg, 2.1 mmol) in
dichloromethane (10 mL) in a Schlenk tube. The red-orange solu-
tion was stirred for a further 60 min at room temperature, whereaf-
ter the crude product 2b was isolated by vacuum evaporation of the
solvent and purified by washing with pentane, drying by vacuum
evaporation and recrystallised by gas diffusion from dichlorometh-
ane/pentane. Yield: approx. 78 %; m.p. 72 °C; elemental analysis:
CyH,Br,PSe (239.20): caled. C 27.09, H 5.30; found C 27.04, H
5.32. MS (FAB, o-nitrobenzylamine matrix): m/z, pos. (%) = 177
[100, (iPr;POH)*], 319 [47, (iPr;PSeBr)*], 353 [32, (iPr;PO),H"],
240 [8, (iPrsPBr)*]; m/z, neg. (%) = 232 [77, (NBA-Br)], 79 [45,
(Br)]; EI-MS: m/z (%) = 160 [100, (Bry)*], 79 [10, (Br)*], 240 [2,
(iPr3PSe)*], 43 [2, (iPr)*]. IR (50-500 cm™): 93 (s), 119 (m), 143
(s), 172 (s), 186 (s), 279 (vw), 340 (w), 417 (m), 433 (m); Raman
(500-50 cm™): 418 (vw), 385 (vw), 270 (vw), 187 (m), 169 (vs), 145
(m), 94 (m). 3'P NMR (CH,Cl,/C¢Dy): 5 = 69.8 (s, 'Jps. = 521 Hz)
ppm. ”7Se NMR (CH,Cl,/C¢Dg): 6 = 409.0 (d, 'Jps. = 521 Hz)
ppm.

2¢: Di-tert-butylisopropylphosphane selenide (0.82 g, 3.07 mmol)
was dissolved in dichloromethane (40 mL) and a solution of bro-
mine (0.50 g, 3.07 mmol) in dichloromethane (40 mL) was added.
The reaction mixture was stirred at room temperature for one day.
Solvent was removed in vacuo and the powdery bright orange (di-
tert-butylisopropylphosphane selenide)-Br, complex was obtained.
Yield: 1.24 g (94%); m.p. 111 °C; elemental analysis: C;;H,sBr,PSe
(267.25): caled. C 30.94, H 5.90; found: C 28.64, H 5.64. MS (FAB,
o-nitrobenzylamine matrix): m/z, pos. (%) = 77 [100, (CsHs)" or
(CsH,oP)*], 57 [88, (Bu)*], 136 [65, (NBA — OH)*], 107 [61,
(NBA — CH,OH - 0)*], 189 [30, (tBuyiPrP + H)*], 154 [28,
(NBA + H)*'], 269 [25, (tBu,iPrPSe + H)™], 212 [23, (1BuiPrPSe +
H)*); m/z, neg. (%) = 232 [100, (NBA+Br)], 153 [88, (NBA)], 81
[50, (Br)], 168 [49, (NBA + CH3)], 122 [41, (NBA + H,0)], 305
[35, 2NBA — H) ]; EI-MS: m/z (%) = 268 [100, (1Bu,iPrPSe)*], 57
[95, (1Bu)*], 156 [76, (iPrPSe + 2H)*], 212 [40, (tBuiPrPSe + H)*],
160 [31, (Bry)*], 43 [10, (iPr)*], 81 [5, (Br)*]. '"H NMR (CD,Cl,): §
=3.97 [m, CH(CH,),], 1.76 [d, 3Jyy p = 16.7 Hz, C(CHs3);], 1.67 [dd,
3yn = 7.3, 3Jup = 16.4 Hz, CH(CHs;),] ppm. 3C NMR (CD,Cl,):
6 =445 [d, "Jcp = 13.2Hz, C(CH3);], 31.8 [d, 'Jcp = 18.5 Hz,
CH(CHj,)s], 30.1 [s, C(CH3);], 21.1 [d, 2Jcp = 3.5 Hz, CH(CHj3),]
ppm. 3'P NMR (CD,Cl,): 6 = 82.9 (s, 'Jps. = 520.2 Hz) ppm.

2d: tert-Butyldiisopropylphosphane selenide (0.50 g, 1.97 mmol)
was dissolved in dichloromethane (30 mL) and a solution of

98 www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

bromine (0.31g, 1.97 mmol) in dichloromethane (30 mL) was
added. The reaction mixture was stirred at room temperature for
one day. The solvent was removed in vacuo and the solid orange
(tert-butyldiisopropylphosphane selenide)-Br, complex was ob-
tained. Yield: 0.76 g (93.39%); m.p. 74 °C; elemental analysis:
CoH,3Br,PSe (253.23): caled. C 29.08, H 5.61; found C 29.32, H
5.66. MS (FAB, o-nitrobenzylamine matrix): m/z, pos. (%) = 57
[100, (rBu)*], 333 [90, (1BuiPr,PSeBr)*], 154 [70, (NBA + H)*], 191
[65, (BuiPr,POH)*], 136 [60, (NBA — OH)"], 255 [38, (1BuiPr»-
PSe)*], 307 [15, 2NBA + H)*], 413 [4, (1BuiPr,PSeBr,)*]; m/z, neg.
(%) = 153 [100, (NBA)], 232 [95, (NBA + Br)1], 306 [75,
(2NBA), 168 [42, (NBA + CH,)], 122 [22, (NBA + H,0)7], 79
[18, (Br) ], 414 [6, (1BuiPr,PSeBr,) ]; EI-MS: m/z (%) = 156 [100,
(iPrPSe + 2 H)™], 57 [95, (1Bu)*], 254 [50, (tBuiPr,PSe)*], 198 [40,
(iPr,PSe + H)*], 111 [12, (PSe)*], 80 [10, (Br)*]. '"H NMR
(CD,CL,): 6 = 3.48 [m, CH(CHs),), 1.55 [dd, *Jyy = 6.6, 3Jyp =
16.9 Hz, CH(CH,),], 1.52 [d, *Jyp = 16.6 Hz, C(CHs3);] ppm. 1*C
NMR (CD,Cly): 6 = 28.6 [d, 'Jcp = 26.3 Hz, C(CH3)3], 25.9 [d,
ep = 26.4Hz, CH(CHj),], 24.8 [s, C(CH3)3], 19.8 [d, 2Jcp =
3.5 Hz, CH(CHs),], 17.5 [d, 2Jcp = 3.1 Hz, CH(CH3),] ppm. 3'P
NMR (CD,ClLy): 6 = 77.4 (s, YJpse. = 526.2 Hz) ppm. 7’Se NMR
(CDCl3): 6 = 537.0 (d, 'Js.p = 521.6 Hz) ppm.

1a': '"H NMR (CgDy): 0 = 1.32 [d, ¥yyp = 13.9 Hz, C(CHs)s] ppm.
13C NMR (C¢Dg): 0 = 40.9 [d, "Jep = 26.4 Hz, C(CH,)s), 30.5 [s,
CH(CH;),] ppm. *'P NMR (C¢Dg): 6 = 93.8 (s, 'Jps. = 708.5 Hz)
ppm. 77Se NMR (C4¢Dy): 6 = —420.3 (d, Jsep = 707.0 Hz) ppm.

1a% 'H NMR (CD,CL): 6 = 1.41 [d, 3y p = 14.2 Hz, C(CH:)y]
ppm. 1*C NMR (CD,Cl,): 6 = 41.0 [d, 'Je.p = 26.2 Hz, C(CHs)3],
30.5 [s, CH(CHj),] ppm. 3'P NMR (CD,Cly): 6 = 93.3 (s, 'Jpse =
692.9 Hz) ppm. ’Se NMR (CD,CL): 6 = 417.0 (d, Js.p =
692.8 Hz) ppm.

1b%: '"H NMR (C¢Dg): 6 = 1.89 [m, 3Jyyy = 7.0, 2Jyyp = 10.0 Hz,
CH(CH,),], 1.03 [dd, *Jup = 7.1, 3Jyp = 16.0 Hz, CH(CHs),]
ppm. 3C NMR (Cy¢Dy): 6 = 26.8 [d, 'Jcp = 38.7 Hz, CH(CHs),],
18.2 [d, 2Jep = 2.1 Hz, CH(CH,),] ppm. 3'P NMR (C¢Dg): 0 =
711 (s, pse = 709.2 Hz) ppm. 7’Se NMR (C¢Dy): 6 = —489.9 (d,
Wsep = 707.9 Hz) ppm.

1b% 'H NMR (CD,Cl,): 6 = 2.17 [m, 3Jy1q = 7.1, 2yyp = 10.1 Hz,
CH(CH3),], 1.16 [dd, 3Jyu = 7.1, 3Jyp = 16.2 Hz, CH(CH3),]
ppm. '3C NMR (CD,CL): 6 = 26.8 [d, "Jep = 38.6 Hz, CH-
(CHs)], 18.0 [d, 2Jcp = 22 Hz, CH(CHs),] ppm. P NMR
(CD,CLy): 6 = 70.6 (s, "Jpse = 691.9 Hz) ppm. 77Se NMR (CD,Cl,):
0 =-481.5 (d, Js.p = 692.8 Hz) ppm.

1c: 'H NMR (C¢De): 6 = 2.06 [m, 3y = 7.3, 2yup = 119 Hz,
CH(CHs),], 1.29 [dd, 3y 1t = 7.3, Yy p = 14.9 Hz, CH(CH),), 1.24
[d, 3yp = 14.2 Hz, C(CHs)s] ppm. °C NMR (C¢Dy): & = 38.6 [d,
ep = 30.1 Hz, C(CHa)s), 30.7 [d, 'Jep = 31.6 Hz, CH(CHs),],
292 [d, 2Jep = 1.0 Hz, C(CHa)s, 214 [d, 2Jep = 2.7 Hz, CH-
(CHs3),] ppm. 3'P NMR (C4¢Dy): 6 = 84.6 (s, ' Jps. = 706.2 Hz) ppm.
77Se NMR (C¢Dy): 6 = -399.8 (d, 'Js.p = 705.8 Hz) ppm.

1¢%: "H NMR (CD,Cl,): 6 = 2.26 [m, 3Jyy g = 7.3, 2Jup = 12.2 Hz,
CH(CH,),), 6 = 145 [dd, 3Jyu = 7.3, 3Jup = 15.6 Hz, CH-
(CH3),], 1.34 [d, 3Jup = 144 Hz, C(CHs);] ppm. *C NMR
(CD,Cly): 6 = 38.8 [d, "Jcp = 29.8 Hz, C(CH3)3], 31.0 [d, 'Jcp =
31.7 Hz, CH(CH,),], 29.2 [d, 2Jcp = 0.5 Hz, C(CH3)3], 21.4 [d,
2Jcp = 2.9 Hz, CH(CHj3),] ppm. 3'P NMR (CD,Cl,): 6 = 84.4 (s,
1pse = 687.7 Hz) ppm. 77Se NMR (CD,Cl,): § = -393.8 (d, 'Jscp
= 688.2 Hz) ppm.

1d": 'H NMR (CgDg): 6 = 2.0 [m, uu = 7.0, 2up = 9.1 Hz,
CH(CHj;),), 1.10 [dd, g1 = 0.2, 3Jyyp = 14.5 Hz, C(CH3)3), 1.09
[dd, 3JH,H = 7.1, 3‘]H,P = 15.7 Hz, CH(CH3)2], 1.07 [dd, SJH,H =
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7.0, 3yup = 15.4 Hz, CH(CHS),] ppm. '>C NMR (CeDy): & = 35.3
[d, lJc’p =343 Hz, C(CH;);], 28.2 [d, ZJC.P =0.9 Hz, C(CH;)';],
26.6 [d, Jep = 363 Hz, CH(CH,),], 19.5 [d, 2Jcp = 1.9 Hz,
CH(CH3)2], 0=18.8 [d, ZJC’p =21 HZ, CH(CH3)2] ppm. 31P NMR
(CsDg): 6 = 79.9 (s, Wpse = 712.7 Hz) ppm. ’Se NMR (C¢Dy): &
= 499.2 (d, YJs.p = 711.5 Hz) ppm.

1d* '"H NMR (CD,ClL): 6 = 2.3 [m, *Jyu = 7.0, 2Jp = 9.1 Hz,
CH(CHs),), 1.22 [d,d, *Jg 1 = 0.4, 3Jyp = 14.6 Hz, C(CH;)3], 1.21
[dd, 3Jyuy = 6.9, 3Jup = 15.9 Hz, CH(CH3),], 1.19 [dd, 3Juy =
7.0, 3Jup = 15.5 Hz, CH(CHs),] ppm. *C NMR (CD,Cl,): 6 =
35.5[d, 'Jep = 34.1 Hz, C(CH;)s), 28.2 [s, C(CH;)3], 26.7 [d, Jcp
=36.3 Hz, CH(CHs),), 19.4 [d, 2Jcp = 2.0 Hz, CH(CH3)], 18.4 [d,
2Jcp = 2.2 Hz, CH(CHj3),] ppm. 3'P NMR (CD,Cl,): d = 79.5 (s,
Wpse = 695.8 Hz) ppm. 77Se NMR (CD,Cl,): § = -493.2 (d, 'Jsep
= 694.8 Hz) ppm.

Computational Details: The same methods and basis sets as in two
former computational studies on 7’Se chemical shifts were em-
ployed.l'] Specifically, geometries were fully optimised at the re-
stricted Hartree-Fock (HF) level employing the 641(d) basis set,
that is, Binning and Curtiss’ contracted [6s4pld] basis on Se and
Br,["% a contracted [2s] double-zeta Huzinaga basis on H (DZ),[2°0]
and standard 6-31G* basis on P and C.[°%20d A]l minima were
characterised as such by computation of the harmonic vibrational
frequencies. Single-point energy calculations for these geometries
were performed at the electron-correlated second-order Meller—
Plesset (MP2) level using the larger 962(d) basis, that is, a decon-
tracted version of the 641(d) basis on Se and Br,2%] DZ basis on
H, Dunning’s polarised (ag = 0.75) [5s3p] basis on C,?°l and
McLean and Chandler’s polarised (aq = 0.465) [6s5p] basis on P.2%1]
Relative energies are reported at the MP2/962(d)//HF/641(d) level
(in the “level of energy evaluation // level of geometry optimis-
ation” notation), corrected for the HF/641(d) zero-point energies
(scaled by 0.9).

Table 6. Crystallographic data.

Magnetic shieldings were computed at the HF level with the
Gauge-Including-Atomic-Orbitals  (GIAO) method, as im-
plemented®! in the Gaussian 98 program,l*?! employing the HF/
641(d) geometries and 962+(d) basis, that is, the same as 962(d),
but augmented with a set of diffuse s and p functions on Se (a5 =
a, = 0.022),2%] which were shown to be beneficial in many ca-
ses.[194 §77Se chemical shifts are reported relative to Me,Se, the
experimental standard, for which an absolute shielding constant of
1905 ppm is obtained at the same level.

X-ray Structure Determinations: Numerical details are presented in
Table 6. Data collection and reduction: Crystals were mounted in
inert oil on glass fibres and transferred to the cold gas stream of
the diffractometer (1b: Stoe STADI-4; 2b#2, 2¢: Siemens P4; 2b#1,
2d, 3¢: Bruker SMART 1000 CCD). Measurements were performed
with monochromated Mo-K, radiation. Absorption corrections for
the area detector were performed with the program SADABS, and
for the serial diffractometers on the basis of w-scans. The crystal
of 2¢ decomposed appreciably even at low temperature and data
were scaled accordingly. Structure solution and refinement. The
structures were refined anisotropically against F? (program
SHELXL-97, G.M. Sheldrick, University of Gottingen). H atoms
were included with a riding model or as rigid methyl groups. Spe-
cial features of refinement. Compound 2¢ was refined as an enantio-
meric twin, with Flack parameter 0.46(3); it is severely pseudosym-
metric, with P, Se and Br atoms lying in a pseudomirror plane
corresponding to the higher symmetry space group Pnma, but the
alkyl groups clearly rotated out of the mirror-symmetric positions.
Methyl hydrogens were placed in ideally staggered positions. De-
spite the use of distance restraints, the light atom bond lengths and
angles were distorted and of limited reliability. CCDC-282196
(for 1b), -282197 (for 2b#l), -282198 (for 2b#2),
-282199 (for 2¢), -282200 (for 2d) and -282201 (for 3c¢) contain the
supplementary crystallographic data for this paper. These data can

1b 2b#1 2b#2 2c 2d 3c
Formula CK;HZ]PSC C9H2|Br2PSe CgHz]Brzpse C] |H25Br2PSe C|0H23Br2PSe Cl 1H25Br2P
M, 239.19 399.01 399.01 427.06 413.03 348.10
Habit colourless prism  pale orange prism yellow tablet red tablet red tablet red tablet
Crystal size [mm] 0.6X0.6X0.5 0.27x0.2%x0.13 0.6x0.5x0.18 0.4x0.3x0.2 0.45x0.3%x0.3 0.3x0.2x0.1
Crystal system orthorhombic monoclinic monoclinic orthorhombic monoclinic monoclinic
Space group Pnma P2,/n P2,/n Pna2, P2,/n P2/c
a [pm] 2619.0(5) 838.65(6) 750.38(10) 1586.82(15) 755.56(6) 1111.95(8)
b [pm] 1193.13(14) 1380.23(10) 2301.7(4) 849.82(10) 1412.97(12) 1172.06(8)
¢ [pm] 744.74(15) 1219.81(9) 1639.7(2) 1157.33(10) 1351.63(10) 2220.46(16)
S 1] 90 97.397(2) 91.806(10) 90 95.837(3) 90.00(2)
V [nm?] 2.3271 1.40022 2.8306 1.5607 1.4355 2.8939
Z 8 4 8 4 4 8
D, [Mg/m?] 1.365 1.893 1.873 1.818 1.911 1.598
u [mm'] 3.3 8.5 8.4 7.6 8.3 5.7
F(000) 992 776 1552 840 808 1408
T (°C) -100 -130 -100 -100 -140 -130
20 max 50 57.1 50 50 61 60
Refl. measured 4303 14840 9982 2743 30282 34805
Refl. indep. 2160 3559 4974 2743 4374 8849
Transmissions 0.696-0.823 0.208-0.406 0.272-0.994 0.151-0.312 0.479-0.862 0.601-1.000
Ry 0.043 0.031 0.069 0.0 0.032 0.039
Parameters 115 125 248 137 134 269
Restraints 0 45 90 161 0 0
wR (F2, all refl.) 0.072 0.048 0.066 0.089 0.051 0.075
R [F, >40(F)] 0.027 0.021 0.034 0.098 0.020 0.049
S 1.04 0.97 0.71 0.855 1.04 0.99
Max. Ap (e/nm?) 368 1496 574 839 703 1649
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be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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