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3. Preparation of Tris(3-phthalimidopropy1)amine (4) and 1- 
Tetrapicrate ( 5 ) .  Treatment of 1 with a mixture of sodium acetate, 
acetic acid, and phthalic anhydride5b afforded the tris(phtha1imido) 
derivative (4) only in poor yield. However, an adaptation of a more 
forcing procedure used to prepare N-alkylphthalimido derivatives for 
peptide syntheses6 allowed 4 to be obtained in good yield. A melt 
of 8.0 g (0.054 mol) of phthalic anhydride, 1.2 g (0.0146 mol) of 
sodium acetate;and 1.0 g (0.0029 mol) of 1 was maintained at -200 
O C  for 15 min, cooled, and then transferred to a beaker containing 
400 mL of water. The resulting suspension was heated to boiling and 
neutralized to pH -8 by the addition of 10 g of sodium bicarbonate. 
A tan solid was separated from the aqueous phase by filtration, washed 
with water, and dried in air. This crude tris(phtha1imido) derivative 
was obtained in 71% yield (1.2 g) and melted at  140-145 "C (lit.2 
mp  150-151 "C). Two recrystallizations from a mixture of 20 mL 
of dimethylformamide, 8 mL of water, and -2 g of activated charcoal 
afforded colorless needles which melted at 150-152 "C. Anal. Calcd 
for C3&3&06 (4): C, 68.51; H, 5.19; N,  9.69. Found: C, 68.28; 
€1, 5.15; N, 9.82. 

Addition of a solution of 0.34 g (0.001 mol) of 1 in 100 mL of water 
to a warm solution of 1.6 g (0.007 mol) of picric acid in 225 mL of 
water resulted in the immediate precipitation of a yellow solid. A 
nearly saturated solution of this yellow material was obtained by adding 
an additional 300 mL of water and heating the mixture to boiling. 
The hot solution was filtered and stored overnight at 5 O C .  The filtrate 
deposited yellow needles (0.88 g, 79%) which were collected by 
filtration and dried in a vacuum oven (aspirator pressure, 85 "C). 
The product melted (with decomposition to a red liquid) in a sealed 
c a d l a r v  at 223-224 "C (lit.2 mD 222 O C ) .  Anal. Calcd for 

Notes 

C3;H38N16029 ( 5 ) :  C, 35.29; H, 3.59; N, 19.96. Found: C, 34.88; 
€1, 3.35; N ,  19.95. 
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T h e  thermal  instability of most  pr imary  aminoboranes is 
i l lustrated by t h e  results reported by Mikhai lov2 (eq 1) a n d  
Neilson3 (eq 2). 

4NH, -NH, 
PhBC1, [PhB(NII,),] - '/a(PhBNH), 

-2NH,Cl 
2NH, -Me, NH 

PhB(Cl)NMe, - [PhB(NH,)NMe,] - I /  ,(PhBNH), 
-NH,Cl 

(2) 

W h i l e  reactions of this  type a r e  fa i r ly  well d ~ c u m e n t e d , ~  
i t  h a s  a lso been found t h a t  when la rge  groups a r e  a t tached  

to boron such condensation reactions are less likely to occur. 
I n  par t icular ,  w e  have observed t h a t  pr imary  aminoboranes 
which contain the bis(trimethylsily1)amino subst i tuent ,  

Me,Si R 
\ /  
N-B 

I \  
Me,% NH, 

R = Ph, NHSiMe,, NMe, 

are indeed quite 
This paper reports t h e  preparat ion (eq 3) of three com- 

pounds (4-6) in this class and offers an explanat ion of their 
thermal stability which is consistent with t h e  observation of 
high rotational barriers about the B-NR2 bonds in all of the 
(bis(trimethylsilyl)amino)(dialkylamino)boranes (1-6)* 

NR, 
2NW, / 

NR, 
/ 

\ -NH.Cl \ 
(Me,Si),N-B --- (Me,Si),N-B (3) 

c1 NH, 
1 , R = M e  4 , R = M e  
2 , R = E t  5 ,  R = Et 
3, R = i-Pr 6 ,  R = i-Pr 

Experimental Section 
Materials. (Bis(trimethylsilyl)amino)chloro(dimethylamino)borane 

(1) was prepared according to the method reported by Paige and 
Wells.9 Synthesis of the other B-chloro compounds (2 and 3) has 
been previously described by Geymayer and Rochow.'O These 
compounds were converted to the corresponding B-NH2 derivatives 
(4-6) by their reactions with an excess of ammonia according to the 
following procedures. 

Amino(bis(trimethylsilyl)amino)(dimethylamino)borane (4).5 
Compound 1 (18.2 g, 0.073 mol) was dissolved in dry pentane (300 
mL) in a flask equipped with a magnetic stirrer. The flask was 
attached to a vacuum system, cooled to -78 "C,  and evacuated. 
Ammonia (2.5 g, 0.15 mol) was measured at -78 'C and allowed to 
condense into the reaction flask. The mixture was allowed to warm 
to room temperature and was stirred overnight. Ammonium chloride 
(3.9 g, 100% yield) was filtered from the mixture and identified by 
comparison of its infrared spectrum to that of an authentic sample. 
Solvent was removed from the filtrate and the liquid residue was 
distilled to yield compound 4 as a colorless liquid (16.4 g, 97% yield, 
bp 56-58 "C (2.0 Torr)). The infrared spectrum of the product had 
two bands between 3450 and 3550 cm-l and a strong band at  1600 
cm-', all indicative of a primary amino function. The proton N M R  
spectrum of a neat sample gave Me3Si (6 -O.lO):MezN (6 2.38):NH2 
(6 1.77) = 61:20:6 (calcd 18:6:2). Anal." Calcd for C B H ~ ~ B N ~ S ~ ~ :  
C,41.54;H, 11.33;8,4.67;N,18.17;Si,24.29;molwt,231. Found: 
C, 41.67; H,  11.32; €3, 4.53; N ,  18.05; Si, 24.55; mol wt, 231 (mass 
spectrum). 

Amino(bis(trimethylsilyl)amino)(diethylam~no~borane ( 5).Ib The 
procedure used for the preparation of 4 was modified to allow the 
use of larger quantities of reactants. Thus, compound 2 (25.0 mL, 
0.098 mol) and dry hexane (200 mL) were placed in a flask equipped 
with a cold finger condenser, a gas inlet tube and a magnetic stirrer. 
Both the condenser and the reaction vessel were cooled to -78 O C .  

Excess liquid ammonia (6.1 mL, 0.29 mol) was condensed into a 
graduated tube maintained at -78 OC. The ammonia container was 
attached to the gas inlet tube of the reaction flask and the ammonia 
was allowed to evaporate and condense into the cold reaction flask. 
The cold bath surrounding the flask was removed while maintaining 
the condenser at -78 OC. After 1 h the condenser was allowed to 
warm to room temperature and excess ammonia was allowed to escape. 
Workup of the reaction mixture proceeded as described in the 
preparation of 4. Compound 5 was obtained as a colorless liquid (20.1 
g, 79% yield, bp 86 O C  (2.0 Torr)). The proton N M R  spectrum of 
a neat sample gave Me3Si (6 -0.03):CH2 (6 2.85):CHj (6 0.90):NH2 
(6 1.88) = 12.0:3.3:6.0:2.0 (calcd 18:4:6:2). The mass spectrum12 
contained a molecular ion at  m / e  259.2078 (calcd for '2Clo'H3011- 
B14N328Siz, 259.207 1). 

Amino(bis(trimethylsilyl)amino)(diisop~opylamino)borane (6).Ib 
Compound 6 was prepared by the same method described for 5.  In 
a typical preparation 3 (202 mL, 0.566 mol) was allowed to react 
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Table I. Rotational Barriersa about the B-NR, Bond in the 
Aminoboranes (Me, Si), NB(NR, )X 

with a 50% excess of ammonia (35.4 mL, 1.69 mol) in hexane (200 
mL). Compound 6 was obtained as a colorless liquid (126 g, 77% 
yield, bp 78 OC (1 .O Torr)). The proton N M R  spectrum of a neat 
sample gave Me$i (6 -0.03):CH3 (6 0.98):CH (6 3.05 and 3.92):NHz 
(6 1.87) = 17.4:12.0:2.2:1.6 (calcd 18:12:2:2). The mass spectrum1* 
contained a molecular ion at  mle  287.2390 (calcd for 1zClz’H3411- 
B14N328Siz, 287.2384), 

Proton NMR Studies. For compounds 2-4 and 6 samples of 
sufficient purity were obtained by fractional distillation. In the case 
of 5, however, purification on an Aerograph Autoprep Model A-70 
gas chromatograph equipped with an SE-30 column was required to 
separate 5 from unidentified impurities. Samples in benzene and 
chloroform were prepared in Fisher spectrograde solvents with a 
concentration of 50% (v/v). 

All spectra were recorded on a Varian HA-100 high-resolution 
spectrometer. Temperatures were controlled to an estimated f 2  OC 
with a Varian variable-temperature control unit. A precalibrated 
thermocouple insert was used to monitor probe temperatures. For 
each sample, spectra were recorded over a temperature range of 25-40 
OC at  ca. 5 OC intervals in the vicinity of the coalescence temperature. 

Because the line-shape equation13 used to analyze the proton NMR 
data is useful only for exchange between uncoupled sites, decoupling 
of the observed signals was necessary for compounds 2, 3, 5, and 6. 
For 2 and 5 the methyl protons of the ethyl group were saturated and 
the temperature dependence of the decoupled methylene signal was 
observed. Similarly the decoupled methine signal was observed for 
compounds 3 and 6. Broad-band decoupling was accomplished with 
two external frequency generators, the first (Hewlett-Packard Model 
3310A) operating at  the central frequency of the multiplet to be 
saturated and the second (Hewlett-Packard Model 200 AB) to 
modulate the frequency of the first over the desired frequency range. 

A program using the N M R  line-shape equation of Gutowsky, 
McCall, and Slichter,I3 written for an IBM 360 Model 75 computer, 
was used to calculate line shapes for the observed protons. Input 
parameters included Av, the chemical shift differences between the 
observed signals under conditions of no observable exchange, T2, an 
estimate of the transverse relaxation time which was determined from 
the line width at  no observable exchange, and an educated guess of 
T ,  the mean lifetime of the observed protons. By an iterative process 
the computer then calcualted a value of T which corresponds to the 
best match, by the least-squares criterion, of the experimental and 
calculated line shapes. From this calculated 7 value, the free energy 
of activation (AG*) was evaluated by use of the Eyring e q ~ a t i 0 n . l ~  
The free energies of activation (AG*) for compounds 1-6 (Table I) 
were calculated at  a common temperature of 50 OC which is ap- 
proximately the average coalescence temperature of the compounds 
studied. These AG’ values are in excellent agreement ( f0 .5  kcalimol) 
with those calculated using the approximate method of Gutowsky and 
~ 0 1 m . l ~  

Results and Discussion 
When the (bis(trimethylsilyl)amino)(dialkylamino)- 

chloroboranes 1-3 were allowed to react with an excess of 
ammonia, the primary aminoboranes.4-6 were obtained in 
high yields (>75%) according to eq 3. Like their chloroborane 
precursors, compounds 4-6 are colorless liquids which showed 
no evidence of decomposition even when heated at 150-200 
“C for several hours under an inert atmosphere. 

In the ‘H N M R  spectra of the aminoboranes 1-6 the di- 
alkylamino resonance exhibited a temperature dependence as 
a result of hindered rotation about the B-NR, bond. Acti- 
vation parameters for the rotational process were evaluated 
using standard line-shape analysis procedures. The calculated 
free energies of activation (AG*) are listed in Table I.  Al- 
though we have previously reported16 the observation of 
hindered rotation about the B-NMe2 bond of compound 1, 
the results are included here for  comparative purposes. 

The relatively high AG* values obtained for compounds 1-3 
indicate that only the dialkylamino nitrogen is strongly r 
bonded to boronI6 in these compounds since bis(amino)boranes 
typically have much lower rotational barriers (ca. 10-1 1 
kcal /m01).’~-~~ This conclusion is supported by the results of 
a recent studyi9 which demonstrated ‘that in related compounds 
such as (Me,Si),NB(Ph)NMe,, “the bulky bis(trimethy1- 

T ~ ,  AG*, 
No. R X Solvent C kcal/mol 
I* Me C1 Neat 53 11.5 

CHCI, 57 17.5 
C6H6 67 17.6 

2 Et c1 C, H, 53 11.5 
3 i-PI c1 C H i ,  80 16.4 

‘6 H6 77 16.5 
4 Me NH, Neat 20 16.1 

CHC1, 21 16.0 
‘6 H6 30 15.6 

5 Et NH, C,H, 59 16.6 
6 i-Pr NH; C g i ,  64 16.0 

62 15.5 ‘6 H6 

a Estimated experimental precision: T,, % 2  “C; AG*, k0.5 
kcaymol. Tabulated values are the average of two independent 
measurements. 

sily1)amino group is rotated out of the plane of the B-NMe2 
moiety and thus is not an effective r-donor to boron.” The 
high AG* values also observed for compounds 4-6, therefore, 
lead one to conclude that, even in these tris(amin0)boranes 
the bis(trimethylsily1)amino substituent is twisted (ca. 90”) 
out of the plane defined by the three bonds to boron. 

Me Si NR, 3 4  / 

Data taken from ref 16. 

Me, Si ;N-B\ NH, 

Molecular models arranged in this configuration indicate 
that the boron atom is remarkably “protected”; that is, nu- 
cleophilic attack either within the molecular plane or per- 
pendicular to it is effectively blocked. Thus, the apparent 
stereochemistry of these primary aminoboranes (4-6) seems 
to account for their unusual stability by preventing the type 
of intermolecular interaction necessary for their thermal 
decomposition. 

A final point concerns two recent reports by Curry and 
Gilje20 in which some tris(amin0)boranes containing diiso- 
propylamino substituents were suggested to have helically 
chiral ground states. While our N M R  data do not preclude 
the possibility that compounds 4-6 may adopt similar con- 
figurations, their chemical and thermal stability seems most 
consistent with the “twisted” structure that we have proposed 
here and e1~ewhere.l~ 

Registry No. 1, 32882-72-7; 2, 6591-24-8; 3, 6663-30-5; 4, 
66322-82-5; 5, 66322-8 1-4; 6, 66322-80-3. 
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the bright red paramagnetic complex are  reported, and a 
simple reaction sequence is proposed to rationalize these data. 
Experimental Section 

Materials. The complexes were synthesized from RhCI3.3H20 
(Engelhard) and 2,2'-bipyridine (Aldrich) used as received, The 
acetonitrile (Fisher reagent grade) and tetraethylammonium per- 
chlorate (Eastman White Label) were further purified and dried by 
methods reported previously.2b 

Syntheses. Preparation of [Rh(bpy),] (C104)3.2H2021 and of 
[Rh(bpy),]C104.3H20' have been described elsewhere. The dia- 
magnetic rhodium dimer, I, was prepared as follows: 1.2 g of 
[Rh(bpy),]C104-3H20 was dissolved in 50 mL of acetonitrile, and 
the solution was left in the presence of dry air for 24 h while it turned 
completely from purple-violet as it was initially to a yellow-brown 
color. (Caution! Too rapid exposure to air or pure O2 results in a 
fire and occasionally an explosion.) After air evaporation, the solution 
was decanted from the yellow insoluble Rh(II1) complex which was 
discarded. This process was repeated until no more yellow solid was 
produced from the solution. The brown solution remaining was then 
slowly evaporated to dryness to obtain -0.2 g of the brown compound 
(I). This compound (I) was further purified on a polyamide column 
using acetonitrile as eluent. Analysis indicated some residual impurity. 

Anal. (Galbraith Laboratories, Knoxville, Tenn.) Calcd for 

0, 19.53; Rh,  15.71. Found: C, 41.60; H, 3.50; N, 9.63; C1, 11.79; 
0, 21.23. 

The red paramagnetic rhodium dimer (11) was prepared by one 
of the following methods. 

A. Chemical Preparation. One-tenth gram of I dissolved in 
acetonitrile was treated with chlorine gas in the presence of air for 
10 min, forming a deep red solution. After the acetonitrile was 
evaporated, a red crystalline compound (11) was obtained. This 
material (11) is sensitive to traces of water and base. It was further 
purified by bidimensional TLC using acetonitrile eluent. Some 
decomposition occurred as a result of the water in the plate substrate. 

Anal. (Galbraith Laboratories, Knoxville, Tenn.) Calcd for 

18.18; Rh, 16.71 Found: C. 38.84; H,  2.99; N, 9.29; CI, 14.08; 0, 
20.96. 

Attempts to obtain I and I1 from [Rh(bpy),]+ materials produced 
by reduction of [Rh(bpy),C12]X (where X- = C1-, NO3-, or BF4-) 
were unsuccessful. 

B. Electrochemical Preparation. A 5 X lo-' M [Rh(bpy)J- 
(C104)2.2H20 solution in acetonitrile (supporting electrolyte 2.5 X 
lo-' M) was completely electrolyzed at -1.2 V, where both cyclic 
voltammetry3 and coulometric measurements (n = 1.9 electrons) 
indicated the formation of [Rh(bpy),]+. This solution left in dry air 
turns from deep purple-violet to yellow-brown. Subsequently, C12 gas 
was bubbled through the solution for 10 min, producing a bright red 
solution. The ESR spectrum is identical with that obtained from the 
red complex (in acetonitrile) prepared chemically. 

Results 
Neither the solution of the starting material [ R h ( b ~ y ) ~ ] +  

nor the solution of the brown rhodium dimer, I, gave an ESR 
signal a t  room or liquid nitrogen temperatures. 

The red rhodium dimer, 11, obtained from either the 
chemical or the electrochemical preparation gave a signal a t  
room temperature and an anisotropic spectrum a t  77 K (Figure 
1). Pure solid samples of I1 gave g factors identical with those 
of the solution. Solution samples allowed to stand in air give 
in addition to the spectrum of I1 a superimposed spectrum (Ha) 
due to a second species (Figure 1). Subsequent addition of 
water to dry samples of I1 verified that IIa results from re- 
action of water with 11. Addition of large quantities of H20,  
NH3, or pyridine causes destruction of I1 and loss of the 
paramagnetism. The dry red paramagnetic complex, 11, is 
stable in solution or as a solid indefinitely since the charac- 
teristic ESR signal can be measured after a period of months. 

The experimental g tensor values are tabulated in Table I 
along with g,,, calculated from eq 1. The analysis of the 77 

[R~~(~PY)~(CH~CN)~][CIO~]~: C, 40.31; H, 2.90; N,  10.69; CI, 10.82; 
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Solutions of [Rh(bpy),]+ produced by chemical*" or 
electrochemical r e d u c t i ~ n * ~ $ ~  in acetonitrile are extremely 
sensitive to air; furthermore, the purple Rh(1) solid when 
isolated changes to a yellow-brown mixture upon exposure to 
air. The chemical redox studies of Martin et a1.2a in water 
and the work of Miller and Oliver4 suggest that the yellow- 
brown solution contains as the dominant product a diamagnetic 
Rh(II1) compound, likely a [ R h ( b ~ y ) ~ ( H ~ 0 ) ~ ] ~ +  species. 
However, we have observed that chlorine gas bubbled through 
an acetonitrile solution of [Rh(bpy),]+ produces a deep red 
solution that gives a strong and persistent electron spin res- 
onance signal a t  room and liquid nitrogen temperature. 

Oxygen adduct compounds of Rh(1) with diphosphine 
ligands are reported by Vaska and co-workers5 and Gray and 
co-workers,6 but in all cases the materials produced are 
diamagnetic. Alternatively, rather than formation of an O2 
adduct with Rh(I), Rh(I1) complexes can be produced by 
exposure to air. However, Rh(I1) typically forms dimer species 
in solution as for Rh2(OAc), in water.7,8 Examples of stable 
monomeric Rh(I1) complexes are few-a phosphine adduct9J0 
of R h  whose ESR spectra has been reported and a unique 
square-planar complex of Rh(I1) with the bidentate maleo- 
nitrile 1igand.l' Pulse radiolysis'* in water solvent of a series 
of [Rh(NH3)5X]"+ complexes, where X = Cl-, Br-, or H20 
and n = 2 or 3, produces a monomeric Rh(I1) complex that 
is very reactive in water to ligand displacement and dispro- 
portion reactions. 

In contrast, monomeric d7 cobalt(I1) compounds are known 
and a number of Co(I1) compounds have been observed to 
produce paramagnetic oxygen adducts13-15 in which the un- 
paired spin is localized on the oxygen. Such an oxygen species 
is best considered as a superoxide with the Co"'.02- moiety 
then resulting from an intramolecular redox process.14 Dimeric 
oxygen adduct compounds of cobalt(III)16-20 containing two 
cobalt ions per oxygen molecule are well-known and can be 
formulated as containing oxygen as a peroxide, Le., O?-. Such 
materials when oxidized by a one-electron oxidizing agent as 
C1, also produce a paramagnetic complex best formulated as 
containing a superoxide species, 02-.19,20 

Therefore, we undertook characterization of the para- 
magnetic material resulting from the C12 oxidation of the 
diamagnetic product produced by air oxidation of [ R h ( b ~ y ) ~ ] +  
to determine if Rh(I1) or superoxo complexes had been 
produced. The synthesis, analysis, and spectral and some 
chemical properties of the brown diamagnetic precursor and 
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