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ultimately lead to clinically more effective antitumor drugs. 
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Abstract: The synthesis and spectroscopic and structural characterization of several lithium salts of boryl phosphides and 
their precursors are described. Treatment of the lithium salt of a primary phosphane H2PR’ with R2BX (X = F, C1) affords 
the phosphinoboranes (borylphosphanes) R2BPHR’ (R/R’ = Ph/t-Bu (l), Meslt-Bu (2), Triplt-Bu (3), Mes/Ph (4), Mes/Cy 
( 5 ) ,  Mes/Mes (6) (Mes = 2,4,6-Me3C6H2, Trip = 2,4,6-i-Pr,C6H2, Cy = cyclohexyl)) in good yield. The reaction of compounds 
1-6 with 1 equiv of n-BuLi or t-BuLi affords their corresponding lithium salts [Li(Et20)2PR’BR2] (7-12). The addition of 
2 equiv of 12-crown-4 to Li(Et20),PR’BMes2 (R’ = Ph (lo), Cy (ll), Mes (12)) gives the solvent-separated salts [Li(12- 
cr0wn-4)~] [PR’BMes2].THF (R’ = Ph (13), Cy (14), Mes (15)). Also, the reaction of Mes2BF with [Li(THF),P(SiMe3),I2 
gives [Li(THF),P(SiMeJBMes,] (16) with elimination of Me3SiF rather than LiF. In addition, the reaction between TripBBr, 
and 2 equiv of LiPHMes gave the lithium salt [Li(Et,O),P(Mes)B(PMesH)Trip] (17), involving boron bound to two phosphorus 
centers through a single and a multiple bond. Apart from IIB and ’IP NMR spectroscopic characterization, the X-ray structures 
of the dimeric compound 1, the lithium salts [Li(Et20)2P(t-Bu)BTrip2] (9), [Li(THF),P(SiMe3)BMes2] (16), and [Li- 
(Et,0)2P(Mes)B(PHMes) Trip] (17) are described. Compounds 10-12 and 13-15, including the structures of 11, 12, and 
15, have been described in a preliminary communication. The lithium compounds 7-17 are of particular interest because 
they are the only structurally characterized compounds known to involve a high degree of multiple bonding between boron 
and phosphorus. Thus, compound 17 is also notable since it has the shortest B-P bond length, 1.810 (3) A, reported to date. 
Crystal data with Mo K a  radiation ( A  = 0.71069 A) at 130 K: 1, a = 10.291 (4) A, b = 10.468 (3) A, c = 14.767 (2) A, 
LY = 71.05 (2)O, p = 75.63 (2)O, y = 82.49 (3)O, triclinic, space group P i ,  Z = 2, R = 0.049; 9, a = 10.378 (4) A, b = 19.094 
(6) A, c = 21.995 (7) A, orthorhombic PcZln, Z = 4, R = 0.036; 16, a = 10.331 (6) A, b = 16.133 (5) A, c = 10.647 ( 5 )  
A, = 95.13 (4O), monoclinic, space group P2,, Z = 2, R = 0.049; 17, a = 13.543 (2) A, b = 17.812 (3) A, c = 17.475 (3) 
A, p = 93.72 (l)’, monoclinic, space group P2,/n, Z = 4, R = 0.063. 

Lithium derivatives of the amide (NR,) and phosphide (PR,) 
ligands are the most important transfer agents for these species, 
and this has generated considerable interest in their structures. 
Usually they associate in the solid state to form oligomeric or 
polymeric species involving the nitrogen or phosphorus centers 
bridging two or more metals. However, the bridging tendency 
can be reduced by increasing the size of the substitutents on 
nitrogen or phosphorus. For example, when crystallized from E t 2 0  
or THF,  both LiPPh21 and LiP(C6H11)21 have polymeric chain-like 
structures whereas LiP(t-Bu), is tetrameric2 and LiP(CH(SiMe3)2)2 
exists as a dimer,, even in the absence of donor solvents. In both 
LiPR2 compounds and their nitrogen counterparts there is a lone 
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pair available on either phosphorus or nitrogen which facilitates 
their association. It seemed reasonable to assume that if the 
avilability of the lone pair were to be reduced by electronic rather 
than steric means, monomeric species might ensue owing to the 
lower tendency toward bridging. Recent work in this laboratory 
has shown that, for amide ligands, replacement of one of the alkyl 
or aryl substituents by the dimesitylboryl group (BMes2) results 
in amide ligands that have little or no tendency to bridge or behave 
as a - d o n o r ~ . ~  The use of amide ligands such as NRBMes, ( R  
= Ph or Mes) has allowed the facile synthesis of a range (d4-d8) 
of two-coordinate transition-metal complexes, for example, M-  
(NMesBMes,), (M = Cr, Mn,  Fe, Co, Ni).5 In addition, the 
lithium salts Li(Et20)2NRBMes2 (R = Ph, Mes) are monomeric4v5 
even though bulky amide ligands are normally found to be as- 
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sociated as in [Li(THF)2N(SiMe3)2]2.6 
The case of the modified phosphide ligands (PR'BMes2) has 

proved to be more intriguing. The major reason for this is that  
boron-phosphorus compounds are, in general, poorly investigated 
in comparison to their nitrogen counterparts. Thus, although the 
preliminary report' on the synthesis and structures of the Li- 
(Et20)2PR'BMes2 salts (R' = Ph, C6Hl1, Mes) showed that they 
were monomeric, there was the added novelty that the B-P bond 
was multiple in character with short B-P bond lengths of about 
1.83 A. Another feature of interest was the isoelectronic rela- 
tionship between the B-P pairs and others such as C-Si8 and 
N-A1,9 which are of current interest from the point of view of 
multiple bonding. In  addition, the PR'BMes2 ligand itself should 
display only weak bridging characteristics in contrast to the strong 
bridging tendency of phosphide ligands that have bulky substit- 
uents, for example, P(~-BU)~. 'O 

In this paper we provide details of the synthesis and spectroscopy 
of I 7  boron-phosphorus compounds in connection with the syn- 
thesis of a range of lithium salts of the type Li(Et20)2PR'BR2. 
Four new structures are described that, in addition to those 
published in a preliminary communication,' provide important 
data for a wide range of different boryl phosphides. To our 
knowledge these represent the only known structurally charac- 
terized examples of compounds of the type Li(Et,0)2PR'BR2, 
although species such as LiP(Ar)BR(tmp) (Ar = 2,4,6-t-Bu3C6H2, 
R = Me or t-Bu, tmp = 2,2,6,6-tetramethylpiperidino) have been 
spectroscopically characterized.' l , I 2  Also, there are no prior 
reports for compounds of type 17. In addition, the dimer 1 
represents a rare example of a structure of a dimeric phosphi- 
noborane. In  this case the structure (Ph2PBI,), seems to be the 
sole precedent.13 

Experimental Section 
All experiments were performed by using either modified Schlenk 

techniques under N 2  or a Vacuum Atmospheres H E  43-2 drybox under 
argon due to the air and moisture sensitivity of compounds 1-17. Sol- 
vents were freshly distilled under N, from N a / K  alloy-benzophenone 
ketyl and degassed twice immediately prior to use. 

The  reagents Mes2BF,I4 Trip,BF,I4 TripBBr,,lS MesPH,,I6 1-  
BuPCI,,~' and [Li(THF)2P(SiMe3)2]218 were prepared according to the 
literature methods or modifications thereof. PhzBBr (Alfa), CyPH, 
(Alfa), PhPH, (Alfa), n-BuLi (Aldrich), and t-BuLi (Aldrich) were 
obtained commerically and used as received. t-BuPH, was prepared from 
t-BuPCI, by LiAIHl reduction in diglyme. 12-Crown-4 was obtained 
commerically (Strem) and distilled over N a  under N,  before use. 

"P and IlB N M R  data  were obtained with a Nicolet NT-200 spec- 
trometer operating a t  8 1 and 64 M H z ,  respectively. All the "P spectra 
were referenced to external 85% H,P04,  and "B spectra were referenced 
to external BF,.OEt,. The  THF/C6D6 mixture was used as  the solvent 
unless otherwise noted. 

J .  Am.  Chem. SOC., Vol. I l l ,  No. 4 ,  1989 1301 

(6) Lappert, M. F.: Slade, M. J.; Singh, A,; Atwood, J .  L.; Rogers, R.  D.; 
Shakir, R. J .  Am. Chem. SOC. 1983,105, 302. Engelhardt, L. M.; May, A. 
S.; Raston, C. L.; White, A. L. J .  Chem. SOC., Dalton Trans. 1983, 1671. 

(7) Bartlett. R. A.: Feng, X.;  Power, P. P. J .  Am. Chem. SOC. 1986,108, 
6817. 

(8) Brook, A. G.; Nyburg, S. C.; Abdesaken, F.; Gutekunst, B.: Gutekunst, 
G.: Kallury, R. K. M. R.; Poon, Y. C.; Chang, Y.-M.: Wong-Ng, W. J .  Am. 
Chem. SOC. 1982, 104, 5007. 

(9) Perego, G.: Del Piero, G.: Corbellini, M.: Bruzzone, M. J .  Organornet. 
Chem. 1971, 136, 301. 

( I O )  Arif. A.  M.; Chandler, D. J.; Jones, R. A. Inorg. Chem. 1987, 26, 
1780. 

(11)  Arif, A. M.; Boggs, J .  E.; Cowley, A. H.; Lee, J.-G.; Pakulski, M.;  
Power, J .  M. J .  Am. Chem. SOC. 1986, 108, 6083. 

(12) Couret, C.; Escudie, J.; Garrigues, B.; Lazraq, M.; Satge, J .  Can. J .  
Chem. 1987, 65, 1230. 

(13) Bullen, G .  J.; Mallinson, P. R. J .  Chem. SOC., Chem. Commun. 1969, 
132. 

(14) Prof. A. Pelter, personal communication. We are grateful to Prof. 
Pelter for providing us with a good synthesis for Mes2BF when the published 
procedure did not work in our hands. Trip2BF was prepared by a very similar 
procedure, also provided to us by Prof. Pelter. 

( I  5) Synthesized from LiTrip and BBr, in hexane at -78 O C .  Dias, H. V. 
R.; Power, P. P., unpublished results. 

(16) Oshikawa, T.; Yamashita, M .  Chem. Ind. (London) 1985, 126. 
(17) Wold, A.: Ruff, J .  K. Inorg. Synth. 1973, 14, 4. 
(18) Fritz, G.; Holderich, W. Z. Anorg. Allg. Chem. 1976, 422, 104. 

Figure 1. Computer-generated thermal ellipsoid plot of 1 

Synthesis of Compounds 1-17. [Ph,BP(H)-t-BuI2 (1). t-BuPH2 (0.44 
g, 4.9 mmol) in Et,O (30 mL) at  0 "C was treated dropwise with n-BuLi 
(1.6 M ,  3 mL). The solution was stirred for 30 min and Ph,BBr (1.2 g, 
4.9 mmol) in hexane (5 mL) was added dropwise. The reaction mixture 
was stirred for 3 h and filtered. The filtrate was concentrated to incipient 
crystallization and cooled at  0 "C to obtain pale yellow crystals of 1. 
Yield 72%; mp >250 OC (turns dark yellow above 170 "C). 

In Situ Preparation of Mes,BP(H)R' (R' = t-Bu (2), Ph (4), Cy ( 5 ) ,  
Mes (6)). Solid Mes2BF (0.81 g, 3 mmol) was added via a solid addition 
tube to an E t 2 0  (30 mL) solution of RPHLi (3  mmol), generated in situ 
from RPH,  (3  mmol) and n-BuLi (1.6 M, 1.9 mL)  a t  0 "C. The re- 
sulting mixture was stirred for an  additional hour a t  room temperature 
to obtain over 80% yield of 2 and 4-6. 

In Situ Preparation of Trip,BP(H)-t-Bu (3). Compound 3 was pre- 
pared by a method similar to that used for 2 using Trip2BF and t- 
BuPHLi. The 3 was obtained in >80% yield. 

In Situ Preparation of [Ph2BP(t-Bu)Li(Et,0),1 (7). 1 (0.7 g)  was 
dissolved in Et,O and treated with r-BuLi ( 1  equiv) a t  -78 "C. After 
the mixxture warmed to room temperature, "P and "B N M R  analysis 
indicated formation of 7 in over 80% yield. Attempts to grow crystals 
failed due to their ready decomposition in solution on standing. 

[Li(Et20)2PR'BMes2] (R' = t -Bu (S),  Ph (lo), Cy (ll), Mes (12)). 
Treatment of Mes2BP(R')H with 1 equiv of t-BuLi in E t 2 0  (50 mL) a t  
0 O C  resulted in a dark yellow solution. This was stirred for 1 h and the 
volume was reduced to incipient crystallization. The reaction mixture 
was filtered and cooled a t  -20 OC, affording ca. 60% yield of 8 (mp 
179-183 O C  (turns opaque around 108 "C),  10 (mp 105-107 "C), 1 1  
(mp 92-94 "C), or 12 (mp 118-121 "C). 
[Li(Et,O),P(t-Bu)BTripz] (9). Trip,BF (0.875 g, 2 mol) in EtzO (20 

mL), cooled in an ice bath, was treated dropwise with a solution formed 
from r-BuPH, (0.185 g, 2 mmol) in E t 2 0  (20 mL) and 1.25 mL of a 1.6 
M n-BuLi solution in hexane. The solution became yellow and was 
stirred for 1 h at  ambient temperature. The volume was reduced to 15 
mL under low pressure, and n-hexane was added to incipient crystalli- 
zation. Filtration and reduction of the volume as necessary afforded the 
product as  yellow crystals. Yield 0.75, 55%. The crystals became opaque 
at  98-100 O C  and decompose a t  280 "C.  
[Li(12-crown-4),][Mes2BPR']~THF (R' = Ph (13), Cy (14), Mes 

(15)). Li(Et20),P(R')BMesZ (1  mmol) was dissolved in Et,O (20 mL), 
and 2 equiv of 12-crown-4 was added at  0 "C. A yellow precipitate was 
obtained. This precipitate was recrystallized from 1:l T H F / E t 2 0  to give 
ca. 65% yield of 13 (mp 90-95 O C  (dec)), 14 (mp 150-155 "C (dec)), 
or 15 (mp 127-135 "C).  

[Li(THF)3P(SiMe3)BMes2] (16). Mes,BF (0.97 g, 3.6 mmol) in Et,O 
(20 mL) and THF (0.5 mL), cooled in an ice bath, was treated dropwise 
with [[Li(THF)2P(SiMe3)2)2] (1.1 g, 1.8 mmol) in E t 2 0  (25 mL) .  The 
solution became yellow and after 30 min it was allowed to warm to room 
temperature and stirred for 2 h. The volatiles were removed under 
reduced pressure, and hexane was added with warming to 40 "C. Fil- 
tration and cooling in a -20 "C freezer gave the product as  yellow-amber 
crystals. Yield 1.2 g, 55%. The crystals darken on heating, soften at  125 
"C, and melt a t  133-136 'C. 

[Li(Et,O),P(Mes)B(PMesH)Trip] (17). MesPH2 (1.2 g, 7.9 mmol) 
was lithiated in Et,O (30 mL)  with n-BuLi (1.6 M ,  5.0 mL) a t  0 "C. 
The solution was stirred for 20 min, and TripBBr, (1.35 g, 3.6 mmol) 
in hexane ( 1  5 mL)  was added dropwise. The color became dark orange. 
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Figure 2. Computer-generated thermal ellipsoid plot of 9 
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Figure 3. Computer-generated thermal ellipsoid plot of 11. 
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Figure 4. Computer-generated thermal ellipsoid plot of 13. 

The mixture was stirred for 15 min a t  0 OC and allowed to warm to room 
temperature. After stirring for an additional 3 h, the solution was con- 
centrated and cooled a t  -20 "C to give 17 in 29% yield. The crystals 
turned opaque around 120 OC and did not melt at <250 'C. 

X-ray Crystallographic Studies. All X-ray data were collected on a 
Syntex P2, diffractometer equipped with a locally modified LT-1 device, 
Mo K a  radiation, and a graphite monochromator. Calculations were 

Figure 5. Computer-generated thermal ellipsoid plot of 16. 

C1321 

Cllll 
Cll2l 

H Gr C1161 

Figure 6. (Top) Computer-generated thermal ellipsoid plot of 17. 
(Bottom) A view of the core atoms in 17, showing the planar P(2) and 
pyramidal P(1) centers. 

carried out on a Data General Eclipse computer using the SHEXTL, 
Version 5 ,  programs. Absorption corrections were made with the pro- 
gram XABS." Neutral-atom scattering factors and corrections for 
anomalous dispersions were from ref 20. Crystals of 1, 9, 16, and 17 
were grown as described above. Upon removal from the Schlenk tube, 
the crystals were covered with a hydrocarbon oil to protect them from 
decomposition in the air. A single crystal was selected under oil, mounted 
on a glass fiber with silicone grease, and immediately placed in  the 
low-temperature N 2  stream. Further details are  provided in the Suppl- 
mentary Material. Selected bond distances and angles are given in Table 
I. The structures of compounds 1,9, 16, and 17 are illustrated in Figures 
1, 2, 5, and 6, respectively. Additional information is given below. For 
comparison, Table I1 lists selected bonding parameters for 9 and 11, 12, 

(19) Hope, H.; Moezzi, B. University of California, Davis, Program XABS. 
The program obtains an absorption tensor from F, - F, differences. Moezzi, 
B. Ph.D. Dissertation, University of California, Davis, 1987. 

(20 )  International Tables f o r  X-ray crystallography; Kynoch: Birming- 
ham, England, 1974; Vol. IV.  
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Table I. Selected Bond Distances (A) and Angles (deg) for 1, 9, 16, 
and 17 

[Ph2BP(t-Bu)H], (1) 
P(1)-B(1) = 2.026 (2) 
P(I)-C(13) = 1.856 (2) 

P(l)-B(l’) = 2.026 (2) 
B(I)-C(1) = 1.614 (3) 
B(l)-C(7) = 1.613 (3) 
B(l)-P(l) -C(l3)  = 121.3 ( I )  
B(l)-P(l)-B(l’) = 94.3 ( I )  
B(l)-P(l ) -H(l)  = 111.3 (6) 
C(l3)-P(l)-B(l’) = 122.4 ( I )  
C ( l 3 ) - P ( l ) - H ( l )  = 97.5 (8) 
B(1’)-P(l)-H(l) = 110.6 (9) 
P(l)-B(l)-P(l’) = 85.7 ( I )  
P ( l ) -B( l ) -C( l )  = 114.4 ( I )  
P( l ) -B(l)-C(7)  = 114.6 ( I )  
C(l)-B(l)-C(7) = 113.2 (2) 
C(l)-B(l)-P(l’) = 111.8 ( I )  
C(7)-B(l)-P(l’) = 114.4 (1) 

P(2)-B(2) = 2.035 (3) 
P(2)-C(29) = 1.858 (2) 

P(2)-B(2’) = 2.021 (2) 
B(2)-C(17) = 1.614 (3) 
B(2)-C(23) = 1.620 (3) 
B(2)-P(2)-C(29) = 127.6 ( I )  
B(2)-P(2)-B(2’) = 94.6 (1) 
B(2)-P(Z)-H(2P) = 107.5 (9) 
C(29)-P(2)-B(2’) = 120.2 (1) 
C(29)-P(2)-H(2P) = 97.0 (10) 
B(2’)-P(2)-H(2P) = 109.3 (9) 
P(2)-B(2)-P(2’) = 85.4 ( I )  
P(2)-B(2)-C(17) = 115.8 (2) 
P(Z)-B(2)-C(23) = 111.6 (1) 
C(17)-B(2)-C(23) = 113.8 (2) 
C(17)-B(2)-P(2’) = 114.0 ( I )  
C(23)-B(Z)-P(2’) = 113.3 (1) 

P(4)-H(I) = 1.400 (18) nP(2)-H(2P) = 1.400 (9) 

twist angle between P ( l )  and 

dihedral angle between Ph 

twist angle between P(2) and 

dihedral angle between Ph 
B ( I )  plane = 28.9 

groups = 69.0 

B(2) plane = 28.5 

groups = 69.4 

[Li(Et20),P(t-Bu)BTrip2] (9) 
P-B = 1.836 (2) 
P-Li = 2.460 (4) 

B-C(1) = 1.609 (3) 
B-C(16) = 1.624 (3) 

P-C(31) = 1.893 (2) Li-O(1) = 1.960 (5) 
Li-0(2) = 1.925 (4) 

B-P-Li = 122.6 ( I )  
B-P-C(31) = 116.2 ( I )  
Li-P-C(31) = 117.3 ( I )  
P-B-C(I) = 130.4 (2) 

twist angle between P and B 

P-B-C(16) = 111 .1  ( I )  
C(I)-B-C(16) = 118.5 (2) 
P-Li-O(1) = 119.3 (2) 
P-Li-0(2) = 123.0 (2) 
O(l)-Li-O(2) = 117.1 (2) 
dihedral angle between Trip 

planes = 33.3 groups = 87.7 

[Li(THF),P(SiMe,)BMes,] (16) 
P-Si = 2.213 (2) B-C(13) = 1.602 (8) 
P-B = 1.833 (6) 
P-Li = 2.540 ( I O )  
B-C(4) = 1.608 (8)  
Si-P-B = 109.5 (2) 
Si-P-Li = 117.0 (2) 
B-P-Li = 131.2 (3)  
P-B-C(4) = 118.5 (4) 
P-B-C(13) = 123.8 (4) 
C(4)-P-C(13) = 117.7 (5) 
twist  angle between B and P 

Li-O(1) = 1.941 (11)  
Li-0(2) = 1.898 (11) 
Li-0(3) = 1.950 (10) 
P-Li-O(1) = 114.2 (4) 
P-Li-0(2) = 1 1  1.3 (4) 
P-Li-0(3) = 107.2 (4) 
O(l)-Li-O(2) = 106.7 (5) 
O(l)-Li-O(3) = 105.5 (5) 
0(2)-Li-0(3)  = 1 1  1.9 ( 5 )  
dihedral angle between Mes 

planes = 22 groups = 110.8 

P(2)-Li = 2.476 (6) 
B-C(1) = 1.589 (4) 
Li-O(l) = 1.907 (6) 
Li-0(2) = 1.881 (7) 

[Li(Et,O),P(Mes)B(PHMes)Trip] (17) 
P( I )-B = 1.927 (3)  
P(I)-C(16) = 1.844 (3) 
P(1)-H = 1.316 (32) 
P(2)-B = 1.810 (4) 
P(2)-C(25) = 1.846 (3)  
B-P(I)-C(16) = 108.1 ( I )  
B-P(1)-H = 101.6 (13) 
C(16)-P(I)-H = 97.0 (14) 

P(l)-B-P(2) = 122.9 (2) 
P( l ) -B-C(l)  = 117.6 (2) 
P(2)-B-C( 1) = 119.0 (2) 

B-P(2)-C(25) = 109.1 ( I )  
B-P(2)-Li = 122.2 (2) 
C(25)-P(2)-Li = 128.1 (2) 
twist angle between P(1) and B 

P(Z)-Li-O(I) = 123.9 (3) 
P(2)-Li-O(2) = 122.2 (3) 
O(l)-Li-O(2) = 113.2 (3) 
twist angle between P(2) and B 

plane = 24.3 ulane = 18.6 

and 15, and Figures 3 and 4 illustrate compounds 1 1  and 15 

Structural Descriptions 
trans-[{Ph2BP(t-Bu)HJ2] (1). The asymmetric unit of 1 has 

two crystallographically independent, but chemically identical, 
trans dimers of the Ph2BP(t-Bu)H unit. Each dimer has a 
crystallographically imposed center of symmetry and thus a planar 
B,P2 core. The B-P bond lengths, 2.026 (2) A, are identical in 
one of the dimers. In  the other they are 2.035 (3) and 2.021 (2) 
A, which give an average value of 2.028 A. The internal angles 
a t  phosphorus average close to 94.5’ and those a t  boron 85.5”. 

Table 11. Selected Structural Parameters for the Li thium Salt: of Boryl 
Phosphides 

[ R’P=BR2]- Li( Et,O),PR’BR, 
r-Bu/Trip“ Cy/Mes’ Mes/Mes“ Mes/.Mes“ 

B-P, A 1.836 (2) 1.832 (6) 1.823 (7) 1.835 (13)  
Li-p, A 2.460 (4) 2.454 (9) 2.451 (14) 
P-c, A 1.893 (2) 1.871 (6) 1.850 ( I O )  1.863 ( I O )  
B-C, A 1.609 (3)  1.598 (8) 1.604 (14) 1.582 (15) 
B-C, 8, 1.624 (3) 1.593 (7) 1.598 ( 1 1 )  1.619 (15) 
BPC, deg 116.2 ( I )  108.2 (3) 111.7 (4) 108.2 (5) 

parameter 9 11 12 15 

twist angle between 33.3 3.8 11.7 0 
B and P planes, deg 
R‘/R in the complex. 

The B-C, P-C, and P-H distances (Table I) are consistent with 
those expected for bonding involving four-coordinate boron and 
phosphorus centers. 
[Li(Et20),P(t-Bu)BTrip2] (9). Compound 9 crystallizes as 

discrete units of formula Li(Et20)2P(t-Bu)BTrip, with no close 
intermolecular contacts. The compound is structurally similar 
to complexes 11 and 12, which were described in a preliminary 
communication. The major structural features concern the short 
B-P distance of 1.836 (2) A and the somewhat long B-C and P-C 
distances of 1.609 (3), 1.624 ( 3 ) ,  and 1.893 ( 2 )  A. Also, the 
BPC(31) angle, 116.2 (1)’ is wide and the dihedral angle between 
the B and P planes is 33.3’. Both Trip groups lie almost per- 
pendicular to the plane at  boron. The Li-P and Li-0 distances 
may be considered to be normal; however, it is notable that the 
dihedral angle between the LiPO(1)0(2)  plane and that formed 
by BPC(31) is 72.9’. 

[Li(THF),P(SiMe,)BMes2] (16). The structure consists of 
discrete units of the title compound. The major difference between 
16 and 9, 11,  or 12 involves the solvation of Li by three T H F  
donors and the substitution of a silyl group rather than an organo 
group on phosphorus. These changes, however, have little effect 
on the B-P bond length, 1.833 (6) A. As expected, the Li-P and 
Li-0 distances are somewhat lenghtened owing to the higher 
coordination number at  lithium. As in 9 the B-C distances are 
somewhat longer than expected. Also, the twist angle between 
the B and P planes is high at 22”. The P-Si bond length is 2.213 
(2) A. This is slightly less than the sum of their atomic radii. 
The bond distances and angles within the mesityl and SiMe, 
groups are normal. 

[Li(Et,O),P(Mes)B(PMesH)Trip] (17). The structure consists 
of discrete molecules of the title compound. They involve a planar 
boron center substituted by the three groups, Trip, PHMes, and 
P(Mes)Li(Et,O),. The phosphorus substituent bearing the Li- 
(Et20), group is planar whereas the PHMes group is pyramidal. 
with the sum of the angles at  P(  1 )  being 306.7’. The P(  1)-B 
bond is 1.927 (3) A whereas P(2)-B, involving the planar 
phosphorus center, is 1.810 (4) A, which is the shortest B-P bond 
reported to date. The dihedral angle between the B and P(2) 
planes is 18.6’. There are no unusual B-C, P-C, or P-H bond 
lengths, and the Li-P and Li-0 distances are within the expected 
ranges. 

Discussion 
Compounds 1-17 may be conveniently divided into four dif- 

ferent classes for the purposes of this discussion. The phosphi- 
noboranes 1-6 can be most simply treated as secondary phosphanes 
in which one of the substituents is a diarylboryl group. These serve 
as precursors for the ether-solvated lithium salts 7-12. The ad- 
dition of 12-crown-4 to 10-12 affords their closely related ionic 
species 13-15 in which the lithium ion has been separated via 
coordination to 12-crown-4. The remaining compounds 16 and 
17 are treated separately because in the case of 16 the product 
is unexpected and 17 is unique in that it involves two very different 
phosphorus centers bonded to boron. 

Compounds 1-6. With the exception of the dimer 1 ,  the com- 
pounds were synthesized in situ, characteri7ed on the basis of ‘’B 
and ,’P N M R ,  and used without further purification. They may 
be isolated as yellow oils or solids. However. attempts at  puri- 
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Table 111. I'B and "P NMR Chemical Shift Data (ppm) for 
Compounds 1-17 

"P (JP-H, 
compd "B Hz) 

[PhzBP(t-Bu)H]2 (1) -5.7 -28.0 (255) 
Mes,BP(t-Bu)H (2) 83.8 -4.0 (270) 
Trip,BP(t-Bu)H (3) 79.7 -1.6 (269) 
Mes,BP(Ph)H (4) -41.5 (254) 
Mes2BP(Cy)H (5) -20.0 (264) 
Mes2BP(Mes)H (6)  -66.0 (301) 
[Li(Et,O),P(t-Bu)BPh2] (7) 64.8 97.6 
[Li(Et20)2P(t-Bu)BMesz] (8) 62.5 104.3 
[Li(Et20)2P(t-Bu)BTrip2] (9) 58.9 113.2 
[Li(Et20)2P(Ph)BMes2] (IO) 65.4 73.1 
[Li(Et20),P(Cy)BMes2] (11) 65.6 70.1 

[Li( 12-crown-4),] [PhPBMes,] (13) close to 103.6 
[Li( 12-crown-4),] [CyPBMes,] (14) Li compd 113.6 
[Li( 12-~rown-4)~][MesPBMes,]~THF 1 6 1 2  91.3 

[Li(THF)3P(SiMe3)BMes2] (16) 71.6 -49.2 
[Li(Et2O),P(Mes)B(PHMes)Trip] (17) 64.0 32.0 

[Li(Et20)2P(Mes)BMes2] (12) 63.7 55.5 

(15) 

-1 17.0 (247) 

fication via recrystallization did not result in material suitable 
for X-ray crystallography. 

The IlB N M R  spectra (Table 111) of 2 and 3 exhibit broad 
(300-500 Hz) signals around 80 ppm. These values indicate the 
presence of three-coordinate rather than four-coordinate boron.21 
In  sharp contrast, the IlB chemical shift of 1 is -5.7 ppm. This 
value is consistent with the four-coordinate boron seen in the X-ray 
crystal structure. The dimeric nature of 1 is mainly a result of 
the reduced steric requirements of the phenyl groups at  the boron 
center which allow bridge bonding to two phosphorus groups. 

The )IP chemical shifts of 1-6 are all negative. The observed 
shifts are comparable to those normally seen for secondary 
phosphines, suggesting that the interaction of the phosphorus lone 
pair with boron has little effect on the deshielding of the 31P 
nucleus. However, it is notable that the JP-H values 254-301 Hz  
are significantly higher than the typical P-H coupling constants 
(180-220 Hz) observed for secondary phosphanes. This increase 
can be accounted for in terms of the changed hybridization of the 
P-H bond. In essence, the interaction between the phosphorus 
lone pair orbital and the empty p orbital on boron results in wider 
angles at  phosphorus with increased s-orbital character (somewhere 
between sp2 and sp3) in the a-bonds to phosphorus, resulting in 
a higher P-H coupling constant. 

The centrosymmetric structure of the trans dimer 1 merits little 
further comment. The average B-P bond distances, 2.026 (2) 
and 2.028 (2) A, are the most notable feature. These are com- 
parable to the B-P bond length, 2.01 A, in [(Ph2PB12)2].'3 
Presumably, the four-coordinate nature of both boron and 
phosphorus, the somewhat strained angles in the planar B2P2 ring, 
and the presence of a total of six fairly large organic goroups on 
the ring combine to give the long B-P bonds. These distances 
are significantly larger than those in boron phosphide h e l p 2  (1.96 
A) or the adducts H3PBH323 and Me,PBH3,23 which have B-P 
bonds of about 1.93 A. However, none of the latter involve 
strained rings or are encumbered by organic substituents of sig- 
nificant size. 

Ether-Solvated Lithium Salts Li(Et20),PR'BR2 (7-12). Com- 
pounds 1-6 react quantitatively and smoothly with either n-BuLi 
or t-BuLi in ether solution to give the various ether-solvated lithium 
derivatives 7-12. Compounds 8 and 9 have been structurally 
characterized, and the X-ray structures of 11 and 12 have been 
described in a preliminary communication. The IlB N M R  spectra 
of all compounds show broad singlets that  have remarkably 

(21) Noth, H.; Wrackrneyer, B. Nuclear-Magnetic Resonance Spectros- 

(22) Perri. J .  A,; La Placa, S . ;  Post, B. Acfa  Crystallogr. 1958, 11, 310. 
(23 )  Bryan, P. S.; Kuczkowski, R. L. Inorg. Chem. 1972, 1 1 ,  553. 

copy of Boron Compounds; Springer-Verlag: Berlin, 1978. 

constant chemical shifts. The most notable datum concerns 
compound 7, whose IlB chemical shift of 64.8 ppm is very similar 
to those of the others and consistent with the presence of three- 
coordinate boron. Similarly, the 31P chemical shift of 7 is close 
to the values found for the two other t-Bu derivatives 8 and 9. 
This leads to the conclusion that the metalation of the dimer 1 
with t-BuLi leads to a monomeric product 7, which presumably 
has a very similar structure to those of 8,9,  11, and 12. However, 
it is notable that this compound is unstable and decomposes in 
solution a t  room temperature over a period of hours. This in- 
stability may be due to an oligomerization, as a result of the lower 
steric requirements a t  boron which make it more vulnerable to 
attack. Overall, the 31P N M R  chemical shifts, which range from 
5 5 . 5  to 11 3.2 ppm, are more variable than the "B values. They 
are significantly (60-120 ppm) more positive than the shifts for 
their precursors 1-6. The decreased shielding may be accounted 
for in terms of the increased degree of removal of electron density 
from the phosphorus onto boron, which is consistent with the short 
B-P bonds (ca. 1.83 A) seen in the X-ray structures. Also, the 
ease with which the Li" ion can be removed by 12-crown-4 and 
the relatively long Li-P interactions suggest that the association 
between Li and P is quite weak. Thus, the P center can be 
regarded as incipiently two-coordinated, which results in the 
observed downfield shifts. Downfield shifts are also observed when 
"normal" secondary phosphanes are treated with n-BuLLZ4 

The major structural features of 9, 11,' and 12' involve a short 
B-P bond distance, which varies between 1.823 (7) A for 12' and 
1.836 (2) A for 9, and an array of P, B, their substituent carbon 
atoms, and lithium, which show variable deviation from planarity. 
These data point to a significant overlap between the boron p 
orbital and the lone pair on the approximately sp2-hybridized 
phosphorus, resulting in a high degree of double-bond character 
for the B-P bond. The B-C and P-C distances are normal in 
compounds 11 and 12. In 9, however, the B-C and P-C distances 
are significantly longer than those in 11 and 12. Also, the dihedral 
angle 33.3' between the B and P planes in 9 is a lot larger than 
those in 11 (3.8') or 12 (1 1.7') (see Table 11). These data, along 
with the almost 90' dihedral angles for the Trip ring planes, point 
to significantly more steric congestion in 9 compared to 11 or 12. 
A final aspect of the structures of 9, 11, and 12 concern their 
unassociated nature. Most dialkyl and diary1 phosphides,',2 even 
the very bulky species LiP{CH(SiMe3)2)2,3 are found to be asso- 
ciated in the solid. The monomeric structures of 7-12 are thus 
mainly a consequence of the reduced bridging tendency of the 
phosphorus center as a result of its multiple bonding to boron. 

Compounds 13-15. The addition of 2 equiv of 12-crown-4 to 
10-12 results in compounds 13-15, which exist as ion pairs. 
Satisfactory X-ray data have only been obtained in the case of 
15. These show that the cation is formed from a Li+ ion sand- 
wiched between two 12-crown-4 donors. The coordination sym- 
metry a t  Li" is approximately D4d owing to the staggered nature 
of the 12-crown-4 rings. The Li-0 distances range from about 
2.3 to 2.5 A, which represent a reasonable extrapolation of the 
S h a n n o n - P r e ~ i t t ~ ~  data from lower coordinate Li+ ions. The 
[Mes2BPMes]- anion has very similar structural parameters to 
the Li complexes 9, 11, and 12. The most important feature, the 
B-P bond length, 1.835 (13) A, shows little change from its 
complexed precursor 12. In fact, all the interatomic distances 
show only insignificant changes upon removal of the Li" ion by 
complexation. 

In contrast, downfield shifts of 30-35 ppm are seen in the , 'P 
N M R  when 12-crown-4 is added to T H F  solutions of 10, 11, or 
12 to give 13, 14, or 15. The nature of this shift parallels our 
 observation^^^ for normal lithium secondary phosphide solutions, 
which in many instances show shifts to more positive values upon 
treatment with 12-crown-4. The more deshielded nature of the 
phosphorus centers is consistent with its low coordination number. 
The * 'B spectra of 13-16 show negligible changes from the 

(24) Bartlett, R. A,; Olmstead, M .  M.;  Power, P. P.; Sigel, G.  A. Inorg. 

(25) Shannon, R .  D.; Prewitt, C. T. Acla Crysrallogr. 1969, B25, 925. 
Chem. 1987, 26, 1941. 
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corresponding data for 10-12. This result is consistent with the 
very few changes in the structural parameters surrounding the 
boron centers as demonstrated by the structure of 12. 

Compounds 16 and 17. Compound 16 technically falls into the 
same class as 7-12. However, the method of synthesis is different. 
The synthetic route is as shown in eq 1 and involves the elimination 

Li(THF)2P(SiMe3)2 + FBMes2 - 
Me,SiF + Li(THF),P(SiMe,)BMes, ( 1 )  

of Me,SiF rather than LiF as was the case in the other compounds. 
Presumably, the relatively weak P-Si bond and the energetically 
favorable Si-F bonds as well as the greater degree solvation of 
the Li' ion provide a sufficient incentive for Me,SiF elimination 
over the more conventional elimination of LiF. The structure has 
many characteristics i n  common with those of 8, 1 1 ,  and 12. The 
planar core, the B-P bond length, 1.833 (6) A, and the angles 
and distances surrounding boron are very similar to those men- 
tioned in the previous sections. The Li-P distance, 2.540 (10) 
A, is somewhat longer owing to the higher coordination number 
(four) a t  lithium. On the other hand, the P-Si bond (2.213 (2) 
A) may be regarded as longer than expected. For example, it is 
marginally longer than the values in [(Li(THF),P(SiMe,),J,] 
(2.195 (5) A) and very similar to the values (average 2.21 A) seen 
in [ Li,(p2-P(SiMe3)2J(~3-P(SiMe3)2]2(THF)2]26 even though the 
phosphorus centers in both these complexes are four-coordinate. 
The "B spectrum reveals a broad singlet at  71.6 ppm and this 
is a little higher than the normal range. The 31P spectrum, 
however, affords a singlet a t  -49.2 ppm, which is much further 
upfield than the signals observed for 7-15. We attribute this to 
a replacement of the carbon substituent on phosphorus by the more 
electropositive silicon. 

Complex 17 is unique in the sense that it involves two very 
different phosphorus centers attached to a common boron center. 
The jIP 'H-decoupled N M R  spectrum reveals singlets a t  32 and 
-1 17 ppm. I n  the absence of decoupling, a doublet with a Jp-H 
of 247 Hz is seen for the upfield signal. The larger P-H coupling 
for the P(H)Mes group is consistent with the increased values 
noted earlier. However, it is notable that 247 Hz  is the lowest 
of the values observed, suggesting a quite pyramidal phosphorus 
center. Also, the large upfield shift is consistent with a reduced 
delocalization of the phosphorus lone pair onto this particular 
boron center. However, it is clear from the X-ray structure (see 
Figure 6, bottom) that the lone pair on P ( l )  remains aligned 

THF 
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correctly for overlap with the boron p orbital so that there is 
probably some residual interaction. Nevertheless , 'P  data are in 
agreement with the high degree of pyramidicity, x[angles at  P( I ) ]  
= 306.7O, and the long B-P(1) bond, 1.927 (3) A. The other 
phosphorus center appears a t  32 ppm. This is consistent with the 
very short B-P(2) bond length of 1.810 (5) A, which suggests a 
strong B-P interaction, The B-P(2) bond is, in fact, the shortest 
B-P bond known at present. The upfield (compared to compounds 
7-15) , 'P  N M R  chemical shift value, 32 ppm, is probably due 
to the replacement of one of the boron aromatic groups by the 
less electronegative PHiMes substituent i n  compound 17. This 
explanation is also supported by a related case where , 'P chemical 
shifts of 30.1 and -0.01 ppm are observed for Mes2BPPhz2' and 
M ~ s B ( P P ~ , ) , . ~ *  The P-Li and Li-0 bonds are comparable to 
those seen in the structures of 9, 1 1 ,  12, and 17. Apart from the 
latter. the most closely related structure to 17 involves the com- 
pound M ~ s B ( P P ~ , ) , . ~ *  In this case, there is only a slight asym- 
metry in the B-P bonds, 1.879 (2) and 1.901 (2) A, which is also 
reflected in the slightly different degrees of pyramidicity, 3 18.8' 
and 324.8' in each. The much larger asymmetry in 17 is a result 
of the different amounts of electron density available a t  the 
phosphorus atoms. In fact, the difference between P( 1) and P(2) 
is comparable to that which exists between the phosphorus centers 
in 4-6 and 7-9. Although there are no structural data available 
for 4-6, it seems reasonable to suggest that the B-P bond length 
in these compounds may be close to 1.9 A.29 

An interesting aspect of the stoichiometry of 17 concerns its 
significance in the sequence of reactions leading to boraphos- 
phabenzenes. However, this and related mechanistic investigations 
will be described in another publication. 
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