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I 
Tetrachlorogallate and tetraphenylborate salts of the phosphenium cations [(iPr2N)2P]+ (1) and [ M ~ N C H ~ C H Z N -  

(Me)P]+ (2) are examined. Spectroscopic characterization confirms the ionic formulation for all compounds except 

for 2[BPh4], which exists as thecovalent alternative phosphine-borane MeNCH2CH2N(Me)P(Ph)-BPh~ (5) (crystal 
data: C28H3~BN2P,triclinic,Pi,a=9.710(1)A, b =  14.962(2)A,c=9.610(2)A,a = 105.45(1)O,@= 113.59(1)O, 
y = 92.73(1)’, 2 = 2). The ionic borate 1[BPh4] represents the first isolated phosphenium salt containing a 
“noncoordinating anion”, and its stability with respect to the covalent alternative analogue 5 is postulated to rely 
upon the steric bulkiness of both cation and anion. Compound l[BPh4] reacts with chlorinated solvents within hours 
to give a number of products, one of which has been identified as the phosphonium salt [(‘Pr2N)2P(Cl)CH2Cl] [BPhl] 
(8[BPh4]) (crystal data: C ~ ~ H ~ O B C ~ ~ N Z P ,  monoclinic, P21/n, a = 10.049(3) A, b = 21.794(3) A, c = 16.391(3) 
A, @ = 92.78(2)O, 2 = 4), the result of an oxidative addition of CH2C12 to the phosphenium center. In contrast, 
tetrachlorogallate salts of 1 and 2 are indefinitely stable in CHzClz and CHC13 solutions. The crystal structures 
of 1[GaC14] (crystal data: Cl2H2&LGaN2P, tetragonal, 141cd, a = 20.014(4) A, 6 = 20.014(4) A, c = 21.466(6) 
A, 2 = 16) and 2[GaC14] (crystal data: C4H10C14GaN2P, monoclinic, El, a = 6.489(3) A, b = 13.893(5) A, c 
= 7.066(5) A, /3 = 92.58(5)O, 2 = 2) reveal similar anionic arrays around the cation despite different space groups 
and cation size. The closest contacts occur between the phosphorus and chlorine centers but are in excess of the 
van der Waals radii. Nevertheless, electrostatic interactions are believed to be maintained to some degree in solution 
and are responsible for protection of the cationic center. Such interactions are expected to be weaker in the 
tetraphenylborate salt, which renders the phosphorus center susceptible to attack by solvent molecules that are small 
enough to infiltrate the steric shield allowing for formation of 8 and other products. 
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Introduction 

Carbenes and their analogues represent important synthetic 
units in that they are small, simple molecules with coordinatively 
unsaturated sites and high reactivity.’ The phosphorus analogues, 
known as phosphenium cations, are perhaps the most abundant 
and have been known for over 30 years. The first isolable salts2-’ 
were reported long before the first stable carbenes,*+9 over 40 
cations have been identified in solution, and the chemistry of the 
phosphenium unit has been extensively investigated.10.l Nev- 
ertheless, few (less than 10) derivatives have been isolated and 
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comprehensively characterized. Moreover, these compounds have 
characteristics that are common to most derivatives and are 
perhaps responsible for their stability: (1) Most salts contain the 
tetrachloroaluminate anion, and the remaining examples possess 
triflate anions.’ (2) It is generally thought that the coordinative 
unsaturation and electron deficiency at phosphorus is satisfied 
by r-donation from the immediate atomic neighbor. Indeed, 
most derivatives possess at least one nitrogen center adjacent to 
the phosphenium site or are incorporated into an efficiently 
*-delocalized framework.5.6JJ2 (3) Some derivatives possess 
sterically bulky  substituent^,^ which may be responsible for kinetic 
stability.I3 

In an attempt to evaluate the importance of these factors in 
the existence and chemistry of the carbenic phosphenium site we 
have examined some of the properties of compounds containing 
the two previously reported phosphenium cations 1 and 2 (Chart 
1) in the presence of anions GaCl4- and BPh4-. Our observations 
reveal the combined role of steric shielding and the “coordinat- 
ing”I4 nature of the anion on the stability and reactivity of the 
phosphenium cationic center. 

Experimental Section 
General Procedures. NaBP4 (Aldrich) was used without purification. 

Anhydrous GaC13 and AlCl3 (Aldrich) were sublimed in uucuo, and PCl3, 
MeN(H)CHzCH*(H)NMe, and iPr2NH (Aldrich) were distilled before 

(1 1) Cowley, A. H.; Kemp, R. A. Chem. Rev. 1985,85,367. Cow1ey.A. H.; 
Cushner, M. C.; Lattman, M.; McKee, M. L.; Szobota, J. S.; Wilburn, 
J. C. Pure Appl. Chem. 1980,52, 789. 

(12) Burford, N.; Dipchand, A. I., Royan, B. W.; White, P. S. Inorg. Chem. 
1990,29,4938. Burford, N.; Royan, B. W.; Linden, A.; Cameron, T. 
S .  Inorg. Chem. 1989, 28, 144. 

(13) See, for example: Weber, L. Chem. Rev. 1992, 92, 1839. 
(14) See, for example: Bochmann, M. Angew. Chem., Inr. Ed. Engl. 1992, 

31, 1181. Seppelt, K. Angew. Chem., Inr. Ed. Engl. 1993, 32, 1025. 
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from solution. A layer of hexane ( N 10 mL) was distilled onto the mixture, 
and the solution was warmed (60 OC) to redissolve the solid. Removal 
of the volatiles in uacuo (static) within 3 h resulted in yellow crystalline 
plates, which were washed with fresh hexane and characterized as bis- 
(diisopropy1amino)phosphenium tetraphenylborate: yield 0.89 g, 1.6 
mmol, 81% decompsn pt above 114 OC. Anal. Calcd: C, 78.5; H, 8.8; 
N, 5.1. Found: C,78.4;H, 8.8;N, 5.0. IR(cm-1): 1937 (w), 1883 (w), 
1815 (w), 1759 (w), 1701 (w), 1673 (w), 1648 (w), 1582 (s), 1562 (w), 
1481 (s), 1430 (s), 1400 (sh), 1390 (sh), 1347 (s), 1306 (m), 1268 (m), 
1203(s), 1182(m), 1157(~),1132(s), 1104(s), 1066(m),lo46(s),1028 
(s), 947 (sh), 932 (s), 884 (w), 848 (m), 813 (w), 747 (s), 707 (s), 628 
(m), 610 (s), 545 (m), 527 (m), 492 (w), 466 (m), 350 (w), 307 (w), 266 
(w), 256 (w). NMR (ppm in CDzClZ): IlP, 308; I3C, 25.0 (d) (3Jpc = 
8 Hz), 55.2 (s), 164.4 (q), 136.3 (s), 125.6 (s), 121.8 (s); 'H, 1.27 (d, 
24H) ( 3 J ~ ~  = 6.8 HZ), 3.92 (d Of Sept, 4H) ( 3 J p ~  
Hz), 6.94 (t), 7.08 (t), 7.46 (s); "B, -7.0. 

2.0 HZ, 3 J ~ ~  6.7 

1 2 9 

4 B 

use. CHzCIz, CHCl3, CDzClz, and CDCl3 were dried over PZOS and 

CaHz and stored in evacuated bulbs. ('Pr2N)ZPCl and MeNCHzCHzN- 

(Me)PCl were prepared by literature methods.1sJ6 Solids were handled 
in a VAC Vacuum/Atmospheres nitrogen-filled glove-box, while liquids 
were manipulated in a nitrogen-filled glovebag. Reactions were performed 
in an evacuated (10 -3  Torr, ca. 0.133 Pa) reactor," and all glass 
apparatuses were flame-dried before use. Melting points were recorded 
on a Fisher-Johns apparatus and are uncorrected. Elemental analyses 
were performed by Beller Laboratories, Gottingen, Germany. Infrared 
spectra were recorded at Nujol mulls on CsI plates using a Nicolet 510P 
FT-IR spectrometer. 3LP{1H), IH, and 13C(lH) NMR spectra were 
recorded on a Bruker AC-250 MHz, and IlB NMR spectra were recorded 
on a Bruker AMX-400 MHz. NMRsamples were flame-sealed in 5-mm 
Pyrex tubes. All chemical shifts are reported in ppm relative to external 
standards, 85% H3PO, for 3lP, BHs-EtzO for llB, and TMS for IH and 
L3C. Crystalline samples were obtained by slow removal of solvent from 
the reaction mixture within the reaction vessel by passing a cool stream 
of water over the empty adjacent compartment (or placing it over liquid 
nitrogen) and distilling the volatiles in uacuo (static). Crystals were 
washed with cool solvent by cold spot back-distil1ati0n.l~ 

Preparation of [(iPrfi)#)IGaCL]. A solution of (iPrzN)zPCl(l .02 
g, 3.75 mmol) in CHZClz was added to a solution of GaCl3 (0.64 g, 3.6 
mmol) in CHZC12 (total 30 mL) giving a clear yellow solution within a 
few seconds. After the solutions were stirred for approximately 3 h, 
solvent was removed in uucuo (dynamic) to half the volume, and the 
resulting precipitate was recrystallized from the warmed solution. Pale 
yellow crystals (two crops) were characterized as bis(diisopropy1amino)- 
phosphenium tetrachlorogallate: yield 1.22 g, 2.75 mmol, 76%; mp 127.5- 
128.5 OC. Anal. Calcd: C, 32.5; H, 6.4; N, 6.3. Found: C, 32.7, H, 
6.4; N, 6.3. IR (cm-l): 1399 (s), 1377 (s), 1337 (m), 1300 (m), 1209 
(s), 1172 (sh), 1163 (sh), 1135 (br), 1060 (s), 1038 (s), 925 (s), 884 (w), 
859 (w), 835 (w), 620 (w), 549 (m), 529 (m), 375 (s), 331 (sh), 305 (w), 
281 (w), 256 (w), 248 (w). NMR (ppm in CDzClz): 31P, 313; 13C, 25.2 

of sept, 4H) (3JpH = 2.6 Hz, 3 J ~  = 6.7 Hz). Approximate solubility 
in CHzClZ: 0.03 g/mL. A single signal at 313 ppm was observed in the 
3IP NMR spectrum of the reaction mixture. An NMR study has shown 
that [(iPr2N)2P][GaC14] is stable in a CHzClz solution at room 
temperature for a period exceeding 1 year. 

Preparation of [(iPrfl)#IBP4]. A solution of ('Pr2N)ZPCI (0.54 g, 
2.0 mmol) in CHzC12 (- 10 mL) was added to a suspension of NaBPh4 
(0.68 g, 2.0 mmol) in CHzClZ (- 10 mL), and the reaction mixture was 
stirred for 1 h. The resulting yellow solution was separated from the 
white precipitate through a sintered glass frit, and a fraction of the solvent 
was removed in umuo (dynamic) until a yellow solid began to precipitate 
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(d) (3Jpc = 8 Hz), 55.2 (9); 'H, 1.52 (d, 24H) ( 3 J ~ ~  = 6.7 Hz), 4.20 (d 

(15) King, R. B.; Sundaram, P. M. J .  Org. Chem. 1984,49, 1784. 
(16) Ramirez, F.; Patwardhan, A. V.; Kugler, H. J.; Smith, C. P. J .  Am. 

(17) Burford, N.; Muller, J.; Parks, T. M. J. Chem. Educ., in press. 
Chem. Soc. 1%7,89,6280. 

Preparation of ~ e N C H ~ z N ( M e ) P I G n & ] .  A solution of Me- 

NCHzCHzN(Me)PCl(1.7 g, 11 mmol) in CHzClz (5 mL) was added 
to a solution of GaCl3 (2.0 g, 11 mmol) in CHZC12 (8 mL), and the 
mixture was stirred for 5 h. The ,IP NMR spectrum of the reaction 
mixture showed a single signal at 269 ppm. Slow removal of solvent in 
uacuo (static) resulted in the precipitation of a white crystalline solid 
which was characterized as 1,3-dimethyl-l,3-diaza-2-phospholidinium 
tetrachlorogallate: yield 2.4 g, 7.1 mmol, 62%, mp 95-97 OC. Anal. 
Calcd: C, 14.6; H, 3.1; N, 8.5. Found C, 14.7; H, 3.1; N, 8.4. IR 
(cm-I): 1356 (s), 1310 (m), 1253 (s), 1204 (s), 1143 (s), 1077 (m), 1036 
(s), 1013 (s), 964 (s), 849 (m), 742 (s), 593 (s), 492 (m), 382 (s), 325 
(s). NMR (ppm in CDzClZ): I3P, 269; 13C, 35.3 (d) (zJpc = 19 Hz), 

- 

56.0 (d) (2Jpc = 9 Hz); 'H, 3.25 (d, 6H) ( 3 J p ~  = 11.6 Hz), 4.03 (d, 4H) 
(3JHH = 4.4 HZ). 

Preparation of MeNCH&Hfi(Me)P(Ph)-BPh% A solution of 
MeNCH2CHzN(Me)PCl (O.l6g, 1.0mmol) inCHzClzwasaddedquickly 
to a suspension of NaBP4 (0.37 g, 1.1 mmol) in CHZC12 (total CHzClz 
of 7 mL), and the mixture was stirred for 12 h at room temperature. The 
resulting precipitate was separated from the solution by decantation. A 
single signal at 80 ppm was observed in the OIP NMR spectrum of the 
reaction mixture after 10 min. Slow removal of the solvent in uacuo 
(static) yielded crystals of 2-phenyl-1,3-dimethyl-l,3-diaza- 
phospholidine-triphenylboron: yield 0.23 g, 0.52 mmol, 49%; mp 168- 
173 OC. Chemical analyses were not obtained. IR (cm-1): 1960 (w), 
1891 (w), 1816 (w), 1588 (w), 1335 (m), 1304 (w), 1255 (m), 1229 (w), 
1206 (m), 1198 (m), 1164 (m), 1128 (s), 1100 (s), 1069 (w), 1035 (s), 
1002 (w), 976 (w), 937 (s), 862 (m), 849 (sh), 803 (w), 751 (sh), 743 
(s), 715 (s), 704 (s), 697 (sh), 686 (sh), 635 (m), 619 (m), 609 (m), 526 
(s), 487 (m), 462 (m), 438 (m), 283 (w), 229 (w). NMR (ppm in CDz- 
Clz): 31P, 82; 13C, 34.9 (d) (zJpc = 7 Hz), 52.1 (s), 125.9 (s), 126.9 (s), 
128.3 (d), 131.0 (s), 131.8 (d), 136.7 (s); 'H, 2.07 (d, 6H), ( 3 J p ~  10.8 
Hz), 2.98 (m, 2H), 3.15 (m, 2H), 7.30 (m, 20H); IlB, 0.2. 

Isolation of [(iPrfl)#(Cl)CH&lIBPb].18 In one experiment, a 
solution of ('PrzN)zPCl(O.27 g, 1.0 mmol) in CHzClz was added quickly 
to a mixture of NaBP4 (0.34 g, 1.0 mmol) in CHClp (1:l CHzC12: 
CHCl3). After 10 days slow removal of solvent from the orange solution 
in U ~ C U O  (static) gave 20-30 small rectangularly shaped crystals, which 
were characterized by X-ray crystallography as [(iPrzN)2P(Cl)CHzCl]- 
[BPhd] (31P(1H) 57 ppm). Other attempts ( 5 )  to isolate this material 
have been unsuccessful yielding only ['PrzNHz] [BP4].19 

3'P NMR Study of [ (*hfl)#mPl4] in and Equimolar 
mixture (0.3 mmol) of ('Pr2N)zPCl and NaBPb in three different solvent 
systems (1 mL) were treated in an ultrasonic bath and examined by 3IP 
NMR spectroscopy at 2-h intervals. Observations are presented as 3lP 
NMR chemical shifts with relative signal heights in parentheses. CHz- 
Clz: 2 h, 312; 4 h, 312 (loo), 338 (5), and more than 10 minor peaks 
100-0; 6 h, 312 (loo), 58 (20), 45 (25). and 13 (20); 8 h, 13 and minor 
peaks 100-0. "BNMR: -7,Ocharacteristicof BP4-. CHC13: 2 h, 150 
(loo), 132 ( < 5 ) ,  122 (<5),  62 ( 5 ) ,  59 (3, 16 (<5),  14 (<5 ) ;  4 h, 162 
(100),62(15),59 (20);6h, 172(100),62 (20),59(30)andminorpcaks 

- 

(18) Preliminary communication: Burford, N.; Losier, P.; Bakshi, P. K.; 
Cameron, T. S .  J. Chem. Soc., Dalton Trunr. 1993, 201. 

(19) Crystallographic characterization: CHH~BN, MW = 419.42, space 
group = PZl/n,  u = 12.889(6 A, b = 13.405(5) A, c = 14.912(8) A, 
6 = 98.81(4)O, V =  2546(2) 1 3 ,  Z = 4, D, = 1.094 g/cm3, F m  = 912, 
R = 0.0453, R, = 0.0448, GOF = 2.201. 
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Table 1. Crystallographic Data 

Burford et al. 

1 [GaC14] 2 [ GaC141 5 W P 4 1  
form u 1 a C12Hz&ldGaNzP C4HloC14GaN2P CZSH~OBNZP C ~ ~ H ~ B C I Z N ~ P  
Mll 442.87 328.64 426.34 635.51 

system tetragonal monoclinic triclinic monoclinic 

temp/'C 18 18 18 18 

space group I4lCd p2 I P1 P2dn 

lattice reflcns: Bldeg (no.) (25) 1C-12 (21) 4-8 (24) 34.840.7 (25) 24.65-31.82 

20.014(4) 6.489(3) 9.710(1) 10.049(3) 
20.014(4) 1 3.893 ( 5 )  14.962(2) 21.794(3) 
21.466(6) 7.066( 5 )  9.610(2) 16.391(3) 

a/A 
b lA  
C I A  
0 %  105.45(1) 
B/deg 92.58(5) 113.59(1) 92.78(2) 
y/deg 92.73(1) 
v/A3 8598(6) 636.3 1214.3 3585(1) 
Z 16 2 2 4 
Dc/Mg m-3 1.3684 1.715 1.193 1.177 
X(Mo K a ) / A  0.709 26 0.710 69 0.710 69 0.710 69 
p/cm-' 18.45 30.86 1.26 2.50 
standard reflcns -10.0,-6/-8,8,0/6,8,-6 -1,3,-1/0,2,0/0,4,0 1 ,-2,0/ 1 ,-1,0/2,-1 ,O 0,0,-2/-1 ,0,-1/-1,-2,-1 

0.0417 0.0541 
0.0422 
2.46 

0.0569 
1.8590 

R 
R W  

goodness of fit 

0.0540 
0.0640 
0.8434 

0.0516 
0.0516 
1.2504 

at 135and0;8 h, 153 (100),62(35),59(55);24h, 145andminorsignals. 

( 5 ) ;  4 h, 226 (loo), 59 (15), 16 (lo), and minor peaks between 100-0; 
6h,218 (100),59(50),45(20), 16(25),andminorpeaksbetween 100-0; 
8 h, 196 (50), 59 (loo), 45 ( 5 9 ,  15 (39 ,  and more than 10 minor peaks 
between 1 W ,  24 h, 169 (50), 59 (loo), and more than 10 peaks (5-80) 
between 100-0. Similar activity was observed with 1,2-dichloroethane, 
1,1,2,2-tetrachloroethane, and 1,2-dichlorobenzene. 

NMR Study of Re~ction~ bet~een[(~PrzN)zPIA]and f3-Dimethyl- 
1,3-butadiew,[A] = [Caa]or[BPhrl. Rapid reactionwiththeappearance 
of a single signal at 67 ppm corresponding to the previously reported 
cycloaddition product.20 

"B NMR: -7.0. CHzClz/CHC13 ( ~ 1 1 1 ) :  2 h, 217 (loo), 59 ( 5 ) ,  16 

3lP NMR Study of N(Sie3)PN(SiMe3)AiCl~ in CHzClz and CMCl3. 
Slow reaction in CHC13 resulted in the appearance of a signal at 37 ppm 
and half-life of approximately 1 month. No reaction observed with CH2- 
c12. 

X-ray crystallography. Crystals suitable for crystallography were 
obtained as described in the text for each compound and were selected 
and mounted in Pyrex capillaries in the drybox. Data were collected at 
room temperature on Enraf-Nonius CAD-4 (Mo Ka, X = 0.709 26 A) 
and Rigaku (Mo Ka, X = 0.710 69 A) diffractometers with a graphite 
monochromator, using the w/28 scan technique. Unit cell parameters 
were obtained from the setting angles of a minimum of 20 accurately 
centered reflections; the choice of space groups was based on systematically 
absent reflections and confirmed by the successful solution and refinement 
of the structures. All pertinent crystallographic data are summarized in 
Table 1, The stability of the crystals was monitored using three standard 
reflections; no significant decay was observed. Data were corrected for 
Lorentz and polarization effects by routine procedures; empirical 
absorption corrections were applied.2l Scattering factorsz2 were corrected 
for anomalous dispersion. 

Structures were solved by direct methodz3 to find the heavy atoms 
with the remaining atoms located from difference direct methodU and/ 
or difference Fourier syntheses. Hydrogen atoms were placed geomet- 
rically (C-H = 1.08 A) and refined isotropically or not refined [Uh(H) 
= 1 .2B,(C)]. The models were refined using least-squares techniques 
based on F, minimizing the function Cw(lF,I - IFcl)z, where w is the 

(20) SooHoo,C.K.;Baxter,S.'G.J.Am. Chem.Soc. 1983,105,7443.Cowley, 
A. H.; Kemp, R. A.; Lasch, J. G.; Norman, N. C.; Stewart, C. A. J.  Am. 
Chem. SOC. 1983,105,7444. Cowley, A. H.; Kemp, R. A.; Lasch, J. 
G.; Norman, N. C.; Stewart, C. A,; Whittlesey, B. R.; Wright, T. C. 
Inorg. Chem. 1986, 25, 740. 

(21) Walker, N.; Stuart, D. Acta Crystallogr. 1979, 835, 749. 
(22) International Tables forX-ray Crystallography; Kynoch: Birmingham, 

England, 1974; Vol. IV. 
(23) SHELX86: Sheldrick, G. M. In Crystallographic Computing, Sheldrick, 

G .  M., Kruger, C., Goddard, R., Eds.; Oxford University Press: Oxford, 
U.K., 1985; p 175. 

(24) Beurskens, P. T. DIRDIF, Direct Methods for Difference Structures-an 
automatic procedure for phase extension and refinement of difference 
structure factors. Technical report 19841 1, Crystallography Laboratory, 
Toernwiveld, 6525 Ed Nijmegen, Netherlands. 

Table 2. Positional Parameters and Isotropic Temperature Factors 
for [('Pr2N)zP][GaC4] (I[GaC4]) 

Ga 1 
C14 
C13 
c12 
c11 
P1 
N1 
c1 
c 2  
c 3  
c 4  
c 5  
C6 
N2 
c 7  
C8 
c 9  
c10  
c11 
c12 

0.24940(11) 
0.23068(11) 
0.25905(11) 
0.34099(11) 
0.16702(11) 
0.2797(2) 
0.2039(3) 
0.1419(4) 
0.1029(4) 
0.1001(4) 
0.1922(7) 
0.2219(7) 
0.2195(7) 
0.2939(3) 
0.3665(4) 
0.4061 (4) 
0.3965(4) 
0.2471 (6) 
0.2669(6) 
0.2432(6) 

-0.00893(9) 
0.05822(9) 
0.05067(9) 

-0.06058(9) 
-0.07627(9) 

0.0301(2) 
0.05 18(3) 
0.0109(6) 
0.0142(6) 
0.0303(6) 
0.1253(3) 
0.1524(3) 
0.16 12( 3) 

-0.0470(4) 
-0.0662(7) 
-0.0278(7) 
-0.0558(7) 
-0.1 OO6(5) 
-0.1344(5) 
-0.1557(5) 

0.07560(0) 
-0.00040(0) 

0.15964(0) 
0.0608 l(0) 
0.08749(0) 
0.3377(3) 
0.3452(7) 
0.3457(8) 
0.2839(8) 
0.403 l(8) 
0.3483(7) 
0.4094(7) 
0.2901 (7) 
0.3229(8) 
0.3252(8) 
0.2753(8) 
0.3906(8) 
0.3013(8) 
0.2398(8) 
0.3508(8) 

0.0555 
0.1059 
0.1091 
0.1450 
0.1242 
0.0516 
0.0294 
0.0774 
0.0786 
0.1017 
0.0643 
0.0858 
0.0877 
0.0563 
0.0828 
0.0950 
0.0906 
0.0589 
0.1015 
0.1060 

Table 3. Positional Parameters and Isotropic Temperature Factors 

for [MeNCHzCHzN(Me)P] [GaCLI (2[GaC41) 
- 

Gal 0.1938(3) 0.8001(0) 0.2510(3) 0.0757 
CI1 0.5249(7) 0.8073( 14) 0.2449(7) 0.1097 
C12 0.0830(23) 0.9313(11) 0.1116(22) 0.1269 
C13 0.0728(22) 0.6770(12) 0.1 144(24) 0.1379 
C14 0.1073(8) 0.8079(16) 0.5419(7) 0.1312 
P1 0.3448(13) 0.5352(9) 0.5571(13) 0.1324 
N1 0.4353(25) 0.5044(16) 0.3656(23) 0.0907 
N2 0.5227(24) 0.6047(17) 0.6311(26) 0.1089 
C1 0.6455(29) 0.5382(20) 0.3288(33) 0.1410 
C2 0.6985(29) 0.5888(20) 0.5097(28) 0.0910 
C3 0.3540(35) 0.4374(19) 0.2177(31) 0.1395 
C4 0.5318(37) 0.6567(21) 0.8131(28) 0.1406 

weight.2s*26 Either a unit or SHELX weighting scheme was used during 
refinement. Final atomic coordinates for l[GaCL], 2[GaC4], 5, and 
7[BPh4] are presented in Tables 2-5. Selected bond lengths and angles 
for 1[GaC14], 2[GaC14], and 5 are presented in Table 6. 

Results and Discussion 
Preparation and Characterization of Phospheaium Salts. The 

halide ion abstraction or metathesis reactions of halophosphines 

(25) TEXSAN-TEXRAY Structure AnalysisPackage. Molecular Structure 

(26) SHELX76 Program for crystal structure determination: Sheldrick, G. 
Corp., The Woodlander, TX, 1985. 

M. University of Cambridge, England, 1976. 
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Table 4. Positional Parameters and Isotropic Temperature Factors 
for MeNCHzCH2N(Me)PPh-BPh, ( 5 )  
- 

atom X Y Z B(es)/AZ 
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Table 5. Positional Parameters and Isotropic Temperature Factors 
for [(iPr2N)~P(Cl)CH2Cll [BPb] (8[BPh41) 

atom x l a  y l b  z l c  UcQ/A2 

P1 
N1 
N2 
c 1  
c 2  
c 3  
c4 
c 5  
C6 
c 7  
C8 
c 9  
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c 2  1 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
B1 

0.27506(8) 
0.2874(3) 
0.361 5(3) 
0.5589(3) 
0.6373(3) 
0.7901(4) 
0.8717(4) 
0.7986(4) 
0.6458(4) 
0.3373(3) 
0.2010(4) 
0.1560(4) 
0.2476(6) 
0.3845(5) 
0.4293(4) 
0.3146(3) 
0.3395(4) 
0.2942(5) 
0.2223(5) 
0.1977(4) 
0.2433(4) 
0.0745(3) 

-0.0286(4) 
4.1826(4) 
4.2354(4) 
4.1348(4) 
0.0196(4) 
0.2933(4) 
0.3918(4) 
0.443 5( 5 )  
0.1849(4) 
0.3793(4) 

0.21891(5) 
0.1051(2) 
0.2574(2) 
0.2924(2) 
0.2293(2) 
0.2515(3) 
0.3406(3) 
0.4052(3) 
0.3821(2) 
0.1787(2) 
0.1663(2) 
0.0890(3) 
0.0214(3) 
0.033 l(2) 

0.3 588(  2) 
0.3844(2) 
0.4632(3) 
0.5207(2) 
0.4994(2) 
0.4199(2) 
0.2273(2) 
0.2 1 17(3) 
0.2107(3) 
0.2244(2) 
0.2416(3) 
0.2434(2) 
0.0927(3) 
0.1815(3) 
0.3519(3) 
0.0287(2) 
0.2678(2) 

0.1 lOl(2) 

0.31639(9) 
0.2421(3) 
0.2207(3) 
0.5997(3) 
0.5377(4) 
0.5710(4) 
0.6678(5) 
0.7308(5) 
0.6977(4) 
0.6158(3) 
0.6328(3) 
0.6683(4) 
0.6912(4) 
0.6818(4) 
0.6443(4) 
0.6294(3) 
0.7891(4) 
0.8607(5) 
0.7733(6) 
0.6169(5) 
0.5453(4) 
0.2123(3) 
0.2720(4) 
0.1860(5) 
0.0402(4) 

-0.0198(4) 
0.0654(4) 
0.0880(4) 
0.1 102(4) 
0.2666(5) 
0.2399(4) 
0.5614(4) 

2.61(2) 
3.27(8) 
3.7( 1) 
2.86(9) 
3.7(1) 
4.7(1) 
5.2(1) 
5.2( 1) 
3.8(1) 
2.77(9) 
3.4(1) 
4.7(1) 
5.8(2) 
5.3(1) 
4.0(1) 
2.88(9) 
3.9(1) 
5.3(1) 
5.6(1) 
5.0( 1) 
3.8(1) 
2.74(8) 
5.1(1) 
5.8(2) 
4.1(1) 
4.4(1) 
3.9(1) 
4.6( 1) 
5.1(1) 
5.7(2) 
4.5(1) 
2.7(1) 

are well documentedl0JI and were used to obtain the first isolable 
phosphenium derivatives including 1 [A1Cl4] (which has been 
structurally characterized)d and 2[PFs] (which has been spec- 
troscopically characterized) .z We have employed the same 
approach to attempt the preparation of compounds containing 
these cations (1 and 2) with tetrachlorogallate and tetraphen- 
ylborate anions, from the corresponding reactions of 3 and 4 with 
GaC13 and NaBPh4, respectively. 

N M R  spectroscopy 
show a single signal in each case indicating that all reactions 
proceed in a quantitative fashion. A solid material has been 
isolated from each reaction corresponding to the species identified 
in each reaction mixture. Spectroscopic and crystallographic 
data (Crystalsof l [BPb]  decayinthex-raybeam,andastructure 
has not yet been obtained) have confirmed the formation of a 
phosphenium cation in all but one case. The reactions of 4 with 
NaBPh4 provides the covalent phosphine-borane 5 (crystallo- 
graphic view shown in Figure 1) rather than the intended ionic 
isomer 2[BPh4]. 

The ionic natureof 1 [GaCb], 1 [BPh4], and 2[GaC14] is evident 
from the typicalIOJ1 deshielded 31P NMR resonances (1, -300 
ppm; 2, -260 ppm), with respect to 3 (141 ppm) and 4 (169 
ppm). In contrast, a relatively shielded signal at  82 ppm is 
observed for compound 5 (rather than 2[BPb]). In the solid 
state the IR bands characteristic of the anions and the observation 
of discrete ions in the crystal structures of 1 [GaC14] and 2 [GaC14] 
provide further support for the ionic formulation. 

The structural features of the cation in 1 [GaC14] are consistent 
with those previously reported for the isostructural tetrachloro- 
aluminate salt.4 The molecular fragment corresponding to cation 
2 has been used as a phosphorus bound ligand to CpMo(C0)2-, 
for which the crystal structure has been reported.27 However, 
the structure of the free cation 2 is reported here for the first time 

Studies of the reaction mixtures by 

(27) Hutchins, L. D.; Paine, R. T.; Campana, C. F. J. Am. Chem. SOC. 1980, 
102,4521. Light, R. W.; Paine, R. T. J. Am. Chem. SOC. 1978,100, 
2230. 

B1 
c1 
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10  
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20  
c 2  1 
c22  
C23 
C24 
P1 
N1 
C25 
C26 
C27 
C28 
C29 
C30 
N2 
C3 1 
C32 
c33  
c34 
c35 
C36 
c11 
c37 
c12 

1.2121(7) 
1.229(6) 
1.2099(6) 
1.2079(7) 
1.2176(7) 
1.2287(7) 
1.2300(7) 
1.2973(6) 
1.4208(5) 
1.5019(6) 
1.4570(7) 
1.3364(7) 
1.2577(6) 
1.05 16( 5 )  
0.9702(5) 
0.8316(6) 
0.7690(6) 
0.8460(6) 
0.9839(6) 
1.2804(6) 
1.3917(6) 
1.4545(7) 
1.4054(8) 
1.2974(7) 
1.2353(6) 
0.73056( 17) 
0.7403(4) 
0.7510(6) 
0.8878(7) 
0.6353(8) 
0.6974(5) 
0.5512(6) 
0.7898(7) 
0.7542(4) 
0.8961 (6) 
0.9541 ( 8 )  
0.9120(7) 
0.6587(7) 
0.6098(9) 
0.5437(7) 
0.5532( 1) 
0.8490(6) 
0.83460(24) 

4.1691 (3) 
-0.0933(2) 
4.0673(2) 
-0.0037(3) 

0.0348(3) 
O.OlOO(3) 

-0.05342) 
-0).1937(2) 
-0.1674(2) 
-0.1920(3) 
-0.241 7( 3) 
-0.2685(3) 
4.2437(3) 
-0.18 lO(2) 
4.1935(3) 
4 .199 l(3) 
-0.1922(3) 
-0.1795(3) 
-0.1742(3) 
4.2073(2) 
-0).1859(3) 
-0.2203 (3) 
4.2778(3) 
-0.301 l(3) 
-0.2660(2) 

0.02252(8) 
0.0406( 1) 

-0.011 l(3) 
-0.01 58(3) 
-0.021 6(4) 

0.1034(2) 
0.1092(3) 
0.1307(3) 
0.0803(2) 
0.1032(2) 
0.0953(3) 
0.1690(3) 
0.1 120(3) 
0.0726(3) 
0.1433( 3) 

-0.01 50(0) 
4.0393(2) 
-0.061 75(9) 

0.2789(4) 
0.2649(3) 
0.1873(3) 
0.1758(4) 
0.2427(4) 
0.3199(4) 
0.33 11 (3) 
0.3607(3) 
0.3855(3) 
0.4483(3) 
0.491 l(3) 
0.4688(4) 
0.4054(4) 
0.2823(3) 
0.2125(3) 
0.2137(4) 
0.287 l(4) 
0.3 573(4) 
0.3537( 3) 
0.2050(3) 
0.1649(3) 
0.106 1 (4) 
0.0839(4) 
0.1235(4) 
0.1824(3) 
0.21692(9) 
0.3126(2) 
0.3733(3) 
0.4148(5) 
0.4263(5) 
0.3379(3) 
0.3 5 8 2( 4) 
0.4052(4) 
0.1569(2) 
0.1560(3) 
0.0725(4) 
0.1875(4) 
0.0980(4) 
0.0252(4) 
0.1372(5) 
0.1874( 1) 
0.1998( 3) 
0.09605( 11) 

0.0384 
0.041 1 
0.0538 
0.0673 
0.0708 
0.0665 
0.0532 
0.0429 
0.0474 
0.0645 
0.0672 
0.0628 
0.0559 
0.0418 
0.0473 
0.0586 
0.0613 
0.0625 
0.0551 
0.0449 
0.0568 
0.0792 
0.0862 
0.0807 
0.0558 
0.0404 
0.0393 
0.0697 
0.0927 
0.1 170 
0.0546 
0.0762 
0.0847 
0.0467 
0.0655 
0.0934 
0.0771 
0.0781 
0.0944 
0.0982 
0.0743 
0.047 1 
0.0850 

Table 6. Selected Bond Lengths (A) and Bond Angles (deg) 

param (C12H28C14GaN2P) (C4HloC14GaN2P) (C37HmBC12N2P) 
1 [GaC41 W a c 4 1  5 

P-N I 1.587( 12) 1.56(2) 1.616(5) 
P-Nz 1.601 (1 3) 1.58(2) 1.622(5) 
N1-P-N2 117.0(7) 99.0( 1 1) 11 3.3(3) 

angles 359.9(16) 360(3) 357.2(8) 

angles 359.7(17) 358(3) 359.9(8) 
of N1 

of N2 

in the tetrachlorogallate salt (Figure 2a) and reveals similarities 
to the more sterically constrained cation 1. Most important is 
the observation of a monomeric existence for the cation in the 
structure of 2[GaC14], in contrast to the arsenic analogue which 
adopts a dimeric structure in the solid-state 6.28 The monomeric 
structures for salts of 1 could be rationalized in terms of the steric 
sheilding present in the cation, but cation 2 has a more exposed 
phosphenium site capable of secondary interaction. We conclude 
that the nitrogen-phosphorus *-interaction is preferred over the 
inter-ring a-bonding present in the arsenic dimer 6. 

There is recent interest in "noncoordinating a n i o n ~ " * 4 . ~ ~ . ~ ~  and 
their role in the stability and reactivity of the cation. Compound 

(28) Burford, N.; Parks, T. M.; Royan, B. W.; Borecka, B.; Cameron, T. S.; 
Richardson, J. F.; Gabe, E. J., Hynes, R. J. Am. Chem. Soc. 1992.114, 
8147. 

(29) Strauss, S. H. Chem. Rev. 1993, 93, 927. 
(30) Bahr, S. R.; Boudjouk, P. J.  Am. Chem. Soc. 1993, 115, 4514. 
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Figure 1. ORTEP view of Compound 5. 

(a) (b) 
Figure 2. Crystallographic views of (a, left) 1[GaC4] and (b, right) 
2[GaC14] showing the array of anions around each cation. Phosphorus 
atoms are black. P-CI distances (A): (a) P- - -C11 = 3.976(6), P- - - 
C13 = 3.867(6), P---C14 4.020(6); (b) P- - -C11 3.548(1), P- - 
-C12 = 3.982(2), P- - -C13 = 4.03(2), P- - -C14 = 4.04(2). 

1 [BPh4] represents the first isolated example of a phosphenium 
salt containing such a weakly nucleophilic or weakly basic anion. 
It is interesting to note that the 31P chemical shift of the 
phosphenium center is essentially identical in the two salts 
1[GaC14] and 1[BPh4], while the isopropyl hydrogen nuclei of 
the tetraphenylborate salt (3.92, 1.27 ppm) are significantly 
shielded with respect to those of the gallate salt (4.20,1.52 ppm). 
As compound 5 represents a covalent alternative of 2[BPh4], we 
conclude that the ionic nature of 1[BPh4] relies on the steric 
shield provided by the isopropyl substituents, which prevent 
interaction between the B-C bond of the anion and the 
phosphenium site of the cation. Such a shield is not present in 
2 allowing for rearrangement of the salt to the covalent alternative 
phosphine-borane 5. Although we have not been able to determine 
the structure of 1[BPh4] in the solid state, we envisage the 
possibility of an arrangement similar to those observed for the 
metal salts, in which the electrophilic phosphenium site is either 
sandwiched between two of the phenyl substituents (vI2) of the 
tetraphenylborate anion 7,31 or is involved in v6 coordination to 
one ofthephenylsubstituents.14~29 We haverecently demonstrated 
the potential for cationic phosphorus sites to engage in such 
r-arene complexation32 but recognize that such interactions are 
very weak. 

Reactivity of Phosphenium Cations. The chemistry of phos- 
phenium cations is already extensive and has been shown to have 
characteristics consistent with coordinative unsaturation and 
electrophilicity, as well as the potential for Lewis base behavior.lOJ 
Dichloromethane has been the solvent of choice for the study of 
these systems, offering sufficient polarity for solvation of the ions 

(31) Calderauo, F.; Englert, U.; Pampaloni, G.; Rocchi, L. Angew. Chem., 

(32) Burford, N.; Clyburne, J. A. C.; Bakshi, P. K.; Cameron, T. S .  J .  Am. 
Int. Ed. Engl. 1992, 31, 1235. 

Chem. SOC. 1993, 115,8829. 

whileapparently being inert toward theelectrophilic phosphenium 
site. Indeed, we note that the tetrachlorogallate (and presumably 
aluminate) salts of cations 1 and 2 have essentially indefinite 
lifetimes in CH2Cl2 at  room temperature (31P NMR spectra are 
unchanged in excess of 1 year). In contrast, 3lP NMR studies 
on solutions of 1 [BPh4] in CH2C12, CHCl3, and CHzC12/CHC13 
show reaction within hours at  room temperature, and reaction 
with CHCl3 occurs faster than that with CH2C12. Many products 
are formed, but a single signal at -7 ppm in the llB NMR 
spectrum indicates that the tetraphenylborate anion is unchanged 
throughout these reactions. Although the ultimate mixtures was 
extremely complex, two species have been isolated by crystal- 
lization. In one instance the phosphonium salt [('Pr2N)2P(CHz- 
Cl)Cl][BPh4] (7[BPh4]) was isolated from a solution of 1 [BPhd] 
in a 5050 mixture of CH2Cl2 and CHCl3, and [iPr2NH2] [BPh4] 
has been isolated on a number of occasions (both compounds 
characterized by X-ray crystallography; see Table 1 and ref 16, 
respectively). On the basis of these observations, it is clear that 
cation 1 reacts with the solvent and cation 8 can be viewed as the 
result of an oxidative addition of CH2Cl2 to the phosphenium 
center of 1. The apparent faster reaction with CHCl3 is likely 
due to the resultant CHC12+ being a more stable carbocation 
than CH2Cl+. The corresponding reactions for 2[BPh4] are not 
observed, and this can beunderstood in terms of the rearrangement 
to the covalent phosphine-borane 5 being a more facile and 
substantially faster process. 

Anionic Protection.18 The inert nature (relative to 1[BPh4]) 
of the tetrachlorogallate (and presumably aluminate) salts of 
both 1 and 2 in chlorinated solvents must be attributed to the 
relationship between cation and anion in solution. We conclude 
that the Lewis acidity (and possibly electrophilicity and general 
reactivity) of the cations is mediated by the presence of electron- 
rich anions, such as polyhalogenated anions. The localized 
nonbonding electron pairs available on these anions offer sites for 
effective electrostatic interaction with the cation and allow for 
ion pairing or clustering which inhibits the reactivity or "protects" 
the phosphenium center. This may also involve chloride ion 
exchange (equilibria) resulting in the presence of the chloro- 
phosphine.'* The tetraphenylborate anion is expected to form 
weaker interactions rendering the Lewis acidity of cation 1 
sufficiently high to engage the solvent molecules that are small 
enough to penetrate the steric shield of the cation. However, 
both the cation and the anion are sufficiently bulky to prevent 
an electrophilic attackof the phosphenium center on the B-phenyl 
bond. Nevertheless, the well-documented cycloaddition reaction 
of phosphenium cations with 1,3-dienes to give phospholenium 
cations20 occurs readily for both BPh4- and GaC14- salts of 1 (31P 
NMR studies). 

Solid-state structural features of the salts involving polyha- 
logenated anions confirm the intimacy of the cation-anion 
relationship. Figure 2 illustrates the packing of anions around 
the cation in the structures of 1[GaC14] (a) and 2[GaC14] (b). 
In spite of the different space groups, the different size and shape 
of the cations, and the different degrees of steric shielding present 
on the cations, the structures consist of cationic units surrounded 
by three anions above, below, and in the N-P-N plane. The 
closest interion distances occur between the chlorine atoms and 
the phosphorus center, although the distances (l[GaC14], P- - - 
A; 2[GaC14], P- - 4 1 1  = 3.548(1) A, P- - -C12 = 3.982(2) A, 
P- - -C13 = 4.03(2) A, P- - -C14 4.04(2) A) are in excess of the 
sum of the van der Waals radii (P- - C1 = 3.7 A).33 Cation- 
anion distances slightly less than the sum of the van der Waals 

C11 = 3.976(6) A, P- - -C13 = 3.867(6) A, P- - -C14 4.020(6) 

(33) Steudel, R. Chemistry of the Non-Metal Elements; de Guyter: New 
York, 1977. 
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radii are common for non-metal ~ a l t s 3 ~  and other phosphenium 
salts.6.12J5.36 Although such interactions are considered as 
donations from the anion to the cation,37 they generally have 
little or no effect on the structural features within the cation or 
the ani0n.3~ Nevertheless, the electrostatic factor represents a 
substantial component of the crystal lattice energy, and we 
envisage the acidity and ultimately the reactivity of the cation 
to be reliant on the degree of similar interactions in solution. 

The neutral zwitterionic system 9, which contains a phosphe- 
nium 1,39,4 offers an obvious comparison. We have noted 
that the compound reacts slowly with CHCl3 (first signs of 
unidentified products occur after 1 day). While 9 cannot benefit 
from the cation-anion interaction in solution, the solid-state 
structure4 reveals a number of intermolecular phosphorus- 
chlorine contacts (Figure 3) that are comparable if not shorter 
than the cation-anion interactions in the salts 1[GaC14] and 
2(GaCld] (Figure2). Weconclude that thestrengthofthe interion 
interactions (apparently weak or longer than van der Waals) in 
these salts is less significant than the fact that they may 
electrostatically associate in solution. 

The coordinative unsaturation of the phosphenium center 
renders it particularly susceptible to effective electrostatic 
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(34) See, for example: Cardinal, G.; Gillespie, R. J.; Sawyer, J. F.; Verkis, 
J. E. J. Chem.Soc., Dalton Trans. 1982,765. McMullan, R. K.; h ince ,  
D.J.;Corbett, J.D. Inorg.Chem. 1971,10,1749. Couch,T. W.;Lokken, 
D. A.; Corbett, J. D. Inorg. Chem. 1971,10, 2319. 

(35) Burford,N.;Dipchand,A. I.;Royan, B. W.; White,P.S. Acta Crystallogr. 
1989, C45, 1485. 

(36) Litvinov,A. I.;Naumov,V.A.;Grypova,T.V.;Pudovik,A.N.; Kibardin, 
A. M. Dokl. Akad. Nauk. SSSR 1990.312.623. Gudat. D.: Nieaer. 
M.; Niecke, E. J. Chem. Soc., Dalton Trans. 1989, 693. Veith, M.; 
Bertsch, B.; Huch, V. Z .  Anorg. Allg. Chem. 1988,559, 73. Pohl, S. 
Chem. Be?. 1979, 112, 3159. 

(37) Bader, R. F. W.; Gilleapie, R. J.; MacDougall, P. J. From Atoms to 
Polymers. In Molecular Structure and Energetics; Liebman, J. F., 
Greenberg, A,, Eds.; VCH: New York, 1989; Vol. 11, p 1. 

(38) Burford, N.; Mason, S.; Spnce, R. E.v. H.; Whalen, J. M.: Richardson. 
J. F.: Ronen. R. D. Omanometallics 1992. 11. 2241. 

(39) Niecke, 8.; kroher, R.hgew.  Chem., In?: Ed. Engl. 1976, 15, 692. 
(40) Pohl, S. Chem. Ber. 1979, 112, 3159. 

A CH A c12 

Figure 3. Crystallographic view of compound 8 generated from the data 
presented in ref 40. P-CI distances (A): P- - -Clf = 3.73, P- - -C12 = 
3.89. 

interaction with the anion allowing for recognition of "anionic 
protection" of the cation. However, it is likely that the effect is 
a general feature for complex ionic non-metal systems and it is 
possible that the thermodynamic consequences of the cation- 
anion interaction in solution are overlooked. 
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