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TbctlermodynamicacidityofaC-Hbondiamcthaneis 
substantially cdmnccd by replacement of tbc 0th~ H 
atoms by nitro groups. The increase in acidity. as 
nnaxsurcd by .pK values ia various solvent system+ ia not 
p&ortionaltothcmunbcrofnitrogroapspresent,a 
dampening effect b+g observed upon substitution. 
CyalnJ sub6titUcllt6 also bcN?asetheacidityofmetbaDc. 
butdo8oinaroughlyproporthd nuinnet.Asacoa- 
sequence of tbosc fecta even thou& nitrometh~~ is 
morcacSciowat&thanmethylnitrikbyl4pKunits, 
nitroformiak~sacidictlmncyanof~bysopne5pK 
units.‘Thishasbccnattriitotbcfactthatwbik 
cyanoform anion is in the crystalline state planar or very 
nearlyplanar~tbeN~groupsofnitroformaniondonot 
sImrcacommonplaae.3AIthasbcen~thatthe 
nibu groups of some dinitromethyl anions do not share a 
common plane.’ 

It is of interest bowever to assess tbc fdative im- 
portance of intrinsic effects within both hydrocarbons 
and anions as well as of sdvation effects. To this pur- 
pose, a mak&ar orbital study of the acidity of nitro and 
CpllOlIWhCSbOthiOtbCgaSpb8SC8IldiOequeouS 

sohtion has been unhtaken. 

Me&dsandlPwdds 
We have employed in these studies the CNDO/2 

mctbodd witb mmetry optimhtbn’ since it has been 
applkd with success to cafbanbn~.~ In addition, in the 
case of nitrom&ancs tbc CNDO/Z mctbod has been 
slnxv# to compare favourably with the more sophisti- 
cataI ob ini& method employing an !?l’MG basii set.” 
we bave asllumed tbc!x unTcktions to apply as well as 
to cyanomctbanes. 

!Solvation has been studied by considering super- 
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mokcukscomposalofanoqanicmoktyandavaryiag 
numberofH~u&c&sHh&dtoitatsdhbk 
phcea.a’z” The rcaults m8y be directly cornpad with 
expabntsincchecompou&icons~arcacidic 
c4bougb to be studied in aqwolu sohlthls. 

Tbc I&& used for sdvatcd spa&s arc d&ted in 
Fii1andirresimilartotboacuaalinpreviousworkon 
acidities of substiMcd methanea? The solvation ena~y 
of specks X, E,. is given by cqn (4) of tbc following 
tbemlaJynamic cyck: 

X(g) + nH&o - X.nHzO(& E, (1) 

X.nH&o -X~~Hflaq) I$ (2) 

rHP(i@ - nHzC)o E3 (3) 

TbeenergydiBcreaccE,isdircctlyobtahedwiththe 
MOmct&ld8nd&maybeidenti&d~tbcexpcri- 
mentally avail&k beat of evapoMan of H@ 
(10.5 kc&ml).‘4 & is diellt to assess but is io pcin- 
cipkofoppositesignandsamcorderofmagnitudcofE, 
since it involves mainly sdvation of H& n&c&s. 
Since E,>E,, we have taken &=E,. 
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Tbercliabilityoftbedatacakuktalmaybcasscsncd 
by comparison with experimental acidity vahea. In the 
absence of dcknt gas phase measurements the value6 
cakuktdforisolatalspccksmaybcunnpard+thpK 
values determined in DMSO solutions. These latter have 
been shown to refer to ionized carbanbns” and tbcy 
paralkl in some instances gas phase mcaaurements 
within familks of related compolmd8.” The vahlaI cal- 
cuktcdfafsolvatcdspccicsmaybccompareddirectty 
with pK values dctcmhal in aqueous solution. ‘l%c data 
in Tabk I show that for each series the c&latd 
acidities parallel the experimental ones. 

Substiturnh 

Gas phase acidities have been compared with solution 
aciditk!i.- In some cases linear correlations arc found 
within a s&s of similar acids,- whik in other8 
inversion of acidity orders are encountered.- Fii 
2 compares acidity values cakdataJ for isolated specks 
and for solvatal ones. T& result is a shallow curve? 
whose slope &creases with increasing acidity. This be 
haviourrcikctsthefactthatwhenthcchargcintbc 
anions is iatrinsicaUy better stabilixd by add&d sub _ . 

10 20 30 40 50 
Sotvation onqy kcallmal I 

F~3.Cbupra1~Jsohdooraal#uM~ntcaatm. 

sdvation encrgka arc lprler for anions ttmn fur 
stituents. the bcnef~ts of solvation in tbcm deaeasc and 
become closer to tk values in the parent hydrocarbons. 
As a corollary, soivation effects tend to campress the 
acidity scale at the higher end of it, the well-known 
levelling effect of polar solvents. 

tWithinaaarrow~.tbiaauvemxybeapproximataibyr 
sbaight IilK? 

hydrod!ons(Tabk2)andarefolmdtocorrdatewith 
the charge on the atom being dvatcd (rcse 3). It ix 
intercstingtonotethatthepoiutsinFi3fauonthrcc 
different lines which corre8pond to the three di!Iuent 
atoms be& aolvatai. For a given charge, dvation 
foUowstheor&rC>N>O.Thisu&risalsofoudin 
the gas phase bnsicitks of aqolmds possessing t&se 
atoms as basic centcr~.~ 
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:~~~; 
563.3 11.11 49510 
344.8 480.8 !$ 

tEW)_EJRH). in ‘kcdmd. 
w.&d&oH?@H.[‘-2JIip)_2E&o~. in kc&d. see text for dclaih. 

(Rcf: Ii. 
hf. 18. 
ttExtrapolatcd from tbc v&e for 1.1~ bad on the e&d of methyl 
substitntioo upon nit~~mctbuw.” 
#$Tllia value vu detemlii in Ref. I7 u e-1.0. However, judging from the 

diticrcnces in pK values in DMSO aal io DMFA reportd’ it can safely be usumcd 
lo lie close to -1.0. 
wk.f. 19. 
TqKef. 20. 
Qef. 21. 

16.9 44.5 393 
15.7 

WNAh 15.6 11.8 z 35.3 
24.3 
54.8 17.3 

NXk 11.9 26.3 39.4 
Wh IO.8 22.0 30.4 

tin kcauma 
$Valucs “per sclbthnt-. 



Ontbc”nowiddiWy”ofpKvahtesofpdinibometlmnes 

As~nlullbcrofsubstitucntsintbL?aflionsincnases 
tbcsolvatioaeaupypersubstimcntbccomcssm8lkra5d 
plso sol&on at the slhtihent becomes pre 
grcsaiv~y* more importMt &the to salvation at tbc 
cahuomc cell*. The arc comcq~nces of the flux 
ofchargcawayfromthecentralCatomtowardstbc 
subaitueatsasthcsclrttaincreore inmlmbcr.Tbchrgc 
cuatribu~ of aolvotion at the ccntd c atom still 
pmentintketli8-mdbaaesn&ctsthelupet 
cootribution of Ikld (or inductive) over resonance effects 
illllibOdCpllOglWp5.- 

.Tbe data 00 the effect of successive substitution on 
mehoe bas been c&&al in Tabk 3. Several trends 
may be noted. 

Ihiatium~ from additivity are pmcnt in the encrgks 
of hydrocarbons. These effects have been notal in 
cyanomctlmnes and have been rationalixai by com- 
parison of the hypcrconjugative interaction of a C-H 
relative to a C-CN bead with the s system of otbcr 
cyanu group8 in tbc mokcuks.“” The nun additive 
CffeCtshlLhllXtbiUSS~ybCraaionaliZdillthCspme 
waysiDccnitrogroup!3havequ&ativeiysimilaroanda 
electron withdlawhg propeeks than cyanu groups. 

Dcviationsinanionsarc~pronouncedductothc 
lprser intcracth between the substitucats. They may be 
rationalized in terms of 0-O repulsion8 between ncigb 
buuring nitro groups. Thus, the Coulomb interactions 
between the closest 0 atoms on adjacent nitro groups 
(tab as point chsugcs of the maghxk given by the 
CNDO/2 cakuktioo) accounts for more than half the 
deviation from additivityt and ah correlates with it 
satisfactorily (Fig. 4). At zero Coulomb interaction (i.e. 
only one oitro ~poup present), the deviation from ad- 
ditivity extrapolates to a number not far from xcro, in 
consistency with the assumptions of tbc model. 

Sdveot effects 00 the hydrocarbons arc almost ad- 
ditive, presumably because the substituents arc to a large 
extent independent (see above however) and form H- 
bonds of similar strengths with solvent. This is not tbc 
case in anions where strong and varying u interactions 
prevail. Overall, solvatioo effects are roughly half as 
important as intrinsic effects on accounting for non- 
addiive bchaviour of acidities (columns PG ti IS). 

The last column in Table 3 shows tbat the sum of 

tThisproportbabecuw~rthoaehalfifduecon- 
sidehmisgiventothefacttbeONOangksc&utatedwitb 
cNDo12 are sln8uer than expehicntal ones.‘OTIlia effect arises 
from tbe iuability of CNDD/2 to properly eccuunt for non 
bornhi low pair/lone pair and lone pair/r-bond interhons.3’Y 
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F& 4. Test of the model for dcvktiaas from additivity in aibu 
m. 

itttrituii Pad.rdvent effects oa noaalditive be4avi0ur of 
ecidih is substaatiaUy lprper for nitro than for cyan0 
compounds, in agrcemnt with experimental data. 

CNDO/2 cakulations bave been sbown to account for 
the non&thive bcbaviour of acid&s of nitrometbaaes 
and for the additive bcbavhu of aciditks of cyanume 
thanes. III t& former case, non-addhivity may be attri- 
buted to an extent of about two thirds to intrinsii effects 
and one third to salvation effects; hiihons are mare 
marked in tbe anions where O-O repulsions between 
adjacent nitro graups play a dominant rok in the 
isolated specks. In the latter case, intrinsic and solvatioo 
clhts arc comparatively small and also more marked in 
tbc anions. 

Ackaowfed#anatS-The aatbor wishes to exptsu his @alit& 
toPtof.H.lhhtlforbh elwm&me01aaddvice.TIleflnsnca 
suppoagiventoProf.fhhnbytbeSwissNuiaualSckw 
Foutnhtioa (Project No. 2772.72) in gratefully acknowkdgcd. 

‘E. M. Koaowcr. An Intmdmc& to Phpical &ganie chc- 
n&y. Wiley, New Yort (1968). 

5. R Win and D. B&ton, ACM CAM. R27, 183s (1971); and 
Refs. thereii. 

‘N. 1. Gobvilm and L 0. Atovnlyan, ZA awkt. Kk 1.307 
(1967). 

9. Dickeus. chem. commua. 246 (1%7). 
‘hf. I. Ku& aal D. J. Obva. I. 0~. Ckm. 27.537 (1%7). 

Tab& 3. Dehtions from additivityt 

CbUlgeill Intrinsic effects Sol&~ects 
rubrtitutioa Gui G*- XG s, G- ES &.?S 

Nhgoupr O-l# 0 0 3t.3 -!..l 0 0 0 
l-2 12.0 475 16.3 18.8 54.3 
23 21.4 752 53.8 -13 n.6 28.9 a27 

CyamJgroupa 0-H 0 0 0 0 0 0 0 
1-2 17.6 Il.8 -2.8 
2-3 12.4 28.4 13.0 -I: :I: 

30 
a:7 2E 

tVlhrcshrk~moLApmitinnumbaimplia~tbcrddibsarlr~tdcaeuertbe 
emrgy of the system by that amouot kaa th t&t expected on the baais of the 6rst 
MtbhhOO.Gnf~top*,Sto~RHtohycln#rboar 8lUJR-toMiOEL 
UlaeeffcctoftbetIrstsubstituioniat8keaurefereaceforc8rbti 



1372 H~RIWN M. Nrevever 

9. A. Papk. D. P. hmJy and G. A. Sqd. 1. en& my& 64, 
506 (1971); J. A. Popk cmd G. A. Se@. Ibid 44.3289 (1964); P. 
A. Dobosh. CNINDG. QCPE prolnm No. 141. 

‘H. M. Nkmcwr. Taahedn~ 33 (1977). 
‘If. M. Nkme$u. Jbid 33.77s (Ifi. 
‘H. M. Nkmcvcr. Jbid 33.775 fl977I. 
‘%. ht. Nkmcicr. Ibid. in ircss.‘ . 
“W. 1. Hchrc. k F. stewit and J. A. Popk. I. chl. Fbyr. Il. 

2657 (l!Uh R Ditch&Id. W. J. H&c and J. A. Pdc. 
IMd~,‘IU(lPII):W.J.Hehrr.W.A.~.R~tcbBcld:M. 
D. Newton and J. A. Popk. GAUSSIAN-7B. QCPE Pm6nrn No. 
236. -._. 

9. Cremaschi A. Gmba and M. simolbeta maoru. mm. 
Ada 25.237 (IQIZ). 

“A. Pulhmin. G. Akgona rod J. Tamui, Jbid. 33,87 (1974). 
“0 A. Hougcn. K. M. Watson ad R. A. Eqatz, Ckemicd 

Fmcers Phcipfu, Part I, p. 279. W&y, New York (19u). 
‘7. E Hogdhcb d J. Smid. 1. Am. Chem. Sot. I). 307 

(1%6); J. I.. Brawnan. J. A. Brysoa. D. C. K&II and N. J. 
Nelson. Ibid 92, 6678 (1970): A. Sbii, Jr., C. J. Chug 
and D. M. E Reuben. Ibid 94.5730 (1972); E. M. Amett. T. C. 
Moriariry. L E. Smdl. J. P. Ruddpb and R P. Quirk, Ibid 96. 
1492 11413): F. G. Bordwell and W. S. Matthews. JbM 96.1214 
(miij. .. 

‘*F. G. Bordwetl. J. E. B-. G. E. Drwkcr. 2. Mar6oh md 
w. s. Mdnbcws. Jbid. %. 3MQ (1975). 

“V. M. Batikov. Yu. N. Bdokon’ d and N. G. Fdcev, ho. 
Akad. Nad. t&%X, Ser. Khim. 335 (ICnl). 

“F. 0. Bordwdl ad W. S. Muhews. 1. h. C&&L Ser. 96, 
1216 (1974): F. G. Badwe& 10th h’ymp. Irbndry Sot p. 100 
(1976). 

%. D. Kichk. sdrrrr-sdwy brwtbns (Ed& by J. F. 
Catzcc lad C. D. Bit&e). Marcel De&. New Yd (19761 

“R T. Mclva. Jr. d J. HI !%ihs. J. Am. &I. Sot #, b2 
(wl3). 

“RYd@,T.B.McMabon~dP.Keb&.JbK96.4035 
(1974). 

=K. H&o& R Yamdagni ad P. K&ark. Ibid W, 6633 (lm. 
=T. B. Mchbon d P. K&de. Ibid 96.,59&l 1l974). 
9. K. B&me, E. Lecidf uii L. B. %&-ibid- 94, 5153 

(19n). 
=S. Ehmwoa, R T. C. Browkc ad R W. Td. bug. I’hy~. %. 

chm. Ia I (I!v3). 
y. G. SW& and E C. Luptoa. 1. Am. C&em. .%c. M 4328 

(Hw. 
)s.G.WillhmsmdF.EN~.Ibid~,UII(l976). 
“H. !bfast lad H. Bock, Z Nararfonclc 26b. 746 (1973). 

Ldicn 769 (wfs). 

(197% 
“A. R Grcrory lad M. N. Pddadow. Jbid M 7521 (1976). 


