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Abstract: The kinetics of the reactions of 
trialkylamine boranes and pyridine bo- 
ranes with benzhydryl cations have been 
detcrmined photometrically. Second-or- 
der rate laws are obeyed, first-order with 
respect to amine borane concentration 
and first-order with respect to carboca- 
tion concentration. As for other reactions 
of carbocations with neutral nucleophiles, 
the rates of these reactions are only slight- 
ly affected by solvent polarity. The struc- 

ture-reactivity relationships and kinetic 
isotope effects are in accord with a polar 
mechanism proceeding through a transi- 
tion state where the migrating hydride is 
partly bound to the entering carbon and 
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Introduction 

Amine boranes 1 are versatile reducing agents in organic and 
inorganic chemistry."] They are produced quantitatively by the 
reaction of amines with diborane (Scheme 1 )  and are stable 
coordination complexes.[21 A large number of amine boranes 

are commercially avail- 

2 R,N + B & ,  - 2 R3N+BH3 Because of their dipo- 
Scheme 1 lar, non-ionic character, 

they are readily soluble 
in water as well as in many organic solvents (e.g., ethanol, ether, 
dichloromethane. toluene, or acetone) .I1, 3 ,  41 While trialkyl- 
amine horanes are relatively stable in water or ethanol, they 
solvolyze under acidic conditions." 3 Borane complexes of 
primary and secondary amines decompose with formation of 
hydrogen when heated above 70 "C,['. 2b,  41 but in the presence 
of impurities (e.g.. amines, proton donors, or heavy-metal 
cations) hydrogen evolution may occur even at  room tempera- 

a+ &- able. 
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to the leaving boron atom. The rate con- 
stants correlate linearly with the clcc- 
trophilicity parameters E of the carbeni- 
um ions. It is therefore possible to use the 
linear free enthalpy relationship logk, = 

s(E+ N )  for determining nucleophilicity 
parameters N for the amine boranes and 
to compare their hydride-donating abili- 
ties with those of other non-charged hy- 
dride donors (silanes, germanes, stan- 
nanes, and dihydropyridines) . 

The reduction of aldehydes and ketones is usually per- 
formed in aprotic solvents between 50 and 100 aC.[61 whereas in 
water or alcohol solution the reaction of dialkylketones with 
various amine boranes proceeds at  room temperature in good 
yields.[71 The reactivity toward 4-tert-butylcyclohexanone in 
aqueous methanol (Scheme 2) was reported to decrease accord- 
ing to the order H,N + BH, > Me,HN + BH, > pyridine + 

BH, > Me,N + BH, yielding trans-4-tert-butylcyclohexanol 
with high selectivity."] 

. L O H  

0 R3N+BH3 

80 - 92 %trans 
Scheme 2. 

Acyl chlorides are reduced with formation of alcohols.['. 
while alkyl and alkali carboxylatcs do not react with amine 
boranes."I Since hydroborations with trialkylamine boranes or 
pyridine boranes require elevated  temperature^.^^, carbonyl 
groups can be reduced selectively in the prcsence of C=C double 
bonds at  room temperature.I5, 71 In contrast, hydroboration of 
alkenes (e.g., I-hexene or styrene) and reduction of carbonyl 
compounds (e.g., aldehydes) with sterically hindered amine bo- 
ranes (e.g., N-phenyl-N,N-diisopropylamine borane) a t  20' C 
takes place within 1-10 h in solvents such as T H F  or pen- 
tane." "I 

Despite their wide use in synthesis. little information on the 
mechanism of reductions with amine boranes is available.[' 
During our efforts to quantify the reactivities of various classes 
of nucleophiles with respect to carbenium ions,"'] we have re- 
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cently studied the kinetics of hydride abstractions from silancs, 
germanes. and slannanes by benzhydryl cations.['31 In order to 
add amine boranes 1 to this list of reactivities of non-ionic 
hydride donors, we have now studied the kinetics of their reac- 
tions with the intensely colored benzhydryl cations 2, which 
yield the corresponding colorless diarylmethanes 3 quantitative- 
ly (Scheme 3). 

l a  - lj 2a-2d 3a - 3d 

Scheme 3. Reaction of amiiie boranes with benzhydryl CB~IOIIS. For keys to the 
compounds, bee Table 1 ( I  a j) and Table 2 (2a  d ) .  

Results 

All reactions of the tertiary-aniine boranes 1 with the carbeniuin 
ions 2 reported in this paper follow second-order kinetics, first- 
order with respect to carbenium ion concentration and first-or- 
der with respect to amine borane concentration (Tables 1 and 
2).  In contrast, simple rate laws were not observed for the reac- 
tions of carbcnium ions 2 with borane adducts of secondary 
amines, and we have not pursued the preliminary investigations 
of these systems. 

The rate constants of Lhe reactions of 2a-BF4, 2a-OTf, and 
2a-PF, with various amine boranes were found to be indepen- 
dent of the counterions (Table 3) in analogy to related studies 
which have shown that the rate-determining step of the 
reactions of carbocations with non-charged nucleophiles (e.g.. 
alkenes, allylsilanes, trialkylsilanes, or silyl enol ethers) is usual- 
ly not affected by the nature of weakly nucleophilic counter- 
ions,"3. 161 

Abstract in German: Die Kinetik der Reuktionen von fiialkyl- 
uniin-Boranen und Pyrirlin-Boranen mit Benzhydrylkationen w r -  
de pliotometrisch bestirnmt. Die Reaktionen ,folgen Geschwindig- 
keitsgesetzm zbveiter Ordnung, erster Ordnung heziiglicli der 
Amin-Borcin-Konzentrcllinr? und ersfer Ordnung heziiglich der 
Benzhydrylkationen-Konzeiitration. Wie hei underen Reaktionen 
von Carhokutioncn twit neutralen Nuckophi/ew werrlen rl i t Ge- 
.schwindigkciten dieser Rrak f ionen durch die Losungmiif telpolari- 
liii nur wenig breinflujYt. Die Struk t ur- Reuk t ivitiits- Beziehungen 
und die kinetischm Isotopencf'&te .sinir' mit einem polarm Me- 
chanisnius im Einklang, hei dem itn ijbergungszustund das wan- 
derncle Hydridion purtiell un dus angreifende Kohlenstojyutom 
sowie an das austri>ten& Boratom gehuntlen ist. Die' Geschwindig- 
keitskonsranten korrelit~rrri linear inir dcti Elektropliilie- Parmrne- 
tern rler Carheniumionen. Daher ist es rniiglich, die Lineare-Frrie- 
Enthalpie-Beziehung l g k ,  = s ( E  + N )  zur Bestimniung der 
Nucleophilie- Pnrumeter N der Amin- Borunr zu nutzen und &en 
Hydrid- Ul,~.rtragimgsfiihigk~~it niif der untkrer ungelaiiener Hy-  
drid-Donoren (Silane, Gertnunc. und Dih).drop).ridirie) zu verglei- 
chen. 

Txble 1 .  Second-order rateconstants !i, (CH2CI,, 20 C )  and Eyring pormic'rcrs ior 
the reiictions of the amine boranes 1 wilh rhc benzhydryl cation 221 [:1] 

l a  E13N-BH3 

la-D Et3N-BD3 

la-Br E13N-BH2Br 

l h  Me3N-BH3 

10.6 

10.6 

10.6 

10.9 

6.6 

- 

- 

5.3 

6.6 

6.0 

6.6 

9.7 

27.9 

15.6 

2.24 

5.20 

13.6 

37.4 

23.3 

176 

302 

380 

976 

= 1.0 46.6 2 0.6 -57.9 2 2.0 

0.6 50.0 2 0.3 -51.3 f 1.1 

0.08 - 

0.2 53.0 f 0.5 -50.2 f 1.9 

- 

0.5 52.7 f 0.5 -43.0 f 1 .9 

1.3 46.2 f 0.4 -56.8 2 1.3 

0.8 - - 

6.3 44.9 f 0.4 -4X.7 ? 1.6 

10.8 43.5 It 0.5 -48.9 f 2.1 

13.6 43.2f 0.3 -4X.O It 1.1 

35.0 40.4 f 0.5 -49.7 t 1 .Y 

I.3x1O5[d] 4 7 0 0  ~ 
~ 

hi] Counterion X 
monium i o n  ni watei- according to ref. [14]. [c] I f  temperature tlcpcodciicc 
was determined. Xi listed in chis column was calculated from rhc Eyring 
parameters. [d] Calculated l'rom k,( - 70 C )  = 392 L m o l ~  ' s ~ I assuming A S T  : 
-49Jinol ' K  I .  

= BF, . PF,-, or OTf-. [b] pK,* or the corrcqmnding a n -  

Table 2. Second-order rate constants k2 (20 C, CH,CI,) and Eyring par.imctcr\ lor  
the reaction of 1 a with the carbocalions 2 [a]. 

carbocation 

-7.45 27.9 46.6 r 0.6 -S7.9 i 2.0 

-2.92 52800 31.7 -C 0.4 -46.1 t 2.3 

-8.10 7.76 52.5 i 0.3 -48.6 t 1.1 

-8.50 5.45 48.8 -C 0.6 -64.2 * 2. I 

bi] Counterion X ~ = BF; or OTf- [b] Electrophilicity parameters E of the carbe- 
nium ions 2 from refs. [12.15]. [c] Calculated from Eyring parameters. [d] fc = 
krroccnyl (C5H,FeC,H,) 
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Tahlc 3.  Influence of the counterion X -  on the second-order rate cnnstants h ,  
(CH2CI,, 2 0 1  1 ,'C) of the reactions of aniine boranes 1 w t h  2a. 

amine borane counterion X- k, i 

L mol-1 s-1 

la  Et3N-BHj B FA 30.4 [a] 

OTt' w.x [a] 

l b  Me3N-BH3 BFA 5.48 [a] 

OTf 5.27 [a] 

G BF4 23.3 [a] 
23.4 [a] 

le 
pF6 

[a] Average calculated from thc va lu~ \ s  in Table 7 

Discussion 

Rate-determining step: The hydride transfer from amine boranes 
lo carbenium ions may proceed by one of the three mechanisms 
shown in Scheme 4. 

Hl'+ 
m e c t n n i s m ~  h\ / 
- --+ H C H B NR, - 

/ \ 
Ar H 

H H I ' '  ,fH mechanism B 
I 

Scheme 4. Possiblc mcchanismi for hydridc transfer from amine hordnes to carher 

The polar mechanismA proceeds via a transition state in 
which the migrating hydride is partly bound to  the entering 
carbon and to the leaving boron atom. In the SET mechanism B 
the initial rate-determining electron transfer step is followed by 
a fast hydrogen transfer. Mechanism C refers to a reaction se- 
quence which is initiated by dissociation of the amine borane 
followed by hydride transfer analogous to  that in mechanism A 
or B. 

Rate-determining electron transfer (mechanism B) was ex- 
cludcd by the primary kinetic isotope effect of k, /k ,  = 1.81 ob- 
sei-ved for the reaction of triethylamine borane 1 a and deuterat- 
ed triethylamine borane 1 a-D with 2a at 20°C (Table 1). For 
mechanism B it considerably smaller secondary kinetic isotope 
cffcct would be expected. Comparison of the ionization poten- 

tials of the pyridine boranes ( I f ,  9.72eV; l h ,  9.30 eV["]) 
with the electron affinities of benzhydryl cations (Ph,CH+, 
7.32 eV['81) confirms that the SET mechanism B is energetically 
unfavorable. 

The dissociative mechanism C is excluded by the finding that 
the reactivities of the borane adducts with sterically hindered 
amines 1 d and 1 e toward 2a are similar to that of the less 
bulky analogue I c,  in spite of the higher tendency of 1 d and 1 e 
to dissociate into amine and BH3.['01 In addition, the reactivi- 
ties of the pyridine boranes I f - j  increase with the electron- 
donating ability of the substituents in pyridine, that is, in the 
opposite order to that expected for the dissociation constants in 
the series 1 f, 1 h, 1 i. and 1 j (Table 1). For the same reason this 
ranking also excludes the possibility that the monitored disap- 
pearance of the carbocation absorbance is due to coordination 
of Lhe carbocation with the amines produced by dissociation of 
la - j .  

By excluding mechanisms B and C we are left with mecha- 
nism A, which is analogous to the mechanism suggested for the 
hydride abstractions from silanes, stannanes, germanes," 31 and 
hj.dr.idic CII groups.""] Nucleophilic counterion assistance in 
this mechanism is also excluded by the independence of the 
observed rate constants of the nature of the counterions 
(Table 3). 

Solvent effects: The rates of the reactions of carbocations with 
neutral nucleophiles have been observed to  show little depen- 

dence on the solvent. Whereas re- 
actions of ben7hydryl cations 
with alkcnes were found to be 
three times faster in nitromethane 
than in an 
analogous change of solvent po- 
larity did not have any effect on 
the rate of hydride abstraction 
from dimethylphenyl~ilane.~'~~] 

Table 4 and Figure 1 show that 
the rate of hydride abstraction 
from triethylamine borane is 
slightly reduced as the solvent 
polarity is increased. Variation of 
solvent polarity affects these rates 
in the opposite sense to the corre- 
sponding reactions with alkenes, 
and Reichardt's ET(30) parame- 

terr201 again proved to be most suitable for a quantitative corre- 
lation. 

H 
+ H--* + H,R-&, 

I A r "  Ar 

products 

i 
1 

iium ions 

Table 4.  Second-ordcr rate constants k,(ZO "2) and Eyring parameters for the reac- 
tion of triethylamine borane (1  a) with 2 a  and 2d in various solvents. 

Cation Solvent Er(3U)[a] AH' kJmo1-I A S *  J ~ n o l  ' K - '  k,(20 C)[b] 
L m o l ~  s- ' 

~~~~ ~~ 

21.9 
acetone 42 2 46.8kO.l -62.Oi0.6 i s  1 
CII,C" 45.5 4h.9+0.3 -53.5k 1.3 12.6 
CF,CH,OH 5Y 8 - 5.95 

2a C'H2C12 40.7 4 6 6 i 0 . 6  -57.9k2.0 

2d CH,CI, 40.7 48.8k0.6 -64.2t2.1 5.45 
l iquidSol x6X [c] 4 9 . l i 0 . 7  -X1.8+28 0.570 

[a] Kef. [20].  [h] If temperature dependence was determined, k, listed in this 
cnlurnn was calculated from 111c Eyring parameters [c] Eatirnatcd value (ref. (21)). 
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2 

1 

0 

-I 0 1  

35 40 45 50 55 60 65 70 
+ 

ET (30) 

-- 

-- 

-- 

-- 

-- 

Figurc 1 Plot of logk, (20' C) for the reaction of l a  with 2 a  versus Rcichardt's 
E,(30) value> [logkz (20 'C) = - 3 . 0 8 2 ~  10-'x E,(30)  + 1.583, r = 0.976). The 
rate constant for liquid SO, [k2(20 C) = 2.92 Lrnol-'s-I] was estimated from the 
relative rate of thc reaction of 2 d  with 1 a in SO, and dichloromethane. 

Because of the low solubility of 2a-BF4 and 2a-OTf in ethers 
or hydrocarbons (c< 5 x 1 K 6  mol L-. '), kinetic investigations 
in solvents of low polarity (ET(30)<40) were not performed. 
Ordinary alcohols were also not used for studying solvent effects 
since ethanol, in contrast with the less nucleophilic trifluoro- 
ethanol, slowly reacts with 2a at  ambient temperature. 

Kinetic studics in liquid SO, were only performed with the 
bis(ferroceny1)methylium cation (2 d) as reference electrophile, 
since the dimethylamino groups of 2a undergo a coordination 
with the Lewis acid SO, resulting in the formation of a complex 
which is more electrophilic than 2a. This coordination, which 
has also been observed upon treatment of 2a with other Lewis 
acids (e.g., ZnCI,.OEt, or BCI,), is detected by a change from 
the intense blue color of 2a to ycliow. 

Because of the small differences in k ,  in Table 4, it is difficult 
to assign the solvent effects to variations in either AH * or A S * .  
The considerably smaller rate constant in liquid SO, is clearly 
due to a more negative value of A S  *. An analogous change in 
AS' has been observed for the reactions of benzhydryl cations 
with dimethylphenylsilane in either liquid SO, or dichloro- 
methane.["] 

Variation of the amine borane: In the section "Rate-determining 
step" we have already discussed how electron donors in the 
4-position of the pyridine ring increase the reactivities of those 
complexes. The activating electronic effect of two methyl groups 
in the 2- and 6-positions of the pyridine is partially compensated 
by the retarding steric effect, however, and l g  is less reactive 
than the 4-(tert-butyl)pyridine complex 1 h. 

Comparison of 1 f with the trialkylamine complexes 1 a and 
1 b shows that the basicity of the amine is not the major factor 
determining the reactivities of these compounds. Despite the 
higher basicity of trimethylamine and triethylamine compared 
with pyridine, the trialkylamine complexes are weaker hydride 
donors than the pyridine complexes If-j .  The observation that 
the reactivity of the borane complex 1 c of the weak base N,N-di- 
ethylaniline is similar to those of the trialkylamine complexes 1 a 
and 1 b also argues against control of the reactivitics by the 
basicity of the aniines. 

The ratc constants for the reactions of the monosubstituted 
pyridine boranes with 2a (logk,) d o  not correlate linearly with 
Hammett's oP parameters (Figure 2) or 0,' [221 parameters. 

Ig k2 (-70 "C) 

l i  

-3 I 
-0.8 -0.6 -0.4 -0.2 0.0 (1.2 

U 

Figure 2. Plot of logk ,  (-70°C. CH,CI,) for the reaction olpyridine boranea I f ,  
1 h, I i ,  and I j  with Za  versus up. 

The electron-donating effect of the para substituents can be 
expbined by the quinoid structure of the resulting cations I + ,  as 
depicted for the dimethylamino pyridine borane 1 j in Scheme 5.  

U lj+ 

Scheme 5 .  Stabilization of Ij' by through the prrrtr aubstitusnt 

Complex 1 a-Br was the only amine borane investigated wherc 
one of the hydrogen atoms on  boron was replaced by another 
atom. The fact that the reactivity of 1 a-Br is twelve times lower 
than that of 1 a is probably attributable to the electron-with- 
drawing effect of bromine, although steric effects cannot be 
excluded. 

Assuming that the reactivities of the amine boranes are con- 
trolled by the thermodynamics of the hydride abstraction step, 
we performed semiempirical MO calculations (AM 1) on the 
amine boranes 1 and the cations 1+ rcsulting from hydride 
abstraction (Table 5 ) .  Figure 3 shows a linear correlation be- 
tween the reactivitics of the amine boranes 1 toward 2a and 

Table 5.  Calculated heats of formation of the aniine boranes I and thc cations I +  
(AM 1 ; ref. [23]). 

Amine borane AH;(l) l  AH('(1')) A H ; ( ] + )  - A H ,  ( I )  
kcal iiiol ~ I kcalrnol-' kcal i n o l ~  I 

l a  -11.0 145.1 156.1 
1 a-Br -35.7 127.2 162.9 
l h  8.1 164.7 156.6 

34. I 132.3 

22.4 172.5 150.1 
15.2 164.1 148.9 

-4 2 142.8 147.0 
40.3 177.8 137.5 

('hem. Eirv. J. 1997. 3. No. R t:~ VCH ~~r/~iy.syc.se//,scliafi m h H .  0-69451 Weinhcim, /997 /JY47-6539'9710308-/217 S 17.50+ .50;/J 1217 
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5 

4 

3 

2 

I -  

Ig k, (20 "C) 

-- 

-. 

-. 

-- I f  

Et,N-BH, 
l a  

BH, Me,N+BH, . Et,N+BH,Br 
l h  Ih . la-& 

f l l  t 

I30 140 1 so 160 170 

AH;('') - AH;(l) 

kigurc 3. Correlation between the kinetics [logX,(?O C, C'H,CI,)] and the ihermo- 
dqnamics [A//;(l') - A H , ( l ) ]  of the renclion 01' l a - j  with 23;  logA,(ZO C) = 

- 0. l8h(AHf(1+)  - A// , ' ( I ) )  +30.3. I = - 0.987. 

AH;(I+)  - AH;(l). The increase of the exothermicity of the 
hydride transfer step (Figure 3. from right to left) is associatcd 
with an increase of the corresponding rate constant. The small 
slope of this correlation (0.186) indicates that only 2 5 %  
(0.186 x 2.303RT) of the variation in A H :  is detected in AG'. 

Variation of the carbocation: According to Figure 4, the rate 
constants of the reactions of the triethylamine borane complex 

-10 -9 -8 -7 -6 -5 -4 -3 -2 

E 
Figure 4 Correlation or lhc second-order rate conatant5 (logk,, 20 -C. CH2C12) for  
the reactions oflriocliyliii~iine borane (1 3) with carbocations 2a d. with their clcc- 
trophilicity parameters E. 

I a (logk?, 20 -C, Table 2) corrclate linearly with the elec- 
trophilicity parameters E of the carbenium ions 2a-d,  that is, 
they obey the lineal- free cnthalpy relationship [Eq. (1 ) ] . [121  The 

log k2(20 C )  = J(N+ E )  (1) 

slope of this correlation ( s  = 0.72) is slightly larger than those of 
corresponding hydride abstractions from trialkylstannanes and 
trialkylgermanes (0.56-0.69)['21 and comparable with that for 
trialkylsilanes (0.64-0.76) . [ I 2 ]  Froin the intersection of the 
graph in Figure 4 with the abscissa a nucleophilicity parameter 
of N (  I a) = 9.44 is obtained, that is, thc nucleophilicity of tri- 
ethylaininc borane ( 1  a) is similar to that of tributylstannane 
(1V = 9.29) .[* 21 

According to previous work," structurally analogous hy- 
dride donors are characterized by similar values of 5 .  One can 
assume, therefore, that the slope parametcr s = 0.72 dctcrmincd 
for 1 a will also hold approximately for the other amine boranes 
studied in this work, and one can calculate approximate N 
parameters from the rate constants given in Table 1 (Figure 5). 

N 
weak hydride donors 

Et,N+BH,Br (N = 7.9) Et,SiH rg 
Me-PhSiH ,' 4 

Me3N+BH3 (N = 8.5) 

I 
Bzl 

' Me0 c N - + B H ,  ( N  = 1 1.6) 

' N c N + B H ,  (N = 14.6) 

strong hydride donors 

Figiirc 5. Nucleophilicity N of ai i i ine hor;ines 1 cornparcd with other non-ionic 
hydride donors 

If s were exactly the same for all hydride donors shown in 
Figure 5, the N values would represent electrophile-independent 
relative reactivities of these compounds [as a consequence of 
Eq. (l)]. As discussed above, small variations in s occur, how- 
ever, with the result that the order of the relative reactivities of 
hydride donors with comparable N parameters may be reversed 
when the electrophilic reaction partners are varied. The follow- 
ing discussion, therefore, concentrates on the comparison of 
compounds with large differences in N .  

As shown in Figure 5 ,  the trialkylamine boranes are more 
reactive hydride donors than trialkylsilanes (.rAN=4) and tri- 
alkylgermanes (TAN= 2).  Their reactivity is comparable with 
that of trialkylstannanes and 1,4-dihydropyridines. Pyridine bo- 
ranes are considerably stronger hydride donors, and the most 
reactive complex in this series (N,N-dimethylaminopyridine bo- 
rane) exceeds the reactivity of N-benzyl-l,4-dihydronicoti- 
namide by approximately four orders of magnitude. 

With s = 0.72 and the N parameters listed in Figure 5, one 
can use Equation ( 1 )  to calculate the rate constants for the reac- 
tions of other carbocations with amine boranes. As shown in 
Figure 1, these rate constants depend little on solvent polarity, 
and it is possible to compare the reactivities of amine boranes 
directly with those of ionic boron hydrides toward the anisylfer- 
roccnyhnethyliuni ion in water. 

Table 6 shows that thc reactivities of amine boranes arc simi- 
lar to that of cyanoborohydride, that is. somewhat lower than 
that of BH, in water. It should be noted, however, that the 
comparison of the reactivities of neutral hydride donors with 
those of ionic hydride donors strongly depends on solvent polar- 
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Table 6. Second-order rate constants Ir, for the reaction of the :niisylferrocenyl- 
mcthyliuni ion with boron hydrrdea. 

hydride donor N ($1 k2 I L mol-1 s-1 

BH,CN- 7.4 x 103 [a] 

Et=,N+BH3 (la) 9.44 (0.72) 1.4 x lo4 [b] 

Meo<N+B$ ( l i )  11.6 (0.72) 4.9 x lo5 [b] 

BH4- 1.5 x 106 [a] 

[a] Ralc constants at 25 C in water (see ref. [XI).  [b] Calculated values (from 
Eq. (I) with E =  - 3.70, rcl's. [12,27h] at 20-C in dichloromcthane). 

ity, and the reactivities of the ionic hydride donors BH,CN- 
and BH, can be expected to increase considerably as waler is 
replaced by a less polar solvent. 

Conclusions 

Amine boranes are among the strongest non-ionic hydride 
donors which are valuable reducing agents because of their sol- 
ubility in many organic solvcnts. In reactions with positively 
chargcd electrophiles, they are inore reactive hydride donors 
than trialkylsilanes, and comparablc with NaBH,CN. As a con- 
sequence amine boranes may replace this expensive and toxic 
reagent in many applications (e.g., reductivc amination of car- 
bony1 groups). According to the linear free-enthalpy relation- 
ship [Eq. (I)] the reduction of iminium ions ( E e  -7)[251 is ex- 
pected to proceed smoolhly with all the amine boranes shown in 
Figure 5. In agreement with this analysis, Moorniann has re- 
cently reported the reductive amination of aldehydes in protic 
and aprotic solvents with pyridine borane instcad of BH,CN- 
as reducing agent (Scheme 6).r261 

R ' H ' Q -  8 
I R JJ -k R 

H 

Scheme 6. Example of application of pyridine boranc as reducing agent [26] 

Further applications of amine boranes as reducing agents can 
be deduced from the reactivity scales presented by Mayr and 
Patz.['2' 

Experimental Section 

General: Melting points are uncorrected. High-vacuum sublimations 
(0.01 mbar) were performed in a Biichi Kugelrohr apparatus. 'H NMR spec- 
t ra wcrc rccorded at  60 or 300 MHz and l3C NMK spectra at  75.7 MH7 in 
CDCI,: cheiiiical shifts are in ppm relative to 'TMS and coupling constants 
are in Hz. 

Materials: The bcnzhydryl salts Za-BF,. 2a-f'F6, 2a-0Tf .  2c-BI$, and 2d- 
BF, were prcparcd as described previously." ', 27'', "'j The cation 2 b was 
generated from the acetate 2b-OAc by ionization with TMSOTf."7h' Com- 
mercially available amiiie borancs 1 a. 1 b. I c .  1 f, 1 g,  and 1 j were used after 
either sublimation or recrystallization from pentane/CH2C1,. The amine bo- 

ranes 1 h and 1 i were prepared rrom the corresponding amincs and diborane 
as described by Mooney and Qaseem.""' The h;tloborane 1 a-Br w;is prepared 
from 1 a aiid N-bro~nosuccinimide,'~~' and I a-D was obtained by deuteration 
of l a  with I>,O pretrcatcd with SOC12.120' 

General procedure for the reduction of 2: At 20 C the amiiic borane l a  
(3.50 mmol) was added in one portion to ;i stirred solulioii of 2a-BF, 
(2.70 mmol) i n  dry CH,Cl, (50 mL) .  After disappcnrancc of thc blue color of 
the cation 2a (< 1 h) the mixture was stirred for 1 h with 6 h i  hydrochloric acid 
(30 mL) to hydrolyze the boranes. The layers wei-e sepm-ated. aiid NxOH (6w. 
40 mL) was added to the aqueous layer which \*'as then extracted with diethyl 
ether (2 x 30 mL). Thc combined organic layers wcrc dried (Na2S04). fil- 
tered, and evaporatcd. The volatile compounds wcrc removed iit the Kupel- 
rohr apparatus hcforc sublirnation or crystallization of the product 3 3  

Ris(4-N,N-dimethylaminophenyl)methanc (3 a) was obtained fi-om 23-BF, 
(0.92 g. 2.70mniol) and l a  (0.43 g, 3.74mmol). Yield 77% (0.53 y. 
2.08 mmol). The diarylmethane 3a was also obtained from 2a-BF,. Za-OTf. 
or 2a-PF6 with the other timine boranes 1 in good yield (75-90%,): m.p. 
90 91 ' C  (91 C130'): b.p. 140-150 C (0.01 inbar): for N M R  data see 
refs. [31. 321. 

Bis(4-N,N-dimethylaminophenyl)-ID,lmethane (3a-D) was obtained from 
2a-BF, (0.81 g, 2.38 mmol) and la-D(0.41 g, 3.47 mmol). Yield 8 6 %  (0.52 g. 
2.04mmol): b.p. 140 150-C (0.01 mbar); m.p. 84 8 5 ' C  (84 84.5 C);13z1 
'H NMR (300 MHz, CDCI,): 6 =7.12 (d, J = 8.5 Hr. 4 H ,  AA'BB' system). 
6.76(d,J=8.5H~.4H.AA'BB'system),3.85(brs.IH.CHD),2.96(s.l2H. 
CH,): I3C NMR (75.7 MHz, CDCI,): 6 =148.9. 130.8. 129.8. 113.6. 41.3. 
39.4. 

Ferrocenylphenylmethane (3b) was obtained from 2 b-OAc (0.82 g. 
2.45 mmol) and 1 a (0.65 g, 5.65 mmol) in the presence of TMSOTf (0.25 g. 
1.12 mmol). Yield 87% (0.59 g. 2.14 mmol) iifier ci-yatalli~otion from ethanol 
at  -20 C ;  m.p. 7 3 - - 7 3 . 5  'C  (73.5-74.0 C).'"j 'H NMR(60  M H L ;  CDCI,): 
6 =7.35 (in, 5H. Ph), 4.15 (s. 9H. Fc), 3.75 (5, 2H. CH,) 

Bis(4-pyrrolidinopheny1)methane (3c)  was obtained from Zc-BV, (0.52 p. 
1.33 nimol) and l a  (0.22 g, 1.91 mmol). Yield 69% (0.28 y. 0.92 mmol) d ie r  
crystallizition from pentanc:CH,C12 ( I  1 1 ) :  1n.p. 88 -88.5 C (XX 89 
for spectroscopic data see ref. [15]. 

Kinetic investigations: The consumption of the colored bcnzhydryl cations 2 
by the amine boi-ant: was determined photometi-ically by using fihcr optics 
and lhe workslatioil described previotisly.[Ih"] The results are summari7ed i n  
Table 7 .  
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