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I. INTRODUCTION 

Since their initial synthesis in the mid to late 1940s by H. C. 

1 Brown, H. I. Schlesinger, and co--workers , two of the complex metal 

hydrides, lithfom aluminum hydride and sodium borohydride, have been 

widely investigated as to their reduction products with most of the 

functional groups known to date in the field of organic chemistry. 

Due to the fact that lithiur:l alum:tmun hydride is a m1ch stronger 

reducing agent and shows, therefore, less "reductive selectivity" 

than does sodium borohydrJ.de, it will readily reduce most functional 

groups. However, the case is not as well defined for sodium boro-

hydr.ide, for mnch controversy has arisen in the literature partic-

ularly concerning the reductfon of organic halides and arornaUc nitro 

compounds w5.th this material. The pdJnary goal of this research 

project was to aid in the elucidation of the reduction product(s) of 

sodium borohy<l:dde with alkyl and aryJ.. halh\es and to note carefully 

the effect of: 

1) the type of leaving group 

2) the type of alkyl group (prirMffY 1 secondary, 
and terti<:~ry) 

3) the para substituent on the rate of reduction 
of _p~~~~:::-substHuted ben2yl halides 

4) subst:i.tution on the rate of redu.ct:ion an<l t:he 
relative o:cder of delrnlogerw.tion of sclectedp 
substituted 2ryl halides 

5) the solvent 
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It is believed that the results of this research effort will be of 

important use in the field of organic reductions, especially as applied 

to synthetic work, because one has a wider range of both protic and 

aprotic solvents from which to choose for use with sodium borohydride 

as compared to only aprotic solvents for lithium aluminum hydride. 

Finally and most important of all, are the synthetic advantages to be 

derived from the greater reductive selectivity of sodium borohydride 

as a reducing agent. 



II. HISTORICAL 

There now exist five major ways of chemically converting an organic 

halogen compound to the corresponding hydrocarbon, and of the following 

five only the last two will be cited as they are relatively new methods 

of reduction, whereas the remaining three are well documented in the 

literature2 , 3: 
Mg H20 

1) RX-~ RMgX~ RH 
+ 

2) RX .!!_,_th, RH 

3) RX + ll2 ~.ta~2 t~ RH 

l~) RX+ (R 1 ) 3Snll -·-- ~ RH 

5) RX + LiAlH4 --:;i RH 

The first method simply involves the hydrolysis of the Grignard 

reagent of the corresponding alkyl or aryl halide of the desired hydro-

carbon. The yields of hydrocarbon are dependent solely upon the yield 

of the Grignard formed as hydrolysis is quantitative. The second 

method can be used only when R is an e.lkyl group, and N desi~;nates 

some metal~ commonly zinc. The third method utilizes a reac.tion 

vessel conta:i.nine a cataJ.yst such as Raney nickel or pe.lladiUJ:-t·-calcilirn 

ca.rbonate and may employ temperatures ranging from 20 to li00° c. and 

pressur.es from one to seve~:al thousan<l atmospheres. Even thoush these 

condit:tons may appcm: to Le extreme.~ nevertheless, the reduction can 

be very selective and the yields e~~tremely good depending on the type 

of catalyst <.>.nd conditions chosen and the spec:l.f ic hal:i.de involved. 
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The fourth· method concerns itself with the use of a relatively new 

reducing agent» an organotin hydride, where R may be alkyl, aryl, or 

acyl and R' either a phenyl or _!!-butyl group. The yields range from 

70 to 90%, and the reduction is believed to proceed by a free-radical 

mechanisrn as opposed to an SNl- or SN2-type mechanism. 

The final method illustrates the use of, perhaps, the most widely 

employed complex metal hydride, lithium aluminum hydride (hereafter 

abbreviated LAH). The products and mechanism of reduction of organic 

halides, j.n general, with l.AII were extensively examined by many inves-

tigators between the late 1940s and mid J.950s, and from this work, the 
3 l} 5 following general conclusions were d:s:awn s , : 

1) the reduction of alkyl halides occurs by an SN2 
meclrn.n:i.sm. 

2) the order of reactivity of alkyl halides is 
prirno.ry > secondary > tertiary, the latter pro-
ducinz mostly olefins. 

3) the order of reactivity of the halogen is iodide > 
bromide > chloride. Fluorides were not reduced. 

4) aryl halides proved to be very much less reactive 
than a.lkyl halides. 

5) the use of higher·~boHing solvents (relative to 
ethyl ether) such as tetra.hydrofurcin for the more 
unr.ea.ctive halides imp:Lovecl the y:i.elds obtained 
in some cases. 

6) the use of a "hydrogen carrier" such as LiB 
accelerated the reductions and increased the 
hydrocarbon yields as well as decreasing tl~ 
v.mo1mts of Li\H required. 

6 In 1955 Pe~rson and Adems pub1ishc<l their results of sodiu;;1 boro-

hydr:i.de (hen~nf ter a.bbreviv.tcd Sl311) redi..1.ct:i.ons clone in polyethylene 

r,lycol dialkyl et:he,:s and stated that SBil solutions in these solvents 

had enhanced i~cducing reactivity toward alkyl halides, nit:co groups, 
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acetates, sulfides, esters, and silicates. Bromides were more reactive 

than chlorides, and _gem-dihalides were less reactive to SBH than t;Jono-

halides or $.em-tri- and tetrahalides. Branching or lengthening the 

carbon chain decreased reactivity, and aromatic, alicyclic, and hetero-

cyclic halides had reduced reactivity. In a typical experiment, methyl 

chloride in tetraglyme (tetraethylene glycol dimethyl ether) was reduced 

in a 1:1 molar ratio with SBH at liquid nitrogen temperatures to methane, 

diborane, and hydrogen, the diborane being a co-product. Similarly, 

carbon tetrachloride and nitrobcnzenc were reduced to methylene chlo-

ride and azobenzcnc, respectively. This, then, represented the first 

attempt at the SBH reduction of alkyl and aryl halides and nitro com-

pounds. The fact that aprotic, dipolar solvents were employed was of 

only slightly lesser importance than the yields achieved, as this same 

type of solvent was also selected for use by our laboratory for reasons 

to be mentioned later (see pace 15). 

Other workers began contributine to the field of alkyl halide 

reductions with SB!l. In 1957 Nad and Kochcshkov 7 reported that carbon 

tetrab:ro;1ide was reduced in aqueous methanol by SBH to 74% bromoform, 

while :i.odoforn hud been reduced in 85;~ yield to methylene iodide. 

Some two years prior to thiss H. C. Brown and his co-workers began 

investigatin~ suitable solvents for SBH reductions and similarly found 

as had Pearson and Aclru:1s that diglymc (diethylcne glycol cli;:1ethyl ether) 

was an excellent choice, These early n~Juctions also involved a study 

of the effec.t of metal cat.ions as well c:i.s solvent on SBH reductions, 

particularly in re&ard to reduction of an ester or carboxylate group in 

the presence of other reducible grot•ps on the aror!latic ri·11g such as 
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halogen or nitro. Figure 1 on page 7 shows several selective and non-

8 9 selective reductions that Brown , performed. As Figure 1 shows, Brown 

reported no reaction between nitrobenzene and SBH, but during this srune 

time period the report of a 58% reduction was published by Weill and 

Panson10 , who noted that higher temperatures and a longer reduction 

time were requi.red. In a later experiment during the reduction of methyl 

chloride with SBH in digl~ne, Brown noted the diborane formed as a co-

product apparently was producing a 1: 1 adduct with unreacted SBH to forn1 

NaB2H7 or "sodium diborohydd.de" because, "Rough kinetic experiments 

indicated that the rate [of reduction] showed a marked decrease follow··· 

ing the conve;~s1on of the sodium borohydri<le to sodium diborohycl.ride, 1111 

No further work was done until 1962 when a study of the reduction of 

secondary and tertiary halides and tosylates under solvolytic (S,.l) 
.~ 

conditions was begun, primarily as e means of "trapping" the carboni_u.m 

ions that formed upon ioni~ation of the halide with hydride ion fro~ 

SBB12 • It was found that, "In nonfonizj_ng solvents [diglyue], secondary 

and tertia:cy alkyl halides react with sodfom borohydridc only slowly, 

in ra2ny cases yielding the olefin, rather than the desired saturated 

hydrocarbon. llo'\·1ever, the addition of water to produce solvolyzinz 

con,U.tions brings cl bout a rapid rcc>.ction, pi:ovicling the corrcspN1d "J.n.cY, 

hydrocarbon j_n good yield~ alo:1g '\·lith the conccmitant formation of the 

1 1 1 l 1 f' l ] 1 ] d " 13 a co,10 .. and t 1c o c_:in as t 1e usu2 _ so. vo .yt:i.c. pro ucts. As typical 

excnnples, benzhyd;:yl chloride und triph.:.-.nyl;ncthyl chloride 

(\ml.%) aque:.ms diglym8 were reduced by SBH to give yield~-, of 75% 

cliphenyhwt11Bne c:incl 96% tr:i.phenyJ.1,wi..:11c:.ne, respectively, It see;ncd that 

the grente!~ the stabj_Jity of the cad;oniurn ion fo:crned, the higher wns 
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FIGURE l 

Selective and Non-Selective Reductions 

with So<liu.111 Borohyciride in lJiglyme 

Li.Br ... 
·---·--·----...,---·-----~·--··~p 

3 hrs., 100° c. 

Cl 
100;~ 

(halogen not reduced) 

AlC1 3 
-·------·-··---·---·--·------------~ 

75 ° C., 1 hr. 

AJ.CJ. 3 
+ NaBHLt ---.. ---------·----------------~ 

25° c. ~ 3 hrs, 

(pcor yi.eJ.d) 

( 'J·o ·1)c--~c~;o11) L, '·'~ c. t. • .A.. 
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the yield of hydrocarbon and the lower the yield of alcohol formed due 

to attack by water, since the hydride ion is a much stronger nucleophile 

than water. The effect of various .i:.a.~ substitueuts in the ring on the 

stab:i.lity of the carbonium ion (hence, hydrocarbon yield) was shown by 

the reduction of J_>ar~-chloro- and .e~· .. methoxybenzhydryl chloride under 

identical conditions to give yields of 62% paraHchlorodiphenylmethane 

and 97% .E..~··methoxydiphcnylmethane 5 respectively. Decreasing the 

volun:e percentage of water from 35% to 12/; had no effect on the yield 

of hydrocarbon, but changing the halogen from chlorine to brcimiue had 

a very noticeable effects as exeraplif ied by an 87% yield of d.iphenyl-

methane from the solvolytic reduction of benzhydryl bromide. Both these 

observations are not in full agreement with a completely dissociated 

cm:bonium ion (SNl) mechanism. Thus H was proposed that SBH was s 

perhaps, reacting with ion pai.rs. "In this event, the reaction course 

would not be :1.ndependent of the leaving group. }ioreovcr., the carbonium 

ion could then react prcf erent:ially with water clustered about the anion, 

h l .t h . l l 11· "J.b, rat er. t 1an W.!.t water J.n t 1e m •O The above work resulted prirnarily 

from their earJ.5.er stud:les of "classical and nonNcJ.assical 11 bicycl:i.c and 

tricycJ.ic carbonhtn ions, produced by sirailar solvolytic reductions with 
15 16 SHH of their analotious bicyclic halides and tosylates ' • Table I on 

page 9 surmnarizes t hc:Lr results. 

The final and one of the most synthetically interesting applications 

of SBH l:o the reduction of alkyl hal:ttles and their related derivatives 

i.nvolves a type of reductive cyclizati.on through "neighbor:i.ng-group 

pm:t:i.cipnt:i.on1117 by the oxide i.on of a ~:~h~lokctone or aldehyde to form 



TABLE I 

Reduction of Selected Organic Derivatives with 4.0 M Borohydridea 

Deriva.tive .!!_ydrocarbon Olefin Alcohol 

t-Cumyl chloride 81% 8% 6% 

~-Phenylethyl chlor:i.de 75i~ 2% 21% 

Benzhydryl chloride 99% b 

l,l-Diphenylethyl chloride 66% 32% b 

TriphenyJ.methyl chloride 96% b 
I 

25% '° I t-A.inyl chlo"!:'ide 40% 35% 

1-~ethylcyclo?entyl chloride 40% 46% 12% 

cyclooctyl 12_-Toluenesulf onete 40% 497. 11% 

7-chloronorbo=nadicne 957.c b 

2-Phenyl-~-norbornyl chloride 81%c 12% 5% 

aSolvent system was 65% dlglyme-20% water by volume. 

bNot analyzedo 

cSodiun borohydride, 1.8 M. 
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primarily the correspondingly-substituted oxirane or oxetane I and the 

saturated alcohol II, as shown below18 : 

+ H: (I) 

X = I,Br,Cl. + (II) 

It was fo\.m<l that the product ratio was dependent on both the solvent 

and the structure of the starting compound. 

Aryl ha.lides are extremely resistant to attack hy LAH» the degree 

of reduction of the halogen being dependent upon (J.) the specific halogen 

involved, (2) the relative amounts of reducing agent and organic halide 

used, (3) the reduction ti1:ie~ (4) the reaction temperature, ci.nd perhaps 

most importantly of aJ.1, (5) the nature and relative positions on the 

r.i.ng of: other competitive groups19 • It was n.ot unt:tl the recent work of 

K arabatsos and Shone20 that: goocl to quantitative yields of the correspond·· 

i.ng aryl reduction products W<:!re ach:levcd, as Gayloxd21 had earlier noted 

that al:t the yields of the :re due tions reported prior to this Ume were 

generally quite loH. HoweverJ the. o?.bove co~"'t·m:r.kers noted thnt the best 

results were. e.chieved when a strong electron-withdrcming group \JaS 

located £.E.E}~o to the lenv5.ng halogen and whzu tliglyr28 at a reaction 

t empers.ture of 100° c. was the solvent. These conditions are very 

drastic when c..:1;np<!red to the roor.i tempernt.1.rre conditions utilized in 

our labor.at:o:cy with the much milder SBH. The smi1e order of :reactivity 

among the halo6ens was estnbl:i.shed as previously stated for the nlkyl 

halides (see page 4). 
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22 At the tune of publicatfon of his book, Gaylord reported that 

the only attempted reduction of an aryl halide with SBH had been unsuc-

cessful. However, in 1963 Severin23 and co-workers announced that they 

had achieved the SHH reduction of several substituted and unsubstituted 

polynitroaromatic compounds to the corresponding poly1iitrocyclohcxanes 

and/or polynitrocyclohexenes in good yields in a methanol-tetrahydro-

furan·"formamide solvent system at room or ice-bath temperatures under 

alkaline conditions. 21. Similarly, Kaplan reported the following year 

that under Severin's cond:i.tions he obtained the usual cycloaliphatic 

products from the reduction of mono- and dichloro-substituted El!!:.-

tr:i.nitrobenzcnes, but benzenoid products when 2-Y.m·~trichlorotrinitro-

benzene was reduced. Thus, 2·~chloro·0 l, 3 5 5-·trinitrobenzene (IV) and 

2,4-·dichloro-1~3p5•utri.nitrobenzene (V) both yielded ~ym-trinitrocyclo-

hexane, but the reduction of E>'!:!~trichlorotrinitrobenzene (I) produced 

2,4,6-tricl1loro-l»3~dinitrobenzene (II) which could further be reduced 

to 2,4~6-trichloronitrobenzene (III). 

y y o,:2 
Cl 0 2N 

x x 

Ip x ::.~ y := l-!02 IV$ x -· H; y = Cl 

n~ x = H02; y -· H v~ x = Cl; y :: H 

III~ x = H; y = NOz 
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Kaplan rationalized the fonnation of products II and III by suggesting 

that the relative "leaving ability" of the chloro and nitro groups was 

prLmarily determined by the degree of resoncnce interaction of the nitro 

groups with the n-electron system of the ring. That is, the further the 

plane of any given nitro group varied frrna being coplanar with the ring, 

the more susceptible the nitre group was to displacement by hydride ion. 

X-ray diffraction studies showed the C-2 nitre group of structurally 

similar compound V to be 76° out of the plane of the ringp thus support·· 

ing the idea of. non--coplanarity of the three nitro groups in compounds 

I~·III. Conversely, the finding that the C~,l1 and C~6 nitro groups of 

compound V were only 3.6° and 37°, respectively, out of the plane of the 

ring seemed to :t.ndicate that the increased 1:esonance interaction of these 

two nitro groups could render positions C-1 and C-3 especially electron 

deficients and therefore, very vulnerable to nucleophilic attack by 

hydride ion. This, then, could account for the loss of halogen substit-

uents instead of nitro groups from compounds IV and V to g1ve ~z~­

trin:i .. trobcnzene which Seved.n23 had showed previoti.sly could undergo 

further ring reduction to -~ym:--trinitrocyclohe}~ane. 

The field of selecti.vc reductions (that is~ where there are two or 

more Groups :i.n the molecule that .C:.'?.~1:9. undergo reduction) with LAU and 

SBH was in:i.tfated using E:.-ho.lo derivatives of keto!1es, ac:i_ds, acid 

chlorides, esters, etc. Whether or not the halo zroup was reduced with 

Ll1.H was dependent upon the first four factoi~s listed for aryl halides 

(pcige 10) nncl upon the nature of the grnt1p (s) E_~J>.l:9. to the halo gene 

For example, the points concerning the ratio of reducing agent to 
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substrate and the nature of the a!£ha group(s) can be illustrate<l using 

25 the work of Lutz and co-·workers as shown below : 

(I), 85-90% 

(II), 69~~ 

It was found that the bromohydrin II could be j_solated only in very 

small yield when LAH was used in a slight equimolar excess over the 

startfog ketone, but if only enough LA.Ii was acldecl to reduce the carbonyl 

group 5 a moderate yield of 11 was obtaj.ne<l. II could then be further 

reduced to I by an equiraolm'. amount of LlllI. Generally speaking, reduc-

tion of the more react:i..ve group or: groups -~~pJ.:_~ to the ha.logen will 

occur first. The reactivity of the halogen follows the same order as 

for the simple monClhaloalk'-1.nes. Fluorides have not yet been reported 

as reduced under any conditions~ chlorides are generally not reduced 

except under vigorous reaction conditions, and bromides are reduced 

in yields which depend upon the arnount of LAH usedP but geaerally the 

pn.i<lu.ct f1.'0i~1 the :ce<luct:i.cn of tLe i;wre reactive carbonyl. group pre·· 

26 don1.nates • Any atte:aptcd rec1ucU.ons of o.··iodo derivatives with LAH 

have not yet been reported. 

With respect to tk~ reduction of ~~·halo co:11pouncls with SBHs Gnylord 

21 
states~ "In no case has reduction of the halogen ato:n been reported. 11 
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28 Working with a related derivative, Shoppee and Stephenson reported 

that the toluene-..2_-sulfonate (tosyl) group was also not reduced in the 

presence of the more reactive keto group, as shown below: 

Dioxane:MeOH (3:2) ) 
TsO 

OH 

This is most selective because the tosyl group is reported to be at least 

as good or an even better leaving group than iodo in SN2 reactions 29 • 

However, more recently Goldsmith and Joines30 have shown that reduc-

tion of the ;::-bromo group of bicyclic ketone I does, indeed, occur to 

give the corresponding saturated alcohol II in good yield: 

~aBH4 (excess) 
95% ethanol > HO 

(I) (II), 90% 

It was decided that a more thorough investigation into the reducing 

ability of SBH toward organic halides as a whole be undertaken for 

several important reasons. Primarily, although Brown and Be1113 had 

reported that secondary and tertiary alkyl halides were reduced only 
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very slowly and in poor yield in aprotic solvents, neverthelesst earlier 

11 6 7 reports of Brown and others ' of a quantitative yield of methane from 

the reduction of n1ethyl chloride by SBH seemed to indicate that other 

pr:Unary alkyl halides might at least be reduced to some degree, or in 

perhaps, moderate to excellent: yieldo Secondly, except for the work of 

Severin23 and Kaplan.24 , no work had been done using specifically SBH to 

study the necessary requirements for the reduction of aryl halides, as 
20 8 Karabatsos and Shone had done with LAH. Thirdly and finally, Brm·m's 

success with dipolar, aprotic solvents such as diglyme prompted our own 

use of similar solvents for. the following reasons: 

1) most of the limited work wlth Sl:IH in halide reductions 
had been performed usinG either water and/or low 
molecular weight alcohols as solventss and 

2) recent advances31 in the studies of solvent effects 
on S 2 reaction rates ind.teated that newly developed 
dipo~ar t aprot5.c solvents like dir.icthyl sulfox:i.de 
(Dl·ISO) and hexamethylphosphorand.de were known to 
produce rate increases of sever.al thou.sand fold over 
alcoholic media. 



lIJ.. DATA AND RESULTS 

The Use of lJMSO a_!ld_ Diglyme in the Reduction of 

The reduction of an organic halide or a related derivative may be 

represented by reaction .! where R may be alkyl or aryl and X denotes 

the leaving group: 

(1) 

Dur.ine either the usual water work-·up or a reaction employing an aqueous 

solveutp reaction 2 would occur: 

(2) 

Product identification and determination of yields throughout the entire 

project were performed using the external and internal standard methods 

of gas~·liquid chromatography (glc:). 

For the analysis of methane proctuced by the reduction of roethyl 

iodide, standards of methane in nitrogen were used. Positive identifi-

cation of r.1c~thane was made by comparison of its reten.U.on til:1e t.o that 

of the standard. The result.ing value of the single trial performed is 

shown in Table JI on. page 17. The reduction products of methyl tosylatc 

were analyzed ~~alogously. The verification of a 1:3 ratio of hydro-

carbon to hydrogen was not quantitct:ively ci.ccessible due to the erratic 

responsa of hydrogen to the thcrLlal conductivity detectors, but since 

-16·-
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TAllLE II 

Reduction of Simple Monohaloalkanes 

and Related Derivatives in Anhydrous DMSOa,b 

. RX % Reduction c 

Methyl iodide 96 

Methyl tosylate 90 

Ethyl bromide 95 

Ethyl iodide 96 

Ethyl tosylate 96 

;:~·Propyl chloride 16 

E.-·Pi..·opyl bromide 91 

E._~Propyl iodide 89 

E_~Propyl tosylate 90 

lsopr.opyl bromide 71 

lsopropyl iodide 91; 

b Most reactions were run at room temperature for periods ranging from 
J.~3 houi:·s. See 1;ExpedJa<:'ntal11 for detnils (pp, 38-L,2) • 

c Percentage reduction Has calculi1ted as descrHieJ on page 29. 
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the yields of methane were almost quantitative and the volumes of gas 

evolved were close to the calculated theoretical volumes based on this 

ratio, the ratio of products was believed to be correct. 

Ethane, from the reduction of the compounds listed in Table II, 

was also analyzed by an external standard method. The retention time 

of this product was checked against a pure sample obtained by an alter-

nate met.hod and was sh01m to be identical to it. However, since the 

small amount of ethane prepared by the alternate route could not be 

pwnped and rui.xed with air for use as a stan.da.rd.1 the problem was 

resolved by determining the area under the chromatographic curve for 

propane in a kno1m mixture of propane and air. By applying the 11 l{eJ.a-

tive Molar Thermal Response Values" of propane and ethane (1. 2 7 and 1. 0, 

32 respectively) e.s obta:Lned from the J.j_teratur.e , the area that an idcn·-

tical molar concentra.tion of ethane ~~l~ yield was computed. 

The a.rw.1ysis of the severa.J. n··· and isopropyl compounds reduced 

were also treated by the external standard method using standexds of 

p1:opane :tn oJx. Since elimination tilight become an important cow1peting 

side reaction wi.th secondary halides» propene w2s synthesized by c:m 

alternate route and used to check for the possible presence of this 

product: i.n th2 an:ilysis of the 1:eduction pro<lucts. No propene uas 

detected in e.ny cnseo Tnbl8 II gj.ves the results of these n:ductions. 

To examine any solvent effects 9 tha following selected halides 

\1ere chosen to be reduced in 5~i~Q]i.:_'.~ using a 1: l ni.tio of borohydride 

to halide c:>.ncl ,._,en; analyzed by the sa;"e procerk.r.e v.s above. 



TABLE III 

a Reduction of Selected Sim?le Monohaloalkanes in Diglyme 

RX 

Hethyl iodide 

Ethyl iod:i.dc 

Ethyl bromide 

% Reduction 

92 

88 

68 

31iost triels were run at room te:nperature for 1-5 hours using a borohydride 
to i1<:.lide ratio ranging from l~ l to 5: 1. See "Experimental" for details 
(pp. i~2-43). 

I ..... 
\0 
I 
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B. Para-Substituted Benzyl Halides 

All of the following compounds composing the benzylic halide series 

were reduced to the corresponding toluene in the yields reported in 

Table IV on page 21. In the case of the lrnra~chloro and para-fluoro 

compounds, no check was r.rnde to determine if the aryl halogen had 

been reduced. However, as will be explained in the section on "Discus-

sion of Results and Conclusions", this was believed to be highly 

improbable. Product verJfj_cations were made by comparing the retention 

times of the reduction products and known standards of the compounds. 

Quantitative analyses were performed usinr.; both internal and external 

standard methodso These methods gave results which generally agreed 

within 7% or le~~s~ the external method urmnlly being the lower of the 

two. The yields in Table IV arc all internal standard values. The 

internal standaJ:"ds used in analyses were chosen on the basis of their 

close strncturnl prox:lmity to the rcc:uction proclucts formed~ as this 

would hopefully aid not only in affecting an approximately equal extrac-

tion of each, bL1.t would also g:ivc sir.1ilm: behavior on the chromatographic 

colu:;in usedo 

Benzyl bromide and bcnzyl chloride were both reduced using benzene 

as the internnl st2ndard. Once it was established that a quantitative 

yield of toluene could be obta5ned £rc:11 the brcmirle in one hour or less 

at roo;n tcmperatu:ce~ ben~yl chlor:Lde and its ya.~3:.-substitute<l rlcriva·· 

tives were also run foJ: a one hour U.ms pe1:iod to conipar.e the "substit~ 

uent effect" on a relative bas:iso Houcver ~ a 1.i,, 5 hour trial was run 

for the unsubstituU;d ch.lm:ide to cleterraine the time necessary (still 
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TABLE IV 

Reduction of Para-Substituted Benzyl Halides in Anhydrous mrsoa 

RX 4.5 hrs. 

Benzyl chloride 86 

Benzyl bromide 

£.~Methoxybenzyl chloride 

.E_··Hcthylbenzyl chloride 

.£.~Chlorobenzyl chloride 

.E,··Flu.orobenzyl chloride 

.E,-N:i.trobenzyl chloride 

a.Sodium borohydridc~ 0.2 M; halide~ 0.1 ~·1. 

b Yields with hydroJ.ysis af~eE. 6 minutes. 

% Reduction 

1 hr. 

49 

100 

87 

56 

68 

58 

94 

cYields with J.6% water~8Lr% n:·lSO (vol./~) as the:: solvent. 

6 min. 
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at room temperature) to affect almost complete reduction. Several six-

minute trials were also perfonncd for reasons to be explained shortly. 

The reduction of E~-methoxybenzyl chloride at room temperature 

was performed with anisole as the internal standard and gave an 

unexpected yield of 87% .£_-methylcinisole after one hour (Table IV, p. 21). 

A six·-minute trial w~s performed to examine more carefully the effect of 

the methoxy group on the rate of reduction relative to benzyl chloride 

and .P_-nitrobenzyl chloride. 

The following co;11pounds were employed as internal standards in the 

reduction of .£_-methyl- 5 .£_··chloro-, and .P.:-fluorobenzyl chloride, respec-

tively: toluene for the former and E_-xylene for the latter two. See 

1'able IV for the results of these reductions. 

It was at first believed that: the recluction of E_-·nitrobenzyl chloride 

was proceeding by some mechanism other than SN2 because of the formation 

of brilliantly~colored solutions which lc3.sted approximately ten to twelve 

minutes after v.ddi.tion of the substrate. However, no coloration oc.cu.rred 

af:ter. further purif icc3.tion of the chloride by recrystallization from 

ethyl ether. It v.lso a.ppearecl in the beginning that: water wass per.haps, 

catalyzin~ the~ reduction of this E.."·nitro derivative, as relatively large 

rate :i.ncreases were observed in a solvent syst.ern of Bl!~~ DHS0-·16/; water 

(vol.%). Subsequent expcrir.1entat:Lon showed that the r.iost likely cause 

was a slightly hi.l;her reaction temperatvre rather. than some intere.ction 

between water nnd the transition state of the reaction as first proposed. 

Bcnzyl chloride ancl p-n:i.trohenzyl chloride were the only halides 

studied in diglyme. Table V on page 23 shows the results observed under 

identical conditions as those desc:r:i.bed aliove for lX·ISO. Note the 



TABLE V 

Reduction of Selected Benzylic Halides in Anhydrous Diglymea 

% Reduction 

R.'{ ~ 

Ben;;;yl chJ.o:?:~.cle 6b (Sc) 

;:_-Nitro~en~yl chloride 48 

r.>.Sodit!!:l bo:rohydridc, 0.2 M; halide, O.l M. 

b89% rccov.:;r.y of i • .mrencted benzyl chloride& 

~Solvent system wa.s 80% diglyme-20% water by vollmie. 

6 min. 

l 

' N 
w 
I 
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apparently large solvent effect operating for both and the excellent 

mass balance obtained in the case of benzyl chloride. 

3. Secondary and Te:rtiary Alkyl Halides 

The three compounds listed in Table VI (p. 25) were analyzed using 

the external standard method. The conditions and concentrations of SBH 

and halide utilized were the same a$ those shown in Table V (p. 23). 

No checks for unreacted starting material were made because of their 

high boiling points and poor behavior on the glc columns tried. 

4. Aryl Halides 

Only two aryl halides were reduced in this series, _<?_-f luoro- and 

o-nitroiodobenzene (see Ta~le VII, p. 26). Products were analyzed by 

the internal standard method using as standards toluene and .E_-nitro-

toluene, respectively. Qualitative analyses were done as usual by a 

comparison of retention times of the products formed with pure samples 

of each. The reduction time and other conditions were the same as those 

previously used for the benzyl series. The reader's attention is called 

to the excellent mass balance achieved for the o-fluoro compound and the 

high yield obtained from the o-nitro derivative. 

5. Polyhalomethanes 

Carbon tetrachloride was chosen as an exemplary polyhalomethane 

for study because of its ready availability, and the need to establish 

the number of possible reduction products and their relative ratios. 

Two sets of one-hour trials were performed in dry DMSO. Cne set 

employed the usual water work-up followed by extraction with ethyl ether, 

while the second set employed a methyl iodide quench to destroy unreacted 



TABLE VI 

~edt'.C'.:ion of Selected Secondary e.nd Tertiary Alkyl Halides in DMSOa 

R..'\ 

B3nzhydryl chloride 

.£-N'itrobenzhydryJ. chlor:tde 

_E:·Ctt-:ny 1 ch.:1.o;: i.de 

" ~-S.::;>1e conditions e.s :tn T<.>,ble V. 

RH 

D:tphenylmethane 

E_-Ni trodip henyJ_,-ne thane 

Ct!m.enc 

% Reduction 
J. hr. 

2 

7 

l 

I 
N 
V1 
I 



TABLE VII 

Reduction of Aryl Helides in DMSOa 

RX RH 

o-Fluoroiodobenzene Fluorobenzene 

o~Nitrciodobenzene Nitro benzene 

c(._,!"! .,r.':\ ~.a..: .-,~ ~~ ; ~~ni o o::i='n.::. cond ........ o •. _, ""'"' .. n .1.e..~-·- V. 

bS7% recovery of unreected E_-FC6H4I. 

7. Reduction (1 hr.) 

ll>b 

90 

' N 

°' I 
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SBH prior to the addition of water. The results are shown in Table 

VIII on page 28. The difference in behnvior of the two cases will be 

discussed briefly in the section on 11Discussfon of Results and Conclu-

sions11 • 



TABLE VIII 

Reduction of Carbon Tetrechloride in n.~soa 

RV _ ..... % Reduction (1 hr.) 

CB.C.13 CH2Cl2 

CCl4 56 {28b) 30 (1 - 2b) 

8 Same conditions as in Table V. 

bDenotes ~ethyl iodide quench prior to hydrolysis. 

unreacted CCJ.4 

none (70b) 

I 
N 
00 
I 



IV. EXPERDIENTAL 

Ao General 

As mentioned earlier all quantitative analyses were determined by 

the internal and/or external standard method using glc. The former 

method involves the preparation of a standard solution containing a 

knO\·m amount of the expected reduct:i.on product from an alternate source 

and a known amount of the "internal" standard. From this solution the 

areas of each cornponent can be determined and a ratio of their "rela-

tive molar thermal responses" termed the "Thermal Conductivity Cor-

rection Ratio'' (T.C.C.R.) can be calculated using the following 

equation: 

(1) 

The number of ndl1:L11oles of the l:educt:ion prodvct f o:rmcd can then be 

ca.lculate<l by adding a known a11ount. of the "internal" standard to the 

reaction solut:i.on ancl determining the area produced by each$ folloHed 

by substitution of the u:i.:eas end mmoles of each j,nto equation 2 below: 

1 d area of product x mreoles of std. 
m:"Tlo_es pro uct: "" --"··--"----"--------. -. --;----.. --------area of std. x r.c.c.R. (2) 

This method ha.s the advantage over the external method of being inde·· 

pendent of the sc:r.iple size and th~ volume of solvent: containing the 

sample. Finally~ the percentoge yield of reduction product is deter~ 

mined by cJ.iv:id:Lng the number cf nmoles of product by the ttmoJ.cs of 
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starting material, adjusting for the purity of the starting material 

(if less than 100%), and then multiplying by 100%. 

The external standard method simply requires that a standard solu-

tion of known volume containing only the reduction product be made up 

and the resulting peak area be measured. By then measuring the peak 

area of the reduction product in a known voJ.ume of reaction solution 

and applyfog equation l below, the number of uunoles of reductfon product 

can be obtaj.ned: 

(3) 

The percentage yield is then calculated in exactly the same manner as 

described above for the internal standard method. Equation 3 was also 

used for the analyses of methanes ethane, and prop'1.ne except tha.t solu-· 

tions of a gas in a gas were prepared instead of a liquid in a liquid. 

Table IX on page 31 gives a summary of the types of glc columns and 

packings used in all the analyses performed, 

All melting points were taken on a Thomas-Hoover Capillary Melting 

Point Apparatus and are nncorrected. Ref.rc.ctive indices were taken 

using a Bausch & Lomb Abb~ refractc~eter. 

Bo Chend.c2ls 

pur:i.ty .:.md wa~; use(l. u:i.thout furt:heJ..· purific&ti.on. 

m!li::".. (Fi.sher Sc:te.nt:if:i.c Co:np2ny) was vacuum dist:U.J..ed f:crn:1 cci.lcfom 

hy<l:ci.de and s:·o:ci:;d over moJc:ci.iJar si2vc uncl2r. dry n:\.trogeno 

alt•.1ll:i.nui-.i hydride and stored und'2r cl ry nitrog8n. 



TABLE IX 

Colum..~s for Gas-Liquid Chromatographic Analysesa 

Co).i..mm 

~!o S., 

'J? 

,.. 
"' 

)) 

E 

Description 
l 

60 fte x -:;- ine copper, Activated "Linde"-type 
SA Molec~lcr Sieve 

l 
6 ft .. :t Lt" in .. copper, 20% Squalane on 60/80 
mesh Gas Ch:i:cm R 

1 
3 ft. x '!t"" ino copper, 18% Carbowax 2011 on 60/80 
mesh Gas Chrom R 

1 
3 ft .. x 'tf" in. copper, 20% Apeizon L on 60/80 
mesh Gns Chrom R 

l 
3 ft. x 'tt" in. copper, 17% Didecyl phthalate 
on 60/80 mesh Gas Chrom R 

1 
F 3 fte x i:r in. copper, 18% Tricresyl phosphate 

on 60/80 mesh Gas Chrom R 
l 

H 3 ft.. ,.~ 'U' in. aluminum, 2-2.5% SE-52 on 80/100 
mesh DHCS-treated, acid-washed Chromosorb G 

C•car::ier g~.s ~·:as heliume 

I w 
~ 
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NHrogen (Air Reduction Company) was further dried by passage 

through a column of sodium hydroxide pellets. 

Methai~.~ (The Matheson Cotipany) was of 99. 99% purity and was used 

as received from the manufacturer. 

33 
~th~ was prepared ~~~ hydrolysis of the Grignard of ethyl 

bromide and uas used to determine its retention time only. 

Pr£_P.at}_£, taken from the gas line in the laboratory, was estimated 

to be 96% pu.re by glc analysis and was used without further purification. 

tt~!.~.~-iodi~~ (Fisher Scientific Company) was used without fm:·ther 

pm:if:i.catfon (n~0 , 1.5298; lit. 34 n~0 , 1.5297). 

~~thY.1 _!:.o_s~lat~-• prepared by the method of Roos35 , was available 

in the la.boratory (n~ 0 , 1.5189; lit, 36 n;\ 1.5170). 

!~!:ry-~ __ :i.o~~c~i:;. (F:i.sher Sc:tentific Company) \-ms used withoL1t: fm·th~r 

purHicat:i.on (n~O, l.. 511; lit. Jl; n~O, 1.512). 

_!fth}:_~--~E!!:~~:!:!_l_~ (Fisher Scientific Company) was used without further 

f ( 20 1230 li 37 20 l l·230) pvri ·i.cr:t:i.on 11n , 1.;. 1..•; - .. t. nD ~ • ' ,, • 

EEh.~! __ ££~i'.:.~:E.C.. (Ea.st:man Kodak) was used w:tthout further purHicar· 

tion 0n.p., 32-34~ C.; lit. 38 m.p., 33° C.) 

tl.·on { 20 1 50"/, · 1 · - 34· ZO 1 5051) nD t - •. .) .. ' _1.t • nD ~ - • .. • 

..r:~::~,E,?;!_:(!-__ !-2,~t~.~~ .. ~;,, pr:cpan~d by the method of Roos 35 ~ was avn:i.lable 

· l J l < 20 i.so·1 0~ .J.·.·, __ t. 39 i··v20 • J .• 5077). in t 1e .<'. )orc-1. t ory nD , _ / , • • -

• ( 20 J 1:3-:>q. J'· 3li 20 CUl:).011 nD : ·• L .Jl:) .it. nj) t 

Pi:_?J~_::D.~ wes prepm:ed by the method of Waldmnnn40 and war-: used to 

determine its retention t::.mc only. 
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n-Propyl chloride (Eastman Kodak) was distilled at 710 mm. and the 

fraction collected boiling from 44.5-45.0° c. (lit. 41 b.p., 46.6° c.) 
Isop~21l iodide (Eastman Kod.'.!.k) was used without further purif i-

20 34 20 ( cation (~ , 1.4995; lit. nlJ , 1.4997). 

~opro~br~ide (Eastman Kodak) was used without further purif i-

. ( 20 1 4255 li 37 20 l 4251) cation n0 , • ; t. a0 , • • 

.!!:_Pentanc was technical grade but was not distilled as the jJnpuri-

ties present did not interfere with any product peaks in any of the 

chromatographic analyses perf ormetl. 

Benze~. was used without further pur:f.ficatfon (n~O, 1.5010; lit. 34 

20 n0 , J..5014). 
20 

Tol~J.2~ was used without fm=ther purification (n0 , l. 4962; 

. 34 20 lJ.t. n0 , 1.l1962). 

P..-:.Xi'..~:EE.~ was used without further purification (n~O s l. l1959; 

lit. 34 n~0 , 1.4956). 

_!3e~I.~-~E-~'~.:td.::_ (Eastman i<'.odak) wa.s vacuum d:tstilledp and the frac~ 

tion boil:i.ng from 2B·~30° c. at 2 mm. (lit/'2 b.p., 199° C. at 760 mm.) 

was collected. 

Benzx_l,_£b,-~or:tc!~ ·was vacuum dist:iJ.J.ed, and the frnction boiling 

froin 60~61° C. at 10 mm. (lH. '12 b.p. ~ 179° C. at 760 mm.) was collcctecl.. 

at O. 1 tL:t., and the fr.action collected boiling fror!1 liO. 3-Ll2. 0° c. 

(lito 43 b.p.~ 202° C, at 760 mrn.). 

0 • 44 0 purHJc2.t:ton (m.p., 25 C.; l:!..t. mop., 29 C.). 
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p-Chlorotolue_~ (Eastman Kodak) was used without further purifi-

. ( 20 1 5208 i · 34 20 1 521) cation r>lJ , • ; it. n0 , • • 

out 

p-Fluorobenzyl chloride (Pierce Chemical 

further purification (n~0 , 1.5136; lit. 45 

Company) was used with-

20 
n0 , l. 5130). 

.E_-°Fluo!otolu~~ (Eastma.n Kodak) was used w:l.thout further purifi·· 

20 . 34 20 cation (n0 , l.468lq lit. 11n , l.L170) • 

.E:!!.~trobe~l'.Ll chlc:.ride (Eastman Kodak) contained a small amount 

of an unidentified impu:d.ty which was removed by recrystallization from 

ethyl ether to give a \!hHe solid which melted between 72.5 a.nd 73.0° C. 

(lit. 42 m.p., 71° c.) • 

.E:"Ji~o!:E~t?.:l_~!:.°.!~ (Eastman Kodak) was used without further purif:l..ca"· 

tion (mcp., 5?..9 .. 54.0° c.; lit, 46 m.p., 51.3° c.). 

_E'~·N_,~~tl~£Eyl_1:!5~~~~ (Eastman Kodak) was used without further purif:tca-

tion (n~ 0 , 1~5463; lit. 47 n~0 , 1.5462). 

J9 l•9 JO ( ·- l SI oo l. ' - ;,1 nD , _ • • i ;,1 . ; :i. t • n0 ~ 1.51~92). 

E:.:!J~!2.~.L9.1:?::!:~?.!:.t'.:. (Eastman Kodci.k) wo.s u.sed wi.thout further pud.fJ.·~ 

20 . 31~ 20 
cation (n~ s 1.5121; lit. nD , 1.512). 

~~:~:..~}.~ (Fisher Scient:if:i.c Company) was used uithout further puriU.-

c"tfon (n;ot L5167~ l:lt:. 34 n;o5 l.517). 

further purification (n~5 ~ 1.5877; lit. 50 n~5 , 1.580). 

_!'.}.y?_>~g_l~-~n.~:-~_E-~- (E;;rntr;:a11 Kochk) \·;as used u:Lthout further pud.U.cC\ti.on 

(n~ 0 , L4650; Hto 34 n~Os l.Li6ti6). 

o=N i t:.:o :l.odo benzene (Eas t1;i ?.11 Kodc.k) was nsed w:i.thout fu:rthc.r. pur:i.f:i.~· 

cation (ru.p.~ 49.5-50.9° C.; lit. 51 rn.p. 1 50-51° C.). 
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Nit~~~ (Fisher Scientific Company) was used without further 

purification (n~0 , 1.5521; lit. 47 n~0 , 1.5529). 

~enz.hyd rz~hlor ide (Eas traan Kodak) was used without further purifi-

. ( 20 1 5962 l' 52 20 cation nD P • ~ it. nD , 1. 5959). 

Diphenylmethan._~. (Fisher Scientific Company) was used without further 

purification (n~ 6 , 1.5773~ lit. 53 11~ 6 , 1.575). 

_E~N_g:E.obenzhyc!3-:tl ch1'?2::_ide_ was prepared by fir.st converting .E.-·nitro-

diphenylmct hane into J2_-nitrodiphenylcarbinol by the method of Brittain54 • 

The alcohol was then converted into the corresponding carbinyl chloride 

55 by the method of Altscher • Although no physical measurements wer.e 

made to determlne the pu:city of the final productP an n.m. r. spectru.111 

showed no unreacted alcohol present. 

!.:Cun~.~.!:_<:.~lor:.1:~\,r:. (coumon name to be used for 2~chloro~·2·-phenyl-· 

56 propane) was prepas:cd by the method of Brown ancl Okc-.moto and vacuum 

distilled at O.l mm. pressure. The fraction boiling at 29.3° c. was 

.! -' • c ) 5"33 20° c (1 .. 56 collcct:cd a.nd gave a :i:efnJ.ctive J.nuex or . , /.. at . • .. it. 

CHm~!:.?. was vacuum cl:i.st:Uled at approximately 15 wm. pressure and 

the fraction boilin3 between 43.4° and 46,0° C. collected (n~O~ 1.4922; 

1:1.t, 34 n~Os L.l:930). 

\1·11 . 5 7 . , bl . h 1 b ( 2 9 ") 30 8° ::i. •• J.r;er , was avaL.a .. _e in t e a oratory m.p. ~ .•• 1-· •• 

31° c.). 
C;:n.·bon U:tr<'lchJ.or:i.dC?. (Fisher Scientific Company) was used without 
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20 Chloroform was used without further purification (nD , 1.4451; 

l •t 34 20 
l. • nD ' 1.4467). 

Ethylene chlor_ide was used without further purification (~O, 
34 20 1.4445; lit. ~ , 1.4443). 

Methylene c~!pride was used without further purification (n~0 , 

1.4247; l:i.t. 37 n~0, l.l1237). 

The chromatograph pr:.i1na.rHy used in all the analyses was a Micro 

Tek DSS Series dual column, dual thermal conductivity detector model 

equi.pped with a manual (trajectory) programmer. The recorder employed 

with this instruu1ent was a Honeywell Hodel ll13X58 Electronik having a 

one second full=scale deflection time and equipped with a Disk Chart 

Integrator. A Pe1:kin-Elmer Hodel 900 dual column gas chromatograph 

equipped with a 150 ft. capillary column and flame ionization detector 

was used in one analysis. Connected to this instnm1ent was a Leeds ~' 

Northrup Speedomax G Hodel S 60000 Series recorder also having a one 

second fnll· .. scale deflection time and D5.sk Chart Integrator. 

The gasr.:ous products end co·~products of all the analyses were 

iueasured us:f.ng either a 100 or 500 cc.~ water~f :i.lled gas buret and 

reservoir uhich was attached to a 11 cold-f inger 11 condenser yia rubber 

tubing. These condensers l· in turn~ were attached to either 5 0 or J.00 ml. 

stirred flasks, respectively~ equipped with a single injection port. The 

combined vohr.ne of the flask~ condenser, tubing, aud buret empty, down 

to the zero mark of: the buret, was knowa in all cases. 
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D. Procedures Used in Borol~ydride _Reductions 

1. General 

Using the apparatus described on page 36, a solution of the halide 

in several milliliters of solvent was i.nj ected via syringe into a 

stirred flask under a dry-nitrogen atmosphere containing a solution 

of SBH in the same solvent. The cold-finger condenser was cooled 

only when either the starting materiaJ. or the resulting product was 

volatile, and therefore, might be blown out of solut:f.on by hydrogen 

evolution caused by diborane hydrolysis. The reduction was terminated 

at the end of the allotted reduction period by adding usually a con-

centrated aqueous sodium hydroxide solution, or in certain cases when 

the substrate was base sensitive, a sodium chloride solution. The 

purpose of the base was to both stabilize the unreacted SBH and help 

"salt out" the solvent layer from the pentm~e layel.' used in extraction 

of the liquid reduction product. For several halides it was necessary 

to remove all unreacted SBH just prior to hydrolysis in order to quench 

the recluction immcdiatelx after a given amount of time had elapsed. 

Th:ts was done by adding excess methyl iodicle in a small amount of 

solvent to the rcactj_on flask followed by hydrolysis as usual. The 

pentane lnycr containing the re<l11ction product (and internal stnndard 

where ci.pplicablc) was separated from the solvent layer and then analyzed 

by glc on one of the columns shown on page 31. 

Gaseous reduction products were analyzed exclusively by the external 

stan.dsx<l method using a standt.Td solution of the gc:;.seous hydrocarbon in 

either nitrogen o~ air. 
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2. ~onohaloalkanes 

To a 50 ml. stirred flask maintained at room temperature and fitted 

with a cold-finger condenser at -78° C., was added a solution of 15 ml. 

of D.MSO and 0.12 g. (3. 0 mr.iole) of SBH. In approximately 2 ml. of mrso 

was injected 0.1240 g. (O. 88 mmole) of methyl iodide. After 15 minutes 

45 ml. of gas had evolved, and 1 ml. of aqueous NaO!l was added to hy-

drolyze any diborane for.med, as it \·7D.S appaJ:ent that the reduction had 

ceased (evidenced by no fm:ther gas evolution from the reaction solu-

t:i.on). This resulted in a finals net: gas volume of 100 ml. (calculated, 

80 ml.) upon warming the condenser to room temperature and \·W.shing with 

several ml. of DMSO. After mixing the collected gases with a syringe$ 

several 2 ml. al:i.quots were <:.nalyzed on colur'.ln H. So at a flow rate of 

45 r.il. per. m:!.nutc and colvmn temperature of 80° C. Annlys:i.s sho1·.'ed. a 

methane yield of 96%. 

R"'cl<ict:lo11 of \fr>tl1-,l To 0 y1 -ite J0
" 1\nl1·rd«o11s D'··f'-'0 --~'-.:. .. ::~~:_ • .-.:. : .:_~-•~•~.: •• ::~---~-.:._ __ .:___...: • ._:::~ .. ...: •-"--->• -.:.-: -·~-~·--r->- ,.;..::.,.._::, ____ _:::..:?.._~,. 

In three sepa)_"<!tC! trials methyl tosylate was rc:t.1u.ced to meth&.ne 

using n constant SBH to tosylate ratio of 4.5:1. All reaction and 

dffOi'.'D.to~r;Jph:Lc concl:l.t:i_ons and ir.cthod of: wod:··,up ue:cc the same as those 

usecl. :i.n the r2dl1 ct.io-..1 of methyl ioc1.id12 except ths.t the condGnser 1ws 

not: cooled bec.ause of the hir,h boiling point of the tosyJ.ate. After 

noU.ng ei.n. app2i:ent c:i::ssation i.n the reduction after the first 2U minutes, 

final~ net gas volu~es of J.16 1 103, and 112 ml. (celculatecl, BO ITTl.), 

rcspectiveJ.y~ W8:CC rr~conlccl follow5.ng hyd:colysis~ 8.S w2r-e methane 

yicJ.d.s of 70~ 92~ and 89'.L The ave.cc{;e of the l<-.st th'o t:dDls :i.s :::hown 

in Table II on page 17. 
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Reduction of Ethyl Iodide in Anhydrous _ _E~~O 

Duplicate trials were performed using a 5:1 ratio of SBH to halide 

under identical conditions as those described for methyl iodide, but 

with a reduction time of 1.5 hours instead of 15 minutes. The observed 

net gas volumes were 101 and 103 ml. (calculated, 80 rul.). The reduc·-

tion product ethane was analyzed on column P at 0° C. with a flow rate 

of 29 ml. per minute. Both trials gave ethane yields of 96% using 

propane standards accordingly adjusted as previously described (see 

P• 18). 

Red1:.c ti.on __ o~.-EtE:t!_~'?.~.:!:.~~--};?_A12)~~.1E.£.~ .. P>1S(~ 

Ethyl bromide was similarly reduced to ethane :in 2 hours under 

identical condit:i.ons as those described for ethyl fodicle. The observed, 

net gas volumes were 96, J.00~ and 105 ml. (calculated, 80 ml.) for the 

three trfals~ and the ethane y:i.elds were 90s 100, and 100%~ respec-

tively. 

~.ed t'.._~-~=-~~.c:'.? o £ --~~ !~zl_I? s :[}.~~! ?_.2-2.1._i~-e..~~:S~.~9.--~:.~_}?_lJ_S o 

In the first of two trials performed using the same 5:1 SBH to 

he.lide ratio~ ethyl tosylate :i.n a solution of Di-ISO a.nd SJ.Ji-I was h2atec1 

to 41° C. for 45 minutes and to 53° C. for an a<lditional 1.5 hours to 

give a net gas volume of 97 rnL (calcuJ.ated~ 84 ml.) and an ethane 

yield of 98%,, The f la.sk was heated fo!: only (i5 minutes at 53° C. in 

the second t:riaJ. to g:i.ve ci vohw1e of 100 ml. and a yield of 93% 

ethane. The average of these trials is given in Table II. 

~_51e~1 ~ ~ !:?.£ --~ ... :.2:_~g_E.? ~X2 ... J~c1. i ~~'.: . ...:i:E... ~\E ~X.0!'?--1:'..~_}?:?.!.§.9_ 
The 1:cc1uc tion of .12~··propyl iodide to propan2 was r,<:.rformed l1Sing 

the same appm.:<.1t:us and SDH to htilide 1:a.tio as dc:::crib2d for tk~ C1 c:;nd 
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c2 derivatives, but with the flask and condenser maintained at room 

temperature. After approximately 50 minutes, the reduction was stopped 

and analyzed on column P at 25° c. with a flow of 29 ml. per minute. 

Net gas volumes of 105, 123 ml. (calculated, 106 mlo for 1 mmole of 

halide), 114, and 103 ml. (calculated, 80 ml. for O. 75 mmole of halide) 

and yields of 83, 87, 89, and 89% were observed, respectively, for the 

four trials performed. In no case was propene observed, as established 

by the absence of a peak in the chromatogram corresponding to the 

41 retention time of pu.re propene prepared by an independent method • 

The reduction of ~-propyl bromide to propane was affected in 2.5 

hours under the same cond:i.tions as described for methyl iodide. Net 

gas volumes of 95 and 92 ml. (ca.lculated, 79 ml.) and yields of 93 and 

89%, respectively, were observed for the two trinJ.s performed. Propene 

again was not detectedo 

In three separe.t.c trials using the same ratio of reducing agent 

to orgard.c substrate, E_·~propyl tosylate was r.edtJ.ced to propane in 

reduction times vurying from l to l. 5 hou.rs, depending on the temper"· 

ature of the reaction flask. In the first trial the flask wDs not 

hea.ted for the first 20 minutes but was hccted to 53° C, for another 

hour to give a resulting net gas volume of 88 ml. (calculatecl~ 79 ml.) 

and a propane yield of 78%. the r.econd tdal wt<s perfon1ecl cx.:ictly a.s 

the fir.st t.d.al for a totnl of l.5 hot~rs to give a gas volume of 78 ml. 

(calculated~ 82 ml.) aud a propane yield of 90%. In a third and final 

tr:tal~ a:f:ter cont:i.mwusly heating the fl;:i..sk at li3° c. for 1 hour~ the 
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gas volume was 81 ml. and the propane yield was again 90%. The average 

of only the last two trials is sho\-m in Table II on page 17. 

Reduction of n-Pr~yl Chloride in ~nhY.drous D:.ISO 

The flask was cont1nuously heated in the two trials performed at 

35-40° C. for 8 and 22 hours, respectively, to give net gas volumes 

of 20 ml. (calculated, 80 ml.) in ea.ch case and propane yields of 18 

and 13%. No propene was observed in eHher trici.1. 

Reducti_~_of _!~opr~yl _!odide_2-E..-~E.!1X'!_ro~~ mISQ. 

The reduction of :i.sopropyl iodide to propane in 93% yield was 

affected in 2.5 hours with the entire system (flask and condenser) at 

room temperature. The rate. of gas evolution was approximately l ml. 

per minute» and the net gas volume at the end of the reduction period 

was 87 ml. (calculated, 78 ml.). Again, the prE!sence of propene 

could not be detected. A second trial with the flask at 41° c. for 

75 m5.m.ttes gave a net gas vohwie of 9l1 ml. and a propane yield of 

96%. 

Rcdu~..!:.~:<.?~f.....!~-~~E.9.PY~_Hrom~-~~ in An~l'.~E?2.~ .. !~~·1S2_ 

In the first of th.rec trfals perf ormedp the flask was not he<-tted 

for the first 20 minutes of the reduction, but due to no appreciable 

gas volum;~ clnn.0e, th<:! reaction ter;1perature was raised to 41° C. and 

the condenser packed for the next 8 hours. At the conclusion of this 

pe:d.odp the nc~t ~as volnme was 77 nil. (calculated .. 90 ml.). and the 

propane y:teld W<lS 65%. With the condenser. nm,1 at room temperature 

and the flask again at lil 0 Co) no fm:the:r: appreciable reduction occurred 

after an add:i.t1orw.l 111 hours. The final corrected gc:i.s volume ci.nd pro·· 

pane yield were 101 ml. and 69%, respectively. After heating the flask 



-42-

for 20 hours at 41° c., a net corrected gas volume of 107 ml. (calculated, 

77 ml.) and a propane yield of 79% were obtained for the second trial. A 

third reaction yielded a gas volu.ue of 95 ml. and a propane yield of 73%. 

The average of the first and third trials is shm-m in Table II. 

Reduction_of Methyl Iodide in Anhydrous Digl.yme 

Using a 1:1 SBH to halide ratio under identical conditions as 

described for the same reduction in m1so, methyl iodide was reduced in 

20 minutes to give a 96% yield of nethane and a net gas volume of 266 ml. 

(calculated, 266 ml. for 4 mmolc of halide). A duplicate trial yielded 

a gas volume of 275 ml. and a methane yield of 89%. The aver<!ge is given 

in Table III. 

Reduction of Ethyl Brow.ide in ~nhx.~E.?.!::.~~£1.:.Ym~ 

In the first of four trials performed, ethyl bromide was reduced 

in 5 hours to g:i.ve a 70% y:i.eld of eth.:me and a net gas volume of 60 ml. 

(calculateds 80 rnL. for 0.8 m1;1oles of halide). A second trial under 

the same condit:tons gave a. gB.s volume of 235 ml. (calculated~ 270 ml. 

for. Li mmole of halide) ancl an ethane yield of 61%. The third t1·ial 

used a 2:1 SHH to halide rati.o instead of the 1:1 ratio used in the 

f:i.:rst trialt and the flask \ms heated at 30° C. for 5.5 hours of the 

7 hour reduction period. A final net gas volume of 80 ml. (celculnted, 

84 ml.) nnc\ ;m ethane. yield of 70/; \·!e:ce :r.ealized. The fourth trial 

utiliz2d a 5~1 Sllll to halide ratio with the flask at room temperature 

to g:i.ve nftc!~ thi~ce hom·s a gas voh2\:'1e of 58 1111. (c8lculo.tcd, 80 ml.) 

and an cthc:m.c y:i.E':ld of 65/~. The avc~:c1ge of t:hf: fil:st, thirdp and 

fourth trialsr is given in Table III on pace 19. 
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Reduction of Ethyl Iodide in Anhl_c}_rous Diglyme 

Using a 1:1 ratio of SBll to halide, ethyl iodide was reduced in 2 

hours to ethane in 56% yield accompanied by a net gas volwne of 101 ml. 

(calculated, 88 ml.). A second trial using a 2:1 ratio in approx-

imately the same time period yielded 89% ethane and a gas volume of 

164 ml. (calculated, 88 ml.). A third trial identical to the second 

one gave an observed gas volu.rne of 134 ml. and a ethane yield of 88%. 

The average of the second and third trials is shown in Table III. 

To a 100 ml. stirred flask maintained at room temperature and 

fitted with a cold·~finger condenser at -78° C., was added 30 ml. of 

a solu.t:fon of O. 32 g. (8. 0 mmole) of SBH in dry DHSO. A solution 

of 0.6927 g. (4.0l} mmole) benzyl bromide and 0.3098 g. (3.98 nm1ole) 

benzene (internal standard) in 12 ml. rn1so was then added. The 

initial rate of gas evolution was 13 ml. per minute, and after 
-/; 

12 minute1': a net gas volume of 95 ml. had been collectedo In 

50 minutes the volt~me was 108 ml .. prior to hydrolysis by the nddi-

tion of 20 ml. of aqueous NaOH solution (pH > 11. 5), after which 

the resultin~ net gas vol\Me was 256 ml. (calculated, 330 ml.). 

After warming and washing the condenser with 15 ml. of pentane, the 

react:ton mixtm:e was transferred to a sep<iratory funnel and extracted 

twice more with 10 ml. portions of pentane. The upper pentanc layer 

when separated from the lou.:;r D:-iSO·-water layer measured 27 mL and 

··-
.. The volume of g<<.s produced nay vary slightJ.y due to th2 gradual 
hydrolysis of diborn~e caused by the e:ttreraely hy<lroscopic nature 
of DL·lS,O nn<l digJ.yr.1e. 
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was analyzed by the internal standard method on column D at 65° C. using 

a flow rate of 95 ml. per minute. Comparison of the peak areas of the 

product and internal standard with a standard solution of toluene and 

benzene in ethyl ether showed 100~; reduction of the bromide to toluene. 

A duplicate trial also indicated complete reduction. 

Reduction of Benzyl C,hloride .in A11;h,ld_Eou.s . .J_)NSO 

Utilizing the same procedure and conditions as described for the 

bromide, benzyl chloride was reduced in 4.5 hours to give an 86% yield 

of toluene and a net gas volume of 181 ml. (calculated, 323 ml.). Two 

additional s identical trials gave gas volui'"les of 198 and 178 ml., 

respectively, and toluene yields of 95 and 86%. The average of the 

first and third tr:l.als is shown in Table IV. 

Three one·-hou:r trials were run under the same conditions using the 

same procedure to give net gas voluraes of 118, 127 ~ and 89 ml. (cal·-

culated, 327 ml.), respectively, and toluene yields of 50, 59, and l~8%. 

The first and third values were averaged to give the value shown in 

Table IV. Finally, in two more ident:i.cal trials, benzyl chloride was 

shown to be reduced to only a 10% extent :i.n 6 minutes. 

Jle'!.~ct:i.~p -~!__1?.,~_zyl Chlo_riiLl~,{1-,!lhY~.~.E~-~---~-~J;lYw~ 

Under the same condit:i.ons and workhup used :i.n D:-!SO, two separate 

reductions lasting 6 m:i.nutes and l hour gave respective yields of 1 and 

6% as calculated by the internal st1mdarcl method. 

~~~~~.~~~:9E ... ~L_B.;:?Y.?:l!_S:.~~~-~~-~-~':-.~.E .. £\q~-~-~y-~D:i:~Y.E!:. 
In one hour under the usual conditions using a solvent system of 

80% diglyrr.e~20% water (vol.%), benzyl chloride iJZ.s reduced i.n B/~ yield 
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to toluene with an 88% recovery of unreacted chloride as determined by 

the lnternal and extern.al standard methods 5 respectively. 

E_~Nethylbenzyl chloride was reduced in 1 hour under the same condi-· 

tions using the same wor.k·~up procedure as for the unsubstituted bromide 

and chloride to give a 56% yj_eld of J.>.-xyJ.ene and a net gas volume of 

169 ml. (cD.lculated ~ 325 ml.). The internal standard was toluene, and 

the analysis was performed using coltunn D at a temperature of 90° C. 

and flow rate of 57 ml. per minute. Another duplicate trial gave a gas 

voJ.mi1e of l 71 ml. and .r_~·xy lene yield of 55 % • 

l:eduction of p--·Chlo:coben~yl ChJ.odtle in /mhvdrous D:-1SO _____ _.._, ___ .. ___ ·-·· ____ ,, ____________ ..--,.-... -·-·-~-"--·----··---·---,.....,_.,.,a.:.::,:_:,.' __ . ..,. ................ ~,... ... -·-.·--

In the same manner as the r:-me thyl ded.vat:i.ve ~ E.~chlorobenzyl chlo·-

r:i.de was redt1ced :i.n J. hour at room tc.r.1pe:ca ture to give a 67% yield of 

p_r.•chlo:rotoJ.uene and a net gas voh1me of 101~ mL (calculated~ 35L1 mL). 

A duplicate trial showed a gas volwne of 112 ml. (calculatedt 324 ml.) 

and 6 product yield of 69%" E:·Xylene was the :i.nternal standard l\sed in 

both trials:, and th8 analyses were pE:rforrr.cd using column D at a tem~ 

perature of 125° C. end flow rate of 55 ml. per minute. 

ride \-:-as reduce.cl :i.n 60% yield to J:.:·fluorotoluene :i.n 1 hour at room tera-

pcr<d:ure.. Th2 accornpany:i.ng net gas volume uas 177. nl. (calcu1ated 5 

333 n:L). In 2. dup1icotc U:Lals <:. 58~{ y:i.e:Jd anr.! lSl rnL gas v0Jti:1ic 

(caJ.culatccl. 324- ml.) wel:e l'ealized by analy~;is \!:\.th co1u;1m D at a tcin·-

peratu~e of 103° c. and flow rate of 55 ral. per minute. The internal 

stand~rd ernp.'loyed :ln bot·h in.stances uas JZ.:":~ylcne. 
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Reduction of ~~.trobcnzyl Chloride in A~<lrous m1SO 

.E_-Nitrobenzyl chloride was reduced, using the same previously 

described procedure, to .E_-nitrotoluene in 94% yield in 1 hour at room 

temperature. The net gas volume was 338 ml. (calculated, 330 ml.), 

and the analysis was performed using column l> at 155° c. and a flow 

rate of 55 ml. per minute. A duplicate trial gave a 93% yield of 

product and a gas volume of 312 mlo The internal standard was o-·nitro-

toluene. 

Although the .E.,-nitrobenzyJ. chloride appeared pure (m.p., 72.0-

72. 7° c.; lit. 42 m. p., 71° c.) as it came from the manufacturer, an 

uni<lentif ied ::i.mpur.ity was present as the clear solutions of SBH in 0:-!SO 

turned a vivid violet··blue color upon addition of this pa.rt.icular halide 

and remained colored for 10~12 1:linutcs. It was at ffrst believed that 

the coloration was due to an inte:r.medi.atc (perhaps a carbanion or 

radical a.n:.ton)p but all attempts to "trap" the proposed intermediate 

isotopically or to view H spectroscop:i_cally (e. s. r.) failed. Further-

more,. four recrystallizations of the halide from ethyl ether produced 

a whHe soH.d (prev:tously pale yellow) which failed to produce any 

colored solutions and which gave product yields that were in exceJ.J.ent 

ai:;reement wi.th those reported 2'bove. Because this impurity bud npparently 

not interfered with the reduction, no further attempts to isolate and 

identify it were made. 

Due to the much higher yiel<l of the correspondingly-substituted 

toluene obtained from tliis halide ;:;.fter l hom.· a.s compared to those 

obtained from the other .P.:~E.~ de.rivat:i.vcs~ the reductfon tim0 was accord-

:tngly reduced to 6 minutes in order better to estimate its rela.tive 
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reactivity. A methyl iodi<le quench followed by the usual work-·up pro-

duced a yield of 19% .E_-nitrotolucne. 

Reduction of ~-·NHrobenzyl Chloride in Anhyd~ou~ D:!:_glym~ 

Only one trial was performed in diglyme, and after 1 hour under 

the same previously described conditions used for miso, a 48% yield of 

the substituted toluene was realized. 

Utilizing the same conditions an<l \-JOrk··up as described for the 

other benzyl halides, .P_~mcthoxybc11zyl c.hlori<lc was reduced in 1 hour 

at roo1r1 temperature to p_·--methoxyanisole in ss;; yield with a net gas 

volwne of 172 ml. (calculated$ 330 nl.). A duplicate trial afforded 

an 86% yield and a gas volume of 164 ml. The average yield is given 

iu Table IV on page 2L 

Two subsequent s:i_x.,,m:i.nutc trials employing a methyl iodide quench 

in both anhydrous JHSO and 80i, 1MSl)·--2m, water (vol.%) followed by the 

usual work-up gave respective yields of 24 and 47%. All 2nalyses were 

determined using column D at J.Li0° c. and a flow rate of 55 mL per 

minute with anisole as the internal stcndard. 

Red1.\ction of Henzhvdi:yJ Chloride in 1\nhyd;:ous D:-1SO ·-· ........... ~·-·~·- --c---,,.~-- -·--·--~--~-~-·- .~,- ... ·- ·. ··--~ --·---····· ··-·---·· ------~-- .... -··-·· .· . ...._ ... -··· ·--.... ·--·. -~----~ 
Using previously described conditions and work-up, bcnzhydryl 

chloride wa.s reduced to diphenyJ.r;ietlrnne in 2% yield after J. hour \.1ith 

the systcI-.1 at roo:n temperature;, 1~he net gas vohn;ie was 9 rnL (cul-

culatedi 322 ml,). The analysis was perfor~ed usinz the external 

standard m0tl10d on r..oltrnn D at a temp(!U1ture of 200<· c. and flow r2te 

of 55 u~. pEr minute, 
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Under the usual conditions and method of work-up, .E_-nitrobenzhydryl 

chloride was reduced in 1 hour at room temperature to .E_-·nitrodiphenyl-

methane in 7% yield with a net gas volume of 33 ml. (calculated, 160 ml.). 

As in the case of the impure .E_-nitrobenzyl chloride, this halide also 

produced a highly colored solution (deep red). No attempt was made to 

determine the origin of the color. The single analysis was performed 

using column H at a temperature of 180-205° C. (manual program) and a 

flow rate of 25 ml. per rninute in conjunction with an extern::i.l standard. 

!:--·Cumyl chloride was reduced under the usual conditions and method 

of work-up to Cl\rnene. in 1% yield in 1 hour at room temperature. Hethyl 

iodj_de was employed to destroy any unreacted SBH just prior to the 

work-up. Analysis was by the external standard method on a 150 foot 

fluorosilicone·,,coated (QF~l) caJ;Jillary column at a temperature of 

approximately 80° C. 

Reduction of o-Fluoroiodobenzenc in Anhvdrous D~iSO __ _.,._ .... ....--_,,,_,~ .. --...,,.....,._.,. __ -.,._,____,_,... . .,..,._ __ ._. ____ ~.._-,_ ... ., ____ ~--~·----L.--.--·c·•.._,....,. .... _._._.._ 

o·~Fluoroiodobenzene was reduced to fluorobem:en2 in 14/~ yield in 

l hou:c at room temperature ns:tn~ the s<Jmc 2:1 SBH to halide ratio and 

work- 0 up employed for th2 ben?.yl. systens. Product rnrnlysis \·w.s on 

column D using a prograr:1r;1cd tcmiH~:rature range of 65·-·100° C. 2nd flow 

rate of 55 ml. pet· i:!inute with toluene as the internal stand2rcl. 

An::ilysis on the sane column using the ~~,-;me flow rccte but coploying a 

column tec.i.perei:m:e of 175" C. f>hO\·:sd an f.i7% yj_cJ.d of unreacted st2:ct· .. 
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Reduction of o-Nit2::.oiodobenzene in Anhydrous DrfSO 

From the reduction of o-nitroio<lobenzene in 1 hour at room tem-

perature under the same reaction conditions and method of work-up 

employed for the 2,~fluoroiodo compound, an 80% yield of nitrobenzene 

was realized. However, the bright yellow color of the m1SO·-wa ter layer 

after having extracted a.s usual with pentane indicated that the extrac-· 

tion was apparently incomplete. Therefore 5 the residual nitrobenzene 

was e>~tracted with seven 30 ml. portions of ethyl ether i.n which H 

was more soluble. The final product yield was 90%. Analysis was on 

column D at a temperature of 180° C. and flow rate of 33 ml. per 

minute with .E."·nitrotoluene as the internal standard. 

-~~.--~ ol_t_~~!_~~!!-.~ ha~c:~ 

Ret!_~~.!;};~_?..f..-~-~ r 1:.i:>,~_'!'.c tr ac h_lor id e -~~~nhy~E-~~~~__Ql}£Q 

In the first of two identical trials, carbon tetrachloride was 

reduced in 1 hour at room temperature to 357; methylene chloride and 

52/; chloroforn.1, no unreacted tetrachloride having been detected. 

Water was used as usual to hydrolyze the diborane formed, but the 

extracting solvent was ethyl ether instead of pentane. The accompany-

ing net gas volume was J. 73 mL (calculatedp 167 ml.). A second trial 

afforded 21~ and 61% yields of methylene chloride and chloroform~ 

respectively s and the same GUS volume as in the first triaL 

A third trial was pcrforr:ied under the snine conditions as the 

first twoP except that a methyl iodide quench was used prior to hydrol-

ysis to remove any unreacted SBH. The following yields were realized: 

2-·4% methylene chloride~ 26% chlorofonn, and 6n unreacted carbon t.etrn.·· 

chloride. A fourth and final trial identical to the third uas performed 
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and gave the following results: no detectable methylene chloride, 29% 

chloroform, and 73% unreacted carbon tetrachloride. All four trials 

employed ethylene chloride as the internal standard with analyses 

having been done on column F at a temperature of 73° C. and flow rate 

of 50 ml. per minute. The averages of the two sets of trials are shown 

in Table VIII on page 28. 



V. DISCUSSION OF P.ESULTS Aim CONCLUSIONS 

Mechanism 

With the exception of carbon tetrachloride and, perhaps, aryl 

halides, all the compounds studied are presumed to undergo reduction 

with SBU by an SN2 displacement on carbon. It was mentioned earlier 

that the mechanism of halide reductions with LAH had been widely 

investigated and was definitely known to be SN2 in nature3' 4' 5• As 

can be seen in the generalized equation below for the stoichiometry 

3 of a hydride reduction, the species involved are analogous : 

Therefore, although no work has been done on the reduction of optically 

active compounds with SBH, it is still felt that the mechanisms are 

identical. Further proof of this will be discussed later in context 

with the beuzyl system. 

Monohaloalk<!nes 

The reduction of the simple nonohaloalkanes with SHH as reported 

1.n this thesis is in full agreement with the work of Pear son and Adams 6 

and Brown11 , both of whom studied the SBH reduction of methyl chloride 
,., 

as a typical rnonohaloalkane • Pearson and Ada.r.1s further stated that 

bromides were more reactive than chlorides, and lengthening the carbon 

'/~ 
Only methyl iodj_<lc and methyl tosylate were examined in our series as 
the other r.1Cthyl halides Here g~scs and would have posed more experj_~­

mental problems. 
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chain decreased the reactivity of the halide. These two points are, 

perhaps, not quite as well exemplified as had been hoped for the 

C1-C 3 priraarY. halides shown in Table II (page 17). The methyl, ethyl, 

and E_-propyl iodides, tosylates, and bromides are all within 6-7% of 

one another, and since the percentages given throughout the thesis 

are estimated to have an accuracy of ±3%s some overlap is possible. 

These observed differences should have been much larger, had a constant 

reduction time based on the reactivity of the most reactive halide, 

methyl iodide, been established. However, ignoring overlap for the 

moment, the decreases in yield between the Cz and C3 primary iodides, 

tosylates~ and bromides could be attributed to increasing steric 

hinderance about the cent;~al carbon atom. For it is well known that 

in direct displaceiaent reaction.::, an increase in the degree of alkyl 

substitut:i.on auout the central carbon " ••• results in a substantial 
r:,9 

decrease in displacement rate"- ; e.g., relative rates for direct 

displacement for the ser.h~s raethyl P ethyl, E_··propyl may vary in the 

ratio li-·150: 1-·L 5: i 6°. Str.eitwicser states that the best explanation 

for this phenomenon thus far in the case of simply alkyl halides 

11 ••• most be due to an overridin;.1 [relatj_ve to electronic effects] 

. 1 • 1 ,.61 steric 11n0rancc · • However~ H<=>.nmet t 62 and co··workers point out that 

the usual decrease in reactivity shoun by ;,:-".E!:~J~ . .'l~ halides is primarily 

due to a decrease in the entropy of activation. 

The effect of the J.e<ivin~ group for p:ciu1e.ry halides as shOi·m. in 

the same table see;·iiS to foJ.101,,r the order in JUSO, Ts- ~ I- > Br > > Cl • 

The low yield (16/~) of propane obtained from the reduct:ton of E_-·propyl 

chloride cc:>.n be due. solely to neith.:.r the. steric hinclerm1ce of the alkyl 
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group nor to entropy effects, as E_-propyl iodide and bromide both gave 

very high yields, but must rather be due to a powerful leaving-group 

effect. Similarly the large difference in the degree of reduction of 

isopropyl iodide (94%) and isoprovyl bromide (71;0 in DHSO cannot be 

due solely to steric hinderance and electronic effects because of the 

identical alkyl group involved. This, then 9 also indicates another 

leaving group effect of considerable magnitude, both of which could be 

explained, perhaps. as occurring by a combination of effects, such as 

an increased carbon-halogen bond strength, decreased halogen polariza-

bility, and increased steric hinderance. 

Finally, no el:iJ;iination product was observed from the reduction 

of either of the above simple, secondary alkyl halides even as the leav-

ing group was raade success:l.vely poorer and the corresponding yield of 

the saturated product was seen to decrease. This further supports the 

proposed mechanism for these reductions as being S.,2 an<l not S.,,l. The 
!Ii !~ 

other more compJ.ex secondary he1ides prepared will be discussed later 

as being ~-·substituted benzyl halides. 

Table III (page 19) shows the results of three selected, sfa1ple 

rnonohaloalkanes reduced in anhydrous diclymc to study the cff ect of 

solvent. Methyl and ethyl iodide were reduce<l 4 and 8% less, respec-

tivcly ~ 5.n cliglyme under the sm:1e con.di tions in the same nmount of time 

as they were in m1so. These cliff erences are, again, within experimental 

error. Ethyl bromide uas reduced 2n less in diglyrne in t\.fice the time 

at a temperature (30° C.) slightly above the room temperature (25c C.) 

conditions e1:iployed for IXlSO. Because both ethyl iodide and ethyl 

bromide were reduced to exnctly the same extent (96~~) in DNSO~ and ethyl 
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iodide was reduced 20% more than the bromide in half the time in diglyme, 

it appears that the solvent is slightly enhancing the difference in 

"leaving-group ability" between these two groups as the alkyl group 

is successively substituted by _f-t1ethyl groups. However, as will be 

mentioned later in more detail under a discussion of "Solvent Effects 11 , 

SN2 reactions in dipolar, aprotic solvents are subject to variable 

rates depending on the dipole moment and dielectric constant of the 

solvent chosen, v.mong other factors. Hence, it is felt that the dif-~ 

ference in yield of 271; in the two solvents is not unexpected and 

represents no major difference. 

Generally speaking$ "When the carbon atom attached directly to the 

reaction center is unsaturated, a marked increase in reactivity is 

63 observed," as exemplified by the fact that benzylic halides are at 

least equal to if not more reactive than their corresponding methyl 

halides toward nucleophilic birnolecu.lm: substitution 6L1 • This increased 

react:tv:tty has been visualized as being due to the sp2 instead of sp 3 

character of the carbon attached to the reactive center <.c:.-·carbon). 

Sterically the sp2 orbital would offer less hinderance toward the 

attacld.ng c.nd lc;:.vin0 nnclcophi.les in the transition state than uoulcl 

h 3 . . 1 t e sp or.bJ.t2 ..• Stabilization by overlap of the orbit2l by which the 

two nucleophiles are transiently boun<l with the "p" orbital ori. the 

d . b 1 l ; 63 a J2Ce.nt car on atom mD.y a so Je i:nport:ant • 

The resuJ.ts of the reduction of: a series of E.-substitute<l benzyl 

halides :i.s shown in Table IV (p, 7.1). This series Wes chosE'n to ex~H:iine 

the effect of the systematic variation of the following four paraceters 
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on the rate of halide reduction (actually observed as a product yield 

within a fixed time interval): 

1) leaving group 

2) para substitucnt 

3) reductive selectivity of SBH 

4) solvent 

The order of "leaving group ability" was clearly Br- > Cl- for 

the two unsubstituted halides reduced, and it was felt that the extended 

order listed for the simple monoh~loalkanes was applicable to the benzyl 

series. 

Of more importance was the effect of the E.ara_ substituent on the 

rate of reducUon of a series of .E_ara··substitute<l benzyl chlorides. 

However, as Hine notes, 

"Because of the complications produced. by the possibility of 
steric interference with the attack of the nucleophilic 
reaf;ent, of steric acceleration of the departure of the 
group displaced~ and of entropy effects due to interference 
with rotation around single bonds and changes in the extent 
of solva.U.on~ it is very difficult to learn what influences 
electronic effects have on the Sr2 reactivity of alkyl 
hal:i.<les and even more diffj_c11lt t~o pr.edict the reactivity 
that will result from the addition of an electronic effect 
to the other effects describe<lo"65 

Nevertheless~ a considerable effort j_n this area ho.s been made by many 

. M~ 66 investigators \1ith regai:d to the Len:c;yJ_ sysr.em , aniJ tb2 results 

eener.ally tend to indica_te that electron-\.,j thdrawing substituents are 

rc~t:e enhancinz whereas electron~<lonating group are :rate retarding under 

SN2 conditfons. Hine, using the cxµlnnat:i.on of S\:ain and Langsclorf 67 ~ 

rationalizes this finding by statin~ that, if in the transition state 

the new bond has been formed to the attacking nucleophile to a greater 

extent than the old one to the departing group has been broken~ 
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" ••• the alkyl group will be more negative than it was in 
the reacting molecule, and the reactivity will be increased 
by electron-withdrawing substituents, since substituents 
of this type are stabilized by being made negative. On 
the other hand, if the old bou<l has been broken to a 
greater extent than the new one has been fanned, the alkyl 
group will be more positive in the transition state, and 
the reactivity will be increased by electron-donating 
groups, since these groulJS tend to be positive. 11 68 

Therefore, it should be clear that " ••• the reactivity of a compound for 

which bond making and bond breaking have proceeded to an approxil~ately 

equal extent in the transition state may be increased by either type of 

group ••• 1168 The fact that most activating-group effects are ~~13:_ is 

in good agreement with the results shown in Table IV (p. 21) as the 

yields obtained for benzyl 5 r..-fluorobenzyl, and .£_-methylbenzyl chlo-

ride utilizing the sarue reduction tin;e and conditions were all within 

experimental error. The same cannot le said for the .£_-·chloro, £_-nitro, 

and r..-methoxy compounds, as they showed increases in reduction of 20, 

38, and l~2%, respectively~ over t~1e unsubstituted chloride. The first 

two of these three conpounds seem to be following the previously men-

tioned observation tl~t the greater the electron-withdrawing effect of 

the group, the greater the rate of displacement of the leaving group 

(actually manifested as an increase in product yield). At the same 

time, the !:_ct~~E..-~1:'.?: effect of the £_-chloro and E_·-nitro 8roups further 

support an SN2-type mechanism, as Brown 69' 70 and co···\.:orkcrs earlier 

fot1nd that these t·co substitucnts were correspondinElY d~~£~.iv~i1.1J:?. 

under S,.1 conditions. SimHarly ~ they found that _p .. raethyJ.71 and 
·~ 

.£_~methoxy substitucnts caused respective rate .?:.~~-~ relative to 

hytlrog2n of 26 and 3360 fold. Therefore, the only subst:ituent which 

appears to be behaving anomalously in our series is the .1:._-mcthoxy 
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group, as it should have produced a considerably lower yield compared 

to the unsubstituted chloride, which it did not. The paradox, then, 

that seemingly exists between the fact that equally high yields of 

product were obtained from both the £.~~~--substituted methoxy cor.1pound 
.. 

and the nitro compound, even though the substituents, themselves, 

exactly oppose one another witi1 respect to their electronic effect 

can, perhaps, only be explained by invoking the assumption that bond 

rupture and bond formation in tlie transition state must proceed to an 

approximately equal extent for both these substituted halides during 

reductiono The sar•1e reasoning should also hold true for the benzyl, 

.E_-met:hylbenzyl 5 and E_-fluorobenzyl chlorides as these were very close 

t e th d . t · 11 Stre1"t,J1"eser72 l1as st1ggested o on ano er regar J.ng pcrcen age yie t. , 

that structures such as the one shown below where "neighboring orbital 

overlap" mi[;ht play an impol:tant role coul<l account for the unusually 

large activating effect of the nitro substituent in benzyl systems: 

X = entering nucleophile 

II 
N 

0 /+'-. - 0-

Also shown in Table IV arc the results of several six-minute trials 

run in anhydrous D:·1SOs and which agree reasonably \-.>ell with the one·-hour 

trials performed, in that both sets of tr:i.als indicate that the J_>_-nitro 

and .t~;;1ethoxy derivatives are reduced to almost twice the extent of 

benzyl chloride in identical th1c periods. The h2% decrease in yield 
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when diglyme was employed for the reduction of the .E_-nitro compound is 

not thought to be extreme due to the differences in mrso and diglyme 

regarding their "solvating power" as measured by the different dielec-

tric constants and dipole moments of each. This matter will be dis-

cussed later under "Solvent Effects". 

Secondary and 'fertia~l:,9.:1 Halides 

The reduction of the two secondary and one tertiary halide shown 

in Table VI (page 25) illustrates the drastic decrease in yield, and 

therefore reaction rate, obtained when successive substitutions are 

made for the two a~pha hydrogens of benzyl chloride. For as lline68 

states, " ••• since the a-carbon atom is bound (to both the entering and 

leaving group] by relatively short, r,artial covalent bonds in the S.N2 

transition state, the reaction rate is quite sensiti.ve to steric 

hindrance.'' The established order of reactivity, namely, 1° > 2° > 3°, 

seen in comparing the benzylic iw.lides to the secondary and tertiary 

halides mentioned above, is in direct agreement with the already well-

kno\.m results for SN2 displace;nents on carbon. DisrcGarding any pos-· 

sible overlap of the percentage yields listed due to experimental error, 

the slight incr.ease found in the reduction of J~.-nitrobenzhy<lryl chloride 

relative to benzhydryl chloride is attributed to the electron-·withdrawing 

effect of the nitro croup, which would influence the charge distribution 

in the transition state in the same r.1ann.er as previously discussed for 

_l?_-nitrobenzyl chloride (55-56). As mentioned in the experimental section 

of the thesis (p. l>8) ~ the red--colored solution that appeared during the 

reduction of the E_-nitrobenzhydryl compound \·:as most likely due to an 

i."11pu1:ity in the starting material. 
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Aryl Halides 

In a review on nucleophilic aromatic substitution reactions, 
73 Bunnett states that, "The vast majority of aromatic nucleophilic 

substitution reactions display kinetics and response to structural 

and enviromnental factors which indicate a bimolecular mechanism 

[as opposed to a unimolecular mechanism which is known in a few 
74 selected cases] according to criteria stated by Hughes." 

Unlike the usual model of an SN2 transition state proposed for 

displacement at a saturated carbon atom (case I), in which the central 

carbon atom possesses bipyramidal geometry, the transition state for 

bimolecular nucleophilic aromatic substitutions is thought to involve 

a tetrahedral central carbon atom and a loss of resonance due to 

charge dispersal over the ring as shown (case II) 75 : 

I 
~---C----Y 

1\\ L.l 
Case I Case II 

X = attacking nucleophile 

Y = leaving group 

Therefore, as case II clearly illustrates, electron-withdrawing sub-

stituents should aid in the negative charge delocalization and increase 

the rate of displacement of Y-. This is, indeed, so, " ••• provided these 
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[activating groups] are located in either the ortho or para positions, 

or both. 1176 Bunnett also notes that, "The many studies of the compar-

ative displaceability of the halogen in various aromatic nucleophilic 

substitution reactions make it abundantly clear that the four halogens 

do not stand in any constant order of replaceability. 1177 In fact, the 

invariable order of I > Br > Cl- > > F of alkyl halides is fre-

quently reversed. for aryl_ halides ind5.cating that the electronegativity 

of the halogen, not the carbon-halogen bond strength, is more important 

in determining the order of dehalogenation. 

Bunnett 78 has recently proposed another SN2-·type mechanism for 

aryl halide substitutions which involves a postulated "on halogen" 

displacement instead of the usual "on carbon" mode of atta.ck, as given 

below: 

1) 

3) Ar: + t-Bl\OH -+ ArH + t-BuO 

4) base + Cli3S (O)CEzX -> X- + ? (no detectable organic products) 

The order of dec1:easing ease of dehalogenation was I- > Hr > Cl - and 

it was found that less easily displaced halogens and other electron-

withtlrauinr; groups :i.n the posit ions El" th~ and E.~E.~ to the most rca.ctive 

halogen (based on the above order) greatly facilitated the delw.logena-

tion79, in agreement with l~oberts. As mentioned earlier. the work of 

Kar2batsos and Shone20 also supported both this same order of halogen 

reactiYity ond the effect of other ring substitueuts on dchalogenution. 

They specific.ally t\oted that except for unsubstituted i.o<lides, the 

bromides and chlori.des required -~~:_~ho·· and Ear!:· .. ·activatfog. 
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electron-withdrawing groups to achieve good yields, and that even in the 

presence of such groups, chlorides gave low y5.elds. 

Based on the above information, two selected ortho-substitute<l aryl 

iodides, £_-fluoroiodo- and .£_-nitroio<lobenzene, were chosen for study by 

this laboratory. It was hoped that the products from the reduction of 

the former compound would help establish an order of dehalogcnation, 

while the latter one should serve to examine the influence of a change 

in the clectron~withdrawi.ng ability of another substituent on the ring. 

Or~ho substitution was chosen primarily because of the success Karabatsos 

had had using LAH, as mentioned above. Table VII (p. 26) shows the 

rcsults 5 na1aely 5 that iodide is a better leaving group than fluorides 

and that the more electron--withdrawint; the ~~ho substitucnt 5 the faster 

the reduction. 

These results tend to support the "on halogen" mechanism of Bunnett 

rather than the tisual "on carbon" displacement, as not only was the 

order of dehalogenation the same, but elso no iodobenzene was detected 

as would have been expectccl from a normal SN2 attack on carbon. 

The mechanism of the reduction of carbon tetrachloride by SBll is 

unclear at the nc~cnt, for w2ter apparently catalyzes the rc<luction in 

some as yet unknotm mnnncr. Table VIII on pc!ge 28 shows the differences 

* :i.n yields obtained for. the resulting two r.rnjor reduction products with 

and without a methyl iodide quench prior to hydrolysis. When the excess 

SBH was destroyed with methyl iodid2 and the diborane hydrolyzeds a 28% 

i; 
Methyl chloride and methane were detected in trace ci;notmts. 



-62-

yield of chloroform, 1-2% yield of methylene chloride, an<l 70% yield of 

unreacted starting material were realized. The direct hydrolysis with-

out using methyl iodide gave yields of 56 and 30%, respectively, of 

chloroform and methylene chloride, but no unreacted carbon tetrachloride. 

Furthermore, it has been demonstrated in both aqueous and anhydrous DHSO 

that chloroform alone will not undergo further reduction to methylene 
80 chloride or any of its subsequent reduction products • Tl~refore, 

the question is one of how does ~ater increase the yield of both chloro-

form ~ methylene chloride, especially since the latter compound is 

not produced using chloroform as the starting material? 

Although the exact mechanism remains as yet unsolved, the absence 

of larger amounts of methyl chloride and methane tend not to support an 

SN2 displacement ~-~on, since the large amount of chloroform pro-

duced should have undergone further reduction to the tri- and tetrahydro 

products as the steric hinderanc~ about the carbon atOia became progres-

sively less. This question and others will require further investiga-

tion. 

Solvent Effects 

One reason that mISO and diglymc were chosen as solvents was because 

both are aprotic) a necessary criterion for the stability of SBH in them. 

In addition, SllH is soluble in both at room t~aperature in concentrations 

up to approxiri1ately l. 6 ~l. 'L' l 1 1 31~81 h curt 1errnore, severa_ worcers ave 

recently reported that SN2 reactions run in dipolarJ aprotic solvents 
3 10 

exhibited rate increases of 10 -10 fold over the usual protic solvents 

such as water and the lower molecular weight alcohoJ.s. Delpucch and 

Pasca182 further substantiated this findj_ng by their observation that 
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the activation energies required in SN2 reactions decreased from 

20-21 Kcal/mole to 16-17 Kcal/mole (occasionally as low as 13 Kcal/mole) 

in changing from protic to aprotic solvents. Based on this information, 

it was felt that solvents such as these would aid in enhancing the 

yields of reduction products obtained from the halides to be studied 

in our investigation. 

Because m1SO and diglyme are sometimes refen·ed to as "electron--

donating" solvents~ one r.1ight expect that anions would be poorly sol-

vated in such solvents, whereas cations should be solvate<l extremely 

well. This~ indeedp is the case. Thus, the reactivity of the BH4 

anion should be at a maximum due to the preferred salvation of its 

sodium cation, leaving t:he anion relatively "bare" and in a very reac-

. 83 'h d . . <l8Lf, 85 h l tive state • C an an Sm1 ave recent y found supporting evi-

dence for this idea in both JX1SO an<l diglyme using the 9-·fluorenyl salts 

of sodium and lithium, which were shown to exist as "solvent··separated" 

ion pd.rs in these two solvents. Only one solvent molecule of either 

m1SO or diglymc was <lemonstrat~d as c:ctually separating the ion pair, 

and in the case of diglyrne~ the coordinating ability of oxygen toward 

lithium was considercibly greater than toward so<liw;186 • 

The larr;e rate incre;:i.scs in changinr from pro tic solvents to IHSO $ 

for example~ could possibly be attributed to the above selcctj_ve solva-· 

tion effect nn<l to the fact that JHSO C.:ln 11 ••• solvate extended ch2rgcd 

structures such . . 1187 as trans1t1on states , or to a cow.binat:i.on of ti1esc 

effects. The s21ae combination of ef f ect.s should hold true between 

m1so and diglyme <is it is known t.h.:::t a solveut's "ion solvaU.ng pO\·:er" 

is a function of seven:i1 factors, t'.-lo of which arc its dielc~t:ric 



-64-

constant and dipole moment, as mentioned earlier. Furthermore, solvation 

increases with increasing dipole moment88 • The dielectric constants of 

DMSO and diglyme at 25° C. are approximately 4889 and 190 , respectively, 

while their dipole moments also differ widely, being '•· 3 n89 and 1-2 n*, 

in like order. 

Conclusions 

As mentioned in the "Introduction," the goal in preparing this 

manuscript was to supply a definite answer to the question of whether 

or not SEH would reduce organic halides and their related derivatives, 

especially primary alkyl and aryl haHdes, and to extend this to a 

consideration of the necessary structural criteria, if any, for reduc-

tion to occur. The results of this investigation (Tables !--VIII) have 

shown that SBH is an excellent reducing agent for most sjmple, primary 

iodides, tosylates, and bromides, usually providing yielrls of 70-100% 

at room temperature in reaction times varying from 0.5-7 hours. The 

use of higher reaction temperatures would, of course, shorten the 

reduction period considerably. Primary chlorides are generally reduced 

with difficulty a.nd in poor yield unless an unsatuni.ted substituent 

63 such as a phenyl or, perhaps, allyl group is attached to the reac-

tive ccirbon. The redL1ct:ton of s:i.r~_P1£s secom1CJ:ty bromides and iod:i.cles 

also produces high yields of the corresponding hydrocarbons. However, 

it is expected that even simple secondary chlorides such as isopropyl 

chloride would give low yields as evidenced by the poor results obtained 

with 11-propyl chloride (Table II, p. 17). Hore coi,1plex secondary halides, 

* 9-Est:trna ted from the dipole moment (J.. !1 D) J. of a structurally sirnila:c 
ethers dioxymethylene dimethyl et he;~ (CH30CH20CH20CII3). 
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such as the benzbydryl compounds where two bulky phenyl substitucnts 

are attached to the reactive center and tertiary halides where the 

steric hinderance is still more severe, give very poor (1-8%) yields 

for this reason. Finally, aryl halides generally follow the sc::me 

order of ease of dehalogenation, namely, I- > Br > Cl- > > F , as do 

the alkyl halides, and the yields may be considerably enhanced by 

substituting a strong electron-withdrawing group(s) such as nitro or, 

perhaps~ trifluoromethyl 20 in the positions ort~o and Ea.EE.. to the 

halogen. However, as seen fro:n the fact that a 90% yield of nitre-

benzene was realj_zed f ro:11 the reduction of E_~ni.troiodobenzene, one 

nitro group ort:_~~ to the halo3en is apparently sufficiently activating 

to give good results with the _iodo group. 92 The work of Ramachandran 

on the quantitative determination of the 2,4-dinitrophenyl moiety in 

proteins with smr by the postnlated reduction of one or both nitro 

groups to form a highly~colored azo dye tends to discourage the further 

activation of aryl halides by more than one nitro group. Carbon tetra-

chloride was reduced primarily to chloroform in the absence of -v:ater, 

but the yield of methylene chloride was substantially increased by the 

addition of water in the presence of unreacted SJ.m. 

This leads to the "redt!ctivc selectivity" of SBH~ \,ihich can fre·-

quently be taken advantage of, as illustrated by the reduction of 

.P:·nitrobenzyl chloride in 90% yield to .P._-·nitrotoluene~ or conversely, 

the reduction of a mo:r:e reactive group than h~1J.ogen in a halo[_;en-· 

cont:ainj_ng compound, as exemplified by the reduction of 3-bro;:w··l~l~l­

trH Juoropropanone to 3--bromo"·l s J., l··trif luoro-·2···prop<Jnol 2 7• 
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Finally, as mentioned previously, the advantages of SBH over LAH 

are twofold as follows: 1) greater selectivity and 2) a wider choice 

of solvents. The first point can be illustrated by the following two 

examples: 

~= rQll © ((9))2 ) /i 
Li.Ali-14 :~a:Oh4 

+ ~ 

. CH2Cl CH3 t\02 N02 

(r.i.aj or products) 90% 

©r i:o2_r_fa_B_a_4 ~ 

(major product) 90% 

The second point stems from the fact that aqueous solvent systems can 

~ be employed with LAH but are frequently used with SBH. Solvents 

containing linkages which are reduced readily by LAH, such as the 

sulfuryl (=S=O) group in DMSO, are also unacceptable. However, as 

indicated by our results, both DMSO and diglyme have proved to be 

excellent solvents for borohydride reductions because of the reasonably 

short reduction times and high yields obtained. 
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THE SODIU!-1 BOROHYDRIDE REDUCTION OF ORGANIC HALIDES 

AJ.\ID RELATED DERIVATIVES IN APROTIC SOLVENTS 

by 

Charles Warren Vanderslice 

Abstract 

Sodium borohydride reduces alkyl halides and their related tos-

ylate derivatives in the order primary > secondary > tertiary, while 

the relative order of leaving-group ability is Ts- > I > Br > > Cl-. 

The yields obtained ranged from 90-100% for most simple, primary and 

secondary fodides, bromides, and tosylates, to 1·~2% for the tertiary 

compounds. As in the case of the more reactive lithium aluminum 

hydride, the. reduction is believed to occur by an S .. 2 displacernent 
·~ 

on carbon. 

The reduction of a series of pal.:""~-substituted benzyl chlorides 

revealed thnt the electronic effects o[ groups ranging from .E:·rncthoxy 

to .E.""·nitro had a rather small effect on the rate of reduction. 

Aryl halides arc reduced by sodium borohydricle in yields depend-

ent upon the partic.uJ.a:r halo~cn j_nvolved, the presence of other EEtho 

and E..~ electron-w:i.thdrawing substituents, and the reaction temper-

at:ure, among other factors. The same relative order of dehalogenation 

displnyed by the alkyl halides was fot.m<l. 

Polyhalo;aethnncs SL1 ch as carbon tetrachloride react with sodium 

borohydridc to give the monohydro .:~n<l dihydro compounds as the taajor 



products, the former predominating. The exact mechanism of the 

reduction is as yet undeterPline<l, as water apparently catalyzes 

the rcac t:i.on in soue unknown manner. 
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