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Abstract--Aqxxls of the tffcc~\ of deutcrntion on lhe propertwx of acclylacctone (pcntan.!.J-dioncb and il\ enoi 
have hcen reinvestrgatcd and new isotop effccrs habe hccn sought m order IO understand better the nature of the 
hydrogen hridgc m the enol (IE). l’hcrc IS no substantial hydrogen ~to~opc cffec~ on the cnthalpy 4 cnoliwtion of I 
(contrai) lo Ref. C) but there are unusually large rsotopc ctlecls on Y,. (contrary IO Rcf 5) and on the band shape of 

the long wavclcngth ( - 3i.C@0 cm ‘) UV ahwrption and on the “C NMR chemical \hdt of ~hc Cl(I) atom\ m IE II I\ 
concluded that thcx and other propertw\ of the cnol IF. can tx qualrtatrvcly crplaincd if the hydrogen brtdpc tn IE i\ 
not quite \)-mmctrical bur has IUO \)mmctrtcally placed potcntnl energ) minima clox together for the hydrogen 
atom leading IO a lengthenmp of the 0.4) distance on deufcrratmn 

hcctylaccronc (pcntanc-?.J-dionc) (1K) and its enol IE 
(Fig. I) have heen a classic example of laulomerism since 

hleyer firsr measured the cnol content.’ The principle 
form of the enol appears IO cyclic with a symmetric (or 

nearly symmetric) hydrogen hridgc” and might be 
expected IO show unusual spectroscopic and equilibrium 

~\o~ope effecrc. The effect of isotopic substitution at Oij 
in III in hydrogen tG;lc(K cpec~rz is well established 

experimentally but the explanation IS m doubt (see 
below). The hydrogen isotope effects on the equilibrium 

IKz IE (6AH” - IO.5 kJ mol ‘)‘ and on the low 
frcqucncy I: + n* band near 27.ooO cm ’ (no change in 

z,.. a small but unspecified increase in u,,.)’ reported 
heforc this work began, however. were rc\pectivcl) 

inexplicahlb large and very small. WC were originall) 

interested in using L’V spectra IO determine the hydrogen 
~sorope effect on the equilibrium IK s IL prc\iousl) 
studied h) ‘H SMH. hut preliminary experiments showed 

quite different results from those reporlcd and we 
;IccordingIy ini e\ligated several aspects of hydrogen 

isotope cliccts on 1. These isotope cfC_c~s and other 

properties of the enol are related qualitatively IO a model 

of the enol H-bond at the end of this paper. 

Although the cyclic form (a in Fig. I) is undoubtedly the 
predominant form of the cnol in the gas phase and in most 

solvents the possible importance of the trans cnols 1F.c 
and IEd (Fig. I) and of the cis cnol 1Eb without an 

intramolecular H-bond (Fig. I) must bc considered. The 
original “evidence” for IOEc or lOEd” was based on a 

misconccpCon. A much more recent claim for “rruns” 

en&’ (based on IR and UV spectra) in 4-7 was 
withdrawn’ following criticism’ only IO reappear”’ (h’MK 

spectra) from another source. WC note that there is a 
rather good correlation between the amounts of O- 

alkylation of 1 ” and tttc proportion of “fr~n.r” cnol 

detected by a ‘H SMR signal near fi - 5.4 ppm’” and we 
have separated commercial “5” into 5 (essentially SK; no 

“cnol” absorption near 6 = 5.4 ppm developed even after 

several months) and rhe enol cthcr. 4-isopropoxypent-3- 
en-z-one. by GIL. Weak concentration dependent IR 



bands in the region .3400-M.Mcm ’ were interpreted as 

ebidcncc for fret and intermolecularly H-bonded OH in 
enolc of IO” but the assignments have not been 
confirmed. I/ a WCUIS enol is present in I and clmllar 

compounds in significant amount\ it mu\1 be in mobile 

equilibrium (N;lc(R timescale) with the predominant c-is 

form. II is known. however, that the very large chemtcal 
shift of the cnolic Otj is remarkably inscnsltivc IO 
\olvenls” (except for strong bases or solvents that can 

exchange hydrogen rapidly); C’han er 01.’ attributed a 

small temperature dependent cffcct in IE in butyl ether IO 

.- I% of an inft+rmolecularly H-bonded form, more likely 
IO be IEB than IEc or IFA. From such evidence it seems 

that if frans or acyclic cis cnols are present in mobile 

equilibrium with the cyclic cis enol 1Ea their concen- 

tration must be low under most conditions so that I can be 
treated ax a simple system IK z IE and “enol” will imply 

6 (Fig. I) in the rest of this paper. 

Hyh~tw uotope efltw OR rlw tv~fhulp~ of enolisution of 1 
Although less sensitive than L’V. NW is probably the 

bc\t method for measuring the tempcrarurc dcpendcncc 
of the equilibrium IK till?. Using !H SMR Thompson 

and Allred’ found M”clK-dC8~ - 10.0 kJ mol . . in good 
agreement birh other measurements.” but the isotope 

cffcct was \urprtsm& lar-e because AH’ IIK-3.3-d:) - 
- 0.5 LJ mol , although the i\otopc CRCCI on 16’ was 
\mall. The)- Nere unable IO erplam this unprecedented 

isotope cffcc~. a\ were Dahlbcrg and 1.ong.l’ who found 
onl) a small Isotope effect on Mi’(LK). II seemed likely 

that 1-d: had not come to equilibrium (the enol content 
~a\ reported as 19% at 3lOK and IHIG a~ ?VKI. WC 

found that neither I-d,, nor 1-d: reached cqudibrium in 8 hr 
al - 20’. \‘ery small amounts of tricthylamine greatI) 
accelerated the reactions and -.. O.Oi”r of the base led to 
complete equilibration in ;b! hr at ?VK, without an) 

change in rhe position or breadth of the Oij signal in l-d.,. 
nor an! significant amount of H-‘H ewhangc tn the MC 
groups In I-d,. The cqullibrium constants at 3 rcm- 
perarures (Table I) uere determined from the integrals 

for the MC peaks and gave AH”( 1 K-d.,) - 
-9 .CJ:OZl kJmol and 1HfllK-3.3~d:) = 

8.08 2 O.!l kJ mol ‘. The 1so1opc effect. I.5 I 

0.3 LJ mol . . IS clearly much more rcawnablc in mag- 
nnudc than rhc earlier estimate. II cannot al prcscnt bc 
related to change\ in vibration frcqucncics because the 

thorough vibrational analysis of IF-d. and 1E.d.” cannot 
)CI be matched for IK.” 

Since our uork was completed” Kol’rso\ and I%hov ’ 

(whose work onl! came IO our notlce verb reccntl! 
through the index IO C’hem. Ahs. 82 (19’0) have reported 
similar results and conclusions. 

Kelati\ely fru measurement\ of hldrogcn isotope 
effects on allowed clcctronic transitions have been made 

and the reported values are nor very large for hldrogcns 
on the ring in benzene (the transition energy for the O-0 

band. 453 kJ mol . ’ is wised by 0.4 LJ mol for each ‘H 

replaced b) -‘H?’ or in the side chain\ of aromatic 
compounds ” Thl\ is nor surprising because the CII(CI-) 

bonds are nor directly involved m the la.) electron 
systems responsible for the transitions and uould not bc 

expected IO change in vibration frequency \cr)- much 
between the ground and clccrronically cxcired SWCS. 

II has been reported‘ that there is no hydrogen ~sotopc 

cffcct on v,., (36.8OOcm ’ - 440.3 kJ mol ) for IF. In 
cyclohcxane but lhat there is a small change in inrensit) 
consistent with K,, > K,,. although no numerlcal data 
uere given. H’hen we treated solurlons of I C .- IO ‘Mi) in 
aprotic organic \olvcnts with H:O and with D:O in parallel 
experiments a~ ZMK WC obscrtcd a /oRe isotope &XI of 
I’,., (Tablc !I. rhc cffcct being most clearl) seen in the 
difference spectrum t Fig. 2). After several hours both 
solurions had reached equilibrium and numerical intc- 
gration showed that rhe band urem were equal IO wthm 
I?. although the ratio of extinction coefficlenrs (t~..ie~..) 
IS significantI) greater than umly. I.C. there is an Lolope 
effect on rhe band shape (the band is narrower for IE-O-d 
than for IE-d,,) as well as on I’~... Qualitalivcl) similar 
results have been found for other cyclic cnols. aromatic 
prlmar) amine\ and some H-bonded complexe\.” In 
experiments uith completely cnolic analogw of I it has 
been found” that there arc no significant isotope effccr\ 
on band areas as such so that the equality of band areas 

for 1 -d., and I-d, implies rhar there is no h) drogen isotope 
effecr on the equilibrium in 1 in several solvents. ;I result 

consistent with rhc ‘H NYK result for the neat liquid. 
The contrast between the present and earlier results’ 

for I can be explained by the dtffcrcnl cxperimcntal 
techniques. Thompson and .4llrcd prepared I-d: and then 
made up vcr! dilute solutions I ‘. IO ‘511 in cyclohcsanc 

Species T/K ne Kb 

l-d,: AH0 - 

i-d28 

313 lfl 3.54 0.05 

11 3.77 0.31 

773 36 6.15 0.07 

21 5.7F 3.10 

253 a2 !!.a2 3.12 

38 7.93 0.13 

-9.5to.4 L; .x01-~; As0 I -19.9t1.5 .T mol-’ x-l 

A.HCI.8 : -!4.01?.9 



1so10pc ctTccrs-I 

‘Iihlc ? Hydrogen 1w10pc cffccl\ on Ihc long u-avclcngth absorplron of IE 

writer !F. 473 

( \h,\BO) 

Lw-rntrtd 75. ‘53 

(4C:60) (76.473! 

DYE-reterJ 76.7%: 

(9L:l) (16.705) 

‘4eC~-rRtrre (lc.,740: 
(99:li 

Cgclohtxnw tf 06.bO3) 

7npour t-K !37.763) 

743 2.0 

(7.x) ?.6 

“53 3.0 

( ‘5:)) 4.2 

770 3.2 
; , i. ̂ . ) I. 4.3 

13!50) 3.1 

f 335) 

!320) 

7.6 

3.P 

‘i. c,cnwold of band hmw of numcrlcal mtcprsrlvn XI al ahwrh;mce\ equal IO IO’? or lc\s of rhc maxImum 
lthwrhsncc 

-).,.. cs~~malcd by c~.trapolat~on of mid-porn!\ of howond chords: rcproduclbdl!) of L.__. .- ?5 cm for each 

wlvtn! but ver! small rc\ldu;d \ihrarmnal fine \trucrurc make\ AI.,.. vary more rhan AL- from wl~cnl 10 wl~cnl. 
‘Change of Irandion encrg). 
“DMIC I.!~dunc~ho~ytthanc 

‘II ha\ MI yet txcn posvhlc IO gcr Mlicitnrl) rtproducrblc mtcnvw for numtrlcal mtcprarlon IO he uorthu hdc 
‘Cell\ wrc “sca\oncd” ullh Hz0 o( I):0 
‘htur;~lcd bapour aI F(’ in ! mm cell\ 

IfIg ! I’V rpcclra of I-d, f-----l and 1.d: I- 1. and the 
d~ffcrcncc \pcctrum td, .- dd. for dlmclhox!elhan.uaItr. 

for IIV mearurcmcnls: a~ such IOU concentrations onl) a 

fcu rg of MCI from the atmosphere. solvent or cell walls 
u ould have been needed IO convert most of ILO.3-d: into 
li?-3-d in rhc spectroscopic cell. When WC treated 1 
( IO ‘M in cyclohexane) with a few ~1 of D:O in a UV 
cell there was a fairly rapid change in LG.. from 36.800 ICI 

3T.lO.C cm ‘. with no further change during several hours. 

*.\I very low concenrrarion in CU.;” there IS a small 
conccnrra!mn dependence (KC alw Exptrinwral). 

although the intensity stahilised only slowly. In another 

series of experiments with IY solutions of B-diketones it 
was confirmed by ‘H and “C NMR that only the OH 

proton exchanges rapidly.’ We conclude that the 

hydrogen isotope cffec~ on the UV spectrum of IE 
depends almost cntlrely on the Olj and that Thompson 

and hllred failed IO observe an isotope effcc~ in IE-0.3-d: 
because the OQ rapidly exchanged with traces of water 

before the spectrum could be measured. 

The NMR resonance of rhc enohc proton in 1E is at 
exceptionally low field (I?.gppm)+ and is insensitive IO 

solvent effects over a wide range of non-polar and 

moderately polar solvents. More surprisingly the tcm- 
perature dependence (-0.003 ppm/K at ZYRK). which 

cannot be attributed IO an equilibrium berueen inter- and 
intra-molecularly H-bonded systems. and isotope effect 

(8” 6” - - 0.58 ppm a~ _M3K)’ arc very large. Ghan PI 

01.’ interpreted the last IWO observations by a two state 
system (AE z 4.85 kJ mol ’ for the protium system) in 

which the effect of deutenation is IO decrcasc the energ) 
separation by - 2.4kJ mol ‘. The two stales were 
assumed IO lx the symmetrical (Olj ;II S - 16.1 ppm) and 

unsymmetrical (Olj al S = 12.1 ppm) bond-stretch 
isomers of the cyclic c-ix enol (Fig. I; i and ii). with no 
isotope effects on the temperature invarianr chemical 
shifts of Oij in the two states. 

Unfortunately the narrow temperature range used 
(S-82°C)’ (27%35SK) does not allow a critical test of the 
IWO state model because the latter predicts that dMdT is 
almosl conslanl over a ralhcr wide range of temperature 
near U)OK. WC found great difficulty m keeping 1 and 2 in 
solution in a solvent that did not lead IO ences\ivc 

hroadenmg or change in position of the enolic proton 
signal and could not get below ZOOK (using chloroform). 
The results for IE (200-3lOK) were almost randomly 
scalIered about a straight line but for 2E there was a 



significant curvature, opposite to that expected for 1E 
using Chart’s two state model. for S(OH) against T (Fig. 
3). SeiIher of these diketoncs is suitable for NMR over a 
very wide Iempcrature range and until such a compound 
can be studied WC ConservaIivcly conclude Ihat hydrogen 
chemical shifts do nor provide strong evidence for bond 
stretch isomers i and ii for IEa (Fig I) that arc without 
precedent. 

The “C NMR chemical shifts of the Cl(3) nuclei (Fig. I) 
in the enols of &dikeIones arc at very low held 
(191.3 ppm for 1E) compared with the averages expected 
for the hypothetical unsymmetrical crs cnols (i.e. i and iii) 
with ordinary single and double bonds using additivit, 
relationships and arc very sensitive IO suhstuuent cficc~s. 
These chemical shifts have been intcrprcred as incon- 
sistent with a markedly unsymmelrical hydrogen bridge in 
Ihc cis-enol by Shapet’ko ct al.,” who observed a simple 
additivity for the suhstiIuent effects. covering -. 30 ppm. 
of R, and R, (Fig. I) on the chemical shifts of the Cl(3) C 
atoms. We have ohserved large isotope effects IS” - 6” - 

0..(910 -0.7.( ppm:Tahle 3)on these chemical shifts when 
Ihe enolic Ofj is deutcriated: no other “c‘ chemical shifts 
Ihrouph Iwo bonds are commonly - 0. I ppm/D% and the 
large effects for the enols of @-diketones imply thaI the 
cnol slructure is unusually sensitive to molecular vi- 
brations if an equilibrium between two or more forms of 
the ri.c-cnol is ruled out. 

Isor0pr egUc_Is and fhe fral14fr oj fhe hyfrogen bond in IE 
The common formula for the c-is-enol IF. uith an 

unsymmetrical hydrogen bond has IiIIle or no ex. 
perimcnlal basis. The electron drffraction results for IE’ ’ 
and 9E“ exclude an)- marhed inequality in the O-H and 
0:-H distances (Fig. 4). 77~s (near) s)mmctr) is m 
agreement uuh Shigorin’s” suggestion of an aromatrc 
structure and with substnuent effects on “C chemrcal 
shifts.” although “C ~sorope effccIs on skeletal vibration 
frequencies have hccn inrerprcted as cvidencc for a small 

-.-_-- -.. -_ 

. 
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Fig 1 Tcmpcralurc dependence of the ‘H ti;SlR chcmul %hlfr 
(form mtcrnal Mc.SI) of UK cnol proton in IE c - Ihl\ paper: 0. 
&la from ReI 4. wth dlou~nce for rhc change in mlcrnal 

refcrcnccb and In ZE Cm) 

inequality in C-C bond lengths.” There is a surprising 
discrepancy between the two electron diffraction studies 
of acetylacetone so far as Ihe 0.0 distance is concerned 
(238 2 Z pm.’ !Z? pm’). The later workers suggest’ that the 
earlier csIimaIe is low and thaI the Error was seriously 
underestimated but their own measurements arc in douht. 
‘Their estimate of the enol content in the gas phase ;II YOK 
(9?%)’ is much higher than the directly measured value 
I91 = I’?; ?MK).‘” Since failure to maintain complerc 
tautomeric equilibrium during vaporisation of Ihe sample 
(no precautions IO prevent this were mentioned)’ uould 
g~vc a Iowr proportion of enol IfIO% in the liquid 31 Z%K 1 
and because the 0.4I distance is greater m IK than in IE 
(the 0.G peaks overlap in the radial disIribution 
function) there must be doubt about Ihe value !C! pm’ for 
rI0.G) m IE. A similar criticism does not appear IO 
apply to the earlier work because failure fo maintain 
equihbrium is much less likely at higher temperatures buI 
unfortunately there is disagrecmcnl abouI Ihe gas phase 
cquilihrium aI 3X0 K.+ WC suggest Ihat the O.,O distance 
in 11: is more likely IO be near 2311 pm than ?S? pm. 

Molecular orbital calculations of varying sophistication 
have reached contradictory conclusions ahour the 
symmetry of the hydrogen bonds in IE and related enols 

Coapound SIG?(3)) 6 (C2) 6,otnFI c ntoas 

1E 191.28 105.44 24.76 Me) 

LE-dbSC -0.66 0 0 

P 202.37 58.53 30.75 Me) 
JK-db 0 0 0 

@I 193.61 
C$-db -0.76 

!P 201.16 93.62 39.4! (~0~). 27.40 (cws3) 

8E-db -0.70 0 0 3 

?S 165.64 97.98 4 otr.er :1nea. no 

p-db -3.54 43.36 isotnpe oFlft3. 

( -e 197.75 161.74 5 11ncs not ssslrrncl) 
: -db -3.36 -5.22 no l~otope shift0 ) 

‘ILgnal rcwlulion 0 0.C ppm ‘lur~opc \hdr\ qunlcd. ‘Corrcclcd for mcomplcle dculcrutlon. ‘Kcrwmng 
rcwn~~~ nor a\\~grwl CKC~I for (‘-0. ?II( !V ppm IIUIIC~K shdl 0.05 ppm). m ?K. ‘Sd~c)lddchydc: -(‘H=O ;md 
(‘-OH onl) ;Isupncd 
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Fig 4 A qualitative energ~ surface ~.lth Iv,  o potential energ} 
minima ( - ,  for the O...ll ..0 stretching vibrations in IE lenergy 
contours are arbitrary) based on ab initio calculation,.': for the 
.,¢¢tions '~,lth ~onstant rIO-..OI I - r , -  r.,) btl! v..ith the relall,,e 
energies for ',uch ~ections altered It) give minima at r(O--.O) 
242 pm "Fh~s general t~pe of energY., surface with a ~addle point at 
a loaer value of riO.-()) than the t~o minima for strong but  
uns,, mrnetrical hydrogen ~mds leads to a contractmn ~ in rt().. ()1 

for 'H and to a lesser extent for :H. 

such its 3E  The most recent have resolved some of the 
earlier discrepancies': but ab inith~ calculations for the 
enol of malonaldehyde ,.aE t IE should be very similar) ~: do 
not agree?: ~' The calculations both require that the 
hydrogen is ~ p m  from the line of centres of the O 
atoms for r(O...O)--220-260pm whereas the electron 
diffraction measurements favour an almost linear 
hydrogen bond but the difference is not important for our 
argument. 

The ab initio calculations show that the most important 
influence on the magnitudes of the excess charges on the 
O (negative) and H (positive) atoms in the enol bridge in 
?,E is the O...O distance, the magnitudes decreasing as 
r~O...O) increases.': This correlates with several proper- 
ties of the enols IE--llE: 

(at the deshielding effects of large alkyl substituents R: 
on the enol OH because steric repulsions between R, and 
R and R, force the O atoms closer together (compare 
,~1()I..t I IE. 15.I,I ppm; TM 2E. 16.4;:' 5E. 17.3 ppm;' (see also 
Experimental): 

(hi the larger r(O...()) (225pm):'; and the relative 
shielding of the O.H in 9E {~$(OIJ. t - 13.0)" compared with 
! to.:: 

tel the negative value of d$(OH)/dT for IE.' because 
the anharmonicity of the l o t  frequency vibration that 
stretches O-..O will make the average value of r(O...OI 
increase with temperature and so decrease the excess 
p~)sitive charge on the O.H 

None of these qualitatively explicable consequences of 
the very strong H.bonds in the cis-enols, however, serve 
to distinguish between a symmetric system and one with 
tt-o PE minima close together and separated by a low 
barrier. 

• ~II.. Js e,.sentially completel,, enolic ,,a~ that th~s electron 
diffraction result cannot I',¢ in error from a failure to estimate the 
enol ¢ontcn! accurately, m contrast It', IE 

If there tas a single PE minimum for the enolic II atom 
in IE the anharmonicit:, of the stretching of the O...H-..O 
distance would make the average distance greater for 'I1 
than for :H because the amplitude of vibration is larger 
for :H than for :H lcf. the deuterium isotope effect. 

L4pm. on the length of the symmetric H-bond in 
fill:H) i." Such a decrease of r(O.-Ol in IE on 
deuteriation ~ould be expected from the ab initio result,, 
for 3|:~ to give a greater posili,,e charge on :H than on ' l l .  
contraD to the obser,,'ed isotope effect on the hydrogen 
chemical shift. A similar contradiction t-ould appear 
between the ~ub,,tituent effects, of groups R and R, r' and 
of deuteriation of the OH on the "C chemical shifts of the 
(71131 atoms if deuteriation were to increase r (O . .Of  

The alternati,,e h.',pothesis, that there are two PE 
minima close together for the bridge h,,drogen in I E leads 
one to expect a lengthening of r(O..-OI on deuteriation. 
Such a lengthening of strong uns~,mmetrical inter- 
molecular H-l~mds b,, deuteriation is v, ell known ''~ and 
has been explained by a strongl~ negative interaction 
force constant for the symmetric and antisymmetric 
vibrations of a ,,,,stem A---H---A." The PE surface sho~,n 
in Fig. 4. essentially based on the ah initio calculations for 
31:. ': but with the PE minima at larger values of r(O...()). 
in agreement v.ith the electron diffraction measurements. 
leads to a simple qualitative picture of the effect of 
deuteriation on the bond length and related properties of 
IF_ The individual P|- minima, separated b~ a lo t  barrier. 
are markedl', unsymmetrical and the resuhing an- 
harmonicity of the motion of the 11 atom makes the latters 
most probable positions nearer to the midpoint of O...O 
than are the two PE minima. The total energy for such a 
vibrational motion is Iotered b) shorlening r(O-.-()l from 
the value for the PE minima/" the shortening being 
greater for H than for :H. "Ihe shortening of r(O.-.()) t i l l  
increase the positive charge on the hydrogen, the effect 
being greater for 'H than for :H, in agreement t i th  the 
observed difference in chemical shifts. If one accept`, that 
the dominant influence on ¢$(()H1 in the ¢is-enols ix the 
charge on the hydrogen, th ich  is related to r(O-..Ot/: 
then the difference bet teen IE I,~- 15.8ppm.:" 
riO---()) .2~gpm:l and 9E 1~-: 13.0ppm." rff)-.()l :- 
2Y.~ppm:'l are consistent t i th  deuterialion of IE 
increasing r((),..OI b~ 2-3pro ( ~ ( ( ) H ]  decreases by 
0.6ppm~l. This incrc:tse in bond length is rather less than 
the largest changes observed in intermolecular H- 
bonds. :'~ as would be expecled for the more constrained 
cyclic system. 

The large h~drogen isotope effect for the long 
v, aselength allo~ed UV transition in IF. and other 
enols.': could be due either to a large difference in zero 
point energies bet~,een the ground and excited electronic 
states or to a Frank-Condon effect if the t t o  states differ 
in geometD significantly for the hydrogen. The first 
possibility would require an enormous change in vibration 
frequencies for the h~drogen (the difference in zero point 
energies for the ( ) - H  and O-:H ,,tretching vibration,, in 
IF. and IE-d. ix onl~ al'x~ut 350cm '1 and. e.g. is out of 
scale t ith the observed isotope effect on the O-O band of 
the B : . ~ ' A ,  transition of benzene ( - 30cm ' / l t l [  ~ It 
seems more probable that electronic excitation in IE 
changes the equilibrium position of the hydrogen in the 
O--H-. .O bridge. The observed effect is qualitativel~ 
understandable if the ground stale has a double minimum 
and the excited state a single minimum (Fig. 51 so that the 
lesser probability of finding :H than 'It near the centre of 
the O.--|I..-O ~md decreases the probabilit$ of tran- 
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Fig 5. The diffcrencc in the mo\r prvhrble cxcirarian cncrpics for 
IF.& Ill, and Ilid.. fD1 rcsuhmg from \crtical transnrons to a 
~mgft rntnrmum ctcltcd ~tatr from a double mmimum ground state 

m uhlch the rna.~;~~~rn probabrfrt? for hbdrogtn IS nearer the 
central \addlc point for ‘!I than for ‘H t l”ig JI. tf;or &it) the 

trammom arc choun as if (akrng place bcruccn a smgfe secuon of 
csch potcntd energ\ \urlacc. although the difference Mu-ccn ‘H 
and ‘H I\ in part a&hutahle IO a difTerence twaccn ‘H and ‘H 14 
in part arrributable In a dtffcrcnce tn lhc rwan value fff HO---0) 

I:ig. 4.1 

sitions to IOH vibrational states of the excivd state and so 
increases the average transition energy.’ The isotopic 
effecr on the uidth of the band is also accounted for 
because Ihe grcatcr amplitude of vibration of ‘H than ‘H 
also rakes the former funhcr out from the centre of the 
IX.43 distance. This explanation for the hydrogen isotope 
effects on the UV absorption of IE must be regarded as 
very tentative until more is known about the excited 
elcctromc states of wch cnols. 

EXF?XlM?X.U. 

Ir;MR sprc~?u ‘H themrcal slnfts of cnoiic OH protons ~crc 

measured ulth a Perkm Elmer R?? speirromerer t905lHz. IMS 

lock and referenccr. uGng a\cragc\ of wcrral spcctr3 sianncd in 
both drrccrtons and iabhratcd \rtth a frequent)- counter; 

(cmperaturr\ f * IK) ucrc checked ulth a methanol \amplc “The 
base calaly\cd iautomcrlc cquilibr~a in I& and 1.d: ucrc 

mca\urcd on a Pcrkm lilmcr R10 \pcctromctcr t605iH1. 

tcmpcrature\ ilatmcd to be :tmtrolled IO *O.iK. checked a\ 
hcfore~ using mwpralx for c‘ ‘J_c peak\ and the rcwit\ tfablc 11 
ucrc ha4 on IO-40 \can\ after equilibrium had bcrn reached 
trand~~rn tluctnatton\ onI> m the intcprai\): normal prec3mons for 
integration ucrc observed and a high \pmning rate *as maintained 
to prcvcnt \pmning sdc band\ corncidmg uith ncarb! peaks. 
.Sc\cral prehminar) runs ucrc made m order IO ~Iect the 
conrentrar,on of &Et, I 0.0151 that uould gtrr equdthratton in 
r? h u~!hout a d~tcctable eiIccr on the p&ton or utdth of the 
Olj re%onancc cm 14 I-r’“<‘ rpcitrd NEW mca\ured uith n 

Brirktr U’IiW spccstromcfrr I-. l’ h! MHJ. ‘H lock) and !Gicolet 
53.X 12 computer FIIh ucrc a;cumttlatcd m 4K mcmor! 
addrc\\r\ and 1K cmpt\ addrcsse\ *erc added before Fourtcr 

‘@.dna~~\clp \tmllar but \mallcr hjdrogcn isotope cffcc~s hare 
been ohwwcd for aromatic arnmc\,” tn uhtch the pyramidal 
mtrngcn atom bccomt\ plan.ar. or ncarl! W. tn the ctcttcd state 

tran%formation Isotopic 4ufts mJtrccd h) deutcrlation of the cnol 
OH ucre defcrmmed from u~lurronr tn CDCI, u hlch u-crc &ken 
with know amounts of either H.O. or f&O. or mrxturc\ of both 
tI}-plcali) ! mole* aatcr!molc diketow): cwhanpc cqut~tbrtum 
u-a\ reached in < I mm. Rapid tntermolccular exchange bcruern 
S’H and 0-‘H in IF. gave rise IO weighted avcragc ‘Y‘ chcmlcal 
shifts and the isotope shift m lsblc ? i\ corrected for rcsidu& ‘If. 
tixchangr was slower in other instance\ and the ~paralc Cl13, 
rc\onances could be ohurved when rmxturc\ of H.0 and D.4) 

were u\ed in the exchange. 
t.3 rprrfro. Spectra u-cre measured on a Car! I4 spwrromctcr 

uith the folloumg prccautton\. ‘Ihe relative pathiength~ of a 
mazchmg pair of dell\ 1.4. H. I.?. i or 10 mm) were dctcrmrned b) 
comparing the absorbance\ for u-aicr and KNO, ~olurtonc for 
ordmar) “d~rcct” spectra. i c solution agatnst urlucnr. and for 
difference spectra. f:xh mcasuremcnt of an w~opc cffc;t 

involved preparing a solution of 1 in the chosen aproric organic 
solvcnl and (hen treating aliquols with equal molar amount\ of 
H;O or D:O (rntxturcs prepared hg u-eight, and mearuring \pccfra 

unftl bvth samples tH and D) had reached ~~~r~frh~~~~rn: the change 
In I’-.. u-as complete m the first spectrum bur the ah\orbancc 
\tahilisrJ onit slowI) Et& qwrra wcrc then mcasurcd a\ 
follou 5 

- 
1 
3 

5 
4 

5 
6 
i 
x 

Sample heam 

Solvent rn cell A Solvent in cell B 
Solvent in cell H Solvent in cell A 
H in cell B Solvent in cclf A 
f) in ceil B Sol\tnt in cell .4 
U in cell R H in cell A 
H in cell tl H in cell A 
H In cell A It in cell R 
U in cell A H in cell f? 

Rcfcrcncc hcam 

Spectra 1 and ? wcrc repeated with cfconing of the cells until 
they diverged by no more than 0.01 absorbance above some 
minimum wavelength for each solvent. e.g. ??Onm for &me- 
fhoxycrhane (DHE). Subtractton of 2 from 3 and from 4 gave the 
ordinary (“ohur~ed direct”) spectrum of H and D Subtraction 
of the mean of 6 and i from the mean of 5 and It gale the 
observed drffcrcnce spectrum .% From the absorbance values of 

these spectra were calculated errmction coef5cients e. at equal 
inlcrvals 6v.t and thence “calculated” spectra H and 0: 

The mtcgratcd mtcnritic\ utre then obtamed b!, numcrioall) 
tn~cgrattng rhe rpccfra ii and D hefueen Itmif\ at *hrch e uax a 
wafl fraclion of c,... e.g. a5 lirtlc as O.Olr,. for It; in 
DME--water tnorc that the limit% of v for integrarlon arc nvt the 

s;Lmc for H and D). prortdcd other hand\ do nut overlap. 

.Malogousl~- the ccntrotds. i. uere cttrmated from 

using the *amc limit% for t ;e for the inttyatcJ mrtnsitir\. Iht 
drffercncc\ between the cenrroid\ i;” and i“ arc both more 
prtc~i~ mrasur;~blc (wing the entire band) and more obv1ou4) a 
mea\urrmcnt of the isotope shifts tthcrc I\ an tu~opc effect on the 
band shape) than Ihc difference\ in I-,.. fdctcrmmcd hy v~~usl 
inspection. with the JitTcrcncc spectrum uwd merely to confirm 
qualitatrvcl~ the cxts~enzc of an isotope effect.” In prevtow uork 
on isotope cfftcrr on broad absorptton hands!. probldcd rhar the 
band i5 Isolated. a\ 15 the case ~lth iE. w that numrrlcal 
intcgrdron can mcludc c~wx~ail) the u hole band. ‘I bc use of the 
ohwr\ed difference spectrum, u-hlch has a loser ahsolute nov+c 
lc\cl than cnher direct ywctra wparatcl). to <-on\train the 
dtflcrcncc bctuccn the “calculaM” spcrtra 15 \upcrlor IO 
prevmu\ methods for cxtimatmg rw~pe or other small cfYcct\ on 
broad ahwrptton hands. pm~culatt~ for wr! \maII shanw tn 

:z 
I’,.. 
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('ompound~ and sohenl.s. All the compounds used were 
realist=lied or recr~stalhwd commerc=al samples The 'H NMR 
siymd of the ()11 in IF (IM in CIX.'I,) remained broad after 
repeated di.,tillation of I hut ~-as reduced to 1-2 Hz. with 

- 15.~ ppm ~se¢ Ref. 24 for the small concentration dependence 
of this chcm=cal shiftL b~ drying over a molecular sie~.e (l.inde 
Type 4A= lollov, ed dis=dial=on from fresh molecular sieve in dr', 
N: at 15ram pressure and fin~lt~ dissol,,mg I =n ('D(.I, and 
distdhng the solut=on from molecular s=eve in a vacuum hne When 
such ;i ,,olutlon v.a,~ treated V, ltb ;i trace of V, atcr the OH 
resonance broadened and moxed to higher field. ~hov, mg that the 
~,er5 broad re',oaances that ha~,e so , c l imes  been reptlrled, e.g. 
w~ ~ - 18|IL 5 1 ~Oppm,:" ~ere caused b~ mlcrmolecular 
exchange v, tth v, ater. not v, llh other molecules of the enol IE 
Solvents v, erc spcctrt~scop=c grades except for DME. "~hich v, as 
• ;torcd o',er ~.odium for "-e~eral ~eek,. be.fore distill;ilion from 
[.IAIH, under N:. 
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