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AMract-3-Methylcyclohexanone and cis and rrumdimethykyclohcxanone-3.4-dicarboxylate yield 
on reduction w<th diborane mostly the equatorial alcohol. whereas dihydroisophoront gives mostly 
the axial isomer. Hindered alkoxyboranes give with dihydroisophoronc the more of the axial isomer 
the larger the reducing agent. The rate of the reaction is first order in ketone and three halves order in 
diboranc. In prrsencc of boron-trifluoroide more axial isomer is obtained and the rate is first order in 
diborane. A two step reaction is ~usumcd. 

DIBORANE addition to double bonds is strongly directed by an ester group in position 4 
in the cyclohexane ring. * The stereochemical course of the addition of diborane to 
a C =0 bond in cyclohexanones having a carboxylate function on the ring seemed to 
us of interest. It was found by Henbest* and KwarP that substituents at position 4 of 
cyclohexanones give on reduction with sodium borohydride the higher amount of 
cis products the higher the clectroncgativity of the substitucnt. These effects are 
expected to be more pronounced in the reduction with diborane in view of the mech- 
anism of this reaction which is assumed’ to proceed through the formation of a 
complex between boranc and the ketone with subsequent intramolecular hydride 
transfer from boron to carbon. This reaction should therefore not be sensitive to 
steric hindcrance and polar and potential energy effects only should be operative. 

The reduction of 4t-butylcyclohexanone with diborane was shown& to give the 
alcohol containing 92% of the truns isomer, a result consistent with the assumption 
that the more stable isomer should be form& Also 2-mcthylcyclohcxanonc yielded 
in this reaction mostly the truns product,6 which is the more stable one. These 
studied compounds belong however to a group of ketones that obey on reduction 
with metal hydrides the “product development control” rule.’ Systems which yield 
on other reduction products of “kinetic approach control” were not studied. The 
reduction of hindered ketones with diborane could be a valid test for the intramolec- 
ular character of the hydride transfer. The appraisal of stcric effects and comparison 
with results of reduction of cyclohcxanones containing a carboxylate substituent 
could also permit to assess the importance of polar effects in this reaction. 

I J. Klein. E. Dunkclblum and D. Avrahami. in press. 
x H. Hcnbcst and M. G. Combc. Tcrrahedron Letters 404 (1961). 
a H. Kwatt and T. Take&ha, /. Amer. C&m. Sot. 84.2833 (1962). 
* H. C. Brown, Hydroborurion. W. A. Benjamin. New York (1962). 
’ W. M. Jones. /. Amrr. Chcm. Sot. 82.2528 (1960). 
‘ H. C. Brown and D. B. Bigky, 1. Amer. Chum. SM. 83.3166 (1961). 
’ W. G. Dauben. G. J. Fonken and D. S. Noycc. 1. Amer. Chcm. Sot. 78,2S79 (1956). 
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A stereochemical study of the diborane reduction of a series of cyclohexanones, 
having alkyl and carboxylatc substituents was made and the rate of this reaction was 
measured, after it was apparent that the stereochemical results are not in agreement 
with expectations. Dihydroisophorooc was chosen as the hindered ketone whose 
reaction with diborane was studied in view of the thorough stud? carried out on the 
reduction of this compound with metal hydrides. 

RESULTS 

The steric course of the reduction with diborane of &I and rrans-II 4-oxocyclo- 
hexane 1,2dicarboxylic acid dimcthyl ester, of 3-methylcyclohexanone III and 
dihydroisophorone IV are given in Table 1. 

O\:EooM. O\G<WM’ O\o/“’ T& 

COOMC eOOMe 
I II 111 IV 

TABLE I. RFAXJCTION WITH DIBORANE* 

KCtOllC 
%ofcis % of rram 
alcohol alcohol Yield’ 

I 
I 
II 
II 
III 
III 
IV 
IV 
IV’ 
Iv* 

- 80 
BFJZ1.0 85 

- 80 
BF,Et,O 85 

- 88 
BF,Et,O 80 

- 34 
BF,Et,O I5 

- 34 
- 37 

ia 
15 
20 
15 
12 
20 
66 
85 
66 
63 

60 

61 
70 

, 
. 

l All reactions in tctrahydrofuran, at room temp. 4 hr. 
’ Isolated and distilled product. 

: T!Z ZZ at 60”. 
was not isolated. but ratios determined by GLC. 

l 1 hr &on in boiling diglymc. 

The product obtained is the more stable alcohol in the case of unhindered ketones. 
Dihydroisophorone IV however yielded mostly the less stable isomer. Carboxylate 
groupings had no visible influence. Addition of BF,-etherate to the reaction mixture 
raised the amount of the less stable axial alcohol in all ketones studied; hindered, 
unhindered or containing a carboxylate group. Heating the product of the reaction of 
dihydroisophorone with diborane in diglyme does not change the ratio of the isomers. 

In Table 2 are recorded the steric results of the reduction of IV with dimethoxy- 
borane and with diisopropoxyborane obtained from diborane and the corresponding 
alcohols. Dimethoxyborane reduces the ketone slower than diborane and yields 
even a larger amount of the axial alcohol. This trend is maintained with diisopropoxy- 
borane, which gives still a larger amount of the frons isomer. 

l H. Haubcnstock and E. L. EM, 1. Amer. Chm. SM. 84.2363 2368 (1962). 
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TABIJ 2. REDUCTWN OF DWYDROTY)PttDRONE U’ITII DIAIXOXYWRANFS AT 0” 

Dialkoxy- 
borane 

--- _- -. - 
(CH,O),BH 
(CH,O),BH 
(CH,OhBH 
(CH,O),BH’ 
[(CHJ,CHOJ,BH 
[(CHJ,CHOJ,BH 
[(CH&CHOJ,BH’ 

Time of 
reaction 

hr 
- -. - 

I 
4 

20 
1 
4 

20 
1 

0% of cis 
alcohol 

-.-- 
25 
25 
28 
25 
20 
m 
20 

% of lfans 
alcohol Yield 

75 45 
75 60 
72 87 
75 100 
80 IS 
80 65 
80 35 

l Mole of dialkoxyborane PQ mole of ketone. 
b 4.5 molu of dialkoxyborane pa nrolo of ketone. 

The rates of the reduction of I, II, III and IV with diborane were measured in 
tetrahydrofuran spectrophotometrically and the results are recorded in Table 3. An 
excess of diborane was used. 

Trauz 3. RATPS OY REDUCTION OF KITTOW WIT-M DIBORANE 

cxmc. (M) I/= W=HMMt 
Ketone Ketone Diborane Tsec kl k k average 

- - - 
Cydotwanonc 12.5 x 10 ’ 43.5 X 10 ’ 
Cyclohexanonc 12.5 x lo-’ 87 x IO-’ 

I 12.5 x 10 ’ 43.5 x lo-’ 
I 12.5 x IO-’ 87 x lo-’ 
II 12-5 x 10 ’ 43.5 x 10 ’ 
II 12.5 x lo-’ 87-x lO-’ 
II 12.5 x 10 ’ 1305 x lo-’ 
III 12.5 x lo-’ 33.5 x IO-’ 
III 12.5 x IO-* 67 x lo-’ 
III 12.5 x lo-’ 134 x IO ’ 
IV 12.5 x 10 ’ 43.5 X IO-’ 
IV 12.5 x 10-D 87 x: lo-’ 
IV 12.5 x lo” 25 x 10,’ 
IV 12-S x IO-’ 50x10’ 
IV 12.5 x 10.’ 75 x lo-’ 
IV 12.5 x l&’ 100 x IO-’ 
IV 12.5 x IO-’ 150 x 10-L 

13 5.3 x IO-’ 
4.5 15.5 x 10-I 
23 3.0 x IO-’ 

9 7.7 x 10-a 
31 * 2.2 x 10-g 
10 6-9 x lo-’ 
5 13.9 x 10 ’ 

53 1.3 x 10 ’ 
19 2.3 x lo-’ 
7 9.8 x lo-’ 

70 12) x 10-g 
23 3.1 x 10-l 

192 3.6 x lo-’ 
64 I.1 x 10 ’ 
29 24 x lo-’ 
21 3.3 x 10-I 
10 6.9 x 10 ,’ 

5.9 
6.0 69 
3.3 
3.0 3.1 
2.5 
2.7 
2.9 2.7 
1.4 
1.3 
l-3 l-3 
1-l 
I.2 
1.0 
1.0 
1.1 
1.1 
1.2 l-1 

Examples of the recorded optical density US. time curves are shown in Fig. 1 for IV. 
The half-life period was found graphically by (1) where 

7 = f (42) - f(a) (1) 

r(d) and r(d/2) are the intervals from the beginning of the reaction, where the optical 
density after the second interval is half of the optical density of the first one. The 
half-life period was constant in each run and the reaction is first order in ketone. 
The pseudo first order constant was found by 

k, = In 217 (2) 
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FIG. I. Rate of reduction of dihydroisophorone with diboranc. Concentration of the 
ketone 12.S x 10-W. concentration of diborane: A-25 x lO-#; B-SO x 10 *; 

C-75 x lo-‘; D-100 x lo-‘; E-150 x lo-‘M. 

However, 7 changed when the diborane concentration is changed. The rate depend- 
ence was not first order in diborane or borane, but of one and a half. The rate constant 
k was calculated from (3), 

k, = k (Diboranet’* (3) 

-d (Ketone], 

dr 
== k [Ketone], [Diboraney” (4) 

On Fig. 2 arc recorded the log k, vs. log [6,H,]. The points are on a straight line 
with the slope of #. The point recorded at log [B,H,J -; 0 is the average k from Table 3. 

FIG. 2. Dqxndcncc of the rate of reduction of dihydroisophorone on diborane 
concentrations. 
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Addition of BFs-etherate enchanced the rate of the reaction. The data of the 
catalyscd reactions are given in Table 4. 

TABLX 4. REDUWN OF DIMYDROISOPHORONt? WTlH DIBDRANE IN PRESENCE OF 

BORON-TRIFLUORIDB 

Total cont. Total cont. k. k,’ 
of diboranc of BF, . -. -.-__ 

M M 754: k, llsec (I/scc)(l/molc)~ 
- - _- - - -- *.3-i lO:‘, 2; 

- 
2.4x -.- _- ---____ 

42.5 x IO 1 10 ’ 407 27.5 
85 x lo-’ 8.3 x 10 ’ 10 6.9 x lo-’ 59. I 27.5 

42.5 x IO ’ 41.5 x 10.’ 18 3.8 x 10 ’ 16.1 22.7 
63.5 x lo-’ 41.5 x IO ’ 11 6.3 x lo-’ 17.2 22.7 

85 x 10 ’ 41.5 x IO ’ 8 8.6 x 10 ’ 16.8 22.7 
33.5 x IO-’ 8.3 x lo-’ 41 1.7 x 10-a 33.3 27.5 

67 x IO-’ 8.3 x 10 ’ 16 4.3 x IO-’ 43 27.5 
33.5 x IO-’ 4.15 x lo-’ 46 1.5 x 10.’ 59.7 22 
33.5 x 10 ’ 8.3 x IO ’ 41 I.7 x 10-l 374 27.5 
33.5 x IO-’ 16.6 x IO ’ 30 2.3 x IO ’ 29.3 24 
33.5 x 10 ’ 33.2 x IO-’ 20 3.4 x 10-8 24.6 24.3 
33.5 x IO ’ 66.4 x 10 ’ 14 4.9 x IO ’ 19.2 19 
47.5 x lo-’ 4.15 )r IO.’ 30 2.3 x lo-’ 59.3 22 
95.0 x 10 a 4.15 x IO ’ II 6.3 x IO ’ 78.1 22 
47.5 x 10 ’ 20.75 x 10-l 19 3.6 x 10 * 25.1 25.9 
95.0 x 10 ’ 20.75 x IO ’ 8 8.6 x 10-g 27.3 25.9 

l The concentration of the ketone was 625 s 10 ’ M. The solvent was tetrahydrofuran. 

At low concentration of boron trifluoride, the reaction is of three halves order in 
diborane, but with increasing concentration of the catalyst the order in diborane 
drops until it almost reaches one at high concentration of the catalyst. Typical 
optical density curves at high and constant boron trifluoride and varying diborane 
concentrations are recorded in Fig. 3. 

I---’ 
.-- 

FIG. 3. Rates of boron trifluoride catalyscd reduction of dihydroisophoronc. 
Cont. of BF,: 41.5 x 10-W. COW of IV: 6.25 x 10.‘M. Cont. of diboranc: 

A42.5 x 10 ‘; R-63.5 x lo-‘; C--85 x 10 ‘M. 

14 
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The reduction of dihydroisophorone is first order in the ketone also in the presence 
of boron trifluoride (5). 

-d [ketone], 
- k, [ketone], 

dr -- 

The reduction can therefore be regarded as a composite one, consisting of two parallel 
reactions, one catalysed and one uncatalysed as in (6). 

-d [ketone], 

dr 
= k, [ketone], = k [ketone], [diborane],8’* 

i k, [ketone],[diborane], [BF,], (6) 

However, the rate of the reduction was not of any determined order in boron trifiuoride 
Moreover the “constant” k, was not constant. 

DISCUSSION 

The kinetic results of the reduction of the studied ketones with diborane can be 
explained by a mechanism involving a fast equilibrium between the ketone, borane 
and their complex (8) followed by (9) a slow attack of diborane on this complex. 

B,H, c-q 2BH, (7) 

ketone + BH, ----5 ketone*BH, (8) 

ketone+BH, -t B,H, w products (9) 

This mechanism is not only consistent with the first order reaction in ketone and 
three halves order in diborane but is also compatible with the stereochemical results. 
These results follow the expected course of formation of the more stable isomer 
only in the case of unhindered ketones. The reduction of a hindered ketone yields 
the less stable isomer as in the reduction with metal hydrides. The product of this 
reaction is kinetically controlled, since heating of the reaction mixture even in the 
presence of excess ketone does not change the ratio of the isomers in favor of the 
more stable 0ne.O 

An intramolecular hydride transfer does not seem compatible with these results. 
The intermolecular rate determining step is also consistent with the influence of the 
bulk of the reducing agent on the steric course of the reaction. The increase of the 
amount of the product of “kinetic approach control” with the bulk of the dialkoxy- 
boranes supports this picture. In an intramolecular hydride transfer a larger amount 
of the more stable product is expected from the complex with larger groups attached 
to boron. Our results are also consistent with Brown’s results on the influence of the 
bulk of the alkyls in dialkylboranes on the amount of cis product in the reduction of 
2-methylcyclohexanone. 

The higher amount of the axial alcohol obtained in the dialkoxyboranes reductions 
relatively to the amount obtained with diborane prove that the dialkoxyboranes are 
involved directly in the reduction and that this reaction is not preceded by their 
disproportionation to diborane and trialkoxyboranes. 

l Haubcnstock’O has found thar in diisobutylaluminium hydride reductions them is isomcrization in 
prcscnoe of cxceu ketone. 

lo H. Haubcnstock, 1. Org. Chum. 28.2772 (1%3). 
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The influence of added boron trifluoride on the rate and stereochemistry of the 
reduction is also in agreement with this mechanism. The gradual change of the order 
of the reaction in diborane from one and a half to one on addition of increasing 
amounts of boron trifluoride is explained by the intervention of a competing two-step 
reaction, consisting of a fast quilibrium between the ketone, boron trifluoride and 
their complex (10) and then a slow attack of this complex by diborane (I I). 

ketone + BF 3 q ketone*BF, (IO) 

ketone*BF, f B,H, --+ products (11) 

It is expected that boron trifluoride is a more strongly complexing agent than 
borane. The complex with boron trifluoride will be also probably more polarized 
and therefore its reaction with diborane faster than of the ketoncborane complex. 
The enchanced rate of the reduction is expected to be accompanied by an increase of 
the amount of the axial trans alcohol in the product of reduction of dihydroisophorone, 
since the transition state should be on the reaction coordinate nearer to the starting 
material than in the case of the uncatalysed reaction. For this reason the axial-axial 
interaction between a methyl and the forming hydroxyl should be less pronounced 
and the formation of the axial product more favored than in the uncatalysed reaction. 
This is in fact observed. 

A comparison of the rate of reduction of the substituted cyclohexanones does 
not show a uniform trend connected with the polarity of the substituents. Thus, 
introduction of methyl or carboxylate groups, which cannot interact with the attacking 
species, both slow down the rate. This effect is probably caused by a different step 
of the reaction in each case. A methyl group will probably shift the quilibrium (8) 
to the right, but should slow down the following step (9); on the other side, it can 
be expected that quilibrium (8) will be shifted to the left in the presence of a carboxy- 
late group in the molecule, but step (9) should be faster than in the case of parent 
compound. The possibility that the small retardation factors of all substituents are 
due to steric and not electronic effects, seems to us not to be in agreement with the 
greater rate of reaction of the cisdiester I (one axial substituent) relatively to the 
rransdiester II (equatorial substituents only). 

At high concentrations of boron trifluoride the reduction is almost first order in 
diborane. It can therefore be assumed that the reaction proceeds almost exclusively 
by way of (IO) and (I 1) and the rate can be expressed by (12). 

-d [ketone] 

dr 
= k, [ketone], [BF,], [diborane], 

= &a” [ketone*BF,] [diborane], (12) 

Where [BF,] is the concentration of boron trifluoride uncomplexed by the ketone 
and [BF,], is the total concentration of this catalyst and kSo is a true constant. This 
constant kSo and also the constant K of the equilibrium (13) can be obtained from the 
reaction rates at high and 

[ketone*BF,] 

K = [BF,] [ketone] (13) 

changing concentrations of boron trifluoride. By assuming that [BF,] = [BF,], at 
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these concentrations and by algebraic transformation of (12) and (13) the relation (14) 
can be obtained. 

1 1 [BFJ, -C-1-- 
k, k: K ’ k3” 

(14) 

A plot of l/k3 against [BF,], gives at high concentration of boron trifluoride a 
straight line (Fig. 4), whose slope is l/ks” and intercept l/k30K. It is found in this 

manner K :- 12.9 I./mole and k, O = 2.8 I./mole, sec. The constant kso thus obtained 
will be somewhat higher than the real one, since abstraction was made of the uncata- 
lytical reaction. 

The change in k, cannot be explained by equilibrium (13). This is shown by a 
recalculation of k, using K*k,O and relations (12) and (13). The values of k, so obtained 
are called k,: and given in Table 4. They are constant, if one takes in account the 
approximations used, and smaller than k, obtained from (6) except at very high 
concentrations of [BF,]. The difference between k, and k,’ is particularly high at 
low concentrations of boron trilluoride. This difference is even increased, when the 
concentrations of the ketone and catalyst are kept constant, (which leaves kse identical) 
but the diborane concentration is increased. Moreover, the reaction at lower con- 

centrations of boron tri~uoride, although faster than in its absence remains still of 
the order one and a half in diborane. it seems therefore that the addition of this 
catalyst not only causes the appearance of a parallel reaction first order in diboranc, 
but catalyses also the reaction, which is of the order one and a half in diborane. The 
nature of this effect is not clear. The possibility, that boron trifluoride forms a complex 
with diborane, which is more reactive than diborane in hydride transfer reactions 
does not seem plausible on electronic considerations. It is more probable that this 
catalyst solvatcs the ketoneboranc complex, apparently the borane end of it, which is 
more electron rich and by so doing disperses the negative charge formed on this end 
during the reaction. A new complex V may be the reaction intermediate. 

‘C--O-;H,-H-:FS ,.,’ : 
V 

The possibility that a guorodiborane (FBH,), formed by disproportionation between 
diboranc and boron trilluoridc is the reducing species can also not be eliminated now. 

It is interesting that diborane is the reducing species. It is known that diborane 
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introduced into tetrahydrofuran is converted into the boranotetrahydrofuran 
complex, as evidenced by the dependence of its solubility on pressure.rl Only small 
amounts of diborane are expected to be present in equilibrium with the complex, and 
accordingly its reactivity should be much higher. This suggests, that the high reactivity 
of diborane in ether solvents is not connected with its dissociation and formation of 
borancether complexes. This is also supported by the fact, that diethyl ether does 
not form a borancether complex in appreciable amounts, and reactions in this ether 
proceed easier than in hydrocarbon solvents. The role of ethers in these reactions 
consists apparently in solvating the moiety of diborane which remains after the 
hydride transfer. 

It is interesting that disiamylborane dimer is the active species in olefin hydro- 
boration.12 Disiamylborane however exists in tetrahydrofuran as the dimer. 

Preliminary experiments have shown that the reaction of olefins with diboranc are 
first order in diborane. This study is continued. 

EXPERIMENTAL 

Srorrf~ materials. Cyclohcxanonc and 3-mcthykyclohexanon wcrc commercial products, 
redistilled at 151-152” and 95’/25 mm rupectivcly. Dihydroisophoron was obtained by catalytic 
hydrogenation of commercial isophorone and distillation at 8&82”/22 mm. 

Dicster I was prepared by oxidation of 4-rruns-hydroxy_cil,2cyclohcxane dicarboxylic acid 
dimcthyl ester.’ To a soln of 10.5 g of the hydroxydiatcr in lo0 ml acetone. cooled to 0”. thcrc was 
added dropwisc and with stirring a soln of 2.6 g CrD, and 4 g H&O, in 10 ml water. After 30 min 
stirring, EtOH was added until a green coloration appcarcd, the soln filtcrcd and concentrated In cacw). 
The residue was poured on 50 ml water, and the soln extracted several times with ether. Evaporation 
of the ether soln left 7.5 g of a residue that was purified by passing through a column of 100 g alumina 
and clution with benzene containing IO% of CHCI,. Distillation yielded 5 g b.p. 14&142”/2 mm. 
(Found: C, 56.8; H, 6.8. Cak. for C,,H,,O,: C. 56-l; H. 6.5%) 

Dicsta II was obtained from the corresponding alcohol’ by two consecutive oxidations as above. 
It was obtained in 50% yield. b.p. 126128”/1 mm, m.p. 34-35”. (Found: C. 55.8; H, 6.6. Calc. for 
C,,H,,O,: C, 56.1; H. 6.5 %.) GLC on Apiaon L showed that these ketones were from of the hydroxy 
compounds. 

Stereochemical studies. All kctona, except the dialers I and II were reduced in the following 
manner: A soln of 0~005-001 moles of diborane in tctrahydrofuran (THF) was added during a few 
min to a soln of 0.01-0.02 mole of the ketone in THF at 0’. The reaction mixture was left at room 
tcmp for 30 min. excess diborane destroyed by careful addition of several drops of water, and IO:/, 
NaOIIaq was added to make the soln alkaline. The solvent was then removed in cucuo and the rcsiduc 
extracted scvcral times with ether. The product was cithcr isolated by distillation or analyxd and its 
amount atimatcd directly by GLC. In BF, catalyscd reactions an amount of BF,.Et,O equimolccular 
to the ketone was added. 

The kcto dialers (a01 mole; 2.1 g) were dissolved in 5 ml THF and were reduced as above with 
IO ml of a 0.7 molar soln of diborane in the same solvent. Then, 5 ml of water were added carefully, 
followed by 2 ml IO:,; NaOHaq and 4 ml 30% H.0,. The soln was stirred for 10 min. cooled, 
aciditicd to pH 1 with HSO, and treated with diazomcthane in ether until a persistent yellow col- 
oration, to re-csterify the carboxyl groups. The ether layer was separated, the aqueous layer extracted 
several times with ether and the product distilled. 

All products were analyscd on a 7-ft column of ncopcntylglycol succinate 20 % on Chromosorb W. 
with the exception of the 3-mcthykyclohcxanols which wcrc analyscd on a column of IS-ft of diglycerol 
10:: on Chromosorb P. 

The rcfcrencc alcohols corresponding to 3-methykyclohcxanone and dihydroisophorone were not 
prcparcd separately but calibration of peaks of the gas chromatograms wcrc carried out using mixtures 

ii J. R. Elliott. W. L. Roth. D. F. Roedcl and F. M. Boldcbuk, /. Anur. C/rem. Sot. 74,521 I (1952). 
i* H. C. Brown and A. W. Mocrikofcr. /. Amer. C’hrm. Sot. 83, 3417 (l%l). 
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formed in LAH reductions of the tint” and the mnd’ kctonc and the ratio of isomers known from 
the lit.@*ie The alcohols fomxd in the rcdtaztion of the ketodiatas I and II wcra prcparul and 
Chari3CWkd.l 

Kinetic measurements. The rate of reduction of the ketones with diborane was followod spcctro- 
photometrically at 285 rnp in THE soln at 25” using a Uvispcc Hilgcr Spcctrophotomcta with tbc 
Gilford Abaorbana Indicator (t&&l 220). adapted by Fcrlmutta-Hayman and Wolffi* to the 
measunmtnt of fast reactions. In each cxpuimcnt, M)75 ml of tbc soln of the ketone in anhydrous 
THF wax added with the aid of a rapid mixing syringe to a diboranc soln in the same solvent, 
containing the appropriate amount of BF,*tbcratc (in cases when the catalysis was studied). Tbc 
total amount of soln was 3 ml. Each cxpaimcnt was rcpcatcd at least three times in the same con- 
ditions. The T wm evaluated in the central portion of the curve, several times for each curve. The 
spread of the + was not more than 10 % for the slow md 1 S % for the fast reactions. 
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