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The Lewis acid-base adducts (F3)-(BX3) (E =S, Se; X= Br, I) and (RSe)-(NbCls) have been prepared and
characterized by Raman, IR, and solid-s&8RMAS NMR spectroscopy. Hybrid density functional calculations
(B3LYP) have been carried out for both the apical and the basBk#BX3) (E = S, Se; X= Br, |) adducts.

The thermodynamics of all considered species has been discussed. In accordance with sélfeligagNMR

and vibrational data, the X-ray powder diffraction structures @B{P(BBr3) [monoclinic, space group2;/m

(No. 11),a=8.8854(1) Ab = 10.6164(2) Ac = 6.3682(1) A5 = 108.912(1), V = 568.29(2) B, z= 2] and
(P4Ss)+(Bl3) [orthorhombic, space groupnma(No. 62),a = 12.5039(5) Ap = 11.3388(5) Ac = 8.9298(4) A,

V = 1266.09(9) &, Z = 4] indicate the formation of an apicak® complex in the reaction of 48; with BX3

(X = Br, I). Basal adducts are formed whepS®; is used as the donor species. Vibrational assignment for the
normal modes of these adducts has been made on the basis of comparison between theoretically obtained and
experimentally observed vibrational data.

Introduction The reaction of [MCl(cod}] (M = Rh, Ir; cod= cyclo-octa-
) 1,5-diene) with BEs in the presence of tris(diphenylphos-
Previous work has shown that$} and RSe form weak phinomethyl)ethane led to complexes of the type [(triphos)M-

11 donoracceptor_ complexes wi@h Lewis acitis' These ~ (PsE3)] (E =S, Se), in which the metal atom replaced one basal

adducts show cage-like structures with three basal and one apicap atom of the original FE; cage’

P atoms connected by three E {ES, Se) atoms. From the Goh and co-workers recently studied the reaction of [CpCr-

electronic situation both the negatively charged apical and the (COYJ» with P4E5 (E = S, Se) yielding (CECra(CO))-(P4Es)-

three basal phosphorus .ator.ns can act as donors. 1/,CeHe. The crystal structures of (GPra(CO))+(P4Es)-2CeHe
X-ray structural investigations of the complexes [NEB)- revealed an opened-up conformation of taEsage, containing

(tppea)] (tppea= tris(2-diphenylphosphinoethyl)amirtejind one CpCr(COjand three CpCr(CQ)¥ragments coordinated to
[Mo(CO)s](P4Sz)? showed an intact /£ (E = S, Se) cage  four P atoms of a five-membered rifig.

coordinated to the transition metal through the apical P atom.  Bjachnik et al. published the Lewis acithase (RSe)-

In case of [IrCI(CO)(PP{)2] the reaction with BS; leads to a  (NbCls) adduct obtained from the reaction ofS; with NbCls.
cleavage of one PP bond in the cage molecule yielding the The crystal structure of ¢8e)-(NbCls) showed that the NbP
dimeric complex [Irf-PsS3)CI(CO)(PPR)]2.° The reaction of  pond is formed between a basal phosphorus atom of 18e; P
[Pt(CHa)(PPh),] with P,S; gives the trinuclear platinum  cage and the Nb@I In contrast to this speciesf{PsSs):
complex [ Pt(u-PaSs)(PPh)} 3]-CeHs through insertion of the  (NbCIs);] was obtained in the reaction of® with NbCls. In
metal fragment into a PP bond of the cage.The crystal  [3-(P,S))-(NbCls);] two NbCls units are coordinated to the basal
structures of [lrl(t-P4SB)CI(CO)(PPb)]25 and HPt(Il-P4Sg)- phosphorus atonfsl

(PPh)} 3]-CeHe® showed that the metal atoms are linked to two In summary, the versatile reactivity of thes|B cage
“basal” phosphorus atoms of the33 cage and one basal P gjecules toward acceptor species can result in (i) a coordination
atom of another f5; cage. of the intact cage to the ligand via its apical or basal P afoifis,
(ii) an insertion of the ligand fragment into a¥ bond of the
*To whom correspondence should be sent. E-mail: tmk@ cage3®® or (iii) substantial cleavage of the cage molecule
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Table 1. Selected Calculated and Experimental Structural Data (distances in A, angles in deg) for the Ad@R(BXR) (X = Br, )

(P2Ss)+(BBr3) (PaS3)+(Bl3)
calculation exp calculation exp
apical basal apical apical basal apical
B—X(1) 1.997 2.004 2.16(3) 2.245 2.252 [2.250¢1)]
B—X(2) 1.997 2.004 1.89(1) 2.245 2.252 [2.249¢1)]
B—P(1) 2.085 2.01(3) 2.022 [2.020(2)]
B—P(2) 2.066 2.007
P(1)-S(1) 2.129 2.150 2.042(8) 2.133 2.149 2.10(1)
P(1)>-S(2) 2.129 2.162 2.006(6) 2.133 2.164 1.992(8)
P(2-S(1) 2.132 2.112 2.06(1) 2.128 2.115 2.18(1)
P(3>-S(2) 2.132 2.132 2.162(6) 2.128 2.132 2.154(7)
P(2-P(3) 2.291 2.243 2.247(8) 2.293 2.243 2.316(9)
P(3)-P(3A) 2.291 2.321 2.101(9) 2.293 2.328 2.37(1)
S(1)-P(1)-S(2) 102.8 100.0 103.3(3) 102.7 100.1 109.3(4)
P(2)-P(3)-P(3A) 60.0 58.8 62.1(2) 60.0 58.7 59.2(2)
P(3)-P(2)-P(3A) 60.0 62.3 55.7(3) 60.0 62.5 61.5(4)
X(1)—B—P(1) 104.1 98(1) 104.8 [106.4(3)]
X(1)-B—P(2) 101.4 101.6
X(2)-B—P(1) 104.1 108.4(8) 104.8 [109.2(2)]
X(2)-B—P(2) 105.6 106.1
X(1)-B—X(2) 114.3 114.0 108.6(8) 113.7 1135 [110.5¢1)]
X(2)—B—X(2A) 114.3 1145 122(1) 113.7 114.3 [110.5€2)]

aP—B and B-I distances were fixed by soft constraint during the

Rietveld refinement.

this contribution we want to address the question as to whethershown to possess stable minima at B3LYP level (no imaginary

in the adducts (FE3)-(BX3) (E = S, Se; X= Br, 1) the boron

frequencies).

trihalide is linked via the apical or the basal phosphorus atom  Structural parameters obtained from density functional theory

of the RE; cage. The Lewis acidbase complexes {Ps)-(BX3)
(E =S, Se; X= Br, 1) and the adduct (S&):(NbCls) were
characterized by means of solid-stét® MAS NMR, IR, and

(B3LYP) calculations for main group element compounds are
in good agreement with those obtained from experimental
studies. It is generally agreed that this level is sufficient to

Raman spectroscopy. Hybrid density functional calculations predict the relative stability of the isomers and will give

were carried out for both the apical and the basal Lewis-acid
base adducts. The structures 0i%§)+(BBrs) and (RSg):(Bl3)

have been established by ab initio X-ray powder diffraction.

reasonably reliable results for the equilibrium structdrBsth
the electronic situation and thermodynamics should slightly
favor the formation of basal ¢Es)-(BX3) adducts (E= S, Se;

(PsSey)-(NbCls) was used as a reference molecule in order to X = Br, ) in the gas-phase (see Section Thermodynaniics).

compare and confirm our experimental and theoretical findings

on (RE3)+(BX3).

Results and Discussion

Pure yellow tetraphosphorus trisulfide boron triiodide,.Sgp
(Bl3), was prepared from the reaction of one equivalent,& P
with one equivalent of Bl eq 1, in C$ at room temperature.

@)

The BBr adducts (Bs)-(BBrs) and (RSe)-(BBr3) were
obtained from the reaction of4P; (E = S, Se) with an excess
of BBr3 in CS, eq 2.

cs
PyS; + Bly = (P,Sy)(Bly)

C
P,E; + BBrg 2 (P,E5)(BBry) (E=S, Se) (2)

We tried to dissolve (§5s)+(Bls) in different solvents e.g.
CS,, CHsCN, CFCh, and SQ, however the solubility of (FS3)-
(Bl3) is very small. The saturated solution in £8ontains
essentially only very small amounts of,3& and Bk as
indicated by3'P and!'B NMR studies.

In contrast, the complexes 4&)-(BBr3) and (RS&):(BBr3)
are very soluble in common solvents, however,#reand!!B
NMR spectra showed resonances fgERE = S, Se) and BBy
Therefore, it can be assumed that theseBRoomplexes exist
only in the solid-state.

Structure. The molecular structures of both the apical and
the basal (FE3)-(BX3) (E = S, Se; X= Br, I) were fully
optimized at B3LYP level. All considered-B adducts were

Selected bond lengths and bond angles g8{P(BBr3) and
(P+S3)+(Bl3) obtained by ab initio X-ray powder diffraction in
comparison with the computed structures are summarized in
Table 1.

(P4S3):(BBr3) crystallizes in the monoclinic space group
P2:/mwith two molecules in the unit cell (Figure 1). The X-ray
structure determination revealed an intagdfrage linked via
an apical P atom to the BBacceptor unit.

Two different B-Br [B—Br(1), B—Br(2)], Psp—S [P(1)-S(1),
P(1)-S(2)], S-Poas[S(1)-P(2), S(2)-P(3)], and P-P [P(2)~
P(3), P(3>P(3A)] bond lengths (Figure 1) were found for the
Cs symmetric (BSz)-(BBr3) molecule in the solid-state. The
orientation of the S and basal P atoms of th§;Rage and the
Br atoms of the BBymoiety shows a slightly distorted staggered
conformation. In contrast, the computed structure ofS{P
(BBr3) predictsCs, symmetry in the gas-phase with a staggered
conformation. Hence, it is assumed that in solid-state the
symmetry is lowered fronCs, to Cs due to crystal package
effects and results in fairly large differences in the structural
data between experiment and theory (Table 1).

Comparison of the structural data of coordinate&sRvith
the isolated S; molecule shows that the bond angles &P
have not considerably changed upon complexation. However,
the values of the different PP (2.247(8) and 2.101(9) A),
Phas—S (2.06(1) and 2.162(6) A), and,PS (2.042(8) and
2.006(6) A) bond lengths display large deviations from the bond
lengths in the isolateds8; molecule resulting always in a longer
and a shorter bond distance.

(9) Klapatke, T. M.; Schulz, A.Quantum Chemical Methods in Main-
Group Chemistry with an ited chapter by Harcourt, R. DWiley
& Sons: Chichester, 1998.
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Figure 1. Unit cell of (P:S3)-(BBr3) (X-ray powder diffraction). Figure 3. Unit cell of (P:Ss)-(Bls) (X-ray bowder diffraction)

i Table 2. Selected Calculated and Experimental Structural Data
1(2A) -2 (distances in A, angles in deg) for&&)-(NbCls)
calcu- calcu-
lation X-ray? lation  X-ray?
P(1)-Se(1) 2.299 2.253(5) Se@P(1)-Se(3) 103.9 99.6(7)
P(1)-Se(3) 2.287 2.248(5) Se(dpP(1)-Se(2) 100.0 99.74(3)
P(2)-Se(3) 2.277 2.235(3) Se(BP(4-Nb 118.4 115.83(3)
P(4)y-Se(3) 2.360 2.222(3) P(%Be(1)-P(2) 100.2 100.8(6)
P(2-P(3) 2.289 2.238(8) P(HSe(3y-P(4) 97.3 97.3(1)
P(2y-P(4) 2.247 2.198(2) P(2)P(4)-Se(3) 108.9 109.6(0)
Figure 2. Molecular structure of (IS)-(Bls) (X-ray powder diffrac- P3)-P(4) 2.247 2.208(4) P(4P(2)-Se(2) 103.5 102.75(5)
tion). P(4y-Nb 2909 2.778(2) P(DHP(4)y-P(3) 61.2 61.1(2)
Nb—CI(5) 2.289 2.270(6) P(2P(3)-P(4) 59.3 59.26(0)
. Nb—CI(1) 2.367 2.314(9) P(3)P(2)-P(4) 59.3 59.7(2)
The P-B bond length for (£Ss)+(BBrs), which was found Nb—CI(2) 2.359 2.301(3) P(2P(4)-Nb  123.2 126.6(0)
to be 2.01(3) A, is in agreement with the-B bond distance CI(5)—Nb—P(4) 178.6 177.98(7)

found in BiP-BBr; (2.01(2) A)10 aSee ref 3,

Due to the observeds symmetry in (BS3):(BBrs) two h ted structural data (B3LYP dietB dist
different B—Br bond lengths were found: two fairly short eco;&npu ed structural data ( A ) predi Istances
distances (1.89(1) A) and one long distance (2.16(2) A), which ?_f §I'08f50r trE(.eQ:S)';:(;?i]a?dd gt.(s)zzh'c#(lgfg).c(c?rlr?)]é\rraes%ec-'th
is significgr;tly longer than in BBr(gas electron diffraction: Iiltverei/t,u o valuespflor onFB IL_JewisWaéid—base corr?plex e@yi’;"
1.893(5 . '

(5) A9 . . . In Table 2 selected computed and experimental structural data

(PsS;)(Bls) crystallizes in the orthorhombic space group  ¢po ey (FS&)+(NbCls) adduct (Figure 4) are summarized.
ana\llwth four rEoIecuIes in the llm't IceII (Figures s and 3). All calculated structural parameters are in reasonable agreement

Analogous to the (£5;)-(BBrs) molecular structure, the X-ray i the data obtained by X-ray crystal structure determination.
powde_r diffraction structural analy_5|s of {8)-(Bl3) shows the Bond lengths and angles in theJ®; fragment are comparable
formation of anCs symmetric apical adduct. Analogous 10 yish the noncoordinated;8e molecule!® The geometry around
(P4S5):(BBrs), two different S-Pap S—Phas and P-P bond the Nb atom can be described as a slightly distorted octahedral
d:stances_ were found. As f(_)th(B,)-(BIBrg), B3LYP calculations arrangement. The four equatorial Cl atoms are bent toward the
aiso predicCs, symmetry with equal PP, P-S, and B-I bond P,Se; ligand. This structural feature can be partly attributed to
distances. o _the fairly long calculated PNb bond distance of 2.909 A

Due to the three strong scattering iodine atoms, surrounding (g3LYP). As for (P,Ss)-(BBrs) a considerable deviation from
the boron atom, the position of the relatively light boron atom {he experiment was found for the-Rb distance (X-ray: 2.778-
in (P4S3)+(Bl3) could not be exactly determined. Therefore, the () A)3
P—B and B distances were fixed with soft constraints during ~ |n Table 3 the calculated structural parameters for both the
the Rietveld refinement utilizing the computed B3LYP distances. gpjcal and the basal {Be)-(BXs) (X = Br, I) complexes are

(10) Aubauer, Ch.; Engelhardt, G.; Klage, T. M.; N&th, H.; Schulz, A.; (12) Aubauer, Ch.; Davidge, K.; Klafiee, T. M.; Mayer, P.; Piotrowski,
Warchhold, M.Eur. J. Inorg. Chem.200Q 2245. H.; Schulz, A.Z. Anorg. Allg. Chem.200Q 626, 2373.
(11) Konaka, S.; Ito, T.; Morino, YBull. Chem. Soc. Jpri966 39, 1146. (13) Vos, A.; Keulen, EActa Crystallogr.1957 11, 615.
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.. P() 31P MAS NMR and vibrational results (see below) indicate that
‘ both species represent basal complexes.

se() Se(@) It is known that for adducts in solid-state and gas-phase
structural data can be quite different. Leopold et al. have
L p) indicated that the dative or coordinate bond is much shorter in
i the solid-state than in the gas-phase, and this change has been
associated with the substantial dipole moment of the adduct.
The calculated dipole moments of thgSPadducts show larger
Ci4) citt) dipole moments for the apical species [e.g.S4P (Bls): 5.74
\ Ci3) D (apical) vs 3.58 D (basal)] which may indicate the preference
of the apical adduct over the basal adduct formation in solid-
. CIs) state. In contrast to the;8; adducts, the magnitude of the dipole
Figure 4. Calculated structure for gBey):(NbCls). moments for ESe; adducts show an opposite trend [e.g4S&)-
) A (Bl3): 2.58 D (apical) vs 5.33 D (basal)] which is in agreement
;gbllzsgi.nsd?ale)cg‘i? t%zli‘éghegsség;‘;gil )Dgza:(désrta:?ces nA with our experimental observation of the basgb& adducts.
g g : ’ Solid-State 3P MAS NMR Results. Solid-state3P MAS
(PsSe)-(BBr3) (PsSe)+(Bl3)? NMR spectra were recorded of fB)-(BX3) (E =S, Se; X=
calculation calculation : :
; X Br, 1), (PsSe)-(NbCls) and RS; for reference using a single
apical basal apical basal e -
= 000 5000 5248 > 263 pulse acquisition and spinning speeds up to 35 kHz. The central
B—X(2) 2.000 2.248 2.248 2.243 Szggoﬂf Otfhfh eczmlﬁlr?lﬁ 'r;r:alfgngompounds were located by
B—P(1) 2.088 2.029 pinning irequency. , ,
B—P(4) 2.070 2.016 Table 4 summarizes the isotropic chemical shiéts ¢f all
P(1)-Se(1) 2.302 2.322 2.308 2.327 considered species and relative signal intensities obtained from
P(1)-Se(3) 2.302 2.310 2.308 2311 spectra deconvolutions.
P(2)-Se(1) 2.299 2.300 2.296 2.300 The solid-staté!P MAS NMR spectrum of [S3 shows one
P(4)-Se(3) 2.299 2.280 2.296 2.291 = ;
P(2-P(3) 2280 2304 2282 2307 Sharp resonance at= 78.4 ppm due to the apical P and one
P(2)-P(4) 2.280 2.236 2.282 2238 broad resonance at= —105.1 ppm due to the basal P atoms
Se(1»-P(1-Se(2)  103.0 99.3 102.9 99.9 in a ratio of 1:3 (cf.0 (Py) = 71 ppm andd (Poay = —120
P(2)-Se(1)-P(2) 96.0 100.2 95.9 100.3 ppm in solutioﬁ%.
E’,(“*Se@*"(” 96.0 95.5 95.9 95.4 The3P MAS NMR spectra of (£5s):(BBrs) and (RSs)-(Bls)
(2-P4)-P(@3) 60.0 62.0 60.0 62.1 ; o A >
P(4)-P(2)-P(3) 60.0 50.0 60.0 590 are displayed in Figure 5. Besides impurities g&fiwo central
X(1)-B—P(1) 104.4 105.1 peaks in a ratio of 1:3 were observed in tHe MAS NMR
X(1)—-B—P(4) 102.7 102.8 spectrum of (FSg)-(BBr3) which can be assigned to the apical
X(2)-B—P(1) 104.4 105.1 (6 = 135.2 ppm) and the basal & —109.8 ppm) phosphorus
é(i):g:;(‘g) 114.0 1012:3 1135 11()1‘5?;12 atoms of (BSs)+(BBr3). Upon coordination, thé'P resonance
(1)=B=X() : : : : for the basal phosphorus atoms are slightly shifted to high field.
@ See ref 4. The strong high frequenc$tP shift of roughlyd = +57 ppm

for the resonance of the apical phosphorus atom 45:{RBBrs)

listed. The apical adducts poss&3s symmetry, in the basal  compared with those of,8; indicates the formation of an apical
adducts the symmetry is lowered@symmetry. All structural adduct.
parameters are in good agreement with those of other covalent The 3P NMR MAS spectrum of (FS3)+(Bls) (Figure 5)
Se-P compounds and+B adducts®'?1?As expected for these  shows that the sample contained only small amounts,8§ P
covalently bound P-B adducts both (F5e;)-(BX3) (X = Br, 1) impurities. The resonance &t= 129.6 ppm is due to the apical
adducts display only a slight change in geometry compared with and the two resonances Ad = —92.0 and—96.6 ppm are
the starting material f8e.* The Se-P bond distances are  due to the basal phosphorus atoms. The relative intensity of
slightly shorter in the adducts which stems from orbital the basal P atoms in a ratio of 2:1 is in agreement with the
contraction due to the increased positive charge in #&P  X-ray powder diffraction structure showing crystallographically
unit. unequal basal P nuclei. The coordination shitd{oorq =

The estimated BP bond distances in both the apical {P 6 P(adduct)— 6 P(R,S;)] of the apical phosphorus atom
Se)(BBr3): 2.088 A; (RSe):(Bls): 2.029 A] and the basal  (Adcoora= +51.2 ppm) in (BS3)+(Bl3) is comparable with that
[(PsSe):(BBrs): 2.070 A; (RSe)+(Bls): 2.061 A] adducts are  found for (RSs)*(BBrs) (Adcoord = +56.8).
comparable with the experimental value found inSdy(BBr3) The spectra of (ig)+(BX3) (X = Br, 1) show intense
(1.99(3) A), however, significantly longer than in MRBBr3 sidebands for the basal phosphorus atoms even at spinning
(1.924(12) A) and MgP-Bl3 (1.918(15) A)!4 corresponding to
a bond order less than 1. This can be explained by the larger(15) (a) Fiacco, D. L.; Mo, Y.; Hunt, S. W.; Ott, M. E.; Roberts, A.;
electron transfer within Mg@-BX3 (X = Br, I) due to the Leopold, K. R.J. Phys. Chem. 2001, 105 484. (b) Fiacco, D. L.;
positive inductive effect of the methyl groups whereas in case 'qurmrﬁ.;sl_e\?vpotcébr;bﬁ.lr}?r% Jcrlmnehryszoggesr?, 2%0(8)1'3'2%2’2? :

of (PsSey)+(BBrs) and (RSe):(Bls) the donor strength is (d) Burns, W. A.; Phillips, J. A.; Canagaratna, M.; Goodfriend, H.;
decreased. Leopold, K. R.J. Phys. Chem. A999 103 7445. (e) Canagaratna,
. M.; Phillips, J. A.; Goodfriend, H.; Leopold, K. R. Am. Chem. Soc.
Despite many attempts we were not able to solve the 1996118 5290. (f) Leopold, K. R.; Canagaratna, M.: Phillips, J. A.

molecular structure of the adducts,§;)-(BX3) (X = Br, 1) In Advances in Molecular Structure Reseaefargittai, M.; Hargittai,
by means of X-ray powder diffraction, however, the solid-state l., Eds.; JAI Press: Greenwich, CT, 1996; Vol 2. p 103. )
(16) (a) Dwek, R. A.; Richards, R. E.; Taylor, D.; Penney, G. J.; Sheldrick,
G. M. J. Chem. Soc. A969 935. (b) Kolditz, L.; Wahner, EZ. Chem.
(14) Black, D. L.; Taylor, R. CActa Crystallogr 1975 B31, 1116. 1972 12, 389.
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Table 4. 3P NMR Isotropic Shifts and Relative Intensities fofER, (P4Ez)«(BX3) (E =S, Se; X= Br, 1), and (BSe&):(NbCls)

0 Pap[ppm] rel 0 Pap[ppm] el 0 Poas[ppm] rel 0 Poas[ppm]  rel
coordinatedint Adcoordd noncoordinated int Adcoord coordinated int Adcoord NONcoordinated int Adcoord
PsS; 78.4 1 —105.1 3
(P+S3)*(BBrs) 135.2 1 +56.8 —109.8 3 —47
(PsS3)*(Bl3) 1296 1 +51.2 —92.096.6 2:1+13.14+ 85
P.SeP 90.1/86.5/68.1 1:2:1 —64.4 12
(P4Ses)+(NbCls) 72.2 1 —-14.3 -0.2 1 +64.2 -97.9/99.8 1:1 —33.5~35.4
(PsSe)-(BBrs) 121.9/103.9  2:1 +35.4H17.4 39.7 2 +104.1 -825(943 7 —18.1+29.9
(PsSe)+(Bl3) 126.6 1 +40.1° 112.6 1 +177.0 —-84.2 2 -—19.8
3 Adcoord = 0 P(adduct)— 0 P(REs). P See ref 17 Adcoord referring tod (Pap (PsSes)) = 86.5 ppm.
KPap Pbas
'
(Pass)'(BBra)
PS,>» O, = 34 kHz
PSS, 43 !
*
*
—-—-}——‘.—J A J\b-.‘
-\
kPap Pbas\
... (P.S,)(BI,)
* ¥ ®,,, = 30 kHz
*
PuSs I P.S,
v ¥ «
o i —
T T 1 ] 1 1 1 1 1 1 T 1
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Figure 5. 3P MAS NMR spectra of (F)+(BBrs) and (RS;)+(Bls). The central lines are indicated by arrows, asteriks denote spinning sidebands.

speeds more than 30 kHz. In contrast, only weak sidebands forinterpretation of the spectra ofs® adducts. ThelP NMR
the apical P atom were observed. This indicates that the chemicakpectrum indicates a more complex solid-state structure consist-
shift anisotropy associated with these atoms is considerablying of three BSe; units in which only two cages are coordinated
smaller than for the basal atoms. Also, since the apical atomsto the BBg ligand through the basal P atoms. Because of little
sit on the moleculaiCs symmetry axis, its tensor should be impurities of RSe; in the sample as well as of the differences
axially symmetric. in line width and the occurrence of spinning sidebands, it is
The crystal structure af-P,Se; reported by Vos and Keulen  not easy to estimate relative intensities. The spectrum shows
contains four independent molecules with slightly differentlocal three central peaks @t = 121.9, 103.9, and 39.7 ppm in an
environments for the individual P atorh’é-.rherefore, Lathrop approximate ratio of 2:1:2 and two resonance® at —82.5
and Eckert found three sharp patterns, centeredl =t 90.1, and—94.3 ppm, respectively. The resonancé at 121.9 ppm
86.5, and 68.1 ppm for the resonances of the apical P atoms incgn pe assigned to the apical P atom of the coordinaiSe; P
the 3P MAS NMR spectrum ofi-P,Se;.'” The resonances for  olecules. whereas the apical P atom of the noncoordinated
the basal P atoms are centeredat —64.4 ppm. P,Se; molecule can be observed@t= 103.9 ppm. The peaks
(P:Se)-(NbCls) was shown to be a basal addécthe *'P ato = —82.5 and—94.3 are attributed to the noncoordinated
NMR _MAS spectrum of (#5e)-(NbCls) (Figure 6) displays basal P atoms. The resonancé at 39.7 ppm, assigned to the
four signals in a ratio of 1:1:1:1. The sharp resonance at coordinated basal P atom, shows a significant high-frequency
72.2 ppm and the two resqnanceﬁat —97.9 and—99.'8 ppm hift (Adcoora= +104.1 ppm) compared to isolateg3®;. This
can be assigned to the apical and the two noncoordinated basattigh-frequency shift is considerably larger than it is igSE)-

Feprasents the resonance for the basal phosphorts atom cooNDCI): This effect can be explained by the shorterPbond
P phosp length (cf.d (P—B, (PsSe)-(BBrs)) = 2.070 A:; d (P—Nb,

dinated to the NbGlunit resulting in a coordination shift of - )
+64.2 ppm. Additionally, the resonances for the noncoordinated (P“Se*)3(leC|5)) = 2.909 A; Tables 2 and 3) ]
basal P atoms are significantly shifted to upfield. The *'P NMR MAS spectrum of (FSey)(Bls) (Figure 6)

The interpretation of the record@& NMR MAS spectrum  displays three broad peaksdat= 126.6, 112.6, ane-84.2 ppm

of (PsSe)+(BBrs) (Figure 6) is not as straightforward as the inaratio of 1:1:2 and clearly indicates the formation of an basal
adduct. No impurities of f5e; were observed in the spectrum.

(17) Lathrop, D.; Eckert, HJ. Phys. Chem1989 93, 7895. The noncoordinated basal P atonds€ —84.2) are slightly
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Figure 6. 3P MAS NMR spectra of (5e)+(BBrs3), (PsSes)-(Bl3), and
(PsSe&)-(NbCls). The central lines are indicated by arrows, asteriks
denote spinning sidebands. Lines indicated by t originate from
impurities.

shifted to low frequency. The peak at= 126.6 ppm is very
similar to the resonance of {8&y)(BBr3) (0 (Pap) = 121.9 ppm)

Inorganic Chemistry, Vol. 40, No. 19, 2004961

ppm, whereas no significant shift were observed for the basal
atoms. For the basal adducts the downfield shift is significantly
higher and decreases in the orders Bt BBrz > NbCls.
Additionally, a small upfield shift of thé!P resonances for
noncoordinated basal phosphorus atoms could be observed.
Moreover, the resonances of noncoordinated apical P atoms in
(P4Se)-(BX3) (X = Br, 1) are shifted to high frequency upon
complexation.

Vibrational Spectroscopy. Figure 7 displays the Raman
spectra of (BS;):(BBr3) and (RSg)+(Bls) and Figure 8 the
Raman spectra of (8e):(BBrs), (PsS&):(Bl3), and (RSe)-
(NbCls) (computed and experimentally observed vibrational
frequencies and their approximate assignments 4HzjRBX3)

(E =S, Se; X=Br, I) and (RSe&)-(NbCls) are available as
Supporting Information).

The theoretically predicted vibrational frequencies foSg@)-
(NbCls) and both possible Lewis acitbase adducts (Es)-
(BX3) (E =S, Se; X= Br, I) have been calculated with the
harmonic approximation. The experimental vibrational data
show the best agreement for apical adducts faB{RP(BX3)

(X = Br, I) and basal adducts for {8e;):(BX3) (X = Br, I)

and allow assignment. The deviation from experimentally

obtained frequencies may partly be compensated by using
scaling factors. It should be noted that the computation was
carried out for a single, isolated (gas-phase) molecule. There
may well be significant differences between gas-phase and solid-
state spectra.

The broad peaks in the Raman spectra oS¢P(BBr3) and
(P4Se)+(BBr3) in the range of ca. 660660 cnt! represent the
asymmetric stretching vibration of the BRmit in the complex.

The asymmetric B stretching mode can be observed in the
Raman spectra of (8s)+(Bls) and (RSe):(Bl3) in the range

of ca. 500-580 cnt! (broad and weak peaks). In contrast to
the Raman spectra, very intense peaks can be assigned to this

and can be attributed to the resonance of the apical phosphorug’as (BX3) vibration in the IR spectra.

atom. The resonance at= 112.6 ppm can be assigned to the
basal phosphorus atom coordinated to theg Bjand. On
complexing, the downfield shift is largest for 4&&)-(Bl3)
(Adcoord = +177.0 ppm) corresponding to a stronger denor
acceptor interaction than in {8e))-(BBr3) and (RSe)-(NbCls).

To summarize, the reaction o0& with BX3 (X = Br, I)
leads to apical adducts, whereaS®& gives basal adducts. Upon

coordination, the resonances are shifted to downfield. For apicaland ca. 350 cm' [(PsSe&)-(BX3) (X

adducts the coordination shift is in the range-e60 to +60

| (P.S,).(BBr;)

Int

The almost purely PB stretching vibration can be observed
at about 531 [(S3)(BBr3)], 522 [(P:Sey)+(BBr3)], 566 [(P:S3)*
(Bl3)], and 560 cm! [(P4Se&)+(Bl3)].

The intense IR frequencies, assigned to a combination mode
of symmetric stretching modes of thgE3 cage and the boron
halide units and an B stretching vibration (P+ P, out-of-
phase) can be observed at ca. 390%P(BX3) (X = Br, 1)]

Br, 1)]. Similar
combination modes (P+ P in-phase) can be observed at ca.

i

1 (P4S5).(BI JJ/L

3)
800 750 700 650 600 550 500 450

abo 350 300 250 200 150 1060 50

Raman Shift / cm’'

Figure 7. Raman spectra of (Bs):(BBrs) and (RSs):(Bls).
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Figure 8. Raman spectra of (Be):(BBrs3), (P:Se;)+(Bls), and (RS&)+(NbCls).

Table 5. Calculated Total Energie€gy) and Zero Point reaction although these adducts are not thermodynamically stable
Vibrational Energies4PE) for PiSs, PsSes, BBrs, Bls, NbCl, in the gas-phase. Thermodynamics should favor the formation
and NhClio of basal P-B adducts. In contrast to these theoretical gas-phase

PsSs PsSes? BBrs Blg? results, the experimental data indicate that only th&epP
point group Ca, Ca, Dan D complexes represent basal adducts, wherg8sfBrms apical

3h
Ewt[a.u] —2560.089227 —1393.581226 —65.099012 —59.137598 adducts with BX% (X = Br, 1) in the solid-state. Hence, small
NIMAG 0 0 0 Y intermolecular interactions such as dipeltipole interactions

ZPE]E)"I‘E%' 7.61 6.13 3.67 297 can determine which adduct is formed and explain the structural
diversity of these adducts in the solid-state.

NbCls NbClio The formation of the NbGl adduct, (BSe;)-(NbCls), is
point group Dan Dzn estimated to be an exothermic process with4.5 kcal mof?
Ewt[a.u] —2358.216647 —4716.434741 and Gibbs free energy of4.6 kcal motl. Since the adduct
gl':"éﬁgal 212 %82 formation can be superimposed by an equilibrium reaction

molq ‘ NbClIs/NbyClio, we have investigated the dimerization of NpCl
* See ref 4 which however represents a slightly endothermic reaction (Tab.

9). Hence, the influence of the dimerization on the adduct

formation is negligible.
358 [(P:S;)*(BBr3)], 338 [(PsS5)*(Bla)], 322 [(PsSey)-(BBrs)],

and 324 cm! [(PsSe):(Bl3)]. Conclusions
When comparing the experimentally observed wavenumbers
with the theoretically predicted, a striking feature is the splitting
of wavenumbers in the observed vibrational spectra gB¢-
(BX3) (X = Br, I) due to symmetry lowering fror@s, in isolated

As indicated by hybrid density functional calculations, the
adduct formation of FE3 (E = S, Se) with Lewis bases such as
BX3 (X = Br, 1) and NbC§ is a process which is a borderline
. : . case between an endothermic and exothermic reaction. The two
P4Se 10 Cs in basal BSe adducts. This effect is less pronounced possible isomers, the apical and basal complexes a separated

in the apical adducts. 1
Thermodynamics. Tables 5 and 6 summarize the total g%azes)ma” energy gap of about-8 kcal mol™ (in the gas
energies, electronic states and zero point vibrational energies Moreover, these phosphorus boron Lewis adidse adducts

of all considered species. At the considered level of theory . . " . .
(B3LYP) the adduct formation of ¢B5)-(BXs) (E = S, Se;  'epresent partially bound” systems, in which thigband BXs
moieties are chosen to produce a dative linkage that is

X = Br, |) represents an endothermic reaction in the gas-phase.. . . .
In solid-state, the intermolecular interactions play an important intermediate between a van der Waals interaction and a fully

role to stabilize these adducts and therefore needs to beformed chemical bonéf: These weakly bound complexes are
considered. Chemically similar compounds are stabilized in the extrlaordlnarlltly se_nsn_lve_f_to trl[e Eresencg oftneltghbofrlng mol-_
solid-state and this stabilization energy lies in the range of ecules resufing In signiicant changes in structure rom gas
25 + 5 kcal mol L8 In addition, the reaction entropy has a phase into solid-state. Hence, small intermolecular interactions
large influence on the reaction &Table 6) such as van der Waals interactions can favor one (apical or
'?here is onlv a small difference in the é'bbs free enerav of basal) form and are responsible for the structural diversity in
about 0'9 [(Bysg)-(BBr il : 17 [(P ISB)-(BI )]' 1.9 [(P:S )fgy these adducts, e.g., symmetry decrease from the @gab Cs
: v 4 >3 2 496 for the RSz adducts and huge differences in bond distances.
(BBrg)], and 2'5 kcal mol [(P4S%)°(B|3)].'n favor of the basal According to the experimental results (solid-stélfle MAS
adduct formation. Th_e adduct formation qf4E§)-(BX3)(s) . NMR, Raman, IR, X-ray powder diffraction), {8s)-(BBr3) and
(E=S, Se; E= Br, I) is assumed to be a slightly exothermic (PsS5)-(Bls) represent apical complexes, whereaSe forms
(18) Rossini, F. D.; Wagman, D. D.; Evans, W. H.; Levine, S.; Jaffe, I. basal adducts With BQ.((X = Br, ) and NbCt in the solid-
Selected Values of Chemical Thermodynamic Propettieied States state. Upon coordination, th%_P MAS NMR resonances are
Government Printing Office: Washington, DC, 1952. shifted to downfield. For the apical$; adducts the coordination
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Table 6. Calculated Total Energie€(:), Zero Point Vibrational EnergieZPE), Molar Enthalpy AHgg), and Gibbs Free EnergyAGzgg) for
the Adduct Formation of (f)(BBrs), (P:Ss)(Bl3s), (PsSe)(BBr3), (PsSey)(Bls), and (RSes)(NbCls)

(P+S3)*(BBr3) (PsS5)(Bl3)
apical basal apical basal
point group Ca Cs Cs Cs
Bt [a.U.] —2625.1602135 —2625.1615245 —2619.2022630 —2619.2049171
NIMAG 0 0 0
ZPE [kcal moi™] 11.80 11.73 11.25 11.18
AHagg [kcal-mol] 18.67 17.81 16.65 14.94
AGygg [kcal-mol] 29.22 28.12 27.59 25.61
(PsSe)-(BBrs) (PsSe)-(Bl3)? (PsSe)-(NbCls)
apical basal apical basal basal
point group Cas, Cs Cs, Cs
Ewt[a.u.] —1458.6698107 —1458.6729361 —1452.7120199 —1452.7161085 —3751.8229158
NIMAG 0 0 0 0
ZPE[kcal mol] 10.13 10.18 9.56 9.61 10.82
AHagg [kcal-mol™] 7.55 5.61 5.43 2.89 —14.47
AGggs[kcal-mol™] 17.82 15.91 15.66 13.06 —4.64

aSee ref 422 NbCk — Nb,Cl;p AH(298 K) = 0.21,AG(298 K) = 12.07 kcaimol.

shift is in the range of+-50 to +60 ppm. For the basal,Be

Table 7. Crystallographic Data for ((%)«(BBr3) and (RSs)(Bls)

adducts the downfield shift is significantly higher and decreases (P+S5)+(BBr3) (PsS5)+(Bl3)
in the order B} > BBr; > NbCl. The 2:1 splitting of the formula BBREP,S; Bl3PsS;
resonances for the basal phophorus atoms in the solid33fate My [g mol=1] 470.64 611.62
MAS NMR of (P4S3)+(Bls) clearly indicates the occurrence of gffégl Sr)(/JSJem P;“?Q?&'(i)ni‘il) o r?rr‘zg?&og‘%ic
. . y ) .

symmetry decrease fros, to Cs in solid-state. _ dﬁ"fract%me?er SR sdi P SToc Smd P

Symmetry decrease fros, to Cs was also observed in the (Cu Koy (Mo Kou)
vibrational spectra of (f3&):(BX3). This effect less pronounced A [pm] 154.05 70.93
in the apical RSz adducts. T[°C] RT RT

a [ﬁ] 8.8854(1) 12.5039(5)
: . b 10.6164(2 11.3388(5

Experimental Section c[[A]] 6.3682(1()) 8'9298(45))

Material and Apparatus. All of the compounds reported here are o [deg] 90 90
moisture sensitive. Consequently, strictly anaerobic and anhydrous ﬁ{ggg} 388'912(1) 9%0
cpndm_ons were emp_loyed fqr their syntheses. Any sgbsequent ma- ol volume (A 568.29(2) 1266.06(9)
nipulations were carried out in a glovebox under dry nitrogen.;BBr 7 2 4
Bls, NbCls (all Aldrich), and RS; (Fluka) were used as receivedSe profile range 8 < 20 < 85° 3° < 26 < 54°
was prepared according to the literatéfEhe preparation of (Se)- no. data points 7800 4200
(Bl3)* and (RSe)+(NbCls)® also followed literature procedures. £S observed reflections 432 884
was refluxed over By, and distilled prior to use. positional parameters 19 19

3P NMR spectra were measured at 202.49 MHz with a BRUKER  profile parameters 17 15
DSX AVANCE 500 FT NMR spectrometer under fast spinning R, 0.065 0.044
conditions about the magic-angle (MAS). A standard double-bearing WR, 0.083 0.056

Re 0.072 0.064

MAS probe designed for zirconia dioxide 2.5 mm rotors was used with
spinning frequencies up to 35 kHz. A single pulse acquisition with
cycle observation was used and thé-palse length was adjusted to 2~ 0f CS; were removed under dynamic vacuum at room temperature.
us. The recycle delay was set to values between 5 and 1000 s depending/ield: 0.99 g (81%) of yellow solid, mp 102C (decomp.).
of the spin lattice relaxation time to ensure correct relative signal Preparation of (P,S5):(BBrs). (PsSs)+(BBrs) was prepared by
intensities. Due to fast spinning conditiong.( = 20—35 kHz), the addition of RS; (0.44 g, 2.00 mmol) in CSto a solution of BB (0.53
recorded spectra contain only few spinning sidebands which are clearlyg, 2.10 mmol) in Cgat room temperature. After cooling the reaction
separated from the isotropic chemical shift resonances. Therefore, themixture to—78 °C, a yellow precipitate was formed. The precipitate
values for the isotropic chemical shifts of the compounds under study was separated by filtration. Traces of Gffere removed under dynamic
could be extracted directly from the spectra without simulations taking vacuum at room temperature. Yield: 0.83 g (88%) of yellow solid,
into account the chemical shift anisotropy. Overlapping signals were mp 85°C (decomp.).
deconvoluted using a Pseudo-Voigt profile. The samples were loaded  Preparation of (PsSe)-(BBrs). (PsSe)-(BBrs) was prepared by
under nitrogen atmosphere in a glovebox. The spectra were referencedaddition of RSe (0.57 g, 1.60 mmol) in CSto a solution of BB
to 85% HPQ, in CDCls. (0.75 g, 3.00 mmol) in CSat room temperature. After cooling the
Raman spectra were obtained on powdered solid samples containedeaction mixture to—78 °C, a yellow precipitate was formed. The
in glass capillary tubes with a Perkin-EImer 2000 NIR spectrometer in precipitate was separated by filtration. Traces of, @8re removed
the range 80650 cnt . IR spectra were taken on Nujol mulls between under dynamic vacuum at room temperature. Yield: 0.83 g (98%,
Csl plates in the range 86@00 cnt! on a Nicolet 520 FT IR calculated for (ESe)s*(BBr3)2) of yellow solid, mp 85°C (decomp.).
spectrometer. For the determination of decomposition points, samples  X-ray Structure Determination. The X-ray diffraction measure-
were heated in sealed glass capillaries in“@BuB450 instrument. ments of (RS:)*(BBrs) and (RSs)-(Bls) were carried out in Debye
Preparation of (P4Ss)+(Bl3). (PsSs)+(Bls) was prepared by addition Scherrer geometry with glass capillaries on a STOE Stadi P powder
of P,S; (0.44 g, 2.00 mmol) in CSto a solution of B} (0.78 g, 2.00 diffractometer with Ge(111)-monochromatized radiation (Guy Kor
mmol) in CS at room temperature. A yellow precipitate formed (PsSs)+(BBrs); Mo Kay for (P4Sz)+(Bls)). Indexing of the diffraction
immediately. After stirring for 15 min, the precipitate was separated pattern was achieved with the program ITOFrom the systematic
by filtration and washed with GRuntil the filtrate was colorless. Traces  absences the space growg or P2;/m for (PsS;)+(BBrs) and Pn2;a
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Figure 9. Observed (crosses) and calculated (line) X-ray powder diffraction pattern as well as difference profile of the Rietveld refinement of

(P+S3)+(BBrs3). The lower row of vertical lines indicates possible peak positions ¢8:{RBBrs), the upper row of [S;. The powder pattern was
obtained with a STOE Stadi P powder diffractometer (G K. = 154.05 pm).
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Figure 10. Observed (crosses) and calculated (line) X-ray powder diffraction pattern as well as difference profile of the Rietveld refinement of
(PsS5)+(Bl3). The row of vertical lines indicates possible peak positions @84RBls). The powder pattern was obtained with a STOE Stadi P

powder diffractometer (Mo ki, A = 70.93 pm).

or Pnmafor (P,S3)+(Bl3) were considered. By assuming the respective functional theory (B3LYP) with the program package Gaussiaf®98.
centrosymmetric space group the position of all atoms of both For phosphorus, sulfur and boron a standard 6-31G(d) basis set was
compounds were determined ab initio by direct methods (programs used and for Br, I, and Se quasi-relativistic pseudopotentials (Br,

EXTRA? and SIRPOWY). The Rietveld refinements of the crystal
structures were performed with the program GSASmall amounts
of a-PsS; were detected in the diffraction pattern of,&)-(BBrs). As

ECP28MWB; |, ECP46MWB; Se, ECP28MWB)and a (5s5p1d)/
[3s3p1d]-DZ+P basis set For Nb a quasi-relativistic pseudopotential
(ECP28MWBY¥® and a (8s7p6d)/[6s5p3d] basis set was (#ethe

in (PsS5)+(Bls) the relatively light boron atom is surrounded by three computations were carried out at the DFT level using the hybrid method
atoms of the strongly scattering iodine, its position could not be B3LYP which includes a mixture of Hartred=ock exchange with

determined with sufficient accuracy. Hence, the distance® Bnd
B—I had to be fixed with soft constraints during the refinement. The

hybrid DFT exchange-correlation. Becke’s 3 parameter functional where

theoretical distances were taken from the hybrid density functional (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

calculation. Detailed crystallographic data are summarized in Table 7,
the refined parameters are listed in Tables 4 and 5 of the supporting
material. The diffraction patterns of {&)-(BBrs) and (RS;)+(Bls) are
illustrated in Figures 9 and 10.

Computational Methods. The structural and vibrational data of the
considered species were calculated by using the hybrid density

(19) Visser, J. WJ. Appl. Crystallogr 1969 2, 89.

(20) Altomare, A.; Burla, M. C.; Cascarano, G.; Giacovazzo, C.; Guagliardi,
A.; Moltineri, A. G. G.; Polidori, G. JJ. Appl. Crystallogr1995 28,
842.

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, Jr., J. A.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. ASaussian 98Revision A.6; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(21) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla, (24) Schwertfeger, P.; Dolg, M.; Schwarz, W. H. E.; Bowmaker, G. A.;

M. C.; Polidori, G.; Camalli, M. JJ. Appl. Crystallogr.1994 27,
435.

(22) Larson, A. C.; von Dreele, R. Bseneral Structure Analysis System
Los Alamos National Laboratory, Report LAUR 86-748: Los Alamos,
NM, 1990.

Boyd, P. D. W.J. Chem. Phys1989 91, 1762.

(25) Kaupp, M.; Schleyer, P. v. R.; Stoll, H.; Preuss, H.Am. Chem.

Soc 1991, 113 1602.
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the nonlocal correlation is provided by the LYP expression (Lee, Yang, Deutsche Forschungsgemeinschaft (Gottfried-Wilhelm-Leibniz-

Parr correlation functional) was used which is implemented in Gaussian Programm), and the University of Munich. We like to thank

98. For a concise definition of the B3LYP functional see ref 27. both referees for helpful and valuable comments.
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