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Abstract-The kinetics and mechanism of the hydrolysis of several cyano(pyrrolyl-l)bor- 
ates in aqueous medium has been investigated. The hydrolysis of cyanophenyl(pyrrolyl- l)- 
borates, cyano(tripyrrolyl-1)borate and cyanohydro(pyrrolyl-1)borates proceeds via two 
kinds of reactions; (a) a special H + ion catalyzed reaction (A- 1 mechanism) and (b) a H + 
ion concentration-independent process of Gl mechanism. In acidic medium the 
[BH,(NC4H4)CN]- anion is reversibly protonated at the a-carbon of the pyrrolyl group 
and a product with composition C,H,N * BH,CN, stable towards hydrolysis is also formed. 

In the H+ ion catalyzed reaction the B-N bond very likely breaks, whereas upon the 
[H+] ion concentration-independent reaction a B-CN cleavage occurs. The presence of 
the cyano substituent significantly increases the hydrolytic stability of the EN bond, 
whereas the pyrrolyl-l-substitution remarkably decreases the stability of the B-CN 
bonding. 

In previous papers we have described the kinet- 
ics and mechanism of the hydrolysis of 
phenyl(pyrrolyl-1)borates’ and hydro(pyrrolyl-l)- 
borates.2 In this paper we wish to report on the 
study of the hydrolysis of several cyano(pyrrolyl- 
1)borates ([BH,(NC,H,),_.CN]- and [B(C,H,),- 
(NC4H4),_.Cq-, where n = 0, 1,2). 

The kinetics and mechanism of the hydrolysis of 
the borates is significantly changed and modified 
by the presence of the cyano group. For example, 
the rate-constant of the hydrolysis of [BH,CN] - 
anion3 is about 108-fold lower than that of the 
BH,- anion.4 Concomitant to the hydrolysis in 
D20 such a rapid B-H isotopic exchange reaction 
takes place in the case of [BH,CN] - that the 
[BD,CNl- salts3 can be isolated with good yields, 
whereas H-exchange of low degree has been ob- 
served upon hydrolysis of BH,- anion.5 In this 
paper the effect of the cyano substituent on the 
kinetics and mechanism of the hydrolysis of 
(pyrrolyl- 1)borates is described. 

*Author to whom correspondence should be ad- 
dressed. 

EXPERIMENTAL 

The preparation of the borates utilized, 

NatB(C,H,),(NC,H,)CNl, NatB(C6H5)(NC4Hd2- 
CN], Na[B(NC,H,),CN] .1,5 C4H802, K[BH,- 
(NC,H,)CN] * C4HsO2 and Na[BHINC,H,),CN] * 3 
C,H,O, have been described previously.6,7 

The buffers used have been prepared in the usual 
manner using analytical grade chemicals from Re- 
anal and Merck. The ionic strengths of the buffers 
was adjusted to 0.1 mole/dm3 or 1 .O mole/dm3 with 
NaCl. The pH values of the buffers was determined 
with a Radiometer model PHM4 pH-meter. In the 
case of K[BH,(NC,H,)CN] at [H+] > 0.01 
mole/dm3 the pH value was calculated on the basis 
of the HCl concentration, while at [H +] c 0.01 
mole/dm3 the pH was measured, and the pH of a 
solution containing 0.010 mole/dm3 of HCl was 
acknowledged 2.00. 

Kinetic measurements 
The rate of hydrolysis of the cyano(pyrrolyl-l)- 

borates was followed by spectrophotometric (a) 
and complexometric (b) methods. The mea- 
surements were carried out at 25°C (or at 17.5 and 
35°C) using samples thermostated to + O.l”C. 
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(a) The concentration of the cyano(pyrrolyl-l)- 
borates in the buffer solutions was 
2 x 10e4-4 x 10e4 mole/dm3. The light absorp- 
tion of the samples was determined using a 
Beckman Acta M-IV spectrophotometer at 
250 nm (NajB(C,H,),(NC,H,)CN]), 240 nm 

(Na[B(C,H,)(NC,H,),CNl, N@H(NC4H4)DJl 
and Na[B(NC,H,),CN]) and 247 nm (K[BH,- 
(NC,H,)CN]). The solid borate samples were dis- 
solved in the buffer with rapid stirring and the 
change of absorption was followed for a period of 
l-2 half-life time. The absorption of the hydrolysis 
products was measured when eight times the half- 
life of the reaction had elapsed. 

(b) In neutral and alkaline media the progress of 
the hydrolysis was followed by measuring the free 
CN- ion concentration of the solution. For these 
experiments 0.02 mole/dm3 solutions of the borates 
in the buffers were used. The free CN- ion concen- 
tration was determined by means of 0.1 mole/dm3 
AgNO, solution. For the determination of the 
end-point the I- ion indicator method was 
applied. 

Examination of the influence of acetic acid on the 
rate of hydrolysis 

The rate of the hydrolysis of Na[B(NC4H4),CNl 
at 25°C was measured in pH = 4.07 buffers with 
0.1 ionic strength at different acetic acid concen- 
trations (0.015, 0.15 and 0.35 mole/dm3). The fol- 
lowing values were obtained for the pseudo-first- 
order rate constants: 3.26 x 10m4; 3.08 x lop4 and 
2.97 x 10-4s-‘. 

Determination of the activation parameters 
The rate of hydrolysis was measured in 

pH = 5.36; 4.40; 3.90; 3.61 and 3.38 buffers and in 
the case of Na[B(NC,H,),CN] in pH = 3.90; 3.38; 
2.43; 2.11 and 1.90 buffers at 17.5,25.0 and 35.O”C. 
With the knowledge of the measured pseudo-first- 
order rate constants and the H + ion concentration, 
both the H + ion concentration-dependent and H + 
ion concentration-independent rate constants were 
determined. The actual [H+] values were calcu- 
lated from the measured pH values at 17.5, 25.0 
and 35.O”C. The activation parameters were calcu- 
lated in the usual manner from a plot of log k vs 
T- ’ according to the Eyring equation using the 
determined values of the rate constants. 

RESULTS AND DISCUSSION 

The cyano(pyrrolyl- 1)borates decompose slowly 
in aqueous acidic media, according to eqns (1) and 
(2) (n = 0, 1,2): 

[W6H5),(NC4H4)3 _.CNj - + H + + (3 - n)H,O 

= [B(C,H,),(OH), _ “1 + (3 - n )C,H,NH + HCN 
(1) 

[BH,(NC,H), -,&TN] - +,H + + 3H20 

= B(OH), + nH, + (3 - n)C,H,NH + HCN. (2) 

In contrast with the hydrolysis of the other 
(pyrrolyl-l)-borates,‘v2 cyano@yrrolyl- 1)borates 
hydrolyse slowly also in strongly alkaline medium 
(0.1 mole/dm3 NaOH) but pyrrole does not form 
upon the hydrolysis (Fig. 1). In neutral and alka- 
line medium this process takes place as shown by 
the following equations (n = 0, 1,2): 

PGWWJ-L), - .W - + H2O 

= PW,W,W,W, -@HI - + HCN (3) 

W-WGH& -PI - + (n + 1P-W 

= [B(NC,H,),_.(OH),+,]- + nH2 + HCN. (4) 

Since the spectrum of the borate significantly 
differs from that of the hydrolysis products in the 
range 220-270 nm, the rate of the hydrolysis of the 
cyano(pyrrolyl-1)borates can be readily followed 
by spectrophotometry. The measurement of the 
cyanide ion concentration is also a good method 
for determining the rate of hydrolysis in alkaline 
medium. 

210 230 250 A(nm) 

Fig. 1. The change of the spectrum of K[B(NC,HJ,CN] 
(c = 1.4. 10m4 mole/dm’) upon hydrolysis in 
0.1 mole/dm3 NaOH solution: (a) before hydrolysis; (b) 
after hydrolysis; (c) after hydrolysis and adjustment of 
the pH first to acidic range (3-4) and then to the original 

value. 
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According to our studies the hydrolysis of 
cyano-(pyrrolyl- 1)borates in aqueous buffers can 
be described as a kinetically pseudo-first-order 
reaction: 

O-1 - - = k;Yd’dsB-] 
dt 

where B- denotes the cyano(pyrrolyl-1)borate and 
kfY& is the pseudo-first-order rate constant. The 
measured kFYd* values of the cyano(pyrrolyl-l)- 
borates in aqueous buffers are summarized in 
Tables 1 and 3. 

In acidic media the kfY& values of the 
[B(C,H,),(NC,H& _ .CN] - anions (n = 0, 1,2) and 
the [BH(NC,H.,),CNj- anion varies linearly with 
the H+ ion concentration (Table 1) and it can be 
expressed by the following equation: 

kFydr = k,[H +] + k, (6) 

where kH is the second-order rate constant of the 
acid-catalyzed process and k, is the first-order rate 

constant of the H + ion concentration-independent 
reaction. The values of the kH and k, rate con- 
stants, determined from the data given in Table 1, 
and also the AH * and AS * values, calculated from 
the k,, and kl constants are summarized in Table 
2. 

The rate-determining step in the H+ ion- 
catalyzed hydrolysis of cyano(pyrrolyl-1)borates 
may be the cleavage of the B-CN or the B-N bond 
(in the case of borates containing B-H bond the 
cleavage of this bond may be also rate- 
determinant). We believe that in the reaction of the 
cyano@yrrolyl-1)borate with H+ ion the EN 
bond is cleaved since the formation of pyrrole and 
the corresponding amine borane was observed in 
the reaction between cyano(pyrrolyl-1)borates and 
pyridine hydrochloride in non-aqueous solvents.‘J 

On the contrary, the rate-determining step of the 
H+ ion concentration-independent reaction can be 
only the cleavage of the B-CN bonding, as no 
formation of pyrrole can be observed in alkaline 
medium (Fig. 1), and also, the value of kfydr, 
measured in alkaline medium, is equivalent with 

Table 1. Pseudo-first-order hydrolysis rate constants (kkydy of cyano(pyrrolyl- 1)borates in aqueous 
buffers at 25°C @ = 0.1) determined by spectrophotometric (pH < 8.8) and complexometric methods 

(PH > 8.8). (Ph = C6H,; Pyl = I-NC,HJ 

*Jar cs-ll 1 
PH 

EBPh2QlCNI- C~fi~l2CNl- CBPY~~NI- CBHFy12CNI- 

1.90 

2.11 

2.43 

3.05 

3.38 

3.61 

3.90 

4.19 

4.40 

4.64 

5.36 

8.8 

9.3 

9.9 

11.2 

12.6 a 

5.9.10-3 

2.9.10-3 

1.8.10'3 

9.8.10-4 

6.0*104 

4.30104 

3.0.104 

2.2.104 

4.0.10-3 

2.6.10-3 

1.7.10-3 

1.3.10-3 

9.1'10-4 

7.9.10-4 

6.4.10-4 

1.6*10-4 6.1~10-~ 

1.7.10-4 5.9*10-4 

1.8.10'4 6.0010~ 

1.8*10'3 

1.2.10-3 

7.5.10-4 

4.2010~ 

3.6.104 

3.1.104 

3.3.10-4 

3.3.10-4 

4.6dO-2 

2.2.10-2 

2.7*10-3 

1.6*10-3 

9.1'104 

5.2*10-4 

3.8.10'4 

2.9.10-4 

1.8.10-4 

1.2'10-4 

1.1.10-4 

1.2.10-4 

a NaOH-NaCl buffer 
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Table 2. Rate constants (kH, k,) and activation parameters of the hydrolysis of cyano(pyrrolyl-l)- 
borates at 25°C. @ = 0.1; Ph = C,H,; Pyl = l-NC,H,) 

Parametere Values 

(unite) CBPh2FylCNl- CBfiPgl2~Nl- CBPY~~CNI- fBHl?yl2CNI- 

kH 
-1 3 '1) w-+0.3 4.720.2 0.117-+0.003 

(mole 
6.220.4 

l dm l e 

A H+ 
-1 (KJ=mole ) 

SO-+3 

AS+ 
3126 

(J-mole -l.K-l) 

5823 6522 

-37% 4425 

kl (e-‘) (1.7-+0.1)*10-4 (6.1-t0.2)*10-4 (3.2+0.1).10-4 (1.2+0.1).10-4 

AH' 

(KJ*mole-') 
9123 6923 8722 

AS* 

(J-mole -l.K-l) 
-1426 -S-+6 -21-+5 

that of k, determined for the process in acidic 
medium (Table l), where the formation of pyrrole 
can be detected. 

Studies with cyano(amino)borates ([BH,- 
(NR,)CN]- anions), having analogous structure 
with that of the cyano(pyrrolyl-l)-borates, have 
shown that the rate-determining step of the hydro- 
lysis is also the cleavage of the B-CN bond.’ 

According to the above experimental data, the 
hydrolysis of cyano(pyrrolyl-1)borates of type 
[BR,(NC.,H,), _ ,,CN] - (where R = C6HS, n = 1,2; 
R = H, n = 0, 1) can be described by the following 
equations: 

WWJGHJ, - .CNl - + I-I + 

$ Br,(HNC,H&NC,H,), _ ,,CN 
k’” 

(7) 

4 BRn(NC4HJ2 _ .CN + C4H.,NH (8) 

B(C6HMWHJz - .CN + (3 - n )HzO 

fast 

- B(C,H,)JOH), _ n + (2 -- n)C,HJW + HCN 

(9) 

fast 

BH,(NC,H,), _ .CN + 3H,O - B(OH), + n H, 

+ (2 - n )C,H,NH + HCN (10) 

[BR,(NC,H,),_.CNj- 2BR,(NC,H,),_. + CN- 

(11) 

fast 

+[BR,(NC,H,),_,OH]- +H+. (12) 

Since the borate is only weakly basic (i.e. 
kLH B kk), the Bodenstein principle can be applied 
for the reaction, namely, the concentration of 
BR,(HNC,HJ(NC,H,), _ .CN remains small and 
quasi-constant all the time during the reaction. 

At the same time-similarly to the reactions of 
phenyl(pyrrolyl-l)borates’-the reaction between 
the borate and the H+ ion is a specific acid- 
catalyzed process (the rate of the hydrolysis is 
independent of the acid concentration), thus one 
can also assume that k’_, 9 kZ, 

As the hydrolysis takes place according to eqns 
(8) and (11) thus, the following expression can be 
given for the ktYdr value (eqn 5) on the basis of the 
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above considerations: 

k;Yd’ = k2 2 [H+] + k,. 
l-l 

(13) 

Equation (6), obtained from the experimental 
data, is practically identical with eqn (13), namely, 
the kH value in eqn (6) is identical with the 
kl(k;I/kLH) value in eqn (13). 

The hydrolysis involving the loss of CN - ion 
(eqn 11) may be of SNl or &Ztype process. 
However, the determined great AH* values and 
the small AS* values (Table 2) make the S,l 
mechanism more probable. This mechanism is also 
supported by the change of the kl values measured 
for [B(NC,H,),CN]- in dioxanewater mixtures 
(Fig. 2) since plotted log k, vs log [Hz01 the slope 
is 5.7, whereas a value of about 2 would be 
eexpccted if the process were of !$2-type mech- 
anism.” 

Our studies have shown that the hydrolysis of 
[BH2(NC41-14)CNj- under alkaline and weakly 
acidic e0&i&ns trakes p5am similar@ 10 %i=ia% of& 
other cyano(pyrrolyl- I)-borates (Table 3). 

Contrary to the results with the other 
cyano(pyrrolyl-1)-borates (Table 1) the kiYdr rate 
constant for [BH,(NC,H,)CN]- approaches a con- 
stant value in more strongly acidic media (Table 3). 
Also, parallel with the relative decrease of the rate 
off the h~~dra~vsis such a +nec~Ysl &a~ ar &. 
sclution is observa6le which in&cates the for- 
mation of a stable amine borane (C,H,N*BH,CN) 
ccn&tinin~ a pyrraly( graup pro<~~ti ac tf.~ 

log[H20 1 

Fig. 2. The change of the rate constant (k,) of the 
hydrolysis of K[B(NC,H.,),CN) in water-dioxane mix- 
tures of 0.1 mole/dm3 NaOH concentration at 25°C as a 

function of the water-concentration. 

Table 3. Pseudo-first-order hydrolysis rate constants 
(k:Y”? of KBH,(NC,H.,)CN in aqueous HCl. (a) 
H3PO-KHrPO,, (b) KH2P04-NarHP04, (c) buffers at 
25°C (ionic strength 1.0) determined by spectro- 

photometric method 

PH Buffers ,$Ydr ~~-1, 
1 

0.023 a 5.5.10-5 

0.325 a 5.6*10-5 

0.602 a 5.6010-~ 

0.996 a 5.2°10-5 

1.292 a 4.9.10-5 

1.553 b 4.1'iO'5 

1.602 a 3.9.10-5 

1.824 a 3.2910-5 

1.854 b 3.4'10'5 

1.921 a 3.1.10-5 

2.097 a 2.6010-~ 

2.149 b 2.2.10-5 

2.456 b 1.4'10'5 

2.745 b 8.9*10'6 

5.9 C 1.5’zo-6 

6.9 C ~6'10'~ 

7.9 C 1.5'10-6 

u-position, arising from the reaction between 
[BH,(NC,H,)CN)]- and the H+ ion.’ The for- 
mation of similar compounds, containing 
n-FQWaa\z.& ~~XXZ!P$ gro;u-p, =n & &~.rve& 
in more concentrated sulphutjc acid sol~tiozz.s 
of L*BH(NC,H3CN-type amine boranes8 
(L =zmj@ and of the [BJ9QVC&$~C_W&t - a~- 
ion.” 

In the reaction of the [BH#IC,H&XVj- anion 
with the H+ ion first either the B-H or the B-N 
bond is cleaved. According to our results the 
cleavage of the EN bond was more probable since 
neither hydrogen gas evolution was observed upon 
the reaction of the borate with acid in non-aqueous 
medium, nor could B-H exchange be detected 
upon hydrolysis in D,O.’ If the hydrolysis proceeds 
via the cleavage of the B-N bond, protonation at 
the N atom of the pyrrolyl group gives rise to 
hydrolysis. At the same time, protonation at the 
carbon atom results in a stable borane complex 
with composition C4H,N.BH,CN, since according 
to earlier resultsi the rate of the H-exchange at the 
N atom of the pyrrole derivatives is about 
lOOO-fold greater than at either carbon atom. On 
the basis of these considerations the hydrolysis of 
the [BH,(NC,H&CN’j - anion can be described by 
the following equations: 

[BH,(NC,H,)CN] - + H + ?& C,HsN-BH,CN (14) 
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[BH,(NC,Hz,)CN]- + H+ 2 [BHz(HNCdH&N’j 
k-H 

(15) 

[BH,(HNC,H,)CN] 2 BH&N + C,H,NH 

(16) 

[BH,(NC,H&CN] - 2 BH,(NC,H,) + CN- 

(17) 

fast 
BH,CN + 3H,O --, B(OH)3 + 2H, + HCN 

(18) 

fast 
BH*(NC,H,) + OH - zz [BH2(NC4H,)OH] - . 

(1% 

According to eqns (14)-(19), to the preceding 
results obtained from the hydrolysis studies with 
the other cyano-(pyrrolyl-l)borates, and also, ta- 
king into consideration the following relationship 
between the total concentration of the non- 
hydrolysed borate (C,), the concentration of the 
borate (B-) and the concentration of the pro- 
tonated product (HB): 

C,=[B-]+[HB]=[B-](l+KJH+]) (20) 

the kFydr value can be given by eqn (21): 

k,,y,,' _ &W-HW + I+ ‘6 
1 - 

1 +K,[H+] * 
(21) 

After calculation of the k, values, the parameters 
of eqn (21) were determined by the method de- 
scribed earlie? using the data of Table 3. The 
resulting values are summarized in Table 4. The KP 
value (80) obtained from the kinetic measurements 
is in good agreement with that (K, = 69) deter- 
mined by the spectrophotometric method.’ 

Comparing the k, values of the phenyhpyrrolyl- 
I)-berates” and the hydro(pyrrolyl-1)borates’ with 
that of the corresponding cyano derivatives (Ta- 
bles 3 and 4) it can be established that a H-CN or 
C,H,-CN substituent exchange in the molecule 
results in a 4-5 orders of magnitude decrease in the 
value of k,, but in the case of [BH,(NC,HJCNl- 
a 7 orders of magnitude’ decrease was observed. 
Thus the hydrolytic stability of the 
[BH,(NC,H,)CN]- anion is much larger than has 
been expected on the basis of the substituent effect. 
However, this extra-stability is in good accordance 

Table 4. Rate constants (kH, k,) and protonation con- 
stant (K,) of the hydrolysis of KBH,(NC,H,+)CN at 25°C 

(ionic strength 1.0) 

Rate constants 

(units) 

Values 

kH 
k2 - (mole -1 •dm~.s-1) (4.&0.3)*10’3 

k-H 

kl (s-‘) 

Kp (mole-l* au?) 8026 

with the results of the H-exchange studies in D,O: 
in the case of the [BH,(NC,H3CNj - anion the 
pyrrolyl group can be entirely deuterated’ whereas 
only partial deuteration can be observed with the 
other anions.2~‘* We believe that in the case of the 
hydrolysis of the cyano@yrrolyl-1)borates a close 
connection exists between the alteration of the rate 
of the hydrolysis from the linear substituent-effect, 
and the degree of deuteration of the pyrrolyl group 
of the borate. Similar explanation can be given also 
for finding that the hydrolytic ability of the 
[B(C,H,),(NC,H,)CN] - anion is somewhat larger 
than that expected according to the linear 
substituent effect (Table 2). 

Contrary to the other (pyrrolyl-l)borates’*2 the 
hydrolysis of the cyano(pyrrolyl- 1)borates involves 
a novel reaction-the hydrolytic loss of cyanide 
anion-which does not take place upon the hydro- 
lysis of the BH,CN- ion, but does proceed in the 
case of amine boranes’ ([BH,(NR,)CN] - anions). 
The data summarized in Tables 2 and 4 clearly 
show that the rate of the Gl-type hydrolysis (k,) 
of the cyano(pyrrolyl-l)-borates increases with the 
increasing number of the pyrrolyl groups of the 
molecule. A similar change is characteristic also for 
the Lewis-acid character of the (pyrrolyl-l)- 
boranes,13 namely, the value of the k, constants 
(Tables 2 and 4) is primarily determined by the 
Lewis-acid character of the borane attached to the 
CN group. 
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