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Summary. Gas-phase acidities have been calculated for 175 compounds using
the PM3 semiempirical molecular orbital model. With some exceptions, PM3
seems to be a useful tool for the investigation of gas-phase acidities. The main
problems encountered involve two rather different classes of acids: one which
generates small anions (e.g., halide ions, hydride ion, etc.), in which the charge
is localized on one atom, and, a second, represented by anions that contain bulky
electron acceptor substituents characterized by an extensive negative charge
delocalization. In some cases (anilines, amides, alcohols, and phenols) the
average error in predicted gas-phase acidity can be significantly reduced by
employing an empirically derived correction.

Comparison with AM1 results shows that both methods are of roughly equal
quality with the exception of hypervalent molecules where PM3 is better (aver-
aged unsigned errors are 11.8 and 17.0 kcal/mol for PM3 and AMI, respec-
tively).
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1 Introduction

In recent years quantum chemical calculations have become a widely used tool
for the investigation of a wide range of problems [1]. Both ab initio and
semiempirical self-consistent field molecular orbital calculations are often used.
The widespread application of the semiempirical MINDO/3 [2], MNDO [3],
AM1 [4], and PM3 [5] methods is due to the fact that they often give reliable
answers, are easy to use, require relatively little computer time, and can handle
large molecules.

Proton transfer reactions play a basic role in chemistry and in biochemistry.
As a result, besides the gas phase basicities or proton affinities of neutral bases,
also numerous calculations of gas phase acidities of neutral Bronsted acids have
appeared [1, 6, 7 and references therein]. These computations require the heats of
formation of the acid and the conjugated base, the latter being an anion for
uncharged acids. It is known [1, 8], that ab initio methods require the addition of
diffuse orbitals in order to obtain reliable energies for anions. This requirement
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further limits the size of a molecule that can be calculated in a reasonable time.
Semiempirical methods, at the same time, are reported to reproduce the energies
of anions almost as well as for neutral molecules [4, 6, 9—13]. Known exceptions
are small anions with charge predominantly localized on a single atom, such as
CH; and OH~ where the calculated energies are consistently too positive. This
error is probably [ 14] due to failure to allow for orbital expansion accompanying
large localized negative charge.

However, there have been only a few systematic investigations [1,6,
7, 11, 15-17] testing the reliability of different methods for prediction of gas-
phase acidities and none dealing with the PM3 method. Therefore the current
investigation was undertaken to evaluate the reliability of the PM3 method for
predicting gas-phase acidities.

A useful way to consider agreement between experiment and theory is to
calculate the linear regression between the theoretical and experimental quanti-
ties and to calculate the mean difference (unsigned average error) between the
experimental and theoretical quantities. The degree of agreement between the
two is then reflected by the slope and intercept of the correlation line, the
unsigned average error, the standard deviation from the correlation line and the
correlation coeflicient. The last two depend on the scatter of the points about the
correlation line. A slope different from unmity and a non-zero intercept imply
systematic deviation between experiment and theory and means that the theoret-
ical values of relative acidities will be systematically either too high or too low.
A non-zero mean difference between theory and experiment reflects an overail
bias in the absolute values of the calculated acidity.

2 Method

The acidity (4H,.4) of compound HA was found as the heat of reaction for the
proton abstraction equilibrium to form the conjugate base A~

HA = H* + A~ AH,(HA) = AH(H*) + AH,(-A~) — AH,(HA) (1)

where AH,(H"), AH,(HA), and AH,(A~) are the heats of formation for
proton, acid, and its conjugated anion. In case of proton the experimental heat
of formation (367.2 kcal/mol [19]) was used instead of the calculated value
(353.6), because it improves the calculated acidities considerably. We acknowl-
edge that this is not quite a correct procedure, despite the fact that such a way
was also used in earlier works on semiempirical calculations of acidities and
basicities [6, 11].

The calculations were carried out on a MicroVAX Il computer using the
standard PM3 procedure, as implemented in the MOPAC 6.0 program package
[20]. All geometries were fully optimized by minimizing the energy with respect
to all geometrical variables without using the aid of symmetry. In order to avoid
premature completion of calculations in local minimum, the calculations were
carried out starting off from several different initial geometries.

3 Results and discussion

Acidities for 175 compounds, calculated using the PM3 method, are given in
Table 1, along with corresponding experimentally measured values when avail-
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Table 1. Comparison with experiment of PM3 heats of formation and acidities (kcal/mol)

calc AH, A4H, 44 exp error
AH, (HA) in calc
HA A~ calc exp* error AH, (HA)
C-H acids
Methane —13.0 51.5 4302 416.6 13.6 —17.8 4.8
Ethane —18.1 31.7 4155 4210 55 =201 2.0
Propane —23.6 148 404.1 4190 -—-149 250 1.4
Cyclopropane 16.3 60.2 409.7 4120 23 12.7 3.6
t-Butane —24.4 0.0 390.1 4140 -—-239 321 7.7
Ethene 16.6 61.7 410.8 406.0 4.8 12.5 4.1
Propene 6.4 252 3845 3875 30 4.8 1.6
2-Methylpropene —2.8 16.1 384.6 3903 5.7 —4.0 1.2
2-Methyl-1,3-butadiene 22.8 39.0 3819 3857 —38 17.9 49
Cyclopentadiene 318 159 3498 3539 —41 31.0 0.8
Ethyne 50.7 764 3914 376.7 14.7 54.5 —38
Propyne 40.2 64.2 389.7 381.1 8.6 44.6 —44
1-Pentyne 40.2 54.5 380.0 379.8 0.2 344 5.8
t-Bu-acetylene 31.8 474 381.3 378.0 3.3 25.0 6.8
Phenylacetylene 74.7 86.8 377.8 370.7 7.1 73.1 1.5
Benzene 23.5 51.7 3939 4007 —638 19.8 37
Toluene 14.1 18.5 370.1 380.8 —10.7 12.0 2.1
1,4-Dimethylbenzene 4.8 8.7 369.6 3819 —123 43 0.5
Ethylbenzene 9.5 8.5 3647 3798 —151 6.9 2.5
i-Propylbenzene 4.9 —1.2 3596 379.0 -194 1.0 3.9
Cycloheptatriene 46.4 43.1 3623 3752 —129 437 27
Fluorene 49.0 277 3444 3533 -89 449 4.1
9-Ph-fluorene 79.6 436 329.7 3433 —13.6 76.0° 3.6
Fluoradene 10.0 729 3287 3325 38
Diphenylmethane 43.0 26.8 349.5 3636 —14.1 33.5 9.6
1,4-DiPh-cyclo-pentadiene 78.4 425 3298 3377 -79 77.0° 1.4
CH,Br —5.0 272 3979 3927 5.2 —-9.1 4.1
CH,Cl —14.7 20.7 401.1 396.0 51 —19.6 49
CH,C}, —-17.1 —-7.9 3749 374.6 03 =229 5.8
CHCl, —20.9 —352 3514 3571 —-57 =250 4.1
CICH,-acetylene 38.2 50.1 377.6 368.1 9.5 39.0° ~0.8
Cl-benzene 16.7 358 3848 3872 -24 13.0 3.7
Nitromethane —159 —433 3383 354 -—18.1 -—179 2.0
Nitroethane —19.7  —533 3321 3560 -—-239 244 4.7
2-Nitropropane —-27.1 618 331.0 3561 -—251 —332 6.1
Nitromethyl-z-butane —51.1 682 348.6 3552 —6.6 —452P —6.0
mNO,-toluene 5.1 —-7.7 3529 3629 -10.0 7.0 —19
HCN 33.0 277 360.5 3512 9.3 323 0.7
Cyanomethane 23.3 285 3709 3729 20 18.0 5.3
Cyanoethane 18.5 17.1 3642 3750 —10.8 12.3 6.3
2-Cyanopropane 13.4 6.1 3584 3752 —16.8 5.8 7.6
Cyanocyclopropane 52.2 537 367.2 3754 —8.2 44.0 8.2
2-Cyanopropene 41.0 42.6 3674 3707 —3.3 31.0 10.0
pCN-toluene 49.0 34.7 3514 3608 —94
Cyanotoluene 432 28.6 351.1 3519 —0.8
PhCH(CN), 94.7 47.5 3185 3221 —3.6
FCH,CN —13.1 —20.5 3583 3692 -—10.9
Metoxycyanomethane -102 137 362.1 371.8 —-9,7 —8.0° —22

mCF;-C;,H,CH,CN —1053 —138.2 3328 3419 -9.1 -1159° 10.6
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calc AH, AH 4 exp error
AH, (HA) in calc
HA A~ calc exp® error AH, (HA)
pCOCN-toluene 19.7 —2.6 3434 3457 23 3.6° 16.2
Methyl ether —46.9 —50 407.7 4070 07 —44.0 -29
Ethanal —442 -399 3700 3658 42  —39.6 —4.6
Propanal —47.1 —514 3615 3653 —38 —448 —-23
Propanone —53.0 —48.6 370.0 369.1 09 -—519 —11
Phenylmethylketone —17.7 =202 3632 3613 1.9 —208 3.1
Benzylmethylketone —23.0 —43.7 3450 3518 -—68 —234 0.4
Ethylphenylketone —228 —20.6 3589 3605 -—16 —26.1 33
MeCO-acetylene 9.4 159 3722 360.1 12.1 15.6 —6.2
MeOCO-acetylene —29.6 —269 3684 3588 9.6 —24.0° —5.6
4-Methoxyphenylmethylketone  —54.8 —58.5 362.0 3628 —08 —3583 35
Methyl acetate —928 —92.8 3657 3719 —-62 —98.0 5.2
Dimethy! ethane-amide —522 —49.0 3689 3749 —60 —559 3.7
Me,S —10.4 23 3784 3932 -—148 -9.0 —1.4
PhSCH, 23.9 250 366.8 3816 —14.8 234 0.5
MeSOM, —10.4 23 3784 3735 49 —36.2 258
MeSO,Me —762 —90.6 3513 3658 —145 —89.0 12.8
pSO,Me-toluene —51.0 —71.7 3450 3588 —138 —652 14.2
CF,;80,Me —207.7 —250.5 3229 3470 -24.1
CF,S0,CH = CHMe —192.8 —239.0 3195 3433 238 -—222.0° 29.2
pSO,CF;-toluene —182.8 2177 330.8 3474 —16.6
Pyridine 304 482 3835 3919 -84 33.0 —2.6
Pyrimidine 38.0 436 3714 3833 -—124 47.0 —9.0
Me, P —29.8 —43 3912 3913 —01 —24.1 —-5.7
CH, = Se(Me)CH, 3.5 29.8 392.0 3856 6.4 5.0 —1.5
SiMe, —535 —187 4005 3970 3.5 =557 22
N-H acids
Ammonia -31 38.3 407.1 403.6 3.5 —110 7.9
Methylamine —~52 38.3 407.1 403.6 3.5 —11.0 7.9
Methylamine ~52 21.7 3926 4033 -—10.7 -55 0.3
Ethylamine —11.1 17.0 3938 3993 —55 —11.3 0.2
Dimethylamine ~8.0 7.8 3815 3962 —14.7 —4.4 —-3.6
Me, SiNH, —579 —41.6 3820 37838 32
Aniline 21.3 143 3587 3664 —7.7 20.8 0.5
pCHj;-aniline 12.1 47 3583 3673 —9.0 14.1° -2.1
mCl-aniline 14.4 1.5 3528 3589 —6.1 13.0° 1.4
pCl-aniline 14.4 1.2 3525 3604 —79 13.0° 1.4
mOCH,-aniline 15.2 5.2 3557 3668 ~11.1 12.9° 2.3
pOCH;-aniline —154 —258 3553 367.1 -—11.8 —14.1° —-1.3
pCHO-aniline —13.6 —348 3445 3496 5.1 ~8.1° —~54
mNO,-aniline 125 —104 3427 3523 —96 15.0 —-24
pNO,-aniline 107 =241 3309 3435 —12.6 13.0 -23
mSO,CF;-aniline —1749 —-202.7 3379 3469 —9.0
pSO,CF;-aniline —178.4 —209.5 336.1 338.6 —25
Pyrrole 27.1 11.5 350.0 3587 —8.7 25.9 1.2
HCONH, —41.8 —50.5 357.0 3599 —29 —440 2.1
PhCONH, —16.1 —287 3532 3541 —09 —24.0 7.9
H,NCONH, —458 538 3577 3626 —49 —588 13.0
CF;CONH, —1962 —2238 338.1 3438 —57 —200.0° 3.8
Cl;CCONH, —557 —8l.1 3403 3432 —29 -56.2° 0.4
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Table 1. (continued)
calc 4H, AH 4 exp error
AH, (HA) in calc
HA A~ calc exp® error 4H, (HA)
HCONHMe —43.7 =530 3563 3604 —41 —450° 1.3
Acetaminobenzene —22.0 —472 3404 3475 -72 308 8.9
CF;CONHPh —1652 —209.4 3214 3334 —12.0 —168.7° 3.6
O-H acids
Water —434 —17.5 401.6 390.7 10.9 —57.8 4.4
Methanol —51.1  —-37.9 3788 3806 —1.8 —482 -2.9
Ethanol —587 —448 379.7 378.0 1.7 -56.1 ~2.6
Propanol —64.1 —514 3783 376.0 23 —60.9 -32
Isopropanol —65.8 —549 3766 3754 1.2 —65.1 —0.7
Isobutanol —67.7 =569 3765 3747 1.8 —~67.8 0.1
¢-Butanol —65.7 —354.9 3766 3746 20 =747 9.0
t-Bu-methanol —755 —58.8 3823 3726 9.7 —76.0° 0.5
1-z-Bu-ethanol —-79.2 —642 380.7 371.1 9.6 —83.9° 4.7
1-z-Bu-propanol —81.2 —74.0 3728 3700 2.8 —88.7° 7.5
1-¢-Bu-isobutanol —89.6 —76.2 379.0 3685 105  —93.7° 4.1
1-z-Bu-methanol —882 —789 3750 3664 8.6 —99.2° 11.0
Phenylmethanol —-224 —18.6 369-5 3700 —0.5 —239 1.5
2-Methoxyethanol —927 —83.6 3747 373.8 0.9 —87.0° —5.7
F,CHCH,OH —151.8 —155.6 3619 3664 —4.5 —1432° —3.6
CF;CH(Me)OH —2144 —231.5 3485 3603 —11.8 —216.3° 1.9
(CF;),CHOH —360.6 —398.1 3282 3449 —167 —367.0° 6.4
CF,CH,CH,0H —305.6 —325.7 3455 3554 —9.9 -—3139 7.4
(CF;);COH ~516.6 —572.6 3097 331.6 —219 —549.0° 324
Et,SiOH —1332 —1258 373.1 360.5 126 —133.6° 04
Phenol —21.7 —44.1 3433 3492 —59 230 1.3
pMe-phenol —309 —539 3428 3516 —88 —299 —1.0
mEt-phenol —35.6 —56.5 3448 3493 —45 349 —-0.7
mF-phenol —654 —945 3365 3445 —80 —71.0° 5.6
pCF;-phenol —180.6 —219.1 3272 3372 —100 -—182.8° 2.2
pCN-phenol 131 —25.8 3269 3322 —53 10.3% 2.8
mNO,-phenol ~29.9 —68.7 3268 3346 —7.8 —27.0° —-29
pNO,-phenol —31.7 —8L5 3158 3278 120 —28.0° —-37
mCOMe-phenol —63.0 915 3372 3425 53 7835 15.7
mSO, Me-phenol —85.6 —121.5 3299 3361 —62 —1059° 20.3
pSO,CF;-phenol —219.6 —275.7 309.6 322.6 —13.0
CH,;CH=NOH —-29 —149 3537 3656 —11.9 —438 1.9
CgH;CH=NOH 30.6 3.4 3385 3529 -—144 25.8% 4.8
(CH;);CCH=NOH —17.5 =311 3521 3646 -—125 —32.3° 14.8
(CH;),C=NOH —11.6 —249 3525 3661 —136 —15.0° 34
Et,NOH —277 —14.8 378.6 370.6 8.0 —-8.6° —19.1
Formic acid —90.1 —1109 3449 3452 —-03 -905 0.4
Acetic acid —99.3 —119.6 3453 3485 32 —1033 4.0
Propanoic acid —104.3 —1249 3451 3473 =22 -107.0 2.7
t-BuCOOH —113.8 —129.6 3499 3446 53 —122.0° 8.2
MeOCH,COOH —133.3 —1543 344.7 3416 3.1 —132.9° —0.4
FCH,COOH —139.7 —1658 339.6 338.8 0.8 -—140.1° 0.4
CHF,COOH —186.6 —222.8 329.5 3300 —0.5 -—196.9° 10.3
CF,COOH —244.0 -2904 319.3 3227 —34 —2463 2.3
CF,CH,COOH —254.9 —287.2 3334 3348 —14 -—-259.3° 4.4
CICH,COOH ~101.3 —1274 339.6 3363 33 —104.0 2.7
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Table 1. (continued)

calc 4H, AH 44 exp eITor
AH(HA) in calc
HA A~ calc exp* error AH (HA)
CHC],COOH —102.4 —135.1 333.0 3273 57 —102.1° —04
Cl(CH,); COOH —109.0 —1350 3397 3454 —57 —119.7° 10.8
BrCH,COOH —89.6 —1164 3389 3340 49 —944° 4.8
MeCHBrCOOH —99.0 —1252 339.5 3362 33 —103.3° 42
EtCHBrCOOH —103.9 —130.4 339.2 3364 2.8 —114.0° 10.1
Benzoic acid —66.2 —89.7 3422 3383 39 703 4.1
pCH;-benzoic acid —223.1 —2549 3339 3324 1.5 —233.3° 10.2
3,5-DiCF;-benzoic acid —378.7 —416.8 3277 3244 3.3 —391.3° 12.5
pCN-benzoic acid —30.0 —61.4 3343 3285 58 —37.8° 7.8
mNO,-benzoic acid —66.4 —97.1 3350 3295 55 =943 279
pNH,-benzoic acid —~692 —91.5 3434 341.1 23 =700 0.8
mOH-benzoic acid —110.9 —136.3 340.3 3379 24 —1123° 1.4
S-H acids
H,S -09 —159 3508 3512 —04 —49 4.0
MeSH —55 =221 349.1 3569 78 —5.5 0.0
EtSH —84 —252 3489 3552 —6.3 —111 2.7
n-PrSH —13.7 —31.1 3483 352 -—-59 —162 2.5
i-PrSH —144  -28.1 3520 3534 —14 —182 3.8
n-BuSH —245 423 3479 3537 -—-58 211 —34
i-BuSH —16.0 —33.5 348.2 3531 —49 233 7.3
t-BuSH —17.8 =357 3478 3530 —-52 =262 8.4
t-BuCH, SH —247 —43.1 3473 3517 —44 308 6.2
Other acids

H, —132 91.8 4709 400.4 70.5 0.0° —134
Me, SiH —-372 —=50.7 3522 3812 —-290 —39.0 1.8
SiH, 13.1 —2.8 3498 3723 225 8.0 5.1
PH, 02 —145 3510 3709 -199 1.3 —1.1
HF —59.7 —17.1 409.8 3714 384 —65.1 54
HCI —20.5 —51.2 3365 333.7 28 =221 1.6
HBr 53 =562 3057 3224 —16.7 —8.7 14.0
HI 288 —64.6 2738 3143 —405 6.3 22.5

2 — from Ref. [19]
b _ estimated in Ref. [19]
¢ — by definition

able. These particular compounds were chosen because they cover a wide range
of acidities for different classes of compounds (C-H, O-H, N-H, S-H acids;
alcohols, amines, anilines, phenols, hydrocarbons, etc., fluoro-, nitro-, cyano-,
etc. substituted acids, etc.). In Table 2 the analogous results, calculated with
AM1 method, for 11 hypervalent compounds are presented.

The results of statistical (regression) analysis according to the formula:

AHacid(Calc) =a+ b- AHacid(eXp) (2)

are presented in Table 3, where N is the number of points, A H™E is minimal and
AH®2% maximal experimental gas-phase acidity in considered group; 04H, 4 is
the average unsigned error in acidities, R is the correlation coefficient, ¢ is the
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Table 2. Comparison with experiment of AMI heats of formation and acidities (kcal/mol) for
hypervalent compounds

calc AH, AH 4 exp error
4H,(HA) in calc
HA A~ cale exp® eITor AH(HA)
m SO, Me-phenol —-829 —1159 3342 336.1 -19 —1059 23.0
S0, Me-toluene —46.6 —72.8 3410 3588 —1738 —65.2 18.7
MeSO,Me —70.0 —940 3432 3658 —22.6 —89.0 19.0
MeSOMe -8.7 8.6 3845 3735 11.0 —36.2 27.5
2S0,CF;-phenol —2224  —2827 3070 3226 —15.6
CF,;S0,CH=CHMe —1938 —251.8 309.2 3433 —341 —-2220 28.2
mSO, CF,-aniline —177.1 —202.1 3422 3469 —4.7
CF,S0,Me —204.3 —2622 3093 3470 377
250,CF,-toluene —1847 —2775 3243 3474 231
pSO,CF;-aniline —186.5 —213.6 340.1 338.6 1.5

2 — from Ref. [19]

Table 3. Results of statistical analysis of gas-phase acidities, calculated with PM3 method

N AHOR  AHTX SAH, . a b R o y

All 175 3143 4210 8.2 -304 1.1 0903 112 73
All? 165 3143 421.0 7.5 —4.8 1.0 0937 7.9 6.3
AllP 80 3383 4210 7.6 —86 1.0 0900 92 72
C-H acids 75 3221 4210 8.8 —338 10 0923 94 70
C-H acids® 46 3512 4210 8.2 —84 1.0 0891 102 76
N-H acids 25 3334 4036 7.2 —-143 10 0975 47 36
N-H acids® 10 3476  403.6 7.8 —289 1.0 0977 350 3.1
Amines 5 3788 4036 7.5 1106 0.7 0.691 8.7 17
Amides 8 3334 3626 5.1 —-80.6 12 0979 28 1.7
Anilines 11 3386 3673 8.4 300 08 0959 29 25
O-H acids 58 3226 390.7 6.2 -362 10 0934 75 356
Alcohols 29 3226  380.6 6.8 —1139 13 0970 57 3.1
Carboxylic acids 22 322.7 3485 3.2 533 08 0897 32 29
Nitro-compounds 9 3278 3629 132 1235 06 0717 84 111
Diatomic hydrides 5 3143 4004 34.1 —4103 22 0995 85 24
Hypervalent comp. 10 3226 373.5 11.8 —-658 1.1 0895 9.1 6.3
Trifluoromethyl-sulfonyl

compounds 6 3226 3474 14.8 71.0 07 0.662 9.1 85

# — without Si-H and P-H acids, H,, C,H,, CH,, H,O, HF, and HCN
b — compounds, calculated by Dewar [6] with AMI and used by us to compare AM1 and PM3

standard deviation, and y is the average unsigned error, when 4H,_, is corrected
using formula:
AH . —
ARG ==t (3
b
Table 4 gives the analogous results for AM1 calculated acidities from Ref. [6],
[11], and from this work.
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Table 4. Results of statistical analysis of gas-phase acidities, calculated with AM1 method

N AH®n  AH™  $AH,, a b R o y

All 97 3383 421.0 7.9 —28.7 1.1 0.894 9.6 7.2
Allt 80 3383 421.0 8.2 —31.6 1.1 0.892 10.1 7.4
C-H acids 63 350.3 421.0 7.7 —25.1 1.1 0.894 9.5 6.8
C-H acids® 46 3512 421.0 8.1 —19.0 1.0 0.890 104 7.4
N-H acids 10 3527 403.2 6.7 —136.5 1.4 0975 6.4 2.9
O-H acids 24 3383 390.8 9.0 —87.3 1.2 0.860 9.6 5.5
Hypervalent

compounds 10 3226 373.5 17.0 —68.9 1.1 0.740 16.5 11.5

2 — compounds, calculated by Dewar {6] with AM1 and used by us to compare AM1 and PM3

The average unsigned error in the heats of formation for all 175 neutrals is
5.1 kcal/mol. This error is fairly typical for the PM3 method and is in keeping
with what has previously been found [18]. Knowing that the heats of formation
of the anions are reproduced more poorly, it is not surprising, that the caiculated
absolute acidities are not very reliable. At the same time, the average unsigned
error in acidities of the same collection of acids is 8.1 kcal/mol, compared with
7.9 kcal/mol for AM1 method obtained by us (Table 4) from analysis of results
of calculations for 97 compounds presented in Ref. [6] and [11]. But when we
compare the results only for compounds calculated by both methods, the errors
are 8.2 kcal/mol and 7.6 kcal/mol for AM1 and PM3 respectively. It should be
mentioned that in case of PM3 nearly one third of calculated acidities have errors
greater than 10 kcal/mol and more than half deviate more than 5 kcal/mol (see
also Fig. ).

Cale.
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30 340 360 360 400 420

Fig. 1. Calculated and experimental gas-phase acidities (kcal/mol) for all acids surveyed
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From Tables 1 and 2 it can be seen, that the behavior of the five calculated
diatomic hydrides (H,, HF, HCIl, HBr, HI) is quite different from that for the
rest of the compounds. For these molecules the average error is as big as
34.1 kcal/mol, but when we use empirical correction according Eq. (3), the error
reduces to 2.4 kcal/mol. It should also be mentioned, that in case of these
compounds the slope of the correlation line is 2.21 and intercept is —410.4 which
both display the largest deviations of these quantities from their ideal values, i.e.
the unity slope and zero intercept.

For a few calculated Si-H and P-H acids and for acetylene, methane, water
and HCN, the calculated values are also far from their experimental values.
When these compounds are excluded from the statistical analysis, the average
unsigned error reduces to 7.3 kcal/mol. The poor results for these acids can be
attributed to the failure of methods from the MNDO family to allow for orbital
expansion on atoms bearing large negative charge. The calculated heats of
formation are expected to be, and are, too positive whereas the formal charge in
an anion is largely concentrated on a single atom,

On the other hand, it should be mentioned that the PM3 tends to overesti-
mate the charge delocalization in a relatively bulky anions, such as (CH;),C,
CF;80,CHj;, (CF,),CO, etc., which results in too negative heats of formation.
In turn this leads to too high acidities for these acids. This can be also the reason
for which the PM3 method and also AM1, as mentioned by Dewar [6], mostly
overestimate the stabilizing effect of methyl and phenyl substitution at the
anionic center.

On the basis of the results of the overall correlation analysis, one can conclude
that the errors in calculated acidities are not systematic, while the slope b of the
correlation line is practically unity and the intercept a is also reasonably small.
But such an inference turns out to be false, while examining the results of
correlation analyses obtained for different classes of compounds (compare with
Ref. [7], where the theoretical values for the slope b and intercept a were obtained
for the simultaneous comparison of the calculated and experimental acidities of
neutral and cationic Bronsted acids). It becomes evident that in many cases
(amides, alcohols, and phenols) there are excellent correlations between calculated
and experimental acidities with the intercept and slope considerably differing from
theoretical (see Table 3). So, it can be concluded that overall good agreement with
theoretical regression with zero intercept and unity slope is due to using in the
same correlation several classes of compounds. However, in different classes,
correlated one by one, the differences from the theoretical correlation are large
enough to decide that there are still remaining systematic errors.

The average unsigned error in calculated acidities for the carbon acids is
8.8 kcal/mol, which is comparble with that found by us for the AM! method
(7.7 kcal/mol). But when we compare the results only for compounds calculated
by both methods, the errors are 8.1 kcal/mol and 8.2 kcal/mol for AM1 and
PM3, respectively.

The average unsigned error for acidities of 26 nitrogen acids is 7.2 kcal/mol.
That is slightly better than the overall average unsigned error and average
unsigned error for C-H acids and worse than that found by us for the AM1
method (6.7 kcal/mol). When one compares the results only for compounds
calculated by both methods, the errors are 6.7 kcal/mol and 7.8 kcal/mol for
AM1 and PM3, respectively.

The reasonable closeness of the slope of correlation line and the intercept to
the theoretical values is due to fact that in the same regression are amines,
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anilines, and amides. If we consider these classes of compounds separately, a
different view appears. Amines have an average unsigned error of 7.5 kcal/mol
and a rather scattered correlation. At the same time, amides have an excellent fit
with a slope and intercept different from expected ideal values. In case of
anilines, p-CF;S0,-aniline deviates considerably. After the exclusion of this
point a very good correlation with slope and intercept close to their theoretical
values appears (see Table 3).

For the oxygen acids listed in Table 1 the average unsigned error in acidities
is 6.2 kcal/mol, compared with 9.0 kcal/mol found by us using AM1. When we
compare the results only for compounds calculated by both methods, the errors
didn’t change. The reasons for big errors in calculated acidities of water and
(CF,),COH have already been discussed. The errors for oximes are also signifi-
cantly larger than those for the other compounds. Excluding water, (CF;); COH
and oximes from the statistical analysis, the average unsigned error for the
remaining 51 O-H acid falls to 5.2 kcal/mol. This value compares favorably with
the corresponding error (4.4 kcal/mol) in the heats of formation of the corre-
sponding neutrals and is only slightly larger than that of N-H acids and smaller
than C-H acids. This is a bit surprising, as Dewar has reported that for the AM1
method the acidities of the oxygen acids are reproduced worse than C-H and
N-H acids.

As in the case of N-H acids, the different classes of O—H acids show different
correlations between calculated and experimentally measured acidities. The
correlation for the carboxylic acids is rather poor, while in case of phenols and
alcohols the fit is significantly better (see Table 2).

The average unsigned error of nine calculated S-H acids is 4.7 kcal/mol.
However, no conclusions about effectiveness of PM3 to estimate the acidities of
S—H acids can be made since a very narrow (351.2—356.9 kcal/mol) range of
experimentally measured acidities was available.

For the nitrosubstituted acids given in Table 1, the average unsigned error is
13.2 kcal/mol, which is too big compared with the overall average unsigned
error. For the AM1 model Dewar has attributed this mainly to the failure of
method to predict the heats of formation rather neutrals than anions, which is
supported by his calculation results. For the PM3 method, however, for nitro-
compounds, Stewart had reported a great improvement of calculated heats of
formation, which was also confirmed by us in this work (average unsigned error
is 6.4 kcal/mol). However, the errors in the calculated acidities of nitrosubsti-
tuted acids remain too big. It must be pointed out that all the calculated acidities
for nitrocompounds are too high and the bigger errors are associated mostly
with the small compounds.

For the calculated acidities of six trifluoromethylsulfonylsubstituted acids the
average unsigned error is 14.8 kcal/mol, which is too large when compared with
the overall error. At the same time we should not forget that we deal here with
hypervalent compounds for which the reported [18] error of calculated heats of
formation of neutrals is 13.6 kcal/mol.

4 Conclusions
With a few exceptions, PM3 seems to be a useful tool for the investigation of

gas-phase acidities. The errors in calculated acidities (8.1 kcal/mol) are compara-
ble with those reported [18] in calcualted heats of formation of the neutrals
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(7.8 kcal/mol). However, it should be mentioned that in case of PM3 nearly one
third of calculated acidities have errors greater than 10 kcal/mol and more than
half deviate more than 5 kcal/mol.

The main problems encountered involve relatively small, often diatomic,
neutral hydrides whose anions are usually characterized by the charge localiza-
tion on one atom, as well as acids whose conjugated anions contain bulky
electron acceptor substituents, capable to the extensive delocalization of the
negative charge from the protonization center to the other regions of the anions.
Probably for the same reason the large errors accompany also the introduction
of methyl and phenyl substituents at anionic centers.

In some cases (anilines, amides, alcohols, and phenols) the average error in
acidity can be significantly reduced by employing an empirically derived correc-
tion.

Comparison with AM1 results show that both methods are of roughly equal
quality with the exception of hypervalent molecules, where PM3 is clearly better
(average unsigned errors are 17.0 and 11.8 kcal/mol for AM1 and PM3, respec-
tively). Shortcomings of both MNDO family-based methods for the correct
description of hypervalent compounds are rather evident and another approach
with proper inclusion of d-orbitals [21] is needed.

References

1. Hehre WJ, Radom L, Schlyer, PRv, Pople JA (1986) Ab Initio molecular orbital theory. Wiley,
NY

. Bingham RC, Dewar MJS, Loo DH (1975) J Am Chem Soc 97:1285

. Dewar MJS, Thiel W (1977) J Am chem Soc 99:4899

. Dewar MJS, Zoebisch EG, Healy EF, Stewart JJP (1985) J Am Chem Soc 107:3902

. Stewart JJP (1989) J Comput Chem 10:209

. Dewar MJS, Dieter KM (1986) J Am Chem Soc 108:8075 and references therein

. Koppel 1A, Mdlder UH, Palm VA (1985) Org React (Tartu) 21:3

. Kollmar H (1978) J Am Chem Soc 100:2665

9. Bartmess JE, Burnham RD (1984) J Org Chem 49:1382

10. Bartmess JE, Caldwell G, Rozeboom D (1983) J Am Chem Soc 105:340

11. Kass SR (1990) J Comp Chem 11:94

12. Dewar MJS, Fox MA, Nelson DJ (1980) J Organomet Chem 185:157

13. Gordon MS, Davis LP, Burggaf LF, Damrauer M (1986) J Am Chem Soc 108:7889
14. Olivella S, Urpi F, Vilarrasa J (1984) J Comput Chem 5:230

15. Siggel MR, Thomas TD, Saethre LJ (1988) J Am Chem Soc 110:91

16. Koppel 1A, Comisarow MB (1980) Org React (Tartu) 17:498

17. Koppel 1A, Mélder UH (1981) Org React (Tartu) 18:42

18. Stewart JIP (1989) J Comput Chem 10:221

19. Lias SG, Bartmess JE, Liecbman JF, Holmes JL, Levin RD, Mallard WG (1988) J Phys Chem

-Ref Data 17, Suppl No. 1
20. Stewart JJP (1983) MOPAC Program Package — QPCE 455
21. Thiel W, Voityuk AA (1992) Theor Chim Acta 81:391

[o BN I N N



