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like homologues of well-known organic compounds. 
Consequently, until the late 1980s, little effort was 
given to developing appropriate synthetic approaches 
to these compounds, and chemical and structural 
parallels between main-group and organic com- 
pounds beyond short-chain alkane and carbene ana- 
logues were few. 

On a seemingly unrelated front, rapid develop- 
ments in organotransition metal chemistry during 
the 1970s revealed that some unstable coordinatively 
unsaturated and/or electron-deficient metal frag- 
ments could be stabilized by bulky substituents on 
or near reactive centers. By adopting these steric 
congestiodprotection principles, disilenes, the first 
examples of compounds containing heavy main-group 
element multiple bonds, were subsequently iso- 
lated.'I2 Dramatic new findings continue to  appear 
in this area, and a fascinating array of multiply 
bonded and catenated compounds of Si, Ge, Sn, P, 
and As are now known, and many of these com- 
pounds display striking parallels with organic com- 
pounds. 

Isoelectronic principles suggest that there should 
exist extensive parallels between organic carbon 
compounds and compounds containing boron and 
n i t r~gen .~  Indeed, the very existence of some classes 
of organic compounds has stimulated attempts to 
prepare analogous B-N compounds. To some degree, 
these efforts have been successful. Some isoelec- 
tronidisolobal connections that have been established 
include alkanes R3CCR3 -6 amine boranes R3NBR3, 
cyclobutane -6 dimeric aminoboranes (RzBNRdz, alk- 
enes RzCCRz -F aminoboranes RzNBRz, cyclobutenes 
(RCCR)2 -6 diazadiboretidines (RNBRh, ben- 
zene (RCCR)3 -F borazine (RNBRh, and alkynes 
RCCR-6 iminoboranes RNBFL3 Although the struc- 
tural parallels in most cases are strong, it is also 
apparent that boron-nitrogen bonds are more elec- 
tronically asymmetric than C-C bonds. The boron 
atom electron deficiency and u bond polarity are 
partially offset by nitrogen lone pair donation to the 
empty boron pa orbital, as represented in 1, but the 

+The following abb 
substituent; R = or 
Et = CZHS; 'Pr = C1 
= c ~ ~ c ~ i c H ~ ) ~ ; ~ 1  
mantyl; Ph = C ~ H G  MeS 
[CiCH3hhCsH2; Th 
2,4,6.[(CH3)2CHI3Cs 
= ethylene glycol d 

I. Introduction 

Until recently, textbooks taught that u and n 
bonding between third row and heavier main-group 
elements was inherently weak and would preclude 
the formation of alkane-like, olefin-like, and arene- 

reviations are used in the t e x t  X = general 
ganic substituent; Hal = halogen; Me = CHa; 
I(CH& Bu = iCHz)3CHs; 'Bu = CiCH&; 'Bu 
BN = 9-borabieyclo[3.3.11nonyl; 1-Ad = l-ada- 

= 2,4,6-(CH&CsHz; Ar* = 2,4,6- 
ex = <L&)zCH[(CHZ)~CI; Cy = CsH11; Trip = 
Hz; Tmp = 2,2,6,6-tetramethylpiperidina; DME 
imethyl ether; THF = tetrahydrofuran, 
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extent of n delocalization in potentially conjugated 
molecules is significantly reduced. This is verified 
by reaction chemistry of the boron-nitrogen com- 
pounds that differs in dramatic ways from carbon 

Nonetheless, advances in heavy group 
14 element as well as successful 
searche~~.~,* for the first monomeric aminoiminobo- 
ranes, FbNB=NR, and organoimino boranes, RB=NR, 
guided by isoelectronic reasoning have encouraged 
new efforts to establish structurally related heavy 
atom congeners of carbon and boron-nitrogen com- 
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pounds. In particular, Cowley,23”  frit^,^-^ 
Ba~dler :~-~~ E s c ~ d i 6 , 3 ~ , ~ ~  K a r s ~ h , 3 “ ~ ~  Paet~old,3~.~? 
Siebert,38-41 Noth,42-51 and our combined 
have been active in developing CBN parallels in 
boron-phosphorus chemistry. Aspects of this topic 
were initially reviewed by Sowerby,’O and more 
recent accounts have been provided by Power.’8-20 
The area is healthy and it continues to expand in 
many exciting directions. We recount in this review 
selected pertinent aspects of the early work; however, 
primary focus is given to developments since 1985. 

The simplest hydrocarbonhoron-nitrogenhomn- 
phosphorus compound analogy involves al- 
kanes T amine boranes ZT phosphane boranes. Hun- 
dreds of phosphane borane complexes, &B:PY3, are 

however, these compounds will not be 
discussed here. Instead, coverage begins with mon- 
omeric phosphinoboranes, RzBPRz, that may be 
compared with monomeric aminoboranes and alk- 
enes. 

The classical carbon-carbon double bond is char- 
acterized by the combination of C sp2-C spz u overlap 
and C-C n overlap that results in a planar C atom 
geometry, short C-C bond distance, 1.34 b, (avg), and 
a high barrier to C-C bond rotation. These bonding 
interactions also give rise to electronic and coordi- 
native saturation at  the C atoms, and there is no 
natural tendency for alkenes to undergo head-to-tail 
association that would produce dimeric (cyclobutane) 
or trimeric (cyclohexane) species. As alluded to 
above, monomeric aminoboranes, RzBNRz, also dis- 
play an ethylene-like planar ground state with three- 
coordinate B and N atoms, short B-N bond distance, 
1.38 8, (avg), and relatively high barrier to B-N bond 
mtationJ2 However, in contrast to an alkene, the 
formal B-N double bond is polar, and the N atom 
retains a good deal of its lone pair character. Without 
steric shielding of the B and/or N atoms or proper 
electronic assistance, these coordinatively unsatur- 
ated fragments undergo head-to-tail oligomerization 
and produce four- or six-membered ring analogues 
of cyclobutane and cyclohexane as well as oligomers.73 

II. Monomeric Phosphinoboranes 

\ /  \ .. -E-!- 

/ \  

2 \E=/ - 2 /B-N. - !. I 
-N-0- 

P / \ 

1 

On the other hand, with steric protection, “ethylenic” 
aminoborane monomers are isolated. 

Similarly, all early attempts to prepare monomeric 
phosphinoboranes gave head-to-tail condensation 
produds, (R&PFb)n.16-1830 The fint monomeric phos- 
phinoborane, PhZBPPhz, was described by Coates and 
Living~tone~~ in 1961, but a fully characterized 
monomeric phosphinoborane was not reported until 
1986.9.23 Unlike monomeric aminoboranes, the mo- 
lecular structure determinations for MeszBPPh2 (2) 
and TmpB(C1)P(H)MesZ3 (3) revealed that the phos- 
phorus atom in these phosphinoborane monomers is 
pyramidal. The P-B bond distance in 3 is long and 
typical of a P-B single bond while the B-P distance 
in 2 is intermediate between a B-P single-bond 



Recent Advances in Phosphinoborane Chemistry 

distance (1.90-2.00 A) and double-bond distance 
(1.79-1.84 A).19 It was subsequently reported that, 
with increased steric shielding, 4 adopts a planar P 
atom geometry with a short B-P bond distance 
consistent with the presence of some degree of n 
overlap between the B and P atoms.21 
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tronic effects should enhance B-P n overlap through 
increased P atom lone pair donor and B atom accep- 
tor abilities, they also would enhance acid-base 
properties of the coordinatively unsaturated fragment 
and increase the tendency for intermolecular head- 
to-tail association. As noted above, the standard 
approach for hindering association employs place- 
ment of sterically bulky substituents a t  the boron 
and/or phosphorus atoms, and as described in section 
11, this design has been used effectively by Power and 
co-workers19~20 to obtain a number of multiply bonded 
phosphinoboranes. From an electronic standpoint, 
it is known that addition of n-donating substituents 
(e.g., amino groups) a t  boron reduces its acceptor 
strength, but such B-N n interactions are expected 
to compete favorably against B-P n overlap in the 
same molecule. Therefore, as discussed in the fol- 
lowing sections, it is found that B and P atom 
substituent groups play a crucial role in the elabora- 
tion of phosphinoboranes structures and reactivity. 

Several general synthetic routes have been em- 
ployed in attempts to prepare monomeric phosphi- 
noboranes (eqs 1-3).19 Lithium halide metathesis 

(1 ) X2B-Hal + LiPf12 - XzB-PR’z 

(2) &B-Hai + Me3SiPR2 3 XzE-PR, 

X2B-PR2 (3) 

reactions have been used most often since a variety 
of lithium phosphide salts are easily prepared, and 
product workup of the hydrocarbon soluble phosphi- 
noboranes is relatively simple. Silane elimination 
reactions are also straightforward, although they 
require synthesis of an appropriate silylphosphane 
precursor. In some instances, the silyl halide Mes- 
SiHal or silane MesSiH elimination process is slug- 
gish, and it must be thermally promoted. This can 
have a deleterious outcome if the phosphinoborane 
product is fragile. Direct reactions of boranes with 
phosphanes that eliminate HHal are also simple on 
paper, but these reactions often require base promo- 
tion or thermal activation. 
1. Monophosphinoboranes 

Although a few monomeric phosphinoboranes were 
prepared prior to 1986, most were not fully charac- 
terized by spectroscopic methods, and none were 
structurally confirmed by single-crystal X-ray dif- 
fraction techniques. Since the reports of the synthe- 
sis and structure determinations for MeszBPPh2 and 
Tmp(C1)BP(H)(Mes),23 a flurry of activity has resulted 
in numerous new examples listed in Table 1. As 
suggested above, these compounds are most often 
obtained in relatively high yields from metathesis 
reactions between the appropriate organohaloborane 
or aminohaloborane and a lithium phosphide reagent. 
A combination of steric protection, particularly with 
bulky organic substituents on the smaller boron 
atom, and electronic influences, especially with n-do- 
nating amido groups on the electron deficient boron 
atom, have been used to hinder head-to-tail associa- 
tion. It is important to point out that sterically bulky 
ligands are not always innocent. For example, Kar- 

A. Preparation 

-LiHal 

-Me Sinal 

-tiHal ~ 

x2B-nai + HPR; 

Mes / Mes 
4 

The topic of pn-pn orbital overlap involving boron 
and other main-group atoms has been heavily de- 
bated over the last 40 years, and the results from a 
series of theoretical analyses of HzB-X (X = NHz, 
OH, PHz, and SH)  specie^^^-^^ are illuminating with 
respect to the experimental observations outlined 
above. Briefly, the C, symmetry structure 5 with a 
pyramidal phosphorus atom is more stable than the 
fully planar CZ. structure 6, although the energy 
difference is not large (-6 kcaYm01).?~ Furthermore, 

5 6 

Allen and c o - ~ o r k e r s ~ ~  have analyzed orbital kinetic 
energies for these two structures and, as expected, 
found that the two electrons in the n orbital of the 
planar structure 6 were not evenly distributed be- 
tween the B and P atoms. Instead, the electrons are 
enormously stabilized by transfer to a P atom lone 
pair-like orbital. A dBH) orbital is also stabilized 
in this process, but these shifts are largely offset by 
u orbital destabilizations in the rest of the molecule. 
Orbital contour maps also indicate that the B-P n 
orbital in 6 is largely concentrated on the P atom and 
only weakly associated with the B atom. It is 
interesting to note, however, that the contour map 
describing the P atom lone pair-dominated HOMO 
in the single-bond structure 5 shows that the local- 
ized lone pair orbital is accompanied by a small 
component of B-P n bonding on the “underside” of 
the molecule, as illustrated schematically by 7. The 

Q O  
E- dt 7 

residual n bonding in 5 and stronger n bonding in 6 
are reflected by calculated B-P bond orders in these 
two idealized structures: 5, 1.35; 6, 2.01. 

These theoretical results, as well as standard 
valence bond hybrid orbital concepts, suggest that the 
formation of planar, n-bonded phosphinoboranes 
should be encouraged by placement of electron- 
donating substituents on phosphorus and electron- 
withdrawing groups on boron. Although these elec- 
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Table 1. Structural and NMR Data for Phosphinoboranes, XzBPY2 

compound 
bond lenfh sum of angles 631P 

P-B( ) at  P (deg) (JPH (HZ)) 611B ref(s) 
MeszBPPhz (2) 
Mesz BPMes2 (4) 
MeszBP('Bu)Z (53) 

MeszBP(H)(l-Ad) (61) 
MeszBP(H)(tBu)(62) 
MeszBP(H)(Ph) (63) 
MeszBP(HI(Cy1 (64) 
MeszBP(H)Mes (65) 
TripzBP(H)('Bu) 
MeszBP(PhI(SiPh3) (66) 
MeszBP(l-Ad)(SiMes) (67) 

[MeszBP(l-Ad)lz (68) 
[MeszBP(Mes)lz 
'BuzBP(SiMe& 

(9-BBN)BP(SiMez)z 
CyzBP('Buh 
Tmp(Cl)BP(H)Ar* (77) 
Tmp(Cl)BP(Me)Ar* (78) 
Tmp(F)BP(H)Ar* 
Tmp(Cl)BP(Me3Si)Ar* 
Tmp(Cl)BP(H)Mes (3) 
Tmp(Cl)BP(Ph)(SiMes) (80) 
Tmp(Cl)BP(H)(Ph) (81) 
Tmp(ClIBP(H)(CEts) 

LPrzN(Br)BP(H)(CEts) 
'PrN(Cl)BP(H)(CEt3) 
Tmp(Cl)BP(H)(Tf.ip) 
Tmp(F)BP(H)(Trip) 
Tmp(F)BP(H)[CH(SiMe&l 
Tmp(Cl)BP(H)('Bu) 
'BuzN(F)BP( H)(Trip) 
Me2NB(Cl)B(NMe2)[P(H)'Bu] (141) 

Me2NB[P(H)tBulB(NMez)[P(H)tBu] (142) 
MezNB[P(SiMe3)2lB(NMe2)[P(SiMea)21 (145) 
MezNB(Cl)P(H)('Bu) (181) 
MezNB(OEt)P(H)(tBu) (182) 
('PrzN)zBP( SiMe3)z 
('Pr2N)zBPHZ 
(EPrzN)(C1)BP(SiMe3)z 
(PhzN)(Cl)BP(SiMes)z 
Tmp(Cl)BP(SiMe& 
[(Me3Si)zNI(Cl)BP(SiMes)z 
('PrzN)(NH2)BP( SiMes)~ 
(EPr2N)(N3)BP(SiMe3)2 
('PrZN)(Cl)BPHZ 

fB~zBP( tB~)2  

( ~-BBN)BP('Bu)~ 

'Bu2N(F)BP(H)(CEt3) 

(PhzN)(Cl)BPHZ 

Tmp(C1)BPHz 

[(Me3Si)zN](Cl)BPHz 

1.859(3) 
1.839(8) 
1.839(8) 
1.843(8) 
1.897(3) 

1.842(6) 
1.846(8) 

1.852(9) 

1.948(3) 

339.4 
360 
352.0 
359.2 
314.8 

358.2(2) 
348.7(3) 

359.4 

307.1(10) 

36.7 
27.4 
80.1 

0.45 
-4.0 (270) 

-41.5 (254) 
-20.0 (264) 
-66.0 (301) 
-1.6 (269) 

-35.1 
10.8 
6.3 
2.8 

-22.3 
-189.6 

45.2 
-153.5 

33.8 
-98.7 
-14.6 

-23.6 

-87.9 
-89.8 (218) 
-88.2 (230) 

-91.2 (245) 
-98.9 (220) 

-128.7 (238) 
-149.5 (230) 
-142.1 

-52.6 (130) 
-144.1 (209) 
-58.9 (224) 

-56.3 
-211.3 
-74.7 (213) 
-74.7 (234) 

-177.0 (233) 

-102.5 

-232 
-206 (208) 
-213.3 
-211.6 
-179.5 
-175.8 
-245.8 
-240.0 
-197.9 (209) 
-198.3 (209) 
-204.0 (216) 
-196.6 (216) 
-184.1 (210) 
-183.8 (210) 
-184.3 

70.9 
82.4 
61.9 

83.8 
83.8 

79.7 
72.0 
66.2 
96.3 
49.3 
54.0 
93.5 
84.8 
87.8 
88.3 
47.6 
58.0 
36.5 
62.0 

44 
40 
46.1 
39.7 
38.5 
39.9 
45.4 
37.4 
37.7 
45.9 
37.9 
40.9 
50.0 
50.9 
52.9 
40.3 
33.3 
38.7 
40.9 
40.6 
46.2 
46.4 
54.2 
31.2 
34.3 
39.9 

44.0 

44.3 

52.1 

9, 21 
21 
21 

21 
19 
15 
15 
15 
15 
21 

66 
16 
16 
66 
66 
66 
66 
33 
33 
83 
33 
23 
32 
32 
52 
56 
56 
84 
56 
56 
56 
83 
56 
83 

83 
83 
64,84 
64,84 
61 
61 
66 
66 
66 
66 
66 
66 
66 

66 

66 

66 

s ~ h ~ ~  found that the reaction of BBr3 with LiPMesz 
resulted in methyl group C-H bond addition across 
the P-B bond of the anticipated product BrzB=PMesz. 
The product 8 therefore contains four-coordinate B 
and P atoms. The successful synthesis of a number 

H H  

a 

of XzBPX'2 monomers containing RP(H) and PHz 

groups, on the other hand, indicates that it is not 
necessary to  provide steric or electronic shielding at 
both the B and P atoms in order to  isolate the low- 
coordinate compounds. This has proven pivotal to  
the synthesis of more complex phosphinoboranes 
because the primary and secondary phosphane frag- 
ments are useful assembly centers for additional 
substitution reactions. The further impact of sub- 
stituent group selection on spectroscopic and molecu- 
lar structure properties is discussed in section 1II.B. 
2. Diphosphinoboranes 

Further extending the carbon/BP compound anal- 
ogy, it is expected that diphosphinoboranes would 
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1.901(2) 
1.879(2) 
1.82(1) 
1.84( 1) 

1.869( 14) 
1.847(13) 
1.859(16) 
1.874(14) 
1.879(16) 
1.839( 15) 
1.850(4) 
1.891(15) 

Table 2. Structural and NMR Data for Diphosphinoboranes XB(PY& and Triphosphinoboranes, B(PY2)s 
bond lenfh sum of angles 

compound P-B( 1 at P (deg) 631P 611B ref(s) 
PhB(PPhz)z (9) 74,81 
EtZNB(PEt2)z (10) -57.4 50.9 43,49 
EtZNB(PPh2)z (11) -37.1 49.1 49 
MezNB[P(SiMe&]z (12) -200 27 
P ~ B [ P ( S ~ M ~ & I Z  (13) -196 27 
MesB(PPhz)z (14) 318.8 -0.01 30.1 13 

324.5 

346.7 
BrB(PMesz)z (15) 347.1 -31.2 51.5 34 

EtOB(PMesz)Z (16) -65.4 55.0 34 
PhB[P(Mes)BMeszlz (17) 20.6 53.1 22 

63.6 
-360 

-360 

-155.4 

-192 
-181.3 
-174.1 

1.896( 7)(avg) -341 -154.5 

-34.5 
-53.0 
-54.8 

2.018(6) 9.0 
ring avg 52.5 
1.973(7) 
exo avg 

-46.7 
-76.3 

1.918 -70.5 

-101.4 

57.0 61 
41.3 
48.9 65 
53.4 65 
68.0 65 
56.7 65 

84 
73.2 83 
49.6 84 
49.2 84 
34.3 25, 26,5 

61.8 35 

65.0 85 
37.8 
67.5 85 
37.7 

have a parallel with allyl a n i ~ n . ~ ~ J ~  The first diphos- 
phinoborane, PhB(PPhd2 (9), was obtained by Coates 
and Living~tone~~f'l in 1961 from a base-promoted 
HC1 elimination reaction between PhBC12 and Ph2- 
PH (eq 4). The air-sensitive compound was charac- 

C&%b 7 4 . 8 1  
PhBCI, + 2 Ph2PH - PhB(PPh,)2 t polymer (4) 

t2 Et3N 

-2 Et3NHCI 9 

terized by infrared spectroscopy and cryoscopic mo- 
lecular weight analysis in benzene. Shortly thereafter, 
Noth and S ~ h r a g l e ~ ~  reported formation of an ami- 
nodiphosphinoborane, EtzNB(PEtd2 (lo), from a me- 
tathesis reaction (eq 5 ) .  This air-sensitive compound 

Et20 
Et2NBC12 t 2 LiPEt? Et,NB(PEt2)2 (5) 43  

-2 LiCI 
10 

was also characterized by its cryoscopic molecular 
weight in benzene. Salt-elimination chemistry was 
used by Noth and Sze49 to form EtzNB(PPhd2 (111, 
and this compound was more fully characterized by 
llB and 31P NMR analyses. Fritz and Holderichz7 
described the formation of MezNB[P(SiMe3)212 (12) 
and PhB[P(siMe~)~l~ (13) from similar LiCl elimina- 
tion chemistry with LiP(SiMe3)z as the starting 
phosphide, and these compounds were partially 
characterized by NMR spectroscopy. 

Little further effort was given to expanding this 
chemistry until 1988, but since then several new 
examples have been reported and are summarized 
in Table 2. For example, Power13 reported the 
metathetical synthesis and detailed characterization 
of MesB(PPh& (14). Following this report, Karsch 
and c o - ~ o r k e r s ~ ~  found that the compounds XB- 
(PMes& (X = Br (15) and OEt (16)) are also obtained 
via metathesis chemistry. In closely related reac- 
tions, Power14 unexpectedly found that the combina- 
tion of MesBBrz, PhBC12, and ThexBCl2 with 2 equiv 
of LiP(R)H ( R  = Ph, Cy, Mes, tBu) produce novel 
boraphosphabenzenes, (RBPR)3, instead of the ex- 
pected diphosphinoboranes. This chemistry is dis- 
cussed further in section III.A.2. In a more predict- 
able fashion, Power22 recently described the 1:l 
reaction of a borylphosphide with PhBC12 that pro- 
duces 17 (eq 6) .  Compound 17 is considered an 
analogue of the organic pentadienyl cation. 
2 (Mes),BP(Mes)Li.(Etz0), t PhBClp 

hexane/Et,O \ -2 LiCl Me; Yh ,Mes 

Mes Mes 
7- Mes 

Mes-B 
\ 

17 
(6) '' 
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c 

Figure 1. Molecular structure of iPrzNB[P(H)zCr(C0)5]2. 

Noth and Paine56,65 have sought to prepare diphos- 
phinoboranes containing aminoboron substituent 
fragments, R2NB, since some of these compounds 
should be useful reagents for the preparation of ring 
and cage compounds. In most cases, the compounds 
are sufficiently labile to  decompose readily near room 
temperature with formation of diphosphadiboretanes 
18 (eq 7). The synthetic utility of this reaction is 

R = H, SiMe, 
R 
18 

described in more detail in section III.A.l. Diphos- 
phinoaminoboranes that have more than a fleeting 
existence at 23 "C include iPr2NB[P(SiMe3)212 (19), 
TmpB[P(SiMe3)212 (20), (MesSi)2NB[P(SiMed212 (211, 
iPr2NB(PH2)2 (22), Ph2NB(PH2)2 (231, TmpB(PHd2 
(24), and (Me3Si)2NB(PH& (25). NMR data have 
been used to characterize these compounds, and one 
compound, PhzNB[P(SiMe3)212 (26), has been isolated 
in pure form and fully characterized including an 
X-ray crystal structure de t e rmina t i~n .~~  Compound 
22 has been trapped as a metal complex iPr2NB- 
[P(H)&r(CO)&, and a view of its molecular structure 
is shown in Figure A number of diphosphinobo- 
ranes containing a secondary phosphane fragment 
including Me2NB[P(H)(CEt3)12 (27) and (Me3Si)zNB- 
[P(H)(tBu)12 (28) have recently been r e p ~ r t e d . ~ ~ , ~ ~  
Several other related derivatives have been prepared 
and are in use in BP cage assembly syntheses, as 
described in section IV. 

3. Triphosphinoboranes 

Several have been made to prepare 
symmetrical triphosphinoboranes, (R2P)3B; however, 
no example has yet been structurally verified by 
single-crystal X-ray diffraction analysis. The absence 
of these compounds is probably a consequence of both 
the unavoidable steric congestion introduced by three 
large phosphido substituents about the small central 
boron atom and the availability of alternative reac- 
tion paths. For example, Fritz25,26 reported the 3:l 
reaction of LiPEt2 and BCls in ether solution at 50 
"C, and no evidence for the formation of B(PEtz)3 was 
provided. Instead, a dimeric product was obtained 

(eq 8) that contains four-coordinate boron and phos- 
phorus atoms. This structure has been subsequently 

confirmed by single-crystal X-ray diffraction analy- 
s ~ s . ~ ~  Apparently, the PEt2 groups do not provide 
sufficient steric shielding to block the association. 
Exploring this point further, Karsch and c o - ~ o r k e r s ~ ~  
recently examined the 3: 1 reaction of BBr3 with LiP- 
(tBu)~, but no identifiable product was obtained. The 
3:l reaction of BBr3 with the more bulky phosphide, 
LiPMes2, on the other hand, produced the target 
B(PMes& along with MeszPPMesz and BrB(PMes2)n. 
Unfortunately, this mixture could not be separated, 
and B(PMes2)a (31P 6 -50.4) was not obtained in pure 
form. In a final approach, the diphosphinoborane 
BrB(PMes2)z was allowed to react with LiPMe2 in a 
1:l ratio, and the unique asymmetric triphosphinobo- 
rane, B(PMez)(PMes2)2 (29) was isolated (eq 9).35 It 
was suggested that n conjugation occurs over all 
three substituents. 

PMe, 
!I 
;I 35 

BrB(PMes,), + LiPMe, - p 6.y ( 9 )  
-LicI Mes,P PMes, 

29 

4. Diborylphosphanes 
Diborylphosphanes, (R2B)zPR' (301, should be iso- 

electronic and isolobal with allyl cation and should 
therefore have a delocalized valence bond represen- 
tation. The first diborylphosphane 31 was obtained 

Ph 
I 

R R 
30 

from the 2:l combination of PhzBCl and PhPH2 (eq 
10) ,74b~t  the product was characterized only by 

2 Ph&I + PhPH, xylene (Ph2B)zPPh (10) 7 4  

+2 Et3N 
-2 EtaNHCI 3 1  

cryoscopic molecular weight measurements in ben- 
zene. Noth and S ~ h r a g l e ~ ~  subsequently reported 
metathetical reactions that gave [(MezN)zB12PPh (32) 
(eq 11) and [(MezN)(EtaP)BIsPPh (33) (eq 12). Fol- 
lowing this, Fritz2' described formation of 34 (eq 13) 
by elimination of Me3SiBr and borylation from a 
weak adduct. 

In more recent studies, the first fully characterized 
diborylphosphane, (Mes2B)aPPh (35), was obtained 
by Power13 from a metathesis reaction. Noth and 
Paine have also recently reported the synthesis of 
several new diborylph~sphanes.~~,~~ Illustrative me- 
tathesis reaction sequences between MesBX2 and 
MesPLiz (eq 14Is4and (zPr2N)2BP(H)Li*DME and 
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considerable use in the synthesis of more complex 
molecules (see sections I11 and IV).s5 

Ph 
I 

B(NMe2h 
E t 2 0  A 

2 (Me2N),BCI + PhPLi2 - (Me2N),B 
-2 LlCl 

32 
4 5  

(11) 

Ph 
Et20 I 

2 (Me,N)(Et,P)BCI + PhPLi, 
-2  LiCl 

I 
PEt2 

I 
Et2P 

33 
(12 ) 4 5  

SiMe3 
I 

-2 Me3SiBr 34 

(Me,Si),P*B(Ph),Br + Ph2BBr- C5H10 Ph2B /‘\BPhZ 
4OoC 

( 1 3 ) ~ ~  

Mes 
I 

X = CI,Br 
-2 L i x  Mes Mes 

36 

(R2N)zBCl or R2NBCh (Scheme 1I6l are summarized 
below. A full summary of diborylphosphane com- 
pounds is given in Table 3. It is apparent that many 
of these compounds have additional functionality, e.g. 
B-C1, P-H, P-SiMe3 bonds; therefore, they have 

5. Boranylidenephosphanes and Botylphosphides 

A great deal of the driving force for the recent 
developments in monomeric phosphinoborane chem- 
istry derives from the quest to prepare and isolate 
boranylidenephosphanes, R-B=P-R, that would be 
related to linear acetylenes and iminoboranes. Cow- 
ley and ~o-workers~~ have described the results of MO 
calculations on the model species HBPH in which the 
two structures 41 and 42 were considered. The 

H - 6 E P - H  
0 

H-B=P\ 
H 

4 1  4a 

minimum-energy species has the bent structure 41, 
with a B-P bond distance of 1.756 8, and H-P-B 
and P-B-H bond angles of 94.5” and 175.0”, respec- 
tively. The linear form 42 lies -23 kcaYmol higher 
in energy than the bent form, and the dimerization 
energy of 41 is -54 kcaymol. K011e53 has reported 
similar general findings for the hypothetical molecule 
H2NBPCH3 for which the calculated dimerization 
energy is -90 kcaYmol with an activation energy of 
only 5 kcal/mol. Not surprisingly then, numerous 
attempts to  prepare and isolate monomeric bora- 
nylidenephosphanes have been unsuccessful, and 

Scheme 1 

\ 
,B- CI t LiPH2.DME 

i Pr2N /B- PH2 

t;’ 

N r r 2  

4 0  38 
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Table 3. Structural and NMR Data for Diborylphosphanes 

Paine and Noth 

compound bond length P-B (A) sum of angles at P (deg) 631P 611B ref 

1.871(2) 
1.853(4) 
1.859(4) 

-360 60.1 
354.3 13.8 

31.4 
-163.5 
-170.0 

-143.2 

-159.5 
-136.3 

-156.8 

-150.8 

-117.4 

-107.6 

74 
45 
45 
27 

47.8 13 
65.8 84 

63.0 84 
40.7 61 
40.7 61 
38.8 
46.1 61 
38.5 
41.3 61 
53.3 61 
38.5 
46.4 82 
37.7 
53.7 82 
37.2 
45.0 82 
39.1 
51.7 82 
37.9 

instead the dimeric diphosphadiboretanes 43 have 
been obtained (eq 15). 

R' 
I 
P 

(15) 
0 
\ 

2R-B=P -* R-0"B-R 
'P' 

R' I 
R' 

43 

It is logical to  expect that steric congestion at either 
the phosphorus atom or especially the boron atom 
might result in a reversal of this dimerization reac- 
tion. In an effort to  accomplish this outcome, Cowley 
and co-workers2* prepared a sterically congested 
diphosphadiboretane (TmpBPAr*h (44). When this 
compound was heated in  uucuo at 250 "C and the 
resulting vapors were analyzed by EI-MS and HRMS, 
the highest observed mass peak corresponded to 
monomeric TmpB=PAr*. Efforts to  isolate or trap 
the monomer from pyrolysis streams were unsuc- 
cessful. Attempts were also made to isolate the 
monomer from the reaction of TmpB(Cl)P(H)Ar* with 
MeLi and tBuLi, but boranylphosphides 45 were 
obtained instead (eq 16). Simultaneously, Couret and 

, ., 
-RH 

R=Me, 4 5 a  

'BU 45b 
24.33 

(16) 

c o - ~ o r k e r s ~ ~  described the same reaction scheme at  
-78 "C with tBuLi, and they detected the phosphide 
anion [Tmp(tBu)BPAr*-] (45b) along with diphos- 
phadiboretane [TmpBPAr*lz (44) in a 70:30 ratio. 
They suggested that the anion might form by attack 
of tBuLi on the incipient boranylidenephosphane. In 
related chemistry, Kolles3 found that TmpB(F)P(H)- 

Ar" does not dehydrohalogenate with the more bulky 
bases NaN(SiMe& or LiN(SiMe3)(tBu). 

An obvious conclusion from these results is that 
the Tmp and Ar* substituents do not impart suf- 
ficient kinetic stabilization to allow isolation of the 
target boranylidenephosphanes, if they are formed 
at all. Instead, they either undergo "self-trapping" 
via dimerization or addition reactions with R-. In 
order to  explore both of these points further, Noth 
and c o - w ~ r k e r s ~ ~  examined the reactions of several 
metal carbonyl fragments with diphosphadiboretanes 
under thermal and photochemical activation condi- 
tions. The majority of the reactions produced metal 
carbonyl complexes of the diphosphadiboretanes, and 
these results are described in section III.C.4. In one 
case (eq 17),however, the transient species TmpB=P- 

I 
hu J'(C015 

T m p - d P \ B - T m p  + 2 Cr (CO)e-2 Tmp-B=P 

CEh 
'P' -2 co \ 

I 
CEt, 4 6  

(17) ' '  

(CEt3) was trapped on a Cr(C0)5 fragment.59 The 
complex was isolated, and its molecular structure is 
discussed in section 1II.B. 

Reasoning that the Tmp group provides significant 
competitive B-N x overlap that would reduce poten- 
tial B-P x overlap, Power and c ~ - w o r k e r s ~ ~ J ~ , ~ ~  
alternatively examined the reaction of several bulky 
organoborylphosphanes, RzBP(H)R' with tBuLi (eq 
18). The novel solvated lithium boranylphosphides 
47-49 and 53-56 were initially isolated, and several 
were converted to unsolvated 12-crown-4 complexes 
50-52. The structural characterization of these 
species indicates that the B-P bond has considerable 
double-bond character. Subsequently, a number of 
aminoborylphosphides including 57-60 have been 
r e p ~ r t e d . ~ l , * ~  All of these compounds have been 
prepared by action of an organolithium reagent on 
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of the directly attached alkyl, aryl, amido, halo, and 
alkoxy substituent groups. 

The 31P NMR shifts for the monomeric phosphi- 
noboranes are most strongly affected by the electronic 
nature of the substituents and the phosphorus atom 
hybridization. In general, compounds with organic 
substituents on trivalent P atoms have shifts in the 
range 0-80 ppm. Introduction of one or two electron- 
donating H or Me3Si substituents typically moves the 
chemical shift significantly upfield. The introduction 
of an electropositive boryl group provides a deshield- 
ing effect on the phosphorus chemical shift. Those 
compounds having P-H bonds show ~JPH values 
generally larger than in PH3 (IlJp~l = 182 Hz), related 
primary ( I l J p ~ l  = 150-210 Hz), or secondary (I'JPHI 
= 180-230 Hz) organophosphanes. This is normally 
indicative of increased s character in the P-H bond 
which in turn suggests that the geometry about the 
P atom in the phosphinoborane compounds is usually 
flatter than in the related organophosphanes. By 
comparing 31P chemical shifts in a closely related 
series of compounds (e.g., MeszBPMesz: (4) (6 27.41, 
(MesBPMesh (116) (6 40.4), (Mes2B)zPPh (35) (6 
60.11, and PhB[P(Mes)BMeszla (17) (6 20.6)), Power 
suggests22 that the relative extent of n delocalization 
in B-P bond networks can be estimated from 31P 
chemical shift data. For example, in the compounds 
listed above, larger positive (downfield) chemical shift 
values parallel greater B-P n delocalization. It 
remains to be shown that 31P NMR shift trends in 
other series of compounds can be used to estimate 
the extent of B-P n delocalization. 

Power and co-workers21,22 have also made extensive 
use of variable-temperature llB, 31P, 13C, and lH 
NMR spectroscopy to deduce barriers to  hindered 
rotation. These results have in turn been used to 
estimate the varying degrees of n delocalization in 
the various B-P interactions. Finally, in a few cases, 
7Li NMR data for several lithium borylphosphides 
have been ~ b t a i n e d . ~ ~ @ s ~ ~  Typically, the resonances 
are relatively broad at room temperature, but they 
sharpen dramatically between 0 and -40 "C. At 
these low temperatures for the compounds evaluated, 
7Li-31P splitting patterns are consistent with dimeric 
structures in solution. 

,Li*(Etz0)2 
\ -  Et20 Me' 

OoC 
Mes R 

Mes,BP(R)H + 'BuLi - 
R=Ph,Cy,Mes -C4H10 

4 1 - 4 9  

50-52 

the corresponding borylphosphane. A summary of 
presently known borylphosphides is provided in 
Table 4 and some of their chemistry is described in 
sections I11 and IV. 

B. Structural Characterization 
Virtually all of the monomeric phosphinoborane 

compounds described above have been obtained as 
pure, air-sensitive liquids, oils, or crystalline solids, 
and they have been compositionally characterized by 
elemental analysis andor by E1 or FAB mass spec- 
troscopic analyses. Those compounds that contain 
primary or secondary phosphane fragments usually 
display two (A' and A") or one infrared P-H stretch- 
ing frequency, respectively. These bands fall in the 
region 2400-2200 cm-l. Where the data are avail- 
able, they tend to mirror the subtle shifts in P atom 
hybridization induced by the attached substituent 
groups. These hybridization changes are also indi- 
cated by 31P chemical shifts and ~JPH values. 

It is expected that llB, 31P, 13C, and lH NMR 
spectroscopy should provide a wealth of structural 
information on phosphinoboranes. In practice, a good 
deal of information can be extracted; however, the 
quadrupolar characteristics of the llB nucleus and 
the asymmetric local fields in these molecules usually 
result in broad llB NMR resonances. Consequently, 
the hybridization diagnostic one-bond B-P coupling 
constants are rarely observed. Nonetheless, the 
boron resonances (Tables 1-4) typically fall in the 
three-coordinate boron shift region,86 and within this 
region, the shifts are largely governed by the nature 

Table 4. Structural and NMR Data for Borylphosphides 
bond lenfh sum of angles twist angle 

compound P-B( 1 a t  P (deg) B/P planes (deg) d31P dllB ref 
Tmp(Me)BP(Ar*)(Li) (45a) 72 24 
Tmp(tBu)BP(Ar*)(Li) (45b) 85.9 24 
[MeszBP(Ph)Li(EtzO)z] (47) 73.1 65.4 10 
[Mes2BP(Cy)Li(EtzO)z1(48) 1.832(6) 357.7 3.8 70.5 65.6 10 
[Mes2BP(Mes)Li(Et20)21 (49) 1.823(7) 359.9 11.7 55.5 63.7 10 
[Li(l2/4)21[Mes2BP(Ph)l(50) 103.6 10 
CLi(l2/4)21[Mes2BP(Cy)l(51) 113.6 10 
[Li(12/4)21[Mes2BP(Mes)] (52) 1.835(13) 0.0 91.3 10 
[Me~2BP(~Bu)Li(Et20)23 104.3 62.5 15 
[Ph2BP(tBu)Li(Et20)21 97.6 64.8 15 
[Trip2BP(tBu)Li(EtzO)zl (53) 1.836(2) 356.1 33.3 113.2 58.9 15 
[MeszBP(l-Ad)Li(EtzO)21(54) 1.823(8) 357.4 13.8 90.4 85.7 21 
[MeszBP(SiMea)Li(THF)3 (55) 1.833(6) 357.7 22 -49.2 71.6 15 
{TripB[P(H)MesIP(Mes)Li(Et20)~) (56) 1.927(3) 306.7 24.3 32.0 64.0 15 

t('Pr2N)2BP(H)Li(DME)lz (57) 1.901(5) -213 46.8 61 
[('Pr2N)2BP(SiMes)Li(THF)]z (58) dimeric -257.3 45.3 61 
[('BuzN)2BP(H)Li(DME)]z (59) -247.8 47.4 85 
[("rzN)B[(Me3Si)zNBP(H)Li(DME)12 (60) -183.2 45.0 85 

1.810(4) 359.4 18.6 -117.0 
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Single-crystal X-ray *action analyses have proven 
very helpful for both general structure verification 
and for revealing the detailed differences in B-P 
interactions in this wide range of monomeric phos- 
phinoboranes. In all cases, the primary structural 
features of interest are the B-P distance, the devia- 
tion from planarity for the phosphorus atom geom- 
etry, and the degree of twisting of B-substituent and 
P-substituent planes about the B-P bond axis. The 
B-N bond distance in the aminoborylphosphanes is 
also important and diagnostic of the degree of com- 
petition between B-N and B-P n overlap. Power 
and co -w~rke r s '~ -~~  have discussed in detail the 
trends in the structural parameters for the organo- 
substituted phosphinoboranes, and we expand here 
on those discussions. Pertinent data are listed in 
Tables 1-4. 

In general, Power concludes that, in compounds 
containing planar B and P atoms, a B-P bond length 
less than 1.9 A signifies some degree of B-P n 
overlap.21 For example, in the neutral monophos- 
phinoboranes 2,4, 53,66, and 67 containing MeszB 
groups and silyl and/or organic substituents on the 
P atom, the B-P bond distances span the range 
1.839-1.859 A. These distances are significantly 
shorter than the range of distances associated with 
B-P single bonds, 1.9-2.0 A. On the other hand, 
one compound containing a MeszB group, 61, and less 
sterically demanding substituents (H and 1-Ad) on 
the phosphorus atom displays a long B-P distance 
of 1.897(3) A. Further, in the compounds 2, 4, 53, 
66, and 67, the P atom geometry is nearly planar, as 
shown by the sums of angles about the phosphorus 
atom ranging from 339 to 360". The sum of angles 
in 61, however, is 314.8'. These data are in agree- 
ment with the theoretical pictures mentioned 
p r e v i o ~ s l y . ~ ~ - ~ ~  In the nonplanar form (ground state) 
of H2BPH2, the calculated B-P bond distance is 1.901 
A, and the out-of-plane angle at phosphorus is 70". 
The planar form (excited state), on the other hand, 
has a calculated B-P bond distance of 1.807 A. Lest 
it be thought that B-P bond shortening arises only 
from improved n-overlap as the P atom geometry is 
flattened, P o ~ e r l ~ - ~ ~  reminds us that this geometric 
compression also enhances (T overlap through en- 
hanced rehybridization toward idealized sp2. Indeed, 
it is not clear whether the planar geometry in the 
silyl-substituted derivative 66 arises because of 
enhanced electron density on the P atom when 
bonded to  SiPhs relative to  Ph or because of the 
greater steric bulk and lower inversion barrier as- 
sociated with a silylphosphane. In this vein, replace- 
ment of Ph in 66 with the less bulky 1-Ad group in 
67 gives little change in B-P distance, but the sum 
of angles about phosphorus decreases slightly. In 
contrast, the structure of the monophosphinoborane 
3 containing the amino group Tmp shows a dramati- 
cally elongated B-P bond distance, 1.948(3) A, and 
a pyramidal phosphorus atom environment. Clearly, 
B-N n overlap goes a long way toward satisfying the 
coordinative and electronic unsaturation at boron at 
the expense of less competitive B-P n overlap. 

The molecular structures of the borylphosphides 
(Table 4) offer further confirmation of the bonding 
picture summarized above. The structures fall into 

Paine and Noth 

c 

c 
Figure 2. Molecular structure of [(1PrzN)zBP( H)Li(DME)]z 
(57). 

two groups: borylphosphide-lithium etherate com- 
plexes containing direct P-Li bonds and borylphos- 
phide-crown ether chelated Li+ ion pair complexes. 
It is important to note that most lithium organophos- 
phides, in solution and the solid state, exist as 
associated species, typically dimers, but 47-49 and 
53-55 are clearly monomeric in the solid state. This 
is consistent with the phosphorus atom lone pair 
being given to B-P n bonding and not to  Li-P 
bridging interactions between monomer units. The 
monomeric, ether-solvated species all have short B-P 
bond distances, 1.823(7) to  1.836(2) A, and planar or 
near-planar phosphorus atom geometries. Extraction 
of the Li+ cation from 49 with 12-crown-4 results in 
no significant change in structural parameters for 52. 
This suggests that the Li-P interactions in the ether- 
solvated monomeric complexes are relatively weak 
and stereochemically insignificant. 

The lithium salt 56 of (TripB[P(H)MeslP(Mes)Li- 
(Etz0)2} is particularly noteworthy. The B-P(H)Mes 
bond length is relatively long, 1.927(3) A, while the 
distance in the phosphide unit B-PMes-, 1.810(4) A, is the second shortest B-P bond distance. The 
structure of only one Li salt of an aminoborylphos- 
phide 57 has been determined. Not surprisingly, the 
"r2N group provides significant n overlap to boron; 
consequently, the B-P bond is weakened. This is 
clearly evidenced b the relatively long B-P bond 
distance, 1.901(5) 2 In addition, the compound is 
dimeric, as shown in Figure 2. 

The molecular structure of the 1,2-diboryldiphos- 
phane, [MeszBP(l-Ad)l2 (68) is also particularly 
interesting.16 The molecule has a 2-fold rotation axis 

PAd' I-Ad 
'p 2 109(4)A pt 

\ MeslB '1 8 5 W ) A  B M ~ ~ ~ ~  

perpendicular to the P-P bond, planar P and B atom 
geometries with a dihedral angle of 25.5', a large 
(70.5') dihedral angle between the P and P planes, 
and a relatively short P-B bond distance. This 
molecule appears to  be analogous to butadiene since 
the B-P bond distance and small B-P dihedral angle 
suggest a significant degree of B-P n orbital interac- 
tion. The large twist angle about the P-P bond, 
however, weakens this analogy. The structure differs 
from that of normal diphosphanes, R2P-PR2, that 
typically have a more pyramidal P atom geometry 
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bond range. This is consistent with the absence of 
B-P n overlap. The boron atom electron deficiency 
is satisfied instead by strong B-N n overlap, as 
indicated by short B-N bond distances. 

The molecular structure of the boranylidenephos- 
phane complex 46 is especially interesting. The PBN 
unit is nearly linear (176.1(3)"), and the CNC plane 
of the Tmp ring and the CrPC(buty1) plane are nearly 
orthogonal (96.0"). The B-P bond distance, 1.743- 
( 5 )  A, is the shortest yet reported, and the sum of 
bond angles about phosphorus is 360". These facts 
are consistent with the presence of significant n 
overlap in this B-P bond. In addition, the B-N bond 
distance, 1.339(5) A, is short, and the NB unit is 
almost linear (176.1(3)"). This indicates that these 
atoms are also engaged in n overlap. These struc- 
tural features indicate that the boranylidenephos- 
phane fragment is stabilized against dimerization by 
the Cr(C0)S fragment. 

Figure 3. Molecular structure of [MesB(Cl)]zPMes (36a). 

with bond angles significantly less than tetrahedral. 
This indicates less s character than in idealized sp3 
hybridization. Consequently, it is appropriate to  
consider the P-P bond in 68 as a single bond formed 
by overlap of sp2 hybrid orbitals. The increased s 
character in the P-P o bond is likely responsible for 
the intermediate distance compared to the average 
P-P distance in diphosphanes, 2.22 A, and in diphos- 
phenes, 2.03 A. 

The molecular structure of the diborylphosphane 
(Mes~B)~Pph (35) shows that the molecule has a 
2-fold axis, planar boron and phosphorus atom ge- 
ometries, and a moderately short B-P bond distance, 
1.871(2) A. These features are consistent with the 
stated analogy between 35 and the allyl cation,13 and 
it will be interesting to follow if reactivity parallels 
develop between these organic and inorganic systems. 
The molecular structure of [MesB(Cl)lzPMes (36a) 
has also been determined,84 and a view is shown in 
Figure 3. With the presence of an electron-with- 
drawing group on the boron atoms, it might be 
expected that the B-P bond distance in this molecule 
might be shorter than in 35. This is indeed the case, 
B-Pa,, = 1.856 A, and the P atom is nearly planar. 

The molecular structure of the related diphosphi- 
noborane MesB(PPh2)z 14 is dramatically different 
from 35 because it features longer B-P bonds and a 
pyramidal P atom geometry. This suggests that the 
B-P JC overlap is reduced, and the B-P hybrid 
orbitals are more sp3 like. Replacement of the Mes 
group with the electron-withdrawing substituent 
bromine, as in BrB(PMes2)z (15), shortens signifi- 
cantly the B-P bond distance and increases the sum 
of angles at the phosphorus atom (-347"). Further, 
in the compound PhB[P(Mes)BMeszlz (17), the P 
atom geometries are essentially planar and the 
PhB-P bond distances are 1.869(14) 8, and 1.847- 
(13) A. These features may be attributed to the 
addition of the electropositive BMes2 group to the 
PMes fragments. Another extreme is provided by the 
structures of (MedX)2NB{ P(H)B(NiPrd(Me3Si)2Nl}2 
(69) and (Me3Si)2NB[P(H)B(NiPr2)212 (70).85 In both 
cases, the phosphorus atom geometries are pyrami- 
dal, and the P-B bond distances are all in the single- 

C. Reaction Chemistry 

The reactivity of monomeric phosphinoboranes has 
been scarcely studied, and much of the work re- 
ported was accomplished before the reactants were 
fully characterized. It can be expected that mono- 
meric phosphinoboranes, because of their tendency 
to  adopt the single B-P bond structure (e.g., 5 over 
6), will be much more reactive than alkenes and 
somewhat more reactive than monomeric aminobo- 
ranes. In addition, some different reaction patterns 
are expected. In practice, phosphinoboranes are 
modestly air and moisture sensitive and usually 
stable at room temperature. For the most part, the 
boron-alkyl, boron-aryl, phosphorus-alkyl, and 
phosphorus-aryl bonds are robust; therefore, reac- 
tivity is centered on the phosphorus lone pair density, 
the boron-acceptor orbital, and at  boron-halogen, 
phosphorus-hydrogen, phosphorus-silicon, boron- 
nitrogen, and boron-phosphorus bonds. The known 
reactivity patterns are summarized below. 

1. Behavior toward Bases 

a.  Addition Compounds and Nucleophilic Substi- 
tution. With all of the intense effort to  sterically 
shield the Lewis acidic boron atom, little effort has 
been made to test the residual difunctional P atom 
donor and B atom acceptor chemistry of phosphi- 
noboranes. Of course, the fact that sterically under- 
protected phosphinoboranes readily dimerize indi- 
cates that there is some Lewis acid and base character 
in these monomer units. Metal carbonyl coordination 
chemistry also indicates that the phosphorus atom 
in these fragments retains Lewis donor character. 
Still, this area has not been fully explored, and the 
chemistry is worthy of greater attention. 

Several studies of nucleophilic substituent group 
displacements have been accomplished. For ex- 
ample, B-C1 and B-Br bonds undergo substitution 
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with amines, azide, carbanions, and hydride (eqs 19- 
23).45,61,65,66 

Paine and Noth 

and diborylphosphanes (Scheme 1). They also pro- 
vide access to  new ring and cage compounds de- 
scribed in sections I11 and IV. 

/ 
+rg-  B' +2NH, - ' P r p  B 

P(SiMe,), 
-NH,CI \ 

P(SiMe& 
\ 

6 5  
(19) 

i 
Tmp\B/P\ B(N'Pr,)2 TmP\B/P\B(NiPrz)z +2 NH, - i 

I -NHICI I 
CI 

/N3 
+ Me,SiN, - 'Pr,+B 

/"' 
"Pr,+B 

P(SiMe3), 
\ -Me3SiCI 

P(SiMe,), 
\ 

( 2 1 f 5  

'R 'R R 
( 2 7 )  \ /Li \ /  

-LiX ?-p\ 7-7 - 
R' 'R 'R R' 

2. Behavior toward Acids 
a. Reactions with Protic Acids. In general, the 

combination of a phosphinoborane and a protic acid 
such as HC1, HBr, H20, ROH, and RNH2 leads to 
cleavage of a B-P bond (eqs 28 and 29). When a 

,NM% 46 
(MeZN),BPEt, + EtOH - MezN-B +HPEtp ( 2 8 )  

\ 
OEt 

46 
(MezN),BPEtZ + H ~ N C ~ H S  - (Me2N),B-N(H)C6H5 + HPEt, ( 2  9 ) 

diphosphinoborane is allowed to react with a protic 
source with careful control of the reagent stoichiom- 
etry, new monophosphinoboranes are obtained (eq 
30). As expected, the reaction of the novel Cr(C0)5 + BuLi - Et2N-B /Bu ( 2 2 P  

/"' 
EtzN-B 

PPhP 
\ -LiCI 

PPh, 
\ 

45  
+HPEtz ( 3 0 )  

/"' 
(Me,N)B(PEt,), + HCI - Me2N-B 

\ 
PEtz 

PPh2 PPh2 

b. Deprotonation. Phosphinoboranes containing 
primary or secondary phosphane functionality are 
easily deprotonated by strong bases such as BuLi, 
tBuLi, MeLi, RzNLi, and H2PLi. Indeed, these reac- 
tions provide access to  synthetically important bo- 
rylphosphides whose reactivity is briefly described 
below and in sections I11 and IV. One example of 
deprotonation chemistry is shown (eq 24). Of course, 
if the boron fragment is susceptible to  nucleophilic 
displacement, then that process can take place along 
with (eq 25) or without phosphane deprotonation (eq 
26). Double deprotonation of a primary borylphos- 

W 

+ DME /' 

/ 
(iPr2N)2+P ('Pr,N),BPH, + BuLi - * 

H 
I 

Li. DME 
(2416' 

Li 

'BU 
( 2 ~ ) ~ '  

'Bu,B-P(SiMe,), + BuLi - LiP(SiMe,), + $u3B 

(26166 

phane apparently does not occur; at  least the result- 
ing dianions have not been isolated. 

The reaction chemistry of borylphosphide anions 
has been explored in several studies.61-66 As ex- 
pected, they are excellent nucleophiles, and they 
produce a number of new phosphinoboranes (eq 27) 

complex 46 with HC1 in Et20 generates a borylphos- 
phane complex (eq 31). 

b. Reaction with Lewis Acids. The phosphorus 
lone pair on aminophosphinoboranes should be avail- 
able for coordination with classical Lewis acids. 
Surprisingly, the addition of B2H6 to  (Me2N12BPEt2 
does not result in isolation of a phosphaneborane 
adduct.46 Instead, the adduct, if formed, undergoes 
rearrangement (eq 32). Addition of BCh to (Me2N)z- 
BPEt2 also gives rise to  redistribution (eq 33). More 

46 
(Me2N),BPEt, + 2 B2H6 - 1/3 (EtzPBH,), + 2 Me2NB2H5 ( 3 2  ) 

46 
2 (Me,N),BPEt, + 2 BCI, - 2 (Me,N), BCI + ( CI,BPEt,), ( 3 3 )  

recently, the reaction of HsB-THF with (9-BBN)P- 
PBu)2 has been studied,66 and a complex reaction 
ensues that gives several products including [H2BP- 
(tB~)212. 

3. Behavior as Ligands 
Although the addition of classical Lewis acids to  

phosphinoboranes tends to give rearrangement prod- 
ucts, the reactions with metal carbonyls are generally 
well behaved, and borylphosphane metal carbonyl 
complexes are obtained in good yields. Some ex- 
amples are summarized in Table 5.  In each case, the 
phosphorus lone pair is coordinated to the metal 
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Table 5. Metal Carbonyl Complexes of Phosphinoboranes 
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compound bond length P-B (A) v(C0) (cm-I) 631P P B  ref 
(MezN)zBPPhz[Cr(CO)51 2057,1934 

1951, 
2068,1943 
1957 
2066,1933 
1947 
2079,2056,1950,1942 
1934 
2016,1930,1910,1904 
2028,1936,1920,1911 
2024,1930,1911,1904 
2016,1930,1911,1903 
2027,1936,1919,1911 

2024,1930,1912,1904 

1.743(5) 
2.044 2052,1926 
2.032 
1.961 2056,1973 
2.034 1932 

2054,1971,1929 
2066,1983,1931 

-17.4 

-45.3 
-157.9 

-109.5 

-189.9 
-185.5 
-15.7 

3.6 

45.7 

38.9 
40.7 
41.6 
46.2 

46.4 

47.5 
62.9 
38.1 

44.5 
36.2 
40.2 
39.4 
41.3 
39.7 

49 

49 

49 

49 

49 
49 
49 
49 
49 
49 
49 

55 
61 

61 

65 
65 
64 
64 

carbonyl fragment, and the phosphane acts as a 
simple two-electron donor. 

4. Oxidation and Nucleophilic Displacement Reactions 

The addition of SS to  two phosphinoboranes has 
been examined. With (Me2NhBPEt2, the reaction 
products (Et2N)4B2 and Et4P2S5 show complete deg- 
radation of the phosphinoborane B-P unit.46 With 
(9-BBN)P(tBu)2, a novel cyclic product 71 is ob- 
tained.66 As observed with organophosphanes, addi- 

71 

tion of methyl iodide to  phosphinoboranes typically 
gives phosphonium salts (eqs 34 and 35). 

L 

(Et2N)B(PPh2), + 2 Me1 - 
'Et 1 

Me 

21- ( 3 5 ) 4 5  

5. Reduction Reactions 
Phosphinoboranes containing a B-C1 bond might 

be expected to  undergo reductive coupling to give 
B-B bonded dimeric species. For example,45 the 
reaction of NaM alloy with EtzNB(C1)PEtz gives 72. 
Although this chemistry is rich for aminohalobo- 

ranes, R2NBHal2, few other examples utilizing phos- 
phinoboranes have been reported. , p Et2 \ 

Et2N 

Et2P NE12 

72 

6. Thermal Chemistry 
It has recently been shown that the monomeric 

organophosphinoboranes tBu~BPtBu2 and Cy2BPtBu2 
undergo a dehydroboration reaction when warmed 
in hexane solution or heated neat in uucuo, and 
tetraorganophosphanylboranes [tBu(H)BPtBu~l~ and 
[Cy(H)BPtBu& are formed.66 The related compound 
[Thex(H)BPtBuz12 is obtained without isolation of the 
intermediate monomeric phosphinoborane. Each of 
the dimeric compounds is obtained as a mixture of 
cis and trans isomers. 

Ill. Cyclic Phosphinoboranes 
It was pointed out in the Introduction that mono- 

meric phosphinoboranes, without steric or electronic 
shielding, readily associate and form four-, six-, and 
eight-membered ring compounds with four-coordinate 
boron and phosphorus atoms.70 These compounds, 
of course, have parallels with saturated cyclic organic 
compounds, e.g., cyclobutane, cyclohexane, and cy- 
clooctane, as well as with saturated aminoboranes 
(RzNBR~), (n = 2, 3, 4). Several new examples of 
these compounds have been prepared in the last few 
years; however, with the exception of the compounds 
described in section II.C.6.,66 that chemistry is not 
reviewed here. Instead, in the following section, 
attention is focused on the much less studied cyclic 
phosphinoboranes that contain three-coordinate bo- 
ron and phosphorus atoms. 

A. Preparation 
The majority of cyclic three-coordinate phosphi- 

noboranes have been prepared from elimination 
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reactions involving boron halide and organophos- 
phane or organophosphide reagents. The formation 
of stable elimination byproducts (e.g., PH3, P(SiMe&, 
RPH2, HCI, HBr, LiC1, LiBr, NaC1, KCl, MesSiC1, and 
MesSiBr) typically helps drive the reactions, and the 
cyclic products are usually obtained in good yields. 

There are two basic classes of BzP2 rings that can 
be prepared: 1,2,3,4-diphosphadiboretanes (73) and 
1,3,2,4-diphosphadiboretanes (43). Only one example 

1. Four-Membered B2P2, B3P, and BP3 Rings 

Paine and Noth 

R', /R' 
P-P 
I I  

R/e-e\ R 

1 3  
R 
43 

of a 1,2,3,4-diphosphadiboretane has been reported, 
and it was obtained from the combination of [KP. 
BuPI12 and [(MezN)(Cl)B12 (eq 36leso Prior to  1986, 

'Bu 
I 

Me,N-B, NP\ ,p- b u  

/"'\ e -2KCI 
[ B u P K ] ~  + 

CI. CI I 
Me,N 

7 4  
30 

(36) 

there was also only one report of a 1,3,2,4-diphos- 
phadiboretane, and it was prepared via (Me3Si)sP 
elimination from a diphosphinoborane (eq 37). 

NMe, 
I 

150°C 

-2(MesSi),P 
Me& SiMe, 

NMe, 
I 
B 

I 

( 3 7 , 2 7  
Me,Si-P, / \  B/P-SiMe3 

N Me, 
75  

Since 1986, the intense search for boranylidene- 
phosphanes, RB=PR, has led to  reports of the 
formation of numerous 1,3,2,4-diphosphadiboretanes. 
Although the mechanistic details are not yet con- 
firmed, it may be anticipated that some of these 
compounds form by head-to-tail dimerization of tran- 
sient boranylidenephosphanes generated in 1,2- 
elimination chemistry from monomeric phosphinob- 
oranes (eq 38) or from loss of phosphane from 2 equiv 
of diphosphinoboranes. Examples of 1,3,2,4-diphos- 

B 

k 

phadiboretanes that have been isolated are sum- 
marized in Table 6. Cowley and ~o-workers ,~~ for 
example, examined the reaction of a 1:l mixture of 
MesPLi2 and MesP(H)Li with TmpBCl2 from which 
(TmpBPMesIa (76) was isolated. It appears that 
MesPLi2 serves as a dehydrohalogenation promoter. 
The intermediate monomeric phosphinoborane, Tmp- 
B(CI)P(H)Mes (31, was isolated as well in this study 
from the reaction of TmpBCl2 with LiP(H)Mes. Cow- 
ley and ~o-workers ,~~ using a sequential LiCVMesSiCl 
double elimination scheme (eq 391, described the 

Et20 TmP\ Ar' 

1) 0°C SiMe, 
2 TmpBCI, + 2 Ar'P(SiMe,)Li - 2 cl,B-P< 

2) 25°C 
-2 Licl  / 

Ar. / -2 Me,SiCI 
I 
P ' 'B-Tmp Tmp-B 

'P' 

'I 
Ar' 
4 4  

2 4  
(39) 

formation of (TmpBPAr*)z (44) without isolation of 
the intervening phosphinoborane. It was noted that 
44 was not obtained by dehydrohalogenation of the 
related phosphinoborane TmpB(Cl)P(H)Ar* (77) with 
MeLi or tBuLi. These reactions instead were ob- 
served to give the borylphosphides [Tmp(R)B-PAr*-l 
(45a and 45b) described earlier in section II.A.5 (eq 
16). At the same time, a related study by Couret and 
~ o - w o r k e r s ~ ~  of the dehydrohalogenation of TmpB- 
(Cl)P(H)Ar* (77) with tBuLi in THF solution at  -78 
"C showed that both the borylphosphide anion 
[TmpB(tBu)PAr*-l (45) and the 1,3,2,4-diphosphadi- 
boretane (44) were formed in a -70:30 ratio. Couret 
and c o - ~ o r k e r s ~ ~  then demonstrated that (TmpB- 
PPhh (79) could be obtained by at least three 
elimination reactions (eqs 40-42). The formation of 

Ph . . .  
X=CI:140°C I 

P -4 MeBSiX 
2 TmpBXp + 2 (Me,Si ),PPh -Tmp-B, X=Br:4O0C /p\ ,B-Tmp 

I 
Ph X=CI,Br 

7 9  
(40)'~ 

TmP\ Ph 
2 TmpBCI, + 2 Me,Si P(Ph) Li - 2 ,B-P< 

80 110% 

-2 LiCl CI SiMe, 

-PMe,SiCI I 
(TmpBPPh), 

( 4 1 ) ~ ~  

TmP, HPh 
2 TmpBClp + 2 PhP(H) Li - 2 /B-p' 

H 
I-HCI 

-2 LiCl CI 

7 81 
(TmpBPPh), 

1 4 2 ) ' ~  

the phosphinoborane intermediates 80 and 81 (eq 41 
and 42) was confirmed by isolation of these species. 
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Table 6. Cyclic B2P2, B3P, and BP3 Rings 
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sum of angles 
compound bond P-B( l e y h  1 at  P atom (deg) 631P 611B refs 

(PhBPSiMe3)z 
(Me2NBPtBu)2 (74) 
(MezNBPSiMe3)z (75) 
(TmpBPMesIz (76) 
(TmpBPAr*)2 (44) 
(TmpBPPh)z (79) 
(ThexBPMes)n (82) 

[MesBP(l-Ad)ln (83) 
[ M ~ S B P ( ~ B U ) ] ~  (84) 
(TmpBPCEtdz (85) 

(TmpBPtBu)2 (86) 
[TmpBPTripIz (87) 
[TmpBPCH(SiMe3)2]2 (88) 
(PhzNBPSiMedz (89) 
(LPr2NBPSiMe3)2 (90) 
(TmpBPSiMe3)z (91) 
(tBu2NBPTrip)2 
[Me2NBPtBu12 (92) 
[(Mes3Si)2NBPtBu12 (93) 
('Pr2NBPH)z (94) 
(TmpBPH12 (95) 

[(Me3Si)zNBPSiMe3]2 

TmpBP(H)(Tmp)BPSiMes 

(EtzNBP'BuIz (219) 

(tB~zNBPCEt3)2 

- 
( 'PI-~NBP~BU)~ 

('Pr2NBPCEt3)2 
{Tm~BPB[N(~Bu)21212 (98) 

C[(M~~S~)~NBPB[N('BU)ZI~}Z (99) 

1.916(3) 
1.96(2) 

1.898(5) 
1.896(7) 
1.900(2) 
1.897(2) 
1.924(2)( avg) 

1.95 1( 5)( avg) 
1.956(12)(avg) 
1.923(5)(avg) 
1.927(3)(avg) 

1.93 1(3)(avg) 
1.913(4) 
1.934(4) 

1.919(10) 
1.939(9) 
1.93(l)(avg) 

331.3 

328.9 
328.8 
329.2 

-23.2 
153 

-92.8 
-59.7 
-70.7 

-69.8 
10.6 

-20 
-14.4 

-101.0 
-83.4 

-122.6 
28 1.8(avg) -133.6 
287.9(avg) -55.0 

309 -46.8 
-2.2 

-162.8 312.4 
-127.2 

301.9(avg) -94.4 

313.5 

318.1 

-63.3 

-129.3 
-108.8 

-49.1 
-48.0 

-68.9 
-81.1 

-66.2 

TmpBP(H)B(Tmp)hB(Cl)('Pr2N) (104) -98.9 
-107.8 

LPr2NBP(H)B(NLPr2)PB(Cl)(LPr2N) (105) 

'Pr2NBP(H)B(NPr2)PB(Cl)(Me3Si)zN ( 106) 
- - 

'PrzNBP(H)B(NPr2)PB(Cl)(Tmp) ( 107) 

'PrzNBP(H)B(NLPr2)PSiMe2Ph (108) 
- 

TmpBP(H)B(Tmp)bSiMezPh ( 109) 

LPr2NBP(H)B(NPr2)PSiPh2Cl (110) 

TmpBP(H)B(Tmp)PSiPh2Cl(lll) 
I 

(Me3Si)2NBP(tBu)P(tBu)PtBu (1 13) 
Me2NB(Me2N)B(Me2N)BPtBu (1 14) 
- 

[ ( ' B u ) ~ C ~ H ~ O B P ( ~ B U ) ~ ~  (115) 

-77.8 
-151.4 

-108.1 
-126.9 

-149.9 
-154.0 

-107.2 
-130.6 

-144.6 
-149.7 

-102.6 
-128.1 

-106.0 
-123.6 

6.9 

-71.4 
4.2 

-38.1 

-7.5 

27 
50 30 

27 
23 
33 

43 32 
95.1 14 

19 
86.2 17, 20, 68 
66.1 52,84 
67.0 84 
63.2 
55.0 56 
59.0 56 
58.0 56,65 
50.6 56 
60.8 56 
55.4 56 
50.2 56,64 
68.3 56 
47.1 65, 84, 87 
50.8 65 

69.1 65 

50.7 65 
56,65 

48.9 64 
45.8 64,84 

55.1 64 
58.4 85 
36.0 
70.4 85 
34.2 

51.0 62 
39.0 

62 

52.0 62 
47.0 

50.3 62 
39.3 

48.3 67 

50.6 67 

47.8 67 

49.8 67 

49.0 67 

64.7 83 

84 

58.3 84 

81.8 84 
56.3 

Power and c ~ - w o r k e r s ~ ~ J ~ , ~ ~  have recently suc- 
ceeded in isolating 1,3,2,4-diphosphadiboretanes 82- 
84 that do not have n-donating amino groups. In 
each case, the compounds have been obtained by 

reaction of an organodihaloborane with 2 equiv of 
LiP(H)R (eq 43). 

Noth and Paine have explored syntheses for 1,3,2,4- 
diphosphadiboretanes as part of their search for 
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14.20 
2 RECI, + 4 LIP(H) R'- (REPR'), ( 4 3  1 

-4  LiCl 
-2 H2PR' 

RIR': Mesll -Ad, ThexIMes, MeslBu 

82 83 84 

RB=PR species and for precursors of more complex 
boron-phosphorus compounds. In some cases, the 
ring compounds were prepared by dehydrohalogena- 
tion of an isolated phosphinoborane RZNB(Cl)P(H)- 
R or directly from a dihaloborane without isolation 
of the intermediate phosphinoborane. Some of this 
chemistry is illustrated below (eqs 44-47). In the 

R' 
I 

Tm\ / H  2 LiN(SiMe3)(Bu) Tmp-E, /p\ /B-Tmp 

,/E-p\ -2 HN(SiMe3)('Bu) P 
I R' 

-2 LiX 
R' 

I 
Tm\ / H  2 LiN(SiMe3)(Bu) Tmp-E, /p\ /B-Tmp 

,/E-p\ -2 HN(SiMe3)('Bu) P 
2 

0 ,  ,. 1 ,  

-2 LiX I 
R' 

R' = Ar', CEt,, 'Bu, Trip, CH(SiMe3),, 

44 85 86 87 88 
56 

( 4 4 )  

SiMe, 

R,N = NPh,, N'Pr,, Tmp 

89 9 0  9 1  
56 

(45) 

'BU 
I 

2 R,NEX, + 4 LiP(H)Bu - R,N--B\ /p\ / ~ N R ,  

P -4 Li X 

-2 PH,CMe, I 
fBU 

R,N = Me,N, (Me35i),N 

92 9 3  

H 
I 

56.64 
(46) 

6 
-4 LiCl 'P' 
-2 PH3 I 
4 DME H 

2 R,NECI, + 4 LiPH,*DME - R,N-B' 'B-NR, 

RzN = 'Pr,N, Ph,N,Tmp 

94 9 5  96 
65 

( 4 7 )  

reactions described in eqs 45-47, it is likely that, in 
each case, a diphosphinoborane is first formed that 
decomposes and leaves free phosphane and a bora- 
nylidenephosphane. The latter dimerizes and gives 
the observed 1,3,2,4-diphosphadiboretane (eq 48). In 
2 R2NB(X)P(H)R't2 LiP(H)R' 

R' 
I 

P(H)R' I 

P 65 
,P(H)R' 

-2 PHZR' 
2 RzN-B \ - RZN-E<~>B-NR, ( 4 8 )  

R' 

all cases, the amino group on boron is relatively large, 
and it is this substituent that appears to  largely 
control the formation of the dimeric species. The 
formation of six-membered rings containing smaller 
amino groups is described in section III.A.2. 

I t  was also found that dehydrohalogenation reac- 
tions on selected diborylphosphanes (RzNhBP(H)B- 
(Cl)NR2 give cyclocondensations with formation of 
P-diborylated 1,3,2,4-diphosphadiboretanes 97 (eq 
49).85 Two specific compounds that have been isolated 

R2N. 

are 98 and 99. It should be noted that this reaction 
is not typical for all R2N or R2N groups. Although 

'BuzN\ B/ "Bu2 

Tms2N-E\ / p/B-NTmsz p\ 

only a few combinations have so far been explored, 
at least two other reaction pathways have been 
discovered. For example, dehydrohalogenation of 
TmpB(C1)P(H)B(NiPr2)2 (39) gives rise to  a novel 
C-H activation of one iPr group, and a P-borylated 

four-membered PBNC ring compound 100 is obtained 
(eq 50).63 When diborylphosphanes 101 and 40 are 

n 

hexane H 3 L C -  I I  
-LiCI 

N'Pr, \ N\lp* 
CI 

r r  
H3C 38 

100 

(sop3 

employed, acyclic B3P2 chain compounds 102 and 103 
are obtained (eqs 51 and 52).85 

It  might be expected that many other 1,3-di-P- 
substituted 1,3,2,4-diphosphadiboretanes could be 
obtained by double deprotonation of 94 and 96 with 
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gives the four-membered ring 113 (eq 55). Work is H 
I 

I 

'Pr,N N(SiMe,), 
101 

H 
\ /N(SiMe3)2 
,-a\ 

(Me3Si)2N-B ")2 

N(Si Me3), 
P-B' 

\ 
1 \ .  

H NW2)Z 
102 

H 
I 

I 

'Pr,N N(SiMe,), 
40  

H 
\ 

\ 
85 

(52) 
/P-BB(NiPrz)~ 

(Me3Si),N- B 

,P- B(NiPr2), 

H 
103 

a strong base (eq 53) followed by addition with 2 
equiv of Rx, R3SiX, or EX, species. It is found that 

H 
I 

ti 
I 

H 

9 4 , 9 6  
Li-DME 

( 5 3 1  

H 

'I 
Li -DME 

monodeprotonation does occur easily, for example, 
with BuLi, but the double deprotonation does not 
take place to  a significant e ~ t e n t . ~ ~ , ~ ~  One species 
that reacts like a dianion [ ( T ~ P ) B P I ~ ~ -  is obtained 
from the reaction of (TmpBPH)2 with Na/K alloy.67 
The nature of this species is not yet known, and the 
double deprotonation has not been achieved with 
other diphosphadiboretanes. The addition reactions 
on the cyclic phosphides are generally facile, and a 
number of new substituted rings 104- 112 have been 
i ~ o l a t e d . ~ ~ . ~ ~  These are summarized in Table 6. 

Appropriately substituted diphosphinoboranes 
should also serve as useful precursors to  BP3 rings; 
however, only one such compound has been isolated. 
K011e83 has noted that combination of (Me3Si)zNB- 
[P(tBu)H12 with BuLi followed by addition of tBuPC12 

'aU 
I 

;"U 

P 
( Me3Si),N- B ' 'H 5 (Me3Si)?N-B 

'BUPCI, 
'I -2 LiCl 
BU 

I 
BU 

113 

in progress in our groups to expand this chemistry. 
Similarly, aminohalotriboranes MezN(X)B(MezN)B- 
(Me2N)BX should serve as useful reagents for the 
formation of B3P rings, and LintP4 has reported 
formation of 114 from such a reaction (eq 56). 

( 5 6 1  

Me2N-B, ,E-NMe, 

r 
'E u 

114 

It is worth pointing out that only two diphosphadi- 
boretanes with alkoxy groups on the boron atoms 
have been reported. Linti84 noted that reaction of 
tBu3C6H20BC12 with 2 equiv of LiP(H)tBu gave the 
symmetrical four-membered ring [tBu3C6H20BPfBu12 
(115) in low yield, and the molecule was not isolated. 
However, when the intermediate diphosphinoborane 
was deprotonated with BuLi and the anion combined 
with MesBCl2 (eq 57), the asymmetrically substituted 
B2P2 ring 116 and the known symmetrical ring 84 
were obtained. 

'BU 

BuLi 
MesBC12 
-BuH 

'6 U 
I 

/p\ 

Mes-B\ 7- Mes 
+ MesO-B,p,B- /p\ Mes ( 5 7  ) 8 4  

P 
I 

BU 
04 

I 
'6 u 
116 

2. Six-Membered B3P3 and B4P2 Rings 

A six-membered boron-phosphorus ring compound 
containing three-coordinate B and P atoms is poten- 
tially isostructural and electronically related to ben- 
zene and borazine. The first example of this class of 
compounds, (MesBPCy)s (1171, was reported by Power 
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Table 7. Cyclic B3P3 Rings 
sum of 

bond length angles at 
compound P-B (A) P Atom (“1 d31P dI1B reff s) 

(MesBPCy)s (113) 1.839(6)avg 
(MesBPtBu)3 (114) 
(MesBPPhIs (115) 1.842(4)(avg) 
(MesBPMes)a (116) 
(PhBPMes)s (117) 
([PrzNBPH)3 (118) 
(Me2NBPH)s (119) 
IEtoNBPHh 1120) 

-360 51.9 52.6 11 
60.5 53.9 14 

-360 42.5 52.5 14 
40.4 49.6 14 
14.5 50.2 14 

- 162 65,84 
65 
65 

-68.3 68.4 65 

and co-workersll in 1987. Following this report, 
several more examples 118-121 were found as 
products of the reactions of aryl boron halides with 
lithium phosphides (eq 58).14 Further examples of 

REXz + 2 LiPHR’ - 1/3 (RBPA’)3 (58) 
-2 LiX 
-HzPR’ 

RIR’ =Mes/Cy, MesI‘Bu, MeslPh, MeslMes, PhIMes 

117 118 119 120 121 

these products are summarized in Table 7. It was 
noted by Power that for the aryl- and alkyl-substi- 
tuted compounds, a planar, six-membered ring ge- 
ometry is favored with less bulky substituent groups 
R and R .  With slightly more bulky FUR’ combina- 
tions, the same reaction produces four-membered 
1,3,2,4-diphosphadiboretanes (eq 43, R/R’ Mes/l-Ad, 
Thex/Mes, and MesPBu) or a mixture of four- and six- 
membered r ing~. l~ ,~O 

In a parallel fashion, Noth and Paine observed that 
the reactions of aminodichloroboranes, R2NBCl2 R = 
Me, Et, and MesSi with 2 equiv of LiPHyDME also 
produce six-membered rings 122- 12v5 In these 
cases, however, the rings are not planar. When R = 
tmp and Ph, four-membered rings 95 and 96 (eq 47) 
are obtained and when R = iPr, a mixture of four- 
and six-membered rings is produced. With the 
exception of the trimer containing large N(SiMe& 

groups, these results suggest that the smaller amino 
groups also favor the six-membered ring structure. 
Of course, electronic factors may contribute to  the 
adoption of one ring size over another. The struc- 
tures of these molecules are discussed further in 
section 1II.B. 

One example of the potential family of B4P2 ring 
compounds has been reported by Linti84 from the 
combination of an aminohalotetraborane and K2- 
(‘BuhP2 (eq 59). Further developments in this B4P2 

Me2N \ p M e 2  Me2N , N W  
‘B-e 

Kz(‘BUPh / \  
\ /e-NMe2 

/p-p\ 

- MezN--8 
/e-B\ 

MezN--B 
t0l. 

\ CI CI rNMeZ -2 KCI 

‘eu ‘Bu 
126 

( 5 9  F4 
ring family will probably require new synthetic 
approaches since the availability of other starting 
materials for this reaction are limited. 

3. Three-Membered B2P and BP2 Rings 
Cyclopropenyl anion 127 is a well-known 427 elec- 

tron, antiaromatic, organic compound that is ex- 
pected to  be related to  the generalized diphosphabori- 
nane 128. Boron-phosphorus compounds of this 

R R, D 
%-C/ 

\-/ QP\TP, R 
B C 

I I 
R 

127 
k 
128 

class have been reported by Baudler and  mar^^^,^^ 
from the [2 + 11 cyclocondensation of (KtBuP)21THF)o.5 
and aminodichloroboranes (eq 60). The isolated ex- 
amples of 128 (129-135) are summarized in Table 
8. Several of these compounds are reported to 
dimerize with formation of compounds 136- 140. 

Table 8. Structural and NMR Data for Cyclic Phosphinoboranes (XPhBY, Their Dimers (XP)4(BY)2, and =(BY14 

compound 
bond length sum of angles 

P-B (A) at P atom (deg) 631P 611B ref 
-159.2 

1.892(2) 268.3 -152.5 
1.893(2) 268.2 

-151.4 
-139.8 
-168.8 
-145.7 
-150.3 
-147.3 
-157.0 
-141.8 
-155.4 

-54.7 
-38.8 
-52.7 
-54.2 
-48.6 

1.990 -76.9 
1.960 

1.958(3) 314.1 -34.2 

50.7 28 
52.6 29 

59.5 29 
51.2 29 

53.2 29 

52.8 29 

60.6 29 

46.6 29 
-50 29 

48.2 29 
48.6 29 

-50 29 
54.3 83 

59.2 84 
54.5 
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NRR' 
136-140 

2 8 . 2 9  
( 6 0 )  

These species are also listed in Table 8. The precise 
nature of the dimeric structure has not been deter- 
mined; however, it is assumed to be a six-membered 
ring.29 
An attempt has been made to prepare a B2P ring 

as illustrated in Scheme 2.83 In this case, however, 

the monomeric three-membered ring 143 was not 
isolated. Instead, the dimer, a B4P2 compound, 144 
was obtained, and the six-membered ring structure 
was confirmed by single-crystal X-ray diffraction 
analysis. A similar reaction of MezNB(Cl)-B( C1)- 
NMe2 with 2 equiv of LiP(SiMe3)yTHF gave a phos- 
phinoborane Me2NB[P(SiMe3)21B(NMe2)[P(SiMe&I 
(145) that did not cyclize.83 

4. Five-Membered BdP Ring System 

At this time, five-membered B,Py ring compounds 
are rare since they are represented by only one well- 
characterized example. K011ea3 has obtained 146 in 
good yield from addition of tBuP(H)Li to  an amino- 
bromotetraborane (eq 61) followed by base-induced 
dehydrobromination. The intermediate acyclic phos- 
phinoborane was isolated and characterized as well: 
llB 6 54.1; 31P 6 -64.0. The molecular structure of 
146 is discussed in section 1II.B. No other derivatives 

'Bu 
1 4 6  

161Ia3 

of the B4P system have been reported, so the general- 
ity of this approach remains to  be demonstrated. 

5, Eight-Membered B6P* Rings 

Only one example of the potential eight-membered 
ring family has so far been obtained. Compound 147 
is isolated from the reaction of an aminobromotribo- 
rane with LizPMes (eq 62).84 It was expected that a 
four-membered B3P ring would be obtained; however, 
in this case, the "dimer" system appears to  be 
favored. The molecular structure of 147 is described 
in section 1II.B. 

Br Br 

6. Ring Systems Containing Additional Atoms, B,P,,,(EX) 

Several boron-phosphorus ring compounds con- 
taining one or more heteroatom (E) or  heteroatom 
group (EX) have been prepared, and some examples 
are summarized in Table 9. For example, K011ea3 has 
described an interesting sequential salt and phos- 
phine elimination process that results in a B2PC four- 
membered heterocycle 148 (eq 63). This result stimu- 

T m h 8 / \  B / T ~ P  

I I 
CI CI 

+ 2LiPW)'Bu - 
-2 LiCl 
-'BUPH* 

I 
'BU 

148 

lated a series of studies by K011e83 and Linti84 of the 
reactions of bidlithio-tert-buty1phosphino)methane 
with a series of boron halide reagents. This chem- 
istry is summarized in Scheme 3. 
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Table 9. Structural and NMR Data for B,P,(EX) Rings 

Paine and Noth 

sum of angles 
compound bond P-B( l e y h  at  P atom (deg) 631P P B  ref 

Br2BP(Mes)(H)[Me2CsHzICH2 (8) 
TmpBCH2B(Tmp)PtBu (148) 

tBuPCHzP(tBu)B(NMe2)BNMe2 (141) 

(Me3Si)2NBP(tBu)CH2P('Bu) (149a) 

T ~ ~ B ( ' B U ) C H ~ P ( ~ B U )  ( 149b) 

M~ZNBP(~BU)CH~P~BU (149c) 

- 
I I - - - 

tBu(Bz)NBP(tBu)CH2PfBu (149d) 

M~SBP(~BU)CHZP~BU (150) 
m 

iPr2NBCH~B(iPr~N)P(tBu)CH~PtBu (152) 

M~~NB(M~ZN)B(M~~N)BP(~BU)CHZP~BU (154) 

M~~NB(M~ZN)B(M~~N)BP(~BU)CH~P~BU (154) 

tBuPCH2CH2P(fBu)BNMe2 (156a) 

tBuPCH2CH2P(tBu)BN(SiMe3)2 (156b) 

PhPCH2CH2P(tBu)BNMe2 (157) 

I I - - - 
LPr2NBC(H)C(H)B(NLPr2)PPh (158) 
EtzNBC(H)C(H)B(NEt2)PSiMe3 (159a) 

LPr2NBC(H)C(H)B(NPrz)PSiMe3 (159b) 
- 

EtzNBC(H)C(H)B(NEt2)PH (160a) 

'Pr2NBC(H)C(H)B(NPr2)PH (160b) 
[EtzNBC(H)C(H)B(NEtz)b12 (161a) 

['Pr2NBC(H)C(H)B(NLPrz)PI2 (161b) 

r I 

I 

I I 

tB~NB(C1)N(tB~)PC1 (168a) - - - - 
tB~NB(C1)N(tB~)PNEtz (168b) 

fBuNB(C1)N(fBu)PEt (168~)  

tBuNB(C1)N(fBu)PfBu (168d) 

tBuNB(C1)N(tBu)PPh (168e) 

tBuNB(Me)N(tBu)PMe (169a) 

fBuNB(C1)N(fBu)PLPr (169b) 

tBuNB(tBu)PfBu (171d) 

' P ~ Z N B N ( ~ B U ) B ( N ~ P ~ ~ ) P P ~  (172) 

'PrzNBN('Bu)Si(Me)2PPh (173) 

TmpBN('Bu)B(Tmp)PtBu ( 175a) 

T ~ P B N ( ~ B U ) B ( ~ P ~ ~ N ) P ~ B U  (175b) 

TmpBN(tBu)PiPr (177) 

- - - - 

1.884( avg) 

1.968(avg) 

1.942( 9) 

1.933 
1.935 

1.957 

2.02 
2.00 
2.041(2) 
2.036(2) 

1.956(3) 

1.97( 1) 

-5.33 

-32.2 

-68.8 

39.9 

29.6 

12.5 

9.6 

309( avg) 16.1 

-49.4 

295.1 

314.0 

311.6 

PYr 
PYr 
PYr 
PYr 

PYr 

PYr 

-40.8 

-46.1 

-6.8 

-10.3 

-59.6 

-124.6 

-254.1 

-241 

-230.4 

-212.6 

-205.2 

-195.7 

-77.4 

-92.8 
19.9 
14.7 

2.03 

-40.6 

160.6 

80.0 

111.5 

128.1 

90.2 

126.6 

119.9 

127.5 

-95 

-56.8 

-46.4 

-76.9 

-43.4 

-58.3 

-91.0 

52.7 

54.7 

71.5 

55.1 

48.5 

51.3 

76.0 

47.2 

56.3 

57.2 

60.3 

80.3 

56.1 

47.7 

48.7 

47.4 

47.2 

46.2 

46.5 

48.9 

41.5 

40.5 
4.2 

24.0 

25.7 

29.9 

20.7 

23.9 

22.2 

34.8 

21.8 

34.6 

18.1 

20.2 

17.4 

18.2 

36.0 

32.9 

44.1 

37.9 

24.1 

34 

83 

83 

83 

83 

84 

84 

84 

84 

84 

84 

84 

84 

84 

38 

41 

41 

41 

41 

41 

41 

40 

40 
39 

39 

36 

36 

36 

36 

36 

36 

36 

36 

36 

37 

37 

37 

37 

36 

36 

55 

55 

58 
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compound 
sum of angles 

bond P-B( leyh ) at  P atom (deg) S31P dl'B ref 
[('PrzN)BP(SiMes)N(SiMes)lz (178) 1.950(3) 328.4 -57.0 43.0 65 - - - - 
TmpBN(tBu)B(Tmp)Se (183) 43.8 83 

TmpBN(tBu)P(LPr)(S)S (184a) 91.4 37.3 83 

[TmpBN(tBu)B(Tmp)P(tBu)MelI (185) 3.9 37.7 83 

TmpBN(tBu)P(LPr)(Se)Se (184b) 64.1 36.8 83 

Scheme 383984 

\ I  
6-6, 

Me2" NMe2 

153 

Continuing this theme, Lintis4 has prepared several 
additional BPzCz rings by reaction of aminohalobo- 
ranes with bis(1ithiophosphino)ethanes (eqs 64 and 
65). 

Siebert and c o - w o r k e r ~ ~ ~ ~ ~ ~ ~ ~ ~  reported the formation 
of five-membered 2,5-bis(dialkylamino)-2,5-dihydro- 

Scheme 4 

H 
/" \ 

H 
\ 

ph, n ,Ph MezNBBll ph, n ,Ph ( 6 5  ~ 8 4  

P\/ 
- 

-2 LiBr 
I 

7 
Li 

F; 
Li 

Me2N lS7 

lH-l,2,5-phosphadiboroles (158) by double salt elimi- 
nation chemistry, as shown in Scheme 4. It is 
interesting to note that an initial attempt to  prepare 
the derivative ring containing a PSiMe3 group by 
reaction of bis(dichlorobory1)ethene with (Me3Si)sP 
was unsuccessfdS8 However, when the reaction was 
performed with LiP(SiMe&, the desired silylphos- 
phane derivatives 159 were obtained. The secondary 
diborylphosphane derivatives 160 were formed by use 
of LiPH2. These compounds undergo P-P coupling 
with formation of the diphosphanes 161. Six- 
membered BzP2(CH)2 rings 162 were produced by 
reaction of the diborylethenes with PBuPKlz. Two 
polycyclic compounds have also been prepared by 
reaction of bis(dichlorobory1)ethene and bis(dich1o- 

H 
/ H \ I "  

'c- c' ?='\ t ('BuPK)~ / \ +Li2PPh 

NR2 

Ph 

R2N- B 8- NR2- 
-2KCI \ /  

R = Me,Et,'Pr 158 
B U  

162 R - Me,'Pr 
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Scheme 536 
'BU 

Paine and Noth 

'P r, 'Pf N I 3 
N - B N -  'Bu N-q' 'P-Br 

'P r /  'p: Br Br 
165 

'Bu 
'Pr, ,'Bu I 

B-N 2 ~ i  IP'\ N ' m B r ,  /N-( 'P-N'Pr, 
P 'Pr Br Br N'Pr, 
167 

robory1)methane with the diphosphane [(MesSi)- 
(tB~)P12.39 The room temperature reactions proceed 
with MeSSiC1 elimination to give the indicated prod- 
ucts 163 and 164 (eqs 66 and 67). 

CI' '1 k 'ci 

R;p-pr 'R 
R ='Bu 

164 
( 6 7 ) "  

In another interesting assembly process, Paetzold 
and c o - ~ o r k e r s ~ ~  utilized aminoiminoboranes 
iPr2N-B=NtBu (165) and (tBu)(Me3Si)N-B=N(tBu) 
(166) in combination with halophosphanes to  prepare 
three-membered 167 and four-membered 168 and 
169 rings (Scheme 5 and eq 68). Some limited sub- 

CI 

36 
I 

\ + XPCi, B~-N,~,N-~Bu NE\ ( 6 8 )  
'BU 

-Me,SiCI 
I 

/N-B=N- fBu 
X 

168 

166 
Me3Si 

X = CI, Et?N, Et, 'Bu, Ph 

stitution chemistry was accomplished with 168a, and 
the products 169 are summarized in Scheme 6. 
Paetzold also examined the addition of several orga- 
nosilylchlorophosphanes to  the iminoborane 
tBuB=NtBu (170) from which three-membered rings 
171 are isolated37 (Scheme 7). 

The reactions of 165 with iPr2NBC12 and MezSiClz 
also produce useful diborylamine and borylsilylamine 

n 
reagents that react with LizPPh, resulting in BNBP 

172 and BNSiP 173 four-membered ring compounds 
(Scheme 8). 

Several new heteroatom rings have been prepared 
in a related fashion from diborylamines 174. For 
example, combination of LiP(H)(tBu) with 174 gives 

Scheme 636 

7' F' 

he 
169a 

Bu 
169c 

Scheme 737 
R 
\ 

CI \ / P l S i M e 3  

/"-"\ 'Bu 'Bu / -Me3SiCI 

'BuB~N'Bu + RP(SiMe3)CI - 
170 

R 
I 

/s 
B-N 

'Bu "Bu 

17 1 
R = (Me3Si)2CH, Me&,,  'Pr2N, 'Bu 

n 
four-membered NBPB rings 175 (eq 69)55 in good 
yield. The reductive coupling of the borylphosphi- 

B-CI 
/ 

'BU-N 

t2 LiP(H)('Bu) 

R2N 
I 

\B' 

\ 

174 

' B u - N ~ ~ ~ P -  'Bu R2N = Tmp, 'Pr2N 

I 
TmP 
17 5 

(69 ) ' '  

noamine 176 obtained from the reaction of 
TmpB=NtBu and iPrPC12 gives another example of 
a three-membered ring 177 (eq 70).58 Several azido 

'P r 

,P-CI I pr 
\ 5 8  

2 M  - 
(70) /p -2 MCI BU-N I 

'B M = Li, Na 

'BU - N 

\ 
B-CI 

TmP TmP 
I 
17 6 177 

boranes are known to decompose with formation of 
ring compounds, and in this vein, iPr2NB(N3)PSiMe3 
decomposes upon heating and forms the six-mem- 
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Scheme 8 
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I 
,‘pr 

/N\ 
’Pf ‘Pf + ’Pr,NBCI, 

N-B=N- B U  - N-B B-N 
/ ‘P r 

1 6 5  

+ 
‘BU 
I 

I 
Ph 

Ph 
173 

bered ring [(iPr2NB)(NSiMe3)(PSiMe3)]2 (178) (eq 
71).@ 

Me,Si 
I 
N 

A ’Pr,N-5’ ‘P-SiMe, 6 5  - I t  (711 
IN3 

2+r2N-B 
\ -2 N2 Me,Si -P, ,B-N’Pr, 

N P(SiMe3)2 
I 
SiMe, 
17 a 

B. Structural Characterization 
Most of the cyclic compounds described in section 

1II.A have been fully characterized by elemental 
analyses, mass spectrometry, infrared spectroscopy, 
and NMR spectroscopy, and some general features 
of the data are discussed. Most of the compounds 
are fairly stable t o  heat and electron impact ioniza- 
tion at  30 eV and even at 70 eV. As a result, the 
parent ions are usually observed with significant 
intensity in the mass spectra. The fragmentation 
processes are typically dominated by loss of the 
organic substituent bonded to the phosphorus atoms 
(e.g., Bu, Ph, Mes). Those compounds containing 
P-H bonds often lose PH3 or PH2’ in the initial 
ionization process. It is interesting in fact that the 
six-membered ring species (e.g. 122-124) lose PH3 
and form bicyclic Pz(RzNB)s’+ species. The stability 
of these ions has been demonstrated as well by the 
appearance of the ions in the mass spectra of the 
neutral species P2(RzNB)3 described in section IV. 

The infrared spectra for the compounds described 
in this section are rich with bands, so only a few 
features are particularly noteworthy and useful for 
characterization purposes. In particular, those com- 
pounds containing a P-H group normally have a 
medium to weak band in the region 2400-2200 cm-l 
that can be assigned to a P-H stretching mode. 
Further, in cases where the members of a set of 
compounds are very similar except for minor steric 
or electronic shifts due to substituent group varia- 
tions, the differences in VPH can be used to deduce 

4 
1 

’O I 
1 
i 

I 
.& BPC 

,B-P’ / 

\ 
30 

113 I2O +BPC[’] 
Figure 4. Relationship between 31P NMR chemical shift 
difference (Ad 31P = 6 31P (R’PH2) - 6 31P (RBPR’)z) and 
exocyclic BPC bond angles (from ref 64). 

small shifts in the P atom hybridization. In many 
of the compounds, the B-N stretching mode(s) can 
also often be assigned in the region 1500-1250 cm-l. 

As found with the acyclic compounds described in 
section 11, multinuclear NMR data for the cyclic 
phosphinoboranes are especially useful. The lH and 
l3C(lH} NMR data typically confirm the structural 
integrity and identity of organic substituent groups, 
while l1B{lH} and 31P{1H} NMR data provide infor- 
mation on coordination numbers and structural/ 
substituent group variations. For example, the llB 
NMR resonances for the cyclic species (Tables 6-9) 
typically fall in the chemical shift region associated 
with three-coordinate boron (d 100-20),s6 and only 
a few shifts appear with d < 30. The line widths for 
these resonances are generally broad (hl,z > 100 Hz) 
and resolved B-P coupling is unusual. The reso- 
nance positions in the 31P NMR spectra at constant 
coordination number are most strongly affected by 
the electronic nature of the substituent groups on 
phosphorus. Electronic features appear to  be so 
dominant that they often mask trends that might be 
used to  unambiguously deduce ring size in response 
to  bond angle variations. Nonetheless, LintP4 has 
noted that 31P chemical shifts in some 1,3,2,4- 
diphosphadiboretanes correlate with square and 
rhomboidal B2P2 ring structures. In a family of 1,3- 
organyl-2,4-amino-l,3,2,4-diphosphadiboretanes, it is 
found that d 31P is more downfield (deshielded) in the 
square rings than the rhomboids. Some representa- 
tive data are summarized in Figure 4. This plot 
correlates the differences in 31P chemical shift be- 
tween parent phosphines RPH2 and the diphosphadi- 
boretanes, Ad 31P, with the exocyclic B-P-C bond 
angle. Qualitatively, this suggests that an increasing 
deviation from the ideal phosphane bond angle (PH3, 
H-P-H 93.5”) leads to larger deshielding. A similar 
trend has been noted for polyphosphines.89~90 

Power and co-workers1*J8J9 have noted that the 31P 
chemical shifts in the six-membered boraphospha- 
benzenes 117-121 lie approximately 70 ppm down- 
field of the shifts for related four-membered ring 
compounds. This is not totally unexpected since the 
latter compounds contain pyramidal phosphorus 
atoms, while the former have planar phosphorus 
atom environments. Further, the six-membered 
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rings show upfield shifts in the llB NMR spectra. It 
is also found that the lH NMR shifts for o-Me groups 
on mesityl substituents are 0.4-0.7 ppm shifted from 
p-Me groups. These data are consistent with signifi- 
cant delocalization of electron density and ring cur- 
rent effects in the B3P3 planar rings. 

As noted below, the amino B-substituted four- and 
six-membered rings contain pyramidal phosphorus 
atom environments. As a result, it is possible that 
cis and trans geometrical isomers (four-membered 
rings) and idealized chair, boat, and twist geometrical 
isomers (six-membered rings) may exist in solution. 
Surprisingly, there have been few reports of dynamic 
isomer interconversion processes. 

The molecular structures of several of the cyclic 
compounds (Tables 6-9) have been determined by 
single-crystal X-ray diffraction analysis. Some gen- 
eral features of the structures are summarized, and 
some structures that have not yet appeared in easily 
accessible literature are presented. 

As mentioned briefly above, smaller organic sub- 
stituents on ring species (RBPR), favor the trimeric, 
six-membered ring composition, while larger organic 
substituents favor the dimeric, four-membered ring 
composition.14J6 A similar steric trend is found for 
amino-substituted rings ( R Z N B P R ) ~ , ~ . ~ ~  The organo- 
substituted, six-membered rings are generally pla- 
nar, and they have relatively short B-P bond dis- 
tances, -1.84 A,11J4 while amino-substituted, six- 
membered rings are nonplanar with cyclohexane-like 
chair or twist conformations and relatively long B-P 
bond distances, > 1.9 A (e.g., [(Me3Si)zNBPH13 (125) 
twisted chair, average B-P 1.928(10) A). The H 
atoms reside in the equatorial positions. The organo- 
substituted, six-membered rings are proposed to have 
extensive delocalization in a fashion related to bora- 
zine rings, while the amino-substituted, six-mem- 
bered rings have little or no ring delocalization since 
the boron atom's electron deficiency is satisfied by 
the ex0 amino groups. It is interesting to point out 
that the six-membered heteroatom ring KiPr2NBP- 
(SiMe3)N(SiMe3)1~ (178) also has a nonplanar, cyclo- 
hexane-like structure with a boat conformation in 
which the ring N atoms occupy the prow positions.65 
The boron atoms have a planar geometry, while the 
phosphorus atoms have a pyramidal eometry. The 

B-NzPr2 bond distance (1.407(4) A) is shorter than 
the endo B-N(SiMe3) bond distance (1.475(3) A). 

In general, the four-membered ring compounds 
BzPz and B,P,(EX) are planar with a trigonal planar 
boron atom geometry and pyramidal phosphorus 
atom geometry. In all cases, the phosphorus atom 
ex0 substituents have a trans orientation. Those 
compounds containing an N atom in the ring or in 
an amino substituent are also planar. The B-P bond 
distances in all of these compounds are relatively long 
(1.896-2.041 A), and they are considered to be B-P 
single bonds. In molecules with terminal B-NRz 
groups, the B-N bond distances are generally short, 
suggesting a significant degree of B-N n overlap at 
the expensve of potential B-P n overlap. 

The molecular structures of both (iPr2NBPH)2 (94) 
and (iPrzNBPH)3 (122) have recently been deter- 
mined,s7 and their structural features illustrate a 

B-P bond distance is long, 1.950(3) 1 , and the ex0 
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Figure 5. Molecular structure of FPrzNBPH12 (94). 

Figure 6. Molecular structure of FPrzNBPH13 (122). 

Q 

Figure 7. Molecular structure of (MezNB)&BuP)z (144). 

number of the points summarized above. Views of 
the molecules are shown in Figures 5 and 6. The 
four-membered ring 94 is centrosymmetric with 
trigonal planar iPrzNB fragments and pyramidal 
phosphorus atoms. The average B-P bond distance, 
1.931(3) A, is in the single bond range, while the B-N 
bond distance, 1.377(3) A, is quite short and is 
consistent with significant B-N n overlap. The six- 
membered ring 122 has a twist cyclohexane structure 
with the H atoms in equatorial sites. The average 
B-P bond distance, 1.933(7) A, is identical to  the 
average distance in 94. As expected, however, the 
internal angles at  the P and B atoms are strongly 
different: 94 B-P-B 84.3", P-B-P 95.7'; 122 B-P- 
B(avg) 105.9", P-B-P(avg) 111.5'. 

The molecular structure of the six-membered B4Pz 
ring 144 has recently been determined,83 and a view 
of the molecule is shown in Figure 7. The ring has a 
chair conformation with the tBu groups oriented trans 



Recent Advances in Phosphinoborane Chemistry Chemical Reviews, 1995, Vol. 95, No. 2 367 

4 
Figure 8. Molecular structure of ( M ~ z N B ) ~ ( ~ B u P )  (146). 

Figure 9. Molecular structure of ( M ~ ~ N B ) ~ ( M ~ S P ) ~  (147). 

to  each other. The B-P bond distances are 1.99 A 
and 1.96 A, and the B-B bond distance is 1.697 A. 

The structure of the only five-membered B4P ring 
(MezNBI2BuP (146) has been determined,s3 and a 
view of the molecule appears in Figure 8. This 
molecule has a twisted envelope configuration, with 
the B(2) and B(3) atoms occupying positions below 
and above the plane formed by B(U, B(4), and P. The 
B-P distances, 1.978(3) and 1.958(3) A, are clearly 
in the single-bond range. The B(3)-B(4) bond dis- 
tance, 1.678(4) A, is shorter than the other two B-B 
bond distances, 1.704(5) (avg). The molecular 
structure of the only reported member of the eight- 
membered ring family (MezNB)e(MesP)2 (147) is 
a ~ a i l a b l e . ~ ~  A view of the molecule is shown in 
Figure 9. The ring has a distorted tub shape with 
planar boron atoms and pyramidal phosphorus at- 
oms. The average B-P bond distance, 1.920 & also 
falls in the single-bond range. 

The molecular structures of two six-membered 
heteroatom rings have recently been solved, and 
views of (MezNB)&BuP)zCH2 (154) and (iPr2NB)2- 
(tBuP)~(CH2)2 (152) are shown in Figures 10 and 11, 
respectively. Compound 154 adopts a boat confor- 
mation, and the tBu groups are cis to  each other and 
trans with relation to the nearest NMe groups. The 
average B-P bond distance, 1.968(10) 1, is relatively 
long compared to the distances in four-membered 
rings. The molecular structure of 152 displays a 
twist conformation with the tBu groups approxi- 

Figure 10. Molecular structure of (Me2NB)dtBuP)zCH2 
(154). 

Figure 11. Molecular structure of (iPrzNB)z(tBuP)z(CHz)z 
(152). 

Figure 12. Molecular structure of (MesB)(tBuP)zCHz 
(150). 

mately trans to  each other. The average B-P bond 
distance, 1.990(5) A, is even longer. In contrast, the 
molecular structure of the four-membered heteroa- 
tom ring (M~SB)(~BUP)~CH~ (150) has been ob- 
tained,s4 and a view is shown in Figure 12. The 
mesityl ring lies in the plane of the BPzC plane, and 
the tBu groups are trans to  each other. The average 
B-P bond distance is comparatively short, 1.884(6) 

Finally, the molecular structure of only one three- 
membered ring, (tBuP)2BNEt2 (130), has been exam- 
ined,29 and it also displays a normal B-P single bond 
distance, 1.892(2) A, with pyramidal phosphorus 

A. 



368 Chemical Reviews, 1995, Vol. 95, No. 2 

centers and tBu groups in trans positions. 

C. Reaction Chemistry 
The cyclic compounds described above have several 

sites of reactivity including the phosphorus lone pair, 
the B-P bond and B-substituent and P-substituent 
bonds. Although most of the cyclic compounds have 
been known for only a short time some examples of 
reactivity in these molecules have been revealed. 

1. Behavior toward Bases 
The boron atoms in many of these cyclic compounds 

appear to be relatively electron saturated as a result 
of n overlap with either phosphorus atoms in the ring 
or nitrogen atoms in exo substituent groups or  in the 
ring. As a result, they show little residual boron- 
centered Lewis acidity. Those compounds containing 
P-H bonds, on the other hand, react readily with 
strong bases (eq 53). The resulting phosphido anions 
are useful for the preparation of P-substituted rings 
(eq 54) and bicyclic species (section IV). The molecu- 
lar structures of two lithium salts of diphosphadibo- 
retanes have been determined, and the association 
of the Li cation with the anions is quite different. In 

the case of TmpBP(H)(TmpB)PLi*TMEDA (Figure 
13),84 the molecule is monomeric, and the Li ion is 
positioned over the top of the B2P2 ring. This 
compound is therefore a member of the bicyclic family 
B2PzE discussed in section IV. Surprisingly, the 
P(l)-Li distance associated with the P-H unit, 
2.521(4) A, is slightly shorter than the P(2kLi  
distance corresponding to the phosphide center, 
2.559(4) A. The four-membered B2P2 ring is no longer 
planar as in the parent compound 95, but the average 
B-P bond distances are identical: 1.923(3) A vs 
1.924(4) A in 95. As expected, the average B-P 
distance associated with the phosphide anion P(2), 
1.919(3) A, is shorter than the average distance 
associated with P(l), 1.928(3) A. This may indicate 
the source of the unexpected P-Li distances. The 

molecular structure of [iPr2NBP(H)(LPr2NB)PLi*DMEl 

: 

m 

Paine and Noth 

Figure 13. Molecular structure of TmpBP(H)(TmpB)- 

PLi-TMEDA. 
1 

I 
Figure 14. Molecular structure of [iPrzNBP(H)(zPrzNB)- 

PLi-DMEIz. 

is dimeric (Figure 14), and its structure has been 
discussed in detail.65 Briefly, the two nonplanar B2P2 
rings are joined through an asymmetric planar 
(rhomboidal) LizP2 ring. The two B2P2 rings are 
approximately perpendicular to  the Li2P2 ring. In 
this case as well, the B-P bond distances associated 
with the phosphide P atoms are significantly shorter 
than those involving the phosphane P atom: 1.901- 
(6) A vs 1.950(6) A. 

Returning to the chemistry of the anions, it is 
interesting, however, that addition of Ph2PC1 to  

1 

TmpBP(H)B(Tmp)PLi.(THF) does not lead to  a P- 
phosphanated product 179 (eq 72). Instead, the bi- 

H H 
I I 

/p\ 
P 

Tmp-B/ 'B-Tmp + Ph,PCI --k4 Tmp-E, /B-Tmp 
\/ -LiCI P 

I 
PPh, 

17 9 

6 5  
P 

Tmp-B'I 'B-Tmp (721 

\P' 

\ 
I 
Li-THF 

180 

cyclic cage compound (TmpBP)2 (180) is obtained.65 
Additional examples of these four-atom bicyclic cages 
are described in section IV. Addition of a strong base 
such as alkyl lithium reagents to  cyclic phosphinobo- 
ranes without a P-H group typically leads either to  
no reaction or to  ring opening with alkylation of the 
boron center(s1 (eq 73h40 

H H 
'c= c/ 

H\ YH 

'Eu ' 'E" 

,c= c, t2 BuLi 
R,N-B, ,E-NR, - R,N-~/ \ B ~  NR2 

/p-p \ 'Bu 'Eu I 

2. Behavior toward Acids 
The combination of reagents containing an acidic 

proton with a cyclic phosphinoborane generally re- 
sults in addition of HX across the B-P bond. Several 
examples64 of this chemistry are summarized in 
Scheme 9. Attempts to  add Lewis acids such as BH3 
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Scheme 9w 
'Bf 
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175a and 177 leads to  formation of phosphonium 
salts (eqs 76 and 77).55,58 

It was mentioned above that TmpBP(H)B(Tmp)- 

PLi-THF combines with PhzPCl in an unexpected 
fashion t o  produce a novel bicyclobutane analog 
(TmpBP)z (18Ol5O It has also been observed that 
several 1,3,2,4-diphosphadiboretanes are subject to  
intramolecular reductive P-P coupling when irradi- 
ated with UV light or combined with AIBN.50 This 
chemistry is discussed further in section IV.A.l. 

I 

1 

2 HCI 2 HCI - 2 Me2N-B<'' - 2 MeZNBC12 +'BuPH2 
P- 'Bu E120 
I 'e! \+a EtOH H lei 

+ Me2NB(OEt)2 + h P H ,  
\ /OEt Me2N-B 

\P- '6" 
2 CN-H I 

H 

+2 C N - H  
D 

or BC13 to  1,3,2,4-diphosphadiboretanes have not yet 
produced stable acid-base adducts. This is interest- 
ing since most of the cyclic ring compounds readily 
form stable complexes with metal carbonyl frag- 
ments. 
3. Redox and Nucleophilic Displacement Reactions 

The redox chemistry of cyclic phosphinoboranes has 
also been examined in a cursory way. For example, 
combination of 175a with Se leads to  expulsion of the 

'BU 
I 

TmD-B 

I mp- 17 5a 

183 
( 7 4 ) 5 5  

tBuP group (eq 74).55 The addition of S and Se to 177 
leads to ring opening as well, but the phosphorus 
group is retained, and the resulting expanded ring 
contains S or Se (eq 75).58 The addition of C&I to 

177 \ 184 
TmP E=S, Se 

175a 185 

(76155 

Tmp-B=N-'Bu+'PrP(Me)l 
58 

(771 

4. Behavior as Ligands 

As noted above, the coordination chemistry of many 
cyclic phosphinoboranes has been explored with 
metal carbonyl fragments. Some illustrative ex- 
amples are shown in eqs 78-86, and most of the 
characterized complexes are summarized in Table 10. 

All of the complexes contain direct metal-phos- 
phorus bonding, and the M-P bond distances fall in 
the normal ranges established for metal carbonyl- 
phosphane complexes. In general, the 1,3,2,4-diphos- 
phadiboretanes with P-H units and amino substit- 
uents on boron form ex0 monometallic com- 
p1exes,55,59,63,64 and this is clearly evidenced by 31P 
NMR spectra that show a resonance for a coordinated 
phosphane and a free phosphane. Molecular struc- 
ture determinations also confirm this structure as- 
signment. Presumably, the Lewis basicity of the 
second P-H center is reduced by the first metal 
binding interaction. The six-membered ring [(Mes- 
Sil2NBPH13 also forms only a monometallic complex 
and the Cr(C0)5 fragment is bonded in an ex0 
position. So far, in only one instance (190) has a 
bimetallic ex0 complex been isolated and character- 
ized, and this compound displays a trans arrange- 
ment of its two Cr(C0)5 fragments.66 Whether or not 
other P-alkyl-substituted B2P2 rings reveal bimetallic 
coordination remains to  be demonstrated. 

Novel coordination chemistry of the B-P com- 
pounds has been recently revealed with (MesBPfBu)2 
(84) and (MesBPPhh (1 19). Combination of 84 with 
Cr(C0)gTHF gives 192 as a yellow crystalline solid 
and with Fe2(CO)g a red, light-sensitive compound 
193 is initially obtained that, upon irradiation, 
readily loses CO and forms 194.68 NMR data sug- 
gested the formation of highly symmetrical nido 
structures for 192 and 194, and this was confirmed 
by X-ray diffraction analyses. It is found that the 
BzP2 rings in the clusters are slightly folded, whereas 
the ring in 84 is strictly planar, and the B-P bond 
distances are more irregular: 192, 1.911(7) and 
1.864(6) A; 194,1.94-1.89 A. The reaction of planar 
heteroaromatic 119 with Cr(C0)3(CH3CN)3 gives the 
novel compound 195. The crystal structure deter- 
mination for this compound88 shows that the B3P3 
ring remains nearly planar, and the Cr(CO)S frag- 
ment is positioned almost exactly over the centroid 
of the ring. Coordination again results in no signifi- 
cant change in the average B-P bond lengths in the 
ring, although as with 194, the range of B-P 
distances is greater than in the free ligand. This nido 
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Table 10. Metal Carbonyl Complexes of Cyclic Phosphinoboranes 
compound bond length B-P (A) v(C0) (cml) d3IP dllB ref 

Et2NBP(fBu)B(NEt2)P(tBu)[Cr(C0)& (190) 

LPr2NBP(CEt3)B(NLPr2)P(CEt3)[Cr(C0)51 
- 

TmpBP(Trip)B(Tmp)P(Trip)[Cr(CO)~l 
TmpBP(H)B(Tmp)P(H)[Cr(CO)jl 

tPr2NBC(H)C(H)B(NPr2)P(tBu)P(tBu)[Cr(C0)4] (196b) 

I I 
[E~~NBC(H)C(H)B(NE~Z)PIZ[F~(CO)~IZ (198) 

1.965(8) 2037 
1.964(8) 1962 

1927 

2040 
1987 
1940 

2049 
1928 
1898 

1.975(2) 
1.972(2) 

1.997(3) 
1.980(3) 
1.881(3) 
1.885(3) 

1.963(5) 
1.967(5) 
1.938(5) 
1.939(5) 
1.965(8) 
1.983(8) 
1.920(8) 
1.906(8) 
1.903(8) 
1.953(8) 
1.864(6) 
1.911(7) 

1.94( 1) 
1.910(8) 
1.888(8) 
1.872(10) 
1.840(7) 
1.865(7) 
1.833(7) 
1.844(6) 
1.865(7) 
1.842(6) 

1.965(5) 
1.983(6) 
1.968(5) 
1.985(5) 

1.94(avg) 

2048 
1925 
1900 

2057 
1974 
1935 

2060 
1981 
1940 
1923 

2000 
1991 
1918 
1899 
2022 
1970 
1958 
2003 
1946 
1934 

1931 
1863 

-220 

-67.2 

-21.4 

-3.4 

-42.0 
-34.5 

-41.1 
-38.1 

-27.2 

-58.7 
-45.2 

-108.2 
-91.0 

-91.0 
-69.3 

-39.8 

14.6 
49.0 

53.9 

20.3 

2011 -60.7 
1942 -28.1 
1902 

2013 -46.8 
1942 -27.7 
1924 
1905 
2059 -162.7 
1977 
1937 

2031 -111.8 
2022 
1961 
1952 

21.7 

25.0 

42.2 

38.4 
30.5 

45.9 

44.5 

43.7 

46.4 

46.4 

62.0 

29.7 

8.5 

7.3 

20.9 

-8.5 

-7.5 

45.9 

30.8 

58 

58 

55 

63 

59,64 

64 

64 

64 

64 

65 

65 

68 

68 

68 

88 

40 

40 

41 

41 

structure is strongly reminiscent of the (@-hexa- 
methylborazine)Cr(CO)S complex in which the bora- 
zine ring is puckered and the Cr-CO vectors align 

over the borazine N atoms. Attempts are in progress 
to expand this chemistry and to understand the 
detailed features of the bonding. 
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RpN-B\ /@-NR2 
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I I 

EtzN NEt2 
1 6 1 a  
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IV. Bicyclic Systems 
On the basis of the rich diversity of organic bicyclic 

compounds and boron hydride and carborane cage 
compounds, it is reasonable to expect parallel boron- 
phosphorus polycyclic cage structures to  exist. How- 
ever, prior to  1987, no such compounds were known. 
New results now indicate that this absence was not 
a consequence of inherent cage instabilities, but 
instead a lack of efforts to prepare and isolate these 
compounds. 

A. Preparation 
1. The B2P2 Bicyc/o[ 1.1. Olbutane System 

It was noted in sections I1 and I11 that sterically 
congested diphosphadiboretanes have been prepared 
in several groups as potential sources for monomeric 
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boranylidenephosphanes (eqs 17 and 87). In the 

R' 

R'  

course of these studies, Noth and co -w~rke r s~~  found, 
however, that an additional reaction pathway exists 
when a few 1,3,2,4-diphosphadiboretanes are 
photolyzed: reductive coupling of the phosphorus 
atoms that leads to  formation of 1,3,2,4- 
diphosphadiborabicyclo[l.l.0lbutanes (199). How- 
ever, it is important to  note that this reaction is not 
general. So far, the reductive P-P coupling (eq 88) 
is displayed by only four diphosphadiboretanes: 
(TmpBPCEtdz, (TmpBPHh, (TmpBPtBuh, and PBu2- 
NBPCEt&. The respective bicycles are also formed 

R' 
I 

R' 199 

R2N/R: TmplCEt,;TmplTrip; Tmpl'Bu; Tmp/H; 'Bu2N/CEt3 

under free radical (AIBN) initiation. Studies of these 
compounds continue in an effort to  better understand 
the factors controlling bicycle formation. 

2. The B3P2, B~PzE, and BzPzE~ Systems 

The first member of this family of compounds, (iPr2- 
NB)3P2 (200), was reported54 in 1987 from a 2:l 
reaction of ZPr2NB(Cl)P(SiMe3)2 and 'Pr2NBC12 at  160 
"C (eq 89). Although 200 was formed in good yield, 

160°C 
'Pr2N /SiMe3 'Pr,N 

CI SiMe, CI 

\ \ 
2 /B-P, + / q 

2 0 0  

relative derivatives were not obtained from similar 
reactions of R2NB(Cl)P(SiMe3)2 and R2NBC12. Ap- 
parently, the P-SiMe3 bonds are not sufficiently 
labile at modest reaction temperatures to  encourage 
the facile elimination of MesSiC1. In order to  cir- 
cumvent this problem, Noth and Paine chose to  
develop a stepwise assembly process for the general 
synthesis of these compounds.62 That chemistry is 
summarized in Scheme 10. In each case, the P- 
borylated diphosphadiboretane was isolated in good 
yield (see section III.C.l), and dehydrohalogenation 
was spontaneous or was promoted with tBuLi. This 

Scheme 10 
H 
I 
D 

/\ +BuLi 

+DME 
RpN-B B-NRZ- 

-C4H10 
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-4 LiCl 
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2 R,NBCI, + 5 LiPH2*DME 
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B( C I) N R', 
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Scheme 11 
H 
I 

H 
I 

R',SiCI, + R,N-E, / & \  /B-NR,- +BuLi RZN-B" 'B-NR2 

'P/ P \ 
-LiCI 

I 
Li-DME Si(CI)R', 

R,N/R',Si(CI): 

206-208 

Scheme 12 
H 
I 

if. DME 
-BuH 211 

chemistry allows formation of symmetrically substi- 
tuted derivatives, (ZP~ZNB)~P~ (200) and (TmpBhP2 
(201), and asymmetrically substituted derivatives, 
(R2NB)2(R2NB)P2 (202-205) (Table 11). 

Extending this chemistry, the reactions of 

R2NBP(H)(R2N)BPLi*DME with R2SiC12 were exam- 
ined, and it was found that P-silylated diphosphadi- 
boretanes formed.67 These species also undergo 
dehydrohalogenation in the presence of tBuLi, and 
the new cage compounds (R2NBMR2SiIP2 (206-208) 
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Table 11. Structural and NMR Data for Bicyclic Compounds 
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compound 
sum of angles 

bond P-B( l e y h  1 a t  P (deg) 631P 611B ref 
1.904(2)(avg) 

1.969( 8)(avg) 

1.948(7)(avg) 

1.958(6)(avg) 
1.973(6)(avg) 

1.992(7)(avg) 

1.9786 )( avg) 
1.929(4)(avg) 
1.97(l)(avg) 

1.976(2)(avg) 
1.97(2)(avg) 

109.9 -290.1 
-293.4 
-13.0 

10.1 

203.6 

214.2 
212.6 

216.8 

263.9 
256.3 

23.5 

32.0 

69.2 

54.3 
-18.4 

31.3 
32.2 
30.6 

-13.4 
-84.9 

49.8 
9.0 

-59.0 
-6.5 
38.9 

45.1 
44.8 
40.5 
43.7 
39.7 
53.0 
39.2 
42.8 
38.6 
51.1 
41.9 
42.7 
45.4 
49.2 
48.2 
48.5 
57.2 
51.7 
47.3 
50.8 
42.8 
45.7 
48.6 

50 
50 
54 
62 

62 

62 

62 

62 
67 
67 
67 
67 
67 
67 
91 
92 

69 
69 

were obtained. This chemistry is summarized in 
Scheme 11. A one-step reaction (eq 90) has also been 

W2Si = Me2Si, Ph,Si, PhMeSi 
207 208 209 

used t o  make several of these compounds; however, 
in some cases, the bicyclobutane derivative 199 is 
formed instead of the desired cage molecules. 

The reaction of TmpBP(H)B(Tmp)PLi.DME with 
the disilane MezSi(Cl)-Si(Cl)Mez also gave a P- 
silylated diphosphadiboretane 210 that produced the 
first bicyclic six-atom cage 211 upon dehydrohaloge- 
nation.67 This chemistry is summarized in Scheme 
12. Attempts t o  prepare a derivative with iPr2NB 
groups were initially unsuccessful. Instead, the - 
reaction of iPr2NBP(H)(1Pr~N)BPLi*DME with Mea- 
Si(Cl)-Si(Cl)Mez gave 212. Further, reaction of 212 
with BuLi produced small amounts of the target 
bicyclic 213, as shown in Scheme 13.67 

The generality of this stepwise assembly approach 
for cage syntheses has been further extended to 
include germane derivatives, as shown in Scheme 14. 
Unlike the cases shown above, the intermediate 
P-germylated B2P2 ring compound can apparently 
undergo either intramolecular dehydrohalogenation 
with formation of a cage species or  intermolecular 
dehydrohalogenation with formation of soluble oli- 
gomers, 215. Further examples and implications for 
this chemistry are being developed. 

Finally, the reactions of the lithium salts iPr2NBP- 
I - 
(H)B(NiPrz)PLi*DME and TmpBP(H)B(Tmp)PLi*DME 
with Sic14 and SizCl6 have recently been observed to  
produce novel spirocyclic compounds 216, as shown 
in Scheme 15,69 and an unusual “triple cage” 217, as 

r 

Scheme 13 

F 
I 
, p\ 

H 

Li-DME 

tBuLi 

Li-THF 
113 

shown in Scheme 16. Although the mechanism for 
assembly are not yet proven, current data are con- 
sistent with pathways proposed in each scheme. 

In a completely different approach to the synthesis 
of B-P cage compounds, Haubold and co-workersg3 
found that the reaction of BzC14 and PC13 resulted in 
a closo-diphosphahexaborane P2B4C14 (eq 91). Keller 

and co-workers have also reported the formation of 
the corresponding bromo analog.94 
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Scheme 14 

I 
Li-DME 
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Scheme 16 
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B. Structural Characterization 
Each of the new cage compounds has been fully 

characterized by spectroscopic and analytical data, 
and llB{ lH} and 31P{ lH} NMR data are summarized 
in Table 11. The llB chemical shifts appear in a 
narrow region 6 5-38 characteristic of three-coordi- 
nate aminoborane fragments. Those cages that 
contain inequivalent aminoborane fragments R2NBI 
R2NB show two llB resonances in a 2:l ratio as 
expected. The 31P NMR chemical shift data appear 
over a much wider range, reflecting different P atom 
hybridizations. For example, the bicyclo[l. 1.0lbutane 
analogs show very high field shifts 6 -290. This is 
consistent with the presence of the P-P bond and a 
small sum of bond angles about the phosphorus 
atoms. The remaining five- and six-atom cage com- 
pounds have 31P shifts in the region 6 -85 t o  70.62,67 

The molecular structure determination50 for 
(tmpBP)z (199a) confirms the butterfly structure for 
the molecule, with a ring fold angle of 104.1'. The 
P-P bond distance, 2.349(2) A, falls in the range 
expected for a single bond, and it is longer than that 
found in the three-membered ring compound Et2NB- 
(PtBu)2, 2.225(1) A. The B-P bond distances, 1.904- 
(6) and 1.907(5) A, fall on the short end of the range 
expected for B-P single bonds. 

The molecular structures of the B3P2 200-205 and 
B2SiP2 206-209 cage compounds are closely re- 
lated.62z67 Each molecule adopts a trigonal bipyra- 
midal structure with the phosphorus atoms in the 
apical positions. The B-P bond distances are rela- 
tively long, 1.992-1.948 A, and the sums of the 
angles about the phosphorus atoms are very small, 

C 
C 

Figure 16. Molecular structure of (TmpB)z(PhzGe)Pz 
(214). 

265-200'. The bicyclic six-atom cages 211 and 213 
display a structure in which the B2P2 unit is slightly 
folded along the nonbonded B-B vector and the 
bonded Si-Si bond vector spans between the two 
phosphorus atoms. The B-P and Si-Si bond dis- 
tances both fall in the single bond range. Each of 
these structures has been discussed in detai1.62,67 

The molecular structure of the P2B2Ge cage 214 
was recently determined, and a view of the molecule 
is shown in Figure 15. The structure is closely 
comparable with the Si analogs 206 and 208, al- 
though some strain in the cage structure may be 
inferred from the bond distances and internal angles. 
The molecular structures for the spirocycles 216a and 
216b are shown in Figures 16 and 17.69 Consistent 
with the spectroscopic data for the molecules, they 
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C. Reaction Chemistry 
Reaction chemistry of the molecules described in 

this section is as yet relatively sparse, and it is 
generally limited to coordination chemistry. Pho- 
tolysis of a mixture of the four-membered ring 
compound (TmpBPCEt& and Cr(C0)s in pentanes4 
results in the formation of a bimetallic complex 218 
of the bicycle 199a (eq 92). This reaction is not totally 

Figure 16. Molecular structure of [(iPrzNB)~P~l~Si (216a). 

c 
Figure 17. Molecular structure of [(TmpB)zPzlzSi (216b). 

e 
C 
C 

C C 

C 

Figure 18. Molecular structure of [("~~NB)zPzS~I~(~P~Z- 
NBP)2 (217). 

are found to be highly symmetrical. The two trigonal 
bipyramids share a common vertex occupied by the 
Si atom, and the B-P bond distances are 1.966 and 
1.922 A. Recently, the molecular structure of the 
"triple cage" compound 217 has been determined and 
is shown in Figure 18. The heavy atom core consists 
of three BZPZ rings interlinked by the Si atoms of the 
disilane. There is a wide variation in B-P distances, 
but the average falls in the single bond range 
expected from the structural analyses of the other 
cages. 

The molecular structure of the closo-diphospha- 
hexaborane PzB4C14 has been determined, and it is 
unique in that the phosphorus atoms occupy cis 
positions in the B4P2 o~ tahedron .~~  The average B-P 
bond distance is 2.00 A, and the P-P bond distance 
is 2.222(3) A. 

218 

general. For example, reaction of 85 and 86 with Cr- 
(CO)s*THF produces the Cr(C0)5 stabilized bora- 
nylidenephosphane 46 and TmpBP(tBu)Cr(CO)s (eq 
17).59,64 Combination of 74 with Cr(CO)s, followed by 
photolysis, gives only a monometallic complex 219 
of the 1,3,2,4-diphosphadiboretane. Reaction of (Etz- 
NBPtBu)2 (220) with Cr(CO)gNMe3 gives a mixture 
of products containing the mono- and bimetallic 
complexes 189 and 190 of the diphosphadiboretane 
(eq 80). Clearly, reaction conditions and substituent 
groups play a role in the formation of these various 
products. 

Reaction of the preformed bicycle 199a with Fez- 
(C0)g gives both monometallic 221 and bimetallic 
compounds 22295 (eq 93). These complexes have been 

characterized by spectroscopic and analytical data. 
In addition, the reactions of 199a with (MeCp)Mn- 
((20)s have been studied, and mono- 223 and bime- 
tallic 224 complexes of the bicycle have been formed 
(Table 12). In addition, 199b has been combined 
with (MeCp)Mn(CO)3, and the mono- 225 and bime- 
tallic 226 complexes have been obtained. The mo- 
lecular structure has been determined for 226.95 

The combinations of 202-204,206-208,211, and 
213 with Cr(CO)s(NMe3) and/or Fez(C0)g in all cases 
give monometallic c o m p l e x e ~ , ~ ~ ~ ~ ~  and no evidence has 
been found for formation of dinuclear complexes. 
These complexes have also been characterized by 
spectroscopic methods and the molecular structures 
of (iPr~NB)2(TmpB)Pz[Cr(CO)51 (227), ('Pr2- 
NBh,P2[Fe(COhl (228), (EPr2NB)2(SiPhdP2CFe(CO)41 
(229), and (TmpB)2(SiMedPdFe(CO)41 (230) have 
been determined by single-crystal X-ray diffraction 
analysis. The structural features for the cage com- 
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Table 12. Structural and NMR Data for Metal Carbonyl Complexes of Polycyclic Compounds 

Chemical Reviews, 1995, Vol. 95, No. 2 3TI 

compound 
sum of angles 

bond P-B( l e y h  1 at P (dep) 631P 611B ref 
(TmpBP)z.[Cr(CO)5lz (218) 
(TmpBP)yFe(CO)c 221 

(TmpBP)z.[Fe(CO)412 (222) 
(TmpBP)zCpMn(CO)z (223) 

(TmpBP)2.[CpMn(CO)212 (224) 
(tBu2NBP)2*[MeCpMn(CO)21 (225) 

(tBu2NBP)~.[MeCpMn(C0)212 (226) 1.905(4) 
1.902(5) 
1.902(4) 
1.908(4) 

-180.9 40.1 84 
-142.3 40.9 84 
-282.3 
-140.8 39.4 84 

-66.7 44.9 84 
-286.6 

-98.7 84 
-46.1 84 

87.8 41.3 84 
-257.7 

Scheme 17 

\ , , ,E--Tmp 

P 

Li * TMEDA 
I 

2 MegiCl  
-2 LiCl 

Tmp-E' 

P 
-*-I 

\ 
Me3S; I Ma.Si 

/ 

I H I .'\ a32 /p' 

i 2 3 1  
H 

pounds show little variation from those of the free 
ligands. 

A small amount of other reaction chemistry has 
been accomplished with 199a. For example, com- 
pound 199a combines with only 1 equiv of Li in THF, 
and the resulting monolithium salt in combination 
with Me3SiCl forms the P-silyl derivative 231. Reac- 
tion with EtzNBClz produces a P-borylate species 
232. In the presence of TMEDA, 199a reacts with 2 
equiv of Li and forms a dilithio salt, and this salt 
undergoes double substitution, as shown in Scheme 
17. The bicycle also forms a bis adduct with BBr3, 
while HsB-THF appears to degrade 199a and results 
in formation of TmpBH2 (Scheme 18). Addition of 
sulfur to  199a leads to  decomposition of the bicycle 
and formation of P,S, and (TmpBSh. 

V. Conclusion 

The expansion in interest and attention in phos- 
phinoborane chemistry over the last seven years has 
resulted in a remarkable collection of new compounds 
with interesting structures and electronic properties. 
In some instances, the new classes of BP compounds 
have close structural and reactivity parallels with 
organic and boron-nitrogen analog compounds, while 

Scheme 18 
EBr3 
I 

\ 
imp- B, p,E-Tmp 

i 91 
Me3Si 

in many other cases the boron-phosphorus com- 
pounds represent strong departures from the lighter 
element chemistry. As discussed in sections I1 and 
111, many of the novel features revealed in BP 
compounds result from the inherently low activation 
energy for condensation of X2BBY2 and XBPY build- 
ing block fragments5Q3 as well as from the polar 
character of the B-P o and n bond overlaps. It has 
been found in recent studies that some logical control 
of the condensation and reactivity behavior of un- 
saturated BP fragments can be realized by judicious 
substituent group modifications. For example, de- 
localized boraphosphabenzenes are formed perhaps 
by cyclotrimerization of boranylidenephosphene frag- 
ments when sterically bulky organic substituents are 
present. In contrast, diphosphadiboretanes and triph- 
osphatriborinanes having pyramidal lone-pair local- 
ized phosphorus atoms result when n-donating alky- 
lamino groups are present on the boron atoms. 
Interestingly, the different electronic structures in 
these molecules are also revealed in their coordina- 
tion chemistry. For example, the planar electron 
delocalized systems form metallocenes, while the 
nonplanar rings so far provide only simple P atom 
lone pair donor complexes with electron-rich metal 
fragments. 

I t  can be anticipated that continued study in this 
area will uncover many additional parallels and 
contrasts between organic and inorganic systems. 
Further, as the systematic features become more 
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fully understood, it can be expected that practical 
applications for boron-phosphorus molecular chem- 
istry may ensue. For example, it was pointed out in 
1961 that reaction of (Me3Si)sP with BF3 and BC13 
produced boron phosphide, although the material was 
not fully ~haracter ized.~~ Unpublished reinvestiga- 
tions of these reactions, as well as reactions with 
BBr3 and BzHs, confirm these findings and suggest 
that the solid-state material can be readily obtained. 
Further studies of this chemistry and other reactions 
in the gas and solution phases may provide access 
to  useful films, bulk powders, and perhaps nanosized 
forms of pure boron phosphide. 
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