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The reduction rate of benzophenone with sodium tetrahydroborate depends on the used solvent 
and decreases in the series: methanolic O-lM-NaOH, tert-butyl alcohol, isopropyl alcohol. Reduc-
tion of benzophenone with N a B H 4 resp. N a B D 4 in methanolic O-lM-NaOH shows inverted 
primary isotopic effect ( k H / k D — 0-95), whereas the reduction with N a B H ( O C H 3 ) 3 resp. 
N a B D ( O C H 3 ) 3 in tetrahydrofurane shows the expected value of this effects ( k H / k D = 4-15). 
It has been found that triethoxyhydroborat in te trahydrofurane solution is decomposed by dis-
proportionation only slightly. The reduction rate depends on the type and concentration of the 
non-disproportionated reagent and increases in the series NaBH(OCH 3 ) 3 , NaBH(OC 2 H 5 ) 3 , 
NaBH(OC(CH 3 ) 3 ) 3 , the ratio being 1 : 103 : 105. The obvious sensitivity to the character of me-
dium and substitution supports the presumption that the reductions with hydroborates proceed 
via the intermediate having tetrahedral arrangement at the carbonyl carbon atom. The substituent 
effects and their cumulation from the both aromatic rings are discussed. 

In spite of the reduction of carbonyl compounds with complex hydroborates being 
a current laboratory procedure1, the number of reports dealing with kinetics of this 
reaction is small (see ref.2 and the references involved therein), especially so in the 
cases using benzophenone as the mode l 3 - 6 . 

In our previous reports7 we dealt predominantly with the SN1 substitutions at the 
aliphatic carbon atom of diphenylmethane compounds. A simple kinetic measure-
ment of reduction of benzophenones with hydroborates makes it possible to study 
the addition reactions in this system, too. The aim of this work was to contribute 
to elucidation of the reduction mechanism of benzophenones with sodium tetra-
hydroborate in methanol and with trialkoxyhydroborates in tetrahydrofurane (Sche-
me (A) and use the kinetic results for discussion of cumulative substituents effects 
on the reaction centre. 

( C 6 H 5 ) 2 C = 0 + H—B<">— - (C 6 H 5 ) 2 CH—O—B ( _ ) — (A) 

* Part VII in the series Reactivity of Compounds of Diphenylmethane Series; Part VI: This 
Journal 38, 3496 (1973). 
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EXPERIMENTAL 

Reagents 

Methanol (for U V spectroscopy) was dried with ba r ium oxide, and , a f te r 24 h s t and ing with so-
dium t e t r ahyd robo ra t e (1% by wt.), it was distilled. I sopropyl a lcohol and ter t -butyl a lcohol were 
dried in similar way. T e t r a h y d r o f u r a n e was dried by 10 h shak ing with solid po tass ium hydroxide , 
about 4 h boil ing with sod ium t r ime thoxyhydrobo ra t e (5% by wt.) and dist i l lat ion. S o d i u m te t ra -
hydrobora te was recrystall ized f r o m diethylene glycol dimethyl e ther . Sod ium te t r adeu te r iobora te 
(D purity 98%) was prepared in t he Ins t i tu te of Inorgan ic Chemis t ry , Czechoslovak Academy 
of Sciences, Prague . S o d i u m t r ime thoxyhydro- resp.- deu te r iobora tes were p repa red by reac t ion 
of sod ium deuter ide ( D pur i ty 97%) with an excess of t r ime thoxyborane accord ing to Schle-
singer8 . Similarly, sod ium t r i e thoxyhydrobora te was synthet ized by react ion of t r i e thoxyborane 
with an excess of sod ium hydr ide in t e t r a h y d r o f u r a n e at 120°C in a sealed a m p o u l e 8 h. This last 
procedure was used fo r p repara t ion of sod ium t r i t e r t -bu toxyhydrobora te f r o m t r i te r t -butoxy-
borane. T h e benzophenones were synthesized by the k n o w n p r o c e d u r e 7 . 

Analyt ical M e t h o d s 

The content of active hydrogen in the hyd robo ra t e s and their solut ions was measured by i o d a t e 9 

and a r g e n t o m e t r i c 1 0 me thods . Resul ts of the b o t h analyt ic m e t h o d s were, in all cases, ident ical 
within exper imenta l e r ror . Ident i ty of t he s tar t ing a lkoxyhydrobora t e s or p roduc t s ob ta ined 
f rom their so lu t ions in t e t r a h y d r o f u r a n e a f t e r evapora t ion of t he solvent was checked by powder 
X-ray analysis using an X-ray d i f r ac tog raph J D X - 8 S J E O L . I R spect ra were measured with 
a Spec t romom 2000 a p p a r a t u s (Budapest ) , and mass spect ra were measured with a M S 902 A E I 
Mass Spec t rometer . 

Reduc t ion of Benzophenone with Alkoxyhydrobora t e s 

A. Solution of 1 g t r i t e r t -bu toxyhydrobora te in 10 ml t e t r a h y d r o f u r a n e was injected f r o m a syringe 
into a solut ion of 0-2 g benzophenone in 5 ml t e t r a h y d r o f u r a n e at 25°C with s t i r r ing. Af t e r 3 se-
conds 50 ml 1% hydrochlor ic solut ion was added . Af te r distilling off t e t r a h y d r o f u r a n e and cooling, 
the product was filtered, washed with 10 ml water a n d dr ied. T h e benzhydro l was crystallized 
f rom light pe t ro leum, and its identi ty was checked by its mel t ing poin t (67-5 —68-0°C) and mixed 
melting po in t . 

B. 1-3 g sod ium t r ime thoxydeu te r iobora te in 10 ml t e t r a h y d r o f u r a n e was mixed with solu-
tion of 2-5 g sod ium t r i t e r t -bu toxyhydrobora te in 20 ml t e t r a h y d r o f u r a n e at 25°C with st i rr ing. 
After 3 minu tes the mix ture was t rea ted with a so lu t ion of 0-2 g benzophenone in 5 ml te t ra -
hydrofurane , and , a f t e r 1 minute , 50 ml 1% aqueous hydroch lo r i c acid was added the re to . 
The benzhydrol was isolated and identified as in t he above case. 

Kinet ic Measu remen t s 

Solutions of sod ium hydrobora t e s were p repa red immedia te ly before each kinet ic run (except 
for those having shor te r half-lives t h a n 15 s) by shak ing the co r respond ing reagent a m o u n t 
in the solvent and separa t ing possible undissolved por t ion wi th a cent r i fuge . Solut ions of benzo-
phenones (1 . 10~ 2 M to 2 . 10~4M) a n d those of the respective sod ium hydrobora t e s (2 . 1 0 " 1 

to 2 . 1 0 - 2 M ) were mixed in t empera ted cells at 25°C, t he vo lume ra t io being 1 : 1. T h e reac t ion 
rates of the first o rde r (excess of hyd robora t e s ) were measu red by the m e t h o d of Bowden a n d 
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Hardy5 . From the found values of the rate constants ( k a n d the known hydroborate con-
centrations it was possible to determine the rate constants of the bimolecular reaction k = kl/4b 
and k — kxjb for the reductions with sodium tetrahydro(deuterio)borate and trialkoxyhydro-
borate, respectively. The final extinctions of the reaction mixtures were read at a time greater 
than 10 half-lives; the optical densities were followed spectrophotometrically with a Specord 
UV VIS (Zeiss, Jena) and a Unicam SP 800 B apparatus in the UV region 250 to 310 nm. The 
reductions having the half-lives shorter than 15 s were measured with a stopped-flow spectro-
photometer Durrum-Gibson Model D-110. The respective reaction half-lives were read from the 
kinetic curve on the screen of the apparatus. 

RESULTS AND DISCUSSION 

Sodium tetrahydroborate was sufficiently stable in all the solvents used. Its decom-
position in methanol was suppressed by addition of sodium hydroxide (Davis and 
Gottbrath1 1 used sodium methoxide for the same purpose). In methanolic 0-1m-
-NaOH the tetrahydroborate is relatively stable, its decomposition being less than 2% 
in the slowest reactions measured with the benzophenones (its concentration de-
creases by 10%, 25%, 50% and 64-2% after 60, 230, 650 and 915 minutes, respectively. 
The samples of sodium triethoxyhydroborate prepared without and with the presence 
of tetrahydrofurane were analyzed by powder X-ray analysis. Fig. 1 gives the both 
results along with that obtained for sodium tetrahydroborate. From comparison 
of the spectra it follows that sodium triethoxyhydroborate was decomposed only 
slightly in tetrahydrofurane. Sodium trimethoxyhydroborate undergoes dispropor-
t i o n a t e in tetrahydrofurane12. 

From the comparison of the rate constants given in Table I it follows that the 
reduction of benzophenones with sodium tetrahydroborate in methanolic O-lM-NaOH 

l j _ 1 1 

NaBHCOC H ) L 0 J J 

J 1 

., ! I 
react on 

product 

i ! 

NaBH, 

1 1 
l 1 1 1 1 
2 K 6 8 10 

FIG. 1 

Comparison of Powder X-rays Difracto-
grams of NaBH(OC 2 H 5 ) 3 and NaBH 4 

The reaction product of sodium triethoxy-
hydroborate with tetrahydrofurane is given 
in the middle. 
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proceeds more slowly than that with sodium tetradeuterioborate (kHjkD — 0-95 
and 0-94 for benzophenone and 3-bromobenzophenone, respectively). The inverted 
isotopic effect was observed with other systems13 inclusive of hydrolysis of sodium 
tetrahydro(deuterio)borates and was ascribed to the secondary isotopic effect of the 
other three deuterium (hydrogen) atoms which are not involved in the rate-deter-
mining reaction step14. This explanation is supported also by the finding that the 
primary isotopic effect found in the reduction of 3-bromobenzophenone with tri-
methoxyhydro(deuterio)borate (/cH//cD = 4-15) approaches the theoretical value 5-3 
calculated for the B—H bond splitting14. 

From Table I it follows that the reduction of benzophenone with trialkoxyborates 
depends on the type of the alkoxv group bound to boron, increasing in the series 

TABLE I 

Rate Constants & ( l . m o l - 1 s - 1 ) of Reactions of Substituted Benzophenones with Sodium Tetra-
hydroborate in Methanolic 0-1 M-NaOH at 25°C 

No Substituent 10 2k No Substituent I02k 

1 H 5-01 20 3-F 30-2 
2 H 5-26° 21 3-1 36-8 
3 H 0-837b 22 3-Br 45-0 
4 H 0-181c 'd 23 3-Br 48-0° 
5 H 0-439e 24 3-Br l-21c 

6 H l -28 / 25 3-Br 3-01e 

7 H 9633 26 3-Br 9-63 / 

8 H 25 700'1 27 3-Br 2-32'' 
9 4-OCH 3 1-49 28 3-C1 45-9 

10 3-NH 2 2-44 29 3-CN 127 
11 4 - C H 3 2-66 30 3 - N 0 2 198 
12 3 - C H 3 3-57 31 4 - N 0 2 153 
13 4 - O C 6 H 5 4-85 32 4 - C H 3 , 4 ' - O C H 3 0-91 
14 3 - O C H 3 6-34 33 3-Br, 4 ' -OCH 3 7-50 
15 4 - C 0 2 5-59 34 3 - N 0 2 , 4 ' -OCH 3 24-1 
16 3 - O C 6 H 5 8-21 35 4 - N 0 2 , 4 ' -OCH 3 34-4 
17 4-F 8-50 36 3,3'-Br2 154 
18 4-C1 14-9 37 3,5-Br2 330 
19 4-Br 18-7 38 4-CI, 4 - N 0 2 630 

"Reduction with sodium tetradeuterioborate; b at 0°C; c in isopropyl alcohol; d the authors5 

give the value 0-158 . 1 0 " 2 l . m o l - 1 s " 1 ; e in tert-butyl alcohol; f reduction with sodium tri-
methoxyhydroborate in tetrahydrofurane; 9 reduction with sodium triethoxyhydroborate in 
tetrahydrofurane; h reduction with sodium tritert-butoxyhydroborate in tetrahydrofurane; 

reduction with sodium trimethoxydeuterioborate in tetrahydrofurane. 
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NaBH(OCH3)3 < NaBH(OC2H5)3 < NaBH(OC(CH3)3)3. Trimethoxyhydroborate 
undergoes disproportionation on dissolution in tetrahydrofurane, giving a mixture 
of sodium tetrahydroborate and tetramethoxyborate12 '15. However, the marked 
sensitivity to the isotopic effects supports the presumption that the decomposition 
of sodium trimethoxyhydroborate is only partial, and that the non-decomposed 
trimethoxyhydroborate reacts with benzophenone. As it was impossible to de-
termine the accurate concentration of trimethoxyhydroborate in the reaction mixture, 
it was also impossible to determine the real reaction rate of this compound with 
benzophenone. High reactivity of tritert-butoxy- and triisopropoxyhydroborates 
(as compared with that of sodium tetrahydroborate) was predicted earlier15,16. 
The rate constant found by us for the reaction of sodium tritert-butoxyhydroborate 
with benzophenone, k = 2571mol~1 s"1 , confirms this prediction. The authors15 

mention the easy disproportionation of sodium triethoxyhydroborate. Our observa-
tions, experiments with the powder X-ray analysis, and the high value of the reac-
tion rate constant k = 9-63 l m o l - 1 s _ 1 suggest that disproportionation (Scheme (B) 
of this compound is very slight, its extent resembling more that of tritert-butoxy-
hydroborate than that of trimethoxyhydroborate in tetrahydrofurane. If the reduc-
tion of benzophenone 

4 NaBH(OR)3
 tetrahydr°fura"% NaBH4 + NaB(OR)4 (B) 

is carried out with a mixture NaBD(OCH3)3 + NaBH(OC(CH3)3)3, no deuterium 
is incorporated in the product. Therefrom it follows that no exchange hydrogen-
-deuterium occurs between the both reagents, and sodium tritert-butoxyhydroborate 
is the reducing agent. Disproportionation of trimethoxyhydroborate into dihydro-
dimethoxyborate, trihydromethoxyborate, tetrahydroborate, and tetramethoxyborate17 

complicates the identification of the proper reagent. We have found that sodium 
tetrahydroborate does not take part in the reduction of benzophenome (it is known 
that NaBH4 in organic solvents does not reduce even the more reactive substrates 
as e.g. acetone18). Sodium trihydromethoxyborate obviously does not take part 
in the reduction, too, as it was found that this reagent is still less reactive than sodium 
tetrahydroborate2. The found lower isotopic effect 4-2 (for trimethoxyhydroborate 
it was calculated 5-3) (ref.14) does not exclude the possibility that sodium dimethoxy-
dihydroborate is the reducing agent besides sodium trimethoxyhydroborate (second-
ary isotopic effect of hydrogen). 

Mechanism of Reduction of Benzophenones with Sodium Hydroborates 

Table I gives the dependence of benzophenone reduction with sodium tetra-
hydroborate on the solvent used. In methanolic O-lM-NaOH the rate is greater than 
in isopropyl alcohol by the factor of about 25. That is why we suppose that solvent 
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is involved in formation of the activated complex (see refs13 '18). Table I shows the 
influence of medium on the sensitivity of the reaction to the substituent effects 
in the substrate. Thus e.g. the ratio k3^BrjkH is 9-0, 6-9 and 6-7 in methanol (OH~), 
tert-butyl alcohol and isopropyl alcohol, respectively. We presume that in all the 
used alcoholic media tetrahydroborate (and not the product of its decomposition 
by the reaction medium) is the proper reducing agent, which is suggested by the inver-
sion of the primary isotopic effect. 

Basic problem of the mechanism of reaction of sodium tetrahydroborate or 
trialkoxyhydroborate with a carbonyl group consists in the hydrid-transfer, i.e. 
whether it proceeds directly4 or is preceded by coordination of boron of the reducing 
agent with oxygen of the carbonyl group or, possibly, the both bonds C—H and 
O—B are formed simultaneously5 (Scheme (C), complexes a, b, c). We presume the 
second variant to be not very likely (Scheme (C), complex b). IR spectra of the systems 

NaBH4 + ( C 6 H 5 ) 2 0 = 0 

2CHOBH3 Na(+) 

benzophenone-trimethoxyborane (or tritert-butoxyborane) show no changes as 
compared with the character of IR spectrum of benzophenone. Obviously the com-
plex (b) is not formed, although e.g. boron trifluoride reacts in this way19. Coordina-
tion of benzophenone with sodium trialkoxyhydroborate or tetrahydroborate is 
still less probable according to (&), because they are much weaker Lewis acids. 

The reaction going through the cyclic complex (c) is little likely, as formation 
of (c) would involve considerable change of entropy and would exhibit little sensitivity 
of the reaction to the solvent and substituent effects. The found entropy change 
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AS* = —115-2 J K - 1 mo l - 1 is common for simple bimolecular reactions and close 
to the data given by Brown4 for reduction of benzophenone with sodium tetrahydro-
boratein isopropylalcohol (AS* = —116-0 J K _ 1 mol - 1) . Besides that the sensitivity 
of the reaction to the substituent effects is substantially greater (q = 2-26) than that 
in the reduction of benzophenone with aluminium hydride = 0-89) or aluminium 
sesqui(2-methoxyethoxy)hydride (g = 0-34), where the mechanism is preferred 
involving a similar tetracentric complex with the character of ionic pair20 '21. The 
reaction going through the complex (a) agrees best with the found effects of medium 
and substituents. The overall reaction course representing the solvent effects is given 
in Scheme D (ref.3), where the formation of the complex is rate-limiting, and the 

NaBH4 + (C6H5)2C=0 + solv. < > 
<5( + ) (-) <5(-) 

( > [solv.--BH3--H--C(C6H5)2==0]Na( + ) > intermediates (D) 

role of solvent consists in lowering of the activation energy of the hydrid-transfer 
by electron donation4 (£* of the reaction of benzophenone with NaBH4 in methano-
lic O-lM-NaOH is 48-4 kJ mol - 1 , Brown4 gives the value E* = 56-9 kJ mo l - 1 for 
a similar reaction in isopropyl alcohol). 

Reactions of trialkoxyhydroborates differ substantially both in the reaction rates 
(Table I) and in the extent of disproportionation of the reagent12,15. The differences 
cannot be explained by sterical effects of the alkyl groups, rather they are due to 
electronic effects. We presume that, before the reaction with the carbonyl com-
pound,- the bonds C—O or O—B in the reagent are polarized or split (Scheme (E). 
The relatively high stability of tert-butyl cation prefers the C—O bond splitting 
with formation of reactive ionic pair (Scheme (£,) variant a) able to reduce benzo-
phenones. 

k-) ! H—B—O—C— 
I I(-) I ! 
C—O—B—H c ± 

I (-) I (-) I 1 1 
-C—O + BH2 + B—O—C—J 

I b I 
~ I 

I (-) I I (-) I 
—B—H H C—O—B—O—C— 

H ' ' ' (E) 

I (+) (-) I 
—C + O—B—H 

I (-) I 2H—B—O—C-
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Disproportionation of NaBH(OCH3)3 proceeds probably in a series of bimolecular 
intermolecular reactions of the reagent according to the variant (b), Scheme (£). Similar 
changes in the site of splitting due to different alkyl groups were observed in hydro-
pses of carboxylic acid esters22 (BAc, BAl), Fig. 2 represents the correlation of the 
rate constants of the reactions of mono- and disubstituted benzophenones with so-
dium tetrahydroborate in methanolic O-lM-NaOH at 25°C with the a constants. Ap-
plication of the normal Hammett a constants23 for 16 monosubstituted derivatives 
gave the reaction constant q — 2-26 which is somewhat lower than that found5 

for reduction of acetophenones in isopropyl alcohol = 3-06). The lowering of sensi-
tivity to the substituent effects is explained by deviation of the plane of one benzene 
ring (with respect to carbonyl) due to introduction of the second benzene ring. 
4-Nitrobenzophenone deviates from the correlation (Fig. 2) and was not involved 
in calculation of the reaction constant. The deviations are explained by a change 
in coplanarity of the both nuclei due to the electronegative nitro group. We presume 
that, in contrast to the non-substituted benzophenone, the angle between the planes 
of the non-substituted benzene ring and carbonyl group is smaller in 4-nitrobenzo-
phenone, which makes the + M effect of the non-substituted phenyl group on the 
reaction centre more important in the ground state, whereby the reactivity of the 
carbonyl group is decreased. This presumption is supported by similar electronic 
action of 4'-substituents as well as by further 4-nitrobenzophenones which exhibit 
a similar deviation and lie on a common line of the dependence (log different 

from that of the rest of the series. 
4-Methoxy group, being an electron donor, increases the electron density between 

carbonyl carbon atom and aromatic nucleus whereby the angle between the planes 

2 -

Fig. 2 ^o 
The Hammett Correlation of Relative Rate 

CD 
Constants of Reduction of Benzophenones — 
with Sodium Tetrahydroborate in Methanolic 1 -
O-lM-NaOH at 25°C 

Full line connects the monosubstituted 
benzophenones ( • ) , the dotted line connects 
the disubstituted benzophenones with con-
stant 4 ' - N 0 2 substituent (©), the dashed 0-
line connects the disubstituted benzopheno-
nes with constant 4 ' -OCH 3 substituent (o) . 
For numbers of the benzophenones see 
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of this nucleus and carbonyl group is decreased. Sterical strain due to this effect 
causes a greater deviation of the other nucleus from the plane of the reaction centre 
and thus decreases the possibility of transmission of electronic effects from the other 
nucleus to the reaction centre. In accord with that the reaction constant of the reduc-
tion of 4-methoxy-4'(or 3')-substituted benzophenones is decreased to the value 
q = 1-80 (Fig. l). Value of the coefficient t4>4, representing the measure of mutual 
harmony of electronic effects and non-additive action of two substituents was cal-
culated for reduction of benzophenones, iAA> = 0-2. The value is smaller than those 
found for the protonation equilibria of benzhydrols7 and solvolyses of benzhydryl 
chlorides24 '25, where the carbonium ion is formed in the rate-limiting step (i4A, = 
= 0-4). Further studies of cumulation of the electronic effects from the positions 3 
and 5 could not be evaluated, because the chosen models (3-nitro-5-substituted 
benzophenones) quickly react with hydroborates to give coloured Meisenheimer 
complexes which are further reduced and decomposed to esters of boric acid. Similar 
complexes were identified also in reaction of hydroborates with trinitrobenzene26. 
3-Methoxy- and 3-phenoxybenzophenones were not involved in the correlation 
analysis; they are reduced more slowly than they should according to the respective o 
constants. So far we have no explanation for this behaviour. 

The authors are indebted to Dr K. Ubik, Institute of Organic Chemistry and Biochemistry, 
Czechoslovak Academy of Sciences, Prague, for measurements and interpretation of mass spectra, 
and to Dr J. Klicnar for measurements and discussion of IR spectra. Thanks are due to Dr B. Cd-
sensky and Dr J. Machacek, Institute of Inorganic Chemistry, Czechoslovak Academy of Sciences, 
Prague, for preparation of sodium deuteride. 
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